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ABSTRACT

Design, Fabrication and Characterization of Micromachined

THz Absorbers

The purpose of this research is to develop a new class of THz absorbers for
imaging and sensing applications that can provide improved functionality and perfor-
mance. These absorbers consist of periodic arrays of layered cells made of a back-plane
metal layer, opaque to transmitted radiation, a dielectric substrate as a spacer, and a
metallic patterned layer as resonating part. Once electromagnetic wave impinges, the
structure reflects the incident wave, except in a specific frequency band determined by
the absorber’s physical properties. In the presence of a blocking layer which eliminates
transmitted power, absorption in that specific frequency band occurs. The effective per-
mittivity and permeability of absorber unit cell reach the same value and be negative
simultaneously to have perfect absorption. Negative values of ¢ and 1 do not happen
in nature. At this point, "metamaterials” are introduced. Metamaterials (MMs) are
artificially engineered structures used in THz absorbers. MMs’ concept is derived from
replacing the natural materials with engineered materials where their sizes are much
smaller than the given wavelength. Intriguing properties of MM are achieved from the
degree of the skillfulness of its structure (geometry, shape, orientation, and size), while
its chemical construction plays an insignificant role. Currently, THz absorbers are in
use as medical and security applications. Many types of MM based absorbers have been
introduced based on their shapes, sizes, and configurations. This research has focused
on absorbers with a low dependency of absorber’s performance on the exciting wave’s
incidence and polarization angle. Besides, we demand these structures to operate in a
wide range of frequency spectra designed to, with small dimensions of the patterned
array compared to the wavelength; in other words, we concentrate on the design of

wideband THz absorbers.
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In Chapter 1, we start with a brief introduction to THz radiation and its benefits
and applications. It also comprises an overview of the history and theory of MMs. Var-
ious designs demonstrating the performance and operating frequency bands of MMs
and their applications have been studied. A comprehensive study of wave propagation
in the right and left-handed media is presented in Chapter 2. Basic models of proposed
MM absorbers are introduced in Chapter 3. The principle of resonance is based on
a lumped LC circuit and broadband operation provided in this chapter. Afterward,
the design, Fabrication, and characterization of a MEMS-based THz metamaterial-
based absorber are described in Chapter 4. A new 3D design inspired by honeycomb
structures as broadband and incident wave independent absorber has been proposed.
Chapter 5 includes the design, simulation, fabrication process, and measurement re-
sults of this 3-dimensional MM based broadband absorber. The proposed absorber
exhibits excellent absorption characteristics. The unique feature of the proposed ap-
proach is having very low sensitivity with respect to the incidence angle. The ability
to maintain their absorption properties in THz frequencies, unlike their small feature
sizes compared with traditional approaches, made these porous structures attractive
for sensing applications. Throughout this dissertation, both physical and numerical
interpretations of the spectral behavior of new designs are provided. Physical insight
into the operating mechanism is the key to further improvements and creates more

complex surfaces with desired frequency responses.
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OZET

Mikro i§1enmi§ THz Emicilerin Tasarimi, Uretimi ve

Karakterizasyonu

Bu arastirmanin amaci, gelismis iglevsellik ve performans saglayabilen uygula-
malar1 gortintiileme ve algilama igin yeni bir THz sogurucu sinifi gelistirmektir. Bu
sogurucular, bir arka diizlem metal katmandan, iletilen radyasyona opak, aralayici
olarak bir dielektrik substrattan ve rezonans parcasi olarak metalik desenli bir kat-
mandan olugan katmanli hiicrelerin periyodik dizilerinden olusur. Elektromanyetik
dalga carptiginda, yapi, sogurucunun fiziksel ozellikleri tarafindan belirlenen belirli bir
frekans bandi diginda, gelen dalgay1 yansitir. Iletilen giicii ortadan kaldiran bir en-
gelleme tabakasinin varliginda, bu 6zel frekans bandinda emilim meydana gelir. Emici
birim hiicrenin etkin elektriksel gecirgenligi ve manyetik gecirgenligi ayni degere ulagir
ve miikemmel sogurmaya sahip olmak i¢in ayni anda negatif olur. e, ve u, negatif
degerleri dogada goriilmez. Bu noktada "metamalzemeler” tanmitilmaktadir. Meta-
malzemeler, THz emicilerde kullanilan yapay olarak tasarlanmig yapilardir. MM’lerin
konsepti, dogal malzemelerin molekiillerini ve atomlarini, boyutlar: verilen dalga boyun-
dan ¢ok daha kiigiikk olan miihendislik malzemeleriyle degistirmekten tiiretilmistir.
MM’nin ilgi gekici 6zellikleri, yapisinin (geometri, sekil, yonelim ve boyut) becerisinin
derecesinden elde edilirken, kimyasal yapisi onemsiz bir rol oynar. Su anda, THz emi-
ciler tibbi ve giivenlik uygulamalar1 olarak kullanilmaktadir. Sekillerine, boyutlarina
ve konfiglirasyonlarina bagl olarak bircok MM tabanl emici tiirti tanitilmistir. Bu
aragtirma, emicinin performansinin EM dalgasinin gelisi ve polarizasyon agisina diigiik
oranda bagiml oldugu emiciler tizerinde odaklanmigtir. Ayrica, bu yapilarin, dal-
gaboyuna kiyasla dizinin kii¢iik boyutlari ile tasarlanmis ¢ok gesitli frekans spektrum-
larinda caligmasini talep ediyoruz; diger bir deyisle, genig bantli THz sogurucularin

tasarimina odaklaniyoruz.



Boliim 1’de, THz radyasyonuna ve faydalarina ve uygulamalarina kisa bir girigle
baghiyoruz. Ayni zamanda MM lerin tarihi ve teorisine genel bir bakig igerir. MM’lerin
performansini ve ¢alisma frekans bantlarini ve uygulamalarini gosteren cesitli tasarimlar
incelenmigtir. Sag ve solak medyada dalga yayiliminin kapsamli bir ¢aligmasi Bolim
2’de sunulmustur. Onerilen MM sogurucularmin temel modelleri ve genis bantli emici
tasarim Boliim 3’te anlatilmigtir. Rezonans ilkesi, bu boliimde saglanan lumped LC
devresine dayanmaktadir. Daha sonra, MEMS tabanli THz metamalzeme tabanh

sogurucunun tasarimi, Uretimi ve karakterizasyonu Boliim 4’te aciklanmaktadir.

Genig bantli ve carpan dalga agisindan bagimsiz emici olarak petek yapilarindan
esinlenen yeni bir 3D tasarim onerildi. Bolim 5, bu 3 boyutlu MM tabanh genig
bant emicinin tasarimini, simiilasyonunu, iiretim siirecini ve 6l¢iim sonuglarini icerir.
Onerilen sogurucu, mitkemmel sogurma 6zellikleri sergilemektedir. Onerilen yaklagimim
benzersiz ozelligi, gelis acisina gore cok diiglik hassasiyete sahip olmasidir. Geleneksel
yaklagimlarla karsilagtirildiginda kiigiik 6zellik boyutlarinin aksine, sogurma 6zelliklerini
THz frekanslarinda muhafaza etme yetenegi, bu gozenekli yapilar1 algilama uygula-
malari i¢in ¢ekici hale getirdi. Bu tez boyunca, yeni tasarimlarin spektral davraniginin
hem fiziksel hem de sayisal yorumlar saglamr. Isletim mekanizmasma iliskin fizik-
sel icgorii, daha fazla iyilegstirmenin anahtaridir ve istenen frekans yanmitlariyla daha

karmagik ytizeyler olusturur.
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1. INTRODUCTION

1.1. Overview

The Terahertz regime is a region of the electromagnetic spectrum corresponding
to about 300 Gigahertz to 3 Terahertz (wavelengths of 1 millimeter to 0.1 mm). This
part lies between the microwave and the optical frequencies. The terahertz regime is
promising for its unique properties. Same as microwave radiation, THz waves have
the ability to penetrate through broad types of non-conducting materials similar to
microwave radiation but in shallower depth. but in shallower depth. THz radiation, like
X-rays, can penetrate through body tissue. As it is non-ionizing and nondestructive,
so it can be a safer replacement for medical X-rays. These unique properties make
researchers design THz devices and detectors. For this aim, the THz wave energy is
required to be effectively absorbed. Naturally, THz absorbers do not exist, so artificially
designed materials with strong absorption peaks, "metamaterials” (MMs), have been
introduced around 2000 in the microwave frequency range [1]. Metamaterials become
an appealing area because of their material characteristics, which are not found in
nature. MMs are composed of sub-wavelength structures of periodic unit cells in various
shapes and sizes. Structural size and shape control the electromagnetic response at a
specific frequency band. Metamaterials are also promising for enhancing the amount
of absorbed energy of electromagnetic waves in various frequency bands: microwave
[2, 3], terahertz [4,5] and infrared [6] frequencies. Different configurations of MM
absorbers have been reported as double split ring resonators [7, 8], triple hexagonal
shaped resonators [9], metallic leaf-shaped cells [10], cross-shaped [11] and metallic
strip [12]. Mostly the absorption bandwidth of absorber based on MMs is limited and
narrow. Albeit for ultra-sensing applications, a high Q-factor and strong resonance are
crucial, but, in many applications such as terahertz imaging and detection, extending
MMs’ absorption bandwidth is needed. One of the employed methods is stacking
different layers or unit cell structures to combine the resonant bands [13-15]. These
types of structures are complicated to design and fabricate. As an alternative, we

introduced a broadband absorber by combining different sizes of metallic patches to



improve a THz absorber bandwidth by increasing the number of absorption bands, as
explained in Chapter 3. In addition to planar designs, in this work, and Chapter 5, we

present a 3-dimensional porous structure that is able to achieve broadband absorption.

1.2. THz Radiation, Benefits, Applications

THz radiation does have some uniquely attractive qualities: For example, it is
nonionizing, yet images can be produced (deconvolution enhances image resolution
[16]). THz radiation’s photons are not much energetic to harm atoms and molecules
in biological samples, as a study by Frank De Lucia, has shown that a terahertz signal
will decrease in power to 2x10~7 percent of its original strength after traveling just 1
mm in a solution similar to human body tissue [17]. This makes THz devices applica-
ble for surface imaging like skin cancer, check for cracks in tiles on the space shuttle,
and early identification of tooth decay (proximal caries) [18]. THz waves can enter
through non-conducting materials like clothing and plastics, leading to many impor-
tant technological applications such as sensing of hidden explosives materials by apply-
ing THz time-domain spectroscopy (THz-TDS) in ”transmission mode” [19-21], and
reflection mode [22]. Security detection of hidden weapons in the form of noninvasive
scanning [23,24] and a 360 ° rotating imaging scheme [25], noninvasive imaging of can-
cerous cells [26], and biomedical sensing covering "DNA/RNA, amino acids/peptides,
proteins, and carbohydrates of cells and tissues”, [27,28] are some other applications
of THz waves. Despite these properties, there are technological limitations to realize
devices capable of generating radiation at terahertz frequencies and detectors at this

band.

1.3. Metamaterial, Design Approaches

In-between two fundamental regimes, namely microwave and infrared regimes,
there is a range usually regarded as the ”terahertz gap”. At gigahertz frequencies,
electrons are the fundamental particles, and from infrared to optical wavelengths, the
photon is the principal particle inside the natural materials. For the THz gap, numerous

efforts have focused on the search for ”terahertz materials”. However, it is challenging



to come across natural elements in this range. Artificial systems, called metamaterials,
where unit cells composed of miniature inclusions of shaped conductive metals (< A/10)
in a homogeneous medium response to EM waves at terahertz frequencies by oscillating
electrons inside the ”sub-resonators”. The physical foundations of the metamaterial
media were emerged from linear electromagnetism from the idea of Veselago [29]. In
particular, the author theoretically proved that Maxwell’s equations do not deny the
existence of materials with simultaneously negative € and p. Metamaterials are multi-
layer engineered structures composed of one or more builder bulk materials. They have
effective material parameters with negative properties such as "refractive index” [30],
"thermal expansion” coefficient [31] or "Hall coefficient” [32] and have properties as
perfect lens [33]. These multi-layer structures make it possible to tune e and p negative
simultaneously. While both permittivity and permeability are negative, the refractive
index will be negative as well. The metamaterial properties go beyond the natural
materials (The prefix meta means beyond which is originated from the ancient Greek

word).

The most prevalent approaches to design metamaterials with simultaneous nega-
tive € and p are combinations of thin wires and split ring resonators (SRRs). It has been
proposed in [34] at microwave frequencies, and the schematic is represented in Figure
1.1. The unit cell’s resonance properties result in anomalous electromagnetic radiation,

and thus negative refraction index has been observed in a very narrow frequency range.

In Chapter 2, we will show how such a structure results in simultaneous negative
permittivity and permeability. The size and the period of unit cells of most metamate-
rials are much smaller than the operating wavelength. Therefore, such a structure can
be represented as a homogeneous media with effective permittivity and permeability
values. Compositions based on metal-dielectric structures are broadly used in MMs’
design in different frequency ranges [35], we will study in the next section. An alter-
native approach to forming metamaterial is transmission line structures [36] that are
extensively used in microwave technique as small antennas. In contrast to a wire and

SRR structures, transmission lines are non-resonant and mostly planar.
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Unit cell

Figure 1.1. (a) The unit cell for SRRs and wire structure, (b) array form of SRRs and

wire.

1.4. Metamaterial Absorbers

Metamaterials have become one of the most assuring materials in attempts to
obtain perfect absorption. The structure that can absorb the incident EM wave’s
energy in the corresponding frequency band is named MM absorbers. This special
feature makes MM absorber have much inherent applicability in the military field, for

example, radar stealth [37], or for civilian such as solar energy harvesting [38] and



sensors [39]. To build that kind of compositions; it is essential to lessen reflected/
transmitted power from/ through the device over the working frequency range, thus
increasing the absorption. This is linked with the imaginary part of the refraction
index, which contributes to losses. As a result, it is desirable to maximize the losses.
Performance of MM absorber is governed by geometrical characteristics unlike the
traditional material, which often takes effect primarily by the constitutive materials,
such as ferrites and iron carbonyl [40]. Besides, their sub-wavelength dimensions offer
the design of EM wave absorbers with a thickness much shorter than the wavelength
(< A/10). The first MM-based perfect absorber was first introduced by Landy et al.
in 2008, operating in the microwave frequency band [41]. His design was compos-
ited by a metal-dielectric structure as a perfect MM absorber, consisting of electric
resonators and magnetic resonators. Their proposed structure obtained almost 1 ab-
sorption. Nowadays, MM-based absorbers’ performances have been progressed, and
their working frequency bands have been extended to microwaves, THz, infrared and
visible ranges because of their excellent ability to scale. However, the effective absorp-
tion band of these kinds of MM absorbers is narrow. Broadband THz absorbers are
crucial components for various purposes like wireless communications, sensing, energy
harvesting, and imaging. Recently some MM absorbers have shown fairly considerable
absorption bands in the THz band; there is still numerous request for ultra-wideband

effective absorbers.

1.5. MM Absorbers In Different Frequency Ranges

In this section, we will review several MM absorber examples in various frequency

bands.

1.5.1. MM Absorber In Microwave Frequencies

The earliest material with left-handed properties in the GHz frequency range
have been presented and studied in [41]. It is the combination of thin metal wires and
split ring resonators (SRRs). The first set artificially makes the effective permittivity

negative, while effective permeability is negative because of the second one. The most



promising and potentially successful structures for microwave technique are SRRs. Var-
ious possible configurations of the unit cell of SRRs are shown in Figure 1.2. The SRRs
may be designed in rectangle shapes properly. Microwave SRRs are sufficiently studied
at [42]. It examines the dependency of the transmitted power of incident EM wave
within single-and double-ring SRRs on the system’s parameters such as the dimension
and configuration of the SRRs, volume of the unit cell, dielectric characteristics of the

medium SRRs embedded, and SRR adjustment relative to the incoming EM radiation.

Figure 1.2. Various circular SRR configurations.

In [43] a dual-band switchable metamaterial electromagnetic absorber in GHz
frequencies studied with a square split ring in combination with a diode as depicted in
Figure 1.3(a,b). ”Spiral” and "multiple split-ring resonators” formed by the model of
1.2(b) for the fulfillment of miniaturized magnetic metamaterials in GHz frequencies,

have been presented [44].
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Figure 1.3. (a,b) MM absorber design and its characterization in GHz frequency
band [43].

1.5.2. MM Absorber In Infrared Frequencies

Several MM-based infrared absorbers have been demonstrated. The first unit
cell design consists of layers in the same plane, each having a cut wire enveloped by
two continuous wires, all enclosed in a dielectric medium, as shown in Figure 1.4(a,b).
The amount of absorption is 0.9 in the IR region, which is achieved for a single layer

numerically [45].

Another unit cell comprises a gold disk or rectangle array separated by a dielec-
tric layer from a gold ground plane. The studies accomplished an absorptivity of 88 %
at roughly 1.6 pm wavelength [46] (Figure 1.4(c,d)). Some other designs include com-
plicated isotropic or anisotropic chiral structures of various configurations: G-shaped
and U- shaped structures, asymmetric rings, etc. [47-50]. ”Chiral plasmonic metasur-
face” structures are illustrated to operate over the wavelength range from 1.3 pum to
1.8 um as near infrared absorbers. It is given that an absorptivity of 87 % obtained by
chiral structures [51]. The chiral structures are widely used in the technique of infrared

wavelengths, as well as optical devices.
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Figure 1.4. MM absorber designs in infrared frequency band, (a,b) [45], (c,d) [46].

1.5.3. MM Absorber In THz Frequencies

Many of the MM designs which can effectively absorb light at a high angle of in-
cidence in the THz frequencies are introduced in a comprehensive review [52]. The first
metamaterial-based absorber in THz band presented by Landy et al. [53] demonstrated
a simulated absorptivity of & 70% at 1.3 THz and BW ~ 200 GHz. An absorber that
operates at 1.6 THz with a resonant absorptivity of 97% has been demonstrated at [54]
as the first generation of perfect MM absorber is presented in Figure 1.5(a,b). Experi-
mentally verification of THz metamaterial absorbers with a broad and flat absorption
band has brought in [55] in a frequency band of 0.9- 1.1 THz. A polarization-insensitive
broadband terahertz absorber is presented and demonstrated [56]. Numerically, the
polarization-insensitive broadband absorption is more than 0.9, in a frequency band

from 4.904 THz to 6.632 THz. (see Figure 1.5(c,d)).
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Recently a single-band conventional metamaterial absorber based on the stron-
tium titanate (STO) enhanced absorption peak to 99.4 % at 5.8 THz [57]. Another
work theoretically proposed a triple-band perfect metamaterial absorber based on a
split ring resonator with three absorption peaks at frequencies of 3.56 THz, 10.38
THz, and 12.96 THz with absorption efficiency 99.57%, 99.98%, and 99.76%, respec-
tively [58]. However, these metal-dielectric composites suffer from a relatively narrow
bandwidth because of their resonating nature, restricting their potential applications.
This motivates us to design broadband absorbers. Usually, resonators with different
resonant frequencies are utilized to excite various overlying absorption bands to in-
crease the operating bandwidth [59], for example, in [60] by a random distribution
of thin ring-shaped metal pieces absorbance performance improved in the microwave
regime. One of the most effective ways to broaden absorption band is stacking mul-
tilayer metal-dielectric composites [61,62], as in [63] assorted dimensions of metallic
strips, which are stacked on polyimide layers with equal spacing, improve the amount
of absorptivity to 0.95 in a band of 0.81-1.32 THz. This perfect wideband absorption is

achieved by losing the absorber’s thinness, being lightweight, and increasing fabrication
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and design complexities. Recently a broadband THz absorber is designed by vanadium
dioxide square loop. The absorption is increased to 96% in the frequency range from 3
THz to 7 THz by increasing the conductivity of vanadium dioxide, which is dependent
on material properties [64]. In this study, numerical results showed that the bandwidth
of absorption rate above 90% is 1.25 THz. For broadband operation, some complicated
unit cell shapes composed of two 90 degree crossed dumbbell-shaped doped-silicon grat-
ing arrays [65] which absorbing more than 95% ranging from 0.92 THz to 2.4 THz.,
supercells of fractal crosses absorbers [66], experimentally verified average absorption
is 83% from 2.82 THz to 5.15 THz, are introduced in THz frequencies, limiting the

ease of modeling and fabrication.
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2. Wave propagation, in Different Media, RHM and LHM

2.1. Electromagnetic Radiation

Electromagnetic radiation consists of sinusoidally varying electric field (E) and
magnetic field component (H), perpendicular to each other and orthogonal to the di-
rection of propagation of the EM wave. These electric and magnetic fields progressing
within space at the speed of light (2.998x10%m/s). It does not comprise mass or charge
and travels in discrete packages of energy called ”"photons”. As photon packets travel,
the electric and magnetic fields turn direction. The number of turns, or oscillations,
that happen in one second is the frequency, f. The frequency unit is oscillations per
second, or simply s~* (Hertz). The distance over which the electric and magnetic com-
ponents of EM wave travel make one complete oscillation called the wavelength, or
wavelength of the radiation, \. Wavelength is the distance between maxima of either
electrical or magnetic component, i.e., from crest to crest. The wave characteristics
of EM radiation are found in the relationship of velocity to wavelength and frequency,

stated in the formula as;

c= v, (2.1)

where c is velocity, A is wavelength, and v is frequency. When radiation passes through
a medium comprising particles (atoms, electrons, a material unit cell), its propagation
is slowed down (velocity) due to its interaction with bounded electrons in the par-
ticles. Since the frequency is invariant by passing from one medium to another and
determined by the source, the wavelength must decrease. The range of all probable
frequencies of electromagnetic waves is named EM spectrum. The lowest frequencies
are at one end of the spectrum, while the waves with higher frequencies are at the other
end. The spectrum is divided into regions with different wave types. At the lowest
frequencies, we have radio waves (A &~ 1lmm). Then, as we raise frequency, we discover
microwaves, infrared radiation, and visible light waves. Shifting to higher frequencies,

we have ultraviolet radiation, X-rays, and gamma rays. Gamma rays have the highest
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frequencies of all the EM waves (A &~ 10-9nm). The electromagnetic nature of photons
all over the EM spectrum is the same, but their energy levels differ and are directly
proportional to their frequency (E = hv = he/)) and measured in eV. In confronting
with various materials, their interaction is altering because of the energy level. The
different behavior of EM waves inside materials can determine various applications.
For example, Radio waves have the lowest energy and frequency and the longest wave-
length used in communications. Gamma rays are capable of penetrating large body
parts [67], have the highest energy and frequency, and the shortest wavelength. The

summary is collected in Table 2.1.

Table 2.1. Electromagnetic Radiation Summarized by Frequency Bands and

Applications.
Radiation Frequency Wavelength Application
Gamma Rays 10%4 - 10%° < 1lpm Treat tumours, Sterilizing
X-Rays 107 - 10%° Inm - 1pm Human body and objects Imaging
Ultraviolet 10" - 107 400nm - 1lnm Fluorescent Tubes, Security Marking
Visible Light | 4 - 7.5 x 104 | 750nm - 400nm Fiber-optic communication

Near Infrared

1014 - 4 x 1014

2.5pm - 750 nm

Feed ingredients recognition

Infrared 10'3 - 1014 25 pm - 2.5 pm Thermal Imaging, Remote Control
Microwaves | 3 x 101 - 10" | 1 mm - 25 um Treat tumours, Sterilizing
Radio Waves <3 x 10" > lmm Communications, Broadcasting, Radar

An Electromagnetic wave to be generated needs stimulated electric charges which
radiate energy. A common way of producing electromagnetic waves is to applying a
sinusoidal voltage source to an antenna, which causes each end of the antenna bars
to charged to opposite charges. As the charges continue to oscillate between the bars,
electric fields are produced and moved away with light speed. The charges’ motion
also produces a current, which sets up a magnetic field enclosing the bars. Figure

2.1 represents the electric and the magnetic field lines produced by an electric-dipole

antenna.
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Figure 2.1. Electric and magnetic field formations at the moment the current is

upward.

The continuous induction of a magnetic field because of the presence of a time-
varying electric field and vice versa creates EM radiation. In section 2.3, we will see

the relationship between electric field and magnetic field.

2.2. Interaction of Radiation

When an electromagnetic wave strikes a medium, some portion of it transmits
through the medium (T'), some part reflects from the medium (R), or absorption of EM
wave (A) may occur. Refraction, polarization, diffraction, or scattering are the special
forms of T, R, and A, which may happen depending on the medium’s composition
and the EM wave’s wavelength. Reflection occurs when the incident wave encounters
an object and skips off. Very smooth surfaces such as mirrors and metal surfaces at
THz frequencies reflect almost all incident beams. Lasers use the reflective behavior
of EM waves to map the elevation of surfaces [68]. Absorption happens when photons

from the incident wave impinge atoms and molecules and make them vibrate. As the
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media’s molecules move, this vibration converts to heat. Thermal energy is the heat
that is emitted from the media. The wavelength of this radiated thermal energy is
longer and corresponds to the infrared region, which is suitable to apply in thermal
imaging [69]. When an EM wave (light) passes around the edge of an object or a
slit, ”diffraction” happens, which is the slight bending and spreading of the wave.
The amount of bending depends on the wavelength and the size of the opening. It
happens when an electromagnetic wave hits an object with a dimension comparable
to the wavelength of the striking beam. Diffraction and interference of light from
slits or gratings are used in spectrometers to separate wavelengths, and identifying
materials [70]. The traveling of an electromagnetic wave in different media causes the
change in the beam’s speed, bending the incident wave. This is called "refraction”.
Different wavelengths of EM waves are slowed at different rates, which causes them to
bend at different angles. Colors of rainbow composed while visible light passes within
the glass prism. Transmission of waves occurs when waves passing through a given
point or medium without changing the direction. Transmission of a wave is a special
form of refraction. Scattering occurs when waves diverge from the expected path and
spread out in various directions. It varies based on the wavelength of the incident wave
and the size of the medium. Small particles (molecules) in the atmosphere scatter
out the short (blue) wavelengths in all directions much more than long wavelengths,
so that, scattering of light makes the sky appear to be blue (Rayleigh scattering)
[71]. The EM wave emitted from a source is generally unpolarized, which means light
has oscillations at random directions, perpendicular to the direction of propagation.
Unpolarized light converted into polarized light by Polarizing filters. A polarizing
filter blocks or transforms randomly oriented vibrations into either a linear, circular
or elliptical electromagnetic wave so that the EM wave is said to be polarized. The
light reflects from a nonmetallic flat surface, like a window, or the surface of a lake can
become polarized. When the light hits a horizontal surface, it reflects the horizontal
waves more than the rest of the waves, causing a glare. Vertically polarized filters block

the horizontally polarized light at polarized sunglasses [72].
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2.3. The Modern Electromagnetic Wave Theory and Derivation of

Electromagnetic Waves from Maxwell’s Equations

Four equations made the electromagnetic wave theory’s fundamentals which are
known as Maxwell’s equations. They express the primary ideas of the interaction rules
between material and electromagnetic energy, from the remarkably long wavelengths of
radio, television, radar, and microwaves, to the shorter wavelengths of visible light and
ultraviolet light in various scientific regulations. Maxwell’s equations identify the ori-
gins of electric and magnetic fields and their relationships to each other. For reference,

Maxwell’s equations are listed below;

v-D=)p, (2.2)
V-B=0, (2.3)
VXE:—%, (2.4)
Vxﬁ:aa—?+j. (2.5)

The electromagnetic properties of most media can be characterized by the constitutive

relations,

D = ¢E, (2.6)

B = 1H, (2.7)
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J =oE. (2.8)

This is the feature of Maxwell’s equations, which describes electromagnetic waves and
their simple characterization of materials in terms of conductivity, o (%), permittivity, €

(F

m

), and permeability, u (%) However, by considering Maxwell’s first-order differential
equations in the frequency domain and re-writing them;

V x E = —jwuH, (2.9)

V x H = jweE. (2.10)

Assuming an isotropic media with no surface charge or current source and by taking
the curl of Faraday’s law (Eq. 2.4),

Vx(VxA)=V(VeA)— VA, (2.11)

and Gauss’s law, replacing B with MI:I, and using Ampere’s law (Eq. 2.5) to replace

V x H Helmholtz wave equation becomes as below;

0?E

V2E — ep——
L or

=0, (2.12)

where ey = C%, and ¢ = <, having cq as the speed of light in vacuum and c is the speed
of light inside the material with a refractive index of n. These quantities are expressed

as

(2.13)

n=—=.\/efir, (2.14)
c
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where €, and p,. is relative permittivity and relative permeability of the media EM wave
interacts. E field represented by sinusoidal wave as a function of space r and time t
as E(F,t) = Ejcos(wt — k-r). Substituting this E field into the wave equation, we find

the dispersion relation between the frequency and the wavevector k for the EM waves,

w = clk|, (2.15)

~ 27 n

k|l ="—=—w. 2.16

L (2.16)
The angular frequency, w, is simply related to frequency, f, as w = 27 f(rad/s). k is

called as wavenumber (rad/m) and is the magnitude of the wavevector. It depends on

A, stating that by changing the material, wavelength differs so that the k.

Consider an arbitrary uniform plane wave which is propagating in z-direction and
linearly polarized in x-direction is represented as E(z,t) = XE, cos (wt - k-z). We can
find H(z,¢) using Faraday’s law (Eq. 2.4),

ot __VXxH) (2.17)

We can evaluate the curl of E as

- _(0E, OE, - (0Ex OE, - (0B, OEx - OEx
_ _ _ Dy _ —_ o (21
VB X<c9y 82)+y<az 8X)+Z(8X (9y> Y02 (2.18)

Then, by integrating over time, it becomes;

H(z,t) = ;—"E(z, £)¥, (2.19)
fin ) = 520 (2.20)
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The equations above state that EM fields are transverse, i.e., in a medium that
is homogeneous E and H are completely correlated [73]. The magnitude of the electric
field is no = ’;—8 times that of the magnetic field; This is a characteristic of trans-
verse electromagnetic (TEM) waves. In free space, 7y is known as the characteristic
impedance of free space and approximately equals 377 ohms. Figure 2.2 illustrates
how these electric and magnetic fields are in phase but orthogonal to each other and

propagation’s direction.

y
X A
. ', EM wave
o /vﬁ (z,0) propagating
E (z,0) 5 Z'

Figure 2.2. +z propagating y-polarized uniform plane wave of a magnetic field with a

wavelength \.

2.4. Wave Propagation in Left-Handed Media

Consider the Maxwell’s equations (Eq.2.9, Eq.2.10) and plane wave form of
E(f,t) = Eycos(wt — k-r) and having the dispersion function (Eq.2.16) and know-
ing that n is \/€.1,, then

k| = /Jellnl. (2.21)

It comes from the equation above that the sign of |E\ will remain unchanged when e
and p are both positive. A negative value of only € or ; makes the propagation vector
imaginary; thus, the incident EM wave will be decaying instead of propagating. It is
also obtained a positive value after a simultaneous change of the signs of permittivity

and permeability. Let us rewrite Maxwell’s curl equations for plane wave solutions and
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time-harmonic notations, this time considering the sign change of ¢ and pu,

k x E(F) = wuH(7), (2.22)

k x H(7) = —weB(7). (2.23)

Therefore, for positive € and pu E, ﬁ, and k form a right-handed orthogonal system
of vectors. If € < 0 and p < 0 simultaneously then E, H, and k develop a left-handed
triplet, as depicted in Fig.2.3. This is the main idea of naming a simultaneous negative

¢ and p media as “left-handed” media [74].

B

(a) (b)

Figure 2.3. Ilustration of the system of vectors E, H, k, and S for a plane transverse
electromagnetic (TEM) wave in (a) an ordinary right-handed and (b) a left-handed

medium.

The signs of real parts of the effective complex constitutive parameters indicates
their signs, whereas their imaginary parts represent electric or magnetic losses, respec-
tively. Energy conversion equation obtains the energy flow known as the Poynting
vector [75] as

S=E xH. (2.24)

Poynting vector provides information about the EM field’s propagation direction and

information about energy transport direction in the EM field. It is unaffected by a
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synchronous change of sign of € and p. Thus, E, H, and S still set a right-handed
triplet in a left-handed medium. Accordingly, in such media, energy and wavefronts
propagate in opposite directions (”backward propagation”), a unique characteristic of
left-handed materials. Their capacity to support backward waves, which are waves
whose power propagates in the opposite direction of their energy, appeals most of the
surprising, extraordinary electromagnetic characteristics of these media such as inverse

Doppler effect [76] and Negative Goos- Hanchen shift [77].

2.4.1. Refractive Index

According to Snell’s law, when an EM wave travels from one medium to another,
it generally bends or refracts. This law gives us a way of predicting the amount of bend
dependent on the refractive indices of two media. The refractive index, n of a material
is a dimensionless quantity that reflects the speed of EM wave within the material. It
also characterizes how the waves are directed at the boundaries of two materials with
different refractive indices. When the EM wave travels in an interface of a slab from
media 1 to media 2, the wavevector’s tangential components continued along with the
interface based on boundary conditions. The relation between refraction indices of two
media and angles brought by Snell’s law,

sinty ko] _ no

_ IRl Mo 2.25
Siner |k1| ny ( )

The refraction phenomena in the interfaces of two different materials described as
shown in Figure 2.4, medium 2 is an LHM and n, is the refractive index, and medium
1 is an ordinary one with the refractive index of n;. 6; is the incident angle, and 6, is
the refraction angle in medium 2. As we discussed in Section 2.4, in a medium with
simultaneously negative permittivity and permeability, rays still propagate parallel to
the energy flow, though the wavevector is in the opposite direction. Accordingly, the
incident beam is deflected to the opposite side of the surface normal when the index

is positive; in contrast, the exiting ray diverges to the same side of the normal for a
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negative index [78]. The Eq. 2.14 for a left-handed material can be written as

n=—\/e. (2.26)

simultaneous change of sign in € and p, does not influence the sign of n?; conse-
quently, the low-loss left-handed media is expected to pass the EM radiation (trans-
parent), and EM wave can propagate through LHM. A positive amount of n makes the
vectors of phase velocity v, (wavevector) and energy velocity v. or Poynting vector, g,
parallel. If the refractive index is negative, they point in opposite directions as shown

in Figure 2.4.

Medium 2

Figure 2.4. Refraction of EM wave travelling from an ordinary medium (1) to a

left-handed medium (2).

2.4.2. Transmission, Reflection and Absorption Coefficients

In this section, a general formulation with a complete solution for electromagnetic
waves interacting with a slab of a negative isotropic medium is provided. After showing
that the characteristic waves in negative isotropic media are backward waves, the inci-
dent wave’s reflection and transmission coefficient to a slab is calculated. The medium

is assumed to be lossless, isotropic, and homogeneous with electrical and magnetic pa-
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rameters € and p. It is well known that reflection happens when an EM wave strikes
a boundary between two optical media with different refractive indexes. Figure 2.5
shows a plane wave entering the boundary connecting two homogeneous media. Based
on Maxwell equations the boundary conditions at the interface among two media, can

be obtained as
D1, = Doy, DBip = Bayn, FEin=Fy, Hy= Hy, (2.27)

where the indexes n and t imply normal and tangential, respectively. The first two
equations declare that if the charges are absent at the interface, the normal components
of D and B will be continuous. In contrast, the last two questions declare that in the
nonexistence of sources at the interface, the tangential components of E and H are
continuous. By considering that the LH medium (medium 2) is weakly dispersive with

€2 and pp, we obtain the following boundary conditions at an RH/LH interface,

2 By, Hy=—1t2H,, Ey=EBEy, H,=H,  (2.28)

|M1|

At the boundary between an RH medium and an LH medium, the tangential
elements of E/f{ stay continuous while their normal components regenerate as an-

tiparallel.

In general, from the incident wave, /5% in medium 1, a reflected wave, e/, and
a transmitted wave in medium 2, eIkt are generated. It can be shown that the tangen-
tial component of the wavenumber is continuous at the junction between two media
fqm = Rg,m [79]. This condition proves that incident, transmitted, and reflected
wave vectors need to be in the incidence plane. The proportion of the amplitude of the
reflected wave to the wave incident at the junction is the reflection coefficient. It deter-
mines how an impedance discontinuity reflects a portion of an electromagnetic wave in

the transmission medium. The transmission coeflicient is the fraction of EM incident
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Medium 2

Figure 2.5. Illustration of the incoming, reflected, and transmitted waves at an

RH(medium 1)/LH (medium 2) interface.

wave transmitted through a media. It is a ratio of the amplitude of the transmitted
wave to the wave incident at the interface. Transmission and reflection coefficients
at an jointing between two media, which one of them is LH medium for TM (paral-
lel polarization) and TE (perpendicular polarization) modes, are given with Fresnel

coefficients by [80,81], as

—6€r1 ks | — (—|era|)Forz _ 72C08 B2 — 1 cos 0y

Ry = = , 2.29

” _€r1|k22’ + (_6r2)klz 12 €os By + 11 cos 0 ( )

7 = 2=enlenl(=lpe))/m) k. 2nacosty (2.30)
| er1(—|k2z) + (—|€ra]) Forz 12 €08 0y + 11 cos 0 ‘

R, = —|pralkrz = pr1 (—koz]) _ T2C08 01 — m1 cos by (2.31)

N —|prol b1y + 1 (—|k2z]) ~ mpcos by + 1y cos by’
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T — 2(=|pr2|) k1 - 2ny cos 0,
1

— = . 2.32
—|prolk1y + pr1(—|k22|)  m2cosby + my cos by ( )

1 and 7y are the intrinsic impedance of medium 1 and 2. In comparison with the
inteface between two right handed media we changed the sign of constitutive parameters
and wave vector of media number 2 as : €9 = —|€.a| , e = —|pr2| and kg, = —|ka.|,
because of the fact that this medium is LH. As comes from the Eq. 2.29 - Eq. 2.32
the reflection and transmission coefficients of a incident beam to interfaces of RH/RH
and RH/LH media are the same except the phase of transmission in TM mode which
is reversed in a RH/LH interface. The reflected wave will be generated only if the
medium impedance changes, i.e., if n; is not different from 7, and is the same with

intrinsic impedance, perfect transmission without reflection will obtain.
2.4.3. Losses

In this section, we introduce losses in a medium. For this, let us rewrite the

permittivity and permeability of the material considered,

1"
6 =¢ —jé' =¢(1—jtand,), tand, = % (2.33)
. . wp” + o,
Wy = M/ — j/,L” = /ULI (1 —J tan 5777,) s tan 5771 = w—l,(,/ (234)

As comes from Equation. 2.33 and Equation. 2.34 the imaginary parts of €, and p,
indicate losses. we” express loss due to dielectric damping, o, loss because of finite
electric conductivity, wu” loss from magnetic damping, and o,, loss coming from finite
(fictitious) magnetic conductivity. The refractive index of such a medium is generally

a complex number depending on wavelength,

A(A) = n(\) + ik(N). (2.35)
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Equations Eq.2.29 - Eq.2.32 which have been derived in section 2.4.2, represent
only wave reflection from a medium and wave transmission through it. Concurrently,
while EM waves propagating a conducting material, it induces a current in it. This
induced current generates heat due to the transformation of a portion of the incident
radiation’s energy. Usually, such loss is defined by the absorption coefficient [82].
Therefore, for compatibility, we consider that the absorption coefficient is the quantity
in Eq.2.36. This declaration obeys the law of "energy conservation”. Clearly, such a

description is general and independent of direct or averaging calculation process,

R+T+A=1 (2.36)

In a medium, some portion of radiated power upon a surface is transmitted (T) through

it, or reflected (R) from the surface or absorbed by it (A).

Without considering the material’s refractive index, the reflected power from the
interface of two materials can be discarded by impedance matching. One can get the
advantages of losses as a part of complex negative refraction in perfect absorbers with

zero R and T, which turns A = 1.

2.5. Transmission Line Approach in LHM

When a structure’s fundamental average cell size is much shorter than the wave-
length of incident EM beam, Ay, it is called an effectively homogeneous structure. Be-
cause LHMs are effectively homogeneous structures, they can be fundamentally formed
as "transmission lines” (TLs). To obtain a negative index of refraction, such TLs are
typically loaded with a network of series capacitors and shunt inductors. In the presence
of a left-handed capacitance and inductance, a real LH structure necessarily includes
Cr and Lg. This concept as a composition of right and left-handed TLs (CRLH), in-
troduced by Caloz et al. in [83]. Purely LH (PLH) structure does not exist. Magnetic
fluxes are induced because currents flow along C';. Consequently, a series inductance
Ly is additionally existing; besides, voltage gradients present due to currents flowing

across Ly, which corresponds to a shunt capacitance C'r. The right-handed network
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contributes as parasitic series inductance and shunt capacitance; as frequency rises,
the right-handed network will be the dominant one. A plane transverse electromag-
netic(TEM) wave is a wave for which the electric and magnetic field vectors lie in a
transverse plane or perpendicular to the propagation axis. This is the basic kind of
wave that presents on an ideal transmission line. The equivalent circuit model for such

a lossless CRLH TL is shown in Figure 2.6.

LyAz  Ci/Az

g
gl Zp I

Cirz = 3Li/Az
Yy Y,

YI

A
v

Az

Figure 2.6. Ideal CRLH transmission line equivalent circuit model.

In this figure Z’(2/m) is per-unit length impedance, Lg(H/m) is a RH per-unit-
length inductance in series with a LH times-unit-length capacitance Cp(F.m). Y'(S/m)
is a per-unit- length admittance, Cr(F/m) is a RH per-unit-length capacitance in
parallel with a LH times-unit-length inductance L(H.m). At low frequencies w — 0,
Zyp — 0, Y, — 0, so that the CRLH transmission line becomes equivalent to a pure
LH TL (L'gr = C'g = 0). At high frequencies w — 0o, Z; — 0, Y/ — 0, so that the
CRLH TL becomes equivalent to a pure RH TL (L', = ', = 0). Analysis of the TL
network has been done based on generalized telegraphist’s equations. The characteristic

impedance Z.(£2), describing the voltage and current on the line obtained,

2
se 1
o= 7y | W) =1 (2.37)
(w/we)” —1
where Z; is the pure LH impedance, Z; = (/%% and the series and shunt resonance

c'r
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frequencies (rad/s) are as;

1
Wee = —— (2.38)

1

VLG

(2.39)

Transmission line theory can analyze the propagation characteristics of the structures
shown in Figure 2.6. The voltage and current of the transmission line and its com-
ponents agree with the electromagnetic field components. For isotropic homogeneous
medium, the impedance and admittance can be written as Z = jwL, Y = jwC whereas

Vv = L

those variables for left-handed transmission line are defined as Z' = ijC, = L
Although forming left-handed media as transmission line structures is convenient

[84], another approach is to describe unit cells, and total systems based on equivalent

circuits [85]. We will describe our proposed designs based on lumped circuit elements

in the next chapters.
2.6. Left- Handed Media

Nearly all isotropic natural materials have positive values of permittivity and per-
meability more than unity. They thus are determined as DPS (double positive) materi-
als. Materials with negative € or p only are termed as SNG (single negative) materials
depending on negative effective parameters classified as ENG (epsilon-negative) and
MNG (mu-negative). Being negative value of each, the refractive index of the incident
beam becomes imaginary and damped (evanescent). Thus electromagnetic waves can
still propagate in such material and decay. Consider that the material is opaque to
radiation if its thickness is greater than the characteristic attenuation length of the
electromagnetic wave. We need to introduce ENG and MNG media first to construct
artificial material with left-handiness properties and simultaneously negative permit-

tivity and permeability values. The double negative structure (DNG) realizes with a
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combination of ENG and MNG media. Either the Drude or Lorentz model defines

permittivity and permeability. They are evaluating the optical properties.
2.6.1. Epsilon Negative Media

The most known natural ENG-material in which the dielectric constant is neg-
ative in a specific frequency range is the plasma. Regular e-negative materials are
metals. The Drude model explains metals’ dielectric constant as a frequency function.
The permittivity of metal is negative at frequencies under plasma frequency [86]. For
instance, the metals behave as ENG materials in infrared and optical frequency ranges
as the plasma frequency approximately is into the ultraviolet region. Therefore the
propagation of light is infeasible in metals in these frequency ranges; that is why the
metals are shiny and opaque in the visible range. Thin metallic wires were described
as one of the earliest structures with negative electrical permittivity [87]. However,
a square matrix of infinitely long parallel thin metal wires, enclosed in a dielectric
medium, has been recognized an ENG media as shown in Figure 2.7. The propagation
of electromagnetic waves in such a structure is similar to propagation in plasma. The
electrical permittivity of composite material is negative at frequency w smaller than
wp, where w, is the structure’s plasma frequency. It is a function of the radius and
placement period of wires; therefore plasma frequency of such a structure is verified.
Plasma frequency for the longitudinal plasma mode expressed as [88]

) 2mc?

w, = ZTn(ar)’ (2.40)

Effective permittivity can be written as [89]

=61 w—g , (2.41)
Y w(w—jfo)

where w, is the plasma frequency, a is lattice constant, and f. is the collision frequency
of the electrons and corresponds to dissipation due to finite conductivity of wires. As

shown in Figure 2.7 the array of metallic wires is similar to bulk material, but as
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Figure 2.7. (a) Metallic wire media as ENG and (b) effective permittivity plot versus
frequency. (a),(b) [34].

they are separated into thin wires with infinite longs, the effective electron density is
decreased. The density is proportional to the volume of thin wires to the vacuum area.
So the plasma frequency is a function of geometries of wires i.e., the radius of wires

and the lattice constant a.

2.6.2. Mu-negative Metamaterials

In MNG-materials, accordingly, permittivity is positive, and permeability is neg-
ative. Some gyrotropic materials exhibit such characteristics in a certain frequency
range. Materials such as ferrites stay slightly effective are heavy may not own highly
acceptable mechanical characteristics [90]. Although antiferromagnets close to reso-
nance frequencies in the far-infrared reveal u < 0 are natural materials capable of
negative magnetic response [91]. In contrast, we will show, microstructured materials
can be designed with negative magnetic permeability. The first and the most widely-
used MNG-structure is the split ring resonator [1]. SRRs can be both round and square
geometrically, as seen in Figure 2.8(a,b). They are characterized as high-conductive
resonant structure, in which the capacitance between the two rings counterbalances

the inductance. In the presence of a perpendicular time-varying magnetic field applied
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to the rings, a current is induced at the rings’ surface. In return, the current produces
a secondary magnetic field. In dependence on the structure’s resonant properties, it
can either resist or magnify the incident magnetic field, thus concluding positive or
negative permeability. MNG-structures includes spiral structures [92], S-shaped [93]
resonators, as well as Rolling MNG-structures, termed as Swiss rolls [94] which are

entirely suitable for low-frequency applications. For a circular double split ring res-
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Figure 2.8. The first MNG- material unit cells: a) round, b) square, (c¢) Permeability
of an SRR versus frequency [34].

onator in the vacuum, where the thickness is negligible, we can write the following

approximate expression for effective u [1],

mr?/a
14 200 _ __3d

wrp 72 pow?egers

Heff = 1-— (242)
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where a is the unit cell length, d is the interval between the rings, r is the radius of the
inner ring, and o is the electrical conductance. As shown in Figure 2.8 (c), magnetic

permeability is negative for specific frequencies determined by physical parameters.

2.7. DNG- Metamaterials

Concurrently occurring negative values of € and p do not belong to the normal
materials in nature, so they are created artificially. Such artificial media are named
in different sources double negative metamaterials (DNG) [95], backward wave me-
dia [96], negative-index materials (NIMs) [97], and negative-phase-velocity [98]. A
negative value of the refraction index achieves by negative material constants. DNG
metamaterials are also called ”Left-Handed Materials” (LHM) [29] because electric
field, magnetic field, and the direction of phase velocity follow a left-hand rule sys-
tem, distinctive from conventional materials (double positive (DPS)). we conclude our

discussion in Figure 2.9.

ENG (g<0,u>0) 4 M DPS (> 0, u> 0)

No transmission n=_[gu
(decaying wave) Conventional

Plasma wire
structure

materials

MNG (>0,p<0)
No transmission
(decaying wave)

J\A/ Ferrites, SRR

DNG (e<0, p<0)

n=-Jo
Metamaterials,
LHM

Figure 2.9. € an p coordinate system
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3. BroadBand THz Absorbers based on Square patch

Metamaterial

The existence of SRR introduced by Pendry [1] is proven in microwave regime
experimentally. By increasing the studies for DNG, the combination of SRR and wires
get more interest. Among the papers at terahertz frequencies, Yen et al. achieved
a magnetic response at 0.8-1.3 THz in the planar microstructure SRR composites as
measured by spectroscopic ellipsometry [99]. It is predicted that numerous applications
will thrive within the THz frequency range. In this chapter, we will report the results
for DNM we achieved in our previous works at microwave regime [34]. Then we discuss
the proposed THz absorber. The proposed model is evolved from a square ring with
backside gratings to a square patch with backside blanket metal. Design, fabrication,
and characterization are included. The resonance behavior of square ring resonators
shows inconsistency by changing the direction of E and H fields. Polarization insensitive
absorbers have been the main purpose of this thesis; for this goal, we will focus on
designing, characterize, and fabrication of such devices in section 3.2.2. As we will
see, the symmetry of patch MM makes them insensitive to the polarization direction.
The problem with those MM absorbers is their narrow resonant band. The frequency
selective surface (FSS) absorber, consisting of different-size patches, will be an effective
method to broaden the absorption band. In the last section, a multiband THz absorber

constructed by multi-size square patches is introduced.

3.1. MM Absorber Based on Split Ring Resonators in GHz Band

Split Ring Resonator is one of the commonly used devices that exhibit electro-
magnetic metamaterial behavior. This device can be defined structurally by single or
double metal loops in circular or square shapes with single or multiple splits. Periodic
combination of metallic thin wires and SRRs in an array form have attracted much
attention recently in technology fields. Negative permittivity and negative permeabil-

ity are accomplished individually by wire arrays and SRR arrays, respectively. As
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Figure 3.1. Combination of split ring resonator and wire as GHz absorber

they provide simultaneous negative permittivity and negative permeability medium,
the electromagnetic wave will propagate; thus, the reflected wave will see a gap at its
frequency band. This gap explains the resonance behavior of the SRR + wire struc-
ture. In the vicinity of its magnetic resonant frequency, incident EM wave induces a
strong circulating current in the metallic loop resulting in resonance. In addition to
this magnetic resonance, a strong electric field in the gap exists around the plasma
resonance. This is fundamental for an inductive- capacitive resonance of SRR struc-
ture. The resonance frequency is determined by the inductance (L) of metallic rings
and the gap capacitance (C). The resonant field is susceptible to any change in the gap
region. It means resonance frequency shifts as micro-particles are trapped in the gap.
This effect has been used for sensing applications [100]. Fabrication compatibility with
microelectronic circuits is one of the attractive features of the ring resonators. Comple-
mentary split-ring resonators (CSRRs) patterned on the ground plane of a microstrip
line provides high sensitivity, which is suitable for detection of cracks in metallic and

non-metallic materials [101]. Split-ring resonators have also found applications in the
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two-dimensional displacement sensor design based on a microstrip line loaded [102].
The flexibility of working around a specific nominal resonance frequency in a very
narrow band enhances the utility of SRRs for sensing application [103]. For exam-
ple, a tunable resonant frequency overlapping half-ring resonator was reported with
its magnetic actuator in [104]. The experimental results indicate that changing of an
overlapping gap can control the resonant frequency with a few MHz resolution in a
tuning range of 38 %. In this section, based on the facts discussed already, we will
study SRR Metamaterial behavior. The array construction is made with SRR and wire

as shown in Figure 3.1.

3.1.1. Characterization

We model our structure with an RLC resonator, which mathematically can prove
the working frequency band of the proposed structure before fabrication. Each ring
has a defined R, C, and L value, corresponding to their geometrical properties. Also,
we should consider the role of a mutual inductor in between two rings because of the

coupling factor.

Table 3.1. Dimensions and expected resonance frequencies of SRR absorbers.

Design 1 2 3 4
Ry (mm) | 2.6 | 3 3.6 4

w (mm) | 09|09 |09 | 09
Ry, (mm) [ 15| 1.9 | 25 | 2.9
g (mm) 0202 1] 021 0.2
tometar(um) | 14 | 14 | 14 | 14
tsuw(pm) | 130 | 130 | 130 | 130
f (GHz) | 5.9 |4.73|3.49] 3.23

This metamaterial absorber can be interpreted as a two-port network. This

two-port network contains two series RLC branches that are parallel. Previously we
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reported 4 different SRR with various radius sizes. Table 3.1 is concluded the designs
and predicted resonance frequencies based on S-Matrix. The scattering parameters
are well-suited tools to study the transmission also reflection spectra [105]. They can

explain the behavior of a two-port circuit in high frequencies.

The fabricated structure is a double SRR made of copper on an FR4 substrate.
In all designs, the thickness of the FR4 layer and metallic strip is constant. Also, the
size of the split and the gap between rings are similar and 0.2 mm. A finite difference
time domain model (FDTD) has been developed using HFSS to simulate absorption,
transmission, and reflection characteristics of devices. The transmission and reflec-
tion spectrum extracted and compared with the lumped model we introduced. These
would give us useful information about the design of new structures. The transmission
spectra for design number 1 and 4 depicted in Figure 3.2. As we expected, because of
capacitive and inductive load added to the ring by increasing the rings’ dimension, the
resonant frequency experiences a blue shift. Increasing the SRRs geometries decrease

the resonant frequency.

In comparison between FDTD simulation and LC equivalent circuit models, we
can see a mismatch of 20 %. Consider that the results Table 3.1 has concluded, are the
resonant frequencies calculated from lumped element formulations. The modeled plots
also consider lumped capacitances and inductors even though the FDTD simulation
may consider the effects of other parameters such as neighboring mutual capacitances
and inductances. Besides, the material properties used in simulations may differ. We
add the backside metal wire and expect to see the left-handed effect. Simulated spectra
for transmission (blue line) and reflection (red line) of a single unit cell SRR MM are
plotted in Figure 3.3. For the MM absorber, we used the dimensions of design number
3. The transmission peak and reflection deep appear at 3.89 GHz. As shown, this
structure’s behavior is reversed compared to the simple SRR structure (without wire).

The structure is reflecting except for a narrow frequency band around resonance.
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Figure 3.3. Simulated reflection (red line) and transmission (blue line) of proposed

Metamaterial design [34].

3.1.2. Measurements

The measurements were performed using a pair of horn antennas and patch an-
tennas at a certain separation between them. Measurements are carried on over the
3-8 GHz frequency band. The measurement for metamaterial designs has been done

using a Network Analyzer (Rohde and Schwarz ZVA40).

For the measurements at transmission mode, the antennas should set normal to
the sample facade. Transmission measurements were calibrated to the transmission
between the horns while the sample is discarded (transmitted power through the air).
The reflection mode measurements were carried on by placing the source and receiving
horns on the same side of the sample and bouncing the microwave incident beam off the
sample. The source and receiver antennas were each bent with an angle of about 7.5 to
normal on the sample face. The reflection measurement was calibrated using a sample-
sized sheet of copper as a reflecting mirror. In both measurements, the propagation
direction was polarized across to the gap. Experimental results are plotted with the

results achieved with HFSS to have a comparison as seen in Figure 3.4 It is obviously
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seen that there is a good match between numerical simulation and measurement results.
These experiments have been repeated several times with different types of antennas

for getting more realistic conclusion.
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Figure 3.5. Plotted measured (a) transmission, (b) reflection spectrum for MM design
(3.6 mm radii). Red-line shows the extracted data from the network analyzer, and

blue- dash is the HFss result [34].

The experimental results for MM design are shown in Figure 3.5. At frequencies
lower than resonance, we expect to observe zero transmission between ports, but the
measurement results show that antennas transmit power out of the resonance band.
This comes from the fact that, in reality, antennas transmit power in every direction

in an isotropic fashion beside perpendicular mode.
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3.2. THz Metamaterial Design

3.2.1. THz MM Absorber Based on Single Square Ring Resonator

We developed our first generation terahertz metamaterial absorber with a single
unit composes of two discrete metallic layers: an electrical square ring resonator and
cut wires as depicted in Figure 3.6. Magnetic vector of incident wave induces an anti-
parallel current in the resonator’s arms and cut wires, which generates a circulating
current in the square ring, resulting in magnetic resonance (magnetic coupling). This
turns the square ring into an inductive loop. The electric component of the incident
wave forms a strong and uniform electric field in the gap. E field in the gap excites
an electric resonance. Therefore, autonomous of the electric resonance, the magnetic
reaction can be adjusted by managing the dimensions of the square ring and distances
from cut wires. The square ring with a side length of 32 um is formed on Parylene as
a structural substrate. We fix the width of metallic parts and gap as 2 um because of
limitations in fabrication and mask technology. The metal layer, is lossy gold with a
conductivity of o = 1.0 x 10" (S/m) on a Parylene base (¢, = 2.95). A 10 ym layer of

air separating two metallic elements. The substrate is a silicon wafer.

First the transmission (|Ss;|?) and reflection (]S11]?) coefficients of a single unit
cell were simulated. Perfect electric conductance (PEC) along the Z and perfect mag-
netic conductance (PMC) boundary conditions along ¢ direction were considered (see
Figure 3.6) . The equation A =1 —|S5;|? — |S11]* computes the amount of absorption.
As depicted in Figure 3.6 the magnetic field induced a circulating current while the

ring resonator’s gap make of the electirc field to concentarte in it.

The results given in Figure 3.7 are for the case where the E field is along the
gap. The other polarization case is presented when the electric field is perpendicular
to the gap; an electric resonance can not be excited. Similarly, as the H field is
perpendicular to the wires and arms, as parallel wires are not existing for the magnetic
field to produce a flux, a magnetic response can not be excited. This behavior is

called a polarization-sensitive response. Such a device is desirable for mm-wave, and
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Figure 3.6. Top view layout of the proposed THz absorber: an electric resonator on

top of a Parylene spacer; cut wires on Si wafer.

THz imaging applications as saturation of the imager due to reflections from metallic

samples deteriorate the performance seriously. The error known as “glint” [53].

3.2.2. THz MM Absorber Based on Square Patch Resonator

As discussed in section 3.2.1, square rings’ polarization sensitivity motivates us to
design a model that is polarization independent. The other optimization we considered
is to eliminate the transmitting power among the ports to increase the absorptivity. For
this aim, THz metamaterial absorber was designed using a metallic square patch made

of titanium separated from another Ti ground plane on a Si wafer by a Parylene layer
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0.95 THz. Reflection .

as schematically illustrated in Figure 3.8. Impedance matching to the free space at
certain THz frequencies cancels the reflection employing that kind of combination. At
the same time, the ground plane blocks transmission, which causes raising the amount

of absorption.

A single unit cell of the absorber has two distinct metallic layers made of 200 nm-
thick titanium, much thicker than the typical skin depth of metal in the THz regime. A
square patch as a resonator and a ground metallic layer as transmission eliminator are
utilized. The side length, 1, of the square patch is adjustable. Parylene thickness is 2

pm which is placed as a spacer. All structures are implemented on a Silicon substrate.

3.2.3. Characterization

The most important aspect of using metamaterial is achieving a negative refrac-

tive index. Refractive index in terms of frequency-dependent permittivity (e¢(w)) and
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Figure 3.8. THz absorber based on square patch metamaterial structures.

permeability (p(w)) is given as;

n(w) = Vew)pu(w). (3.1)

In this part, it has been shown that by engineering multilayer structure, the real portion
of the index can be negative, and the imaginary part of complex refractive index, which
defines the loss, can be maximized or minimized corresponding to the application.
Strong absorption as a result of the maximum amount of imaginary portion of n(w)
can be achieved by tuning the €(w) and p(w) through devices are made artificially.
Therefore, it is possible to absorb electromagnetic wave by tuning e(w) and p(w), and
achieving excellently match the impedance to the free space: Z(w) = \/W =
377€2. Matching the impedance to free space, i.e. €,(w) = p,(w) thus Z = Z; minimizes

the reflectance at a specific frequency.

An equivalent LC resonator circuit [106,107] with resonant frequency of 1/v/ LC

can describe the behaviour of electromagnetic radiation inside a metamaterial struc-
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ture. Faraday’s law prescribes that a time-varying magnetic field confronting a small
coil of conducting wire induces a current into it with inductance L. Due to skin ef-
fect, induced current concentrates toward the metal surface as the frequency becomes
higher. The skin depth becomes around 100 nm and less (Au at 1 THz has a skin
depth of 82 nm) near the terahertz region [108]. Ampere’s law characterizes a local
magnetic dipole moment which is generated by induced circulating current. Now con-
sider that we excite a single unit cell as E-field along  and H-field is along g direction.
The self-inductance of a single patch can be calculated utilizing the current sheet the-
ory. A current sheet is a extermly thin conducting sheet (Figure 3.9). Current flows
circumferentially around the sheet, producing a magnetic field inside the sheet. The
approach, presented by Welsby [109] which is simple to apply to the critical problems.
The produced results are mostly acceptable. For a current sheet where [ > ¢, , the

inductance can be estimated as follows;

A
L= Hofbr = (32)

l )
where A is the cross-sectional area of the current sheet and equals the side length of
patch times thickness of spacer: [ x 1, it is obvious that inductance is just a function
of the thickness of spacer (Parylene). The total capacitance, C, explains the charge
growth the external electric field induced. it can be calculated with a parallel plate

model,
C = ep6r—, (3.3)

where A is the area of overlapping plates and d is the distance between the plates,
in this case, the spacer’s thickness, ¢,. Substituting L and C formulas will give the

resonance frequency fy,

1

o e

(3.4)

The resonance frequency of a patch MM is a function of side length, as it is proved
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Figure 3.9. Single patch MM absorber modeling based on lumped inductance and

capacitance.

by Eq. 3.4 and the dielectric constant of the spacer. « and [ are mathematical
factors proportional to effective permittivity and permeability of the spacer between
two metallic layers. We started our design with patch sizes which correspond to 1 THz
resonant frequency. According to equation 3.2 to 3.4, 90 um-side length patch results

in a resonance at 1 THz.

3.2.4. Simulation

Based on the FDTD by CST Microwave Studio software, a full-wave EM simu-
lation has been performed. Boundary conditions are periodic and used in the ¥ and
y directions (see Figure 3.9), and a plane incident wave hits the MM unit cell struc-
ture along Z direction with the electric field polarized along the Z-direction and the
magnetic field along the g-direction. Ports are placed in Z direction. For TEM plane
wave incident to the proposed structure, no transmission can be monitored, as the
continuous Ti films block it off. Hence, the absorption equation is A = 1 —|S1;|? in our
designs. The period of the square patch array (i.e., the length of the unit cell) along
2 and gy directions are 90um. The length, [, of the square patch is adaptable and are
chosen as 86, 76, 65, 53, and 43 pm. It is clear that for [ = 86um the resonance occurs
at 0.86 THz and the amount of absorption for 86 um patch is 42 %.
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Figure 3.10. (a) Simulated transmission (T), reflection (R), and absorption (A) for
the single square patch absorber structure, (b) electric field distribution, and (c)

surface current distribution density.

To obtain physical insight, the electrical field distribution and surface current
distribution were simulated at resonance as shown in Figure 3.10 (b,c). The E field
distribution shows a positive to negative charge polarization in the upper metallic
layer, which induced opposite charges to the lower metallic layer, causing capacitance
formation as predicted in Figure 3.9. It is noticed that the currents are circulating at
surface in a way that they are anti-parallel in the two metallic parts and based on the
right-hand rule, circulation trend pointing the magnetic field direction (strong magnetic
coupling) [110]. An electric excitation causes the square patch to form a dipole, which
couples to the incident EM wave’s external electric field, makes resonance happens

in higher frequencies ( beyond 2.5 THz). It is worth noting that the symmetrical
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properties of the structure make it polarization-insensitive for normal incident EM
waves; hence, changing E and H field direction does not affect the resonant behavior.

The absorbing property of this MM is additionally investigated by changing the side
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[+
‘ﬁj 0.6 ¢ ——A (a= 43 pm)
E Decreasing
O .
2 atch size
£ 04 | /P
< o

0.2 +

\

0 0.5

Frequgncy [THz] L5

1.00

Frequency [THz]
*

0.75

0.50 b
30 40 50 60 70 80 90

Side length [um]

Figure 3.11. (a) Absorption spectra for various side length sizes, 1, of the square
patch, (b) the dependency of the resonant frequency of absorption on the side length
of square patch, .

length, [, of the designed square patch structure. As illustrated in Figure 3.11, there is a
exceptional blue-shift of the resonant absorption peak frequency when [ decreases from
86 pum to 43 pm. The linear dependence of the resonance frequency on square patch
length, [, is proved as adjust-ability by Eq.3.4, which agrees well with the dependence
of simulated peak value. Simulation results with individual square patch structures

verify the resonant frequency’s dependency to the patch size as shown in Figure 3.11
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(b). We must note that in the case of the parallel plate capacitor, Because of the fringe
effect as the electric field extends from the edges, the overlapped area is more than the
case when we neglect the fringing capacitance. Thus the capacitance calculated by the

formula is less than the actual value.

3.2.5. Multiband and Broadband THz Absorber

A parametric sweep with different side lengths, [, of square patches motivates us
to assemble a multi-band or broadband perfect THz MM absorber by mapping different
patches based on the multi-resonances mechanism at various adjacent frequencies. In
this part, we will try to increase the absorption bandwidth by using multi-square
structures with different geometries that can maintain various resonant modes placed

in vicinity of each other in the absorption spectrum.

Here, the unit cells of four designed THz MM absorber structures are shown in
Figure 3.12 (a), which comprises five Ti squares with different dimensions departed
from a Ti ground plane by a Parylene layer. To optimize the absorbing spectrum as
broadband, as we predicted from the fit function (Figure 3.11(b)), designing semi-size
patches would satisfy our aim as they will have very close resonant frequencies. Five
patch sizes of 86, 76, 65, 53, and 43 pum are combined in 4 different ways to construct
the broadband absorber as shown in Figure 3.12(a). It is evident from Figure 3.12(b)
that no matter how we select the different-size patch device arrangement, there always
exist resonant peaks corresponding to the side length of a single square patch. The
absorption level for all design types is less than 30 %. For less covered samples with
patches (design 3), 20 % of incoming EM wave can be absorbed. Design 1 consists of
different patch sizes in rows. Each row contains one specific patch size. The simulation
result shows peaks at 0.9 THz, 1.09 THz, 1.21 THz, 1.5 THz, and 1.8 THz, which
match with predicted resonances coming from a single patch absorber. There is a drop
in quality factor with decreasing the patch size as smaller patches are less reflective
than larger ones. In this topology for smaller patch sizes, we tried to fit more patches
and cover the area as much as possible to compose a mirror surface. The absorption

spectra for design 2 is similar to design 1, as we changed the position of rows among
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Figure 3.12. (a) Scheme of the unit cells of the broadband THz absorbers based on

square patch MMs, (b) simulated absorptions bands for different patch configurations.

them. Design 3 and design 4 are randomly patterned structures. We expect to see
similar absorption peaks with two previous designs at corresponding frequencies to the
patch sizes. Absorption spectra of single square patches are overlapped to broaden
the bandwidth of the THz absorber. The absorption band of new designs is greater
than 15% from 0.8 to 2.2 THz. The ”full width at half maximum” (FWHM) is about
1.22 THz for design number 1, is about 1.32 THz for design number 2, is about 1.5
THz for design number 3, and is about 1.4 THz for design number 4, which is wider
than the previous design of single patch size structures. From the simulated results, to

obtain broadband absorption, we should design the combined patch MMs with slightly



20

different side length sizes to guarantee that the resonance frequencies can be closely

packed next to each other to broaden the absorption spectra.

3.2.6. Measurement Results

The proposed devices were characterized with a THz spectrometer. For a brief
introduction to THz time-domain spectroscopy, refer to Appendix A. We measured the
fabricated samples’ absorption characteristics using a terahertz time-domain spectro-
scope (THz-TDS, TERA K15, Menlo Systems GmbH, Martinsried, Germany) maxi-
mum optical power of 80 mW, employing a 1550 nm femtosecond fiber laser with a spot
size of 2 mm. The laser repetition rate is from 80 MHz to 250 MHz for the transmitter

and the receiver. The spectral range is 3 THz, and the spectral resolution is 5 GHz.

=) =]
=) %o

=
'S

< ]
T e

Referance Transmission

=4
i

0.5 1 1.5 2
Frequency [THz]

=]

0s 1

06 +

Referance Reflection

04 1

0 0.5 1 1.5 2
Frequency [THz]

Figure 3.13. Measured reference data for (a) transmission and (b) reflection modes.
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First, we collect the reference data for transmission and reflection modes. In
transmission mode, first, we measure the amount of emitted energy by using the re-
ceiver antenna. Simultaneously, no sample is present between the emitter and the
receiver antennas of the spectrometer. Then we placed a thick metal reflector (in this
part, a Si substrate coated by a thin layer of Ti) between the antennas inclined 90 to
collect the reflectance reference. The reference data for transmission and reflection are
shown in Figure 3.13. Before starting the measurement of scattering parameters for
designed samples, we have characterized the behavior of common materials such as air,
copper plate, and bare silicon substrate in THz frequencies. The results are gathered

in Appendix A.

In this part, we report the measured data for design number 4 previously men-
tioned. We illuminated the whole array. We obtained the absorber’s transmission and
reflection spectra using reference measurements and calculated the absorption spectrum
shown in Figure 3.14. As can be seen in Figure 3.14(a), the experimental transmission
characteristics of the square patch sample together with blanket metal is zero. The
array depicts absorber characteristics between 0.4 THz and 1.7 THz. The FWHM is
about 1.03 THz. Notice that there is a good match between the results of the exper-
iment and simulation. However, measured R differs slightly from that simulated. We
should note that we estimated values used in the simulation for the material proper-
ties of Parylene based on published values at lower GHz frequencies [111]. Further,
the Parylene layer’s and metallic film’s thickness were designed to be 2um and 200nm
respectively. In reality, physical parameters are measured to be closer to these values.
Measurements in reflection mode for Si substrate is one of the difficulties. Reproduc-
ing the reference data is complex as Si depicts resonance behavior in THz frequencies.

(Refer to Appendix A for more detail).
3.2.7. Further Discussion on Second Order Effects
In the patch broadband absorber design, we have an obvious problem: quality

factor which corresponds to the amount of absorption. We aim to design and fabricate

a perfect absorber that absorbs more than 90 % of incident EM wave power. Let us
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discuss the lumped

absorption.

model more by including the resistance. From the current flow

schematically described in Figure 3.9 and from the voltage distribution, it is clear that

the distributed capacitance between the upper metallic film (with the side length of [

) and the lower blanket metal are connected in series with the total inductance of unit

cell. The distributed capacitance is modeled as two lumped capacitors among edges.

The accurate equivalent circuit for lossy conductors status of the multi-layer resonator

is now shown in Figure 3.15. We added a series resistance, R,., to take the conductor’s

losses into account.

The current passing through the same path with the path of total

inductance and, thus, R, is in series with the total inductance. Therefore, we can cast
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the total series resistance in the same form as L, and written as Rs,. = pl/A which
p is the electrical resistivity of the metal and ¢, is the thickness of the spacer layer
(Parylene). Thereby, assuming that the metal thickness is smaller than the skin depth,
the final expression of the total series resistance given as;

y
R,=""_7r (3.5)
tp

As comes from Eq. 3.5 the series resistance is a function of distancing between metallic
layers (spacer thickness). This resistance Rj. determines the amount of power absorbed

due to Ohmic losses.

One of the main concerns related to metamaterials is their narrow bandwidth of
operation, which comes inherently. The bandwidth of the metamaterial is directly re-
lated to the resonance performance. The resonant circuit presented in Section 3.2.3 can
drive the resonance behavior of the compositions. It is also acceptable to analytically
demonstrate the foreseen operative bandwidth of a metamaterial. A reliable evaluation
of the bandwidth may be determined as the inverse of the quality factor () related to
the resonance of the individual patch resonator. Considering generic equivalent RLC'
circuit representations like the ones proposed in Figure 3.15, one can write the quality

factor in the presence of the loss in the metallic conductor as [112]
— = — (3.6)

where (). is the quality factor related to the losses in the metallic conductor in series

and is given by

Qc = Wo ) (37)

which wy is the angular resonant frequency of the circuit and equals to \/% Substitut-
ing resistance, inductance and capacitance prove that the quality factor is proportional

to thickness squared and inversely related to side length. Increasing the spacing be-
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tween metallic layers will increase the ) factor. It means that one could achieve maxi-
mal loss by modifying the side length [ of the square patch and the thickness of spacer
t, accurately at a resonant frequency. The amount of separated distance has a limit
so that the induced charges between metallic layers will maintain the coupled electric

field (£ o t,). This will guarantee the presence of capacitance, thus the resonance.

L
£

)

RSC

Figure 3.15. RLC equivalent circuit for a lossy patch absorber.

We should mention the fringing effect once more as one expects an increase in the
resonance peak due to decreasing the side length size. By reducing [, the overlapping
area between metallic layers decreases; thus, the fringing effect dominates, causing a
drop in Q factor, enhancing bandwidth. (See Figure 3.11 (a).) In the next chapter,
we will introduce a layer of air gap beneath the Parylene layer to minimize the power
reflected from the surface, which is resolute with our intent to match the free space’s
impedance at resonance, thus absorb much more radiant power. Furthermore, this air

layer gives the proposed structure the ability of mechanical movement.
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4. A MEMS-Based Terahertz Detector with
Metamaterial-Based Absorber and Optical Interferometric

Readout

4.1. Overview

High-performance terahertz absorbers can help develop new devices for biomedi-
cal imaging purposes [113], detection of explosives, surveillance or quality control pur-
poses [24,114,115]. The lack of natural materials exhibiting high THz absorption makes
artificial material absorbers used in THz frequencies very attractive. While sensing in
the terahertz regime is flourishing, metamaterials have been presented for terahertz
applications [116,117]. Metamaterials are artificially engineered structures that ex-
hibit unique properties such as negative values of the index of refraction [118-120).
Metamaterial-based terahertz absorbers can absorb EM radiation 100% at resonance
and can be utilized as sensors, and detectors [41,121,122]. In this chapter, we present
a MEMS-based thermo-mechanical detector operating in 0.5-2 THz band. Absorption
of the incident THz wave is accomplished by metamaterial-based absorbers, which are

patterned metallic square patches on a suspended Parylene pixel.

Integration of simple metallic metamaterial structures to the detector eliminates
the need for exotic materials that exhibit high absorption at the THz band. The sus-
pended pixel is mounted on a substrate coated with a layer of the metallic film. The
metallic film on the substrate comprises grating structures underneath the suspended
pixel. The gratings cover a portion of the pixel and are used for optical displacement
readout of the suspended structure. The principle of operation of the proposed device
can be summarized as follows. The absorbed THz radiation is converted to heat on
the pixel. This causes an increase in the temperature of the released pixel that is
thermally isolated from its substrate. The increase in temperature induces mechanical
deflection due to suspensions made of materials with different thermal expansion coef-

ficients. The mechanical displacement of the pixel is read out by optical means using
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a diffraction grating interferometer, which has been employed with thermomechanical
infrared detectors [123,124]. Since the detector’s absorption characteristics are based
on the metamaterials’ geometrical properties integrated into the suspended structure,
it is feasible to realize broadband detectors with multiple patches with different geome-
tries on a single pixel. On the other hand, it is also possible to design a detector that
is sensitive to a narrow band of interest by integrating a single type of patches on the
suspended structure. This is advantageous for thermomechanical detectors as electri-
cally passive detectors can be designed. Therefore, the detectors’ thermal conductance
can be minimized since there is no need for electrically conductive layers that are also
usually thermally conductive. Also, electrically passive thermomechanical detectors do
not suffer from Joule heating. We implement a diffraction grating interferometer for
the readout, which has been demonstrated as a sensitive readout method for various
MEMS devices [125]. It is possible to utilize the readout method for large focal plane
arrays using CCD/CMOS cameras [124]. The MEMS chip can also be integrated with
a CMOS chip for integrated readout configuration [123]. A typical bi-material detector
(see Figure 4.3(a)) consists of a sensing element (absorber) responsible for converting
incoming radiation to heat which is transmitted by conduction to two symmetrically lo-
cated bi-material beams (bi-material legs) connected to the host substrate (heat sink)
by supporting structures of lower thermal conductance (anchors). The bi- material
legs undergo bimetallic deformation [13] due to the temperature rise upon absorption
of incident radiation. The deformation can be probed by different approaches such as
piezoresistive [14], capacitive [15, 16] and optical readouts [8, 12, 17, 18]. The latter
requires a reflective surface, normally embedded into the absorber, and has the advan-
tage of avoiding the complex on-chip integrated microelectronics necessary for other
approaches. Several bi- material based sensors have been demonstrated for IR detec-
tion and imaging [8, 19-22]. These detectors either use IR sensitive structural materials
such as SiNx and SiO2 or, alternatively, integrate separate IR sensitive layers into the
detector. Additional difficulties exist when the detection range is extended to the THz
region. The low thermal background power in THz demands highly sensitive detectors

and, in most cases, external THz illumination is also required [7-12].



57

4.2. Metamaterial Absorber for Sensing Applications in THz Frequencies

The primary part of the THz detector is a freestanding movable structure that
contains the THz absorber. Chapter 3 introduced a THz absorber based on patterned
square patches on a Parylene dielectric layer. To allow the structure to move, we added
an air gap. Figure 4.1(a) shows a unit cell of a metamaterial-based terahertz absorber
that includes a patch on top of a freestanding Parylene layer of 2 m. The substrate
is silicon. A metallic layer for blocking the transmission power is deposited on silicon.
There is an air gap separating the Parylene layer and substrate. Patch size varies as

of 86, 43, and 30 m.

= Absorption 1=86
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Figure 4.1. (a) Structural schematic of 2D patch absorber, metallic patch size is

varying as of 86, 43, and 30 m, (b) absorption spectra for different patch sizes.

Qualitatively, the unit cell is a resonator with resonant frequency of (f = \/TT)
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Since as we have proved in Chapter 3 , the capacitance depends on /2, the resonant
frequency of the structures is inversely proportional to the size of the patches, which
expected with the simulation observations as illustrated in Figure 4.1(b). The design of
the metamaterial structures was performed by FDTD modeling using CST Microwave
software. The metamaterial structures’ periodic nature allows the simulation to be
performed in a unit cell with the appropriate boundary conditions. Perfect electric
and perfect magnetic boundary conditions are considered along # and g direction re-
spectively. Incident plane wave is distributed along z direction where we placed the
ports to calculate the S parameters. The scattering parameters obtained from the
ports determine the proportion of that power that is "reflected” (R = [Sy;|?) and
"transmitted” (T = |S1|*). The dielectric constant of Parylene at THz frequencies
was taken from [111] as 3 + 0.3i and conductivity of 1.798x10°% S/m was used for Ti.
Let us consider the largest patch where the side length is 86 m. The first resonance
frequency, at 0.92 THz, was identified as magnetic resonance. The magnetic field is
along the y-axis, and it supports circulating current passing through the patch and
bottom plate. Besides, the electric field polarized the patch and divided it into two
symmetric portions. This results in two identical circulating currents in the left and
right halves of the structure as shown in Figure 4.2 (b) (dipole oscillation). The second
resonance frequency is observed at 3.4 THz, which is identified as an electric resonant
frequency. The conductive path is much shorter than the one in the first mode, so the
resonance is locating at a relatively high frequency. The arrows (proportional plot) in
Figure 4.2(b) represent the antiparallel currents excited in the two metallic layers in the
metamaterial unit cell, while the colored layers in Figure 4.2(a) represent the electric
field magnitude. Current distribution takes place in the surface, which indicates that
the metallic planes are thicker than the skin depth of Ti (¢ is 40 nm for 1 THz), which
is a necessity to obtain absorption close to 100% . Notice that there is no transmission

of the incident wave or electric field distribution in the substrate and below it.

The electric field distribution is mainly focused on the edges of the square patch
structure. We can conclude that the coupling strength of the electric dipoles and the
magnetic response are mainly determined by the separation distance (the spacer layer

thickness ) and the square patch’s side length, 1; the side that the external electric field
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Figure 4.2. (a) Electric field and surface current distribution at resonant frequencies

(a) 0.96 THz and (b) 3.34 THz .

is along it. It means that maximal absorption will be obtained by proper formulating
of the side length of the square patch and the separation distance at a specific resonant

frequency.

4.3. Suspended Array of Square Patch Absorbers for THz Applications

In this part, we present a metamaterial-based terahertz absorber employing metal-
lic square patches with different sizes implemented in the same plane. Figure 4.3(a)
shows a three-dimensional drawing of an absorber structure that includes a 4x4 array
of patches with a size of 43 um at the center of the free-standing Parylene layer. The
absorber also includes two rectangular patches with a size of 100x43 pm. The metallic
patches are fabricated on top of a patterned Parylene layer suspended over a metalized

substrate.

Figure 4.3(b) shows the reflection, transmission, and absorption spectra of the
absorber obtained using commercially available electromagnetic simulation software
(CST Studio Suite, Darmstadt, Germany). The patch structures introduce electric
dipole resonances at specific frequencies induced by the electric field in the patches’
plane. The absorption spectrum in a band of 0.3-2 THz exhibits two peaks at 0.59
THz and 1.49 THz, respectively. The resonant frequency of the structures is inversely

proportional to the patches’ size as given by Eq. 3.4. The larger rectangular patches
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Figure 4.3. (a) Three-dimensional drawing of a metamaterial-based terahertz
absorber with a 4x4 array of patches with a size of 43 um and two rectangular
patches with a size of 100x43 pm. (b) Simulated transmission, reflection, and

absorption spectra of the absorber [126].

excite a resonance at 0.59 THz, while the smaller square patches excite another reso-
nance at 1.49 THz. The array formation of the square patches enhances the peak of
the absorption at the resonance. Note that the maximum absorption for a single 43
pm patch is 0.77, where for the array case, it increases to 0.94. The bandwidth in array

form decreases to 260 GHz, whereas it is 415 GHz for a single unit cell.

In the next steps, we implemented absorbers employing different configurations
of square patch arrays made of titanium with side lengths of 86 pm, 43 pm, 30 pm and

rectangular patches with side lengths of 100 ym and 43 pm on a single free-standing
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Parylene layer. The thickness of the patches and the blanket titanium film underneath
the patches is 200 nm. The Parylene layer is implemented in a 2 pm-thick released
mesa. The thickness of the air gap between the Parylene layer and the blanket metal
is 5 um. The patches’ layout is shown in Figure 4.4(a). The computational model for

the absorber includes all the structures shown in Figure 4.4(a).
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Figure 4.4. (a) Three-dimensional drawing of the metamaterial-based terahertz
absorber structure with an array of patches with sizes of 86 pym, 43 pm, 30 ym and
two rectangular patches with a size of 100x43 pm. (b) Simulated transmission,

reflection, and absorption spectra of the absorber [126].

The intended configuration for the absorber is when the wave vector is perpen-
dicular to the device. The electric field is along the y-axis in the simulations. The
reflection, transmission, and absorption spectra of the absorber are shown in Figure
4.4(b). The absorption spectrum exhibits sharp resonant peaks at 0.63 THz, 1.12 THz,
1.48 THz, and 1.87 THz. As we expect from simulation results of single patch unit

cells, the corresponding resonances occurred with slight differences with single ones;
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this variation comes from coupling between various-size square patches. Compared to
Figure 4.3, it can be seen that incorporating patches with different sizes improve the

absorption characteristics of the device.

Figure 4.5. Distribution of electric field at (a) 0.63 THz, (b) 1.12 THz, (c¢) 1.48 THz
and (d)1.87. THz [126].

Electric field distributions corresponding to the resonant frequencies are shown
in Figure 4.5. Larger patches are associated with smaller frequencies. Patches with
100 pm side lengths excites resonance at 0.63 THz, 86 pum patch excites resonance at
1.12 THz, 43 pm patches and their interactions with 30 um patches excite resonance at
1.48 THz (see Figure 4.5 (c)). The rectangular patches also excite another resonance
at 1.87 THz. The absorber characteristics are different when the electric field is along
the x-axis (see Figure 4.4), since the absorber includes two rectangular patches. The
resonant frequency of a specific patch element is proportional to the reciprocal of the
side length of the patch [127]. So, the electric field orientation determines the effective
side length of a rectangular patch. There must be higher resonance modes, which we

have not brought here as we consider the frequency band of 0-2 THz.
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We introduced another design shown in Figure 4.6(a). We obtained this design
by filling the empty spaces of the design shown in Figure 4.4 with different patches.
The design includes square patches with side lengths of 15, 20, 25, 30, 43, and 86 pum

and two rectangular patches with a size of 100x43um.

0.9 | = =Trandmissién, , seees Reflection Absorption

Frequency [THz]

Figure 4.6. (a) Three-dimensional drawing of a metamaterial-based terahertz
absorber with square patches with side lengths of 15, 20, 25, 30, 43, 86 pum and two
rectangular patches with a size of 100x43 pm. (b) Simulated transmission, reflection,

and absorption spectra of the absorber.

Metallic patches with different sizes are laid out on a single Parylene film anchored
to the substrate through a set of suspensions. The absorption spectrum presented
in Figure 4.6(b) indicates distinct resonances in a band of 0.3-2 THz. We realized a
broadband absorber in this design by combining patches with different sizes. The device
exhibits significant absorption in the frequency band of 1-2 THz due to the resonances of

individual patches and the interactions between patches. This configuration is desirable
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for terahertz detectors that require detector structures isolated from their substrate.
The metamaterial behavior is observed for unit cells, including the metallic patches
on top, blanket metal on the substrate, and the Parylene and air spacing in between.
Transmission is guaranteed to be zero with the presence of the thin blanket metal
underneath the patches. In contrast, reflection from the device diminishes at certain
frequencies set by the square patches’ geometry, resulting in increased absorption at

those frequencies.
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Figure 4.7. The variation of the resonance characteristics of the structure in Figure
4.3 as a function of (a) thickness of the Parylene layer, (b) gap height at the tip of
the structure [126].

The resonant frequency of the device is also determined by the effective relative
permittivity of the structure. So, the thickness of the Parylene layer influences the
resonance characteristics. Figure 4.7(a) shows the distribution of the resonance peaks
concerning the changes in the Parylene layer’s thickness. The structure’s effective
permittivity increases with the thickness of the dielectric layer (For the sample in
Figure 4.3). This results in a decrease in the resonant frequency of the device, as
expected). During the operation of the device, the freestanding structure will be tilted

with respect to its substrate. We analyzed the dependency of the resonator behavior



65

by introducing a tilt angle. The position of the edge of the structure where we place the
rectangular patches is kept stationary, and the freestanding structure is tilted about
the y-axis (Figure 4.4). We varied the gap at the tip of the structure between 3 and 7
pm and observed the resonance characteristics shown in Figure 4.7(b). The resonant
frequency of the structure excited by the rectangular patches keeps the same value
at 0.59 THz since the effective gap change along the rectangular patches is minimal.
However, the resonant frequency related to the array of the square patches decreases

with the increasing gap.

To determine the effect of thickness of air gap beneath Parylene layer on absorp-
tion, the structure in sample Figure 4.4 was simulated with various thicknesses of air
gap ranging from 2.5 pm up to 10 gm while keeping the rest of the dimensions the

same.
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Figure 4.8. FDTD simulation (sample Figure 4.4) for changing air gap thickness from
2.5 pm up to 10 pm

It is clear from Figure 4.8 that the resonant frequency stays constant in the leg
part as there is no movement at this point. As the thickness of the air spacer layer
is increased, note that in resonance corresponding to larger patch size (1.2 THz), a
slight red shift (0.1 THz) of the absorption spectra was observed for thicker air layers

due to the increase in the effective overlapped area formed by patch and blanket metal
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and changes in effective permittivity in spacer region. This variation is much more for
higher resonance (1.87 THz). It is 0.4 THz as the interaction and coupling between
different patches in this resonance are more complicated, making the calculation of

effective length and effective permittivity difficult.

E

1.01

0.81

0.61

0.4+

Absorbance

0.21

0.0+

<
S

L S oF!
o — —
Frequency (THz)

(b)

2.0

Figure 4.9. The dependency of the resonance characteristics of the structure with
respect to the electric field orientation. (a) Variation of the angle between the electric
field vector and the y-axis. The electric field and the magnetic field vectors are in the

plane of xy. (b) The absorbance of the structure with different values of 5 [126].

The length of the patches along which the electric field is aligned determines the
structure’s resonant frequency. Thus, the resonant frequency is ideally the same for
the electric field vector aligned along the x-axis or y-axis since the basic structure is
a square. We analyzed the dependency of the resonator characteristics concerning the
polarization shown in Figure 4.9(a). The field was kept perpendicular to the device
along the z-axis, and we varied the angle § between the electric field vector and the

y-axis. The absorption spectra for 5 = 0° and 8 = 90° are shown in Figure 4.9(b).



67

The resonant frequency of the structure at 1.49 THz due to the square patches is not
altered. However, the resonance at 0.59 THz due to the rectangle patches disappears
for f = 90° since the electric field is no more aligned along the larger side of the
rectangular patches, a resonance in higher frequencies have been excited corresponding
to the smaller side length. On the other hand, another resonance at 1.2 THz is observed

for 5 = 90° due to the interaction between the rectangular and square patches at that

frequency.
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Figure 4.10. The dependency of the resonance characteristics of the structure with
respect to the incidence angle. (a) The plane of incidence and the angle between the
propagation vector and the z-axis is shown. The orientation of the electric field is
stationary and is along the y-axis. (b) The dependency of the structure’s resonance

characteristics with respect to the changes of the angle 6 [126].
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Since the electric field vector mainly determines the resonance along the edge of a
square or a rectangular patch, the incidence angle should have a minor influence on the
resonance behavior as long as the orientation of the electric field vector is kept the same.
We analyzed the influence of the incidence angle for TE mode as shown in Figure 4.10
(a) by varying the angle 6 between the incoming beam and the z-axis. The absorption
spectra of the structure for various angles of # are shown in Figure 4.10(b). The
structure performs well as an absorber even for large incidence angles for TE mode,
as expected. By increasing the angle between the incident wave and normal to the
absorber’s surface, the resonance coming from the rectangle patch disappeared. This

configuration has been demonstrated as a polarization-insensitive and omnidirectional

THz absorber.

4.4. Microfabrication of Detectors

We designed the absorbers with a size of 200x200 um and 270x250 pm so that
it adequately intercepts the incoming THz flux at a band of 0.5-2 THz. The thickness
of the titanium layer is 200 nm. The absorber is located on the movable mechanical
structure made of a CVD-deposited layer of Parylene-C. The thickness of the Parylene
layer is 2 ym. The structure is suspended over its substrate by two bi-material legs
that deflect when exposed to thermal load. The length and the width of the bi-
material legs are 45 um by 75 pm and 43 pm by 100 um for two sets of absorbers,
respectively. The bi-material legs are connected to the substrate through the Parylene
layer to isolate the detector structure from its substrate thermally. The length and
the width of isolating legs are 5 ym and 75 pum, respectively. Parylene-C has very
favorable thermomechanical properties for this application. The thermal conductivity
of Parylene-C (0.08 W/m-K [128]) is extremely small. It can provide excellent thermal
isolation without the need to extend the thermal isolation legs. Moreover, we can
combine it with titanium for an efficient bi-material combination. The coefficient of
thermal expansion of Parylene-C is 38 ym/m-K [129], whereas the coefficient of thermal
expansion for titanium is 8.6 um/m-K. We optimize the thicknesses of the titanium and

Parylene layer for maximum thermally induced deflection. We fabricated the detectors



69

using a simple microfabrication process with four photomasks. The microfabrication
process steps are shown schematically in Figure 4.11. We started the process with a lift-
off process to define a layer of 200 nm-thick Ti in the form of a diffraction grating (for
optical readout purposes). Then, we spun a 5 m-thick photoresist layer and patterned
it as a sacrificial layer, followed by deposition of a 2 um-thick Parylene-C film. Next,
we sputtered a secondary layer of Ti for both bi-material legs and the metamaterial
absorbers. The latter Ti film’s thickness is 200 nm to yield a thickness ratio of 10:1
between ParyleneC and Ti to maximize the thermally induced deflection. We employed
HF wet etching for the definition of the metallic structures. Finally, we released the

detector using acetone in a critical point dryer to eliminate the sticking problem.

1. Bottom electrode 4. Top electrode
(gratings and ground (metamaterial) and
plane) definition bimaterial leg definition

2. Photoresist sacrificial 5. Dielectric/structural

layer layer etching
3. Dielectric/structural 6. Releasing
layer deposition

Quartz == Photoresist Parylene == Ti/Au

Figure 4.11. The process sequence of the microfabrication. Please note that the figure

is not drawn to scale [127].

An SEM image of the fabricated samples in an array formation is shown in Figure
4.12. The Parylene layer is anchored to the substrate near the rectangular patches.
The structure is connected to its substrates via legs that thermally isolate the structure

and deflect in response to temperature differences induced by the absorbed radiation.
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The detector substrate is quartz that allows optical access from the backside of the
structure to enable optical interferometric readout. The Parylene layer also includes
etching holes that help to remove the sacrificial layer underneath the structure during

the releasing step using wet etching.
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Figure 4.12. SEM image of a fabricated absorber. (a) absorber with different patch
sizes [126]. (b) absorber with 43 pm patch in an array formation of 4 x 4 [127].

Figure 4.12(b) shows the suspended absorber that is 200x200 um in size consists
of 16 square patches of 43x43 pum, 2 bi-material legs of 75x45 pm, and the bottom

metallic layer on the substrate consists of 18 gratings with a size of 5x94 pm, each.
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Measurements of the absorption characteristics of the fabricated detector have

been done using a terahertz time-domain spectroscope (THz-TDS, TERA K15, Menlo

Systems GmbH, Martinsried, Germany). After performing the reference measurements,

we illuminated the whole array to obtain transmission and reflection spectra of the ab-

sorber. Absorption spectrum is calculated as Eq. 2.36. The results are shown in Figure

4.13 - Figure 4.17 for 5 different samples. We collected the data as the transmission

reference when no sample was placed between the emitter and the receiver antennas

of the spectrometer. Then we placed a thick metal reflector facing the antennas that

were angled 90 to collect the reflectance reference.
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Figure 4.13. Measured spectra of (a) transmission, reflection, and (b) absorption

characteristics of the absorber with 43 pum square patches (sample 1). The red line

and dashed-blue present reflectance and transmittance, respectively, while the black

line shows the absorbance [126].
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The larger rectangular patches located on the bi-material legs excite an absorption
resonance at 0.59 THz, while the smaller square patches excite another resonance at
1.47 THz. At resonance, the absorbance is almost 100%. We obtained an average

absorbance value of 0.4 in a band of 0.5-2 THz using this design.
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Figure 4.14. Measured spectra of (a) transmission, reflection, and (b) absorption
characteristics of the absorber with 86 pm, 43 um and 30pum patches (sample 2). The
red line and dashed-blue present reflectance and transmittance, respectively, while

the black line shows the absorbance [126].

The variety of patch sizes and their positions in sample 2, 3, and 4, as seen in
insets of Figure 4.14- Figure 4.16, causes different absorption behavior. Sample 4 con-
tains various sub-unit cell patches in dense format, thus overlapping resonances and a
broad absorption band. The measured absorption peaks match well with the simulated

peaks. The measured resonant frequencies in sample 2 exhibit red-shift concerning the
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simulation results. The largest deviation is observed with the first resonant frequency
where the measured frequency is 20% smaller than the simulation results. We identify
the error sources as the differences between the material properties we used for the
simulations and the actual ones, the deviation of the incidence angle from the normal
incidence angle case, and the deviation of the electric field’s polarization. Nevertheless,

the measurement results verify our findings in simulations.
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Figure 4.15. Measured spectra of (a) transmission, reflection and, (b) absorption
characteristics of the absorber with 86 pym, 43 pm, 30um and 20um patches (sample
3). The red line and dashed-blue present reflectance and transmittance, respectively,

while the black line shows the absorbance.

We fabricated another design shown in Figure 4.17. We obtained this design by
filling the empty spaces of the design shown in Figure 4.12(a)(sample 2) with different
patches. The design includes square patches with side lengths of 15, 20, 25, 30, 43, 86

pm and two rectangular patches with a size of 100x43 pm.

The absorption spectrum is shown in Figure 4.17(b) indicates distinct resonances
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Figure 4.16. Measured spectra of (a) transmission, reflection and, (b) absorption
characteristics of the absorber with 86 pm, 43 pm, 30pm, 25 um and 20um patches
(sample 4). The red line and dashed-blue present reflectance and transmittance,

respectively, while the black line shows the absorbance.

in a band of 0.3-2 THz. We realized a broadband absorber in this design by combining
patches with different sizes. The device exhibits significant absorption in this band
due to the resonances of individual patches and the interactions between patches. We

measured zero transmission for this design in the designated band.

However, the transmission we measured for the device of Figure 4.14 (sample 2)
is minimal but finite. The most significant difference between the two designs is the
fill factor considering the patches on the device’s surface. A significant portion of the
device of Figure 4.14 does not include any patches, and the incoming radiation impinges

on the Parylene surface, which is transparent. We realize the bottom electrode, which is
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Figure 4.17. Measured spectra of (a) transmission, reflection and, (b) absorption
characteristics of the absorber fully covered with 86 pm, 43 pm, 30pum, 25 pm and
20pm patches (sample 5). The red line and dashed-blue present reflectance and

transmittance, respectively, while the black line shows the absorbance [126].

200 nm in thickness, transmits some of the power it receives, contrary to our simulation
results. Nevertheless, the transmission is deficient (less than 10%) for the entire band

for the bottom electrode.

The reference plate used in the experiments should ideally be a perfect reflector
resulting in higher reflectivity than any other sample. This expectation may fail to
be realized when the signal strength is inadequate. The inset to Figure 4.18 shows an
example where the reflectivity of the reference plate can fall below the sample. In such
instances, the normalization process can result in the reflected power from the sample
above unity, which is not physically valid. Whenever this case arises, the reflectance

values are clipped at unity in Figures 4.14, 4.15 and 4.16.
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Figure 4.18. The reflectivity of the reference plate in comparison with a sample to

explain the clipping.

4.6. Optical Interferometric Readout

We also built two experimental characterization setups based on optical lever
detection and a diffraction grating interferometer under ambient conditions. Figure
4.19 shows the layout of the optical lever detection setup. We focused a laser beam
(A=635 nm) on an individual pixel structure using lenses L1, L2, and L3. We arranged
the laser beam’s spot size on the plane of the detector as 15 pum to ensure that the
reflected beam was collected off of the mirror-like metamaterial patches. We used the
last lens (L4) to focus the reflected beam on a segmented photodetector (PD). We also
used a Peltier thermoelectric cooler (TEC) module with a temperature controller unit

for the characterization of thermomechanical response.

Figure 4.20 showed the normalized deflections of two different pixels in compari-
son to a stationary reference on the chip when we swept the temperature between 18°
and 40C. Temperature change results in approximately 5-times larger optical signals
on the devices as compared to the reference point. Possible reasons for the shift in
reference measurement include the change in the index of refraction due to tempera-
ture rise and the drift in the chip’s position. Nevertheless, measuring a reference point

allows us to implement a differential readout scheme to cancel the signal change due
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Quad detector
head

Figure 4.19. Three-dimensional drawing for the experimental characterization setup

for the optical readout method [127].

to these.

The optical lever method can be effectively used to assess the displacement of the
devices. Position sensitive photodetectors or knife-edge detection methods can be used
with the optical lever method. However, only relative displacement can be measured
in this method without proper calibration. In the second experimental setup, we
implemented a diffraction grating interferometer to measure the absolute displacement
of the devices. We again used the laser beam (A=635 nm) and adjusted the spot size
of the readout laser at the detector as 13 pum using lenses L1, L2, and L3 similar to the
setup shown in Figure 4.19. We illuminated the diffraction gratings from the backside
of the substrate. We placed a PD to capture the 1st diffraction order from the device to
obtain the device’s thermo-mechanical response. We heated the device directly using an
external heat source. The output signal of the photodiode was amplified and directed

to a scope and a spectrum analyzer. We monitored the photodiode signal during the
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Figure 4.20. Measured photodiode signal using the optical lever method due to

temperature difference imposed on the detectors [127].

heating and cooling cycles when the heater was on and off. Figure 4.21 shows the
device’s response due to temperature difference in the presence of the heater. The
amplitude difference between a consecutive maximum and minimum corresponds to
a displacement of A/4. The voltage difference between the maximum and minimum

values is 55.3 mV, as can be inferred from Figure 4.21.

We measured a 4K increase in the temperature of the chip using an external
temperature sensor at the end of the heating cycle, during which we observed 4.5
periods of cycles. Each period of cycles corresponds to a displacement of A/2. Half of
the period for one of the cycles is shown in Figure 4.21(b) to assess the PD signal change
as a temperature function. The maximum slope of the fitted function estimates the
device’s responsivity, and we calculate a responsivity of 193 mV /K. We also measured

the noise spectrum of the device in the frequency range of 0-50 kHz using a spectrum
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Figure 4.21. (a) Measured photodetector signal at the 1st diffraction order in
response to an external heater heating the detector’s chip. (b) Change in the

photodetector signal as a function of temperature difference at the detector [127].

analyzer monitoring the PD signal. Figure 4.22 shows the power spectral density of
the 1st diffraction order in the range of 36-50 kHz when the detector is not exposed
to any external stimuli. The resonant frequency of the device at 45 kHz is visible in
Figure 4.22 due to the detector’s thermal noise. Besides, the device’s noise spectrum
exhibits spurious sharp peaks due to the external electrical components that affect the
measurement. The power spectral density of the device for frequencies below 1 kHz is
3.5x107" V/Hz. This value corresponds to a total integrated noise level of 35 uK within
a detection bandwidth of 380 Hz, corresponding to the frame rate that we calculate
for the detector in ambient conditions. The integrated noise level reduces to 8 puK for

a frame rate of 20 Hz, corresponding to the value we calculate for the detector at 1
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mTorr. The projected NETD value based on the experimentally obtained temperature

noise at the detector is calculated as 144 mK for the detector at 1 mTorr.
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Figure 4.22. Measured power spectral density of the device for setup 2. The resonant

frequency of the device due to the thermal noise of the detector is 45 kHz [127].

We demonstrated the ability to integrate highly absorbing metamaterial films
into bi-material sensors. The study showed that this combined configuration has great
potential in THz sensing and imaging. In detail, we report the design, fabrication, and
characterization of highly sensitive micromechanical bi-material THz detectors based
on metamaterial structures. Initial work on imaging of a THz-QCL beam using a

detector array is also included.
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5. Three Dimensional Porous Metamaterial based THz

Absorber

5.1. Overview

Although researchers have considered several 1 and 2 dimensional MM absorbers
because of the simplicity of fabrication and reduced design complexity, 3D structures
can exploit the full potential of the metamaterial concept in reality. A 3D structure
has a wider surface area within the same unit cell compared to the structure in 2
dimensions. [130]. This wide area increases the chance of a strike of the incoming
EM wave. 3D MM lens antennas achieve the ability to form images at extensive an-
gles compared to conventional 2D ones [131]. Through transforming a 2D resistive
metamaterial absorber structure to 3D, absorption performance has been optimized
more than 90 % in the range of 8.3-40GHz under normal incidence [132]. General
strategies for extending the absorbing bandwidth of THz MM absorbers, such as com-
bining multiple sub-wavelength structures with different sizes or stacking vertically
metal-dielectric layers, will make the unit cells too large. Larg unit cells will result
in increasing angular dependency. Besides, due to the limited number of multi-size
cells, the extension of bandwidth is limited. Stacking metal-dielectric layers expand
the absorption bandwidth; however, the stacking method is usually restricted because
of fabrication complexity and cost as strict processing and accurate machining are
required [133]. Additionally, the thickness will be considerable. Therefore, the de-
sign and characterization of simple and high-performance THz MM absorbers is still
a significant issue in MMs. It is advantageous to design a multi-band or broadband
MM absorber by overlapping the fundamental and high-order resonance modes in a
single patterned absorber structure. Overlapping multiple absorption modes satisfies
a strong broadband absorption, which can be realized by defining the third dimension
into a unit cell. 3-dimensional structures have multi-mode cavities that can be con-
trolled to obtain the desired performance [134,135]. Recent work by Shen et al. [136]

proposed a 3D MM absorber using the stand-up resistive patch arrays, shows a broad-
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band 3D absorber in GHz frequencies. 3D chiral metamaterials that mix electrical
and magnetic responses are of particular interest here. Wang et al. used a 3D array
of chiral SRRs to fabricate 3D isotropic chiral metamaterials [137]. Uni-axial meta-
material composed of 3D gold helices combine internal and Bragg resonances leading
to a broadband response in mid-infrared frequencies [138]. Another work reported
the transmission of EM fields within periodic holey-structures as a metamaterial lens
and their inherent utilization for ultrasonic imaging and deep sub-wavelength resolu-
tion [139]. A periodic 3D porous metamaterial seems to be an assuring alternative
to manage wave propagation at specific frequencies. Transmission or reflection of EM
wave inside the features (such as holes or channels) of these periodic structures happen
due to Fabry-Perot resonances [139]. Photonic crystals, precisely inverse opals (10),
can form three-dimensional porous structures. Photonic crystals (PhC) have a periodic
inequality in the dielectric function that affects the propagation of photons; much like
semiconductor influences the flow of electrons, a PhC affects the flow of photons. As a
consequence of the different dielectric media and the refractive index variation within
the crystal, light is scattered and /or diffracted from the various surfaces, causing a band
of forbidden frequencies where scattered waves interfere destructively in all directions.
Light propagation is prevented inside this range. One of the more popular methods of
photonic crystals is the generation of artificial opals by the self-assembly of colloidal
spheres of either silica or various polymers [140]. The infiltration of artificial opals with
a material of high refractive index and following removal of the spheres by chemical
etching to produce a structure of periodic holes (air voids) encircled by a continuously
interconnected material forms IOs. This interconnected material creates a considerable
refractive index variation that has the potential to produce a full band-gap [140]. Thus
the absorption peaks and resonances can be tuned by changing geometrical parameters
such as the filling fraction and sizes of spherical voids and lattice constant. Recent
research shows that honeycombs and their composite structures as 3D metamaterial
have significant benefits on electromagnetic absorption properties in radar [141] and
microwave frequencies [142]. In this Chapter, inspired by the performances mentioned
earlier, the 3D porous MM based absorbers are introduced in THz frequencies. The

structure is made of CoNi alloy on a standard metal-dielectric layer. We studied the
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EM responses of 3D MM absorber in 0.3 - 2 THz band. Controlling and optimizing
the dimensions of the pores, and thicknesses, in the structure will aid in obtaining the
multi-band absorbers and broaden the working frequency band. A design expanded to
the third dimension brings new resonance peaks. Hence an out-of-plane length gives us
the adaptability to control the incoming beam and polarization direction and optimize
the structure for different incident beam and polarization angles. The third dimension
allows the creation of resonant structures independent of an oblique EM wave angle,
especially for larger angles. Furthermore, fabrication of the structure can be done
using a simple standard photolithography technique and does not demand high-tech

processes.

A brief introduction about Co, Ni, and their alloys will help understand the
inclusive attraction they have received in many research areas as high-efficiency wave-
absorbing materials. They have excellent magnetic [143,144], and optical [145] prop-
erties. They have been applicable as highly efficient absorbing materials with light
weights, low thicknesses, strong absorptions, and wide-frequency bandwidths [146].
Such materials get attraction in fields including data storages [147], microelectronic
devices [148], medical diagnosis [149], and microwave absorption [150,151]. A recent
work by Sun group [146] showed that compositing of graphene with magnetic inor-
ganic nanoclusters (e.g., Ni, Co, LiFeXOY, and FeNi3) could significantly enhance
their microwave-absorbing performance. Recently, Cao et al. reported that CoNi alloy
nanoparticles with an average size of almost 12 nm anchored on a spherical carbon
monolith exhibited improved microwave absorption properties [144]. Boi et al. re-
ported an enhanced saturation magnetization in buckypaper-films of thin-walled car-
bon nanostructures filled with CoNi, Co, and Ni crystals [152]. Such properties would
be beneficial for designing EM wave absorbing structures made of Co/Ni alloys. Here,
we reported two different types of 3D CoNi absorbers. The designs exhibit excellent
THz absorptivity.
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5.2. 3D MM based Absorber Design and Simulations

In this part, we employ two design schemes for the 3D MM based THz absorber;
the first is introducing the third dimension to the patch absorber and forming a cubic
absorber. We will propose an out-of-plane porous absorber inspired by a cubic absorber

in the following.

5.2.1. Cubic MM Based THz Absorber

In this work, we present our approach to modeling 3D MM absorber in the THz
regime. We discuss our model towards developing a 3D design and analyzing reflection,
transmission, and absorption spectra. Figure 5.1(a) depicts 3D structure of a cubic
absorber. The patch on substrate gets the third aspect as it confirms its name, a
"three-dimensional” absorber. Apart from a better understanding of the effects that
govern such materials’ behavior, our aim in this design is to find new unit-cell structures

that could advance the MM absorber research field in the THz range.
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Figure 5.1. (a) Schematic of a cubic MM absorber, (b) Simulated transmission,

reflection, and absorption spectra.

The cubic is made of Co/Ni alloy. The electrical resistivity of a specific type of
Co/Ni alloy (Elgiloy) is too small, 0.0000996 ohm.cm [153]. A layer of blanket tita-

nium, making transmission zero, is placed on a silicon substrate. The silicon substrate
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has not been presented to simplify the model. In this case, we canceled the air gap and
mechanical (Parylene) layers. The side length of the cubic is 27 pm. The unit-cell struc-
ture of the MM is periodic along the Z- and - axes. We are interested in a frequency
range of 1-5 THz. The back-plate metallic layer is made of a Ti film with a thickness
of 0.2 pum, larger than the Ti’s skin depth in the terahertz regime. Boundary condi-
tion consists of perfect magnetic conductance (PMC), and perfect electric conductance
(PEC) for a unit cell is considered. E-field is along 3 direction and H-field is along %
direction. Excitation ports are perpendicular and aligned with the z-axis. Reflection,
transmission, and absorption spectra are simulated as shown in Figure 5.1(b). One
can realize perfect absorption of the proposed MM absorber in THz frequency range,
as the impedance matched to that of free space at resonances, and stronger absorption
observed. Fundamental resonance happens at 0.54 THz. Note that for achieving this
resonant frequency with square patch design, we need a patch with almost 100 pm side

length size. Higher-order resonance takes place at 4.14 THz.

To explain the absorption mechanism of the recommended MM absorber, the
electric field and surface current distributions of the unit-cell structure at resonant
frequencies of 0.54 THz and 4.14 THz presented in Figure 5.2. The electric field mainly
concentrated on the upper and lower faces normal to the electric field direction. There is
a circulating current around the cubic corresponding to the resonant frequency. The H-
field is perpendicular to the plane of surface current, confirming a magnetic resonance.
As comes from Figure 5.2 (a), at 0.54 THz, the induced current in the backplate metal
is in the opposite direction of one in the cubic surface. The current loops are formed
by antiparallel currents satisfying magnetic responses. Figure 5.2(d) shows that for
the second resonant frequency (f= 4.14 THz), the electric field distribution is mainly
concentrated on the edges of upper and lower areas of the cubic structure, as we have
seen in square patch cases. Excitation of boundaries causes a response as half-wave
resonant mode [154], strongly coupled to the external electric field. Essentially, the
higher-order mode responses are occurring at the higher frequencies since the dimension
of the cubic structure is larger than the multiple of a half-wavelength of the resonant
modes. The H field distributions are depicted in Figure 5.2(e,f) at 0.54 THz and 4.14

THz, respectively, to understand the magnetic coupling. The coupling between cubic
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and lower metallic plate cause anti-parallel circulating current among them (magnetic

coupling).
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Figure 5.2. (a,c) Distributions of surface current at the upper and lower layer, and

PRI T

w

(b,d) electric field distributions of the proposed MM absorber’s unit-cell. (a, b) f =
0.54 THz, (c, d) f = 4.14 THz. H field distribution (e) 0.54 THz, (f) 4.14 THz. The

solid arrow indicates the current flow direction.

As we mentioned earlier, Co/Ni alloy has very small electrical resistivity that
means large conductivity, o. Consider the complex permittivity € formula defined as
Eq 5.1. The imaginary part of complex permittivity characterizes the conduction prop-
erties of a medium. Rewriting the Drude model as Eq 5.2 determines that the real part
of € for metals is negative below plasma frequency. Consequently, any electrical field

can not penetrate the media, meaning the metallic layer reflects the electromagnetic
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wave in these frequencies,

- .0 O
E=¢ (1—z@> :6’—15, (5.1)
2
w
dw)=1- = —51“2' (5.2)

Current favors to pass along the surface in higher frequencies, providing surface current.

The equation for skin depth, ¢, is brought as

5= \/% (5.3)

As shown in Figure 5.2 (a, ¢) current concentrates near to the surface. The high
conductivity prevents any meaningful penetration at the material. We can consider
current flows in patch films with a thickness of ¢ and length of cubic side length
because of the slight conductive depth in each cubic face. The cubic’s side length along
which the electric field is aligned determines the structure’s resonant frequency. The
current is circulating in a way that surrounds the cubic. As comes from Figure 5.2
(a) the current path length is 4 times of side length which is 4 x 31 = 124um. The
corresponding resonance for this size is in a good match with our results in Chapter
3, which confirms the dependency of the resonant frequency of square patches as a
function of side lengths summarized in Figure 3.11 (b). Electric filed distribution for
second resonance at 4.14 THz shows the polarization of faces of the cubic, therefore the
electric dipole resonance under E-field drive. The aimed resonance with patch square
ones would achieve by larger patch sizes for 0.54 THz (almost 125 pum) or a minimal
size (nearly 5 pm) for 4.14 THz one. Introducing the third feature to patterned media

makes it compact.
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5.2.2. 3D Porous MM Based THz Absorber

Metals are extremely reflective for electromagnetic waves, particularly at far-
infrared and terahertz frequencies. Chapter 4 shows that impedance matching of lay-
ered metallic structure (patches) makes reflectively zero in specific frequency bands.
Vorobyev and Guo have developed another technique to transform highly reflective
metals to either absorptive or reflecting just some part of EM wave named as femtosec-
ond laser ablation, forming the so-called black and colored metals [155,156]. Recently,
a work enhanced the absorptance for metals at terahertz frequencies. The research
shows various lateral channels provided on metal exteriors can effectively couple free-
space radiation to terahertz ”surface plasmon polaritons”, SPPs [157]. The absorbers
proposed in this part utilizes porous design based on inverse opal structures to obtain

perfect absorber in THz frequencies out of metallic alloy material.

5.2.3. Modeling and Mathematical Interpretation of 3D porous MM Ab-

sorber in THz Regime

A 3D metamaterial such as cubic studied in the previous section has some prob-
lems to solve. Bulkily properties make it heavy for fast responding application. Me-
chanical structures may not be able to move such a massive cubic. Secondly, the side
length of the cubic is the only parameter that defines the resonant frequency. Optimiza-
tion of the side length size adjusts the absorption band to different frequency regions.
Porosity reduces the mass of the absorber. On another point, the porous structure has
a small heat capacitance. Thus fast-responding absorbers can be developed by reduc-
ing the thermal mass [158]. Moreover, the geometry, porosity, number of porous layers,
and pore size of the structures determine the spectral bandwidth of absorption [159].
Adjusting the geometrical properties is a crucial point to tune the spectral bands of
absorbers for various applications. Moreover, incident electromagnetic radiation can
be trapped in optical cavities formed by engineered structures. Porous structures in
the form of metal blacks have been demonstrated as efficient infrared absorbers [158].
Porous structure leads to diffraction of EM waves. If an EM wave is incident on such

construction, some wavelengths are forbidden from passing through the material; in-
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stead, they are reflected. However, some of the reflected beams will be trapped in
pores. The remaining wavelengths are unaffected by the porous structure, and they
pass through. The essential aim here is to prevent transferring the EM wave out of
the absorber. Like patch MM absorber design, a blank metallic layer on substrate
blocks the transmission of EM waves. Metals with porous surface layers exhibited
higher efficiencies of light absorption over a wide wavelength range than those with
mirror-polished surfaces due to multiple reflections of incoming light and multiple light
absorption on the metal surface [160]. Porous metal surface helps to minimize the
reflection of an incident wave. Various porous structures can be introduced by size,
shape, volume, and pitch of the pores. For example, [161] provide the cloverleaf shape

pore. Porous absorbing material can also be granular [162]. In this section, porous

Substrate

Au/Ti
layer

pus

Figure 5.3. Computational model of the porous absorber. The insets show the

structure from the top and side.

honeycomb-like composites will be introduced, consisting of a regular arrangement of
spherical void spaces surrounded by solid walls as shown in Figure 5.3. The structure
consists of a cubic that spheres and cylinders with a radius of R, and r, respectively,

subtracted in every face of the cubic. The spheres, as we called them beads, incorpo-
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rate the periodicity of pores. The arrangement and spacing among beads identify the
pore size. We will show that with an accurate selection of sizes, resonance will happen

in THz frequencies.

5.2.3.1. Modeling Based on Interference Theory . Here we assume the interference method

to investigate the absorption mechanism of the porous MM. As shown in Figure 5.4
(a), the incident waves to the structure encounter multiple transmissions and reflec-
tions. Various possibilities for the incident beam to happen are reflection (marked as
R), transmission through the pore (marked as T), and diffraction from edges (marked

as D). The porous MM interference model comprises two interfaces.

Figure 5.4. Interference model of the porous metamaterial absorber, (a) various
possibilities for incident beam, reflection (red-line), transmission through the pore
(black-dashed), diffraction (blue-dashed), (b), and (c) multiple reflection model for

1/4 layer MM absorber

The top interface consists of a hole (pore) surrounded by thin walls, and the

next porous layer’s walls are the bottom interface. Both interfaces are treated as two
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non-thickness surfaces. Note that some portion of EM wave transmits through the
pore in the first layer. In this part, the transmitted beam may continue its way among
another pore to below or side layers, either may hit a wall and be reflected. Thus,
based on interference theory, the porous MM absorber can be considered as a Fabry-
Perot-like resonance cavity [163]. The cavity causes multiple interference effects in the
form of multi reflection for the incident EM waves, eventually raising the high-level
absorption. Multiple reflections are superpositioned, then destructively interfere with
the air interface’s direct reflection, reducing the total amount of reflected beam. Aside
from the refraction modes, the EM wave incident to the pores’ edges will be diffracted,
increasing the chance of trapping the EM beam inside the structure. For simplicity we
consider 1/4 layer of proposed design as shown in Figure 5.4 (b,c). The walls work as
the surfaces which can partially reflect/transmit the incident EM wave. As shown in
Figure 5.4 (b,c), at the air interface with the wall array, the incident light is partially
reflected back to the air with a reflection coefficient, 75 and partly transmitted into the

spacer with a transmission coefficient, tis,

Flo = 112", f1g = t19e"12, (5.4)

The latter continues to travel in the porous area until it reaches the ground plane, with

a complex propagation phase as

B =B +if;, (5.5)
. __p
f=—v Eeffkog- (5.6)

By is the propagation phase, and /3; represents the absorption in the porous layer. €.s¢ is
the effective permittivity of the porous layer, kg is the free space wavenumber and g is
the radius of the pore as thickness. After the reflection at the ground plane, the partial
reflection and transmission waves at the wall-air interface occur from reverse direction

after additional propagation phase /3 in air void, with coefficients of 79 = 9162 and



92

ty1 = to1%21 respectively. Similar to the light propagation in a stratified media [164],
the following multiple outgoing waves effectively traps the wave in the porous structure.
Then the overall reflection is a superposition of the above multiple reflections. The
overall reflection of the proposed structure from the air back to air can be written

as [165],

{12521 €i2é

1+ 7y ei28’

R =75+ (5.7)
where the first term is the reflection directly from the wall. The second term is the
reflection resulting from the superposition of the multiple reflections between the wall-
pore arrays and ground plane. The absorption is retrieved through A(w) =1 — R(w)
since the transmission is zero. The reflection and transmission coefficients in the air-
metal interfaces is given by the same Fresnel formulas 2.29 - 2.32 for different polar-
ization (parallel and perpendicular E field), but the value of the refractive index for an

absorbing media replaced by the complex quantities,

i
I
3

— ik, (5.8)

where k and « are the extinction and absorption coefficients, respectively. The angle

of refraction is complex as

No sin ¢0

ny — ilil.

(5.10)

sin ¢1 =
For a particular case of ¢y = ¢1 = 0 the Fresnel reflection coefficients are the same for
both polarization mode (s and P) will be found as

ng — N1 + i/il (5 11)

Tig = :
ng +ny — ik,
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and the Fresnel transmission coefficient from air to media expressed as

~ 2’)’LQ
tig = ——mm. 5.12
12 Un + ny — Z.Iil ( )
Note that the reflection from ground plane is -1, so,
o me — i
To1 = — (r — ir1) (5.13)

no+n1—m1'

Because of the negative sign, the reflection coefficient from the wall back to the air (7;)
is the same with 75. This formulation has been done in a region that the walls are
skinny compared to the wavelength of interest. We should also extend these calculations
to upper and side layers and estimate the wave behavior after entering the pores and

traveling to lower layers.

5.2.3.2. Modeling based on Lumped LC circuit. We have already analyzed the elec-

tromagnetic properties of patch absorbers in Chapter 3. It proved those patch absorbers
behave as an L.C resonator that can be excited by an external magnetic field, exhibiting
a strong resonance. As comes from the cubic design, 3D structures can be interpreted
as resonators. The resonance mechanisms generating by the porous structure also can
be interpreted quantitatively by the equivalent LC circuit theory. Figure 5.5(a) shows
the unit cell topology of a porous structure while the pore size is at maximum value (af-
ter that point, walls could lose the interconnection among them). The metallic traces
are inductive, which together with the void capacitances create a parallel combination
of inductors with capacitors. C indicates the capacitance between adjacent walls that
the parallel plate capacitance model can approximate its value. The flow of surface
current from paths to the neighboring unit cells induces electromagnetic induction. As
these paths are ring-shaped, the inductance of a single coil with averaged radius
and width w determines L. In this model, we can not control the thicknesses of walls,
path length, and uniformity. Instead, we obtained the complementary model [166] for
porous structure by replacing the metal parts of the original design with apertures

and the holes with metallic alloy as seen in Figure 5.5 (b). In this case, the original
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composition and its complementary are virtually dual. Here complementary model
behaves like an electric dipole that can be excited by an external E-field. Changing C
to L and replacing series connections to shunt ones and vice versa converts the circuit
model of the complementary to the primary porous LC circuit. As depicted in Figure
5.5 (c), metallic bulk spheres can be excited; form surfaces for circulating current. Two

adjacent spheres develop capacitance. We will consider the simple case of a metallic

b Modeled unit cell !

Figure 5.5. Lumped LC model of the porous metamaterial absorber,(a) paths and
plates form inductances and capacitances of the porous model, (b) complementary
model of porous MM (c) spherical segments for representing inductive rings
(self-inductance), (d) mutual and self capacitances of two conductive spheres (mutual

inductance originates among spheres).
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sphere as an array of rings with mean radius of a,, in each segment , which the diameter
of cylindrical ring is d and the cross section area is S = m(d/2)%. In THz frequencies
the current tends to circulate in surface corresponds to skin depth of 0.In this case
d = 0 and the radius of a ring in each segment is r, = m with knowing that
ro = P/2 where P is the pore size. Assuming a uniform distribution of the current
inside the ring, the final expression for the self-inductance of a perfect conducting ring

can be efficiently calculated as Ly, is [167],

1 n n n—
6a 71 gy = T Tnt (5.14)

2C4 Cont Lo 4C4

s ‘ml s

Figure 5.6. 1D equivalent circuit of the complementary model.

Number of rings is a function of skin depth and pore size: n = %. Knowing that

the rings are in series, the total inductance for a conductive sphere is estimated as

i 16a,, 7
Lsphere - Z,U/OGTL |:11’l( 5 n) - Z_l:| . (5].5)

n=1
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We outline the classical results obtained for the capacitance of two conductive spheres
with exact sizes using the method of images listed in Maxwell’s book [168]. As shown
in Figure 5.5(d), two spheres 1 and 2 of identical radii R, and their centers separated by
distance D, are held at voltage V. The spheres’ charges are related to the given voltages
through the matrix equation proved to be the same. self capacitances and mutual
capacitance are depicted in Figure 5.5(d) where Cj; and Cys are the self capacitances
of the two spheres and C15 = Cy; is their mutual capacitance. These capacitances
depend only on radius and spacing between spheres. The capacitances are defined in
terms of « as

1 — o0 k+1/2
011 == 022 =4reR a a

5.16
Ja e Q2k+1’ (5.16)
R2 1-a
Cra = Cy = 4me Z o (5.17)
where @ = s — v/s2—1 and s = ﬁ and the permittivity of the surrounding medium

is € which in this case is equal to permittivity of air. There are two types of mutual
capacitances. One between contiguous elements (quarter sphere), C,,; and the other
among spheres across the diameter in a distance of v/2D, C,,2. The current flows in
the first sphere I; gives rise to a magnetic field B;. Some of these magnetic field lines
will also pass through neighboring spheres. A magnetic flux ¢9; through the second
component due to time-varying current /; will pass. Mutual inductance is proportional
to this magnetic flux. Separation of elements will affect this mutual inductance. L,,; is
due to D interval, and L, is due to v/2D interval. Figure 5.6 represents the equivalent

circuit of the complementary model of porous structure for one dimension.

We converted the inductance to capacitance, replaced the series connections to
parallel and vice versa to obtain a one-dimensional equivalent circuit of the porous
resonator as depicted in Figure 5.7 (a). The equivalent circuit for 3D porous MM
absorber achieved by repeating the LC circuit in Figure 5.7 (a) for two adjoining faces.

The circuit simulation results for P = 7.5 ym has been done by ”Qucs”. Resonant



97

C m2 Ln12 sz Lm2
c, Ls c, L c, Ly
Cm1 Lt Cm1 Fml Cml Lmi
2c, 2L ac, 4L xc, 2L,
L L
Cm- 'm2 Cmg 2
3 Lawmp—— m—|—
0.006
o+
0.004 T
a
2 0.0027
-0.04 1
o+
f t t t 1 t
0 5e11 1el2 1.5e12 2e12 0 Sell 1e12 1.5e12 2el2
frequency frequency
1e-37
&
2
ot
L J : : 1 :
0 Sel1 1e12 1.5e12 2e12 0 5e11 1e12 1.5e12 2e12
C frequency frequency

Figure 5.7. (a) Equivalent circuit of porous absorber for one face, (b) resonance
happens at 1.22 THz for the 1D model, (c¢) numeric results for a 3D porous MM

absorber showing a resonant frequency at 1.23 THz.
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frequency takes place at 1.22 THz. The electrical and magnetic properties of CoNi alloy
is estimated based on paper reviewed [153]. Based on the formulas mentioned earlier,
the equivalent capacitor and inductance can be denoted almost as a function of R, D,
and €, the radius of spheres, intervals between them, and the electrical permittivity
of the massy parts, respectively. The dependence of the resonant frequency on R,
D, and material type are consistent with the prediction of the LC circuit theory. This
consistency provides a chance to shift the proposed MM absorber’s operating frequency
range by adjusting the R and D of the structure while all the other parameters are
fixed.

5.2.4. Simulations, Physical Parameters Dependency, Fields and Current

Distributions

We concentrate on modeling a three-dimensional interconnected porous MM ab-
sorber with a pore size of p = 7.5 ym and 13.5 ym periodicity. The Absorber is made
of Co/Ni alloy formed on top of a background mirror. At the bottom, Ti/Au films are
placed on a Si substrate as the background mirror, prevents incident power transmis-
sion. Figure 5.8(a) represents the computational model for the 3D porous absorber.
We excite the sample through port one by a normal incidence EM wave where port
two is grounded. Periodic boundary conditions are considered, PEC and PMC, along
Z and gy directions, respectively. Finite element method has been developed using CST
Microwave (frequency-domain solver) and applied to obtain simulated S-parameters so
the power transmittance T'(w) = |Si2(w)|?, power reflectance R(w) = |S1(w)|?, and
power absorptance A(w) =1 — T (w) — R(w). Figure 5.8(b,c) shows the transmission,
reflection, and absorption spectra of the proposed THz absorber, as well as a non-
porous cubic with the same unit cell length of 27 um. It demonstrates that the BW
of absorptivity for a porous absorber improves; its maximum value reaches 81% at
1.47 THz. For the proposed absorber, the first resonance bandwidth becomes almost
300 GHz, and for the second resonance (4.1 THz) 290 GHz, where the BW for the
nonporous one is 75 GHz at 0.54 THz and 460 GHz at 4.1 THz. Compared to the

numerical calculation based on lumped LC circuit, the simulation results are in a good
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match where it predicted the resonant frequency could occur at around 1.2 THz. Note
that a slight mismatch is because we have not considered the mutual capacitance and

inductance in Z direction.
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Figure 5.8. (a) Computational model of porous MM absorber unit cell, (b)
transmission (blue-dashed) and reflection (red-line) spectra of the proposed design
obtained from S parameters, (c¢) absorption spectra comparing porous MM absorber

(blue-line) and cubic absorbers (red-dashed).

To justify the capacitance existence in pores, x,y and z components of E field
distribution have been brought in Figure 5.9 (a-f) for P = 7.5um and P = max
cases. The orientations of k, H and E also is playing important role in composition of

capacitance. However, the structure is symmetric along z, y and Z. So, unless E and



100

2711 Ex Ey
2465
2218
1972
1725
1479
1232
985
739
493
246
0

a b

¥/m (log)
4046407 E

75649 Ex Y
142
0.266
0.0004%8
0
-0.0004%8
-0.266
142

| ‘ |
d e

Figure 5.9. Simulated electric field distribution for the porous absorber, (a, d) x

f

component, (b, e) y component, and (c, f) z component, respectively. The first row
shows the electric field distribution for P = 7.5 um (side-view), the second row

illustrates it for the P = max (side-view).

H are not oblique with respect to z, y and z, we expect to excite the same resonant
behaviour. Consider red color as positive charge and blue color as negative charges.

This polarization proves the presence of capacitance between walls.

To investigate the origins of the absorption peaks, we also presented total electric
field and surface current intensities at two resonant frequencies in Figure 5.10 (a-d).
The pictures illustrate the electric field and surface current distributions, at 1.47 THz
and 4.1 THz. At low frequency, the absorption peak originated by magnetic excitation
mode. At the first resonance of 1.47 THz, the electric fields localized at the absorber’s
left and right aspects uniformly (as we have seen in cubic case Figure 5.2). The surface
current flowing in a manner that points to the H-field direction and can be treated
as a magnetic resonant mode as depicted in Figure 5.10 (a,b). Figure 5.10 (c) shows
that the electric field concentrates more on the edges of the porous structure at f = 4.1
THz. As the frequency increases, field patterns become stronger at both sides of the

U-shaped rings. The opposite charges accumulate in the porous absorber’s edges and
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central parts (if we consider the blue color as negative and red color as positive charge).
This indicates excitation of dipolar resonance in the patterned structure, which will
not produce a considerable reflected power; consequently, most of the incident power

will be absorbed by the honeycomb shaped absorber.
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Figure 5.10. Simulated electric field and surface current patterns for the porous
absorber at (a, b) 1.47 THz, (c, d) 4.1 THz. The first row shows the electric field

(side-view), while the second row illustrates the current distribution.

At f = 4.1 THz, the surface current patterns circulate between points with differ-
ent potential level as shown in Figure 5.10 (d). This shows the effectiveness of having
smaller path sizes to achieve a higher absorption resonant frequency and a wider op-

erating frequency band.
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Figure 5.11. Simulated absorption spectra for various pore sizes. P = 0 is for the case
where there is no pore but some non-uniformities. Maximum pore size achieved when

there would not be interconnection.

Taking a further step, we also studied the influence of the unit-cell structure’s geo-
metric parameters on the absorption properties of the proposed MM absorber. Analysis
of equivalent LC circuit theory discussed earlier explains the effect of geometric pa-
rameters on the MM absorber behavior. According to the LC model, the absorption
properties of the MM absorber mainly depend on the pore size P. Firstly, the unit-cell
structure of the porous absorber with different pore sizes of P = 0 pym, 7.5 pum, 10
pm, 16.5 pm and 17.5 pm (maximum pore size) are examined. At the same time,
other geometric parameters as the number of layers and porosity are unchanged. Re-
sults shown in Figure 5.11 indicate that the operation frequency at lower resonances
are nearly unchanged (0.35 THz variation), while the absorption level has an obvious
decrease with the increase of P (except for the maximum P case). This outcome is
predictable as increasing pore sizes have minimum effect in circulating current paths
(see Figure 5.12 ); therefore, the resonance shifts are negligible. By increasing the pore
size and losing material structure (resistivity), the chance of refraction minimizes; thus,

absorption level drops. For maximum pore size, the walls are thin, and as it comes
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from Figure 5.12 (b), most parts of the proposed absorber can be excited.

Imagnetic

Figure 5.12. Simulated surface current distribution for (a) P = 0 pm and (b)

maximum pore size.

There are two types of the current flowing: magnetic excitation current I,,qgnetic
and electric dipole current Igpo.. The simultaneous presence of these two currents
suggests a new way to obtain the ultra-broadband MM absorber designs. The method
integrates different resonant modes in a single patterned structure. As pore size goes to
the maximum and using structuring technique, a near-perfectly reflective metallic alloy

is transformed to highly absorbent material over a broad electromagnetic spectrum,
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ranging from 1.5 THz to 5 THz.

Next, we discuss the effect of the number of porous layers on the absorptivity.
The absorbance of the MM absorber with 0.5, 1.5, and 2 layers is simulated when all

other geometric parameters are fixed, as shown in Figure 5.13.
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Figure 5.13. Simulated absorption spectra for different layer numbers, 0.5, 1.5, and 2

layers of porous MM absorber.

Figure 5.13 shows that the resonant frequencies tend to the higher frequencies
by removing the layers. The absorption peaks remain almost unchanged when the
parameter P is unchanged and is 7.5 pm. Based on the multiple reflections interference
model, It can be seen that the trapped incident beam travels less absorbing media by

removing the layers, and the path becomes shorter.

Furthermore, we discuss the effect of polarization (E-field angle) and incident
wave angle (k-vector) on the device’s absorptivity. The dependency of the structure’s
resonance characteristics with respect to the orientation of the electric field is simulated
by changing the angle between the electric field vector and the x-axis. The electric

field and the magnetic field vectors are in the plane of xy. The incident wave was
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kept perpendicular to the device along the z-axis. Absorbance characteristics of the

structure with different values of 8 are plotted in Figure 5.14 (a).

0 0.5 1 15 2 2.5 3 3.5 4 4.5 5 5.5 6

Figure 5.14. Absorption spectra for different polarization angle, (a) simulated result,

(b) 1/4 layer porous MM presentation and cross-sections for § = 0° and £ # 0° cases.

It is obvious that because of the symmetry of structure when § = 15° and 75°
absorption bands are identical, this is true for the case when § = 30° and 60°, and
the absorption spectra are the same. Note that § = 90°, settled the structure into the
same position as [ = 0° case, and accordingly resonant characteristic repeats itself.
The length of the path that induced current is circulating through determines the
resonant frequency of the structure. For 15° < 8 < 75° this path has been not altered
and almost is the same (see inset in Figure 5.14 (b)). In this case, the resonance shift
is less than 100 GHz, which is acceptable. However, when 5 # 0°, 90° the structural
distance (d') becomes larger, which causes small capacitance, thus higher resonance
frequency. A longer inductive path makes a drop in Q-factor as losses increased. In
comparison, the dependence of absorption characteristics to the polarization angle is

negligible, and this device is polarization independent.



106

Six different angle values of 0, 15, 30, 45, 60, and 75° were selected to investigate
the influence of incidence angle for TE mode on absorbing performance by varying
the angle between the incoming EM beam and z-axis. The absorption spectra of
the structure for various incident beam angles are depicted in Figure 5.15. Drawing
paths for each position, that an EM wave with different incident angle forms, like the
polarization-dependent path, can predict the absorber’s response. Absorption spectra
should not change as the direction of electric and magnetic fields are the same. The
symmetry of the structure yields the incident wave angle in-dependency of the absorber.
The structure performs well as original absorber ( # = 0°) and absorptivity remains
unchanged for 8 = 30°, § = 45° and € = 75° cases by limiting the absorption band
between 1 THz and 1.5 THz. The shift of resonant frequencies is 0.4 THz.

Absorption

Frequency [THz]

—_—0=(0° —8—0=15° =—dk—0=3(0° =6—0=45° —BW=Q=60° ——0=75°

Figure 5.15. Simulated absorption spectra for different k-vector angle.

When 6 is 15°, resonant frequency drift to the higher frequency as two modes of
excitation overlap, and the absorption peak reaches a high level (98 %). Although there
are more than two absorption resonant frequencies for # = 60, there is an absorption
band in 1- 1.5 THz matching the nominal one. It is evident that oblige EM wave
enhances absorption peaks thus absorptivity. It will increase with the increase of the

incident angle.
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5.2.5. Fabrication

In paper [169], porous nanostructures as spectrally selective wideband absorbers
are presented. The porous samples we have characterized in this thesis are fabricated
at the Institute of Robotics and Intelligent Systems, ETH Zurich, Switzerland by J.
Pokki and his group. Porous CoNi nanostructures were fabricated by a custom col-
loidal lithography process with electrodeposition of Cobalt-Nickel (CoNi) as depicted
in Figure 5.16. Silicon chips (<100>) of 1 cm? area were used as a substrate. First,
the silicon chips were coated by a 2 nm titanium adhesion layer and 6 nm gold seed

layer using e-beam evaporation. Gold coating as a conductive seed layer is necessary

for electrophoretic deposition (EPD) of polystyrene (PS) beads and electroplating of

CoNi nanostructures.

Figure 5.16. Fabrication process: (a) PS beads were EPD-assembled onto a substrate
(illustrated in the insets), (b) electrodeposition of CoNi to the interstitial voids of the
beads, (¢) SEM image of the final porous structure, (d) fabricated samples with
different substrates and layers [159].
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PS nanospheres of various sizes can be used to tune the pore size in the structure.
Directed self-assembly of PS bead, as the most critical part of the fabrication, affects
the defect density, thickness, and pore size of the 3D porous nanostructure. Hence, it is
important to understand how to control the thickness of the PS nanosphere layers and
maintain a constant thickness over the sample. Depositing PS nanosphere layers with
a consistent thickness is difficult due to the changing deposition current. The thickness
was controlled by keeping the product of the applied electric field and deposition time
constant. The PS bead size tuned the pore size of the nanostructure that is critical
regarding absorber characteristics. Figure 5.16 (a) shows the PS beads assembled on
the chips using EPD. Following the PS-bead assembly, CoNi was electrodeposited into
the interstitial voids of the PS beads. The desired thickness was achieved by controlling
the current density and deposition duration. After electrodeposition, PS beads were
etched by ultrasonicating in chloroform for 10 min (Figure 5.16(b). Figure 5.16(c)
shows SEM image of CoNi honeycomb structure. Different thicknesses of deposited
CoNi form the layer of honeycombs. The fabricated samples are with 0.5, 1.5, and 2
layer-thick that form 7.5, 22.5, and 30 pum thick CoNi honeycombs. Two sets of the
device were fabricated. One set which has Ti/Au layers on silicon, and the second one
honeycomb structures are build directly on silicon. They are marked with “Si” in the
Figure 5.16 (d). However, the porous structure on the Si wafer was not fully covered

because of poor adhesion.

5.2.6. Characterization and Measurement Results of Porous 3D MM THz
Absorber

Both transmission and reflection-mode measurements of the different fabricated
absorbers and a nonporous sample (blanket CoNi) were performed using a terahertz
time-domain spectroscope (THz-TDS, TERA K15, Menlo Systems GmbH,Martinsried,
Germany) with spectral coverage from 0.3 to 2 THz. Nonporous sample is used as a
reference in reflection mode experiments. Please refer to the Appendix A for measured
data. When compared with the blanket substrate, it is clearly shown that the pro-

posed absorber can increase the absorptance due to multiple reflection resonances and
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minimizing the transmitted power. Measurements have been done for four samples
with different layer numbers. Sample 1 is a 0.5-layer, samples 2 and 3 are 1.5-layer
structures, and device 4 is a 2-layer one. As shown in Figure 5.17 and Figure 5.19,
measured results for sample 1 and 4, in general, agree well with simulated values, the
designed resonant frequencies verified. A redshift resonance for the third and fourth
samples happened where absorption band dropped to around 0.5- 1.13 THz (Figure
5.18.
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Figure 5.17. Measured reflection (red), transmission (blue), and absorption (black)

spectra for sample 1 with 0.5- layer porous structure.

As we expected from simulations carried out from CST, there is no absorption
band for 0.5 layer sample in 0.3 -2 THz band, and all of the incident power is reflected.
There is a small amount of transmission in lower frequencies as porous MM is not

covering the wafer thoroughly (see Figure 5.16 (d)).

Figure 5.18 represents the experimental results of sample 2 and 3 with 1.5- layer
porous MM absorber. Sample 2 measurements were performed in two various positions.
At Vertical position, the sample is placed on a holder with an angle of 0° concerning

the holder’s axis. This angle is 90° for the horizontal position. It is evident that the
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absorption trend in the two situations is similar; hence absorption level is dissimilar,

rising from the non-uniformity of the fabricated devices in each dimension.
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Figure 5.18. Measurement results (a) reflection and transmission(purple), and (b)
absorption spectra for sample 2 and sample 3 (black) with 1.5- layer porous MM
absorber. For sample 2, experiments have been done in two different vertical (blue)

and horizontal (red) positions.

As shown in Figure 5.18, the absorption and reflection spectra for sample 3 (black-
line) with the same number of layers (1.5 layers) have a resonant gap between 0.65 THz
and 0.95 THz, which is because of the defects in fabricated chips. The transmission of

the incident wave is zero over the desired frequency band.



111

The absorptivity is observed at a wide frequency band for sample 4 with two layers
of MM absorber; the behavior is very close to the simulation results, an absorption band

of 312 GHz between 1 THz and 2 THz is observed as plotted in Figure 5.19 (b).
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Figure 5.19. Measurement results (a) absorption spectra for sample 4 with 2 layers of
porous MM absorber. Experiments have been done in four distinct vertical
(black-dash), 45° (blue), oblique (red-line) and horizontal (green) positions, (b)
comparison of simulated (blue) and experimental (red) results for 2-layer sample in

vertical position case. A polynomial curve is fitted (green).

For sample 4, experiments have been done in four distinct positions vertical (0°),
45°, oblique (45° < B < 90°) and horizontal (90°) positions. Experiments show a
good consistency with the simulation results in each position however expected drop

of absorptivity is absent.
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The measured amplitudes of absorption for the 1.5- and 2-layer samples are more
significant than the numerical results. The minimized reflected power can partially
explain it due to the variation of size, porous arrangement, and electromagnetic prop-
erties of the material and dielectric loss. The area of the sample illuminated by the
antenna may also lead to a drop of reflection much more than simulated ones. As
we expected, the simulated and measured amounts of the absorption of device num-
ber 4 show good agreement within the frequencies (see Figure 5.19(b)). Accordingly,
apart from the fabrication error, the inconsistencies between simulated and measured
outcomes originate from disagreements in dielectric properties of Co/Ni alloy in the
simulation software and reality. Furthermore, The numerical model considers one unit
cell of the proposed design. In real-time measurements, a larger area of the device is

illuminated; thus, multiple unit cells will perform as absorbers under test.
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Figure 5.20. (a) Schematic drawing of a kinematic mount and its various positions
(b) Measurement results of absorption spectra for sample 4 with 2-layer porous MM
absorber in three situations: min (green-line), mid (blue-triangle), and max
(red-dash). The curve in black-dots shows the experimental result of the original

setup.
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To experimentally verify the in-dependency of the resonator’s behavior to incident
wave angle, we have done a series of measurements using a kinematic mount. Tilting
the plate where the sample is on it causes deflection; therefore, the incident wave’s angle
changes. The mount has 4 of tip and tilt control. Measurement has been done in
three positions, Min position where the tilting angle is negative, the middle point where
the deflection is zero, and max condition where the tilted angle is positive as shown in
Figure 5.20 (a). Analyzing the experimental results of several incident angle values and
comparing with nominal absorption spectra which come from previous measurement
setup where the holder is a mirror mount instead of a kinematic mount, shows by
increasing the tilting angle, a slight change (blue shift) occurs at absorption resonant
frequency. The absorbing trend is the same. Comparing with simulation results, one
can conclude the correspondence of numerical results with measurement ones. Consider

that the maximum deflection we can achieve is 8 degrees.
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6. Conclusion

New designs of metamaterial-based THz absorbers for sensing applications are
the main objectives of this research. square metallic resonator, a dielectric spacer, and
a ground layer modeled, characterized, and experimentally verified. At its resonant
frequency, near-unity power absorptance can be achieved as both transmitted and
reflected power are minimized. We designed multiple square patches with different
geometries on a thin layer of Parylene suspended over a substrate for a frequency
range of 0.5-2 THz. For example, the resonance frequency of a patch size of 86 pum
is 0.93 THz, and the bandwidth is 155 GHz. These values for 43um square are f
= 1.49 THz and BW = 340 GHz. We reported reduced absorptivity from 95% to
77%. The first metamaterial-based absorber by Landy et al. [53] demonstrated a
simulated absorptivity of 70% at 1.3 THz and BW 200 GHz. This thesis presents
a MEMS-based THz detector using an array of multi-size square patch resonators
that can be used as an effective multiband terahertz absorber. The fabricated device
exhibits strong absorption peaks of 80 % at corresponding frequencies and an average
absorbance value of 0.4 in the specified band of 0.3-2 THz as reported in Chapter 4.
We analyzed the behavior of the absorber under variation of the angle of polarization
and incident wave. The absorber performs well even with a large value of incident wave
angle. However, changing the absorber position from vertical to horizontal causes the
absorption band related to the bi-material leg to diminish (which is not our interest
as the bi-material leg is not a part of the absorbing mechanism). Finally, by including
more patches with various side length sizes, a wideband THz absorber is fabricated
with multi absorption peaks. The analysis and the experimental data indicate that the
presented device is suitable to realize a passive, uncooled THz detector. The device
is promising for spectroscopy and can be employed as a building block of an imager
for security and medical applications. Future studies aim to package thedetector in a
vacuum with terahertz optics and implement an imager using a large-array a focal-plane
array comprising detector pixels. In principle, this design can operate within both the
THz and Far-infrared regions. This will be beneficial for various applications, including

sensing [100], wireless communications [170], imaging [113], and energy harvesting [38],
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where wide bandwidth are essential.

Generating various air cavity modes to diminish the reflection over a large band-
width, thus broaden the absorption band, is another approach we used to design our
next THz absorber. The unit cell consists of a honeycomb-shaped metal alloy formed
on a silicon substrate coated by a Ti/Au layer. We have designed, fabricated, and
experimentally demonstrated a wideband absorber within the THz and far-infrared
spectra. Fabricated unit cell contains 7.5(0.5-layer), 22.5 (1.5-layer) and 30 (2-layer)
pm- thick Co/Ni interconnected structure with inner air cavities. For the proposed
absorber (7.5 pum pore, 2-layer), the bandwidth at first resonance (1.47 THz) becomes
almost 300 GHz and at second resonance (4.1 THz) 290 GHz, where the BW value
for nonporous cubic is 75 at 0.54 THz. The power transmittance for both the porous
absorber and nonporous sample is zero. In principle, the multiple Fabry-Perot reso-
nance cavities formed within this structure achieved the wideband absorption. The
average absorptance with the THz-TDS measurements for the 1.5-layer device is 90%
from 0.5 to 1.2 THz. Simulation and theoretical calculation results for 2-layer devices
exhibit that the absorbance of 85% between 1.14 THz and 1.44 THz can be realized.
For normal incidence, the device’s absorbance is 0.45 in a band of 0.3-1.6 THz, and
the FWHM is measured to be 40%, which is larger than the experimental value 22%
reported for 86 pm patch absorber. This amount is 25% for 43 pm patch size, while for
30 pum and smaller patches, there are no measured amounts. There are no measured
results for the 0.5-layer device as the corresponding resonance frequency is out of the
spectrometer range. Furthermore, analyzing field and current distributions of porous
MM absorbers proves field enhancements are mainly located within faces’ apertures.
This is highly desirable for biosensing applications as it increases the overlap of the
analytes with the electromagnetic field inside the aperture [171]. Further simulations
and experiments showed that the designed porous MM absorber could operate well at
a wide range of polarization. Thus, it is polarization-insensitive and can consistently
sustain high power absorptance for incident angles up to 75°. Comparing with recent
examples of 3D MM absorbers help us understand the novelties of our device. In the
first one, an ultra-wideband absorption was achieved due to multiple cavity mode res-

onances in silicon cross resonator with an internal cross-shaped air cavity and bulk
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absorption of the doped silicon substrate. The measured average power absorptance
is 95 % between 0.2 and 2.5 THz [134]. Second one is a GHz Metamaterial absorber
consisting of honeycomb and resistive films. It can realize an absorptivity of more
than 90% in a wide band of 3.53-24.00 GHz [172]. A single-layer, flexible and broad-
band terahertz metamaterial absorber consists of four sub-cells with multiple metal
rings is reported in [173]; an average absorption amount of 88% from 0.63 to 1.34
THz is reached. Compared with the previously reported THz MM absorbers, the main
novelties of our proposed porous structure include the compact unit-cell structure and
exclusive operating mechanism as a resonator. Secondly, a nearly perfect THz absorber
can be realized with a single resonator structure that operates broadband. Finally, the
designed MM absorber is polarization-insensitive, and wide-angle absorptivity for both
TE and TM waves is reported. Thus, the porous design has potential applications in

communications, sensing, and imaging at THz frequencies.

Future work: We concluded the absorption level and working frequencies are
sensitive to the geometrical parameters from numerical calculation and analysis. By
adjusting the size of the pore carefully, the MM absorber structure can be an effective
broadband absorber. It is theoretically shown that the absorption for a porous absorber
improves as the pore size approaches its maximum value, providing an ultra-wideband
absorber over 1.5 - 5 THz band. Overlapped resonant modes make the proposed
structure with maximum pore size obtain a broadband response. Even though the
porous design is promising, but there are some problems to be solved. The fabrication
process can not assure the uniformity of pores and their sizes. Releasing the PS beads
can be problematic, and some of them may still stick in the structure. Thus the
final porous structure may have some dissimilarities over the whole sample. Various
areas on a specific sample may show a different resonant behavior while the incoming
beam impinges. Resonant frequency would shift whenever the position of the sample
is substituted. Accordingly, the characterization should be limited to a tight area on

the sample.
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APPENDIX A: WORKING PRINCIPLES OF THz-TDS
AND MEASUREMENT RESULTS OF REFERENCE
MATERIALS

A.1l. Introduction

Terahertz time-domain spectroscopy (THz-TDS) is an efficacious method for de-
termining materials properties and process control. Short pulses of terahertz radia-
tion probe characterizations as the conductivity of metals in a non-contact manner.
Besides security applications where THz-TDS is used to detect bombs, drugs, and
weapons [24, 174], THz-TDS has been illustrated as a powerful tool to validate the
continuity and possible microscopic defects of fabricated layers [175]. Furthermore,
THz-TDS can also be used to detect microorganism as viruses via THz-metamaterials
[176] [177]. Metamaterial based lenses [178], and perfect absorbers [127,179-181] have
been characterized with THz-TDS.

We explain the working principle of THz-TDS in a general sense and extract
spectral information from the measured time-domain signal. Different material types
have been tested to determine their response to an EM wave in a band of 0.3- 2 THz

and provide reference data for experiments we perform.

A.2. Time Domain Spectroscopy (TDS)

Time-domain signal measures the transient electric field of a THz pulse and not
just the power. This makes it possible to measure the intensity and the phase shift of
the THz electromagnetic wave, leading to determining complex dielectric constants and
calculating the complex-valued refractive index n(w). A schematic of the measurement

setup is given in Figure A.1.

The most important part of any THz-TDS system is an ultrashort pulsed laser.



118

Delay Unit

Beam
Femtosecond Splitter
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Figure A.1. A basic THz time-domain spectrometer (THz-TDS).

It is used in the terahertz pulse production process. The laser emits optical pulses with
femtosecond pulse duration, which are transformed into a picosecond THz pulse using
THz emitter (typically low-temperature grown GaAs) as an antenna. Photoconductive
antennas are used for both generation and detection of THz waves. As comes from
the schematic, the pulse coming out of a femtosecond laser is split into two beams
using a beam-splitter: One for the generation of THz radiation and the other as a
read-out beam used for identifying THz beam. The basic mechanism for measuring in
the time-domain is sampling an unknown THz field with a known femtosecond read-
out pulse. This arises by using the convolution of a femtosecond read-out pulse with
the picosecond THz pulse. Since the read-out pulse is significantly shorter than the
THz pulse, it can be considered a delta-function. To obtain a measured signal, the
read-out pulse and the THz pulse should arrive simultaneously. This allows us to
measure the THz field as a function of time. The measured signal corresponds to the
THz field amplitude at a single point at ¢; time. The read-out pulse relative to the
THz pulse should experience an amount of delay to measure all time-points signal.

A mechanical delay unit operates the delay. This delay is obtained by increasing
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the read-out beams’ path length to vary the appearance time with respect to the
THz signal used for detection. There are position steps in the delay unit that enable
us to precise micro-positioning with a computer controller, as shown in Figure A.1.
Terahertz pulses are directed from the emitter to the sample and then to the detector
by parabolic mirrors. By scanning the delay line, the electric field amplitude and
phase of the THz waveform can be mapped out as a function of time. A computer-
based program receives the electric field amplitude as a function of time from a digital
lock-in amplifier that measures the detector’s signal. The system sketched in Figure
A.1 uses THz-TDS transmission mode, the simplest one. However, it is also possible
to measure the THz pulse in reflection mode. In this case, the angle between antennas
should be equal to 90°, and the sample under test should be at the middle with a 45-
degree angle concerning antennas. The measured THz transient electric field is Fourier
transformed to produce THz pulse in the frequency domain. Fourier transformation
is substituted by a discrete Fourier transformation (DFT, or FFT if the fast Fourier
transform algorithm is used) for discretized examination data. Figure A.2 shows a
measured THz wave in the time domain and tracing FFT in the frequency domain.

Afterwards, the complex spectrum can be separated into phase ¢(w) and amplitude

Aw).

THz Pulse THz
FFT Spectrum
—
Time [ps] Frequency [THz]

Figure A.2. Measurement result of a THz signal at time-domain transformed to a

frequency domain signal by Fast Fourier transformation (FFT).
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A.3. Measured References

We characterized the transmitted/ reflected power passing through/ from some
selected materials as copper plate, gold plate, Silicon substrate, titanium 4+ quartz
substrate, and non-porous CoNi plate. We have calculated S7; and Si5 from exported

data. The formulations below determine transmission and reflection coefficient,

E.pur
Sii=—"—"- Al
H Ejrreference7 ( )
R - |511‘2, (A2)

Eipur
Sio = ——2 A.3
. Etreference7 ( )
T = S| (A.4)

As can be seen from Eq. A.1, E,pyr is the reflected power from device under test and
Eyreference 1s the reflected power from a reference plate. In the transmission mode mea-
surements, the reference is air, and we measure the transmitted power through a hole
with a diameter of Ilmm. In the following, we presented the fast Fourier transformation

(FFT)of time-domain signal as raw data for different reference materials.

One can conclude that the amount of transmitted power through metallic plates
as gold and copper is zero, as Figure A.3 and Figure A.4 presented. Even a thin Ti layer
(200 nm) on quartz substrate eliminates the transmitted power in THz frequencies (see
Figure A.5). The transmitted power through a non-porous CoNi layer is zero, shown
in Figure 5.18 in Chapter 5. For convenience, we presented Fourier transformed data
for a porous sample to compare with a non-porous one. As recorded in Figure A.6,

there is a drop in reflected power while THz pulse striking the porous sample.
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Figure A.3. Fast Fourier transforming the electric field of the THz pulses. (a)
Transmitted power through air (blue), a silicon wafer (red), and copper plate (black).

(b) Reflected power from a silicon wafer (red) and copper plate (blue).
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Figure A.4. Fast Fourier transforming the electric field of the THz pulses. (a)
Transmitted power through a gold plate (red) and air (blue). (b) Reflected power
from a gold plate (red).
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Figure A.5. Fast Fourier transforming the electric field of the THz pulses. (a)

Transmitted power through a quartz+Ti plate (red) and air (blue). (b) Reflected

power from a quartz+Ti plate (red).
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Figure A.6. Fast Fourier transforming the electric field of the THz pulses. (a)
Reflected power from a non-porous CoNi plate (red). (b) Reflected power from a

porous CoNi sample (red) compared to a non-porous CoNi reference plate (blue).
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Figure A.3- Figure A.6 show that the reference measured graphs are not uniform,
especially in transmission mode while the material is air. This un-uniformity is because
of humidity as water vapor has robust absorption features in the THz range that can

interfere with measurements [182].
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