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ABSTRACT 

 
 
 Supervising Professor:  Mark Lee 
 
 
 
 
Reliable index or permittivity data over a broad THz frequency range is challenging to find in the 

existing literature for many dielectric materials commonly used in the electronics industry. In 

this work, two classes of dielectric material characterization techniques are introduced for 

different dielectric polymeric materials and a high quality single crystal perovskite to expand the 

current knowledge on their potential electrical or opto-electronics applications in THz frequency 

range. First, the non-magnetic polymeric dielectric materials measurements were made using a 

Fourier Transform Infrared Spectrometer from 3-75 THz. Two different analyses models were 

used to investigate material’s properties according to the experimental data. The first model, off-

resonance model, used where experimental data showed non-resonance response for materials 

exposing to the external electric field. In contrast, on or near lattice vibration or molecular bond 

resonances, the attenuation or loss of material can become large enough to cause no transmission 

through the sample. When this occurs, we used a resonance model in the presence of resonances 

where the frequency of applied electric field matches with the intrinsic frequency of atoms or 

molecules in materials.  
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A high quality single crystal of Methylammonium Lead Bromide perovskite also used inside 

FTS and the reflection and transmission measurements were done. The experimental data 

showed a sharp reflectance near 1.35 THz, indicating of an isolated optical phonon reststrahlen 

band. It also showed another reststrahlen band arising from two overlapping optical phonon 

modes. In the frequency regions where fall into reststrahlen bands, the real part of permittivity 

has an anomalous value since there is no propagating electromagnetic wave inside the material. 

In contrast, in the frequencies higher than 12 THz we just saw localized molecular bond 

resonances and no reststrahlen band observed.  

The other technique we introduced was a quasi-optical millimeter-wave spectrometer for 

magnetic and non-magnetic material characterization. We used a high resistivity silicon to 

investigate and confirm the accuracy of the experimental model along with the analysis model to 

extract permittivity and permeability of the materials.  
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CHAPTER 1 
 

INTRODUCTION 

 

In the continuously developing world of technology, the effort to improve electrical, optical, 

chemical and thermal performance of electronic devices, circuits and systems involve the 

progress of new methods or the innovation or creation of new materials. Advanced materials are 

mostly new solid materials which exhibit superior mechanical properties like high strength, great 

hardness, an/or superior electrical, chemical, optical and thermal properties like advanced 

dielectrics and ferroelectric materials [1]. The advanced materials have transformed 

communication technologies, data analysis, medical devices technologies, space travel and 

industrial production process. All these advanced materials are created for specific purposes. In 

this dissertation work most of the advanced dielectric polymeric materials are created and 

characterized mainly for high frequency electrical applications.  

Electrical insulator materials or dielectrics have been used in science and technology from the 

beginning of the science and technology of electrical phenomena. The main property of dielectric 

materials is to prevent the flow of DC (time-independent) current in an electrical circuit because 

their internal electric charges do not flow freely. Dielectric materials will be polarized to 

different extents when subjected to an external electric field, meaning whenever they are exposed 

by an external electric field, the electric field cannot flow through the material but it makes a 

slight change in the equilibrium positions of molecules inside the dielectric and cause dielectric 

polarization. This dielectric polarization depends on the frequency and amplitude of the applied 

electric field and the microscopic properties of the material (the polarizability of the material). 

Every dielectric material has a unique set of electrical properties and all these electrical 

properties depend on the material behavior in response to an applied electromagnetic field. So, 

an accurate measurement of dielectric properties is needed to provide engineers and scientists 

critical design parameters and enable them to design for any electrical and electronics 

applications [2]. 

One of the first and successful attempts to investigate dielectric properties of materials was done 

by Mossotti and Clausius to correlate the dielectric constant of an insulator which is a 
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macroscopic characteristic of insulators with the microscopic structure of materials. This 

correlation is now called the Clausius-Mossotti relation and relates the dielectric constant of 

insulator materials (a macroscopic property) to the atomic polarizability (a microscopic property) 

of the atoms or molecules that make up a bulk insulator, 

 
𝜀3 − 1
𝜀3 + 2

=
𝑁𝛼
3𝜀P

 

(1.1) 

where 𝜀3 is the relative permittivity of the dielectric material, 𝑁 is the number density of atoms 

or molecules, and 𝛼 is the molecular polarizability of the material [3]. 

As we will see in the next chapters the relative permittivity of the dielectric materials in general 

is a non-dimensional complex function of frequency and is a measure of the extent to which the 

material can be polarized in response to the external electric field. In fact, the distortion of atoms 

or molecules in response to applied electric field in non-conducting material makes the relative 

permittivity a function of frequency,  

 

𝜀3 = 𝜀3Q + 𝑖𝜀3QQ 

(1.2) 

where 𝜀3Q is the real part of permittivity which represents the storage of the applied electric field 

and 𝜀3QQ is the imaginary part of permittivity and represents the loss or attenuation of electric 

field by material.  

At the microscopic level, every materials may have numerous dielectric mechanisms or 

polarization effects that effects their dielectric behavior. Figure 1.1 shows how roughly the real 

and imaginary parts of permittivity change with respect to the frequency of an applied electric 

field. For instance, the ionic conduction and dipolar orientation interaction strongly contribute at 

microwave frequencies while atomic and electronic effects are dominant at higher frequencies.  
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Figure 1.1. Dielectric mechanism of materials vs. frequency [4], “Dielectric Spectroscopy in 

Biomaterials” by Dalia El Khaled. 

 

 

In this dissertation work, we studied the dielectric behavior of materials in the terahertz 

frequency regime where mostly electronic and atomic polarization occur. In the neutral atoms, 

the electronic and atomic polarization occur when an external electric field relocates the adjacent 

positive and negative ions in a molecule. As we will explain in detail in Chapter 2, atoms in this 

case can be modeled as oscillators with damping effects just similar to the spring-mass systems. 

The external electric field makes the atoms oscillate and the amplitude of these oscillations is 

small except for resonant frequencies.  

Dielectric materials commonly used in the electronics industry often have their complex (i.e., 

real and imaginary) index or permittivity properties specified by the vendor or reported in the 

literature up to 10 or 20 GHz for microwave applications and in the near-infrared to visible 

wavelengths for optical applications. In the absence of significant free charge density (from 

impurity or defect doping) or ferroelectric instability, most pure dielectrics have a low enough 

index dispersion for the static index to represent a reasonable approximation for simulation and 

modeling purposes up through at least 100 GHz. Physically, this is because the lattice or 

molecular bond dynamics that significantly alter the index in a solid usually have much higher 

characteristic frequencies, particularly for the types of bonds commonly found in organic 
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molecules [5]. However, when considering applications at frequencies exceeding 1 THz, the 

assumption of no lattice or bond dynamics is no longer necessarily applicable. As is well 

known from molecular spectroscopy, the THz frequency range harbors a multitude of 

resonance signatures, forming the basis for chemical species identification through THz 

“fingerprints” [6]. Resonant lattice and bond dynamics result directly in dramatic dispersion 

and large values of imaginary permittivity giving strong dielectric loss [7] in various frequency 

bands in the THz. For this reason, it is critical to have quantitative knowledge of a dielectric 

material’s complex index characteristics over the THz frequency range.  

In the effort to push the high-frequency performance of electronic circuits and signal 

interconnects from millimeter waves to beyond 1 THz, a quantitative knowledge of complex 

refraction index values and dispersion in a potential dielectric substrate, encapsulation, 

waveguide, and packaging materials becomes critical. Reliable index or permittivity data over 

a broad THz frequency range is difficult to find for many dielectric materials used in the 

electronics industry. Material data above 100 GHz is more limited than in the microwave 

range. Most existing literature data is from picosecond pulse time-domain spectroscopy (TDS) 

measurements which typically have an upper frequency limit of 2 to 3 THz [8], [9], [10]. The 

scarcity of material dielectric parameters above a few THz is a direct result of the so-called 

THz technology gap which is simultaneously too high in frequency for high-speed electronics 

and too low in frequency for infrared optics. As a consequence, extrapolations of both 

technologies into the THz suffer from severe performance degradation [11]. Historically, this 

meant that material properties from a few THz up to tens of THz have remained under-

explored due to lack of both application drivers and standard measurement technology. 

In this dissertation, we report on broadband measurements, filling in a spectral gap between 

low THz and infrared, of the real and imaginary index spectra of different amorphous 

polymeric dielectric materials currently used in various aspects of the electronics industry like 

radiofrequency and microwave circuit packaging, fabrication of thick and high-aspect ratio 

microstructures, including THz waveguides and antennas  [12], [13], low-loss THz dielectric 

waveguiding [14] and other applications. 



 

5 

The methods that we used consist of design, calibration and implementation of a quasi-optical 

system for millimeter and submillimeter material characterization and Fourier Transform 

Spectroscopy on freestanding material samples for far infrared to near infrared regions of the 

electromagnetic spectrum.  

 

In this dissertation, in Chapter 2 we will discuss how the Infrared and Terahertz radiations 

interact with linear, not magnetic materials. Chapter 3 shows how the Fourier Transform 

Spectrometer works and different components of this machine. In Chapter 4, we introduce 

some advanced dielectric materials, how they grow in different labs and what size and shape of 

these materials we used in our experimental procedure. Chapter 5 is the experimental 

procedure and analytical models we used to extract dielectric response of the materials. In 

Chapter 6 we introduce a new free-space measurement technique, for millimeter and sub-

millimeter material characterization and the results. Chapter 7 is the experimental data and 

numerical analysis on three more samples. Finally, in Chapter 8 we summarize the results and 

also show our numerical analysis done using Mathematica and MATLAB for different 

sections. 
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CHAPTER 2 
 

THE INTERACTION OF THZ AND IR RADIATION WITH MATTER 
 
 

2.1 Introduction  

The different parts of the electromagnetic spectrum have significantly different properties while 

interacting with objects [15]. For instance, the human body is almost transparent to low 

frequency radio, microwave and millimeter frequencies that lie in the range from around 20 kHz 

to 300 GHz and mostly used in radio communications. While moving up through microwaves, 

terahertz and infrared to visible frequencies ranging from 300 GHz to 600 THz, our bodies 

absorb more and more strongly and when it reaches to the lower ultraviolet region, all the 

ultraviolet lights from the sun will be absorbed by our skin. Moving even up to the x-ray range of 

the electromagnetic spectrum, our body become transparent again because most of the 

mechanisms for absorption of light are vanished.   

 

 
 

Figure 2.1. The electromagnetic spectrum frequencies and wavelengths [16], “Terahertz Metal 

Mesh Filters” by M. Melo. 
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As it is shown in Figure 2.1 the infrared (IR) light located between the visible and microwave 

regions of the electromagnetic spectrum. The light waves in the far-infrared region are thermal 

and so we are able to experience this type of radiation every day in the form of radiating heat. On 

the other hand, shorter wavelengths, near infrared waves (closer to visible light) are not hot at all.  

 

On the other hand, each part of the electromagnetic spectrum is associated with quantum photon 

energies or frequencies [17], which is proper for specific sorts of physical processes. The energy 

required for any physical processes at the atomic or molecular levels are quantized, and for 

isolated atoms or molecules, if the photon energy of the incident radiation does not match the 

quantized energy, then the object will be mostly transparent to the incident radiation, and the 

incoming radiation will pass through the material. In a non-ionizing radiation, the 

electromagnetic energy is absorbed but it is not able to expel electrons from the atoms of the 

substance[18] and basically just heat the material without causing significant chemical changes.  

Conventional optical characterization techniques have been used to characterize materials for 

many years. When we think of conventional optical characterization techniques, we basically 

think of measurements like reflection, transmission, absorption, ellipsometry and light scattering 

when light interacts with a material [19]. From these measurements, depending on the frequency 

and amplitude of the light and also the material, we are able to derive physical properties of 

materials like crystal structure, band structure, impurity levels, excitations, localized defects, 

lattice vibrations and magnetic excitations. 

 

In general, if matter is exposed to an electromagnetic wave, as drawn in the Figure 2.2, the 

radiation can be absorbed, transmitted, reflected, scattered or undergo photoluminescence and 

each of these phenomena depend on the frequency (photon energy) of the incoming light and 

also the material that light encounters. 
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Figure 2.2. Interaction of IR and THz light with matter 

 

In this work, since we consider the infrared and THz frequency range we don’t need to worry 

about material luminescence because this phenomenon generally happens at a higher frequency 

range.  

 

2.2 Characteristic of IR and THz Spectrum 

In order to interpret infrared spectra of materials, we need to know the physical processes 

involved when a material interacts with infrared radiation. Radiation in the THz and IR regions 

of the spectrum is not energetic enough to excite electrons, but may cause the chemical bonds 

within a molecule, between molecules or the whole lattice in a solid to vibrate in different ways. 

Just as the required energy to excite an electron in an exact atom is fixed and quantized, the 

energy required to excite the vibration of a particular intra-or inter-molecular bond is also 

quantized.  

The absorption of IR light can stimulate the vibrational motions within a molecule embedded in 

a solid lattice. In general, vibrational modes available to a molecule include stretching 

(symmetric and anti-symmetric) and bending vibrations. Since each molecule is made of 

different or similar atoms which are connected by chemical bonds, their motions can be studied 

as motions of particles connected by springs, so they appear only at specific frequencies [20]. 

THz light on free molecules (gas phase) causes both quantized rotational and vibrational modes. 
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When bonded into solids, the rotational modes are usually lost because the molecule can’t rotate 

freely in the solid. 

In interaction of IR light with matter, if the frequency of a particular vibrational mode in solid 

matches with the frequency of the incident IR light, the IR light is resonantly absorbed. This 

absorption of IR light causes an increase in the amplitude of the particular chemical bond stretch 

or bond. Since different kinds of chemical bonds in a solid, vibrate at different frequencies, while 

interacting with IR light they will absorb different frequencies of incident light and these 

absorptions are resonant frequencies. Many vibrational motions of molecules are motions that 

involve the entire molecule and if dealing with substances of unknown structure, the analysis of 

such motions can be very challenging. The infrared spectrum can be divided into two regions  

and each region gives information about some particular bonds in a material. One is called the 

functional group region and is generally considered to cover frequencies ≥45 THz and the other 

is called the fingerprint region and frequencies ≤45 THz are considered characteristic of the 

fingerprint region.  

In near-infrared or mid-infrared regions, the absorption peaks mostly arise from extremely 

localized intramolecular distortion such as stretching oscillation of covalent bonds. However, 

going down in frequency in the far-infrared or terahertz region, from 300 GHz to approximately 

12 THz (25–1000 cm−1), we will see coherent or inter-molecular vibrations of the whole lattice 

which means the electromagnetic waves interact with coherent motions of large molecules. So 

the most characteristic point of THz spectroscopy is the ability to detect inter-molecular 

vibrations or collective motions in contrast to IR spectroscopy which observes intra-molecular 

vibrations which are basically localized and incoherent vibrations from molecule to molecule in 

a solid.  

Intermolecular interaction is represented in atom-atom approximation by assigning the potentials 

to describe the interaction between the atoms of different molecules. In this work we used a more 

complicated technique based on the use of a harmonic dispersion approximation to study phonon 

modes of inter-molecular vibrations. The inter-molecular interaction have been observed in 

studying the temperature dependence of the resonance positions and spectral shapes of THz 

spectra. These inter-molecular interactions also frequently observed when they compared with 
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the results of the calculation using the molecular orbital and/or molecular dynamics methods 

[21]. 

In General, information on molecular interaction is found as a peak shift of intra-molecular 

vibrations appearing in the near and mid-infrared regions. In the THz and far-infrared low-

frequency regions, not only the intra-molecular vibrations such as rotations are observed but also 

the inter-molecular vibrations are probable. So it makes it challenging to differentiate intra-

molecular vibrations and inter-molecular vibrations by simple THz spectroscopy techniques so 

careful consideration of the material’s IR and THz spectra are needed [22]. 

For molecules bonded into a solid, the fingerprint region includes extensive molecular vibrations, 

typically bending motion which is characteristic of the entire molecule or a large portions of that 

molecule. On the other hand, fingerprint and functional regions are involved to confirm the 

identity of a chemical element and this regions reveal mostly stretching vibration which is more 

localized and characteristic of the typical functional groups in organic molecules. While these 

fingerprint and functional bands in materials spectra are sufficient to confirm the identity of the 

molecule(while working with unknown substances), they do offer useful information about the 

nature of the components that the molecule is made of them [23].  

 

In simple terms, if IR or THz lights pass through a solid sample, frequencies that match either 

inter or intra-molecular vibrational frequencies are absorbed, and mostly the remaining light is 

transmitted to a detector. There is always a background non-resonant absorption as well, at all 

frequencies because of non-resonant loss of the material. An infrared transmission or reflection 

spectrum is a plot of the transmitted or reflected power of light versus frequency, something 

which can be produced using a Fourier transform spectrometer. Most bonds in free organic 

molecules absorb in the region of 12 to 120 THz because photon energies associated with the 

infrared light may induce rotational or vibrational excitations of covalently bonded atoms and 

groups [24]. Each dip in the transmittance spectrum corresponds to an absorption of light and 

each absorption corresponds to a particular kind of bond that resonates, and each bond type 

appears at a characteristic frequency. 
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There are different factors that reduce the number of THz and infrared spectrum resonances in a 

transmission or reflection spectra. Symmetry in the molecular structure can significantly 

decrease the number of resonances detected in the infrared region. For instance, if stretching a 

bond does not make a change in the dipole moment of the bond, like what happens in 

symmetrical vibrations of carbon dioxide molecule, the vibration will not interact with the 

infrared radiation and therefore vibration will be infrared inactive but Raman active due to a 

change in polarizability. Other factor involve the near coincidence of resonant peaks that cannot 

be resolved by the spectrometer because only a fraction of the infrared spectrum can be accessed 

by most commercial infrared spectrometers. The presence of some further resonances in the 

spectrum may specify a contamination with solvent or a contamination that has not been 

removed [25].  

Without going into details at this point, we can note some general trends that we will see in detail 

in Chapter 5. Molecular bonds can be assumed to be springs with weights on each end and their 

behavior governed by Hooke’s Law. So in this assumption the strength of the spring is 

corresponding to the bond strength, and the mass of the weights corresponds to atomic mass. So, 

in a spring-ball system for molecules, each atom with mass 𝑚 is attached to a spring (molecular 

bond) with spring constant 𝑘, using Hooke’s law and Newton’s second law for the equation of 

motion, the natural resonance frequency of such a system can be written as: 

 

                                                        𝑓 = ;
<+
X,
A

                                                                    (2.1) 

 

If the frequency of IR or THz light is equivalent to the natural frequency of molecules or bonds 

that vibrate, it causes a resonant absorption.  

From Eqn. (2.1), the stronger the bond the larger effective spring constant, hence the higher the 

resonance frequency and so the more photon energy is required to excite the stretching or 

bending vibration. This is observed in organic composites where stretches and excitations for 

triple bonds such as C≡C and C≡N appear at higher frequencies compare to stretches for double 
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bonds (C=C, C=N, C=O), which are obviously happen at higher frequencies than single bond 

stretches (C-C, C-N, C-H, O-H, or N-H).  

In other words, the characteristic frequency, depends on bond strengths and atomic masses so 

stronger bonds (triple > double > single) oscillate at a higher frequency, so obviously they absorb 

THz and IR radiation at higher frequency and also, heavier atoms vibrate at lower frequencies.  

For a molecule to absorb while interacting with IR radiation, there must be a change in dipole 

moment during the vibration or in other words, for a vibrational mode in a molecule to be  

considered as "IR active" [20], there must be an associated change in the dipole moment when a 

bond stretches or bends, although a permanent dipole is not necessary. For instance, symmetrical 

nonpolar bonds do not absorb in the IR since their vibrations in the presence of IR radiation is 

symmetric and does not make a change in dipole moment of the molecule. This type of vibration 

called “IR inactive” but they can be Raman-active, like carbon dioxide’s symmetrical stretch 

which is IR inactive because no change in dipole moment of the molecule happens but is Raman 

active as there is a change in polarizability. So, the possibility that a photon will be absorbed 

depends on the change in dipole moment that may occur during molecular vibration.  

 

By definition, the dipole moment is the vector summation of the all bond dipoles. But since 

for a molecule with many atoms, it will be hard to calculate the dipole moment of the whole 

molecule, the dipole moment is predictable by looking at the individual bonds and their 

changing bond dipoles instead. The dipole moment depends on the magnitude of the 

electronegativity difference between the  atoms multiplied by their separation or bond length 

[26]. So the higher the electronegativity differences between the atoms, the stronger the	

dipole moment and the longer the separation of the bond, the stronger the dipole moment. 

And also the more photon will be absorbed when we are dealing with stronger dipole bonds, and 

it makes the more intense resonances occur.	In the IR region the bonds that are very polar 

will display	strong resonances	and in contrast the symmetric	or	nearly symmetric	

molecules, which are	often nonpolar, will have weak or no peaks in the absorption 

spectrum.   
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2.3 Absorption of IR/THz light by Solid Dielectric Materials 

Lattice vibration is one type of internal motion of a solid, in which the atoms or molecules, 

oscillate about their equilibrium positions. When electromagnetic radiations interact with 

collective motions of large molecules like inter-molecular vibrations depending on the frequency 

of electromagnetic wave cause lattice to vibrate. The lattice vibrations are responsible for 

different characteristic properties of materials such as thermal, electrical and optical properties. 

In general, the nature of lattice vibrations depends on different parameters like, the symmetry of 

the solid material, the number of atoms in the unit cell, the type of chemical bond exist, and also 

the type and concentration of the defects. The lattice vibrations in the form of standing or 

traveling waves arise whenever a solid material is exposed to an external time dependent 

electromagnetic field. To keep each atom near its equilibrium position in a solid, the atoms must 

be applying forces on each other. These forces or chemical bonds may be Van der Waals forces, 

covalent bonds, electrostatic attractions, and others and since in a solid material, the atoms are 

bound to the neighboring atoms and not to their average position, vibrations of neighboring 

atoms are not independent of each other [27]. 

In a solid material the chemical bonds act like springs connected to the atoms and repeatedly 

undergo stretch and compress during oscillatory motion. As the result of this oscillatory motions 

many atoms vibrate in harmony and this coherent motion may spread throughout the solid 

material.  

Each type of lattice has its own characteristic modes or frequencies of vibration that called 

normal modes and the combination or superposition of many of these normal modes define the 

total coherent vibrational motion of the lattice. In a regular lattice with harmonic forces between 

atoms and molecules, the normal modes of vibrations called lattice waves and they are 

progressive waves. The spectrum of lattice waves ranges from few hundred gigahertz to 

frequencies of the order of 10 THz, and sometimes even higher where the wavelengths at these 

highest frequencies are in the order of inter-atomic spacings in the molecule. 

Lattice vibrational motion can also construct localized traveling waves of atomic vibrations 

which travel through the lattice. These localized traveling waves of atomic vibrations in a solid 

material, called phonons and these phonons are quantized with the energy ℏ𝜔 where 𝜔 is the 
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frequency of vibration of the wave and ℏ is a ratio of Plank’s constant. Phonons govern different 

properties of bulk materials such as the thermal, electrical, optical and other properties and the 

influence of phonons on these properties is mostly well known in semiconductor and insulator 

materials.   

Terahertz emission spectroscopy and optical transient reflectivity are the measurement 

techniques that have been used to study the generation and detection of coherent optical phonons 

in semiconducting and insulating materials. In a polar material, such as GaAs, the applied 

electric fields interact with both electrons and optical phonons. So, photogenerated carriers 

generated after optical excitation, can be separated by the external electric field. This separation 

creates the electronic polarization that will be able to partially screen the electric field and causes 

the lattice to oscillate at phonon frequencies [28]. THz wave technologies have been using as a 

powerful tool to access different material properties such as inter-molecular vibration, lattice 

dynamics, and so on. THz spectroscopy reveal THz interaction with phonons in a solid material 

and the THz waves emitted by coherent phonons has been used as a THz source. In the last few 

decades excitation and control of THz waves produced in interaction of THz and optical phonons 

has been studied as a measurement tool to investigate dynamical properties of materials [29]. 

As we will see in Chapter 5, the optical phonons play a major role in dielectric behavior of all the 

dielectric materials in the THz frequency regime where the THz radiation causes vibrational 

motion of the whole lattice and makes strong dispersion in dielectrics behavior of materials. At 

these frequency regions, the transmittance of the materials is essentially zero or indistinguishable 

from zero while their reflectance shows strong dispersion and strong absorption by the materials.  

 

2.4 Mathematical Perspective  

The materials that have been investigated in this work are mostly organic, non-crystalline solids 

with polymeric bonds. A polymeric material in general is consist of many simple molecules that 

have repeating structural pieces. These simple and repeating structural pieces are called 

monomers and a single polymer molecule may consist of hundreds to a million monomers with 

different structure. In a polymeric substance, the covalent bonds also called molecular bonds are 
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responsible to hold the atoms in the monomer together and then secondary bonds hold groups of 

polymer chains together to form the whole material.   

Now let’s consider the situation when light travels in vacuum and enters an isotropic and 

nonmagnetic dielectric medium with finite thickness d, and consider the incoming light is normal 

to the interface (Figure 2.3). In this situation we are going to have successive reflections from 

front and rear surfaces and transmission from vacuum to the dielectric medium and from 

dielectric medium to vacuum.  The electric field of incident wave is, 

 

                                             𝐸\⃗ = 𝑎𝐸𝑥𝑝a𝑖b𝜔𝑡 − 𝑘d\\\\⃗ . 𝑟fg𝑥h                                                          (2.2) 

 

where a is the amplitude of incoming electric field and 𝑘d is the wave vector in the dielectric 

medium. If electric field is in the x direction and it is propogating in the z direction, dropping the 

time dependence of the electric field, then the electric field phasor is: 

 

                                              𝐸 = 𝑎𝐸𝑥𝑝(𝑖𝑘d𝑧) = 𝑎𝐸𝑥𝑝[2𝜋𝑖𝑛l𝑧/𝜆P]                                       (2.3) 

 

where the 𝜆P is the wavelength of light in free space and 𝑛l  is the complex refractive index of the 

dielectirc medium.  

The refractive index determines how much light is slowed when propagating inside a dielectric 

material and in general it is a complex number and a function of frequency, so here we 

considered, 𝑛l = 𝑛 + 𝑖𝑘, where n is the real part of refractive index and k is the imaginary part of 

the refractive index. 

The real part n, is called the refractive index and indicates the phase velocity in the material 

relative to the speed of light in vacuum, while the imaginary part k is called the extinction 

coefficient, also referred to as the attenuation coefficient and indicates the amount of attenuation 

or loss when the electromagnetic wave propagates through a lossy dielectric material. 

Using the Stokes relations [30], we can relate the reflection coefficient from the front surface 𝑟, 

from rear surface 𝑟Q, and transmission coefficient from vacuum to the dielectric 𝑡, on the front 
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surface and transmission coefficient from dielectric to air 𝑡Q. If 𝑎 is the amplitude of incident 

light and light propagates in the 𝑧 direction then, 

𝑡Q𝑡𝑎 + 𝑟<𝑎 = 𝑎 

𝑟Q𝑡𝑎 + 𝑡𝑟𝑎 = 0 

𝑡Q𝑡 + 𝑟< = 1 

                                                               𝑟 = −𝑟Q                                                            (2.4) 

 

 

Figure 2.3. Successive reflection from and transmission through a weakly absorbing material 

 

 

in Figure 2.3, 𝛿 = 2𝜋𝑖𝑛l𝑧/𝜆P is the phase difference between successive reflected and 

transmitted rays and 𝑒st shows the propagating phase along with decay inside the material. 

The total reflection is the summation of all reflection from front surface to vacuum and the total 

transmission is the summation of all transmission from rear surface to vacuum. 
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(2.5) 

 

 

Then the relative transmitted and reflected power can be calculated, 

 

 

 

 

(2.6) 

 

 

 

where R is the reflectance or the single surface power reflection coefficient from Fresnel’s 

equations, 𝛼 is the amplitude of loss coefficient and 𝛿 is the phase difference between successive 

reflected and transmitted rays. 
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𝛿 =
4𝜋𝑛𝑑
𝜆P

 

(2.7) 

So, if we substitute R, 𝛼 and 𝛿 in 𝑇ABCD and 𝑅ABCD, then we will have, 

 

(2.8) 

Eqns. (2.8) represent the 𝑇ABCD and 𝑅ABCD as functions of n, k, d and 𝜆P. As we will see in the 

next chapters, 𝑇ABCD and 𝑅ABCD are our experimental data at each specific frequency, so while 

the thickness of the sample is constant during the experiment, solving  𝑇ABCD and 𝑅ABCD Eqns. 

(2.8) for each frequency gives us the associated n and k at this frequency. 
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CHAPTER 3 

TERAHERTZ FOURIER TRANSFORM SPECTROSCOPY 
 
 
3.1 Background  

Terahertz spectroscopy measures the interaction of matter with electromagnetic fields that are in 

the frequency range between a few hundred gigahertz and several terahertz. This spectroscopy 

method can be used to identify compounds or to investigate sample structure. The wide variety 

of scientific and industrial applications has developed over the past two decades for THz 

applications. Among these applications there are spectroscopy on biomolecules [31], [32] and 

conducting polymers, as well as chemical identification of solids [33], [15]. Moreover, THz 

technology can be used as a nondestructive and contactless technique for different industrial 

applications, quality control, pharmaceutical, food, and the plastics industries [34]. An attractive 

feature of THz spectroscopy as we explained in previous Chapter is that the radiation in this 

frequency region can be transmitted though many nonmetallic and nonpolar materials because 

THz frequency regime lies in a frequency region where molecular and phonon resonances 

dominate and the THz reflectance and transmittance spectra exhibit distinct signatures for 

materials and can be used as a technique for material characterization. 

The transmission of THz radiation through such materials allows the possible spectral 

identification of materials that are concealed within dry packaging, like papers, plastics, 

cardboards, and to a certain extent concealed in clothing and therefor allow the imaging of 

concealed objects, such as metallic and ceramic knives. This is obviously advantageous for 

security screening applications at the airports or any other places[35]. 

 

To make changes in dielectric properties of polymers, we can make changes in the chemical 

composition of a polymer, by either aging or exposure to radiation. Then using THz 

spectroscopy and monitoring the dielectric parameters lead to obtaining information of inter- and 

intramolecular processes inside the polymer. For instance, THz technology has been used to 

evaluate the cross-linking process of polystyrene and the epoxy-based photoresist like SU-8 [36] 

and also the investigation of solvent diffusion in polymers and the degradation analysis of 
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ultrahigh-molecular weight polyethylene have been successfully shown using THz spectroscopy 

[34]. 

There are a great variety of techniques to generate THz radiation and to detect THz fields. To 

generate the THz sources, one can use a quantum-cascade laser [37], a free-electron laser, or 

optical rectification [38]. The availability of terahertz sources has enabled engineers and scientist 

to investigate new THz applications such as material characterization, medicine and 

pharmaceutical process control, wireless communication syaytems, and homeland security [39], 

[40].  

One potential application of terahertz spectroscopy that this dissertation discuss is material 

analysis/characterization. For instance since polymers, like polystyrene, polyethylene or 

polypropylene are transparent to terahertz radiation, THz spectroscopy can be employed to 

investigate various additives present in the material [41]. 

Two commonly used methods are available for THz spectroscopy, Fourier transform 

spectroscopy (FTS) and time-domain THz spectroscopy. Fourier transform spectroscopy was the 

most popular method in the far-infrared before the introduction of THz time-domain 

spectroscopy. Far-IR Fourier transform spectroscopy and THz time-domain spectroscopy have 

their respective advantages. In general, THz time-domain spectroscopy has better signal to noise 

ratio (SNR) than FTIR spectroscopy at frequencies below 3 THz ~100 𝑐𝑚~;, while the SNR is 

higher in spectra obtained by FTIR at frequencies over 5 THz ~167 𝑐𝑚~; [42]. 

Moreover, THz time domain cannot go above ~ 5 THz and so cannot see many phonon or 

molecular resonances in many solids while FTS is much broader band, capable of going all the 

way to near-infrared and visible around 100 THz so it allows FTS to see basically all phonon and 

molecular resonances in most solids. 

Because of exceptional and desirable properties for nondestructive materials spectroscopy and 

imaging, THz spectroscopy has caught researchers' attention [43] , [44]. Since many dielectric 

materials show characteristic spectral features in the THz frequency range particularly at 

frequencies >1 THz, this enables THz spectroscopy to be employed as a unique technique to 

identify chemical species in materials [35]. In addition to addressing intra-molecular vibrational 

modes in solids, THz spectroscopy as we discussed in Chapter 2, can also excite phonon modes 
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or the inter-molecular vibrations of the solid material and makes THz spectroscopy applicable to 

give both chemical and structural information of the substance. For many chemical structures 

and molecules THz technology can be used as a distinctive tool for chemical identification since 

the characteristic absorption frequencies placed in the terahertz region because of their inter and 

inter-molecular vibrations. This technique is well-known as a chemical or molecular 

“fingerprint” detection, makes different applications for terahertz in like security checking ( 

drugs and explosives), biomedical diagnosis and even pharmaceutic industry [45]. 

Here we used a Fourier Transform-Infrared Spectrometer (FTIR) to study the broadband 

electromagnetic response of some advanced dielectric/polymer materials. FTIR is a consistent 

and reliable analytical spectroscopy method that has been used for identification and assessment 

of the quality of materials [46]. 

When a material is exposed to infrared light, typically in the far or mid-infrared region, the 

resulting reflectance and transmittance spectra gives a unique molecular “fingerprint” that can be 

used to screen and assess samples for different applications.   

FTIR spectrometers have some noticeable advantages when compared to other IR spectroscopy 

methods: 

• The signal to noise ratio of such a spectrum is significantly higher compared to THz 

time-domain spectroscopy above 5 THz [42]. 

• The scan time of all frequencies is short compared to dispersive spectroscopy.  

• The resolution can be moderately high (0.08 cm-1).  

• The frequency band coverage is very wide (from as slow as 150 GHz to > 100 THz).  

 

3.2 Dispersive vs. Fourier Transform IR Spectrometers 

To recognize the power of using a FTIR spectrometer, it is necessary to have some background 

information of other spectrometers working in the same frequency range like dispersive IR 

spectrometers. The dispersive infrared spectrometer developed in the 1940’s, and used to extent 
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the use of infrared spectroscopy as a common analytical method for mostly organic composite 

characterization in laboratories [47]. 

As shown in the Figure 3.1 the basic components of a dispersive IR spectrometer include a 

broadband radiation source, sample compartment, monochromator grating, and detector. 

The monochromator is in place to separate a broad spectrum of IR radiation out form broadband 

light source into its constituent frequency components. 

 

Figure 3.1. Dispersive Spectrometer Components 

 

The light from the broadband IR source is divided into two beams of equal intensity and energy 

and they sent through a sample and a reference path. The purpose of using a double beam 

process is to differentiate the light intensities between the two beams that are sent to sample and 

the reference plane at each wavelength. Then the two beams are reflected off from the surface of 

the sample and reference to a chopper and the chopper makes the reference and the sample beam 

to fall on the monochromator grating alternately. The monochromator grating rotates slowly and 

this rotation sends individual frequencies to a power sensitive detector. At the frequencies where 

the sample is absorbing the incident light, a weak beam from the sample will be received by 

detector while the reference beam which is not absorbed will remain in full intensity. In contrast, 

at the frequencies where the sample doesn’t absorb, both the beams from sample and reference 

will have equal intensities at the detector [48]. This is the mechanism of absorption of IR 

radiation by the sample, producing a change of transmitted IR radiation intensity by the light 

source which gets detected as a signal and is different from the reference signal. One major 

disadvantages of dispersive IR spectroscopy is that each frequency that passes through the 
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sample is measured individually by the detector which makes a slow process for scanning the 

whole IR region.  

Dispersive spectrometers are rarely used in modern times. They have mostly been replaced by 

FTIR spectrometers because of three major advantages over a dispersive IR spectrometer. 

• Multiplex Advantage: In a dispersive spectrometer every frequency in the spectrum must 

be measured individually. This requires a very slow scan process, and typically only one 

measurement is made in a dispersive instrument at once. But in the FTIR spectrometer 

many scans can be done in a shorter time than one scan on a dispersive instrument 

resulting significantly faster data collection using FTIR spectrometer.  

• Throughput Advantage: Unlike dispersive IR spectrometer, FTIR spectrometer does not 

use a slit to separate the individual frequencies reaching the sample and detector. Also, 

there are also fewer mirrors in a standard FTIR spectrometer than dispersive 

spectrometer, so there are less reflection losses and it causes more energy to reach the 

sample and the detector in an FTIR spectrometer compare to a dispersive spectrometer 

and resulting higher signal-to-noise ratio of a signal measured by an FTIR than the one 

reached on a dispersive instrument [49]. 

• Precision Advantage: Most FTIR spectrometers use a He-Ne laser to control the velocity 

of a moving mirror in the interferometer and also to time the collection of data points for 

each scan. This laser also operates as a calibration tool within the instrument. Since the 

laser wavelength is a constant value of 632.8 nm, and the x-axis data points of the FTIR 

spectrum are automatically referenced to this known value in order to keep internal 

accuracy of the wavelength positions. But in a dispersive IR spectrometer an external 

calibration process is needed to control the precision and accuracy of the detected signal. 

So this built-in calibration process in FTIR makes higher accuracy and precision of 

infrared spectra when collected by FTIR. 
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3.3 Michelson Interferometer 

A common FTIR spectrometer consists of a source, Michelson interferometer (a combination of 

mirrors and beam-splitter), sample compartment, detector, and a computer (Figure 3.2). The 

broadband incoherent light source generates radiation which passes through the interferometer 

then sample, and finally reaches a power detector as an interferogram signal. The interferogram 

is a plot of detected power vs. position of the moving mirror in the Michaelson interferometer. 

Then, the interferogram signal is transferred to a computer where a numerical Fourier transform 

is computed. Figure 3.2 shows a block diagram of an FTIR spectrometer. 

 

 

Figure 3.2. Components of FTIR Spectrometer 

 

Depending on the frequency range, there are two incoherent light sources available in the FTIR 

spectrometer we used, a mercury discharge lamp for frequencies ≤ 20	𝑇𝐻𝑧 and a SiC globar 

source for frequencies ≥ 20	𝑇𝐻𝑍. The detectors that match with these two frequency regimes 

are a room temperature far-infrared deuterated triglycine sulfate (DTGS) detector and a mid-

infrared DTGS detector, respectively.  

Bruker provides high precision beam-splitters for different frequency regions. We have a Mylar 

125 Micron that covers 150 GHz up to 660 GHz, a Mylar 25 Micron that covers 600 GHz up to 4 
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THz, a Multilayer that operates from 900 GHz to 20 THz and a Ge on KBr substrate that covers 

the higher frequency range of FTIR from 10 THz to 200 THz.  

The heart of the FTIR is a Michelson interferometer. A typical Michaelson interferometer is 

consist of two perpendicular plane mirrors and a beam-splitter whose composition depends on 

the frequency range of the measurement [47]. One of the mirrors is a stationary mirror and the 

other one is a moving mirror. The ideal beam-splitter is designed to transmit half of the incoming 

light to one mirror and reflect half of the light to the other mirror. Then, the reflected and the 

transmitted lights strike the stationary mirror and the moving mirror, respectively. The two 

reflected back by the mirrors and two beams of reflected lights recombine at the beam-

splitter. Then these beams pass through the sample then into the detector where the intensity of 

the superposition of the two light waves from stationary and moving mirrors are measured as a 

function of the difference in path lengths. Figure 3.3 is a diagram of the Michelson 

Interferometer. 

 

 

 

Figure 3.3. Michaelson Interferometer 

When the distances between both mirrors and the beam-splitter are the same then the distance 

travelled by the two reflected beams form the stationary and moving mirrors are the same and 

this situation defines as zero path difference (ZPD) and ZPD always leads to constructive 
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interference at the detector. But if the moving mirror moves away from or towards the beam-

splitter, the light beam which hits the moving mirror travel a longer or shorter distance than the 

light beam that hits the stationary mirror. The distance which the moving mirror is away or 

towards the ZPD is defined as the mirror displacement and is represented by ∆. Since it is a 

round-trip, the extra distance travelled by the light which hits the moving mirror compared to the 

stationary mirror will be 2∆. This extra distance is called the optical path difference (OPD) and is 

shown by delta (𝛿).  

Suppose a monochromatic light source of wavelength λ is used. If the OPD is equal to an integer 

times the wavelength of incoming light, then the interference is constructive and it turns out to be 

maximum intensity in the interferogram. 

 

																								𝛿 = 2Δ = nλ                          with 𝑛 = 0, 1, 2, 3,….                          (3.1) 

 

In contrast, if the OPD is equal to an odd half integer multiple of the light wavelength, then we 

have a destructive interference and a minimum intensity in the interferogram. 

 

																	𝛿 = 2Δ = (𝑛 + 1/2)𝜆                with 𝑛 = 0, 1, 2, 3,….                            (3.2) 

 

These are the two extreme situations as shown in Figure 3.4. When the OPD is neither n-fold 

wavelengths nor (n+1/2)-fold wavelengths, the interference should be between two extreme 

situations. So, the intensity of the signal should be between the intensity of destructive and 

constructive interferences.   
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Figure 3.4. Atypical interferogram formed using a single frequency light source, P. H. Siegel 

[46]. 

 

First let’s see what does the interferogram of a single frequency light source (a monochromatic 

light source) look like. Since the interferogram is basically the magnitude of the Fourier 

transform of the frequency, content of the detected light and in this case light has only one 

frequency so the Fourier transform would be: 

 

𝐹(𝑘) = 𝛿(𝑘 − 𝑘P) 

 

𝑓(𝑥) = � 𝐹(𝑘)𝑒<+s,�𝑑𝑥 = � 𝛿(𝑘 − 𝑘P)
�

~�

�

~�
𝑒<+s,�𝑑𝑥 = 𝑒<+s,.� 

 (3.3) 

 

And the magnitude of this function is a sinusoidal signal and represents the OPD vs. the 

amplitude of the two reflected signals.  
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But the light sources inside the FTIR are continuous broadband light sources with random 

amplitude and phase and constant spectral power operating between two extreme frequencies 

(minimum frequency and maximum frequency). So, the interferogram is taking the Fourier 

transform of a square pulse. 

 

𝑓(𝑥) = � 𝐹(𝑘)𝑒<+s,�𝑑𝑥 = � 𝐴
,���

,�{�

,���

,�{�

𝑒<+s,�𝑑𝑥 =
𝐴

2𝜋𝑖𝑘
b𝑒<+s,,��� − 𝑒<+s,,�{�f 

 

(3.4) 

 

 
 

 Figure 3.6. Interferogram using a continuous broadband frequency source 

Figure 3.5. Interferogram using single-frequency source 
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so, the interferogram (Fourier transform of frequency content signal) is a superimposed 

superposition of all sinusoidal signals over a broad range of different frequencies. 

 

3.4 Operation of FTIR 

The interferogram shows the detected signal amplitude as a function of OPD. The interferogram 

then numerically Fourier transformed to give a frequency domain spectrum. Figure 3.7 shows the 

interferogram of the transmission spectrum of a PDMS sample and its numerically calculated 

Fourier transform, resulting in a frequency domain transmission spectrum.   

 

Figure 3.7. Interferogram and FT spectrum of PDMS transmission spectrum. 

 

The IR spectrum is usually shown as percent transmittance or reflectance, indicating how much 

of the incident IR intensity is left after passing through or reflecting from the sample. In order to 

do this, first we need to determine the IR intensity with no sample in the beam path for 

transmittance measurement and an ideal reflector as a reference for reflectance measurement, so 

we run a background spectroscopy in each case. 

Step 1: The first step is collecting a background spectrum from its interferogram. For 

transmittance spectrum we leave the sample compartment empty to obtain maximum 

transmittance as the reference. For reflectance spectrum we use a plane silver front-coated mirror 
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as a reference reflector. After the desired system setting is selected (scanner velocity, number of 

scans and resolution) and FTIR is roughly evacuated (pressure ≤ 3 mbar), we need to do a check 

signal procedure. This check signal first moves the system mirrors selected for the desired 

measurement in place and then shows the amplitude of the interferogram for the background 

signal vs. OPD. 

 

 

 
 

 

 

Step 2: Next, we collect a spectrum of the sample, which will contain reflection or transmission 

spectra from the sample. This must be done using the same system setting as the background 

scan. A check signal procedure must be performed to gives the amplitude of the sample’s 

interferogram vs. OPD.  

 

Figure 3.8. Background reflectance spectrum (left) and transmittance spectrum (right) of PEN. 



 

31 

 

 

 

Step 3: Finally FTIR normalize the spectrum of the sample by taking the ratio between the 

sample scan and the background scan.  

 

 

There are different factors that determine the SNR of a spectrum collected by FTIR. The SNR of 

any spectrometer defined as its sensitivity and viewed as the main specification for determining 

whether or not an instrument will meet the needs of intended use. In general SNR of a signal is 

the ratio of a peak height to the noise in an adjacent spectral region. However, SNR of FTIR is 

Figure 3.9. Sample reflectance spectrum (left) and transmittance spectrum (right) of PEN 

Figure 3.10. Normalized reflectance spectrum (left) and transmittance spectrum (right) of PEN 
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determined with no sample in place for transmission spectroscopy and with a reference reflector 

(like a plane silver coated mirror) for reflection spectroscopy.  

The first thing that determines the SNR of an FTIR spectrum is the resolution setting. The lower 

the resolution setting the higher the SNR of spectrum. For the FTIR spectrometer that we used in 

the lab, as resolution is increased twofold, the SNR of the measured spectrum is reduced by a 

factor of square root of two.  

The other factor that affects the SNR of FTIR is the number of averaged scans. It is obvious the 

higher the number of averaged scans, the higher SNR of resulting spectrum. A signal is 

proportional to the number of spectra (S ∝ n) but noise which is random, and partially cancels 

itself out, is proportional to the square root of the number of spectra (N ∝	𝑛; <� ). So, the signal 

increases faster than the noise when n spectra are averaged and result in a better signal-to-noise 

ratio [50].  

The scanner velocity is another factor that affects the SNR of signal by FTIR. This scanner 

velocity is actually related to the velocity of translational motion of moving mirror inside the 

Michaelson interferometer. Since this motion is controlled by a He-Ne laser and the wavelength 

of the He-Ne laser is constant and 632.8	𝑛𝑚, so the scanner velocity in units of frequency gives 

the velocity of translational motion of the moving mirror, 

										𝑣 = 𝜆𝑓                                                                     (3.5) 

The slower this mirror moves the longer the spectrum takes to complete and the higher the S/N 

will be. As mentioned earlier, all of these system settings must be kept the same during 

background and sample spectroscopy because all of these parameters together determine the 

number of data points for background and sample spectroscopy and if they are not kept the same, 

we will not be able to find a normalized spectrum at the end.   

 

 



 

33 

CHAPTER 4 

ADVANCED MATERIAL SAMPLES 
 
 

4.1 Introduction  

Based on a request by Michael Faraday, the term dielectric was first used by William Whewell 

[51]. A dielectric material is an electrical insulator that has the capability to be polarized in 

interaction with an external electromagnetic field. Dielectric materials which are electrical 

insulators are of great importance and have been used very often in the electronics industry, 

electronics packaging and interconnection [52]. Future integrated circuits and packaging systems 

will require dielectric materials and insulators for interconnects to allow transistor advances to be 

translated into system-level advances [53].  

The dielectric constant of materials usually called their k value, is the relative permittivity of a 

dielectric material. In silicon technology the reference is the value of k for silicon dioxide (𝑆𝑖𝑂<) 

which is 3.9. The materials with k value higher than 𝑆𝑖𝑂< are called high k dielectrics (𝑘 > 3.9) 

and the materials with k value < 3.9 are defined as low-k dielectrics.  

Low-permittivity and low-loss materials are essential materials at different levels of the 

electronic systems, like chip-level insulators to packages and printed circuit boards. Over the 

past half century, low-permittivity dielectric materials with 𝑘 < 3.9, have greatly been 

researched by ceramic and polymer engineers and scientists. They are an important component 

of microelectronic devices. These materials possess countless electrical, optical, thermal, 

chemical, and mechanical properties. Therefore, the choice of low-permittivity dielectric 

material may have a great effect on a device’s performance and lifetime. In microelectronics 

industry, many of the low permittivity dielectric materials have been adopted to cover the desired 

and required properties. But since the microelectronics industry constantly grown through the 

21st century, more advanced process techniques and advanced materials have been requested 

[54]. 

Every electrically insulating material has a distinctive set of electrical properties and these 

electrical properties depend on the dielectric behavior of insulator. So precise measurements of 

these dielectric properties provide scientists and engineers with valuable information to 
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appropriately use these materials for any desired application. Knowing the dielectric material’s 

response to the applied electromagnetic fields provides critical design parameters for all 

electronics applications. For example, the power loss when using a cable insulator, the 

impedance of a substrate, or the frequency of a dielectric resonator are all related to its dielectric 

properties [55]. 

Here we introduce some low-permittivity advanced dielectric materials which turn out to be 

interesting to study for different applications. 

 

4.2 Benzocyclobutene,	(𝐂𝟖𝐇𝟖)𝐧 

Benzocyclobutene (BCB) is an advanced electronic resin manufactured as Cyclotene by Dow 

Chemical Company [56]. It comes in several formulations for different material thicknesses; the 

one used extensively in our research was 4000 Series Cyclotene 4024-40.   

 

 

 

Figure 4.1. The chemical structure and BCB sample that we used in the lab 

 

The material can be spun on using a Headway spinner and as specified by vendor has a static 

dielectric constant of 2.65, low dissipation factor of 0.0008 and high planarity [57]. This 

photosensitive resin allows for thin-film feature sizes that can be realized during the fabrication 

process in a standard clean room [58]. Cyclotene 4024-40 can be used to achieve cured film 

thicknesses of 3.5 to 7.5 micrometer thick as quoted by Dow. We have typically deposited single 

and multiple layers of 8 micrometers BCB with electroplated gold to realize planar transmission 

lines. To realize a 125-micrometer thickness for the multilayer antenna, more than 10 layers 
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would have to be combined. We have been able to deposit 7 consecutive layers (equivalent to 56 

micrometers) of 4024-40 on top of silicon for the purpose of defining a coplanar waveguide line. 

3000 Series Cyclotene 3022-63 resin can be realized in thicknesses of 9.5 to 26.03 micrometers 

and would allow for fewer process steps to achieve a 125-micrometer layer. Cyclotene 3022 

serves as a dielectric layer only and is not photosensitive.  

 

For the purpose of our experiments, a 170-180 micrometer thick layer of Cyclotene 3022-63 was 

spin-coated onto a silicon wafer. To prepare the silicon wafer substrate, it was first cleaned using 

a reactive ion etching (RIE) oxygen plasma which is an etching technology that is being used in 

microfabrication. An adhesion promoter AP3000 (manufactured by Dow) was then used to 

adhere the BCB to the silicon.  After pre-bake, exposure and post-bake steps, a soft bake on a hot 

plate of 80 degrees Celsius for 30 seconds was used to remove solvents. The polymer resin is 

developed in DS2100 (manufactured by Dow) and cured with a specific temperature profile (150 

and 250 degrees Celsius) for 90 minutes. The BCB sample was peeled off of the silicon for use 

as a free-standing sample in the FTIR [59]. 

 

In terms of applications, BCB is a high-quality polymer that provides interesting dielectric 

features for terahertz applications. This material has already been used in silicon integrated 

circuit technologies and could become one of the most promising materials to understand the 

future THz waveguides and interconnections on a silicon substrate. 

 

4.3 Polyethylene Naphthalate, (𝐂𝟏𝟒𝐇𝟏𝟎𝐎𝟒)𝐧 

Polyethylene Naphthalate (PEN) is polyester that is chemically similar to polyethylene 

terephthalate (PET) but with higher temperature resistivity [60]. 
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Figure 4.2. The chemical structure and PEN sample that we used in the lab. 

 
 

PEN is a preform film that is manufactured by DuPont and used for electronic displays. The 

material comes in thicknesses of 25 to 125 micrometers with the plastic film already in its cured 

state. PEN can be used to define patterns. It has been used in hybrid processing techniques in the 

design of multilayer antennas. The relative permittivity is approximately 2.9 and no loss tangent 

has been provided by DuPont [61]. For this work, a thickness of 125 micrometers was utilized. 

Alconox is a powdered precision cleaning solution that can be used to clean the material.  

For the purpose of FTIR analysis, one 125 micrometer free-standing sample of PEN is used with 

no need for sample preparation. Applications for PEN films are mainly in the electrical and 

electronic areas. Because of PEN’s significant physical properties, the need for this material will 

increase in the future however PEN is more expensive than polyethylene terephthalate (PET) 

[60]. 

These superior properties consist of high dimensional stability, shrinkage resistance, temperature 

stability and better barrier properties. Because of superior modulus of hardness of PEN, this 

material can be used to produce films of the same strength as PET but at a significantly lower 

thickness and these films have been greatly used in in different applications like, flexible food 

packaging and imaging, thermal sheets, pressure-sensitive tapes and solar cell protection and 

different electrical applications. 
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4.4 SU-8 Photoresist 

SU-8 is a high-resolution UV-patternable negative photoresist, commonly used for fabrication of 

3-dimentional structures for millimeter-wave and terahertz systems and also in the fabrication of 

thick (0.5–200 m) micro-electromechanical systems (MEMS) and devices [62]. 

 

 

 

 

Figure 4.3. The chemical structure and SU-8 sample that we used in the lab. 

 

 

SU-8 2000 is a negative photoresist manufactured by MicroChem widely used in the fabrication 

of microelectromechanical systems (MEMS) as a sacrificial layer for realizing cantilevers [63]. 

The material also has limited use as a dielectric layer in the fabrication of millimeter wave 

circuits with a relative permittivity of 3 and loss tangent of 0.04. These values were extracted 

using microstrip ring and t-resonators operating in the 140 to 220 GHz range for SU-8 2025 [64].  

SU-8 compositions can produce film thicknesses from 0.5 to 200 micrometers with low 

processing temperatures. This material can be spun on using a Headway spinner although a 

special planarization step is required to realize consistent planarity across a 25.4 mm x 25.4 mm 

area. SU-8 2075 achieves a minimum film thickness of 75 micrometers at a spin rate of 4000 

rpm, and 125 micrometer thickness at 1800 rpm.  

Because of low molecular weight of SU-8, solid resin are easily soluble inside the polymer. The 

low molecular weight and low optical absorption make the fabrication of thick UV-patternable 

layers with vertical side-walls using standard spin-coating techniques applicable. Moreover, 
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since this polymeric material is epoxy-based, SU-8 shows excellent adhesion to inorganic 

substrates and high resistance to harsh chemicals that are normally used in microfabrication 

processes, such as electroplating. These unique attributes make SU-8 films appropriate for wafer-

level integration of wideband millimeter antennas [62]. 

 

For the purpose of our experiments, a 200-micrometer layer of SU-8 2075 was spin-coated onto 

a silicon wafer substrate. To prepare the surface of the silicon a wafer was cleaned with acetone 

and isopropyl alcohol with a 200-degree Celsius dehydration bake for 30 minutes. After applying 

HMDS via an oven, SU-8 can be deposited with a spin profile having a ramp up to 500 rpm at 

100 rpm/s and held for 10 seconds, followed by a ramp up to 1700 rpm at 500 rpm/s and held for 

30 sec. The sample is placed on a planarization table for 2-3 hours before a soft bake on a hot 

plate, which has a specific bake profile going from room temperature (RT) to 95 degrees Celsius 

and back down to RT. After exposure to UV light at 215 to 480 mJ/cm2 for cross-linking, the 

sample goes through a post exposure bake.  The SU-8 is developed with its own developer until 

no milky residue remains. The sample was then rinsed and dried and cleaned by RIE at 200 

Watts and 200 mTorr for 1 minute. removed from the silicon for use in the FTIR [65]. The SU-8 

sample was removed from the silicon for use as a free-standing sample in the FTIR. 

 

 

4.5 Polydimethylsiloxane, (𝐂𝟐𝐇𝟔𝐎𝐒𝐢)𝐧       

Polydimethylsiloxane or (PDMS) is the most widely used silicon-based organic polymer and is 

mainly recognized for its extraordinary rheological (or flow) properties. PDMS is a low cost and 

highly elastic silicon polymer material that is already widely used in microfluidics and 

nanofabrication because of low transmission loss and stable dielectric properties. 
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Figure 4.4. The chemical structure and PDMS sample that we used in the lab. 

 

                                                                                                                                                       

PDMS has exceptional properties like, optical transparency, gas permeability, mechanical 

elasticity, and electrical insulation and all these make PDMS one of the most commonly used 

materials in nanofabrication and microfluidics [66]. 

A combination of properties such as backbone flexibility, low intermolecular interactions, low 

surface tension and thermal stability explain many of the applications for this polymeric material 

[67], [68]. 

For instance, before 1943, planes could retain high altitudes for only a few minutes before 

ignition losses due to moisture condensing in the engines but a simple thickened PDMS grease 

was the solution by keeping moisture away and avoiding loss of high voltage/low current signals. 

This is an early application of the excellent dielectric properties of silicones and also 

demonstrates key properties of silicones in the electronic industries like hydrophobicity and high 

dielectric breakdown as well as their resistance to low or high temperatures, which make them to 

be applicable in harsh and critical environments [69], [70]. 

 

4.6 Lead Bromide Perovskite (𝐂𝐇𝟑𝐍𝐇𝟑𝐏𝐛𝐁𝐫𝟑) 

Hybrid organic-inorganic lead halide perovskite materials are now being widely studied because 

they show great promise in a number of optoelectronic applications. Understanding the intrinsic 

material properties of these perovskites is critical to further enhance device performance and 

enable innovative designs. Hybrid organic-inorganic lead halide perovskite materials are being 
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intensively investigated because of their outstanding and tunable properties for optoelectronic 

applications such as photovoltaic cells, [71] light-emitting diodes, [72] photodetectors, [73] and 

lasers [74]. 

 

 

 

Figure 4.5. The chemical structure and CH#NH#PbBr# sample that we used in the lab. 

 

 

MAPbBr3 Single Crystal Growth: The solvents and lead bromide (PbBr2) used in this work was 

purchased from Sigma Aldrich and used without further purification. Methylammonium bromide 

(MABr) was purchased from Luminescence Technology Corporation and used without further 

purification. The MAPbBr3 crystals were fabricated by the inverse temperature crystallization 

(ITC) method. First, a 1:1 molar ratio of PbBr2 and MABr is mixed with dimethylformamide 

(DMF) to form a 1 M solution. The solution is mixed in a scintillation vial and set in a 40 °C 

ultrasonic bath for ten minutes to ensure that all chemicals have been completely dissolved. 

Following the ultrasonic treatment, the solution is filtered into a 25-mL clean scintillation vial 

with a 0.2 µm PTFE filter. Once the cap is tightened, the scintillation vial is placed into a 

silicone oil bath on top of a hot plate. The hot plate is slowly heated to 80 °C where it is held for 

one hour. Subsequently, the temperature is increased at a rate of 5 °C every thirty minutes until 

95 °C. After approximately one hour at 95 °C, small orange crystals start to form at the base of 

the scintillation vial. The crystal is left to grow for about six hours prior to being removed. Once 
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the crystal is removed, a small Kimwipes® sheet is used to remove the excess solution from the 

crystal surface.  
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CHAPTER 5 

EXPERIMENTAL PROCEDURE AND DATA ANALYSIS1 
 
 
5.1 Background  

Reliable index or permittivity data over a broad THz frequency range is challenging to find in the 

existing literature for many dielectric materials commonly used in the electronics industry. 

Scientists and engineers have always been interested in the interaction of electromagnetic light 

with materials and developing new electromagnetic sources and detectors have been one of the 

main factors in this regard. Such development at microwave and optical frequencies has been 

rapidly advanced in the last century. THz technology is relatively new since access to THz 

sources and detectors was more challenging and the THz technology has only seen significant 

progress in the last three decades. For instance, in contrast to optical systems which basically use 

lenses or similar transmitting elements, in THz systems we need to use more reflecting elements 

with minimum loss and no dispersion [75]. THz mirrors have been made of metals and other 

materials like doped and un-doped GaAs [76] and high resistivity silicon [65] has been recently 

been used with low-loss and no dispersion.  

  

Therefore, dielectric data above 100 GHz is more limited than in the microwave region and also 

in the optical range where the dielectric data is well known [77]. Most existing literature data is 

from picosecond pulse time-domain spectroscopy (TDS) measurements which typically have an 

upper frequency limit of 2 to 3 THz [78], [79], [80]. The lack of material dielectric parameters 

above a few THz is a direct result of the so-called “THz technology gap” which is 

simultaneously too high in frequency for high-speed electronics and too low in frequency for 

infrared optics. As a consequence, extrapolations of both technologies into the THz suffer from 

severe performance degradation (for instance, having a THz transceiver, a device that is capable 

of both transmitting and detecting THz radiation) [81]. Historically, this meant that material 

properties from a few up to tens of THz have remained under-explored due to lack of both 

                                                

1 Portions of this chapter previously published in Journal of Infrared, Millimeter and Terahertz Waves, 2017. 
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application drivers and standard measurement technology (difficulties in developing appropriate 

compact THz sources and THz detectors). 

In this chapter we report on broadband measurements, filling in a spectral gap between low THz 

and infrared, of the real and imaginary index spectra of four amorphous polymeric dielectric 

materials currently used in various aspects of the electronics industry: benzocyclobutene (BCB), 

polyethylene naphthalate (PEN), the photoresist SU-8, polydimethylsiloxane (PDMS) and also a 

high quality single crystal of methylammonium lead bromide (CH#NH#PbBr#).  

BCB and PEN are used in radiofrequency and microwave circuit packaging and as circuit board 

and encapsulation materials [82]. SU-8 is used to fabricate thick and high-aspect ratio 

microstructures, including THz waveguides and antennas [83], [84]. PDMS is being explored for 

both low-loss THz dielectric waveguiding [85] and as a flexible substrate for high-frequency 

devices [86]. The hybrid organic-inorganic lead halide perovskite materials are being intensively 

investigated because of their outstanding and tunable properties for optoelectronic applications 

such as photovoltaic cells, [87] light-emitting diodes, [88] photodetectors, [89] and lasers [90].   

 

Reflectance and transmittance spectra from approximately 900 GHz to 75 THz were made using 

a Fourier transform spectrometer on freestanding material samples. These data were 

quantitatively analyzed, taking into account multiple partial reflections from front and back 

surfaces and coherent phonon and incoherent molecular bond resonances where applicable, to 

generate real and imaginary parts of the refraction index as a function of frequency. 

 

5.2 Experimental Setup and Experimental Data 

Broadband reflectance and transmittance measurements were performed using a Bruker Vertex 

80v Fourier transform spectrometer (FTS). To minimize atmospheric attenuation and water 

vapor absorption, all measurements were done in rough vacuum (pressure ≤ 3 mbar). For the 

polymeric dielectric materials, a mercury discharge lamp light source, 6 µm Mylar® beam-

splitter, and room-temperature far-infrared deuterated triglycine sulfate (DTGS) detector were 

used to cover 3 THz to 20 THz. A SiC globar light source, KBr beam-splitter, and mid-infrared 

DTGS detector were used to cover 20 THz to 75 THz. Where frequency coverage overlapped we 
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used the data from the light source / beam splitter / detector combination that gave better signal-

to-noise (SNR). Scan settings used were a moving mirror velocity of 6.238 mm/s and spectral 

resolution of 0.2 cm–1 (6 GHz) across the entire frequency range. A typical spectrum represents 

an average of at least 100 scans. 

 

For transmittance measurements samples were placed in the sample compartment of the FTS at 

the position of the beam waist at normal incidence. All transmittance data are normalized to a 

background consisting of the same measurement settings but with no sample in the beam path. 

This background defines unity transmittance at each frequency. For reflectance measurements 

samples were placed in a reflectance measurement unit that put the sample at the beam waist at 

10° off normal incidence. All reflectance measurements are normalized to a background 

consisting of the same measurement settings but with an uncoated front-surface Ag mirror in 

place of the sample. This background defines unity reflectance at each frequency. All samples 

were freestanding so that both front and back surfaces interfaced with vacuum, which defines 

unity index. The polymeric dielectric samples were over 1 cm x 1 cm in area, larger than the 

approximately 0.4 cm diameter beam waist. The thicknesses for polymeric samples (d) were 

0.203 mm for BCB, 0.216 mm for PEN, 0.381 mm for SU-8, and 3.66 mm for PDMS. The 

advantage of using freestanding samples, as opposed to thin-films on a substrate, is that no 

correction for a substrate or for possibly unusual boundary conditions at a film/substrate 

interface is needed. For freestanding samples, we use two models to derive the physically 

important complex index-of-refraction: 

 

𝜀3(𝜔) = b𝑛(𝜔) + 𝑖𝑘(𝜔)f
<
 

(5.1) 

from the measured reflectance (Rmeas) and transmittance (Tmeas) data, where 𝜀3(𝜔) is the 

frequency dependent complex relative permittivity, i is the unit imaginary number and 𝑛(𝜔) and 

𝑘(𝜔) are the frequency dependent real and imaginary parts of the refractive index respectively. 

These can be written in terms of dielectric constant of the materials: 

𝑛(𝜔) = 𝑅𝑒 v𝜀; <� (𝜔)x 
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𝑘(𝜔) = 𝐼𝑚 v𝜀; <� (𝜔)x 

(5.2) 

The first model covers frequency regimes away from strong coherent phonon and molecular 

bond resonances where propagation loss is low enough that multiple partial reflections from 

front and back surfaces contribute to Rmeas and Tmeas. These off-resonance regimes have Tmeas 

appreciably > 0 since the material’s loss is low enough to make a good fraction of incoming light 

transmit through the material, so that partial reflections from the back surface must be considered 

as contributing to the total reflectance. The second model is for frequency ranges spanning 

infrared active phonon and molecular bond resonances where loss and dispersion can become 

very large. These high loss resonant regimes generally have Tmeas = 0 to within measurement 

uncertainty and so cannot be analyzed by using two data points (Rmeas and Tmeas) to solve for the 

two unknowns n and k. Measurement uncertainty was estimated by examining the root mean 

square (rms) random fluctuations in the Rmeas and Tmeas spectra after averaging 100 scans. The 

rms fluctuation magnitude was found to be as low as 0.002 in some frequency ranges and ≤ 0.01 

throughout the entire frequency range, where full-scale reflectance or transmittance = 1. We take 

Tmeas < 0.01 to be within measurement uncertainty of zero, as the reflectance will then be 

overwhelmingly dominated by the initial front surface reflection. Uncertainty in n and k values 

extracted from Rmeas and Tmeas data were primarily determined by accuracy limits of the root 

finding and fitting routines, as described below, to about ± 2% of mean values. 

 

5.3 Off-resonance Model 

In frequency ranges where Tmeas is significantly greater than zero and where material shows low-

loss behavior, it is necessary to account for the existence of multiple interfering front and back 

surface partial reflections and transmissions. We model each sample as having flat parallel 

surfaces and a known thickness d. Then, for an electromagnetic plane wave incident at angle 𝜃s 

on the front surface there exists a series of partially reflected and transmitted waves from front 

and back surfaces. For transmittance 𝜃s = 0°, so normal incidence formulae are exact but for 
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reflectance 𝜃s = 10°. The correction to reflectance for off-normal incidence of unpolarized light 

for the samples measured with n ≤ 2 can be calculated using Fresnel’s equations [91], 

𝑟º =
𝑛;𝑐𝑜𝑠𝜃; − 𝑛<𝑐𝑜𝑠𝜃<
𝑛;𝑐𝑜𝑠𝜃; + 𝑛<𝑐𝑜𝑠𝜃<

 

 

𝑟∥ =
𝑛;𝑐𝑜𝑠𝜃< − 𝑛<𝑐𝑜𝑠𝜃;
𝑛;𝑐𝑜𝑠𝜃< + 𝑛<𝑐𝑜𝑠𝜃;

 

(5.3) 

where 𝜃; = 10° is the angle of incidence, 𝜃< is the angle of refraction, 𝑟º and 𝑟∥ indicate 

reflection coefficients for polarized lights whose direction of polarization is perpendicular to the 

plane of incidence and lie in the plane of incidence respectively. Using Snell’s law and 

estimating the refractive indices of the media (𝑛; = 1 and 𝑛< < 2 ) give the angle of refraction. 

The reflectance is defined as the square of the corresponding reflection coefficients Eqns. (5.3).  

After all these calculations the correction to reflectance for 𝜃s = 10° and n ≤ 2, as is typical for 

the samples measured, is < 0.5% for unpolarized light. This correction is below the accuracy to 

which we can determine n and k, and hence we approximate the reflectance as normal incidence. 

Taking into account propagation phases and Stokes boundary conditions, the field amplitudes of 

the multiple front and back surface partial reflections and transmissions can be summed 

geometrically (like the way we did in chapter 2) [92]. This is the free-space optical equivalent of 

the Nicolson-Ross-Weir procedure used to determine the dielectric constant of the material 

filling a microwave waveguide [93].  

Taking the magnitude squared of the amplitude summations then gives the measured power 

reflection and transmission coefficients at each wavelength l0,  

 

 

𝑅ABCD = 𝑅
1 + 𝛼* − 2𝛼<𝑐𝑜𝑠𝛿

1 − 2𝛼<𝑅𝑐𝑜𝑠𝛿 + 𝛼*𝑅< 

𝑇ABCD =
𝛼<(1 − 𝑅)<

1 − 2𝛼<𝑅𝑐𝑜𝑠𝛿 + 𝛼*𝑅< 

(5.4) 
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Here 𝑅 = (d~;)�¼,�

(d¼;)�¼,�
  is the single surface reflection coefficient (i.e., the reflectance from the 

initial front surface only), 𝛿 = *+d½
-.

 is the propagation phase difference between consecutively 

reflected or transmitted waves, and 𝛼 = 𝑒𝑥𝑝 ¾− <+,½
-.
¿ is the amplitude attenuation factor. If we 

substitute 𝑅, 𝛿 and 𝛼 in Eqns. (5.4) we will get the Eqns. (2.7) that we found in Chapter 2. These 

equations represent the Rmeas and Tmeas data as functions of real and imaginary parts of refractive 

index, thickness of the sample and frequency of light in free space. If we use a material with 

infinite thickness (d ® ∞) or with a very high loss (k ® ∞) then using Eqns. (5.4),  

Rmeas ® R, meaning the total reflection is just equal to single surface reflection and transmission 

power (Tmeas) goes to zero as expected.  

Fabry-Perot interferences are described by the cosd  term in Eqns. (5.4) which become 

significant whenever 𝛼< → 1, which tends to be important at low frequencies (long wavelengths) 

in low-loss samples. There are fundamentally two unknowns, n and k, in Eqns. (5.4). Hence a 

measurement of both Rmeas and Tmeas for the same sample under the same conditions gives two 

data points per frequency for which n and k can in principle be solved. In practice, however, 

Eqns. (5.4) are highly non-linear functions of n and k that cannot be analytically inverted and for 

which there are not necessarily unique solutions. 

 

To extract n and k from Rmeas and Tmeas data using Eqns. (5.4) thus requires a numerical equation 

solver, which we implemented in Mathematicaâ using its Newtonian root finding algorithm. 

The Newtonian method sometimes known as Newton’s iteration is a root finding algorithm that 

uses the first few terms of the Taylor series of a function in the vicinity of a suspected root. For 

nonlinear equations this method is based on a linear approximation. [Mathematica code in page 

101]       

Numerical root finding is complicated by the fact that solution pairs are not unique and 

convergence speed, or whether the algorithm converges at all, depends on desired accuracy 

limits. As a consequence, solutions generated often depend on the exact values of initial “guess” 

inputs for n and k, sometimes resulting in discrete solution branches. All solutions generated by 

the root finder were inserted back into Eqns. (5.4) to validate consistency with data to within  
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± 2%, setting the uncertainty in extracted n and k values. However, a solution being numerically 

consistent does not guarantee it to be physically relevant. When multiple solution branches were 

encountered, we chose the physically relevant solution by: 1) insisting on smooth extrapolations 

to near the published index values in both the low frequency (microwave) and high frequency 

(infrared) limits, and 2) insisting that n and k show the same continuity with frequency as the 

Rmeas and Tmeas spectra. That is, we rejected branch solutions that extrapolated to values 

significantly different from published static and optical limits or gave discontinuities in n and/or 

k that were not apparent in the Rmeas and Tmeas spectra.  

 

5.4 Resonance Model 

As we discussed in detail in Chapter 2, the coherent optical phonons and incoherent molecular 

resonances play a major role in dielectric behavior of crystalline and non-crystalline dielectric 

materials in the THz frequency regime where the THz lights can cause vibrational motion of the 

whole lattice or of individual molecules, resulting in strong dispersion and loss in the dielectric 

behavior of a material. On or near lattice vibration or molecular bond resonances, k can become 

large enough to cause Tmeas = 0 to within experimental accuracy, giving insufficient information 

to invert Eqns. (5.4). Tmeas = 0 also means that partial reflections are negligible, so a 

simplification can be made in treating the reflectance as single surface only. The single surface 

reflection in terms of dielectric constant can be written as, 

 

𝑅(𝜔) = Á
Â𝜀3(𝜔) − 1
Â𝜀3(𝜔) + 1

Á
<

 

(5.5) 

If, for simplicity, we drop the frequency dependence, using Eqn. (5.1), the single surface 

reflection in terms of refractive index will be,  

 

𝑅 =
(𝑛 − 1)< + 𝑘<

(𝑛 + 1)< + 𝑘< 

(5.6) 
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In addition, in these frequency regions, if the oscillator strength of the vibrations is strong 

enough n can take on anomalous values n < 1 and even n < 0 in so-called reststrahlen bands [94].  

A reststrahlen band is a narrow energy band where the electromagnetic radiation cannot 

propagate within the material because n < 0, meaning all solutions of Maxwell’s equations in the 

material are exponentially decaying, so it experiences a total reflection. From Eqn. (5.6), it is 

clear that for 𝑛 = 0 and 𝑘 ≠ 0 then 𝜀3 = −𝑘< < 0. As a result, Eq. (5.6) predicts a single-

surface reflectivity equal to 1.  

Figure (5.1) depicts the relationship between 𝜀3 and frequency ω [95]. 

 

 
Figure 5.1. Dielectric function 𝜀3(𝜔) vs. frequency. The pole and zero happen at the 

transverse and longitudinal-optical frequencies, respectively [95]. 

 

 

That figure shows that any incident light with a frequency falling into a reststrahlen band, which 

is the frequency range between the transverse optical (T) and longitudinal optical (L) frequencies  

(𝜔Ä < 𝜔 < 𝜔Å) will experience a total reflection in the absence of damping. Waves of this 

frequency region are not able to propagate inside the crystal and so have zero transmission [95]. 

The two limiting frequencies of the reststrahlen band will then be related by the generalized 

Lyddane-Sachs-Teller (LST) relation to the dielectric behavior of disordered (non-crystalline) 

materials, [96], [97] 
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𝜀3(𝜔)
𝜀GHI

= Æ
𝜔ÅA< − 𝜔< − 𝑖𝛾A𝜔
𝜔ÄA

< − 𝜔< − 𝑖𝛾A𝜔

Ç

AÈ;

 

(5.7) 

which describes the connection between 𝜀3(𝜔), the dielectric constant at low frequencies, 

𝜀GHI	the dielectric constant at optical (high) frequencies, the transverse and longitudinal 

frequencies of lattice optical modes (𝜔Ä and 𝜔Å) in a crystalline solid with N optically active 

modes and 𝛾A	is the damping parameter of the 𝑚IÉ resonance. In Eqn. (5.7) in the case of small 

damping limit, the {𝜔ÄA} and {𝜔ÅA} give the poles and zeros of dielectric function. At the limit 

when w ® 0 this equation describes the well-known LST relation, [97] 

 

𝜀3(𝜔)
𝜀GHI

= Æ
𝜔ÅA<

𝜔ÄA
<

Ç

AÈ;

 

(5.8) 

The transverse optical mode frequency (𝜔Ä) is equal to the frequency where the imaginary part 

of the dielectric constant (𝜀QQ) peaks, and the longitudinal optical mode frequency is equal to the 

frequency where the real part of the dielectric constant (𝜀Q) is zero [98]. 

If we limit the system to a system with only one active optical mode in Eqn. (5.7),	

𝜀3(𝜔) = 𝜀GHI
𝜔Å< − 𝜔< − 𝑖𝛾𝜔
𝜔Ä

< − 𝜔< − 𝑖𝛾𝜔 

(5.9) 

The optical longitudinal frequency 𝜔Å  defined as 𝜔Å< = 𝜔Ä
< + ÊË�

ÌÍÎÏ
  where ΩÑ is plasma 

frequency, so we can write Eqn. (5.9) in the form of, 

 

𝜀3(𝜔) = 𝜀GHI +
ΩÑ<

𝜔Ä
< − 𝜔< − 𝑖𝛾𝜔 = 𝜀GHI +

𝑆𝜔Ä
<

𝜔Ä
< − 𝜔< − 𝑖𝛾𝜔 

(5.10) 
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where the ratio of  ÊË
�

ÒÓ�
  defines the oscillator strength. The Eqn. (5.10) can be generalized to N 

active optical modes.  

Thus, in the presence of resonances, where Rmeas shows strong dispersion and Tmeas is essentially 

zero or indistinguishable from zero within the experiment accuracy, using the LST relation 

generalized to disordered solids Eqn. (5.7) yields a complex dielectric function e (w) that can be 

written as a set of Lorentzian resonances [99]. 

 

𝜀3(𝜔) = 𝜀Q3(𝜔) + 𝑖𝜀QQ3(𝜔) = 𝜀GHI + Ô
𝑆A𝜔ÄA

<

𝜔ÄA
< − 𝜔< − 𝑖𝛾A𝜔

Ç

AÈ;

 

(5.11) 

where eopt is the optical dielectric constant or dielectric constant at high frequencies, 𝜔ÄA  

denotes the set of resonance frequencies, and Sm and gm are respectively the oscillator strength 

and damping parameter of the mth resonance. 

Since near any resonance the measured reflectance is effectively single-surface and the single-

surface reflectance R is expressed in terms of 𝑛 = 𝑅𝑒(Â𝜀3(𝜔)) and 𝑘 = 𝐼𝑚(Â𝜀3(𝜔)) and the 

LST relation Eqn. (5.8) and Eqn. (5.11) are all consistent with Kramers-Kronig [58], Eqn. (5.11) 

can be used to generate a numerical fit to Rmeas with three fitting parameters per resonance, 𝜔ÄA , 

Sm, and gm, and overall constant 𝜀GHI to obtain values of n and k that yield the best fit. The 

Kramers-Kronig as explained in [100] makes the calculation of dielectric constant (both real and 

imaginary parts) possible only having the reflection data Rmeas. So, the advantage of using an 

analysis based on Eqn. (5.7) or Eqn. (5.11) in resonant frequency ranges is that it uses only Rmeas 

data and not Tmeas in a frequency regime where Tmeas = 0 gives no useful information. We 

implemented the fitting in Mathematica® using its least squares curve fitting routine for 

complex valued functions [Mathematica code in page 103]. 
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5.5 Spectral Data and Analysis for Polymeric Materials  

Measured reflectance and transmittance data are summarized in Figure 5.2 which shows 

reflectance (blue, left axes) and transmittance (red, right axes) for four representative non-

crystalline samples of (a) BCB, (b) SU-8, (c) PEN, and (d) PDMS. These four material samples 

have different thicknesses, so absolute reflectance and transmittance values cannot be fairly 

compared. However, these spectra have some qualitative features in common. Transmittance is 

relatively high or rising at both the low and high frequency ends, indicating relatively low static 

and optical loss. For all of these materials in the frequency range of roughly 20 THz to 50 THz, 

reflectance shows strong dispersion indicative of molecular bond vibration resonances. Over the 

frequency band of these molecular resonances, the transmittance is essentially zero, indicating 

relatively strong absorption or loss. 

 
 

Figure 5.2. Broadband measured reflectance (blue, left axes) and measured transmittance (red, 

right axes) as a function of frequency taken on a) BCB, b) PEN, c) SU-8, and d) PDMS. 
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The large reflectance and transmittance “fluctuations” apparent in Figure 5.2 for both BCB and 

PEN below roughly 10 THz are not actually fluctuations but regularly spaced Fabry-Perot (F-P) 

oscillations [101] showing a low-frequency transmission window. Since F-P oscillations result 

from coherent interference among multiple partially reflected or transmitted waves from front 

and back surfaces of a sample, these strong F-P oscillations indicate that the partial waves in 

these materials are phase coherent suffer relatively little attenuation at low frequency. The F-P 

oscillations are quantitatively described by Eqns. (5.4) because they arise from the cosd  term in 

both equations in the limit of very low loss, k ® 0, or 𝛼< ® 1.  Fabry-Perot oscillations appear 

again in BCB at the high frequency end of the spectrum and no Fabry-Perot structure is observed 

in SU-8 or PDMS.  

For SU-8, the transmittance is very small through the whole frequency range. A series of 

resonances is apparent in 𝑅ABCD in the middle frequency range from ~ 10 to 55 THz that 

suppresses 𝑇ABCD to essentially zero. However, the off-resonance transmittance at both the low- 

and high-frequency ends is not very large, not exceeding 30% at the low end and 15% at the high 

end, despite the fact that the SU-8 sample is relatively thin (0.381 mm). This suggests that SU-8 

has a relatively high loss even away from any resonances. 

The transmittance for the PDMS was expected to be small because it is an order of magnitude 

thicker than any of the other polymeric samples (3.66 mm). 𝑇ABCD for PDMS is in fact essentially 

indistinguishable from zero through most of the frequency range from about 6 to 65 THz. 

However, 𝑅ABCD in this same frequency range shows significant resonance features as well, so 

the absence of transmittance could be due to a combination of thickness and resonant 

absorptions. Interestingly, the PDMS shows measurable transmittance below 5 THz and a fairly 

high transmittance of ~ 50% near 70 THz. Taking into account the thickness of the sample, this 

suggests that the off-resonance loss of PDMS below ~ 5 THz is relatively low, qualitatively 

consistent with reported measurements of modestly low PDMS loss tangent near 1 THz [85]. 

These broadband spectra clearly identify frequency bands of both relatively low loss and very 

high loss. The high loss bands are characterized by both very low transmittance (<10~<) and 

highly dispersive reflectance that signify multiple overlapping infrared active molecular bond 

absorption resonances. In all four materials, these bond resonances appear in the 10 to 50 THz 
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range. This frequency range is typical of various carbon-carbon and carbon-hydroxyl bond 

resonance modes in linear and aromatic organic molecules [102]. Since the resonant frequency is 

proportional to the square root of spring constant over the mass, for the carbon-carbon and 

carbon-hydroxyl bond in organic molecules, this ratio is equal to their resonant frequencies so 

they all show dispersive reflectance in this frequency regime. These broadband spectra clearly 

identify frequency bands of both relatively low loss and very high loss. The high loss bands are 

characterized by both very low transmittance (<10~<) and highly dispersive reflectance that 

signify multiple overlapping infrared active molecular bond absorption resonances. 

 

Figure 5.3 shows n and k spectra extracted from the data of Figure 5.2. At both low- and high-

frequency ends, where 𝑅ABCD shows little or no resonant structure and 𝑇ABCD is relatively high or 

rising, the off-resonance model of Eqn. (5.4) was used to extract n and k. Off-resonance model 

values are plotted in solid blue for n and in solid red for k. In the middle frequency range where 

𝑅ABCD shows resonant structure and 𝑇ABCD is essentially zero, the resonance model of Eqn. (5.11) 

was used to extract n and k. Resonance model values are plotted in dashed blue for n and in 

dashed red for k.  

 

Values of the molecular bond resonance parameters determined from fits of 𝑅ABCD to Eqn. (5.11) 

are given in Table (5.1). The off-resonance and resonance values are sometimes discontinuous 

where their frequency ranges meet. These discontinuities reflect the different two-surface vs. 

single-surface assumptions underlying each model. In reality, the transition between two-surface  

and single-surface is continuous, whereas for modeling we introduced sudden frequency cutoffs. 
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Figure 5.3.  Real index n (blue, left axis) and imaginary index k (red, right axis) values as a 

function of frequency for a) BCB, b) PEN, c) SU-8, and d) PDMS extracted from the data of 

Figure 5.2. Solid curves in the low- and high-frequency ranges are values extracted using 

the off-resonance two-surface model of Eqns. (5.4). Dashed curves are values extracted using the 

resonance single-surface model of Eq. (5.11) 
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Table 5.1. Molecular bond resonance frequencies, 𝜔A, oscillator strengths, 𝑆A , damping 

constants, 𝛾A , and the optical dielectric constant 𝜀GHI used to fit the reflectance data to single-

surface reflectance using Eq. (5.11) in resonance frequency regimes where measured 

transmission is zero to within experimental uncertainty. 

 

 
 

 

5.6 Comparison to Experiments in Literature  

The complex index values for BCB shown in Figure 5.3 are generally consistent with 

measurements reported in the literature in complementary and overlapping frequency ranges. 
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Perret et al. [103] measured transmission spectra from 0.5 to 5.4 THz on 30 µm thick BCB 

membranes. Like the data in Figure 5.3, Perret et al. [124] observed F-P oscillations throughout 

this frequency range. From an analysis of the frequency intervals and amplitudes of the 

transmittance oscillations, they report a nearly constant n = 1.58 ± 0.02 and k from about 0.006 at 

1 THz to 0.013 at 5 THz with an approximately linearly dispersion. They also reported a weak 

dependence of loss on exact curing conditions. In Figure 5.3, at frequencies < 8 THz, our 

extracted value for n = 1.64 ± 0.03 and is non-dispersive at low frequencies, and our values for k 

range from about 0.004 at 2 THz to 0.015 at 5 THz with a roughly linear frequency dispersion. 

We also note that a constant low-frequency value of n = 1.64 is quantitatively consistent with the 

reported co-planar waveguide (to 65 GHz) [104], W-band (75 to 100 GHz) [105], and 

microwave [106] values of the dielectric constant, though the values for k obtained here and in 

[103] appear significantly smaller than what would be expected from the value given in [106] 

linearly extrapolated up to THz. 

Comparisons between the SU-8 results in Figure 5.3 with literature in complementary and 

overlapping frequency ranges shows more variation than for BCB. Pulsed THz time-domain 

spectroscopy by Arscott et al. [78], from 0.1 to 1.6 THz, give a weakly dispersive n between 1.75 

and 1.8 near 0.1 THz, decreasing to 1.65 to 1.7 near 1.6 THz, and an absorption coefficient 

consistent with 𝑘 = ;
<
𝑛𝑡𝑎𝑛𝛿 ≈ 0.06 near 1 THz, where 𝑡𝑎𝑛𝛿 is the loss tangent and for a pure 

dielectric material with no free carriers it is defined as the ratio of the imaginary part of dielectric 

constant to the real part of dielectric constant, 

 

𝑡𝑎𝑛𝛿 =
𝜀QQ(𝜔)
𝜀Q(𝜔)  

(5.12) 

Similar time-domain spectra by Ghalichechian and Sertel [62] studying partially and fully cross-

linked SU-8 report a weakly dispersive n ≈ 1.65 (partially cross-linked) and n ≈ 1.71 (fully cross 

linked) at 1 THz, with an increasing loss tangent consistent with k ≈ 0.07 (partially cross-linked) 

and k ≈ 0.05 (fully cross-linked) at 1 THz. Microwave values quoted by the vendor at 1 GHz are 

n = 2.02, k = 0.015 for SU-8 2000 and n = 1.79, k = 0.033 for SU-8 3000. The variation of results 
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suggests that the dielectric properties of SU-8 are sensitive to type and exact processing 

conditions [107]. 

For PDMS, Figure 5.3 gives n = 1.57 ± 0.02 near 3 THz. This is close to a reported value of 1.55 

near 2.5 THz in [108] and about 5% higher than the value of 1.50 ± 0.01 in [85] near 1 THz. All 

measurements show that n is essentially non-dispersive to within a few percent at frequencies 

below 3 or 4 THz. Beyond that, Figure 5.3 shows that n has strong dispersion above ~ 8 THz due 

to the onset of the lowest molecular resonance. In terms of loss, Figure 5.3 indicates a k value of 

0.011 near 2 THz. By comparison, Headland et al. [85] show a loss tangent consistent with  

k = 0.043 near 1 THz in a 4.4-mm-thick sample, while Khodasevych et al. [108] gives an 

absorption coefficient consistent with k = 0.019 in a 0.96-mm-thick sample. A value of k near 

0.01 is comparable to the lowest loss polymer materials (high-density polyethylene, 

polypropylene, and Teflon®) reported in [80]. It is unclear whether different sample preparation 

conditions could result in the lower k values measured in this work compared to [85]. The only 

reported difference in sample preparation is in the curing conditions. This work used a 60 °C 

cure in ambient atmosphere for 4 h, while Headland et al. [85] used a room temperature cure in 

ambient atmosphere for 48 h. 

While all loss information is contained in k, another conventional method of describing loss is 

using the power absorption coefficient, 

 

𝜅 =
4𝜋𝑘
𝜆P

=
4𝜋𝑘𝑓
𝑐  

(5.13) 

From the attenuation factor 𝛼< = 𝑒𝑥𝑝 ¾~*+,½
-.

¿ in Eqns. (5.4), so 𝜅 gives the logarithmic power 

attenuation per unit distance at each wavelength. 𝜅 includes the effect of rising loss with 

increasing frequency even if k (imaginary part of refractive index) is frequency independent. 

Figure 5.4 plots this logarithmic power attenuation 𝜅 on a logarithmic scale vs. frequency for all 

samples, using the k values of Figure 5.3.  
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Figure 5.4. Absorption coefficient 𝜅 = *+,
-.

 for a) BCB, b) PEN, c) SU-8, and d) PDMS 

plotted on a log scale vs. frequency. The k values are those plotted in Figure 5.3. Solid curves in 

the use k values extracted using the off-resonance two-surface model of Eqns. (5.4). Dashed 

curves use k values extracted using the resonance single-surface model of Eq. (5.11) 

 

 

5.7 Spectral Data and Analysis for Perovskite Material  

Another sample we discussed in Chapter 4 is a high quality methylammonium lead bromide 

(CH#NH#PbBr#) perovskite single crystal. The crystal used was 7.02 mm x 6.28 mm in area, 

which is larger than the approximately 4 mm diameter Gaussian beam waist, and the thicknesses 

was 2.41 mm, as measured by calipers. Figure 5.5 shows the broadband power transmittance and 

reflectance spectra of a single crystal of CH#NH#PbBr# over the whole frequency range between 

900 GHz to 75 THz. An unpolarized mercury discharge lamp, 6 µm multilayer beamsplitter, and 

room-temperature far-infrared deuterated triglycine sulfate (DTGS) detector were used to cover 

the frequency range from 900 GHz to 13.5 THz. From 12 THz to 75 THz an unpolarized SiC 

globar light source, KBr beamsplitter, and mid-infrared DTGS detector were used. Again, where 

frequency coverage overlapped we used the data from the light source / beam splitter / detector 
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combination that gave better signal-to-noise ratio (SNR). The spectra shown are averages of 100 

scans. Scan settings used were a moving mirror velocity of 6.238 mm/s and spectral resolution of 

0.1 cm–1 (3 GHz) across the entire frequency range.  

The reflection data plotted in blue shows a sharp reflectance local maximum of 0.71 near 1.35 

THz followed by a steep drop that is indicative of an isolated optical phonon reststrahlen band. 

The absolute reflectance maximum of 0.79 near 2.64 THz, followed by a more gradually 

reflectance decline with a “shoulder” around ~ 3.3 THz and a near-zero minimum near 5.7 THz, 

shows the distinctive shape of a coherent reststrahlen band arising from two overlapping optical 

phonon modes. The 1.3 THz to 6 THz characteristic frequency range of these phonons indicates 

that these lattice dynamics arise from the relatively massive Pb-Br sublattice, which is much 

lower than the 10 to 50 THz range of molecular resonances that we have seen in polymeric 

materials (section 5.4) and it is consistent with the previous reports [109], [110], [111]. 

 

 
 

Figure 5.5.  Broadband (900 GHz to 75 THz) measured reflectance (blue, left axis) and measured 

transmittance (red, right axis) as a function of frequency for methylammonium lead bromide 

single crystal. 
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Figure 5.6 shows the details of the lower frequency reflectance spectrum on a linear frequency 

scale from 900 GHz to 12 THz where Tmeas ≤ 0.01 which is indistinguishable from zero to within 

the sensitivity limits of the detector at the low end of its frequency range. Over this same frequency 

range Rmeas shows the distinctive high peak reflectance shape associated with reststrahlen bands 

due to coherent infrared-active optical phonon resonances, rising up to almost 0.8 at its peak near 

2.7 THz, rapidly falling to a near-zero minimum close to 5.7 THz, then rising again towards a 

high-frequency saturation reflectance value near 0.1. 

 

Again, to understand quantitatively the optical phonon origin of these reflectance features, we fit 

this Rmeas data using the normal incidence single-surface reflectance, Eqn. (5.5) and a single-

surface reflectance is justified here because the transmittance is essentially zero, meaning that 

additional reflections from the back surface are negligible.  

 

 
 

Figure 5.6. Details of the low frequency reflectance spectrum from 900 GHz to 12 THz for 

MAPbBr# crystal. The blue curve is measured data. The red curve is a fit to the data using Eqns. 

(5.5) and (5.7). 
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The resulting fit is shown by the red curve in Figure 5.6, and the fitting parameters are given in 

Table 5.2. This fit provides a nearly exact quantitative description of the low frequency reflectance 

using three (m = 3) T-L resonance pairs. The T1-L1 resonance has a high quality factor (quality 

factor shows how underdamped a resonator is and characterizes a resonator bandwidth relative to 

its center frequency)	𝑄; =
ÒÓ×
Ø×

= 4.63 and is isolated from the higher two modes, giving it a sharp 

peak and drop-off. The T2-L2 and T3-L3 resonances have relatively lower quality factors 𝑄<= 

2.68 and 𝑄#= 3.31 and overlap, yielding a broader maximum and a “shoulder” in the reflectance 

spectrum compared to the m = 1 resonance. 

 

 

Table 5.2.  Fitting parameters for low frequency resonances of methylammonium lead bromide 

single crystal. 

 
 

The ~ 1.5 THz to ~ 6 THz characteristic frequency range of these reststrahlen bands indicates that 

these phonon modes arise from the relatively massive Pb-Br3 sublattice.  
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Figure 5.7. Crystal structure of CH#NH#PbBr#	perovskite [112]. 

 

 

This is consistent with the Pb-I-Pb mode assignments used to explain the low frequency absorbance 

resonances of (CH3NH3)PbI3 [132]. Because Pb-I has a larger reduced mass µPbI = 78.7 (in atomic 

mass units) compared to Pb-Br with µPbBr = 57.7, the Pb-X vibrational resonances of 

(CH3NH3)PbI3 reported in [113] occur at lower frequencies compared to the (CH3NH3)PbBr3 

resonances in Figure 5.6 by a factor of roughly [µPbBr/µPbI]1/2 = 0.86. 

 

Figure 5.8 shows the low frequency dielectric function 𝜀3(𝜔) derived from Eqn. (5.5) using the 

fitting parameters given in Table 5.1. In Figure 5.8 two reststrahlen bands, defined by frequency 

intervals where Re[𝜀3(𝜔)] has an anomalous < 0 value, are apparent, one between 1.35-1.5 THz 

and the other between 2.01-4.86 THz. As there are no propagating electromagnetic wave 

solutions in the material when Re[𝜀3(𝜔)] < 0, these reststrahlen bands cause the high reflectance 

observed and indicate that these phonon modes are highly coherent in the crystal. 
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Figure 5.8. Real and imaginary parts of the low frequency dielectric function as calculated using 

Eqn. (5.5) and the fitting parameters in Table 5.2. The grey shaded frequency regions indicate 

optical phonon reststrahlen bands with anomalous values of  Re[𝜀3(𝜔)] < 0. 

 

Figure 5.8 shows that the dissipative Im[𝜀3(𝜔)] can be >> 1 on and between resonances but falls 

to the mid 10–2 range at 12 THz and above, which is well off any resonance. This accounts for the 

near zero transmittance at low frequencies and the appearance of a transmittance window above 

12 THz. Comparing our data and analysis to [114], which reported reflectance measurements on 

(CH3NH3)PbBr3 at 80° angle of incidence, reveals some similarities and some qualitative 

differences. The general shape of the low frequency reflectance spectra in both [114] and Figure 

5.6 suggests reststrahlen bands, and we agree quantitatively with [114] on a low frequency optical 

phonon mode with 𝜔Ä; = 1.32-1.35 THz and 𝜔Å; = 1.53 THz. Above that mode, we find a 

maximum reflectance of 0.79 (at 10° incidence, normalized to a silver mirror) at 2.64 THz while 

[114] shows a maximum reflectance of about 0.28 (at 80° incidence, normalized to a gold mirror) 

near 3.9 THz. Both sets of data show a near-zero reflectance minimum close to 6 THz. The 

reflectance maximum shown in [114] is broader than that shown in Figure 5.6 and lacks the 

“shoulder” feature apparent around 3.6 THz in Figure 5.8.  
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The major difference between our analysis of the lattice dynamics and that of [114] is in the 

interpretation of the high reflectance region between approximately 2.1-5.1 THz. Because the 

breadth of their reflectance maximum suggests a strong anharmonic T-L pair splitting, [114] used 

a Gervais model, which allows separate damping constants for the T and the L phonon, and one 

T-L phonon pair (𝜔Ä<= 2.19 THz, 𝜔Å<= 5.01 THz) to describe the high reflectance region, rather 

than the two T-L pairs used here. By contrast, we find a superior quantitative fit to the high 

reflectance region, including the “shoulder” feature near 3.6 THz, using Eqn. (5.7) with two 

overlapping T-L phonon pairs (𝜔Ä< = 2.01 THz, 𝜔Å<= 2.91 THz; 𝜔Ä#= 2.88 THz, 𝜔Å#= 5.07 THz). 

In our analysis, the breadth of the high reflectance region is not due to a single very strong and an-

harmonic T-L phonon pair, but instead is due to two overlapping T-L phonon pairs. It is unclear 

whether these differences are mostly due to the near-grazing angle of incidence used in [114] 

compared to the near-normal angle used here, or to a difference in quality of crystal sample used. 

 

Figure 5.9 shows the details of the higher frequency spectra on a linear frequency scale from 12 

to 75 THz. Between 24 THz to 60 THz, 𝑅ABCD shows a series of resonance structures. At these  

high frequencies, such resonance structures are not associated with lattice dynamics involving  

the high mass Pb and Br cations. Instead, resonances in this frequency range are associated with 

internal bond vibrations of the CH#NH# (MA) anions. Glaser et. al. identified the resonance 

frequencies of a series of infrared-active CH#NH# modes in a MAPbBr# crystal between 24 to 

105 THz [115]. 
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Figure 5.9. Higher frequency measured reflectance (blue, left axis) and measured 

transmittance (red, right axis) spectra (12 to 75 THz) as a function of frequency for MAPbBr# 

crystal. 

 

 

To understand quantitatively the localized molecular bond resonances origin of these reflectance 

features, we fit 𝑅ABCD using the normal incidence single-surface reflectance because the 

transmittance is essentially zero, Eqn. (5.5), at each frequency to Eq. (5.11).  

Also, the off-normal incidence correction to reflectance for 𝜃s = 10° and ε ≈ 4 is ≤ 0.5% for 

unpolarized light, so the normal incidence assumption is justified. For 𝜀3(𝜔) we used the 

generalized Lyddane-Sachs-Teller (LST) model Eqn. (5.11) for the effect of IR-active molecular 

modes on the dielectric function. 

For the fitting, the frequencies of six resonant modes as specified in [116] were fixed, while 𝜀GHI 

(an overall constant independent of frequency), 𝑆A, and 𝛾A were used as fitting parameters to 

determine the single surface reflection Eqn. (5.5) function that best fit the 𝑅ABCD data. The 

resulting fit is shown by the black curve in Figure 5.10, and the fitted mode parameters are given 

in Table 5.3. All of these CH#NH# modes are highly underdamped, i.e. their quality factors (the 

physical quantity that describes the damping at each resonant frequency) 𝑄A ∼ Ò�
Ø�
	>> 1, with 

very small oscillator strengths 𝑆A< 0.01 because these oscillations are not coherent across the 
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crystal. Finally, the two higher frequency features between 60 and 70 Hz, denoted by (A) and (B) 

in Figure 5.9, are assigned by [116] as sum-frequency products generated by non-linear mixing. 

 

 

Figure 5.10. Details of the high frequency reflectance (blue, left axis) and transmittance (red, 

right axis) spectra from 12 to 75 THz. The blue and the red curves are measured data. The black 

curve is a fit to the reflectance data using Eqns. (5.11). Fitting parameters are given in Table 5.3. 

There are 6 resonances that are the CH3NH3 resonance frequencies, and (A) and (B) the 

nonlinear sum frequencies, given in [116]. 

However, all of these (CH3NH3) modes are highly underdamped, i.e. their quality factors Qm ~ 
ÒÓ�
Ø�
	>> 1, all have very small oscillator strengths Sm < 0.01, which is insufficient to drive 

Re[𝜀3(𝜔)] < 0 and cause a reststrahlen band. 
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Table 5.3.  Fitting parameters for high frequency reflectance resonances. [𝜀GHI= 3.7] 

* values are taken from [116]. 

 

 

The absence of any reststrahlen bands arising from (CH3NH3) modes is shown explicitly in Figure 

5.11, which plots the real and imaginary dielectric function calculated from Eqn. (5.5) using the 

parameters of Table 5.3. The real dielectric function in Figure 5.11 never falls below 3.45.  

Finally, the two higher frequency features between 60 THz and 69 THz, denoted by (A) and (B) 

in Figure 5.10, are assigned by [116] as sum-frequency products generated by non-linear mixing. 
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Figure 5.11.  Real and imaginary parts of the high frequency dielectric function as calculated 

using Eqn. (5.5) and the fitting parameters in Table 5.3.  

 

 

The main disagreement between our dielectric parameters given in Table 5.3 compared to [116] is 

in the value of 𝜀GHI, where our value of 3.7 is significantly smaller than the value of 4.7 quoted in 

[116]. The value of 𝜀GHI= 3.7 in Table 5.3 is also smaller than the value of 𝜀GHI= 4.1 given in Table 

5.2 from fitting the low frequency optical phonon resonances. The lower 𝜀GHI obtained from our 

high frequency fitting is a direct consequence of the fact that the general background reflectance 

level we measure at high frequency, about 0.095, is lower than both the background reflectance 

level of about 0.135 shown in [116] over the same frequency range and lower than what is 

extrapolated to higher frequency from Figure 5.10. Much of the reflectance difference arises from 

an unknown feature in the reflectance spectrum near 21 THz, marked by a question mark (?) in 

Figure 5.10, where the reflectance drops. The reflectance spectrum given in [116] does not go to 

low enough wavenumber to show whether they observe a similar feature. 
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CHAPTER 6 
 

DESIGN AND CALBATION OF A QUASI-OPTICAL MILLIMETER-WAVE  
 

DIELECTRIC SPECTROMETER 
 

 
6.1 Background  

Geometrical optics is a scientific field that most scientists and engineers are reasonably familiar 

with and deals with radiation in the limit that the aperture size of the optics (lenses or mirrors) 

>> longest wavelength of light used. Geometrical optics is consist of complete and precise 

methods to analyze optical systems that share the common characteristic that the dimensions of 

all components (e.g., lenses mirrors, apertures) are large enough to neglect the effects of finite 

wavelength [117]. However, when 𝜆 ≅	optical system dimensions, diffraction effects are the 

dominant effect that affect the propagation of radiation. In this case, which includes the near 

field of an aperture or antenna, a more complex calculation is needed for analyzing the behavior 

of a beam.  

Quasi-optics lies in between these two limits and therefore includes the significant and realistic 

situation of a beam of radiation shaped by optical components whose apertures are reasonably 

large when measured in wavelengths. This condition allows the theory of Gaussian beam modes 

and Gaussian beam propagation to be applicable. Gaussian beams and Gaussian optics systems 

play a major role at microwave and millimeter-wave systems and most common horn antennas 

that broadcast/receive microwaves and mm-waves to and from free-space produce beams with 

Gaussian intensity profiles, hence Gaussian optics is useful for these systems [117]. 

      

As we have seen in previous chapters the signal to noise ratio of an FTIR spectrometer breaks 

down below roughly 3 to 4 THz for most of the polymeric/dielectric materials measured, so we 

needed an alternative method to study the dielectric response properties at lower frequencies. 

The frequency range from 30-300 GHz is usually referred as the millimeter wave frequency 

range of the electromagnetic spectrum and the frequency range from 300 GHz to 3 THz is 

referred to as the sub-millimeter frequency range in most electronic papers.  
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At millimeter and sub-millimeter wave frequencies the relative permittivity, permeability and 

refractive index of materials are important properties of dielectric materials because  of their 

wide electrical and electronics applications in, for example, high-resolution imaging systems, 

satellite cross-links, automotive collision avoidance, radar, and high data-rate 

telecommunications. 

The relative permittivity, relative permeability characteristics of materials must be accurately 

measured to generate accurate models and designs of millimeter and sub-millimeter wave 

circuits [118]. Many techniques are available for the characterization of these parameters at these 

frequencies [119]. Figure 6.1 shows a graph by Agilent Technologies representing the 

appropriate measurement techniques for material characterization at different frequencies in 

terms of how lossy the material under test will be. All the materials that we discussed in previous 

chapters are relatively low-loss material (𝑡𝑎𝑛𝛿 ≪ 1) so according to this plot the appropriate 

measurement techniques in millimeter and sub-millimeter frequencies would be transmission line 

or waveguide method and free-space measurements (FSM) method. 

 

 

 
 

Figure 6.1. Different techniques for material characterization at different frequencies depending 

how lossy the material under test will be. 
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The first class of characterization techniques is the waveguide method that requires rectangular 

or coaxial waveguides or cavities where sample machined to a precise shape are inserted inside a 

waveguide and phase sensitive transmission through and reflection from the waveguide, with and 

without the sample, are measured using a vector-network-analyzer (VNA) [120]. 

The major drawback of the waveguide method in the millimeter and submillimeter wave range is 

that the waveguide dimensions applicable for this frequency regime decrease and as a 

consequence, the sample size becomes a critical parameter since cutting and fitting the sample to 

a precise shape so it fits inside the waveguide becomes very difficult.  

The second measurements method is free-space characterization technique. The free-space 

measurement methods do not require specific and accurate sample machining and hence are 

contactless and nondestructive. Therefore, the free-space method is the applicable solution for 

our purposes of material characterization. In general, this method is based on placing a sample of 

unknown material in free space between transmitting and receiving sources, much the same as 

FTIR. Unlike the FTIR, transmission and reflection measurements using a VNA in free-space are 

phase and amplitude sensitive, rather than simply power sensitive as in the FTIR. Measurements 

are based on the change in phase and attenuation of an incoming Gaussian electromagnetic wave 

that leaves the transmitter and either passes through the material or reflects off of the sample and 

is received by a receiver.  

 

All the materials that we introduced in previous chapters and presented their dielectric behaviors 

are non-magnetic materials. So, we just worked on investigating their relative permittivity in the 

whole frequency range of interest, simply assuming the relative permeability=1. The other reason 

we chose only non-magnetic materials was the lack of information provided using FTIR. Since 

all the sources and detectors inside the FTIR are phase insensitive, the only data collected by 

FTIR is the power reflection and transmission information. But as we will introduce in the next 

section, in the free-space method, using a VNA makes it possible to measure phase and 

magnitude of both the transmitted and reflected wave at each frequency. Therefore, this method 

is more general since providing phase information makes it possible to have permeability 

measurements as well.  
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6.2 Experimental Setup 

 In this work a new measurement technique is presented to perform a free-space broadband 

material measurement to determine the dielectric response of magnetic and non-magnetic 

materials, without the need to assume that relative permeability=1. 

There are a lot of measurements in literature reporting dielectric behavior of materials measured 

using free-space methods. But in all these measurements, they either required a relatively large 

piece of sample (about 1m ×1m in area) in front of transmitting and receiving antennas to reduce 

the diffraction effects or they used collimated plane waves (using mirrors or lenses) for samples 

smaller in size (about 5 cm × 5cm in area) to receive the plane wave [121],[122],[123 ]. 

 

 
Figure 6.2. Free-space measurement setup for relativity large samples. 

 

 

 
Figure 6.3. Free space measurement setup using collimated beam using parabolic mirrors [121]. 
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All the polymeric materials we introduced in Chapter 4 are roughly 1cm ×1cm in area so none of 

these two experimental setups is appropriate in here. In Figure 6.4 you see the first sketch of our 

proposed experimental set-up that is able to bring the beams to a focus at the surface of the 

materials so that the beam waist is smaller than the area of the material under test (MUT). This 

system consists of four identical parabolic mirrors, two horn antennas, two frequency multiplier, 

sample holder and a vector network analyzer.   

 

 
Figure 6.4. Two horn antennas, two frequency extenders, four parabolic mirrors, a sample holder 

and VNA are used to compose the measurement system.  

 

 

The first mirror in front of the transmitter (Tx) is responsible for collimating the incoming light 

and the second one is in place to bring this collimated light to a focus (beam waist) at the sample 

surface.  

The diameter of the off-axis parabolic mirrors that used in this setup is 50.8 mm and their focal 

length are 101.1 mm so the f number for the optics of this setup will be, 𝑓 = ÜÝÅ
Þ
= 1.98 and the 

beam waist of the optics can be calculated as, 

 

𝑅𝐹𝐿 =
𝜋𝜔P<

𝜆  

(6.1) 
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where 𝜔P is the beam waist of the Gaussian beam, 𝜆 is the wavelength of the beam and RFL is 

the reflected focal length of the mirrors. Since we use the frequency range of 140-220 GHz then 

this beam waist would be between 6.6-8.3 mm which is smaller than the samples size.  

The reflected wave will undergo the same path to the transmitting antenna. On the other side the 

transmitted light through the sample will be collimated using the mirror placed at the right of 

sample holder and this collimated light will be focused at the receiving antenna (Rx). The 

parabolic mirrors are all identical and they are off axis, 2-inch diameter with reflected focal 

length (RFL)=101.6 mm. While the frequency of the VNA is 67 GHz, the frequency range is 

increased up by multiplier wave extenders to 140-220 GHz, called the WR-05 band. Two SGH-

05 rectangular waveguide pyramidal horn antennas with gain of 24 dB are attached to each 

frequency extenders to broadcast and receive to and from free space.  

All the distances must be measured precisely. The distance between the Tx and mirror must be 

equal to the focal length of the mirror and this distance  (RFL=101.6 mm) must be in the far-field 

region of the electromagnetic wave from transmitting antenna in order to have radiative 

electromagnetic radiation. To have radiative electromagnetic radiation out the transmission 

antenna, far-field distance is given by, 

 

𝐹𝑎𝑟	𝐹𝑖𝑒𝑙𝑑 ≥
2𝐷<

𝜆  

(6.2) 

where D is the antenna length or diameter (in case of using conical horn antenna) of the antenna 

and 𝜆	is the wavelength in free space. For the SGH-05 Millitech horn antenna (140-220 GHz), 

used, the far filed distance is less than the RFL of the parabolic mirror. 

The sample holder must be placed between two parabolic mirrors and at the focal point of each 

mirror. The distance from the mirror in front of the Rx also has to be equal to the focal length of 

the mirror. So, this system setup theoretically is symmetric around the sample holder. 

Figure 6.5 shows our measurement setup in the lab. The horn antennas are connected to the VNA 

using frequency multipliers and coaxial cables. 
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Figure 6.5. The free-space measurement setup in the TxACE lab. 

 

 

All the mirrors are mounted on two optical translation stages (allowing independent x- and y- 

positioning) and the sample holder is on a 3-D translation stage (to allow height adjustment as 

well). For the alignment purposes we used a He-Ne laser in the place of transmitting antenna and 

a flat silver coated mirror in the sample holder to be able to track the incoming and reflected 

light. We repeated this procedure for the other side of the setup (port 2) and He-Ne laser instead 

of receiver. When everything was set, we removed the laser and mounted the horn antennas 

attached to frequency extenders in the exact same position and connect them to the VNA using 

the coaxial cables. 

 

 

6.3 Measurements of Scattering Parameters 

At millimeter and sub-millimeter frequencies, measurements of oscillating voltage and current 

become more complicated. As a result, a Vector Network Analyzer (VNA) uses a more complex 

design to measure incident and reflected waves. The primary use of a VNA is to determine the  

scattering parameters (S-parameters) of the MUT. The S-parameter describe the electrical 

response of device/material under test to incident signals. 
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For a two-port network, in the measurements of 𝑆;; (reflection) port 1 is Tx and Rx as well, for 

𝑆<;(transmission), port 1 is Tx and port 2 is Rx, for 𝑆<< (reflection) port 2 is Tx and Rx and 

finally for 	𝑆;< (transmission) measurements port 2 is Tx and port 1 is Rx [124]. 

 

 

 

 

 Figure 6.6. A two-port Scattering parameter setting. 

 

 

The scattering parameters defined as,  

 

𝑆;; =
á×
C×

                 𝑆<< =
á�
C�

 

𝑆<; =
á�
C×

                 	𝑆;< =
á×
C�

 

(6.3) 

where |𝑆;;| and |𝑆<<| are the amplitude of reflected signal to port 1and port 2 respectively and 

|𝑆<;| and |𝑆;<| are the amplitude of transmitted signal to port 2 and port 1 respectively.  

There is also a matrix algebraic representation of these S-parameters, 

 

v𝑏;𝑏<
x = v𝑆;; 𝑆;<

𝑆<; 𝑆<<
x ¾
𝑎;
𝑎<¿ 

(6.4) 

In general, all these S-parameters are complex functions of frequency and contain information 

about the amplitude and phase of reflected or transmitted signals. In the measurement procedure 

the material is inserted into the sample holder in a free-space transmission path between mirrors 
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and horn antennas. The permittivity and permeability extraction are based on measuring S-

parameters. The Nicolson-Ross-Weir (NRW) method is a calculation method that connects the 

S-parameters and dielectric response of materials [125]. In other words, the goal of NRW 

method is to determine permittivity and permeability of materials using the reflection coefficient 

(𝑆;;	or	𝑆<<) and the transmission coefficient (𝑆<;or	𝑆;<).  

The relative permittivity and permeability of the materials are complex functions of frequency, 

 

𝜀3(𝜔) = 𝜀Q(𝜔) + 𝑖𝜀QQ(𝜔) 

𝜇3(𝜔) = 𝜇Q(𝜔) + 𝑖𝜇QQ(𝜔) 

(6.5) 

Assuming the measurement system is symmetric with regard to port 1 and 2 (as ours is), then the 

NRW method calculates the S-parameters as the summation of multiple partial reflection and 

transmission in the exact same way as we did in section (2.4), 

 

𝑆;; =
(1 − 𝑇<)Γ
1 − 𝑇<Γ<  

 

𝑆<; =
(1 − Γ<)T
1 − 𝑇<Γ<  

(6.6) 

where T is the transmission coefficient and Γ is the single-surface reflection amplitude and 

taking the its magnitude square gives of single-surface power reflection coefficient (Eqn. 2.7 for 

non-magnetic materials). T and Γ are complex functions of relative permittivity and permeability 

of the medium and given by, 

 

𝑇 = exp(−𝛾𝑑) 

 

Γ =
𝑍 − 𝑍P
𝑍 + 𝑍P

 

(6.7) 
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where 

𝛾 = 𝑖 <+
-.
√𝜀3𝜇3                              𝑍 = X

ëì
Ìì

 

(6.8) 

and 𝜆P	is the free-space wavelength. 

Some manipulation in Eqns. (6.5) gives us relative and permittivity of the materials, 

 

𝑋 =
𝑆;;< − 𝑆<;< + 1

2𝑆;;
 

(6.9) 

And then the reflection coefficient and transmission coefficient can be reduced as, 

Γ = 𝑋 ± Â𝑋< − 1 

 

𝑇 =
𝑆;; + 𝑆<; − Γ

1 − (𝑆;; + 𝑆<;)Γ
 

(6.10) 

So, considering 𝑘 = ï
<+½ð

 the relative permittivity and permeability can be written as,[126] 

 

																																					𝑐; = ¾;¼ñ
;~ñ

¿
<
                                      𝑐< = −(𝑘𝑙𝑜𝑔𝑇)< 

 

(6.11) 

And 

𝜇3 = √𝑐;𝑐<                         𝜀3 = X
ï�
ï×

 

																												(6.12) 

In the case of non-magnetic materials where 𝜇3 = 1, the NRW equations (Eqns. 6.5) can be 

written in terms of Eqns. (2.7), considering 𝑆;; and 𝑆<; are the amplitude of reflected and 

transmitted signals while 𝑅ABCD and 𝑇ABCD are the total reflected and transmitted power so, 
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𝑅ABCD = 𝑆;; ∗ 𝑆;;∗ 

𝑇ABCD = 𝑆<; ∗ 𝑆<;∗ 

(6.13) 

where 𝑆;; and 𝑆<; are complex functions of relative permittivity, frequency and thickness of the 

materials while 𝑅ABCD and 𝑇ABCD are real functions of permittivity, frequency and thickness. 

So, the VNA measures and displays the S-parameters as functions of frequency, but only perfect 

measurement equipment would not need correction and imperfections occur in even the finest 

test equipment and they cause uncertainty in measurement results. However, some of the factors 

that contribute to uncertainty in measuring a MUT are repeatable and predictable over time and 

temperature and can be removed (systematic errors), others are random and cannot be removed 

(random errors). 

 

 

6.4 Calibration Procedure 

Measurement calibration is a procedure where the systematic errors can be removed and enhance 

the accuracy of the measured data. To have good VNA S-parameter measurements the 

calibration process is necessary since the components of the measurement setup such as 

imperfect connectors, cabling, and even the response of the test instruments can introduce errors 

into measurements.  

However the VNA is designed as an extremely linear receiver and its sources designed in a way 

to have adequate spectral purity to make good measurements, depending on what type of 

calibration is being used, there are a number of imperfections that limit VNA measurements 

without an appropriate calibration. These imperfections include: 

1. Impedance Mismatch: A vector network analyzer is a broadband measurement instrument 

for transmission and reflection measurements so impedance mismatches exist within the 

test setup which are source of measurement uncertainties in the measured S-parameters. 

These errors can distort signal and make it difficult to determine which reflections are 

from the MUT/DUT and which are from other sources involved. 
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2. Directivity: A key component of a VNA is a directional device. This device is 

responsible for separation of incident signal on the MUT/DUT from the reflected signal. 

However, the directional devices are of very high quality, in reality, there is a certain 

amount of signal that leak even when a perfect termination is connected. This leakage 

cause energy to receive by receiver without even reflecting off the MUT/DUT.  

3. Frequency Response: The internal frequency response of the VNA could be calibrated at 

the factory, but since in NA application we usually use coaxial cables to connect VNA to 

frequency multipliers, the frequency response of cables and other attached components 

must be calibrated out for high-quality measured S-parameters [127]. 

 

These errors are present at each port of a VNA. In a one-port reflection geometry, the 

measured reflection coefficient by the VNA is related to the calibrated reflection coefficient 

if we know the error coefficients involved, [128] 

  

𝑆;;ABCD = 𝐸Þ +
(1 − 𝐸Ü)𝑆;;ïCô

1 − 𝐸D𝑆;;ïCô
 

(6.14) 

where 𝐸Þ  is the directivity error coefficient, 𝐸Ü  is called reflection tracking error coefficient and 

𝐸D is the source match error coefficient. So, one-port calibration model is also called a 3-term 

error model. In two-port calibration when transmission and reflection from a MUT/DUT are 

involved, the calibration process is more complicated. In this case there are different models to 

calibrate the measured data. Since two ports are both transmitting and receiving, we need to have 

a forward (port 1 to port 2) model and a reverse (port 2 to port 1) model to fully calibrate data. A 

classic two-port calibration model consists of 12-term error coefficients, 6 error terms for the 

forward model to give calibrated 𝑆;; and 𝑆<; and 6 error term for the reverse model that yields 

calibrated 𝑆<< and 𝑆;<. For instance, for the forward model these 6-term error model are 

directivity, port-1 match, reflection tracking, transmission tracking, port-2 match and leakage 

[128]. 
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In this work we used a two-step calibration process to minimize the measurement uncertainties. 

The first step is done using an OML (Oleson Microwave Lab) calibration kit and the second step 

is the free-space calibration. The OML’s millimeter wave calibration kits contain the waveguide 

components that precisely calibrate the VNA for high precision S-parameter measurements up to 

the output flanges of the OML frequency extenders. For VNA calibration using OML calibration 

kit, depending on the experiment we can perform either a full one-port calibration (reflection 

only) or two-port calibration (reflection and transmission) process. In the case of one-port 

calibration since only one port is involved in calibration the transmitting and receiving ports are 

the same. We used this calibration process when we were just interested in reflection 

measurements. A full two-port calibration is done whenever we need the transmission data as 

well. 

Using the OML calibration kit (WR-05), in the first step we performed a Short-Offset Short-

Load-Thru (SOLT) calibration at the frequency extenders’ waveguide flanges. For the SOLT 

calibration, we connected each standard at the reference plane (waveguide flange) so the VNA 

can measure them. The short standard stands for an ideal reflector and needs to be connected to 

each waveguide flanges. The VNA displays the 𝑆;; and 𝑆<< around zero dB in magnitude when 

short standard connects to each waveguide flange. The Offset short standard is the short standard 

that connects to the waveguide flange using a 0.5690 mm thick shim to add a known propagation 

phase to the reflected signal at essentially constant reflection amplitude. The VNA again displays 

the magnitude of 𝑆;; and 𝑆<< around zero dB. The load standard stands for an ideal absorber that 

absorbs almost the whole incoming signal. This load standard also has to be mounted on each 

waveguide flange. With the Load standard is attached, the VNA shows the magnitude of  𝑆;; and 

𝑆<< around -40dB. For the Thru standard, we needed to bring the port 1 and port 2 frequency 

multipliers together and connect them using the Thru standard. The Thru standard is like an ideal 

transmission between two ports and in this case VNA displays 0 dB for 𝑆<; and 𝑆;< 

measurements.  

After SOLT calibration is performed, then the horn antennas were attached and the second step 

(free-space) calibration was performed. The first step of calibration (SOLT) was pretty 

straightforward using OML waveguide calibration kits. The most challenging part of calibration 
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was the free-space calibration when the measurement reference plane mathematically moved to 

the sample surface and I will discuss it in the next section. 

 

6.5 Extracting of Complex Permittivity and Permeability 

As we discussed in the previous section the calibration is critical to make good VNA S-

parameter measurements and the errors in measured signals should be removed. For the free-

space calibration process we followed a mathematical approach to perform a signal correction 

after SOLT calibration procedure at the waveguide flanges. For the reflection measurements we 

corrected the VNA S-parameters with two measurements, one with a flat surface silver coated 

mirror in sample holder and one with the dielectric material in the sample holder. The purpose of 

using a flat mirror in place is to normalize the reflection measurements since we can consider 

this mirror as a reference reflector. The phase change between these two measurements can also 

be taken care of and the “corrected” 𝑆;;~ï can be written as, [121] 

𝑆;;~ï =
𝑆;;~A𝑒

~s+
<�

𝑆;;~3𝑒
*+s½

-�
 

(6.15) 

where 𝑆;;~A is the VNA reading for 𝑆;; when sample is in place and 𝑆;;~3 is the VNA reading 

for 𝑆;; when mirror is in place.  

      For the transmission measurements also two different measurements were taken with and 

without sample in the sample holder, 

 

𝑆<;~ï =
𝑆<;~A

𝑆<;~C𝑒
<+s½

-�
 

(6.16) 

where 𝑆<;~ï is the corrected 𝑆<; and 𝑆<;~A is the VNA reading for 𝑆<; when sample is in place 

and 𝑆<;~C is the VNA reading for 𝑆<; without sample. A filtering method is required to reduce 

the remaining unwanted oscillations which occur after the correction process. These unwanted 

oscillations are due to interferences arising from slight differences in position and hence path 

lengths between where the calibrations were inserted and the sample was inserted. So before 
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using NRW method to extract 𝜀3 and  𝜇3, a singular spectrum analysis (SSA) was applied to the 

data from Eqns. (6.13) and (6.14) to obtain a smoothed signal. [MATLAB code in page 107] The 

SSA can be used for signal processing, multivariate statistics, and dynamical systems 

[129],[130].  

Therefore, it has a large potential for filtering out unwanted random noise and interferences in 

the corrected 𝑆;;~ï and 𝑆<;~ï data. A brief description of SSA defined as follows, first 

decomposition which performs embedding and Singular Value Decomposition–SVD, and second 

reconstruction which is consist of grouping and diagonal averaging. So, when all steps of SSA 

algorithm are completed, higher frequency ripples are removed and the smoothed signal wave 

form is be collected [131], [132]. 

Figure 6.7 shows a flowchart for the second step of calibration (free-space). The calibrated 

(SOLT calibration) 𝑆;; and 𝑆<; first undergo a correction process using Eqns. (6.13) and (6.14), 

then to eliminate the environmental noises and measurements error a filtering algorithm is 

performed (SSA analysis). Finally, we used the NRW method to extract dielectric response of 

materials.   

 

 
 

Figure 6.7. The flowchart of proposed model for free-space calibration to extract dielectric 

response of materials. 

 

 

A high resistivity silicon sample is used to verify the accuracy of our measurement and 

extraction process since its relative permittivity and permeability are well known and well 

measured [133]. This non-magnetic (𝜇3 = 1)	sample has a resistivity of 10	𝑘Ω. 𝑐𝑚~; and is 0.5 

mm thick. All the measurements performed with the IF bandwidth of 50 Hz and 201 data points 
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per spectrum. The IF bandwidth of a VNA directly affects the measurement speed. In this case 

the frequency range is 140-220 GHz and so the frequency span is 80 GHz. The number of 

individual spectrum acquisitions is defined by the ratio of frequency span and the IF bandwidth 

that we choose so in here we have, õP	ö÷ø
zP	÷ø

= 1.6 × 10ù. The lower the IF bandwidth, the lower 

the effect of random noise on a measurement, so narrower IF bandwidth cause longer sweep 

time. 

Figure 6.8 shows the amplitude of the measured 𝑆;; for the silicon sample in blue, 𝑆;;	for the 

mirror in red, the corrected 𝑆;;~ï  in purple and SSA filtering of the corrected 𝑆;; in green. 

 

 
 

Figure 6.8. The amplitude of free-space calibration process for reflection measurement. 

 

 

The amplitude of transmission measurement was also corrected using this free-space model and 

is shown in Figure 6.9. The blue curve represents the 𝑆<; measurement for silicon, the red one is 

the 𝑆<; measurement when nothing is in the sample holder (air), the purple shows the corrected 
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𝑆<; using Eqn. (6.14) and the green one is the SSA filtering to remove remaining noise after 

correction process. 

 
Figure 6.9. The amplitude of free-space calibration process for transmission measurement. 

 

The phase part of transmission measurements was also corrected using this model and is plotted 

in Figure 6.10, 

 

 
Figure 6.10. The phase of free-space calibration process for transmission measurement. 
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The permittivity of this non-magnetic (𝜇3 = 1) high resistivity silicon is well known  

(𝜀3 = 11.7)	so, using NRW equations (Eqns. 6.5) we are able to find the expected 

S-parameters at each frequency and then compare the expected value for 𝑆;; and  𝑆<; with our 

proposed model. In Figure 6.10 we represented the expected (ideal value) magnitude and phase 

of 𝑆;; and  𝑆<; for silicon sample in orange and our calibrated measured data in blue. 

 

 

 
 

Figure 6.11. The comparison of calibrated data with the ideal (calculated) data. 

 

 

The transmission or 𝑆<;	data gives us a more promising result. As you can see in Figure 6.10 the 

amplitude of transmission match with the ideal one at higher frequency, and other than a slight 

discrepancy at lower frequency it has nearly the same shape as ideal silicon. But in the reflection 

amplitude data we see more differences between the analyzed data and the ideal S-parameter. 

The minimum occurred at higher frequency than expected and in the lower and higher frequency 

limits, we see so much deviations of the data from the ideal. For the phase measurements also, 
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our measured transmission phase almost matches the ideal phase but this is not the case in 

reflection phase measurement.  

The reason we got more promising measured value for 𝑆<; than 𝑆;; is in the measurement 

process. In the reflection measurements even, a slight difference (in the order of micrometer) 

between the position of the mirror calibration and the sample results in a difference in the path 

length and hence propagation phase. But there is no path length difference between calibration 

and sample in transmission measurements since the measurements are done using a sample and 

no sample in the beam path. Thus, if we work with non-magnetic materials where relative 

permeability=1 we basically can use  𝑆<; to extract permittivity. At the Fabry-Perot null around 

175 GHz, when transmission goes to unity and reflection goes to zero (and VNA cannot find a 

phase to lock on to since the phase of a zero amplitude signal is not defined), there is not enough 

signal to detect the phase of zero reflectance and SNR goes down and that’s the reason there is 

some discrepancy between ideal and calibrated data.  

 

Figure 6.11 finally shows the extracted permittivity and permeability from the measured data. 

 

 
Figure 6.12. The comparison of measured permittivity and permeability and ideal ones . 

 

 

Again, at the Fabry-Perot null around 175 GHz when 𝑆<; → 1 and 𝑆;; → 0, the measured value 

for 𝜀3 and 𝜇3 are different from the ideal values because NRW fails near a Fabry-Perot null 

[134]. 
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CHAPTER 7 

OTHER MATERIALS MEASURED 
 
 

7.1 ROHACELL 

All ROHACELL foams have notable mechanical strength even at low densities. The 

ROHACELL foams have different industrial applications depending on the curing temperature 

and cell size in like, automotive and aircraft industry, railway, ship building and medical 

applications [16]. 

 

 

Figure 7.1. The chemical structure of ROHACELL sample and the sample in our lab. 

 

ROHACELL is produced by thermal expansion of a co-polymer of methacrylic acid and 

methacrylonitrile. During the foaming process, the co-polymer sheet is converted to 

PolyMethacrylImide (PMI) and alcohol is used as a blowing agent and therefore ROHACELL 

contains no fluorinated carbon hydrates in halogen.  

ROHACELL®, PMI-based structural foam has been used in fiber-composite technology for more 

than 30 years. And it is by no surprise that ROHACELL® still dominates in the area of high-

grade lightweight sandwich construction. Some superior properties of ROHACELL® include 

dynamic strength and mechanical properties, high temperature resistance [16]. 

 

 

Measured reflectance and transmittance FTIR data are summarized in Figure 7.2 which shows 

reflectance (blue, left axis) and transmittance (red, right axis) for ROHACELL sample. 
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The system setup is like what we used for polymeric materials in section (5.2) and the sample 

thickness is 6.376 mm as measured using a caliper.  

 

 

Figure 7.2. The reflectance and transmittance of ROHACELL sample. 

 

Using the off-resonance model (section 5.3), the numerical root finding method and the 

measured transmittance and reflectance data used to find the real and imaginary parts of 

refractive index of ROHACELL in the whole frequency region.  

 

Figure 7.3. The real and imaginary parts of refractive index for ROHACELL sample. 
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All the maxima in transmittance spectrum match with the minima in imaginary part of refractive 

index as k shows the loss of material and how the wave transmit through the material. 

Comparing the measured reflectance with the calculated real part of refractive index n also 

confirms that all the maxima and minima in reflectance spectrum match with maxima and 

minima in the real part of refractive index.  

 

7.2 PREPERM 

PREPERM is a dielectric plastic with optimal RF performance. This ultra-low loss material is 

flexible for design and manufacturing processes for different applications . For instance, this 

ultra-low loss material guarantees the precise measurements for weather stations in the radar 

technology design and with the use of PREPERM, the revolutionary SIMImage (a millimeter 

wave active imaging system) for security applications has the image quality close to X-ray, but 

without the harmful effects for the human body [135]. 

Measured reflectance and transmittance data for PREPERM are shown in Figure 7.4, which 

shows reflectance spectrum (blue, left axis) and transmittance (red, right axis), the PREPERM 

sample we used here is 63	µm thick. 

 

 

Figure 7.4. The reflectance and transmittance of PREPERM sample. 
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In the lower frequency limit between 7 to 20 THz where all the maxima in reflectance spectrum 

match with all the minima in transmittance spectrum, there are obviously Fabry-Perot 

oscillations. For the frequency ranges where Fabry-Perot oscillations occur, having the thickness 

of the sample, we are able to find the refractive index of the materials. 

Using equation: 

 

𝑛 =
𝑐

2𝑑∆𝑓 

(7.1) 

where c is the speed of light in vacuum, d is the material’s thickness (resonator geometrical 

length) and ∆𝑓 is the frequency difference between two successive maxima or minima of Fabry-

Perot oscillations in the reflectance spectrum, refractive index of material (n) can be calculated. 

In the frequency range between 7-20 THz where we see Fabry-Perot oscillations, the average 

frequency difference between successive maxima/minima is about 1.68 THz and using equation 

(7.1), the refractive index of the material in this frequency region is about 1.42 when the sample 

is 63	µm thick. For higher frequency ranges between 24-48 THz, we see some optically active 

molecular bond resonances where loss and dispersion can become very large. These resonant 

regime (at frequencies like 35 THz and 43 THz), generally have zero transmission and 

reflectance spectrum shows strong dispersion and a model (section 5.3) based on harmonic 

dispersion theory adopted to disordered systems can be used to find the dielectric constant or 

refractive index of the materials. Again, to understand quantitatively the molecular bond 

resonances origin of these reflectance features, we fit the Rmeas data using the normal incidence 

single-surface reflectance, Eqn. (5.5) and a single-surface reflectance is justified here because the 

transmittance is essentially zero, meaning that additional reflections from the back surface are 

negligible. For refractive index we used the generalized Lyddane-Sachs-Teller (LST) model Eqn. 

(5.11) for the effect of IR-active molecular modes on the dielectric function. 
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Figure 7.5. The real and imaginary parts of refractive index of PREPERM sample in the 

molecular bond resonances region. 

Table 7.1 shows molecular bond resonance frequencies, 𝜔ÄA , oscillator strengths, 𝑆A , damping 

constants, 𝛾A , and the optical dielectric constant 𝜀GHI used to fit the reflectance data to single-

surface reflectance using Eq.(5.11) in resonance frequency regimes where measured transmission 

is zero to within experimental uncertainty. 

 

Table 7.1. Fitting parameters for PREPERM sample 
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Here we used five resonant frequencies to fit the measured reflectance to the harmonic theory 

model. 

 

7.3 Texas Instruments Epoxies 

Figure 7.6 shows the reflectance and transmittance measurements we have done on the black 

epoxy samples from Texas Instruments. We don’t know much about the chemical structure of 

these samples and also their applications at this time. The experimental data collected for these 

samples from 500 GHz to 3.5 THz, the only frequency region we got a good SNR, and scan 

settings used were a moving mirror velocity of 6.238 mm/s and spectral resolution of 2 cm–1 (0.6 

THz) across the entire frequency range. A typical spectrum represents an average of at least 150 

scans. The thickness of MCC8 is 0.705 mm and 0.712 for MCG7 as measured by caliper. 

 

 
Figure 7.6. The reflectance and transmittance data for MCC8 and MCG7.  
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In Eqn. (5.4) Tmeas shows the exponential dependency to imaginary part of refractive index 

𝑇ABCD ∝ exp	(
~*+,½ð

ï
) and this exponential dependency is the dominant term in Tmeas. If the plot 

of 𝐿𝑛	(𝑇ABCD) vs. frequency gives us a good linear fit then we can conclude the imaginary part of 

refractive index is constant in this frequency region.  

Figure 7.7 shows the 𝐿𝑛	(𝑇ABCD) vs. frequency for these samples and their corresponding linear 

fit and the values for 𝑅< to show how well the linear model fits the data. 

 

 
Figure 7.7. The plot of 𝐿𝑛	(𝑇ABCD) vs. frequency for TI epoxies. 

 

Knowing the thickness of the sample, the slope of linear fit in Figure 7.7 gives us the imaginary 

part of refractive index,  

𝑇ABCD ∝ exp	(
−4𝜋𝑘𝑑𝑓

𝑐 ) 
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𝐿𝑛(𝑇ABCD) = −
4𝜋𝑘𝑑
𝑐 𝑓 + 𝑎 

(7.2) 

where a is a constant (y-intercept) and d is the thickness of the sample. So, using the slope of 

each line (𝑚 = −*+,½
ï

), the imaginary part of refractive index can be calculated as 

𝑘ýþþõ = 0.0323 and 𝑘ýþöÿ = 0.03036. In the higher frequency region where transmission goes 

to zero and reflection shows no dispersion we can use the single surface reflection assumption 

and find the real part of refractive index. For both of these samples 𝑅ABCD ∝ 0.11 and using 

equation (5.6) and the k values that we calculated from the linear fit slopes, 𝑛ýþþõ = 2.059 and 

𝑛ýþöÿ = 2.059. 

We can also check whether the fluctuations in the higher frequency region are Fabry-Perot 

oscillations or not. Using Eqn. (7.1) and the values we found for real part of refractive index, we 

can find the difference between two successive maxima or minima in the reflectance or 

transmittance spectrum.   

 

𝑛 =
𝑐

2𝑑∆𝑓⟹ Δ𝑓 =
𝑐
2𝑛𝑑 = 1.033 × 10~;;		𝐺𝐻𝑧 

 

which is about the frequency difference between successive maxima or minima in the reflectance 

or transmittance spectrum in Figure 7.6. 
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CHAPTER 8 

SUMMARY 
 
 
The primary goal of the research presented here was to investigate the dielectric behavior of 

some advanced dielectric polymeric materials in a broad band frequency range. In this 

dissertation we reported on broadband measurements, filling in a spectral gap between low THz 

and infrared, of the real and imaginary index spectra of four amorphous polymeric dielectric 

materials currently used in various aspects of the electronics industry: benzocyclobutene (BCB), 

polyethylene naphthalate (PEN), the photoresist SU-8, polydimethylsiloxane (PDMS) and a 

single crystal of methylammonium lead bromide (CH#NH#PbBr#).	 

Most of these materials have potentials in different high frequency electrical applications.  

Using Fourier transform spectroscopy, transmittance and reflectance measurements of four free-

standing amorphous polymeric materials, BCB, PEN, SU-8, and PDMS, of interest to high-

frequency electronics were made across a broad THz frequency range from ~ 3 THz to 75 THz. 

This frequency range interpolates between the quasi-static dielectric response below 3 THz to the 

infrared/optic dielectric response above 50 THz. In all materials, signatures of organic molecular 

resonances are clearly seen between ~10 THz to 50 THz. Physically important complex index-

of-refraction values are extracted using two complementary models: an off-resonance model that 

takes into account multiple partial reflections and transmissions from front and back surfaces, 

and a resonance model that takes into account the strong dispersion and loss from infrared active 

molecular resonances. The index values can be used to model dielectric dispersion and loss in 

potential circuits and systems using these materials. Frequency windows of relatively low loss 

and anti-windows of high loss can be readily identified for consideration in applications. 

 

For the perovskite single crystal that was the only crystalline material in this research work, we 

presented the most accurate measurements that is reported so far compared to similar research 

work in literature. We showed that FTIR reflection measurement is a powerful technique to study 

the fundamental properties of perovskite single crystals. The far-infrared reflectance showed very 

strong, highly underdamped IR-active coherent modes between 1.2-6 THz that arise from the 
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relatively massive Pb-Br3 sublattice. Both surface and bulk defects are observed on a high-quality 

MAPbBr3 crystal that exhibits long-range coherent phonon modes and reststrahlen bands in the 

lower frequency range. We also showed the localized molecular bond resonances in the higher 

frequency region with no reststrahlen band. These findings would shed light on future 

optoelectronic device design with the halide perovskite material category. 

The quasi-optical spectrometer we designed is applicable for millimeter wave frequency 

applications and confirmed the dielectric behavior of materials in this frequency region reported 

using other characterization techniques. However, this technique is more challenging in terms of 

optical alignments compared to other free-space measurements techniques which use the 

collimated beam for material characterization, but it is more accurate and does not need a very 

large sample to fill the whole domain of collimated beam.  
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APPENDIX  

NUMERICAL CODES 
 
 
%%The root-finding method in Mathematica to find the real and imaginary 
parts of refractive index as functions of frequency. 
 

 

ClearAll[trim,vals]; 

(*let list be of the form {f,Rp,Tp}*) 
trim[list_]:=Module[{d,f,c,alpha,delta,lambda,k,n,Tp,Rp,R,pts}, 
 

f=list[[1]];(*the first column in the imported file*) 

Rp=list[[2]];(*the second column in the imported 

file*) Tp=list[[3]];(*the third column in the 

imported file*) d=2/1000;(*thickness of the sample*) 

f=1.8*10^(12);(*the first frequency in the file*) 

c=3*10^(8);(*speed of light*) 

lambda=c/f;(*wavelength of each frequency*) 
 

alpha=Exp[-2*Pi*k*d/lambda];(*the amplitude of loss coefficient*) 

delta=4*Pi*n*d/lambda; 
(*phase difference between two successive reflected and transmitted 

rays*) R=((n-1)^2+k^2)/((n+1)^2+k^2);(*single surface reflection 

coefficient*) 
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(*this line is the root finding method using equation 2.6 with initial 
guesses for n and k, it solves these two equations simultaneously and 
run 
100 times and report the average value for n and k, this root finding 
is confined to only take the real values for n and k*) 
 

pts=Table[FindRoot[{R (1+(alpha)^4-2*(alpha)^2*Cos[delta])/(1- 
2*(alpha)^2*R*Cos[delta]+(alpha)^4*R^2)==Rp,((alpha)^2*(1-R)^2)/(1- 
2*(alpha)^2*R*Cos[delta]+(alpha)^4*R^2)==Tp},{n,RandomReal[{1.5,1.7}]},{k
, RandomReal[{0,0.02}]}],{100}]; 
{TrimmedMean[n/.pts],TrimmedMean[k/.pts]}]; 

vals=Import["/Users/elahehmotaharifar/Desktop/BCB.xlsx"][[1,2;;]];(*impor
t the data as of the form frequency, measured R, measured T*) 
 

 

x=ParallelMap[trim[#]&,vals]; 

 

TableForm[x](*displays x in a table form as n in the first column and k 
in the second*) 
 

 

Export["BCB.xlsx",x](*this line export the table form of n and k to an 
excel file*) 
 

%%LST analysis for PDMS, non-linear fit of frequency regions that 
measured transmission goes to zero and there are resonant frequencies. 
 

 

ClearAll; 

(*importing measured reflection data for PDMS*) 
data=Import["/Users/elahehmotaharifar/Desktop/Samples/Lyddane Sachs 
Teller Analysis/PDMS/PDMS LST.xlsx" 
][[1,2;;]]; 

 

(*plot the measured data or experimental reflection data*) 
originaldata=ListPlot[data,PlotStyle->Orange,PlotRange-
>{0,0.15},Joined->True] 
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 (*for this material I used N=5 transverse optical frequencies and used 
equation 5.11 with 5 resonant frequencies, 5 oscillator strength and 
5 damping parameters*) 
e[w_]:=eopt+((S1*(t1^2))/((t1^2)-w^2-I*gama1*w))+((S2*(t2^2))/((t2^2)-w^2- 
I*gama2*w))+((S3*(t3^2))/((t3^2)-w^2-I*gama3*w))+((S4*(t4^2))/((t4^2)-
w^2- I*gama4*w))+((S5*(t5^2))/((t5^2)-w^2-I*gama5*w)); 
 

 

(*the complex refractive index is the square root of relative 
permittivity*) 
n[w_]:=Sqrt[e[w]]; 

 

 

(*this non-linear fitting model used equation (5.5) and fitted this 

equation to the previous line, using initial values for high frequency 

permittivity, resonant frequencies, oscillator strength and damping, 

which I guessed from the experimental reflectance spectrum*) 

nlm=NonlinearModelFit[data,{Abs[(1- 

n[w])/(1+n[w])]^2,S1>0,S2>0,S3>0,S4>0,S5>0},{{eopt,2.1},{S1,0.09},{t1,2.3

7 

*10^13},{gama1,8.4*10^11},{S2,0.03},{t2,3.05*10^13},{gama2,1.92*10^12},{S3 
,0.02},{t3,3.29*10^13},{gama3,2.02*10^12},{S4,0.05},{t4,3.76*10^13},{gama4 
,9.02*10^11},{S5,0.05},{t5,1.13*10^13},{gama5,8.4*10^11}},w 
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(*this gives the calculation on non-linear fit*) 
nlm[w] 
 

 

(*this line shows all the calculated fitting parameters in a table”) 
nlm["ParameterTable"] 
 

 

(*this one fit the calculated reflectance to the measured one*) 
fitplot=Plot[nlm[w],{w,1*10^13,4.3*10^13}] 
 

 

(*just like the previous line just fit the plot range*) 
fitplot=Plot[nlm[w],{w,1*10^13,4.3*10^13},PlotRange->Full] 
 

 

(*shows the original data and fitted one on the same plot*) 
Show[originaldata,fitplot] 
 

 

(*the next step is using the calculated value, the table value, to extract 
and plot real and imaginary parts of permittivity*) 
ClearAll; 

eopt=1.967; 

S1=0.09746; 

t1=2.4*10^13; 
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gama1=9.386*10^11; 

S2=0.04845; 

t2=3.078*10^13; 

gama2=1.081*10^12; 

S3=0.09828; 

t3=3.244*10^13; 

gama3=1.631*10^12; 

S4=0.01065; 

t4=3.78*10^13; 

S5=0.1098; 

t5=1.18*10^13; 

gama5=1.728*10^12; 

gama4=3.662*10^11; 

 

(*using equation 5.10 to find permittivity of the PDMS*) 

e[w_]:=eopt+((S1*(t1^2))/((t1^2)-w^2-I*gama1*w))+((S2*(t2^2))/((t2^2)-w^2- 
I*gama2*w))+((S3*(t3^2))/((t3^2)-w^2-I*gama3*w))+((S4*(t4^2))/((t4^2)-w^2- 
I*gama4*w))+((S5*(t5^2))/((t5^2)-w^2-I*gama5*w)); 
 

 

(*using equation 5.1 to find refractive index of PDMS*) 

n[w_]:=Sqrt[e[w]]; 

 

 

(*using equation 5.5 or 5.6 to find single surface reflection 
coefficient*) 
 

R[w_]:=Abs[(1-n[w])/(1+n[w])]
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(*the next few lines are just plotting commands for real and imaginary 
parts of permittivity and refractive index and the last one is the single 
surface reflection coefficient’s plot*) 
 

Plot[Re[e[w]],{w,1*10^13,4.5*10^13},Frame->True,PlotRange- 
>{0,4.3},FrameLabel->{w,Re[e]},LabelStyle->{Bold},PlotStyle->{Orange}] 
 

Plot[Im[e[w]],{w,1*10^13,4.5*10^13},Frame->True,PlotRange- 

>{0,4},FrameLabel->{w,Im[e]},LabelStyle->{Bold}] 

 

Plot[Re[n[w]],{w,1*10^13,4.5*10^13},Frame->True,FrameLabel- 

>{w,Re[n]},LabelStyle->{Bold},PlotStyle->{Orange}] 

 

Plot[Im[n[w]],{w,1*10^13,4.5*10^13},Frame->True,PlotRange- 
>{0,1.3},FrameLabel->{w,Im[n]},LabelStyle->{Bold}] 
 

Plot[R[w],{w,1*10^13,4.5*10^13},Frame->True,FrameLabel->{w,R},LabelStyle- 
>{Bold},PlotStyle->{Green
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%% The MATLAB code for Singular Spectrum Analysis and NRW method to 

extract permittivity and permeability of the materials 

 

 

clear all; clc; close all; 

% import files 

 

M_11 = importfile('S500.xlsx','Sheet1','D2:E202'); %measured mirror s11 

a_21 = importfile('S500.xlsx','Sheet1','H2:I202'); %air s21 

 

s500_11 = importfile('S500.xlsx','Sheet1','B2:C202'); %si500 s11 

s500_21 = importfile('S500.xlsx','Sheet1','F2:G202'); %si500 s21 

 

% convert r and theta(degree) into real and imaginary numbers 

rm11=(M_11(:,1).*cosd(M_11(:,2))); 

im11=(M_11(:,1).*sind(M_11(:,2))); 

 

a21r=(a_21(:,1).*cosd(a_21(:,2))); 

 

a21i=(a_21(:,1).*sind(a_21(:,2))); 

 

r50021=(s500_21(:,1).*cosd(s500_21(:,2))); 

 

i50021=(s500_21(:,1).*sind(s500_21(:,2))); 
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r50011=(s500_11(:,1).*cosd(s500_11(:,2))); 

 

i50011=(s500_11(:,1).*sind(s500_11(:,2))); 

% put real and imaginary parts together 

 

m11=complex(rm11,im11); % complex mirror 

a21=complex(a21r,a21i); % complex empty air 

s50021=complex(r50021,i50021); % complex si500 21 

s50011=complex(r50011,i50011); % complex si500 11 

 

% make constants and ranges 

f=[140e+9:.4e+9:220e+9]'; % frequency range 

c=2.99e+8; %speed of light in vacuum 

B=(2*pi*(1/c)).*f; %beta 

d2=500e-6; % thickness of silicon 500 micron 

 

 

% make corrected values from raw data using equations 6.15 and 6.16 

s50011_c=(((s50011).*(exp(1i*(pi/2))))./((m11).*(exp((1i*2*d2).*B)))); % 

corrected si500 s11 

s50021_c=((s50021)./(a21.*(exp((1i*d2).*B)))); % corrected si500 s21 

 

 

% SSA analysis 

 

M=30; % window length = embedding dimension 
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N=201; % length of generated time series, the number of frequency points 
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% SSA calculation 

for z=1:2 

 

if z==1 

 

X = s50011_c; 

 

elseif z==2 

 

X = s50021_c; 

end 

 

% Calculate covariance matrix (trajectory approach) 

 

% It does not give a Toeplitz structure, with the eigenvectors not being 

symmetric 

% or antisymmetric, it ensures a positive semi-definite covariance matrix. 

 

clear Cemb; 

Y=zeros(N-M+1,M); 

for m=1:M 

 

Y(:,m) = X((1:N-M+1)+m-1); 

 

end; 

 

Cemb=Y'*Y / (N-M+1); 
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C=Cemb; 

 

clear RHO LAMBDA PC buf; 

 

% Calculate eigenvalues LAMBDA and eigenvectors RHO 

 

% matrix RHO with eigenvectors arranged in columns, and the matrix LAMBDA  

% with eigenvalues along the diagonal. 

 

[RHO,LAMBDA] = eig(C); 

 

LAMBDA = diag(LAMBDA); % extract the diagonal elements 

[LAMBDA,ind]=sort(LAMBDA,'descend'); % sort eigenvalues 

RHO = RHO(:,ind); % and eigenvectors 

 

% Calculate principal components PC 

 

% The principal components are given as the scalar product between Y, 

 

% the time-delayed embedding of X, and the eigenvectors RHO. 

 

PC = Y*RHO; 

 

% In order to determine the reconstructed components RC, we have to invert 

 

% the projecting PC = Y*RHO; i.e. RC = Y*RHO*RHO'=PC*RHO'. Averaging along 
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% anti-diagonals gives the RCs for the original input X. 

 

RC=zeros(N,M); for 

m=1:M 

buf=PC(:,m)*RHO(:,m)'; % invert projection 

buf=buf(end:-1:1,:); 

for n=1:N % anti-diagonal averaging 

RC(n,m)=mean( diag(buf,-(N-M+1)+n) ); 

end 

 

% saving result for next loop if 

z==1 

ssa50011=sum(RC(:,1),2); 

 

elseif z==2 

 

ssa50021=sum(RC(:,1),2); 

 

end end 

clear V1 V2 T R z; 

 

% calculate V1 and V2 V1= 

s21 + s11; 

V2= s21 - s11; 

 

% find R and T and z 
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R= (1- V1.*V2)./(V1-V2); 

 

T1 = R + sqrt((R.^2)-1); 

 

T2 = R - sqrt((R.^2)-1); 

 

T=zeros(201,1); 

 

 

 

for l=1:201 

 

if abs(T1(l))<= 1 

T(l)=T1(l); 

elseif abs(T2(l))<= 1 T(l)=T2(l) 

 

end 

 

end 

 

z = (V1-T)./(1-(V1.*T)); 

 

% find C1 and C2 

 

clear k C1 C2 u e; 

k= ((c)./((2*pi*d).*f)); 
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C1 = ((1+T)./(1-T)).^(2); 

C2 = - ((k.*log(z)).^2) ; 

 

% find permittivity e and permeability u 

 

u = sqrt(C1.*C2); 

e = sqrt(C2./C1); 

 

 

% use abs() for r and angle() for theta 

M=[s500u s500e]; 
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