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Abstract 

In recent years, fifth-generation (5G) communication systems have been developed to 

enable high-speed data exchange. The current systems typically use sub-6 bands, which 

are frequency bands below 6 giga hertz (GHz) ; although 5G systems currently use the 

sub-6  band, future technologies beyond 5G and sixth-generation (6G) systems will 

necessitate the use of higher-frequency bands exceeding 100 GHz. However, no suitable 

material has yet been found for communication substrates that operate well at frequencies 

above 100 GHz. Glass material is a candidate material with high flatness, heat resistance 

and rigidity as a material to realize 6G communication systems. On the other hand, the 

dielectric properties in the GHz band and the dielectric properties in the THz band, which 

affect the dielectric properties in the GHz band, have not been fully investigated. The 

dielectric properties of the THz band have not been fully investigated for a variety of 

materials, not only glass materials. This is because electromagnetic waves in the 100 GHz 

to 10 THz band have a high frequency to be measured as radio waves, but low energy to 

be measured as light, making them difficult to handle. In this study, I attempted to 

establish a measurement system for complex permittivity in the terahertz band, which is 

difficult to measure. In addition, the dielectric properties of glass materials in the GHz-

THz band were investigated. They also worked on a prototype of a filter device, which is 

expected to be used as a substrate material. 

 

In Chapter 1, I show some background on this study, the demand for high-speed 

communication systems and previous research on the dielectric properties of glass. The 

overall structure of this paper is presented. In Chapter 2, I introduce a novel THz 

ellipsometer to measure the dielectric properties in the THz band. The complex 
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permittivity of SrTiO3 single crystal that was measured by the developed equipment 

showed good agreement with the complex permittivity obtained by analysis using the 

harmonic oscillator model. The combination of THz-TDS and ellipsometry has also made 

it possible to understand broadband dielectric dispersion in glass materials. This system 

enabled us to measure the complex permittivity in the THz band. 

In Chapter 3, I discuss the effect of network modifiers on the GHz-THz dielectric 

properties of glass. Measurements of the dielectric properties of glasses in the THz band 

and molecular dynamic simulations have indicated that the dielectric dispersion of alkali 

silicate glasses is caused by the vibration and migration of alkali ions in the glass. Our 

experiments showed that the dielectric loss in the GHz band can be lowered by reducing 

the amount of alkali metal ions in the glass and including lighter alkali metal ions. The 

effect of alkaline earth metal ions on the dielectric constant was almost the same as that 

of alkali metal ions. Although alkaline earth metal ions exhibited a significantly small 

effect on the increase in dielectric loss, they also exhibited a limited effect on lowering 

viscosity; therefore, they are more suitable for moderately controlling the network 

modifier. 

The dielectric properties of soda silicate glass with Al or B and aluminoborosilicate 

glass with alkaline earth metal ions were investigated and these results are presented in 

Chapter 4. The measurement results indicated that the dielectric loss in the low-frequency 

band is higher when Al is the network former, while the dielectric loss in the low-

frequency band remains almost the same when B is the network former. This difference 

is due to the fact that when Al and B act as network formers in the glass, the peak 

frequency of the dielectric loss of the glass changes in the opposite direction. 

Subsequently, I developed a substrate material with low temperature dependence of 
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dielectric constant to obtain filter devices with low temperature dependence, whose 

details are presented in Chapter 5. To obtain glass material with low temperature 

dependence of dielectric constant, rutile crystals were deposited in glass. A glass-ceramic 

substrate with low temperature dependence of dielectric constant was developed, and a 

filter device for the 30 GHz frequency band was fabricated using the resulting substrate. 

Consequently, the filter device operated at a frequency of 30 GHz, and the temperature 

dependence was observed to be significantly small. 

In this study, the origin of dielectric loss in glass materials for beyond 5G and 6G bands 

was investigated, glass material design guidelines were established, and the use of MSL 

filter devices using the resulting substrate was demonstrated. I believe that our result from 

this research can support future high-speed communication technologies. 
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Chapter 1 

General Introduction  

 

1.1 Expansion of high-speed communication technology 

In recent years, fifth-generation (5G) communication systems are being increasing 

used worldwide owing to their numerous advances. The 5G communication systems can 

instantaneously treat significant amounts of data by using high-frequency bands. It is a 

communication technology that achieves ultra-high speed, low latency, and multiple 

simultaneous connections, and has a large social impact. In particular, low latency and 

multiple simultaneous connections are important features for the Internet of Things, 

which connects networks to all devices and stores large amounts of data. To further 

improve communication performance, high-frequency communications exceeding 100 

GHz, such as "Beyond 5G" and "sixth-generation (6G) ", are expected, in the future.1, 2 

Radio wave reception and signal processing are important steps for achieving high-

frequency band communication systems.  

  



9 

 

1.2 Characteristics required for substrate materials for high-

frequency communication systems 

High-frequency radio waves are highly directional and attenuated by the atmosphere. 

Therefore, the establishment of Beyond 5G and 6G systems requires the installation of a 

large number of base stations and receivers. Since a lot of radio wave transmitting and 

receiving devices will be required, the importance of the substrate material is more critical 

than for conventional communication devices. Against this background, various 

characteristics are required of substrate materials. The most important property required 

is low loss in the transmission of radio waves. A substrate material that reduces losses in 

the transmission of radio waves is a material with low dielectric loss and high quality 

flatness. The lower the dielectric loss of the substrate material, the better, since dielectric 

loss is a loss factor when signals are transmitted through the material. Suitable dielectric 

materials must also have high surface quality to minimize the skin effect, which implies 

that the current density is high near the surface of the conductor such that conduction loss 

increases at high frequencies.3 If the surface roughness of the material is low, the current 

will flow a short distance, resulting in smaller losses during transmission. Dielectric 

constant is another important parameter required for substrate materials. The dielectric 

constant determines the electrode pattern and device size. A significantly high dielectric 

constant results in a considerably small device size, which increases the difficulty in 

drawing electrode patterns. Conversely, a significantly low dielectric constant results in a 

large device becomes, which is unsuitable for applications such as mobile devices.4 

Therefore, the dielectric constant must be controlled in the range of approximately 5–10. 

The cost of material fabrication is also important. As mentioned earlier, a large number 
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of substrates are needed, so if the price of substrate materials is high, it will not be possible 

to create the infrastructure to build a communication system. 

However, a material satisfying these characteristics is difficult to obtain. For example, 

fluorine resin materials have low dielectric constant and dielectric loss but have low 

Young’s modulus and heat resistance, limiting their use as devices. Conversely, certain 

inorganic materials exhibit high Young’s modulus and thermal resistance with 

significantly low dielectric loss in the 6G band. An important inorganic material is low-

temperature co-fired ceramic (LTCC). LTCC filters,5, 6 which consist of dielectric 

materials and metal MSLs, exhibit significant potential as alternative filter devices. 

However, the surface roughness of LTCC is in the range of a few micrometers. This 

flatness is too rough to obtain low electric resistance in the high-frequency band. Other 

candidate materials include single-crystal substrates. For example, single-crystal 

substrates of alumina have low loss, high flatness, and high heat resistance. However, the 

high price per substrate due to its single-crystal nature makes it unsuitable for practical 

use. Glass and crystallized glass substrates are attracting attention as materials that can 

satisfy all of these required characteristics. Therefore, the materials to be used for 

communications in the Beyond 5G and 6G bands have not yet been determined.  
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1.3 Investigation of complex permittivity of glass materials in the 

GHz-THz band 

Glass is a suitable material for Beyond 5G or 6G communication systems owing to 

its thermal resistance, high quality flatness, high Young’s modulus and cost.7–10 However, 

the dielectric loss of glass material in the GHz range would not be investigated sufficiently. 

Figure 1-1 shows the Dielectric property of inorganic material in giga hertz to peta hertz 

band.11 Because the dielectric property of inorganic material in GHz band is significantly 

affected by the dielectric property in THz band, the measurement of dielectric property in 

the GHz–THz band is important. However, only few reports exist on the dielectric 

property of glass in the GHz–THz band owing to the challenges in measuring the 

dielectric properties of glass in this range.12, 13 This is because it is difficult to measure 

the complex permittivity in the GHz-THz band for all inorganic materials, not just glass 

materials. Figure 1-2 shows the method used to measure the complex permittivity in each 

frequency band. The band below the GHz band has been measured by impedance 

analyzers and has been the subject of many studies.14, 15 On the other hand, in the GHz 

band, a vector network analyzer is used to make measurements.16, 17 For example, 

dielectric properties are generally measured using the cavity resonator method or the 

SPDR method. On the other hand, it is difficult to measure complex dielectric properties 

in the bandwidth of about 100 GHz, and the BCDR and free space methods are used. 

However, even with these methods, the limit frequency of measurement is about 110 GHz. 

In recent years, various methods have been proposed to measure higher frequency bands 

with the aim of utilizing the 6G band; however, the limiting frequency of the technique is 

currently around 300 GHz.18 
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In contrast, the complex permittivity at THz frequencies is generally determined via 

infrared transmittance and reflectance. However, the infrared transmittance of inorganic 

materials is sometimes too low to accurately estimate the transmittance. The Kramers–

Kronig transformation or lattice vibration analysis, which is useful for the analysis of 

crystals, cannot be easily applied for amorphous materials.19–23 Despite the difficulty 

measuring dielectric properties in the THz band, Kamitsos et al. have been working 

vigorously on this subject. For example, they have calculated the infrared absorption 

coefficient in the THz band in borate glass from reflectance measurements using the 

Kramers–Kronig transformation and discussed the glass structure from the infrared 

absorption coefficient of glass.21, 23–30 However, the Kramers–Kronig transformation 

determines the reflectance spectra over the entire frequency range, making it difficult to 

obtain absolute values. Kamitsos et al. discussed the measurement of infrared reflection 

or absorption; however, currently, only a few examples of measurements of complex 

permittivity exist, and the discussion was insufficient.31, 32 Moreover, Mori et al. recently 

measured the complex permittivity of glass in the 0.5–3 THz band using THz-time-

domain spectroscopy (THz-TDS).33–37 Mori et al. primarily discussed the detection of 

boson peak. The boson peak is a vibration mode that is unique to glass, and has been 

observed in a few THz frequency ranges using Raman spectroscopy with low-temperature 

specific heat, inelastic neutron scattering, and infrared spectroscopy.38–42 However, prior 

research34, 43 indicates that the boson peak has a minimal effect on the dielectric properties 

at room-temperature conditions at frequencies beyond 5G and 6G. From these discussions, 

the complex permittivity at frequencies above 3 THz cannot be easily measured, and few 

examples of complex permittivity measurements in the THz band. However, the origin of 

the dielectric properties of glass materials in the GHz–THz band is still unclear. 
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On the other hand, dielectric properties in the GHz-THz band have been estimated in 

a form other than dielectric loss in previous studies. For example, Cai et al. attempted to 

understand the dielectric properties in the GHz band by measuring the complex 

permittivity below the GHz frequencies.44 Lanagan et al. also introduced an equation to 

predict the dielectric constant of glass in the GHz range using the Clausius–Mossotti 

relation, as glass has no permanent dipole moment.45, 46 J. M. Stevels et al. meaasured the 

conductivity of glass, and state that ions oscillate as network modifiers in the GHz-THz 

band.47 H. Jain et al. also pointed out the possibility of site-to-site exchange of ions in the 

GHz band and the Jellyfish move, a phenomenon in which the entire glass network 

structure is shaken.48 However, it could not be confirmed whether such atomic motion is 

really occurring in the GHz-THz band. There was also no quantitative understanding of 

how the movement of atoms in the GHz-THz band affects dielectric properties. Thus, 

clues to understanding the dielectric properties of glasses in the GHz-THz band have been 

studied, but it has not been possible to visualize how the dielectric properties change when 

the composition is changed, nor the movement of ions, the origin of the dielectric 

properties. 
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Figure 1-1 The Dielectric property of inorganic material in giga hertz to Peta hertz 

band 

 

 

 

Figure 1-2 The method used to measure the complex permittivity in each frequency 

band. 
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1.4 Glass materials whose dielectric properties should be 

investigated 

Since glass materials are materials that can contain a variety of elements, it is difficult 

to conduct research on all glass materials. Therefore, in this study, I mainly focused on 

silicate glass. Silicate glass is a glass material composed mainly of SiO2, which can be 

manufactured inexpensively due to its high Clark number, and has a variety of industrial 

applications. Considering the constituents of glass, there are two types of oxides: network 

former oxides and network modifier oxides. In this study, I investigated the effects of 

several typical reticulation-forming oxides and modified oxides on the complex 

permittivity in the GHz-THz band, with silica as the major oxide, and explored their 

potential as glass material substrates. 
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1.5 Applications with suitable substrate materials for Beyond 5G 

6G band filter devices 

If suitable dielectric materials for Beyond 5G and 6G communications are developed, 

various applications can be considered, one of which is filter devices. Radio wave 

reception and signal processing are important steps for achieving high-frequency band 

communication systems. To effectively receive and process radio signals, four 

components wideband low-noise amplifier, radio frequency switch, radio frequency 

filters, and antenna switch, must be continuously updated.49 Among these devices, I 

focused on filter devices in this research. Filters are devices that enable communication 

only at specific wavelengths and exhibit the characteristics shown in Figure 1-3. Surface 

acoustic wave (SAW) filters50, 51 (Figure 1-4) and thin-film bulk acoustic resonator 

(FBAR) filters52, 53 (Figure 1-5) are high-frequency filters that distinguish and pass signals 

in the required frequency bands for fourth-generation or 5G systems; however, these 

devices are unusable in the 6G band, that is above the W band (75–110 GHz).54 The high-

precision fabrication of SAW filters for bands over 10 GHz is challenging because the 

electrode spacing must be in the order of nanometers.55 FBAR filters for the millimeter-

wave band are difficult to obtain because the films need to be stacked in the order of 

several nanometers.56 Microstrip line (MSL) and substrate-integrated waveguide (SIW) 

filters have also attracted attention as alternative filter devices.57 An SIW filter (Figure 1-

6) comprises several holes in the substrate and a circuit is drawn on it. An MSL filter 

(Figure 1-7) is composed of multiple electrodes arranged at specific intervals. Both filters 

exhibit advantages and disadvantages; however, the SIW filter is expensive because of 

the large number of holes required on the substrate and the need to maintain accuracy. In 
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this study I focused on the MSL filter. When using a substrate as a material for a MSL 

filter, it is important to have a low temperature dependence of the dielectric constant in 

addition to the characteristics described in 1.2. This is because if the dielectric constant 

changes with temperature, the operating frequency of the filter will change, and the filter 

will not have the desired bandwidth. 
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Figure 1-3 Schematic diagram of filter device performance 

 

 

 

 

Figure 1-4 Schematic diagram of surface-acoustic-wave-type filter device 
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Figure 1-5 Schematic diagram of thin-film bulk acoustic resonator-type filter device 

 

 

 

Figure 1-6 Schematic diagram of substrate-integrated waveguide-type filter device 
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Figure 1-7 Schematic diagram of microstrip line-type filter device 
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1.6 Purpose and concept of this study 

The purpose of this study is to investigate the dielectric properties of glass materials in 

the GHz-THz band in order to find promising substrate materials for 5G and 6G 

communications. To achieve this purpose, I established a method for measuring the 

complex permittivity of materials in the THz band. Then, I measured the complex 

permittivity of glass materials, particularly silicate glass, in the THz band, and analyzed 

the complex permittivity via molecular dynamic (MD) simulations to understand the 

origin of the complex permittivity in the 5G and 6G bands in silicate glass and to show 

the design concept for creating low-dielectric-loss glass materials. Moreover, I measured 

the temperature dependence of the dielectric constant and propose a glass-based material 

with a low temperature dependence of the dielectric constant. Finally, filter devices for 

the millimeter-wave band was fabricated to demonstrate their performance. 
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1.7 Flowchart of this study 

In Chapter 2, I introduce our novel THz ellipsometer system as a method for measuring 

complex permittivity in the THz band. Other measurement methods are also described in 

this chapter. In Chapter 3, the effect of network modifiers in silicate glass on dielectric 

properties is investigated. I investigate examples of complex permittivity measurements 

of alkali silicate glasses are presented, along with the results of MD simulations, to 

explain the origin of the complex permittivity of alkali silicate glasses in the THz band. 

In addition, the guidelines for the fabrication of alkali silicate glasses that have low 

dielectric loss are also proposed. Moreover, I investigate the dielectric property of 

aluminoborosilicate glass with alkaline earth metal ions. In Chapter 4, the influence of 

network formers in sodium silicate glass on dielectric properties is investigated: I present 

the measurements and discuss the behavior of the complex permittivity of alkali silicate 

glasses containing Al or B. In Chapter 5, the temperature dependence results of the 

dielectric constant of glass materials is presented, and methods to reduce the temperature 

dependence of the dielectric constant are discussed. Furthermore, filter devices with low 

temperature dependence of dielectric constant were fabricated and the filter performance 

was measured. These results are also presented. In Chapter 6, I summarize the points 

clarified in this study. 
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Chapter 2 

 

Development of Measurement System for Complex 

Permittivity in the GHz to THz Frequency Range 

 

2.1 Introduction 

Chapter 1 elucidated the importance of measuring the complex permittivity in the GHz 

to THz frequency range for establishing beyond 5G and sixth-generation (6G) 

communication systems. In this chapter, I present a method to establish a measurement 

system that can determine the complex permittivity in the GHz–THz frequency range. 

 

 

2.2 Split-post dielectric resonator method 

Split-post dielectric resonator (SPDR) method is a method to measure the accuracy of 

complex permittivity. The complex permittivity of samples at 10 GHz were determined 

using an SPDR developed by QWED (Figure 2-1), which was used to measure the Q-

factors and resonance frequencies of the vacancy and samples.58, 59 The 85071E (option 

300) Materials Measurement Software package (Keysight Technologies) was used for the 

analysis. In the SPDR method, the dielectric constant of a sample in the range of 2–90 

and loss tangent in the range of 0.00002–0.01 can be measured. Note that the actual 

frequency was marginally less than 10 GHz, depending on the thicknesses and dielectric 

constants of the samples; however, for simplicity, the complex permittivities were 
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reported as the values measured at 10 GHz.  

  

 

Figure 2-1 Photo of a Split-Post Dielectric Resonator (SPDR) system 

 

 

2.3 Terahertz time-domain spectroscopy method 

 The THz-TDS method calculates the complex permittivity by comparing the amplitude 

and phase of a transmitted femtosecond pulse laser with and without the sample.60, 61 The 

measurement range was approximately 0.5‒5 THz, depending on the sample. 

TAS7400TS and TAS7400SU (Advantest) were used for the measurement (Figure 2-2). 

This method is based on the transmission through the sample, which indicates that the 

complex permittivity is determined based on the complex transmittance. As the 

transmittance of inorganic materials is significantly low, measurement samples were 

polished to a thickness of 100–200 μm before measurement. However, because multiple 

reflections occur inside a thin sample when measuring transmittance, this study used the 

following two methods to remove the effects of multiple reflections.  

First, the transmission spectrum was checked, and areas that were clearly noisy were not 

used in the analysis. Second, the effects of multiple reflections were removed according 

to a previous study.62 Two waveforms, that is, with and without the sample, Es(t) and Er(t), 
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respectively, were measured and they are Fourier transformed into complex amplitudes 

as a function of the angular frequency, that is, Es(ω) and Er(ω), respectively. The ratio of 

Es(ω) and Er(ω) is formulated as follows: 

√𝑇(𝜔)𝑒𝑥𝑝(−𝑖𝜙(𝜔)) =
𝐸̃𝑠(𝜔)

𝐸̃𝑟(𝜔)
= 𝑡̃𝑎𝑠(𝜔)𝑡̃𝑠𝑎(𝜔)𝑒𝑥𝑝 {−𝑖

(𝑛̃(𝜔)−1)𝑑𝜔

𝑐
} ×

∑ {(𝑟̃𝑠𝑎(𝜔))
2𝑒𝑥𝑝 (−𝑖

2𝑛̃(𝜔)𝑑𝜔

𝑐
)}𝑚

𝑙=0 , 

(2-1) 

where ñ = n − iκ and d are the complex refractive index and thickness of the sample, 

respectively, and tãs, ts̃a, and rs̃a denote the complex Fresnel coefficients for amplitude 

transmission (t)̃ and reflection (r)̃ at the sample surfaces. The integer m represents the 

multiple reflections in the observation time domain. T(ω) and φ(ω) are the power 

transmittance and phase shift due to the sample. From the experimentally obtained T(ω) 

and φ(ω), I determined n and κ to be functions of frequency. However, n and κ cannot be 

expressed as explicit functions of T(ω) and φ(ω); therefore, Eq. (2-1) is modified as 

follows: 

𝑛(𝜔) =
𝑐

𝑑𝜔
{𝜙(𝜔) +

𝑑𝜔

𝑐
+ 𝑎𝑟𝑔[𝑡̃𝑎𝑠(𝜔)𝑡̃𝑠𝑎(𝜔)] ×

∑ {(𝑟̃𝑠𝑎(𝜔))
2𝑒𝑥𝑝 (−𝑖

2𝑛̃(𝜔)𝑑𝜔

𝑐
)}

𝑙
𝑚
𝑙=0 }, 

(2-2) 

𝑘(𝜔) = −
𝑐

2𝑑𝜔
× ln

𝑇(𝜔)

|𝑡̃𝑎𝑠(𝜔)𝑡̃𝑠𝑎(𝜔)∑ {(𝑟̃𝑠𝑎(𝜔))2𝑒𝑥𝑝(−𝑖
2𝑛̃(𝜔)𝑑𝜔

𝑐
)}

𝑙
𝑚
𝑙=0 |

, 
(2-3) 

where l denotes the number of multiple reflections. In this study, the refractive index and 

extinction coefficient were calculated as l = 3. 

  THz-TDS is one of the few equipment that can measure dielectric properties in the THz 

band, but not all dielectric properties of glass materials can be measured at all 

wavelengths. When dielectric properties are obtained using THz-TDS, transmitted light 

from the sample is measured and calculated. This is because when calculating dielectric 

properties from reflection characteristics, the phase difference obtained by the sample 
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setting method changes, and it is difficult to measure the exact phase difference caused 

by the sample. Since dielectric properties are obtained from transmittance measurements, 

it is difficult to obtain dielectric properties in a band where light does not transmit, and 

only the 0.5 to 3 THz band can be measured. In this study, when dielectric properties can 

be measured with THz-TDS, they were measured with THz-TDS. Also, there are errors 

in measurements with THz-TDS. One source of error is sample thickness. Glass with a 

thickness of about 100 μm was used in this study, and the thickness error at that time was 

about 2%, and the sample thickness deviation was about 5%. Since dielectric properties 

measured by THz-TDS have a proportional relationship with sample thickness, sample 

thickness errors directly become dielectric characteristic errors. Therefore, the total error 

in dielectric properties is found to be about 7%. 

 

 

Figure 2-2 Photo of a terahertz time-domain spectroscopy system (TAS7400) 
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2.4 Far-infrared spectroscopic method 

The far-infrared (FIR) spectroscopic method is used to calculate the complex 

permittivity from the measured transmittance and reflectance. This method is only 

applicable to samples with low dielectric loss. First, the transmittance is measured for two 

samples of different thicknesses. The internal transmittance is calculated by measuring 

the difference between the two transmittances, and the light absorption coefficient k of 

the sample is calculated as follows: 

𝑇 = exp⁡ (
−4𝜋𝑘𝑡

𝜆
), 

(2-4) 

where T, t, and λ denote the transmittance, sample thickness, and wave number, 

respectively. 

Furthermore, by measuring the infrared reflectance R, the refractive index n of the sample 

can be determined, as R is given by  

𝑅 =
(1−𝑛)2+𝑘2

(1+𝑛)2+𝑘2
; 

(2-5) 

therefore, 

𝑛 =
−(1+𝑅)+√(1+𝑅)2−(1−𝑅)(𝑅−1+𝑅𝑘2−𝑘2)

𝑅−1
. 

(2-6) 

Using these equations, n and k can be calculated, and the real and imaginary parts of the 

dielectric constant (ε’, ε’’, respectively) can be calculated as follows: 

𝜀′ = 𝑛2 − 𝑘2, 
(2-7) 

𝜀′′ = 2𝑛𝑘. 
(2-8) 
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2.5 Far-infrared spectroscopic ellipsometry 

Spectroscopic ellipsometry is known as a measurement technique to obtain the 

optical constants of a sample by detecting polarized light that is reflected from a sample.  

In this research, the complex permittivity at 2–21 THz was determined using a FIR 

spectroscopic ellipsometer. This chapter reports on the performance of a uniquely 

constructed FIR spectroscopic ellipsometer and the analysis method. 

Figures 2-3 and 2-4 show the photo and schematic diagram of Fourier-transform FIR 

(FT-FIR) spectroscopic ellipsometric system. The system was uniquely developed using 

an FT-FIR spectrometer (FARIS-1, JASCO, Japan). A Michelson interferometer in the 

Fourier-transform spectrometer is followed by a rotating-analyzer-type ellipsometer, 

which contains an additional compensator (C) in the optical path following a rotating 

wire-grid polarizer (PR). Each part is housed in an aluminum chamber, and the internal 

part of the device can be evacuated using a rotary pump to prevent attenuation caused by 

water vapor and carbon dioxide in the air during measurement. The light source is a high-

pressure mercury lamp, and the detector is a Si bolometer unit, which enables us to 

measure the FIR spectrum in the low-frequency region down to 0.75 THz (25 cm-1). Three 

types of THz compensators (WP-CQ-L20-H20-OW61.5-L/4, WP-CQ-L20-H20-

OW148-L/4, and WP-CQ-L20-H20-OW496-L/4, TYDEX, Russia) composed of crystal 

quartz were introduced separately between the polarizer and the sample for wideband 

spectral measurements. The measurable spectral range of the ellipsometric system was 

0.75−21 THz (25−700 cm-1). The position of the sample stage could be arbitrarily 

changed such that the light hits the center of sample surface at different incident angles. 

The reflected light was elliptically polarized owing to the difference in complex reflection 

coefficients between the p- and s-polarizations. The lights from the p- and s-polarized 



29 

 

components were individually measured using a rotating wire-grid analyzer (AR). The 

rotating polarizer, rotating analyzer, sample stage, and incident angle were controlled 

using stepping motor controllers (D250, Suruga Seiki, Japan) and a software was used to 

precisely measure the polarized state. Moreover, prior to the sample measurement, the 

residual calibration63 was performed. 

Here, I introduce the calculation of the two-layer model used in this experiment: when 

plane polarized light in medium(0) (usually vacuum) is incident on the sample medium(1), 

as shown in Figure 2-5, the complex amplitude reflectance values rp and rs and the ratio 

of incident light to reflected light are defined as follows for p-polarization parallel to the 

incident plane and s-polarization perpendicular to it, respectively. 

𝑟𝑝 =
𝑁1 cos𝜙0 − 𝑁0 cos 𝜙1

𝑁1 cos𝜙0 + 𝑁0 cos 𝜙1
 (2-9) 

𝑟𝑠 =
𝑁0 cos𝜙0 − 𝑁1 cos 𝜙1

𝑁0 cos𝜙0 + 𝑁1 cos 𝜙1
 (2-10) 

Here, N0 and N1 are the complex refractive indices of the respective medium, φ0 is an 

incident angle, and φ1 is a refraction angle. The ratio of these two reflectance values is 

called the polarization ellipticity ρ and is expressed as follows:  

𝜌 =
𝑟𝑝

𝑟𝑠
, 

(2-11) 

where rp and rs denote the reflectance values of the p- and s-polarized lights, respectively. 

Using the angle Ψ of the polarization plane of the reflected light and the change in the 

phase (ellipticity) of the polarization (Δ), ρ can also be expressed as follows: 

𝜌 =
𝑟𝑝

𝑟𝑠
= tan𝜓 𝑒𝑥𝑝(𝑖𝛥), 

(2-12) 

tan𝜓 =
𝑟𝑝

𝑟𝑠
, (2-13) 

𝛥 = 𝛥𝑝 − 𝛥𝑠. 
(2-14) 
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The ellipsometer measures the ellipticity and phase of the reflected light, and the complex 

refractive index N1 of the sample can be measured from Ψ and Δ.64 

 

 

Figure 2-3 Photo of the Fourier-transform far-infrared (FT-FIR) spectroscopic 

ellipsometric system 

 

 

Figure 2-4 Schematic diagram of the FT-FIR spectroscopic ellipsometric system 
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Figure 2-5 Schematic diagram of an optical two-layer model 
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2.6 Measurement method of the rotating-analyzer-type 

ellipsometer with compensator 

Here, I explain the method used to calculate the complex permittivity from the 

measured intensity. For simplicity, I would like to discuss the case of a rotating-analyzer-

type ellipsometer without a compensator. The Jones vector is usually used to analyze the 

change in polarization in a sample or optical element, and the relationship between the 

Stokes parameter and ellipsometric angles (ψ, Δ) can be obtained by calculating Jones 

matrix. The Jones matrix for a rotating-analyzer-type ellipsometer is obtained as follows: 

[
𝐸𝑒𝑜𝑢𝑡
0

] = [
1 0
0 0

] [
cos𝐴 sin 𝐴
− sin𝐴 cos𝐴

] [
𝑟𝑝 𝑟𝑝𝑠
𝑟𝑠𝑝 𝑟𝑠

] [
cos 𝑃 − sin𝑃
sin 𝑃 cos𝑃

] [
1 0
0 0

] [
1
0
], 

(2-15) 

where P is the angle of the polarizer, A is the angle of the detector, and Ψ and Δ are the 

optical constants of the sample as expressed in Eq. (2-15). If the sample is isotropic or 

has an accurate orientation, the off-diagonal terms rps and rsp of the sample vector are 

zero; therefore, only the diagonal terms can be considered, and the following equations 

can be expressed by considering ρ= rp/rs = tanφexp(iΔ). 

𝐼 = |𝐸𝑒𝑜𝑢𝑡|
2 = 𝐸𝐸∗ (2-16) 

I = 𝐼0[(1 − 𝑐𝑜𝑠2𝑃𝑐𝑜𝑠2𝛹) + (𝑐𝑜𝑠2𝑃 − 𝑐𝑜𝑠2𝛹)𝑐𝑜𝑠2𝐴
+ (𝑠𝑖𝑛2𝑃𝑠𝑖𝑛2𝛹𝑐𝑜𝑠𝛥)𝑠𝑖𝑛2𝐴 

(2-17) 

When the azimuth angle of the polarizer is set to 45° relative to the plane of reflection, 

the intensity I at the detector can be described in terms of Stokes parameters s1, s2, and s0 

as follows:65 

𝐼(𝐴) = 𝑠0 + 𝑠1 cos 𝐴 + 𝑠2 𝑠𝑖𝑛 2𝐴. 
(2-18) 

The Stokes parameters can be easily calculated from experimental results obtained under 

the analyzer setting of A = 0°, 45°, 90°, and 135° using the following equations: 
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𝑠0 = 𝐼(0) + 𝐼 (
𝜋

2
), (2-19) 

𝑠1 = 𝐼(0) − 𝐼 (
𝜋

2
), (2-20) 

𝑠2 = 𝐼(𝜋/4) − 𝐼 (
3𝜋

4
). 

(2-21) 

Furthermore, the Stokes parameters are related to the ellipsometric parameters Ψ and Δ 

as follows: 

𝑠1 =
𝐼0−𝐼90

𝐼0+𝐼90
= −cos 2𝜓, 

(2-22) 

𝑠2 =
𝐼45−𝐼135

𝐼0+𝐼90
= sin 2𝜓 cos 𝛥. 

(2-23) 

However, when Ψ takes a small value, as in the case of certain glass materials, the 

intensity of light becomes significantly small when the polarizer angle is 90°, resulting in 

a susceptibility to errors. 

Therefore, the measurement accuracy can be improved by not shifting Ψ from 45°. 

𝜑 =
1

2
𝑐𝑜𝑠−1

𝐼0° − 𝐼90°
2𝐼𝑚

− 𝑐𝑜𝑠 2𝑃

𝐼0° − 𝐼90°
2𝐼𝑚

𝑐𝑜𝑠 2𝑃 − 1
 (2-24) 

∆= cos−1
𝐼45° − 𝐼135°

2𝐼𝑚

(1 − cos 2𝜓 cos 2𝑃)

sin 2𝑃 sin 2𝜓
 (2-25) 

By shifting the angle of P to 30° or 15°, highly accurate measurements can be obtained. 

However, if Δ is close to 0° or 180°, a compensator or change in the incident angle 

is required to obtain accurate ellipsometric parameters. As an example, the Δ0 and Ψ0 of 

SrTiO3 single crystal measured by our ellipsometer without compensator are shown in 

Figures 2-6 and 7. The ψ can be measured, but Δ is close to 180° and has a band where it 

cannot be measured. The experimental error of Ψ and Δ in the rotating-analyzer 

ellipsometry are proportional to (sin Δ)-1;66 thus, the experimental error in ellipsometric 

measurements of some materials is considerably large as the values of Δ for these 
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materials are close to 0° or 180°. In such cases, the accuracy of measurements can be 

improved by incorporation of a compensator that shifts Δ in the rotating-analyzer-type 

ellipsometric system.64 Therefore, three types of THz compensators were introduced 

separately between the polarizer and the sample for wideband spectral measurements. 

The Jones matrix in a rotating analyzer-type ellipsometer with a rotating 

compensator is as follows 

[
𝐸𝑒𝑜𝑢𝑡
0

] = [
1 0
0 0

] [
cos 𝐴 sin𝐴
− sin𝐴 cos 𝐴

] [
sin 𝜑 𝑒𝑥𝑝(𝑖∆) 0

0 cos𝜑
] [
cos 𝐶 − sin 𝐶
sin 𝐶 cos 𝐶

] 

[
𝑒𝑥𝑝(−𝑖𝛿) 0

0 1
] [

cos 𝐶 sin 𝐶
− sin 𝐶 cos 𝐶

] [
cos 𝑃 − sin 𝑃
sin 𝑃 cos 𝑃

] [
1 0
0 0

] [
1
0
], 

(2-26) 

where δ is the phase difference created by the compensator. The Schematic diagram 

of the ellipsometric arrangement for measurements with a compensator is shown in Figure 

2-8. The phase difference to be detected can be changed by the phase difference due to 

the compensator. By varying the angle of the compensator, it is possible to avoid the 

condition of Δ close to 0° or 180° for any value of Δ in the sample. However, these 

parameters contain mixed information related to the compensator and sample. For 

example, the values of Δ1 and Ψ1 of SrTiO3 single crystal measured by our ellipsometer 

with compensator are shown in Figures 2-6 and 7. The phase difference certainly shifted 

to a lower angle; however, periodic noises were observed in the Δ1 and Ψ1 values. Because 

the thickness of the compensator was comparable to the wavelength of light, multiple 

reflections in the compensator occurred depending on the wavelength. This wavelength-

dependent error is difficult to remove by only using calculations because the refractive 

index of the material of the compensator is also dependent on the wavelength. To remove 

the error caused by the compensator, The measurement was performed by measuring the 

light intensity multiple times at different angles of the compensator to cancel out multiple 

reflections. Specifically, it was calculated from the following equation 
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𝜑 =
1

2
𝑐𝑜𝑠−1

(𝐼90°,0° − 𝐼90°,90°) + (𝐼0°,0° − 𝐼0°,90°)
4𝐼𝑚

− 𝑐𝑜𝑠 2𝑃

(𝐼90°,0° − 𝐼90°,90°) + (𝐼0°−,0° − 𝐼0°,90°)
4𝐼𝑚

𝑐𝑜𝑠 2𝑃 − 1

 

 

(2-27) 

∆= 𝑠𝑖𝑛−1−√
−(−𝛼2 + 𝛽2 − 1) − √(−𝛼2 + 𝛽2 − 1)2 − 4𝛼2

2
 (2-28) 

𝛼 = 𝑠𝑖𝑛∆𝑠𝑖𝑛(𝛿) =
1 − cos 2𝜓 cos 2𝑃

𝑠𝑖𝑛 2𝑃 𝑠𝑖𝑛 2𝜓

(𝐼90°,45° − 𝐼90°, 135°) − (𝐼0°,45° − 𝐼0°, 135°)

4𝐼𝑚
 

(2-29) 

𝛽 = 𝑐𝑜𝑠∆𝑐𝑜𝑠(𝛿)

=
1 − cos 2𝜓 cos 2𝑃

𝑠𝑖𝑛 2𝑃 𝑠𝑖𝑛 2𝜓

(𝐼90°,45° − 𝐼90°, 135°) + (𝐼0°,45° − 𝐼0°, 135°)

4𝐼𝑚
 (2-30) 

4𝐼𝑚 = 𝐼90°,0° + 𝐼90°, 90° + 𝐼0°,0° + 𝐼0°, 90° 

(2-31) 

The angle of the polarizer is P. The light intensity ICA is described as C is the angle 

of the compensator and A is the angle of the detector. As an example, Δ2 and Ψ2 of SrTiO3 

single crystals are shown in Figures 2-6 and 7. Δ and Ψ of SrTiO3 were measured 

accurately. 

The ellipsometer was used to determine the amplitude ratio of the polarized light ψ and 

phase difference Δ of the sample according as follows:67  

𝜀′ = sin2 𝜃0 [1 +
tan2 𝜃0(cos

2 2𝛹−sin2 2𝛹 sin2 𝛥)

(1+sin2𝛹 cos𝛥)2
], (2-32) 

𝜀′′ = sin2 𝜃0
tan2 𝜃0 sin4𝛹 sin𝛥

(1+sin2𝛹 cos𝛥)2
, (2-33) 

where θ0 is the incident angle of light. 
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Figure 2-6 Ellipsometric parameters of SrTiO3 single crystal. The Ψ0 is the parameters 

measured without using a compensator. The Ψ1 is measured with a compensator (WP-

CQ-L20-H20-OW61.5-L/4) contain mixed information on the compensator and sample. 

The Ψ2 is calibrated parameters of SrTiO3 single crystal alone using three types of 

compensators. 
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Figure 2-7 Ellipsometric parameters of SrTiO3 single crystal. The Δ0 is the parameters 

measured without using a compensator. The Δ1 is measured with a compensator (WP-

CQ-L20-H20-OW61.5-L/4) contain mixed information on the compensator and sample. 

The Δ2 is calibrated parameters of SrTiO3 single crystal alone using three types of 

compensators. 

 

Figure 2-8 Schematic diagram of the ellipsometric arrangement for measurements with a 

compensator 
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2.7 Measurement of complex permittivity of SrTiO3 single crystal 

using the developed spectroscopic ellipsometer 

Using Eqs. (2-32) and (2-33), the complex permittivity of SrTiO3 single crystal at 

25−700 cm-1 (0.75−21 THz) was determined as shown in Figure 2-9.68 The responses of 

the Slater, Last, and Axe modes, which are all optical phonon modes of SrTiO3 at room 

temperature,69, 70 were clearly observed. Notably, the dielectric dispersion of SrTiO3 in 

the THz region is well described by the damped harmonic oscillator model:69–72 

𝜀∗(𝜔) = 𝜀′(𝜔) − 𝑖𝜀′′(𝜔) = 𝜀∞∏
𝜔𝑗LO
2 −𝜔2+𝑖𝛾𝑗LO𝜔

𝜔𝑗TO
2 −𝜔2+𝑖𝛾𝑗TO𝜔

𝑛
𝑗=1 , (2-34) 

where ε∞ is the complex permittivity due to electric polarization, ωjLO and ωjTO are the 

resonance frequencies of the j-th longitudinal optical (LO) and transverse optical (TO) 

modes, respectively, and γjLO and γjTO are the damping factors of the LO and TO modes, 

respectively. As a fitting result using this model, the resonance frequencies of the Slater, 

Last, and Axe modes were estimated to be 91.9, 171.0, and 544.1 cm-1, respectively. The 

relative permittivity in the low-frequency region was estimated as 302, which was almost 

consistent with the electrically measured value in the MHz region. As mentioned in 

previous reports,69, 70 the Slater mode (or soft mode) governs the dielectric properties in 

the low-frequency region. The dotted lines in Figure 2-9 show the dielectric function 

reported by Kamarẚs et al.,69 which has been estimated based on only unpolarized 

reflectance. The ellipsometric data are in agreement with the dielectric function that is 

estimated by unpolarized reflectance. Therefore, I conclude that a precise dielectric 

dispersion of SrTiO3 single crystal at 25−700 cm-1 (0.75−21 THz) was directory measured 

using the developed FIR spectroscopic ellipsometer. Note that this measured value is not 

entirely accurate. Various factors have been considered for errors in measured values of 
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dielectric properties with ellipsometers.66 This equipment assumes that the polarizer angle, 

incidence angle, etc. have been adjusted, and only errors associated with changes in light 

intensity are described. The main possible errors in this measurement system are the 

polarization angle of the polarizer and the angle of incidence. If the polarization angle is 

off by 0.5 degrees and the incidence angle is off by 1 degree, the dielectric constant and 

dielectric loss are calculated to have an error of about 10%. 
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Figure 2-9 Complex permittivity of the SrTiO3 single crystal in the THz region. The Slater, 

Last, and Axe mode responses are clearly observed at 92, 175, 545 cm-1, respectively. 
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2.8 Measurement of complex permittivity of sodium silicate glass 

in GHz–THz frequencies 

 In Section 2.7, I showed that the complex permittivity of strontium titanate single 

crystals in GHz−THz frequencies can be measured by our developed ellipsometer. Next, 

we attempted to measure the complex permittivity of glass materials using THz-TDS and 

our ellipsometer. Figure 2-10 shows the complex permittivity of silica glass and 70SiO2-

30Na2O glass. Solid and dotted lines represent values measured by terahertz ellipsometer 

and THz-TDS, respectively. Points indicate values estimated with the split post dielectric 

resonator technique. The split post dielectric resonator developed by QWED, which was 

used to measure the Q-factors and resonance frequencies of the vacancy and the 

samples.58, 59 The 85071E (option 300) software package (Keysight Technologies) was 

used for the analysis. For both silica and soda-silicate glasses, the complex permittivities 

measured by THz-TDS and those obtained using our developed ellipsometer are almost 

continuously connected, and the validity of the measurements is high. The complex 

permittivity measurements at 10 GHz by the split post dielectric resonator method were 

found to be an extension of the THz-TDS measurements. Furthermore, the reflectance of 

70SiO2-30Na2O glass calculated from the measured complex permittivity is shown in 

Figure 2-11. Kamitsos et al. measured the reflectance in a glass of the same composition 

and found it to be in close agreement with our calculations.22 For these reasons, I conclude 

that this measurement system is also effective for measuring the complex permittivity of 

glass materials in GHz−THz frequencies. Assuming an error of 1° in the angle of 

incidence of light in the ellipsometer and an error of 0.5° in the polarizer, the error in the 

dielectric properties of 70SiO2-30Na2O glass is shown in Figure 2-12,13. The error in the 
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angle of incidence leads to an error in the dielectric properties of about 10%, and the error 

in the polarizer leads to an error in the dielectric properties of a few percent. 
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Figure 2-10 Frequency dependence of complex permittivity of silica glass and sodium 

silicate glasses. Solid and dotted lines represent values measured by terahertz ellipsometer 

and THz-TDS, respectively. Points indicate values estimated with the split post dielectric 

resonator technique. 
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Figure 2-11 Reflectance of 70SiO2-30Na2O glass calculated from complex permittivity 
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Figure 2-12 Error of dielectric constant in 70SiO2-30Na2O glass measured by terahertz 

ellipsometer. 

 

Figure 2-13 Error of dielectric loss in 70SiO2-30Na2O glass measured by terahertz 

ellipsometer. 
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2.9 Applicability of complex permittivity measurement method in 

the THz band 

 The previous chapters have introduced measurement methods using THz-TDS and 

ellipsometers, but there are cases where complex permittivity cannot be measured using 

these methods alone. THz-TDS measurements can only be applied at a maximum 

frequency of 7 THz due to the difficulty of constructing the optical system necessary for 

measurements in the high frequency band.73 Since THz-TDS detects light transmitted 

through a sample, if the transmittance of the sample is too low, the complex permittivity 

cannot be measured. On the other hand, ellipsometer measures the polarized reflected 

light from the sample, which results in a large measurement error for samples with low 

reflectance. The range of complex permittivity that can be measured by our ellipsometer 

and the THz-TDS are estimated. The results are shown in Figure 2-14. The 

measurement frequency was assumed to be 3 THz, and the calculations were based on 

the assumption that reflectance of at least 15% is required for measurement by 

ellipsometer and transmittance of at least 15% is required for measurement by THz-

TDS. Materials with high dielectric constant or dielectric loss have high reflectance and 

are easy to measure with an ellipsometer. Ellipsometry is a method for accurately 

measuring the complex permittivity of materials with high dielectric constant or 

dielectric loss. THz-TDS is a method for accurately measuring the complex permittivity 

of materials with low dielectric loss. However, the complex permittivity of materials 

with intermediate values of permittivity and dielectric loss is not accurate when 

measured with either measuring instrument. An example of a material with such 

properties is a resin material. Therefore, it is difficult to measure the complex 
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permittivity of resin materials using our system, and this will be a measurement 

challenge for future understanding of complex permittivity in the THz band. 

 

 

 

Figure 2-14 Complex permittivity measurement range by ellipsometer and THz-TDS. 
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2.10 Summary 

To identify materials with good properties in the 5G and 6G bands, I investigated 

several methods for measuring the complex permittivity of materials in the GHz–THz 

bands. I used different methods to measure the complex permittivity. For example, 

methods using resonator and vector network analyzer, THz-TDS, and measurement of 

FIR transmittance, reflection of the sample, and ellipsometric technique were used. 

Among these methods, the FIR ellipsometer is an originally developed system. The 

complex permittivity of the SrTiO3 single crystal as a standard sample was measured 

using the developed ellipsometer, and the ellipsometric data agreed with the dielectric 

function that was estimated using unpolarized reflectance data. The complex permittivity 

of glass samples was also shown to be measurable over a wide bandwidth when combined 

with THz-TDS. Therefore, the complex permittivity in the GHz–THz bands could be 

directly measured using our equipment. Thus, I believe that these methods are key 

techniques for understanding the dielectric properties of materials from a phononic 

perspective and can be powerful tools in the search for useful materials for application in 

5G and 6G systems. 
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Chapter 3 

 

Effect of Network Modifier on Dielectric Response 

of Silicate Glasses in GHz–THz Frequency Range 

 

3.1 Introduction 

In Chapter 2, a method for measuring dielectric properties in the GHz and THz bands 

was proposed and its investigative results were presented. Subsequently, the dielectric 

properties of glass materials, which are useful for 5G and 6G communication systems, 

were measured in the GHz–THz range using previous reported methods and the results 

are analyzed in this chapter. Moreover, MD calculations were used to understand the 

origin of dielectric properties in the glass materials. 

Among oxide glasses, silicate glass is widely used because of its high chemical 

stability, whereas silica glass is difficult to produce owing to its high melting temperature. 

Therefore, silicate glasses often contain alkali metal or alkali metal earth ions, which is 

network modifier, to reduce the melting temperature and improve productivity. For 

example, alkali aluminosilicate glasses that are used to cover mobile devices contain 

multiple alkali metal ions, such as Li, Na, and K ions, and the soda-lime silicate glasses 

used for windows often contain Na and K and Ca ions.74–77 

Therefore, in this study, I investigated the effect of network modifiers on the 

dielectric properties of silicate glass aimed to measure the dielectric properties of single-

alkali silicate glasses and to discuss their polarization mechanisms. To identify the effects 

of network modifier ions on the dielectric properties, I examined seven types of alkali 
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silicate glasses: 70SiO2-30Na2O, 60SiO2-40Na2O, 80SiO2-20Na2O, 70SiO2-30Li2O, 

70SiO2-30K2O, 70SiO2-30Rb2O, 70SiO2-30Cs2O and four types of mixed-alkali silicate 

glasses: 70SiO2-15Li2O-15Na2O, 70SiO2-15Li2O-15K2O, 70SiO2-15Na2O-15K2O, 

70SiO2-10Li2O-10Na2O-10K2O and three types of alminoborosilicateglass with alkali 

metal earth ion: 50SiO2-10Al2O3-20B2O3-20CaO, 55SiO2-10Al2O3-20B2O3-15CaO, 

60SiO2-10Al2O3-20B2O3-10CaO. Furthermore, I measured the dielectric responses up to 

the THz range to evaluate the dielectric properties at GHz bands and to understand how 

the GHz dielectric properties of the glasses were affected by the dielectric responses in 

the THz range.78 
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3.2 Experimental Procedure 

The sodium silicate glass samples containing 20-40 mol% sodium oxide (80SiO2-

20Na2O, 70SiO2-30Na2O, 60SiO2-40Na2O) and alkali-silicate glass samples containing 

30 mol% alkali-metal oxides (70SiO2-30Li2O, 70SiO2-30Na2O, 70SiO2-30K2O, 70SiO2-

30Cs2O, and 70SiO2-30Rb2O) and mixed-alkali-silicate glass samples containing 30 

mol% alkali-metal oxides (70SiO2-15Li2O-15Na2O, 70SiO2-15Li2O-15K2O, 70SiO2-

15Na2O-15K2O, 70SiO2-10Li2O-10Na2O-10K2O) and alminoborosilicate glass samples 

(50SiO2-10Al2O3-20B2O3-20CaO, 55SiO2-10Al2O3-20B2O3-15CaO, 60SiO2-10Al2O3-

20B2O3-10CaO) were prepared using a conventional melting method. The glasses were 

melted in 500 g batches of pure-silica sand and alkali carbonates. First, the batch materials 

were melted in a platinum crucible at 1400–1650 °C for 2 h. Then, the melted glasses 

were quenched by pouring them into cold water, which broke them into small pieces. The 

resulting glass cullet was dried for approximately 24 h at 80 °C to remove water and then 

re-melted in a platinum crucible at 1400–1650 °C for 2 h to obtain homogeneous bubble-

free melted glasses. The molten glasses were poured into steel formworks preheated at 

200 °C, held at the glass transition temperatures (490–650 °C) for 1 h, and then cooled to 

room temperature (~25 °C) at a rate of 1 °C/min to reduce thermal stress. The glass 

transition temperature of each glass was estimated from references.79–81 The resulting 

glasses were cut and polished to produce 35 × 35 × 0.5 mm sheet samples for the dielectric 

measurements. The two widest surfaces were mirror-polished with CeO2 powder. Silica 

glass purchased from Crystal Base Corporation was used for comparison. After polishing, 

the glass samples were stored in a box with silica gel to prevent the absorption of moisture 

from the atmosphere. 

 The dielectric properties of the glasses in the gigahertz frequency range were 
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evaluated using three different techniques. First, the complex permittivities of the samples 

at 10 GHz were determined using the split post dielectric resonator developed by QWED, 

which was used to measure the Q-factors and resonance frequencies of the vacancy and 

the samples.58, 59 The 85071E (option 300) software package (Keysight Technologies) 

was used for the analysis. Note, the actual frequency was slightly less than 10 GHz, 

depending on the thicknesses and dielectric constants of the samples; however, for 

simplicity, the complex permittivities are reported as the values measured at 10 GHz. 

Second, the complex permittivities of the samples at 0.5–2 THz were determined 

using THz-TDS (TAS7400TS and TAS7400SU, ADVANTEST). The results were 

calculated by comparing the amplitude and phase of a transmitted femtosecond pulse laser 

with and without the sample.60, 82 This method is based on the transmission of the sample, 

which indicates that the complex permittivity is determined by the complex transmittance. 

Third, the complex permittivity at 2–10 THz was determined using an FIR 

ellipsometer system,83 which was developed based on a Fourier transform FIR 

spectrometer (FARIS1, JASCO).  
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3.3 Molecular Dynamics Simulations 

MD simulations were performed using the LAMMPS software package84 to 

calculate the dielectric functions of the glasses at GHz–THz frequencies. The glass 

models were prepared using the general melt quench method.85 Partial charge pair 

potentials with parameters proposed by Teter and later extended by Du et al. were used.86 

A cut off distance of short-range interaction is 12 Å. The time step for integrating atom 

motions was 1 fs. The polarizations induced by the AC electric field were determined by 

following the method proposed in ref 39. Glass models composed of approximately 5000 

atoms were obtained using the melt-quenching method. The atoms were initially placed 

in a random reticular pattern at 2.7 Å intervals. The models were held at 3500 K for 500 

ps and then monotonically cooled to 500 K at 1 K/ps under isobaric conditions (0.1 MPa) 

using an isothermal–isobaric (NPT) ensemble.88 The cooled glass model was then held at 

500 K for 500 ps (time required to ensure sufficient equilibration). The final length of the 

cubic MD cells after thermal equilibration was approximately 48.6 Å. 

The MD simulations were then switched from the NPT ensemble to a canonical 

(NVT) ensemble. Before applying the electric field, a slab model was prepared with a 

vacuum layer approximately 100 Å thick in the z-direction. The slab model was held at 

500 K for 300 ps to relax the atomic positions near the boundary. An AC electric field 

E(t) = E0 sin(2πft) was applied in the z-direction, where E0 and f are the magnitude and 

frequency of the electric field, respectively. In this study, E0 was set to 0.1 V/Å and f was 

varied from 10 GHz to 10 THz. The polarization P in the z-direction was calculated using 

the following equation: 

 𝑃(𝑡) = ∑
𝑒𝑞𝑖

𝑉
𝑟𝑖(𝑡)

𝑁
𝑖=1 , (3-1) 
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where e is the elementary charge, qi is the effective charge of the i-th atom, V is the volume 

of the glass part, ri is the displacement of the i-th atom in the z-direction, and N is the 

number of atoms. Note, P and ri are time dependent under an AC electric field. The 

effective charge was set to 60% of the ionic charge of each ion.86 To determine the loss 

tangent tan δ, P(t) was fitted using the following equations:  

 𝑃0 =
1

4
∫ |𝑃(𝑡)|d𝑡
1/𝑓

0
, (3-2) 

and 

 𝑃(𝑡) = 𝑃0sin⁡(2π𝑓𝑡 + 𝛿). (3-3) 

The resulting value of δ was used to calculate the complex permittivity (ɛ′, ε″) according 

to the following equations: 

 𝜀′ = 1 +
𝑃0

𝐸0𝜀0
cos 𝛿, (3-4) 

and 

 𝜀′′ =
𝑃0

𝐸0𝜀0
sin 𝛿, (3-5) 

where ε0 is the permittivity of a vacuum. 
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3.4 Result and Discussion 

  This section is not available in the outline version. 

 

3.5 Summary 

In this chapter, the dielectric properties of pure silica and alkali silicate glasses were 

investigated at 0.5–10 THz using THz-TDS and FIR spectroscopic ellipsometry. Silica 

glass exhibited significantly minimal dielectric dispersion (0.5–10 THz, with a low 

dielectric constant and loss). In contrast, alkali silicate glasses exhibited high dielectric 

dispersion, and the dielectric constant and loss were higher than those of silica glass. This 

dispersion affects the dielectric properties in the GHz band. The calculated MD data were 

in good agreement with the experimental data. The results suggest that alkali metal ions 

vibrate and migrate owing to the applied electric field, which affects the dielectric 

constant and loss in the GHz–THz frequency range. To obtain glasses with low dielectric 

loss in the GHz band, it is important to minimize the content of alkali metal ions with low 

atomic numbers. The inclusion of multiple alkali metal ions in the glass suppresses the 

frequency of migration of alkali metal ions, resulting in lower dielectric loss in the GHz 

band. On the other hand, alkaline earth metal ions also affect dielectric properties in the 

same way as alkali metal ions. 
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Chapter 4 

 

Effect of Network Former on Dielectric Response of 

Sodium Silicate Glasses in GHz–THz Frequency 

Range 

 

 

4.1 Introduction 

In Chapter 3, the dielectric dispersion in alkali silicate glasses was revealed to be 

larger when containing more alkali ions, with a narrower and larger dispersion for heavier 

alkali elements. The results of the MD analysis also suggest that the dielectric dispersion 

in alkali silicate glasses is determined by the vibration and exchange of alkali ions. 

Similarly, the effect of alkaline earth metal elements on the dielectric properties of the 

glass was also found: the greater the amount of alkaline earth metal, the greater the 

dielectric constant and dielectric loss, and it is estimated that the dielectric properties are 

affected by the vibration of the alkaline earth metal elements, 

However, there are two main types of glass-constituting elements: network formers, 

which form the framework of the glass, and network modifiers, which break down the 

framework of the glass. In the previous chapter, the effect of network modifiers on the 

dielectric properties of silicate glass was investigated. The elements that change the 

properties of glass include network modifiers, which break the glass network, as well as 

network formers, which build the glass network. Alkali and alkaline earth ions are typical 
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network modifiers, whereas Al and B ions are typical network formers. For example, Al 

ions are known to improve the strength in alkali aluminosilicate glasses that are used as 

cover glass76. Borosilicate glass is also widely used as a scientific and chemical product 

because the thermal expansion coefficient can be controlled by including B in the glass 

component.112 Thus, the properties of glasses used in different applications are controlled 

by using components other than silica as network-forming oxides. The dielectric response 

of different alkali ion as network modifiers in glass was presented in the previous chapter, 

and in this chapter, the effect of network formers on the dielectric properties of silicate 

glass was investigated.  
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4.2 Experimental procedure 

The alkali aluminosilicate and alkali borosilicate glass samples containing 30 mol% 

alkali metal oxides (60SiO2-10Al2O3-30Na2O, 50SiO2-20Al2O3-30Na2O, 60SiO2-

10B2O3-30Na2O, 50SiO2-20B2O3-30Na2O, and 40SiO2-30B2O3-30Na2O) were prepared 

using a conventional melting method. The glasses were melted in 500 g batches 

comprising pure-silica sand, alumina sand, boron oxide, and sodium carbonates. First, the 

batch materials were melted in a platinum crucible at 1400–1700 °C for 2 h. Then, the 

melted glasses were quenched by pouring them into cold water, which broke them into 

small pieces. The resulting glass cullet was dried for approximately 24 h at 80 °C to 

remove water and then re-melted in a platinum crucible at 1400–1700 °C for 2 h to obtain 

homogeneous bubble-free melted glass. The molten glass was poured into steel 

formworks that were preheated at 200 °C, which were maintained at the glass transition 

temperatures for 1 h and then cooled to room temperature (~25 °C) at a rate of 1 °C/min 

to reduce thermal stress. The resulting glasses were cut and polished to produce 35 mm × 

35 mm × 0.1–0.7 mm sheet samples for the dielectric measurements. The two widest 

surfaces were mirror-polished with CeO2 powder. After polishing, the glass samples were 

stored in a box with silica gel to prevent the absorption of moisture from the atmosphere. 

 The dielectric properties of the glass samples in the GHz frequency range were 

evaluated using three different techniques. First, the complex permittivities of the samples 

at 10 GHz were determined using a SPDR that was developed by QWED, which was used 

to measure the Q-factors and resonance frequencies of the vacancy and samples.58, 59 The 

85071E (option 300) software package (Keysight Technologies) was used for the analysis. 

Notably, the actual frequency was marginally less than 10 GHz, depending on the 

thicknesses and dielectric constants of the samples; however, for simplicity, the complex 
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permittivities are reported as the values measured at 10 GHz. 

Second, the complex permittivities of the samples at 0.5–2 THz were determined 

using THz-TDS (TAS7400TS and TAS7400SU, ADVANTEST). The results were 

calculated by comparing the amplitude and phase of a transmitted femtosecond pulse laser 

with and without the sample.60, 82 This method is based on the transmission of the sample, 

which indicates that the complex permittivity is determined by the complex transmittance. 

Third, the complex permittivity at 2–10 THz was determined using an FIR 

spectroscopic ellipsometer system and spectroscopic method,83 which was developed 

based on a FT-FIR spectrometer (FARIS1, JASCO). This ellipsometer was a rotating-

analyzer-type device with a compensator that measured the polarization of the light 

reflected off the sample surface.  
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4.3 Results and discussion 

This section is not available in the outline version. 

 

4.4 Summary 

In this chapter, I investigated the dielectric properties of sodium silicate glass with Al 

and B, which function as network formers in glass. When Al ions were included in the 

network former, the dielectric constant and dielectric loss of the glass at 10 GHz increased. 

On the other hand, when B ions were included in the network former, the dielectric 

constant and dielectric loss of the glass at 10 GHz were almost unchanged. To understand 

the reason for this, we measured the complex permittivity in the THz band. As a result, 

we confirmed the effect that the peak value of dielectric loss becomes higher when Al or 

B ions are included as a glass network. On the other hand, the peak frequency of dielectric 

loss shifted to the lower wavenumber side when Al ions entered the glass, whereas it 

shifted to the higher wavenumber side when B ions entered the glass. This difference is 

thought to affect the GHz dielectric properties of the glass. 
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Chapter 5 

 

Fabrication of and Evaluation Prototype Filter Device 

Using Glass-Ceramic Material 

 

5.1 Introduction 

In addition to low insertion loss, filter devices require another characteristic for their 

effective functioning, that is, the low temperature dependence of the operating frequency 

of the filter.117–119 The frequency that can be used for communication is determined by the 

standards developed in each country, and the operating frequency of the filter device must 

not change with temperature. In general, because the operating frequency of filter devices 

is determined based on the resonance of the electric field, materials that do not alter the 

resonance frequency are required. For example, in SAW filters, a filter device called 

temperature-compensated SAW was developed, which suppresses the temperature 

variation of the resonance frequency by using a quartz substrate.117–119 Because glass and 

LTCC materials are used in MSL-type filters, the temperature dependence of the 

resonance frequency is expressed by τf, which is determined using the following 

equation.120 

𝜏𝑓 = −
𝜏𝛼
2
− 𝛼 (5-1) 

Here, τα denotes the temperature dependence of the dielectric constant and α is the 

thermal expansion coefficient.121 The thermal expansion coefficient of glass materials is 

generally only a few ppm/K122, 123; however, the temperature coefficient of the dielectric 

constant is approximately 100 ppm/K.5, 124 Therefore, the temperature-dependent rate of 
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change of the dielectric constant must be reduced when developing filter devices. One 

method to reduce the temperature dependence of the dielectric constant is to combine 

glass materials with materials that have a negative temperature dependence of the 

dielectric constant, and various such materials are known.125–129 For example, in an MSL 

filter made with LTCC, by adding ST, the τf is 20 ppm/k.121 In this study, I considered 

rutile, which is a material that is compatible with glass. Rutile is used as a nucleating 

material in the preparation of crystallized glass (i.e., a material in which crystals 

precipitate homogeneously in glass).74, 130–133 Rutile has no dipole moment and has a 

negative temperature dependence of dielectric constant over a wide frequency range from 

GHz to sub-THz.125 Furthermore, rutile is known to have a sufficiently low dielectric loss 

in the GHz band134, and its low dielectric loss properties are not compromised when 

reduced in glass. In this study, I attempted to fabricate a material with low dielectric loss 

and temperature dependence of dielectric constant by adding TiO2 to the composition of 

glass and heat-treating it to reduce rutile. Filter devices operating in the millimeter-wave 

band were fabricated using the obtained materials, and their performance as filters was 

measured.  
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5.2 Experimental procedure 

 Aluminoborosilicate glass samples containing SiO2, Al2O3, B2O3, and minimum 

required alkaline earth metal elements with 0, 3, 5, and 7 mol% TiO2 were prepared using 

a conventional melting method. The glass samples were melted in 1 kg batches of pure-

silica sand and other oxides and carbonates. First, the batch materials were melted in a 

platinum crucible at 1400–1600 °C for 2 h. Then, the melted glass samples were quenched 

by pouring them into cold water, which broke them into small pieces. The resulting glass 

cullet was dried for approximately 24 h at 80 °C to remove water and then re-melted in a 

platinum crucible at 1400–1600 °C for 2 h to obtain homogeneous bubble-free molten 

glass samples. The molten glass samples were poured into steel formworks that were 

preheated at 200 °C, and then maintained at the glass transition temperature (730 °C) for 

1 h, followed by cooling to room temperature (~25 °C) at a rate of 1 °C/min to reduce 

thermal stress. A portion of the resulting glass was heat-treated at 900°C for 4 h to obtain 

crystallized glass. The resulting glasses were cut and polished to produce 35 mm × 35 

mm × 0.3 mm sheet samples for the dielectric measurements. The two widest surfaces 

were mirror-polished with CeO2 powder. The heat-treated glass was ground and mixed 

with 10 wt% ZnO as a standard material, and its X-ray diffraction (XRD) patterns were 

measured. The resulting diffraction data were analyzed via the Rietveld method using the 

RIETAN-FP analysis program.135 The surface roughness Ra after crystallization was 

measured using a laser microscope (Keyence VK-200). 

The dielectric properties of the glass samples in the GHz frequency range were 

evaluated using the cavity resonator method. A cavity resonator manufactured by Kanto 

Electronic Applications was used for the measurement. The cavity resonator method 

determines the complex permittivity by measuring the resonance frequency and Q value 
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when a sample is inserted inside the resonator or cavity. The measurements were obtained 

in accordance with the Japanese Industrial Standards JIS R 1641 using a vector network 

analyzer (E8361C, Keysight). Note that the actual frequency was marginally less than 28 

GHz, depending on the thicknesses and dielectric constants of the samples; however, for 

simplicity, the complex permittivities are reported as the values measured at 28 GHz. The 

temperature dependence of the dielectric constant was also measured using the cavity 

resonator method. The resonator and wiring were placed in a thermostatic chamber (Espec 

SH-241) for blank and sample measurements. A total of five temperatures were measured: 

−20, 0, 25, 40, and 60 °C. Note that the actual frequency was marginally less than 35 GHz, 

depending on the thicknesses and dielectric constants of the samples; however, for 

simplicity, the complex permittivities are reported as the values measured at 35 GHz. 

Finally, a filter device was designed using the material with the smallest temperature 

dependence of the dielectric constant. The center frequency was set to 28 GHz, and a 

Chebyshev bandpass filter with five resonator stages was designed to balance the skirt 

characteristics and insertion loss.4 Filter devices were fabricated by drawing the designs 

onto a substrate using lithographic techniques and copper plating. The characteristics of 

the resulting devices were measured using the vector network analyzer and a microprobe. 

Measurement temperatures were −20, 0, 25, and 40 °C. 
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5.3 Results and discussion 

 This section is not available in the outline version. 

 

5.4 Summary 

 To establish communication systems in the high-frequency band, filter devices adapted 

to the high-frequency band are important. However, conventional filter devices such as 

SAW and bulk acoustic wave filters are not applicable to frequency bands above the 

millimeter wave. Therefore, MSL filters using glass or glass-ceramic materials have 

attracted attention. Because glass has a low dielectric loss and high quality flatness, low-

loss filters can be fabricated. In this chapter, filter devices fabricated using glass-ceramic 

substrates are described. The temperature dependence of the dielectric constant was 

reduced by rutile crystals in the glass. The filter device was operated in the millimeter-

wave band and exhibited a significantly low temperature dependence and low insertion 

loss. This technology can be  applied for beyond 5G and 6G bands.  
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Chapter 6 

General Conclusion 

In this thesis, I have investigated the dielectric properties of glass materials at the GHz–

THz band, which are important for beyond 5G and 6G communication systems. 

 

In Chapter 1, the various properties required for beyond 5G and 6G materials are 

surveyed. Flatness and dielectric property are important; thus, this result indicates that 

glass materials are potential candidates for high-frequency communications. However, 

the dielectric properties of glass materials in the high-frequency band have not yet been 

clearly understood, which is a problem when using the glass materials. 

 

In Chapter 2, I proposed a method for measuring dielectric properties in the high-

frequency band. The measurement of dielectric properties in the GHz–THz band, 

especially in the high-frequency band above 1 THz, has been difficult using commercially 

available equipment. Thus, in this study, a THz ellipsometer was developed to measure 

the complex permittivity in the THz band. As the accurate measurement of the dielectric 

properties of materials with large Δ is difficult using THz ellipsometers, compensators 

were introduced to measure a variety of materials in the THz band. As a reference material, 

the complex permittivity of SrTiO3 single crystal was measured using the developed 

ellipsometer system and the results showed good agreement with the complex 

permittivity predicted from harmonic oscillator model analysis. Our developed 

ellipsometer system demonstrated its effectiveness for measuring complex permittivity in 

the THz band. Furthermore, the dielectric properties of glass materials in the THz band 
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were measured using a combination of THz-TDS and a THz ellipsometer. Calculation of 

reflectance from the obtained dielectric properties showed good agreement with previous 

literature values, indicating that dielectric properties in the THz band can be measured 

with the appropriate combination of instruments. 

 

The dielectric properties of silicate glass, the most commonly used glass material in 

industry, in the high-frequency band were investigated and the results were analyzed in 

Chapter 3. In particular, the effect of network modifier on the dielectric properties was 

investigated, which revealed that the component of alkali metal ions in alkali silicate 

glasses causes a broad dielectric relaxation in the 1–9 THz band, and the dielectric 

relaxation in this band significantly affects the dielectric properties in the GHz band. To 

understand the origin of the dielectric relaxation in this band, I analyzed the movement 

of the ions via MD simulations, which revealed that the dielectric relaxation was caused 

by the vibration and migration of alkali metal ions. When the number of electrons of the 

alkali metal ions is less, the influence of these alkali metal ions is less, and even a small 

amount of alkali metal ions can reduce the dielectric relaxation and produce glass with 

low dielectric loss. It was also shown that the mixed-alkali effect can be used to further 

reduce the complex permittivity in the GHz band. Furthermore, the effect of Ca ions in 

aluminoboro silicate glass on dielectric properties was investigated. As a result, it became 

clear that the effect of alkaline earth metal elements on the dielectric properties of glass 

is the same as that of alkali metal ions, i.e., they increase the dielectric constant and 

dielectric loss. This result indicates that alkaline earth metal elements and alkali metal 

elements have similar effects, and it is desirable to add optimal amounts of each element 

while maintaining a balance between viscosity and dielectric properties. 
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In Chapter 4, the effect of network modifier on the dielectric properties was 

investigated. When network former ions such as Al ion was substituted for Si in sodium 

silicate glass, the dielectric constant and dielectric loss at 10 GHz increased. Contrary, 

when network former ions such as B ion was substituted for Si in sodium silicate glass, 

the dielectric constant and dielectric loss at 10GHz remained unchanged. The difference 

in dielectric properties between the two is presumably due to the addition of Al and B 

ions to soda silicate glass, which changes the state of Na ions in the glass. Therefore, to 

obtain a glass material with low dielectric loss in the GHz band, silica and boron ion must 

be used as the network former.  

 

In Chapter 5, the low temperature dependence of dielectric constant was investigated, 

which is a property required by filter devices for beyond 5G and 6G communications. 

Because the temperature coefficient of the dielectric constant of glass is positive, I was 

able to reduce the temperature dependence of the dielectric constant by homogeneously 

depositing rutile crystals, which have a negative temperature dependence of dielectric 

constant, into the glass. Furthermore, filter devices were fabricated using the obtained 

glass-ceramic substrates and their performance was demonstrated. The fabricated glass-

ceramic filter device demonstrated a low insertion loss and no temperature dependence. 

 

In conclusion, this paper discussed the dielectric properties of glass materials, which 

are promising materials for beyond 5G and 6G systems, in the GHz–THz band. I 

measured the dielectric property of glass materials in the GHz–THz band using the 

developed THz ellipsometer system. The dielectric properties of glass in the beyond 5G 
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and 6G bands were revealed to be strongly influenced by the dielectric properties in the 

THz band. The dielectric properties of glass materials are determined by the vibration and 

migration of network modifiers, such as alkali metal ions and alkaline earth metal ions in 

the glass. To control the vibration and migration of the network modifier in the glass, the 

mixed-alkali effect is useful and Al should not be incorporated instead of Si as network 

formers for dielectric property. The filter device was demonstrated. The temperature 

dependence of the dielectric constant, which is important factor for filter device can be 

controlled by depositing rutile crystals in the glass. Finally, filter devices were fabricated, 

and filter device characteristics with low insertion loss and low temperature dependence 

were obtained. This achievement will be important for the utilization of the glass 

materials in the high-frequency band in the future. 
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