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ABSTRACT 

 Terahertz Spectroscopy of glasses is a relatively new field due to recent 

developments in terahertz generation and detection. These high frequencies open a range 

of possibilities in terms of communication and electronic capabilities. In order to actually 

develop these technologies, an understanding of how materials react in this frequency 

range is necessary for both photonics and electronics. Oxide glasses are typically used for 

their optical properties and also are less subjected to electrical properties with respect to 

temperature and aging (i.e. higher reliability). 

 This study is based on alkaline earth modifiers in glass and its effect on Terahertz 

radiation. The alkaline earth modifiers used were barium oxide (BaO), strontium oxide 

(SrO), and calcium oxide (CaO). Sodium oxide modifier was also used to aid in forming 

the glass, and therefore the effects of sodium oxide addition are presented in this study as 

well. 

 In addition to the Terahertz effects, physical properties of each glass were 

characterized using Differential Scanning Calorimetry (DSC), Density (Archimedes 

method), Ultraviolet-Visible absorption (UV-Vis), and Infrared absorption (FTIR). The 

glasses were confirmed to be amorphous via X-Ray Diffraction. Differential Scanning 

Calorimetry is used to define the glass transition temperature (Tg), and density which 

gives insight to the glass structure and the effects in the Terahertz range. Ultraviolet-

visible and infrared transmission were used to additionally characterize the glasses in 

terms of optics. 

 The manufacturer of the Terahertz Spectrometer had also given an alternative 

method of measurement where powders are mixed with transparent High-Density 

Polyethylene (HDPE). This process was explored with glass frit that was quenched by 

various methods to induce a change in structure. This was characterized through density; 

via Helium Pycnometery and also Differential Scanning Calorimetry. 

 Also characterized were the terahertz properties of ion-diffused commercial float 

glass, as well as glass thickness with respect to terahertz transmission. The paper also 

establishes practices for glass characterization of terahertz spectroscopy. 
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INTRODUCTION  

 The terahertz gap is a region of the electromagnetic spectrum that has been for 

many years unexplored due to the lack of a terahertz source.1 This limited capabilities to 

analyze materials in this region and thus led to a split in the electromagnetic spectrum 

between far-infrared photonics and electronics. With the electronics industry moving 

steadily towards higher frequency to improve processor speeds, there is a need to 

understand the response of materials in the terahertz region to ensure safety and 

reliability of these devices. Glasses in particular are used as low-tolerance, high-

performance dielectrics for capacitors for advanced electronics.2-6 Also, the use of 

terahertz radiation is being considered for communications for a broader bandwidth to 

allow more information to be transferred in a given time.7 

A. Instrument Background 

 

 The ability to construct a terahertz source has been a relatively new discovery, 

and previously, Far Infrared Spectroscopy (FIR) has been used to explore the terahertz 

range, but the signal to noise ratio (which is a ratio of power) for frequencies less than 3 

THz is ~300.8 Terahertz Time-Domain Spectroscopy (THz-TDS) has been reported to 

have a signal-to-noise ratio as high as >108 for frequencies less than 3 THz whereas the 

opposite is true for frequencies greater than 5 THz. The complex dielectric constant can 

be reliably calculated for Frequencies < 3 THz from the spectrum and sample thickness. 

While FIR has advantages over THz-TDS at frequencies above 5 THz, the focus of this 

work will be within the range of frequencies less than 3 THz. 
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Figure 1. Schematic diagram of Terahertz Time Domain Spectroscopy. 

 

 Figure 1 shows the setup for the instrument where an erbium doped fiber 

femtosecond laser emits 780 nm laser pulses with less than 100 femtosecond pulse 

duration that splits into two beams. The first beam goes through a beam chopper then is 

reflected to the emitter. The emitter emits a pulse of THz radiation, which is then directed 

towards the sample. The signal is then reflected to the detector connected to a computer.  

 The Terahertz emitter is a photoconductor that employs a semiconducting 

GaAs/AlGaAs diode.9 This material, when exposed to a short pulse (<90 fs for the 

instrument used in this study) laser under a DC biased voltage, generates a change in 

current which produces an electromagnetic wave in the Terahertz range. The radiation is 

then directed towards to the sample by means of parabolic mirrors then redirected 

towards the detector. The detector works similarly to the emitter with the exception that 

the electric field is generated by the incoming radiation, which alters the current. The 

high signal-to-noise ratio comes from the fact that the detector rejects incoherent 

radiation along with combining many averaging scans (e.g. 1000 scans). 

 The detected signal is expressed in terms of optical time delay, which can be 

Fourier Transformed from time domain into frequency domain. The spectrometer uses a 

Fast Fourier Transform with a range of apodization options (8 in the program that is 

available). The apodization functions are typically applied to remove or reduce 

measurement artifacts. For this study the Blackman-Harris 3 term apodization function is 
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used as a medium between apodization effects and is typically suitable for most 

applications (where Boxcar has no effect, and Norton-Beer Strong has the strongest 

effect). The apodization sacrifices some of the signal-to-noise ratio for resolution. 

 The difference in ratios of electric fields between the sample and the reference 

spectra reveals the refractive index (or refractive index difference) of the sample as well 

as the absorption coefficient.10 This in turn calculates the dielectric constant of both its 

real part and imaginary part along with its phase. This study focuses on the absorption in 

terms of its coefficient, which accounts for sample thickness, and the complex dielectric 

constant. 

B. Terahertz Radiation and Materials 

 

 It is well known that a frequency dependence exists for polarization within 

materials. This dependence is based upon the polarization effects from electronic (αe), 

molecular (αm), lattice (αl), and space charge (αsc) nature of materials.11 It can be 

expected that at lower frequencies below the band gap that the dielectric constant  will 

increase due to stronger effects from polarization. Since Terahertz radiation is associated 

with rotational movements of molecules, a combination of these polarization effects 

result in the dielectric constant of materials. General overviews for different types of 

materials are located below. 

1. Organic Materials 
 

 Most research within the terahertz range has been with organic molecules where 

the long chains will absorb THz radiation in accordance with their structure.12-15 In 

particular there has been much research within detecting and characterizing explosive 

materials for security applications.13,16 This can be done because many explosive organic 

materials have a rotational vibration absorption peak, which is used as an identifier 

particularly at airports. 
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2. Crystalline Semiconductors and Insulators 
 

 Crystalline structures have a major effect on the optical and electrical properties 

of materials where long range order dominants these effects. Amorphous materials can 

have the same chemical composition but significantly different properties because of the 

lack of long range order. For example the most common dielectrics are crystalline 

ceramics with a tetrahedral perovskite structure because the center ion (such as titanium) 

located in the center of the structure spontaneously polarize giving rise to a high 

dielectric constant.11,17-19 These materials are strongly subjected to tetrahedral perovskite 

structure which can change with respect to temperature to a cubic structure, and there has 

been some work on doping these materials to make them less sensitive to temperature.20-

22 

 Crystalline materials such as silicon have been well studied and characterized in 

terahertz spectroscopy with a variety of dopants and forming processes to demonstrate 

the effects these changes make on the electric and optical properties.23-29 For silicon itself 

lower terahertz frequencies are less transparent where at higher frequencies it acts more 

like quartz.29 Adding dopants to change the electrical resistivity will also affect the 

absorption. Other semiconductors such as quartz, sapphire, gallium arsenide, and 

germanium have also been characterized. The effect of the crystalline structure for quartz 

increases the absorption compared to fused silica. Sapphire has higher absorption than 

quartz at values above 1 THz, but acts similarly in transmission in Terahertz frequencies 

<0.5 THz. Gallium arsenide has a couple weak absorption peaks at 0.4 and 0.7 THz 

indicating some structural effect. Germanium has been used to demonstrate the role of 

intrinsic carriers.  

3. Metallics 
 

 Metals such as aluminum, silver, and gold have been studied in the Terahertz 

region and have been found to be reflective just as they are in the visible range.30 This 

effect arises from overlaying valence and conduction band nature of most metals. It is 

generally accepted that reflection will occur with metals and therefore are suitable for 

Terahertz mirrors regardless of substrate. 
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4. Inorganic Glass 
 

 Glass inherently is known for its high transmission optical properties, low 

chemical reactivity, low electrical conductivity, and low thermal conductivity for typical 

soda lime silicate glass and since the start of terahertz spectroscopy, glasses have 

generated interest for  the optical and electrical properties of glass in this region.14,31-38 

Common glasses such as soda lime silicates are used as containers for liquids that could 

potentially contain explosives. The terahertz radiation provides insight to the glass 

structure and  is closely related to mechanical and optical properties of glass.35 Thus far, 

glass is regarded as fairly transmissive in the terahertz region with fused silica having the 

highest transmission for oxide glasses. It is known that modifier additions change the 

amount of absorption with respect to frequency and thus the dielectric constant changes 

with it.33 It is possible to extract the dielectric constant of the material from the thickness 

and polarizability of the glass as well.35  

C. Glass Compositions and  Structure 

 

 Much depends on the structure of the glass, which is influenced strongly by the 

composition and processing conditions.39 The composition of the glass starts with the 

selection of a glass former, which provides a base for the glass to form. Silica being the 

most common former for oxide glasses ideally provides a network of silicon ions bonded 

by 4 bridging oxygen ions. The addition of a glass modifier forms non-bridging oxygens 

with the charge balanced by the modifier ion. Figure 2 outlines the theoretical number of 

bridging oxygens in Qn notation where n is the number of bridging oxygens per 

tetrahedron for alkali oxide modifiers. While each alkali oxide ion must be neighboring 

one non-bridging oxygen, alkaline earth oxide ions must be neighboring two non-

bridging oxygens. A modifier is usually added to lower melting temperature and achieve 

desirable properties due to the increase concentration of non-bridging oxygens and less 

connectivity of the glass structure. The addition of modifier also changes the 

polarizability of the glass, which directly relates to the dielectric constant.40,41 The 
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increase in concentration of modifier atoms provides more polarizing locations in the 

glass. 

 

 

Figure 2. Effect of alkali oxide concentration on the relative theoretical 
concentrations of Qn units in alkali silicate glasses.39 

 

 The type of modifier also influences the glass where high refraction (i.e. high 

polarizability) is a result of the charge of the modifier as well as its size.41 Also the 

average electron density is increased by most modifiers. Modifiers with larger ion 

electron clouds are able to shift (polarize) more than their smaller related group members 

however; some glass constituent such as fluorine and boron lower the electron density 

and cause a shift to lower refractive index.39 The electron density dictates the response 

from the four types of polarization, which all affect the material response in Terahertz 

spectroscopy as each type of transition has enough response time at relatively low 

terahertz frequency (compared to visible light).  

 Glass structures are highly dependent on their processing conditions as well.39 

The cooling process is what actually forms a glass where a melt “freezes” the structure 

before it can crystalize. Due to the poor thermal conductivity of glass during cooling, the 

outside of a glass sample cools faster than the inside.42 This forms a stress gradient which 

affects the polarizing nature of glass.43,44 This can cause localized shifts in refraction or 
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polarization in a preferred orientation, which can be mistaken for absorption in 

spectroscopy. To relieve the glass from this stress, it is heated to a point just around the 

glass transition temperature to allow the ions in stressed condition to shift around a more 

energy conservative environment (i.e. little to no stress). Some glasses build up too much 

stress and form a facture due to the stress gradient, and other glasses have stress that 

exists in the glass, but require a defect (typically at the surface)  in order to commence a 

fracture. Since this strain is a factor in polarization it has to be taken into consideration 

during testing. 

D. Dielectric Properties and Polarizability of Glass 

 

 As described in the previous section, dielectric constant and polarizability are 

heavily dependent on composition and processing conditions.45 The dielectric constant 

and polarization also are a function of beam energy (i.e. wavelength/frequency) and 

ambient conditions. The radiation type influences what energy can invoke what reaction 

from a material. For the case of glass most studies are in ultraviolet-visible spectrum 

because of its high transmission. Minimal radiation in the visible range is absorbed  

unless the glass contains a dopant that absorbs by electronic transition(s).46 These 

transition absorption peaks typically appear as color in the glass, but otherwise glass 

usually appears clear. In the ultraviolet range, where energy is greater, significant 

absorption occurs from the greater energy invoking electronic transitions.  

 The infrared spectrum for silicate glasses usually contains some information on 

the bonding nature of the glass caused by absorbed energies from vibrational states of 

bonds.47,48 Infrared radiation is commonly known for characterizing Si-O bonds and -OH 

groups (from ambient humidity). The multiphonon edge or IR cutoff is another feature in 

infrared spectroscopy for glasses and represents the limits of the spectrum that can be 

used to transmit radiation. These edges are caused by fundamental vibrations and 

overtones between ions that make up the glass structure.39 

 Glasses generally have high transmission for microwave radiation.49 This gives 

glasses an advantage for high frequency electronics due to the lack of absorption bands 

and a relatively consistent dielectric constant over a range of microwave frequencies. It 
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also makes glasses practical for applications such as containers in microwave ovens in 

which transparency is required to heat food evenly. There still exists a slight interaction 

but the response to the radiation is minimal. A similar effect occurs also for radio 

frequencies. 

 To expand electronics and optical windows to include terahertz frequencies makes 

it necessary to know how materials will respond to the frequencies. Dielectric materials 

can be tailored to achieve certain properties by additions to a base material. Glass 

additions are usually in the form of modifiers and intermediates to a glass former whereas 

for common dielectric materials dopants are added to a based material such as barium 

titanate. 

 In terms of applications the non-crystalline nature of glass provides some major 

advantages over typical dielectrics for capacitors. The first is that glass dielectrics have 

extremely low dependency on temperature of capacitance (~5 ppm/°C – For comparison a 

C0G capacitor, which has the tightest restrictions for temperature, is < 30 ppm/°C).40,50,51 

Ceramic dielectrics depend on their crystal structure for dielectric behavior by creating 

regions of free space for electron clouds to shift to, so a change in crystal structure easily 

changes the behavior.11 Barium titanate is a ceramic that has the highest dielectric 

constant and usually is doped to adjust for lower temperature dependency. Barium 

titanate is a tetragonal crystal at room temperature that polarizes due to titanium ions 

located at the center of a perovskite structure. This crystal structure changes at about 125 

°C into a cubic structure that greatly reduces the polarizing nature of titanium ions by 

equalizing the distance between bonded oxygen ions. Glass can be used at higher 

temperatures (~200 °C) because it has no long-range structure which eliminates the 

crystal structure dependence and maintains a more constant capacitance value. 

 Glass also provides three other major advantages over ceramics in terms of 

dielectrics for capacitance: No aging rate, low chemical reactivity from the environment, 

low failure rates/high reliability.50 Aging effects arising from changes by means of 

relaxation or realignment of electrical dipoles from external electric fields are common 

with some ceramic capacitors, and can damage equipment if the change becomes too 

great. Common glass, such as soda-lime-silicate, is also known to be chemically inert 

compared to most materials.52,53 A material is never totally inert, but erosion from 
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ambient environment is extremely low for common glasses (glasses can also be designed 

for high reactivity). Finally, the non-crystalline, homogeneous nature of glass maintains a 

consistent and predictable dielectric failure rate when subjected to an electric field. Glass 

capacitors are known to be highly reliable, but do have a higher cost associated with them 

over their ceramic counterparts. 

 Ion diffused layers of potassium and silver in soda lime silicate glass are of 

interest due to the change in stresses at the surface of the glass as well as electrical and 

polarizability properties.54-57 It is evident for silver that in the visible range for these 

glasses there is absorption, but this study will focus on the effects in the terahertz region. 

Terahertz radiation is considered low-frequency in terms of photonics and high frequency 

in terms of electronics. The remainder of this thesis will regard terahertz as high 

frequency to remain consistent with the scope of this work. 

E. Design of Experiment 

 

 The purpose of this experiment was to characterize the polarization/dielectric 

effects of individual glass modifier ions in alkali/alkaline earth silicate glasses with 

terahertz radiation. Specifically there are four different focuses: (i) ion size and 

concentration  of alkaline earth modifiers using the elements calcium, strontium, and 

barium; (ii) the influence of sodium modifier in these glasses; (iii) alternative methods of 

testing for use of thermally induced stress in glass; (iv) comparison with commercially 

available float glass with and without ion exchanged surfaces. 

 Since the dielectric constant of materials in the terahertz region directly relates to 

polarizability, experimentation can be based on electron density of the glass via ion size, 

ion oxidation state, and concentration, which affects the atomic structure. The ion 

oxidation state within investigation for this study is the 2+ oxidation state of the alkaline 

earth oxides. Varying concentrations of each ion are used in each glass in increments of 5 

mole % and replacing silicon oxide glass former (since fused silica is known to have high 

transmission of THz light) as outlined in Table I. For realistic processing, sodium oxide 

was added to reduce melting temperature, but is kept at 20 mole % for each glass. 
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Table I. Design of Experiment to Compare Ion Size and Concentration of 
Alkaline Earth Oxides 

Io
n 

Si
ze

 (T
yp

e)
 Concentration of alkaline earth oxide 

 5 % mol. 10% mol. 15% mol. 20% mol. 25% mol. 

Ca (100 pm)* NaCa-5 NaCa-10 NaCa-15 NaCa-20 NaCa-25 

Sr (118 pm)* NaSr-5 NaSr-10 NaSr-15 NaSr-20 NaSr-25 

Ba (135 pm)* NaBa-5 NaBa-10 NaBa-15 NaBa-20 NaBa-25 

* Effective Ionic Radii58 

 

 Sodium oxide still influences the dielectric constant and polarization, so to 

measure that effect, three compositions that vary sodium oxide were used with a 

consistent amount of 20 mole % of barium oxide for each glass. The glass compositions 

are outlined in Table II. At low concentrations of sodium oxide, the melting temperature 

is extremely high for the furnace used in this study so the range of glasses was not 

expanded out to include sodium oxide concentrations of 5 and 10 mole %. 

 

Table II. Design of Experiment for Varying Sodium Oxide Levels 

Concentration of alkali oxide 

 15 % mol. 20% mol. 25% mol. 

Na (102 pm)* BaNa-15 BaNa-20 BaNa-25 

  * Effective Ionic Radii58 

 

 Strain within glass can cause a polarization of light passing through the medium, 

which commonly occurs due the glass melting process. In order to relieve the glass of 

these strains, heat treatment (annealing) of the sample occurs near the glass transition 

point. Depending on the glass, some strain still develops -even if it is slight- near to 

surface of the glass. Glasses that are fast quenched (i.e. unannealed) are known to build 

up excessive stress between the surface and the bulk of the glass. This stress causes the 

glass to be ineligible for cold-working (i.e. cutting, grinding, and polishing) as the glass 

will fracture during working. Since such strained glasses are difficult to fabricate without 

cracks and is difficult to measure a sample to model the effects of strain on the glass, 
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however; a strained glass can be purposely crushed into a powder, and the Terahertz 

Spectrometer manufacturer has developed a procedure to use powders in the 

spectrometer. By crushing the powder it relieves the bulk glass stress, but local stress still 

exist. Scattering of the powders, for this experiment, is reduced by using a reference 

sample of the highly THz transmissive material high density polyethylene (HDPE), 

which is used as the binder of the glass frit. This procedure was used with glass frit which 

has purposely thermally induced stress within the glass structure. This is achieved by 

quenching glass at different rates. Each quenching method used for this experiment is 

noted in Table III for a single composition. 

 The procedure outlined by the manufacturer uses a high THz transmission 

material (i.e. high density polyethylene) mixed with a powdered form of the material 

being studied (glass frit for this experiment). The mix is then pressed into a pellet that is 

about 1.5 mm thick, then used as a sample in the spectrometer. The polyethylene also 

serves as a binding medium so the sample does not break easily during handling. 

 

Table III. Design of Experiment for Glass Processing Quench Method 

Quench Method 

 Annealed Air Quenched Water Quenched  

NaBa-15s NaBa-T-AN NaBa-T-AQ NaBa-T-WQ 

 

 Additionally the effects of ion exchanged elements provide surface and 

subsurface changes of the properties. Such an example is chemical strengthening of 

glasses by replacing sodium ions at the surface of the glass with larger potassium ions to 

form a compressive surface. Silver is also another ion that readily diffuses into the 

surface of glasses and can cause discoloration in the visible range by the formation of 

nanoparticles in the glass. These glasses are subjected to Terahertz radiation using 

diffused silver and potassium at the two surfaces of commercially available float glass. 

These glasses are outlined in Table IV with the heat treatment temperature for 1 hour. 
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Table IV. Design of Experiment for Silver/Potassium Ion-Exchanged Commercial 
Glass 

Heat Treatment 

 Untreated 350 °C 550 °C  

SLS AgK-UT AgK-350 AgK-550 

 

 X-Ray diffraction is commonly used to confirm general amorphous structure of 

glass. Density of the glass is measured using Archimedes method to provide some insight 

into the structure of the glasses. Differential Scanning Calorimetry is also employed for 

glass transition temperature measurements, which also aids in providing insight into the 

glass structure. Ultraviolet-Visible Spectroscopy and Infrared Spectroscopy were used for 

comparison to Terahertz Spectroscopy. 
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EXPERIMENTAL PROCEDURE 

A. Glass Compositions 

 

 The design of the experiment primarily focuses on modifier ion size as well as 

total concentration. To form the glasses at the desired temperature and conditions, a glass 

network modifier was utilized to form an amorphous structure, which in this experiment 

was sodium oxide in combination with the alkaline earth oxide. Since sodium oxide was 

used for this experiment it was important to note the effects of sodium concentration with 

alkaline earth modifiers as well. So a separate series with a constant concentration of 

barium oxide at 20 mole % was used to describe the effect of sodium oxide in the glass. 

Also explored, was the effect of stress from the cooling process using a method described 

by the Terahertz Spectrometer manufacturer where glass frit was milled and mixed with 

high density polyethylene (HDPE) powder.  

 Table V, Table VI, and Table VII outline the glass compositions used in the 

compositional effects study where the varying modifiers were barium, strontium, and 

calcium respectively. Table VIII outlines the compositions for the series where sodium 

was the varying modifier.  Some compositions in the variable sodium series described in 

Table VIII were omitted due to forming issues that require high temperatures, which 

related to the low modifier content. 

 

Table V. Glass Compositions for NaBa Series Glasses (in mole percentage) 

Glass SiO2 Na2O BaO 

NaBa-5 75 20 5 

NaBa-10 70 20 10 

NaBa-15 65 20 15 

NaBa-20 60 20 20 

NaBa-25 55 20 25 
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Table VI. Glass Compositions for NaSr Series Glasses (in mole percentage) 

Glass SiO2 Na2O SrO 

NaSr-5 75 20 5 

NaSr-10 70 20 10 

NaSr-15 65 20 15 

NaSr-20 60 20 20 

NaSr-25 55 20 25 

 
Table VII. Glass Compositions for NaCa Series Glasses (in mole percentage) 

Glass SiO2 Na2O CaO 

NaCa-5 75 20 5 

NaCa-10 70 20 10 

NaCa-15 65 20 15 

NaCa-20 60 20 20 

NaCa-25 55 20 25 

 

Table VIII. Glass Compositions for BaNa Series Glasses (in mole percentage) 

Glass SiO2 Na2O BaO 

BaNa-15 65 15 20 

BaNa-20 60 20 20 

BaNa-25 55 25 20 

 

 The glass composition series outlined in Table IX shows the composition for each 

glass as well as the quench method used. The differences in these processes were 

characterized by means of helium pycnometery for density and glass transition 

temperature through differential scanning calorimetry.  
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Table IX. Glass Compositions for NaBa-T Series Glasses (in mole percentage) 

Glass SiO2 Na2O BaO 
Quench 

Method 

NaBa-T-WQ 65 20 15 Water 

NaBa-T-AQ 65 20 15 Air 

NaBa-T-AN 65 20 15 Annealed 

 

B. Sample Preparation 

 

 All glasses were batched using an A-160 Scale (Denver Instrument GmbH, 

Göttingen, Germany), and formed in a 10% Rh-Pt crucible using a Carbolite HTF 17/5 

furnace (Carbolite, Watertown, WI) at 1500 °C for 2 hours. For compositions described 

in Table V, Table VI, Table VII, and Table VIII the glasses were poured onto a steel plate 

at room temperature then annealed on a preheated zirconium oxide refractory in a 

Thermolyne 48000 furnace (refractory preheated to annealing temperature). Glasses were 

annealed at 20 °C above the Tg for 2 hours then cooled at a rate of 1 °C/min for the first 

300 °C, then allowed to cool in the furnace to room temperature. 

 THz-TDS is sensitive to the sample thickness. For the varying composition series 

it was recommended that glass samples should be about 1 mm thick, but samples up to 

about 4 mm are visible. These samples can also be used for UV-Visible Spectroscopy, 

Infrared Spectroscopy, and Density measurements. Glasses were cut then polished by 

hand gradually to 1 µm diamond paste.  

 Glasses in Table IX were formed in the same crucible and furnace with the same 

parameters. The annealed and air quenched samples were poured onto steel at room 

temperature. The annealed sample used the same annealer and cycle as the previous 

glasses. The water quenched sample was left in the crucible and placed into water 

without the water touching the glass itself. These glasses were crushed up into a powder, 

and sieved to less than 75 µm. The powder was mixed with high density polyethylene 

(HDPE) powder at 20 % wt. into pellets of 90 mg of glass frit and 360 mg of HDPE 

powder. A sample of 360 mg of HDPE only was used for a reference. These powders 
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were pressed into pellets of 19 mm diameter at 2 metric tons, and then weighed after for 

any material loss due to adhesion weighing containers. 

 For ion-exchanged glasses a mixture of 1:1 mole % silver nitrate to potassium 

nitrate was mixed with EPK Kaolin and coated onto commercially available float glass 

which was processed by skimming the melt on a molten tin bath (Guardian Glass, 

Geneva, NY). Glasses were heat treated in a Thermolyne 48000 furnace at temperatures 

of 350 °C and 550 °C.  

C. X-Ray Diffraction 

 

 To confirm amorphous structure of the glasses created in the lab, X-Ray 

Diffraction was used to verify that no crystalline phases were present. To do this, a D2 

Phaser X-Ray Diffractometer (Bruker AXS, Karlsruhe, Germany) was employed. 

Samples were milled into powder form prior to X-Ray analysis.  A spectrum from 20.000 

to 80.017 °2θ with a step size of 0.051 °2θ and 1 s/step was measured. The sample was 

rotated at 30 rpm, and X-Rays were generated using Cu tube at 20 kV potential and 10 

mA current. Analysis of the data used Cu-Kα1 rays with X’Pert HighScore Plus software 

(ver. 2.2a(2.2.1), PANalytical B.V., Almelo, The Netherlands). A schematic overview of 

the instrument is shown in Figure 3, where a Cu X-Ray source and detector are moved to 

change the angle at which the x-rays diffract. 

 

Figure 3. Schematic diagram of X-Ray powder diffraction. 
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D. Density 

 

 The free volume of the samples influences the space for individual ions to 

polarize, thus to characterize this free space, density measurements need to be taken. Due 

to slight differences in geometry the Archimedes Principle method provides an accurate 

way to model the free volume. Figure 4 shows the schematic diagram for the method 

where three measurements are taken: dry mass (mdry), suspended mass (msuspended), and 

temperature of fluid. Five samples were used for each glass compositions to ensure 

accuracy. The density of the fluid (ρfluid) is dependent on the temperature, and therefore 

temperature is measured. The fluid used in this experiment is kerosene where the density 

is known for given temperatures. 

 

Figure 4. Schematic diagram of Archimedes principle density measurement. 
 

 Equation ( 1 ) describes the method for calculating the density of the sample. This 

equation is for glasses that are non-porous and bubble-free. 
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 For the glass frit described in Table IX, a AccuPyc II 1340 helium pycnometery 

(Micromeritics, Norcross, GA) was used to obtain the density since the frit is in powder 

form and cannot be measured with Archimedes method using the set up described in 

Figure 4. Five measurements for each sample were taken to establish average density 

with error. Errors can arise due to pressure changes within the technique, along with 

ambient conditions. 

E. Differential Scanning Calorimetry 

 

 To correlate compositional and thermal history for the glasses DSC was employed 

to quantify a glass transition temperature (Tg). Glass preparation included milling into 

powder form to allow thermal energy to distribute more evenly in the sample and create 

more surface area.  

 A 2910 DSC (TA Instruments, New Castle, DE) was used to analyze the samples. 

Samples were heated to 550-600 °C at a heating rate of 10 °C/min in Aluminum pans. 

Nitrogen gas was used at a flow rate of 15 mL/min. Data were recorded as the 

temperature increased and completed when the maximum temperature was reached. Data 

analysis consisted of determining an onset point of that glass transition region in a plot of 

heat flow versus temperature. 

F. Ultraviolet-Visible Spectroscopy 

 

 Ultraviolet-visible radiation stimulates electron transitions commonly utilized to 

determine the energy to jump valence electrons to an excited state, which is known to 

relate to the band gap of common glasses. For this study a Lambda 950 UV/Vis 

spectrometer (PerkinElmer, Akron, OH) was used with a scan range of 800 nm to 300 nm 

at 1 nm steps. The scan rate was 266.75 nm/min with a slit width of 2 nm. Scans were 
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taken at room temperature and conditions. Three scans were averaged together to obtain 

the results presented in the results and discussion section.  

 Figure 5 outlines the basics of the UV-visible spectrometer used. Two light 

sources emit ultraviolet, visible, and near-infrared radiation, which is passed through a 

diffraction grating and a narrow slit allows only a small band of light through, where the 

band is split into two beams. One beam is transmitted through the sample and the other 

passes through an empty sample slot. The two beams then redirect to the detector, which 

connects to a computer and measures transmission. 

 

Figure 5. Schematic diagram of ultraviolet-visible spectrometer. 
 

G. Infrared Spectroscopy 

 

 Infrared Radiation is associated with transitions due to molecular vibrations. A 

Nicolet 6700 FTIR Spectrometer (Thermo Electron Corporation, Waltham MA) was used 

with a scan range of 7400 to 350 cm-1 and a resolution of 4 cm-1. Ninety scans were taken 

in transmission mode using H2O and CO2 correction as well as Mertz Phase correction. A 

Happ-Genzel apodization was applied to the spectrum. The overall spectrometer function 

is outlined in Figure 6 where an infrared light source was used in conjunction with an 

interferometer to generate a time-domain signal that is Fourier transformed into the 

frequency domain.  
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Figure 6. Schematic Diagram of Fourier-Transform Infrared Spectrometer. 
 

H. Time-Domain Terhartz Spectropscopy 

 A TeraView TPS Spectra 3000 Spectrometer was used to measure Terahertz 

adsorption as well as dielectric constant for each of the samples. One thousand scans 

were used in transmission mode with a resolution of 1.200 cm-1 wavenumber and a scan 

frequency of 30 Hz. A Blackman-Harris 3 term apodization was applied to the spectrum. 

Dry high purity nitrogen gas was used to reduce water vapor in the sample chamber at a 

flow rate of 15 L/min. The details of the instrument are highlighted in the Introduction as 

well as Figure 1. 
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RESULTS AND DISCUSSION 

A. Results and Discussion for X-Ray Diffraction 

 

 Figure 7 shows the X-Ray Diffraction pattern for the sodium barium silicate 

where barium concentration is the variable. The patterns are offset to show that the entire 

series is amorphous, as confirmed by the presence of an amorphous hump, or lack of any 

sharp peaks that would be present for a crystallite. Figure 8 shows the same pattern for 

the sodium strontium silicate series with variable strontium showing the same features. 

The same is also present for the sodium calcium silicate series in Figure 9.  

 

 

 

Figure 7. X-Ray Diffraction pattern for sodium barium silicate series with 
variable concentration of barium. Data series are offset for clarity. 
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Figure 8. X-Ray Diffraction pattern for sodium strontium silicate series with 
variable concentration of strontium. Data series are offset for 
clarity. 

 

 

Figure 9. X-Ray Diffraction pattern for sodium calcium silicate series with 
variable concentration of calcium. Data series are offset for clarity. 

 

 Figure 10 shows an interesting feature with increasing sodium oxide content. As 

sodium oxide concentration increases, the amorphous hump peak shifts to a higher 2θ. 

The peaks are at 26.528 °, 27.293 °, and 28.517 ° 2θ for BaNa-15, BaNa-20, and BaNa-
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25 respectively. This peak shift is associated with the medium range order of the glass 

structure and is a topic of debate in the scientific community.59-63 

 

 

Figure 10. X-Ray Diffraction pattern for sodium barium silicate series with 
variable concentration of sodium. Data series are offset for clarity. 

B. Results and Discussion for Density 

 

 Figure 11 shows the plot for density with respect to the increase in modifier 

content. In series 1 (NaBa), series 2 (NaSr), and series 3 (NaCa) the density increases 

with respect to the increase in the variable modifier. The second observation is the 

density increases with respect to the change in series (i.e. different size modifier). Series 

4 (BaNa) shows a slight but not a definitive increase in density as sodium modifier 

content increases.  
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Figure 11. Density plot comparing all series of glasses. 
 

 The increasing density for Series 1, 2, and 3 (NaBa, NaSr, and NaCa respectively) 

can be attributed to the occupation by divalent alkaline earth ions in interstitial space 

within the glass network. With the increase in concentration of these ions, the density of 

the glass also increases. The type of alkaline earth ion also causes an increase in density 

as well. As the atomic number of the alkaline earth series increases the density also 

increases. This implies that the mass difference is greater than the volume change 

resulting in a higher density. Series 4 (BaNa) however does not share the same 

explanation because sodium ions decrease the molar volume of the network as well as 

occupy the interstitial space. It is known that the increase in concentration of sodium 

modifier does increase the density, but the increase is slight.39 

 Variations in the data can come from the thermal history of the glass as well. The 

cooling nature of the glass can fluctuate the volume based on the cooling rate of the bulk 

glass. Microbubbles, and bubbles can greatly change the data so samples were selected 

that were free from these defects. Slight variations in size of the glass, placement in the 

annealer, furnace parameters, and ambient conditions can cause a difference in data 

though care was taken to reduce these processing effects through means of consistent 

procedure, and tight tolerances in weighing raw materials. 
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C. Results and Discussion for Differential Scanning Calorimetry 

 

 Figure 12 show the Differential Scanning Calorimetry of the sodium barium 

silicate series, where the glass transition temperature is featured at the beginning of the 

endothermic peak. An onset point at this curve was used to characterize the glass 

transition temperature for each of the series in Figure 13. 

 

 

Figure 12. Differential Scanning Calorimetry scan for sodium barium silicate 
series with barium as the variable modifier. Data series are offset 
for clarity. 

 

 From Figure 13 it is evident that as the average modifier ion size of each series 

increases, the glass transition temperature decreases. The rise and fall in the sodium 

barium silicate, sodium strontium silicate, and sodium calcium silicate series is consistent 

with the liquidus temperatures for these compositions calculated by Dluegel’s model.64 

This effect arises from the mix of alkali modifiers (i.e. Na2O) and alkaline earth modifiers 

(i.e. BaO, SrO, and CaO). The apparent linear decrease in the barium sodium silicate 

series is directly attributed to the addition of Sodium modifier forming non-bridging 

oxygens and thus inferring that less energy is needed to form a melt.39 
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 Glass Transition though is sensitive to thermal history as presented in Table X, 

where higher quenching rate increases the glass transition temperature. Table X shows 

the glass transition temperature for different quenching methods of the same sodium 

barium composition described in Table IX. Also slight variations in the composition due 

to volatilization can alter the transition temperature. 

 

 

Figure 13. Glass transition temperature as a function of variable ion concentration 
(Ba, Sr, Ca, and Na) as determined by Differential Scanning 
Calorimetry. 

 

Table X. Glass Transition Temperature for various Quench Methods 

Quench Method Average Tg Maximum Tg Minimum Tg 

Annealed 461 °C 462 °C 460 °C 

Air Quenched 464 °C 465 °C 462 °C 

Water Quenched 468 °C 470 °C 467 °C 
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D. Results and Discussion for Ultraviolet-Visible Spectropscopy 

 

 Figure 14, Figure 15, Figure 16 and Figure 17 show the Ultraviolet-Visible 

spectrum for the sodium barium silicate, sodium strontium silicate, sodium calcium 

silicate and barium sodium silicate series respectively. The absorption spectra were 

normalized to 1 mm thickness to account for differences in sample thickness. The spectra 

remain generally featureless with the exception of the UV-edge, which ranges from about 

300-350 nm for each series. 

 

 

Figure 14. Ultra-Violet spectroscopy spectrum for sodium barium silicate series 
with barium as the variable modifier. 
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Figure 15. Ultra-Violet spectroscopy spectrum for sodium strontium silicate series 
with strontium as the variable modifier. 

 

 

Figure 16. Ultra-Violet spectroscopy spectrum for sodium calcium silicate series 
with calcium as the variable modifier. 
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Figure 17. Ultra-Violet spectroscopy spectrum for barium sodium silicate series 
with sodium as the variable modifier. 

 

 It is noticeable that there is a shift in the UV-edge with respect to variable ion 

concentration. As modifier content increases for each composition, the UV-edge shifts to 

a higher wavelength (i.e. lower energy). To quantify this effect Table XI shows the 

wavelength value where the absorption is 0.2 for each millimeter. In the table there are 

two other trends to note: The UV-edge shifts to higher wavelength (lower energy) with 

respect to an increase in ion size, and the increase UV-edge wavelength with the increase 

in modifier content. The other feature of interest is the absorption peak at ~380 nm for 

some spectrums. This arises from the ferric 4D5 transition from iron impurities that are 

sourced from the steel plate that the glasses were poured on as well as iron is a common 

contaminant in batch chemicals.65 
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Table XI. Wavelength at 0.2 Absorption for comparison of UV edge for each 
series 

% mol variable ion NaBa NaSr NaCa BaNa 

5 315 nm 310 nm 308 nm - 

10 321 nm 315 nm 314 nm - 

15 322 nm 321 nm 321 nm 322 nm 

20 327 nm 324 nm 328 nm 327 nm 

25 337 nm 330 nm 332 nm 332 nm 

 

 

 The UV-edge is known to be associated with the valence electron of an anion, in 

this case oxygen, to an excited state.39 This effect becomes more predominate when there 

are more non-bridging oxygens (NBOs) present. Network modifiers are used to form 

NBOs and ultimately reduce the melting temperature of a silicate glass. Special topics of 

the mixed alkali effect are important to note, but do not apply in this study. From Table 

XI this effect is evident, and the shift in the UV-edge is directly proportional to the 

electronic band gap of the glasses. The wavelengths in this test focus on photon-

electronic transitions, and the important point of this study in relation to terahertz 

spectroscopy is the characterization of electronic polarization contributions. 

E. Results and Discussion for Infrared Spectropscopy 

 

 It is important to note that glasses are not fully chemically inert, and quite often 

are subjected to attack from water.66,67 Reactive cations in the glass will form hydroxyls, 

which have a vibrational frequency in the infrared region of the electromagnetic 

spectrum. Therefore water interaction with glass can be characterized via Fourier 

Transform Infrared Spectroscopy (FTIR). Additionally glass bonds also have absorption 

activity in the infrared region. 
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Figure 18. Fourier Transform Infrared spectroscopy spectrum for sodium barium 
silicate series with barium as the variable modifier. 

 

 It is unrealistic to form a glass completely free of water interaction, and thus 

evidence of water interaction during melting from ambient humidity is evident in Figure 

18. Three peaks at about 3390, 3780, and 2325 cm-1 are present in each of the samples, 

which correlate directly to hydroxyl absorption. The same evidence is also present in 

Figure 19, Figure 20, and Figure 21. The hydroxyl absorption comes from ambient 

humidity and water used for processing during melting which trapped hydroxyl groups in 

the bulk of the glass and could affect results within the terahertz region.  
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Figure 19. Fourier Transform Infrared spectroscopy spectrum for sodium 
strontium silicate series with strontium as the variable modifier. 

 

 

Figure 20. Fourier Transform Infrared spectroscopy spectrum for sodium calcium 
silicate series with calcium as the variable modifier. 

 

 



33 

 

Figure 21. Fourier Transform Infrared spectroscopy spectrum for barium sodium 
silicate series with sodium as the variable modifier. 

 

 The second major feature presented in these figures is the multiphonon edge at the 

higher wavenumbers. This edge is the result of multiple absorptions from the many types 

of vibrational modes present in the glass structure. For these series of glasses there exists 

a general tendency to shift this edge towards longer wavenumbers with the addition of 

modifier. This relates back to the mass of the modifier ions and the bond strength. 

F. Results and Discussion for Time-Domain Terahertz Spectropscopy 

1. Compositional Effects 
 

Figure 22, Figure 23, and Figure 24 shows the Absorption Coefficient as a 

function of frequency in the terahertz spectrum for variable barium, strontium, and 

calcium  silicate respectively. The plots were Fourier Transformed from the time-domain 

to the frequency domain. In each of the figures there is little difference between the plots 

as a function of concentration as well for ion size. As for the plot shapes themselves the 

first feature to note is the slight rise in absorption near 0 THz. This is not a real 

phenomenon, and is a feature common in Terahertz spectroscopy as wavelengths at this 

frequency are blocked by the small sample holder, and thus appear as absorption. This 
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will be more evident in the dielectric plots in Figure 26, Figure 27, and Figure 28. In the 

frequency range of ~0.03-0.56 THz there is a rise in absorption, which is the result of the 

modifier ions absorption energies associated with vibrational modes. 

This shows consistency with the properties of alkaline earth materials for this 

spectrum, and slight variances are the result of sample thickness differences, which are 

detailed in the third section of the Terahertz Results and Discussion. 

It is known that pure fused silica has a minimal increase in absorption as the 

frequency increases and therefore the large increase in absorption must be a result of the 

additives within the glass, which is consistent with the results obtain by Naftaly and 

Miles.35 In their study ionic polarizability of the modifiers increases the absorption 

coefficient with respect to frequency. From their conclusions the rate of increase depends 

on the glass type and modifiers present and chemical analysis was not correlated to the 

results. This means that the role of individual ion species has yet to be determined. From 

the results presented in Figure 22, Figure 23, and Figure 24  it is evident that the 

absorption is not strongly dependent on the concentration of alkaline ions as no 

significant difference exist in absorption plots of varying concentration. 

There is also little difference in absorption coefficient due to ion size, which 

implies that using ions in the same group has little to no effect on the absorption 

coefficient. The glasses present in the study by Naftaly and Miles were commercial 

glasses with a variety of modifier types from multiple groups on the periodic table.35 

Some modifiers will interact non-linearly with other modifiers, but since the glass 

compositions are limited to only two modifiers at a time in this study, a mixed modifier 

effect still has yet to be explored. 

The final feature of the plots presented in Figure 22, Figure 23, and Figure 24 are 

the leveling/extreme absorption of data series at the higher frequencies. This is a region 

of opacity and the actual absorption coefficient is too high to be a measureable value. 

This in turn invalidates any index of refraction/dielectric constant data that can be 

obtained. The different levels and the point where flat lining begins are dependent on the 

thickness of the sample. 
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Figure 22. Absorption Coefficient as a function of Frequency in the Terahertz 
Spectrum for the sodium barium silicate series with barium as the 
variable modifier. 

 

 

Figure 23. Absorption Coefficient as a function of Frequency in the Terahertz 
Spectrum for the sodium strontium silicate series with strontium as 
the variable modifier. 
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Figure 24. Absorption Coefficient as a function of Frequency in the Terahertz 
Spectrum for the sodium calcium silicate series with calcium as the 
variable modifier. 

 

 Figure 25 shows the Absorption coefficient as a function of frequency when 

sodium oxide is the variable modifier. This figure shows that increasing sodium content 

increases the absorption coefficient. This effect is less evident than was demonstrated in 

Figure 22, Figure 23, and Figure 24, but can be explained by the varying thickness of the 

glass scattering the terahertz radiation. The thinnest samples appear as the highest 

absorbing, as a result of more scattering. 
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Figure 25. Absorption Coefficient as a function of Frequency in the Terahertz 
Spectrum for the barium sodium silicate series with sodium as the 
variable modifier. 

 

Figure 26, Figure 27, and Figure 28 show the real and imaginary parts of the 
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the real part is at a minimum near 0 THz, which is due to the apparent opacity as 

described before. In the same region the increase in absorption coefficient, the real and 

imaginary parts of the dielectric constant can be calculated up to the point where no 

transmission occurs, which is around 0.6 THz. This is clearly marked by the sudden 

increase of a seemingly uniform dielectric constant. This other opaque region is attributed 

to multiphonon absorption. The same holds true in Figure 29 with variable sodium 

concentration where the dielectric constant also remains uniform for the region of 

adequate transmission. 
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Figure 26. Real and Imaginary parts of the dielectric constant as a function of 
frequency in the Terahertz Spectrum for the sodium barium silicate 
series with barium as the variable modifier. 

 

 

Figure 27. Real and Imaginary Parts of the dielectric constant as a function of 
frequency in the Terahertz Spectrum for the sodium strontium 
silicate series with strontium as the variable modifier. 
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Figure 28. Real and Imaginary Parts of the dielectric constant as a function of 
Frequency in the Terahertz Spectrum for the sodium calcium 
silicate series with calcium as the variable modifier. 

 

 

Figure 29. Real and Imaginary Parts of the dielectric constant as a function of 
Frequency in the Terahertz Spectrum for the barium sodium  
silicate series with sodium as the variable modifier. 
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Figure 30. This region of the spectrum was chosen because there is transmission in all the 

tests performed. As shown in the plot the dielectric constant increases linearly as the 

concentration of modifier increases. It is also shown that as ion size increases so does the 

dielectric constant. The BaNa series seems to overlap the NaBa series. The similarity in 

composition between these two series is the reason for the overlay. Three possible 

explanations for the increase in dielectric constant exist: 1) The ionic polarizing nature of 

individual ion species with surrounding ions, 2) The addition of modifier lowers the 

density of the structure to allow for electron clouds to shift, and 3) The addition of 

modifier increase the amount of polarizing ions, which causes an apparent higher 

dielectric constant for the bulk glass. More realistically a combination of these three 

causes is reasonable. 

 

 

Figure 30. Dielectric constant average as a function of modifier type and 
concentration for all series. 
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increases with decreasing modifier ionic size, but the dielectric constant is greater for 

glasses with larger modifier ionic size when concentration remains constant. For example 

at 5% mol RO (where R is Ba, Sr, or Ca) the average dielectric constant increases in the 

order Ba > Sr > Ca, which is in the order of decreasing field strength. In this figure the 

more vertical the trend lines are, the more likely that dielectric constant increase is due to 

the electronic polarization of the ionic species, and less on the local space (ionic 

polarization) surrounding polarizing ions. It is evident from this figure that all three 

reasons contribute to the dielectric constant increase because none of the series is 

completely vertical and thus the structure change must have an effect, though the sodium 

oxide varying series (BaNa) is near linear, which states that sodium ion concentration has 

a strong effect on the overall dielectric constant. 

 

 

Figure 31. Dielectric constant average as a function of modifier type and density 
for all series. 
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for this study was chosen to be 20 Na2O-15 BaO-60 SiO2 and the sample powder was 

created from the same melt with the three different quenching methods. The goal was to 

quench the glass melt at a faster rate to change the density/glass transition temperature 

which directly relates to the structure. Table XII shows the density and glass transition 

temperature for each of these glasses where as the quenching rate increases, density 

decreases and glass transition temperature increases. From the figures there is no 

correlation that exists between the density vs. the transmission or absorption. 

 

 

Figure 32. Transmission as a function of frequency in the Terahertz Spectrum for 
various quenched methods. 
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Figure 33. Absorption as a function of frequency in the Terahertz Spectrum for 
various quenched methods. 

 

Table XII. Properties of the Glasses Prepared Using Different Quench Methods 

Quench Method Density (g/cm3) Tg (°C) 

Annealed 3.1577 461 

Air Quenched (AQ) 3.1332 464 

Water Quenched (WQ) 3.0385 468 
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Table XIII. Sample Information for Pellets using different Quench Methods 

Sample	
  
HDPE	
  wt.	
  
(mg)	
  

NaBa-­‐T	
  
wt.	
  (mg)	
  

Sample	
  
Mass	
  (mg)	
  

Sample	
  Thickness	
  
(mm)	
  

Frit	
  
(mg)	
  

Frit	
  
(mg/mm)	
  

Reference	
   360.1	
   0	
   327.7	
   1.458	
   -­‐	
   -­‐	
  
AN	
   360.1	
   89.9	
   422.1	
   1.616	
   105.4	
   65.2	
  
AQ	
   360	
   90	
   418.8	
   1.597	
   104.7	
   65.6	
  
WQ	
   359.9	
   90.1	
   420.8	
   1.625	
   105.3	
   64.8	
  

 

3. Ion Exchange/Thickness Effects 
 

 Figure 34 shows the transmission of a glass with the same composition, but with 

different thickness. The thickness of each sample is 2.204 mm and 3.239 mm for the thin 

and thick samples, respectively. At frequencies below 0.09 THz, the transmission 

remains similar regardless of the thickness. Above 0.09 THz the thick sample absorbs 

more of the THz radiation. For both plots the maximum transmission is about 56% at 

0.044 THz for each sample. The drop in transmission between the thicknesses of the 

samples is clear that it is a factor in sample analysis. For dielectric constant and 

absorption coefficient, the thickness is used for calculating the values, but as seen before 

the absorption coefficient can be altered slightly by changing the sample thickness due to 

the wavelength being similar to the thickness causing scattering. 
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Figure 34. Transmission as a function of frequency in the Terahertz spectrum for 
a thin and thick commercial float glass. 

 

 Figure 35 shows the real and imaginary parts of the dielectric constant for two 
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sample. There is no difference when treated with silver or potassium in the terahertz 
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wavelength of 300 microns. 
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Figure 35. Real and Imaginary Parts of the dielectric constant as a function of 
Frequency in the Terahertz Spectrum for silver and potassium ion-
diffused glass at various temperatures. 

 

 

Figure 36. Dielectric constant average as a function of Heat Treatment 
Temperature for ion-diffused glasses. 
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4. Other Considerations for Terahertz Testing 
 

 Other factors which should be addressed are hydroxyl groups at the surface of the 

glasses, ambient temperature/atmosphere, data processing, surface reflection, and anion 

differences. Hydroxyl groups in the bulk of the glass as described previously have little 

effect on the data because to the absorption peaks of water vapor are not within the 

frequency range of measured data studied here, however, the presence of hydroxyl groups 

could affect data if the material is transparent at the rotational modes of water molecules 

bonded to the ions in the glass in the Terahertz region. From the testing in this study there 

appears to belittle effect from hydroxyl groups. There exist some absorption peaks in the 

Terahertz spectrum for water based molecules, but these peaks exist in the opaque 

domain region of the glass for this study, and therefore do not show up in the data. 

 This study was at room temperature, but an effect is theorized as it is known that 

glass will expand as temperature increases which alters the structure of the glass. The 

temperature during testing must be taken into consideration as the structure of glass will 

expand as temperature increases, and it is known that the density of glass has an effect on 

the dielectric constant. 

 The atmosphere does have an effect during data collection, especially due to 

water vapor in the air, but by purging the sample chamber with dry nitrogen these effects 

are greatly reduced. The atmosphere itself for this test is considered inert, but there are 

limited studies on the transparency of different gases. 

 The data processing can alter the results as well and it depends on the preference 

of the user as to which apodization method is used. As described in the introduction the 

same apodization, Blackmann-Harris 3-term, was applied to each series for consistency. 

Other Apodisation methods exist but the Blackmann-Harris 3-term method was 

considered a “best” choice. While the alteration results in only slight changes in the 

results, it still must be noted which method is used. 

 The surface reflection doesn’t show in the data presented but is apparent in the 

initial data of electric signal as a function of optical position. The reflection is a result of 

the index of refraction differences between the atmosphere and the glass. There also exist 

scattering from surface damage as a result of grinding and polishing. As stated in the 
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procedures, the glasses were polished to 1 µm, and at that level of polish there have been 

no major issues with the transmission of electromagnetic waves through the glasses. It is 

not to be completely ignored though as surface roughness will typically scatter light, but 

the terahertz wavelengths are much greater than the 1 µm polish. 

 For this study the cation effects in glass were studied, but the only anion present 

was oxygen. For other glasses where the anion is different from oxygen (e.g. fluorides, 

chalcogenides, metallic glasses, etc.), the field strength changes for ions and therefore an 

effect in the change in absorption coefficient as well as dielectric constant is theorized. 
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SUMMARY AND CONCLUSIONS 

 The significance of modifier selection will have a major impact on the electrical 

properties of glasses in the Terahertz region. The alkaline earth series will increase the 

dielectric constant as ion size increases in the group through ionic polarization. This 

increase in concentration of the modifier within the glass will also increase the dielectric 

constant as the increase in polarizing ions increases. Silicon replacement by the modifier 

ions are far more ionically polarizing and therefore increase the dielectric constant. 

Sodium particularly has a strong influence on the dielectric constant. 

 The dielectric constant increases for three reasons: The polarization nature of the 

ions present, the concentration of polarizing ions, and the free space availability locally 

surrounding the polarizing ions. The large ions are more easily electronically polarizable 

as the size of the electron clouds allows for more flexibility in movement. The large ions 

also open up the structure to allow for electron clouds to polarize more readily. 

 The open structure/density changes from thermal history cannot be characterized 

with the Terahertz Spectrometer using the alternative method described by the 

manufacturer. It is clear that the scattering effects are too high for an accurate 

measurement. 

 Thickness has an effect on the absorption of Terahertz light, and is not fully 

transparent. This indicates that there is scattering as a function of path length, and data 

must be normalized to a certain thickness for comparison. 

 Ion diffusivity of silver and potassium at the surface has no effect on the 

transmission or the dielectric constant in the Terahertz region. Terahertz radiation is too 

low energy to invoke a response to the silver and potassium ions, and silver ions are too 

far apart to be considered a metalized surface. 

 Hydroxyl groups at the surface of the glass can be neglected due to the opaque 

nature of glass at any water absorption frequencies in the Terahertz region. This holds 

true for oxide based glasses, and cannot carry over to other glasses that are based on other 

anions since the field strength changes. 
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FUTURE WORK 

 A wide range of materials still have yet to be explored within the Terahertz 

frequency region of the electromagnetic spectrum. This study focused on ion size as a 

glass modifier for one type of glass system. Numerous other glass systems i.e. 

gertmanates, chalcogenides, fluorides, phosphates, borates, etc. are still of interest as well 

as mixtures of these glass formers as well (e.g. borosilicates). Also the use of 

intermediates and other modifiers open up potential for future research as well. Still yet 

to be explored is the mixed alkali effect on glasses, and the glass-ceramic systems. 

 It is probably best to approach these future glasses from a glass structure point of 

view, meaning what effects the short and medium range order of the glasses? This can be 

characterized by X-Ray Diffraction and density, and more care should be given to 

correlate these effects. Thermal history, processing methods, storage environment, 

composition, size, geometry, testing conditions (heating/cooling, gas, electric/magnetic 

field) all leave future work open-ended with a variety of options. Since Terahertz 

Spectroscopy is a new field, the applications that link optics and electronics together still 

remain unexplored. 
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