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ABSTRACT 

Glasses are used in microelectronic packaging for insulation and 

passivation purposes. To optimize the performance of these packages, it is 

necessary to investigate new glasses or improve the properties of the glasses in 

use. The insulating glass should have low dielectric constant, low dissipation 

factor, low glass transition temperature, high chemical resistivity, and a thermal 

expansion coefficient matching the substrate. 

In this study, various aluminoborophosphosilicate glasses containing 

Ca(Mg)0, Ca(Mg)F2, and AIF3 as flux were investigated. Processing 

temperatures for these glasses range from 1300 °C to 1500 °C. The coefficients 

of thermal expansion range from 4.52 n/°C to 9.39 jo/°C. The dielectric constant 

as a function of frequency and composition is in the range of 4.1 to 5.2. The 

index of refraction for these glasses is in the range of 1.52 to 1.58. Glass 

transition and softening temperatures as low as 538 °C and 622 °C, 

respectively, were found . Results of this investigation are discussed in terms of 

the possible use of aluminoborophosphosilicate glasses in microelectronic 

packaging. 
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CHAPTER 1 

INTRODUCTION 

Glasses are an integral part of modern microelectronics technology, 

and have played a key role in the enhancement of the electronic packaging 

industry. This is because of the many promising properties they possess, 

including high thermal stability, good electrical characteristics, good mechanical 

strength, and because of the stability and reliability of components made from 

them. 

Glasses can be formed by various types of chemical vapor deposition 

(atmospheric pressure, low pressure, plasma enhanced, photo chemical, and 

laser CVD); low temperature chemical reactions (sol-gel, alkoxide, hydrolysis, 

organo-metallic reactions); and, of course, the most popular way of melting 

constituents at elevated temperature and then cooling the melt fast enough to 

prevent crystallization [1-4]. 

The properties of glasses depend very much on their composition and 

the way in which they are processed . This is an additional advantage because 

it is possible to improve the characteristics by varying the composition and the 

processing technique. The most commonly known application of glass as an 

insulator is thermally grown silicon dioxide in metal-oxide-semiconductor field-

effect transistors (MOSFETs). Other applications include multilayer dielectrics, 

seals, and use as densifying aids [3,5]. 

Selection of a glass as an insulator is influenced by its properties, 

including dielectric constant, loss tangent, dielectric strength, thermal expansion 

coefficient, thermal conductivity, chemical durability, glass transition 

temperature, and viscosity-temperature relationship. For an efficient package, 
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the insulator should have low dielectric constant, high thermal conductivity, high 

dielectric strength and it should be easy to process [6]. 

Borate glasses possess good electrical characteristics (dielectric 

constant; K = 3.2 at 1 MHz) and low melting temperature, but their low resistance 

to moisture inhibits their use in non hermetic packages. Phosphate glasses also 

have good insulating properties, are relatively free of sodium ions, and have 

low melting temperatures. However, their marginal moisture resistance limits 

their use in many applications. Silicate-based glasses are considered most 

promising and are widely used. Borosilicate glasses have promising dielectric 

properties (K= 4.0 at 1MHz) and are being used in several packaging 

applications [6,7]. 

Phosphosilicate glasses (PSG) are in use as internal dielectrics and 

as passivation layers. As a passivation layer, phosphosilicate glasses provide 

good resistance to alkali ions. Their lower tensile strength increases the crack 

resistance compared to phosphorus-free glass (undoped glass). However, the 

presence of phosphorus, and its high hygroscopic activity, causes the corrosion 

of metal lines and also causes photoresist adhesion problems. This sets the 

upper limit (8-9wt%) of phosphorus in the glass. With this limit, the temperature 

necessary to achieve effective glass flow is in the range of 1000 to 1100 °C. 

Processing temperature can be reduced by increasing the phosphorus 

concentration, but its corrosive activity is a strong function of its concentration 

(phosphoric acid). This limits the use of phosphosilicate glasses for state-of-the-

art, high density packages [8,9,10]. 

Processing temperature can be further reduced by adding boron to 

phosphosilicate glass, which is called borophosphosilicate glass (BPSG). 
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Borophosphosilicate glass passivation layers are superior to phosphosilicate 

glass passivation layers because of their good physical properties. They are 

used as interconductor insulators for Si-gate MOS integrated circuits where 

minimum feature size imposes stringent processing requirements. By 

increasing the boron concentration, passivation-layer stress decreases, and 

thus cracking resistance increases [11]. BPSG also has low moisture 

resistance. Many other researchers have studied the characteristics and 

different deposition techniques of PSG and BPSG, but considerable work still 

needs to be done on low K glasses [6,12,13]. 

For a low K glass, it is necessary to minimize the glass density and to 

have the constituent cations possessing small ionic radii and large bond 

strengths. As evidenced by the Clausius-Mossotti equation, low density reduces 

the number of electrons and ions which are polarizable. High bond strength and 

small ionic radii obviously serve to lower the electronic and ionic contributions 

to the polarizability. Barium, strontium, and lead are large ionic radii cations. 

These large cations cannot be used for the preparation of low dielectric glasses. 

Therefore, for low K glasses, small radii cations like aluminum, silicon, boron, 

magnesium, and phosphorus are promising. In oxide glasses, the oxygen ions 

occupy a large volume of the glass and contribute a major share to its 

polarizability. Therefore, it is necessary to replace oxygen with less polarizable 

anions like F and N. Glasses containing mobile alkali ions like Na, K, and Li are 

undesirable for packaging applications. 

In the development of low K glasses, phosphate and borate systems are 

easier to process. In 1941, Kreidl and Weyl [14] reported phosphate glasses 

having dielectric constants of 4-6, high chemical resistivity, and a softening 
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temperature around 400 °C. In this work, the various properties of 

aluminoborophosphosilicate glasses (ABPSG) containing Mg(Ca)F2, AIF3, 

Mg(Ca)0 as flux, were investigated. 

OBJECTIVES 

The main objective of this work is to investigate a series of phosphorus, 

boron, silicon, and aluminum based oxide glasses having low dielectric constants, 

low refractive indices, low loss tangents, glass transition and softening 

temperatures less than 900°C, and coefficients of thermal expansion matching 

many other materials used in electronic packaging applications. Another objective 

of this work is to introduce fluxes like CaO, MgO, CaF2, and AIF3 to lower the 

processing temperatures and the dielectric constants of the glasses. The specific 

objectives are: 

1. Identification of glass forming regions in various material 

systems. 

2. Determination of the coefficient of thermal expansion, the 

glass transition temperature, and the softening temperature. 

3. Characterization of glass samples: measurements of 

dielectric constant and dissipation factor as a function of 

frequency and composition at room temperature. 
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ORGANIZATION 

The thesis proceeds as follows; Chapter 2 discusses dielectric 

properties. It includes definitions of the dielectric constant and loss tangent, 

frequency dependence of the dielectric properties, and the different polarization 

mechanisms. In Chapter 3, the requirements of the insulating layers and the 

comparison of organic and inorganic insulators are presented. In addition, it 

reviews the impact of the dielectric properties on key parameters affecting the 

electrical performance of an electronic package. This includes capacitance, 

characteristic impedance, noise coupling, attenuation, time delay, functional 

delay, and skin effect. 

Chapter 4 discusses the experimental procedure. This includes glass 

preparation, improvement of the surface characteristics through polishing and 

grinding, compensation of residual parameters, and the measurements of the 

dielectric properties. A discussion of various issues regarding capacitance 

measurements is also presented. In Chapter 5, the results of this investigation 

are presented. It includes the recognition of glass forming regions in various 

systems, weight loss during processing in different systems , chemical analysis 

of the glasses, the glass transition and the softening temperatures, the 

coefficients of thermal expansion, and the frequency and composition 

dependent dielectric properties. The results are related to the discussion in 

Chapter 3 and explained in terms of possible use of these glasses in electronic 

packaging. Finally, Chapter 6 contains a summary of the results and conclusions. 
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CHAPTER 2 

DIELECTRIC PROPERTIES 

The dielectric properties of insulators are of great importance in the 

electronic packaging area. The properties of most concern in this investigation 

are dielectric constant and dissipation factor. In this chapter, definitions and 

equations for dielectric constant and loss tangent are discussed. The frequency 

dependence of dielectric properties and the different polarization mechanisms 

are also briefly summarized. 

2.1 DIELECTRIC CONSTANT OR RELATIVE PERMITTIVITY (K) 

The relative permittivity of a material is the ratio of the capacitance, Cp, of 

a parallel-plate capacitor with the material as the interplate dielectric to the 

capacitance, Cv, of the same configuration of electrodes with vacuum (or air) 

between the plates [15,16]: 

K = Cp/Cv (2.1) 

The capacitance of a parallel plate capacitor is given by: 

C= Ke0 A/t. (2.2) 

Where A is the effective area of the electrodes, t is the thickness of the 

specimen, and e0 is the permittivity of free space.Thus the dielectric constant is 

given by: 

K = C t / £0 A. (2.3) 

The physical structure of a simple capacitor is shown in Figure 2.1. 

The finite displacement of the charges in the dielectric, or the orientation 

of its dipole molecules under the influence of an applied electric field, is called 



K = Dielectric constant 

<£0 = Permittivity of free space 

A = Area of the electrodes 

d = Distance between the electrodes 

Figure 2.1. Schematic representation of a simple capacitor system [19] 
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polarization. There are generally four kinds of polarization; electronic, ionic, 

structural (space charge), and dipole relaxation (orientation) [16,17]. 

Electronic polarization is caused by elastic displacement of the negative 

electron cloud of atoms and ions in an electric field away from their equilibrium 

positions. Electronic polarization occurs in all solids at frequencies up to 

1014~1016 Hz. The value of the dielectric constant (Ke) of a solid with purely 

electronic polarization, is numerically equal to the square root of the refractive 

index [1,18]. 

Ionic polarization results from ionic displacement in the presence of an 

electric field in the dielectric. Ionic polarization occurs up to the infrared region 

of 101 °~ 1013 Hz. Both ionic and electronic polarization are composition 

dependent and are nearly frequency independent for most dielectrics [18]. 

Therefore, the dielectric constant (Kj + Ke), due to ionic and electronic 

polarization, remains almost constant up to 101°~1013 Hz. 

Structural or space charge polarization (Ksc) occurs in solids of an 

inhomogeneous structure with macroscopic inhomogeneities and with 

impurities present. This polarization occurs at lower frequencies (below 1 GHz) 

and is accompanied by considerable dissipation of energy. When 

inhomogeneous materials are subjected to an electric field, free electrons and 

ions of conducting and semiconducting impurities move within the boundary of 

each impurity. Therefore, each impurity behaves like a very large polarized 

molecule [18]. 

Dipole-relaxation or orientation polarization (K0) is due to partial 

orientation of dipolar molecules (which are in random thermal motion) in the 

presence of an electric field. 
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Ionic-relaxation polarization occurs in inorganic glasses and in certain 

ionic crystalline inorganic substances with loosely packed ions. Electronic-

relaxation polarization arises due to orientation of thermally excited holes or 

electrons. All relaxation polarizations occur up to 100 GHz. The frequency 

dependence of dielectric properties is shown in Figure 2.2 [1]. In Figure 2.2, 

Ksc, K0, Kj, and Ke are the dielectric constants due to space charge, orientation, 

ionic, and electronic polarization, respectively. 

Dielectrics can be classified according to their polarization characteristics 

[18]. The first class includes dielectrics which mainly possess electronic 

polarization; e.g, neutral and weakly polar materials such as sulphur. The 

second class includes dielectrics which possess both electronic and dipole 

relaxation polarization. This includes dipolar organic liquids and solid 

substances such as epoxy resins and chlorinated hydrocarbons. The third class 

(case 1) includes solid inorganic dielectrics with electronic, ionic- and 

electronic-relaxation polarization. This includes mainly inorganic glasses, 

crystalline vitreous materials (e.g. porcelain), and crystalline dielectrics with 

loosely packed particles in the lattice. The dielectrics (case 2) with only 

electronic and ionic polarization are mainly crystalline substances with closely 

packed ions; e.g., silica and sodium chloride. The fourth class includes 

dielectrics with spontaneous electronic and ionic polarization. This includes 

ferroelectrics such as lithium niobate and barium titanate. 

2.2 LOSS TANGENT OR DISSIPATION FACTOR (Dl 

Any dielectric can be represented by a series or parallel circuit as shown 

in Figure 2.3 [18]. Figure 2.4 depicts the relationship between apparent power, 



SPACE CHARGE 
'RELAXATION 

ION JUMP 
y RELAXATION 

IONIC 
RESONANCE ELECTRONIC 

RESONANCE 

,8 13 2 

DIELECTRIC 
LOSS SPECTRA 

OJ |8 ,13 2 16 

Figure 2.2. Frequency dependent dielectric constant and loss of a solid [1] 
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Figure 2.3 Equivalent series or parallel circuit representation of a dielectric [20] 
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Q. 

Pr 

Figure 2.4 Phasor representation of apparent, imaginary, and real power [20] 
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Pa; imaginary power, Pj; and real power, Pr. Loss tangent is defined as the ratio 

of real power to the imaginary power [20]: 

loss tangent = Pr / Pj • (2.4) 

Where: Pr = V2/R and Pj = V2/( 1/2itfC). 

R and C are measured resistance and capacitance, respectively. 

Also from Figure 2.4, the ratio between Pr and Pj is the tangent of angle 8. 

tan 8= Pr / Pj. (2.5) 

From equation (2.4) and (2.5): 

tan 8 = 1 / 2jc f R C. (2.6) 

Assuming the area, A, of the plates of the capacitor is much greater than the 

electrode spacing, I, then: 

R  =  p i / A .  ( 2 . 7 )  

and C = K e0A /1. (2.8) 

Where K and p are the relative permittivity and resistivity of lossy dielectric, 

respectively. 

From equation (2.6), (2.7), and (2.8): 

tan 8 = 112% f p Ke0 = a / 2% f KE0. (2.9) 

Where a is the conductivity of the lossy dielectric and f is the frequency. 

Hence, loss tangent (or dissipation factor) is a basic physical property of 

a material and is independent of the geometry of the specimen. Lossy 

dielectrics are modeled as an ideal capacitance in parallel with a resistor: 

Cs = Cp(t.D2) (2.10) 

The parallel and series representation are both correct if the dissipation factor 

(D) is zero as shown in Figure 2.3. The frequency dependence of dielectric loss 

(K%= K D) is shown in Figure 2.2. 
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Dielectric losses in insulating materials are mainly due to polarization, 

conductivity, and structural inhomogeneities [18]. Dielectric loss due to 

polarization occurs particularly in materials possessing relaxation polarization; 

i.e., in dielectrics having a dipolar structure and in dielectrics having an ionic 

structure with loosely packed ions where ions can move under the influence of 

an electric field. 

Direct conductivity through the dielectric material shows up in the form of 

dielectric losses (ohmic resistance). This is true for both bulk or surface 

conductivity. At elevated temperature, volume conductivity may cause complete 

breakdown of the insulator (as conductivity increases with temperature). At 

room temperature and in a dry atmosphere, surface losses are negligible for 

well-polished glasses. However, under humid conditions, surface conductivity 

could be appreciable because surface resistivity decreases with humidity [35]. 

Nonhomogeneity of the structure of the insulating material may cause 

dielectric losses. Nonhomogeneity is the presence of the crystalline phase in 

the glass (or a glassy phase in crystalline material ). The different phases can 

have different conductivity. 

In the following chapter, the impact of dielectric properties on the 

electrical performance of a electronic package is presented. It will be shown that 

a low dielectric constant and a low loss tangent insulation improves all key 

electrical parameters of a electronic package except of an effective inductance. 
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CHAPTER 3 

MULTILEVEL DIELECTRICS FOR VLSI 

3.1 INORGANIC OR ORGANIC DIELECTRICS 

As industry standards move towards a very high speed integrated circuit 

(VHSIC) chip for high speed signal processors, the dimensions of integrated 

interconnects have been decreased to accommodate a large number of inputs / 

outputs. Multilevel structures offer a promising solution to achieve short 

interconnect lengths. A schematic illustration for multilayer interconnects (metal-

insulator-metal) is shown in Figure 3.1. In a multilevel structure, the sandwich 

material between the two layers acts as an insulator and provides planarization 

as well. The basic insulator requirement is a low stress, inert, high temperature 

material which can be put down in a manner that will provide level topography 

[2]. The most important metals and insulators used in integrated circuit 

technology are listed in Table 3.1 [22]. 

Chemical vapor deposited (CVD) inorganic insulating layers have the 

advantage of good thermal stability, low dielectric constant, high resistivity, and 

low moisture uptake; they do not cause current leakage between conductors or 

lead to corrosion of metals, and are pin hole free. The disadvantages of CVD 

inorganic insulators include high stress, poor levelling capability, and limited 

thickness. 

Figure 3.2 illustrates the sedimentation process of depositing discrete 

glass layers. A silicon wafer is placed at the bottom of the tank and small glass 

particles are spun down by high artificial gravity. According to Tammala [3], 

"when the suspension medium has low dielectric constant, there is a tendency 

toward agglomeration of the deposited particles, and a uniform but locally rough 
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Figure 3.1 Schematic illustration of an ideal 4-level interconnect [25] 
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Table 3.1 

MFTALS AND INSULATORS USED IN MULTILEVEL STRUCT! IRF f?Pl 

Metals Insulators 

Al Si02 

Al-Si Phosphosilicate Glass 

Al-Cu Borosilicate Glass (BSG) 

Al-Mn Si3N4 

Al-Sn Al203 

AI-0 Code 7059 Glass (Corning) 

Si (Si gate MOS) Polyimide 

Mo-Cu-Mo Combination of above 

Mo-Au-Mo 

Mo 

PdSi-Ti-Pt-Ti 

PdSi-Ti-Pd-Ti 

Ti/W-Au-Ti/W 

W 
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Uniform but rough 
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Figure 3.2 Schematic of sedimented glass on silicon [3] 
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surface is obtained." Spin-on-Glass is another attractive inorganic insulator 

which has not been thoroughly investigated. Glass is applied as a liquid and 

baked to leave an inorganic insulating layer. 

Organic insulators such as polyimide exhibit very low stress, good 

levelling capability, essentially unlimited thickness for capacitance reduction, 

low dielectric constant, high resistivity, and pin hole freedom [23]. But their 

moisture absorption and 400-450 °C thermal limits cause potential concern in 

commercial packages and put restrictions on maximum processing 

temperature. Use of organic insulators is limited to hermetic systems. Packages 

having inorganic insulation are free of such concerns. However, considerable 

work needs to be done in the area of the planarization, so that inorganic 

insulators can be used more effectively. 

One of the most important aspect in VLSI (very large scale integration) 

interconnection design is the selection of the insulating material that has 

optimum dielectric characteristics for a given application. Dielectric properties 

include dielectric constant, dielectric strength, and dissipation factor (loss 

tangent). A careful consideration of these parameters is very important. 

Required physical and chemical properties for an interlevel dielectric are 

summarized in Table 3.2 [2,7]. 

The dielectric used in a package affects the interconnection parameters 

such as characteristic impedance, propagation delay, capacitance, attenuation, 

and noise margin. The impact of the dielectric properties on these important 

parameters are discussed briefly in the following paragraphs. 
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Table 3.2 

Required Dhvsical-chemical properties of insulating Iaverf2,61 

_ Low dielectric constant 

_ Low loss tangent 

_ High break down voltage 

_ Low stress 

_ Crack resistance 

_ Minimal chemical interaction with adjacent films 

_ Ease of deposition, etching and patterning 

_ Low trapped charge density 

_ Conformal step coverage 

_ Impurity barrier 

_ Adhesion to the different materials used in IC 

_ High corrosion resistance 

_ Capability of high annealing temperature 

_ Must not contaminate chip junctions 

_ Must offer high migration resistance 
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3.2 CHARACTERISTIC IMPEDANCE 

The characteristic impedance of an unloaded loss-less line is defined as: 

Zo = (UC)1/2 (3.1) 

Where, L and C are inductance and capacitance per unit length. 

As capacitance is proportional to dielectric constant, therefore, Zo is 

inversely proportional to the square root of dielectric constant. That implies that 

a low dielectric constant provides higher characteristic impedance and reduced 

capacitive loading as shown by the above expression, and thus better system 

performance [7]. 

3.3 NOISE COUPLING 

To achieve high density, the spacing between lines is reduced. This 

results in an increase in capacitive loading. For two lines running in parallel, the 

amount of noise coupled is proportional to the capacitive coupling co-efficient, 

which in turn is proportional to the mutual capacitance of the coupled lines, and 

so proportional to the dielectric constant. Thus, a low dielectric constant is 

required for low noise, and for optimum system performance [7, 25]. 

3.4 PROPAGATION DELAY 

Package speed is a direct function of the interconnection delay. It is a 

function of the dielectric used for separating the signal lines, the loading of the 

line, and the dielectric losses along the transmission path. Higher speed means 

shorter delay. For an unloaded loss-less line, the propagation delay can be 

written as [25]: 

Td= (ne0K)°-6 (3.2) 

where K and are the medium's relative permittivity and magnetic permeability, 

respectively. 
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Transmission lines can be constructed in a microstrip or stripline 

configuration, as shown in Figure 3.3. The dielectric used for the separation of 

lines from one another, and from signal ground, contributes to propagation 

delay through its dielectric constant as shown by the above relation. This 

contribution arises from the fact that all materials possess a finite polarizability 

and will delay the propagation of an electromagnetic wave. 

To improve package speed, every effort is made to reduce the effective 

dielectric constant by using low dielectric materials and the incorporation of as 

much air as possible in the dielectric structure without affecting its mechanical 

properties. The dependence of propagation delay on dielectric constant for a 

microstrip and stripline is shown in Figure 3.4. It is clear that the lower the value 

of K, the shorter the propagation time. The propagation delay is independent of 

the waveform of the propagating signal and depends only upon the dielectric 

constant of the dielectric. 

3.5 FUNCTIONAL DELAY 

Functional delay is the delay introduced in addition to the basic delay 

due to the skin effect and due to the loading of the transmission line. Functional 

delay is measured between an input level and the corresponding output level of 

the signal, known as the half-amplitude delay. Therefore, functional delay is a 

function of the signal waveform, discontinuities, loading, and high frequency 

losses that distort the signal waveform [25]. 

When a transmission line is loaded at different points as shown in Figure 

3.5, its characteristics are changed. The signal delay of a loaded transmission 

line is a function of the distance between the loads, the stub length, and the 

circuit AC loading properties. Since the prime AC properties of the circuit input 
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Figure 3.5 Loaded transmission line [25] 
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Figure 3.6 Delay per unit length vs. Via hole density [25] 
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and output are their capacitive loading, the transmission line can be considered 

to be loaded with capacitors with a spacing, d". 

The cross-overs of printed circuit (PC) lines, the via holes along the PC 

lines, and discrete wires can be treated as loads, since they represents a 

capacitive loading whose magnitude is a function of the dielectric constant of 

the insulation. For high performance of a system, low capacitive loading is 

required. Increasing the load density increases the functional delay as shown in 

Figure 3.6. The lower the dielectric constant, the lower the capacitance; thus 

system performance is approved. 

Transporting signal with optimum fidelity necessitates minimum 

attenuation and dispersion. In the general case, attenuation has a dielectric and 

conductor component. The dielectric component of attenuation (ad) can be 

written as [7]: 

ad = k f C D ZG (3.3) 

where f is the frequency, D is the dissipation factor, and C is the capacitance. 

The conductor component of attenuation consists of conductor series 

resistance-loss and skin-effect loss. The attenuation due to conductor series-

resistance (ar) can be written as [7]: 

«,= R/2 Z0 (3.4) 

where Rr is the conductor linear series resistance and Z0 is the transmission-

line characteristics impedance. 

When the dimensions (line width) in the direction of the signal exceed the 

wave length of the signal, resistive losses (due to skin effect) with frequency 

contributes to functional delay. The attenuation due to skin-effect (as) can be 

written as [7]: 
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as= Jt/WZ0(f/a)°-5 (3.5) 

where; a is conductivity in mho/cm, f is the frequency in gegahertz, and W is line 

width. 

Therefore, total attenuation (aT) of a loaded transmission line can be written as: 

a-,- = 7tfCDZ0 + R/2Z0 + 7c/WZ0(f/a)0-5 (3.6) 

The skin effect can normally be tolerated because it is a high frequency 

phenomenon. When a signal travels through a skin-effect limited transmission 

line, its shape is distorted and delay is increased. The skin-effect does not, 

however, reduce the signal levels and low frequency noise tolerances in the 

system. The conductor series-resistance losses are normally constant. 

However, ri clectric losses can be reduced by using low loss tangent material. 

The total functional delay (xF) due to these losses can be written as [25]: 

~ (<M2/7tf (3-7) 

where I is the length and f is the frequency. 

From the above discussion, it is seen that a low dielectric material is 

required for reduced functional delays and thus improved electrical 

performance of an electronic package. 
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CHAPTER 4 

EXPERIMENTAL PROCEDURE 

This chapter discusses the glass processing, grinding and polishing, 

gold sputtering, and the procedure for measuring dielectric properties of 

glasses at room temperature. 

In order to measure the dielectric constant and the dissipation factor, the 

Hewlett-Packard models HP 4191A and HP 4192A, RF (radio frequency) and 

LF (low frequency) impedance analyzers were used. These analyzers offer 

reliable and accurate measurements over the frequency range of concern. At 

room temperature, the dielectric properties were measured as a function of 

composition in the following two ranges of frequencies: 

1. Low frequency range: 1 KHz -1 MHz 

2. Radio frequency range: 1MHz - 500MHz 

4.1 GLASS PREPARATION 

Glasses were prepared by mixing reagent grade AI(P03)3, B203, Si02, 

MgF2, CaF2, AIF3, CaO, and MgO powders on a rotating blender and melting 

them at the temperatures (Tpoured) given in Table 4.1. The melting was 

conducted in a platinium crucible at a heating rate of 20 °C per minute. The 

melts were poured into a graphite mold for fast cooling, then annealed in 

another furnace at 500 °C, for 0.5-1 hour to relieve internal structural stresses. 

The samples were cooled to room temperature in the same furnace. This 

procedure resulted in good glass samples that were mostly (unless indicated in 

Table 4.1) transparent, colorless and bubble free. 

It is well known that fluorine and boron are very volatile species and are 



Table 4.1 BATCHED COMPOSITIONS IN MOLE % 
Comp#| AI(P03)3| Si02| B203| MqF2| CaF2| MlOl GO| AIF3| Weiqht(q)|l w (C)| Tpouredl C or U| Wt. loss I %lossl Appearance 

1 26.8 35.42 34 3.84 40 1500 1500 U 1.3 3.25 Transparent Colorless 
2 27 12 34.24 26.78 40 1500 U Transparent Colorless 
3 27.5 19.95 50.4 1.96 40 1500 U Transparent Colorless 
5 25.26 20 33.26 22.36 40 1500 U Transparent Colorless 
7 32.31 21.87 37.53 8.3 40 1500 U Transparent Colorless 
8 27.25 19.95 44.82 8 40 1500 U Transparent Colorless 
9 27 23.73 37.61 15.31 40 1500 U Transparent Colorless 

10 35.53 23.13 39 2.26 40 1500 U Transparent Colorless 
1 1 27.03 21.86 34.21 22.88 40 1500 U Transparent Colorless 
12 26.94 23.73 34.04 15.29 40 1500 U Transparent Colorless 
13 26.93 27.6 34 11.46 40 1500 u Transparent Colorless 
7A 32.31 21.86 37.53 8.33 40 1480 u Transparent Colorless 

12A 26.94 23.73 34.04 15.29 40 1480 u Transparent Colorless 
1X 30 30 20 20 40 1500 u Transparent Colorless 
2X 30 30 30 10 40 1500 1500 u 3.63 8.67 Transparent Colorless 
5D 25.26 19.12 55.62 40 1500 u Transparent Colorless 
3X 30 30 1 0 30 40 1500 1500 u 4.9 11.84 Transparent Colorless 
SX 30 30 25 15 40 1500 u Transparent Colorless 

10D 35.53 23.14 41.26 40 1500 c Transparent Colorless 
101 83.3 16.7 20 1350 1400 c 0.71 3.55 Transparent Colorless 
103 71.4 28.6 20 1350 1400 c 0.79 3.9 Transparent Colorless 
104 66.7 33.3 20 1350 1400 c 0.59 2.95 Transparent Colorless 
105 57.1 42.9 20 1350 1400 c 0.55 2.75 Transparent Colorless 
106 50 50 20 1350 1400 c 0.51 2.5 Small solid retain 
107 42.9 57.1 20 1350 1400 c 0.55 2.75 Small crystal peaks 
108 33.3 66.7 20 1350 1400 c 0.63 3.15 Mostly clear 
109 16.7 83.3 20 1350 1400 c 0.83 4.15 Opaque white 
111 15.03 10 74.97 20 1350 1400 c 0.84 4.2 Crystalline 
112 29.97 10 60.03 20 1350 1400 c 0.72 3.6 Transparent Colorless 
113 51.39 10 38.61 20 1400 1400 c 0.7 3.5 Transparent Colorless 
114 69.21 10 20.79 20 1350 1450 c 0.57 2.85 Transparent Colorless 
115 39.97 30 30.03 20 1350 1425 c 0.45 2.25 Transparent Colorless 
116 54.25 40.75 2.5 2.5 20 1350 1475 c 0.61 3.05 Transparent Colorless 
117 51.39 38.61 5 5 20 1350 1375 c 0.53 2.65 Mostly clear 
118 45.68 34.32 10 10 20 1400 1375 c 0.55 2.75 Transparent Colorless 
119 41.17 58.82 20 1400 1400 c 0.63 3.15 Opaque white 
120 37.5 62.5 20 1350 1475 c 0.68 3.4 Transparent Colorless 
121 33.33 66.66 20 1350 1400 c 0.76 3.8 Mostly clear 
122 28.57 71.43 20 1300 1400 c 0.77 3.85 Opaque white 
123 23.07 76.92 20 1300 1400 c 0.77 3.85 Opaque white 
124 51.39 38.61 10 20 1400 1300 c 1.58 7.9 Transparent Colorless 
125 54.25 40.75 5 20 1400 1450 c 1.34 6.7 Transparent Colorless 
127 90 10 20 1475 1475 c 3.17 15.85 Transparent Colorless 
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easily lost during glass melting [14,26]. Volatility is even more pronounced if 

melting is done in an uncovered crucible (U). To maintain a high content of 

fluorine and boron, most of the glasses were melted in a crucible covered (C) 

with a platinum lid, as indicated in Table 4.1. The crucibles, including cover and 

batched mixture, were weighed before heat treatment. For weight-loss analysis, 

the crucibles were removed from the furnace at temperature Tw (where full melt 

was achieved), were cooled nearly to room temperature, weighed, and returned 

to the furnace. 

Although most of the glasses were prepared by the method described 

above, the following attempts were made to improve melting conditions. A 

three-step melting technique was used for composition no. 10D to lower the 

melting temperature and thus perhaps minimize weight loss. B203 was melted 

at 480 °C for 5 minutes. At this temperature, the crucible was removed from the 

furnace and small amount of AI(P03)3 was added. At 1100 °C the remaining 

AI(P03)3 was added. At 1200 °C, the required amount of silica was added to the 

crucible. However, this composition did not melt at 1300 °C. 

In another three-step melting process, AI(P03)3 and Si02 were melted at 

1550 °C and cooled to form a glass. This glass was crushed into a fine powder. 

MgF2 and B203 were mixed and then added to crushed powder of AI(P03)3+ 

Si02 glass. An unsuccessful attempt was made to melt a small amount of this 

batch at 1300 °C using a Hot Stage Microscope with and without oxygen 

atmosphere. In a two-step process, MgF2 only was added to the AI(P03)3+ Si02 

glass and an unsuccessful attempt was made to melt it at 1300 °C, with the 

melting time held constant at 10 minutes. 

Glass samples were prepared for dielectric analysis by cutting the 
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glasses into rectangular shapes using a slow-speed diamond saw. These 

specimens were ground on carbimet (600 and 800 grit silicon carbide paper), 

then polished on texmet with mastermet (colloidal silica), and cleaned in an 

ultrasonic bath. The edges of the samples were smooth and perpendicular to 

the plane surfaces. In order to make electrical contact with the glass samples, 

both large flat surfaces (average roughness less than 500 A0) of the specimens 

were coated by sputtering using a gold cathode, to achieve 1000 A° thick of 

gold electrodes on both sides. The sputtered samples were annealed at 100 °C 

for 15 minutes, and specimens were stored in a desiccator to avoid moisture 

absorption [27]. 

A Hewlett-Packard Model 4192A Low Frequency (LF) and a HP Model 

4191A Radio Frequency (RF) Impedance Analyzers interfaced with an HP 

computer were used to measure parallel capacitance and dissipation factor as 

a function of frequency at room temperature. Both impedance analyzers were 

fully automatic, microprocessor based instruments with high measurement 

accuracies (basic accuracy 0.1% for LF and 2% for RF) over the frequency 

range employed. The system was calibrated through automatic calibration. In 

order to compensate for residual components associated with the test fixture 

existing in series and in parallel in the measuring circuit shown in Figure 4.1, a 

residual compensation program was used based upon the following equations 

4.2 MEASUREMENT PROCEDURE 

[19]: 

(4.1) 

(4.2) 
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where Gm is the measured conductance, Bm is the measured susceptance, G0 is 

the open-circuit conductance, B0 is the open-circuit susceptance, R0 is the 

short-circuit resistance, and X0 is the short-circuit reactance. Parallel 

capacitance can be calculated as [19]: 

r  Xx (4.3) 
u - 2jc f (Rx + Xx)2 v ' 

where C is the parallel capacitance. The dielectric constant (K) and dissipation 

factor (D) can be calculated as: 

K = C t / £ 0 A  a n d  D = R x / X x  ( 4 . 4 )  

where A and t are the effective area of the electrode and thickness of the 

specimen, respectively. 

In the low frequency range, below 1 MHz, residual parameters were 

compensated by zero short compensation for series resistance and zero open 

compensation for air capacitance between two electrode. Parallel capacitance 

and dissipation factor were directly measured. The dielectric constant was 

calculated using equation 4.4. Parasitic components associated with the 

measuring fixtures are explained in the following section. 

4.3 COMPENSATION OF RESIDUAL PARAMETERS 

The method used for the dielectric measurements is based upon placing a 

glass sample in an electrode system with a vacuum capacitance that can be 

either calculated accurately or determined by calibration in the absence of the 

sample. Besides these two capacitances (vacuum and sample capacitance), 

there are other residual capacitances, as shown in Figure 4.2, with and without 

a specimen placed between the electrodes [15]. In addition to the desired 

capacitance (for the calculation of real K), Cv, unwanted capacitances are: Ce, 

the fringing or edge capacitance; Cg, the capacitance from electrodes to 
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Figure 4.2 Flux lines and stray capacitances associated with specimen [15] 
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ground; Ci, the capacitance between the connecting leads; Ci_g, the lead to 

ground capacitance; and CI_e, the capacitance between the leads and the 

electrodes. 

Cv is independent of the outside environment, while all others are 

dependent, to a certain degree, on the proximity of other objects. If one 

electrode is grounded, as often is the case, all of the capacitances described 

(except the ground capacitance of the grounded electrode and its lead) are in 

parallel with Cv, thus add to the real capacitance of the specimen. The edge 

capacitance for equal and unequal electrodes can be calculated from the 

empirical correction factor shown in Figure 4.3. The calculated edge 

capacitance is directly subtracted from the measured parallel capacitance 

before calculating the dielectric constant. 

The contact resistance existing between the sample electrodes and the 

test station connection electrodes also contributes to the measured value of the 

loss tangent. The effect of contact resistance is different for the different 

connection methods. In a two-terminal connection mode, the contact 

resistances RA and RB are effectively in series, as shown in Figure 4.4. These 

resistances are added to the impedance of the specimen. In the two-terminal 

method, the loss contribution is dependent upon the measured capacitance of 

the sample. For a two-terminal method [28]: 

loss tangent (error) = 2n f C (RA+RB) (4.5) 

Where RA and RB are the constant resistances on the two sides of the specimen. 

This calculated value is subtracted from the measured value of loss tangent in 

order to obtain the real loss tangent. 

In the four-terminal connection mode, shown in Figure 4.5, the contact 
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Figure 4.3 Calculations of vacuum and Edge capacitances 
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resistance of the HCUR (high current), HPOT (high potential), LCUR (low current), 

and LPOT (low potential) connectors is represented by RA, RB, RC, and RD 

respectively. The measurement error is given by[28]: 

loss tangent (error) = -2n f (CBRB + CDRD) (4.6) 

Residual components increase as the square root of the frequency [19]. 

Hence, these parameters become critical at higher frequencies, especially if the 

sample has a low dielectric constant and loss tangent. Sample uncompensated 

and compensated data provided by the manufacturer are shown in Table 4.2. It 

can be seen in Table 4.2 that proper compensation of residual parameters 

associated with coaxial fixture HP 16092A used for measurements, was 

important to reach the real dielectric constant value of the specimen. 

The dielectric properties of the most widely investigated silica and single 

crystal alumina (perpendicular to optic axis) were measured as a working 

standard. The results obtained from these standards before and after proper 

compensation (in RF range) along with the literature values are shown in 

Figures 4.6 - 4.7. The dielectric constants of silica and sapphire agree with the 

literature within 2% accuracy [17,36]. The loss tangent of silica and alumina 

along with the literature values are shown Figure 4.8. The data available in the 

literature are quite inconsistent [17, 18]. However, loss-tangent data up to 100 

MHz is comparable to many values found in the literature. Above 100 MHz, the 

loss tangent is higher than the values found in the literature which is due to 

higher residual parameters (significant as compared to low loss) [28]. 

The dimensions of samples were determined by a series of 

measurements distributed systematically over the specimen and were uniform 

within 3% of the average value. The accuracy of the calculation of direct 
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interelectrode vacuum capacitance in the LF range, where electrodes need to be 

placed each time manually, was 5%. The basic accuracies of the LF and RF 

impedance analyzers are 0.1 and 2%, respectively. The experimental error can be 

calculated from equation (4.4). 

K = — = Ct  (4.7) 
c 0 A  c 0tw 

where I and w are the length and width of the specimen. By taking the log and 

differential of equation (4.7) 

K> = C' + V - I - w' (4-8) 

For maximum possible error, (4.8) can be written as: 

K' = IC'I + I f ' l  +  k ' l  + IvH (4-9) 

Therefore, maximum error in the dielectric constant value is 14.1% in LF range and 

11% in the RF range. 
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FREQUENCY 
UNCOMPENSATED 

C 0 
COMPENSATED 

1.0 1.2100E-11 - 1  3000E-02 1 .0823E-1  1  -6 8000E-08 
21 .0 1.2100E-11 0 3000E+00 1.0889E-1 1 - 1  0057E-05 
41.0 1.2130E-II 5  0000E-04 1.0915E-1 1 6 3489E-04 
60.9 1.2174E-11 7  0000E-04 1.0945E-1 1 9 0163E-04 
80.9 1.2237E-11 1  Z000E-03 1 .0955E-1 1  1  1 726E-03 

100.9 1.23I5E-11 1  4000E-03 1.1054E-1 1 1  3088E-03 
120.9 !.2409E-11 1  7000E-03 1.1125E-1 1 1 6077E-03 
1 40.9 i.2522E-11 Z000E-03 1.I213E-1 1 i 

u 0967E-03 
160.3 1 .2657E-11 n 5000E-03 1.1312E-11 n 

L. 6137E-03 
1 80.8 l .Z811E-I i 9000E-03 1.1427E-11 n 8042E-03 
200.8 1 .299IE-I 1  

7 
J  Z000E-03 1.1560E-11 J  1114E-03 

220.8 1.3152E-1 1 J 3000E-03 1.1708E-1 1 3 7726E-03 
240.8 1.3422E-1i 4 4300E-03 1 .1377E-1 1 4 3387E-03 
260.7 1 . 3655E-1 1 4 9000E-03 1 .2066E-1 1  4 68I5E-03 
290.7 1  . 39~5E-'1  5  "300E-03 1.2Z70E-11 5  4551E-03 
300.7 1.433TE-!1 5 5\L '0OE-03 1 .250' 5-H 6 1 579E-03 
320.7 1.46 75 E-1 ' 7 4000E-03 1 """-c - i i 7 0324E-03 
340.7 ! . 5095E- '< i 6 5000E-03 1  .  J 0 4  "  :  1  8 0159E-03 
350. S 1.5574E-I i 9 3000E-03 1.3355£-11 8 6736E-03 
350.6 l . 5 i 1 5 E - 1  i  1  0500E~02 1 .37; Z rl - 1 1 9 6630E-03 
400 .6 1 .5729E-1  1  1  i  500E-02 1 .409~5-1 1  1  0377E-02 
420.6 '."424E-t 1 1  3400E-02 1 .453ZE- I ! 1 1960E-02 
4 4 0  . 5  1.3240E-11 1  4700E~02 1 .5020E-1  1  1 2525E-02 
450 . 3 - . 9 l 5 4 E - l  1  1  7000E-32 • . 555"*E- 1 1 4346E-02 
430.5 2.0Z50E-1l 1  5500E-02 '.5155E- • ! 1  5615E-02 
533.4 Z  .  :  = B 0 t ~  '  '  OS00E-02 l . 5 5 5 3 ~ - ' ! 55i5E-02 

Table 4.2 Typical compensated and uncompensated data [28] I 
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FREQUENCY Va DIELECTRIC CQHSTAKT 
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Figure 4.6 Frequency dependent dielectric constant of silica 
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Figure 4.7 Frequency dependent dielectric constant of sapphire 
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Figure 4.8 Frequency dependent loss tangent of silica and sapphire 



53 

CHAPTER 5 

RESULTS AND DISCUSSION 

The trend towards developing new glass systems for next generation 

electronic packaging applications necessitates the recognition of glass forming 

regions in each system. The glass formed should be bubble free and durable. It 

is also desired that the glasses must be processable below about 900°C. This will 

facilitate their use in packaging systems, which contain low melting temperature 

metallization such as copper and aluminum. Therefore, a systematic study of the 

glass-transition and the glass-softening temperature is very important. Another 

requirement is that these glasses must be thermally compatible with other materials 

used in a package. Therefore, determination of the coefficient of thermal 

expansion is also important. The package speed and density is adversely affected 

by the dielectric properties of the insulating glass, and so the characterization of 

dielectric layers is also a key factor. 

In this chapter the results of this study are presented and discussed. They 

include the glass-forming regions in various systems, the glass-transition and the 

softening temperatures. The coefficient of thermal expansion, and the dielectric 

properties as a function of frequency and composition at room temperature. 

Finally, the results of this study are discussed in terms of the possible use of 

aluminoborophosphosilicate glasses in microelectronics packaging. 
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5.1 CHEMICAL ANALYSIS 

One important aspect of glass development is the verification of batched 

species because volatization losses during melting can result in changes in the 

composition with accompanying changes in properties. Especially species like 

boron and fluorine are known to volatilize during glass processing [14,26]. 

Therefore, to check the retention of the batched species, chemical analysis for 

aluminum, phosphorus, magnesium, calcium, silicon, boron, and fluorine was done 

at Skyline Labs, Tucson, AZ. Table 5.1 shows the batched and analyzed elemental 

compositions in mole%. Oxygen contents were calculated by assuming that all the 

concentrations of batched and analyzed components add up to 100% and that the 

positive and negative charges balance. 

Chemical analyses obtained from Skyline Labs were not reliable. For 

example, chemical analysis for the AI(P03)3-B203 binary system at different times 

showed different results, even though all glasses in this series were melted under 

the same conditions and around the same time. As seen in Table 5.1, composition 

#101, 104 and 105, showed no volatilization of any batched specie, while 

compositions #103 and 108 analyzed earlier showed boron loss greater than 90% 

during glass processing. 

The variability in chemical analysis was further confirmed when composition 

#2 was analyzed again after three months; chemical analysis is given in Table 5.2. 

As seen in Table 5.2, silicon analysis is inconsistent and thus unreliable. The non-

reliability of chemical analysis was also confirmed when an analysis of batched 



Table 5.1 COMPOSITION ANALYSIS MOLE % 

ELEMENTAL BATCHED COMPOSITION ELEMENTAL ANALYZED COMPOSITION 

Comp # Al P B O Al P B O 

101 7.14 21.42 2.26 68.57 8.01 19.57 2.68 69.74 

103 6.66 19.99 5.34 67.99 6.18 17.04 0.91 75.69 

104 6.45 19.35 6.44 67.74 7.37 18.92 6.43 67.27 

105 5.96 17.91 8.97 67.16 6.88 17.83 9.2 66.08 

108 4.34 13.04 17.36 65.25 3.73 11.03 1.68 83.56 

U1 



COMPOSITION #2 ANALYSED TWICE (WEIGHT%) 

Date Al Si Mq P F B 0 

Apr-89 7.6 12.7 6.5 23.5 1.15 0.03 48.52 

Aug-89 7.4 2.81 6.5 25.21 0.91 0.01 57.15 

Table 5.2 Variability in composition analysis 



powder and batched powder dried at 100°C of known composition showed very 

inconsistent results for B, F, and Mg as seen in Table 5.3. Due to the unavailability 

of reliable chemical analysis, weight loss measurements were used as a second 

check. 

5.1.1 Weight-Loss Measurements 

According to Shaw [29], "volatilization during melting causes a large loss of 

weight, the magnitude of which is a strong function of composition." Therefore, 

retention of the batched species can also be estimated by the weight loss 

measurements. The weight loss of the AI(P03)3-B203 binary system is shown in 

Figure 5.1. As seen in Figure 5.1, during changes of the amount of B203 from 

16.7 mole% to 83.3 mole% in the batch, the weight loss remained in the range of 

2.5 to 4%. Therefore, it is concluded that weight loss has no significant composi

tional dependence, and thus no volatilization of any batched specie occurs. The 

observed loss of 2.5 to 4% is due to the moisture absorbed in the batched 

powder. The insensitivity of weight loss to the composition indicates that the 

batched compositions and final compositions are similar in the binary system. 

For the ternary AI(P03)3-B203-Si02 system, the weight loss as shown in 

Figure 5.2 followed the identical pattern as it did in the case of the AI(P03)3-B203 

binary system. This observed loss of 3 to 4% is also due to the absorbed 

moisture in the batched powder. Therefore, it is concluded that the amount of 

species incorporated in the glass are equal to the batched species as in the case 



STANDARD CHEMICAL ANALYSIS (WEIGHT%) 

COMP# Al P B Mq F Si O 

130H (batched) 2.31 7.98 8.89 10.13 15.84 10.6 44.22 

130H (analysed) 2.89 8.65 5.95 0.35 21 10 48.84 

130X (batched) 2.55 8.8 7.76 9.75 15.22 11.68 44.19 

130X (analysed) 2.82 8.8 6.95 0.57 22 11 48.46 

Comp# 130H; All constituents were dried at 100 C for 1 hour, mixed, crushed, and analysed 

Comp# 130X; All constituents were mixed and analysed 

Table 5.3. Chemical analysis of batched and batched dried powder 



PLEASE NOTE 

s) missing in number only; text follows. 
Filmed as received. 

59 
60 

University Microfilms International 



61 

of the binary AI(P03)3-B203 system. The weight loss remained constant as an 

equal amount of flux CaO-MgO was added to the binary AI(P03)3-B203 system, as 

shown in Figure 5.3. The observed loss 3% is also due to the moisture in the 

powder. While some deviation from batch composition may exist for these non-

fluorine containing glasses, a close examination of data indicates that these 

deviations must be small in size (±2%). 

Contrary to the binary and ternary systems, the weight loss of the fluorine-

containing system was a function of composition. In the AI(P03)3-B203-Si02-MgF2 

system, increasing the amount of MgF2 increased the weight loss as given in 

Table 5.4. The weight loss was also significant for the AI(P03)3-B203-AIF3 and 

AI(P03)3-AIF3 systems. 

Figure 5.4 shows the systematic variation in the weight loss which occurs 

as a function of the fluorine content for the glasses listed in Table 5.4. The weight 

loss exhibits a similar dependent on fluorine in both the AI(P03)3-B203-Si02-MgF2 

and AI(P03)3-B203-AIF3 systems, regardless of fluorine sources. However, notice 

that the weight loss in the binary AI(P03)3-AIF3 glass (15.9%) is much higher than 

that exhibited by the ternary or quaternary glasses. This indicates that the sample 

is losing both fluorine and AI(P03)3 or some subspecie of AI(POg)3. 

The baseline at about 3% weight loss in Figure 5.4 indicates the weight loss 

due to the moisture absorbed in the batched powder as discussed earlier. By 

subtracting the baseline from weight loss, it appears that at low values of fluorine 

content the weight loss is more than can be attributed to fluorine alone. This 
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WEIGHT LOSS vs. CaO.MgO 

CaO.MgO mole% 

Figure 5.3 Effect of adding (to comp #105) CaO.MgO on weight loss. 



Table 5.4 WEIGHT LOSS FOR FLUORINE CONTAINING SYSTEMS 
(all compositions in weight%) 

Comp # AI(P03)3 B203 Si02 MgF2 AIF3 W% F % wt loss 

1 59.91 20.05 18.02 2.02 — 1.23 3.25 

2X 63.69 16.80 14.5 5.01 — 3.06 8.67 

3X 64.45 5.67 14.67 15.21 — 9.28 11.84 

124 79.36 15.73 — — 4.91 3.34 7.9 

125 81.97 16.14 — — 2.39 1.62 6.7 

127 96.58 — — — 3.42 2.32 15.85 

O U> 
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suggests that some complex between fluorine and one or more of the other batch 

components is volatilizing. If one assumes that this complex is responsible for the 

observed weight loss over the entire range of investigated fluorine content, then 

the decrease in the slope of the curve in Figure 5.4 indicates that more fluorine is 

retained at higher fluorine contents. Therefore, it is assumed that the overall k 

fluorine content in these glasses is much less than the batched amount. Also, 

though the exact concentration of fluorine remains unknown, the data indicate that 

it increases monotonically with increasing additions of fluorine-containing 

compounds in the batch. 

The weight loss data indicate that the non-fluorine-containing glasses are 

likely to be close in composition to the batched target. The fluorine glasses 

contain much less fluorine than indicated by the target composition, but it appears 

that increasing amounts of fluorine are retained as the amount of fluorine 

introduced into the batch is increased. Therefore, property trends as a function 

of fluorine can be determined, but the exact composition-property relationship for 

these glasses cannot be determined. 

5.2 GLASS-FORMING REGIONS 

In the development of oxide glasses, phosphate- and borate-based systems 
4 

are relatively easier to process than only silicate-based systems. However, 

phosphate glass containing high concentrations of P205 are undesirable due to 

their hygroscopicity and boron rich glasses have low chemical durability. 



• 
batches with MgF2 
• 
batches with AIF3 

A 
batch with no 8203 

Approximate toss 
observed In all 
powdere 

weight % fluorine 

Rgure 5.4 Effect of increasing MgF2 on weight loss. 
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Therefore, these glasses are undesirable for electronic packaging applications. It 

is well known that addition of Al203 to the above systems increases the durability 

of the glass. Si02 can also be added to aid in the glass-forming capability and to 

reduce the dielectric constant [14]. However, addition of alumina and silica 

increases the glass-transition temperature. Therefore, the introduction of fluxes 

with low dielectric polarizability becomes compulsory to lower the processing 

temperature, so as to meet the requirements of the glasses for packaging 

purposes. 

The basic constituents of the glasses investigated are three glass formers: 

AI(P03)3i B203, Si02 and network modifiers: CaF2, MgF2, AIF3, CaO, MgO. The 

batch compositions of all the glass systems are given in Table 4.1, which also 

gives the batch weight and the appearance of the glasses. This investigation was 

inspired by the desire to study the behavior of the basic binary (AI(P03)3-B203), 

ternary (AI(P03)3-B203-Si02), and the effect of flux on these systems in a 

systematic fashion in order to obtain a better understanding of their melting 

behavior and property/composition relations. 

In the AI(P03)3-B203 binary system, two significant glass-forming regions 

exist as shown in Figure 5.5 for the glasses processed at 1350°C. The glasses 

formed with less than 50 mole% and between 60-70 mole% of B203 were 

transparent. Between 50-60 mole% of B203, the quenched samples were either 

opaque white or they had small crystalline peaks. Above 70 mole% of B203, the 

melt crystallized upon pouring. 
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AI(P03)3 - B203 • SI02 SYSTEM 

SIO„ 

Glassy 

Ctystalline 

„m. . o—^—ee——xXXvoo XX yx 
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B2°3 

Figure 5 5 The Phase diagram of the investigated compositions 
in the ternary system 
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When Si02 is added to the binary AI(P03)3-B203 system, the glass forming 

region is found to extend over a wide range of compositions. As seen in the 

phase diagram (Figure 5.5), all the investigated melts showed good glass 

formability except for one at 76 mole% B203. The addition of Si02 also increased 

the melting temperature by as much as 75°C, as given in Table 4.1. The extension 

of the glass forming region into the AI(P03)3-B203-Si02 ternary and the increase in 

processing temperatures for these glasses is consistent with the fact that silica is 

the most stable glass known and its melting temperature is around 1710°C [7], 

By adding equal molar amount of CaO-MgO to the binary system, the 

resulting glasses were transparent and processing temperatures, in general, were 

almost the same as given in Table 4.1. The idea of adding CaO-MgO to the 

AI(P03)3-B203 binary system was to lower the processing temperature by 

introducing "strong" cations having small ionic radii, large bond strength, and non-

bridging oxygens, required for a low dielectric constant glass. However, CaO-MgO 

did not act as a flux. 

Replacing CaO-MgO with an equal molar amount of AIF3 resulted in the 

formation of good glasses but led to an increase in the processing temperature 

(Tw) and the resulting glasses were clear as given in Table 4.1. Thus the addition 

of AIF3 appears to be ineffective in lowering the melting temperature of the binary 

system. By adding the flux MgF2 to the AI(P03)3-B203-Si02 ternary system, all 

composition investigated resulted in a good glass. The processing temperatures 

for these glasses were around 1500°C as given in Table 4.1. 
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These glass formability results must be interpreted in light of the weight loss 

data reported in the previous section. There it was shown that much less fluorine 

is retained in the glass than is introduced in the batch. As a result, only trends in 

glass formation behavior can be noted. For all the glasses investigated, good 

glasses were formed when fluorine was added to the batch composition, however, 

the processing temperature was always observed to increase. 

The purpose of adding fluorine to the batch was to lower the viscosity of the 

melt by replacing bridging oxygen with non-bridging fluorine. Apparently, this 

rationale does not apply, as indicated by the 1500°C processing temperatures 

required to pour these glass melts. Another purpose was to replace the highly 

polarizable oxygen with the less polarizable fluorine atom to lower the dielectric 

constant of the resulting glass. This impact of fluorine additions on the dielectric 

constant will be discussed in Section 5.4. 

The composition limits indicated above do not strictly designate the glass-

forming region, but rather the regions where glasses of sufficient durability to be 

useful for thermal and electrical characterization were formed. As mentioned 

above, large regions of glass formation exist. In these regions, the glasses exhibit 

high resistance to devitrification which is well within the operating specifications for 

typical glass manufacturing equipment. The melting temperature of all the systems 

was in the range of 1350°C to 1500°C. Due to these promising processing 

properties and from a manufacturing perspective, these glasses are appropriate 

for large scale production of powders for electronic packaging applications. 
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5.3 THERMAL PROPERTIES OF ABPSG 

5.3.1 Thermal Expansion Coefficient 

Electronic packages consist of dissimilar materials that expand at different 

rates upon heating. The difference in the thermal expansion coefficient causes 

stresses in the package. These stresses produce elastic and plastic strains which 

may crack metal lines. In order to minimize these stresses, it is required that the 

expansion coefficient of the dielectric layer should match the substrate [7]. 

Therefore, a study of the thermal expansion coefficient of these glasses is 

important. 

The thermal expansion coefficient of glasses as given in Table 5.5 was 

determined from thermomechanical analysis (TMA) done at Dupont.* This 

technique employs a weighted probe resting on the specimen which measures the 

dimensional changes of the sample as it is heated. The probe displacement is 

recorded over a temperature range of interest. The data is plotted as a function 

of temperature. In temperature regions in which no phase transition occurs, the 

curve is smooth and the slope gives the coefficient of thermal expansion. 

Due to limited access to the equipment at Dupont, it was not possible to do 

systematic composition versus expansion coefficient studies. However, a variety 

of samples was selected to provide a basic survey of expansion coefficients for the 

AI(P03)3-B203-Si02-Mg(Ca)F2 system. Without a complete understanding of the 

*By Dr. Kevin Ewsuk, E. I. Dupont de Nemours and Company. 



Table 5.5 THERMAL EXPANSION COEFFICIENT, GLASS TRANSITION, 
AND SOFTENING TEMPERATURES OF ALUMINOBOROPHOSPHOSILICATE GLASSES 

Comp # AI(P03)3 Si02 B203 MgF2 AIF3 a u/°C Tg(°C) Ts(°C) Si02/AI(P03)3 

10 35.56 23.13 39.5 2.26 — 9.39 675 715 0.65 

7 32.31 21.87 37.5 8.3 — 4.71 592 — 0.67 

7A 32.31 21.87 37.5 — 8.3 5.62 631 669 0.67 

8 27.25 19.95 44.8 8 — 4.86 539 639 0.73 

2X 30 30 30 10 — 5.74 596 667 1.0 

1 26.8 35.4 34 3.84 — 4.52 552 622 1.32 
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glass structure, interpretation of expansion data is quite difficult. However, several 

trends are apparent from the data. 

As seen in Table 5.5, the lowest value of the thermal expansion coefficient, 

4.52 u/°C (comp #1), corresponds to the lowest amount of boron oxide and 

magnesium fluoride (37.84), and the highest Si02/AI(P03)3 ratio (1.32). The 

thermal expansion coefficient is related to density, bond strength, and structure of 

the glass [30]. Si02 is the most stable glass known whose expansion coefficient 

is around 0.5 u/°C. Therefore, increasing the amount of Si02 in glass, decreased 

the coefficient of thermal expansion. Increasing the amount of flux and reducing 

the Si02/AI(P03)3 ratio, increased the thermal expansion coefficient. The largest 

value of the thermal expansion coefficient, 9.4 u/°C, was obtained for the lowest 

Si02/AI(P03)3 ratio (0.65 u/°C, comp #10). The observed increase in a, by adding 

more flux and reducing the Si02/AI(P03)3 ratio, is consistent with the fact that non-

bridging ions are replacing bridging ions; thus opening the glass structure, which 

is responsible for an increase in the thermal expansion coefficient. 

As noted above, the expansion coefficient of the aluminoborophos

phosilicate glasses investigated in this study is in the range of 4 to 9.5 u/°C. This 

expansion range lies close to or includes the expansion coefficients of many widely 

used electronic materials including alumina (8.8 n/°C), aluminum nitride (3.3 M/°C), 

silicon carbide (3.7 M/°C) and BeO (6.8 n/°C) [7,34]. Therefore, 

aluminoborophosphosilicate glasses (ABPSG) are strong candidates for electronic 

packaging applications because of thermal compatibility. 
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5.3.2 Glass Transition and Softening Temperatures 

Processing at low temperatures has become important for the fabrication 

of modern devices with shallow junctions and short-channel lengths to minimize 

the vertical and lateral diffusion of impurities. Low process temperatures are also 

essential to minimize process-induced crystallographic damage, unwanted impurity 

diffusion, and distortion effects. Also, the processing temperature of the glass 

should be compatible with the interconnect materials. Based on these 

considerations, it is desirable that insulating glass should be processable below 

about 900°C. Therefore, investigation of glass-transition and glass-softening 

temperatures is an important aspect in the development of new glasses for next 

generation packaging systems. 

The glass-transition and glass-softening temperatures for the AI(P03)3-B203-

Si02-MgF2 system as given in Table 5.5 were also determined from TMA. In this 

technique, as the temperature is increased, expansion ir ^ar up to a temperature 

called the glass-transition temperature (Tg). At this point, a change in slope 

occurs because additional liquid-like vibrational modes begin to participate in the 

expansion process. Measurements are carried out with increasing temperature on 

the specimen until another change in slope occurs. At this point, the viscosity is 

so low that the glass begins to flow under the applied compressive stress. The 

experiment is terminated at this point and the corresponding temperature of the 

last slope change is called the glass-softening temperature. 
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Like the thermal expansion coefficient, the glass-transition (Tg) and glass-

softening (Ts) temperatures are also dependent upon composition, as shown in 

Table 5.5. The lowest Tg (539°C) corresponds to a high batched amount of MgF2 

and B203, and the highest Tg (675°C) corresponds to a low molar ratio of 

Si02/AI(P03)3 as seen in Table 5.5. It is interesting to note that the glass-transition 

and glass-softening temperatures have almost similar dependencies upon 

composition as does the expansion coefficient. 

The glass-transition temperature as a function of expansion coefficient is 

plotted in Figure 5.6. Here the glass transition temperature is seen to increase with 

increasing expansion coefficient. The trend is opposite to that typically observed 

in glass forming systems. That is, the addition of species which break up the 

network typically increase the expansion coefficient and decrease the glass 

transition temperature. The results of Figure 5.6 suggest that there is a complex 

relationship between composition and the number and type of non-bridging oxygen 

in glasses from these systems, which is not understood at this stage. In order to 

understand this phenomenon, further experimentation is required. 

As discussed earlier, glasses with low processing temperatures are 

desirable to minimize diffusion effects in the silicon, particularly in high density VLSI 

and ULSI wafer processing. ABPSG with T8 in the range of 622 to 715°C seems 

to be compatible with the specification of maximum processing temperature limits, 

and also, compatible with many interconnect materials such as aluminum and 

copper. As clearly shown in the above discussion, ABPSG appears to have all the 
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Figure 5.6 Expansion coefficient vs. glass-transition temperature of ABPSG. 
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appropriate thermal properties that make it a prime candidate for use as a 

dielectric material in advanced packaging technology. 

5.4 DIELECTRIC PROPERTIES 

As discussed in Chapter 3, the loss tangent and the dielectric constant of 

the glass used in a package affect the interconnection parameters, such as 

capacitance, attenuation, propagation delay, and noise margin. For an efficient 

package, it is required that the glass layer should have a low loss tangent and a 

low dielectric constant. Therefore, determination of these properties of the 

aluminoborophosphosilicate glasses is an important aspect in the development of 

new glasses for state-of-the-art, high-speed packages. 

5.4.1 Frequency and Composition Dependent Loss Tangent 

The loss tangent of a glass depends upon relaxation and resonant-losses. 

The magnitude of each loss depends upon frequency, temperature, composition, 

and structure of the glass. The relaxation losses can be divided into three parts: 

dipole relaxation losses, deformation losses, and conduction losses. These three 

losses are believed to exist because of ion movement under the influence of the 

electric field. Generally, mobile ions such as Na+, K+, OH', and H+ are present as 

impurities. Any mobile carrier will contribute to conduction and, therefore, increase 

the loss tangent. Also, the loss tangent due to surface conductivity could be 

appreciable under humid conditions [15]. 
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The loss tangent as a function of frequency of comp #103 (71.4 mole% 

AI(PO3)3,16.7 mole% B2OJ is shown in Figure 5.7. The loss tangent as a function 

of frequency decreases first to a minimum in the range of 1 MHz to 200 MHz, 

followed by an increase up to 500 MHz (roughly parabolic shape). The loss 

tangent in the low frequency range (below 1 MHz) decreases from 0.0051 to less 

than 0.001. In the range of 1 MHz to 200 MHz, the loss tangent is less than 0.001 

and the loss tangent is not very sensitive to frequency. Above 200 MHz, the loss 

tangent increases up to almost 0.003. The increase in the loss tangent at high 

frequency (above 100 MHz) is in part due to experimental error as discussed in 

Chapter 4. 

For other glasses in the AI(P03)3-B203 system, the loss tangent as a 

function of frequency exhibits similar dependencies as comp #103. Increasing the 

molar amount of B203 in the AI(P03)3-B203 system causes an insignificant change 

in the loss tangent. The loss tangent as a function of frequency and composition 

of all glasses investigated is given in the appendix. In general, the loss tangent for 

the AI(P03)3-B203 system in the low frequency range decreases from a maximum 

of 0.0055 to less than 0.001. In the intermediate frequency range, 1 MHz to 

200 MHz, the loss tangent is insensitive to frequency and the loss tangent is less 

or equal to 0.001. In the high frequency range, the loss tangent increases up to 

almost 0.003. 

The loss tangent as a function of frequency for comp #2 (27 mole% 

AI(P03)3, 12 mole% Si02, 34.24 mole% B203, 26.78 mole% MgF2) is shown in 
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Figure 5.7 Frequency dependent loss tangent of comp #103. 

Batched Composition in mole% 

Comp # MEQ3I3 S2Q3 

103 71.4 16.7 
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Figure 5.8. In the low frequency range, the loss tangent decreased to a minimum, 

followed by an increase in the high frequency range. The loss tangent for 

comp #3 (27.5 mole%AI(P03)3,50.4 mole%B203,19.95 mole%Si02,1.96 mole% 

MgF2) is shown in Figure 5.9. Note that in the low frequency range, the loss 

tangent is higher than comp #2, which is probably due to the presence of mobile 

ions that contribute to conduction in the low frequency range. The loss tangent 

of all other glasses in the quaternary glasses showed similar dependence on 

frequency as comp #2 and are given in the Appendix. For these fluorinated 

glasses, except for comp #3, the loss tangent in the low frequency (below 1 MHz) 

decreased from a maximum of 0.004 to less than 0.0015. In the medium 

frequency range, the loss tangent is less than 0.002 for most glasses. Above 

200 MHz, the loss tangent increased up to almost 0.003. 

The loss tangent of MgF2 containing glasses in the low frequency range is 

similar to the binary system. In the medium frequency range, the loss tangent of 

the AI(P03)3-B203-Si02-MgF2 system, in general, is slightly higher than the binary 

AI(P03)3-B203 system. This is probably due to the fact that the former contains flux 

and it is easier for the ions to migrate freely under the influence of the electric field 

and contribute to the loss. However, without complete understanding of the 

structure of this glass system, it is difficult to make any definite conclusion 

regarding such a small loss dependence on composition. 

The frequency dependence of the loss tangent for a number of commercial 

glasses is shown in Figure 5.10. The solid curve gives the total losses; the dotted 
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Figure 5.8 Frequency dependent loss tangent of comp #2. 
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lines show four different contributions. By comparing Figures 5.7,5.8, and 5.9 with 

Figure 5.10, it is clear that frequency dependence of the investigated glasses is 

almost identical to the schematic representation of a commercial glass. Relatively 

high loss in the low frequency range of the investigated glasses is due to 

conduction and dipole-relaxation losses. The conduction loss is due to long range 

migration of ions (curve 1). The dipole relaxation losses are due to short range 

travel of ions (curve 2). These losses peak around very low frequencies and fall 

off along the KHz region. This is consistent with the observed loss trend in the low 

frequency region. Another contribution to loss tangent is due to deformation loss. 

The deformation loss is due to the motion of whole sections of the network 

(curve 3). The deformation losses appear at low temperature in the KHz-MHz 

region, but at room temperature move up in frequency, leaving a minimum near 

106-108 Hz. All the glasses investigated exhibited a minimum in this frequency 

range. The fluorinated glasses having a slightly higher loss than the binary system 

in the medium frequency range is probably evidence for the effect of openness of 

the structure of the glass and thus an increase in the deformation loss. The 

observed increase in high frequency range is due to deformation and vibrational 

losses. All the ions in the glass, network formers, network modifiers and oxygen 

vibrate with definite frequencies about their equilibrium position. When the 

measuring frequency is the same as the resonant frequency, loss of energy occurs 

since the vibration of ions is damped. Since a large range of possible vibration 

frequencies are present, resonance takes place over a wide spectrum. From the 
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above discussion, it is clear that the frequency dependence of loss tangent of 

aluminoborophosphosilicate glasses is quite similar to the commercial glass. 

The loss tangent of almost all of the investigated glasses is lower than 

0.005; lower than many glasses currently being used in the packaging area [7]. 

For example, for most of the alkaline-silicate glasses, loss tangent is greater or 

equal to 0.05 [1,7,17]. Alkali-silicate glasses exhibit high loss because alkali ions 

are weakly held in the interstices of the network. These ions are easily set into 

motion and, consequently, absorb energy and give rise to loss tangent. High loss 

generates heat and can cause breakdown of the insulator by increasing the 

volume conductivity. In addition, alkaline-based glasses are undesirable for 

packaging purposes because the alkali ions are prone to migration out of the glass 

and into other package components. 

The glasses investigated in this study have very low losses, which indicates 

that the glasses have few impurities, which is promising for packaging applications. 

Low loss also suggests that the basic structure is very strong, therefore, these 

glasses have high strength. Lower loss tangent material like ABPSG causes less 

noise and generates less heat and, therefore, meets the requirements of high 

density electronic packaging. 



5.4.2 Frequency and Composition Dependent Dielectric Constant 

5.4.2.1 Frequency Dependency of the Dielectric Constant 

The frequency dependence of the dielectric constant for a non-fluorinated 

comp #120 (37.5 mole% AI(P03)3,62.5 mole% B2O3) is shown in Figure 5.11. As 

seen in Figure 5.11, the dielectric constant of the glass decreases with an increase 

in the frequency. However, the decrease in the dielectric constant is comparatively 

small over a wide range of frequency, 1 KHz to 500 MHz. The frequency 

dependence of the dielectric constant for a fluorinated comp #3 is (27.5 mole% 

AI(P03)3, 50.4 mole% BjOj), 19.95 mole% Si02, 1.96 mole% MgF2) is shown in 

Figure 5.12. The variation in the dielectric constant is less than 1% and can be 

regarded as independent of the frequency. The maximum variation in the dielectric 

constant for all investigated glasses is given in Table 5.6. Note that the variation 

in the dielectric constant of fluorinated glasses (<1%) is negligible as compared 

to non-fluorinated glasses (-5%). Also, the decrease in the dielectric constant is 

quite gradual. 

As discussed in Chapter 2, electronic and ionic polarization should not be 

affected in this frequency range. The relatively small variation in the dielectric 

constant is probably due to the relaxation of the amorphous structure of the glass, 

and the distribution of relaxation times appears to be so broad that the change in 

the dielectric constant with frequency is quite gradual. However, this small 

variation in the dielectric constant or non-fluorinated glasses is practically 

insignificant. Therefore, the dielectric constant can be regarded as fairly 
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Figure 5.12 Frequency dependent dielectric constant of comp #3. 
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Table 5.6 FREQUENCY DEPENDENT DIELECTRIC CONSTANT OF INVESTIGATED GLASSES 
(BATCHED COMPOSITIONS IN MOLE%) 

Comp # AI(P03)3 CM 

O
 

CO 

B203 MgF2 MgO CaO 
K 

(at 1 KHz) 
K 

(at 500 MHz) 

% Variation in K 
from 1 KHz 
to 500 MHz 

2 27 12 34.24 26.78 — — 4.68 4.67 0.2 

3 27.5 19.95 50.4 1.96 — — 4.32 4.29 0.69 

11 27.03 21.86 34.21 22.88 — -- 4.514 4.51 0.09 

13 26.93 27.6 34 11.46 — — 4.066 4.03 0.09 

103 71.4 — 28.6 — — — 5.1 5.0 1.96 

104 66.7 — 33.3 — — — 5.0 4.8 4.0 

108 33.3 ~ 66.7 — — — 4.9 4.74 3.26 

120 37.5 — 62.5 — — — 4.83 4.55 5.8 

112 29.97 10.0 60.03 — — — 4.95 4.71 4.85 

113 51.39 10.0 38.61 — — -- 5.05 4.78 5.35 

114 69.21 10.0 20.79 — — — 5.1 4.82 5.5 

115 39.97 30.0 30.03 — — — 5 4.75 5.0 

116 54.25 ~ 40.75 ~ 2.5 2.5 5 4.75 5.0 

00 
00 
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independent of frequency at room temperature. A similar frequency dependence 

of the dielectric constant was observed for another non-fluorinated ternary 

AI(P03)3-B2C>3-Si02 system. In conclusion, the percent variation in the dielectric 

constant for the binary system is in the range of 1.96 to 5.8. For the ternary 

system, the maximum variation in the dielectric constant from 1 KHz to 500 MHz 

is in the range of 4.85% to 5.5%. For the quarterly system, the variation in the 

dielectric constant over frequency range employed is minimal (<1%). All other 

glasses in both fluorinated and non-fluorinated systems showed similar behavior 

as a function of frequency and are given in Appendix B. 

5.4.2.2 Compositional Dependence of the Dielectric Constant 
in the Binary System 

The effect of composition on the dielectric constant is shown in Figure 5.13 

for the binary AI(P03)3-B203 system. In this figure, the dielectric constant at 1 KHz 

is plotted as a function of the molar ratio of AI(P03)3 to B203. Increasing the 

AI(P03)3/B203 molar ratio from 0.5 to 2.5 increases the dielectric constant from 4.8 

to 5.1 at 1 KHz as seen in Figure 5.13. This change represents a variation of as 

much as 6% over the composition range of interest. While this small variation is 

of the same size as the possible experimental error in a single measurements, the 

consistent trend in the data of Figure 5.13 indicates that the dielectric constant of 

the binary system does increase very slightly with increasing AI(P03)3/B203 ratio. 
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Figure 5.13 Compositional dependence of the dielectric constant at 1KHz 
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5.4.2.3 The Electronic and Ionic Contribution to the Dielectric Constant 

The dielectric constant is affected by the number of polarizable atoms/unit 

volume and by the polarizability of these atoms. Polarizability is the sum of the 

electronic and ionic polarization of atoms occurring in the glasses. Determining 

the relative contributions to the polarization and their composition dependence can 

provide insight into the relationship between polarizability and structure in the 

glass. This information can help to design and tailor glasses to specific applica

tions. The refractive index of the selected glasses was determined by ellipsometry. 

The measured refractive index along with calculated optical-frequency dielectric 

constant (Kg = n2) is given in Table 5.7. 

If it is assumed that the relaxation contribution to the dielectric constant is 

negligible then the ionic contribution to the dielectric constant is the difference 

between the dielectric constant measured at 1 KHz and the electronic dielectric 

constant. Using this assumption, the ionic contribution to the dielectric constant 

of non-fluorinated glasses was determined and is listed in Table 5.7. The 

composition dependence of electronic and ionic contributions to the dielectric 

constant is shown in Figure 5.14. For the AI(P03)3-B203 binary system, the 

electronic as well as ionic dielectric constant increases by increasing the AI(P03)3 

to B203 ratio. Although the variation in ionic and electronip dielectric constant with 

composition is small, it is consistent with that of the measured dielectric constant 

at 1 KHz and presented in Figure 5.13. Both electronic and ionic contribution to 



Table 5.7 ELECTRONIC, IONIC DIELECTRIC CONSTANT AND ELECTRONIC POLARIZABILITY 
OF OXYGEN OF INVESTIGATED GLASSES (BATCHED COMPOSITIONS IN MOLE%) 

Comp # 
AI(P03)3/B203 

molar ratio Si02 MgO CaO 
K 

(at 1 KHz) N K* K, 
®o 

(in 10'24 cm3) 

103 2.5 — — — 5.1 1.584 2.509 2.591 1.69* 

104 2.0 — — — 5.0 1.575 2.481 2.519 — 

108 0.5 — — — 4.9 1.564 2.446 2.454 1.57* 

112 0.5 10 — — 4.95 1.546 2.39 2.56 1.63+ 

113 1.33 10 — — 5.05 1.553 2.412 2.638 — 

114 3.33 10 — — 5.1 1.527 2.332 2.768 1.60+ 

115 1.33 30 ~ — 5 1.564 2.446 2.554 1.57+ 

116 1.33 — 2.5 2.5 5 1.573 2.474 2.526 — 

*From equation (5.8). 

+From equation (8) in Appendix A. 

VO N5 



AI(P03)3-B203 System 

lonlc-dielectric 
constant . 
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constant 
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Figure 5.14 The electronic and ionic contribution to the dielectric constant 
in the binary system. 
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the dielectric constant are of almost equal magnitude and they have the same 

composition trends. Both electronic and ionic contributions to dielectric constant 

increase by increasing the A^PO^ in the glass. However, these trends are not 

significant. Therefore, it is concluded that both electronic and ionic dielectric 

constant are not strong functions of the composition in the binary system. 

5.4.2.4 Compositional Dependence of the Oxygen Electronic Polarizability 

Insight into the factors that give rise to compositional variations in the 

dielectric constant is provided by the Clausis-Mossotti equation. This equation 

relates the macroscopically observed dielectric constant to microscopic quantities 

[17,26]. 

where N is the number of polarizable atoms/unit volume of element /, a,- is the 

permittivity of free space, and K is the dielectric constant. 

At optical frequencies, where the refractive index is measured, the dielectric 

constant arises almost entirely from electronic polarization. In this region, the 

dielectric constant is equal to the square of the refractive index and equation (5.1) 

reduces to the Lorentz-Lorenz equation. 

(K - 1) _ ^ N.a (5.1) 

<K. ~ D „ y. N,aei (5.2) 
(K0 + 2) V 3e0 
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where a0l is the electronic polarizability of element / and Ke is the electronic 

dielectric constant of the glass. Equation (5.2) can also be written as 

- "0 _ pNa ^ Plaei farft 
(53) 

where p is the density of the glass, Na is the Avogardo number, MW, is the 

molecular weight of element /, and P, is the weight percent of element / in the 

glass. 

Now focusing on the AI(P03)3-B203 binary system, equation (5.3) can be 

expanded to: 

(5.4) 

(Ke ~ 1) _ pNaPa ' 

(KE + 2) ~ 3e o 

PA** A A Pp°p x PBaB A ^QAa0 PoBaQ 
PAMWA PAMWp PAMWB PAMWQ PAMW0 

where the subscript / = A for aluminum, / = P for phosphorus, / = B for boron, 

/' = 04 for oxygen in AI(P03)3, and i = OS for oxygen in B203. 

Equation (5.4) can be converted to the proper form for the mole fraction of 

components by noting that for the AI(P03)3-B203 binary system, the relationship 

between different element is 

^P _ rj ^OA _ Q *08 _ 3XB 

* A  '  2 X a  
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where X, is the mole fraction of element / and the subscripts have the previously 

defined meaning. Using these relationships and the relationship between P, and 

X/. 

Y _ P, ^ MW, 
I 2^ o MW 

(5.5) 
/ 

Equation (5.4) can be rewritten as: 

K E -  1 pNsPa 

(KG + 2) 3CqMWA 
aA + 3ap + 9a0 + (as + | a0) (5.6) 

Using equation (5.5), the sum s P, = 1 can be written as: 

PAXBMWB PAXPMWP PAXQBMW0 PAXQAMW0 
I A + 

X AMWA XAMWA XAMWA XAMWA 

= 1 

which can be simplified to 

/WW. 
+ 3MWP + 9MW0 + _£ (/WWS + 1 MWC 

X A \ ^ 

(5.7) 

Substitution of equation (5.7) into (5.6) leads to the desired result that 

K - 1) 

+ 2) 

+ 3a p + 9a0 + _£ («B - 1 ao) 

MWA + 3/WLVP + 9MW0 + IMWB + I MW0) 
X A * ^ I 

(5.8) 
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Equation (5.8) provides the relationship between the electronic dielectric 

constant and the composition variable, XB/XA, the molar ratio of boron to 

aluminum. 

Electronic polarizability values from Kittel [33] are listed in Table 5.8. These 

values of electronic polarizability could be a little different in the AKPO^-BgOa 

system because of difference in the structure [33]. Notice that the oxygen 

polarizability is much larger than that of any other element in the glass. This fact, 

in conjunction with equation (5.8), leads to the conclusion that the major 

contribution to the electronic dielectric constant of these glasses is due to the 

oxygen polarizability. 

Equation (5.8) will now be used with the refractive index data of Table 5.7 

to determine the composition dependence of the oxygen polarizability in the binary 

system. To do so, the density of the glasses was determined from their 

dimensions and weight. Calculated values of density of the non-fluorinated glasses 

are given in Table 5.9. As seen in Table 5.9, the density of these glasses is quite 

insensitive to the composition. By using the value of electronic polarizability of 

boron and aluminum from Table 5.8 and assuming the electronic polarizability of 

phosphorus is equal to silicon, equation (5.8) was solved for the electronic 

polarizability of oxygen in the binary system. In this manner, the electronic 

polarizability of oxygen was determined and was found to have values ranging 

from 1.57 x 10"24 cm3 to 1.69 x 10'24 cm3 for the binary system. These results are 



Electronic polarizabilities of ions, in 10~M cm3 

He Li* Be1* B3* C4* 

Pauling 0.201 0.029 0.008 0.003 0.0013 
JS 0.029 

O2" F" Ne Na+ Mg** Al3* Si4* 

Pauling 3.88 1.04 0.390 0.179 0.094 0.052 0.0165 
JS-(TKS) (2.4) 0.858 0.290 JS-(TKS) 

S2" cr Ar K* Ca2* Sc3* Ti4* 

Pauling 10.2 3.66 1.62 0.83 0.47 0.286 0.185 
JS-(TKS) (5.5) 2 947 1.133 (1.1) (0.19) 

Se2" Br" Kr Rb* Sr2* y3 + Zr4* 

Pauling 10.5 4.77 2.46 1.40 0.86 0.55 0.37 
JS-(TKS) (T.) 4.091 1.679 (1.6) 

Te2" I" Xe Cs* Ba2* La3* Ce4* 

Pauling 14.0 7.10 3.99 2.42 1.55 1.04 0.73 
JS-(TKS) (9.) 6.116 2.743 (2.5) 

Values from L Pauling. Proc. R. Soc London A114, 181 (1927). S. S. Jaswal andT. P. Sharma, 

J Phys. Chem Solids 34. 509 (1973). and J Tessman. A. Kahn. and W. Shockley. Phys Rev. 92. 
890 i 1953'. The TKS polarizabilities are at the frequency of the D lines of sodium. The values are in 

CCS. to convert to SI. multipU by i * 10"15 

Table 5.8 Electronic polarizability data [33] 



Table 5.9 COMPARISON OF EXPERIMENTAL AND THEORETICAL DIELECTRIC 
CONSTANT BASED UPON EQUATION (5.9) 

THEORETICAL vs EXPERIMENTAL DIELECTRIC CONSTANT 

comp # I (mm) w(mm) t (mm) volume(cc) weight(g) density(g/cc) K (theory) K(measured at1 KHz) 

103 11.47 10.98 3.31 0.42 0.93 2.231 4.91 5.1 

108 10.7 6.22 3.37 0.224 0.49 2.184 4.81 4.9 

1 1 4  10.4 8.92 4.18 0.388 0.85 2.192 4.82 5.1 

1 1 2  11.56 7.59 3.05 0.267 0.58 2.167 4.77 4.95 

1 1 5  11.85 7.82 4.05 0.375 0.89 2.37 5.21 5 

1 1 6  10.86 9.17 4.34 0.432 1.02 2.36 5.19 5 
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in good agreement with the literature [31,33]. Increasing the boron to aluminum 

ratio in the binary decreased the electronic polarizability of oxygen. 

5.4.2.5 Effect of Addition of CaO-MgO to the Binary System 

Adding an equal molar amount (2.5%) of CaO-MgO to the binary AlfPOgJg-

B203 system did not influence the dielectric constant very much, as shown in 

Figure 5.15. As seen in Table 4.1, comp #116 is a modified form of comp #105, 

with the addition of 5 mole% of Ca(MgO) to comp #105. The dielectric constant 

of comp #105 was not measured because of sample size. However, the 

extrapolated value of the dielectric constant for the AI(P03)3/B203 molar ratio of 

1.33 can be determined from Figure 5.13. Therefore, the calculated dielectric 

constant for comp #105 is -4.95 at 1 KHz, while the dielectric constant for 

comp #116 at the same frequency is 5. This slight increase in the dielectric 

constant by the addition of Ca(Mg)0 is probably due to the high polarizability of 

Ca. As discussed in Section 5.2, the addition of CaO-MgO did not act as flux. 

Therefore, further studies of the dielectric constant were not undertaken. 

5.4.2.6 Compositional Dependence of the Dielectric Constant 
in the Ternary System 

The effect of composition on the dielectric constant is shown in Figure 5.15 

for the ternary AI(P03)3-B203-10 mole% Si02 system. In this figure, the dielectric 

constant at 1 KHz is plotted as a function of the molar ratio of AI(P03)3 to B203. 
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Figure 5.15 Frequency dependent dielectric constant of comp #116. 
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Increasing the A^PO^/BjOa molar ratio from 0.5 to 3.33, Increased the dielectric 

constant from 4.95 to 5.1 at 1 KHz as seen in Figure 5.16. Also, note that the 

addition of 30 mole% of silica had a negligible effect on the dielectric constant as 

given in Table 5.9 for comp #115. This slight change in the dielectric constant with 

composition for the ternary glasses is of the same size as the possible experi

mental error in the measurements. The detailed data for each glass can be found 

in the appendix. 

The measured refractive index along with the calculated electronic dielectric 

constant for the ternary glasses is given in Table 5.7. The compositional 

dependence of the electronic and ionic dielectric can be found in the appendix. 

It is clear that electronic and ionic dielectric constants have almost similar 

compositional dependence in the ternary system as in the binary system, quite 

insensitive to the composition changes. 

As mentioned earlier, the Clausis-Mossotti equation can be used to 

determine the electronic polarizability of oxygen in these glasses. Therefore, a 

model equation similar to that of the binary system was derived and is given in the 

appendix for the A^POgJa-BgOg-SiOg ternary system. By using the measured values 

of density, electronic dielectric constant, and polarizability values from Kittel, the 

Lorentz-Lorenz equation was solved for oxygen polarizability. The calculated 

values of the electronic polarizability was found in the range 1.57-1.63 x 10'24 cm3 

for the ternary system. The electronic polarizability of oxygen decreases by 
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increasing the molar ratio of boron to aluminum and also by increasing Si02 in the 

ternary system. 

5.4.2.7 Compositional Dependence of the Dielectric Constant-Empirical 
Relationship 

For a wide range of glasses, the dielectric constant at room temperature is 

related to the composition of the glass by the following empirical expression [1]. 

K - 2.2 P (5-9) 

where p is the density of the glass. 

Calculated value of the dielectric constant obtained from equation (5.9) for 

several compositions are given in Table 5.9. The dielectric constant for the binary 

AI(P03)3-B203 system changed from 4.91 to 4.81 (comp #103 and 108). Similar 

composition dependence can be seen for the AI(P03)3-B203-Si02 ternary system 

(comp #114 and 112). The experimentally observed trends in each system, as 

seen from Table 5.9, agree well with the empirical relationship. It is also clear from 

Table 5.9 that empirically predicted dielectric constant is also not very sensitive to 

the composition changes in each system investigated. 

5.4.2.8 Compositional Dependence of the Dielectric Constant 
in Fluorinated Glasses 

The effect of the addition of fluorine on the dielectric constant is shown in 

Figure 5.15 for the quaternary AI(P03)3-B203-Si02-MgF2 system. In this figure, the 
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dielectric constant is plotted as a function of the molar concentration of MgF2 at 

1 KHz. Note that the dielectric constant in this quaternary system is seen to vary 

with composition by a very large amount (-20%). This is very different from the 

non-fluorinated glasses where the variation in the dielectric constant was -6%. 

Also, the dielectric constant for the fluorinated glasses is as much as 20% lower 

than the non-fluorinated glasses. The dielectric constant first decreases to -4.1 

and then increases with increasing amounts of MgF2. 

The observed decrease in the dielectric constant, up to 12 mole% of 

batched MgF2, is consistent with the argument that non-bridging less polarizable 

fluorine ions are replacing bridging ions, thereby lowering the dielectric constant. 

The observed increase above 12 mole% of MgF2 cannot be explained without a 

complete understanding of the structure of the glass as the density of the glass 

depends upon the structure. As discussed in Section 5.1.1, the fluorinated glasses 

exhibited the largest weight loss. Therefore, the exact composition of these 

glasses is unknown, in addition to the structure. Although the weight loss data 

indicated a monotonic increase in fluorine retention with increasing batch contents, 

it is not known which other specie is volatilizing with fluorine. Therefore, no 

specific conclusion can be drawn regarding the dielectric constant dependence on 

exact composition. Note that Figure 5.17 is plotted as a function of batched MgF2 

and not as a function of exact composition. It is interesting to note that the 

dielectric constant of the fluorinated glasses, in general, is lower than the non-

fluorinated glasses. This indicates that the dielectric constant can be tailored by 
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Figure 5.17 Effect of addition of MgF2 on the dielectric constant. 
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introducing fluorine, and the dielectric constant can be lowered significantly. The 

detailed dielectric constant data for the AI(P03)3-B203-Si02-MgF2 system can be 

found in Appendix B. 

5.4.2.9 Summary - Frequency and Compositional Dependence 
of the Dielectric Constant 

The variation in the dielectric constant over a frequency range of 1 KHz to 

500 MHz for the non-fluorinated glasses is less than 6%. The decrease in the 

dielectric constant is quite gradual for all the investigated glasses in the binary and 

ternary systems. For the fluorinated glasses, the variation in the dielectric constant 

as a function of frequency is less than 1% and can be regarded as independent 

of frequency. 

The dielectric constant for non-fluorinated glasses at 1 KHz is in the range 

of 4.8 to 5.1 In the binary AI(P03)3-B203 system it increases by as much a 6% due 

to increasing the AI(P03)3 in the batch. Also, the electronic and ionic contributions 

to the dielectric constant are of almost equal magnitude. The electronic 

polarizability of oxygen in the binary system is compositional dependent and is in 

the range of 1.57 to 1.69 x 10"24 cm3. Similar compositional trends were observed 

in the ternary AI(P03)3-B203-Si02 system. 

For the quaternary AI(P03)3-B203-Si02-MgF2 system, the dielectric constant 

is significantly lower than the non-fluorinated glasses. The dielectric constant for 

the investigated fluorinated glasses at 1 KHz lies between 4.1-4.7. This 
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represents a 14% variation in the dielectric constant as a function of composition. 

In the following section, it will be shown that aluminoborophosphosilicate glass 

(ABPSG) having the dielectric constant around 4 to 5 can be used in high density, 

improved performance packages. 

5.4.3 Applications of ABPSG in Packaging 

The dielectric constant of the aluminoborophosphosilicate glass is lower 

than calcium-aluminosilicate, lead-borosilicate, soda-lime-silica, and lithium-silicate 

glass [1,4,7,17,34]. Also, the dielectric properties of the glasses investigated are 

better than many other glass and ceramics currently being used in packaging. 

The dielectric constant of aluminoborophosphosilicate glasses (ABSPG) is 

comparable to borophosphosilicate glasses (BPSG) [11]. 

The lower dielectric constant increases the characteristic impedance and 

also reduces the cross talk by decreasing the mutual capacitance. The spacing 

between two lines is usually determined by allowable cross talk. Lower dielectric 

constant allows lower thickness of dielectric, for equivalent capacitance, and 

enables one line to be moved closer to another. In this way more lines can be 

accommodated for the same cross talk. Lower dielectric constant materials are 

required to improve band width and attenuation by reducing the capacitances with 

signal line discontinuities. Therefore, lower dielectric constant glasses like 

aluminoborophosphosilicate (ABPSG) can be used to construct high density 

packages. 
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The most important requirement of low dielectric material is that lower 

dielectric constant improves the medium's propagation velocity and therefore, 

reduces the delays. For high speed packages, it is desirable for the dielectric layer 

to have a low value of dielectric constant. If a package is operated at high 

frequency, the dielectric layer should have the same effect on signal propagation 

as at lower frequencies. As shown earlier, the dielectric constant of ABPSG varies 

little up to 500 MHz. Again, the lower dielectric constant value of 4.1-5.1 of ABPSG 

suggests that these glasses can be used in high speed packages. 

For chip passivation, an inorganic material such as a glass is deposited 

during the final stage of chip fabrication. Bond pads are etched in the passivation 

layer for electrical connections. The main purpose of the passivation layer is to 

provide protection to the chip. For this purpose, the passivation layer should have 

high chemical resistivity (impurity barrier) and must offer protection against any 

mechanical damage. It is well documented that when alumina is added to 

phosphorus penta oxide, the chemical resistivity of the resulting glass is greatly 

improved [14]. In this investigation, aluminum and phosphorus were added in the 

form of aluminum metaphosphate in the batch to achieve high chemical resistivity. 

Therefore, aluminoborophosphosilicate glasses (ABPSG) have higher chemical 

resistivity than borophosphosilicate (BPSG) glasses currently being used in the 

packaging area. The dielectric constant of aluminoborophosphosilicate glasses 

(4-5) is comparable to BPSG (4.5 after fusion) [11]. However, the chemical 

resistivity of aluminoborophosphosilicate glasses (ABPSG) is higher than 
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borophosphosilicate glasses (BPSG), which makes ABPSG more promising than 

BPSG. 

To the best of our knowledge, no one has investigated this glass system. 

Therefore, many other properties of aluminoborophosphosilicate glasses (ABPSG) 

are unknown and need to be investigated. Based upon present investigation of 

a few promising properties, it seems likely that aluminoborophosphosilicate glasses 

(ABPSG) will receive the attention of many researchers and will become an 

important constituent of many microelectronic packages. 
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CHAPTER 6 

CONCLUSIONS 

This study showed that two significant glass-forming regions exist in the 

binary AI(P03)3-B203 system. The addition of CaO-MgO to the binary system has 

no significant effect on processing temperature and glass formability. Also, the 

addition of AIF3 to the binary system increased the processing temperature. 

However, it has no apparent effect on glass formability. Therefore, neither 

CaO-MgO nor AIF3 can be used effectively as a flux in the binary system. In the 

AI(P03)3-B203-Si02 ternary system, all the investigated compositions showed good 

glass formability except for one at 76 mole% of B203. The glass forming region is 

found to extend over a wide range of composition when Si02 is added to the 

binary system. By adding MgF2 to the ternary AI(P03)3-B203-Si02 system, all 

compositions investigated resulted in a good glass. However, processing 

temperature, in general, remained around 1500°C. Therefore, it is concluded that 

CaO-MgO, AIF3, and MgF2 cannot be used effectively as fluxes in the binary 

AI(P03)3-B203 and in the ternary AI(P03)3-B203-Si02 systems to lower the melting 

temperature. 

For the non-fluorinated systems, weight loss (2-4%) was almost independent 

of the composition which indicated that batched and actual incorporated species 

in the glass are the same. This small weight loss during processing was due to 

the moisture absorbed in the batched powder. However, for the fluorinated 
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systems, weight loss increased by increasing the amount of fluorine in the batch 

regardless of the fluorine sources. However, volatilization seems to have no 

apparent effect on glass formability. The glasses formed in all systems were 

bubble free, transparent and sufficiently durable for characterization. A close 

examination of weight loss data suggested that some fluorine is retained in the 

glass at high concentration. 

The partial substitution of fluorine for oxygen in the ternary system resulted 

in an increase in the thermal expansion coefficient. A thermal coefficient of 

expansion (4.52-9.39 ju/°C) nearly matching the thermal coefficient of the many 

materials used in packaging indicated the good thermal compatibility of these 

glasses. Also, thermal properties can be tailored by introducing the flux and can 

be matched with other materials. Furthermore, TB and Ts data indicated that these 

glasses can be processed well below 900°C, thus, meeting the requirements of the 

glasses for packaging applications. 

The dielectric constant (-5) of non-fluorine containing glasses is relatively 

insensitive to the composition changes. It was shown that the replacement of 

aluminum with boron is not enough to lower the dielectric constant of the binary 

AI(P03)3-B203 system. The Lorentz-Lorenz equation was solved by using the 

measured value of refractive index and density. In this way, the electronic 

polarizability of oxygen was determined and was found to vary in a range of 

1.57 x 10"24 cm3 to 1.69 x 10'24 cm3 for the binary glasses. Similarly, the electronic 
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polarizability of oxygen in the ternary system was in the range of 1.57 x 10"24 cm3 

to 1.63 x 10'24 cm3. 

The addition of fluorides as fluxes reduced the dielectric constant of the 

aluminoborophosphosilicate glass. Significant reduction (-14%) in the dielectric 

constant indicated the effectiveness of low polarizable fluorine in the glass. 

However, by increasing the fluorine in the glass, the dielectric constant first 

decreased followed by an increase which is not completely understood due to the 

complex structure of the glass. The loss tangent for all the glasses investigated 

was less or equal to 0.001 and showed similar dependents upon frequency as in 

the most commercial glasses. 

This study showed that in all investigated systems large regions of glass 

formation exist and glasses can be processed well below 900°C. Also, the thermal 

expansion coefficient can be tailored to match the expansion coefficient of many 

other materials used in packaging applications. Further, these glasses have a very 

low loss tangent and dielectric constant, which make them suitable for high speed, 

high density packages. As a result, aluminoborophosphosilicate glasses show 

great promise for use as a dielectric material and as a passivation layer in 

advanced electronic packaging technology. 
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APPENDIX A 

1. Clausis-Mossotti Equation 

(ft - 1) _ Y* N>ai (D 
(K + 2) V 3e0 

where: 

K = dielectric constant 

Nj = number of polarizable atoms per unit volume of element / 

aj = polarizability of element / 

c0 = permittivity of free space 

In the optical frequency range, equation (1) reduces to the Lorentz-Lorenz 

equation: 

(K. - 1) _ N,au 

(K. • 2) ^ 3 Co 

where: 

aej = electronic polarizability of element / 

KE = optical frequency dielectric constant 

Equation (2) can be written as: 

(K. - 1) _ PN. Pp„ 

(K, • 2) 3cc ^ MW, 
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where: 

P = density of the glass 

NA = Avogadro Number 

MW, = molecular weight of element / 

P, = weight percent of element / 

Now, focusing on the A^PO^-B^-SiOg ternary system, equation (3) can be 

expanded to: 

(*. " 1) 

K * 2) 
pN„Pa PA<*A + ^pCtP + 

PBaB + PoAaQ 
PAMWA PAMWP PAMWB PAMW0 

+ P°Ba° + ps*s + Pos<*o 

(4) 

PAMW0 PAMWS PAMW0 

Equation (4) can be converted for mole fraction of components by noting that for 

the AI(P03)3-B203-Si02 ternary glasses, the relationship between different elements 

is: 

= 3 ^0A = 9 *0B = — 
XA 

1 XA ' Xe 2 
2 
2 

%OB _ 3Xe 

2X7 \4 A nB "OS nA 
where X,. is the mole fraction of component /. Using these relationships and the 

relationship between P, and X,-: 

P/ MW, 
1 MW, r Pi / 

Equation (4) can be written as 

(5) 

K - 1 )  _  P N A P A  

(K9 + 2) 3c0WWa 

Xp I 3 \ Xc . 
aA + 3a^ + 9a0 + _ (a f l  + i  a0J + -i (as + 2a0) (6) 
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As we know, 

E p, = 1 
For the ternary system, this sum can also be written as: 

or 

PA + PB + Pp + Pqb + POA + Ps + PQS ~ 1 

P + P *BMWB + XPMW,, + X0B^W0 + X0AMW0 

A A XAMWA 
A XAMWA 

A XAMWA 
A XAMWA 

+ P *S>WVS + p XosMWo = 

A A XA/WIVA 

which can be simplified to: 

PA _ 1 
(7) 

• MWA XB I 3 \ Xo, 
* + 3/WlVp + 9MW0 + _£ MWe + -MWJ + _£(/tfWs + 2MW) 

*A^ 2 1 *A 

Substitution of equation (7) into equation (6) leads to the desired result that: 

K - 1) P N A  

(KE + 2) 3e( 

(8) 

ctA + 3ccP + 9at0 + ̂ [aB + l a0) + ̂  (a0 + 2a0) 
A A 

+ 3/WlVp + 9MW0 + +1 MW0) + _£ (MWS + 2/WW0) 
A A 

Equation (8) can be used to calculate the electronic polarizability of oxygen in the 

ternary glasses. By using the values of the electronic dielectric constant and 

polarizability values from Kittel, the electronic polarizability of oxygen was 

calculated to be in the range of 1.57 x 10"24 cm3 (# 115) to 1.63 x 10"24 cm3 (#112) 
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for the ternary glasses. The electronic polarizability of oxygen is compositionally 

dependent in these glasses. 

M 
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APPENDIX B 

0.010 

0.009-

0.008- AI(P03)3-B203 System 
0.007-

0.006-

O) 
o 0.005-

0.004-

0.003-

0.002-

0.001-

0.000 

log frequency (Hz) 

Figure B.1 Frequency dependent loss tangent of comp #108. 

Batched Composition in mole% 

Comp # AI(PQJ3 I2Q3 

108 33.3 66.7 
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0.010 

0.009-

AI(P03)3-B203 System 0.008-

0.007-

_ 0.006-

O) 
§ 0.005-

0.004-

0.003-

0.002-

0.001-
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log frequency (Hz) 

Figure B.2 Frequency dependent loss tangent of comp #104. 

Batched Composition in mole% 

Comp # AKEQgk f^Qg 

104 66.7 33.3 
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0.010' 

0.009-

AI(P03)3-B203-Si02-MgF2 System 0.008-

0.007-

0.006-

ffl 0.005-

0.004-

0.003-

0.002-

0.001-

0.000 T T 

log frequency (Hz) 

Figure B.3 Frequency dependent loss tangent of comp #11. 

Comp # 

11 

Batched Composition in mole% 

AKEQg^ B2Q3 SIQ2 

27.03 34.21 21.86 

MSE2 

22.88 
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0.010 

0.009-

AI(P03)3-B203-Si02-MgF2 System 0.008-

0.007-

0.006-

0.004-

0.003-

0.002-
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0.000 T T T 

log frequency (Hz) 

Figure B.4 Frequency dependent loss tangent of comp #13. 

Comp # 

13 

Batched Composition in mole% 

AKEQ3I3 E2Q3 SiQ2 

26.93 34 27.6 

MgF2 

11.46 
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COMP #103,104, and 108 

AI(P03)3-B203 System 

log frequency (Hz) 

Figure B.5 Frequency dependent loss tangent of comp #103, 104, and 108. 

Batched Composition in mole% 

ComD # AKEQak SA 

103 71.4 28.6 
104 66.7 33.3 
105 33.3 66.7 
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COMP #112,113, and 114 

5.4-

5.3-

5.2-

C 
2 5.H w 
§ 
S 5.0H •c 
* 1 

4.8-

4.7J 

4.6-

4.5-

AI(P03)3-B203-Si02 System 

5 6 7 
log frequency (Hz) 

10 

Figure B.6 Frequency dependent loss tangent of comp #112, 113, and 114. 

Batched Composition in mole% 

ComD # AUPQak B2Q3 SiQ2 

112 29.97 20.79 10 
113 51.39 38.61 10 
114 69.21 60.03 10 



124 

AI(P03)3-B203-Si02 System 

log frequency (Hz) 

Figure B.7 Frequency dependent dielectric constant of comp #115. 

Batched Composition in mole% 

Comp # AKEQ3I3 B2Q3 SiQa 

115 39.97 30.03 30.0 
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4.9-

4 8- AI(P03)3-B203-Si02-MgF2 System 
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2 45. O & B B B-BSBD 
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•O 

4.3-

4.2-

4,1-

4.0- i i i i i i i 
2 3 4 5 6 7 8 9  1 0  
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Figure B.8 Frequency dependent dielectric constant of comp #11. 

Batched Composition in mole% 

Comp # AlfPO^j BgQg S1Q2 M9E2 

11 27.03 34.21 21.86 22.88 
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AI(P03)3-B203-Si02-MgF2 System 
4.8-
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c 
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Figure B.9 Frequency dependent dielectric constant of comp #2. 

Comp # 

2 

Batched Composition in mole% 

AlCPQak B2Q3 SiQa 

27.00 34.24 12 

M9E2 

26.78 
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AI(P03)3-B203-Si02-MgF2 System 

o 4.4 

log frequency (Hz) 

Figure B.10 Frequency dependent dielectric constant of comp #13. 

Comp # 

13 

Batched Composition in mole% 

A l(PQg)3 12Q3 SiQ2 

26.93 34 27.6 

MgF2 

11.46 
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