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ABSTRACT 

Copper phosphate glasses with 40,50 and 60 mole% CuO are melted in air 

at 1000oC, 1l00oC and 12000 C using quartz or alumina crucibles, and the 

[Cu2+]/[CUtotal] ratio variations with melting time are measured. Glasses 

are oxidized during melting and reach equilibrium [Cu2+] / [CUtotal] ratios 

which are independent of melting temperature and identical for the 40 and 50 

mole% CuO content glasses. Structural considerations rather than a 

conventional redox reaction seem to determine oxidation-reduction 

equilibrium of the glass. Thus, the [Cu2+] / [CUtotal] ratio in copper 

phosphate glass can be controlled by changing melting time. In this work, 

crystallization, optical absorptions, chemical durability, and structure of 

copper phosphate glass have been investigated depending on the 

[Cu2+]! [CUtotal] ratio in the glass as well as glass composition 

The crystallization of copper meta phosphate is initiated from the surface 

and its main crystalline phase is copper metaphosphate (Cu(P03h), 

independent of the [Cu2+]/[CUtotal] ratio in the glass. However, the crystal 

morphology, the relative crystallization rates and their temperature 

dependences are affected by the [Cu2+]/[CUtotal] ratio in the glass. The glass 

transition temperature of the glass increases as the [Cu2+]![CUtotal] ratio is 

raised. 

The optical energy gap, Eopt, increases as CuO content and the 

[Cu2+]/[CUtotal] ratio in thE glass are raised. This trend is explained by 

speculating upon the energy band structure of copper phosphate glass. 

However, the Urbach energy, ~E, is affected solely by the [Cu2+]![CUtotal] ratio 
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in the glass. The absorption band of Cu 1 + occurs in the vicinity of the 

absorption tail and is responsible for the increase of ~E with reducing the 

[Cu2+]/[CUtotal] ratio in the glass. 

A broad and asymmetric absorption band centered at about 11000 cm-1 is 

resolved into three component Gaussian absorption bands around 8500 cm-1, 

12000 cm-1 and 13250 cm-1. Each of these component absorption bands is 

assigned to an energy transition between the energy levels in a tetragonally 

distorted octahedral coordination. The position of the minimum absorption 

shifts to higher wavenumbers with increasing the [Cu2+] / [Cutotal] ratio in 

the glass regardless of glass composition and is responsible for color changes 

in the glass. 

The 55 mole% CuO glass dissolves more readily than either the 40 or 50 

mole% CuO glass. As the [Cu2+] / [Cutotal] ratio in the glass decreases, the 

chemical durability improves. Also, the solution pH dependence of the 

dissolution rate in the oxidized and reduced glasses is found to differ. 

The structure and Cu.2+ ion clustering of copper phosphate glass 

depending on the [Cu2+] / [CUtotal] ratio in the glass are investigated by 

infrared spectra, ESR, SAXS, and TEM. 
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I. INTRODUCTION 

The series of elements in the periodic table in which the d orbitals are 

incompletely filled in any of their commonly occurring valence states is 

called the transition metals.[l,2] These metals have interesting physical and 

chemical properties. They are almost all hard, strong, high-melting, high

boiling metals that conduct heat and electricity well. Also, they exhibit 

variable valence states in complexes and the valence state ions partially filled 

in the d orbitals cause color and paramagnetism. Transition metal oxides can 

form glasses with mixtures of glass-formers. These glasses show more 

interesting properties and applications than most other metal oxide glasses. 

For example, colored glasses have been produced since ancient times by 

adding transition metal oxides to the glass composition.[3] 

Copper, one of the transition metal elements, is widely distributed as a 

metal in minerals. Copper has a single s electron outside the filled 3d orbital, 

but has nothing in common with the alkali metals except formal 

stoichiometries in the +1 valence state. The filled 3d orbital is much less 

effective than is a noble gas orbital in shielding the s electron from the 

nuclear charge, so the first ionization energy of copper is higher than those of 

the alkali metals. On the other hand, the second and third ionization 

energies of copper are very much lower than those of the alkali metals and 

account in part for the transition metal character shown by the existence of 

colored paramagnetic ions and complexes in the 2+,3+, and +4 valence states. 

However, the most common stable valence states of copper are +1 and +2. In 

oxides, CuO is more favorable at lower temperatures and CU20 at higher 
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temperatures. Copper may exist in glasses in the form of metallic (CUO), 

cuprous (Cu1+), or cupric (Cu2+) ions according to the oxidation-reduction 

equilibrium in the glasses. These ions possess different electronic structures, 

and exhibit various coordinations and bonds with oxygens in the glasses, as 

shown in the stereochemistry of copper.[1,2] As a result, the properties and 

behavior, as well as the structures of glasses containing copper, vary 

depending on the ratios of different valence state ions of copper which exist 

in the glasses. These variable properties and behavior include electrical, 

optical, magnetic, thermal, and mechanical properties, crystallization, 

chemical durability and so on. These subjects have been of interest for a long 

time and many studies have been performed on these topics. However, 

there have been few systematic quantitative studies of the effect of valence 

states of copper on certain properties and behavior of glasses. For such 

investigations, a major problem is the difficulty of control of different copper 

valence states ratio in the glasses. A number of investigations have been 

performed concerning how the copper valence states ratio in glasses 

containing a small amount of copper changes with melting temperature and 

time, and melting atmosphere,[4-6] but such studies have not been conducted 

in copper based glasses. Also, the copper valence states ratio has been 

controlled by changing base composition, or by adding an oxidizing or 

reducing agent.[7-9] Many physical and chemical techniques have been 

developed to determine the concentrations of the different valence state ions 

in glasses, even though these techniques have their own difficulties and 

problems. [10-25] 
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P20S is one of the four classic Zachariason's glass-forming oxides (Si02, 

B203, Ge02 and P20S).[26,27] Phosphates are good glass formers which can 

contain a large amount of transition metal oxides. Phosphate glasses are of 

interest because of their superior physical properties in comparison to other 

glass compositions. These properties include wide glass-forming range, high 

thermal expansion coefficients, low melting and softening temperatures, 

optical characteristics and electrical conduction. Copper phosphate glass 

compositions containing up to 60 mole% CuO can be formed. These glasses 

have interesting electrical and optical properties and are semiconducting 

glasses. [7-9,28-41] Copper may exist in phosphate glasses as cuprous(Cu1+) or 

cupric(Cu2+) ions since most oxide glasses do not contain metallic cppper 

when melted in air.[*] As mentioned above, the structure, properties and 

behavior of copper phosphate glasses change depending on the ratio of Cu1+ 

and Cu2+ in the glasses. The ratio of Cu1+ and Cu2+ affects the electrical 

properties in semiconducting copper phosphate glasses since conduction is 

known to occur by the hopping transfer of electrons from Cu1+ to Cu2+. 

This results in a change in the energy band structure of the semiconducting 

glass producing a variation of optical absorption edge in the ultraviolet (UV) 

region. Also, an optical absorption band is present in the visible spectrum 

creating color in the phosphate glasses. The glass color is influenced by the 

ratio of Cu1+ and Cu2+ since it is due to the crystal fields of Cu1+ and Cu2+ 

ions. Since Cu1+ and Cu2+ have different field strengths and coordinations 

in phosphate glass, the ratio of Cu1+ and Cu2+ in the glass may influence 

certain characteristics of the glass structure. These structural changes may 

result in the variation of glass transition temperatures and crystallization 
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behavior of the glasses depending on the ratio of Cu1+ and Cu2+ in the glass. 

That is, the glass forming ability, viscosity, and the crystalline phases which 

form upon heating the glass and the crystalline morphology may be different 

for the oxidized and reduced glasses. The control of crystallization 

phenomena by changing in the ratio of Cu1+ and Cu2+ in the glass is of 

interest in the fabrication of glass-ceramics of superconducting oxides.[42] In 

spite of the superior characteristics of phosphate glasses to those of other 

glasses, phosphate glasses have not been extensively used practically due to 

their poor chemical durability. There have been, thus, many efforts to 

develop phosphate glasses with high resistance to aqueous corrosion. It is 

believed that the chemical durability can be improved by controlling the ratio 

of Cu1+ and Cu2+ in the glass, since Cu1+ and Cu2+ have different bonding 

characteristics in the phosphate glass. 

Therefore, there is no doubt that the ratio of Cu1+ and Cu2+ ions in the 

glass influence its properties and behavior as well as the structure of the glass. 

Nevertheless, no systematic studies in any glass systems are available for 

glasses containing copper oxide as part of the base composition. The present 

study will address this problem using binary copper phosphate glasses whose 

compositions are more than 40% CuO. The oxidation-reduction equilibrium 

of copper phenomena in air will be studied to monitor the variation of 

valence states of copper with melting temperatures and times for different 

glass compositions. This investigation will indicate how to control the ratio 

of Cu1+ and Cu2+ in the glass using different melting temperatures and 

times, without changing base composition, or adding oxidizing or reducing 

agents. Along with controlling the ratio of Cu1+ and Cu2+ in the glass, the 
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most suitable chemical analysis will be developed to determine the 

concentrations of Cu1+ and Cu2+ ions in the copper phosphate glass. Then, 

several glasses having different batch compositions and ratios of Cu1+ and 

Cu2+ will be prepared. The optical properties, crystallization behavior, and 

chemical durabilities of these glasses will be investigated on a quantitative 

basis as a function of glass composition and the ratio of Cu1+ and Cu2+ in the 

glass. The structural change of the glass will be also examined with variation 

of glass composition and the ratio of Cu1+ and Cu2+ ratio in the glass. In the 

present study, the ratio of the concentration of Cu2+ ion to that of total copper 

([Cu2+]/[CutotaID in the glass will be used to represent the ratio of Cu1+ and 

Cu 2 + ions in the glass, and it will be called the [Cu2+] ratio in this 

disserta tion. 
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II. GENERAL BACKGROUND AND REVIEWS 

II. 1 Glass Formation and Phosphate Glasses 

11.1.1 Introduction 

Glass formation requires cooling to a sufficiently low temperature (below the 

glass transition temperature) without the occurrence of detectable crystallization. 

The various attempts which have been made to explain glass formation fall into 

three main groups: structural, thermodynamic, and kinetic. The theory of glass 

formation was developed first from the structural features of glass-forming 

materials, such as the geometrical arrangement of the constituent atoms, the 

nature of the interatomic bonds, or the strength of the bonds. The 

thermodynamic approach was associated the configurational entropy near the 

glass transition. Another explanation was based on the kinetics of the 

crystallization of a liquid at temperatures below the melting point. Glass

forming material is then one for which the rate of crystallization is very slow in 

relation to the rate of cooling. 

Among the models of glass structure, the random network hypothesis 

developed by Zachariasen [26] and Warren [27] more than fifty years ago is best 

known and works well for some oxide glasses. This model views glasses as 

three-dimensional networks lacking symmetry and periodicity, in which no unit 

of the structure is repeated at regular intervals. Zachariasen [26] suggested four 

rules for the formation of oxide glass, based on the premise that glass should 

have an energy content similar to that of corresponding crystal. The structural 
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implications of this modelled to the classification of cations as network formers, 

network modifiers, and intermediates as summarized by Stevels [43]. 

P205 is one of Zachariasen's four classic glass forming oxides (Si02, B203, 

Ge02 and P205) and phosphate is known to be a good glass former. Thus, 

numerous phosphate compositions form glasses, and their (desirable) physical 

and chemical characteristics have been determined. [44] However, the number of 

studies that have examined the structure and properties of phosphate glasses is 

limited since it is not easy to prepare and handle such glasses due to the volatility 

and reactivity of P205 with water. Also, practical applications of phosphate 

glasses are very restricted due to their poor chemical durability. The formation, 

structure, properties, and applications of phosphate glasses will be reviewed and 

discussed in this section. 

11.1.2 Phosphate Glass Formation 

In 1816, Berzelius [45] wrote about amorphous phosphoric acids, which 

range from viscous liquids to states which must be called either glasses or 

unusually rigid liquids at room temperature. Seventeen years later, Graham [46] 

described vitreous sodium metaphosphate. Since then, the literature has 

contained numerous discussions of vitreous condensed phosphates. 

The glass formation regions in a number of binary phosphate systems were 

determined in the early 1960's.[47,48] The results are listed in Table n.1. Other 

phosphate glass compositions were reviewed and their properties were 

reported. [44] As much as 50-60 mole% of modifiers can be incorporated into 

phosphate glasses. The maximum proportion of modifiers is comparatively 



Table II.l Glass formation regions in binary phosphate glass systems. 

Modifier 

BaO 

SrO 

CaO 

MgO 

BeO 

ZnO 

CdO 

PbO 

Maximum percentage of modifier (mole %) 

Elyard et al.a[47] Imaokab[48] 

57 
56 
58 

65 

71 

66 
66 

47 

60 
60 

57 
56 
58 

60 
66 

66 
50 

64 
57 
62 

24 

a Melted on scale of approximately 20mg on electrically heated platinum alloy 
wire. Melt quenched by switching off the heating current. 
b Melted on scale of 1-3 g in platinum crucible. Melt cooled in the crucible. 
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higher, and the glass forming region is wider than that of other conventional 

glass formers. Thus, one can produce phosphate glasses containing a large 

amount of metal oxides. In all systems, the glass formation range is continuous 

from pure P205 to the composition containing modifier content which results in 

glass formation. In other words, no stable immiscibility exists in phosphate 

glasses, unlike other glass systems. The absence of immiscibility in phosphate 

glass system has been explained in terms of the greater strength of the p-o bond 

relative to that of the Si-O and B-O bonds. No cation has ionic potential high 

enough to compete successfully with the small highly charged phosphorous 

cation for available oxygen. The coordination requirements of the phosphorus 

ion are so stringent that they must be satisfied even if this involves placing the 

modifier cations in an unfavorable environment. These requirements are best 

satisfied in a single phase melt. 

Although a stable immiscibility region does not exist, microphase separation 

has been observed in a number of simple phosphate glasses. A droplet structure 

in MgO-P205 glass was observed near the limit of the glass forming region, Le. at 

58 mole% MgO.[49] This glass contained a large number of crystallites but too 

small in size to produce light scattering which can be detected visually. It was 

suggested that they had formed by crystallization of the droplet phase. It was 

also shown that microphase separation may be induced in sodium 

metaphosphate glass by the addition of 0.001 wt% of platinum, which acts as a 

nucleating agent. [50] Without platinum, no separation was observed. 

Increasing the platinum content to 0.02 wt% caused the glass to devitrify. 

The phase diagrams are not particularly useful in understanding the glass 

formation ranges. They have been determined, in the region which includes the 
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limiting composition, for the system containing Na20, MgO, CaO, PbO and ZnO. 

In all of these, the glass formation limit is found in a region where the liquidus 

temperature is rising with increasing modifier content The glass formation 

region is less extensive in the K20 than in the Na20 system. The latter might be 

related to the fact that the melting temperature of the potassium metaphosphate 

(8200C) is appreciably higher than that of the corresponding sodium compound 

(6280C). The glass forming region extends to a higher percentage of modifying 

oxide in the PbO, Zno and CdO systems than in the alkaline earth systems and 

to a lesser percentage than in borate glass systems. The differences of the limits 

between the PbO, ZnO and CdO glasses, and alkaline earth glasses are not so 

great as in the borate glasses. This restriction of the glass formation range may 

be due to the high liquidus temperatures in compositions containing large 

content of modifying oxygens in phosphate systems. This differs considerably 

from the situation in the borate and silicate systems, in which the liquidus 

temperature remains low over wide ranges of composition. 

11.1.3 Structure of Phosphate Glasses 

11.1.3.1 Vitreous P20S (v-P20S) 

It is well known that the short-range order in glass often mimics that of 

corresponding crystal. Crystal polymorphism in crystalline P20S (c-P20S)is 

well known and appears to have first been carefully examined by de Decker as 

early as 1941.[Sl] A rhombohedral polymorph (H) belonging to the hexagonal 

system was observed to change into a high-temperature modification (0) 

belonging to the orthorhombic system at -260°C. The volatile, low-temperature 
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form (H) which is most familiar is built from tetrahedral P4010 molecules.[51] 

The high-temperature form (0), which consists of two-dimensional planes, is 

more network in nature than molecular. Both of these forms have corresponding 

liquid phases and appreciable vapor pressures above their melting temperatures, 

with the molecular form (H) having a much higher vapor pressure.[52] The 

molecular liquid readily crystallizes on cooling whereas the network liquid can 

be easily supercooled to glass.[53] 

The Raman spectra study of Galeener et a1. [54,55] concluded that v-P205 

consists of a three-dimensional network of corner-sharing P04 tetrahedra. Each 

tetrahedron has three bridging and one nonbridging oxygens. Similar 

conclusions had been reached about the structure of v-P205 by Kordes et a1.[56-

58] in their studies of binary phosphate glasses thirty years prior to the Galeener 

et a1. study[54,55]. However, their arguments appear to be based upon the 

known crystal structure of P205 polymorphs and Zachariasen's rule for glass 

formation rather than any detailed structural study. Also, the first neutron 

diffraction study [59] found that the structure of v-P205 should contain a short 

double-bonded oxygen distance and a longer single-bonded oxygen distance. 

11.1.3.2 Binary Phosphate Glass 

In contrast to the difficulty in preparing and handling v-P205, binary 

phosphate glasses, where the fractions of metal oxide are greater than 30-40 

mole%, are easily prepared and handled. Numerous studies have been made of 

their structure and properties. When the metal oxide content drops to below 

30-40 mole%, the preparation and handling problems develop just as in the case 

of v-P205. For this reason, studies of these low metal oxide glasses are quite 
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rare. Another problem is that the traditional methods of making these glasses 

use hydrated phosphate salts, typically (NH4)iHP04, for the source of P205 and 

rely upon the quantitative evolution of both NH3(g) and H20(g) on heating. For 

the high-alkali glasses, where high temperature crystalline forms such as NaP03 

and Na 3P04 exist, this method works well. But for the low-alkali glasses, 

where only the volatile P205 form exists, the resulting glasses contain up to 25 

mole% retained water. As a result, the effective alkali fraction remains quite 

high when water is considered as an alkali oxide. Gray et al. [60] and Brow et al. 

[61] have examined this problem in detail. 

There exists very little direct structural information about ultraphosphate 

(metal oxide content is less than 50 mole%) glasses and crystalline compounds. 

Indeed, phase diagrams of binary phosphate systems do no exist below the 

metaphosphate composition, except for the CaO - P20S system.[62] As early as 

1958, Van Wazer presented a rich discussion of hypothetical structures for the 

simple ultraphosphates.[63] A series of hypothetical model compounds based 

on various rings and chains were constructed to present poly types that may exist 

in these glasses and crystalline compounds. In Van Wazer's review, however, 

less attention is given to these hypothetical structures than to determining the 

structural effect of added alkali oxide to P205. 

Kordes et al. [56-58] considered the formation of nonbridging oxygens in 

phosphate glasses. In their models, they assumed that the doubly bonded 

oxygens remain and that a one-to-one correspondence existed between the 

number of alkali added and the number of nonbridging oxygens created. It was 

discussed by Van Wazer.[63] that the different phosphate structural groups were 

formed in phosphate glasses with added alkali oxide and could reorganize into 
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other groups. This was called "reorganization theory". The extent to which 

they reorganize depends on the magnitude of the various equilibrium constants 

describing the reactions. 

Under normal low pressure conditions, it appears that phosphorous retains 

four-fold coordination throughout the full composition range from pure P20S to 

the fully saturated alkali oxide orthophosphate compound, M3P04. This 

characteristic of phosphorous simplifies the possible structural units that can be 

built from individual phosphorous centers. The structures of borate and 

germanate glasses are quite complex because of the formation of four- and six

fold borons and germaniums, respectively, with added alkali oxide. Structural 

simplicity and four-coordination of phosphates are very similar to those of binary 

silicates. The Q-site model was proposed Lippma et al.[64] to describe the 

structure of these silicate glasses. Each alkali forms one nonbridging oxygen 

about a silicon atom. As more and more alkali is added, stoichiometry requires 

more nonbridging oxygens to form around each silicon. Eventually, at the 

orthosilicate composition, 2M20Si02, all oxygens are nonbridging. This Q-site 

model has also been applied to explain the Van Wazer's reorganization theory of 

the structure of phosphate glass.[6S] 

A similar approach appears to have been first applied to the phosphates by 

Van Wazer.[63] The structural groups are shown below. 

o 
II -O-r-o-
0-
Q3 

(Branch) 

o 
II -O-r-O-
o 
Q2 

(Middle) 

o 
II -O-r-O 
o 
Ql 

(End) 

o 
II O-r-O 
o 
QO 

(Orthophosphate: 
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In the Q-site model of phosphate glasses, the extent to which these different 

groups participate in the structure is dependent upon composition. Van Wazer 

provided a good schematic of the composition dependence of the structure of 

phosphate glasses as shown in Figure ILL As alkali oxide is added to P20S, 

the phosphate structural groups pass from Q3 to Q2 to Ql to QO as the ratio 

M20/P20S=R passes from 0 to 1 to 2 and finally to 3. In this model, the 

problem of determining the structure of phosphate glasses becomes one of 

determining the composition dependence of the individual Q-species. Van 

Wazer used a mathematical approach based upon the hypothesis that the 

fractions of different groups were controlled by the magnitude of the 

equilibrium constants describing the reaction of M20 with each Q-species, 

except of course, the fully saturated Q3 species. These reactions are 

o 
II 

2 -O-P-O-
I 
0-

Q3 

o 
II 

2 -O-P-O-
I 
O-M+ 

o 
II 

-O-P-O-
I 
O-M+ 

o 
II 

-O-P-O-M+ 
I 
O-M+ 

(11.1) 

(IT.2) 
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To highlight the fact that we are considering adding alkali oxide as we move 

across the compositional range, these reactions are written as adding M20 to the 

various Q species. The magnitude of individual equilibrium constants then fixes 

the amounts of the individual Q species. At each alkali concentration, the 

relative amounts of the individual units then adjust themselves to satisfy the 

simultaneous equilibria in Eqs. (II.1) - (II.3). Van Wazer [63] performed many 

such calculations, and before these are compared to the available structural data, 

the two extremes are shown in Figure 11.2. The values of the equilibrium 

contants, K, corresponding to the reactions in Eqs. (11.1) - (11.3) are very 

dependent on whether the M is ionized or is covalently bonded to the O. In the 

case of complete ionization of the M (no P-O-M bond), all vales of K are zero and 

one or two of the individual Q-species exist for any given composition as shown 

in Figure n.2. Also, in the limiting case of K=oo, the system will consist solely of 

an infinite network with interspersed QO species for all compositional range. As 

the values of K decrease from infinity away or increase from zero, the 

compositional range over which individual Q-species exist increases and 

therefore the structures of the glasses become more complex. Eventually, when 

there are strongly covalent M-O bond, since there is no reason for the equilibrium 

to be driven to either the right or the left, all Q-spices appear simultaneously for 

all compositional range as presented in Figure II.2. 
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In order to test this mathematical framework, it is required to determine 

experimentally the fractions of the individual Q-species present as a function of 

M20 fraction. Long ago, paper chromatography techniques were used to 

separate the different structural groups, primarily by their chain length. Such 

anal yses are prone to difficulties arising from the h ydrol ysis of the original 

phosphate groups into other groups and thereby altering the results. Despite 

these difficulties and the problem of retained H20, distributions such as those for 

the (Na20 + H20) + P20S system have been obtained and are shown in Figure 

II.3. These data have been fitted to the equilibria and are shown as solid lines 

through the data. Here, branches, middles, ends, and orthophosphate denote 

Q3, Q2, Ql and e,p species, respectively. 

The structure of alkaline earth phosphate glass is nearly same as that of alkali 

phosphate glass except for the number of phosphates which are associated with 

each metal ion. An alkaline earth ion reacts with two phosphates and creates 

two non-bridging oxygens, while an alkaline ion does with one phosphate. 

Hence, M20.P20S and M'O.P20S have metaphosphate stoichiometry (one M20 

or M'O to one P20S). The addition of an alkaline earth ion to the glass changes 

the characteristics of the network from the three dimensional random network of 

P20S to long chains of P04 tetrahedra, as in alkali phosphate glass mentioned 

above. 

On the basis of stoichiometric considerations, Van Wazer [63] described the 

average chain length (n) or the number of phosphate units in a chain in terms of 

the mole ratio of the metal oxide to P20S. If this mole ratio is given the notation 

as R = [M20]/[P20S] or [M'O]/[P20S], the average chain length is related to R 

according to the following equation 



R= n+2 
n 
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(11.4) 

Upon the addition of a modifier cation, this relationship predicts that as R 

increases, n should systematically decrease in a continuous fashion. In general, 

this predicted behavior has been verified for a variety of phosphate glasses. If 

both alkali and alkaline earth ions are in the glass, this equation can be modified 

as follows [66] 

_ 2 
n = M+2M'_1 

P 

(11.5) 

where M, M' and P are the mole fraction of an alkali ion, an alkaline earth ion, 

and the phosphorous in the glass, respectively. 

Chromatography has been used as a potential method of determining the 

chain length of phosphates for study of the structure of phosphate glasses.[67] 

However, chromatography techniques becomes less useful as the fraction of 

branching units (Q3 species) becomes large. In addition to chromatography, XPS 

[68,69], Raman scattering [54,55,70,71], and 31p MASS NMR [61,69] have been 

successfully used in the investigation of the molecular structure of phosphate 

glasses. 

11.1.4 Properties and Applications of Phosphate Glasses 

A considerable number of studies concerning the properties and applications 

of phosphate glasses have been carried out in the past several decades. These 



34 

include optical, semiconducting, UV transmission, colored, heat absorbing, and 

laser glasses, and slags.[44,63] However, phosphate glasses have been regarded 

as materials of limited technological use even though they exhibit interesting 

fundamental properties. This lack of extensive practical utility is primarily due 

to their poor chemical durability and tendency to crystallize during processing. 

The physical and chemical characteristics of phosphate glasses are relatively 

unique among the families of inorganic glasses. These characteristics include a 

high thermal expansion coefficient, low preparation and softening temperatures, 

low melt viscosities, a wide glass-forming range, chemical compatibility with 

living bone, and a polymeric structure similar to that in organic polymers. Most 

recent research on phosphate glasses has emphasized one or more of these 

characteristics. 

Recent technological applications of phosphate glasses were discussed by 

Sales. [72] A brief description of some applications of phosphate glasses is given 

below. 

Biocompatible and bioactive glasses/or bone and dental implants 

The major inorganic component of human bone and teeth is hydroxyl apatite 

(Ca2P040H). It was first demonstrated that specially designed silicate glasses 

containing both CaO and P20S that would bond to bone in animals can be 

fabricated. [73] Bioactive glass can form a calcium phosphate rich film on the 

glass surface when it is exposed to aqueous environments. The biological 

applications of phosphate glasses have expanded to include other glass 

compositions as well as glass ceramics.[74,7S] The glass ceramics are not only 
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bioactive but are machinable as well. Bone and dental implants have been 

fabricated using these novel phosphate rnaterials.[76] 

Nuclear Waste Disposal 

Phosphate glass compositions based on either iron aluminum phosphate or 

lead iron phosphate have been proposed for the immobilization and disposal of 

high-level nuclear waste.[77,78] The nuclear waste is dissolved in the molten 

phosphate glass and upon cooling becomes part of the glass. Lead iron 

phosphate glasses are particularly promising since they can be melted and 

poured at a relatively low temperature (IOOOOe) and are highly corrosion 

resistant in most natural ground waters. Their glass formability is much better 

than that of most phosphate glasses and hence sufficiently large blocks of these 

lead iron phosphate nuclear waste glasses can be prepared. The good chemical 

durability of the lead iron and iron aluminum phosphate glasses is related to the 

low solubility of crystalline iron, aluminum, and lead orthophosphate 

compounds, although the exact corrosion mechanism is not completely 

understood. [79] 

Glass-To-Metal Seals 

The need to make hermetic seals with metals that have high thermal 

expansion coefficients has prompted an intensive investigation of new 

compositions of phosphate glasses. Most of this work has been performed at 

Sandia National Laboratories.[80,81] Several newly developed phosphate 

glasses can make seals to aluminum alloys. The alkali alkaline earth phosphate 
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glasses have been tailored to produce the best compromise between a high 

thermal expansion coefficient (10-20 x 10-6 C-1) and good corrosion resistance. 

Glass Fihers 

One of the more interesting research areas involves the fabrication of novel 

phosphate fibers that are highly anisotropic. These glasses and glass ceramics 

have a metaphosphate composition in which there is one metal charge per P04 

tetrahedron, and hence, the phosphate network consists primarily of long 

polyphosphate chains. The unusual properties of these fibers are achieved by 

lining up the chains of P04 tetrahedra along the length of the fiber. Aiignment 

of these chains is normally accomplished by careful control of the thermal and 

stress conditions during the drawing of the fiber. In addition to anisotropic 

optical characteristics, the fibers have unusually good mechanical properties 

perpendicular to the fiber and hence are being studied as a reinforcing agent in 

various plastic composite materials. Phosphate fibers are also being studied as a 

replacement for asbestos in brake linings and for some optical applications.[82-

84] 

Castable Glass Lenses 

The development of glass compositions that can be directly molded or cast 

into optical elements without grinding or polishing is of obvious commercial 

interest. Tick [85] has found a family of lead tin fluorphosphate glasses with 

extremely low melting temperatures and acceptable chemical durability. Several 

simple spherical lenses have been cast from this material.[75] Work on these and 

other interesting low melting glasses is continuing. Other potentially castable 
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phosphate glasses that have been studied recently include lead indium and lead 

scandium phosphate glasses.[86] 

Ionic Conductor 

Ionic conductivity in phosphate glasses has been known for almost 30 years. 

These glasses have been shown to exhibit some of the highest ionic conductivities 

ever reported. Phosphate glasses have been studied more than any other ionic 

conducting glasses due to their ease of preparation, low melting points, strong 

glass-forming character, and simple composition. The majority of applications 

have been for alkali and silver ion conductors. The ionic conductivities in 

phosphate glasses depend on the glass compositions. The conductivity of alkali 

phosphate glass increases with the addition of alkali halide, alkali oxysalt, or 

another glass former. Recently, the mechanism of ionic conduction and its 

compositional dependence in phosphate glasses were reviewed by Martin. [87] 

In addition to the examples given above, phosphate glasses are also being 

evaluated as potential solid state laser materials [88] and amorphous 

semiconductors. Semiconducting properties of oxide glasses will be discussed in 

the next section. 
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Figure II.t Schematic representation of the effect on the structure of phosphate 
glasses with the addition of modifier M20. [63] 
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Figure 11.2 Extremes of the equilibrium constants describing depolymerization 

of phosphate glasses with added modifier. [63] 
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Figure 11.3 Experimental data for percentages of the various phosphate groups 
and theoretical fit to the equilibria described in text. [63] 
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11.2 Semiconducting Oxide Glass 

11.2.1 Introduction 

There have been many efforts to understand electrons in amorphous 

materials for the past thirty years. Theoretical reviews of the electronic 

structure, conduction process, electrical conduction, and optical absorptions of 

amorphous semiconductors were made mostly by Sir Nevill Mott.[89-97] 

The investigation of amorphous semiconductors with potential theoretical 

and practical importance aroused great interest in the electrical properties of 

oxide glasses. The electrical properties of oxide glasses have been extensively 

studied, and most known oxide glasses are ionic conductors. Oxide glasses 

containing high concentrations of transition metal ions were first reported to 

have semiconducting properties in 1954.[98] Since then most studies have 

been of systems based on phosphates although semiconducting oxide glasses 

based on other glass formers have also been made. Many reviews have 

treated semiconducting oxide glasses as a part of the general problem of 

properties of amorphous semiconductors [92,95,96]; while others have been 

concerned with only transition metal oxide glasses [93,99-102] or phosphate 

glasses [103,104]. 

The general condition for semiconducting oxide glasses is that the 

transition metal ion should be capable of existing in more than one valence 

state so that conduction can take place by the transfer of electrons from low to 

high valence states. The small polaron hopping conduction theory was 

applied to the electronic conduction of oxide glasses.[104-110] Possible oxides 

include those of Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Mo, and W. Among those, the 
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vanadium system, mainly vanadium phosphate glass, has been studied most 

thoroughly. 

In this section, the general energy band models of amorphous 

semiconductors, which describe electrical conduction and optical absorption 

of semiconducting oxide glasses, will be reviewed. The electronic conduction 

theory, the small polaron conduction theory, which is applicable to 

semiconducting oxide glasses, will be treated with optical absorption. Finally, 

studies of copper phosphate glasses will be reviewed. 

11.2.2 Energy Bands of Amorphous Semiconductors 

Experimental data of electrical transport properties can be properly 

interpreted only if a model for the electronic structure is available. Due to the 

pioneering work of Bloch [111], it is known that the electronic structure of the 

crystal shows universal characteristics. For semiconductors, the main 

features of the energy distribution of the density of electronic states N(E) of 

crystalline solids are the sharp structure in the valence and conduction bands 

and the abrupt terminations at the valence band maximum and the 

conduction band minimum: full at the valence band and empty at the 

conduction band. The sharp edges in the density of states produce a well 

defined forbidden energy gap. Within the band, the states are extended, 

which means that the wave functions occupy the entire volume. The 

specific features of the band structure are consequences of the perfect short

range order and long-range order of the crystal. In an amorphous solid, the 

long-range order is destroyed, whereas the short range order, i.e., the 
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interatomic distance and the valence angle, is only slightly changed. The 

concept of the density of states is also applicable to amorphous solids. There 

is a fundamental dispute concerning the theoretical assumption of the 

density of states of the amorphous state. Tauc et al.[112] assumed that the 

electronic density of states function is parabolic near the band edges as in the 

crystalline semiconductors, i.e. N(E)ocEl/2. However, Davis and Mott [91] 

argued that this assumption is improbable in the amorphous state and 

assumed that N(E) ocEr where r is to be determined experimentally. Based 

on Anderson's theory [113], Mott [89-92] argued that the spatial fluctuations in 

the potential caused by the configurational disorder in amorphous material 

may lead to the formation of localized states, which do not occupy all the 

different energies in the band but form a tail above and below the normal 

bands. He postulated further that there should be a sharp boundary between 

the energy ranges of extended and localized states. 

Several models have been proposed for the band structure of amorphous 

semiconductors in which the concept of localized states in the band tails was 

used in common. Any single model cannot describe the essential features of 

all amorphous semiconductors because of the large differences in the nature 

of these materials. 

11.2.2.1 CFO model 

Cohen, Fritzsche and Ovshinsky (CFO) [114] supposed that the 

amorphous structure would lead to extended band tails of localized states 

across the gap, overlapping each other as sketched in Figure 11.4 (a). This 

gradual decrease of the localized states destroys the sharpness of the 
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conduction and valence band edges. The localized state is always identified 

either as the valence band tail state or as the conduction band tail state. They 

suggested that continuous drop in mobility takes place from the extended to 

localized states, with the so-called mobility gap equal to Ec-Ev. The CFO 

model was specifically proposed for the multicomponent chalcogenide glasses 

used in switching devices. However, one of the major objections to the CFO 

model was the high transparency of the amorphous chalcogenides below 

well-defined absorption edges. Experimental observations make it nearly 

certain that the extent of tailing in chalcogenides is rather limited, as 

proposed in Mott-CFO model. 

11.2.2.2 Mott-CFO Model 

This model is derived from the concept of an ideal covalent random 

network structure.[89,115] Simple chemical considerations as well as the 

observation that amorphous semiconductors are transparent in the infrared 

and exhibit a thermally activated conductivity suggest that the valence and 

conduction bands are separated by a gap, as shown in Figure 11.4 (b). 

Translational and compositional disorders are assumed to cause fluctuations 

of the potential of sufficient magnitude that they give rise to localized states 

extending from the conduction and valence bands into gap. These localized 

states are not associated with definite imperfections but are the result of the 

randomness of the potential. The extent of the localized states increases with 

the degree of the randomness. 

The valence band tail states are assumed to be neutral when occupied, 

and the conduction band tail states are neutral when empty. This places the 
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Fermi energy somewhere near the gap center. At the transition from 

extended to localized states, the mobilities of electron and hole drop by 

several orders of magnitude, producing the edges illustrated in Figure ITA (b). 

The interval of the mobility between these so-called mobility edges Ec and Ev 

acts as a pseudogap and is defined as the mobility gap Ec-Ev, which contains 

only localized states. Indeed the concept of localized states implies that the 

mobility is zero at T=OK. However, Cohen [116] proposed a slightly different 

picture for the energy dependence of the mobility. He suggested that there 

should not be an abrupt but rather a continuous drop of the mobility 

occurring in the extended states just inside the mobility edge. In this 

intermediate range the mean free path of the carriers becomes of the order of 

the interatomic spacing, so the ordinary transport theory based on the 

Boltzmann equation cannot be used. He described the transport as a 

Brownian motion in which the carriers are under the influence of a 

continuous scattering. 

11.2.2.3 Davis-Mott Model 

According to Davis and Mott [91], the extension of the states in 

conduction and valence bands have two origins, as illustrated in Figure ITA (c) 

and described below. The localized states originating from the lack of long

range order extend only to EA and EB in the mobility gap. The defects in the 

random structure such as dangling bonds, vacancies, etc., form longer tails but 

with insufficient density to pin the Fermi level. Thus, the existence of a band 

of compensated levels near the middle of the gap was further proposed in 

order to pin the Fermi level and to account for the behavior of the AC 
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conductivity. Mott [117] suggested that the center band may be split into a 

donor and an acceptor band. 

11.2.2.4 Marshall-Owen Model 

In the band model of Marshall and Owen[118], shown in Figure 11.4 (d), 

the position of the Fermi level is determined by bands of donors and 

acceptors in the upper and lower halves of the mobility gap, respectively. 

The energies Ev, EB, EA, and Ec have the same meaning as in the Davis-Mott 

model. The concentrations of donors and acceptors adjust themselves by 

self-compensation to be nearly equal so that the Fermi level remains near the 

center of the gap. At low temperature, it moves to one of the impurity bands 

because self-compensation is not likely to be complete. 

11.2.3 Optical Absorption 

Electronic transition between the valence and conduction bands in 

crystalline semiconductors occurs at the absorption edge which corresponds to 

the minimum energy band gap, Eg, between the lowest minimum of the 

conduction band and highest maximum of the valence band. The absorption 

edge of the crystalline semiconductor is sharp due to its distinct energy band 

gap and the value of Eg is easily obtained. For an amorphous semiconductor 

the absorption edge shifts toward either lower or higher energy and becomes 

blunt. No simple general rule governing these changes has been suggested. 

However, the optical absorption edge of most amorphous semiconductors is 
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characterized by the presence of the tail of optical absorption, which rises 

exponentially with photon energy. This tail is believed to be attributed by the 

existence of a localized electronic state near the band edges in amorphous 

semiconductors. The shape of the absorption edge curve appears to be 

similar for many amorphous semiconductors, as shown in Figure U.5 [119] 

The curve can be distinguished by three regions: the high absorption region A 

(a> 1Q4 cm-I), the exponential region B (104 cm-I < a < 1 cm-I ), and the weak 

absorption tail C (a < 1 cm-I ), where a is the absorption coefficient. 

11.2.3.1 High Absorption Region (Interband Absorption) 

In amorphous semiconductors, it is often observed that a power law 

dependence describes the dependence of the absorption coefficient a(ro) on the 

photon energy tzro in the high absorption region.[91,97,119] 

a( ro )tzro = B( tzro - Eopt )" (ll.6) 

where B is constant and n is constant of the order 1. Eopt can be defined as an 

optical energy gap although it may represent an extrapolated rather than a 

real zero in the density of states. The range for which the dependence shown 

by Eq. (11.6) is observed is too small to be sure of the exact value of the power 

n. However, in most semiconductors, it has been found that n=2 is usually 

fits the experimental data. This formula was also derived by Davis and Mott 

[91], and Tauc [97], using different assumptions. Eopt was interpreted by 

Davis and Mott [91] to correspond to either the energy difference between the 

edge of the localized states in the valence band and extended states in the 

conduction band or vice versa, whichever is smaller (the smaller one of EA

Ev or Ec-EB in Figure 11.4 (c)). On the other hand, Tauc [97] defined Eopt as 
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the energy gap between the localized states in valence and conduction bands 

(Ec-Ev or Ev-Ec in Figure ITA (c)). 

There have been found some notable exceptions to the quadratic photon 

energy dependence of the absorption coefficient (n=2 in Eq. (11.6)). For 

example, amorphous Se exhibits n=l [120] and n=3 has been found for 

multicomponent materials [92] and vanadium phosphate glasses [121-123]. 

The relation Eq. (11.6) with n=3 was also derived by neglecting the transitions 

between localized states. In this case, Eopt was determined to be equal to the 

energy gap between the extended states in valence and conduction bands (EA

EB in Figure ITA (c)). 

11.2.3.2 Exponential Absorption Region 

The optical absorption edges of amorphous semiconductors are 

characterized by the tail of the absorption edge where the absorption 

coefficient a(ro) rises exponentially with photon energy hro. A similar 

exponential tail has been observed in crystalline semiconductors with the 

same order of magnitude. This was first enunciated in 1953 to describe the 

optical absorption of AgBr by Urbach [124] and this tail is, thus, usually 

referred to as the Urbach tail. The absorption coefficient a(ro) of ionic crystals 

varies exponentially with temperature T and photon energy hro as 

'V I (hro - hro ) 
a(ro) = a o exp[ I kT 0] (IT. 7) 

where "I and ao are constants and roo is a constant which roughly corresponds 

to the lowest excitonic frequency. However, amorphous semiconductors in 

general do not follow the temperature dependence indicated in Eq.(1I.7). 

, 



48 

Thus, the exponential dependence of only photon energy in amorphous 

semiconductors is usually represented as 

nO) 
a(O)) = Aexp(-) 

dE 
(1I.8) 

where A is a constant and dE presents the extent of the Urbach tail; thus, it is 

called Urbach energy. 

The idea of the Urbach tail is that a sharp absorption edge is broadened by 

some mechanism. It could be interpreted in amorphous semiconductors as 

arising from transitions between localized states. Indeed, if the density of 

states in the deep tails varies exponentially with energy, such a tail is 

expected. [97,125] However, this interpretation was disputed by providing 

contrary evidence [91]. Thus, the origin of the Urbach tail in amorphous 

semiconductors could be related to the causes which produces such tails in 

crystalline materials. Several explanations for the Urbach tail in crystalline 

materials have been proposed. The most plausible explanation applicable to 

amorphous semiconductors is that the tail is due to a random internal electric 

field which broadens a direct edge or an excitonic state [126,127]. In addition, 

the Urbach tail has been explained in terms of temperature-broadened exciton 

line [128], parabolic bands [129], strained bonds [130], and so on. 

11.2.3.3 Weak Absorption Tail 

Below the exponential part of the absorption edge, a weak absorption tail 

is observed (C region in Figure 1I.5).[131] Its strength and shape were found to 

depend on the preparation, purity and thermal history of the material 

[132,133] if the material is in bulk form rather than as a film. It is difficult to 
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study this absorption tail due to its low absorption. Experimental 

observations seemed to ascribe the weak absorption tail to optical transitions 

rather than scattering [119]. However, details regarding such optical 

transitions are obscure. Thus, scattering may be important also in this part of 

spectrum, especially for poorly prepared samples. 

11.2.4 Electrical Conduction 

11.2.4.1 Small Polaron Conduction in Glass 

Semiconducting oxide glasses show very low drift mobility, temperature 

dependent activation energy and temperature independent thermopower. 

These can be explained by the formation of small polarons if localization of 

carriers occurs. The small polaron theory has been found to apply to the 

conduction of transition metal oxide glasses as well to certain crystalline 

transition metal oxides with a narrow energy band.[134,135] If a carrier 

displaces neighboring atoms from their equilibrium positions over a time 

interval longer than the typical period of vibration, new equilibrium 

positions are assumed consistent with the presence of the additional charge. 

These atomic displacements will generally produce a potential well for the 

excess carrier charge. If this carrier-induced potential well is sufficiently deep, 

the carrier may occupy a bound state because it is not able to move without 

changing the position of the surrounding atoms. In this case, the 

combination of the bound carrier and its induced lattice deformation is 

termed a polaron. If the potential well is essentially located at a single atomic 
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or ionic site, which means that the spatial extent of the distortion is 

comparable to a lattice spacing, the polaron is called a "small" polaron.[136-

139] The early work of Holstein [137] was chiefly responsible for the 

development of the theory. Other work involving application to glasses 

includes Schnakenberg [138], Schmid [109,110], Friedman [139], and Emin [136]. 

In glass two aspects of polaron formation are of interest: the polaron 

binding energy and the transition probability for site-to-site transport. The 

polaron binding energy is defined as the total potential energy of the electron 

and that of lattice distortion, and is given by small polaron theory as[137] 

(II.9) 

where N is the number of centers per unit volume, OOq and ~q are the angular 

frequency and coupling constant respectively for an optical phonon with 

wavenumber q. When the optical phonon spectrum is narrow, OOq=ooo, 

dispersion can be ignored; therefore, 

W p = hooo (II.I0) 

where 000 is the mean phonon frequency.[105] However, the calculation of 

Wp from Eq. (II.9) is normally not feasible and Mott's continuum 

approximation [113] is generally used. In this method, the binding energy is 

calculated from the difference in the energy of the electron in the material 

when the surrounding ions are fixed and when they are allowed to relax over 

the polaron radius, Yp. Since the potential well resulting from the carrier

induced displacements acts to trap the carrier itself, the carrier is often 
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referred to as being self-trapped. Figure 11.6 presents Mott's picture of an 

electron-hopping process between a and b ions in a lattice.[93] Initially, the 

electron is trapped in a potential well, as shown in Figure 11.6 (a). The 

smallest activation energy corresponds to the state shown in Figure 11.6 (b), 

when thermal fluctuation ensures that the wells have the same depth in a 

and b ions. The activation energy for polaron hopping to produce this 

configuration is 

(11.11) 

wherz 'Yp is the polaron radius and tp is an effective dielectric constant. There 

is some controversy [103] as to the evaluation of tp because most glasses show 

a dielectric relaxation at high temperatures and the low frequency limiting 

dielectric constant has a contribution from dipolar polarization due to long 

range motion of carriers. The polaron energy for hopping to an adjacent site 

should depend mainly on ionic and electronic polarization. The effective 

dielectric constant tp should be expressed 

1 1 1 
(11.12) -=---

where to and too are the static and high frequency dielectric constants. 

Bogomolov et al. [140] showed that the polaron radius for crystalline solids 

may be estimated as 

(11.13) 
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where N is the number of sites per unit volume. Hence the polaron should 

decrease in size as the number of sites increases. Comparisons of theoretical 

values of WH calculated from Eqs, (IT.ll), (IT.12), and (IT.13) with experimental 

data have been made by a number of workers.[103,106,141] The agreement is 

reasonable and the polaron model appears to be able to describe the 

magnitude of the activation energy of oxide glasses in the high temperature 

regime. At present, detailed evaluation of such theoretical values of WH is 

limited by the unavailability of precise dielectric constant data for most 

glasses. 

Killias [142] pointed out that Eq. (IT.ll) is correct only when the distance 

between sites, R, is large. When the concentration of sites is large and 

therefore the two polarization clouds overlap, WH must be dependent on the 

jumping distance. Mott [93] has modified Eq. (IT.6) to take into account 

possible electrostatic interactions of pol arons, leading to 

(II. 14) 

It is apparent that for a small polaron, the polaron radius, 'Yp, should be 

greater than the radius of the ion on which the electron is localized but less 

than the distance R separating sites. Isard [108] has used this expression with 

some success to describe the variation of WH with R for a number of oxide 

glasses. 

In disordered systems, an additional term WD, Le. energy difference 

arising from the difference of neighbors between a and b sites, may appear in 

the activation energy for the hopping process. The localization process in 
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non-crystalline solids as a consequence of the lack of long range order was 

first discussed by Anderson.[113] Anderson's localization theorem is the 

basis of understanding of the behavior of electrons in non-crystalline 

materials. Using a tight-binding model, he has shown that all the states are 

localized if the ratio of the mean disorder energy potential Wo between the 

ions to the total bandwidth approaches some critical value. 

semiconductors, Anderson's criterion for localization can be written 

Wo ~ 6(2JZ) 

For 3d 

(IT.15) 

where J is the bandwidth related to the electron wave function overlap and Z 

the number of nearest neighbors. In transition metal oxide glasses, the 3d 

bands are expected to form localized states in the Anderson sense, and any 

polaron hopping energy WH will be thus increased by the disorder term Wo. 

In this case, the total activation energy for the hopping process in the high 

temperature region is [105] 

(IT.16) 

If WO<WH then one will have 

(IT.17) 

An exact estimation of Wo is rather difficult as shown by various 

workers.[106,107,143,144] However, the Miller-Abraham theory [145] 

estimated the value of Wo for impurity conduction doped and compensated 
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semiconductors. The calculated WD as a thermal activation energy for 

random distribution of impurities in a broad-band semiconductor is 

(11.18) 

where R is the average distance between transition metal ions and K is a 

constant of order -0.3 which depends on the compensation tabulated by 

Miller and Abraham [145] 

Figure 11.6 shows that the small polaron transfers only when the energy of 

the bound electron on the occupied site coincides with the local electronic 

energy level on a neighboring unoccupied site. This can only be achieved by 

considerable lattice distortion. Transport resulting from these transitions is a 

multiphonon hopping process activated by optical modes which is dominant 

at high temperatures. The basic expression which relates the draft mobility Il 

to the hopping rate P and to the site distance R is 

eR2 
Il = (-)P 

kT 
(11.19) 

Here, P may be written as the product of probability of coincidence and 

probability of transfer when the coincidence occurs.[146] The probability of 

coincidence may be also expressed as the product of the predominant phonon 

frequency (1)0 and Boltzmann factor involving the minimum energy for 

coincidence. Thus, 

ro -W P = (_0 )exp(-) x p 
21t kT 

(11.20) 
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The probability for polaron transfer between sites at the coincidence (p term 

in Eq. (II.20)) may be treated as adiabatic or non-adiabatic processes. In the 

adiabatic regime, the electron can always follow the lattice motion, and the 

time duration of coincident polarization events at adjacent sites is long 

compared with the time for electron transfer to take place; therefore, one can 

set p = 1. On the other hand, in the non-adiabatic regime, the time required 

for an electron to transfer is large compared to that of coincident polarization 

events since the electron does not always follow the lattice motion and it may 

miss many coincident events before hopping. Then p « 1 and p is given by 

(11.21) 

This equation involves the time interval 1/010 and the electronic transfer 

integral J, which is the polaron band-width related to the electron 

wavefunction overlap of the neighboring sites. The non-adiabatic regime 

occurs if J is less than the predominant phonon energy (J < nOlo), and the drift 

mobility becomes from Eqs (11.19) - (11.21) 

(11.22) 

Normally 11 is dominated by the exponential term rather than by the pre

exponential term. However, in the temperature range in which Wp is of the 

order of kT, the pre-exponential term may influence the temperature 

dependence. Eq. (11.22) is identical to the high temperature limit of Holstein's 

more general theory.[137] 
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11.2.4.2 DC Conductivity 

In the semiconducting transition metal oxides, it is convenient to express 

the d.c. conductivity 0' associated with small polaron hopping motion [136] as 

(11.23) 

where nc is the carrier density, e the carrier's charge, and Il its mobility. The 

Nernst-Einstein relation (Il = eD /kT) can be utilized to relate the mobility to 

the diffusion coefficient, D. The diffusion coefficient is a product of the rate 

characterizing a jump of a carrier between neighboring sites and the square of 

the jump distance, D = vR2 where v is a jump frequency. Thus, the 

conductivity in a crystalline is simply related to the jump rate as 

(11.24) 

However, it is found that the relation is slightly more complicated in non

crystalline materials. 

The jump frequency, v, can be written, taking into account the energy 

difference which might exist between the two sites [93], as 

w 
v = Vo exp(-2aR)exp(--) 

2kT 
(11.25) 

where Vo corresponds roughly to a typical phonon frequency (around 1012 -

1013 Hz) and the first exponential factor containing R and tunneling 

probability, a = (2mE/hr1/ 2, which is the rate of the wave function decay. 

Thus, 
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eR2 W 
0' = nell = v n-exp(-2aR)exp(---) 

o kT 2kT 
(II.26) 

To account for the probability that an adjacent site will be unoccupied, one 

must multiply by (I-c), where c is the fraction of sites occupied by an electron 

in the low valence state. If 110 is the total number of sites per unit volume, 

then n=cno. Therefore, including the thermally activated hopping energy, 

the conductivity can be represented as 

(II.27) 

where no is the total number of sites of transition metal ions per unit 

volume, R is the hopping distance, v is the jump frequency, c is the fraction of 

sites occupied by an electron (low valence state occupancy), and ex is the 

tunneling term. This equation can be compared to the common Arhenius 

equation 

(II.28) 

In many ways, Eq. (11.27) for the conductivity of transition metal oxide 

glass is similar to Eq. (II.22) for the hopping of polarons. The activation 

energy W in Eq. (II.27) is the result of a polaron formation with binding 

energy 2WH and any energy difference WD. As the temperature is lowered 

the multiphonon processes are frozen out and the high temperature hopping 

activation energy is expected to drop continuously from W H +.! W D to .! W D' 
2 2 

In brief expression, Austin and Mott [105] showed that 
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(11.29) 

(11.30) 

where So, defined by nro = kSD, is a temperature characteristic of the average 

optical phonon frequency. The detailed theory of this temperature 

dependence applicable to phosphate glasses was given by Schnarkenberg [138] 

and experimental evidence was discussed by Greaves [106], Sayer et al. [103] 

and Linsley et al. [147] for vanadium phosphate glasses. 

11.2.5 Study of Semiconducting Copper Phosphate Glasses 

There have been many studies of the semiconducting properties of copper 

phosphate glasses such as electrical conduction [7,8,28-35], photo conduction 

[38], optical absorption [9,33-37] and switching behavior [39-41]. However, the 

number of studies is small compared to those of vanadium and iron 

phosphate glasses. Tsuchiya et al. [7] found that the electrical conductivity of 

copper phosphate glass increased with raising Cu1+ ion in the glass, and no 

maximum in conductivity was observed. They suggested that this effect is a 

consequence of the ionic conduction of the Cu1+ ion. In other words, copper 

phosphate glass exhibits a mixed conduction phenomenon in which ionic 

conduction as well as electronic conduction occurs in the glass. The electrical 

properties of other ternary copper phosphate glasses have been studied 

mainly as a function of glass composition.[28,30,31,39] Compared to other 
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transition metal phosphate glasses, copper phosphate glasses show large 

activation energy for conductivity. This large activation energy has suggested 

that the sites of Cu1+ and Cu2+ ions are not identical, so to move an electron 

from Cu1+ and Cu2+ site takes energy.[39] 

Calcium and barium copper phosphate glasses have shown field-induced 

switching phenomena between two or more conducting states.[39-41] On the 

application of a threshold voltage, the device containing glass switches 

rapidly from a high resistance "off-state" to a low resistance "on state". Drake 

et al.[132] suggested that this switching phenomenon was associated with a 

structural transform a tion. The different ligand field environments of Cui + 

and Cu2+ ions induce the high resistance "off-state". This state changes to 

the low resistance "on-state" by transforming the environments of Cu1+ and 

Cu2+ sites to be identical. In addition, the high conductivity seems to result 

from the lack of polaron energy, probably because of the much greater radial 

extension of the wave function of copper ions in comparison with other 

transition metal ions. On the other hand, Moridi et al. [41] presented 

evidence for a phase transition to a crystalline state during switching to the 

low resistance "on-state". That is, the low resistance "on-state" is associated 

with a crystallization of a local region and switches to the high resistance "off

state" by a revitrification process. 

Optical properties of copper phosphate glasses, particularly near the 

fundamental UV optical absorption edge, have been investigated mostly by 

Hogarth and co-workers.[33-37] They have found that the optical energy gap 

and Urbach energy vary as a function of glass composition, which is 

associated with the change in copper valence states ratio in glasses. However, 
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these optical parameters may be dependent upon both glass composition and 

copper valence states ratio in the glass. Nevertheless, the effects of glass 

composition and copper valence states ratio in the glass on the optical 

properties of the glass have not been studied independently. 
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11.3 Color of Glass 

11.3.1 Introduction 

In the periodic table, the metals scandium, titanium, vanadium, 

chromium, manganese, iron, cobalt, nickel and copper are grouped together 

as the first transition metal elements. Some of the ions of transitional metals 

have one to nine electrons in the 3d- orbitals which can take a maximum of 

ten electrons. Those ions having partially filled 3d-orbitals absorb different 

portions of visible radiation when dissolved in glass or solution and thus 

develop color. Oxides of some of the transition metals have been used since 

ancient times to produce colored glasses, and in view of the commercial 

importance of colored glass products, a considerable amount of experimental 

investigation has been carried out on visible absorption characteristics of 

various types of glasses containing different coloring oxides. 

Most of the earlier work on the subject was discussed by Weyl [3]. He 

explained the absorption characteristic of the coloring ions in glasses from 

structural considerations, primarily by analogy with the colors produced by 

these ions in crystals and in aqueous solutions. It was then concluded that 

the color changed with the type of coordinations of the ions in the glass. 

Usually, the ions were thought to be present either in six or four-fold 

coordination in the glass. It has been observed that transition metal ion 

complexes and glasses show one or a set of optical absorption bands 

depending on their coordination. [13,17,149-173] Their positions and 

intensities can be explained by taking into account the electrical field 

produced by negative ions surrounding the transition metal ions. Optical 
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absorption characteristics of all the ions in glasses are, therefore, considered 

together in an attempt to explain the origin of color in relation to ionic 

structure of glasses. 

According to the principles of quantum mechanics, optical absorptions 

are made by transition of electrons from lower to higher energy levels. 

However, the energy required to excite an electron to the next higher level for 

ions which have noble gas electron configurations (Le. completely filled 

orbitals), is sufficiently high that its absorption occurs in the UV region and 

does not result in color. Bethe [174] indicated that the spectroscopic ground 

state of the coloring ion surrounded by anions or dipoles is split by their 

electrical field analogous to the splitting of atomic energy levels. The 

negative component of the complex is known as the ligand, and this concept 

of Bethe has come to be called the ligand field theory. Since then, the optical 

absorption characteristics and other related properties of transition metal ion 

complexes and glasses have been explained by ligand field theory and a useful 

treatment was presented by Bates.[156], who calculated the different energy 

levels of the ions under the influence of electrical fields of different types of 

symmetry from theoretical considerations. On the basis of the ligand field 

theory, the optical absorption characteristics of colored glasses will be 

explained and their structural consideration will be discussed here. 

11.3.2. Ligand Field Theory 

There are five d-orbitals, each of which can hold two electrons having 

opposite spins. These orbitals are denoted as dxy' dyz' dzx' dx2_y2 and dz2. 
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Figure n.B shows the spatial distributions of electron density for these orbitals 

with respect to the cartesian coordinates. The orbitals dxy,dyz, and dzxall 

have four lobes, regions of high probability for the presence of electrons, at 

450 to the x and y, x and z, and x and y axes, respectively. The dx2_y2 orbital 

has an electron distribution probability which is high along the x and y axes, 

while the dz2 orbital has a high probability mainly along the z axis, although 

there is a ring of electron distribution in the x-y plane as well. It is important 

to note that while the lobes of orbitals dxy,dyz' and dzx are tilted away from 

the axes, the lobes of the other two orbitals dx2_y2 and dz2 are along these axes. 

Since the ligands always present a negative charge towards the central 

ion, an electron would have a higher energy (Le. be less stable) in an orbital 

oriented in the direction of a ligand. In an octahedral coordination, the 

ligands are located on the axes x, y, and z as illustrated in Figure n.B (a) and 

thus the field is more concentrated along these axes. Hence, the orbitals dx2_ 

y2 and dz2 with lobes directed along the ligand fields, are of higher energy. 

However, the dxy,dyz, and dzx orbitals are of lower energy since their lobes 

are located between axes. Thus, the five d-orbitals, which have the same 

energy in free gaseous ions, are split into two energy levels when coordinated 

octahedrally with six ligands, the orbitals being in the lower energy level 

(triplet ground state) are denoted by 2T2g) and in the higher energy level 

(doublet state) are 2Eg, as shown in Figure H.B (b). On the other hand, in a 

tetrahedral coordination, the electric field due to the surrounding ligands is 

concentrated between the axes, Le., along the lobes of dxy, dyz, and dzx 

orbitals, as also illustrated in Figure n.B (a). In such a situation the dx2_y2 and 

dz2 orbitals are preferentially populated since their lobes are away from the 
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ligand field. In the tetrahedral ligand field, therefore, the ground state of the 

free ion is split into lower doublet state (2E) and the upper triplet state (2T2), as 

also shown in Figure n.B (b). This is the reverse of the splitting due to the 

octahedral ligand field. In Figure n.B (b), ~ represents the difference in 

energy of an electron in the upper and lower energy levels of the split 3d 

orbitals. For the octahedral coordination the difference between 2T2g and 2Eg 

energy levels is also denoted by lODq for historical reasons. The optical 

absorption band occurs at the wavelength in the visible spectrum 

corresponding to the photon energy, ~, for the tetrahedral or octahedral 

complexes. As pointed out by Figure n.B (b), the value of ~ in the tetrahedral 

coordination is less than in the octahedral case. From the geometric 

calculation, the following equation holds for the same cation and ligands at 

the same bond distance. 

4 
~ ( tetrahedral) = - - ~ ( octahedral) 

9 
(n.32) 

Optical absorption bands of colored glasses containing ions with partially 

filled d-orbitals are due to transition of electrons between the different energy 

levels of the ground state which are degenerate in the free gaseous ion but are 

not degenerate in the glass due to the electric field of the surrounding 0 2-

ions. The number of absorption bands, their position and their intensity are 

primarily determined by the coordination of cation, intensity of the 

surrounding electrical field and the number of d-electrons present in the ion. 
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11.3.3. Distortion of Octahedral Coordination 

Experimental and theoretical evidence indicates that most of the coloring 

ions are present in an octahedral coordination in glass.[155] It has been taken 

for granted that the six 0 2- ions in octahedral coordination are arranged 

symmetrically around the coloring ions. However, one electron vacancy in 

either the dx2_y2 or dz2 orbitals such as Cu2+ causes the distortion of 

octahedral coordination and breaks down cubic symmetry and the degeneracy, 

which is known as the Jahn-Teller effect.[1,2,155,156] This effect produces, 

predominantly, an elongated tetragonal octahedral coordination with four 

short in-plane bond length and two longer axial bond lengths. If there is a 

electron hole in the dx2_y2 orbital (d~2_y2d;2 configuration), the ligands along 

the z-axis are much more screened from the charge of metal ion than are the 

four ligands along the x and y axes. The ligands of z-axis, therefore, tend to 

move farther away and result in tetragonal distorted octahedral coordination 

as illustrated in Figure 1l.B (a). In such a coordination, the orbitals involving 

z-axis are of lower energy. The dz2 orbital becomes more stable than the dx2_ 

y2 and dxy orbitals, thus removing the degeneracy, as shown in Figure II.B (b). 

In other words, the energy states of the orbitals involving z-axis are lowered 

with increasing tetragonal distortion, while the other energy states are 

enhanced. Thus, the energy levels are further split and additional energy 

transitions are made possible as the octahedral coordination becomes 

distorted. As the extent of the tetragonal distortion increases, the dz2 orbital 

eventually drops below the dxy orbital in energy and as a limiting case the z-

axis ligands are completely removed so that a square planar complex is made. 
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The degree of the tetragonal distortion depends on quantitative properties of 

metal ion and the ligand concerned. This tetragonal distortion is particularly 

pronounced in the case of octahedral complexes of Cu2+. The opposite kind 

of configuration for a vacancy in the dz2 orbital (d~2_y2d!.2 configuration) 

would be expected for the distortion of the complex, but it is difficult to occur. 

Transition of an electron from a lower to a higher energy level should 

give rise to an absorption line and not a broad band which is observed 

experimentally. However the ligands are known to vibrate about their 

respective equilibrium positions due to thermal energy, and the field energy 

changes as the ligands move towards or away from the metal ion.[154] It has 

been shown that when the ligands are arranged symmetrically, energy change 

due to simple harmonic oscillation of the ligands should produce a Gaussian 

curve. Theoretically, the absorption curves should have a smooth bell-like 

shape and in many cases the shape of the absorption band actually is a to 

Gaussian curve. However, when distortion of octahedral coordination 

occurs, the absorption bands are broad, distorted and asymmetrical due to 

superimposition of two or more bands which overlap to one another. The 

shape and the peak position of the absorption band are determined by the 

extent of distortion of the octahedral coordination. 

11.3.4. Effect of Glass Composition 

The positions of optical absorption bands due to the coloring ion vary 

with changing glass composition. Since the energy transition between lower 
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and upper energy levels, A, is directly related to the position of optical 

absorption bands, it may be worthwhile to examine the relation between the 

ligand field energy and glass composition. 

In a regular octahedral coordination without any distortion, the energy 

associated with the absorption band correspond to the transition energy 

between 2T2g and 2Eg energy levels (10Dq). The value of 10Dq has been found 

to be dependent upon both the kind of transition metal ions and ligands. 

Spectral data indicate that the value of 10Dq for the aqueous complexes of the 

divalent metal ions of the first transition series is about 10,000 cm-1.[175] For 

the trivalent ions of the same series the value is about 20,000 cm-1. For the 

second transition metal series 10Dq is about 50% larger, and for the third 

series about 100% larger, than for the first series. The orders of increasing Dq 

for a series of metals and ligands were experimentally given.[175] Also, this 

value can be found from theory from the interelectron repulsion terms of the 

free atom,[149,175] 

(11.33) 

where e is the electronic charge, q or Jl is the charge or dipole moment of the 

six ligands, r is the metal-ligand separation, and -a4 is the fourth power of the 

average value of the distance of the electron from the nucleus. Although the 

simple equation is approximate, it should provide a basis for explaining the 

position of absorption bands in relation to the glass composition. 

When the charge of coloring ion increases, the induced dipole included 

in the term q increases and hence 10Dq also increases. The values of 10Dq 

calculated for different ligands in inorganic complexes show that the field 
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energy for the trivalent ion is nearly twice that of the divalent ion. When 

the 0 2- ion is polarized by cations other than the coloring ion in the glass, the 

effective ionic charge, q, due to 0 2- ions on the cations, should decrease and 

the field energy should be less. On the other hand, when 0 2- ions are less 

polarized by the cations, electrons of the 0 2- ions are more easily available to 

the cations. As a result, the effective ionic charge, q, and hence 10Dq increase, 

with increasing polarizability of 0 2- ions. For example, when Si02 is 

replaced by Na20, 0 2- ions are less polarized (the polarizability increases), the 

position of the absorption band shift towards shorter wavelength. [155] In 

aluminum borophosphate glasses, it has been shown from molar refractive 

measurements that 0 2- ions are very strongly polarized by p5+ and B3+ ions. 

Thus, the value of lODq is smaller than that for sodium silicate glasses.[155] 

The effect of alkali and alkaline earth ions on the value of 10Dq in silicate 

glasses has been discussed.[155] In alkali silicate glasses, 0 2- ions associated 

with alkali ions are more easily polarizable and, hence, they may be 

preferentially attracted by the coloring ion so that the values of q and 10Dq 

increase. 0 2- ions associated with alkaline earth ions are more strongly 

polarized, and they are not attracted by the coloring ion so long as the alkali 

ions are present in the glass. Thus, alkaline earth oxides have no effect on 

color when alkali ions are present in the glass, as observed 

experimentally. [155] However, in the absence of alkali ions, the alkaline 

earth ions have an appreciable effect on the position of the absorption band 

since 02-ions associated with alkaline earth ions are the least polarized and 

are attracted by the coloring ion.[153] Alkali ions are known to form an 

almost pure ionic bond with 0 2- ions which surround the cation to screen the 
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positive field of cations. The positive fields due to alkali or alkaline earth 

ions are not completely screened by surrounding 0 2- ions.[176] This results 

in a smaller q and lODq. The larger the ionic radius is, the less the positive 

field is screened and, hence, the smaller q is. The field energy, lODq, 

therefore, is reduced by replacing U+ by Na+ or Na+ by K+ in alkali silicate 

glass as observed experimentally.[155] 
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Figure 11.7 Spatial distributions of electron density for (a) dxz (b) dyz (c) dxy 
(d) dx2_y2 (e) dz2 orbitals. 
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11.4 Analyses of Different Copper Valence States in Glass 

11.4.1 Introduction 

As has been mentioned previously, transition metal ions incorporated 

into silicate, borate and phosphate glasses exist in more than one valence state 

in these glasses. The ratio of these different valence state ions in the glasses 

are dependent upon the complex relation between the free energy vs. 

temperature for the various oxides in the melt, and the vapor pressures of the 

various components in the atmosphere during melting (the non-equilibrium 

of the P02 during melting in the case of transition metal oxide glasses). For 

instance, when the glass is melted in an oxidizing atmosphere (high P02), the 

copper is incorporated as Cu2+ surrounded by oxygens in accordance with 

coordination requirements. When a reducing atmosphere (low P02) is used 

for melting the glass, the redox equilibrium produces the lower valence states, 

Cu1+ and Cuo. It is possible to make a qualitative estimate of the reactions 

which will occur during melting using a Richardson chart [177]. 

However, in order to obtain quantitative information regarding the ratio 

of different valence state ions, it is necessary to analyze for different valence 

states of transition metal ions. These analyses are complicated and very 

difficult. The major difficulty is that dissolution of the sample in the acid, 

which is a prerequisite in all wet chemical analyses, can alter the ratio of 

valence states of transition metal ions. There is no simple method which is 

suitable for all glass compositions. The acid used for dissolution depends on 

the type of the glass and its redox capability. For instance, silicate glasses are 

dissolved in a HF solution while phosphate glasses dissolve in any solution. 
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Boroaluminates are dissolved in cold solutions, but some phosphates need to 

reach the boiling point to dissolve totally. HCI keeps the original valence 

states of transition metal ions whereas other acids usually oxidize them. The 

atmosphere during dissolution is also important since it may change the 

valence states of transition metal ions. 

More problems arise when two or more transition metal ions exist 

together in the glasses. It is probable that a reduced species of one metal will 

react with an oxidized species of another when the glass is decomposed with 

acids (Cu2+ ~ Cu1+ + VS+ ~ V4+). It is also difficult to differentiate the 

contents of reduced or oxidized species of elements whose redox potentials 

are similar in aqueous solution (Mn3+ ~ Mn2+ + Ce4+ ~ Ce3+). The 

chemical analyses in these cases were discussed in commercial silicate glasses 

by Close et al.[lO] 

The various chemical analysis techniques of different valence states of 

copper, one of the transition metal ions, will be reviewed and discussed in 

this section. Duran et al. [11] reviewed and modified the chemical analyses of 

different valence states of copper in various glass compositions. In addition 

to the wet chemical analyses, the use of physical analyses for measuring 

different valence states of copper, i.e. optical absorption, magnetism, electron 

binding energy, will be discussed. 

11.4.2 Chemical Analyses 

In wet chemical analyses (generally titrimetric methods) a substance is 

determined by reacting a solution, or a gas in some cases, of known 
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concentration with the substance. When the reaction is completed, i.e. when 

the substance being analyzed has been entirely consumed, the amount of 

reactant (titrant) used is measured, and the equivalent weight of the substance 

is determined. From knowledge of the weight of the sample, the weight 

percent of the substance in the original sample can be calculated. A physical 

property, such as volume or potential, is monitored to determine when the 

reaction is complete. In other cases, a color change of the solution in which 

the sample is dissolved indicates that the end of the reaction (end point) has 

taken place. This color change can be due to the substance being analyzed 

(internal indicator), or it can be caused by a chemical added to the solution 

which reacts with the first excess drop of titrant (external indicator). 

Obviously, the accuracy of these types of determination depend on all of the 

substance in the sample reacting, and on the amount of substance consumed 

by the indicator (titration error). 

In most analyses for the concentrations of copper valence states, total 

copper content and one or two valence states of copper have been analyzed 

and the remaining state has been determined by the difference. Close et al. 

[10] analyzed total copper and Cu1+ in silicate glasses. Total copper was 

determined chemically by iodine titration after oxidizing all copper present 

with a mixture of HF, HCI04, and HN03. The HCI solution was neutralized 

with NH40H, KI was added and the solution was titrated with Na2S203. 

Near the end point, KCNS and starch were added and the titration finished at 

the starch-iodine end point. Cu 1 + was determined by adding an excess of 

Fe3+ as powdered Fe(S04)3.nH20 to avoid possible disproportionation of 

CuI + before dissolving the sample. On the solution of the glass, a 
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stoichiometric quantity of Fe2 + was produced and evaluated 

potentiometrically by titration with Ce(S04)2 (cerimetric titration), using 

ferrous phenanthroline as an indicator to observe the equilibrium potential 

clearly. A well sealed container and inert atmosphere were used to prevent 

possible oxidation of Cu 1 +. A similar method was proposed in sodium 

disilicate glass by Johnston.[12] A standard ceric solution was used to titrate 

volumetrically. Chemical analysis of Cu1+ in silicate and borosilicate glasses 

based on modifications of the two methods was developed by Duran et al.[ll] 

Paul[13] determined the total copper content of alkali borate glasses by 

photo colorimetry, Cu1+ by titration ICI as mentioned above, and Cu2+ by 

difference. This method is less accurate when the copper content is very 

small or when the glass has been melted under strongly oxidizing conditions. 

Banerjee et al. [14] analyzed the total copper of borate and aluminoborate 

glasses by photocolorimetry since all copper oxidizes to Cu2+ in nitric acid 

and Cu2+ produces a strong blue color with cuprizone reagent in a slightly 

ammonical medium. Cu1+ was determined by cerimetric titration based on 

the same principle as above. An excess of Fe3+ ion was added as a solution of 

Fe2(S04)3 before dissolving the glass. A stoichiometric quantity of Fe2+ was 

yielded when the Cu1+ present in the glass reacted with a ferric salt; this was 

determined with Ce(S04)2 titration using ferroin as the indicator. Cuo is not 

soluble in dilute (O.7SM) cold sulfric acid, but it can be dissolved by being 

heated with a small amount of Ag2S04 solution in the presence of a known 

excess of Ce4+ solution. This procedure gives the analysis for both Cuo and 

Cu 1+. Another method using ICI for the analysis of (CuO + Cu1+) was 

proposed. The glass powder was dissolved in a mixture of HCI, ICI and CC14 
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in which all copper oxidized to Cu2+. The liberated iodine was then titrated 

back to ICI with iodate to evaluate the combined value of Cuo and Cu1+, and 

Cuo was calculated by the difference. All the analyses were compared with 

results from the base glass and the same glass with the addition of known 

quantities of copper powder and CU20. Cu2+ was determined by the 

difference between the total copper content and (CuO + Cu1+). 

However, these methods were disputed and modified by Duran et al.[ll] 

First, the error caused by the rapid oxidation of the ferrous solution in contact 

with air was not taken into account, so different results were obtained 

depending on the titration time. In order to prevent possible oxidation of the 

Fe2+ ion, the reaction was carried out in an inert atmosphere. Although Cuo 

is insoluble in dilute sulfric acid, it may be dissolved in the presence of a 

silver salt according to the reaction Cuo + 2Agl+ -7 Cu2+ + 2AgO. Thus, the 

analysis of Cuo depends on this reaction in which Cuo is replaced by Agl + 

and shifts to its maximum valence state, Cu2+, due to the potential difference 

between the Cu2+ ICuo and the Agl+ I AgO system. The copper is not 

therefore stabilized as Cu 1 +, as Banerjee et al.[14] indicate. Thus, the volume 

of reagent used in the reaction should be same as that used in the evaluation 

of Cu1+. The slight variations noticed among the evaluations must be 

attributed to the presence of Ag2S04, which can react with a small amount of 

the reagent. Cuo can only be determined by the difference in total copper 

content between samples with and without adding Ag2S04. In the latter 

case, the insoluble Cuo is removed by filtration. 

The methods discussed 50 far are for glasses containing a very small 

amount of copper. However, frits containing from 9 to 25% copper were 
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analyzed by Min'ko et al. using volumetric methods.[15] Adding AgN03 

solution to the powdered glass replaced Cuo by Ag1+, the excess of which was 

- precipitated as AgCl. The amount of Cuo which was formed as cupric salt 

was analyzed iodometrically with sodium thiosulphate. In parallel, CuI + 

and Cu2 + were determined by dissolving the glass in HF causing 

disproportionation of the CU20 and producing cupric fluoride and Cuo by the 

reaction CU20 + 2HF -7 CuF2 + Cuo + H20. The CuF2 in solution and the 

precipitated metallic copper were then separated by filtering and the Cu2+ in 

the solution evaluated iodometrically with Na2S203. The insoluble Cu2+ 

was determined after being dissolved and oxidized in hot HN03. However, 

it was found that the results obtained by this method were very variable for a 

number of reasons. In the determination of Cu1+, the reaction with HF may 

not have occurred exclusively by disproportionation but a simultaneous 

reaction with the formation of CU2F2 and later oxidation to CuF2 probably 

took place. On the other hand, the Cuo produced during the disproportio

nation of CuI + was not protected and reacted with the acid. Also, the HF 

attack grew as the time between the reaction and the filtration increased. 

There are also doubts about the procedure proposed for the determination of 

Cuo as it has been shown in this work that the measured Cuo content 

obtained after the reaction CuO + 2Ag+ --> Cu2+ + 2AgO depends on the 

grain size of the sample. This fact may easily be explained because there is no 

chemical attack and therefore the only copper to be exchanged is that exposed 

on the surface of the particles. This indicates that the smaller the particle is, 

the greater the Cuo content is obtained. However, as it is known that 

grinding can produce oxidation phenomena, it is not convenient to grind 
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below 25/lm and some of the metallic copper will therefore remain inside the 

particles where it cannot be displaced by the Ag+ ions, thus producing low 

Cuo content results .. 

Complexometric titration was used successfully for borate and phosphate 

glasses with relatively large amounts of copper.[16] The glass was dissolved 

in HCI solution in an inert atmosphere to keep the copper from oxidizing. 

Then, Cu2+ was analyzed by titration using complexone. To convert all the 

copper present to Cu2+, the glass was dissolved in a HN03 solution in air and 

titration carried out with complexone to determine the amount of total 

copper. The Cu1+ content was obtained by the difference. In this analysis in 

the phosphate glasses which were made using ammonium hydrophosphate, 

it was not possible to buffer the solution with ammonium acetate because of 

the deep blue coloration which would occur at pH 7 as a result of the 

Cu(NH3)42+ complex being formed. It was therefore necessary to use 

sodium acetate as a buffer despite the fact that it affects the stabilization of the 

pH much less. 

11.4.3 Physical Analyses 

11.4.3.1 Optical Absorption Spectrophotometer 

Optical Spectroscopy is the measurement and interpretation of optical 

radiation (ultraviolet (UV), visible, infrared(IR)) absorbed, scattered, or 

emitted by atoms, molecules, or other chemical species. This absorption or 

emission is associated with changes in the energy states of the interacting 
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chemical species. Since each species has characteristic energy states 

corresponding to the optical region, optical spectroscopy can be used to 

identify and analyze the interacting species quantitatively. 

Absorption spectrophotometric analysis utilizes the absorbance variation 

of a substance as a function of composition, in accordance with the Lambert -

Beer law, to analyze quantitatively for the compositions of various 

components. The term spectrophotometric analysis refers to the use of an 

external source of radiation (optical lamp or laser), the transmitted intensity 

of which is a function of the concentration of the absorbing species. The 

absorption process (with no remission) can be viewed as an irreversible 

reaction between the absorbing species and the incident photons of the 

external beam in which the energy of the incident photon is converted into 

thermal energy. As a result, the reaction rate is proportional to the product 

of the concentration of absorbing species and photons which is manifested as 

transmitted beam intensity. Most substances show absorption maxima 

somewhere in the optical region. IR analysis is generally used to identify 

organic and hydroxyl compounds, while visible and UV determinations are 

used for most of the other elements. The absorbing medium can be any 

homogeneous solid, liquid, or gas. Liquids and gases rather than solids give 

much more reproducible results which let them quite naturally to use in 

quantitative analysis. However, it is very difficult to retain valence states of 

copper in the glass when the glass is dissolved in solution. 

Atomic absorption spectroscopy (AAS) is sensitive, speedy, convenient 

and inexpensive for qualitative and quantitative determinations over 70 

elements and can be used for determinations of copper and phosphorous in 
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the glass. This is performed only in a gaseous medium in which the sample 

is atomized (creation of atomic species in gaseous state) by flame. In atomic 

spectroscopy, the atomization is the most critical step for the sensitivity of the 

analysis, and there are several methods for the atomization. In addition to a 

flame method, inductively coupled argon plasma is used for the atomization. 

Inductively coupled plasma (ICP) spectroscopy, which is used for both 

emission and fluorescence spectroscopy, offers several advantages over AAS. 

ICP has a larger dynamic concentration range which can be detected and 

permits the simultaneous determination of several elements in a sample. 

Total copper in many glasses has been measured by AAS or ICP. Also, 

since Cu2+ exhibits optical absorption around 800nm in glasses (as discussed 

in Ch. II.3), the concentration of Cu2+ in glasses have been determined by 

optical absorption of polished samples. However, without the use of 

standards the latter method is quantitatively unreliable. Singh et al. [17] 

analyzed Cu2+ quantitatively using diethyldithiocarbomate by absorption 

spectrophotometry. The same procedure was used to evaluate the total 

copper after oxidizing all copper to Cu2+ with dissolution in concentrated 

HN03' 

11.4.3.2 Electron Spin Resonance (ESR) 

Electron spin resonance (ESR) spectroscopy uses the radiation of 

microwave frequency and is applicable mainly to molecules, ions, or atoms 

having electrons with unpaired spins. In ESR, different energy states arise 

from the interaction of the unpaired electron spin moment (given by ms = 

±1/2 for a free electron) with the magnetic field, the so-called electronic 
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Zeeman effect. The energy separation of the two spin states ex and P is shown 

in Figure 11.9. 

(II.34) 

where g for a free electron has the value 2.0023193, P is the electron Bohr 

magneton, e tz /2mec, H is the applied magnetic field. This energy difference 

in magnetic field commonly used in ESR corresponds to frequency in 

microwave region. The ESR measurement is generally carried out at a fixed 

frequency. Two common frequencies are in the X-band frequency range 

(about 9.5 GHz where a magnetic field of 3400 gauss is employed) and the Q

band frequency (35GHz where a magnetic field of 12,500 gauss is used). Since 

the sensitivity of the instrument increases roughly as the square of the 

frequency and better spectral resolution also results, the higher frequency is 

preferred. However, smaller samples are required for Q-band, and it is more 

difficult to attain the highest field homogeneity that is required at higher 

frequencies. 

Cu2+ has an electronic configuration of 3d9 which possess unpaired 

electron and shows paramagnetism. Therefore, ESR has been used to 

determine the concentration of Cu2+ in glasses.[18,19] ESR spectra are 

commonly presented as the first derivative (slope) curve of the absorption 

curve against the magnetic field, as illustrated in Figure IT.10. The quantity of 

Cu2+ in the glass can be determined approximately from the intensity of the 

resonance by the use of the formula, 

(II.35) 
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where !::.W is the peak-to-peak width, h is the peak-to-peak height of the 

resonance in Figure II.10, and k is a constant which is determined by the 

particular line shape. This intensity is compared with that of a standard 

sample whose concentration of Cu2+ is known. CuS04 single crystal is 

generally used for the standard to analyze Cu2+ although it exhibits a slightly 

different curve shape than the glasses. However, this analysis assumes that 

the glass is homogeneous and the spin-spin interactions due to the presence 

of other paramagnetic ions or ion clustering do not occur. 

In addition to the methods discussed above, a number of techniques have 

been proposed to determine the different valence states of copper in glass.[20-

25] Electrochemical sensor has been used to measure the oxygen activity and 

monitor the ratio of transition metal ions in glass melt in situ.[2l-25] Also, 

different binding energies of various valence states of copper can be 

distinguished and thus the presence of Cuo, Cul +, and Cu2+ in the glass can 

be detected by using X-ray Photoelectron Spectroscopy (XPS). 
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III. Experimental Procedure 

111.1 Glass Preparation 

CUO-P20S glasses having various compositions 40 - 60 mole% CuO, were 

prepared using analytical reagent grades of chemicals, CuO and NH4H2P04. 

The oxidation and reduction reactions in a glass melt are known to depend 

on (1) the size of melt (2) the sample geometry (3) the concentration of total 

redox ions (4) whether the melt is static or stirred (5) thermal history and (6) 

quenching rate.[178] In order to keep these factors constant, all glasses were 

prepared under the same conditions as follows. 

About 60g of chemicals were mixed with isopropyl alcohol and dried to 

obtain homogenized batches. Alumina or quartz crucibles (100ml capacities) 

containing the batch were initially heated at SOooC for about 2hrs in order to 

evaporate ammonia and water in the batch, and minimize the tendency of 

subsequent phosphate loss. Most copper oxide glasses cannot be melted in a 

platinum crucible, because the reaction between copper and platinum will 

destroy the crucible. Thus, alumina and quartz crucibles were used, in spite 

of inevitable crucible contamination of the melt at high temperature. As 

will be addressed in Ch. IV, the quartz crucible is more inert to the melts of 

these glasses than the alumina crucible. Thus, the quartz crucible was used to 

melt the glass to be investigated in the present study. Then, the crucible was 

transferred to another furnace, which was preheated, and the batch was 

melted in air, for times up to 20hrs. The desired [Cu2+] ratio in the glass was 

obtained by controlling melting times as will be discussed in Ch. VI. Melting 

temperatures in the range, 1000oC-1200oC, were used. The glass was melted 
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under static conditions (without stirring) and poured onto a clean copper 

plate and cast into a disc shape. Mixtures containing Swt% Si or Al were 

melted, too, at lOS0oC and 12000 C by the same procedure in order to confirm 

the effect of the contamination of the crucibles. All glasses were crushed to 

fine powders for chemical analysis. 

For some experiments such as visible absorption spectroscopy and 

dissolution in aqueous solutions, which required mechanical strength of the 

glass for preparing samples, the prepared glasses were annealed for S hrs at 

2000 C - SOOoC depending on their [Cu2+] ratios. 

All prepared glasses were confirmed to be amorphous by X-ray 

diffractiona measurements and to be homogeneous by SEMb and optical 

microscop{. Infrared spectroscopyd was used to examine the water content 

of the glasses, and it was ascertained that the hydroxyl content was relatively 

small. All prepared samples as well as glasses were stored in a vacuum 

desiccator to prevent moisture attack. 

111.2 Chemical Analyses 

Total copper and Cu2+ can be analyzed successfully by complexometric 

titration for borate and phosphate glasses which contain relatively large 

amounts of copper.[l1,16] Cu2+ was determined in an inert atmosphere in 

an airtight chamber using a sample dissolved in HCl to preserve the valence 

state upon EDTA titration. Allyl alcohol was used as blocking agent for Cu1+ 

to prevent oxidation.[179] The other sample was oxidized by dissolving in 

HN03 and a further titration with EDTA carried out in air to obtain total 
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copper. Two complexometric titration methods have been developed using 

different indicators, which are described below. 

(1) Titration with murexide as an indicator 

Reagents 

EDT A O.OSM standard solution 

Murexide solution Place a spatula-end of murexide into a test-tube and add 

Sml of distilled water and shake a few minutes. If all the 

powders dissolves add more and shake again. If some murexide 

remains undissolved after 3-5 minutes the solution may be 

considered saturated. Murexide solutions are only stable for a 

day or so and must be prepared freshly every day. 

Sodium hydroxide or Potassium hydroxide 2N NaOH or KOH is made with 

distilled water from annalar NaOH or KOH solution (36N). 

Procedure 

A precisely measured amount of glass is crushed and powdered and 

dissolved in 3N HN03 or HCI with allyl alcohol. The solution, containing 

no more than 20mg of copper per 100ml, is neutralized by adding 2N NaOH 

or KOH until the solution color turns to sky blue which gives a pH of about 7-

8. Since too much ammonia will decompose the copper-murexide complex 

and form Cu(NH3)42+ resulting in a deep blue color at pH 7, ammonium 

should be avoided as a neutralizing agent. Murexide solution is then added 

and the titration with EDTA is carried until there is a color change from 

yellow (green) to deep violet. 



(2) Titration with PAN as an indicator 

Reagents 

Same reagents are used except for indicator and pH 5 buffer solution. 
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PAN solution Since the metal complexes of PAN are insoluble in water, 

dissolve 50mg of PAN in 100 ml of methanol or ethanol to give 

0.05%. the solution has red color and is stable for storing. 

pH 5 buffer solution 

Methanol or Ethanol 

Procedure 

The preneutrallized test solution is prepared by the same procedure as for 

the titration using murexide indicator. The solution is treated with 5ml of 

pH 5 buffer solution and 3-5 drops of PAN solution. The solution is then 

heated to boiling to enable the reaction between the Cu-P AN complex and 

EDTA to take place easily, and titrated with 0.05M EDTA to a very sharp color 

change from deep violet to canary yellow. Instead of heating, by adding 50ml 

of methanol or ethanol titration can be performed at room temperature. 

Both methods present no difficulties but the second method using PAN 

shows sharper color change near the end point than the other. Thus, the 

latter method was used to determine concentrations of total copper and Cu2+ 

in the glasses. Elements in the glasses other than copper and Cu2+, such as 

phosphorus, silicon, aluminum, were analyzed using commercially operated 

ICpe 
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III.3 Crystallization Experiments 

The glass transition temperatures (Tg) of the fine powders (- 100 mesh) of 

the glasses were measured using differential scanning calorimeter (DSC)f 

heating from room temperature to 6000 C at a heating rate of SOC/min in an 

argon atmosphere. 

Isothermal heat treatments of the bulk samples of 10mm x 10mm x 3mm 

size were carried out in the furnace with air or argon atmosphere at S80oC, 

6S0oC and 7300 C for a given period of time. The heat treated samples were 

ground and the crystalline phases were identified by use of X-ray powder 

diffractiona using CuKa radiation. For microstructural analyses, the heat 

treated samples were cut, mounted with epoxy and polished using SiC 

abrasive papers up to 800 grit. Final polishing (sometimes omitted not to 

obscure crystalline morphology) was done utilizing a O.OSJlm alumina 

suspension. The optical microstructural analysis was conducted by using an 

optical microscopec• The photomicrographs were taken in dark field and the 

size of the crystallization layer was measured by inserting a photo scale reticle 

into the microscope. 

III. 4 Optical Absorption Spectroscopy 

111.4.1 UV Absorption Spectroscopy 

In order to observe the UV optical absorption edge, extremely thin films 

are required since absorption coefficient is very large(a>104cm-l). Thus, thin 

blown glass films were made for UV optical absorption measurements. A 
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small portion of the melt was collected on the end of a quartz tube and then 

blown into a glass film. The thicknesses of the thin blown films were 

measured with the aid of an optical microscope and a photo scale reticle. The 

films were 4-6 flm thick. For the purpose of chemical analyses, bulk samples 

were prepared by pouring the melt onto a clean copper plate. It was assumed 

that the concentrations of the blown films and bulk samples were identical. 

The optical absorption measurements were made in the wavelength range of 

200nm-500nm for the thin -blown films, using optical absorption 

spectrophotometerg . 

111.4.2 Visible-Near Infrared Absorption Spectroscopy 

The bulk glass was ground and polished using SiC paper and alumina 

suspension conaining particles of a size of 0.03flm. The thickness of the 

samples were measured using a micrometer and were 40-60 flm. The optical 

absorption measurements were made in the wavelength range 200nm -

1500nm for glass samples, using optical absorption spectrophotometerg. 

111.5 Dissolution in Aqueous Solutions 

The glasses were cut into slabs approximately 1.0 cm x 1.0 em x 0.5 em and 

the surfaces were polished using SiC abrasive papers up to 800 grit. The 

corners and the edges were polished and slightly rounded in order to avoid 

any sharp edges to prevent chipping. Oil was used for lubrication in sample 

preparation rather than water. The polished samples were cleaned 
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ultrasonically in acetone, dried thoroughly, and stored in a vacuum 

desiccator. Surface area of the samples were measured using a micrometer. 

The samples were immersed in 200ml of deionized (DI) water and buffer 

solutions of pH 1.00, 4.00, 7.00, 10.00 (Fisher Scientific) in covered 

polypropylene beakers. The samples were kept in a room temperature for 3, 

6,9, 12 and 18 days. After each dissolution period, the samples were removed 

from the beaker using polypropylene tweezers, dried on an absorbent paper 

and weighed. The pH's of the solutions were measured before insertion of 

the sample and after sample removal, and the change in pH was less than 0.3. 

Each dissolution experiment was repeated at least twice and the average 

dissolution was computed along with the standard deviation which served as 

a measure of the error range. 

111.6 Structural Analysis 

111.6.1 Infrared Spectroscopy 

Thin blown films (thicknesses are 4-6Jlm), whose preparation was the 

same as for the UV optical absorption spectroscopy, were used for infrared 

spectroscopy. It was found that infrared spectra of thin brown films show 

better resolution and produce more consistent results than those of powder 

samples dispersed in KBr pellets. The infrared transmission spectra of the 

glasses were obtained for wavenumbers in the range of 4000-400 cm-1 using a 

FTIR spectrometerd . All spectra were measured at room temperature with 

4cm-1 resolution. 
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111.6.2 Small-Angle X-Ray Scattering (SAXS) 

Two types of samples were prepared for small-angle X-ray scattering 

(SAXS); blown thin films and polished thin bulk sample. Thin blown films 

of 4-6 11m were made as described previously. The bulk samples were ground 

and polished using SiC paper and alumina suspension to a thicknesses of less 

than 50 11m. SAXS measurements were performed using a Kratky Camerah . 

The X-ray source was CuKa. line filament with a wavelength of 1.5406 A. 

The tube and counter slit heights were 60llm and 150llm respectively. The 

instrument was controlled and data collected by an HP 9825A computer. The 

data collection program corrected automatically for background radiation and 

variations of the incident intensity. 

a SCINT AC Inc., XDS 2000 

b JEOL, JSM-840A 

C Nikon, EPPHOT-TME 

d Perkin Elmer FT-IR Spectrometer 1725X 

e Skyline Labs, Tucson, AZ 

f DuPont Instrument 910 DSC 

g Shimadzu UV-3100 UV-VIS-NIR Recording Spectrophotometer 

h Anton Paar A-8054 Kratky Camera 



IV. OXIDATION-REDUCTION EQUILIBRIUM 

OF GLASS MELTED IN AIR* 

IV.!. Introduction 
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Oxidation-reduction equilibria in glasses have been extensively studied in 

various oxide glasses containing transition metal ions, such as copper, by 

many workers.[4-4,lO-12,178,180-185] Copper may exist in glass forming oxide 

melts as metallic copper (CuO), cuprous(Cu1+) or cupric(Cu2+) ions, although 

most oxide glasses are usually assumed not to contain metallic copper when 

melted in air.[12] Each of the species has different electronic structure and 

coordination geometry as well as optical absorption characteristics. Thus, the 

structures and properties of such glasses (Le. electrical, optical, magnetic and 

mechanical, etc.) depend on the proportion of different valence states of 

copper. Hence, the ability to control and measure the ratio of Cu2+ and Cu1+ 

is important for an investigation of the effect of copper valence states on the 

structure and properties of these glasses. This ratio in glass is known to vary 

with glass composition, melting conditions (including temperature and 

time), oxygen partial pressure in the furnace atmosphere, batch composition, 

addition of oxidizing or reducing agents, and heat treatment after melting. 

Most previous studies of the oxidation-reduction equilibria of copper in 

glasses were performed on glasses containing copper as a dopant in some base 

composition (less than 2 wt% Cu) rather than on copper oxide based glasses. 

However, glasses containing large quantities of copper can be prepared. Such 

*Published in Journal of American Ceramic Society, 74[12] 3039-3045 (1991). 
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glasses have interesting properties and potential applications. Glasses 

containing large concentrations of transition metal oxide have been studied 

mainly because of their semiconducting properties.[93,102] Most 

investigations have been made on phosphate based systems, although other 

semiconducting oxide glass-formers have also been made.[103] Copper 

phosphate glass can be formed which contains up to 60 mole% CuO. Large 

copper content compositions show semiconducting properties and optical 

absorption in the visible resulting in coloration of the glass.[7-9,28,39] Also, 

copper-calcium-phosphate glass has been used in a two terminal memory 

switching device.[39-42] The electrical conduction is due to the electron 

hopping transport from Cu1+ to Cu2+. Cu2+ has an optical absorption in the 

visible and exhibits paramagnetism due to its electronic configuration which 

has an unoccupied d orbital. The copper ion should be capable of existing in 

both valence states for semiconducting behavior to occur. Thus, the [Cu2+] 

ratio in the glass significantly influences the electrical conduction, as well as 

optical absorption, crystallization behavior, and glass structure. Thus, 

controlling the [Cu2+] ratio in the glass is of great importance in controlling 

the properties of copper phosphate glasses. The [Cu2+] ratio in the glass is 

generally large and difficult to change unless reducing agents are introduced 

into the melt or the melting process is carried out under a controlled 

atmosphere. [7] However, no systematic studies of oxidation-reduction 

equilibrium of copper oxide based glasses have been reported. Thus, it is of 

interest to study the oxidation-reduction behavior of copper in glasses 

containing copper oxide as a main constituent (such as copper phosphate) and 

compare the results to those in which copper appears merely as a dopant. 
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In the present work the time evolution and equilibrium values of the 

[Cu2+] ratio are examined for several copper phosphate glasses. The 

oxidation-reduction behavior is determined at three different temperatures 

(10000C, 1100oC, and 12000C). Also, phosphorus vaporization and crucible 

contamination during melting and its effect on the oxidation-reduction 

equilibrium in copper phosphate glass are studied. It will be shown that at 

the higher melting temperatures both quartz and alumina crucibles 

contaminate the melt. However, it will be demonstrated that although 

alumina dissolution has a strong perturbing effect upon the establishment of 

oxidation-reduction equilibrium, silica dissolution only weakly influence the 

redox balance. 

IV.2 Results 

IV.2.1 Melting in Quartz Crucible 

Table IV.l shows the chemical analyses of copper and phosphorus for 

glasses of target composition SOCuO.SOP20S which were prepared using 

different melting temperatures and melting times and melted in a quartz 

crucible. One observes that the actual glass compositions differ from batch 

compositions due to vaporization of phosphorus. The mole ratio of 

phosphorus to copper, R=[P]![Cu], of the prepared glasses are usually less than 

that of batch composition (theoretical R=2.00). At higher melting 
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Table IV.1 Chemical analyses for SOCuO.SOP20S glasses melted in quartz 
crucible.{theoretical batch composition R=2.00) 

Melting Melting Melting Chemical Analysis (wt%) 
[P] (mole) 

Glass R= 
Crucible TemEerature Time Cu P [Cu] (mole) 

Al Quartz 10000C 30mins 30.2 26.6 LSI 

A2 Ihr 29.9 26.4 LSI 

A3 2hrs 29.7 26.1 LSD 

A4 4hrs 29.3 25.S LSI 

AS Shrs 28.9 25.5 LSI 

A6 12hrs 2S.6 25.1 LSD 

A7 20hrs 2S.4 25.1 LSI 

Bl l1000C 30mins 30.1 25.S 1.76 

B2 Ihr 29.9 25.1 1.72 

B3 2hrs 29.6 24.9 1.73 

B4 4hrs 29.3 24.7 1.73 

B5 Shrs 2S.7 24.6 1.76 

B6 12hrs 2S.4 24.1 1.74 

B7 20hrs 2S.0 23.7 1.74 

Cl 12000C 30mins 30.3 25.6 1.73 

C2 1hr 29.S 25.0 1.72 

C3 2hrs 29.2 24.5 1.72 

C4 4hrs 2S.7 24.2 1.73 

C5 Shrs 2S.1 23.7 1.73 

C6 12hrs 27.6 23.2 1.72 

C7 20hrs 27.1 22.6 1.71 
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temperatures, phosphorus is more readily vaporized and the R ratio is 

smaller. The oxidation-reduction behavior, Le., the variation of [Cu2+] ratios 

with melting times, for the glasses melted at three different temperatures in 

quartz crucibles are shown in Figure IV.l. Error bars reported in figures with 

regard to chemical analyses are the standard deviations of collected data. The 

glasses melted at 10000C and 11000C are oxidized during melting and reach 

equilibrium with 100% [Cu2+] ratio, but the glasses melted at 12000C exhibit a 

slightly smaller [Cu2+] ratio after 20hrs. Although the oxidation-reduction 

equilibrium appears to be slightly temperature dependent, as will be 

demonstrated this is a result of crucible contamination, and the equilibrium 

[Cu2+] ratio is temperature independent. 

For example, quartz crucibles contaminate the glasses during melting, as 

shown in Figure IV.2 where Si dissolution is plotted vs. melting times for 

several temperatures. The glasses are more contaminated with increasing 

melting temperature and time, and contain up to about 3.6 wt% Si after 20hrs 

melting at 1200°C. The Si dissolution in the glasses melted at 10000C is less 

than O.Olwt%, and can be ignored. However, larger amounts of Si are 

associated with the glasses melted at higher temperatures. 

IV.2.2 Melting in Alumina Crucible 

The chemical analyses of copper and phosphorus for glasses of target 

composition SOCuO.SOP20S melted in alumina crucibles for various times 

and temperatures are shown in Table IV.2. As in the case of melting in 

quartz crucibles, phosphorus is vaporized during melting, R ratios of the 

prepared glasses are less than those of batch composition (theoretical R=2.00) 
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Table IV.2 Chemical analyses for SOCuO.SOP20S glasses melted in alumina 
crucible.(theoretical batch composition R=2.00) 

Melting Melting Melting Chemical Analysis (wt%) 
[P] (mole) 

Glass R= 
Crucible Temeerature Time Cu P [Cu] (mole) 

01 Alumina l00O<>C 30mins 30.1 26.7 1.82 

02 Ihr 29.7 26.4 1.82 

03 2hrs 29.4 26.0 1.81 

04 4hrs 28.9 25.8 1.83 

05 8hrs 28.7 25.5 1.82 

06 12hrs 28.5 25.4 1.83 

07 20hrs 28.2 25.1 1.83 

El 110O<>C 30mins 30.1 26.3 1.79 

E2 Ihr 29.7 25.8 1.78 

E3 2hrs 29.4 25.5 1.78 

E4 4hrs 28.7 24.9 1.78 

E5 8hrs 28.4 24.9 1.80 

E6 12hrs 28.0 24.6 1.80 

E7 20hrs 27.7 24.0 1.78 

Fl 12000C 30mins 30.1 25.8 1.76 

F2 Ihr 29.6 25.1 1.74 

F3 2hrs 28.9 24.4 1.73 

F4 4hrs 28.2 23.8 1.73 

F5 8hrs 27.9 23.4 1.72 

F6 12hrs 27.4 23.3 1.74 

F7 20hrs 27.2 23.1 1.74 
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and decrease with increasing melting temperature. These ratios are 

comparable to those found for glasses prepared in quartz crucibles at the 

corresponding temperatures. 

Oxidation-reduction behavior for glasses melted in alumina crucibles as 

shown in Figure IV.3 are different from those made in quartz crucibles. At 

short melting times, there is a quantitative similarity between the [Cu2+] 

ratios found using quartz or alumina crucibles. However, when glasses are 

melted in alumina crucibles at higher temperatures, 11000 C and 1200oC, for 

long times, the [Cu2+] ratios reduce gradually with time without reaching 

equilibrium. For example, the [Cu2+] ratio decreases to about 85% at 12000 C 

after melting for 20hrs. Fig. IV.4 shows the Al dissolution in the glasses 

processed in alumina crucibles as a function of melting temperature and 

time. At each temperature, the alumina crucible contaminates the glass 

more than the quartz crucible. The Al dissolution at 10000 C is nearly time 

independent and is of a magnitude less than 1 wt%. Thus, as in the case of 

quartz crucibles, dissolution of crucible species does not prevent attainment of 

equilibrium [Cu2+] ratio when a sufficiently low melting temperature is used. 

However, melting at higher temperatures produces much larger alumina 

crucible contamination, which increases with melting time. 

IV.2.3 Effect of Glass Composition 

Glasses of nominal composition 40CuO.60P205 and 60CuOAOP205 were 

prepared by melting at 11000 C in quartz crucibles. The chemical analyses of 

copper and phosphorus for these glasses are presented in Table IV.3. The R 

ratios of the glasses prepared are much less than those of the target 
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Table IV.3 Chemical analyses for 40CuO.60P20S and 60Cu0.40P20S glasses 
melted at llOOoC in quartz crucible. 

Melting Chemical Analysis (wt%) 
[P] (mole) 

Glass Batch Composition R= 
Time Cu P [Cu] (mole) 

Gl 40CuO.60P20S 30mins 2S.6 30.6 2.4S 
(R =3.0) 

G2 Ihr 2S.S 28.6 2.30 

G3 2hrs 2S.7 28.3 2.26 

G4 4hrs 2S.6 28.0 2.24 

G5 8hrs 2S.2 27.4 2.23 

G6 12hrs 2S.0 26.9 2.21 

G7 20hrs 2S.0 26.4 2.17 

HI 60CuO.40P20S 30mins 37.8 23.5 1.28 
(R =1.33) 

H2 1hr 37.3 23.3 1.28 

H3 2hrs 37.1 23.2 1.28 

H4 4hrs 36.9 23.1 1.28 

HS 8hrs 36.6 23.0 1.29 

H6 12hrs 36.1 22.9 1.30 

H7 20hrs 3S.8 22.8 1.31 
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compositions. Also, they decrease with increasing melting time for the 40% 

CuO composition, but for the 60% CuO composition they are nearly time 

invariant and close to the theoretical value. Figure IV.5 presents the 

variation of R ratio with melting times for different glass compositions 

melted at 1l000e. Deviations of the R ratio of the prepared glasses from 

those of the batch compositions are larger for compositions containing less 

CuO. 

The variation of [Cu2+] ratio at 11000 C with melting time for 

compositions 40CuO.60P20S, SOCuO.SOP20S, and 60Cu0.40P20S are compared 

in Figure IV.6. 40 moleoh) and 50 mole% CuO glasses oxidize at comparable 

rates and approach equilibrium with a 100% [Cu2+] ratio. However, 60 

mole% CuO glasses are oxidized slowly (although all these compositions 

reach this equilibrium [Cu2+] ratios at about the same time) and equilibrate at 

about a [Cu2+] ratio of 70%. The extent of quartz crucible contamination for 

several glass compositions is shown in Figure IV.7. All compositions are 

considerably contaminated by a quartz crucible at llOOoC, and Si dissolution 

increases as the CuO content in the glass decreases. 

IV.2.4 Effect of Cooling Rate 

In order to ascertain if there was a change in valence state balance of 

copper upon cooling the melt to room temperature, glasses were prepared 

using different cooling rates. Glasses of nominal composition SOCuO.SOP20S 

were melted in a quartz crucible for Ihr at lOOOoC, and some were splat cooled 

on a copper plate, some were cooled by dipping the crucible into water, and 

some were cooled slowly in air. The corresponding [Cu2+] ratios are listed in 



lOS 

Table IV.4. Although the measured [Cu2+] ratios appear to increase slightly 

with slower cooling rates, the values are the same within experimental error. 

Thus, cooling rate does not affect the reported valence states balance of copper 

in glass. 

Table IV.4 [Cu2+]/[Cutotall for SOCuO.SOP20S glasses melted at 10000C for 

1hr in quartz crucible using different coolings. 

Cooling 
[CUZ+] 

[CUtotal] 
(%) 

Splatting on a Copper Plate 68.0 ± 1.6 

Dipping into Water 68.3 ± 2.3 

Leavin in Air 69.0 ± 1.3 

IV.3 Discussion 

IV.3.l Crucible Contamination 

There is negligible crucible contamination of the glass if melting is 

performed at 10000C and either quartz or alumina crucibles are employed. 

However, when the glasses are melted at 1l00oC or 12000C , the crucible 

contamination is considerable. For similar melting times and temperatures 

the Al dissolution is greater than Si, and thus quartz crucibles are more inert 

with respect to copper phosphate glass melts than alumina crucibles. 

Dissolved silica or alumina within the glasses will affect the oxidation

reduction equilibrium of copper in the glasses. To further investigate the 
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effects of dissolved Si or Al upon oxidation-reduction balance, silica or 

alumina corresponding to 5wt% of Si or Al was intentionally added to 

50CuO.50P205 batched glasses. These glasses were melted at 10500 C and 

1200oC, and their oxidation-reduction equilibrium behavior is presented in 

Figure IV.8. Comparing the results shown in Figure IV.8 to the original 

oxidation-reduction equilibrium behavior shown in Figure IV.1 and Figure 

IV.3, one observes that addition of Si does not change the equilibrium [Cu2+] 

ratio at 10500 C and only a little more copper is reduced at 12000 C. However, 

the effect of Al addition is greater, producing more reduced species at both 

temperatures. Si contamination does not greatly influence the oxidation

reduction equilibrium of copper, although it produces a slight increase in the 

reduced form of copper at higher melting temperature. On the other hand, 

AI contamination produces much copper reduction and disturbs the inherent 

oxidation-reduction equilibrium of copper in the glasses. 

It is known that Cu1+ is stable in the CuO-CU20-AI203 system where 

CuAI02 forms above 10300 C in air, [186] but in the CuO-Cu20-Si02 system 

the formation of copper silicate is not observed.[187] Also, It has been 

reported that alumina changes Fe3+ - Fe2+ equilibrium in sodium silicate 

glass, but use of silica crucibles does not perturb the equilibrium [Fe3+]![Fe2+] 

ratio when the alkali oxide content of the glass is large.[188] However, the 

equilibrium is altered for glasses with low concentration of alkali oxide where 

the concentration of non-bridging oxygens is smaller. Thus, Al makes it very 

attractive for Cu 1 + to exist via formation of CuAI02 retarding oxidized 

copper in glasses and reducing the equilibrium [Cu2+] ratio. Hence, as the 

glasses are melted the [Cu2+] ratio increases and then gradually reduces as the 
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Al concentration in the glass grows as shown in Figure IV.3. Another factor 

which tends to produce reduced copper is the possible change in Al 

coordination to tetrahedral via the formation of AIP04, whose structure is 

stable and similar to Si02.[189] This coordination change would take up 

more oxygen and reduce copper. On the other hand, Si is not prone to such 

reactions, and its effect on the oxidation-reduction equilibrium of copper 

phosphate glass is relatively small as compared to that of AI. 

IV.3.2 Oxidation-Reduction Equilibrium 

To represent the oxidation-reduction equilibria in glass melts, various 

types of chemical reactions have been suggested.[178,180] A reaction may be 

written in terms of oxides; 

1/2Cu20(glass) + 1/402(gas) = CuO(glass) (IV.1) 

(IV.2) 

or in terms of the ionic species present 

Cu1+(glass) + 1/402(gas) = Cu2+(glass) + 1/202-(glass) (IV.3) 

1 

K 
_ (aCuh )(ao2- )2 
- 1 (IVA) 

(aCu1 + )P~2 

Eqs. (IV.3) and (IVA) have been more widely employed, despite the 

disadvantage of introducing 0 2- whose activity is difficult to measure [184] 
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since the oxide form is not as precise.[4] From Eqs. (IV.3) and (IV.4), one 

notes that the oxidation-reduction balance is determined by the activities of 

oxygen, oxygen ion and copper ions in the glass melt, and the equilibrium 

constant, which is a function of temperature of the reaction and can be 

expressed in terms of the free energy of reaction. Since the activities of 

oxygen ion and copper ions are related to glass composition, the reactions are 

strongly dependent upon temperature, oxygen partial pressure and glass 

composition. Thermodynamic data and rate constants are calculated, 

typically, from the variations of the oxidation-reduction equilibrium with 

temperature. [5,6,12,182-184] The oxidation-reduction equilibrium in glass 

usually moves towards the reduced side with increasing temperature since 

oxidation reactions are usually exothermic. For example, it has been reported 

that the equilibrium [Cu2+] ratios decrease with increasing temperature in 

sodium aluminoborate [4], alkali borate [5] and soda-lime-silica glass [6] 

melted in air. 

However, in the present work it has been shown that the oxidation

reduction behavior of copper phosphate glass is such that the equilibrium 

[C u 2 +] ratio is 100% and independent of melting temperature for 

compositions containing 50 mole % or less CuO. In order to attain a true 

equilibrium a quartz crucible must be used. The small reduction in [Cu2+] 

ratios found when melting at 12000 C in a quartz crucible is attributable to 

crucible contamination. Also oxidation-reduction equilibrium is 

independent of glass composition, for glasses containing less than 50 mole% 

CuO. These findings are in distinction to most results of oxidation-reduction 

equilibrium studies in various glasses, and are not conducive to 
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interpretation in terms of chemical reactions shown in Eqs. (IV.3) and (IV.4). 

It is argued that in the present study that structural constraints play the 

dominant role in establishing oxidation-reduction equilibrium in glass. 

Schreiber [181] has indicated the factors which control oxidation-reduction 

balance in aqueous solutions and glass melts. They are the standard 

reduction potential of reducing (or oxidizing) agents, temperature and 
concentration, pH (-log aO in glass melt), and ligands (melt composition in 

2 

glass). The standard potential at a given temperature is normally the 

predominant factor in determining the equilibrium oxidation-reduction 

ratio. However, in the present case, it is postulated that the melt 

composition (which is the analogue of ligands in aqueous solutions) plays the 

greatest role, and that the required local environment in the vicinity of the 

copper ion in glass determines its valence state. Although this situation is 

unusual, it is not without precedent.[185] 

For example, Tsuchiya et. al [7] reported that most of copper exists as Cu2+ 

in copper phosphate glasses prepared in air and [Cu1+]/[CUtotal] ratio is 

invariant with respect to melting temperature and is the same for 30%, 40%, 

and 50% CuO compositions. These findings are similar to our results. ESR 

measurements of copper calcium phosphate glass showed that for low CuO 

content glasses most copper is accommodated as Cu2+, but as the CuO content 

is increased the Cu2+ concentration tends to saturate and the proportion of 

Cu1+ increases.[33] Also, it has been reported that most arsenic in silicate 

glasses is present as As5+ independently of melting temperature due to stable 

As043- ion formation.[190] 
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Cu1+ and Cu2+ have different coordination in glasses. It is well known 

from ligand field theory that Cu2+ exists in an octahedral field with a strong 

tetragonal distortion, and produces an optical absorption band in the visible 

and near-infrared spectrum in copper phosphate glasses.[33,34,191] Also, 

recent work on UV absorption and emission indicate that the coordination of 

CuI + in calcium metaphosphate glass is a trigonally distorted 

octahedron. [192] If these coordination assignments for Cu1+ and Cu2+ are 

accepted, then they might be schematically represented as shown in Figure 

IV.9. The tetragonally distorted octahedral coordination of Cu2+ is preferred 

in phosphate glass to the trigonally distorted octahedral coordination of Cu1+ 

(Figure IV.9 (a)). The reason for this preference is not clearly known, but 

Cu2+ has a shorter ionic radius and higher field strength than Cu1+ [193] so 

that it tends to make the glass structure more stable. Thus, copper in 

phosphate glass is oxidized into Cu2+ to form tetragonally distorted 

octahedral coordination until all such sites are occupied as shown in Figure 

IV.9 (b). Hence, for glasses containing less than 50 mole % CuO the 

equilibrium [Cu2+] ratio is 100%, independent of temperature and 

composition. However, when the concentration of copper exceeds the 

number of Cu2+ coordination sites as in 60CuOAOP205 batch glass, copper in 

the glass is oxidized until all Cu2+ coordination sites are saturated and the 

rest of copper exists as Cu1+ in the trigonally distorted octahedral site as 

shown in Figure IV.9 (c). Thus, 60 mole% CuO glass is oxidized to reach a 

70% equilibrium [Cu2+] ratio in which Cu2+ coordination sites are saturated. 

Evidence for this hypothesis is shown in Figure IV.10 where the mole ratio of 

P to Cu2 +, [P]/ [eu 2 +], is plotted against melting time for different 
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compositions. These ratios converge to about 1.8 for both of SO% and 60% 

CuO compositions. This equilibrium [P]/[Cu2+] ratio may represent the 

saturation ratio for Cu2+ coordination in copper phosphate glass. 

IV.3.3 Oxidation Kinetics 

In order to investigate oxidation kinetics during melting , log 

([Cu2+]/[Cu1+]) vs. log (time) data are plotted for various temperatures and 

compositions, as shown in Figure IV.II. The data points are well represented 

by straight lines, and thus the kinetics can be generally represented as below; 

(IV.S) 

where t represents time, n is a slope of line in Figure IV.ll and a is a constant. 

The slope of line in Figure IV.ll, which represents the oxidation rate, varies 

from 0.34 to 2.20 with melting temperature and glass melt composition. The 

observed kinetic behavior neither follows a diffusion controlled mechanism 

[6] nor one associated with a first order reversible chemical reaction [4]. n 

increases and the melt is oxidized faster for higher melting temperature and 

lower CuO content composition. However, the oxidation rate for the melt in 

alumina crucible is about same as for one in quartz crucible at 1000oC. 

IV.3.4 Phosphorus Vaporization 

Pure P20S has a three dimensional structure, but it is unstable and 

readily reacts with moisture in the air. Unlike silica, P20S contains non

bridging oxygens, and thus additions of alkali or alkaline earth oxides tend to 

strengthen the structure since the cations can locate between nonbridging 
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oxygens making the structure more cohesive. When phosphate glass is 

prepared, phosphates which are not connected with cations (copper) react 

with moisture in the air to produce phosphoric acid during melting. The 

phosphoric acid is easily vaporized and fumes at high temperature. A glass 

melt containing low CuO content has many phosphate groups not associated 

with copper. Thus, these are readily attacked by moisture and subsequently 

vaporize in the form of phosphoric acid. In addition, there is a strong 

tendency for such groups to stabilize by association with species from the 

crucible. However, large CuO content glasses are stable to moisture and do 

not evaporate, and are very inert with respect to the melting crucible since 

copper ions "tie-up" most of the non-bridging oxygens. Thus, phosphorus 

vaporization and Si dissolution are reduced as CuO content in the glass is 

enhanced. 

IV.4 Conclusions 

Oxidation-reduction equilibria of copper phosphate glass are independent 

of melting temperature, and are governed by structural considerations rather 

than by the redox reaction of copper. Since the coordination of Cu2+ is 

energetically preferred, during melting in air the copper is oxidized to Cu2+. 

The extent of oxidation will depend upon the glass composition and the 

number of available Cu2+ coordination sites. For compositions containing 

50% CuO or less, a sufficient number of Cu2+ sites are available so that at 
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equilibrium the [Cu2+] ratio is unity. However, for the 60% CuO 

composition site saturation occurs, and the [Cu2+] ratio is reduced to 0.7. 

Phosphorus is more easily vaporized in lower CuO content glasses due to 

the greater tendency for such compositions to react with moisture in the air 

during melting. 

Crucible contamination is inevitable when melting these glasses using 

either quartz or alumina crucibles. This contamination results in copper 

reduction and the inability to reach equilibrium conditions associated with 

the uncontaminated system. However, quartz crucibles are more inert and 

have less effect on oxidation-reduction equilibria than alumina crucibles. 

Thus, the contamination may be minimized by the use of quartz crucibles and 

the employment of melting temperatures no higher than 1000oC. 
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Figure IV.2 Si dissolution with 50CuO.50P205 glasses melted in a quartz 
crucible at different temperatures. 
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Figure IV.3 Variation of [Cu2+]I[CUtotall with time for SOCu0.50P20S glasses 
melted in an alumina crucible at different temperatures. 
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Figure IV.4 AI dissolution with SOCu0.50P20S glasses melted in an alumina 
crucible at different temperatures. 
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v. CRYSTALLIZATION OF GLASS· 

V.I Introduction 

The crystallization behavior of simple metaphosphate glasses and other 

phosphate glasses have been studied for several decades,[194-212] although 

the number of publications is more limited than for other glass systems. 

Calcium metaphosphate (Ca(P03)2) and other calcium phosphate glass-

ceramics are of interest for their medical applications such as bone and teeth 

implants.[213,214] Also, glass-ceramics in sodium phosphate systems are 

suitable for fabricating seals to high thermal expansion metals, due to their 

high thermal expansion coefficients and greater fracture toughness than those 

of phosphate glasses. [207] 

Abe and co-workers [201,203,204] have found unusual crystallization 

behavior of metaphosphate glasses. Those compositions which have chain 

structures in both glass and crystal (Be(P03)2, Ca(P03)2, Sr(P03)2, Ba(P03)2) 

can crystallize below the glass transition temperature, but those systems 

having a ring crystalline structure (NaP02, Mg(P03)2, Ni(P03)2) do not show 

crystallization below the glass transition temperature. In calcium 

metaphosphate glass, a unidirectional crystallization is obtained as a result of 

its chain type structure.[B2,206,20B] 

Glasses containing copper have been of interest for their potential use in 

fabricating superconductor ceramics.[42] Also, many studies have been 

performed on semiconducting oxide glasses based on copper phosphate.[7-

"Published in Journal of American Ceramic Society, 76[6] 1395-1400 (1993). 
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9,28-41] Copper can exist in glasses as metallic copper(CuO), cuprous(Cu1+) or 

cupric(Cu2+) ions, although most oxide glasses are usually assumed not to 

contain metallic copper when melted in air. It is well known that the 

valence states ratio in glasses, [Cu2+]![CUtotal], affects electrical and optical 

properties because conduction is due to electron hopping from Cu1+ to Cu2+ 

and Cu2+ absorbs visible light. On the other hand, the effect of valence states 

ratio of copper in glasses on their crystallization behavior has received very 

little attention. Recently, the effect of the [Cu1+]/[CUtotal] ratio on the 

crystallization behavior was investigated for Bi-Ca-Sr-Cu-O glasses used for 

superconductor glass-ceramic preparations.[42] It was found that 

crystallization is favored and a finer crystalline size is obtained as 

[CuI +]![CUtotal] increases. 

The purpose of the present study is to examine the effect of valence states 

of copper on the crystallization behavior of glasses in the copper phosphate 

system. Here, copper phosphate glasses containing different [Cu2+] ratios 

have been prepared applying different melting times, and their crystallization 

behavior has been examined and compared. 

V.2 Results and Discussion 

The melting conditions and [Cu2+] ratios of the copper metaphosphate 

glasses which were prepared are given in Table V.l. The actual compositions 

of the glasses may differ from the nominal composition, copper 

metaphosphate, because of vaporization of phosphorous, but its departure is 

not too great as illustrated in Ch. IV. As mentioned, the purpose of this work 
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was to evaluate the influence of valence state of copper upon the 

crystallization behavior of copper metaphosphate glass. This assessment was 

made with respect to three characteristics of the crystallization process; (1) the 

crystalline phases which formed upon isothermal heating, (2) the crystalline 

morphologies, and (3) the relative crystallization rates. In addition, glass 

transition temperature measurements were performed in order to assist in 

the interpretation of the results. 

Table V.l Glass Preparations, 
temperatures (Tg). 

[Cu2 +] Ratios, and glass transition 

[Cu2+] Melting Melting Glass (%) Tg (OC) Temperature Time 
[CUtotail 

A 10000 C 15mins. 23.4 ± 7.3 165 

C 10000 C lhr 72.1 ±3.5 333 

E 10000 C 6hrs 99.8 ± 0.8 427 

V.2.l Crystalline Phases 

Figure V.l shows the XRD patterns obtained from powders of the A and E 

glasses whose bulk samples were heated in air at 5800 C and 7300 C for the 

indicated periods of time. The main crystalline phase is copper 

metaphosphate (Cu(P03h) for both glasses, regardless of [Cu2+] ratio in the 

glass and the heat treatment temperature. Also, small amounts of copper

rich copper phosphate (Cu2P207) crystalline phase is detected for the E glass, 

and trace amounts of CuO are formed for the A glass. The dark gray color of 
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the surface of the A glass is most likely due to small amounts of CuO 

formation upon heating. The actual glass compositions contain excess 

copper with respect to the nominal copper metaphosphate composition 

because of the vaporization of phosphorous. This non-stoichiometric 

composition produces copper-rich copper phosphate (Cu2P207) crystalline 

phase for the E glass. 

In order to confirm the formation of CuO crystalline phase on the surface 

of the A glass, fine powders of the A and E glasses were heat-treated and 

examined by the XRD. The results are found in Figure V.2. For the E glass 

powder heat-treated in air and the A glass powder heat-treated in an argon 

atmosphere, main crystalline phase is copper metaphosphate (Cu(P03)z) 

which is same as the XRD patterns of the heat-treated bulk samples shown in 

Figure V.l. Also, CuO crystalline phase is not found in the A glass powder 

heat-treated in an argon atmosphere. However, the dominant crystalline 

phase of the A glass powder heat-treated in air is CuO without detecting 

copper metaphosphate (Cu(P03)z). This indicates that CuO is formed mostly 

on the surface of the A glass by the reaction with air. 

In order to form copper metaphosphate crystalline phase for the A glass, 

oxygen must be provided for Cu1+ to be oxidized to Cu2+ since the glass 

composition is deficient in oxygen to form copper metaphosphate. One may 

envision at least two mechanisms by which additional Cu2+ can be produced 

in the surface region of the glass where the crystallization is observed to 

occur. First, one might postulate that Cu1+ ions are oxidized by atmospheric 

oxygen prior to crystallization. In order to test this hypothesis, the A glasses 

were heated in an argon atmosphere, and then the samples were subjected to 
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XRD analyses. The results are shown in Figure V.3. One observes that the 

XRD peak patterns of the A glass heat-treated in air and argon atmosphere do 

not differ, except for the peaks due to the very thin CuO surface layer for the 

samples heat-treated in air. Thus, the oxygen diffusion from the atmosphere 

is an unlikely mechanism. A second possible mechanism would entail 

copper ion migration towards or from the interior of the glass, depending 

upon whether the diffusing ion is Cu1+ or Cu2+.[215,216] In either event, if 

such a diffusion process occurred, then one would expect a change in the 

concentration of copper in the interior of the glass after crystallization of the 

glass surface region. However, examination of chemical composition of the 

A glasses heat-treated in air and argon atmosphere by Energy Dispersive X

Ra y Spectrometer (EDX, TRACOR NORTHERN 5500) did not show a 

composition gradient from the inside of the glass to the surface. Also, the 

[Cu2+] ratio of the residual glass phase in the heat-treated samples (after 

removing crystallization region on the surface) was analyzed. No significant 

change in the [Cu2+] ratio was found after heat treatment. Thus, the 

oxidation of Cu1+ to Cu2 + needed for the formation of copper 

metaphosphate crystalline phase is neither accompanied by the diffusion of 

oxygen from the air nor by the long-range migration of ionic species, but by 

reaction and/or local migration in the region where crystallization occurs. 

Since the crystallization of the A glass is governed by the oxidation of Cu1+ to 

Cu2+, only copper metaphosphate crystalline phase is formed although the 

glass composition has more copper than the copper metaphosphate 

composition. 
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V.2.2 Crystalline Morphology 

Optical micrographs of polished samples of the A and E glasses heat

treated in air at various temperatures are shown in Figure VA. The 

crystallization of both the A and E glasses are initiated at the surface of the 

glasses. However, the crystalline morphologies of the A and E glasses are 

quite different, even though their main crystalline phase is the same. The A 

glass forms a needle-shaped crystalline phase which is oriented from the 

surface to inside the glass, while the crystallization in the E glass covers the 

surface. The needle-shaped crystals of the A glass are less aligned and 

oriented at higher crystallization temperature. Unlike some previous 

investigations of crystallization of phosphate glasses,[82,206,208,210,212] we do 

not observe crystallographic orientation effects. The XRD pattern taken from 

a bulk sample of the crystallized A glass does not differ from that of the 

powder shown in Figure V.l. Thus, specific crystallographic orientation is 

not found in these needle-shaped crystals. The needle-shaped crystalline 

morphology is present in the glass heat-treated in argon atmosphere, too, as 

shown in Figure V.S. This illustrates that the oxidation layer which forms 

when heating in air has no effect on the crystalline morphology. 

In other phosphate glasses, needle-shaped crystallization morphology has 

been observed in which crystals form in aggregates, often growing radially 

from a central nucleus to form a spiky spherulite.[197,207] Similar crystal 

morphologies have been observed in other glassy systems.[217,218] 

Kirkpatrick et al. [217] have noted that such needle-shaped crystallization 

morphologies are associated with diffusion-controlled crystal growth. Since 

the chemical composition and copper valence state in the E glass and crystal 
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are identical, one might not anticipate needle-shaped crystals to form in this 

glass. On the other hand, crystal formation in the A glass requires an 

enhancement of the local cupric ion concentration, which might imply a local 

diffusion process, as mentioned above. 

growth appears possible in the A glass. 

Hence, fibrillar or acicular crystal 

Also, one observes that the needle-

shaped crystalline morphology in the A glass is more pronounced at lower 

temperatures (see Figure VA (a)-(c)) or larger undercoolings. This result is 

consistent with the findings of other investigations.[217,218] The increase in 

spherulitic-type crystal growth with greater undercooling has been explained 

in terms of a concomitant increase in the ratio of the crystal growth to the 

diffusion coefficient.[218,219] 

V.2.3 Relative Crystallization Rate 

The crystallization of the A glass is much faster than that of the E glass at 

S800 C as can be seen in the XRD results of Figure V.l. However, at 730oC, the 

E glass is crystallized more rapidly than the A glass. This reversal of relative 

crystallization rate depending on the crystallization temperature is confirmed 

by the optical micrographs shown in Figure VA. At S800 C and 650oC, the 

thicknesses of the crystallization layers in the A glass are larger than those in 

the E glass even for shorter heat treatment time. However, the situation is 

reversed at 7300 C. The thickness of the crystallization layer from the surface 

is uniform in all cases and was measured as a function of time at all 

temperatures. It is found to increase linearly with time and plotted in Figure 

V.6. The crystal growth rates are determined from the slopes of the linear 

plots. A time-independent crystal growth rate has been observed in some 
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glasses even where the crystal growth is diffusion-controUed.[217] The 

relative crystal growth rate of the A glass to the E glass is fast at S800 C (around 

10801lm/hr to 34Ilm/hr) and 6S0oC, but slow at 7300 C (about 1301lm/hr to 

2400llm/hr), as demonstrated in Figure V.6. Also, the crystal growth rates in 

the A and E glasses exhibit different behavior as a function of temperature, as 

shown in Figure V.4. For the E glass, the time for a certain thickness of 

crystallization from the surface decreases with increasing heat treatment 

temperature. However, the thickness of crystallization layer formed at 7300 C 

in A glass is shorter than those formed at lower heat treatment temperatures, 

even when longer heat treatment times are used. In brief, whereas the 

crystal growth rate of the E glass highly increases (from 34llm/hr at S800 C to 

24001lm/hr at 7300 C) with increasing the crystallization temperature, that of 

the A glass does not (1080Ilm/hr at S800 C and 130llm/hr at 7300 C), as shown 

in Figure V.6. One observes from Figure V.6 that three of the linear plots of 

thickness of crystallization layer vs. heating time appear to go through or 

close to the origin, but the plot corresponding to the E glass heated at S800 C 

intersects the abscissa at a positive value. This implies that for the A and for 

the E glass at higher temperature, the time required for nucleation of the 

crystalline phase is negligible. However, the positive x axis intercept shown 

by the plot for the E glass heated at S800 e indicates the existence of a 

substantial induction time for nucleation at this temperature. Therefore, the 

nucleation rate as well as the crystal growth rate of the E glass heat-treated at 

S800 e are much lower than those of the others. 
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V.2.4 Glass Transition Temperature and Crystallization Kinetics 

In order to explain the results which were obtained for the relative 

crystallization properties of the A and E glasses, the glass transition properties 

of these glasses are considered first. 

DSC curves for the glasses which have different [Cu2+] ratios are given in 

Figure V.7. The glass transition temperatures (Tg), defined as the extrapolated 

onset, are listed in Table V.l. Tg increases from 1650 C to 4270 C as the [Cu2+] 

ratio of the glass is raised. The glass transition temperature of copper 

metaphosphate glass varies widely depending on the [Cu2+] ratio of the 

glasses. These findings are in contrast to the results that the glass transition 

temperature of iron phosphate glass is not dependent on the valence states 

ratio of iron. [205] 

It has been found that the glass transition temperatures of binary alkali 

phosphate and other alkali-containing phosphate glasses are in the range 

1500 C-3000 C, and vary with the glass composition.[80,220-223] The 

dependence of the glass transition temperatures on the alkali fraction in 

binary alkali phosphate glasses has been explained by the progressive change 

of nonbridging oxygens and phosphate chain length.[223] However, the 

general trend of the glass transition temperature with changing alkali fraction 

is not well described in this manner since the glass transition temperature is 

not a monotonic function of alkali fraction. Also, it is known that the glass 

transition temperatures of some alkali-free phosphate glasses are above 

5000 C,[224] and those of alkaline-earth phosphate glasses such as calcium and 

magnesium metaphosphate glasses are as high as 5500 C.[199,201] These glass 

transition temperatures are much higher than those of the alkali phosphate 
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glasses. Thus, the glass transition temperature of phosphate glasses depends 

more on the nature of the modifying ions and their bondings with 

phosphates rather than on the structural change of polymeric phosphates, 

such as forming nonbridging oxygens and varying chain lengths. 

Actually, it has been shown that the glass transition temperature of the 

metaphosphates is linearly proportional to intermolecular force between 

phosphorous and oxygen ions.[222] The intermolecular forces of Cu1+ and 

Cu2+ can be calculated using ionic charge data and Pauling radii. The 

intermolecular force of Cu2+ is higher than that of Cu1+ in phosphates, and 

thus glasses containing more Cu2 + possess higher glass transition 

temperatures. This is in accord with the observations that alkaline earth 

phosphates usually have higher intermolecular forces and glass transition 

temperatures than alkali phosphates. 

The higher glass transition temperature of the oxidized glass implies that 

a temperature region exists where the viscosity of this glass is greater than 

that of the reduced glass. In other words, the viscosity of copper 

metaphosphate glass increases as the [Cu2+] ratio is raised at a given 

temperature. The change of the viscosity of the copper phosphate glass with 

the [Cu2+] ratio is not unexpected due to the dissimilar coordinations of Cu1+ 

and Cu2+ in phosphate glass discussed in previous chapter. 

Several aspects of the crystallization behavior can be explained in terms of 

these findings. First, one observes that the A glass exhibits an exothermic 

peak at 5400 C in the DSC trace shown in Figure V.7, while the C glass has an 

exotherm near 600°C. The E glass, however, does not exhibit an exotherm in 

this temperature region. Since the [Cu2+] ratio of these glasses is such that 
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E>C>A, one anticipates that the E glass has high viscosity in this temperature 

region, while the A glass tends to be fluid. Thus, the crystallization is 

detected at the lowest temperature for the most fluid glass, i.e. the A glass. 

Second, the relative crystallization rates can be explained by the above results. 

Surface crystal nucleation usually occurs very quickly as seen in most glasses 

(except for the E glass heat-treated at 5800 C) so that the crystallization kinetics 

are most likely governed by crystal growth rates.[225] In crystal growth 

theory, the crystal growth rate has contributions from both the kinetic term, 

represented by the viscosity of the glass, and the thermodynamic term related 

to the undercooling. In other words, the crystal growth rate should exhibit a 

maximum with respect to temperature, since at low temperature the growth 

rate is small due to the large value of viscosity, while at high temperature it is 

small due to the small undercooling. Since at low temperatures (large 

undercoolings) the viscosity controls the crystal growth kinetics and the E 

glass is much more viscous than the A glass in this regime, it is not 

surprising that here the crystal growth rate in the E glass is much less than in 

the A glass. Also, the slow nucleation rate in the E glass at low temperatures 

contributes to its overall sluggish crystallization rate. At high temperature 

the situation is a bit more complicated. Although the A and E glasses possess 

the same liquidus temperature, at any given undercooling they have different 

driving forces for crystallization since they correspond to thermodynamically 

distinct states. Also, since the glass transition temperature of the A glass is 

lower than that of the E glass, the A glass is expected to have its maximum 

crystal growth at a temperature much lower than that of the E glass. 

Therefore, at higher temperature the crystallization rate of the A glass could 
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be reduced due to the relatively small driving force for crystallization. On 

the other hand, the driving force for the E glass could still be large and its 

viscosity would be greatly reduced. Hence, under such circumstances, the 

crystallization rate at high temperature would be greater for the E glass than 

for the A glass. 

V.3 Conclusions 

The glass transition temperature of the copper metaphosphate glass 

increases as the [Cu2+] ratio in the glass is raised since Cu1+ and Cu2+ exhibit 

different intermolecular forces in phosphates and have different coordination 

in the glass structure. Thus, the relative crystallization rates and their 

temperature dependences are affected by the [Cu2+] ratio in the glass because 

of the variation of viscosity with the [Cu2+] ratio. However, the main 

crystallized phase is copper metaphosphate (Cu(P03h) and crystallization is 

initiated from the surface, regardless of the [Cu2+] ratio in the glass. The 

crystal morphology of the reduced glass is oriented and needle-shaped, while 

the totally oxidized glass is crystallized from all over the surface. The 

atmosphere used during the heat treatment does not affect the crystallization 

of the reduced glass, except for the formation of a CuO surface coating when 

heated in air. 
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Figure V.l XRD patterns for the (a) A glass and (b) E glass heat-treated in air 
at 5800 C and 7300 C for the indicated times. Triangle (w) indicates 
CuO phase, circle (.) indicates CU2P207 phase and unmarked 
peaks correspond to copper metaphosphate (Cu(P03h) phase. 
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Figure V.S Optical micrograph of the polished sample of the A glass heat
treated in an argon atmosphere at 5800 C for 1hr. 



142 

1600 

- 0 N5800c 
E 
::1. 

lV7300c -1200 C ... 
(1) 

El5800C >- 6 
CIS 

...J 
El7300C )( 

c 
800 .2 -CIS 

N 

CIS -U) 400 >-... 
0 

0 
0 10 2) ~ 40 

Heating Times (hrs) 

Figure V.6 Relative crystallization rate of the A and E glass at 5800 C and 
730°C. 



o 
>< w 

1 
..... 
o 
Q) 

I 

E Glass 

C Glass 

1 A Glass 

o 
"'0 
C w 

100 200 300 400 500 
Temperature (OC) 

Figure V.7 DSC curves for glasses having different [Cu2+] ratios. 

143 

600 



144 

VI. OPTICAL ABSORPTIONS OF GLASS 

VI.l UV Optical Absorption of Glass" 

VI.l.l Introduction 

Phosphate glasses containing transition metal oxides are of interest due to 

their semiconducting properties. [93,99,102-105,108,226] The electronic 

conduction in these glasses occurs by polaron transfer from a lower to a higher 

valence state of transition metal ion. Copper phosphate based glasses show 

some interesting behavior, and thus the electrical and optical properties of these 

glasses have been studied extensively.[7-9,28-41] It has been reported that 

copper phosphate glass exhibits mixed conduction phenomena in which ionic 

conduction as well as electronic conduction occurs in the glass.[7] Also, copper 

calcium phosphate glasses have showed electrical switching phenomena. [39-41] 

Copper phosphate glasses exhibit an optical absorption band in the 

visible-near infrared region and a fundamental optical absorption edge in the 

ultraviolet (UV) region. It is well known that Cu2+ in glass exhibits an optical 

absorption band in the visible region and creates color in the glass. This optical 

absorption band arises from transitions associated with the internal transitions 

between d-orbital electrons of Cu2+ and the absorption band positions in 

crystalline and amorphous hosts have been described by the use of ligand field 

theory.[l,2,157] On the other hand, the origin of the fundamental optical 

absorption edge in the UV region for the glasses containing copper is not clear. 

"Published in Journal of Applied Physics, 73[11] 7760-7766 (1993). 
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For other transition metal oxide containing glasses, it has been argued that the 

UV absorption edge originates from an electron transition between oxygen 2p 

and transition metal ion 3d states.[121,122] 

The UV optical absorption edges of copper phosphate based glasses 

containing other oxides have been studied by Hogarth and co-workers.[9,33-37] 

They found that the absorption edge varies with the glass composition. This 

variation was explained as resulting from the change of the ratio of Cu1+ and 

Cu2+ in the glasses of different composition.[33,34,37] In other words, they 

observed that the more CuD replaced by glass modifiers such as Na20, BaO, and 

CaO in the copper phosphate glasses, the higher the [Cu2+] ratio became. Also, 

they found that the optical energy gap increased as the latter ratio grew. 

However, in a separate study, they also controlled the [Cu2+] ratio by adding 

iodine as an oxidizing agent to the same copper calcium phosphate glass 

composition[9] and found that the optical energy gap diminished with the 

reduction of the [Cu1+]j[Cu2+] ratio. This finding is in contradiction with the 

interpretation that the optical energy gap is controlled solely by the valence states 

ratio of copper. Thus, it appears that both the glass composition and the copper 

valence states ratio change the optical absorption edge. However, systematic 

studies of the dependence of the fundamental optical absorption edge of copper 

phosphate glass upon the copper valence states ratio (for identical base 

composition) have not been reported. 

In addition to the fundamental optical absorption edge, amorphous 

semiconductors are characterized by an exponential tail which occurs in the low 

energy part of the absorption edge and is called the Urbach tail.[91,92,226] The 

Urbach tail has been shown to vary with change in glass composition which 
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produces change in copper valence states ratio of the glasses.[35-37] It would be 

of interest to investigate whether glass composition or copper valence states ratio 

in glass has a greater influence upon the Urbach tail. In addition to the intrinsic 

UV absorption edge, absorption bands of Cu1+ have been observed in the UV 

region of the spectra of phosphate glasses.[192,227-232] These absorption bands 

may occur in the region of the absorption edge and thus alter the shape and 

position of the Urbach tail. 

The present study addresses several of the issues mentioned above. 

Namely, a quantitative investigation of the change in these optical parameters is 

performed in which the [Cu2+] ratio in the glass and the glass composition are 

changed independently in simple binary copper phosphate glasses. The [Cu2+] 

ratio in the glass is controlled without changing the glass composition (or adding 

reducing or oxidizing agents) by using various melting times, as was done in Ch. 

IV. 

VI.l.2 UV Optical Absorption Spectra 

The compositions, melting conditions and [Cu2+] ratios of the glasses which 

were prepared are given in Table VI.l. The actual compositions of the glasses 

may differ somewhat from the nominal composition due to vaporization of 

phosphorous, but its departure is not too great and larger for lower CuO content 

in glasses, as illustrated in Ch. IV. 



Table VI.l 

Sample 

A 

B 

C 

D 

E 

F 

G 

H 

I 

Preparations, chemical analyses and optical properties of glasses 

[Cu2+] Urbach Energy Batch 
Crucible 

Melting Melting 
Composition Temperature Time ---------(%) (AE) 

[CUtotal] 

50CuO.50P205 Quartz 10000C 15mins. 22.3±5.6 0.82 

10000C 30mins 50.5±3.6 0.55 

10000C 1hr 74.0±2.8 OAO 

10000C 2hrs 92.1±1.9 0.32 

10000C 6hrs 99.5±1.0 0.28 

40CuO.60P205 Quartz 10000C 30mins 48.6±4.3 0.51 

1000cC 6hrs 99.8±0.8 0.26 

55CuO.45P205 Quartz 11000C 30mins 56.3±3.6 0.48 

11000C 6hrs 82.3±2.8 0.36 

Optical Energy 
Gap (Eopt) 

4.39 

4.29 

4.21 

4.16 

4.14 

4.62 

4.37 

4.10 

4.06 

I-' 
~ 
-...:] 
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VI.l.2.1 Effect of Copper Valence States 

Optical absorption spectra of the glasses with 50 mole% CuO batch 

composition having various [Cu2+] ratios are shown in Figure VI.1. There are 

no sharp absorption edges, which is characteristic of most amorphous materials. 

The absorption edge shifts to shorter wavelength as the [Cu2+] ratio in the glass 

decreases. However, for a smaller [Cu2+] ratio, the change in the slope of the 

absorption curve is relatively smaller so that the UV cut-off is less abrupt. 

VI.l.2.2 Effect of Glass Composition 

Figure VI.2 presents the optical absorption spectra of the reduced (F and H) 

and oxidized (G and I) glasses of 40 mole% CuO and 55 mole% CuO batch 

composition glasses respectively. The absorption edges of the reduced glasses 

occur at shorter wavelengths and the tails of the absorption edge of the reduced 

glasses are longer than those of the oxidized glasses for each composition, as 

observed for the 50 mole% CuO batch composition. Also, one observes that the 

UV cut-off moves to shorter wavelengths as the CuO content in the glass is 

reduced. The spectra of Figure VI.l and Figure VI.2 clearly illustrate that UV 

cut-off is a function of both CuO content and [Cu2+] ratio in the glasses. 

VI.l.3 Discussion 

IV.l.3.1 Optical Absorption Edge 

In the high absorption portion of the UV absorption edge, the absorption 

coefficient a{ro) for amorphous semiconductors is found to obey the relation 

suggested by Davis and Mott.[9l] 
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a(ro) firo = B (firo - Eopt)n (VI.l) 

where B is constant, firo is the photon energy, and Eopt is optical energy gap. 

Mott and Davis[92] proposed that most amorphous semiconductors have 

allowed direct transitions and n in Eq. (VI.l) is 2, as also proposed by Tauc [97] 

under the assumption of parabolic bands. Also, for many copper phosphate 

glasses it has been shown that Eq. (VI.l) with n=2 fits the experimental results 

very well.[9,33-37] The optical energy gap, Eopt, may be identified with a 

pseudo-energy gap between localized and extended states,[91,92] or localized 

states in the valence and conduction bands [97]. These values are obtained from 

Eq. (VI.l) by extrapolation of the linear parts of the (afiro)1I2 versus firo curves to 

(afiro )112 = O. 

Figure VI.3 illustrates (anro)l!2 versus nro curves in the range of a(ro) > 

104cm-l for glasses having different [Cu2+] ratios and 50 mole% CuO batch 

composition (Figure VI.3 (a)), and 40 mole% and 55 mole% CuO batch 

compositions (Figure VI.3 (b)). The curves show linear portions where Eq. (VI.l) 

is obeyed, and the linear region is greater and exhibits larger slope as the [Cu2+] 

ratio in the glass grows. The Eopt values obtained from Figure VI.3 vary from 

4.06 to 4.62 eV and are listed in Table VI.1. For 50 mole% CuO batch 

composition, Eopt decreases from 4.3geV to 4.14eV as the [Cu2+] ratio in the 

glass is increased. This trend is also present in the 40 mole% CuO and 55 mole% 

CuO batch compositions. These values are higher than those which have been 

obtained by Horgarth and co-workers (3.42eV [34] and 3.24eV [36] for 

50Cu050P205, 3.62eV [37] for 35Cu065P205). In transition metal oxide glasses 

where small polaron conduction is supposed to occur, hopping is induced by the 
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trapped electron absorbing a photon. Consequently, photon-induced hopping 

requires an energy of tzro = 4WH, where WH is the activation energy for 

conduction. [226] The optical energy gaps and the conduction activation energies 

for several binary phosphate glasses are listed in Table VI.2. In general, the 

optical energy gap is approximately equal to or greater than 4WH. Thus, from 

the reported activation energies for conduction in copper phosphate glasses 

[103,104,7,30,31,34,39], one would expect Eopt ~ 4 eV. It should be noted that the 

values of the optical energy gap obtained in the present study all exceed 4eV, 

while those reported by Hogarth and co-workers [9,33-37] are less than 4eV. 

Figure VIA has plots of the Eopt as a function of the [Cu2+] ratio in the glass 

and shows that Eopt increases linearly with a decreasing [Cu2+] ratio for each 

batch composition. Also, one observes that Eopt is enhanced with increasing 

P20S content in the glasses for a fixed [Cu2+] ratio. Hence, Eopt is a function of 

both glass composition and the [Cu2+] ratio in the glass. 

The variation of Eopt with glass composition found here is consistent with 

previous observations that Eopt increases as the P20S content in phosphate 

glasses is enhanced.[121-123,233-237] This tendency has been explained by the 

decrease of nonbridging oxygen ions with increasing P20S content in the glasses. 

This behavior is observed, also, in silicate and borate glasses where the optical 

absorption edge shifts toward longer wavelength with increasing alkali content 

in the glasses.[238] The dependence of Eopt on the copper valence states ratio 

was studied in a copper calcium phosphate glasses containing varying iodine 

concentration. [9] It was observed that Eopt diminishes with increasing iodine 

concentration. Since iodine acts as an oxidizing agent, the glasses with larger 

concentration of iodine had larger [Cu2+] ratios. Thus, it was found that Eopt 



Table VI.2 

Metal Oxide 

V205 

Mo03 

CdO 

Pr60 11 
CuO 

a [234] 
b [103] 
c [147] 
d [104] 
e [23S] 
f [24S] 
g [234] 
h [239] 
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Comparison of optical energy gaps and conduction activation 
energies for binary phosphate glasses. 

Nominal Composition 

(mole%) 

50 
60 
70 
SO 
90 

20 
30 
40 
50 
60 
70 
SO 

20 
25 
30 
35 
40 
45 
50 

5 -12.5 
35 
40 
50 

55 

1 [240] 
j [[37] 
k [34] 
1 [36] 
m[31] 
n[7] 
o present study 

Optical Energy Gap 

(eV) 

2A3a 
2.32a 

2.21a 
2.12a 
2.02a 
3.lOe 

3.00e 

2.SSe 
2.67e 

2.5Se 

2.44e 
2.34e 

5.9Sg 

5.SSg 

5.S4g 
5.64g 

5.50g 

5.2Sg 
4.84g 

5.00 - 5.04h 
3.62,j 

4.37 -4.620 
3.42k, 3.241 

4.14 -4.390 

4.06 -4.060 

Activation Energy 

(eV) 

OA2b 

OA4c, OAOd 
0.3Sd 

0.35d 

0.32c 
0.76f 

0.74f 
O.71f 

0.67f, 0.59b 
0.65£ 
0.62f 
0.57f 

1.26g 

1.22g 

1.21g 

1.19g 

1.17g 

1.10g 

0.99g 

1.09 -1.131 

l.nm 

1.05 - 1.20n 

1.03b,1.00n 

1.05k 
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decreases with an increasing [Cu2+] ratio. Similar findings were made in 

vanadium phosphate glasses.[121,123,233] Our present results for the behavior 

of Eopt with changing the [Cu2+] ratio in the glass are in accord with the results 

of the previous studies quoted above. 

In summary, we observe that Eopt depends both upon valence states ratio of 

copper and glass composition. This finding is in contradiction with the 

hypothesis of Hogarth and co-workers, who interpret the decrease of Eopt with 

increasing CuO content solely in terms of the reduction of the [Cu2+] ratio in the 

glass. 

VI.l.3.2 Energy Band Structure 

Even though the origin of the optical energy gap in these glasses is not well 

established, it is probable due to charge transfer excitation of electrons. The 

energy gap of vanadium phosphate was postulated to be due to the transition of 

oxygen 2p-like electrons into the conduction band near the vanadium 3d 

band.[121,122] The electronic structures of the glassy and crystalline states may 

not be significantly different due to their nearly identical local order. Therefore, 

it is plausible to describe the optical energy gap of the glass from knowledge of 

the electronic structure of the corresponding crystalline compound. Although 

energy bands and electronic structures of crystalline copper phosphates are not 

available, those of crystalline CuO and CU20 are known from calculations 

[241,242] and spectroscopy [243]. The smaller energy band gap of crystalline 

CuO (Eg = O.3eV) compared to that of crystalline CU20 (Eg = 2.17eV) is in accord 

with the decrease of Eopt with an increasing [Cu2+] ratio in the glass. Recently, 

there have been numerous studies of the electronic and energy band structures of 
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high Tc superconductung crystalline copper oxide compounds.[241,244,24S] It 

has been found that the upper valence band edge is mainly 2p oxygen states for 

dielectric compounds (Li2Cu02, KCu02, NaCu02) and is a hybridized 3d 

copper and 2p oxygen state for wide gap semiconductors (Cu403, SrCu02, 

Sr2Cu03, LaCu02).[241] Thus, it is reasonable to postulate that the optical 

energy gap of copper phosphate glass is due to the excitation of electrons from 

the hybridized 3d copper and 2p oxygen states to the conduction band near the 

Fermi energy. The optical energy gap depends on the energy level of the upper 

valence band edge, which is determined by the separation of 3d copper and 2p 

oxygen states, as illustrated in Figure VI.S. For small separation between these 

states, hybridization of 3d copper and 2p oxygen states can occur easily, as has 

been found in metallic or semiconducting copper oxides.[24S] Hybridization 

broadens the valence band and moves the upper valence band edge to higher 

energy, resulting in a smaller energy band gap. Therefore, it may be plausible 

that the separation between 3d copper and 2p oxygen states, which depends on 

the chemical bonding characters in the glasses, determines the optical energy 

gap. 

The variation of Eopt with glass composition can be explained as follows. 

The higher concentration of charged nonbridging oxygen ions with reducing 

P20S content causes an increase in 2p oxygen energy levels. This rise of 2p 

oxygen levels shorten the separation between 3d copper and 2p oxygen states, 

broadening the valence band, and thus diminishing Eopt.[121] 

The variation of Eopt with changes in the [Cu2+] ratio can be explained in 

the following manner. A theoretical study of the energy bands of transition 

metal oxide compounds based on an ionic model [246] has reported that the 
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separation between transition metal 3d and oxygen 2p states is very sensitive to 

oxygen charge. As the ionicity of oxygen diminishes in the copper oxide 

compounds, the 3d copper state decreases and the 2p oxygen state rises so that 

the separation between two states reduces, as observed in crystalline copper 

oxide compounds.[241] Thus, the higher covalent character of the Cu2+-0 

bonding compared to the Cu1+-0 bonding in copper oxide compounds [241] 

decreases the separation between 3d copper and 2p oxygen states. This feature 

is illustrated by smaller value of energy gap in crystalline CuO than in crystalline 

CU20.[241-243] Hence, for higher [Cu2+] ratios in the glasses, the optical energy 

gap is reduced, as we have observed, since the separation between 3d copper and 

2p oxygen becomes smaller. This is accordance with the theoretical predictions 

that increased covalent character of the bonds causes a decrease in the absorption 

edge energy.[238] In addition, one should note that Cu1+ and Cu2+ exist in 

different coordinations with respect to oxygens in phosphate glasses as shown in 

Ch. IV, and such differences, also, can cause a change in the nature of the oxygen 

bonds, which may influence the optical energy gap. 

VI.l.3.3 Optical Absorption Tail 

The optical absorption edge of many amorphous semiconductors is 

characterized by the tail of the absorption edge where the absorption coefficient, 

a{ro), rises exponentially with photon energy, nro, [91,92,97,228] 

flro 
a{ro) = <Xoexp{L\E) (VI.2) 

where ao is constant and L\E is called the Urbach energy. The nature of the 

exponential dependence of the absorption coefficient on photon energy in 
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amorphous semiconductors is obscure. The exponential tail of the absorption 

edge could be postulated as arising from transitions between localized states 

whose density is exponentially dependent on energy.[97] However, this 

explanation has been disputed [91], and it seems more likely to be due to a 

random internal electric field, created either by the lack of long range order or by 

the presence of defects [126], or to the electric field of an exciton state [127]. In 

any case, ~E represents the width of the band tails of the localized states. Figure 

VI.6 shows the variation of In(a) with photon energy for all glasses in the range 

of a(ro) < 104cm-1. A linear plot is obtained for a certain region of absorption 

coefficient, which indicates Urbach's rule is followed in the region. One can note 

that the linear range is shortened as the [Cu2+] ratio of the glasses increases. 

The values of ~E in Eq. (VI.2) are calculated from the slopes of the linear plots 

and are given in Table VI.l. The variation of ~E as a function of [Cu2+] ratio is 

presented in Figure VI.7. ~E rises from O.26eV to O.82eV exponentially with a 

decreasing [Cu2+] ratio but is independent of the batch composition. The ~E's 

obtained for the copper phosphate glasses are much larger than the values for 

other oxide glasses.[123,236,237] Thus, it is doubtful whether the tail of the 

absorption edge is caused only by the fundamental absorption edge. A careful 

analysis of the absorption edge of vanadate glasses suggested that a broad 

absorption band at around 2.3 eV, which is characteristic of V4+ in a tetragonally 

distorted environment, overlaps the fundamental absorption edge. [122,233] 

Also, the absorption bands of iron ions in crystal fields were observed near the 

absorption edge of iron phosphate glass. [228] For crystalline solids [249] as well 

as for glasses containing copper [192,227-232], it has been found that absorption 

bands of Cu1+ are produced at 200nm to 300nm. For example, it has been 
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reported that the absorption bands in calcium metaphosphate glass are due to the 

trigonally distorted octahedral coordination of Cu1+.[193] Thus, it is reasonable 

to expect that the broad absorption band of Cu 1 + overlaps the fundamental 

absorption edge and the tail of absorption edge is governed mostly by the 

absorption band of Cu1+. This could explain why ~E is dependent only on the 

[Cu2+] ratio and not on the batch composition. The linear region of the plot in 

Figure VI.7 in which Urbach's rule is obeyed is shortened as the [Cu2+] ratio 

decreases since the absorption band of Cu 1 + makes a larger contribution. The 

absorption edges of the E and G glasses, which are nearly devoid of Cu1+, are 

intrinsic absorption edges without the overlapping absorption band of Cu1+. 

When the absorption coefficients of the oxidized glasses are subtracted from 

those of the reduced glasses of the same batch composition, then broad 

absorption bands centered at about 270nm are obtained as illustrated in Figure 

VI.S. The height of the absorption bands seems to be a function of the 

concentration of Cu 1 + in the glasses (A> B> F). Thus, these absorption bands are 

the crystal field absorption bands of Cu 1 + in a trigonally distorted octahedral 

environment. The wide distribution of local electric field intensities in the 

glasses is responsible for the breadth of these absorption bands, which in turn 

produce large ~E values for these glasses. 

VI.l.4 Conclusions 

The optical energy gap, Eopt, of copper phosphate glass is a function of both 

glass composition and [Cu2+] ratio in the glass. Eopt increases as the CuO 
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content for fixed [Cu2+] ratio and the [Cu2+] ratio for fixed glass compo::.ition are 

reduced. Electron excitation from hybridized 3d copper and 2p oxygen states to 

the conduction band near the Fermi energy is suggested to be the factor 

controlling the observed variation of Eopt with CuO content and the [Cu2+] ratio 

in the glass. Optical absorption bands of Cu1+ in its crystal field overlap the tail 

of the intrinsic absorption edge and broaden it. Therefore, the Urbach energy, 

~E, is determined largely by the [Cu2+] ratio in the glass rather than by the glass 

composition. 
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VI.2 Visible and Near-Infrared Optical Absorption of Glass" 

VI.2.1. Introduction 

Since the incorporation of transition metal ions into glass creates color in 

the glass by means of optical absorption, transition metal ions have been used 

as color centers in glass. Thus, the optical absorption of glasses containing 

transition metal ions (including copper ions) have been studied to explore 

their coloring mechanisms in different glass systems.[3,34,148-172] The 

electronic structure of the copper atom is 3d104s1, and the usual oxidation 

states are CuD, Cu1+, and Cu2+. The Cu2+ ion has partially filled d orbitals 

creating color centers in glass via an absorption band in the visible spectrum. 

Thus, most glasses which contain Cu2+ have a blue to green color. Colors 

produced in glasses by Cu2+ have been interpreted from the view point of 

ligand field theory.[3,155-157] The octahedral coordination of Cu2+ in glass 

produces a ligand field splitting of the free ion energy level. The absorption 

band in the visible spectrum associated with the copper containing glasses is a 

result of energy transitions between these perturbed energy levels. 

Studies of the variations in optical absorption band in the visible and 

near-infrared region of the spectrum with glass composition have been made 

previously. [158-172] However, most investigations of optical absorptions 

have been restricted to the glasses doped with copper as a color center, since 

the absorption coefficient of Cu2+ is very high in glasses. The absorption 

band is quite sensitive to the glass forming ions present in the glass, and its 

"To be published in /ollnzai of Non-Crystalline Solids. 
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peak position is located around 850 run in phosphate glasses.[34,169-172] 

Also, the peak position, shape and extinction coefficient of the absorption 

vary with the glass modifier content. In addition, the asymmetry and 

broadness of the absorption band has been demonstrated to be due to the 

presence of two or more overlapping absorption bands produced by the 

tetragonal distortion of the octahedral coordination of Cu2 + in 

glass. [157,158,160,168] This visible absorption band has been deconvoluted 

into two component absorption bands in silicate, borate and nitrate glasses. 

The positions of the deconvoluted absorption bands have been found to be 

dependent upon the glass composition. 

Herein, the optical absorption of copper phosphate glasses in the visible 

region of the spectrum is investigated. These glasses contain large copper 

content and consequently are deeply colored glasses exhibiting extremely high 

optical absorption in the visible-near infrared region of the spectrum. As 

mentioned, the Cu2+ in an octahedral field with a strong tetragonal 

distortion has been found to be responsible for this absorption. Cu 1 + has 

been shown to create optical absorption bands in phosphate glasses, 

too. [192,227-232] These optical absorption bands in copper phosphate glasses 

are centered in the UV region, but their tails extend into the visible portion of 

the spectrum. Thus, the minimum absorption in copper phosphate glasses is 

located between the absorption band and UV absorption edge. The position 

of this minimum absorption has been shown to shift toward higher energy 

with increase in the [Cu2+] ratio in the glass.[34] 

The objectives of the present study are: (1) to explain the color of copper 

phosphate glasses, as functions of the [Cu2+] ratio in the glass and glass 
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composition, via investigation of their optical absorption spectra, (2) to 

elucidate the features of the absorption band of copper phosphate glasses and 

compare the latter with those obtained from the copper doped glasses, (3) to 

obtain insights regarding changes in the Cu2+ environment as a function of 

the [Cu2+] ratio in the glass and glass composition. The [Cu2+] ratio in the 

glass is controlled without changing the glass composition (or adding 

reducing or oxidizing agents) by using various melting times, as was done in 

Ch IV. 

VI.2.2 Optical Absorption Spectra 

The compositions, melting and annealing conditions, and chemical 

analyses of the glasses which were prepared are given in Table VI.3. The 

actual compositions of the glasses may differ somewhat from the nominal 

composition due to vaporization of phosphorous, but its departure is not too 

great and is larger for lower CuO content in glasses, as illustrated in Ch. IV. 

VI.2.2.t Effect of Copper Valence States 

Colors of the glasses with SOCuO.SOP20S batch composition vary from tan 

to blue with increasing [Cu2+] ratio in the glasses as shown in Table VI.4. 

Optical absorption spectra of the glasses are shown in Figure VI.9. One 

observes a broad absorption band centered near 11000 cm-1 and a sharp 

increase in absorption (an absorption edge) at larger wavenumbers. The 

shape of the absorption band is similar regardless of the [Cu2+] ratio in the 



Table VI.3 Preparations and chemical analyses of glasses 

Batch Melting Melting Glass Composition Temperature Time 

A SOCuO.50P20S lOOOoC lSmins. 

B lOOOoC 30mins 

C 10000 C Ihr 

D lOOOoC 2hrs 

E 10000 C 6hrs 

F 40CuO.60P20S 10000 C 30mins 

G 10000 C 6hrs 

H SSCuO.4SP20S llOOoC 30mins 

I llOOoC 6hrs 

Annealing [Cu2+] (wt%) Temperature 

200°C 6.7S±1.70 

200°C lS.20±l.08 

300°C 22.20±O.84 

400°C 27.3S±O.S7 

SOOoC 29.0S±O.29 

200°C 12.49±1.10 

SOOoC 2S.4S±O.21 

200°C 18.92±1.21 

400°C 27.41±O.93 

[Cu2+] 
-----------(% ) 
[CUtotal] 

22.3±S.6 

SO.S±3.6 

74.0±2.8 

92.1±1.9 

99.5±1.0 

48.6±4.3 

99.8±O.8 

S6.3±3.6 

82.3±2.8 

...... 
0'\ 
\0 



Table VI.4 Characteristics of optical absorption spectra and colors of glasses 

Glass Absorption Band Extinction Coefficient (l mole-Iem-I ) Minimum Absorption Color 
Peak Wavenumber (em-I) at Peak Wavenumber Wavenumber (em-I) 

A 10800 74.95 16129 Tan 

B 10900 66.16 16447 Brown 

C 11000 58.35 17182 Yellow Green 

D 11100 61.21 17731 Green 

E 11100 69.78 18248 Blue 

F 10600 65.72 16502 Brown 

G 11000 57.24 18182 Blue 

H 10800 70.75 16556 Brown 

I 11500 63.00 17241 Green 

~ 

~ 
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glass, but the intensity and broadness of the absorption band is enhanced with 

increasing the [Cu2+] ratio in the glass. In addition, the absorption edge shifts 

to larger wavenumbers as the [Cu2+] ratio in the glass grows. Thus, the 

minimum position of the absorption between the absorption band and the 

absorption edge (listed in Table VI.2) moves to larger wavenumbers for 

higher [Cu2+] ratios in the glass. 

VI.2.2.2 Effect of Glass Composition 

For 40CuO.60P20S and SSCuOA5P20S batch composition glasses, the 

reduced glasses (F and H) are a brown color and the oxidized glasses (G and I) 

a green or blue color as shown in Table VIA. Figure VI.10 shows the optical 

absorption spectra of the glasses. All spectra exhibit similar absorption 

characteristics as observed for the SOCuO.SOP20S batch composition. The 

absorption bands of the oxidized glasses are more intense and wider than 

those of the reduced glasses for each composition. Also, one observes that 

the absorption edge changes depending on the glass composition and [Cu2+] 

ratio in the glass. The absorption edge moves to larger wavenumbers with 

increasing the [Cu2+] ratio and decreasing CuO content in the glass. 

However, the wavenumber of the minimum absorption position listed in 

Table VIA increases with growing the [Cu2+] ratio in the glass, irrespective of 

the glass composition. 

VI.2.2.3 Extinction Coefficient and Integrated Absorption Band 

Extinction coefficients of absorption band peaks are calculated and listed 

in Table VIA. One observes that the peak extinction coefficient is not 
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constant with Cu2+ content in the glasses. Although these values contain 

some errors due to measurement errors in factors such as concentration of 

Cu2+ and density of glass, they are not large enough to change the qualitative 

nature of the result. Thus, the estimation of relative [Cu2+] ratio in the glass 

by the peak extinction coefficient is not possible. The origin of these findings 

will be discussed in the following section. The areas of the integrated 

absorption bands were also computed, and are shown plotted as a function of 

concentration of Cu2+ (wt%) in Figure VI.II. The plot is linear showing that 

the area is proportional to the concentration of Cu2+ in the glass. Thus, the 

area of integrated absorption band may be used to determine the relative 

content of Cu2+ in the glass. 

VI.2.3 Discussion 

VI.2.3.1. Ligand Field of Cu2+ Coordination 

It is well known that Cu2+ is present in glass and aqueous complexes in 

an octahedral coordination.[1,2] The five d-orbitals of copper, which have the 

same energy in the free gaseous ions, are split into two degenerate energy 

levels when coordinated octahedrally with six ligands, the orbitals being in 

the lower energy level (2T2g) and in the higher energy state (2Eg) as shown in 

Figure II.S (b). In a regular octahedral complex without any distortion, the six 

ligands are equivalent, and a single absorption band corresponding to the 

electronic transition 2Eg -> 2T2g should be observed. The energy difference 

between 2Eg and 2T2g energy levels associated with this absorption band, is 
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usually denoted by 10Dq. However, a lack of cubic symmetry results due to 

the Jahn-Teller effect, which states that for degenerate states the most 

symmetric configuration is unstable, and hence a tetragonal distortion is 

produced. [1,2] This effect results in an elongated tetragonal octahedral 

stereochemistry with four short in-plane bond lengths and two larger axial 

bond lengths. The length of two longer axial bonds along the z-axis grow 

with tetragonal distortion and as a limiting case one observes a square planar 

complex without z-axial bonds. In the tetragonal distortion of the octahedral 

coordination, the orbitals partly directed along the z-axis are preferentially 

occupied and more stable. Thus, the energy states of the latter orbitals are 

lowered, while those of other orbitals increase, as the complex is more 

tetragonally distorted. This produces additional splitting of the d orbital 

energy levels as shown in Figure II.8 (b). As the degree of the tetragonal 

distortion increases, the splitting of the d orbital energy levels is enhanced, 

and thus the transition energies between energy levels change. However, the 

transition energy between the dxy and dx2_y2 orbitals ( 2B2g --> 2Blg) remains 

constant regardless of the tetragonal distortion and is equal to 10 Dq as in the 

case of an octahedral coordination without tetragonal distortion. 

VI.2.3.2 Deconvolution of Absorption Band 

As mentioned previously, as a result of the Jahn-Teller effect, more than 

one electronic transition is possible due to the splitting of d orbital energy 

levels, as illustrated in Figure 11.8 (b). If multiple energy transitions 

contribute to the optical absorption spectra, then one expects a broad and 

asymmetrical absorption band (as observed in this study; see Figures VI.9 and 
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VI. 10). Similar absorption bands have been found in Cu2+ complexes of 

other glasses and aqueous solutions.[34,157-160,165,167-173] This wide and 

asymmetrical absorption band has been explained in terms of overlapping of 

two or three component absorption bands. Each component absorption band 

corresponds to a single electronic transition and depends upon the degree of 

tetragonal distortion. 

This implies that the broad absorption band can be resolved into two or 

three component Gaussian absorption bands. In fact, the absorption bands of 

glasses containing copper as a dopant have been deconvoluted into two 

absorption bands, which for silicate glasses are centered at 126000 cm-1 and 

8500 cm-1[168], for borate glasses at 127000 cm-1 and 9000 cm-1[158,168], and for 

nitrate glasses at 12000 cm-1 and 9000 cm-1[160]. Three absorption bands at 

8500 cm-1, 12000 cm-1, and 13250 cm-1 were used to resolve the absorption 

band in cupric phosphate solutions, and these bands were assigned to the 

energy transitions 2B2g --> 2Blg, 2Alg --> 2Blg, and 2Eg --> 2Blg 

respectively. [173] However, these de convolutions are not applicable to the 

absorption band observed in the present study since the position and width of 

this absorption band differs from those seen earlier. Thus, other 

de convolutions into two or three component Gaussian curves have been 

attempted using curve-fitting software. The curve-fitting software was 

developed at the University of Arizona,[250] and provides for user-defined 

asymmetric Gaussian curve fits of up to nine overlapped spectral bands at one 

time. It has the option of choosing any of the independent variables such as 

peak wavenumber, left and right full width at half-maximum (fwhm), and 

intensity for each band in order to achieve the best fit. Curve fittings were 
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tried to fit the absorption band using two or three absorption bands. Better 

resolution and more reliable results were obtained by use of three component 

absorption bands at near 8000 cm-1, 10600 cm-1, and 12000 cm-1 rather than 

two component absorption bands. Examples of the deconvolutions of the 

absorption bands are illustrated in Figure VI.12 and the results are presented 

in Table VI.5. All deconvoluted bands have similar characteristics, with a 

strong band centered at approximately 10600 cm-1, and weak ones at lower 

and higher wavenumbers. As the [Cu2+] ratio in the glass for each 

composition is increased, the low and high wavenumber bands shift to 

higher wavenumber, but the position of the central band remains unchanged. 

From the inspection of energy level diagram shown in Figure 11.8 (b) one 

notes that the energy absorbed in the energy transition 2B2g --> 2Blg1 10Dq, is 

constant irrespective of the degree of the tetragonal distortion and is 

dependent on the kinds of ligand and metal ion.[1,2,175] Thus, the strong 

absorption band at 10600 cm-1 seems to correspond to the energy transition 

2B2g --> 2Blg, and hence the bands at 8000 cm-1 and 12000cm-1 are assigned to 

2Alg --> 2Blg and 2Eg --> 2Blg respectively. This assignment is different from 

those made in cupric phosphate solution.[173] 

From the above results, it is clear why the extinction coefficient at the 

absorption band peak is not relevant to the [Cu2+] ratio in the glass and glass 

composition. Since the absorption band consists of three component 

absorption bands, whose peak positions, intensities and width depend upon 

the extent of tetragonal distortion of Cu2+ coordination, neither the peak 

wavenumber nor the peak extinction coefficient of the absorption band will 

be related simply to the concentration of Cu2+ in the glass. However, the 



Table VI.5 Deconvoluted absorption bands and degree of tetragonal distortion. 

first band (cm-1) second band (cm-1) third band (cm-1) T= 
third. band 

Glass 
sec ond. band 

A 11640 10640 7920 0.74 

B 12140 10640 8000 0.75 

C 12520 10660 8080 0.76 

D 12720 10640 8120 0.76 

E 13080 10680 8240 0.77 

F 11920 10640 7800 0.73 

G 12560 10680 7920 0.74 

H 12320 10680 8080 0.76 

I 12960 10640 8320 0.78 

Energy Transition 2Eg -> 2Blg 2B2g --> 2Blg 2Alg --> 2Blg 

~ 

~ 
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area of the integrated absorption band must increase with enhancing the 

concentration of Cu2+ in the glass as shown in Figure VI.1I. 

VI.2.3.3 Variations of Absorption Band 

The peak position of the absorption band which is determined by the 

coordination of Cu2+ and its environment, is about llOOOcm-1 and varies 

with the [Cu2+] ratio and glass composition, as shown in Table VI.4. The 

peak wavenumber grows with increasing the [Cu2+] ratio and CuO content in 

the glass, but it does not change significantly. These observations pertain to 

the deconvoluted bands, too. Also, one notes that the absorption band 

broadens with increasing the [Cu2+] ratio in the glass. As the [Cu2+] ratio 

and CuO content in the glass are raised, the positions of the low and high 

wavenumber (third and first) deconvoluted bands shift to higher 

wavenumber, and, thus, the peak wavenumber of the absorption band 

increases. The shift of the first deconvoluted band to higher wavenumber as 

well as the broadening of the second deconvoluted band enhance the width of 

the absorption band as the [Cu2+] ratio in the glass is increased for each 

composition. 

The shape and peak position of the absorption band of copper doped 

glasses have been found to be sensitive to glass composition.[157-172] For 

phosphate glasses and phosphate solutions containing a small quantity of 

copper, the peak position of the absorption band has been found to be 

generally located about 12000 cm-1.[169-173] This peak wavenumber of the 

absorption band is somewhat larger than those of the copper phosphate 

glasses studied here. This may be due to overlapping of different component 
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absorption bands as shown in cupric phosphate solution[173]. However, the 

shape and width of the absorption band are very similar for both copper 

doped glasses and copper phosphate glasses, which contain a large content of 

copper .. 

VI.2.3.4 Tetragonal Distortion of Cu2+ Coordination 

From the energy level diagram shown in Figure 11.8 (b), one observes that 

the 2Alg --> 2Blg energy transition is most sensitive to the change in the 

degree of tetragonal distortion. Thus, the ratio of the peak wavenumber of 

the third band corresponding to this energy transition to the peak 

wavenumber of the second band (which is constant 10Dq), T, can be used to 

measure the extent of the tetragonal distortion. A similar ratio was used to 

determine the degree of tetragonal distortion in a cupric phosphate 

solution. [173] As the complex is more distorted, T increases from zero for 

regular octahedral complex to 1.66 for square planar complex.[17S] These 

ratios for the copper phosphate glasses are computed and range from 0.74 to 

0.78 as listed in Table V1.S. Thus, the coordination of Cu2+ in copper 

phosphate glass is a distorted octahedral coordination whose tetragonal 

distortion is less than that of the square pyramid. This coordination is the 

same as observed in crystalline copper phosphates[2S1]. The T values are 

slightly dependent upon the [Cu2+] ratio in the glass and glass composition, 

but much less than in phosphate solutions[173]. In general, the tetragonal 

distortion increases, but not significantly, with increasing the [Cu2+] ratio 

and CuD content in the glass. 
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VI.2.3.S Color of Glasses 

The color of the prepared glasses ranges from brown to green to blue as 

the [Cu2+] ratio of the glass is raised for each glass composition. The color of 

glasses containing copper is known to be determined by the absorption band 

in the visible and near-infrared spectral range. However, the color change in 

the glass depending on the [Cu2+] ratio in the glass has not been investigated. 

Since the peak position of the absorption band does not vary significantly 

with the [Cu2+] ratio in the glass, it is not responsible for the color changes in 

the glass. On the other hand, the tail ot the UV absorption edge extended to 

the visible spectrum region (400nm-700nm) effects the color changes in the 

glass. In addition to the visible absorption band originating from Cu2+, the 

tail of the UV absorption band produced by crystal field of Cu1+ in the 

glass[192,227-232], extends into the visible spectrum region and thus 

contributes to the color of the glass. For the oxidized glass, the absorption 

band of Cu1+ is negligible in the visible spectrum and a green or blue color is 

observed. As the [Cu2+] ratio in the glass decreases, the effect of the 

absorption band of Cu 1 + is enhanced and the color of glass changes to brown 

or tan. Since the extension of the absorption band of Cu 1 + into the visible 

region overlaps with the absorption band of Cu2+, one observes a minimum 

absorption between the visible absorption band and UV absorption edge. The 

wavenumbers of minimum absorption are listed in Table VI.4, and one 

observes that they fall in the visible region for all prepared glasses. Figure 

VI.13 shows the variation of the minimum absorption position as a function 

of the [Cu2+] ratio in the glass. The position of minimum absorption shifts 

to larger wavenumbers as the [Cu2+] ratio in the glass increases, regardless of 
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the glass composition. This variation agrees well with the change in the 

color of the glass. The shift in the position of minimum absorption with 

glass composition has been given for other copper phosphate glasses in terms 

of the influence of glass composition upon the [Cu2+] ratio in the glass.[34] 

The present results support this description of the behavior of the change in 

the wavenumber of minimum absorption as a function of glass composition. 

VI.2.4 Summary and Conclusions 

Copper phosphate glasses show color due to an absorption band in the 

visible through near-infrared region of the optical absorption spectra. The 

absorption band exhibits similar characteristics but smaller peak wavenumber 

compared to those of copper doped phosphate glasses and solutions. The 

absorption band consists of three component Gaussian bands, each of which 

corresponds to an energy transition between assigned energy levels in a 

tetragonally distorted octahedral complex, and is responsible for the relatively 

large width and asymmetry of the absorption band. It is found that the 

tetragonal distortion of the octahedral coordination of Cu2+ in the copper 

phosphate glass increases, but not significantly, as the [Cu2+] ratio and CuO 

content in the glass are enhanced. The position of minimum absorption 

produced by the overlapping of the absorption bands of Cu1+ and Cu2+ shifts 

to larger wavenumbers with increasing the [Cu2+] ratio in the glass and is 

responsible for color changes in the glass. 
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VII. Chemical Durability of Glass" 

VII.1 Intrt)duction 

Phosphate glasses are of technological interest due to their superior 

physical properties to other glasses, such as high thermal expansion 

coefficients, low melting and softening temperatures, UV transmission and 

other optical characteristics, and electrical conduction. For example, the 

combination of high thermal expansion and low softening temperature 

makes phosphate glasses potential candidates for sealing to metals such as 

aluminum, aluminum alloys, or stainless steels.[80] However, their poor 

chemical durability prevents them from replacing more conventional glasses 

in applications. There have been many studies on the chemical durability of 

phosphate glasses in aqueous solutions, mainly in deionized water. [60,78,80, 

85,220,221,252-263] The dissolution rate of a phosphate glass is quite sensitive 

to the precise glass composition. However, dissolution rates in phosphate 

glasses usually range from 10-4 to almost 10-9 g/ cm2min. 

It has been possible to prepare phosphate glasses with resistance to 

aqueous corrosion comparable to silicate glasses. For example, the chemical 

durability of a phosphate glass can be increased by more than 1000 times when 

nitrogen is chemically dissolved in it.[259-262] Also, lead iron phosphate 

glasses, of potential application for nuclear waste disposal, are found to be 

more durable than borosilicate glasses.[78] In other words, by judicious 

selection of glass compositions, phosphate glasses can be made highly durable. 

,. To be published in Glass Technology. 
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For glass-to-metal sealing applications, low softening temperature, high 

thermal expansion glasses are desired with good chemical durability. There 

have been many attempts to find durable phosphate glass compositions with 

low softening temperature and high thermal expansion.[80,85,220,221,252-

255,259-262] Unfortunately, the improved chemical durability is often 

accompanied by substantial decrease in the thermal expansion coefficient and 

increase in the softening temperature. On the other hand, in the glasses 

based on the Pb-Sn-P-O-F system, significant departure from the normal 

relationship between softening temperature and durability was found.[85] 

Also, glasses with good chemical durability and acceptably large thermal 

expansion coefficients have been obtained by incorporating the appropriate 

divalent cations in phosphate glass.[255] 

Recently, it was shown that the valence state of a transition metal ion in a 

phosphate glass may affect the chemical durability of the glass.[256] It was 

observed that a CaO-P205-Fe203 glass melted in an oxidizing atmosphere had 

lower dissolution rate than glasses melted in air or inert atmosphere. Since 

very little work has been performed upon the influence of valence state of 

transition metal ions upon chemical durability, we decided to investigate the 

dissolution rates of simple binary copper phosphate glasses having various 

[Cu2+] ratio. In addition, we have studied the effects of glass composition 

and solution pH upon the glass dissolution rate. The results of these studies 

will be presented and discussed, and compared to dissolution behavior 

exhibited by different phosphate glass compositions examined previously by 

others. 
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VII.2 Experimental Results 

The glasses studied are listed in Table VII.1 with their [Cu2+] ratio, 

melting and annealing conditions, and glass transition temperatures. 

VII.2.1 Effect of Copper Valence States 

The dissolution of glasses in deionized (DI) water, having the nominal 

composition 50CuO.50P205, have been examined. The durability of the 

glasses is found to be very sensitive to the valence states of copper in the glass. 

Figure VII.1 shows the weight losses per unit surface area as a function of 

time for the glasses having different [Cu2+] ratio. Linear plots were obtained 

for all the glasses, and their slopes were used to determine the dissolution 

rates which are listed in Table VII. 2. The E glass which is the fully oxidized 

glass, exhibits a very high dissolution rate (6.01x10-6 g/cm2min) compared to 

the reduced glasses, A and C. The greater the fraction of Cu1+ in the glass 

(i.e. lower [Cu2+] ratio), the higher its durability. The lowest dissolution rate 

found for the most reduced glass, A, is 3.54x10-7 g/ cm2min. 

The glass transition temperatures (Tg) of the glasses, which were 

measured in Ch. V and are listed in Table vn.1, increase as the [Cu2+] ratio in 

the glass is raised. Therefore, a lower glass transition temperature and better 

durability in water can be obtained by lowering the [Cu2+] ratio in the glass. 

This behavior is ideal for developing metal sealing glass. This relationship is 

in contrast to the general observations in phosphate glasses in which the glass 

softening temperature increases as the chemical durability is 

enhanced. [80,85,220,221,252-255.259-262] 



Table VII.1. Preparations, chemical analyses, and glass transition temperatures of glasses. 

[Cu2+] Batch Melting Melting Annealing Glass Total Cu (%)* (%) Composition Temperature Time Temperature 
[CUtotaI1 

A SOeuO.50P20S 10000e lSmins. 2000e 30.3 24.S±8.7 

e 10000e 1hr 3000e 30.0 70.O±S.8 

E 10000e 6hrs soooe 29.3 99.2±1.0 

G 4OCuO.60P20S 10000e 6hrs soooe 25.5 99.S±1.2 

I SSeuO.4SP20S HOOoe 6hrs 4000e 33.3 79.2±6.3 
Error range is within 1%. 

Tg(OC) 

165 

333 

427 

~ 
00 
\0 



Table VII.2 Dissolution rates of glasses in various pH solutions. (g/ cm2.min) 

----_ .. _--

Glass pH 1.00 pH 4.00 __ DI Water pH 7.00 pH 10.00 

A 

C 

E 

G 

I 

3.54 x 10-7 

5.78 x 10-5 

6.72 x 10-7 

1.32 x 10-5 

3.54 x 10-7 

9.82 x 10-7 

6.01 x 10-6 

5.02 x 10-6 

9.73 x 10-6 

1.34 x 10-6 

4.76 x 10-6 

1.07 x 10-5 

1.24 x 10-5 

I-l 
\0 
a 
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VII.2.2 Effect of Solution pH 

The dissolution of the glasses A and E, having disparate [Cu2+] ratios, 

have been investigated in buffered solution of various pH.[257,258,262] The 

dissolution of the glasses is shown to be very sensitive to the solution 

pH. [66,257,258] The dissolution of the E glass in various pH buffered 

solutions are shown in Figure VII.2 and their dissolution rates are listed in 

Table VII.2. The glass dissolution in very acidic solutions (pH 1.00 buffered 

solution) is extremely fast, with a dissolution rate of 5.78x10-5 g/cm2min. 

Milder acidic solution (pH 4.00 buffered solution) and basic solution (pH 10.00 

buffered solution) also attack the glass more rapidly than neutral solution and 

DI water. Figure VII.3 represents the dissolution of the A glass in various pH 

buffered solutions and Table VII.2 list their dissolution rates. Unlike the 

situation for the E glass, the basic solution rather than the acidic solution 

dissolves the glass much more rapidly. Even the dissolution in neutral 

solution (pH 7.00 buffered solution) is more favorable than in DI water. 

Thus, minimum dissolution rate of the A glass occurs in DI water, while that 

of the E glass is in neutral solution. This behavior is not normally found in 

the dissolution of glasses. This behavior might be due to the particular 

composition of pH 7.00 buffered solution (monobasic potassium phosphate 

and sodium hydroxide) but the underlying reason is unknown. 

VII.2.3 Effect of Glass Composition 

The dissolution of glasses in DI water has been studied as a function of 

glass composition (40CuO.60P20S, 50CuO.50P205, 55CuOA5P205). The 

results are shown in Figure VIlA and their dissolution rates are found in 
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Table VII.2. All glasses were melted for 6hrs to produce the greatest value of 

the [Cu2+] ratio as possible. The lowest P205 content glass, I, shows the 

highest dissolution rate. The dissolution rate for the latter glass is greatest 

even though its [Cu2 +] ratio is only about 80%, while the other glass 

compositions contain virtually 100% [Cu2+] ratio. Thus, for phosphate glass 

compositions which are easily prepared and handled in air, the dissolution 

rate increases as the P205 content in the glass is reduced. The same 

composition dependence of dissolution behavior is shown in other 

phosphate glasses.[60,258] 

VII.3 Discussion 

VII.3.1 Dissolution Mechanisms of Phosphate Glasses 

There have been several studies of the dissolution mechanism of 

phosphate glasses in aqueous solutions.[65,258,263] Phosphate glasses might 

dissolve by one of two mechanisms: hydrolysis or hydration reactions. The 

hydrolysis reaction of covalent P-O-P bonds would result in the ultimate 

destruction of the polymeric phosphate network to produce orthophosphate. 

On the other hand, the hydration reaction occurs at modifier cations, 

disrupting ionic bonds between the phosphate chains. It has been shown that 

P-O-P bonds in linear phosphate chains are as resistant to hydrolysis as Si-O-Si 

bonds in neutral pH solutions and the rates of phosphate chain hydrolysis are 

slow relative to glass dissolution rates.[65,263,264] For these reasons, it is 

believed that the dissolution of phosphate glass is governed by the phosphate 
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chain hydration mechanism rather than the network hydrolysis mechanism. 

Therefore, the chemical durability of phosphate glasses have been postulated 

to depend mostly on the ionic cross-links of modifier cation between the 

phosphate chains. If follows that better chemical durability will be obtained 

by strengthening the cross-links between the phosphate chains by changing 

modifier cations. This conjecture is in accord with experimental 

observations. For example, a smaller alkali radius in alkali phosphate glasses 

results in a higher field strength, which increases the chemical 

durability. [254,260] Also, it was found that the chemical durability is 

enhanced as the alkaline earth content of the glass increases. It is believed 

that this increase is due to the formation of a metal chelate structure which 

serves as a strong ionic cross-link between the nonbridging oxygens of two 

different phosphate chains. Thus, replacing alkali oxide by alkaline earth 

oxide decreases the dissolution rate of the phosphate glasses.[65] It has been 

found that cross-linking agents such as Al203, Fe203, Ag20, and PbO are 

effective additives, also, for improving the chemical durability of phosphate 

glasses. [254] 

However, dissolution of phosphorus oxynitride glasses have been 

explained in terms of a network hydrolysis mechanism rather than the chain 

hydration mechanism which has been invoked for the phosphate glasses.[263] 

VII.3.2 Chemical Durability and Phosphate Glass Composition 

The glass composition dependence of the dissolution can be explained on 

the basis of the polymeric structural model of phosphate glass suggested by 

Van Wazer.[63] The basic unit in the network is the tetrahedral P04 group 
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which can be bonded to a maximum of three neighboring groups through 

bridging oxygens. The addition of modifier oxides disrupt the bridging P-O-P 

bonds and lowers the number of branching P04 tetrahedra. At P205 content 

of 50 mole%, the glass structure consists of long linear P04 chains without 

branching tetrahedra. Two compositional regions are considered: (1) P205 > 

50 mole%, where branching P04 tetrahedra are found and (2) P205 < 50 

mole%, where no branching P04 tetrahedra exist. In case (1), the branching 

P04 tetrahedra serve as steric hindrance to the diffusion of water into the 

glass and consequently lower the dissolution rate. However, as the fraction 

of branching P04 tetrahedra increases, a good deal of strain is introduced into 

the network which encourages the hydrolytic cision of these branching units. 

In turn this allows the phosphate chains to be dissolved readily, leading to 

increase in dissolution rate. Thus, the lowest dissolution rate was predicted 

to be at approximately the 60 mole% P205 composition.[60] However, since 

water is usually present and acts as a modifier in the ultraphosphate glasses, 

the dissolution rate was found to be nearly independent of composition for 

P205 greater than 55 mole%.[60] In case (2), below 50 mole % P205 

compositions, further addition of modifier oxides shortens the phosphate 

chain. Since chains must be hydrated and released for dissolution, the 

shorter phosphate chains can be dissolved more easily. As a result, the glass 

composition containing greater P205 content with longer phosphate chains 

improves the chemical durability of the glass. The glass composition 

dependence of the dissolution for the copper phosphate glass obtained in this 

study agrees in general with this model. 
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VII.3.3 Solution pH Dependence of Dissolution 

The dissolution rates of the A and E glasses are compared as a function of 

the solution pH in Figure VI1.5. In general, the reduced glass, having lower 

[Cu2+] ratio, shows higher chemical durability than that of the oxidized glass. 

In the E glass, the dissolution rate is accelerated in both acidic and basic 

solutions, as in other phosphate glasses.[65,258] However, the dissolution 

rate of the A glass shows relatively small increase in acidic solution but much 

greater increment in basic solution. In comparison with the E glass, the A 

glass is much more durable in acidic solution, while the difference between 

the dissolution rates in basic solution are reduced as solution pH increases. 

This appears to indicate that the dissolution mechanisms for the reduced and 

oxidized glasses may differ in the acidic solutions but not in the basic 

solutions. Also, as indicated in previous work, [257,258] dissolution 

mechanisms in acidic and basic solutions probably differ, too. 

The chemical analysis of copper and phosphorus dissolved in the 

solutions are presented in Table VII.3. In acidic solution and DI water, the 

glasses are dissolved uniformly as in other phosphate glasses.[65] However, 

larger phosphorus and smaller copper concentrations are found in the basic 

solution, particularly for the reduced glass. This observation indicates, also, 

confirms that the dissolution mechanisms differ in acidic and basic solutions. 

As mentioned, most previous investigations have found that phosphate 

glass dissolution increase with the acidity of the buffer solution. However, 

unusual solution pH dependences of the chemical durability of phosphate 

glasses have been reported.[257,258] For example, the dissolution rate of 

alkaline phosphate glasses in acidic solution was found to increase with 
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increasing MO/P20S ratio, whereas the reverse was true in basic solutions. 

Also, the dissolution rates of lithium-zinc phosphate glasses exhibited double 

minima when plotted against solution pH. However, no convincing 

explanation has been given for these curious features. 

Table VII.3 Chemical analyses of solutions after dissolution. 

Solution Glass [P]/[Cu] (mole ratio) 

A 1.92 ± 0.08 
pH 1.00 

E 2.03 ± 0.06 

A 1.91 ± 0.07 
DI Water 

E 1.99 ± 0.04 

A 2.82 ± 0.12 
pH 10.00 

E 2.28 ± 0.07 

As mentioned earlier, it is believed that the phosphate chain hydration 

mechanism governs dissolution of most phosphate glass. Bunker et. al.[6S] 

have found that H+ ion (in acidic solution) and OH- ion (in basic solution) 

are consumed during the dissolution of the glass. Thus, they explained the 

reason why phosphate glass dissolution is accelerated in acidic solution as 

follows. In acidic solution, the phosphate chains are protonated, which 

disrupts crosslinks between phosphate chains, via the chemical reaction: 

... _---_ .. _--



o 
I 

=0 -P -OM + H+ ---> 
I 
o 

o 
I 

=O-p-OH 
I 
o 
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(VII. 1) 

Once the phosphate chain crosslinks are broken by the above reaction, an 

entire phosphate chain can be rapidly dissolved. Thus, uniform dissolution 

is found in acidic solution, and dissolution is accelerated since the rate of the 

above reaction is proportional to [H+]. 

The explanation given above is consistent with our experimental 

findings for the dissolution of the oxidized glass in acidic solutions. 

However, the chemical durability of the reduced glass is virtually 

independent of solution pH in the acid regime although it dissolves 

uniformly. The latter feature suggests that phosphate chain protonation 

plays a role for the dissolution of the reduced glass, too. However, the lack of 

pH dependence may indicate that the reaction (VII.1) is not the rate limiting 

step in this case. 

In basic solutions, the dissolution of both oxidized and reduced glasses are 

accelerated with increasing solution pH. This observation is consistent with 

previous findings. On the other hand, unlike the observations of Bunker et 

al. [65], we found that the glass dissolves non-uniformly in basic solution, 

with an enhancement of the [P]/[Cu] ratio. The greater dissolution of 

phosphorus in basic solution probably indicates that the dissolution 

mechanism in acidic and basic solutions are quite dissimilar. 
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VII.3.4 Chemical Durability and Copper Valence States in Glass 

It has been noted that as the proportion of CuI + ion in the glass increases 

the chemical durability is enhanced. This feature is particularly apparent in 

acidic solutions where the dissolution rate of the A glass can be a couple of 

orders of magnitude smaller than that of the E glass. 

Some of the standard explanations which have been used to rationalize 

the variations in chemical durability of phosphate glass with composition 

[65,253,254,261] do not seem to apply to the present observations. For 

example, the chemical durability has been postulated (and observed in other 

phosphate compositions) to increase with the field strength of the glass 

modifier cation. The latter relationship has been explained as resulting from 

the ability of cation with higher field strength to provide a stronger cross-link 

between phosphate chains, which in turn makes the dissolution more 

difficult. However, on the basis of the above argument, one would anticipate 

the E glass to be more durable than the A glass since Cu2+ ion has higher field 

strength than CuI + ion. Also, structural considerations based upon the 

ability of certain cations to form metal chelate structures and enhance 

chemical durability do not explain the experimental findings presented here. 

Divalent cations, such as alkaline earth cations, usually provide superior 

chemical durability for phosphate glasses compared with monovalent 

alkaline cations. This observation has been explained in terms of structural 

models for monovalent and divalent cations in phosphate glasses. 

Although the reason why the A glass is more durable than the E glass is 

not known, the present results might be explained as follows. As mentioned 

in a previous review,[265] hydration in the dissolution of phosphate glass is 
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most likely controlled by two factors: (1) the bond strength of cross-link 

between modifier cation and phosphate chain, and (2) the affinity of the 

cation to be hydrated. In the explanations given above only factor (1) was 

taken into account. However, depending upon glass· composition both 

factors may be of importance. In hydration reaction, ion-dipole (CuI + or 

Cu2+-H20) interaction plays an important role in determining how soluble 

an ionic compound will be in water. The Cu2+ ion has a greater electrostatic 

interaction with water than CuI + ion since the former ion is smaller and has 

a more concentrated charge. Furthermore, it has been suggested that the 

hydration of transition metal ions should be influenced by the crystal field 

effect. [266] The Cu1+ ion whose d orbitals are filled shows no effect, but Cu2+ 

ion gives stabilization effect and cause higher ion-dipole interaction. 

Therefore, in the present study, factor (2) favors an enhanced chemical 

durability for the reduced glass. If the latter consideration is of more 

importance than the strength of cross-links between phosphate chains, then 

one could understand the superior chemical durability of the more reduced 

glass. 

VII.3.S Effect of Heat Treatment 

Since the dissolution is associated with diffusion process, the chemical 

durability of the glass can be improved by some treatments of glass surface. 

The reduction of alkali content of the glass surface obtained by heating in an 

atmosphere of S02 or by adding various chemicals to glass surface increased 

corrosion resistance.[267,268]] Also, formation of thin durable layer on the 

glass surface by ion-exchange enhanced chemical durability of phosphate 
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glasses. [269] In addition, the effect of heat treatment on the chemical 

durability of silicate glass surface has been studied.[270] 

The surface of the reduced glass containing CuI + ion is prone to oxidize 

during heat treatment in air. After heat treating the reduced glass sample at 

3000 C for 10 hrs, the shiny and homogeneous oxidation coating on the glass 

surface was formed. This coating surface is believed to be CuO and appears to 

protect the dissolution in the solution. Its dissolution was examined in DI 

water and buffered solutions of various pH. The result is shown in Figure 

VII.6. The weight loss is never found for dissolution in DI water for 30 days. 

The oxidation layer on the glass surface is inert and remains during the 

dissolution in DI water. Thus, it does not allow diffusion process between 

glass and water and protects the glass from attacking by water. However, the 

dissolution in buffered solutions are still as great as those of parent glass. In 

this case, the oxidation surface layer is rapidly destroyed by the solutions and, 

thus, can not keep the glass from the dissolution. 

VII.4 Summary and Conclusions 

The chemical durability of copper phosphate glasses has been studied as a 

function of glass composition, valence state of copper ion, and solution pH. 

The observations and conclusions can be summarized as follows: 

(1) The chemical durability of the glass increases with increasing P205 

content in the range 40-55 mole% CuO composition for the reason discussed 

previously. 
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(2) The more reduced glass exhibits better chemical durability than the 

oxidized glass of the same composition. This finding could be related to the 

relative difficulty of Cu 1 + ion hydration. 

(3) The dissolution rate of the reduced glass in acidic solution is virtually 

independent of solution pH, while that of the oxidized glass increases 

dramatically with decreasing solution pH. The anomalous solution pH 

dependence behavior of the reduced glass most likely could ll.Qi be attributed 

to a hydrolysis reaction or a ion-exchange diffusion controlled dissolution 

mechanism. 

(4) The difference between the chemical durability of the reduced and 

oxidized glasses decreases in basic solutions. Also, elevated [P]/[Cu] ratios are 

detected in basic solution. It appears that the dissolution mechanism is 

independent of valence state of copper ion for the basic solutions, and this 

mechanism differs from those operative in acidic solutions. 

(5) The heat treatment of the reduced glass in air enhancesthe durability 

in DI water by forming oxidation layer on the glass surface. 
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208 

VIII. STRUCTURE AND ION CLUSTERING OF GLASS 

VIII.t Introduction 

Phosphate glasses are made up of the basic phosphate tetrahedral 

structural units, in a manner exactly analogous to the silicate tetrahedra in 

silicate glasses. The compound P20S, which consists solely of such 

tetrahedra, can easily be formed into a glass with cross linking between 

tetrahedra. Addition of metal oxides results in the breaking of the cross 

linking, with the metal in the glass serving as the network modifier. When 

the ratio of cation to phosphorus reaches a value of one, one has theoretically 

a long chain linear polymer of almost infinite length. However, in fact, the 

chain lengths are only of several hundred phosphorus atoms per anion 

which arises from practical reasons. The metaphosphate compositions are 

hygroscopic, and the small traces of moisture picked up are effective chain 

breakers. Further increase in the ratio of metal cation to phosphorus leads to 

a decrease in the chain length, due to the fact that the metal cations 

themselves act as chain terminators. In addition to the linear and branched 

chains, a small amount of phosphate tetrahedra can be present in the form of 

rings. Eventually, at the orthophosphate end, the structure is simply M3P04 

with no polymeric character. 

Several analytical techniques have been successfully used for 

investigation of the structure of phosphate glasses. Chromatography has 

been used for determining the chain length of phosphates in glasses.[67] 

Vibrational spectroscopies, which includes infrared and Raman 
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spectroscopies, have been the most commonly used techniques for 

determining the molecular structure of phosphate glasses, such as the 

arrangement of the molecules, the bond type and the force fields in the 

glass. [35,70,71,103,] However, Raman spectroscopy has been used more 

successfully because the absorption bands are narrower than the infrared 

absorption bands and bulk samples can be run in the Raman experiment, 

whereas special sample preparation and handling techniques are required for 

infrared spectroscopy due to the extremely large absorption. X-ray 

photoelectron spectroscopy has been used to determine not only the fraction 

of nonbridging and bridging oxygens but also the possibility of doubly bonded 

oxygens.[68,69] In recent, 31p MASS-NMR studies of phosphate glasses have 

rapidly developed because of the power they exhibit in resolving the short

range order. 

In this chapter, infrared spectroscopy of copper phosphate glasses having 

various [Cu2+] ratio will be reported and compared with previous results of 

other phosphate glasses. Then, the different structure of copper phosphate 

glass depending on the [Cu2+] ratio in the glass will be discussed. Also, our 

glass samples were sent to Dr. Weeks in Vanderbilt University to take 

electron spin resonance (ESR) spectroscopy. Their results and discussions 

will be summarized. Finally, heterogeneities, such as clustering and phase 

separation, have been examined using small angle X-ray scattering (SAXS) 
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VIII.2 Results and Discussion 

VIII.2.1 Infrared Spectroscopy 

The infrared spectra of glasses were measured from 4000 to 400 cm-I. In 

the region 4000 to 1400cm-1 there were no sharp absorption bands except for 

very weak peak around 2360 cm-1. This observed absorption band is caused 

by a small amount of water and assigned to P-O-H stretching mode.[273] 

However, the absorption bands near 3450 and 1640 cm-1 which have been 

observed in other phosphate glasses and assigned to OH- stretching and OH

bending vibrations respectively,[279,280] are not distinguished in the spectra. 

It seems that very small content of water or OH- in the glass do not have a 

measurable effect on the structure. It appears that the most of water in the 

glasses occurred by the intake of water from air moisture after glass 

pre par a tion. 

The infrared spectra of the glasses in the region 1600 to 400 cm-1 are 

presented in Figure VIII. 1 and frequencies of prominent absorption peaks are 

listed in Table VIlLI with their [Cu2+] ratio. All spectra of the glasses are 

very similar to those of the other phosphate glasses investigated previously. 

[272,275-278,280-283] Also, there is no significant difference in the spectra 

except for the small shifts of some absorption band frequencies depending on 

the [Cu2+] ratio in the glass. The major broad absorption bands observed in 

the spectra are near 1260, 1060,910,780 and 480 em-I 

The infrared spectra of 153 inorganic phosphate compounds have been 

studied by Corbridge et. al.[271] The many functional groups were found 

with a wide range of absorption frequencies, which produce the broadening of 

the absorption bands. Also, the broadening of the absorption bands are, in 



Table VIII.l 

Glass 

A 

B 

C 

D 

E 

[Cu2+] ratio and infrared absorption bands of glasses. 

[Cu2+] 
(%) Absorption Bands (cm-1) 

[CUtotad 

22.3±5.6 1276 1054 936 774 

50.5±3.6 1264 1062 932 780 

74.0±2.8 1258 1064 928 780 

92.1±1.9 1252 1072 938 786 

99.5±1.0 1246 1076 942 786 

482 

488 

482 

492 

492 

N ..... ..... 
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part, due to cross-linked three dimensional phosphate structure, as suggested 

previously. [282] The assignments of infrared absorption bands made by 

Corbridge [273] are shown in Table VIII.2. Using this result, Miiller [274] 

argued that the P=O double bond frequency lies at 1285-1205 cm-1, the ionic p

O- stretching is characterized by a frequency at 1110cm-1 and the P-O-P ring 

frequency occurs between 805 to 740 cm-1. Also, the absorption band near 900 

and 500 cm-l have been assigned to P-O-P bond linkages and (P04)3- group 

respectively. Thus, the absorption bands obtained in present study at around 

1260, 1060,910, 780 and 480 cm-1 can be assigned respectively to P=O double 

bond, P-O- stretching, P-O-P linkages, P-O-P ring, and (P04)3- group. 

Table VIII.2 Assignment of infrared absorption peaks in phosphate.[273] 

Linear polyphosphates 

v(as)(P02) 

v(s)(P0 2) 

v(as)(POP) 

v(s)(POP) 

Cyclic polyphosphates 

VP02{exocyclic str.) 
VPOP(symmetric str.) 

1200 -1300 cm-1 

1100 -1170 cm-1 

850 -1050 cm-1 

650 - 800 cm-1 

1100 - 1350 em-I 

690 -1080 cm-1 

Compared to the alkali and alkaline-earth metal phosphates, the 

frequencies of the absorption bands of P=O double bond (near 1260cm-1) and 

the ionic P-O- stretching (near 1060cm-1) for copper phosphate glasses are less, 
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as presented in silver phosphate glasses.[275] As shown in Figure VII!.1 and 

Table VIII.1, the absorption band of the p=o double bond shift to lower 

frequencies and that of the P-O- stretching moves to higher frequencies as the 

[Cu2+] ratio in the glass grows, although their shifts are too small. It has been 

found that the absorption bands of the p=o double bond and the P-O

stretching shift to lower frequencies as CaO and Na20 are replaced wi~h CuO 

and AgO respectively in calcium copper phosphate and sodium silver 

phosphate glass compositions.[275,278] Such a shift has been discussed in 

terms of the existence of covalent formation between the nonbridging oxygen 

ions and metal ions. This agrees well with the present result that the 

absorption band of the P-O- stretching moves to lower frequency with 

growing the [Cu2+] ratio in the glass due to the higher covalent character of 

the P-O-Cu2+ bond than the P-O-Cu1+ bond. However, the higher frequency 

of the absorption band of the P=O double bond for the higher [Cu2+] ratio in 

the glass can not be interpreted by the covalent character of the bond between 

oxygen and copper ions. Although this shift of the absorption bond is 

obscure to be explained, it seems to relate to force constant between 

phosphorus and oxygen, as done previously.[275] 

Other major absorption band frequencies are seems to be very similar 

with and independent of the [Cu2+] ratio in the glass. The absorption band at 

about 910 cm-1 which has been assigned to the P-O-P linkages, has been found 

to shift to higher frequency as the field strength of the metal cation 

increases. [272] Although Cu2+ has the higher field strength than Cu1+, the 

frequency of the absorption band near 910 cm-1 does not vary with the [Cu2+] 

ratio in the glass. Since the absorption bands of the P-O-P ring and the 
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(P04)3- group are overlapped with other absorption bands, the absorption 

bands are very broad and their frequencies are variable. For example, the 

absorption band of P-O-P ring is superimposed with that of linear v'(s)(POP) 

mode at lower frequency. [275] 

Unfortunately, the absorption bands of copper ions vibration mode which 

may be the probe to detect different valence states of copper in the glass, are 

not shown in the spectra. The absorption bands of metal cation vibration 

modes have been observed in the far infrared region (lower frequency than 

400 cm-1). [283] 

VIII.2.2 Electron Spin Resonance (ESR) Spectroscopy 

Two types of copper phosphate glasses having different [Cu2+] ratio, one 

is the fully oxidized (E glass) and the other is the reduced (A glass), were sent 

to Dr. Weeks in Vanderbilt University to examine the ESR. The glasses were 

measured the ESR spectra at 9.78 GHz (X-band) and 35 GHz (Q-band) in the 

110 to 300K temperature range and at room temperature. The results and 

discussions were reported.[284] 

Typical ESR spectra of the A and E glasses at 300K are shown in Figure 

vm.2 and Figure VIII.3 respectively. The ESR spectra are symmetric in both 

X-band and Q-band. However, the ESR spectrum of the A glass is dependent 

on spectrometer frequency and an additional small signal with g=2.06 is 

observed in the Q-band spectrum. This signal is not resolved in the X-band 

spectrum. The A glass has the higher g value, g=2.218, than that of the E 

glass, g=2.208. On the other hand, the linewidths of the A glass is less than 

those of the E glass in both X-band and Q-band spectra. From the integrations 
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of the spectra, the concentrations of Cu2+ ion in the glasses are calculated 

using a crystal of CuS04.5H20 as the standard. It is found that the [Cu2+] 

ratio of the A glass is about 26% of the E glass. 

The temperature dependence, between 300K and 110K, of the resonance 

field, linewidth, and signal intensity, was investigated. For the A glass, the 

resonance field increases and the linewidth decreases monotonically with 

decreasing temperature. For the E glass, the resonance field increases with 

reducing temperature but the linewidth is invariant with temperature 

between 300K and llOK. The intensity of Cu2+ ESR signal for the A and E 

glasses as a function of temperature is shown in Figure VIllA. For the A 

glass, the increase in the intensity with decreasing temperature fits a 

Boltzmann function. However, for the E glass, the intensity follows a 

Boltzmann function from 300K to 240K and increases drastically at lower 

temperature than 240K. In Figure VIllA, the dash lines are the curve for a 

Bol tzmann function. 

The broad linewidths in the ESR spectra of the A and E glasses are 

attributed to magnetic interactions (dipole-dipole and exchange) between 

Cu2+ ions. Since the linewidth is enhanced with increasing spectrometer 

frequency, both dipole-dipole and exchange interactions between Cu2+ ions 

exist in the glasses. The broader linewidths than the expected values are 

strongly due to the dipole-dipole interactions of clustered Cu2+ ions in the 

glasses. The E glass has greater clustering of Cu2+ ion because of much 

broader linewidth than the A glass. For the A glass, small shoulder at g=2.06 

corresponding to the g.L signal for Cu2+ is observed in the Q-band spectrum as 

shown in Figure VIlI.2 (b). This suggests that Cu2+ ions are clustered and 
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isolated as two set of ions in the A glass. Thus, the magnetic clustering of 

Cu2+ ions is observed in both glasses and enhances as the [Cu2+] ratio in the 

glass grows. This clustering of Cu2+ ions may be produced by the 

heterogeneity in the glasses. The heterogeneity, physical clustering or phase 

separation, in the glasses was also examined using SAX and will be discussed 

in next section. 

The Boltzmann dependence of the intensity of Cu2+ ESR signal for the A 

glass indicates that exchange interactions are small and magnetic ordering is 

same with temperature. On the other hand, the E glass shows more rapidly 

increase in the intensity than Boltzmann function below 240K. This 

dependence results from the exchange interactions between the clustered 

Cu2+ ions which produce the ordering of ferromagnetic or antiferromagnetic 

spins. Since the intensity follows Boltzmann dependence above 240K, 

thermal effect is dominate and the glass is paramagnetic. Thus, the E glass is 

spin glass. 

VIII.2.3 Small-Angle X-Ray Scattering (SAXS) 

Since small-angle X-ray scattering (SAXS) can detect particles on the order 

of tens to thousands of Angstroms in diameter, SAXS has been used to study 

the heterogeneity of glass.[285,286] Typical scattering angles analyzed in 

SAXS range from 0.04 to 0.1 degrees. The intensity of the scattered beam is 

given by [287] 

I(h) = 41t J <I>(r) * r:in(hr)dr (VIlLI) 
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where the parameter h is equal to 41tsin9/A.. 29 is the angle between the 

initial and diffracted positions of the beam and A. is the wavelength of the x

ray radiation. The distance m perpendicular to the axis is related to the angle 

9 by m=Ltan9, where L is the distance from the X-ray source to the detector. 

<p(r) is the correlation function which depends on the electron density per) by 

the equation: 

<p(r) = f per' ) * per + r' )dV (VIII. 2) 

<p(r) provides complete information on the structure of the body which is 

diffracting the X-ray. 

The scattering data has been analyzed following the methods of Guinier 

and Fournet [288]. When the natural logarithm of the scattering intensity 

data is plotted against h2, known as a Guinier plot, the average diameter of 

the particles may be determined from the slope of the plot: 

(VIII.3) 

where d(loglO(I)/d(m2» is the slope of the Guinier plot, 1 is the corrected 

scattering intensity, and m is the distance between where the initial position 

of the beam intersects the detector to the present position of the beam. The 

345.8 is determined from the structure factor, F(h), and an instrument 

constant K such that 1(h)=KF(h2). 

The relative number density, N, can be determined from the Guinier plot 

at the point where the intensity intersects h=O, 1(0). If the heating time 

increases, the number density of particles will increase up to the coalescence 
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stage. Thus, if the Guinier plots are extrapolated to h=O, the value 1(0) will 

increase. 

The SAXS measurements of the reduced (A glass) and fully oxidized (E 

glass) glasses were performed as done in ESR spectroscopy. Two kinds of 

samples, blown thin films and thin polished bulk glasses, were prepared and 

measured. Figure VIII.5 shows the Guinier plots of the blown thin films. 

The scattering intensities are too small to detect heterogeneous particles and 

the data are scattered to obtain linear plot for both the A and E glasses. The 

scattering intensity of the A glass increases to high value at very small angle. 

The Guinier plots of the thin polished bulk samples heated at various 

temperatures are shown in Figure VIII.6. The unheated E glasse shows high 

scattering intensity at very small angles as in the blown thin films. This low 

angle scattering is seen in the plots of samples heated at low heating 

temperature but vanishes in those which were heated at higher temperatures. 

Thus, this high scattering intensity at very small angle may result from 

extraneous effects such as contamination or roughness of the sample surface. 

This high scattering intensity data can be neglected. The scattering intensities 

at high angles are small for the unheated E glass, but larger for the unheated 

A and heated E glasses. This might suggest that heating of the E glass may 

cause clustering of order of under 10 A and the A glass would show small size 

clustering without heating. However, the diameters (slope of the plot) and 

the numbers of particles (h(O)) expected from the Guinier plots do not relate 

with heating temperature enough to explain the growth or coalescence of the 

heterogeneity of the glass. The most problem of the SAXS experiments is the 

reproducibility of the data to give a credible results. The heterogeneity in the 
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same glasses was also examined by using transmission electron microscopy 

(TEM) but is not found. Thus, although the clustering of Cu2+ ions in the 

glasses is detected in ESR spectroscopy, the distinctive physical heterogeneity 

in the glasses could not be found by SAXS and TEM. 

VIII.3 Summary and Conclusions 

The infrared spectra of copper phosphate glasses are almost identical 

irrespective of the [Cu2+] ratio in the glass except small shifts of some 

absorption bands. The absorption band of p-o- stretching shift to lower 

frequency with increasing the [Cu2+] ratio in the glass due to the higher 

covalent character of the P-O-Cu2+ bond than the P-O-Cu1+ bond. On the 

other hand, the oxidized glass shows the higher absorption band frequency of 

p=o double bond which indicates higher force constant between phosphorus 

and oxygen, than the reduced glass. The clustering of Cu2+ ions in the 

glasses is detected by ESR spectroscopy. The unreliable clustering of small 

size of less than 10 A in the glasses are found by SAXS, but it is not shown in 

TEM. 
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Figure VIII.2 Typical ESR spectra of the A glass at 300K for (a) X-band and (b) 
Q-band.[284] 
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Figure VIII.3 Typical ESR spectra of the E glass at 300K for (a) X-band and Q
band. [284] 
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Figure VIII.4 The intensity of Cu2+ ion ESR signal for the (a) A and (b) E 
glasses as a function of temperature.[284] 
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IX. CONCLUSIONS 

Materials science and engineering is concerned with the generation and 

application of knowledge relating the composition, structure, and processing 

of materials to their properties and uses. In particular, the connection 

between composition, structure and properties of glasses is of special interest 

to glass scientists. The composition of glass governs the properties of glass 

resulting from changes in the structure of glass. 

The present work, which has been performed in simple binary copper 

phosphate glass, pertains to this basic concern of materials science and 

engineering. The relationship of composition of copper phosphate glass 

(copper valence states ratio) and its processing (melting conditions) to the 

behavior, properties, and structure of the glass has been investigated. The 

[Cu2+] ratio in the glass has been controlled by the choice of melting 

temperatures and times for the glass compositions. 

Although the oxidized and reduced glasses produce the same main 

crystalline phase upon crystallization, the associated crystallization rates and 

morphologies differ in these two glasses. Optical energy gap and Urbach 

energies obtained from the UV absorption edge of the glasses are shown to 

depend on the [Cu2+] ratio in the glass. The glass color created from visible 

absorption, is also influenced by the [Cu2+] ratio in the glass. The reduced 

glass is observed to have better chemical durability and a lower glass 

transition temperature than the oxidized glass. 

Recently, many new glasses containing large content of rare-earth oxides 

as well as transition metal oxides have been developed for use of optical 
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applications and superconducting glass-ceramics. This systematic and 

quantitative study of control and effects of copper valence states ratio in the 

glass is of great importance in development of these new glasses. The control 

and effects of valence states ratio of the ions should be considered in 

understanding and improving the properties and structure of these glasses. 
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X. SUGGESTIONS FOR FUTURE WORK 

1. In Ch. IV, it was concluded that the oxidation-reduction equilibrium 

of copper phosphate glass is determined by structural considerations rather 

than by the conventional equilibrium redox reaction That is, the more stable 

coordination of Cu2+ than that of Cu1+ in the phosphate glass leads to 

formation of the oxidized form of copper in the glass regardless of melting 

temperature and glass composition. This study can be extended to other 

copper oxide based glass systems such as copper borate and copper silicate 

glasses, or other transition metal oxide based glasses. For example, it has 

been found that borate glass can contain more than 50 mole% CuO.[289] One 

can investigate which valence state of transition metals is more stable in each 

glass system. Thus, our model can be tested in other transition metal oxide 

based glasses. 

2. Electrical conductivity of copper phosphate glass is suggested to be 

measured as a function of the [Cu2+] ratio in the glass. More than twenty 

years ago, Tsuchiya et. al. [7] found that the DC conductivity of the copper 

phosphate glasses increased with reducing the [Cu2+] ratio in the glass and 

showed no maximum. They proposed that this behavior was a consequence 

of ionic conduction of Cu1+ ion. In other words, the copper phosphate 

glasses exhibit a mixed conduction phenomena in which ionic conduction as 

well as electronic conduction occur in the glass. However, their use of SnO 

or carbon as a reducing agent in the glass raises a question if their results truly 

reflect the intrinsic conductivity of the copper phosphate glass. The electrical 
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conductivity of the copper phosphate glass whose [Cu2+] ratio is controllable 

without using a reducing agent can be measured as a function of the [Cu2+] 

ratio in the glass. The result can be compared that of the previous work and 

applied to the small polaron conduction theory. This study will be valuable 

to investigate the genuine conduction mechanism of the copper phosphate 

glass with the measurements of other electrical properties such as AC 

conductivity, thermoelectric power, and Hall effect. 

3. It would be of interest to measure thermal properties of copper 

phosphate glasses like viscosity, thermal expansion, and thermal 

conductivity, which are sure to be dependent upon the [Cu2+] ratio in the 

glass. From the preliminary experiments, it is expected that the reduced glass 

will show lower viscosity and higher thermal expansion than the oxidized 

glass. Also, it was found in Ch. VII that the reduced glass exhibits lower 

softening temperature and better durability in water than the oxidized glass. 

Thus, the high Cu1+ content glass may be ideal for the high thermal 

expansion low softening temperature glass with excellent durability. Using 

this finding, the optimum glass composition can be developed for practical 

application of metal sealing glass. 

4. In Ch. VIII, infrared spectra of copper phosphate glasses were 

discussed in view of different bond characteristics of Cu 1 + and Cu2 + in 

copper phosphate glass. This study is not sufficient to explore different 

coordinations of Cu1+ and Cu2+ in phosphate glass and verify the structural 

model which was suggested in Ch. IV. Therefore, the other spectroscopic 
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techniques such as Raman spectroscopy, XPS, and 31p MASS NMR which has 

been used to study the structure of phosphate glass, can be applied to 

characterize different coordinations of Cu1+ and Cu2+ as well as chain length 

of phosphates in copper phosphate glass. These additional and deeper 

studies of copper phosphate glass structure will contribute to understanding 

and interpreting the different behavior and properties of copper phosphate 

glass depending on the [Cu2+] ratio in the glass. 
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