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SUMMARY 

Eight chalcogenide compositions in the Ge-As-S and As-Ge-Se sys

tems were prepared from high purity starting elements by prolonged heat

ing in fused quartz or pyrex ampoules. In each case, the vapor pressure 

over the composition was not allowed to exceed three atmospheres. The 

fused compositions were examined by x-ray diffraction techniques for 

their crystalline phases. As^Se_, AsoSo, As-_Ge-^Se^^, and As..Ge._Se__ 
I J ^ ~> ID ID 70 ID iU DD 

were found to form good glasses while Ge -̂Se , Ge Se, As Ge S , and 
1_> o_) 1_) XJ /U 

As.^Ge^^S^^ were crystalline. 
15 30 55 

Index of refraction of the glasses was measured by the angle of 

minimum deviation method using a CO laser (10.6 ym). Both in the binary 

as well as ternary compositions, the index of refraction (n) was found 

to increase when the heavier chalcogen Se was substituted for S, e.g., 

n. ^ = 2.77, n. „ = 2.38. 
As2Se3 As2S^ 

Infrared transmission spectra of the glasses (except Ge ^̂ Aŝ  j-Secc) » 

obtained over 2.5 ym - 40.0 ym range, revealed primarily As-0 absorption 

bands. Contribution of Ge-0 absorption bands was relatively minor. 

Oxide impurities were, thus, the primary cause of infrared absorption in 

all the compositions. The intensity of the absorption bands was found 

to depend on the particular composition, e.g., at 680-690 cm , the 

band was strong in As„S and weak or very weak in As^Se . Similarly, 

the location of the absorption bands varied with the composition, e.g., 

the strong band in Ge. ̂ As. ̂ S_,̂  was located at 835 cm and not at 680-
15 15 70 

690 cm as in As_S„. Contrary to the expected behavior, the absorption 



X 

coefficient (a) showed variation with thickness (t), e.g. for As^Se , 

for t =•- 0.0683 cm, ex = 6.33 cm , and for-t = 0.0891 cm, a = 5.68 cm 

The cause of this variation could not be ascertained. Also, the absorp

tivity of the glass was considerably increased when Se replaced S in 

binary as well as ternary compounds; o:. = 6.01 cm > «« Q ~ 0.386 

-1 -1 -1 
cm , a^ , „ = 11.47 cm , a^ , „ =1.63 cm . Besides, 

Ge^jAs^jSe^g Ge^^As^jS^^ 

reflectivity and absorption coefficient increased with the index of re

fraction. 

D.C. conductivity vs 1/T plot for the chalcogenides Ge^^Se_^ and 
15 85 

Ge^ p.As, p.Se „ showed three linear regions, each having a different slope, 

i.e., the activation energy E ,. For Ge, ̂ As^ ̂Se_,̂  in the heating cycle, 
"^•^ cond 15 15 70 a ^ > 

E , (low temperature) = 0.597 ev, E , (medium temperature) = 0.228 ev, 
cond cond 

and E , (high temperature) = 0.121 ev. The dc conductivity in the 

heating cycle was found to be lower than the conductivity in the cooling 

cycle at the same temperature. This was perhaps due to the non-equilibrium 

conditions prevailing due to the temperature gradients set up in the 

specimen or due to the slow polarization mechanisms effected in the 

glass in the heating and the cooling cycles. The exact mechanism was 

not ascertained. For Ge ^As .̂Se at 373°K, the conductivity (heating 

-12 
cycle) = 1.18 x 10 mho and the conductivit}'' (cooling cycle) = 1.64 x 

10 mho. A hysteresis was observed in the conductivity-temperature 

measurements. The nature of the heating and cooling curves of conduc

tivity was affected by the specimen holder, especially at the elevated 

temperatures. The mechanism of this effect is not certain. 



CHAPTER I 

INTRODUCTION 

The transmission of useful thicknesses of oxide glasses is limited 

by metal-oxide structural vibrations x̂ rhich result in a cut-off somewhere 

1 2 
between 3 and 6 ym. ' To obtain glasses capable of transmitting to 

longer wavelengths such as 3 to 13 ym, it is, therefore, necessary to 

consider Se, S, and Te chalcogen containing systems. The present state 

of development of chalcogenide glasses is marked by insufficient charac

terization of materials and properties, the main problems arising from a 

lack of information about impurities, defects, and the history of the 

3 
glass. Information about the inherent limits of absorption in infrared 

transmitting materials is scarce even in simple binaries like As S^ and 

As2Se3.2.* 

The first attempts to extend the wavelength range of chalcogenide 

glasses as infrared optical materials began in 1950 when R. Frerichs ' 

rediscovered As S glass. Since then, an extensive research into the 

properties of these chalcogenides has resulted in the glasses of improved 

infrared transmission and other optical characteristics. 

The objectives of the present work were to obtain a familiarity 

with selected chalcogenide amorphous systems and to investigate their 

optical and electrical properties with a view to correlating the elec

trical conductivity and the infrared transmissivity. 



CHAPTER II 

REVIEW OF THE LITERATURE 

In this review, a discussion of the glass-forming ability and the 

physical, optical, and electrical properties of chalcogenides is presented, 

Composition and Glass Formation 

Chalcogenide glasses, primarily composed of sulphides, selenides, 

and tellurides of group V a, are mostly opaque to visible and UV radia

tion and transmit only in the infrared. For the glass-forming sulphides, 

the network formers are found among the small ions of the fourth and the 

fifth columns of the periodic table. Since 1960, a steadily increasing 

range of compositions has been reported in the literature. A glass-

forming region of a specific system or a combination of systems is mapped 

9 
out systematically. Fig. 1. The extent of the glass-forming regions is 

dependent upon quench rate or the amount of material used in the sample 

preparation. In general, the tendency for crystallization, at room 

temperature, is higher in chalcogenide glasses than in oxide glasses. 

Within a glass-forming system, the ratios between the constituent elements 

may vary greatly and the associated physical properties of the resultant 

7 glasses may be expected to vary as well. It is reasonable to assume 

that if all the pertinent physical parameters are considered, the glass-

forming systems can be re-evaluated and a new glass composition selected 

with better properties. The interdependence of the pertinent physical 

parameters and how they change with composition must serve as a guide 

2 
in the selection of a new composition. According to Hilton et al., 

different applications have their individual compositional requirements; 



Fig. 1. Areas of Glass Formation in Chalcogenide 
Systems (Savage and Nielsen-'-). 



e.g., for a good optical glass the resistance to devitrification is 

relatively more important than the quench-rate or the amount of material. 

A composition possessing this property must, by necessity, lie deep in 

the glass-forming region, well away from the border. 

The principal disadvantages of As^S and other chalcogenide glasses 

made earlier were their low softening temperatures, no higher than 200°C. 

Constant investigations have resulted in compositions with softening 

temperatures as high as 500°C. Since the late sixties, considerable 

attention has been given to the problem of finding infrared optical 

materials having properties suitable for use with high-energy CO- lasers 

emitting at 10.6 ym. Each material considered was found to have its OXTO. 

set of advantages and disadvantages. However, if the absorption at 10.6 

ym reflects a quality state of the glass, considerable improvement may be 

4 
realized by increasing the purity of the glasses. Moynihan et al. have 

quantitatively studied impurities and bulk absorption in As„Se glass, 

with particular attention to absorption at the wavelengths of the CO 

laser (9.2-10.8 ym, 1090-920 cm"-̂ ) and of the CO laser (5-6 ym, 2000-

1700 cm ) in order to seek more information about the inherent limits 

of absorption. ' . 

Qualitatively, one can state that the glass-forming tendency 

decreases with increasing atomic mass. For elements that have been 

important in optical materials, the glass-forming tendency changes in 

2 
the following orders. 

Si > Ge > Sn 

S > Se > Te 

P > As > Sb 



There is some question about the ability of P and As to form 

Q 

glasses. The location of glass-forming regions and the factors impor-

8 9 
tant in glass formation have been discussed in the literature. ' Glasses 

with high softening temperatures have been made from combinations of the 

elements Si, Ge, P, As, and Sb with S, Se, or Te. Glasses with IOXA? 

softening temperatures have been melted from combinations of the elements 

As, Sb, Bi, Tl, Br, and I with S, Se, or Te. 

Glass formation in the system As~S is not limited to the stoichio

metric composition As S . Formation of glass is possible betv;een about 

35 to 90 weight percent sulphur. Fig. 1, (as the sulphur content is 

increased, the color of the glass changes from the deep red of As S glass 

to pale yellow at the highest sulphur concentration). A large area of 

glass formation is noted in the As-S-Se ternary system (these glasses 

have the remarkable ability to wet and bond to ceramics, plastics, and 

silicate glasses and also allow a wider variation of the physical pro

perties) . In the As-S-Ge ternary system, ternary sulphide glasses can 

be made containing as little as 30% S while the binary sulphide glasses 

can be made containing 60% to 90% S. 

The arsenic in As^S„ glass can be partially replaced by other 

elements o6 group V. Sulphur can also be replaced by the chemically 

9 
similar elements such as Se and Te. In addition, other elements can be 

added to these glasses, giving rise to a large number of compositions, 

having as basic constituent the network former As^S^. Depending on the 

sulphur content in excess of As S , the softening temperature decreases 

from 200̂ *0 to below room temperature. 

The starting point in understanding how individual elements affect 



the properties of glasses is the glass-forming tendency of each element. 

o 

Hilton et al. have discussed the mixed molecule approach wherein com

positions along the boundaries of the glass-forming region of a ternary-

system produce crystalline materials. Small crystallites of stoichio

metric binary compounds precipitate from the glass, suggesting that in 

the molten state glasses are composed of a mixture of different stoichio

metric molecules. If the concentration of one specific composition 

becomes great enough, nucleation occurs rapidly during the quench and a 

crystalline phase results. The molecules from the three binaries act as 

a diluent for each other, preventing crystallization and promoting the 

formation of amorphous materials. Therefore, the larger the number of 

molecules that can form between three specific elements, the larger the 

glass-forming region. 

10 
Dembovskii found the crystallization ability of selenides to 

be higher than that of sulphides and suggested that the process of 

crystallization depends on several frequently difficult to control factors 

which he did not specify. He concluded that it is impossible to present 

the whole picture of glass formation. 

-I O / IT 1 *% 

Several authors ' * * have discussed the various methods of 

forming chalcogenide glass.in the bulk and thin film forms. Generally, 
speaking, the higher the temperature and/or pressure over the reactants, 

12 the lower the reaction time. Baker and Webb have reported forming 

their bulk glass by reacting pure elements in a pressure vessel under 

argon at 70 atmospheres for 1 hour, while Hilton and others have used 

longer reaction times and lower temperatures and pressures, thus elimi

nating the need of the sophisticated pressure vessel. Besides reaction 



1 4 11 
time and pressure, the various authors ' ' mainly differ in respect 

of (a) the raw material purification aimed at eliminating oxygen and 

other impurities, (b) annealing treatments, and (c) distillation of the 

final product. Some authors have described elaborate distillation pro

cedures for purification of their chalcogenide glasses. But for these 

variations, there is a general agreement on the experimental preparation 

of the bulk samples. 

Structure 

A study of the structure of chalcogenide glasses is essential in 

order to fundamentally and completely understand the nature and the pro— 

-I /-

perties of these non-oxide glasses. Lucovsky's model relates the 

characteristic phonon frequencies to the atomic structure for developing 

an understanding of the infrared absorption spectrum of amorphous chal-

cogenides. In this model, amorphous Se is considered to be a mixture of 

poljmieric helical chains of trigonal Se and elght-mem.bered ring molecules 

of a-raonoclinic Se. The bonding within these structural units is cova-

lent, whereas the inter-structural forces between the chains and rings 

are of the weak Van der Waal type. Infrared optical properties are, 

thus, a composite spectrum with contribution from both the ring and chain 

components. Such a model is applicable to systems in which the structure 

of the glass is describable in terms of covalently bonded monomer or 

polymeric units which are bound by Van der Waal type forces. For binary 

chalcogenide glasses the molecular and pol3rmeric species that exist in 

an arbitrary mixture are limited by the constraints imposed by local 

valence and subject to the condition that compound formation is favored. 



However, these two criteria are not sufficient to determine the possible I 
I 

structural species in ternary systems. This is a serious limitation of i 
f 

I 
Lucovsky's model. I 

Frerichs described the structure of As^S glass as composed of 

AsS ._ polyhedra units linked together with the S atom which is common to | 
j / ^ I 

two polyhedra. Tsuchihashi and Kawamoto have reported S„ ring formation j 
O f 

f 
I 

from a solution of As S„ glass in CS . These authors have proposed a ' 

modification of Frerichs' concept so that in the glass AsS^,_ is repre- } 

sented as a tetrahedron model and rings are formed consisting of five or 

seven AsS ,_ tetrahedra, whereas in the crystalline form six such tetra-

hedra are present. Fig. 2. By assuming the structure of crystalline 

orpiment, As S , the density was experimentally found to be lower in the \ 

glass than in the crystal. Also, the distance between layers became 

wider in glass. 

In the band model proposed by Cohen, Fritzsche, and Ovshinsky i 

j O I 

(CFO) it is agrued that the large configurational entropy available in \ ^ 

the liquid state of alloy glasses makes it energetically favorable, 

while cooling from the melt, to exchange positional and compositional 

ordering for the minimization of electrostatic-bonding energies, i.e., [ 
' I 

for the local satisfaction of all valence requirements regardless of the 

coordination number. As a consequence, the degree of positional disorder j 

• • I 

in the multi-component amorphous solid is enhanced over that in the ele- i 
I 

mental amorphous semiconductors, but the valence band of the bonding 

states is full and compensation is automatically assured. Moreover, a 

unique activation energy for band conduction still exists despite a 

density-of-states function, which is everyî here continuous because of 



(a) (b) 

Fig. 2. Structural Model of As^So. (a) As„S Crystal 

(b) As S Glass. (Tsuchihashi and Kawamoto. ) 



10 

an abrupt change in the character of the elgen states, from extended to 

19 20 
the localized, at a certain energy in either band. * The gap in the 

density-of-states function occuring in crystalline semiconductors is 

considered functionally replaced in amorphous semiconductors by a gap in 

the mobility function. Implicit in the CFO model are numerous predic

tions regarding the transport properties of chalcogenide glasses. Fagen 

19 
and Fritzsche did not observe extrinsic conduction in the bulk samples 

of chalcogenide glasses ("extrinsic" implies a regime of conduction 

exhibiting a thermal activation energy smaller than that of interband 

excitation). Knox̂ îng the least change in the electrical conductivity, 

one can deduce the least density-of-states necessary to pin the Fermi 

18 19 —3 —1 
level. This density cannot be less than 5 x 10 cm ev . On the 

other hand, the absence of a regime of hopping conduction at room temper-

21 -3 
ature indicates that the density-of-states can scarcely exceed 10 cm 

ev . Taken together, these two observations provide the lower and the 

upper limits respectively on the density-of-states at the Fermi level 

and suggest that thermally activated hopping conduction should be observed 

not too far below room temperature. 

21 
Owen and Robertson have considered the band structure of glassy 

semiconductors to be not very different from that of similar crystalline 

materials except for a splitting-off of a tail of localized states below 

the conduction band and above the valence band. It does not follow, 

however, that electron transport necessarily occurs in the conduction or 

valence bands; a hopping mechanism between localized states is also pos

sible. Counter parts of (a) ordinary broad-band semiconductors in which, 

although trap-limited to a greater or lesser degree, transport may in 



11 

principle occur in nonlocalized states, i.e. in a band, and (b) narrow

band materials in which the carriers are always strongly localized— 

because of a large effective mass—and transport occurs by hopping, or 

possibly in a polaron band, may be expected. 

The strongly increasing electrical conductivity with frequency is 

good, but not unambiguous, evidence for hopping conduction. Even accept

ing this, however, it does not follow that in the dc limit conduction is 

also by hopping. If hopping does occur, the trap limited mobility would 

be given by 

P = - ^ exp (-^) (1) 

where v is a phonon frequency, b the jump distance, and U the mobility 

-1 Q 

activation energy. The CFO model involves a "mobility gap" at the 

boundary between the localized and nonlocalized states somewhere in the 

vicinity of the original band-edge. Another feature of it is an exponen

tial tail of localized states in the forbidden-gap and probably extending 
right across it. 

22 
Rockstad has taken a somewhat similar, though carefully skeptic, 

view on the mechanism of electronic conduction in chalcogenides. Because 

of the disordered lattice structure, the energy band structure cannot be 

as readily derived for these materials as it has been for periodic lat

tices. Although valence and conduction bands do exist for the amorphous 

structure, a true band gap of forbidden energies between the two bands 

probably does not exist. Instead, energy states at the band edges may 

smear or tail into a pseudo-gap. Within this pseudo-gap the states are 



12 

localized and outside the pseudo-gap, in the valence and conduction 

bands, the hole and electron states are nonlocalized as in the valence 

and conduction bands of crystalline semiconductors. Low-field electronic 

conductivity could take place by intrinsic band conduction, due to a 

small number of carriers in the valence and conduction bands as a result 

of thermal excitation, or by hopping of carriers in the localized states. 

22 21 

Rockstad and Owen and Robertson are in agreement regarding the in

crease of hopping conductivity with frequency, whereas intrinsic band 

conductivity is essentially frequency-independent. This difference would 
perhaps serve to distinguish hopping conduction from band conduction. 

14 
Kitao has reported the frequency dependence of conductivity to 

o 

be as a cc w where s is a constant whose value changes from s ftJ 1 at low 

14 21 
frequencies to s «i 2 at higher frequencies. ' There is, however, 

considerable discrepancy in the literature on the value of s; Lakatos 

23 24 
and Abkowitz and Crevecoeur and de Wit observed s ^ 1 . The latter 

also discussed the effect of electrical contacts on the dependency. The 

CFO model can be applied to chalcogenide amorphous semiconductors owing 

to the maintenance of the well-defined, short-range order. The short-

range order greatly influences the electrical conductivity. Because of 

the destruction of the long-range order, the band edges smear out, the 

tails of the density-of-states appear in the forbidden gap, and localized 

states arise near the band edge as discussed earlier. Also, there may be 

abrupt changes in mobility with energy and the presence of well-defined 

mobility edges introduces the concept of a mobility gap. The extent of 

this tailing (referred to as AE and AE ) has not been calculated 

rigorously. 



13 

9 fi 
Seager and Quinn have argued that the mobility, deduced from 

the Seebeck and conducti-vity experiments, is not exponential with 1/T 

and the apparent activation energy at any temperature is not entirely 

made up of the difference between the single carrier occupation energies 

of two localized sites but is considerably enhanced by the variable 

range tunneling. Structural defects, that is, changes in the local co

ordination number, can contribute to the tail states. Similarly, com

positional disorder can also contribute and may result in an enhanced 

overlap of tail states close to the center of the gap. If this happens, 

25 
the Davis and Mott model assumes that a narrow band of localized states 

will pin the fermi level, E , between the two tails, Fig. 3 (c), due to 

the band of localized states near the center of the gap. At the critical 

energies, referred to as E and E , the mobilities of electrons and holes 

2 3 
decreases by a factor of 10 -10 so that E -E denotes a mobility gap. 

Fig. 3 (d), within which carriers can move only by phonon-assisted hop

ping between the localized states. The most often quoted evidence for 

the existence of localized tail states in the gap is that the drift 

mobility appears to be trap controlled. Equation 1, in Se, As_Se , and 

As^S^. 

Chemical bonding in chalcogenide melts is also an important para

meter in explaining the structural properties like viscosity. Although 

the valence electron pair is strongly localized between an atom and its 

bonding partner, some flexibility in the two-fold coordinated atoms per

mits free rotation of the chain atoms about the bonds and some variation 

in the bond angles, thus enabling the atoms to have a higher mobility. 

An increasing amount of four-fold coordinated germanium and three-fold 



14 

N{E) N(E) N(E) /^(E) 

Fig. 3. Schematic Representation of the Density-of~ 
States N(E) as a Function of Energy: 
(a) Of Crystalline Materials, (b) Of 
Amorphous Materials With Well-Defined Short-
Range Order, (c) Of Amorphous Materials With 
Compositional and Translational Short-Range 
Order, and (d) Of the Mobility as a Function 
of Energy of Amorphous Materials. (Lakatos 
and Abkowitz.^-^) 
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coordinated arsenic suppresses individual molecule formation and thus 

lowers the mobility of atoms because a more highly developed 3-dimensional 

network is formed. At high concentrations of tri- and/or tetra-valent 

elements, this network collapses at high temperature with the formation 

of a new bonding system containing po bonds. The short-range order then 

changes to an approximately octahedral configuration and a metallic-like 

electrical conductivity is expected. 

According to Dembovskii, the structure of As^S- is heterodesmic, 

having two or more type bonds, in the vitreous state. Heterodesmic sub

stances such as As^So ^^^ known to have a low crystallization ability. 

Physical Properties 

Substantial research has been conducted into the various physical 

1 2 7-10 17 27 28 

properties of chalcognide glasses. ' ' > » > Softening tempera

ture measurements for any given chalcogenide composition may vary up to 

10 percent among various investigators. The softening temperatures 

range from below room temperature to over 500°C. A relative measure of 

softening temperature is obtained when the sample in a heated chamber 

softens enough to move the quartz rod resting on the sample which in turn 

27 
produces a movement of an indicator. Qualitative conclusions concerning 

the softening points may be dravm based on the comparison of the soften

ing points of different glasses. Generally, softening points decrease 

with increasing atomic weight of the constituent element. In the Ge-Se 

system, the highest softening temperature is possessed by glasses whose 

structures are based on tetrahedral structural units namely GeSe_; 

In general, Ge-As-S glasses have softening temperatures up to 500°C 

and Ge-As-Se glasses up to 450°C. Ge is much more effective than As in 
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increasing the softening temperature. An empirical rule Tg/Tm = 2/3, 

where Tg is the glass transition temperature of a glass composition and 

Tm is the melting point of its crystalline form, has been reported for 

inorganic systems. 

Softening point is closely interrelated with hardness and thermal 

expansion coefficient. The higher the softening point, the higher the 

1 O "7 O 

hardness and the lower the thermal expansion coefficient. * * * There 

is considerable variation among glasses of widely different compositions. 

The high melting chalcogenide glasses have thermal expansions approach

ing that of oxide window glass. Therefore, these glasses should have 

as good thermal shock properties if the mechanical strengths are suffi-
o 

ciently high. Hardness is important in the production of good optical 

surfaces and is generally low for materials transparent at 10.6 ym, with 

a few exceptions. All these three properties reflect the relative 

strength of the average chemical bond in the respective glass composi

tions. For the Se- and S-based glasses a straight line relationship 

between the measured hardness and Young's modulus has been reported. 

The slopes for the two families of glasses are different reflecting,to 

some extent, the realtive strengths of the primary bonds formed between 

the metallic elements and the S or Se atoms. A decrease in Poisson's 

ratio, calculated from the raodulii, is indicative of a change of struc

ture in the glass. Another factor affecting Young's modulus is the 

density which varies linearly with the calculated average molecular 

weight of the glass. However, variations up to 3 percent from this 
o 

linear relationship have been reported. 
Low thermal conductivity is an inherent limitation of chalcogenide 
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glasses when illuminated by the high energy densities of CO lasers. 

Removal of the absorbed heat is extremely slow leading to thermal lens-

ing. In the Ge-Se system glasses, the increase in thermal conductivity, 

K, with increasing Ge content is related to an increase in the average 

1 
phonon velocity, V, in the material, as: K = ~ C V£, where C is the J •> •> 3 v V 

heat capacity per unit volume and I is the mean free path for phonons. 

For chalcogenide glasses with lov7 Debye temperatures, only the phonon 

velocity and hence the thermal conductivity change with composition, since 

£ (a measure of the disorder for the melt formed glass) and C change 

very little vjith composition. 

Some work has been done on the viscosity of chalcogenide glasses, 

mainly by Russian workers. Absolute viscosity has been obtained by 

calibration method using standard B„0 glass of a kno\̂ 7n viscosity, e.g., 
Q 1 Q 

viscosity of Ge^^As^ ̂Se at 335*̂ 0 is 10 poise. Dembovskii has also 

discussed the problems often encountered in the viscosity measurements 

in chalcogenides near the melting point. 

Chalcogenide glasses in the As-I-S, As-Tl-S, Ge-As-S, Ge-As-Se, 

and As-Se are chemically durable in that they are neither attacked by 

tap water nor by dilute acids (HCl, H SO , HNO , and HF) at low tempera

tures. However, appreciable solution occurs in weak alkali solutions 

in the temperature range LS-GS^C. In generalj sulphide or selenide 

glasses containing much Si or P appear to be rather unstable under labor

atory conditions giving off H S or H Se. 

Phase Separation 

Metastable immiscibility and phase separation can strongly influ

ence the ability to quench and maintain homogeneous amorphous nature of 



18 

chalcogenides. Evidence of this phenomenon is provided by the stable 

iiraniscibility or incipient immiscibility as indicated by an abnormally 

47 
flat or S-shaped liquidus in the phase diagram. The quenched materials 

are unstable with respect to subliquidus phase separation. Although 

phase separation in multi-component chalcogenides may be a complicated 

phenomenon, nevertheless it can be understood and often predicted. 

2^ 
According to Roy and Caslavska, ' in principle, every "glass" has the 

potential of becoming diphasic; this applies to chalcogenides also, even 

the monovalent glasses such as Se and S based glasses. Considering the 

different liquid and crystal structures of the components of chalcogenide 

systems, tendency for immiscibility in their solutions could be expected, 

e.g., energy and steric bond considerations for amorphous Ge (3-dimen~ 

sional), Se (rings and chains) and As Se- (2~dimensional) are quite 

different and their mixtures would be expected to favor rather large 

regions of molecular associations. 

Materials near the border of the glass forming regions in a multi-

component system or near compound or eutectic compositions show strong 

tendency towards microphase separation with and without the crystalliza

tion of one of the phases. In the GeSe-Se system, two glass forming 

29 
regions are found, with not very sharp limits. Since the two phases, 

GeSe and GeSe , crystallize successively on annealing above the glass 

transition temperature, their recrystallization follows the process of 

phase separation. 

Optical Properties . 

Much of the development of chalcogenide glasses occurred because 
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of their applications in the infrared region (1-15 ym) x-jhere the use of 

oxide glasses is ruled out due to their poor optical properties. Index 

of refraction of chalcogenide glasses has been investigated by several 

1,2,4,8,11,27,30 . , . . . . .t . . . . 
researchers with a view to improving their transmission 

characteristics. Refractive index increases as the atomic mass of the 

o 

constituent atoms increases. According to Hilton et al.. Fig. 4, the 

refractive index of chalcogenide glasses can be lowered by the substitu

tion of an element of lower atomic mass. Variation in the index of 
refraction is possible depending on the particular process involved, 

30 

including the annealing procedure if any. Rodney et al. have exten

sively investigated the variation of the index of refraction of As S 

with wavelength. Fig. 5, and have presented the difference between the 

experimentally observed values and those calculated from Sellmeier-type 

dispersion formula. 

„ i=5 K.A^ 

^ - 1= S -T-T <2) 
i=i A - A. 

' 1 

where A. is the wavelength of interest and K. and A are constants over 
1 ^ 1 

wavelength range of 0.5-12.0 ym. They have also shown that the thermal 

coefficients of refractive index rapidly approach zero with increasing 

wavelength. This indicates a preponderance of the effect of shifting 

the absorption wavelength at short wavelengths but increasing the impor

tance of the effect of changing the density at long wavelengths—the two 

effects reaching equality at wavelengths beyond about four microns. 

2 
Hilton has found that the major factor in the thermal change in the 

index of refraction for infrared optical materials is the thermal 
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coefficient of expansion. The larger the value of the expansion coef

ficient, the larger is the negative value of — . 

In the literature, a. wedge shaped specimen has been preferred 

2 
over a disk-like slice for the index of refraction measurements. Hilton 

has reported measuring the angles involved to six significant figures. 

The index of refraction 'n' of any given composition, as calculated from 

31 the "Angle of Minimum Deviation" method, is given by 

s m h(,A + 6) /n\ 
ni = —;— r - . (3) 

^ s m hA 

and 

2 2 2 
X _ ^̂ o""l (xy) + (yz) _ (xz) 
0 = cos — n /—\7—T"""^^ 

2 (xy)•(yz) 

(4) 

where n = Index of refraction of the composition at the 
wavelength A. 

A = Apex angle of the wedge. 

6 = Angle of Minimum Deviation for which xy, yz, and xz 
are shox̂ m in Fig. 6. 

The index of refraction as calculated from the method of per

pendicular incidence is given as 

sin (A + D,) 
nj, = : 7 

^ s m A 
(5) 

where D-^ = Angle between the refracted and the undeviated beams. 

The advantages of the angle of minimum deviation method over the 

angle of perpendicular incidence method are discussed in the standard 

texts on measurement techniques. Also the index of refraction of 

chalcogenide glasses must be measured in the infrared in a nondispersive 



U4 
o 

22 

d 

bO 

5 

523 
W 

" M CO 

c U dJ (^ CO h-) W 
CO 

H W) < W S 0 hJ 
O W •H Pi 
Q U 4J w cu 
W t /) CD CO H 
|2 fxq e < 1 Pi 

p:J •H KJ T3 O 
H O rH O Cii 
CO 13 rH CM 1 Pi 
W h-l O O OJO M 
H P4 CJ o w S 

Q 
w [2 CO CM HJ hJ S 
o pi-i •-I ^ w • s 

H 4 r H 

»w 
o 
• u 
G 
<u 
§ 
m 3 
CO 
Cfl 
<u S. 
(U . 

j d CU 
•u bO 

TS 
j - i CU 
o • > • 

1 — " 

MH 
CU 

a,rC 
tD •p 

4J m 
CL) o 

CO 
(U 

u i H 
QJ bfi 
CO C 
CO <d 

h-1 
X! 

m CU 
o P. 

< 
c O ^-s 
•H PQ 
•U v-^ 
Ctj 
+J XJ 
C a CU cd 
en 
Q) C3 
u o 
PU •H 
QJ •U 
Pi cd 

•H 
o > •H CU 
•P « CTJ 

6 e CO r) 
M e W) •H 
cd c •H •H 
Q S 

vO 

s. 



23 

region and well on the long wavelength side of any absorption which 

causes an electronic transition-

The linear relationship betv7een the density and the molecular 

weight suggests that the index of refraction may be additive and pre-

Q 

dictable. Refractive index is also related to the molar refraction 

'r' and the molecular volume 'V' of a substance as 

2 2 
n - 1 _ n - 1 molecular weight ,,. 
2 , „ 2 , _ density 

n + 2 n + 2 -̂  

This famous Lorentz-Lorenz relationship has been applied to the 
o 

study of bonding in organic and inorganic compounds. Hilton et al. 

have presented a detailed analysis of molar refraction as applied to 

chalcogenide glasses. 

The reflectivity 'R' of a specimen may be calculated from the 

index of refraction as follows 

K = i n ^ (7) 

(n + l)"-

Knowing the reflectivity, the infrared transmission 'T' may be 

empirically calculated from the following equation 

T - (1 - R)^ e""^^ (8) 

where a = bulk absorption coefficient of the material, and 

X = thickness of the specimen. 

A more precise calculation of the absorption coefficient uses the fol

lowing equation 
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.^ ^.2 -aX 
T = ^^ - ^^ ^ eg) 

, 2 -2aX r 
1 - R e • ! 

4 
According to Moynihan et al., this equation is valid for normal 

2 
incidence of the beam and for aX << 1 where \ is the v/avelength. Hilton 

has suggested that the material should be considered useful over the 

wavelength range in which a < 1 cm . 

Various researchers have investigated the infrared absorption 

4 
characteristics of chalcogenide glasses. Moynihan et al. have suggested 

that the two principal sources of I R absorption in As Se glasses are 

light atom impurities (oxygen and hydrogen) and intrinsic raultiphonon 

processes. They investigated these absorption characteristics by doping 
o 

the glass with known amounts of impurities. According to Hilton et al.,, 

the three main sources of infrared absorption are the absorption edge, 

the impurity absorption, and the molecular vibration of the constituent 

elements. A possibility of I R active overtones at shorter wavelengths 

exists but such absorption bands must be fairly weak. There appears 

to be a general consensus in the literature that assigning a particular 

absorption band in a glass to a particular impurity is complicated by 

several factors. The exact form of the molecular oxide causing a 

specific infrared absorption is extremely difficult to identify. Ab-

sportion by metal oxides, present as trace impurities, occurs in the wave

length region of major interest and, therefore, limits the usefulness 

of the glass. Oxygen can contaminate the chalcogenide glasses as an 

impurity in the reactive elements or as a residual gas in the melting 
Q 

ampoule. The former possibility has also been considered by Moynihan 
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et. al In their highly acknox̂ zledged vzork on the oxide impurities in chal-

3 
cogenide glasses, Vasko et al. have studied AS2O3, Aŝ Ô ,̂ and other oxide 

bands in the infrared spectra of various glass systems and have proposed 

three types of arsenic oxide bands, namely, (a) As.O molecules present 

in isolated form dissolved in the glass or segregated as crystallites 

of arsenolites (the cubic form), (b) pure glassy As-0 , the structure of 

which is closely related to claudetite structure of As 0 , and (c) an 

"intermediate" glassy form of As 0_ between the cubic and pure glassy 

forms or possibly a superposition of the molecular As.O and chain-layer 

forms in different relative concentrations dependent on the oxidation 

conditions and the thermal history. In their study of As^Se glass in 

4 
the wavelength region of the CO laser (10.6 ym) Moynihan et al. found 

the absorption coefficients to be limited by intrinsic multiphonon pro-

-2 -1 cesses to values of the order of 10 cm . Selenide glasses are thus 

markedly inferior in their I R transparency in the CO^ laser region to 

materials such as those semiconductor materials for which 10.6 ym absorp-

-4 -1 
tion coefficients approaching 10 cm have been reported. 

2 

According to Hilton, qualitatively speaking, the useful trans

mission range for a chalcogenide glass lies within two values. The 

short wavelength limit is determined by the absorption edge, the location 

of which corresponds roughly to the width of the forbidden gap in the 

material if it were crystalline. The long wavelength cutoff is deter

mined by the infrared absorption of constituent atoms either in a primary 

mode or an overtone. 

As a result of the limitations on the application of chalcogenide 

glasses, some researchers, * have suggested purification procedures 
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such as baking of the melting ampoules, reactant purification, and 

vacuum distillation of the chalcogenide glass, in order to eliminate the 

oxide and other impurities. > 

Electrical Properties 

In chalcogenide glasses the electrical conductivity is thermally 

activated, increasing exponentially with decreasing l/T, where T is 

22 23 
the absolute temperature. Rockstad and Lakotos and Abkowitz have 

shown that conductance is frequency independent at sufficiently low fre

quencies but increases rapidly with frequency at higher frequencies. In 

general, the conductivity for the glass could be expressed as the sum of 

a frequency independent component and a frequency dependent component, 

g 
the latter varying as w . This variation has already been discussed 

22 
above. Rockstad has attributed the frequency dependent component to 

hopping and the frequency independent component to intrinsic band con

duction. At dc or ac frequencies up to 10 kHz, the latter contribution 

dominates. . 

12 

Baker and Webb investigated the dc conductivity in some chalco

genide glasses and found that at the lower temperatures, the conductivity 

plots are linear, indicative of semiconductor behavior, and can, there

fore, be expressed as ' . 

/ COndv • /T r̂ \ 

0=^0^ exp (- ^ ̂  ) (10) 

where E j ^^ the activation energy. They, however, observed approxi

mately linear decrease in the activation energy with temperature, given as 

E = Eo - vT (11) 
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Assuming a to be constant up to reasonably high temperatures. 

Equation (10) modifies to 

E 
0 = 0 exp (v/k) exp (- T~-) (12) 

o kx 

Plot of log a vs 1/T thus yields E directly. E for As^Se^ 
o o 2 3 

12 
has been reported to be 1.07 ev. At higher temperatures, Baker and Webb 

have observed flattening-off of the conductivity plots which is indica

tive of a departure from the linearity expressed in Equation (12). Owen 

23 
and Robertson have also reported a change of slope which they attribute 

to the "extrinsic" conduction. Similar breaks have been observed by 

19 Fagen and Fritzsche in their more complex conductive systems. Owen and 

Robertson, however, considered the basic conductivity equation to be 

. condv ,T „. 

: " = °o ̂=̂P '•- IkT"^ ^"^ 

and have reported E , for As„S„ to be 2.1-2.3 ev and for As^Se_ to be 
^ cond 2 3 2 3 

23 

1.8-2.0 ev. Lakatos and Abkowitz have measured the dc and ac conduc

tivities of Se up to 377°K and found the former to be two orders of 

2 
magnitude lower than the latter at room temperature and 10 Hz. As the 

temperature is increased, the ac conductivity seems to approach the dc 

14 conductivity as3miptotically at all frequencies. Kitao investigated 

the dc conductivity of As^Se^ using Equation (10) and found E , to be 
/ 3 cond 

1.05 ev and 0.9 ev at the temperature range above and below 473°K 

respectively. His observations are in agreement with those of Lakatos 

23 22 
and Abkowitz and Rockstad. These investigators have provided an 

extensive theoretical analysis of the frequency dependence of conduc

tivity. 
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No conductivity studies seem to have been done on chalcogenide 

systems containing Ge-S and Ge-As-Se and Ge-As-S compositions. The 

bulk of investigation centers around the study of the conductivity of 

arsenic sulphides, selenides, and tellurides. 

Several researchers have discussed the effect of electrical con-

tacts on the conductivity measurements. ' While Crevecoeur and 

24 
de Wit have recommended aluminum rather than gold as electrodes for 

23 
As Se , Lakatos and Abkowitz have pointed out the blocking character-

2 
istics of aluminum electrodes in reporting that at 10 "Hz, the conductivity 

of As Se using gold electrodes is 10 times higher than that using alum

inum electrodes. Their measurement of parallel conductance was found to 

scale with thickness when gold electrodes is 10 times higher than that 

using aluminum electrodes. Their measurement of parallel conductance 

V7as found to scale with thickness when gold electrodes were deposited on 

14 
As Se , but did not scale when aluminum electrodes were used. Kitao 

has reported the variation in the conductance values with aluminum elec

trodes and with heat treatment at 150**C. He concurred with the views 

expressed by Lakatoes and Abkowitz. According to Seager and Quinn, 

In-Ga eutectic alloy provided good ohmic contacts on As Se ; they found 

no difference in the electrode characteristics among In-Ga alloy, Au or 

32 
Ag paint as electrode materials. ASTM standard method D257-66 does 

not discuss the merits and the demerits of different electrodes in terms 

of their performance and applicability. 

23 
Lakatos and Abkowitz investigated the dielectric characteristics 

of Se, As„Se^, and As^S„ at different frequencies. They found less than 

5% changes in the dielectric constants of Se ('̂ 6̂.36) and As Se (':̂ 11.2) 
2. 3 



29 

and about 15% change in the dielectric constant of As S (•̂ 7.8) in the 

2 10 12 21 
frequency range 10 -10 Hz. Some authors ' have investigated the 

Hall mobility and the thermoelectric power in chalcogenide glasses. Hall 

coefficient of chalcogenides has always been found to be negative. The 

2 
Hall mobility is low (» 0.1 cm /V sec); it is virtually independent of 

temperature and its magnitude also seems to be practically independent 

of the particular material. This temperature independent mobility is 

21 
not necessarily an evidence against a hopping mechanism of conduction. 

Thermoelectric power is positive, approximately inversely proportional to 

temperature and its magnitude is typical of semiconductors. 
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CHAPTER III 

PROCEDURE 

Batch preparation and the melting schedules of eight chalcogenide 

compositions in the Ge-As-Se and Ge-As-S systems are described below. 

Measurement of the index of refraction, I R spectra and dc electrical 

conductivity of some glassy and crystalline compositions are described 

together with the problems encountered therein. 

Compositions Selected , 

8 9 
Glass forming regions in the ternaries As-Ge-S and As~Ge-Se ' 

are sho\<ni in Fig. 1. Of the eight compositions selected for the present 

study, Table 1, binaries As Se„ and As^S„ easily form glasses, whereas 

the binary Ge- Son falls on the borderline of its glass-forming region 

and binary GeSe falls outside it. 

Glass Melting Ampoule 

According to the high temperature vapor pressures, Appendix II, 

and the melting temperatures, Table 1, fused quartz or pyrex glass 

ampoules were required for melting the eight compositions. The selection 

of pyrex or fused quartz ampoules for melting a particular chalcogenide 

composition was based on its melting point and the temperature vapor 

pressure relationship of its constituent elements. 

For most of the compositions, vapor pressure less than two atmo

spheres was the limiting factor in determining the maximum attainable 
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temperature. Rotation of the ampoule was considered essential for homo

genizing the melt. Accordingly, 23ramO.D. x 21imnI.D. x 100 mm rotational 

melting ampoules of pyrex or fused quartz were fabricated, each having 

an "0" ring joint of pyrex glass (Corning #6780) connnected through an 

11 mm CD. graded seal. An extension below the graded seal allowed 

subsequent sealing under vacuum. A 2 mm bore high vacuum stop-cock 

(Corning #7544) v/as used with a S #18/9 ball joint connector and an 

ASTM #9 "0" ring to retain the vacuum inside the ampoule prior to its 
i 

sealing. Fig. 7 and 8. i 

Batch Preparation and Melting-Ampoule Loading 

Eight melting ampoules were thoroughly cleaned and baked for 
i 

moisture removal. The ampoules, together with their accessories, raw [ 

materials, a Mettler P 163 balance and mortar and pestle were placed in 

an air tight glove box. After evacuating overnight, the box was flushed 

with N gas for four hours, thus ensuring a reasonably good inert atmos

phere inside the box. After crushing the coarse As and S raw materials 

to a suitable size in separate mortars, 25 gram batches of the eight 

compositions were accurately weighed and carefully loaded in the ampoules. 

The stop-cocks v/ere closed thus entrapping N gas over the mixtures and 

the ampoules were quickly transferred to a diffusion pump unit where 

they were sealed under a high vacuum after an overnight evacuation and 

degassing. 

A stainless steel bomb was used for safety reasons and as a means 

of rotating the ampoule \-7hile melting to obtain homogeneity of the com

position. The bomb and the other melting accessories are shown in Fig. 8. 

file:///-7hile
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For remelting of compositions VII and VIII, non-rotational fused 

quartz ampoules, 50 nun O.D. x 48 mm I.D. x 18 mm, were used, Fig. 8. An 

extension allowed subsequent sealing under vacuum. 

Melting Furnace 

A Harrop "electrikiln" with an indicator and a recorder was used 

for the initial melting of all the compositions, Fig. 9. Holes were 

drilled in the front and the back walls in a horizontal alignment to 

support the bomb inside the furnace. The bomb was coupled to a 16 2/3 

r.p.m. motor. The furnace was supplied with power through an automatic 

Leeds and Northrup temperature-power controller. The temperature, moni

tored through a Chromel-Alumel thermocouple (type K), was controlled to 

within 1°F. For remelting compositions VII and VIII, the non-rotational 

ampoule, Fig. 8, was placed on an alumina refractory bridge in the center 

of the furnace so as to minimize thermal gradients. 
T 

Glass Melting 

General '~: 

For rotational melting, the melting ampoule was placed inclined 

inside the stainless steel bomb so as to collect the melt at the bottom 

of the ampoule as a slug. Kaowool packing provided the insulation from 

sudden therm.al shocks, shielding from the scratches due to the rough 

bomb surface and the incination. The bomb containing the ampoule was 

loaded into the furnace and firmly coupled with the motor in a horizontal 

alignment. Tubular sleevings in the furnace wall prevented undue torque 

on and the consequent overheating of the motor. 

After setting the soaking temperature, Table 2, on the controller, 
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the motor and the furnace were started. The rate of increase/decrease 

of the temperature was accurately monitored by the recorder so as to 

determine the soaking temperature as well as the time of soaking for each 

melting. Table 2. 

At the end of the soaking period, the motor was stopped and the 

furnace cooled. In some cases, the compositions were cooled to the 

annealing temperature and soaked before cooling to room temperature at 

various cooling rates, Table 2. In other cases, the composition was 

cooled straight to room temperature at a specific cooling rate. Table 2. 

The cooled bomb was opened, often with considerable difficulty 

due to oxidation in the threads. The ampoule \-jas carefully withdraxon 

from the bomb and broken open to recover the chalcogenide without in

cluding any silica glass splinters. In some cases, on opening the bomb 

the ampoule was found cracked or shattered. 

For non-rotational melting, an identical procedure was followed 

except that the ampoule was kept stationary on a refractory bridge for 

uniform heating. 

Special features of each melting are described below under 

"Specific Meltings." 

Specific Meltings 

Composition I (As S ). After soaking at 490°C in accordance with 

the general procedure and Table 2, the composition was cooled to 250°C, 

in 5 1/2 hours and soaked at this temperature for 8 hours. Following 

this, the motor was stopped and the composition was rapidly cooled to 

room temperature in less than one hour. 

Composition II (As Se„). After soaking the composition at 700°C 

file:///-jas
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Table 2, the motor and the furnace v/ere stopped for readjustment of the 

bomb-motor coupling. Although the furnace temperature fell to 660°C, in 

all likelihood, the ampoule temperature was not affected significantly 

due to the kaowool insulation. On restarting the motor and the furnace, 

the temperature increased to 700°C within 5 minutes. After soaking for 

one hour, the motor was disconnected and the furnace tilted over to 

increase the ampoule inclination. The composition was cooled to 270°C 

in 2 hours and annealed at this temperature for 2 hours. At this stage, 

the furnace was stopped, cooled to 225°C in 30 minutes, followed by rapid 

cooling to room temperature in less than 1 hour. 

Before heating further, the bomb threads were cleaned in a lubri

cant oil. 

Composition III (Ge-^S^^). While heating the composition to 540°C 
1J 0-> 

(soaking temperature), fumes were noticed coming out of the furnace at 

A25°C. The furnace, consequently, was cooled to 320°C. These fumes were 

perhaps emanating from the lubricant oil, used to clean the bomb threads. 

Furnace temperature was raised back to 540°C within 30 minutes. Four 

hours later, the bomb-motor coupling was readjusted. After soaking for 

24 1/2 hours. Table 2, the motor and the furnace were stopped and the 

composition cooled to ASO^C in one-half hour, followed by cooling to 

160°C in 1 1/2 hours. At this stage, the composition was reheated to 

400°C, annealed for 2 1/2 hours and slow-cooled to room temperature in 

7 hours. 

Prior to any further heating, the bomb threads were repaired and 

ultra-sonicly cleaned to remove the oxides due to the rusting of the 

threads. To reduce further oxidation of the threads, "Fel-Pro" C-100 
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high temperature molysulphide lubricant was applied to bomb threads 

before the next heating. 

Composition IV (GeSe) • After soaking at 720*̂ 0 for 4 hours and at 

750'̂ C for 20 hours, Table 2, the furnace was turned over 90° to facilitate 

the collection of the melt at the bottom of the ampoule; the temperature 

was reset at 370°C. Five hours later, the furnace was stopped and cooled 

to room temperature in 5 hours. 

Composition V (Ge .̂As Se _ ) . After soaking at 720''C for 29 hours, 

Table 2, the furnace was turned over 90° for the reason outlined above 

and soaked for 1 hour. At this stage the composition was cooled to 370°C 

in 4 hours, annealed for 2 1/2 hours and finally cooled to room tempera

ture in 5 hours. 

Composition VI (Ge. .As. ̂ Sê .̂) . The composition was soaked at 
JU ID DP 

720°C for 13 hours. Table 2. At this stage, the furnace was turned over 

90° for the reason outlined above. After 1 hour's soaking, the composi

tion was cooled to 370°C in 4 1/2 hours, annealed at this temperature 

for 2 hours and finally cooled to room temperature in 5 hours. 

Composition VII (Ge As S ). After soaking at 520°C for 24 

hours in accordance with the general procedure and Table 2, the composi

tion was cooled to 275°C in 2 hours, annealed at this temperature for 2 

hours, and finally cooled to room temperature in 2 1/2 hours. 

Composition VIII (Ge^^As,^S^^). After soaking at 550°C for 25 
3U 13 DP 

hours in accordance with the general procedure and Table 2, the furnace 

was stopped and tilted over for the reason outlined above. The composi

tion was cooled to 290°C in 2 hours, annealed at this temperature for 2 

hours, and finally cooled to room temperature in 2 1/2 hours. 
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Remelting of Compositions VII and VIII 

On visually examining the eight chalcogenides described above, 

composition VII was found to have partially crystallized while composi

tion VIII was completely crystallized. These crystallized compositions 

were, therefore, remelted in non-rotational ampoules. '• , • 

The two compositions were crushed and loaded in the ampoules and 

placed on an alumina bridge in the center of the furnace to effect a uni

form heating with reasonably good air circulation. Slightly lower tem

peratures. Table 3, had to be used since no bomb was employed in these 

remeltings. After soaking the composition at the highest temperature 

set, the temperature was lowered for annealing followed by cooling the 

mass to room temperature. Described below are the specific remelting 

schedules for the two compositions. 

Composition VII (Ge As S ). After soaking at 510°C for 12 

hours. Table 3, the composition was cooled to 260°C in 2 hours where it 

was held for 7 1/2 hours and finally cooled to room temperature in 5 

hours. 

Once again, the composition was found to have crystallized on 

cooling. Another melting was, therefore, attempted to form a uniform 

glass. After soaking at 540°C for 9 hours. Table 3, the composition was 

cooled to 280°C in 4 1/2 hours, followed by rapid cooling to room temper

ature in less than 1 hour. 

Since the composition, still, did not show any glass formation, 

a final attempt was made by soaking the composition at 565°C for 42 hours 

and at 577°C for 2 hours. However, on cooling to room temperature in 9 

hours, no glass formation was apparent. 
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Composition VIII (Gê ÂŜ  ..Ŝ )̂ . After soaking the composition at 
JU 13 ->-> _ 

550°C for 13 1/2 hours. Table 3, it was cooled to room temperature in 9 

hours. No glass formation could be seen. A final attempt was, there

fore, made with improved heating arrangements by soaking the composition 

at successively higher temperatures of 565°, 577'*, and 588°C for over 

42 hours and rapidly cooling it to room temperature in 1 1/2 hours. How

ever, no glass formation was apparent. 

Property Measurements 

Sample Preparation 

Specimens for x-ray diffraction were powdered to a fine size in 

pestle and mortar by hand. 

Specimens for index of refraction, infrared, and electrical con

ductivity were sliced from the glassy ingots. As the ingots were very 

fragile, they were mounted on graphite blocks with a polymer resin. 

Slicing was attempted, first using a Micromatic precision wafering 

machine and then in a 0.005" wire savj; while the former was discarded 

because of excessively high cutting speeds, the latter was rejected being 

extremely slow and cumbersome process. A more convenient method of 

slicing employed an Isomet 11-11800 low-speed diamond saw. 

Coarse polishing of some slices was done on a Majur lapping/ 

polishing machine using 1000 ym SiC abrasive slurry, followed by fine 

polishing on lapping wheels using 400 and 600 grit SiC and 0.05 ym Gamma 

micropolish powder slurries, in that order. On the other slices, hand 

polishing had to be carried out using the aforementioned sequence of 

abrasives. Wedges (less than 30°) for the index of refraction 



44 

measurements were hand polished. 

Polished specimens were examined under the microscope for their 

finish. Following this, the specimens were removed from the graphite block 

and thoroughly cleaned (resin was removed with xylene or trichloroethyl-

ene) in an ultrasonic cleaner before being used for property measurements. 

Extreme care had to be exercised in view of the fragility and very small 

size of the specimens. 

X-Ray Diffraction 

X-ray diffraction analysis was carried out using a Norelco diffrac-

tometer with Copper radiation (45 KV and 20 liA) through a Ni filter. 

Dimensions of the angular aperture and receiving slit were 1° and 0.003 

inches respectively. The detector was a sealed proportional counter. 

The goniometer was scanned between 29 = 3° and 90° at 1° per minute. 

Index of Refraction Measurement 

Index of refraction 'n' was measured according to Equation (3), 

where the angle of minimum deviation, '6', was measured using a C0„ con

tinuous wave laser operating at a fixed wavelength (X = 10.6 ym), Fig. 6 

and 10, and the apex angle of the wedge was measured using a mercury-

cadmium- t el lurid e laser. Fig. 6 and 11. 

Of the eight chalcogenide compositions prepared, only five were 

tested for the index of refraction measurements. Table 5. 

The CO laser beam, having an output power of approximately 1 

watt, was collimated using two concave, double meniscus, anti-reflection 

coated germanium lenses with focal lengths 1" and 1 1/2" and mounted on 

an optical bench. The collimated beam could be detected as an 8-mm 

spot on the fluorescent probe illuminated by a UV lamp. 
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A disc-shaped specimen of composition I, mounted on a turntable 

in horizontal alignment with and normal to the laser beam, was discarded 

due to the intense localized heating of the specimen. In one case the 

beam even melted the thin disc. 

The disc x<ras, therefore, replaced by a wedge-shaped specimen in 

all further measurements. For convenience, the wedge was mounted such 

that the normal to its inclined surface lay in a horizontal plane. On 

firing the laser, a spot was detected in the probe plate. The wedge was 

rotated until the position of minimum deviation was achieved in the spot 

size. Angular positions of the refracted beam and the in-line beam were 

measured. Fig. 6, thus yielding the angle of minimum deviation '5'. 

For the measurement of the apex angle ^A' (= G/2) of the wedge, 

an autocollimated Hg~Cd-Te laser beam was shone on the wedge, x̂ ngular 

positions of the incident and the transmitted beams yielded angle '9', 

Fig. 6. Average thickness (t) of the wedge was also determined to make 

necessary adjustments in the measured dimensions. 

A check on the measurements was made by comparison with the method 

of perpendicular incidence. The wedge of composition II was rotated 

until one of its faces was perpendicular to the incident beam. The re

fracted beam was spotted on. the probe. Measurements were in accordance 

with Fig. 6, the angle betxveen the refracted and the in-line beams being 

thus obtained. 

Infrared Spectrum 

A Parkin Elmer 457 Grating IR Spectrophotometer, operated at fast 

or medium scanning mode and normal slit opening, vjas used to scan 2.5 to 

40 pm range for percent linear transmission (100% corresponded to the 
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uninterrupted beam). Flat polished specimens, larger than 5 mm x 3 mm 

size, were mounted on cardboard holders and scanned in the double beam, 

with an accuracy of +1% of full scale reading. Fig. 12 to 15. Care was 

taken such that the beam was not blocked by the holder. Specimen thick

ness was measured with a micrometer, Tables 6 to 9. Of the glassy 

compositions, composition VI could not be tested due to its very low 

transmission characteristics. 

D-C Electrical Resistivity Measurements 

General. A Keitbley 610 Electrometer was used to measure the dc 

resistance of compositions III and V at room temperature and as a func

tion of temperature. Fig. 16, and Tables 12 to 14. Polished rectangular 

specimens were prepared from the ingot. While the specimen of composi

tion III was prepared with a high length to area ratio, so as to minimize 

32 
surface fringing effects in accordance with the ASTM standard D 257-66, 

the ratio was kept low for the specimen of composition V in order to 

facilitate the measurement of high resistances. Dimensions of the speci

mens were accurately measured using a micrometer. Tables 12 to 14. Silver 

electrodes were painted on both the specimens. The paint was allowed to 

air set for 5 minutes followed by baking at 130̂ *0 for 5 minutes, thus 

achieving good adherence and hence good ohmic contacts. 

Specimen Holder. Tv70 different gold plated specimen holders with 

BNC connectors and insulated leads were tried and discarded as being too 

lossy. To avoid the probable leakages and such losses in the leads and 

the connectors, a Plexiglas specimen holder with banana plugs was used 

after thorough cleaning with methanol. 

The specimen, held in the Plexiglas holder, was placed inside the 
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oven, carefully avoiding any short-circuiting. In view of the ?iigh 

temperatures involved, teflon-coated leads were used to connect the 

specimen to the electrometer. With a thermometer placed very close to 

the specimen, resistance was measured both in the heating as well as 

the cooling cycles, Tables 12 and 13. However, with the Plexiglas 

holder, a temperature of 150°C could barely be reached. 

For measuring resistances at still higher temperatures, a similar 

Teflon specimen holder, able to withstand 450°C, was used. Resistance 

was measured again, both in the heating as well as the cooling cycles, 

Table 14. However, in one case, heating to 500°C resulted in the defor

mation of the holder under its ox-m weight. 



55 

! 

' CHAPTER IV 

RESULTS AND DISCUSSION 

Results of the x-ray diffraction, index of refraction, infrared 

absorption spectra, and the dc conductivity measurements on the test 

compositions are discussed below. A comparision with the published liter-
i I 

ature has also been presented. , ( 
! 

. , , • . . ; I 
• - ' I 

X-Ray Diffraction I 
( 

X-ray studies were intended only for qualitative, not quantitative, I 

estimation of the glass-forming ability of the systems under consideration 

and the compositions therein. Each composition was studied by x-ray 

diffraction techniques to ascertain if any crystalline phases formed dur

ing melting or as a result of the devitrification of these glasses. Fig. } 

17 to 24 show the diffraction patterns of the eight compositions. In 

some cases, peaks due to the sample holder were observed at d = 1.30, " 

1.83 and 2.12 A". These peaks are, however, not shown. Table 4 describes 

the observed peaks in the eight chalcogenides and their comparison with 

I the literature, wherever possible. The results were as follows; [; 

I As_S_ 
2 3 

Diffraction pattern of this composition. Fig. 17, showed no cry

stalline phase, thus indicating a strong ability of arsenic for glass 

formation. However, the band at d = 2.65 A° is diffused indicating a 

very small likelihood of structural changes. This is possibly due to 

annealing at a temperature fairly close to the fusion point of the glass 
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Table 4. Diffraction Peaks in the Experimental 
Chalcogenide Compositions 

Composition 
E Experimental Literature 

Composition 
^ d(A°) leC) d(A°) 2eC) 

I 5.0922 17.4 5 17.7 
2.6496 33.8 2.65 33.8 

II 8.4179 11.5 Not ,̂ 
Observed 

Not 
Observed 

4.9787 17.8(Broad) 4.99 17.75 
2.8030 31.9 2.84 31.50 
1.7323 52.8(Broad) 1.82 50.25 

III Crystalline 

IV Crystalline 

V 5.2417 16.9(Sh oulder) 

VI 

VII 

VIII 

3.0763-2.9568 29.0-30.2(Broad) 
1.8023-1.7025 50.6-53.8(Shoulder) 

6.2317 
3.0867 

14.2 
28.9(Broad) 

Crystalline 

Crystalline 

37 Majid et al.-̂  report a shoulder at 29 = 10° (d = 8.1A°) 



57 

K) 

CNiH 
<n 

Q: 

o 
en 

O 
O 00 

o 
00 

o <n 
r*. w 

CM 
CO 
< V - ' 

r-4 

C 
O O 
vO •H 

•M 
• H 
CO 
O 
m. 

o 
o M-l 
m o 

a 
/ — N »-< 
o 0) 

—̂' 4J 

CD •U 

CN cd 
P-i 

O C 
-;!- o " "H 

4J 
O 
cd 
>-i 

t+-i 
»w 
•H 
Q 

O 
CO >̂  

CO 

1 
1 

X 

•H 

(%) A:jTsua3ui 



58 

and also to a relatively slow cooling. The two observed peaks are in 

very good agreement with the observations of Tsuchihashi and Kawamoto 

who have proposed a ring-like structure of As S glass containing 5 to 7 

tetrahedra of AsS - per ring. 

II As^Se^ 

Diffraction pattern of this composition, Fig. 18, showed no crystal

line phase, thus confirming the strong ability of arsenic for glass forma

tion. A comparison of the experimental values for As^Se with the results 

37 obtained by Majid et al. is given in Table 4, These authors did not 

observe a broad band around 26 = 11.5° (d = 8.4179A*'j but instead have sug

gested the possibility of "a shoulder at about 2G = 10** (d = 8.1A°). How

ever, in view of the relative intensity with respect to the band at d = 

4.98A°, the band at d == 7.69A° cannot be considered merely a shoulder. 

Instead, it is as strong a band as the one at d = 4.98A°. \̂ Fhile the 

agreement for the second and third peaks is good, Bragg angles in the 

last case vary by as much as 0.4° (4.8%). No explanation can be offered 

for this discrepency in either of the two values. It may be noted that 

the bands at d = 1.67A° and 4.98A° are diffused or spread. According to 

37 
Majid et al. this indicates onset of structural changes and could be 

attributed to the annealing for over 2 hours. They conclude that in

crease in annealing time enhances these, structural changes and decreases 

the fraction of amorphous phase and that similar effect is observed for 

increasing annealing temperatures. 

Experimental As^Se glass was annealed at 270°C for 2 hours. 

Table 2. In view of the slow cooling during fabrication of this glass 

and the sharpness of the other two peaks, namely at d = 2.80 k° and 
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1.69 PJ^ ^ it is concluded that onset of structural changes is indicated; 

however, nucleation period for As Se is very large; hence no crystalli

zation was observed in the experimental glass. 

"^ '^^sSs 

Of the eight compositions tested, this composition has the least 

tendency for glass formation as revealed by numerous peaks of minor and 

major intensities in the diffraction pattern, Fig. 19. GeS shows up 

strongly at d = 5.64 and 3.34 A° while free S Peaks are observed at d = 

3.08, 3.20, 3.34, 3.42, and 3.83 A*'. Also, visual observation of a free 

sulphur 'crest on the surface of the ingot confirms the low affinity of 

Ge for S in solution. 

IV GeSe 

In addition to sulphur, germanium also has a low affinity for Se. 

The diffraction pattern of this composition, Fig. 20, reveals free Se 

peaks at d = 3.00 and 3.78 A°, Ge-Se peaks at d = 1.73, 1.98, 2.26, 2.71, 

2.79, 3.41, and 5.40 and GeSe peak at d = 5.90 A°. This leads to the 

conclusion that equimolar amounts of Ge and Se have extremely low ten

dency to form glass; this tendency is further diminished by extremely 

slow cooling from the melt during fabrication of this glass. Chapter III. 

V Ge.̂ 3As.̂ 3Sê Q 

No crystalline phase was present in the diffraction pattern of 

this composition, Fig. 21, indicating a strong tendency for glass forma

tion. The peaks at d = 1.70-1.80 and 5.24 A° could at best be considered 

as shoulders rather than true peaks. The peak at d = 3.03 A** is very 

broad. Since the fusion point of this system is not knol̂ 7n. it is not 

certain if heating at 370°C was annealing or remelting of the composition. 
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However, the composition appears to form a very stable glass. 

VI Ge3QAs^3Se33 . 

No crystallinity was observed in the diffraction pattern of this 

composition, Fig. 22; however, the humps in the diffraction pattern of 

composition V were more diffused or flatter than those in composition VI. 

On this basis, it was concluded, though qualitatively, that the tendency 

of glass formation in composition VI is lower than that in composition V. 

This is possibly due to a higher Ge content, i.e., a lox\?er percentage of 

the glass former Se than in composition V or it may be due to very slow 

(furnace) cooling of the composition, Chapter III. This weak tendency 

for crystallization is also apparent from the well defined and broad 

peak at d = 3.08 A°. 

VII Ge^^As^^S Q̂ 

In addition to a broad shoulder at d = 1.72-1.66 A**, the diffrac

tion pattern of this glass. Fig. 23, consists of broad peaks of GeS 

crystals at d = 2.79 and 5.64 A°, the latter being a minor peak. Also, 

three other minor peaks of crystalline GeS were observed at d = 3.30, 

3.53, and 4.55 A°. A visual examination revealed regions of different 

colors and possibly different densities, thus confirming non-homogeneity 

and suggesting the possibility of phase separation or crystallization in 

this glass. Crystallization could be expected due to the very slow cool

ing of this composition. Chapter III. This conclusion is strongly sup

ported by a high degree of crystallization subsequent to the non-rota

tional remelting of this composition, discussed earlier. Chapter III. 

Due to these peaks, the overall tendency of glass formation in this glass 

is low, leading to the conclusion that Se is a better glass former than S, 
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in contrast to the results obtained by Hilton." 

VIII Ge^^As, ̂ S^^ . 
30 15 55 

As shown in the diffraction pattern of this composition, Fig. 24, 

peaks of GeS were observed at d = 2.62, 2.68, and 3.30 A°, those of 

GeS^ at d = 3.31 and 5.71 A° and of AS2S2 at d = 3.00, 5.47, and 5.71 A". 

This implies a very weak tendency of glass formation in this composition, 

as compared to compositions VI and VII. Crystallization is further 

enhanced by a very slow cooling from the melt during fabrication of this 

glass. Chapter III. 

In effect, compositions I, II, V, and VI, involving As as one of 

the constituents, have very strong tendency to form glass, although it 

is likely that GeS^ crystallization could be avoided by a faster quench

ing of this composition. However, binaries involving Ge (compositions 

III and IV) and the ternary (composition VIII), having lower percentage 

of the glass forming component, sulphur, and a higher Ge content than 

composition VII, show extremely poor ability for glass formation. On 

the other hand. As appears to have a strong tendency to form glass with 

S and Se in the binary (I and II) compositions and with Se in the ternary 

(V and VI) compositions. . 

Index of Refraction 

Table 5 gives the results of the index of refraction measurements 

on compositions I, II, V, VI, and VII. The dimensions given in the table 

are corrected for the thickness of the wedge in each case and measured 

to within + 0.05 cm. 

In selecting the method of measuring the index of refraction. 
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the availability of the equipment, namely, CO^ laser operating at 10.6 

•k 

ym, and the convenience of the measurement procedure were the primary 

considerations. Since the distances involved in the calculation of the 

apex angle of the wedge and the angle of minimum deviation could only 

be measured within one-half of a millimeter, accuracy of the measurements 

was accordingly limited. 

For composition II, the index of refraction value was also calcu

lated using Equation (5) (method of perpendicular incidence). This value 

is consistent with the one calculated by the method of minimum deviation, 

the variation being only 1.08%. The relation: n sin0 = n sino^ also 

reduces to the method of perpendicular incidence for n = 1 (air). 

Precise measurement of the index of refraction is possible only 

when the material is highly transparent. This is evident from composi

tion V where no transmission could be observed through a wedge of 2.4 mm 

thickness. Instead, a 1 cm diameter strong reflection spot was observed. 

Reduction of thickness to 1.2 mm made it possible to observe the trans

mitted spot at a distance of over 35 cm. 
Index of refraction varies significantly with wavelength, e.g., 

30 
Rodney et al. reported a decrease in the index from 2.636 at 0̂ 6 ym to 

2.364 at 12.0 ym for As„S„. Most data available in the literature con

cerns the refractive index measured at 5 ym. In the present work, how

ever, all the measurements were made at a fixed wavelength of 10.6 ym. 

For As S (Composition I), the experimental value of 2.39 at 10.6 ym 

A 

Angle of minimum deviation method does not require the condition of 
normal incidence to be met and hence was preferred over the method of 
perpendicular incidence. 
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30 
compares very well with the value of 2.37698 computed by Rodney et al», 

based on Sellmeier type dispersion formula: 

^ n - I = J2 -^ 2 ^^^ 
i = l X ~ X . 

1 

Variation is within 0.544% of the computed value. Experimental 

value for As-Se , n = 2.77, is in good agreement with the value of 2.78 

observed by Savage and Nielsen, the variation being only 0.725% of the 

literature value while the value for Ge. _As-̂ Se_,_, n = 2.51, is within 
13 15 /U 

o 

3.19% of the values obtained by extrapolation in Hilton's Curve. Com

parison for other compositions could not be made due to the lack of 

published literature at 10.6 ym. Although the actual composition of 

As S^ and other glasses was not ascertain subsequent to the batch forma

tion, the stoichiometry of the composition was maintained in the glass 

since no residual sulphur or arsenic was recovered in the ampoule subse-
9 ft 

quent to the glass formation. Seager and Quinn have reported the pos

sibility of forming diphasic or inhomogeneous glass samples and conse

quently having density variations. Possibility of such variations is, 

however, limited due to the very small size of the wedge. 

As expected, refractive index increases as the atomic mass of the 

constituent atoms increases (Se > As > Ge > S), e.g. As Se glass has a 

higher index of refraction (2.77) than As_S-(2.38) and As^_Ge _Se^„ has 
a higher index value (2.51) than As__Ge__Se__(2.45). Similarly," 

15 30 55 
As, _Ge^_Se_- has a higher index of refraction (2.51) than As, ̂ Ge, ̂ S_,̂  
15 15 70 15 15 70 

(2.32). 
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Infrared Absorption 

General 

Figures 12 to 15 and Tables 6 to 9 present the infrared absorp

tion data on four compositions, namely, I, II, V, and VII over an effec

tive range of 2.5ymto 40 ym. Due to the instrument limitations, results 

beyond 40 ym were considered unreliable. Compositions III, IV, and VIII 

were crystalline and hence not examined whereas composition VI could not 

be analyzed due to its extremely poor transmission characteristics. 

The intensity of a peak relative to the intensity of the strongest 

peak in the spectrum was used as the criterion to classify the peak as 

being strong, medium, weak, or very weak. For a strong or a medium peak, 

the intensity is given as a percentage of the base line maximum intensity 

observed over the entire spectrum. The location of each peak is given 

in both wave number as well as wavelength. However, for strong or medium 

peaks, the location is given as the wave number range at 2 percent of its 

minimum transmission intensity. Tables 6 to 9. This was done for con

sistency and convenience in the analysis. Peak assignments were based 

on the published literature on various systems. Since the compositions 

were glassy phases, most peaks were "diffused." 

Principal sources contributing to the absorption peaks were found 

to be the impurities, oxygen and hydrogen, and the intrinsic multiphonon 

4 
processes due to the interaction of the impinging infrared radiation. 

Assigning a particular absorption band in a glass to a particular oxide 

o 

is complicated and often questionable. As Hilton et al. pointed out, 

two possible factors complicating the assignment are: (a) high dielectric 

2 
field of the glass (e « n ) shifts the molecular vibration to a lower 
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-1. 
Table 6-A. Absorption Peaks (cm ) For 

Composition I (As„S„) 

Sample #1 Thickness = 0.037 cm 

Wave No. A Peak Relative Maximum % of Assignment | 

(cm ) 
(ym) Location 

(cm ) 

Intensity Inten
sity 

Maximum 
Inten
sity 

and 
Comments 

72 

1575 6.3 w r 
H„0 Dis- \ 
solved m 1 

r 
H„0 Dis- \ 
solved m 1 
Glass'̂  ' 

1 

1005 10.0 950-1050 M 90.29 Molecular j 
ASAO^ or j 

6. M • 

Ac:-F) » ' ! 
4 17 or S-S '^ i 

680 14.7 660-710 S 4.17 S-S or As-S ^ 
or As-0 or 
Intrinsic 
2- and 3-
Phonon , _ _ I 
•n ^>17 I 
Processes \ 

490 20.4 s 14.00 As202or 
or Intrinsic 
2-Phonon 
Process'̂  »1^ 

310 32.3 w As-S^ 
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Table 6-B. Absorption Peaks (cm ) For '̂  
Composition I (As^S^) 

Sample #2 Thickness = 0.036 cm 

Wave No. A Peak Relative Maximum % of Assignment 

(cm ) 
(ym) Location Intensity Inten- Maximum and 

(cm ) 
(cm ) 

sity Inten
sity 

Comments 

77 

1575 6.3 W H O Dis
solved in 
H O Dis
solved in 
Glass*̂  

1010 9.9 950-1045 M 92.21 Molecular 
AS4O5 or 
As-S or 
S-S^'^7 

680 14.7 665-710 S 6.49 S-S or As-S 
or Intrinsic 
2- and 3-
Phonon Pro
cesses^ •>^' 

A90 20.4 S 17.50 AS2O3 or 
Intrinsic 
2-Phonon 
Process^ >-̂' 

310 32.3 VW As-S 
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-1. Table 7-A. Absorption Peaks (cm ) For 
Composition II (As^Se„) 

Sample #1 Thickness = 0.0683 cm 

Wave No. 

(cm ) 

A 
(ym) 

Peak Relative Maximum % of Assignment 
Location Intensity Inten- Maximum and 

sity Inten- Comments 
sitv 

(cm ) 

25 

870 11.5 825-890 M 75.5 Intrinsic 
3- and 4-
Phonon , 
Processes 

680 14.7 W Intrinsic 
2- and 3-
Phonon , 
Processes 

640 15.6 600-685 M 88.0 Molecular 
AS4O5 or 
As-O-As 
Network 4,17 

490 20.4 460-505 20.0 As-Se or 
AS2O3 or 
Intrinsic 
2-Phonon 
Process"̂  

335 29.9 W Fundamental 
As-Se-As 
Stretch^ 
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-1> 
Table 7-B. Absorption Peaks (cm ) For 

Composition II (As^Se^) 

Sample #2 Thickness = 0.089 cm 

Wave No. \ Peak Relative Maximum % of Assignment 

(cm ) 
(ym) Location 

(cm ) 

Intensity Inten
sity 

Maximum 
Inten
sity 

and 
Comments 

21 

865 11.6 825-885 M 

' 

71 .4 Intrinsic 
3- and 4-
Phonon , 
•n 4 
Processes 

670 14.9 W Intrinsic 
2- and 3-
Phonon , 
Processes 

640 15.6 W Molecular 
As^Og or 
As-O-As 
Network^'-'-'^ 

490 20.4 450-510 S 21 .5 As-Se or 
AS2O3 or 
Intrinsic 
2-Phonon 
Process 

As-Se or 
AS2O3 or 
Intrinsic 
2-Phonon 
Process 

340 29.4 • . vw Fundamental 
As-Se-As 
Stretch^ 

29.4 



Table 8-A. Absorption Peaks (cm ) For 
Composition V (Ge j-Aŝ  ̂ Se-^) 

Sample #1 Thickness = 0.0572 cm 

77 

Wave No. ^ 

(cm-^ ^^^^ 

Peak 
Location 

(cm ) 

Relative Maximum % of Assignment 
Intensity Inten- Maximum and 

sity Inten- Comments 
sity  

840 

A90 

11.9 

20. A 

770-910 

465-520 

19 

17 
11.46 As^O^ 

50.00 As-Se, Ge-Se 
or As„0„ or 

Intrinsic 

2-Phonon 
Process^^,4 

370 27.0 360-390 M 

345 29.0 VW 

335 29,9 w 

65.10 Not Identi
fied 

Fundam.ental 
As-Se-As 
Stretch^+ 
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-1, 
Table 8-B. Absorption Peaks (cm ) For 

Composition V (Gê  ̂ .̂ 8̂  t.Se_,„) 
ID 15 70 

Sample #2 Thickness = 0.1240 cm 

Wave No. 

(cm ) 

840 

X 
(ym) 

11.9 

Peak Relative Maximum % of Assignment 
Location Intensity Inten- Maximum and 

sity Inten- Comments 
sity  

(cm ) 

755-930 

18 

8.33 AS2O3 
17 

500 20.0 465-515 30.56 As-Se, Ge-Se 
or ASpO„ or 

Intrinsic 
2-Phonon̂ ''>'̂  
Process 

375 26.7 365-380 M 50.00 Not Identi
fied 

345 

330 

29.0 

30.3 

W 

w 
Fundamental 

- As-Se-As 
Stretch 



Table 9-A. Absorption Peaks (cm ) For 
Composition VII (Gê  ̂ As^ ̂ 5-7̂ ,) 

79 

Sample #1 Thickness = 0.2231 cm 

Wave 

(cm ) 
(ym) 

Peak 
Location 

(cm ) 

Relative Maximum % of Assignment 
Intensity Inten- Maximum and 

sity Inten- Comments 
sity  

33.5 

1580 6.3 W H O Dis
solved in 
Glass^ 

1310 7.6 1280-1340 M 86.6 Molecular 
As^O^ or 
SO^ or 
S-§^,8,17 

830 12.0 770-870 17.9 S-S or 
As,03l7 

335 23.9 W Not Identi
fied 

320 31.3 VW Not Identi
fied 



-1 
Table 9-B. Absorption Peaks (cm ) For 

Composition VII (Ge-^As^ ŝ vô  

80 

Sample #2 Thickness = 0.0368 cm 

Wave No. 

(cm ) 

A 
(ym) 

Peak Relative Maximum % of Assignment 
Location Intensity Inten- Maximum and 

sity Inten- Comments 
' sity  

(cm ) 

42.5 

1580 6.3 1570-1610 W 88.2 H O Dis
solved in 
Glass'̂  

1310 7.6 1295-1325 45.9 Molecular 
As^Og or 
SO^ or 
S-S^.8,17 

835 12.0 670-915 17.6 S-S or 
AS2O3I7 

340 29.4 W Not Identi
fied 

310 32.3 305-320 M 23.5 Not Identi
fied 
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frequency, and (b) frequency may be shifted because of chemical bonding 

with the surroundings by the molecular group. The latter was considered 

to be of importance in the assignment of these peaks, in view of the 

absence of any applied electric field. 

Oxide Absorption Bands 

In spite of the best possible precautions taken to eliminate any 

contamination by oxygen, absorption peaks were mostly located around 

oxygen network formation. Oxygen could have intruded as an impurity in 

the reacting elements or could have stayed in the ampoule as a residual 

gas. No attempt was made to further purify the as-received raw materials. 

Another possible source of oxygen could be the quartz ampoule itself 

(SiO„ -> SiO) . Once in the system, oxygen forms very stable oxides x̂zith 

Q O 

both arsenic and germanium. Vasko and others have observed that 

-1 
As Se spectrum in the 300-1000 cm region depends only on the total 

amount of the oxygen present. A 780 cm peak in As-Se and Ge-As-Se, 

reported by Savage and Nielsen and others to be due to As-0 absorption 

was,however, not observed in compositions II and V. Also, Ge-0 absorp-

—1 —1 —1 8 
tion peaks could be expected at 870 cm and 543 cm or at 780 cm 

However, no significant contribution to the absorption due to Ge-0 was 

observed in both composition V as well as composition VII involving Ge. 

This leads to the conclusion that Ge-0 was successfully prevented from 

forming. Often times, use of oxide getters like boron and aluminum is 

suggested in the literature to be an effective means of removing some 

Q 

oxide bands from Ge containing chalcogenides. However, use of such 

elements is obviated by the observed results in the germanium systems. 
An important feature of the absorption spectra of compositions I, 
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II, and V is the peak at 490-500 cm . The intensity of this peak 

appears to be strong in As„S„(composition I), As^Se (composition II), 

and Ge^ t-Aŝ  c:Sê „ (composition V). The best possibility seems to be As_0 

4 
or intrinsic "2-phonon process." According to Moynihan et al., the 

intensity of this peak is independent of the oxide content and hence this 
o 

must be a 2-phonon process intrinsic absorption band, whereas Hilton, 

and Savage and Nielsen characterize it as a Ge-Se overtone. This, how

ever, could not be the primary reason in view of the absence of Se in 

the composition of As S , composition I, although it may have contributed 

to the peak sharpness and intensity in composition V where Se was present. 

Hilton concedes that although the possibility of I R overtones of As-S, 

Ge-S, etc., may exist, these absorption bands are fairly weak and could 

only be identified by comparing absorptions of different systems. 

On the basis of the published literature, oxide impurity bands 

observed in composition I at 1005-1070 cm were characterized as mole

cular As.O, or network >As-0-As<. An outside possibility of SO_, as 

4 5 2 
oo 

considered by Nakamoto may exist, but this may at best have only minor 

contributions in view of the relative intensities of As-0 absorption 

peaks. Other absorption bands due to oxides were observed in composi

tions II, V, and VII at 825-870 cm and in compositions I and II at 
-1 39 

640-680 cm . Burley has also reported a broad band at 630 cm which 
he attributed to the dissolved monomeric form of SeO_, whereas Moynihan 

4 
et al. have reported observing oxide bands in their As„Se_ glass at 

650 and 785 cm , the latter being observed at a minimum As^O„ level of 

270 ppm. In the absence of this band in the experimental glass, it may 

be concluded that oxygen impurity level was fairly low such that As„0 
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3 -1 
content was below 270 ppni. Vasko et al. conclude that 650 cm band is 

due to the oxygen present in a network structure similar to that of 

vitreous As„0 or of the As„0 monoclinic crystal while the 785 cm 

band was due to the oxygen present as As.O^ molecules. The peak at 640 

cm in composition II may be related to the vibrations of the oxygen 

incorporated substitutionally for Se in the As Se network in the form 

of >As-0-As< local groups. This band is, however, not characteristic of 

As Se composition, but is also present in composition VII. 

Some authors have reported observing a number of weaker oxide 

absorption bands in the 900-1400 cm region. Due to the limited instru

ment accuracy and the very low intensities, these bands were not reported 

here. Some of these bands were questionable on account of their non~ 

repeatabilit3'̂  and hence were attributed to the instrument noise. Here 

also, S-S absorption in compositions I and VII and As-S absorption in 

composition I may have made only secondary contributions. Oxide absorp

tion is also observed in composition VII at 1310 cm along with the 

possible contributions of S-S and SO^. 

Absorption bands of weak intensities were observed in compositions 

I and VII at 1535-1580 cm" , Fig. 12 and 15, Tables 6 and 9. These have 

been attributed to H^O dissolved in the glasses resulting in -0 -H 

1 4 
network. Savage and Nielsen^and Moynihan have also observed hydrogen 

impurity band at 1585 cm in a variety of selenide and sulphide glasses, 

This band is attributed to 0-H vibrations due to the H„0 dissolved in 

glass rather than 0-H groups bonded in turn to the network, e. g., 

>As-0-H<. Indeed, allowing for a slight shift to lower frequencies 

due to hydrogen bonding to the network, the frequency of this band agrees 

fairly closely with a fundamental vibrational frequency of isolated H^O 
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molecules (1595 cm ). The lUO must be absorbed initially on the silica 

melt tube or on the surface of the components. 

Non-Oxide Absorption Bands -

Several As-Se-As fundamental stretch absorption bands were ob

served in the higher wavelength regions: at 330-335 cm in compositions 

II and V, at 350 cm in composition II and at 345 cm in composition V. 

4 -1 
Moynihan et al. have reported observing a shoulder at 340 cm and have 

attributed this to the fundamental As-Se-As group stretching vibrations. 

40 
Lucovsky and Martin have suggested that in As„Se glass, the AsSe^ 

pyramidal groups are only weakly coupled vibrationally by the bridging 

As-Se-As groups and that I R spectra in the fundamental region correspond 

to those AsSe molecules superimposed on much less intense As-Se-As 

spectra. A weak absorption band at 310 cm in composition I was iden

tified as As-S bond. 

An absorption peak of medium intensity at 375 cm in composition 

V and some weak bands at 310-320 and 330-335 cm in composition VII 

could not be identified and assigned. It is not certain if these weak 

bands were due to the material characteristics or to the noise level of 

the instrument itself. 

Reflectivity and Absorption Coefficient 

Reflectivity and absorption coefficients of the experimental 

glasses are given in Table 10 as calculated from Equations (7) and (8). 

Reflectivity of these four compositions were computed using the corre

sponding index of refraction values from Table 5 at 10.6 ym. Absorp

tion coefficients of these glasses were calculated from the reflectivity 

and transmission data at 10.6 ym. Absorption coefficients for different 

specimen thicknesses of the same composition showed some variation. 

22 This may be due to experimental errors although Rockstad has also 
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reported observing similar variations in his study of As^Se„ glass. 

A correlation among reflectivity, index of refraction, and the 

absorption coefficients is presented in Table 11. A direct relationship 

could be observed in the three characteristics of these glasses. There 

is, however, no definite correlation factor governing these character

istics. 

D.C. Electrical Conductivity 

General 

Figures 25 to 27 and Tables 12 to 14 present dc conductivity of 

compositions III and V measured as a function of temperature in both 

heating and cooling. Also shown are the effects of sample holder on the 

conductivity. 

Conductivity of Compositions III and V 

Various authors have discussed the dc conductivity characteristics 

of chalcogenide glasses—mainly those involving chalcogens with arsenic. 

No data, however, could be found on the binary Ge_t-Soc (composition III, 
13 oD 

crystalline) and the ternary Ge ^As -̂Se ̂  (composition V, amorphous). 

Comparison with the literature is, therefore, limited and only qualita-

41 
tive. Dembovskii and Loitsker have reported the conductivity of cry-

-15 -1 -1 
stalline GeS (Ge Ŝ .̂) at ^O^C to be 10 ohm cm . In the present 

-14 -1 -1 
work, an extrapolated value of 5 x 10 ohm cm was obtained for 

Ge rSoc St 20°C. As the difference between the two values was very small, 

no valid comparison can be made except in the order of magnitude values, 

because (a) stoichiometry of the test composition (III) is considerably 

different from GeS ; final stoichoimetry could be Ge cS„£. (x>0) , as 
^ 15 o5—X 



87 

Table 11. Correlation of Index of Refraction, Reflectivity, 
and Absorption Coefficients 

System Composition Formula Refractive Reflec- Absorption 
Wt. Index tivity Coefficient 

n R a (cm 1) 
(At 10.6 yra) 

Binary ^^28^ 246.04 2.39 0.17 0.386 

As^Se^ , 386.61 2.77 0.22 6.01 

Ternary Ge^^AsT<-S^^ 445.75 2.32 0.16 1.63 •̂  15 15 70 

Gê Âŝ Ŝe-,Q 773.99 2.51 0.19 11.47 
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10VT (/°K) 

Fig. 25. D. C. Conductivity of Composition III as 
a Function of Temperature. 
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srecn-zif r (rtraioiAS lotcER) 

o — 0 Heating Cycle 
A — A Cooling Cycle 

r\ •PT •^ 1 

10^/T (/°K) 

Fig. 26. Conductivity of Composition V (Plexiglas) as a Function of Temper
ature. • 
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10"/T (/°K) 

Fig. 27. D.C. Conductivity of Composition V (Teflon) as a Function of Temper
ature. 
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Table 12. D.C. Electrical Conductivity of Composition III Vs. 
Temperature (Using Plexiglas Specimen Holder) 

2 
Electrodes: Silver Paint Dimensions: A = 0.8950cm 

1 = 0.2400cm 

Temperature !rp t lo"̂  
~ - (/̂ K) 

Resistance 'R' Conductivity 
1 

logi(f 

C^K) 

lo"̂  
~ - (/̂ K) 

(ohm) (0 = T^)(mho 
^ cm-1) 

13 -13 
306 32.68 9.9 X : LO 1.00 X 10 -13.000 

311 32.15 8.3 X : L0l3 1.19 X 10-1^ -12.924 

315 31.75 6.8 X ; LO^^ 1.47 X 10-" -12.833 

321 
H 31.15 4.8 X . Lo" 2.06 X 1 0 - " -12.686 

338 E 
A 29.59 7.5 X : LQ12 1.32 X 10-12 -11.879 

T 11 -11 
355 I 

N 

28.17 4.5 X 10 

10 

2.20 X 10 

-10 

-10.658 

369 G 27.10 1.3 X 10 7.62 X 10 - 9.118 

385 25.97 3.5 X 10^ 2.83 X 10-5 - 8.548 

* 387 25.84 1-1 X 10^ 9.01 X 10-10 - 9.045 

390 25.64 3.9 X 10^ 2.54 X 10-5 - 8.595 

409 24.45 2.4 X 10^ 4.13 X 10-5 - 8.384 

412 24.27 2.3 X 10^ 4.31 X 10-5 - 8.366 

417 23.98 1.8 X 10^ 5.50 X 10-5 - 8.260 

423 23.64 1.6 X 10^ 6.19 X 10-5 - 8.208 

367 C 
0 

27.25 4.8 X 10^ 

10 

2.06 X 10-5 

-10 

- 8.685 

350 0 28.57 1.7 X 10 5.83 X 10 - 9.235 

336 
L 
I 29.76 3.0 X 10^^ 3,30 X 10-" - 9.481 

325 
N 
G 30.77 6.0 X 

12 
10 

13 

1.65 X 
-12 

10 

-13 

-11.782 

318 31.45 2.3 X 10 4.31 X 10 -12.366 

Slight Change in the Set-up at this Stage 
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Table 13. D.C. Electrical Conductivity of Composition V Vs. 
Temperature (Using Plexiglas Specim.en Holder) 

Electrodes: Silver Paint Dimensions: A = 0.5768cm 
1 = 0.1710cm 

Temperature *T' 10 r ,o.r\ Resistance *R' 
—Tf- (/ K; 

(°K) V (ohm) 

C o n d u c t i v i t y 

(a = — ) (mho_ 
^ ^ cm ^) 

log^Qa 

299 

351 

358 

363 

368 

373 

378 

383 

388 

393 

398 

403 

408 

413 

418 

423 

428 

431 

33.39 2.0 X 10 

28.49 1.7 X 10 

27.93 3.6 X 10 

27.55 1.4 X 10 

27.17 5.7 X 10 

26.81 2.5 X 10 

26.46 1.2 X 10 

26.11 5.2 X 10 

25.77 3.0 X 10 

25.45 1.8 X 10 

25.13 1.0 X 10 

24.81 4.7 X 10 

24.51 2.8 X 10 

24.21 2.0 X 10 

23.92 1.3 X 10 

23.64 8.2 X 10 

23.36 5.5 X 10 

23.20 4.0 X 10 

13 

12 

12 

12 

11 

11 

11 

10 

10 

10 

10 

1 .48 X 10 - 1 4 

3 . 7 0 X 10 
- 1 4 

8 .22 X 10 - 1 4 

2 . 1 1 X 10 
- 1 3 

5 .19 X 10 - 1 3 

1 .18 X 10 
•12 

2 . 4 7 X 10 
- 1 2 

5 .69 X 10 
•12 

9 . 8 7 X 10 
- 1 2 

1.64 X 10 
- 1 1 

2 . 9 6 X 10 
•11 

6 . 3 0 X 10 - 1 1 

1 .06 X 10 
- 1 0 

1 .48 X 10 
- 1 0 

2 . 2 8 X 10 
-10 

3 . 6 1 X 10 
- 1 0 

5 . 3 8 X 10 - 1 0 

7 . 4 0 X 10 
- 1 0 

•13.830 

•13.432 

•13.085 

-12 .675 

-12 .285 

•11.927 

-11 .608 

-11 .245 

-11 .006 

-10 .784 

-10 .529 

-10 .201 

- 9 .976 

- 9 . 8 3 0 

- 9 . 6 4 3 

- 9 . 4 4 3 

• 9 .269 

- 9 . 1 3 1 
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Table 13. D. C. Electrical Conductivity of Composition V Vs. 
Temperature (Using Plexiglas Specimen Holder) (Continued) 

Temperature 'T' 10 (/o-,r\ Resistance 'R' Conductivity log-^a 

(°K) , '^ (ohm) (a = •~)(mho_-, 
^^ cm n  

423 23.64 5.0 x 10^ 5.92 x 10~^^ - 9.228 

413 , 24.21 8.3x10" 3.57 x 10'^^ -9.448 

403 24.81 1.7 X 10" 1.74 x 10""̂ ° - 9.759 

393 25.45 3.4x10" 8.70 x 10 ""'•̂  -10.060 

383 Q 26.11 7.4 x 10^ 4.00 x lO""""̂  -10.398 

373 ^ 26.81 1.8 x 10"̂ ^ 1.64 x lO"-*"-̂  -10.784 

363 I 27.55 4.4 x lO-'"̂  6.73 x lO""^^ -11.172 
N 

353 ^ 28.33 1.3 x lO"'"-'- 2.28 x lO""^^ -11.643 

341 29.33 5.7 x lO-"-" 5.19 x lO""^^ -12.285 

333 30.03 1.7 x lO""" 1,74 x lO""^^ -12.759 

323 . 30.96 4.8 X 10"" 6.17 x lO"-^^ -13.210 

311 32.15 1.8 X lO"'' 1.64 x 10 ""'"̂  -13.784 

299 33.39 4.0 x 10"" 7.40 x lO""*-̂  -14.131 

23.64 5.0 X 10 

24.21 8.3 X 10^ 

24.81 1.7 X 10^ 

25.45 3.4 X 10^ 

26.11 7.4 X 10^ 

26.81 1.8 X 10^0 

27.55 4.4 X lo^o 

28.33 1.3 X 10^1 

29.33 5.7 X 
11 

10 

30.03 1.7 X 
12 

10 

30.96 4.8 X 
12 

10 

32.15 1.8 X l o " 

33.39 4.0 X l o " 
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Table 14. D. C. Electrical R Conductivity of Composition V Vs. 
Temperature (Using Teflon Specimen Holder) 

2 
Electrodes: Silver Paint Dimensions: A = 0.5768cm 

1 = 0.1710cm 

Temperature 

CK) 

Trp 1 10^ 
^ (/°K) 

Resistance 'R' 

(ohm) 

Conductivity 
1 

^^ cm"-*-) 

log^QQ 

363 27.55 8.8 X 10^° 3.36 X 1 0 - " -11.473 

368 27.17 4.4 X 10^° 6.72 X 10-" -11.172 

383 H 26.11 6.7 X 10^ 4.40 X 10-11 -10.355 

400 
E 

A 
25.00 1.5 X 10^ 1.97 X 1 0 - " - 9.705 

616 T 16.23 8.0 X 10^ 3.70 X 10-8 - 7.432 

623 I 16.05 6.5 X 10^ 4.55 X io-« - 7.342 

644 
N 

G 
15.53 3.3 X 10^ 8.97 X io-« - 7.047 

811 12.33 2.3 X 10« 1.29 X 
-7 

10 - 6.891 

773 12.94 1.7 X 10^ 1.74 X 10-^ - 5.759 

755 C 13.25 1.8 X 4 
10 1.64 X 10-^ - 4.784 

727 0 13.76 2.2 X 10^ 1.35 X 10~^ - 4.871 

723 
0 

L 
13.83 2.4 X 10^ 1.23 X 10-^ - 4.909 

700 I 14.29 3.1 X 10^ 9.55 X 10-^ • - 5.020 

673 N 
14.86 4.8 X 

4 
10 6.17 X 10-^ - 5.210 

644 
G 

15.53 9.3 X 10* 3.18 X 10"^ - 5.497 

623 16.05 1.8 X 10^ 1.64 X 10-6 - 5.784 

616 16.23 1.9 X 10^ 1.56 X 10-6 - 5.808 

589 16.98 3.9 X 10^ 7.59 X 10-7 - 6.120 
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Table 14. D. C. Electrical R Conductivity of Composition V Vs. 
Temperature (Using Teflon Specimen Holder) (Continued) 

T e m p e r a t u r e t -pT 10^ 
^ (/'^K) 

R e s i s t a n c e ' R ' Condi ict 
1 
AI 

z i v i t y log^Oa 

1 (°K) 

10^ 
^ (/'^K) 

Cohm) ( 0 = 

ict 
1 
AI 

-) (mho 
^ cm-1) 

573 1 7 . 4 5 5 .6 X 
5 

lO"^ 5 . 2 8 X 1 0 - ^ - 6 .277 

546 1 8 . 3 2 6 . 3 X 10^ 4 . 7 0 X 1 0 - ^ - 6 . 3 2 8 

1 ' 533 1 8 . 7 6 1.6 X 10^ 1 .85 X 1 0 - ^ - 6 . 7 3 3 

523 1 9 . 1 2 2 . 5 X 10^ 1 .18 X 1 0 - ^ - 6 . 9 2 7 

505 C 
0 
0 
L 

1 9 . 8 0 4 . 8 X 10^ 6 .17 X 1 0 - ^ - 7 . 2 1 0 

j ^ f 

C 
0 
0 
L 

2 0 . 9 6 2 . 0 X 10^ 1 .48 X 1 0 - ^ - 7 .830 

! 473 I 
N 

2 1 . 1 4 3 . 3 X 10^ 8 .97 X 1 0 - ^ - 8 . 047 

1 423 G 2 3 . 6 4 8 . 3 X 10^ 3 . 5 7 X 1 0 - ^ - 8 . 4 4 8 

1 
j 394 

2 5 . 3 8 3 . 9 X 10^ 7 .59 X 1 0 - ^ ^ - 1 0 . 1 2 0 

' 321 3 1 . 1 5 4 . 5 X 
12 

10 6 . 5 8 X 1 0 - 1 ^ - 1 3 , 1 8 2 

1 . 298 3 3 . 5 6 7 . 3 X 10^2 4 . 0 5 X 1 0 - 1 ^ - 1 3 . 3 9 2 
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may be expected if there is any loss of sulphur from the system. How

ever, presumably sulphur loss from the composition could not be so much 

as to reduce the stoichoimetry to Ge .̂S „, (b) No annealing or other 

processing treatments for cr5̂ stalline Ge rSon have been reported by 

41 
Dembovskii and Loitsker, and (c) no chemical analysis of composition 

III was done in these experiment. However, a crust of sulphur was found 

deposited over the bulk sample confirming phase separation and exclusion 

of sulphur from the Ge-S system. However, due to the very high resistiv

ity of Ge-S system, in general, a difference of one order of magnitude 

appears to be fairly compatible with the measurements of Dembovskii and 

Loitsker. 

No comparison with the literature data could be made for Ge -As. -

Se ̂  (composition V). As for the order of magnitude value, the observed 

values are in conformity with the typical resistivity values for chalco-

8 
genlde compositions. Hilton et al. have reported the resistivity of 

this composition to be 5 x 10 ohm-cm at SOCK. This, however, is too 

low a value to be accepted in view of the generally high resistivities 

of glassy chalcogenides at room temperature. 

Resistance-Temperature Relationship 

As shown in Fig. 25-27, the log a vs 1/T plot gives a straight 

line for most of the curve. This linear nature is characteristic of the 

intrinsic behavior of the material. A slight departure from linearity 

is, however, noticed at very high temperatures attained in the experi

ment, Fig. 25-27, implying a variation in the activation energy with 

temperature. This may well be due to a change in the phases or a signi

ficant, though unknown, change in the conduction mechanism. A phase 
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change for composition V is unlikely due to the stability of the glass 

composition, whereas a phase change could have taken place in composition 

III. "Intrinsic" conductivity behavior signifies that a single, nearly 

constant, internal activation energy. Equation (10), E ,, describes the 

conductivity throughout that temperature range. Also, the magnitude and 

the activation energy of conductivity are remarkably insensitive to 

compositional variations within the glass forming region of the equili

brium phase diagram and to other minor constituent impurities. This 

implies an ability for self-compensation. For compositions III and V, 

intrinsic behavior obtains separately over the low-, medium-, and high 

temperatures corresponding to regions I, II, and III. Departure from 

linearity may thus be contributed to the change over to some "extrinsic" 

21 mechanism of conduction such as the surface effects. Owen and Robertson 

have reported similar breaks in their complex systems. 

Another interesting feature of the conductivity-temperature plot 

was the discontinuities observed at low and high temperatures. In effect, 

Arrhenius relation, :a = a e~ is followed over most of the temperature 

range, though in parts since the curves could be divided in the three 

regions discussed above, Fig. 25 and 27, each showing a different value 

of the activation energy. Table 15. Due to the lower temperatures 

attained, only regions I and II were observed in compositions III and 

V (Plexiglas). In all the three cases, for both the heating and the cool

ing cycles, slope of the conductivity plot (i.e., the activation energy, 

E ) decreases in going from the low temperature (region I) to the 

medium temperature range (region II)'. An exception to this behavior 

is the tail end of the heating cycle plot of composition III which is 
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considerably flat implying a very low activation energy (E , = 0.170 ev) . 

However, the low temperature-very high resistivity measurements are 

likely to be uncertain, Fig, 25-27. 

E , further decreases in going from the medium to the high tem

perature region (region III), as observed in the case of composition V 

(Teflon holder). Fig. 27. No definite trend is, however, noticed in the 

magnitude of the decrease in activation energies. Table 15. Lowering of 

the activation energies is perhaps due to changes in the structure and 

the band gap energies of the crystalline and the glassy compositions, 

brought about by thermal excitation. A narrow band gap, of course, 

facilitates higher conduction of electrons. In view of the limited scope 

of the present investigations, hox̂ rever, a definite conclusion cannot be 

drawn regarding the possible mechanisms of conduction and the changes 

therein with temperature. In addition, due to the complexities involved 

in the behavior of the specimen holders at high temperatures and the high 

resistivities at lower temperatures, these measurements are subject to 

reasonable questioning and hence are uncertain. This is more so because 

12 
Baker and Webb have found that activation energies usually diminish 

approximately linearly with temperature, according to the relation, 

. E = E^ - Y T (11) 

where E is the activation energy and y is a thermoelectric parameter 

of activation energy, expressed in evK . Arrhenius type conductivity 

equation should, therefore, be rewritten as. 

o = o' exp (Y/k)*exp - (E /kT) (12) 
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Experimental results are consistent with Equation (11) which 

implies a flattening of the conductivity-temperature plot as the temper

ature increases. 

Hysteresis 

The nature of the conductivity-temperature plot is further compli

cated by the observed hysteresis in the heating and the cooling cycles 

for all the three cases. Fagen and Fritsche have also reported hy

steresis in their measurements with chalcogenide glasses. In the cool

ing cycle, the furnace was cut off and the measurements were made with 

the falling temperatures. Since temperature recording was done in close 

proximity with the specimen and a reasonably sufficient time was allowed 

prior to each reading, this hysteresis could only be attributed to the 

intrinsic nature of the chalcogenide composition. At any given tempera

ture, conductivity observed in the cooling cycle is higher than that in 

the heating cycle by one or two orders of magnitude or even more. This 

effect is more pronounced in the case of composition III and is most 

likely due to a thermal lag, thus implying poor thermal conductivity 

characteristics of both the compositions. Conductivity in the cooling 

cycle "leads" the conductivity in the heating cycle due to the thermal 

gradients set up within each material. This is also supported by the 

temperature-differences, T̂  and T<., between the onset of regions I and 

II respectively, in the heating and cooling cycles. Fig. 26 and 27. This 

temperature difference is greater in the case of composition III. Grad

ual phase or structural changes, if any, taking place with temperature 

variations may also cause such differences in conductivity. This is, 

however, unlikely, although confirmation may be obtained by investiga

ting the reproducibility of the heating and cooling cycles. 
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specimen Holder 

As for the variations in electrical parameters due to specimen 

holders, the high temperature nature of Teflon and Plexiglas materials 

was not investigated. While no definite conclusions could be drawn 

about the increase (at high temperatures) or decrease (at low tempera-

trues) in the activation energy values, the variation was found to be 

farily significant over the temperature range involved. No supportive 

information could, however, be obtained in the literature. 

While hysteresis is perhaps an intrinsic characteristic of the 

chalcogenide compositions investigated, as discussed above, the nature 

of the heating and cooling curves is affected by the specimen holder, 

specially at higher temperatures where the conductivity of chalcogenide 

drops by several orders of magnitude. While the curves are converging 

at the ends (region II) for specimens III and V (Plexiglas holder) thus 

implying a closed hysteresis loop, the two curves exhibit divergence 

over the same temperature regions in the case of specimen V (Teflon 

holder). This basic discrepency cannot be explained by any intrinsic 

characteristic of the glassy composition V and must, therefore, be attri

buted to the specimen holders. 
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CHAPTER V 

CONCLUSIONS 

1. Binaries containing Germanium have a very strong tendency for crystal

lization, both with sulphur as well as selenium. The Ge-As-S ternary 

also have a strong tendency for crystallization while the Ge-As-Se 

ternary forms glass relatively easily. 

2. The glass forming tendency decreases as the percentage of germanium 

increases, both in the binary as well as ternary compositions. 

3. The glass forming tendency decreases as As„Se„ > As^S > Ge ̂rAs-c-Se-,̂ ^ 

> Ge__AsT r-Sê ,-. Ge^ ̂As., ̂ S-,^, GCT^SOCJ GeSe and Ge^^As^ ̂-Sr-r did not 30 15 55 15 15 70 15 85 30 15 55 

form glasses. 

4. Crystallization may be expected in Ge-^As-^S_,^ and Ge„^As, ̂ .Sê ^ if 
•̂  15 15 70 30 15 55 

the rate of cooling from the melt is very slow and the composition 

homogenization is not achieved by stirring the melt. 
5. Index of refraction "n" of equimolar compositions containing Se was 

higher than that of compositions containing S (n = 2.77, 
ASoSeo 

n . „ = 2.38, n^ , e = 2.51, n_ . ^ = 2.32). 
AS2S3 Gei5Asi5Se7o ^^5^^13870 

6. Analyzing the I R spectra of Ge- ̂ As. ,.Se__ and Ge, _As- ^S-^ on the basis 
±5 15 /U 15 15 /O 

of the reported literature, Ge-0 absorption bands were found to have 

only a minor contribution relative to the absorption due to arsenic 

oxide bands. 

7. Assuming a general agreement with the reported literature, oxide 

impurities were found to be the primary source of absorption in all 
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the experimental compositions. 

8. The most likely source of oxygen impurity were the starting elements 

themselves. Impurity level of oxygen was not reported in the as-

received raw materials. 

9. Possibility of As-S, Ge-S, etc., overtones exists. These, however, 

could have only secondary contribution to the oxide absorption. 

10. Inconsistent with the expected physical behavior, the absorption 

coefficient, a, was found to vary with thickness, t, of the glass 

specimen; e.g., for As„Se , for t = 0.0683 cm., a = 6.33 cm and 

for t = 0.0891 cm., a = 5.68 cm . The cause of this inconsistency 

was not ascertained. Measurement errors could be one probable source 

of this discrepency. 

11. Absorptivity of the glass is considerably increased when Se replaces 

S in binary as well as ternary compounds; ot = 0.386 cm , 

^A o - c m -1 a^ . c' - 1.63 cm , a_ . _ = 11.47 As2Se3 - 6.01 cm ; Ge^3As^3S^Q Ge^3As^3Se^Q 

cm" . 

12. The dc conductivity of both crystalline and glassy compositions fol

lowed Arrhenius behavior separately over low-, medium-, and high-

temperature regions. The activation energy (slope of the conductiv

ity vs. 1/T plot) varied in the three regions, e.g., for Ge^ ̂As^ ̂ -Se-p. 

in the heating cycle, E , (low temperature) = 0.597 ev, E , 

(medium temperature) = 0.228 ev, and E _. (high temperature) = 

0.121 ev. 

13. The dc conductivity in the heating cycle was lower than the conduc

tivity in the cooling cycle at the same temperature, depending on 
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the thermal characteristics or the possible slow polarization be

havior of the particular glass composition. For Ge, t-As, cSê p. at 

-12 -1 -1 
373°K, the conductivity (heating cycle) = 1.64 x 10 ohm cm 

-11 -1 -1 
and the conductivity (cooling cycle) = 1.64 x 10 ohm cm 

A hysteresis was observed in the conductivity-temperature measure

ments which was consistent with the effect of a slow polarization 

mechanism. 

14. The dc conductivity measurements on specimens with resistivities 

above 10 ohm-cm are difficult to perform over a wide temperature 

range. 
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CHAPTER VI . 

RECOMMENDATIONS 

This work was primarily intended to obtain a familiarity with the 

chalcogenide glasses in the Ge-As-S and Ge-As-Se systems-. Further work 

is recommended in the following areas: 

1. Effect of oxygen impurity on the absorption characteristics of 

these glasses in the infrared region. 

2. Structure of these glasses. 

3. Development of an improved technique to measure the electrical 

conductivity over a wide temperature range, especially at low tempera

tures. 

4. The possible slow polarization process which causes the con

ductivity to vary with time and temperature. 

5. Applications of the glasses based on these systems. 
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APPENDIX II 

TEMPERATURE-VAPOR PRESSURE RELATIONSHIPS 

FOR Ge, Se, As, AND S 

Germanium 

Total vapor pressure of germanium as determined from Fig. 28 at 

o -4 

1000 C was estimated to be less than 10 mm Hg. Therefore, it was con

sidered negligible for all experimental purposes. 

Total vapor pressure in the binary compositions III and IV was, 

thus considered to be the same as that of the respective glass former, 

namely S or Se. 

In the ternaries V to VIII, however, the total pressure was deter

mined by the partial pressures of As plus S or Se as the case may be. 

Selenium 
In the calculation of vapor pressure as a function of temperature, 

42 
the following equation was used 

Log p = A - I (14) 

where A = 8.089 and B = 4989.5 and where p is the pressure 5.n mm 

Hg and T is in °C. 

This equation holds accurately up to 750°C, but was used only for 

the temperature range 675-800°C. For lower temperatures, the vapor pres-

sure curve reported by R, E. Honig (Radio Corporation of America) was 

used, Fig. 29. Various authors have reported lower vapor pressures. 
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However, for safety reasons, the reported high values were used in the 

calculation of partial pressures. Table 17 gives the vapor pressures 

used in these experiments, as calculated from the Equation (14). 

Table 17. Vapor Pressure-Temperature Relationship for Selenium 

Temp.(°C) 600 650 700 720 740 750 760 775 800 

V.P.(mm of Hg) 260 600 914 1443 2220 2730 3342 4476 7113 

Vitreous selenium, being an undercooled liquid, has no definite 

melting point; it becomes less viscous as the temperature rises. Melt

ing point of metallic selenium is reported by several authors to be in 

the range 217-220.7°C. It is found that all forms of selenium crystal-

o 44 lize into the metallic form in the viscinity of 250 C. 

Arsenic 

In these experiments, the following vapor pressure-temperature 

relationship for arsenic was used 

Log p = - ~ ^ + 10.47 (15) 

where p is in mm of Hg and T in °K. 

This equation was used for the temperature range 650-800°C. For lower 

43 temperatures, the vapor pressure curve reported by R. E. Honig (Radio 

Corporation of America) was used. Fig. 28. Table 18 gives the vapor 

pressures used in these experiments as calculated from Equation (15). 

Like selenium, the melting point of arsenic is not fixed and has 

been variously reported to be in the range 800-868°C. 
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Table 18. Vapor Pressure-Temperature Relationship for Arsenic 

Temp. CC) 600 625 640 660 680 700 725 750 

V.P. (mm of Hg) 676 1102 1460 2094 2958 4120 6118 8911 

Sulphur -

In these experiments, the following vapor pressure-temperature 

relationship for sulphur was used 

Log p = 2.6150 (2.7346 - 1000(6 + 164)"-̂ ) (16) 

where p is in mm of Hg and T in °C 

This equation was used for the temperature range 450-550°C. For 

43 lower temperatures, the vapor pressure curve reported by R. E. Honig 

(Radio Corporation of America) was used. Fig. 29. Table 19 gives the 

vapor pressures used in these experiments as calculated from Equation 

(16). 

Table 19. Vapor Pressure-Temperature Relationship for Sulphur 

Temp.(''C) 450 470 490 500 520 530 550 570 590 

V.P.(mm of Hg) 780 1062 1421 1632 2128 2415 3080 3875 4817 

Roult's Law 

In the calculation of partial pressure of each element in the 

binary or ternary solutions, Roult's Law was used as given below 



112 

n. 
i_ 

P. = S ""i P.° (17) 
i=l,n 

where p. is the partial pressure of the component in the solution, p. 

is the vapor pressure of the pure substance and n, is the mole fraction 

of component i. Vapor pressures of the solutions at the maximum tem

perature used for the respective systems are given in Tables 2 and 3. 
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APPENDIX III 

Table 20. Reported Impurity Analysis of As-Received Raw 
Materials by Standard Spectrographic Methods 

Element Impurities (parts per mill ion) 

(In ppm) No t Detected 

Selenium Te 1 Pb, Fe, Ni, Ag, Hg, Cd, 
Cu 
As 
Si 

1 
1 
1 

Zn, 
Ca. 

Cr, Sn, Mn, Bi, Al, 

Sulphur *Na 1 Sb, Tl, Mg, Mn, Pn, Sn, 
"CI <1 Si, Cr, Fe, Ni, Bi, Al, 

Ca, Cu, In, Cd, Zn, Ag, 
Total Ash. 

Arsenic Mg <1 
Si <1 
Cu 1 

Germanium Si 2 
Mg 0.2 
Ca 0.2 
Al Few 
Cu 0.4 

Sb, Tl, Mn, Pb, Sn, Cr, 
Ni, Bi, Al, Ca, In, Cd, 
Na, Zn, Ag, Te, Hg. 

Chemical Analysis 
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