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ABSTRACT

Resuits obtained in the qualitative evaluation of glasses from seve:.
IVA-VA-VIA ternary systems as high temperature infrared window materials are
given, Four-component glasses formed from two ternary systems were przpered and
characterized. The pertinent physical properties of non-oxide cha'cogenide
glesses are summarized. Several specific glass compositions we . fabricated
in large pieces so that their opticul and releted physical properties could
be accurately measured. The properties of a glass are determined by their
constituent elements. The ratios between the ccastituent elements, and thus
the location of the glass-forming region, are found to depend on the binary

compounds which form between the constituent elements.

The physica! and the chemical nature of non-oxide chalccgenide glasses
were investigated using infrared spectroscopy, x-ray diffraction, and mess
spectrometry as struciural tools. It was found the materials were cova-
lently bonded solids and their refractive indexes :ould be predicted using a
molar refraction approach. The source of most unwanted absorption for wavee
lengths below 25 microns was attributed to the presence of trace amounts of
metallic oxides. Infrared absorption and x-ray diffraction results indicate
the group IVA elements silicon ai u germanium form zigzag chains with the
chalcogens, while the group VA element arsenic tends to form pyramidal-type
molect'les. The chains lead to a stronger, harder glass than ihe pyranidal
arrangements. In Si~As-Te and Ge-As-Te glasses, mass spectrometry results
indicate the presence of fre: or lcosely bonded arsenic, arsenic bonded to

tetlurium, and arsenic bonded to silicon and germanium.

A. /(/)wg NI /7 ) f /Caw ‘

A. RAY HILTON, Froject Mansger P. F. KANE, Manzger
Central Analytical Chemistry Facility Central Analyticel Chemistry Faciltiy
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FINAL TECHNICAL SUMMARY REFORT
FOR
NEW HIGH TEMPERATURE INFRARED TRANSMITTING GLASSES

Office of Naval Research Contract No. 381C(00)

in cooperation with Advanced Kescarch Projects Agency

i. INTRODUCTION

The investigation of non-oxide chalcognide giasses as infrored opticai

]

*
naterials began in 1850 when R. Frerichs’ rediscovered ASZS3 glass. Since

then, infrared transmitcing alasses have been the subject of a number of in-
vestigations in this cnuntry.3-7 in England,s-l‘ and in Russia.‘z-”+ The
investigation undr - way at Texas Instruments for more than th-ee ysars has
concentrated on ternary glass systems containing one component from th= zroup
IVA elements (Si or G=), one from the group VA elements (© 4s, or Sb), and

a chalcogen (S, Se, or Te). Glasses from eight ternary elemental systems 15,16
have been evaluated. Many useful glass compuzitions were found, but rnone had
the combination of excellent infrared transmission in the 8 to 14 wnicron renicn

and a high softening point (~-500°C), the ultimate goal of the orogram.

Glasses containing at least four constituent elements were studied in
the second nhase of the program. Compositions selected represented a blend
of two ternary systems. The effects of a single constituent element on the
physical properties of a glass were me=asured from glasses blended between two
ternary systems differing by only one constituent element. It was found that
the magnitude of the effect depended on how important the element was to the
structure of the glacs. Large pieces of the most promising opticai materials
were fabricated and their properties quantitatively measured. As a group,
the materials were still physically weak and soft, with poor thermal! character-

istics.

Apparentiy, 3 change irn approach was needed for further improvements.
In the third and final phase of the program, the essentially experimental
approach was abandoned for & more basic program aimed at developing an under-

standing of the strucutural nature of the non-oxide chalcogenide glastes.




Specifically, the molecular arrangements in glasses from the $i-As

~Te and
Ge-As=Te systems

were studied from physical measurements based on infrared
Spectroscopy, x-ray diffraction, and ms - spectrometry,

P




IT. QUALITATIVE EVALUATION OF GLASSES FROM THE ITVA-VA-VIA TERNARY SYSTEM

A, txperimental Procedure

1. Materials Preparation

A large number of samples must be prepared to determine the glass~forming
composition region of a three-component system, and a standard method of prepa-

ration must be followed.

In this experimental program all samples were prepared from chemicals
of at least reagent grade purity. The various compositions were weighed and
sealed in quartz vials while under less than ! micron pressure. Each vial was
placed in a rocking fuinace and slowly rais~41 to a temperature of 1000 to
1100°C. The mixtures were left in the furnace as homogeneous melts ard alluwed
to react and mix from 16 to L0 hours. Glasses were formed by quenching the
samples to room temperature while in air. Usually a sample could be identified
as glass or crystalline by visual examination, but x-ray diffraction was
used if there was any doubt concerning a particular composition. Samples
sui table for optical evaluation and softening point determination were cut
from the glass pieces. The optical samples were polished to produce plane

and parallel sides.

2. Softening Point

The standard ASTM method for determining softening points of oxide glasses
was impractical for these materials., Instead, a simple apparatus such as the ons
shown in Figure !, was used to measure a ''relative softening point.'" The
relative value was obtained when the sample in the chamber softened enough
to move the quartz rod resting on the sample, which in turn produced a movement
of the indicator. Glasses of known softening point were found to give ''relative
values'' that were somewhat lower (as much as 100°C) than those obtained by the
standard ASTM method. This "relative value' is a fairly accurate measure of

the useful temperature of the glass.
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3. Optical! Properties

The infrared transmission (T) was usually measured from 2.5 to 25 microns
wavelength. Samples were | to 3 mm thick. Reflectivity (R) was measured
from samples cut from the rounded end of the glass piece to eliminate back
reflections in the transparent region. A qualitative estimate of the refractive
index (n) and the abso.ption coefficient (o) could be obtained by solving

the simplified equation
T = (I-R)ze-ax,

where x is the thickness in centimeters

12
and Rk_ .Ln_‘_‘_)_

(n+1)2

Precise optica! constants were obtained by using a precise measurement
of refractive index, a measurement possible only when the material is very
transparent to the infrared and can be fabricated in large prisms or optizal
wedges. The refract.ve index can then be measured accurately to four or five
significant numbers using the external attachment designed and built for use
with our infrared spectrophotometer. A schematic of the attachment is shown
in Figure 2. The instrument acts as a morocuromatic source of light, and the
cetection system of the instrument tells when the sample (in prism form) is
rotated at the proper angle for the refracted rey to travel back through the
slit system. The refractive index is calculated from the angle readings.
Such meascrements were carried out on a silicon prism and produced five-number

agreement with the literature values.

Precise refractive index values as a function of wavelength can be used
to calculate the reflectivity (at normal incidence) accurately. Measured
transmission values obtained from samoles cut from the prism were used to calcu-
late the wousorptirn coefficient from the more exact equation‘7
2 -ax
T = {1-R)"e

z =2x

1-R%e
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The calculation was programmed and performed using a digital computer. The

normal method of calculating optical constants using transmission measurements
obtained from samples of varying thickness was not used because *he samples

were not homogeneous.

L, Related Properties

a. Hardness

Measurements were made using a Leitz microhardness tester. Values

are recorded on the Knoop scale,

0. Thermal Coefficlent of Expansion

Measurements were made using a Brinkman Dilatometer. Value are
given in in./in.°C.

c. Resistivity and Dielectric Constant

Resistivity and dielectric constant were measured on several samples
using a General Radio type 716C capacitance bridge. Aluminum electrodes were
evaporated onto the glass surfaces. In some cases, gold or aluminum was

evaporated onto the samples and only the resistivity measured using a Keithley
610A electrometer,

d. Physical Strenqth

The measured values of Youna's modulus, shear modulus, and bulk
modulus are strongly dependent on sample size and perfection. Suitable glass
samples for these measurements were not available; accordingly, only the tensile

strength measurement was attempted on a few samples, using a Tinius~0Olsen
tensile tester.




B. Resul ts

1, Silicon=Antimony=-Sulfur Glass System

The results obtained from 36 <amples of varying composition are shown
in Table 1. Sa.ples which formed glasses are marked with an asterisk, Soften-
ing points and comments concerning the nature of each sample are given. In the
composi tion diagram in Figure 3 the glass-forming region of the 5i{-Sb-S system
is outlined with solid lines. The dotted lines enclose a composition region
in which a homogeneous glass is formed over an immiscible metailic phase.
Emission spectroscopic analysis showed the homogensous glass was silicon-rich;

the metallic phase was antimony containing 1-10 percent silicon,

Attempts to form glasses in higher silicon percent regions were made
using a Glo-bar rocking furnace capable of obtaining temperatuies up to 1400°C,
However, at the higher temperatures the reaction mixture reacted with the quartz,

resulting in a blow-out of tk= vial and, of ccurse, failure of the furnace.

All the glasses reacted readily with the atmosphere and gave of f hydrogen
sulfide. They varied in appearance from dark red to metallic, but when ex-
posed to the atmosphere, all reacted with moisture and were gradually covered
with 8 film. Only one composition showed zny appreciable infrared transmission.
The results indicate the Si-Sb-" :stem will produce no optical materials of

prectical importance.

2. Siticon-Antimony-Selenium Glass System

Results obtained from 42 samples of different composition are given in
Table IT. Samples that formed glasses are marked with an asterisk. The measured
softening points ranged irom a maximum of 590°C to a ninimum of 163°C for 85

percent selenium glass.

Every sample was found to react somewhat with the atnosphere and give off
hydrogen selenide. The degree of reactivity with the atomosphere for each sample

is also noted in the tahle. Some samples were stable with respect to the

TABLE I
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atmosphere over iong periods of tims (weeks), while the surface of others seemed

to decomoose, All the glasses were badiy zttacked when heated in atmosphere.

The y.,ass-formirg composition region in the silicon-entimony~salenium system
is showi by the solid lines in Fiqure 4, Some compositions of samples in the
boundary region were rechecked and are marked by a circle around the composition
point., The glass=-forming region is substantially smaller than that of the s'licon-
antimony-sulfur system, and none of these samples showed the glass and metallic

two-phase scparation found in the other system,

Several glass samples showed good infrared transmission from 3 to 7 microns
but all showed strung infrared absorption at 9.5, 12, 15, and 17 microns wave-
length. The index of refraction determined by reflectivity measurements varies
from 2 to about 3.5, depending on composition. Glasses from the Si-5b-Se system

will not be usefu! as high temperature optical materials from 8 to i4 micions,

3. The Silicon-Phosphorus-Tellurium Glass System

Results obtained fo: 39 different composiftions in the Si-P-Te system are
chewn in Table 11 The glass-forming composition region is enclosed with the
solid line in the composition diagram shown ir Figure 5. The region is smeliler

15

than that of the Si-As-Te system, ” and only about ‘one=half , one=third of the
area produczs glasses of good quality, with softening points below 200°C., The
absorption coefficient (& cmm') and index of refraction of tnree samples are

shown in Figure 6. Thece values were calculated from transnission and re-

flectivity ineasurements. MNote the slight absorption at 14 microns and the strong 22

absorption at 20 microns {as shown by an increase in o). The same abscrption S
. . . e
is found in the Si-As-Te glasses. Infrared transmissions of the SiTeu glass
showed absorption pands at 10, 14 and 20 microns., Thke cause of these three

bands is probably che same in all three glass systems,
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L, The Germarium=-Phosphorus=-Sulfur System

The Ge-P-S system has a larger glass-forming region than any other syster
studied in this investigation. Results obtained from 63 samples of different
composition are shown in Table IV. The measured softening points are as high
as 520°C, and the glasses show very good transmicssion in the 3 to 5 inicron re-
gion. The glass-forming region determined from these composition points is
enclosed with the solid line in Figure 7. The dash-dot line encloses the compo-
sition region in which glasses show at least 50/ transmission in the 3 tc §
micron region (thickness 21 mm), while the dashed line ercicsec the region in
which the measured softening point is greater than 480°C. The region common
to all three (shaded) represents the compositions which should produce the best

material for high temperature 3 to 5 micron applications.

Large samples of three promising compositions (68, 101, and 102), two from
the shaded region, have been made and studied in detail. Plots of absorptien
cocefficient vs wavelength for the three glasses are given in Figure 8. Note
that the refractive indexes of the glssses are not high, 2.1 to 2.3. A non-
absorbing, low index glass would not have to be antireflection-coated when used
as a window material. The glass containing no phosphorus (4102, Ge2$3) shows
very good transmission to 12 microns, while the Ge=P-5S glasses cut of{ at sbout
7 microns. A slight absorption ocrurs from 3.9 to 4.9 microns. The location
of the band varies slightly with composition. As in the case of As,S gla:sis,"2

273

the band results from dissolved HZS' Heating samples to a molten state (600°C)

while flushing them with an inert gas (argon) substantially reduces the absorp-

tion band.

Transmission of all three glasses has been measured while they were ex-
poced {o the atomosphere at high temperatures (up to 500°C) for periods of at
least one hour. In the region from | to 8 microns variations of only *+3/ for
al.5 mm sample were observed during the ore-hour period. There was enough in-
stability in the infrared instrument used in making the measurement to arcount
for the change. There was no appreciable change in the transmission of glasses

68, 101, and 102 under these ~onditions. One sample of 68 was subjected to

17
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TABLE IV
Ge-P-S Glass Samples

Sample Atom. % Softening Point
__No. Ge P S {°c) Remarks
) 20 20 6G 5G0 Stable Glass
7 25 25 50 475 Stable Glass
57 25 15 60 L85 Stable Glass
58 25 20 55 510 Stable CGlass
59 30 20 50 45 Stable Giass
60 30 25 g L70 Stable Glass
Al 25 30 Lg L6s Stable Glass
62 20 30 50 485 Stable Glass
63 20 25 55 475 Stable Glass
6b 15 25 60 L70 Stable (lass
65 15 20 65 Loo Stable Glass
66 20 15 65 Les Stable Glass
67 25 o 65 Lg0 Stable Glass
68 30 10 60 520 Stabie Glass
69 30 15 55 500 Stable Glass
70 35 15 50 L2s Stable Gilass
71 35 20 4s Lijo Stable Glass
72 35 25 Lo Los Stable Glass
73 30 30 Lo L20 Stable Glass
74 25 35 Lo 465 Stable Glass
75 20 35 L5 - Glassy, Two Fhase
76 15 35 50 515 Stable Glass
717 15 30 55 510 Stable Glass
78 10 30 o0 380 Stable Glass
79 10 25 65 330 Stable Glass
80 e 20 70 275 Stable Glass
81 15 15 70 325 Stable Glass
82 20 0 70 375 Stable Glass
83 25 5 70 Loo Stable Glass
84 30 5 65 500 Stable Gicss
18
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TAELE IV {Continuad)

Sample Atom. % _ Softening Point

_ No. Ge [ ) (°c) Remarks
86 Lo 5 55 375 Stable Giass
87 50 5 b5 - Crystalline
88 4o 15 Ls - Crystaliine
39 Lo 30 30 - Stable Glass
90 Ly 20 35 L25 Stable Glass
91 45 5 50 - Crystalline
92 45 10 4s - Crystalline
93 50 15 35 Lss Statle Giass
gl 50 25 25 520 Glassy
85 60 5 35 - Crystalline
96 A0 20 20 - Crystaliine
S7 50 35 15 - Decomposed
98 35 35 30 450 Stable Glass
39 ln 10 50 4oo Stalie Glass
100 35 10 65 420 Stable Glass
101 35 5 60 L8o Stable Glass
102 Lo - 60 L20 Stable Glass
103 Lo Lo 20 Lso Stable Glass
104 30 L5 25 Lis Stable Glass
106 20 Ls 35 L4o Stable Glass
107 Lo 20 Lo 380 Stable Glass
108 55 10 35 - Crystals in Glass
109 55 20 25 - Crystals in Glass
1i0 30 55 15 L&o Stable Glass
111 10 €0 Lo 520 Stable Glass
112 35 - 65 - Crystalline
13 10 10 80 285 Stable Giass
14 5 30 65 - Two Phase Glass
115 15 65 20 - Exploded on Cooling
135 49 50 10 - Exploded on Cocling
136 20 55 25 - Exploded on Cooling
137 15 50 35 - Crystalline
138 10 Lo 50 - Crystalline

19
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this test three times with no apparent damage. It is interesting to note that
the measured softening point of glass 102 is only 420°C, yet it suffered no
damage at 500°C.

5. The Germanium=-Phosphorus-Selenium System

Results obtained from 27 compositions are shom in Table V. Softening
points are as high as 450°C, and the g'asses show good transmiszion in the 3
to & micron region. The glass-forining region determined from these comoositions
is enclosed by th solid line in Figure 9. The area is substantial compared
to other systems but is considerably smaller than that of the Ge-P-S system,
The absorption coefficient as a function of wavelength for a typicai sample
(Nc.2) is shown in Figure 10. Two samples of Ge=Sc glasses {(Numbers 129 and
130) containing no phosphorus are also shown. In genera!, the Ge-P-Se glasses
have higher refractive indexes, lower softening points, less chemical stability,
and poorer optical quality than Ge-P-S glasses., Their only advantage is that
they do not show the U-micron absorption band; however, wher this band is present
in other glasses, it can be easily removed. The Ge-P-Se glasses have no practical

advantage cver the Ge-P-S glasses.

6. The Germanium-Arsenic-Te'lurium System

Table V1 show results obtained from U6 different compositions. Two
glass-forming regions are determined by those composition points, as shown
in Figure 11. Both regior; lie in a low germanium content region and therefore
have low softening points, ranging from 135 tc 270°C. Some of the alasses showed
two distinct amorphous phases, indicating an immiscible system in this composi-

tion region. No attempt was made to study the individual phases.

The infrared transmission of Ge-As-Te glasses is essentially free from
absorption bands out to 20 microns. However, all have high refractive irndexes
{3.0 to 3.5) and low softening points (150°C to 200°C). Refractive index and
absorntion coefficient as a function of wavelength for three samples are shown

in Figure 12, The refractive indexes are the average value for 8 to 14 microns.
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Sample

1
116
117
118
19
129
123
122
123
124
125
126
127
126
129
130
131
132
133
134
139
140
141
142

TABLE V

Ge-P-Se Glass Samples

Atom. %

Ge P se
20 20 60
20 10 /0
10 20 70
50 25 25
15 15 70
25 10 65
25 20 55
i5 25 60
35 10 55
35 20 Ls
35 30 35
25 30 Ls
15 35 50
kg 10 Ls
bs 20 35
Ls 30 25
30 Lo 30
25 75
Lo - €0
e 5 50
30 30 Lo
20 L0 Lo
10 Lo 50
40 10 50
10 35 55
5 35 6u
b 25 70

Sof tening Point

(°c)

Remarks

420
300
210
280
L0oo
450
350
410

380
380

300
360

160
310
180

Stable Glass
Stabie Glass
Stable Glass
Crystalline
Stable Glass
Stable Giass
Stable Glass
Stable Glass
Stable Glass
Crys.ailine
Crystalline
Stable Glass
Stable Giass
Crystalline
Crystalline
Exploded on Cooling
Exploded on fooling
Stable Glass
Stable Glass
Crystalline
Crystalline
Decomposes
Crystals in Glass
Stable Glass
Stabie Glass
Stable Glass

Crystalline
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Figure 9 Composition Diagram for Ge-P-Se Terna.y Glass System
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Sanple No,
143

b
145
146
147
148
149
150
151
152
153
158
159
160
161
162
163
164
165
166
173
74
175
176
177
i78
179
180
181

TABLE VI

Ge-As-Te Glass Samples

—Atom. % |
Ge As e

10 19 80

<0 5 75
30 5 65
4o 5 5
40 30 30
25 35 Lo
i5 35 50
5 30 65

15 25 60
15 15 70
25 15 60
10 20 70
10 35 55
k50

0 Lo 60

10 0 30
20 0 80
15 bs Lo
55 40

0 20 80

15 5 80
10 15 75
20 b4s 35
15 55 30
10 55 35
10 590 ko
5 50 )

5 60 35

10 25 65

26
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=
om—

Two ohases
190°C

Two phases
152°¢C
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230°C
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TABLE Y1 {Continued)

Atom. % i
Sample No. Ge As Te Softening Point
182 15 10 75 162°C
183 15 20 65 —
184 10 5 85 -
185 10 60 30 268°C
186 15 50 35 250°C
187 15 60 25 -
168 15 Lo bs Two Phases
189 5 10 85 —
190 20 50 30 —-
191 10 65 25 235°C
192 5 65 30 205°C
193 20 10 70 —
194 20 15 65 -
195 5 15 80 —_
196 20 Lo Lo —_
197 10 Lo 50 t90°C
198 5 ko 55 -
27
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Figure 12 Absorption Coefficients of Some Ge-As-Te Glasses
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Absorption coefficients for all three glasses are very low in comparison to
other systems, It was necessary to expanc the absorption coefficient scale by
a factor of 10 to show wavelenath variations. The Ge-As-Te system produced
glasses freer from abserrption bands than any system evaluated thus far. It is
unfortunate that ine softening noints are so low because of ‘he low germanium

cortent.

7. The Germanium-Phosphorus=Tellurium System

Resul:s obtained from 27 samples of different compositions are shown in
Table VII. The measured softening points range from 130°C to 390°C. The gqlass-
forming region determined from these composition points is enclosed by the
solid line in Figure 13, This glass-forming region may extend further toward
the phosphorus=-rich region, but because of the high vapor pressures involved,
no samples containing more than 30 atomic percent phosphorus were prepared.

The chemical stability of some of these glassces was determiried and results
are shown in Table VIII, along witn those for typical Ge-As-Te glasses. Al-
though the Ge-P-Te glasses are somewhat 'ess stable than Ge-As-Te glasses, the

results indicate reascnable stability,

A plot of infrared transmission versus wavelength for the Ge-P-Te system
is shown in Figure 14, These glasses are essentia'ly free of absorption bands
out to 20 microns and show transmission over a greater wavelengtn range than
any glass system previously reported. The refractive indexes, as in the case

of the Ge-As-Te glasses, are greater than 3.

8. The Tin-VA-VIA Systems

Results obtained from 19 compositions are shown in Table IX. During sam-
ple preparation, several violent explosions occurred at relatively low (< 600°C)
temperatures, possibly because of pressure created by very exothermic rea...ons.
Only two compositions produced glass, SnAsSe8 and SnAsSels. The softening

soints of these glasses were 150°C and 110°C, respectively. Because of the low

30




TABLE VIL

The Le-P-Te System

Ge
10
15
30
25
35
25
20
10
10
15
20
30
20
20
25
35
15
15
25
20
30
30
25
20
10
25
27

Atom, %

L

30
15
10
25
15
15
15
10
20
20
25
20
20
15

O O O Vv O vB O W' O ©

o WV W

31

~

-

e

60
70
6n
50
50
60
75
£0
70
65

[
7

50
60
65
65
£
80
75
70
70
65
70
75
74
Y5
;0
65

Softening Point

)

Exp loded
145
Crystalline
Crystalline
Exploded
Crystalline
165
Crystalline
Crystalline
160
Crystalline
Crystalline
Crystalline
279
390
Crystalline
Crystalline
130
Crystalline
Crystalline
230
Crystalline
Crystalline
Crystalline
Crystaliline
Crystalline

Crystalline
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Figure 13  Composition Diagram for Ge-P-Te Glass System
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Figure 14

Infrared Transmission of Some Ge-P-Te Glasses
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Composition

$nPS
3

SnA553

3
SnAsSe3

SnPSe

SnPTe3

SnAsTe3

Sn3PZS]5

SnBASZSIS

SnPS
SnAsS
SnA558

Sn3A55 'u

SnSASQS]l

SnZASSSIB

SnAsSe8

SnAsSe]8

SnAsTe8

TABLE 1X

The Sn=VA-VIA System

Results

Crystalline

Crystalline

Crystalline

Crystalline

Exploded

Crystalline

Crystalline

Crystalline

Exploded

Exploded

Exp loded

Exploded

Crystals in glassy matrix
crystalline

Crystalline

Glass - softening point ~ 150°C
Glass - softening point ~ 110°C
Crystailine

Crystalline
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sof tening points and the difficulty involved in preparing these compositions,

work was gbandoned on the Sn-Vi-VIA glasses in favor of blended glasses.

9. Boron-arsenic-VIA Syst.mas

Three qglass tompositions--ﬂgAsS6, 83AsSe6, and BBAsTes--w&re prepared in
a preliminary study to retermine the potential of boron as a glass-former i
various chalcogenide systems, The composition containing tellurium did not
form a glass; the others were amorphous but were very r.active and decomposed
when exposed to the atmosphere. Bor»n may be useful as a glass modifier, but

it does not appear prcmising as a major glass con:tituent,

1. Summary of the TVA-YA-VIA Evaliation Results

The qualitative results for the seven ternary systems evaluated under
Contract Nonr 3810(00) are given in Table X. Results of the first system
evaluated at Texas Instruments are also included. The resuits for all but the
last two system- have been reported ir the fiterature.ls"6

The macimum <oftening points indicated for each system are the softening
noints of the glasses of best optical quality, not the highest softening point

htained. The Si-Sb-S and Si-St-Se systems are chemically unstable and have
many absorption bands. The Ge-P-S and Ge-P-Se glasses have high softening
coits and moderate refractive incexes but suffer from strong absorption in

the & to 14 micron region. The best glasses for 8 to 14 micron application are
from the Si-As-Te, Ge-As-Te, and Ge=-P-Te systems. The Si-P-Te glasses are very
~imilar to the Si=-As-Te but have lower softening points and are not as stable

chemically., Glasses from all three systems have high refractive indexes.
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S ystenm
Si-P-Te
Si-Sh-Se
3i=5%5
Ge-P-Se

Ge-P=-5

Si=As=Te
Ge-As-Te

Ge-P-Te

TABLE X

General Properties of Bes: Infrared Transmitting

Glasses From Each Ternary System

Max. Softening
Pcint

180°cC
270°c
280°C
L20°C
520°C

L75°C
270°C

380°C

Refractive
Index

Y

3.4
3.3

b -
0 -

.9 -
~3.5

3.5
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Absorption
3 _to 54 8 to 14y
No Slight
Yes Yes
Yes Yes
Slight Yes
Very Yes
Slight
Ne Slight
No Very
Slight
Ne Very
Slight




C. Rlended ";lasses

Glasses from a particular ternary system are characterized by specific
physical and optica! properties. These properties can be either unhanced or
decreased by carefully blending a specific glass with a different glass system.
A specific blend can be obtained by mixing v  correct amounts of previously
prepared glass or by weighing out the unreacted elements. The lattcr method

has been used predomirantly in our program.

Two oase glass systems were chosen to study the effects of blending, as
shown in Figure '5, The Si-As-Te system was chosen because it has been more
fully characterized than the others, and the Ge-As-Te system because of its
lack of absorption bands in the desired wavelength region. These two glassas
were blended with each other, giving the effect of germanium in the 5i-As-Te
system, and vice versa. Si-As-Te was then blended with 5i-P-Te, Si-Sb-Te,
Si-As-Se, and Si-As-S, giving the effects of pbosphorus, antimony, selenium,
and sulfur on the Si-As-Te system. The Ge-As-Te svstem was tlended with Ge-P-Te,
Ge-As-Se, Ge-As=S and Ge-Sb-Te, giving the effects of phosphorus, selenium,

sulfur, and antimony on the Ge-As-Te system.

. Si-As-Te ~ ! :-As-Te

Table XI shows the effects on hardness and softening point when germanium
was substituted for silicon in various Si-As-Te glasses. 1In all cases the glass
was prepared from the elements in the usua! ménner. In general, adding germanium
caused a 3light decrease in the softening point of the glass. This effect is shown
graphically in Figure lo. As expected, the ¢lasses with the largest amount of
the group IVA element showe. the greatest change in softering point. Glasses rich

in tellurium, especially the glass with the composition SiSASBTeQS' show little

change in softeninj point or hardness, indicating a structure somewhat di‘ferent
from that of a higher softening, lower tellurium-content class such as Si7AsrTe8.
J

This is probably a result of the type of bonding prevalent in the various glasses.
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Blended Glasses (Si-As-Te — Ge-As-Te)

TABLE XI

Sample Soften.ng
No, Composition Point (°C)

239 Si6A58Te26 196

242 SiSGeAssTe26 190

245 SiuGe A58 26 124

248 °i30e3A58T826 200

251 Si Ge“AsaTe26 190

253 SiGeSAsaTqu 180

255 6AsBTe26 Crystalline
258 SiGASQTehS 160

260 SiSGeAnge“S 136

261 SikGeZASQTeks 48

262 SiBGeBAngehS 146

263 Si Ge“AngeuS 148

264 SiGeSAS9TehS 150

265 Ge AngekS 162

240 SiSAsSTeBO 310

266 SikGeASSTeIO 290

267 Si3 2ASSTe 293

268 5128e3 S 256

269 SxGehA STeIo Crystaliine
241 “lZASSTpa L34

244 SlFGeAJS 8 380

247 Si. Ge AssTeB al

250 SiuGeBAQSTeS 379

251 Crystalline

Si3GeQA55T63

Lo

Hardness

anoogz
108.4

126.5
126.
136,
127,
126.

wvi O @ wn

108.
105,
110.
108.
109.
113,
113,

~NOE O N W o

166.
156,
179,
151,

N O W WO

19%.
198,
195,

o o O o

03¢
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The measured values of hardness and softaning poirts given in Table XI are
piotted in Figure 17. Teilurium-rich glass undoubtedly contains Te-Te bonds

and thus has a lower sofiening point. Additinn or substitution of a relatively
minor element should affect the properties of the glass very little. The low
softening glasses are tellurium-rich and should be softer than those contain-

ing large amounts of the group IVA elements. Germanium also affects the Si-As-Te
system by reducing the absorption coefficient, especially at 10 and 14 microns.
This effect is shown in Figure 18. The origin of these bands will be discussed

in another section.

2. Si-As-Te — Si-As-S

Tabie XII shows the softening points obtained when Te is replaced with
S in the Si-As-Te system, The softening point is not appreciabiy lowered un-
til sulfur comprises about one-third of the group VIA elements. The refractive
index is also lowered, as expected, by the addition of sulfur. The refractive
index for Si37A530Te33 is 3.12 at 8 microns, while the refractive index for
Si37A530Te|BS‘5 is 2.75 at the same wavelongth. Suifur alsc causes a loss in
transmission, particularly at 10 microns. A typical plot of infrared trans-
mission versus wavelength is shown in Figure 19. Replacing only one-tenth of
the tellurium with sulfur causes a factor of L decrease in transmission at 10
microns. Replacing one-fifth of the telluriun with su'fur causes a loss in

transmission by almost a factor of 20.

3. Si-As=-Te = Si-As-Se

Table XIII shows the softening points obtained when tellurium is repiared
by selenium in the Si-As-Te system. In one family of glasses in which the
ratio of tellurium and selenium to the IVA and VA elements was | to |, the
softening point increased slightly with an increase in selenium. In another
family of glasses the ratio of tellurium and selenium to the IVA and VA elements
was 2 to |, and the softening points decreased slightly. Again, this is an in-

dicatinn of the presence of Te-Te or Te-Se bonds in *'w group VIA-rich glasses.
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TABLE XIT

The ${-As-Te - Si-As«S System

Semple Softening
No. Composftion Point (°C)
312 S§37A530Te33 L7k
313 Si37A530Te3053 478
214 5137A530Te2756 510
315 Si37As3oTe2u59 L8o
316 Si37A530TeZ'S'2 334
317 5137As30Te185IS 294
318 5137A530Te'5518 Reacts with the atmosphere
296 SiSASSTe!O 317
297 SiSAssTegs 300
298 SiSAsSTeBS2 276
299 SiSAsSTe7S3 Reactive
302 SiSASSTe6Sh 170
303 SiSAsSTeSS5 140
306 SiSASSTehsé 198
307 SiSAssTe3S7 Reacts with the atmosphere
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TABLE XIII

The Si-As-Te - Sj-As-5¢ System

Sample Softening
No. Composition Point (°C)
353 SiZSASZSTe50 314
359 SiZSASZSTeQQ.SSQS 31

360 SiZSASZSTeQQSe 313

36! SiZSASZSTEHBSeZ 3i9
354 SizsAsstewSe3 342

355 SiZSASZSTehhse6 323

356 SizsAs?sTemSe9 343

357 Si25A5257e38§e|2 -

358 SiZSASZSTe3SSeIS Too reactive, very brittle
I8 S11g.7%%16.7"%¢6.6 200

363 Si|6.7A516.7Te6“.65e2 -

364 Si!6.7ASI6.7TeSZ.BSeh 218

365 She.7"16.7"%0.6%% 205

366 Si|6.7AS|6.7T358.6538 227

367 Si As 187

16.77%16.77%56.6°¢10

368 Si|6.7A516,7T854.6sei2 176
369 Sig. 7% 16.77%52.65¢ 1 195
370 Si|6e7As‘6.7Te5,J.6Se|6 Too reactive

L7
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Infrared transmission was not adversely affected by additinon of seienium. Bands

are present at 10, 4 and 20 microns, as shown in Figure 20,

L, Si-As-Te - Si-P-Te ~ Si=Sb-Te

Substituting phosphorus for arsenic caused the silicon to remain unreacted.
The base glass, SiISASISTeGO’ and the ccrresponding Si-P-Te glass were compar-
able and shculd have formed an amorphous material. This blend was studied
further, but the reason for the unreacted silicon was not determined. Antimony
substituted for arsenic in the Si-As-Te system produced little change in soften-
ing point and infrared transmission. Results of these two systems are shown
in Table XIV.

5. Ge=-As=Te - Ge=-As=5

When tellurium is replaced by culfur in the Ge-As-Te system, the softening
point increases with an increase in sulfur content, as shown in Table XV. The
observed effect was large, even though the ratio of VIA elements to IVA and VA
elements was only 0.67. Absorption at 13 microns is increased by additicn of
sulfur, and the refractive index is lowered. GehAsoneié has a refractive in-
dex of 3.57 at 8 microns, and Ge&AsonemS6 has 3.12 at the same wavelength.

A typical plot of infrared transmission versus wavelength for these two glasses

is shown in Figure 21.

6. C2=-As-Te — Ge-As-Sc

Table XVI shows how substituting selenium for tellurium affects the soften~
ing point in the Ge-As-Te system. 1In one famiiy of glass, GeISASISTe70’ where
the group VIA zlement com.rises 707 (atomic) of the composition, the softening
point was increased 507 by this suhstitution. When the qgroup VIA elemont
comprises only L0% (atomic), as in GelSASMSTeMO’ the sof tening point again

was increased by about 507 on almost total substitution of selenium.

L8
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TABLE X1V

The Si-As-Te = Si-Sb-Te and Si-As-Te - 5i-P-Te Svstem.

Sample Softening
Ko, Composition Point (7C)
278 Si‘uAs‘OTezu 341
- ’

279 Si'uASQS el 33!
283 SllhASBSbZTezh 334

[y g :
284 41‘bA59$b31e24 Crystalline
276 SilOASIOTezo 315
277 SlloAsgstez0 315
289 SI‘OASBSbZTezo 301
<81 51‘0A57Sb3Te20 300
282 Si!OASGSthGZO Crystalline
347 Sl‘SAsste60 203,
348 51!5A523P2Te60 Silicon did not react
349 SIISASZIPthéo Silicon did not react
350 SIISASISPGTEGO Silicon did not react
351 51‘5A5‘7P8Te60 Silicon did not react

c0
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TABLE XV

The <e=As-Te - Ge-As=-S System

Sample Softening
No, Composition Point (°C
308 Gel’l\sone‘6 215
309 GehASZOTethZ 223
310 GehASZOTeIZSL 236
31 GEQASZOTeIOSG 251
318 GehASZOTeBS8 229
319 GeﬁASZOTe6SIO 280
340 GeyAs,  Te, S, 285
341 GeuAsoneZS‘u 278
342 GehASZOSIG 260
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TABLE XVI

The Ge~As-Te — Ge-As-Se System

> nmoe Softening
No, Composition Joint (°C)
320 Ge!SASISTe70 160
321 GeISASISTe6SSeS 194
322 GeISAS'STe6OSe'0 192
323 GeISASISTeSSSe|5 174
328 GelSASISTeSOSeZO 192
329 GeISASISTeh55825 184
330 Ge'SAs‘STeAOSe30 182
331 Ge'SAs!STe3SSe35 210
336 Ge'SAs'STemSeb’0 202
337 GelSAS|5T8255845 210
338 Ge'SAs'STeZOSe50 206
339 GeISAS|5TeISseSS 222
344 Ge'sAs'STeIOSeé0 240
324 GeISASQSTé4O 247
325 GeISASQSTe3SSe5 259
326 Ge‘SASusTe3OSe'0 266
327 GeISASh5T8255815 283
332 GeISAsqueZOSe20 308
333 GeISAsb’STe'SSe25 317
334 Ge'SAsusTemSe30 322
335 GeISASQSTeSSe35 315
343 GeISAS@SseQO 355
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Figure 22 shows change in refractive index as a function of composition
for a Ge As]5 2(70- ) glass. The refractive irdex is found to change linearly
from ~ 3 5 at 8 microns for Ge 15 eso to 2.9 at 8 microns for GeISAs 205650'
A typical plot of infrared transm1551on ay a function cof wavelength is shown

in Figure 23. The band at 13 microns is reportedly caused by an impurity.

D. General! Physical Properties of Non-Oxide Chalcogenide Glasses

1. Softening Points and Hardness

The higher the softening point, the harder the glass. This fact is graphi-
cally demonstrated in Figure 24, The measured hardness for about 100 different
compositions is plotted against the mesasured softening point. @ = nf (hese
glass compositions contaired four elements., Fv=n at softeniny .ni* .5 of 500°C

the hardness is not over 250 on the Knoop scalsz.

2. Thermal Coefficient of Expansion

The higher the softening point, the smaller the thermal coefficient of ex-
pansion. Results obtained from about 30 points are plotted in Figure 25. Quanti-
tatively, the relationship is not very clear because the glasses from which
these measurements were made are from different systems, and the coefficient
of expansion is affected by many factors. As pointed out earlier, small molecules

within the glass network can affect such & property.

3. Density

The densities of selenium, tellurium glasses containing silicon, germaniun,
arsenic, and phosphorus are almost a linear function of the calculated average
molecular weight of the glass. The measured densities for 28 glass compbsitions
(a few are sulfur glasses) are plotted against their moiecular weights in Figure 2€
Many of the samples were small, producing some uncertainty in the density values.
The most reliable values were used to form a straight line., These points were

the measured densities of large cast Si-As-Te and Ge-As-Te wedges and the
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lite,ature value for the density of A5253 glass. 1t is surprising to note that
crystalline tellurium, crystallin2 silicon, and amorphous selenium fall almost

on this line. The few points availabie for sulfur glasses ‘ndicate they fcllow

a line of 2 different slope, shown by dashes in the figure. The density and atcmic

weights of germarium, arsenic, and yellow phosphorus are plotted for reference.

Many of the measured densities do not fall on the line. Some variations
represent errors in the data, some represent real differences in densities. As
the percentage o the group IVA and VA elements increases, deviation from the
line should increase. The linear relation seems to hold up to a small percentage
(around 10%). To verify these results, measured density values for 15 samples
of Ge-As=Se glasses repcrted by Myulier, et al..'g were compared with those
predicted from the straight line of Figure 26 and the calculated molecular weight.

The results are shown in Table XVII. Agreement is =3%,

L. Physical Strength

Attempts to measure the physical str-ngth of glass samples were unsuccessful.
Several samples of Ge-As-Te glasses were blended with sulfur and selenium and
the tensile streng'h of the samples measured. The results are shown in Table XVIII.
Most of the samples initiated fracture at very low pressure {< 1000 psi), and
large scatter was found in the data (* 100%). The smaller values represent
fracture due to sample imperfection, and the larger values represent either
ultimat: ten<’le strength of the glass or a sample of better perfection. The
only conclusion that can be drawn is that these glasses have ultimate tensile
strength values of at least 700-1000 psi. Large, almost peifect samples are

ineeded for meaningful measurements,

5. Electrical Properties

The non-oxide chalcogenide glasses are high resistivity se-rr.ic:onductors.‘2

Their electrical properties have been investigated ext:ensively.7’]2"S Although
electrical properties were not emphasized in this program, attempts were made to

measure the values for several glasses. The results are showvn in Table XIX.
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Glass (Atom%)

A535.75660.

As3y.25%61

ASyc 05862,

< S
AS18.2°%63

As\y.3%%0,

AS‘9.3S%58'
As

A523.9Se52.

As19.7%€u7.,

Asgy.2%55,

AS0.0°%60.
AS26.6%%60.
g i,
A$29.6°55.

AS|y 8°%55

27.25%40.¢

7°%3.6

S e

56812 5

6%¢18.2

3851 4

0%€22.7

o=

1

2
9%837.4
6522, 2
0%€20.0
€13, 4
0%%26.6

6%€14.8

.65€29.6

TABLE ¥VIT

Density of Ge-As=Se Glasses‘h

Density Measured

4.59
4.57
4,50
L.4L
4.37
4.39
4,8
43
.58
3

Fo

R =al ~ o

A1

£

.45

.37
iy

£ & =

.39

61

I MY sty <

-37% Average Error

Density Calculated % Error
4,37 - 4.7
4.33 - 5.2
k.29 - 4.6
4.33 - 2.5
4.33 ~ 0.8
4.33 - 1.4
4.29 - 6.3
L.21 = Zoy)
4,29 - 6.3
4.33 - 1.6
4.33 - 1.6
4,33 - 2.7
4,33 - 0.9
4,33 - 2.5
L.31 ~ 1.8




TABLE XVIII

Tensile Strength of Some Germanium Glasses

Ultimate Tensile Strength

Glass Composition (psi)
GehASZOTeGSIO 1020
GeISASISTeésseS 500
GeISASISTeISSeSS w?gg*
GeygAs sTe g Se. 330"
GeIOASSOTeQO 770
Ge 10As50Te305 10 333’:

“Fracture initiated by sample defects




TABLE XIX

Dielectric Properties of Some Glasses

Resistivity

Diclectric Frequency ohm=cm)
Glass _Constant _ {cps) __(300°K

10
GelSASISSe7O 5 x 10
. 7
51]55b15570 9.6 x 10
Ge, P._S 9.3 % 108>
€15715°¢70 2 X
. S
51]55b35550 14 100 2 x 10
Sighs gTey,s _ 5 x 10°
Gez/‘-\s3Te]5 2 x 107
Si3Ge2AssTelO 24 lke ] X 108
Ge, P S 9 x 109
376
GeAs; Te 5 X 105
L'"5
Si; As_Te 5 X 109
43773
GeAs,Te 2.8 x 104
2 77 :
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A dielectric constant reading was obtained for only two samples. Resistivities

vary from 10“ to 10‘0 ohm=-cm,

E. Glasses Characterized in Detail

Optical and related properties of glasses cannot be determined accuratcly
unless large samples are available. During most of this progrem, expluratory
work has been emphasized, and thei'e was not erough time to work out the technical
details needed to fabricate a particutar g9lass composition in large, usable
pieces. Recently, it became apparent that large plates of infrared transmitting
glasses would soon be needed for airborne infrared optical systems manufactured
at Texas Instruments. A small sideline effort was organized to try to cast
large glass plates. The glasses selected for development were Si-As-Te, Ge-As-Te,
and blended glasses of the two systems. 7Tne work was funded under Contract
No. DA 36-039-AMC-00133(E) with TI's Apparatus division. The successful results
of this effort are iliustrated in Figure 27, which shows an 8 in. x 10 in. x 1/4 in.

glass plate and several prisms.

As part of our present program these glasses were optically and physically
characterized. The refractive index was precisely measured using the cast glass
prisms and the refractive index attachment for the spectrophotometer already
described. The measurements are good to at least four nimbers, with some doubt
in the fifth (* 0.0003). From the precise index value, reflectivity and the
absorption constant were calculated. Results obtained for Si-Ge-As-Te glass,

a Si-As-Te glass, and a Ge-As-Te glass are shown in Figures 28-30, Two

prisms of Si-Ge=As-Te glass, from different melts made with different starting
materials, were measured. The refractive index differences ranged from only
0.0026 at 3 microns to 0.0010 at 8 microns, surprisingly good agreement. With
the criterion that an optical material should have an absorption coefficient
less than 1 cm"', the S5i-Ge-As-Te glass is good from 2.5 to 12.5 microns, the
Si-As-Te gcod to onlv about 9 microns, and the Ge-As=-Te good from 2.5 to 20
microns. Softening points, deformatior poirts, thermal coefficients of ex-

pansion, and hardness of all three glasses are shown in Table XX. Quantitative




Figure 27

Photograph of Large Prisms and One Plate of
Non-Oxide Chalcogenide Glasses
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TABLE XX

Physical Constants of Characterized Glasses

Thermal

Softening Defurmation Coefficient Hardness

Refractive Point Point of Exnansion (Knoop

Composition Index _ (°c) (°c) (in./in.°C x 10°) scale)
SiAsTe, 2.93 317 250 3 167
SiBGeZASSTe‘O 3.06 320 284 10 179
GeAszTe7 3.55 178 140 18 1RR]
Ge,PS¢ 2.15 520 375 15 185
Ge7PS]2 2.20 480 360 13 17$
GEZS3 2.30 L20 360 14 179
Si6AshTe9Sb 2.95 L75 350 9 168
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results obtained for several other promisins glasses are alsc included,

Most of the glasses studied in this program have had high refractive in-
dexes, particularly the best optica’ quality Si-As-Te and Ge-As=-Te glasses,
secause of large reflection losses caiced by the high refractive indexes,
rransmission of thase glasses is greatly reduced. The reflection loss can be
significantly reduced by using suitable dielectric reflection coatings, as
is done in the high index crystailine materiais, The glasses studied take
dielectric coatiny> quite well, The results obtained wher a 10-micron quarter-
wave coating was applied to a Si-Ge-As=Te glass window are shown in Figure 31.
The average transmission in the range 8 to 13 microns was raised to 77% in

this sample. The dielectric used was PbFz.

F. Elemental Effects in Non-Oxide Glasses

The startirg ooint in uncerstanding how individual elements affect the
properties of the glasses is their individual tendency toward glass formation,
In Figure 32 the glass=-forming composition regions of the Ce-P-5, Ge-F=Se,
and Se-P-Te systems and the Si-As-Te, Si-P-Te, Ge-As-Te, and Ge-P-Te systems
are compared. If the differences in size of the glass-forming composition
areas is taken as 1 measure of differences in tendency toward glass=-forming

ability for the different elements, the conclusions are:

Glass Forming Tendency

S > Se > Te
As > P > Sb
Si > Ge > $Sn
This conclusion is in agreement with the conclusions of Russian inves!:iga!:ors‘2

except for che reversal of P and As, which is somewhat puzzling. 1t has

been suggested that the reversed order of these elements is due to the

Professor Heinz Krebs, Lehrstuhl fur Anorganische Chemie der Technischen
Hochschule, Stuttgart, Cermany. Visiting Scientist at Texas Instruments,
Summer of 944,
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c ! . .
ability of As to form bonds with Si and Ge, while P 8 does not. A discussion
of glass formation from the standpoint of classical structural inorganic chemis=~

try is presented in Appendix T.

When one compares the softening points of different glasses, especially
those differing only by one constituent element, qualitative con:zlusions con~
cerning softening points can be drawn. Generally, softening points decrease

with increasing atomic weight of the constituent element used., That is:

Softening Points

S > Se > Te
P > /s > Sb

Si > Ge > Sn

Obviously, the differences in physical properties of the two types of glasses
must lie in the differences in type and strength of their individual chemical
bonds. Insight into why these differences are so great can be gained by ex=~
amining the electronegativities and electronegativity differences for tie
elements concerned. The values are shown (using the Fauiing scale) in Table XXI.
Note the electronegativity of oxygen is 3.5 while the next chalcogen, sulfur,
is only 2.5, a full unit difference. The values for selenium and tellurium
are 2.4 and 2.1, respectiveiy, almost the same as sulfur. Sulfur, selenium,
and tellurium are solids. All three elements show a tendency toward forming
covalent bonds with themselves in the form of rings and chains (tellurium to
a lesser extent). Oxygen is a diatomic gas, not like the other chalcogens
at all. If many of the general properties of the non-oxide chaicogens are

preserved in the glasses, chere is no reason at all to expect them tc be

similar to oxide glasses.

Electronegativity difference can be taken as a rough measure of the bond
energy between two atoms. The larger the difference, the mcre likely a bond
will form. The smaller the difference, the more covalent the nature of the

bond. A purely covalent bond has an electronegativity difference of zero
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Pauling Electronsgativities:

Si -~ 1.8
Ge - 1.8
Sn - 1.8

TABLE XXI

Bonding in Chalcogenide Glasses

P - 2,1
As - 2.0
Sb - 1.9

tlectronegativity Differences:

4

Si=0-1.7
$i=5=-0.7
Si-Se-0.6
S5i=Te-0,3
Ge-0-1.7
Ge-5-0.7
Ge-Se~0,6
Ge-Te-0,3

4

P-0-1.4
P=5-0.4
P=Se=0,3
P=Te=-0.0
As=0-1,5
As=S5-0.5
As=Se=0.4
As-Te=C,1

Oxide Classes Characterized by:

-0 - M‘

-0-M, -0

2

o
]

3.5
S - 2.5

A

Si=-P=-0.3
Si-As=~0.,2
Ge-P-0.3
Ge-As5-0.2

Non-Oxide Chalcogenide Glasses Characterized by:

or

e gy

- X -k,

=X =M

2

=X =M =M -X

- ¥

7h




The differences listed in Table XXI reveal not only the covalent nature of the
bonding between the group IVA and gioup VA elements with the chalcegens, but
also the possibility of bond formation betweer the IVA and VA elements. Oxide
glasses are always characterized by metal-oxygen~metal bonds, (referring to

the group IVA and VA elements as metals) while the other chaicogenide glasses

may contain covalent metal-metal bonds. Because of oxygen's low electronegativity,

the metal-oxygen bond is always more stable thermodynamically than the metal-

metal covalent bonds.

Covalent bonding in itself does not produce weak solids. The physical
constants for silicon are those of a hard, strong, high melting solid. But
to break down the amorphous chains and rings and form a strong three=-dimens’ dnal
network structure, the bond energy between other elements combined with sulfur,

selenium, or tellurium must be creater than the elemental covalent bond energies.

G. Location of Glass=-Fcrining Composition Regions in IVA-VA-VIA Ternary Systems

The boundaries of a glass=-furming region in a ternary system represent a
composition region so favorable to formation of crystallites that the resultant
material takes on the nature of a crystallire material. This suggests that
the glasses in the molten state are composed of a mixture of different stoir.io-
metric molecules. If the concentration of olie specific composition becomes
great enough, nucleation occurs rapidly during the quench, and a crystalline-
like material results. Therefore, the lerger the number of molecules that can

form between three specific elements, the larger the glass-forming composition

region. A ternary system may be .onsidered as the mixture of three binary systems:

IVA-VA, IVA-VIA, and VA-VIA. The molecules from the three binaries act as a
diluent for each other, preventing crystallization and promoting the formation

of amorphous materials.

The mixed molecular approach to IVA-VA-VIA glass formation is supported
by experimental data. The simplest case is the mixture of “o binaries; no
compound formation is possible in the third binary. The Si-Sb-Se system is

typical of this case. The glass-forming region and pertinent compounds are
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1
shown ir Figure 33. The bimary compounds are taken from two standard sources.

A line is drawn from the compound SiSe., toward an increase in the percentage

2
ui Sh. Composition points along this line represent compositions in which the
correct ratio between silicon and selenium is maintained for the formation of

SiSez. Along this lire the SiSe2

be said for the line drawn from the compound Sb,Se, in the direction of an in-

2773

crease in tne percentage of silicon, The glass-forming area for the S5i=Sb-Se

melt is diluted with antimony, The same may

system lies witnin the area enclosed by these two lines, Compositionz! points
close to the compound boundaries produce crystalline-like materials. Similar

results are obtained for the Si-Sb-S system (Figure 34), the Ge=Sb-Se system20
(Figure 35), and the Si-P-Te system (Figure 36). The dotted line in Figure 36

. . . . . 21
marks the boundary of the Si-Te eutectic occurring at 85 atom-percent telluri:m,

. . 18
A eutectic around 85 atom=percent tellurium also cccurs in the Ge-Te binary,'

i8 18 18 18 ‘ , .
Al-Te, = Au-Te, Hg-Te, InTe, ~ and grobibly many others. In tellurium-based
glasses, the Te-iVA eutectic marks the bourdary of the glass-forming regions

of high chalcogenide cempositions,

In the second case of intc -est, at least one compound is formed between
the IVA and VA elements. Typical of this case is the Ge-P-Te system (Figure 37),
the Ge-P-Se system (Figure 38) and the Ge-P-S system (Figure 39). The glass-
forming composition regions are somewhat symmetrically located wdout this com-
position line. Generally, the glass regions still lie within the area set
off by the lines of the IVA-VA compounds and the IVA=VIA compounds. The
Ge-P-S system is extended somewhat past this boundary, probably because of

the solutility of unreacted phosphorus in the molten Ge-P-S glasses.

The third case is one in which more than one IVA-VA compound formed.
Typical are the Ge-As-Se system5 (Figure L40), the Ge-As-Te system (Figure 41),
and the Si-As-Te system (Figure 42). The second compound formed between the
IVA and VA elements removes the barrier to glass formation repiesented by the
VA-VIA compound line. The glass-forming region is effectively double that ex-

pected if there were no IVA-VA compound formation.
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Information gained from studying the areas of all these s'stems can be
fornulated in*> a set of rules that can be stated as fcllows: The location
of the composition region that produces amorphous materials in a IVA-VA-VIA
ternary system can be predicted from a knowiedge of the compounds formed in
the *hree binaries IVA-VA, IVA-VIA, and VA-VIA.

(1) If no compound is formed betw.en the IVA and VA elements, the glass~-
forming region lies wholly within the compositional area set off by the IVA-VIA

and VA-VIA compound lines,

(2) Glasses based on tellurium have an additional boundary produced by

the JVA-Te eutectic occurring around 85 atom-percent tellurium.

(3) If a single compcund forms between the IVA and VA elements, the

glass-forming area is distributed about the IVA-VA compcund !ine.

(4) For two or more IVA-VA compounds, the glass-forming region extends

past the IVA-VIA compound boundary line and is quite iarge.
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If1. ST CTURAL INVESTIGATIONS

A, Present State of Infrared Transmi:ting Giasses as Optical Materials

The pertinent physical properties of typical examoles of several classes
of infrared optical materials can be compared from the values listed in Table XXII.
Sodium chloride (NaCl) is typical of the alkali halides, silicon is typical of
the single crystal semiconductors, Kodak Irtran 2 of the hot pressed polvcrys-

talline materials, and arsenic trisulfide (AS?S ) of the infrared transmitting

3
glasses. The physical constants of optical (oxide) glasses are included for
comparison. The magnitude of their physical constants represents goals that,
if attained, would make a non-oxide glass perfectly acceptable (from a physical

properties standpoint) as an optical material.

From the values in the table, it appears that, comparatively, ASZS3 ql ass
is weak and soft and has a low softening point. The values of the physical
constants (excluding refractive index) ¢ ASZSQ glass are off by a factor of
from 3 to 5 from the desirable values of oxide’glésses. Obvicusly, ASZS3
is not the strongest, hardest, highest softening point glass that could have
been chosen for the comparison. Inciusion of the group IVA elements in the

I5,|6)20 5!8!9

composition here and in other laboratories has produced glasses with
better physical properties. But, the improvement has been only by a factor of
about 2, not 3 to 5. After about ten years of investigation using the experi-
mental approach, no non-oxide glass has been devaloped that has physical
proverties suitable for extensive use as 3 high temperature external window
material. Materialc with satisfactory optical properties have been found, but
their physical properties have 1ot been good 2nough. Apparently a change in
approach is necessary to dramatically improve the physical properties of these
materials. For this reason our program turned toward a more fundamental in-
vestigation aimed at understanding the chemical and physical nature of these

glasses.
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B. Infrared Studies

i, Molar Refraction

The apparent linear relationship between dersity and molecular weight
suggests that other properties may be additive ard predictable. One such
property is refractive index. Refractive index is related to the molar re-

fraction and molecular volume of a substance. Mclar refraction is given by

NA-t N2-1 | mol. wt

V = ]
NZ42 NZ+2 d

R =

where R is the molar refraction, N the refractive index at some refererce wave-
length, and V the molar volume which is equal to the average molecuiar weight
divided by the density. This well-known relation {from the Lerentz~-lLorenz
equation) has been applied to the study of bonding in oryanic and inorganic

compounds. Molar refraction is also related to the radius of the individual

molecule by

R = 4/3 7y = L/3 TAC,

where A is Avogadro's number, ¥ is the polarizabiiity of the atom or ion,

and r is the radius of the conducting sphere formed by the molecule. The re-
fractive index should be measured in a wavelength region well on the long wave-
lenath side of any absorption causing an electronic transition. 1t should

be measured in the infrared in a non-dispersive region. For a non-polar amor-
phous glass the molar refraction is almost equal! to the molar polarization.
Motar refraction has the urnits of volume and can be treated as a volume made

up of the additive sum of the volumes of each atom {or ion) in the molecule.
Such treatments have beer widely used in organic and inorganic compound

2
and applied specifically to oxide g!asses.‘z “or & c mpound of the form

ABC_,
xy'z

where x, y, and z are mole fractions of the constituent elements A, B, and C,

respectivrly, the molar refraction can be calculated from

9eC




zR

R = xR, + yRB + zZR.

Here, R,, R_., and R. are the atomic (or ionic) refractions resulting from the

A' B’ €
presence of the constituents A, B, and C in the molecule.

This approach was applied to the non-oxide chalcogenide glasses. 1In very

jonic substances the values of R,, R,, and R. may vary widely from compound

AT B’ C

to compound, depending on the molecular bond formed. However, in the chaicogenide
glasses the bonding is sc covalent tnat a single value may be accurate for
different glasses. Obviously, the atomic refraction of each constituent 'n these
glasses should be directly proporticnal to its covalent radius. Calculai.ing

the atomic refraction directly from the accepted covalent radii would yield
values too low because the atomic spheres are l!noseiy packed. Therefore, an
experimental value was used to put all values on an absolute scale. From the
measured density, the molecular weight, and the refractive index of amorphous
seienium, a value of atomic refraction was calculated. The reference point tor
the refractive index was 5 microns, well out of the dispersive region for the
glasses. The atomic refraction for silicon, germanium, phosphorus. arsenic, sul-
fur, and tellurium was calculated from the cube of each elemental covalent radius
normalized with the cube of the covalent radius of selenium. From these values
the molar refractions for 28 glass compositions were calculated and compared to
the measured values, obtaining an agreement of + L. 17/, The results are shown

ir Table XXIIT. A closer fit was obtained by solving the experimental values

as simultaneous equations for separate values for silicon, germanium, phosphoius,
and arsenic in sulfur, selenium, silicon-tellurium, and germanium-tellurium glasses.
Thesze results are also shown in Table XXIII. The fit to the experimental data is
s I

The values cbtained for atomic refractions are shown in Table XXIV. The
literature values were obtained from crystelline or amorphous values when avail-
abte. Values for -liosphorus and arsenic were solved from classes using the
value for amorphous selenium. The values for sulfur, selenium, silicon-tellurium,
and germanium-tellurium glasses are shown in the columns. Agreemcnt between
literature values and values calculated from covalent radii is quite good. Values
calculated from the individual glasses show closz agreement except in the case

Qi
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ABLE XATI1

Molecular Refraction of Non-Oxide Giasses

R Calculated R Calcylated
R Literature % Average %

Composition Measured value Error Vvalue Error

PS), 7.36 8,49 +15.4 7.3 ¢
“3%6 8.26 Q,23 +11.7 8.27 +0, 1

ce__s3 8.90 3.30 + 6.5 8.9 0

o

\ } - ~

Asgs.J 9.4b g9.h2 0.2 9.44 o

Se 11.55 11.51 - 0.4 11.55 5
P"Seg 107 11 hk + 2.4 1i.31 +1.3
PSe,, 11.35 11.35 G 11.06 -1.7
AsSeg 11.85 1152 - 2.9 .62 -1.9
Ay se) 11.55 t.sk - 01 i1.68 +1.1

Si-5e9 11.65 1i.31 - 2.9 1§.65 0
GelGAsk"'35e36'711.33 i1.56 + 2.0 11.35 +0.3
Gel5AsL>Seho 11.ks i1.54 - 0.3 11,35 -0.8

Ge3P3Ss;L 10.70 11.36 + 6.0 10.70 0
SiAsTe, 13.k2 14,55 + 8.4 i3.53 +0.3
SiqPTe7 16,05 15.96 + Ok 15.21 -5.2

i P"' . l'~ ‘l L Y ¥ . L
513 e e 16.5% 0.76 + 1.3 15.77 +1.3

513A527a: 13.70 14,43 ¢ 5.3 13.70 0
stBAs3Teh 12,95 13.74 ¢ 6.1 13.23 2.2

SieAs3Te5 13.90 14.68 + 5.9 13.90 0
GeAsuTev 14.07 12.09 - 7.3 14.63 +4.0
GeAs JTe, 15.95 16,47 + 3.2 15.87 -U.5
GesPyTe, q 15.83 15.90 + 0.4 15.31 -0, }

e B A Mok k, .5 5
be3ﬁs'OTe7 13,10 14,03 + b7 13.58 +1.3
GeAs'OTe9 14,30 .75 + 3.1 th, 50 +1.5
GeAs§9re7 13.65 1h.05 + 2.8 13.96 +2.2
533A52Te‘5 16.25 16. 7T + 3.2 15.83 -2.6
ae2A537e15 i5.15 16.79 + 4.0 16.02 -0.8
hverage + b 1.
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of phosph--us. The glasses used in these caiculations contained very little
phosphorus, 30 cunsiderable error could result because the calculations involved

taking the small difference between large numbers.

The refractive index of a non-nxide chalcogenide glass at 5 microns can be
calculated within a few percent by combining the atomic refraction values from

the tables wi. the molecular weight ve density line in Figure 26. Since

R = xRA + yRB + zRC
and
B Nzoi mal. wt,
R="5— = 3
NT+2

the refractive index can be solved firom the value of (Nz-l)/(N2+2‘. With this
approach, the refractive index at 5 microns was estimated for 18 compositions of
As-Se-Te glasses reperted by Billian and Jerger.h Their accurately measured
values and the estimated values agreed within * 3%, The resu’ts are shown in
Table XXV,

Z. Infrared Absorption in the Non-Oxide Chalcogenide Glasses

There are three mair sources Of infrared absorption in these glasses: the
absorption edge, impu-ity absorption, and molecular vitvration Uf constituent
elements. A fourth factor, which affects the transmission, is scattering of che
radiat’on by occlusions of unreacted elements or & szcond phase. This factor 1is
related to the pre-arsiion and perfection of a sample and for that reason will
not te discussed. » f i 'th factor, important in the case of impure semiconductors
or law band gao se¢: sorductors at high temperatures. is free carrier absorption.
This effecs has ne¢i Leer observed in the chalcogenide glasses measured in this

program, even at high temperatures,

gh
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TABLE XXV

Refractive Index of As-Se-Te Glasses”

Servo No. Composition N at 5 u N Calculated 7 Error
1 AS38.7566|.3 2.79 2.62 - 6.0
2 A527'55e72.5 2.65 2.59 - 2,3
3 ASL‘OSeZSTe25 2.88 2.90 + 0.7
L ASQOSGZSTe35 3.07 3.06 - 0.3
5 AS3OSEBGTEQ0 3.08 3.1 + 1.0
6 AszOSeEOTeZO 2.74 2.80 + 2.2
7 As355e45Te20 2.90 2.7 - 6.5
S AS@SSGQSTeIG 2.77 2o §/5 = W,

10 AszssehsTe3o 2.91 2.93 + 0.7
1 AS305650T610 2.76 2. - 1.8
12 AS!OSe60Te30 2.73 2,89 + 5.9
13 AsyoSesglesg 2,84 2.94 + 3.5
14 A$205670T810 2.65 2.658 + 1.1
16 “3556557810 2.83 2.72 - 3.9
17 A53OSe§STe]5 2.82 2.76 - 2.0
18 ASZSSeSSTe20 2.80 2.8 + 0.4
19 £SZOSeSST825 2.64 2.84 + 7.5
20 AS!SSeSSTe3O 2.78 2.92 + 5.0
Average * 2.9/
95
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a. Absorption Edgze

7,12,15

The non-oxide chalcogenide glasses are semiconductors and have

an absorption edge just as found in crystalline semiconductors. The wavelength

at which ti.e glass begins to siiow bulk transmissicn corresponds roughly fro the
minimum amount of eneray needed to excite carriers across the forbidden gap. The
band gap of these glasses has not been of primary importance during this program
and therefore has been measured on only a few samples, Most of the glasses studiec
begin to transmit radiation around ! to 1.5 micrors. Only a few transmit in the
visible. The absorption edge does not affect transmission in the wavelength region

of interest and will not be discussed further.

b. Impurity Absorption

All the elements used in making tnese glesses are high purity semi-
conductor grade materials. The impurity level should be < 100 atomic ppm for
any single impurity. It is ironic that the non-oxide chalcogenide glasses were
chosen over the oxide glasses because of oxide abscrption, and vet the major im=
purity in all the glasses studied is oxygen. Oxygen can corntaminate the glasses
as an impurity in the reacting element or as a residual gas in the vial. It
can also be extracted into the glass from the quartz as “i0 {or Sioz) or as HZO'
Once i) the system, the oxyg takes the form of tihe most stable oxide in the
melt at the molten temperature (900°-1000°C). The high temperature stable form

is preserved while the glass is being quenched but may change form during annealing.

The infrared absorpticn bands in the wavelength regicn 2.5 to 25 microns
observed in the systems evaluated i=n this program are shown in Teble XXVI. Also
skown are the results obtained from the many blended glasses studied., The only
systems left out are the Si-Sb-S and Si-Sb-Se, which were not stable glasses, The
bands are rated as to infensity by weak (w), very weak (ww), medium (m), and
strong (s). A bracket indicates the band sometimes is not present in a system.
Its absence may be due to composition ratios or some unknown resson. The possible
cause for a band is indicated in the Jast column. The word possible 15 used be-
cause it is extremely difficult to say exactly what causes an absorption in -

glass system.
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A = Absorption in a Glass Sample

TIBr = Absorption in a TIBr Pellet

P = Absorption in a Polyethviene Pellet

Infrared Absorption in Mon-Oxide Chalcogenide Glasses

TABLE XXVI

= very weak w = weak m

= medium s =

r

strong R = By Reflection

KBr = Absorption in a KBr Pellet

CsI = Absorption in a CsI Pellet

1 = Sometimes not present

Absorpiion - Observed Possible
ek ﬂ (Microns) {en™ ") SRR by Cause
Si=As=Te f9.57 1050 W A Si-0 (Surface)
10.4 960 w A Si-0
4.5 690 m A Te-0
20 500 m A Mg-0
25 Loo m A Te-0
32.5 307 2 R Si-Te
31.0 323 s TIBr Si-Te
$i-P~Te 10 1000 vw A Si-0
.5 870 w A Ge-0
4.5 690 A Te~0
20 500 m A Mg-0
32,5 307 s R Si-Te
Si-Te 9.5 1050 ww A Si=-0
14,5 690 m A Te-0
20 500 A Mg-0
25 Loo A Te-=0
32.5 307 S R Si~Te
30.5 328 s TiBr Si-Te
Ge-As-Te f11.5] [865 " ! v A Ge-0
113.87 [725] VW A Te-0,As-0
25 Loo m A Te =0
55 182 l s R Ge-Te
54 185 ’ s p Ge-Te
97
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TABLE XXVI
(continued
_ Absorption Observed Possible
SUEeT {Micrors) (cm" l SEEIE by Cause
Ge-P=-Te 25 400 i m A Te-0
i 37 270 ; m Csl ?
L7 212 m Csl Ge-Te
55 182 s R Ge-Te
Ge-As=Se 13 770 m A As=0
21 L76 m A Ge-Se Overtone
Lz 238 s R Ge-Se
Ge-P-Se (4,57 | (22201 w A | H,Se
10 1000 m A s P=-0
1 14,2 703 m A | ?
16.0 625 i A | se-0
20.5 L9o m A | Ge-Se Overtone
40 250 s R | Gese
Ge-P=3 ryd 2500 vw A HZS
13- 770 m A [Ge-S Overtone
0 18 555 b} m A p=-S
28 356 5 R Ge-5S
Ce-As-§ 'y 2500 v A H2$
il 13.7 730 s A As-0
As=S 'y (25007 vw r A HZS
8.7 1150 VW A | ?
9.5 1050 vw A Si-0
10.3 965 vw A 7
4.8 675 s " A I As-0
4
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TABLE XXVI
(continued)
System ﬁ?ﬁ%{‘ ) Strength Ob;:lrved ﬂ Pg:i;z! e
As=5 22 Lok S A
(eI 26 374 m KBR u ?
32 313 s Ti3r As=S
33 300 s R As=S
As=Se 12.8 780 m A As-0
37 270 W TIBr As=Se
Ly 226 s TIBr As-Se
L6 217 S R As-Se
51 196 w TiBr ?
Lo 250 W TiBr As=Ce
Ge=S (4] (25007 W A ﬂ H,S
9.2 1090 w A Si-0
13.1 765 s A Ge-0
18 555 i A Ge-0
20 500 m A S-S
22 Lsh m A S-S
24 L6 w TIBr ?
27 370 S TI8r i Ge=-S
28 357 s R Ge-5
Ge-Se I 8 1250 w A ?
13 769 5 | | Ge-0
18 555 m | A Ge-Se Overtone
L2 238 s R Ge-Se
# {
Si=Se 25.5 392 s TIBr Si-Se
J 39 256 m TiBr J Se-Se

99




TABLE XXVI
(Continued)

Absorption _ Probable
S u (Microns)| (cm ") enokh Cause
Se 39 256 W Se-Se
P-S 14,1 710 s p=g
18.5 535 m P=S
I 211 473 §=5
27 370 1 m ?
P-Se 25 400 W ?
27.5 363 P-Se
32 313 W ?
39 256 W Se-Se

W

Str
I
{
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The thermodynamic stability of the oxides in the melt at the compounding
temperature (900-1000°C) determines, in part, which oxide tonds will form and
remain stable in the melt. The other factors that affect the results are the
relative ratios between the elements. The thermodynamic stability of different
oxides is shown in Figure 43, with the free energy plotted on the left. The
greater the negative value, the more stable the oxide. In the compounding tem-

perature range the relative stability of oxides is

S5i=0 > P=0 > C=0 > Ge=0 > S=0 > As=0 > Te=0 > Se=0.

If a glass composition is cooled below 900°C to the annealing temperzture range
(300 - 400°C), there are some changes in the relative stability of oxide, and

the order becomes

Si=0 > P=-0 > Ge=0 > C~0 > As=0 > S=0 > Te=0 > Se=-0.

Heating a glass at low temperatures for long periods of time, then, can change

the impurity absorption bands.

Infrared absorption bands of the pertinent oxides are shown in Table XXVII,
The results were obtained using KBr pressed pellets. Assigning a particular ab-
sorption band in a glass to a partic = ov*fe is complicated by several factors.
First, the high dielectric field of the glass (e ~ nz) shifts the frequency
of the molecular vibration to lower frequency. This shift is usually attributed
to simp’e electrostatic interaction of an oscillating dipole to its surrounding

23

of dielectric constant ¢. Absorptions of oxides observed using the pressed
KBr (or other low dielectric materials) pellets may occur at slightly shorter
wavelengths than in the glasses. Second, the frequency may be shifted hecause

of chemical bonding with the surroundings by the molecular gro-

The stretching freqiency of the Si-0 band in SiO2 occurs at 9.3 microns,
9.3 microns for SiO2 in KBr pellets, 9 microns for interstitial oxygen in siiicon,zu
and 10 microns for amorphous Si-O.25 The 9.5-10.4 absorption in Si-P-Te, Si-Te,

and Si-As-Te glasses could conceivably be caused by this absorption. The mass

of the silicon atom is not too large relative to the oxygen atom (28 to 16).
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Figure 43 Thermodynamic Stability of Pertinent Oxides as
a Function of Temperature *

“From The Thermochemical Properties of Oxides and Fluorides to 2500°K,

by Alvin Glassner.
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TABLE XXVIl

Infrared Absorption of Pertinent Oxides in
the Wavel _nqth Range 2,5=-25 Microns

(Date Obtained from KBR Pellets)

Oxide Bands (i)
* 310, 9.3 (s) 12.7 (m) 21.6 (s)
" GeO, 11.5 (s) 18.4 (m)
Ted, 13.9 (s) 17.3 (s) (22-25) general
A5203 9.5 (w) 1z.5 (s) 16.8 (m) 21.0 (m)
Se0, 3.8 (s) 6.2 (w) 9.3 (s) 11.8(s) 16.2 (s)
P205 6 (w) 8 (m) 9.2-10 (s) 11 (w) 20.8 (s)
*MgO 20 (s)
*A1203 17.3 (s) 22.5 (s)
#Cu,0 16.3 (s)
“Fe,0, 17.4 (s) 21.8 (s)

Impurities observed in 10-100 ppm range in starting materials,
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I1f an oxygen atom is bonded to a silicon atom which is bonded to a very heavy
atom, the Si-0 stretching vibration will shift to lower frequency. Thus,

the Si-0 stretching frequency for the 0-Si-Te molecular groups found in Si-Te
glasses {atomic mass of Te = 127.6) would be shifted to lower freguencies. In
the case of the Ge~0 stretching vibration, absorption for Ger in XBr occurs

at 11.5 microns, while interstitial oxygen in germanium occurs at about the

came wavelength, 11.7 microns. The mass of the germanium atom is already large
relative to the oxygen atom (72.6 to 16)., The bonding of germanium to tellurium
to form the molecular species 0-Ge-Te has little effect on tre Ge-0 vibrational
frequency. The 11.5 bond is observed in Ge-As-Te glasses. Thus, many factors
must be considered in deciding the origin of an absorption. After a detailed
study, Servc CorporationS has shown that the 12.8 micron band in As-Se and

Ge=As-Se glasses is the result of As-0 absorption.

According to the stability of the oxides, Ge-0 can form about as
easily as As-0 and produce a band at 11.5 and perhaps at 18.4 microns. A look
at the stebility order of the oxides shows that carbon should reduce Ge-0 and
As=0 but not Si-0., This is observed. Siliccen glasses that show the Si=-0 band
still show it when thev are compounded in carbon-coatecd tubes. Ge-As=Te glasses
compounded in carbon-lined tubes or in tubes merely containing carbon do not
show these bands. In Ge-As-Te glass small amounts of metals such as boron and
aluminum, which form very stable oxides, are also effective in removing the
bands in tellurium. High burity arsenic commonly contains magnesium, silicon,
copper, and iron, while semiconductor-grade silicon contains aluminum and
magnesium. It is highly probable that these trace impurities are present as
oxides and thus either produce undesirable absorption in the glasses themselves
or act as oxide sources for other elements. The infrared absorption of these

oxides in K3r is included in Tabie XXVII for reference.

As mentioned earlier, the infrared absorption of Si=0 ard Ge=0 in

4,26

crystalline silicon and germanium2 has been studied. Here, the level of oxygen

is of the same order as that in the glasses, 50-100 ppm by weight. The magni tude
of the absorption coefficient at ¢ microns for silicon containing !5 ppm by weight

. -1 26
oxygen is 5 rm .2 The same order of magnitude is observed for the 10.4 band
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in the Si-As-Te glasses. As shown in Figure 29, the absorption coefficient at
10.4 microns in SiAsTe2 glass is 3.5 cm-l. The source of the oxides in the
glasses may be the semiconductor-grade materials used in sample preparation.
Mass spectrographic and emission spectrographic aralyses carried cut in our
laboratory show trace impurities (10~100 ppm by weight) ot germanium, silicon,

aluminum, and magnesium are commonly rresent.

&g Molecular Vibrations of Constituent Atoms

Infrared spectroscopy has proved quite useful to study bonding in
amorphous coxide systems, and with much time and =2ffort many infrared reflec-

tion and absorption bands in a single oxide glass system can be identified

ard assigred. The infrared spectra of crystalline compounds of similar compcsi-
tion are useful in identifying the origins of the vibrations in the glasses,

The task in the non-oxide chalcogenide glasses is much more difficult. The
intensity of the absorptions is not great because of tha very ccvalent nature

of the bonds. There are no crystailine analogs of known structure to help, and
there is even reasonable doubt about what chemical! bonds form. It appears only
the simplest vibrations can be identified. These would correspond to the simple
bond stretching vibrations between the major constituent atoms. The stretching

vibration should be the most intense.

Strong absorption due to the vibration of constitutent atoms that
are infrared active can be observed by infrared absorpticn of extremely thin
samples, absorption of pressed pellets containing a small amount of the ylass,
or infrared refiection. The reflection method has been applied before in study-

27

ing glass structures™’ and ic quite convenient. A very strong absorption can
affect the reflectivity, producing a reflection peak. In crystalline solids
such reflection bands are called reststrahlen bands and are used for radiation

band separation.

Normal reflectivity is calculated from

(n-D?+ i

(n + I)2 + k2

R =
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where
n is the refractive index and

k is the extinction coafficlient.

It is related to the absorption coefficient (o) by

X = 0

bk
A

where » is the wavelength of the absorption. Normally kz is quite small relative
to the refractive index so that it is nuot included in calculating reflectivity
(especially if the material is transparent). When k becomes quite large, the

value of n begins to dror (the optical constarts are interdependent, not in-
dependent), produci.ig first a minimum in reflection (on the short wavelength

side of the maximum absorption) and then a rapid rise to a maximum value. The
reflectivity then falls asymptctically to & value slightly higher than the con-

stant value that occurs be“ore the reflection band.

Reflection bands obtained from several glass samples are shown in
Figure Lik, The bands are found to show the expected shape. In a reflection
band the peak of reflectivity, the maximum absorption wavelength, and harmonic
oscillator frequency do not occur at the same wavelength because of the inter-
relationship of the optical constants. The wave number of the harmonic oscillator
(wo) and the wave number of the maximum absorption (v ) weres calculated using

- max
b2 The values needed for the calculation are the magnitude

the riethod of Moss.
of maximum reflectivity, the wavelenqgth location of the maximuri and mini um

of the reflection band, and the shoit wavelength refractive index. The re-

sults obtained for several samples are shown in Table XXVIII, 1In some cases

only absorption spectra were available. The values obtained are given in the
brackets in the 'ast column  The absorptions were measured using pressed pellets
of KBr, T1Br, CsI, and polyethylene. The rzflection spectru were favored in
determiniry the frequency of a narticular vibration. Assignments were made

comparing the spectra of different glasses. For example, the Si-Te vibration

was 1dentified by comparing the spectra of Si-As-Te, Si-P-Te, and Si-Te glasses.
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TJABLE XXVIII

Calculated Wavelanqg*® of Infrared Absaorption in Glasses

As a Result of the Vibration of Constituent Atoms

Wave Number Wave Number
of Calculated of Calculated
Harmonic Oscillator Maximum Abscrption
Constituent Wavelength of Frequency Frequency
Atoms Reflection Max, . (cm-') (cm-')
$ys tem Involved {microns) e "max
As=S As=$ 32 291 307 [3137 Ti8r
Ge-S Ge-$ 27.5 349 360 (2701 11er
Ge-S-Te Ge-S 28 342 355 ===
Ge-P-S Ge-S 27 358 366 ===
Si-as-Te  Si-Te 31 307 322 [323] Tisr
Ge-P-Te Ge-Te 50 196 205 ([212] TIB»
Si-Sex Si-Se -- 382 --- 13927 TiBr
Ge-Se fe=-Se Lo 234 250 S
As-Se Bs-Se Lk 217(") eee 72267 KBr
% -
P-Se P-Se -- 350(') -=- 1363 KBr
3 .
P=S P=S -- 525( ) =-= 1535 KBr
Ge-As-Te Ge-Te 50 196 205 ---
Ge-P-Se Ge-Se 39 244 255 -—-
Ge-As-Se Ge=Se Ly 233 247 -
[+
P~S P= 14 7 675") -~-= 7710 KBr

Obtained from absorption data only
(*) Obtained by inspection of reflection curve
(*) Obtained from absorption curve

"7 Obtained by absorption
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The two constituent atoms responsibie for the vibration are given in the seccnd
column in Tabie XXVIII. In cases where only absorption data were available, the
maximum of absorption was taken to be 10 cm_‘ greater than the wave number of

the oscillator,

The force constants for the vibrations are calculated easily from

—

1
Vo T2 N KM

where Vs is the wave number of the resonant frequency of the harmonic oscillator,
k is the force constant, and v is the reduced mass. If it 's assumed that the
absorptions are due to a simple diatomic vibration, an estimate of the equilibrium
interatomic distance can be obtained from Gordy's ruie and the calculated force

constant, Gordy's rule28 is

by /4
k = 1.6N (x—”‘—ﬁz + 0.30,
i

AB
w? -5,
where k is the force constant in units of cyne cm (x 10 7): N is the bond order
(taken as 1, in this case?; XA’ XB the Pauling electronegativities of the atoms
A and B; and dAB the equilibrium distance between atoms A and B.

Next, the interatomic distances fcr nine tzntatively identified vibrations
were calculated, The distances are compared to the sum of the covalent radii
in Table XXIX. Again, agreement is gocd. The only large discrepancy is in the
bord distance calculated for As-S and As-Se glasses. Apparently, these vibrations
do not fit the simple diatomic model. This fact suggests that a more detailad
analysis of the infrared vibrations may yield information concerning the molecular

arrangements of the constituent atoms.

The equations for calculating the frequencies of the normal vibrations
for the X~Y2 linear symmetric molecule, the X-Y2 nonlinear symmetric molecule

the XY3 pyramidal molecule, and tke X'Yh tetrahedral molecule were taken from

23

Herzberg™” ard programmed for computer calculations. The forms of the equations
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TABLE XXIX

Bond Distances Calculated from Vibration Frequencies

d A d A
5 cm-l Calculated from Addition
Bond o (Gordy's Rule)  Covalent Radii __ A
Ge~S 349 2.29 2.24 + 0,05
Ge=Se 234 2.56 2.38 + 0.18
Ge-Te 196 2.61 2.57 + 0.04
As=S 291} 2.87 2.21 + 0.66
As-Se 217 2.89 2.35 + 0.54
Si-Te 307 2,35 2.46 - 9.1
Si=Se 382 2.15 2.27 - 0.12
P=3S 525 2.02 2.08 - (.06
P=Se 350 2.42 2.22 + 0,20
110
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as;.mning valence forces were used. The expressicns involve atomic masses, bond
lengths, bond angles, and two force constants, k and ké. The first constant,
k, is a measure of the restoring force in the line of the valence bond. The
second, ki, is the measure of the force opposinag a change in the angle between
two valence bonds, The magnitude of k& is about 107 of k ~ and was assumed to
be this value in all calculations. Interatomic distances were taken as the sum
of the covalent radii. With these equations and Gordy's rule, the vibrational
frequencies for molecular gases typical of the four molecula- configurations
were calculated and compared with the ovbserved frequencies. Agqreement between

calculated and observed values was poor except for the X-Y3 pyramidal case.

A method more suitatle for polyatomic force constant prediction has
been developed by Somayajulu.29 This method utilizes the elemental covalent
force constants and electronegativity to predict force constants. The expression
is

N
kAB - (kAﬁ kBB) + A,

AA
force constants, and A is an ionic contributica calculated from the electro-

where kAB is the force constant between the elements AB, k,, and k 8 are elemental

negativity difference hetween elements A and B,

>
L}
>
]
>
Y|

. 23
Tables for elemental furce constants are given by Somayajulu.””

Different
values for single, double, and trirple bonds are given for the elements (wken
possible) as well as constents for hybridized orbitals such as sp3. Thus,

for elements svch as silicon and germanium, two single bond force constants are
given, one fur the normal single bond and cne for the tetrahedral bonding

found with sp3

hybrid orbital formation.

Calculation using Somayajulu's method yielded much petter agreement
b:tween calculated and cbserved values for all cases but the X-Y3 pyramidal.
Gordy's rule was used for this case. Th: results obtained for che gases CO.

L
(X-v, linear), S0, (X-Y, non-linear), FsCiy :\-‘Y3 pyramidal}, and SiCi,
(X-Yh tetrahedral) are given at the botton of Tible XXX. This table shows
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calculated vibrational frequencies for the pertinent molecular species which
may be present in the glasses studied. The wave number of the observed frequency
for the infrared active vibration attributed tc each molecular group is given

in the first column.

A few remarks concerning the vibrational frequencies of each molecular
group are in order. All the frequencies are calculated for free molecules.
In the close association of the solid environment the vibrations will decrease
in frequency (generally). Probably, the free molecule existence will not be
maintained in the solid. It is difficult to visualize, for instance, a structural
arrangement which allows a diatomic molecule to exist unbonded to the rest of
the glass structure., A diatomic vibration can accurately portray the observed
vibration if the diatomic molecular ¢group is bonded to a much heavier atom in
the glass molecular arrangement. The diatomic group could then vibrate independ-

ently,

A change in the electric dipole of the molecule produced by the vibra-
tional mode is required if a particular normal frequency is to be observed by
infrared absorption. Some normal vitrations that are not infrared active can
be observed by the Raman effect. Both the X-Y2 lincar symmetric molecule and
the X-Y2 noniinear symmetric molecules have three vibrational modes. In both
cases the v, wave number corresponds to the symmetric stretching vibration, while
the v3 wave number corresponds to the unsymmetric stretch, The v, wave number
represents the frequency of the bending mode. The vy vibration in the linear
molecute is not infrazred active because of t.e symetry of the molecule (or

vibration). It is Raman active.

Four wave numbers are listed for the pyramidal XY3 molecule., The wave
numbers vy and v, represent symmetric vibrations, while 2 and vy, are for doubly
degenerate unsymmetric vibrations. All four are infrared active and all can

produce strong absorption bands, depending on the masses and elcctironegativitie

M

of the individual atoms involved. Jf the four wave numbers listed for the XYh

tetrahedral confiquration, only the triply degenerate v, and vy, vibrations are

3
infrared active,
i3
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The observed absorption for Si-Te, Si-Se, Ge-Te, Ge-Se, and Ge=S

agrees very well with the wave number of the calculated trequency for the symmetric

stretching vibration of a X-Y, nonlinear symmetric molecule. These wave numbers

are marked with asterisks in $able XXX. The maximum disagreement is - 17%.
Considering the fact that at least a 5% decrease in frequency is expected when
the state changes from gas to solid, the tit is very good. The vibrations as-
sociated with As-Se and As=-S glasses are quite different, as pointed out earlier,
The observed values are closer to the calculated wave numbers for the vy vibra=
tion of a pyramidal molecule than any other molecular arrangement considered.
Values observed for As=Se and As=S were found in the binary glasses, The ab-
sorptions were not observed when a group IVA element was present. Surprisingly,
the P-S, P=S, and P-Se vibrations fit the X-YZ nonlinear configuration rather
than the pyramidal, as in the case of arsenic. This difference may be retated
to the chemical difference between arsenic and the other group VA elements,
phosphorus and antimony. The difference was pointed when evaluating the glass

forming composition regions.

The molecular arrargements considered in these calculations are simple
ones that are likely to form. However, there is also good probability for more
complicated, less symmatrical arrangements. For example, X-YZ linear or X-Y2
nonlinear could be unsymmetrical. Vibrational frequencies and intensities would
oe different. The location of all gthe fundamentals would have to be known if
@ truly definitive assignment is to be made. A detailed investigation of the

Raman active as well as thre infrared-active species would be required.

d. Infrared Struc.ural Conclusions

The conclusions drawn from the assignments are simple. The group IVA
elements silicon and germanium form a zig-zag type chain arrangement with the

chalcogenide. The arrangement for the Si-Te glasses can be visualized as

}--— 4,04 A —-—'
Te Te Te

/

“l10s =~ ¥ 2.46 A
Si \/

14

Si

wn

st
ap
Th
fo

TR A



The bond distances are the sum of the covalent radii; the bond angle is about

110°. These were the parameters used in the calculations.

Infrared results for the Ge-As-Te and Ge-P-Te glasses indicate the

formation of Ge-Te chains. They can be visualized as:

4 2()1\“““""{

/ \<”>/ NS

Again, the interatomic distances between the germanium and tellurium atoms are
the sum of the covalent radii, and the bond angle is approximatzsly 110°, These
are the parameters used in the vibrational caiculations. In both the Si-Te
glasses and Ge-Te glasses, arsenic may still bond to the silicon or germanium

atoms. Formation of such & bond Is not sterically hindered by the two tellurium

atoms. The formation of two more bonds is allowed for both silicon and germanium.

The effect on the Ge-Te and Si1-Te vibrational frequencies brought on by the

addition of one or two arsenic atoms was not calculated.

Although the molecular arrangement of P-S is the same (from an infrared
standpoint) as the Si-Te or Ge-Te, the ¢lass structure is quite different. An
appreciable sercentage of PZSS glasc dissolved in the organic solvent CSZ'30
The infrared absorption of the extracteu mass was almost identical %o that found

for crystalline PZSS' It was concluded that small P-S molecules form in P=§
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glasses and are contained in a sulfur network. For this reason these glasses
show apprec’able vapor pressure and are fragile, weak solids. Similar results
may be expected for binaries of phosphorus and selenium. The presence of a

group IVA element undoubtedly alters the structure.

The effect of the group IVA element can be illustrated best by con-
trasting the results obtained for A5253 and GeZS3 glasses. The atomic masses
of germanium and arsenic are almost the same (72.6 and 74.9, respectively),
their electronegativities are close (1.8 and 2.0), and their covalent radii
are almost identical (1.22 and 1.19). The refractive indexes of Aszs3 glass
and Gezs3 glass at 5 microns are 2.41 and 2.30, respectively. The densities are
3.21 and 3.20. The fundamental abscorption edge of the two glasses occurs in
the visible; both have a deep red appearance. The only real difference is their
three dimensional structure. 1In A5253 glass, the As=S absorption fits a pyramidal
molecular arrangement. Undoubtedly, its structure contains many small As-S
molecules trapped in a sulfur network. Its scfteninj point is only about 200°C,

31

and the thermal stabtility of the glass studied in our laboratory” showed many
small As-S molecules were liberated from the glass when it was heated. On the
other hand, the Ge-S vibration indicates a -hain structure, the softening point
of Ge253 glass is well cver 400°C, and the glass is stable thermodynamically

to above QSO°C.3‘ The role of the group IVA element ic that of a chain former,
and this role is thermodynamically favored over the formation of small VA-VIA

molecules.

in the study of the Si-As-Te and Ge-As-Te glasses, no reflection bands
were found that could be attributed to the As-Te vibration. The observed bands
correspond to the Si-Te and Ge-Te bands in the nonlin2zr arrangement. The in-
frared absorption may be toc weak to produce a reflection band. Undoubtedly
some As-Te bonds form. Mass spectrometiic results show high ttermai stability
for some of the Si-As-Te and Ge-As-Te glasses. However, glasses with high arsenic
concentrations liberate arsenic quite readily. It is quite possible that part
of the arsenic present in thea ternary glasses is only loosely bonded to the
chalcogenide and contributes very li . tle to the long range structure. The

same remarks apply to the use of phosphorus in ternary glasses.
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C. Mass Spectrometric Investigation of Chemical Bonding in #uri-Oxide Glasses

by Tommy Geo:ge,x H. M. Klein, and A. M, Bryant

1. Introduction

A study of the vapor in equilibrium with a solid or 'iquid can provide in-
formation about the molecular structure of the condensed phase. 1In addition,
measurement of the partial pressure cof various equilibrium species as a function
of temperature yields thermodynamic information that can be related to the binding

hre energy of the species in the solid or liquid phase. 1Ideally, the partial pressure
G

A A
ir pressure of pure A, and XA is the atom fraction of component A in the condensed

of each species in the vapor phase will equal P OYA, where P,~ is the vapor

hidal phase. If the partial pressure of a species is measured as a function of terpera-
ture, the differential heat of solution can be obtained from the siope of a plot
C, InP vs 1/T, where P is the partial pressure. & deviation of the slope of this
plot will indicate a change in the solution process or type of association in

the condensed phase.

Strong bonding in a solid, approaching that of true compound formation,
r, means that the vapor pressure will be independent of the composition of th soiid
at constant temperature. The meusured vapcr pressure of the egquilibrium species
will be the dissociatiorn pressure of the solid, and the variation of this pressure
with temperature will give the dissociation energy of the solid compound.
ds

A mass spectrometer coupled with a Knudsen cell provides a sensitive

and convenient method of analyzing the equilibrium vapor over a solid material
while simul taneously measuring the change in the vapor pressure w.ith temperature.
The output of the spectrometer is in arbitrary units, 1. The pressure in the
onic Knudsen cell is proportional to the absolute temperature of the cell multiplied
by the intensity. Tf ideal hehavior of the vapor in the Knudsen cell is assumed,

a plot of ZnIT vs 1/T will yield a straight line of slnre AHV/R for each species

£ Summer.Dcvalopment Student in the Spectrography sectiox of TI's Central
Analytical Chemistrv Facility, Summer 1965,
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monitored. The value of QHV measured in this way represents tre heat of vaporization

or sublimation, heat ¢<f solution, or dissociation energy of the species mentioned.

2 The Knudsen Cell

Figure 45 is a photograph of the Knudsen cell used in this investigation.
The ceil consisted of a heating block into which a quartz tube could be fitted.
The sample was nlaced in the quartz tube. Its temperature ~as measured by means
of a chromel-alumel thermocouplec imbedded in the bottom of the tube. The top
of the furnace block was a piece of tantalum foil in which a 0.0l-inch diameter
hole was drilled. On top of the tantalum foil and bolted to the furnace block
was a smaller heater so that a 10° differential temperature could be maintained
on the tantalum foil. It was neces:ary to maintain the foil about 10°C higher
than the sample to prevent condensation of vapcr on the foil, which would plun
the orifice. The temperature of the foil was monitored by a thermocoupie attached

to the top heater block.

The entire cell and furnace arrangement was fitted into the flight tube of
a Bendix TOF mass spectrometer. The vapor effusing in the form of a molecular
beam was directed into the ionization region of the spectrometer. A magnetically
operated shutter was placed between the Knudsen cell and the ionization source
to differentiate the species originating in the Knudsen cell from the instrumental

backgrournd. Only the shutter-dependent species were monitored.

To insure that tie Knudsen cell would function as expected, the cell was
calibrated with pure arseric under essentially the same conditions used to study
the glasses. The results of this calibraticn are shown in Figure 46. The value of

4H obtaired for subiimation of arsenic was 31.2 kcal. The accepted value is
31 keal.??

1, Experimental Results

The mass spectrometer - Knudsen cell arrangement has been applied to the

uali®ative and quantitative study of five infrared transmitting glasses over
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Figure 45 Knudsen Cell
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the temperature range 25°-500°C, “:er this range the pressures inside the
Knudsen cell were iow encugh to insure that equilibrium conditions were main-
tained. The species evaporating from the glass were monifored, and where
possible, thermodynamic studies were made to determine AHV. The experimental

results are summarized in Table XXXI and discussed in detail below.

a. Sl'Stigﬁ

Tellurium was observed in the vapor above about 380°C. The Te, peak
(mass 258) was monitored up to 500°C. No other species were cbserved up te
this temperature. Figure 47 shows a plot of the data obtained. From the slope
of this line &H was 24 kcal for Te,.

b. Silﬁf\slsTe70

Both arsenic and tellurium were observed. Arsenic began to appear
about 290°C and was present up to 500°C. Tellurium appeared just below 380°C.

Figure 47 shows results obtained for bo.n As, and Te Above about 360°C the

2.
partial prassure of Asu remains relatively constant, contrary to what one would
expect for simple dissociation or evaporation. The initial slope, however, yielded

a value of 35 kcal for the enthalpy change of Asu. This value is only about &
32

kcal higher than that found for pure arsenic.

The tellurium vapor was better behaved. Analysic of the Te2 data
yielded a value for AH o7 18 kcal. Again, this value is somewhat higher thar

32

the 12 kcal reported for pure tellurium.

c. SEISASQSTeho

Up to 400°C the only species present in tiie vapor phase was arsenic.
No thermodynamic data were obtainable from this glass, however, because of tke
large fluctuations in arsenic partial pressure inside tne Knudsen cell. These
large fluctuations were observed even when the temperature was maintained con-

stant. It was tentatively concluded tnat the arsenic was not evenly dispersed
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in the glass, but rather was included in pockets. Visual exszuination of the
glass after its removal from thc Knudsen cell showed large holes which could
have been caused by arsenic hubbling to the surface. X-ray @nalysis supports
this picture of large quantities or arsenic inhomogeneously dispersed in tne
glass sample,

d. Te

s Tl P T

Up to 500°C this glass showed no m.asurable species in the vapor phase,
Trace quantities of tellurium and ars’.‘ic were observed near 500°C, though no
thermodynamic data could be obtained. Traces of several arsenic oxides were
also observed, including As0(91), As3oh(289), and Ash°6(396)'

e. Ge'oAsszgyo

Both arsenic and tellurium were observed in the vapor. Arseni: began
to appear about 260°C, while tellurium appeared about 38G°C. The partial pressure
of As,, behaved much the same as in the SiISASISTe70 gluss. cat is, above 380°C
the Ash partial pressure was independent of temperature. Below 380°C, analysis
of the data yielded a value of 28 kcal for AH of As),.

Measurements of the ie, peak between 386° and L50°C gave a AH of 34
kcal. Figure 48 shows results obtained for arsenic and tellurium. Figure 49

shows a scan of the spectrum of Ge'oAs taken above 386°C.

20770

f. Ge[SASMSTeQO

Only arsenic was present up to 300°C. The temperature was not raised
above this point because the pressure inside the Knudsen cell was ap.proaching
the point where Knucdsen flow conditions no longer could be maintained. Figure 48
shows 2 clot of log IT vs 1/T for As,. The slope of this pint yields a value
of 36 kcal for 2H.
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The arsenic oxide concentration was somewhat higher in this glass than

in the others. Figure 50 shows the spectrum obtained for GQISASQSTEMO' Masses 91,
289, and 396 correspond to arsenic oxides in the glass.

L, Discussion of Results

Onty one qglass, Si

30A515Te55’ failed to shcw any equilibrium vapor species
below 500°C.

A1l the other glass compositions chowed at least one vapor species,

either arsenic or tellurium, Two compositions, SlISASISTe70 and Ge]GAsone70,

produce? both arsenic and tellurium. There was no evidence of binary or ternary

cormpositions in the vapor above the glasses,
below 300°C.

380°C.

In every case arsenic was observable

Tellurium showad a rather constant appearance temperature of about

Heats of vaporization were measured on four of the six glasses under study.

These measurements were made on to*h tellurium {as Tez} and arsenic (as Asb).

The values of 'H obtained for the two species, coupled with vapor-phase behavior,

have given insight iito the type of boading founs in the glasses.

Two of the silicon glasses showed measurable amounts of Te2 in the sapor

phase., The heat of vaporization tound for Te2 from Si]STeSS was 24 kcal, while
Te2 from Si ASISTe

5 70 had a 4H value of only 18 kcal. In addition SIISA

S]STe70
gavz off Asl+ with an enthalpy change of 35 kcal.

The difference in &H for Te2
in the two glasses might be explained in terms of the arsenic. The AH found

for arsenic indicates slichtly stronger bonding than in pure arsenic. This
strcnger bonding probably results from some Si=-As interaction which produces

a considerable perturvation of the Si-Te bonding in the Si]SASISTe70’ reducing the
value of ‘H from 2L kcal to 18 kcal in the Si-Te glass.

As already roted, above 380°C the vapor pressure of arsenic above the

SiiSASICTe70 glass ..as temperature~indeperident. Such behavior is possible ir
o

some recombination of arsenic takes place. The following sequence of equilibria

offers a possible explanaticn,
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Between 275°C and 38u°C the only equilibrium observable was one invelving
arsenic, If it is assumed that this arsenic results from arsenic in the glass,
the eauilibrium could be represented as

< 300°
As), (trapped) (s) - 4+ AS), (g} . (1)

Above 380°C tellurium also exists in tne vapor phase so tnat a second equilibrium
is required,

> 3§0°
2 AszTe3 (s) ~ L AsTe (s) + Te, (g) . (2)

If these were the only equilibria present, the vapor pressure of both As& and
Te2 could be expected to increase with temperature. The fact that tne vapor

ressure of As, did not increase as expected indicates that some recombinztion
P L

reaction ocrurs.

At ~igh temperatures Si-As bonds form. Tnus the third equilibrium could

be represented as

-380°
4 SiTe (s) + As, {g) ~ b SiTeAs (s) (3)

Adding reactions 1, 2, and 3 will give n overall reaction wnich is dependent

enly on the vaoor pressure of Tez,

As,, (trapped) + 2 AszTe3 (s) + b SiTe (s) = (&)
b AsTe (s) + Te, (g) + SiTeAs (s) (5)

Exactly the same kind of arsenic hetavio: was noted in GeloAsone70.

It is probable, then, that the same sequence of equilibria is operativ: here
as in Si‘SAs‘STe7O. There were, however, several significant differences in
the iwo glas<es. First, the /H for Te2 was found to be ;i kcal inctead of the
18 kcal previously notaed, and the LH for Ash was fournd to be a somewhat lower
28 kcal. Second, as Figure 49 shows, more arsenic than As), was found in the

vapor. This second observation is noteworthy since in pure arsenic and each of

1A%




the oih. - arsenic-producing glasses Asu was the predominant arsenic species in
the vapor. It must be assumed, chen that the arsenic is bound the same way in

r 5 in Si '
ae]UAsone70 as in S1‘SAS‘5Te70

The AH value obtained for Asu indicates that the Ge-As interaction is
somewhat weaker than In the corresponding Si-As glass. The presence of large
quantities of arseric in the vapor above GemAsone70 indicates that arsenic
is being evolved from a source other than Ask molecules. A weak Ge-As bond
could explain tie results, This Ge-As bond does not have to be present in

the original glass but could result from the analog of reaction (3) above.

The high &H value obtained for Te2 would indicate a stronger bonding of

tellurium in Ge‘GAsone70 than in the corresponding silicon glass. Part of
the explanation may iie in the fact that germanium has vacant d orbitals avail-
able for bonding no* found in siliiocn. These d orbitals could overlap with

the tellurium orbitals, forming a considerably stronger bond than is possible
with silicon.

The high value of AH for the evaluation of arsenic from GelSAShSTehO
cannot be explaireu in terms chosen tor the other germanium glass. “he
spectrum above 233°C (Figure 49) shows the presence of arsenic, with the ratio
of Asu to arsenic about equal to that found for pure arsenic. Comparison of
this glass with Si‘SAs‘STe70 shows a similar value of AH for AS& and a similar
Ask-tovarsenic ratio. Direct comparisons are not strictly applicable between
Ge‘SAshSTeL}0 and the other glasses, however, because arcznic here is evolved
much below the softening temperature (see Table XXXI). Thus, other effects
probably contritute to the enthalpy change of 36 kcal.

The apparent stability of SiBOASiSTeSS is of particular i: terest. Not

oniy is the softening point relatively high (359°C), but no equilibrium vesor

spe-les were observed up to 500°C. Such properties are i.portant in manufactur-

ing infrared transmitting glasses. Judging from the behavior of the other
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silicon-containing glasses, the presence cf a large percentage of silicon causes
the good stability properties. The Si!STGBF ~1-ss shows some instability with
respect to tellurium. A one-to-one ratio of silicon t» arsenic in SilSASISTe7O
shows the same instability, low softening point, and decomposition. Increasing
the silicon concentration at the expense of teilurium apparently takev advantage
of the strong Si=-As bond and decreases interference in the formation cf Si-~Te
bonds. A more extensive investigation will be necessary for an understanding

of the exact nature of these interactions.

A more recent study of a Ge=Sh-Se glass may provide a betier understanding
of chemical bonding in infrared glasses. In tnis glass the major vapor phase
species was GeSe, which began to vaporize about 450°C. Between 450 and 550°C

analysis of the data yielded L4L.5 kcal for the heat of vaporization of GeSe.

At 575°C, * ‘sappeared from the vapor and Sb appeared. Subsequent
emission spectro_ ¢ analysis of the recidue (after heating to 600°C)
showed no germanium. All the germanium had beun vaporized in the form of GeSe.
The appearance temperature of >b in the vapor corresponds almost exactly to

the melting point of Sb,Se . While there is no absolute proof that the source
7

2

of antimony is Sb it is felt that the appearance temperature is wore than

2Se3,
just coincidental with the meltira point of Sb28e3.
. . . . .

It was also noted that in SIISASI5Te70 and GelOAJZOTe7o the appearance
temperature of tellurium corresponded roughly to the melting point of AsZTe3.
While it has not been possible to veirify the existence of AsZTe3, it appears
that such a compound would provide a lcgical source of tellurium, whosz appear-

ance coincides with the melting point.
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D. X-Ray Radial Distribution Apnalysis of Amorphous Materials
by R. D. Dobrott

1. General

It is well known that the molecular structure of compounds can be unique-
ly determined by x-ray diffraction analysis when the compound possesses a
regular crystalline arrangement. However, a regular arrangement is not neces-
sary to observe diffraction effects.

33

Debye”” pointed out that one or two broad, diffuse diffraction bands
were produced by liquids, glasses, resins, and unoriented polymers. Thase
bands arise from the very small degree of local order which results because
two atoms cannot be separated by a distance smaller than the sum of their
radii. Therefore, in any solid amorphous substance each atom pussesses perma-
nent neighbors at Jefinite distances and in definite directions. However, the
vectorial properties relating an atom to its environment are usually not the
same for a:,; two atoms. Therefore, a radial distribution function, which
specifies the density of atoms or electrons as a furction of the radial dis-
tance from any reference atom or electren, is the maximum structural informa-
tion that can be obtained from these broad, diffuse diffraction effects.

33

Debye showed that the intensity in electron units scattered by an a-

morphous material at angle © is given by

sin s r
m

- n
fof ———, (5)
mn

30
3501
3
3

fn and fn are the scattering factors of mth and nth atoms, and Fon is the
distance tetween these two atoms. The summation !s taken over all pairs of
atoms in the assemblage. The Fourier integral theorem cen be applied in the

case where there is only one kind of atom. If the nunber of atoms is N, equa-
tion (5) becomes

I =Nf" o ——= (6)
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where it is assumed that the environment of one atom is the same as that of

any other atom. Then by standard Fourier transform methods the radial dis-

tribution function can be computed by
n

1-nF2 N

bl (r) = hﬂrzpo + 2r/m JS\—;;f‘ ) sin rs ds, (7)

where hﬁrzp(r) is the number of atoms at distance r from any atom and P is
the a = rage density of atoms in the sample., For atoms of more than one kind

the intensity equation [equaticn (5)° «ill only reduce to

"

! = N[z Gl o 5§ G dlimiss, (p) SE 2 dr] ,
m m sSr

which unlike form (€£) cannot be directly inverted by the Fourier integral
theorem technique, since Qm(r) here is a function of s, An approximation using
an average atom when the atomic numbers are nct too widely separated does some=~
times yield useful results. The main difficulity in this method consists in

the exact measurement and normalization of e intensity distrivution.

2. Application to Non-Oxide Glasses

X-ray intensity measurements are taken using a standard para=focusing
Norelco wide range goniometer. A curved LiF crystal monochromator is used in
the diffracted beam to exclude any x-radiation from fluorescence of the sample.
Molybdenum radiation is used so data can be collected out to large values of s.
The data are collected in air, and the air scatteririg is assumed to be negli-
gible compared with the scattering by the heavy elements of these glasses.

The scattered intensity was corrected for polarization by the facter

1 + c0522“'c0522C

1+ coszzﬁ'

where &' is che Bragg angle of the monochromator and © ‘s tne Bragg angle of

the specimen.

i i




The incoherent scattering intensity was approximated by

I =7 - (f2/2)

inch
where Z is the atomic number of the element and f is the norme! scattering fa-tor.
The relative scattering power for different atomic pairs for Si-As-Te and

Ge-As-Te glasses are given in Table XXXII. The intensity distribution was normatl-
ized by fitting the observed distritution to the theoretical! coherent plus in-
coherent distribution from sin a/% = 0.8 to 1.!. Tte observed intensity dis-
tribution above <in 8/ = 1.1 was discarded because it containec several false

mexima.

Figure 51-55 show the radial distribution functions for the glass systems
. . . . ,
SlTeu, SIVSASVSTe70” SIISASMSTeQO’ 5130A515Te55, and °eISAshSTeh0' All the
radial distribution functiorn- shows maxima at values of R less than 2 & which
are necessarily false. This false detail arises from series termination errors
anc error: resulting from the average atom technique.

The area ratio R :RII yields the most useful information. The results

I
obtained for the glass systems studied are shown in Table XXXIII. 1In the SiTeu
gle.s the 1:3 ratio can only be explained if RI consists of as many Si-Te bonds
as possible, with the excess Te forming Te-Te bonds, while R.. consists mainly

‘R

I1

of Te---Te interactions. This assumption would yield a high R ratio,

"1l
since the Si-Te infteraction has only about one-fourth the scattering pawer of
a Te-Te interaction. As shown earlier under infrared results, the radial

distances correspord to an arrangement similar to

Te Te Te

/

~] 10 .




TABLE XXXII

Relative Scattering Power Between Various Atomic lnteractions

_i_l—
$i=Si 196
Si=As L62
Si=Te 730
As=As ioko
As-Te 1664
Te-Te 2700
Ge-Ge 1020
Ge=As 1060
ge-Te 1760

TABLE XXXIII

Radial Distribution Areas for Si~As-Te and Ge~As=Te Glasses

- 11— BriRypy-
SiTe, 2.62 K Lbu A 1.8
Siychs) e 2.58 412 1:12
SilSASASTeAO 2.52 3.95 1:5
. 'I.‘
SigAsycTec 2.50 4,12 1:
GelSASQSTeho 2.50 L. 02 1:L

Note: RI and RII are distances for nearest and second neighbor

interactions from the rzdial distribution function. RI:RII

is the area ratio between ncarest neighbor pesak and seccnd

neighbor peak.
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Radial Distribution Function of SiTe& Glass
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The calculated interatomic distances nsed in explaining the radial distribu-
tion data are given in Table XXXIV. The Te---Te second nearest neighbor inter-
action is thke same distance observed in crystalline Te. The RI:RII ratio of 1:'2
observed for the Si'sAs‘STe70 glass is evidence for the formation of Si-Te and
As-Te bonds. When these bonds form, Te-Te bonds are Lroken, thus decreasing
the amount of R. observed. These same Te atoms, however, would still show the

RII scattering.I Thus, the RI:RII ratic decreases substantially. In addition,

a shoulder appears at .62 R on the second neighb»r interaction, probablv indicat-
ing some As=--=As and As---Te second neighbor interaction. The Si'SAsqueSS glass
contains an excess of As, so the low ratio of 1:5 here indicates a fair nunber of
Ac-As bonds, probably in As tetrahedra. Also, the low 1:4 , ‘tio for the Si30As‘5Te55
glass supports the conclusion that Ta-Te bond are not pr-asent unless there is an
excess of Te. This latter SiBOASESTeSS distribution shows 2 prominent peak

at 2.08 X that we are unable to exglair. This peak could conceivabiy arise

from Si-¢*! bonds forming, or from some contamination in the sample. The onlv

Ge glass completed, Ge ASMCTGQO’ fits this same conclusion; Ge-Te shows a stronger

15

scatter than ©i-Te, and hence ihe RI:RII ratio increased to |:4,

The only structural conclusion which can be drawn from this x-ray study
is that Si-Te, Si-As, and As-Te bonds are formed wherever possible in prefer-
ence to Si-Si, As-As and Te-Te bonds. Many more glasses in this series must
be studied before knowleuge of additional structural features could be gained.
At best, the results couid only be qualitative, since the atomic numbers of
the elements are too widely spearated to us~ an average atom. However, we be-
lieve the peak positions and area ratios cbtained are accurate, since these
results lead to the same conclusions reached by infrared and mass spectrographic

techniques.

E. Summary of Structural Information

From all the facts available, the following statements can be made about

the Si-As-Te and Ge-As-Te glasses.




TABLE XXXIV

Calculated Bond Distances From Covalent Radii

X
Si=Si 2,22
Si=-As 2.30
Si-Te 2.Le
As=-As 2.38
As=Te 2.54
Te=-Te 2.70
Ge-Ge 2.45
Ge-As 2.42

Ge-Te 2.57




T e T SN, Qg g it oot a— e
}.  2igzag chains of Si-Te and Ge-Te form in Si-As-Te and Ge-As-T¢ gla-ses.
X-ray and infrared data support this conclus:on.
2. Three types of arsenic are found.
a. Arsenic bonded to tellurium. The apoearance temperature for

tellurium corresponds to the melting point cof A-ZTeB. The disagpearance of
the R, (iellurium) peak when arsenic is added indicates the formation of As-Te

bonds.
b. Free arsenic existing as molecules. The evolution of arsenic

at the softening poirt of the glass supcorts this statement. The locations
of the glass-forming regions indicate free arsenic dissolved in the molten

glass.

c. Arsenic bonded to the group VA slements silicon and germanium.
The lccation of the glass-forming composition reaion is affected by the furma-
tion of Si-As and Ge-As bonds. These bonds are stable at high temperature.
When the glass 1»> gquenched, they become unstable. Small amounts of heat
ailow dissociation and the production of unbonded arsenic in the glass. As
the temperature is raised, the As-1VA bonds become thermodynamically stable

again, ard they reform,

3. In addition to the primary bonding found in the zigzag chains, weaker,
more distant bonding interacticns take ;lace betwesen siliccn and germanium with
tellturium. The interaction is strorger between germanium and tellurium than
between siiicon and tellurium. Evidence for this fact is that the heat of
vaporization is higher for tellurium in Ge-As-Te glasses than in Si-As-Te or
5i-Te glasses. Further evidence is that as a rule, Ge-As-Te glasses fall
above the density vs molecular weight curve. That is, Ge-Te glasses form a

bit closer, dense- glass structure.

A truly guantitative structural model of a specific Si-As-Te or Ge-As-Te
glass composition could be obtained by applying the now-developed structural

techniques repeatedly on many different samples., Reproducibility would be en-




hanced as experimertal errors were reduced or eliminated. As confidence in

the results grew, rufinement in the interpretation could be made. Although
such a study would be satisfying from the investigator's standpoint, it would
not add significantly to the molecular structure picture already obtained,

As composition changes, the average structure changes. More important than a
specific average structure for a specific composition is a general idea of the

type of chemical bonding present and how this bonding affects the glass properties,




m

TV. CONCLUSIONS

1. The glasses from seven ternary systems containing elements from the
IVA, VA, and YvTA group were evaluated as high temperature infrared optica!
materials. Glasses from the Si-As-Te, Ge-As-Te, and Ge-P-Te systeris show the
best infrared tvransmission of all in the 8 to 14 micron region., Attempts to
form glasses from systems baced on tin or boron failed. The effects on glass
properties produced by individual elements were studied using four-component
glasses formed as a blend between two ternary systems. As a group cf materials,
the non-oxide chalcugenide glasses can be characterized as soft, weak, low

softening glasses with large therma! coefficients of expansion.

2. Properties of a specific glass composition are determined by the
individual constituent elements present in the composition and their relative
amounts. In a ternary systen the relative amount of each element that can
be present is determined by the location of the glass-forming composition region.
The location and size of the 3lass-forming region depend or the number of binary

compounds that can form in the ternary system.

3. The non-oxide chalcogenide jiasses are characterized by covalent
bonding. By using a mclar refraction approach and the covalent radius of eac"
constituent element, ore can predict the non-dispersive refractive index of a

specific glass composition within a few percent.

4. Almost all the undesirable absorption for wavelengths less than 25§

microns are caused by trace impurities of metal oxides.

5. Non-oxide chalcogenide glasses containing group IVA elements are
harder and stronger and have higher softeninc points than glasses contairing
group VA elements. Results obtained in a structural investigation of the physical
and - -mical nature of the glas:tes using x-ray diffraction, infrared spectros-

cocy and mass spectrometry ndicate the grouo IVA elements silicon and germanium




!
!
il

form zigzaa chains with the chalicogens, while the qroup VA elements form small
nylecules which are contained within a chalcogen nework. In Si-As-Te and
Ge-As-Te glasses arsenic is found as unbonded arsenic and arsenic bonded to
tellurium. At high temp2ratures, arsenic forms bonds with siiicon and germanium,
In glasses containing only arsenic, with no group IVA element present, pyramidal
molecules form. More than one type of bond forms between tellurium with silicon

and germanium,
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APPENDIX 1

FORMATION OF NON-OXIDE CHALCOGENIDE GLASSES

The glass-forming composition regions for the glass system AXIVAB VAC R

y 'z
evaluated under this contract are shown in Figures 1, 2, and . Also included
. ! .
are the Si-As-Te system evaluated prior to the contract and the Ge-As-Se

system reported by Jerger, et al.,2 of Servo Corporation.

Figure | shows a direct comparison between the glass=forming compc,ition
ares of the system Ge-P-S, Ge-P-Se, and Ge-P-Te. The glass-forming area de-
creases going from S —» Se - Te. A direct comparison of Si and Ge is made in
Figure 2 by the systems Si-As-Te, Ge-As-Te, Si-P-Te, and Ge-P-Te. The reraining
systems Si-Sb-3, Si-Sb-Se, and Ge-As=Se are shown in Figure 3. The direct com-
parison of As and P can be obtained by comparing the composition area of Ge-As-Se

(Figuire 3) to Ge-P-Se (Figure 1),
From studying these diagrams the following conclusions can be drawn,

(1) For the formation of a glass, it is normally necessary that a greater

VIA
)

amount of the divalent element (C be present.

(2) As the atomic number of the constituent elements increases in the series
Si, Ge, Sn or P, As, Sb or S, Se, Te, the glass-forming composition range decreases.
The clement As is an exception to this ruie. The conclusion concerning Sn is based

3

on very limited lata. As reported earlier” most Sn compositions form crystaliine

solids.

Similar conclusions cre given in the literature concerning the glass-forming
X 4 . .
ease of these elements, but the reacons for their relative order has not been

given. These relationships can be explained as follows.

(1) Most of the atoms in these glasses are normally bonded together in some

form of amorphous network, as directly evidenced by the relatively high softening

“Contributed by Prefessor Heinz Krebs, Lehrstuh! fur Anorganische Chemie der

Technischen Hochschule. Stuttgart, Germany. Visiting scientist at Texas Instruments,
summer 1965,
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points of the glasses. When the constitutent elements of the glass are light
elements such as 7 and S, small molecules of P and S can easily form and fit

irnto the cavities of the network. These molecules occupy positions in the glass
similar to those of plasticizers in plastics. The small molecules of 9h53, PMSS‘
Pk57, anad PhS10 are easily rormed by P and S, and they readily form crystals from
the rolten state. For this reason it is rot possible to form a glass from P and

S in th composition range about P In the system As and 5. the forrnaticn of

253.
As)S), (realgar) is well known. In glasses containing As and S, cr P and S it
should always be kept in mind that such molecules form and influence the properties
o’ the glass. Small molecules wili lower the softening >cint of the glass. As

the tendency toward forming small molecules decreases, the softening point in-
creases, The extent of smali molecule formation may be decr~ased by holding 2
glass at its softening point for perieds of time. At temperatures above the
softening point the tendency towards small molecule formation is greater.

(2) The tctravaient elements (AIVA)

in the pire state do not form a glass
because the bonding requirements can be fully satisfied only in a tetrahedrally
ordered network (a crystalline lafrtice). It Ge is evaporated onto a plate, a
laver of glassy Ge forms in which the valence requirements of some of the Ge atoms
are not fully satisfied. These atoms may hase a radical-like nature. They
catalyze the transformation of the unorderec network into the ordered retwork of
tne thermodynamically favored crystaliine form when tne temperature is raised

o 400°C.°

The eiements P, As, and Sb Go not form a glass from the molten state, Glasses
can be formed, as .n the case of Ge, by evaporation and condensatinn., MNormally,
red P is prepared by heating white P, A polymerization of the Ph molecules takes
place, 'oraing the highly oolymerized netwoik of red P. The red P begins to
crystallize at 450°-550°C. The glassy form of As transforms into the crystalline
¥ modification (metallic arsenic) at 270°C, and Sb transforms into the metal at

roort tempevature.




Tne increased tendency toward ciystallization with increasing atomic rumber
has two causes, First, the strength of the bonds will decrease with atomic number,
facilitating dissoctation and resultant rearrangement and crystaliization.6 Second,
as the atumic number increases, the metalloids tend to form Londs with more atoms

than correspond to their nermal valenc; thus, their coordination number increases.

Characteristically, Sb ir the nron-ordered network structure {explosive antimocny)
as w 11 as in the ordered crystalline network (antimony metal) has threc neighbors at
a short bond distance and threc {or two) neighbors at a littie greater bond distance
(greater by ~ 2(f.). 1In this wav the moiecular arrangement becomes that of & dis-
torted octahedron.7-9 Figure & is a diagram of this arrangement. The short bonds
(favored) are indicated by the sulid lines and the longer bonds {unfavored} by
the dashed line. The strength of the normal oonds d-creases when additional
bonds are formed in the backward direction. Because of this ability to form
additicnal bonds, the heavier elements such as Sn, Sb, and Te can move easily
from site to site in the solid as the strenath of the bonds changes i+ different
directions as a result of thermal motion of the atoms. Such a prccess has a
very small activiation energy. The therma! energy needed for such a rearrange-
ment process is available at reiatively low temperatures. With the lignt elements,
such as §, dissociation occurs before rearrangement is possible.

The pyramidal type arrangement of the bonds of the three valent elements (BVA)
does not allow much mobilitv of the atoms for rearrangement; therefore, the struc-
ture of the red P network or the metallic form of Sb or As is not preserved when
the solid is melted. A liquid state with the same bond system form for these sub~
stances does not exist. If we melt the network of red P, depolymerization of the

. 6,10
networx occurs and Ph molecules are formed. ’

Met2!iic Sb changes to a NaCl-
type short range order ‘ in which every atom is surrounded by six atoms in the
form ¢ an octahedron. The difference between the favored ancd unfavored bond is
smea-~d Z.t. In the melt, the network structure of the sclid is changed to a
coordination picture which reflects the meteliic character of the liquid state.

. . . ]
What happens if As is melted is not known. ¢

I-6
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Atoms of the elements S or Se are very mobite. They form only two bonds
separated by the bond angle 102°-105". 1in the melt, low and high molecular weight

6,12 The lTow molecular weignt rings are mooile in the melt because

rings form.
of their small size. The hign molecular weight rings are able to change their
shape in the melt because of free rotation around eack bond. Their shape is

like a iong fiber closed in a ring which is free to move and change its shape,

The atoms are therefore mobile in both the small and the laroz rings. This melt
of high and low molecular weight rings will form a glass when it is cnoled because

the rings of different sizes cannot be ordered together to form a crystal,

The bonding system of a glass will have to be essentially the same as that
of the ligquid from which it forms. Excluding the formation of the unfavored
additional bonds of the heavy elements, the atoms of the non-oxide chalcogenide
glassr -~ must be connected so that every atom is bonded witl the proper number
of other atoms to satisfy its valence requirements. A melt with a sufficient
amount of network-forming character is poscible only if a large number of the
divalent atoms are present. The divalent atoms produce the niecessary mobility of
atoms in the melt. This is why the non-oxide chalcogenide glasses form only when
large amounts of S, Se, cr Te are present. The same factors apply to glasses

formed from the monovalent halogens.

From a consideration of all these factors, the decreasing giass-forming tendency
in the series S, Se, Te or P, As, Sb or Si, Ge, Sn can be explained in the follow-

ing way.

(1) The decrease in binding energy with increasing atomic weight makes break-

ing of bonds easier; therefore, rearrangement and crystallization occur more readily.

(2} The formation ot additional bonds (unfavored) by the heavier elements
increases the tendency toward the rearrangement reaction. In the systems P-Te,
As-Te, and Sp-Te a3 glass will not form from the melt,13 because the tendency for
Te to form bonds in the back direction i= too great. Addition of the tetravalent

IVA. .
(A ) network-foruing atoms compensates this tendency and produces a glass.

1-8




(3) If not enough divalent atoms (CVIA) are present, the atoms i, the melt
are forced toward higher coordination nimbers., The difference between the favored
and the unfavored bonds is smeared cut *o a certain extent. Normal octanedrons
can form around the atoms, especially the heavier elements. As the melt is conled,
the regular octahedron is not stable. Rearrangement must occur, and the more

favored crystalline form results.

The large area for the Si-As-Te system is surprising. It probably results
from the fact that Si forms compounds with As but not with P or Sb. The Si
is probably not bonded to the P or Sb in the systems Si-F-Te, Si-Sb-%, and Si-Sb-Se
but is only bonded to the S, Se, or Te. Thus, a network structure is more
diftficult to form. The ability to form Si-As bonds as well as Si-Te bonds produced
a wide glass-forming composition range. The same remarks can be applied to the
Ge glasses. The Ge-As-Te glass-forming composition region is much larger than

that of the Ge-P-Te system.
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