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bination of the reactant purification and compounding steps.  The goal of the 
program was to establish the absorption limit for the glasses and to lower the 
absorption at 10,6 (im. At the present purity level, the Ge-Sb-Se glass is 
found to have an absorption level of about 0,01 cm  at 10.6 tiin,  while the 
absorption level for the Ge-As-Se glass is 0.05 cm . UndeHving causes for 
the limits are discussed, along with the possibilities for improvement. 

Glasses based on sulfur and selenium were carefully characterized to es- 
tablish the interdependence between chemical composition snd the magnitudes of 
physical parameters related to their use as infrared optical materials.  Param- 
eters considered in this program were density, volume expansion coefficient, 
glass transition temperature, thermal conductivity, hardness, elastic moduli, 
and Poisson's ratio.  The interdependence Inforrndtion will serve as a guide in 
selecting nt-w sulfur-based glass compositions for development. 

The sulfur glasses selected for evaluation were from the Ge-Sb-S system. A 
rather large glass-forming composition region was determined through the pr&pars- 
tion of small laboratory samples. The physical properties of sulfur glasses 
were substantially better than those of the selenium glasses.  Visible trans- 
mission was found for glasses containing 60 or more atomic percent sulfur.  How- 
ever, at their present state of purity, the Ge-Sb-S glasses are found to have an 
absorption at 10.6 |j,m of about O.jj.cm . with the intrinsic limit estimated to 
be uf the order of 0.1 to 0.05 cm .  Chalcogenide glasses do not appear promis- 
ing as high energy CO. laser window materials, 
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PROGRAM SUMMARY 

New compounding techniques were devised to prepare high purity TI #1173 

(Ge-gSb-jSe,,.) and TI #20 (Ge.,As 2Se„). The methods were based on the com- 

bination of the reactant purification and compounding steps.  The goal of the 

program was to establish the absorption limit for the glasses and to lower the 

absorption at 10.6 p,m. At the present purity level, the Ge-Sb-Se glass is found 

to have an absorption level of about O.O'i cm  at 10.6 um, while the absorption 

level for the Ge-As-Se glass is 0.05 cm .  Underlying caures for the limits are 

discussed, along with the possibilities for improvement. 

Glasses based on sulfur and selenium were carefully characterized to es- 

tablish the interdependence between chemical composition and the magnitudes of 

physical parameters related to their use as infrared optical materials. Param- 

eters considered in this program were density, volume expansion coefficient, 

glass transition temperature, thermal conductivity, hardness, elastic moduli, 

and Poisson's ratio.  The interdependence information will serve as a guide in 

selecting new sulfur-based gla^s compositions for development. 

The sulfur glasses selected for evaluation were from the Ge-Sb-S system. A 

rather large ylass-forming composition region was determined through the preparation 

of small laboratory samples.  The physical properties of sulfur glasses were 

substantially better than those of the selenium glasses.  Visible transmission 

was found for glasses containing 60 or more atomic percent sulfur.  However, 

at their present state of purity, the Ge-Sb-S glasses are found to have an 

absorption at 10.6 |j.m of about 0.5 cm ', with the intrinsic limit estimated 

to be of the order of 0.1 to 0.05 cm .  Chalcogenide glasses do not appear 

promising a'i high energy CO^ laser window materials. 
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SECTION I 

INTRODUCTION 

Infrared transmitting glasses based on the chalcogen elements sulfur, 

selenium and tellurium have been under investigation at Texas Instruments since 

1961.  Two glass compositions, TI #1173 (Ge28Sbi2Se60') anci TI ^20 ^Ge33As12SeW 

have emerged from this investigation. These glasses have been produced in com- 

mercial quantities and used to fabricate optical elements for use in infrared 
2 3 

optical systems. Recently, * considerable attention has been given to the 

problem of finding infrared optical materials with properties suitable for use 

with high energy CO, lasers emitting at 10.6 urn. Each material considered is 

found to have its own set of advantages and disadvantages.    For existing 

chalcogenide glasses, the thermal conductivity is found to be an order of magni- 

tude too low, while the absorption at 10.6 ^m is two orders of magnitude too 

high. The purpose of this progran, was to investigate the possibilities of pre- 

paring chalcogenide glasses better suited for use with high energy C0o lasers. 

The low values for thermal conductivity in TI #1173 and TI #20 reflect the 

disordered nature of the glasses and therefore cannot be improved. However, if 

the absorption at 10.6 urn reflects a quality state of the glass (extrinsic 

limitation) rather than an intrinsic limit, considerable improvement may be 

realized through increasing the purity of the glasses. Section 11 of ♦•his report 

describes attempts in this laboratory to establish the intrinsic limit for TI 

#1173 and TI #20. 

Several years ago when numerous chalcogenide glass-forming systems were 

evaluated, selection of the glass composition for development was based on 

evaluation with regard to only a few parameters. Within a glass-forming system, 

the ratios between the constituent elements may vary greatly and the 3b£ociated 

physical properties of the resultant glasses möy be expected to vary as well. 



It is reasonable to assume that if al! the pertinent physical parameters tre 

considered, glass-forming systems can be reevaluated and a new glass con, ;sition 

selected with properties better suited for application with C0_ lasers. The 

interdependence of the pertinent physical parameters and how they change with 

composition must serve as a guide in the selection of a new composition.  Data 

for the physical properties of various selenium-based and sulfur-based glasses 

are presented in Section III of this report. 

The final goal of this program was to select for evaluation one or two 

glass compositions based on the element sulfur in piate of selenium.  Physical 

properties related to use with CCL lasers (thermal conductivity, thermal volume 

expansion coefficient, thermal change in refractive index, etc.) could be ex- 

pected to improve.  The results obtained in the complete evaluation of the 

Ge-Sb-S system are presented in Section IV. 

. - -   --  --^-*-i=-*ti  ,  .II- 1 



SECTION n 

INFRARED ABSORPTION OF HIGH PURITY 

T| #1!73 AND TI #20 

A,  Evaluation Methods 

1.  Trace Impurity Evaluation 

a. Emission Spectrograph 

Trace metallic impurities in solids are generally determined in 

this laboratory using a Baird Atomic GX-1 three-meter grating (30,000 grooves/ 

inch) emission spectrograph.  High purity Poco Graphite electrodes are used, 

leading to a detection limit of 0.1 to 10 ppm/weight for most common metallic 

elements. Trace anion impurities such as Cl , Br , or OH , along with negative 

elements such as S, Se, or Te, are not ordinarily detected (unless they are present 

as a major constituent), 

b. Infrared Absorptions by Oxides 

Semiconductor solids transparent in the infrared show absorption 

characteristic of oxide impurities present within the bulk. Classic examples 

are silicon (9-5 M.™) and germanium (11.6 ^m).  The magnitude of the absorption 

coefficient can be used to estimate the concentration of oxygen present in the 

reactant germanium.  Bands characteristic of oxides in selenium have also been 

reported in the literature.  However, neither antimony nor arsenic, the other 

reactants, transmit in the infrared.  For the compounded glasses, TI #1173 and 

TI #20, infrared transmission is routinely used to estimate ths bulk oxide con- 
o 

centraticn.  A nomograph relacing the transmission at 13 um for both glass 
8 

compositions was prepared from the measured transmission of glasses doped with 

various amounts of Se0?. 



c.  Neutron Activation Analysis 

9 
Recently, workers using activation analysis techniques have been 

able to go well beyona the sensitivity limit (2 ppm) of the infrared transmission 

method in silicon down to the low ppb range.  The method used is general and 

can be applied to other solids, provided that suitable samples can be obtained 

and that an etch suitable for removal of surface oxides is employed.  The methods, 

developed by the staff of the center for Material Trace Characterization, Depart- 

ment of Chemistry, Texas A&M Uni'-ersity, were employed i. this investigation to 

verify tne accuracy of the 'nfrared trans-nission method used for compounded 

glasses. 

2.  Optical Evaluation 

a•  Infr^r'd Transmis - ion 

Two optical null double-beam infrared spectrcphotometers were 

used to measure infrared transmission of polished glass samples:  Perkin-EImer 

Model 337 and a Perkln-tlmer Model 221 (with transmission scale expansion). 

According to the manufatturer^ both instruments will yield better than ]%  trans- 

mission accuracy.  However, for low absorption - high refractive index materials, 

Lhis accuracy cannot be maintained.  To measure an appreciable change in trans- 

mission, the samples must be thick, which leads to an increase in the optical 

path on the sample side.  Consequently, the optical image of the glrh3- source 

on the active area of the dett .tor is defocussed, resulting in ar i,. .-.orate 

comparison of I to I .  The degree of the inaccuracy is a variable, depending 

on the instrument d sign and on the refractiv«, index and the thickness of the 

sample. 

The Perkin-EImer 337 cov   the range from 2,5 to 25 \j,(n  with 

transmission recorded on standard paper, which is stored in looseleaf notebooks 



for reference.  The Perkin-Elmer 221 has a relatively long focel length optical 

system (long relative to the Perkin-Elmer 337) and therefore yieids more ac- 

curate transmission values for the thick glass  samples. The expanded trans- 

mission scale feature (5X, 10X, and 20X) is an advantage in trying to estimate 

the absolute transmission for a sample when the absorption is a few percent or 

less.  However, the scale factors quoted by the manufacturer must be checked by 

comparing transmission values for the same sample in low absorption regions 

recorded while using 1 x %T, 5 * 70T, etc., so that the real values for 5, 10, 

or 20 can be calculated. Ti,^   ability to calcj'ne tne absorption-free transmission 

values from the precise five-number refractive indexes for tha TI #1173 and TI 

#20 glasses  has been very helpful in this program.  In this way, the validity 

of the high transmission - very low absorption values can ba ju^jed. 

used; 

The full transmission relationship for transparent materials is 

T . (i-R)V
ßx 

, B2 -2Sx  -' 
1-R e H 

where T = transmission   (I/I  ), 

R  »  reflectivity, 

ß  = bulk absorption  coefficient,  and 

x a thickness of the  sample. 

A third source of transmission values was derived from the use 

of a Perkin-Elmer E-1  monochromator.     A globar  source  is  used with a  thermo- 

couple detector and a Perkin-Elmer lock-in amplifier.    The usefulness of this 

system  is  its  better  spectra!   resolution,  particularly at   longer wavelengths, 



and the ability to use dewars for transmission as a function of wavelength. 

The disadvantages are that the measuremen.s must be made single-beam, point by 

point, and that there is an inherent accuracy limitation in using an electrical 

signal instrument as opposed to an op'ical null. 

b. Laser Calorimetry 

The most convenient method used for measuring low-level absorp- 

tion by most investigators for 10.6 (j,m values is the laser calorimeter. The 

system used in this laboratory employs a single-mode, 50-watt Perkln-Elmer #6200 

COy   laser.  Incident powers from 7 to 15 watts have been used.  The sample can 

be removed from the path tor power settings. Measurements have been made both 

in air and under reduced pressure, with results in air giving slightly lower 

values.  Both the adiabatic technique as described by Hass  and the steady state 
12 

technique  have given comparable results; however, the steady state method is 

more convenient and is the one used.  Samples arr -ore-drilled about 1.1 inch 

in diameter and about 0.5 to 0.6 inch thick.  They have a small 40-mil hole 

cavitroned in the side for a 5-niil diameter copper-constantan thermocouple.  The 

hcle is about 0,1 inch deep and is filled with a special thermal conducting 

grease to promote good heat transfer. The faces of each sample are polished 

plane and parallel using a Buhler Vibromet polisher and the usual alumina fine- 

grain polishing compounds. 

c, InfrareJ Microscopy 

A Research Devices Incorporated Model D infrared microscope has 

been invaluable in evaluating the quality of the infrared glass samples. The 

microscope is equipped with a Polaroid camera so that a permanent record can be 

made of infrared (~ 1.1 ^m wavelength) images up to 430X taken in transmission 

or with reflected light. The instrument has been used to verify the removal of 

carbon particles from the glass or to investigate the possibility of crystallite 

formation. 



B.  Glass Preparation 

1.  Production Area Methods 

a. Reactant Purification 

The stated purity of reactants used in compounding glasses may 

be as high as six-nines.  However, the purity figure does not include surface 

oxides. All reactants (except germanium, which is used in bar form) are treated 

in a similar manner to sublime the volatile surface oxides from the surfaces. 

Sublimation is carried out in cleaned glass or quartz tubes using flowing gaz 

or reduced prersure to promote the separation. Temperatures are 300oC for 

selenium, 700oC for antimony, and 600oC for arsenic.  Care is taken to mininu'ze 

exposure of the purified reactants to moist air before use.  The reactants are 

used almost immediately after purification. 

Infrared transmission of polished samples of the germanium used 

for fl.e glass preparation indicate the actual bulk oxygen concentration value 

is 0.2 to 0.3 Ppm.  Infrared transmission of a polished amorphous selenium sample 

showed no detectable selenium oxide absorption according to the absorptions re- 

ported by Vasko. 

b. Compounding 

Quantities large enough for a k to S  kgm batch of glass are weighed 

out; broken up using a large mechanical grinder; and placed in large, clean, high- 

purity quartz tubes. The entire amount is heated slightly (^ 200oC) and sealed 

off at reduced pressure. The tubes are placed in a rocking rurnöce, brought up 

to SOO^C, and reacted for about lb to 24 hours. Air-quenching from 5750C is 

used. 

-■ ■ ■ -■ ■-—-■ 



c.  Casting 

Bulk pieces of glass are placed in a large, resistive-heated, 

beaker-shaped furnace to provide glass for the plate to be cast.  The furnace 

is in a large metal chamber that has been filled with forming gas (10% H«, 

90% N?). The glass is melted and stirred from above at a temperature of about 

600 to 650oC, cooled down to 5750C, and cast into a heated mold.  The oxide 

impurity level for the cast glass is found to increase slightly fmn that of 

the compounded glass due to increased exposure. The production area oxide 
o 

impurity level as estimated by the infrared transmission measurement at 13 M-m 

averages 3 to 5 ppm. 

2.  New Methods - Combination of Purivication and Compounding Steps 

Examination of the steps followed in the production process indicated 

that exposure to air after purification and diring the casting operation led to 

an increase in the oxide concentration. A combination of the first two steps 

formed the basis for the methods used in this program. Casting was considered 

a problem separate from the purity problem, a problem that could be overcome 

whenever largo plates were required.  It was therefore decided to restrict 

attention to 1 kgm quantities and to cut and polish small «.amples from the 1 kgm 

boule for evaluation. The procadure is illustrated in the following figures. 

Figure 1 diagrams the procedure followed In purifying the reactants. 

Three (or two) separate chambers are provided. The two outside chambers contain 

selenium and antimony (or arsenic). The center chamber contains the germanium 

and serves as the compounding chamber. Porous quartz frits are used to filter 

particulate matter when a reactant is distilled into the center cf  jer. This 
o 

step is absolutely essential for the selenium, since (as reported previously ) 

the as-received material has been shown to contain amorphous carbon. 

Miaa—iia■■--'-'~~—J"-      - •JL'—~—^^-*>-—   
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Prior to placing the reactants in the chambers, the chambers were 

etched, dried, and placed in their respective furnaces. With a dry, oxygen-free 

gas (generally hydrogen) flowing through, all three chambers and the frits are 

heated to 800oC and flushed overnight to drive moisture from the quartz.  The 

chamber is then cooled with an inert gas present (nitrogen or he'ium). The 

reactants are added, and the surface oxide treatment is begun.  A temperature 

of 300oC is used for the selenium, 700oC for the antimony and germanium, and 

350oC for the arsenic. The process is run overnight, covering a period of 16 

to 18 hours. 

The seal-off procedure and the distillation are depicted in Figure 2. 

The ends of the reactant chambers are pulled off using a hydrogen torch.  All 

the chambers are evacuated using a tube in the center reactor chamber. The 

reactants are kept hot (~ 300°C), and the pressure is lowet-iid to a range of 

1 to 5 x 10  Torr using a diffusion pump trapped with liquid nitrogen.  The 

next step is to seal off the reaction chamber while the reduced pressure is 

maintained. After seal-off, the reactants are distilled through the frit into 

the center chamber.  Carp is taken to use temperatures that do not produce a 

vapor pressure above one  nosphere.  The temperatures for selenium and arsenic 

are 650 to 700°C, resractively.  Distillation for antimony required a temperature 

of 1000oC and was extremely slow.  The reaction chamber which is not heated 

during the distillation step serves as a cooled surface for condensation of the 

reactant vapors. When the distillation is complete, the side chambers (or chamber) 

are pulled off using the hydrogen torch without losing the reduced pressure. 

The final step in the glass preparation (Figure 3) is to place the 

compounding chamber in a rocking furnace, heat slowly to the compounding tempera- 

ture (700 to 800oC), and rock for periods of from 12 to 48 hours. The glass is 

quenched from a temperature of 5750C. The rocking action is maintained while 

10 
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the molten glass is cooled to this temperature. Air-quenching is accomplished 

by turning off the power, opening the furnace (a split type), and blowing room 

air onto the quartz chamber using a hand-held blower.  The furnace is placed in 

a near-upright position during this process to allow the melt to flow into the 

bottom of the chamber to provide a cylinder of glass. The process is continued 

until the glass sample and furnace elements reach an equilibrium temperature 

of 250 to 2750C.  The furnace is then closed, and the glass is allowed to anneal 

at 2750C for six to eight hours.  The final step is to cut off the power to the 

furnace and allow a slow cool-down for glass and furnace to room temperature. 

The entire operation for compounding 1 kgm of glass requires two to three weeks 

from start tc finish. 

C.  Results 

1-  TI #1173 

The first attempts to use the compounding methods described to prepare 

TI #1173 utilized the three-chamber method, but it was found that antimony dis- 

tillation through a frit was impractical. The required amount of antimony 

(178 gm) was distilled at ~ 1000oC for about eight days, and no residue was left 

in the antimony container.  It was therefore decided that in future preparation 

of the Ge-Sb-Se glass, only two chambars would be used, and the antimony would 

be placed in the center chamber along with the germanium.  Both were treated for 

surface oxide removal at the same time. A trace amount of aluminum (^,5 mgm) 

was added to the center chamber, as well. 

The best results for TI #1173 prepared using the new methods and com- 

pletely evaluated were obtained from run number 92. The calculated absorption 

coefficient as a function of wavelength is shown in Figure k.    The upper curve 

added to the dicgram represents the expected absorption for good quality pro- 

duction-area cast TI #1173. Note that the magnitude of absorption at about 13 i^m 

is 0.6 to  0.7 cm' , while it Is 0.2 cm' for the 92 glass as a result of the 

addition of 5 ppm Al (none is added in the production area). 

13 
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The measured laser calorimeter values have been added to the curves, 

TI ^1173-92 was also evaluated by workers  in other  laboratories.     The Hsva) 

Research Laboratory  (NRl)  value      at   10.6 urn was 0.01 ± 0.005 cm'  .     The Catholic 
|/i _i _i 

University  (C.   U.)   values      were 0.007  to 0.01  cm      at   10.6 urn and 0.0035 cm 

at  10.15 M-m.     Our own value at   10.6 |j,m is 0.012 cm    ,   taken using the steady 

state method. 

The dashed  lines are values calculated using the expanded scale feature 

of the Perkin-Elmer 221,     The method used is  to estimate the  increase in  trans- 

mission from a point where a  reasonably accurate value of the absorption coef- 

ficient can be calculated.    The estimate is based on transmission measurements 

made with samples of two different  thicknesses in an absorbing  region.     For 

these glasses the point was 11.5 M^m using the Perkin-Elmer 337.    The solid curve 

represents this determination.    The dashed curve  represents the estimated values 

from the Perkin-Elmer 221.    As mentioned previously,   the absorption-free trans- 

mission calculated using the precise  refractive index measurements  is an important 

means of verifying the validity of the values.    Good agreement between laser 

calorimeter values and calculated values is obtained. 

Two more features of the curve should be mentioned.     First,  a low-level 

absorption at ~S.k\im is observed.    After that absorption,  the short wavelength 

region from 5 to 9 M-ni appears to reach the 0.001  to 0.002 cm      level.    The two 

absorption peaks at 4.56 \i.m and at 4.95 M'rn presumably are due to dissolved gases. 

They are variable in magnitude and in  intensity relative to one another.     The 

two gases suspected of being the cause are H-Se and H-O.    The magnitudes of th«; 

absorptions are again estimated by comparing  IX and 5X transmission scans.    The 

presence of these two bands reflects the use of hydrogen during purification, 

perhaps the presence of residual   dissolved gases in the  reactants,  and probably 

the evolution of H-O from the quartz during the seal-off process. 

IfiiTiilTi— '"^~ 



Tho method produced low absorption glass.  The ne/t step would be to 

try to increase the purity further.  Examination of previous reports and notebooks 

revealed that the only constituent that had not been varied relative to purity 

was germanium.  Six-nines selenium and antimony had been used in this glass, as 

well as in previous batches in the production area, with no noticeable difference 

in absorption from glasses prepared with reactants of slightly lower purity. We 

decided to prepare glasses in which the known oxygen concentration was lower than 

the 0.2 to 0.3 ppm level of the first deposited germanium generally used. Also, 

single crystal gennanium, because it had been melted in a reduced pressure en- 

vironment, should contain a smaller amount of dissolved gases. Arrangements were 
15 

made to purchase germanium with 30 ppb and 2.3 ppb oxide.   The design of the 

compounding apparatus was such that the germanium and antimony were placed in 

the compounding chamber without being broken to avoid exposure of the fresh sur- 

faces to air.  This required that a wide-mouth chamber be constructed and another 

chamber-end with a narrow pump-out tube sealed on the end after the reactants 

were added. To avoid hydrogen contamination, the oxide removal step was carried 

out while the reactants were heated under reduced pressure in both chambers. The 

distillation of selenium into the compounding chamber was carried out, the chamber 

sealed off, and the glass reacted in the usual manner.  The glass compounded using 

the 30 ppb oxide germanium, TI #1173-107, yielded a laser calorimeter value of 

0.015 cm" at 10.6 ^m.  Note that improvement is not observed. Also, the absorp- 

tion at 9.^ |J.m and the gas absorptions at k.Sk\i.m  and 4.96 p-n, increased.  The level 

of absorption was barely below the 0.01 cm  value at 7 to 8 |j,m. 

Results obtained with the 2.3 ppb oxide-containing germanium, TI #1173- 

109, were even worse. The laser calorimeter value at 10.6 ^m was 0.024 cm . 

The absorption at 9.4 |j,m has again increased while the two absorptions due to 

the dissolved gases have diminished. The general level of absorption for the 

glass was 0.01 to 0.02 cm" in the 5 to 8 |j,m range. 

16 



2.   TI #20 

The same procedure was followed for TI #20 glass except that the ar- 

senic was placed in the same chamber as the selenium.  Oxide removal was con- 

ducted at a little higher temperature (350oC) using hydrogen.  The germanium 

was the semiconductor-grade germanium (0.2 to 3 ppm oxide) normally used, while 

the arsenic was the same six-nines pure material used in the production area for 

high purity GaAs.  Complete distillation through the double frits required 700oC 

maximum temperature.  The calculated absorption as a function of wavelength for 

TI #20-98 is shown in Figure 5.  The top curve, added for comparison, represents 

results obtained from a piece of good quality, cast production area material. 

The 10.6 ixm laser calorimeter values, O.OS'i cm' for TI #20-98 and 0.057 cm 

for production glass, have been added and agree well with the calculated results. 

The point to notice is that the magnitudes for both glasses are large relative to 

TI #1173.  In addition, the production glass contains a peak around 8 um which 

indicates the presence of a large amount of oxide. The magnitude of the 9.^ M.n-1 

band is large for both glasses. Examination of the glass using the infrared 

microscope revealed that some of the particulate matter was not filtered out by 

the frit. The arsenic seems to be a major contributor. Also, condensation from 

the vapors above the glass falls into the melt, leaving particles in the glass 

that are transparent, but visible in the infrared microscope. 

The synthesis of another batch, TI #20-102, was carried out usinj three 

chambers (to separate the arsenic from the selenium), but no better results were 

obtained. The Ge-As-Se glasses appear much more difficult to synthesize than the 

Ge-Sb-Se glasses. Examination of past reports and notebooks reveals that the 

absorption level has been consistently higher in these glasses than in the 

Ge-Sb-Se glasses, with the absorpt.'tn coefficient of the order of 0,05 cm 

even i" the 6 to 8 ^m region. 

17 
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3«       Purity of the Glasses 

a. Carbon 

The as-received selenium residue left after distillation is amor- 

phous carbon (according to x-ray analy is) in varying amounts. Measured carbon 

analyses have been in the 100 to 150 ppm range.  It should be pointed out that 

the size and distribution of the carbon particles are variables that for glasses 

compounded without selenium distillation depend on reaction temperature, reaction 

tine, physical agitation, and the beginning concentration of carbon in the selenium. 

However, examination of the compounded glasses before measurement with the laser 

calorimeter shows that essentially all the carbon is removed by the frits. 

b. Emission Spectrographic Analysis 

Results obtained from the analysis of TI #1173 and TI #20 samples 

prepared in this program consistently show the presence of Mg, Pb, Fe, and Cu 

in quantities from 0.1 to 1 ppm. These elements are commonly found contaminants 

in semiconductor materials prepared at high temperatures in high purity quartz. 

As metallic impurities, the elements pose no threat to the infrared transmission 

of the glass. Even if they were present as oxides, they would pose no real 

problem because their concentration is low and the reported occurrence for their 

major absorptions is at wavelengths beyond the 15 (A"1 range of concern. The only 

impurity that appears tc be affecting transmission in the region of interest is 

Si. The silicon is probably present as silica and gets into the glass from the 

area where the quartz containers are sealed off using the hydrogen torch. Table I 

presents a summary of the absorption data and important impurity results for the 

TI #1173 and TI #20 samples. Spectroscopical ly, the glasses are very pure. 

Impurities listed are the only ones found in concentrations of 1 ppm or greater. 

19 
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Table I 

Impurities and Absorption in TI //1173 and TI #20 Glass 

Glass 
tsi] 
ppm 

2.5 

[0] 
ppm ±2 

[Al] 
ppm 

0.3+ 

ß  1C.6 ym 
cm'1 

0^13 ym 
cm"1 

P'v 9.A ym 
cm'1 

1173-? 0.06 0.65t — 

1173-92 ].k 5.5 6.1 0.012 0.19 0.0075 

1173-107 2.6 5-5 6.3 0.019 0.25 0.022 

1173-109 2.2 4.5 6.1 0.02A 0.25 0.025 

1173-122 1.1 — 5.7 C.013 0.22 0.015 

20-P 2.2 6 0.i»+ 0.056 0.65+ — 

20-98 k.k 5 5.3 0.053 0.3^ 0.045 

20-102 3-3 — 5.6 — — — 

Ge N.D. 8 N.D. _..- ... — 

Sb N.D. — N.D. — — — 

Se N.D. — N.D. --- — — 

No Aluminum Added 

N.D.   - Not Detected 

20 
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'ine [Sl] and [Al] values are emission spectrograph results. The 

[0] values were obtained from the neutron activation procedure worked out at 

the Center for Trace Element Characterization at Texas A&M University. The 

reliability figure placed on the results Is ± 2 ppm. The absorption values 

listed are the laser calorimeter valre for 10.6 tim, the peak In the absorption 

around 13 M<m obtained from IR transmission, and the absorption magnitude at around 

9.^ M-"1
 obtained using the expanded-scale transmission measurement. 

The first point to note is that no aluminum was deliberately 

added to the two production area glasses, TI #1173-P and TI #20-P; therefore, 

they had large absorptions at 10,6 ^m and 13 M<m. This fact is dramatically 

illustrated in Figure 6, which shows the measured transmission of TI #1173 about 

1 cm thick with and without 5 ppm Al. The curve shows that the transmission at 

10.6 |im is affected by the magnitude of the absorption at 12.8 \xm.    Almost identi- 

cal curves have been reported in previous work at Texas Instruments  for TI #20 

(Ge.-As-.jSe-,.) and for glass 56-8 (Ge._As1cSe_n). The residual absorption that 

remains after addition of the Al is almost identical for all three glass compo- 

sitions. 

Large amounts of Al were found to produce no further change in 

absorption than did the 5 to 10 ppm quantities. Amounts up to 1000 ppm, even 

1 to 2 atom %,  were used. The larger quantities promoted an attack on the quartz 

container, as indicated by the appearance of "silicüte" banHs.  Trace quantities 

of silver, magnesium, and potassium chloride were used with no apparent effect. 

However, zirconium and copper were found to be effective. With large amounts of 

copper (1 to 2 atom %), the transmission again had the same appearance one would 

obtain with 5 to 10 ppm Al. 

Table I shows that the oxygen concentrations for the production 

glasses and the ones prepared in this program are essentially the same.  TI #20 
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seems to have a little more oxygen than TI #1173» but otherwise the values 

(within experimental accuracy) are the same. The indicated [0] in germanium 

concentration is surprisingly high compared to our infrareo value, for reasons 

unexplained at this time.  The most important factor is that the indicated 

oxyjen concentration is almost identical to the aluminum concentration (5 ppm) 

found to be most effective in reducing the 12.8 (j,m absorption. This fact firmly 

supports the idea that the "gettering" action of the aluminum explains why a 

larger quantity of trace metal provides no further reduction in absorption.  In 

reality, two absoiption bands must be present, one at about 12.6 p.m due to the 

presence of oxygen (presumably Ge-0) and a second always present which is broad, 

low in magnitude, and centered about 13.^tim *" the Ge-Sb-Se glasses and about 

12.6 ^m in Ge-As-Se glasses. 

k.      Discussion of Results for TI #1173 and TI #20 

The only factor in Table I that shows any significant variation and 

correlation with the absorption in the glasses is the [Si] concentration. Note 

that Si was not detected in the reactants and probably gets into the glass during 

the sealing procedure. Probably, silicon-oxygen containing molecules are liberated 

from the inner surface of the quartz container when the softening point (l400oC) 

is reached. The reactants become coated by a film of such a material. For this 

reason, our attempts to prepare glass with increased purity using the unbroken 

pieces of the low-oxygen germanium were thwarted by the increased exposure to 

silica brought about when the wide-mouth reaction chamber was sealed. To test 

this hypothesis, we synthesized another 1 kgm batch of TI #1173 using high purity 

reactants, hydrogen flow during oxide removal, and a reaction chamber designed to 

minimize the exposure of the ingredients to the silica produced during seal-off. 

The analytical results obtained are listed in Table I under run number 122. 

Notice the [Si] level is the lowest listed, and the laser calorimeter value is 

back in the 0,01 cm  range.  Ga« ^Sorption in the 5 M-"1 region is very high. 
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indicating the dissolved HL was not removed during seal-off.  The 9.^ M-m ab- 
1 _i 

sorption level is of the order of 0.015 cm . 

A plot of the [Si] for the four TI #1173 samples as a function of the 

measured 10.6 ^im absorption coefficient is shown in Figure 7-  The only comparable 

value for TI #20 is shown as a (+) on the diagram.  From all the information 

present, it appears that the absorption at 10.6 ^im in TI #1173 at this degree of 

purity 'S dominated by the [Si], present probably in the form of silica.  The 

absorption band at 9.^ M-m occurs where the Si-0 stretch generally is found, as 

in the case of silicon. A better correlation between the 9.^^ absorption and 

silicon content is shown in Figure 8. Again, the TI #20-98 value has been added, 

showing a direct correlation as well. 

Examination of Figure h  and Figure 5 shows that the 9.^ M-"1
 absorption 

adds onto the absorption that occurs around 13 M-f in both the Ge-Sb-Se and 

Ge-As-Se glasses.  For the Ge-Sb-Se glass, the absorption center occurs at a 

wavelength slightly longer than 13 p^m. Therefore, the domination of the 10.6 |j.m 

value is not as pronounced, and lowering the 9.^ M-"11 level should lead to a lower 

10.6 |im level.  For the Ge-As-Se glass, the broad absorption is centered at a 

wavelength slightly less than 13 M.m, The 10.6 p,m value is dominated by that band 

more severely than the 9.^ M-m band. Lowering the silica content will improve: the 

10.6 p,m value only slightly. 

5.  Origin of the Absorption at ~ 13 um in Ge-Sb-Se and Ge-As-Se Glasses 

17 18 
Lucovsky, et al.,  at Xerox and Twaddel, et al.,  at UCLA have in- 

dicated that the IR absorption at 13.^ un1 (7^ cm ) in amorphous selenium is 
18 

due to the presence of Sen rings. Twaddel, et al.,  stated that the absorption 

could be made to disappear in a reaction catalyzed by the potassium ion. The 

Xerox work  showed that the band disappeared when arsenic was added to selenium, 
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and a new band characteristic of As-Se appeared.  Results obtained in our own 

laboratory indicated that the M.k ^m  band did not disappear when germanium was 

added; but merely shifted to shorter wavelength (12.8 p,m}.  Our results appeared 

to agree with and substantiate the Xerox conclusion  that in their experiments 

As was introduced into the Seg rings.  For Ge-As-Se and Ge-Sb-Se glasses, the 

introduction of the elements into the ring shifted the frequency of the absorption 
8 

and increased its magnitude. We speculated  then that the effect of small amounts 

of Al, Zr, etc., might be a catalyzed decomposition of the ring structure.  How- 

ever, in view of the results reported in the previous section, it appears the 

effect observed was due primarily to removal of the oxide absorption centered 

around 12.6 p,m.  In fact, when As or Ge was added to amorphous Se, the oxide that 

was introduced produced a band that far overshadowed the broad, low level ab- 

sorption centered around 13 ^m in t^16 Ge-Sb-Se and Ge-As-Se glasses. 

The temperature dependence of the absorptions in the glasses is very 

important in helping to understand the origin of each. Absorptions arising from 

isolated impurities usually exhibit only weak temperature dependence, while in- 

trinsic absorptions due to vibrational, electronic, or magnetic excitations 

generally show strong changes with temperature. To illustrate these statements, 

the tranfTittance of TI #1173 without the addition of Al and with the addition of 

Al measured between room temperature and 77 K is shown in Figures 9(a) and 9(b), 

The measurements were performed using the Perkin-Elmer E-1 system.  Only small 

changes occur until a wavelength of 12.5 v.m  is reached for both glasses.  This 

fact is illustrated by plotting the difference (77 K to room temperature) at the 

bottom of the curve showing the wavelength location of the thermally sersitive 

absorptions.  In Figure 9(b), we find that the remaining absorption centered 

around 13.^ n,m is reduced in magnitude and shifted toward shorter wavelength. 

The broad band in Figure 9(a) shifts to 12.7 (X"1? indicating the impurity band is 

centered more nearly at 12.6 p,m.  Combining the two bands still leads to a peak 
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at 12.8 ^m.     Prior to the successful preparation of high purity gettered TI 

#1173 glass, the strong oxide absorption at 12.6 p,m obscured the thermally active 

absorption in this spectral region.  To learn more about the thermally active 

character of this band, the measurements werr extended to higher temperatures 

over the wavelength range out to 18 ^m. The results covering -1960C to +207oC 

are shown in Figure 10. The temperature dependence is quite strong, particularly 

for temperatures in excess of ambient. Assuming the absorption peak varies in a 

power law manner, a ~ T , the absorption coefficient at 13 u-m  was found to have 

the value of x => 1.85 i 0.15, within the predicted temperature dependence for a 

third order multiphonon excitation.  However, there is some discrepancy in the 

wavelength location of the peaks.  From IR reflection spectra obtained in our 
-1 

laboratory, the strongest absorption is estimated to occur at 235 cm , with an 

absorption maxima estimated to be 7500 cm . A confirmation of the resonance 
13 

frequency is found in the Raman data reported to us  by Dr. Marvin Hass of NRL. 

Dr. Hass reported two frequencies for G^ft^ij^grv ^0 cm ' and 193 cm . 

Doubling and tripling our 235 cm  value lead;, to 470 cm' and 705 cm , in con- 

trast to the observed values of kSO  cm" , 560 cm , and 7^5 cm , Assuming caf ■ 

235 cm" , a cuAuf plot for TI #1173 Is shown in Figure 11 for room temperature and 

liquid nitrogen data. The slopes for an exponential decay from the ß ■ 7500 

cm  of ß ^ g"  * and ß ~ ß'^   are shown as dashed lines for reference. 

Note that the dependence for the peaks In absorption, below room temperature, is 

slight. 

Considering all the evidence presented above, it appears very likely 

that the broad intrinsic absorption that occurs at slightly less than 13 lim in 

TI #20 and slightly more than 13 M-m in TI #1173 Is due to a third order stretch- 

ing vibration between Ge and Se atoms. The coupling of the heav/ antimony atoms 

tends to shift the vibrations to lower frequency, while the arsenic ators in TI 

#20 are about the same mass as germanium, leading to a higher frequency vibration. 

The configuration involved is probably a germanium atom surrounded by four selen- 

ium atoms in a tetrahedron. 
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The final illustration 'or  TI #1173 describes the present condition 

of the absorption at the band edge.  Results obtained in our laboratory are shown 
19 in Figure  12.     The work of Taue and Kenth      has been added for  reference.     Their 

values are found to be more than one order of magnitude above our " "n. However, 

we know nothing of the quality of the Ge2gSb.2Se,0 glass on which their measure- 

ments are based.     The  lowest  curve  represents the  results obtained  in another 
20 

program in our laboratory  and is based on near-IR laser calorimeter values. 

The i  er curve was obtained strictly from transmission measurements using a 

conventional spectrophotometer.  The exponential absorption edge extrapolation 

to 10.6 jj,™ indicates the level of absorption is not presently limited by the 

fundamental electronic absorption process. 

D.  Conclusions 

1. The magnitude of the absorption coefficient at 10,6 uim in the Ge-Sb-Se 

glass TI #1173 ct the present state of purity is about 0.01 cm , The value is 

limited by the concentration of "silica" in t\,e  glass.  Removal of chis impurity 

and the associated absorption should reduce the magnitude of the absorption co- 

efficient to the 0,001 to 0 005 cm  range.  The absorption at 10.6 |j,m below 

this range is determined by a broad, low-level absorption (0.2 cm ) centered 

about 13.^ um. The absorption appears to be intrinsic. 

2. The magnitude of the absorption at 10.6 |j,m in the Ge-As-Se glass TI #20 

at the present state of purity is abiu« 0,05 cm .  The value is limited by a 

broad, low-level absorption (0,35 cm ) centered about 12.8 |j.ni.  The absorption 

appears to be intrinsic, 

3. The broad, low-lavel absorption occurring arou id 13 |j,m in Ge-Sb-Se 

and Ge-As-Se glasses shows a temperature depe;,'ience for absorption that indicates 

a third order process.  The origin of the b.'ind is probably the third order 

stretching vibration of a germanium atom surrounded by four selenium atoms in a 

tetrahedral configuration. 
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SECTION III 

THE INTERDEPENDENCE OF PHYSICAL PARAMETERS 

FOR INFRARED TRANSMITTING GLASSES 

A,  Evaluation of Physical Parameters 

Physical parameters that will be discussed are density, glass transition 

temperature, volume expansion, hardness, thermal conductivity, elastic moduli, 

and Poisson's ratio.  The evaluation methods are described below. 

1. Density 

The density was determined by the Archimedean method using an Ainsworth 

Analytical balance and distilled water as a medium. Density is important in the 
Q 

calculation of other parameters such as estimating the refractive index. 

2. Thermal Expansion and T 

A quartz tube dilatometer was used to obtain both the coefficient of 

thermal expansion (AL/L) and the glass transition temperature (T ). The equip- 

ment was a Daytronic Model 300D Transducer Amplifier-Indicator with a Type 71 

plug-in unit in conjunction with a Daytronic Linear displacement transducer. 

The system was capable of operating from room temperature to approximately 1000oC. 

A typical curve taken on an X-Y recorder is shown in Figure 13. The method used 

to define T is indicated in this figure. Tire differential thermal analysis g 
method (DTA) was not used because residual strain in polished gUss samples was 

found to significantly affect the results. 

The glass transition temperature reflects the upper use temperature of 

The ' 
i 

ensing effects. 

the glass.  The volume expansion term is important in the calculation of thermal 
5,7 
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3.  Hardness 

Microhardness was measured using a Leitz Mini load Hardness Tester with 

a Knoop diamond. A small decrease in the hardness value is observed with in- 

creasing load when these relatively soft glasses are tested.  For this reason, 

it is important to state the load used when reporting the hardness value. A 

50 gm load was used during this study.  Generally, hardness is found to be low 

for materials transparent at 10.6 M-m. 

k.       Thermal Conductivity 

The thermal conductivity of the sulfur- and selenium-based glasses was 

measured using a Thermal Comparator Model 100 obtained from McClure Park Corpora- 

tion. This instrument works on the principle that the rate of cooling experienced 

by the tip of a heated probe upon contact with the surface of the sample can be 

related to the thermal conductivity when the system has been calibrated with known 

thermal conductivity standards.  The quoted reproducibility is ±  2% or better, and 

the quoted accuracy is given as ± 5% or better on wel1-characterized surfaces. 

Low thermal conductivity is, of course, an inherent limitation of IR 

glasses when faced with the high energy densities of CO, lasers. Removal of the 
5 21 

absorbed heat is extremely slow, leading to thermal lensing. ' 

5.  Elastic Moduli 

The Young modulus (E) and the shear modulus (G) were determined on a 

series of selenium-based and sulfur-based glasses by measuring the velocity of 

both longitudinal (v.) and shear (v.) sound waves. Knowing these velocities and 

the density (p) of the material, E and G were calculated from the following re- 

lations: 
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E - 2G   (1   + v),     G  - p vs   , 

where Poisson's  ratio  (v)   is givtn by: 

2 

2 2 
V -   v 

L L 

The sound velocities were measured by the pjlse-echo method using a Sperry 

Attenuation Comparator with a 0 to 100 ^sec digital delay.  The absolute accuracy 

of such a system is slightly better than 1% for the velocity measurements. This 

would give approximately 2% accuracy in G and slightly less than this for E. 

The elastic moduli are important in the calculation of other parameters. 

The resultant Poisson's ratio illustrates the transition within a glass-forming 

composition region from almost polymeric amorphous material in the high chal- 

cogen region to a network type structure when the chalcogen falls below 60 atom %. 

B.  Interdependence of Physical Parameters 

1.  Density 

22 
Published results from this laboratory  for selenium- and tellurium- 

based glasses demonstrated a linear relationship between the calculated molecular 

weight for a glass composition and its density. At the time, very little data 

were available for sulfur-based glasses. The data available for As.S- and S 

indicated that sulfur-based materials would lie on a line of slope different 

from that of selenium- or tellurium-based glasses. During this contract, several 

sulfur-based glasses were made available to us by workers on another glass pro- 
23 

gram.   Addition of these points confirms the earlier speculation.  Figure ]k 

shows a plot of measured density as a function of molecular weight for sulfur- 

and selenium-based glasses. Two separate slopes are obtained, with a mixed S-Se 

glass in between. 

37 



E 
u 

en 

>- 

in 
c 
4) 
Q 

5.5 

5.0 

U.5 

4.0 

3.5 

3.0 

2.5 

T 1 1 r 7 
Ge20Se25Te30Asi5  O -f 

1173 2% cu  o 

.01173 

30"^5 

As2S 

/       ^20   O" 

P Ge35S25Asi+0 

e3 ^{pGe,.SbASe 21—9^70    —I 

Ge17.5Sb7.5Se75 

/ 
0 Ge30Se30S30AslO 

As2S3p/Ge36S60Asi+ 

/ 

/     Ge37S60As3 

0 Ge15S70As15 

J 1 I 1      I 
kO 50 60     70      80 

Molecular Weight 

90      100 

Figure ]k    Density as a Function of Molecular Weight for Some 
Selenium and Sulfur Glasses 

38 

ntmiiTMi I   111   ir --^— ^^^- Mi   - - ■   J-- 
,.-,   .^-^^. w. 



2. Thermal   Expansion and T   r g 
2k 

A review article by Gschneider  pointed out that for over 85 years 

investigators have noted that crystalline materials with high melting points 
25 

have low coefficients of thermal expansion, and vice versa.  Sakka and Mackenzie 

pointed out recently that a simple empirical rule, 

T /T - 2/3, 
g m 

where T is the glass transition temperature and T is the crystalline melting 

point, holds surprisingly well for inorganic systems. Putting these two obser- 

vations together, one would expect glasses with high T to have low coefficients 

of expansion. The measured values for many glass compositions are shown in Figure 

15. The general trend is apparent, but there is considerable variation among 

glasses of widely different composition. Since T should reflect the weaker, 

long-range forces in a multicomponent system, it should not be surprising to see 

some compositions vary widely from expected behavior. For example, the points 

for 1%. 2% Cu in TI #1173 and the point for 1% Al in TI #1173 show both T and 
9 

the volume expansion decreasing from the values for pure TI #1173. With a de- 

crease in volume expansion, one would expect T to increase. An explanation for 

this apparent discrepancy is that the addition of Cu or Al leads to the formation 

of small molecules which fit into the void spaces in the network structure. Thus, 

the long-range forces between the network units are weakened. 

3. Elastic Moduli 

Table II lists the Young's modulus and the shear modulus as determined 

from sound velocity measurements for several glass compositions. The calculated 

Poisson's ratio for each composition is given in the third column. A second 
26 

value for TI #20 taken from the literature  is shown for comparison to indicate 

the iccuracy and reproducibiIity of the method. 
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Table II 

Elastic Moduli of Stil fur- and Selenium-Based Glasses 

Se 

Gei7.5Sb7.5Se75 

Ge21Sb9Se70 

Ge28Sbl2Se60 (1173) 

As2Se- 

#20 

#20 (Bell Labs1 ) 

Ge15S70Asi5 

Ge36S60As4 

Ge37S60As3 

Gei+0
S50AS10 

Ge35S25As40 

Ge30Se30S30As10 

Ge20Se25Te30As25 

E   (106psi) G  (106psi) 

0.545 

V 

1.43 0.315 

2.35 0.92 0.279 

2.56 i  00 0.278 

3.16 1.26 0.265 

2.65 1.03 0.289 

3.17 1.26 0.266 

3.29 1.31 0.261 

2.01 0.776 0.295 

3.05 1.22 0.250 

3.37 1.38 0.244 

4.26 1.70 0.251 

6.08 2.39 0.271 

2.72 1,02 0.274 

3.00 1.18 0.270 
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Note the decrease  in Poisson's  ratio as composition  is  changed from 

glassy selenium toward the network structure glass TI #1173.    The value decreases, 

indicating a change  from polymeric to network form.     The other two glasses  listed 

in the series have the same Ge/Sb ratio as Ge28^,:>12Se60,  TI ^'173.    Even lower 

values of Poisson's  ratio are noted for sulfur-based glasses that are high in Ge 

and As,  but  low in sulfur.     Increases  in elastic moduli of 2  to 4 times the 

selenium value are found for sulfur-based materials. 

b.       Hardness 

A straight-line relationship between the measured hardness and Young's 

modulus is found for the selenium- and sulfur-based glasses shewn in Figure 16. 

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

tent the relative strengths of the primary bonds formed between the metallic 

elements and the sulfur or selenium atoms.  However, there is the other factor, 

density, in Young's modulus to consider. Variation around the sulfur glass or 

selenium glass hardness vs Young's modulus line can be expected, depending on 

the atomic masses of the group IVA and VA elements in a ternary system. For 

example, in Figure k  results are presented for the Ge-As-S glasses where the 

atomic masses of the elements germanium and arsenic are almost the same. Good 

correlation ran be expected. However, the correlation should not be as good 

when the IVA and VA elements are germanium and antimony. Here, the atomic masses 

are quite different, which introduces a density factor as the IVA/VA ratio changes. 

5.  Thermal Conductivity 

The room temperature values of thermal conductivity for ]k  chalcogenide 

glasses of different compositions were obtained using the Thermal Comparator. 

These values are plotted as a function of their respective longitudinal sound 

velocities (also measured at room temperature) In Figure 17. An excellent linear 

correlation is observed. 
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Stourac, et al., "  reported in 1968 the measured thermal conductivities 

for a series of Ge-Se glasses. The observed increase in thermal conductivity 

with increasing germanium content was explained as töing related to the observed 
27 

increase in sound velocity. The results of Stourac, et el.,  and our own linear 

relationship may be explained by applying the simple Debye expression for thermal 

conductivity due to phonons: 

K - ^ Cv V t , 

where C is the heat capacity per unit volume, 

V is the average phonon velocity (related to the sound velocity), and 

t is  the mean free path for phonons. 

28 
Workers ac Catholic University pointed out  that the heat capacity values for 

TI #1173 and TI #20 reach almost their maximum values (3R) by room temperature. 

For chalcogenide glasses with low Debye temperatures, C would be expected to 

vary only slightly with composition. The value of -t is a measure of the disorder 

(or lack of three-dimensional order) for the melt-formed glasses and should 

change very little with composition. Th? only remaining function, the sound 

velocity, must change with composition and as it changes, af.:ect the thermal 

conductivity. The linear relationship will be most helpful in predicting the 

thermal conductivity of new glass compositions. 

Examining the absolute values of thermal conductivity for TI #1173, 

TI #20, As?Se-, etc., we find values orders of magnitude beiow those of crystal- 

line materials. For applicetion with high energy lasers, these low thermal con- 

ductivity magnitudes are perhaps "he most seriouc disadvantage of glass materials. 

Examining the values for sulfur glass composition we can see improvements by a 

factor of two or three are possible.  However, an order of magnitude change does 

not appear possible. 
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C.  Oth££ Parameters 

The; thermal change in refractive index fcr infrared optical materials is 
29 

experimentally difficult to measure.  Results in our own laboratory  show that 

tne sign for TI #1173 is positi  , but not large, while ASjS. is close to zero 

and negative in sign.  Large, excellent quality samples are required to measure 

the  change in refrarllve index from absolute values measured at different temp- 

eratures (the method used in this laboratory).  Such measurements are only 

justified for a fully developed composition and are not discussed here.  Dis- 

cussions of the magnitude and sign relative to materials parameters are found 
5 29 

in the  1iterature.   ' 

The final   parameters which decide the worth of a glass  for use as mi.lt- 

formed  10.6 (im laser materials are absorption and thermal   stability  (relative to 

ievitrification).     These two parameters,  of course,  vary differently within each 

glass-forming system and cannot be predicted from information presented  in  this 

reoort. 

D.  Conclusions 

1. Compared to selenium-based glasses, the sulfur-based glasses ere less 

dense, have higher glass transition temperatures, lower volume expansion, larger 

elastic moduli, greater haidnees, and higher thermal conductivity. 

2, On the basis of the physical parameter data presented here, if one 

were free to change completely fr - -elenium base to sulfur base, considering 

only the physical properties, the resulting glsss should be harder (+30%) and 

should have increased elastic moduli (+25%), increased thermal conductivity (+1f0%), 

an increase in glass transition temperature (+10%), and a decrease in volume ex- 

pansion. The degree to which the increase in physics! properties can be realized 

will depend on the absorption at 10.6 ^m and the thermal stability of the melt- 

formed glass. 
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SECTION IV 

GLASSES KROM THE Ge-Sb-S SYSTEM 

A.   Iptroduction 

Once  the decision was  reached to prepare and evaluate sulfur-based g lasse ^; 

the question became:     sulfur combined with   /hat elements?    The Periodic Table 
30 

does not   represent an  inexhaustible supply  of possible combinations.        TNe 

choices are  really much more limited  than one might expect.     For example,   the 

combination of the two-coordinated element sulfur with the three-coordinated 

eiement arsenic to form the ASjS- glass  is well  known.    However,   the  physical 

properties of the  resulting glass are  rather poor,     previous work at  Texas in- 

struments  in an ONR-ARPA funded program      dating back over ten years   demonstra t^ 

the best physical   properties are obtained when a four-coordinated group JV A 

element  is  combined with a three-coordinated group V A element  and a  chal cogerk 

to form a  ternary system.    Attempts  in  this  laboratory to use the group JV (j 

elements and group V B elements  in the Transition Element group were  unsuccess. s, 

ful.^      So the choice  is  limited to Si,  Ge,   and Sn in the  IV A group   and   P, As- y 

and Sb in the V A group.     Elements of the III A group  (in and Tl)  can be   con. 

sidered,   but  their use generally leads  to high electronic conduction  and   poor 

physical   properties.     Elements  in the  IB group   (Cu,  Ag,  and Au)   were  considers xi 

because  in  some bonding situations they are found  (especially Cu)   to  form ä 

four-coordinated structu-e.     However,   our attempts to substitute copper and 

silver in place of the group  IV A element  failed. 

One o^  the first glass-forming systems evaluated at Texas   Instruments unJ ^' 
31 ONR-ARPA sponsorship      was the Si-Sb-S  system.     Tne combination of silicon wit h 

sulfur  led to glasses which were chemically unstable and  reactive with moistur'^ 

in the atmosphere.    Also,   the combination of the  liQiit atom silicon with   the 

light  atom    ulfur  led  to a  high  frequency stretching vibration which  would 

limit the use of  the glass.     Glasses based on the Gs-P-S system were   found 

hi 
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to be much more stable, with softening points in excess of 500oC.  Unfortunately, 

the combination of the light element phosphorus with sulfur (ed to absorption 

bands in the 8 to 12 jxm region.  The binary glass GejS- w?5 found to transmit 

to 12 ^m, but at that time most infrared systems specified full optical trans- 

mission in the 8 to 14 |j,m range; therefore, that work on sulfur-based glasses 

was discontinued. 

23 
In a recent program at Texas Instruments'" glasses based on the elements 

Ge-As-S were evaluated as possible materials for avionics applications.  Excel- 

lent physical properties were obtained, but as could be expected, absorption 

typical of As^S was also observed i': the 8 to ]k pm  region. 

On the basis of all the factors discussed aLove, the first attempts in this 

program concentrated on using elements heavier than germanium and arsenic to 

avoid vifarational modes bstween constituent elements that would affect the 10.6 ^m 

absorption.  Even though previous efforts in this laboratory  had yielded glass 

containing only 1Q atom %  tin in combination with sulfur, we tried once more 

to use this IV A element as the basis for a sulfur glass. All samples were 

found to be c-ystal1ine. We finally concluded that the use of the IV A element 

germanium wcuid be necessary  The conclusion was made to include antimony with 

germanium in the composition. As reported in Section 11 of this report, the use 

of germanium with antimony in TI #1173 produced a better long-wavelength cutoff 

than the use of germanium with arsenic in TI #20.  The conclusion was reached 

that a glass with a better long-wavelength cutoff would be obtained from the 

Ge-Sb-S system than with the Ge-As-S system. An additional advantage of antimony 

relative to arsenic was avoidance of the toxicity problem and the troublesome 

infrared absorption by the arsenic oxide, 

B.  Sample Preparation 

The methods used in preparing the Ge-Sb-S samples for evaluation were quite 
31 

similar to those used in the past.   The same high purity germanium and antimony 
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described in Section II, and used to prepare TI #1173, was used in the sulfur ex- 

periments. Cominco high purity six-nines sulfur was the third reactant. Small 

pieces were weighed out to produce a sample of about ^0 gms. The reaction tubes 

were high purity quartz 0.6 inch in diameter and intentionally made quite long 

(16 to 18 inches). Prior to loading the sample in the tube, the tubes were etched, 

dried, and pumped out while being heated with a torch to a temperature of 500 to 

600oC (surface glows a dull red). The tubes were then cooled and the reactants 

added. A liquid nitrogen trapped diffusion pump was used to reduce the pressure 

into the 2 x 10~ Torr range. Excess moisture and gases dissolved in the sulfur 

(H.O and SO.) were removed by heating the reactants enough to completely melt 

(without boiling) the granular sulfur. The tubes were than sealed off while 

still at reduced pressure and placed in the rocking furnace. Six samples at a 

time were prepared. 

Care was exercised during the warm-up period of the reaction step to avoid 

explosions.  The furnace was brought up slowly in temperature to the boiling 

point of elemental sulfur (450oC).  Caution was particularly important for high 

sulfur glasses (65 to 70 atom %). The reactants were generally allowed to react 

overnight while rocking at this temperature. The next day, the temperatures 

were raised slowly upward in 50oC increments. The intention was to try to 

avoid the effect of a high heat of reaction between the elements which might 

cause overheating and an explosion. There was some variation in the highest 

temperature attained.  For the high germanium content samples where the relative 

volatility of the sulfur was very low, the highest liquidus fc the Ge-S binary 

of 850oC was exceeded.  For the low germanium compositions where the volatility 

of the sulfur was high, the highest temperature was 750oC.  Rocking continued at 

the highest temperature for several hours prior to the quench. The quench was 

accomplished by opening the ä^Ht furnace and blowing ai1- on the samples.  The 

quench temperature in all cases was 750oC while the samples were in a near up- 

right position. After the samples becana solid, they were removed from the 
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furnace and placed in a quartz-wool insulated chamber and allowed to cool slowly 

to room temperature. The quartz »ials were broken open and the glass pieces re- 

moved. Samples of various thicknesses were sawed and polished for evaluation. 

C,  Results 

1.  Glass-Forming Region 

The results obtained in the evaluation of over 50 compositions are 

shown In Figure 18. Sample results are designated as crystal, two-phase glas^ 

and single-phase glass. Crystalline samples are Judged such primarily by their 

appearance. The appearance is such that the total mass shows facets and the 

structure of large grain crystals. The two-phase glasses may appear completely 

amorphous, demonstrate conchoidal fracture, and even have good infrared trans- 

mission.  However, when examined using the infrared microscope, the materiels 

show two distinct phases on a microscopic or macroscopic scale.  In some cases, 

the enH i-e sample was femd to be composed of a uniform glassy matrix with 

spherk--. particles embedded in the matrix.  In this case, phase separation 

presumably occurred before the quenching process began. 

The single-phase glass, when examined with the infrared microscope, 

may show some evidence of the presence of a crystalline or crystallite materiel. 

The existence of the crystallites depends on the quenching conditions of the 

individual sample and the location of the composition relative to the gljss- 

forming boundary or key sto'chiometric locations such as GeS« or Sb2S-.  However, 

the crystallites are small and not extensive.  One should always keep in mind 

that the location of the glass boundary as well as the consistency of results 

within a region are variables subject to the variation of the compounding and 

quenching conditions. The solid line in Figure 18 encloses the composition 

region within the uC-Sb-S system which, under the mild quenching conditions de- 

scribed here, is judged to be amorphous.  The dotted line encloses the area 
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33 
reported in the literature,  which we find to be completely in error. Within 

our region, the best optical properties will be found for glasses within the 

region of 55 to 65 atom % sulfur. 

In the diagram, the stoichiometric compounds GeS- and Sb2S, from the 

two binaries have been connected by a straight line forming a divider between 

two glass regions where the chemical bonding is different.  In the high chalcogen 

region, all of the bonding requirements for the germanium and the antimony are 

satisfied by the chalcogen, sulfur. That is, Ge-S and Sb-S bonds form, with the 

excess sulfur remaining as S-S bonds.  On the chalcogen-deficient side of the 

line, there is competition between the metallic elements for the chalcogen. 

Thermodynamic considerations may weight the contest heavily in favor of one 

element over the other (most likely, in favor of germanium over antimony). 

Nevertheless, because of the relative concentrations involved, some regions can 

be expected to produce Ge-Ge or Sb-Sb bonds. One may also postulate the formation 

of distortea geometrical arrangements or even bond-deficient (defect) structures 

on a local basis. For the chalcogen-deficient composition, the bonding must 

change from what is considered ordinary arrangements. When this change begins to 

occur as the stoichiometry line is crossed, changes in the physical properties 

can also be expected. 

From the diagram it is apparent that the binary Sb-S does not form a 

glass under the compounding and quenching conditions of the experiment.  It is in- 

teresting to note that the addition of only 5 atom % germanium is enough to 

pr duce an amorphous material. Admittedly, the material is two-phase glass and 

probably is not useful as an optical material; nonetheless, it is an amorphous 

material completely different in appearance from the binary samples,  The ger- 

manium atom is apparently extremely effective in changing the characteristics 

of the melt and perhaps increasing the viscosity so that Sb-S- crystallites 

are unable to form. 
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2.  Physical Properties 

Table III lists the measured physical properties for the Ge-Sb-S glass 

compositions shown in Figure 18. The properties listed are surface hardness, 

density, glass transition temperature, thermal expansion coefficient, shear and 

Young's moduli, Poisson's ratio, and thermal conductivity. 

Examination of the table reveals that surface hardness above 200 on 

the Knoop scale is obtained in high germanium glasses.  This fact is illustrated 

in Figure Vj where the hardness measured for the various Ge-Sb-S glasses is plotted 

versus the atomic % of germanium in the glass. Values for As2S- and TI #1173 

are plotted for reference as well. 

The densities of the sulfur-based glasses are found to be less than 

those of the selenium glasses. Figure 20 shows a plot of the measured density 

for many of the compositions against the calculated molecular weight for each 

composition. As pointed out in Section II, a linear relationship is observed. 

The measured glass transition temperatures listed in the table reach 

about 360oC. The different regions in terms of T 's are shown in Figure 21. 

Lines have been drawn in the glass-forming regions to illustrate glasses with 

T 's of 250oC, 300oC, and 350oC. As could be expected, the glass compositions 

in the highest region lie close to the compound GeS- and are low in antimony 

content. 

The volume expansion coefficients are found to be lower than those of 

se enium glasses and, as pointed out in Sect;on III, are associated with higher 

T 's.  Figure 22 shows a plot of measured expansion coefficients against the 

glass transition temperature given in degrees centigrade. Again, a linear re- 

lationship is observed. 
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From the values listed in Table III for the shea- and Voting's modulus, 

it is apparent that substantial increases were obtained relative to TI #1173. 

The calculated poisson's ratios in the table reflect the low values associated 

with a network structurf; for the low-sulfur, high-germanium or antimony as corn- 

parr-1 to the high value typical of a polymeric structure for the high (65 to 70 

atom %) sulfur glasses.  The listed thermal conductivities are increased about 

50% relative to TI #1173 for some useful compositions.  Figure 23 again demon- 

strates the  near relationship between thermal conductivity Jnd longitudinal 

sound velocity as discussed in Section III.  From the table it is evident that 

relative to TI #1173 we can select a glass from the Ge-Sb S system that will be 

much harder and more resistant to thermal shock due to increased thermal conduc- 

tivity and a lower volume expansion coefficient. 

3.  Optical Properties 

The absorption due to constituent atoms in Ge-Sb-S glasses is illus- 

trated in Figure Zk,    The transmission of very thin samples (-- 0.5 mm thick) for 

three glasses shown in Figure 2k  illustrates t'le frequencies and changes ii. the 

magnitude of absorption for what is believed to be the 2 x tu for Ge-S vibra- 

tions and tl"i 2 x üü for Sb-5 vibrations.  Notice that the strong absorption 

around 13 urn (770 cm ) in Ge,-S  glass shifts «^lightly to lower frequency 
_, HU 50 " 

(760 cm ) in Ge-j-Sb-rS,- glass and Ge-Sb__5gQ glass.  The absorption due to 

Sb-S vibrations is completely absent, of course, in the Ge^-S^- glass, but appears 

around 16 pirn (615 cm ) ii the low antimony glass, Ge2(.Sb1,.Sg0, shifting to lower 

frequency (605 cm ), and becomes a itronger absorption in Ge-Sb -S,. glass. Th» 

changes in magnitude with composition for the Ge-S vibration are illustrated in 

Figure 25, where the absorption coefficient around 13^ «ulculated from measured 

transn;ssion of two thin pieces is plotted as a function of germanium content of 

the glass. An almost linear relation is shown. The same type of treatment for 

60 

m   ■ \-  ■■iirfM 



u (^ O 

4) 
> 
T3 

s-^ c 
o u u ' V o "\ 1/1 CO 

E ^_ 
u •13 

C 
\rt • ^ 
O -o 

en i— 3 • *■—' ■U 
CM 

>- C71 
h- C — o 
o _J 
o 
—I '/) 
LU > 

00 > 
>• 

CS -1 ■w    (/) 
< .-.   (U 
rr >   ^ — —<   t/1 
o *J   ro 
=3 U >— 
t- 3   O r-^ "- T3 • (J C   ^1 

CM ^Z. O     1 
o (-) J3 
_J to 

—     1 
IT)    (U 

vO £   0 
IN 

rsi 

un 

(t.» L^ h ^.oi) AiiAU.onaNon JVWM3HI 

6^ 

^äi 



0) 

E 
3 

> 
3 

tv4 

o 
csi 

O 

OO 

o .£1 
H 

vf) 
0) 
F ^—-^ 5 

E (/> 
3> i- 

o 
fl M- 
«-I 

OT r 
o c o « ••H 

VI 
4) LO 
> .,-< 
■ 0 F 
3 

c 
TO 
k. 

h- 

0) 
o i_ 

03 
(N 1- 

o 
Ö 

o 
00 

aDueuiiusueJi 

62 



60 r 

10      15       20      25 

Ge Content (atom percent) 

30 35 

Figure 25 Absorption at 13 M-"
1
 
as a Function of Germanium Content 

in Ge-Sb-S Glasses 
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the Sb-S vibration is illustrated in Figure 26; where the calculated absorption 

coefficient around 16 ixm is plotted against antimony content of the glass. Again, 

an almost linear relation is obtained. 

Limitations in the long wavelength transmission for Ge-Sb-S glasses are 

illustrated in Figure 27 where the measured transmission for 1 cm thick samples 

of GeooSbinS60 (an3,09ous to a sulfur version of TI ^1173), ^eioSb'?oS60 ^,ow 

germanium - high antimony glass) and Ge.-Sb^S-. (high sulfur content) are pre- 

sented.  First, note that al? three glasses transmit visible light. They all 

suffer from slight absorption around k \j.m,  which is presumably due to dissolved 

H-S.  The high germanium glass demonstrates broad, strong absorption around 9 M-m 

(1110 cm ), presumably due to the third order Ge-S vibration.  In the low ger- 

manium - high antimony glass, the third order Ge-S is very broad and much weaker, 

appearing as a shoulder on ".he long wavelength cutoff for the glass. The high 

sulfur glass shows an additional absorption at 7.65 |i.m (1310 cm ), which we 

believe to be the third order S-S vibration.  In addition, note that there is 

no absorption we can attribute to the third order Sb-S vibration, which should 

occur around 11 )j,m (900 cm" ) judging by the second order frequency and the first 
-1 3^ 

order (280 cm ) reported in the literature.   The point has been made many 

ti.mej before that quantitative judgments based on results obtained from the 

evaluation of small samples are often in error.  Careful preparation of large 

batches (1 kgm) using the methods discussed in Section 11 will ba necessary 

befcrs we can accurately predict the lony wavelength cutoff for this system. 

Tor example, germanium oxide and the third order Sb-S both seem to absorb at 

frequencies close to the second order Ge-S vibration.  This fact is illustrated 

in Figure 28 in the exponential decay plots fo Ge^^Sb S- and G^Q^-»^«:« 

corpared to TI ^1173.  The absorption around 770 cm  for Ge-QSb10Sg0 seems too 

lorge for a second order process.  Oxida contribution is expected to account for 

a large amount of this absorption and to affect the 10,6 p,m level.  The mag- 

nitude of the level at 10.6 p,m for vhe glasses presented in this diagram is of 

the  rder of 0.5 cm 
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Figure 26 Absorption at 16 |j,m as a Function of Antimony 
Content in Ge-Sb-S Glasses 
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The optical values for mosv of the Ge-Sb-S glasses characterized are 

presented in Table IV.  The first column lists the wavelength location of the 

absorption edge for each composition as determined by transmission plots obtained 

using very thin samples.  Thus, the values represent extrapolation from the 

steep, high magnitude portion of the absorption edge. Visible transmission is 

obtained for most compositions in which the sulfur content is 60 -»torn % or 

greater.  This fact is illustrated in Figure 29, where the data from Table IV 

have been plotted in terms of atomic percent sulfur against wavelength location 

of the absorption edge. The visible light portion of the spectrum (O.h  to 

0.8 |im) has been added for reference along with the wavelength (1.06 M.m) of the 

YAG laser used as a target designator source (important wavelength from the 

standpoint of avionics systems).  From the diagram, it is evident that visible 

transmission is typical of the chalcogen-rich polymeric glasses. As the sulfur 

content drops below 60 atom % around the stoichiometry line, the visible trans- 

mission is lost.  Perhaps the loss in visible trinsmission reflects the appear- 

ance of Ge-Ge bonds (absorption edge in germanium occurs at 2 ^m) or formation 

of Sb-Sb bonds (metallic in character with no IR transmission) necessary for the 

emergence of the network structure. 

All the absorption values listed in Table IV were obtained by the 

measured IR transmission of thin (~ 0.3 cm) and thick (~ 1 cm) samples.  The 

first column, listed as 7-65 p,m (1310 cm ), was included to indicate the existence 

of the higher order sulfur absorption due to the presence of polymeric structure. 

The absorption is noticeable when the sulfur content is about 65 atom %  and in- 

creases with increasing sulfur content.  The magnitude also depends on the 

Ge/Sb ratio. 

The value included at 8 |i.m indicates to some extent the quality of the 

sample. At this wavelength pwint, the glass should have a low absorption value, 

of the order of 0.01 to 0.03 cm' .  Failure to obtain this value indicates the 

quality is not toe good due to strain, inclusions, cracks, bubbles, etc. 
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Values at 9 (J.m indicate the strength of the third order Ge-S vibration. 

There is a fair correlation between this magnitude and the germanium content, 

but the picture is complicated by silicon-oxygen 'mpurities. As mentioned for 

TI #1173 in Section II, the Si-O stretch occurs around 9.5 ^m. 

The 10 |j,m and 11 p.m values were added to indicate levels on both sides 

of the 10,6 M'fi value of the CO- laser.  From Table V, one may conclude the level 

in Ge-Sb-S glasses for small samples is around 0,5 cm .  For large, high purity 

samples one might predict th'jt a level of 0.1 cm  will ue reached.  But cer- 

tainly, the level of 0.01 to C 001 cm' predicted for Ge-Sb-Se glasses will not 

be approached. 

D. Discussion of Results 

The results presented concerning the physical and optical properties of 

Ge-Sb-S glasses are based on small samples prepared without the benefit of 

reactant purification steps.  For this reason, the optical results are to some 

degree transitory and will have to stand until large batches of a few composi- 

tions can be prepared and evaluated in detail.  Such questions as intrinsic long 

wavelength limit, change in refractive index with temperature, and limiting 

absorption coefficient at 10.6 \i,n\  can only be guessed t<- this point.  It is 

unfortunate that the period of this contract ended before the necessary infor- 

mation could be obtained to include in this report.  However, work on this 

system will continue using company funds, and the final results will be reported 

el sewhere. 

E. Conclusions 

1. The physical properties of glasses based on sulfur are considerably 

better than those of the selenium-based glasses relative to their application 

as  infrared optical  materials. 
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2. The long wavelength cutoff for Ge-Sb-S glasses is determined by higher 

order vibration of the constituent atoms, similar to the case of Ge-Sb-Se glasses, 

3. Results obtaned from small laboratory samples indicate the absorption 

level for Ge-Sb-S glasses is about 0.5 en" . Removal of silicon-oxygen and 

germanium-oxygen impurities may decrease this value to the 0.1 cm  range. The 

exact intrinsic limit for these materials is not known at this time. 
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SECTION V 

CÜNCLUSIONS 

The overall purpose of this program was to investigate the suitability of 

chalcogenide glasses for application with high energy CO- lasers.  The two major 

disadvantages for the glass materials were identified as 'ow thermal conducLivity 

and high absorption (high relative to the 0,0001 cm  level of alkali halides). 

The following cotu-lusions can be drawn from the information presented in this 

report: 

1. The intrinsic absorption limit for selenium-based glasses at 10.6 ^m 

is in the 0.001 to 0.01 cm  range.  This level appears to be at least as large 

as, and perhaps larger than, the level for crystalline compounds based on 

selenium with fundamental lattice frequencies of about the same order,  The 

appearance of se ond order and third or- »r peaks at the long wavelength limit 

indicates glasses are susceptible to higner order absorption processes, p-obably 

due to the anharmonic nature of their vibrations. 

2. The related physical properties of thermal conductivity, volume ex- 

pansion, and thermal change in rsfractive index (as indicated by the location 

of the absorption edge) can be improved by switching to a sulfur-based glass 

in place of selenium.  However, the price paid is higher frequency vibrations 

by constituent atoms leading to a movement of the long wavelength cutoff toward 

the 10.6 um wavelength, An estimate of the intrinsic limit for sulfur-based 
-1 

glasses at 10,6 M-m is in the 0.05 to 0.1 cm  range.  The one to two orders of 

magnitude increase in absorption at 10.6 um is not offset by the fractional 

improvements in related physical properties. 

3. One might speculate that substantial reduction in absorption at 10.6 |im 

may be obtained if the basis of the glass is switched to the heavier chalcogen 

atom, tellurium.  Lower frequency vibrations between constituent atoms would 
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1 ec. J to a long wavelength cutv'f substantially removed from 10.6 (j,m.  However, 

the price paid would be lower thermal conductivity, and a greater positive dN/dT, 

judging by the absorption edge movement to longer wavelength.  Possibly, '-he 

10.( ^m level would also come under the influence of the Urbach tail at the 

absorption rdge, 

k.       For the high energy CO- laser, the chalcogenide glasses do not appear 

pronising as a window materials. 
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