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PREFACE

Ihis report was prepared by Texas Instruments Incorporated , Dallas , Texas , under
Contract F336l5-75-C-5274 , Project 7371 , Task 737101 . The work was administere d under the
direction of the Air Force Materials Laboratory , Wright-Patterson Air Force Base , Ohio.
Mr. David W. Fischer (AFML/ LPO) was project engineer. The work at Texas Instruments was

- - per formed in the Infra red M aterials Branch of th e Advanced Technology Department , whicn is
part of the Electro-Optics Division of the Equipment Group. The project manage r was
Mr. Maurice J. Brau . Mr. Harold C. Hafner was project engineer and was assisted by Mr. Kenneth
Johnson. The final technical report covers work conducted from June 25 , 1975 to June 25 ,
1976. This report was submitted by the authors July 1976.
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SECTION I

IN TRODUCTION

A . GENERAL

- FLIR sensors are currently being developed for high performance aircraft such as the F-4 ,
- -  F - I l l  and B-I. Application of these sensors at hi gh speed requires a window material that

exhibits little optical degradation at elevated temperatures , transmits infrared radiation in the 8-
- to I 2-nm wavelength ra nge with lit t le or no loss due to absorp tion , and possesses a high degree

of rain erosion resistance.

Development efforts for the l0.6-~.tm hi gh-energy laser window suggested that the pro-
perties of gallium arsenide were desirable for a high-speed reconnaissance window. Its absorption

- coefficient was found to be too high for the l0.6-~tm high-energy laser applications , b ut its
-
. performance capabili t y as a passive infra red componen t at eleva ted te mpe rat u res was shown to

be superior to germanium in the 8- to I 2-~zm wavelength region.

The goals of this program were : to demonstrate fabrication techniques capable of
producing 6- by 1 2- by Y2-inch thick polycrysta ll ine gallium arsenide windows and to design and

1 fabricate ampuls capable of producing 1 2- by 18- by 314-inch thick gallium arsenide window
blanks.

B. BACKGROUND FOR SCALE-UP STUDIES

Work p e r f o r m e d  previously at Texas Instruments Incorporated under Contract
F336 15-7 5-C-1066’ has shown the feasibility of producing excellent quality gallium arsenide

4 plates in sizes up to 4- by 6- by 0.5-inches. This material had nearly theoretical transmittance
over t he 2- to l2 -~zm wavelength region at tem perat u res u p to 200°C. Figures 1 and 2 show the
t ransmi ttance of typical high resistivity ga llium a rseni de windows a t 200°C. These nea r intrinsic
properties were achieved by compen sati ng ex cess shal low donors wit h the deep level acceptor

-
~ chromiu m . I n addition , galli um oxide was added to the melt to reduce the concentration of

-
. electrically active impurities , par ticularl y silicon . A detailed treatise of this com pensation

mechanism was discussed in a previous report. ’
5 -
-5’
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SECTION II

G A L L I U M  A R S E N I D E  PREPARATION

A. GENERAL

The most practical technique for preparing large plates of gallium arsenide is a horizontal
gradient-freeze techni que. This is due to the relatively high melting point ( 1238 ° C) . high arsenic
vapor pressure at the melting point (approximately 0.9 atmosphere ) and the tendency for gallium
arsenide to expand upon freezing. In this method, the melt is contained in a suitable quartz boat
inside a quartz ampul.  A thermal gradient approximatel y 1°C per i n ch is established dow n the
length of the melt .  The min imum compounding temperature is at least I 240°C. Th e a rsenic
pressure is controlled by a second furnac e held at 610° to 620°C, As the overall temperature of
the melt is lowered, the temperature gradient passes through the melt. This results in a slow
directional freeze, the rate of growth being controlled by the rate of temperature decrease.

- 

‘ - -I B. PREPARATION AND GROWTH OF GALLIUM ARSENIDE

The gradient freeze process was chosen for development to produce large plates for
- windows since it could be adapted to prepare rectangular and flat ingots of reasonable thickness.

The compounding of the gallium arsenide and the ingot growth are generally achieved in an
- evacuated fused quartz ampul. Experiments for init ial  runs in the Thermco fu rnace produced

ingots 6 by 1 .5 by 0.5 inches. These were made in cylindrical , fused quartz ampuls with the
ingot contained in a fused quartz boat lined with quartz cloth. The next size ingot prepared was
I 2 by I ,5 b y 0.6 inches. it was also produced in a rectangular boat contained in a cylindrical

- 

~
-‘- - ampul. Similarly, a rectangular shaped boat contained in a cylindrical ampul was used to produce

-

~~~ an ingot 14 by 3.5 by 0.75 inches . The fabrication of a similar size ingot was attempted in a
rectangular cross sectioned ampul.  The ampul failed during evacuation because it was not strong
enough to withstand the external pressure . Stress analyses of suitable ampu ls f or  producing larger

, ingots were made and are presented later in this report. These analyses show that  cylindrical
- 

~- - l ampuls with a reasonable wall thickness can withstand the collapsing pressure created b~ the

- vacuum to produce blanks for windows in sizes up to 1 2 by 6 by 0.5 inches. This size is about
the practical maximum that can be achieved in an evacuated ampul.  Therefo re , in add it 1.~n to

- evaluating ampul designs , different techniques for compounding gallium arsenide ~t atmo~~heric
pressure were evaluated , A typical compounding ampul for atmospheric pressure is shown in
Figure 3. This system uses flowing helium to produce a slight but constant back pressure i n the
ampul. The ampul is flushed with helium befo re it is heated. Helium flow is maintained during
the compounding and growth cycle.

Various experiments were performed to compound and grow gallium arsenide at atmo-
-
. - spheric pressure. Results were favorable and considerable effort was expended to perfect this

process. Ingots up to 16 by 6.5 by 0.65 inches were produced by the atmospheric process. From
these , windows as large as 12 by 6 by 0.41 inches were fabricated. They have good transmit tance
in the 2.5- to 1 2-pm wavelength region and do not show appreciable optical distortion.

9. 
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-
~~~~ f G a A s  ________________

EXH AUST

1 98695

Figure 3. Unsealed Ampul for Compounding and Growing Gallium Arsenide

t
During this program , a total of 34 compounding and ingot growth experiments were run.

Nine of these were in evacuated ampuls and 25 were in the atmospheri c type ampul.  The
experiments are summarized in Table 1.

C. AMPUL DESIGN AND FABRICATION

A typ ical evacuated cylindrical ampul for compounding and growing gallium arsenide
ingots is shown i n Figure 4. The ampul is made in two parts as shown. The boat containing the
gallium is loaded into the left end. The right end is loaded with the arsenic and butted against
the left end. Helium is passed slowly into the pump-down tube to prevent oxidation of the

— gallium and arsenic and the two parts are butt  welded together with an oxy-hydrogen torch. The
helium flow is shut off and the vent tube is sealed with the torch. The a mpu l is the n evacuated

- ~~~~ to a pressure of less than I torr and the pump-down tube is sealed off by flame. After seal-off .
the ampul  is loaded into the fu rnace. The diameter of the arsenic end needs to be k~ge enough
to hold the req uired amount of arsenic to react with the gallium. For examp le. the 8-inch
dia meter chamber for the 6.5- by 14- by 0.7-inch ingot required an arsenic tube 2 inches in
dia meter by 30 inches long.

The size of an evacuated quartz ampul is limited by its collapsing strength. The collapsing
strength of cylindrical ampuls is shown in Table 2 .

10
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Figure 4. Sealed Ampul for Compounding and Growing Gallium Arsenide—Cross Section View

- ‘ ; TABLE 2. COLLAPSING STRENGTH
OF CYLINDRICAL AMPULS

Collapsing Pressure (psi )
Cylinder at Different Wall Thicknesses (in.)

Diameter (in ) 0.1 0_ Is 0.20

4 330 1100 2530

5 170 570 1330

8 41 140 330

The Table results indicate that all three thicknesses will withstand much more than the
14.7 psi collapsing pressure produced by the atmosphere when the cy linder is evacuated .
Cylinders larger than 8 inches in diameter are expensive, difficult to mount  in a furnace, and
require an abnormally larg e diameter ampul and furnace rel ative to the width of a plate that can
he produced in it.

Cylinders are relatively strong in comparison to their  wall thickness because a collapsing
pressure produces a compression stress in the wall. Bri t t le  materials such as quartz break under
tensile stress , which is generally lower b y a factor of 10 over their  compressive strength.
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TABLE 3. STRESSES IN LARGE RECTANGULAR-SHAPED AMPULS

Plate Size Maximum Stress (psi ) for Various Thicknesses (inches)
(in.) 0.1 0.2 03 0.4 0.5 0.6 0.8 1.0

3.5 by 15 9 ,200 2 ,300 1 ,020 600

2.5 by 15 4 .700 1 , 172 520 300

7.5 by 15 9 .200 2 ,300 1 ,470 1 ,020 750

13 by 21 30,000 7 ,400 3,310 1 ,200

Rectangular cross-section ampuls have low collapsing strengths because the flat surfaces
deform under the atmospheric load , plac ng the inside surface under a tensile stress and.
therefore , susceptible to breakage. Using the “clamped edge ” formula , stresses were determined
for various sizes and thick nesses of q uartz plates that wou ld be used in the construction of large
ampuls. Calculations were based on a plate loading of 14 .7 psi as shown in Table 3: Since the
safe working stress for quartz is 1 ,000 psi , these results show that it is impractical to build
rectangular , straight sided ampuls in large sizes. The required quartz thickn ess . 0.4 inc h or
greater , will make them expensive as well as difficult to fabricate. However, the stresses can be
minimized by making the large faces a section of the cylinder. The stresses in such a desi gn were
analyzed. The results of this analysis are su mmarized in Appendix A and i n dicate that a wall
thickness of 0.5 inch would be required to produce a 6.5- by 14-inch ingot. It would be diff i cul t
and expensive to reliably fabricate ampuls with this wall thickness.

For evacuation tests , two ampuls large enough for a 6.5- by 14-inch ingot were
• I constr ucted using tubing split along its longitudinal axis. En one case , the split tubing was welded
-
‘ together , forming corrugated surfaces running the length of the ampul. In the other case, the

corrugations ran the width of the ampul. In the first , the t ubing wall thic kn ess was 5 mm an d in
the second the wall thickness was 3 mm. Both were tested under vacuum and failed.

One 6.5- by 14-inch ingot was successfully produced in an 8-inch evacuated ampul.  No
further effort was expended on evacuated ampul design . Various ampuls were designed and
fabricated for the atmospheric pressure compounding and growth process. The firs t runs were
made in the Thermco furnace and the ampuls were similar to the one shown in Figure 3.
Figure 5 is a cross-sectional view of this ampul. It was difficult to keep the vent tube from filling
with arsenic at the exit from the furnace. Tubes up to I inch in diameter were used at this point
but it was still difficult to keep the arsenic from plugging the vent tube. The helium back
pressure could have been increased with the risk of ballooning the ampul.  It was decided to
i mprove the ampul design to better control the arsenic vapor. Partial control could be obtained
by periodically heating tne vent tube with a torch to vaporize the condensed arsenic, forcing it
back into the ampul. The horizontal vent tube required complete vaporization of the arsenic to
move it back into the ampul. It was also easy to crack the vent tube with the torch if there was
too much arsenic condensed since arsenic has a much higher expansion coefficient than quar tz .

During the course of the progra m the heating element in the Thermco furnace had to he
replaced and hence the furnace was inoperable for an extended period of ti m e. To continue
ampul design studies , a Globar heated resistance furnace was designed. fabr icated and installe d in
the gallium arsenide facili ty.  Nine different ampul desi gns were evaluated using this  furnace . All
ampuls were designed for 6.5- by 1 4-inch ingots.
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Figure 5. A Typical Evacuated Cylindrical Ampul for Compounding and Growing GaAs Ingots

D. EXPERIMENTAL RESULTS

The following results are discussed as a function of ampul design. Each ampul was open to
a helium atmosphere rather than the customary evacuated chamber.

1. Ampul No. I

Figure 6 shows the ampul used in Run No. 79. The ampul was fabricated such that Globar
heating elements were an integral part of the ampul. These heating elements were housed in
“ports ” fabricated from quart z tubing. The quartz tubing traversed the width of the ampul ,
hence the heating elements were in the middle of the ampul . The quartz boat rested directly on
the quart z tubing.

The ampul was tested using precompounded gallium arsenide. However , a crack in the
ampul forced a premature shutdown of the run. Due to the difficulty in fabricating an ampul of —

this design , no further attempts were made to evaluate this design.
-,

2. Ampul No. 2

Figure 7 shows the ampul designed for Run No. 80. In this design , the am pul was
- - supported above the Globars on silicon carbide plates. The Globar heating elements were external

to the ampul rather than an integral part of the ampul.
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Figure 7. Ampul No. 2 for Compounding GaAs in a Globar Furnace at Atmospheric Pressure

I-.

The vent tube clogged due to condensed arsenic , causing a buildup of arsenic pressure.
This in turn caused the ampul to balloon , resulting in a fracture of the ampul . The vent was
designed to provide a clear window for the observation of the melt. Condensation of arsenic
vapor onto the window resulted in little or no visual observation of the melt.

This ampul was fabricated from flat pieces of qu art z ex cept for the top which was
fabricated from three p ieces of quartz tubing split lengthwise and fused together, forming a
corrugated surface down the length of the ampul.
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Fig ure 8. Ampul No. 3 f or Compounding GaAs in a Globa r Furnace at Atmospheric Pressure

3. Ampul No. 3

Figure 8 depicts the ampul used in Run No. 81. This ampul was similar to ampul No. 2
and was another attempt to provide a clear window to observe the gallium arsenide melt. The
viewing port remai ned clea r b ut too mu ch arse nic was tra nsported to the exit t ube and
con densed. This agai n caused the vent to break and the run was aborted.

4. Ampul No. 4

Figure 9 shows the design of the ampul used in Run No. 82. It consisted of two arsenic
source t u bes , t wo ven t tubes and a viewing port moun ted at an angle. The viewi n g t ube had a
window on each end. The window inside the ampul collected condensate even though the air
inside the t ube provided some thermal in sulat ion . Two ven ts were used in an atte mpt to solve
the condensed arsenic problem. Both vents remained open, the a mpul remai ned intact and the
i n got was flat. However, there were cold spots in the arsenic source fu rnace , resulting in enough
condensed arsen ic to render the ingot gal l ium rich.

- 
- 

5. Ampul No. S

‘ Ampul No . 5 is shown in Fi gure 10 and was used for Run No. 83. It consisted of an
external flame heated window , a helium vent tube and an arsenic chamber. The temperature
con t roller for t he arsen ic heate r fai led , causing an increase in arsenic vapor pressure and
subsequently a balloonin g of the ampul . The ingot was gallium rich so the ballooning was
at t r ib u ted to the ex pa n sion of bot h arsenic an d heli um .
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6. Ampul No. 6

This design was used for Run No. 84 and is shown in Figure 11 .  This anipu l had the
helium vent tube attached to a 2-inch vertical tube positioned in the top center of the ampul .  A
tiame heated observation window tube was Positioned opposite the arsenic source tube.  Tile
upward tilt ing of ’ the observation tube provided a better view of the melt.  It was not possible to
keep the vent from pl ugging with this helium ve nt arrangement. About 8.5 inches of the fi rst to
freeze end of this ingot was stoichiometric. There was a thin gallium rich skin on the bottom of
the ingot.

7. Am pul No. 7

The ampul design for Run No. 85 is shown in Figure 12.  The ampul  has an arsenic
chamber on each end. The chambers were tilted upward so the flame-heated windows at the end
of each tube would provide better visibility of the melt.  Helium vent tubes were attached to
each arsenic tube near the main chamber. The top of the ingot froze first and trapped liquid
GaAs underneath. The liquid expanded on cooling, cracking the ingot , boat . and ampul.  The
ingot had essentially two layers of material and both were gallium rich. The arsenic was raised to
only 600° C to prevent the helium vents from plugging. Apparent ly ,  top heating is required.

The ampul for Run No. 86 was similar to No. 7 but the Globars were positioned above the
melt.  Tile helium vent tubes were positioned near the end of the window end of tile arsenic
tubes. One window cracked and one vent tube cracked while being heated with a torch to
remove condensed arsenic. The ingot was gallium-rich and appeared not to have completely

- 
- melted.

8. Ampul No. 8

4 The design of ampul No. 8 ( Run No. 88) is shown in Figure 13. This ampul  had the
• i arsenic tubes turned downward and the viewports are near the top of the tube. A flame was used

to keep the viewing area free of condensed arsenic. A conventional helium vent was used. The
last two ampul designs had an arsenic source on either end of the ampul .  This arrangement
permitted heating each one alternately so the excess arsenic could be passed back and fort h over
the melt. This ampul had a cold finger in each of the arsenic tubes. They were cooled with

- I nitrogen. This arrangement was an at tempt to keep the arsenic from condensing on ti le viewport.
ç I t did help a little but the arsenic condensing around one finger cracked the tube. Tile run was

completed. The front half of this  ingot had a gallium-rich layer on tile top.

9. Ampul No. 9

Ampul No. 9 was similar to ampul No. 8 but with the “cold fingers ” removed. Again, due
to the condensation of arsenic vapor , the ampul cracked near the arsenic source and resulted in
an abo rted run.

- ~. 10. Ampul No. 10

Am pu l  No. 10 (Run No. 9 1 )  is shown in Figure 14. The arsenic tubes and the vent tubes
were combined in this design and were in a vertical position. The portion of the wall of the
tubes was used for the windows and they were heated wi th  a torch to prevent arsenic

24
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Figure 14. Amp ul No. 10 for Compounding GaAs in a Globar Furnace at Atmospheric Pressure

condensation. The bottom of the arsenic tube was lined wi th  quar t z  cloth to prevent condensing
arsenic from breaking the tubes as they were al t ernately heated and cooled. Arsenic condensing
near the top of the vent tube could he easily flanied olf wi th  a torch. All  available arsenic was
compounded dur ing the run ,  indicat ing good arsenic control. However , dur ing the set up of this
run ,  a weighing error was made and insuff ic ient  arsenic was added to the ampu l .  This resulted in
a sl ightl y gallium-rich ingot . Although there was a deficiency of ars enic dur ing  this  ru n. t h i s
ampul  design provided the best arsenic control and appears to solve many of t u e  probl ems
associated with  preparing gallium arsenide in a nonevacuat ed system.

Fi gure 15 shows the ampu l  design used in the repaired Thermco furnace.  Fise  r i l i l s  were
made using this  design and Runs 96 and 98 produced excel lent  ingot s measuring 7- by 14- by

- - , 0.5-inches.

The last five ampul  chambers were made from 2- by 6-inch rec t angular  fused quar t ,
tubing.  The desired length was sawed in half lengthwise. A split cylindrical  tube s~as sse ld . -d
between the two pieces on the top and a flat plate filled in the gap on th e bottom The t .Il ’ I.

section on the top allowed the end tubes to be easily attached - The boat s were .1ISI made fr om
the rectangular tubing.  Even though sawing and welding were r equir ed. the ~~~~ 5~ as m u c h  lower
than t ry ing  to use flat plates welded together.
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Figure 16. Furnace Used for Horizontal Gradient Freeze for Preparation of GaAs

The atmospheric compounding technique permits the ampuls ari d boats to he fabricated
from 2- to 3-mm fused quartz parts which are easy to fabricate by norm al torch working
techni ques. Quartz cloth is used to line the boats to pre vent the GaAs from sticking to the boat.
A layer of the cloth is placed between the boat and the ampul to prevent those surfaces from
sticking together. Generally, boats and ampuls can be used several times by repair ing any  breaks.

- 
— reduc ing ampul costs.

E. FURNACE DESIGN

Two horizontal gradient freeze type fu rnaces were used during tills program. One was a
Therm co specially built  gradie nt freeze type furnace , shown in Figure 16. It consists of two main
sections , one for the control of the arsenic vapor pressure and the other for compounding and
di rectionall y freezing the melt. The arsenic control zone of t i i i s furnace is approximately
56 inches long and 5.75 inches in diameter. The melting or compounding zone is approximately
70 inches long by 17 inches wide. It has a D-shaped heate r. The height in the center is about
9.5 inches and at the edge is about 6 inches. A refractory floor is needed in the furnace to
distribute the load over the heating element: I to 2 inches of head room is usually required. thus .
leaving a maximum of 7 to 8 inches of workable head room.

A sketch of the furnace is shown in Figure I 7 . This furnace has live separate heat zones.
The temperature in each zone can be separately controlled so a 1on~~tudin a 1 temperature gradient
can be produced. The center zone is the master with the other four zones referenced to i t .  Once
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r. the temp erature gradient  is established , the center zone can be programmed down and the
gradient is mainta ined during cooling. The ingot . therefore , freezes from one end to the other.

Temperature gradients of 0.25°C per inch to at least 2° C per inch can be obtained in this
furnace. Tile temperature programmer can produce a cooling rate of abo u t 0 4~C per hour to
4 .4° C per hour. Growth rates from less than 0.5 inch per hour to over 4 inches per hour ca n he
achieved.

A second horizontal gradien t freeze type furnace was set up temporari ly ~o evalua te  ampul
designs for the atmospheric pressure compounding system. The size of its chamber was 7 by
IS  b y 18 inches. It was made of insulat ing fire brick. Its outside dimensions were 17 by 25 by
28 inches and it was mounted  on a table top. Eight 5/ 8-inch-diameter Glohars were used for
heaters. Four temperature controllers each controlled a pair of Globars so a horizontal
temperature gradient could be set up in tile furnace chamber . There were two temperat ore
prograll)nlers . each controlling two pairs of Globars. During initial runs the heat ing e lements  were
below the ampul .  With this arrangement . the GaAs froze on top first , t rapping liquid underneath .
Breakage of the  boat and ampu l  resulted. Later , the Globars were placed above the ampul  aild
this arrangement was found to be more desirable. The ampul also had to he set on ceramic
spacers to keep the bottom of the  anlpu l about 1/ 2-inch off the floor of the furnace. Ingots
6.5 by 14 b y 7 inches could be compounded in this chamber. Actual ly ,  the chamber of the
furnace could be altered to accommodate changes in ampul configuration. With  temperature
control ref inements , a furnace of this type would be satisfactory for producing good qu al i t ~
GaAs ingot s .

The heaters for the arsenic chambers were made from wound Kanthal  resistance wire .
They were powered and controlled with SCR type temperature controllers.

The Thermco furnace performed well after the new heating element was installed. Slight
modificat ions may be necessary for the  manufacture  of larger ingots. It will be necessary to load
the main chamber of  the a mp u)  into the compound ing furnace and then seal the  vertical
arsenic-helium ve nt chambers to the main ampu l .  Then the arsenic heaters could he moved into

- 
- 

place.

The ampuls  for th~ 6.5- by l b-inch ingots were loaded into the furnace by placing them
on a silicon carbide holder tha t  was 18 inches long. 11 inches wide and tile sides were 3 inche s
high.  It did not have a top. This holder could then be pushed into the furnace on th e

-~ . 1 —inch-diameter  a lumina  tubes that  were placed 2 inches apart on the bottom of the furnace .
Larger ampuls  will  have to he loaded into  tile furnace with an am p u l  t ransporter .  The holder
wi th  the amp u l  would be carried in to  tile furnace by the transporter and lowered i n t o  place on
silicon carbide rails tha t  extend the length of the furnace.

~ 1
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SECTION I I I
GALLI UM AR SEN IDE CHARACTERIZ ATION

Considerable e ffort during the program was directed toward developing an atmosp heric
pressure gallium arsenide compounding system. There was not an opportunity to fully evaluate
the consistency of the process because each ingot was slightly different.

A. TRANSM ITTANCE

The transmittance of several ingots produced by the atmospheric pressure compounding
process was measured. The transmittance of ingot No. 78 is shown in Figure 18. The trans-
mittance of ingot No. 98 is shown in Figure 19. This was a delivery item on the contract. The
transmittances of ingots No. 74 an d No. 84 were measured . The dopin g was somewhat low.
about 0.1 ppm chromium , and transmittance was degraded in the 8- to i2 -~.zm wavelength range.
Four 1.5 inch diameter by 0.2 inch thick transmittance samples of chromium-oxygen doped

- . gallium arsenide were delivered to AFML. Transmittance is shown in Figure 20.

B. MODULATION TRANSFER FUNCTION

The modulation transfe r function (MTF ) of ingot No. 98 was deterniined by comparing
• the MTF of a standard lens cell to the MTF obtained by placing the flat plate between the light

source and the standard lens cell. Tile plate was measured in both the horizontal  (0-degree) and
- ‘ vertical (90-degree) positions. Assuming the standard lens cell to be 100 percent , the MTF of the

plate was:
98.7 percent in the horizontal position and
95.7 percent in the vertical position.

C. ABSORPTION COEFFICIENT

Absorption coefficients (a) from 8 to 14 tim were determined for typical chromium-oxygen
doped gallium arsenide using transmittance data from samples with varying thicknesses. Tile
absorption coefficient was calculated using the relationship

In —

T~ct(cm~~ ) = 

d~ -

where

Transmittance of sample whose thickness is d 1
T 2 = Transmittance of sample whose thickness is d 2

These results are shown in Table 4.
5’
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Figure 18. Transmittance of Ingot No. 78 for the Wavelength Range 2.5 to 18 mi
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Figure 19. Transmittance of Ingot No. 98 Contract I~ livery Sample
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D. THERMAL CHANGE IN REFRACTIVE INDEX
FOR GALLIUM ARSENIDE

The change in refractive inde\ of gall ium arsen ide as a fun ct ion of t empera ture  was

determined 2 by fabricating a precise prism and then measuring the r c t r a c t i~ e index b y s tandard
optical techniques. The precision and accuracy of this  method was con f i rmed b y measur ing a
known silicon standard under the same condit ions.  The results of these n le asl l ren lent s  are shown
in Table 5.

TABLE 4. ABSORPTION COEFFICIENT OF CHROMIUM
OXYGEN DOPED GALLIUM ARSENIDE

• a
Wavelength Absorption Coefficient

(p m) (cn i~ )

L
8 <0.01

- . 9 <0.01
- ,8 10 <0.0 1

11 <0.01 ‘

12 0.02
13 0.24
14 0.16

TABLE 5. THERMAL CHANGE IN REFRACTIVE INDEX FOR
CHROMIUM-OXYGEN DOPED GALL IUM ARSENIDE

Wavelength

- :  (pm) dn/dt *

3 157 X l0~~’( ’
5 152 X 10~~! (~
8 l5O X i0~~° C

10 I4 tt X I0~ ’ -T
12 144 X l0~~~ (

~Measured from 77K 300K

E. RAIN EROSION

Eight rain erosion samples 1.5 by 0.5 b y 0.2 inches were submitted tu  -\l M l  - R esu t t ~ have
not bee n reported.

Transmittance of these samples is s im ilar  to the  t ran ~ i i i i t t . ir i ~ c t i n e  s a m p le shown in
Figure 20.

2 A. Ray H ilton , unpub lished work.
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TABLE 6. PROPERTIES OF CHROMIUM-OXYGEN DOPED GALLIUM ARSENIDE

Propert y Value

• Knoop hardness 725
• Refractive index (10  pm) 3.2778

- • dn/ dt ( 10 pm) l4~ X l0 6/ °C
• Modulus of rupture ( psi) 10 ,400
• Absorption coefficient (cm ’ 1. (10 pm) <0 01
• Density (q/ cnn 3 ) 5.319

- • Expansion coefficient (in/ in/ °C) 570 X l0~~
• Thermal conductivity W/cm.°C 0.35 ‘0 .04

- 

, • Operational temperature -70 () C

F. OTHER

The Knoop hardness , modulus of rupture , t her m al co midtn ~ t t ~ mt ~ and thermal expansion
values of the samples produced on this contract are ident ica l  to those reported in
AFML-TR-75-49 . Table 6 summarizes the properties of typical  chromium-oxyge n doped gall ium
arsenide infrared optical material.

1~
~~
~ 1
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SECTION IV

SUMMARY AND CONCLUSIONS

The goal of the program to produce semi-insulating gall ium arsenide in 5izes up to  6 by
1 2 inches has been achieved. Figure 1 shows a photograph of a 6- by 12-  by 0.4-inch polished
gallium arsenide plate. Its t ransmittance is shown in Figure i9 . The gall iwn arsenide was doped
with the deep acceptor impuri ty chromium to reduce free carrier absorption , even at temper-
atures as high as 200°C. In addition, oxygen ill the form of Ga2 03 was added to the melt  to
render some electrically active impurities inactive and at tile same time improve the homogeneity
of the material.

Gallium arsenide plates as large as 7-b y 14- by 0.6-inches were prepared by a unique
- . “open ” system. Several of these plates exhibited excellent physical amid optical properties wi th

measured MTF (Modulation Transfe r Function ) values as hig h as 98.7 perce nt.  M a n y  rain erosion
- 

- 
samp les , possessing similar properties, were cut from plates which contained some physical or
optical defects.

• The optimum compounding and growth system developed during the course of this
progra m is basically a horizontal gradient freeze technique. However , ampuls norn lally used for
this process are limited in size and geometrical configuration. To produce plates as large as 7 b’~
14 inches , it was necessary to (1) develop a process which did not rel y on evacuated ampu ls or
(2)  desi~ -i a large ampul capable of being evacuated to a sufficiently low pressure . A computer

/

/

/

/

Figure 21. Photograph of 6 by 12 by 0.4 Inch Gallium ATsenide Polished Plate
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a m m a l~ sis of the  l a t t e r  approach ind ica ted  t h a t  the thickness  of ’ t i m e amp u ls  wcald have to be
ne ar l~ 0.5 inch . a s s u m m l i n g  the a m u p u l  d imensions  were I S by 7 by 3 inches.  This impl ies  tha t
large r amp u l s  would reqwre even th icker  walled quart z . . Becaus e of the dif fi c Lil ty in fabricating
these umpu l s . all e f for t s  were clirecied iowar d develop ing the open svst en l .

The process developed under  this  c nt rac t  uses quar tz  a inj i t i l s  wi th  relat ively th in  wall
- - thickness.  1 hcsc ampu ls  are not L \ t F u f f l C l ~ d i f f icu l t  to fabricate mi or do the y  require special

qua r t z .  sizes and shapes. An ip u ls  as large as 14 by 22 inches have b~emi fabricated using this
technology. F igure  22 is a photograp h of su ch an ampu l .  The exis t ing  Thermco furnace, in wi ich
the 6— by 12- inch plates were produc ed . is large enough to conlpound aild grow plates up to
14 by 20 inche s . Howeve r , scale-up to this  size may present fur ther  unforeseen problems. The
u n i f o r m i t y  of dopants across a large sol id—liquid  in terface  is unkn own.  Also , the stabil i ty of large
area quar tz  at these elevated temperatures  may present sonic problems . Addi t iona l  effort  will
most cer ta inly he required to develop the opt imum techni q uies or a production process.
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APPE ND I X

ADVANCED ENGINEERING BRANCH
APPLIED MECHANICS SECTION
MEMORANDUM NO. 75-65-005

- 
- 

3 D EC E M B E R  1975

- 
- QUARTZ PRESSURE VESSEL

STAT IC STRUC TURAL ANAL Y SIS
BY

JACK M. HARPER

I. SUMMARY

This report concerns the  strOss ana ly s i s  p er formed on a qua r t z  pressure ~L’55~- I to  d e t e r m i n e
- 
.— - the wall thickness required to cive a m a x i m u m  tensile stress of ’ 1 000 psi under  a a c t i t m n i  pre ssure

distr ibution ( I  4.7 psi ). Two vessel conf igura t ions  were analy zed.  The fi rst , a recta ngular  box wi th
six f lat  sides produced a m i n i m u m  wall thickness of 0.485 inch. The second vessel, which  Was
like the fi rs t with the exception that  tine two largest sides were curved, pro duced a m i n i m u m
wall thickness of 0.370 inch .

II. INTRODUCTION

- ‘ 
- 

The purpose of this ana lys i s  was to determine tile wall thickness of a pressure vessel
required to produce a m a x i m u m  tensile stress of 1000 psi under  a vacuum pressure d i s t r ibu t ion
i 1 4 7  psi) . The vessel was to be made of quartz with the dimensions of I S  by 7 by 3 inches with
an approximate  thickness of 0.40 inch. All constants for quartz used in this analysis were
obtained f ’rom General Electric Company and Amersil data sheets describing fused quar tz .  These
constants are listed in Table A-I .

TABLE A .1. FUSED QUARTZ CONSTANTS
I .  Density 2.054 X l0~ lb/in 3

2. Poisson ’s Ratio 0.16
3. Modulus of Elast ici ty 10 .2 X 10 6 lb i i i

4 . Tensile Strength 6.96 ~ I o~ l h : i m i 2

5 Design Tensile Strength 986 Y I0~ l h ; m r i 2

III. A NALYSIS

‘F in e f i n i t e  e lement  method and the Texas Ins t rumen t s  SAP IV s t ructural  d y n a m ics
computer  progr am WCP’  employed. Due to symmet ry  of both models , onl y one-eighth of each
had to he modeled. Both models consisted of 197 nodes and 1 7 1 plate elements.  Results
obtained from tine two geometries are as follows.

____- 

~~~~~ii 
_~~~~~~~

_
~~

j _  1:_ I _ _ _ _  

-.



-~ “ ‘  
—. --,- 

~~ ~~~ T’~~~~~~~~~ ’” ~~~ 
. 

~~~~
— --..-- 

~~~~~~~~~~~~~~~~

a

3.  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

7. 50

NODE

X~~~~~~~
NODE
25

1 98717 
ELEMENT 120 MAXIMUM DEFLEC-

MAXIMUM STRESS TION NODE 187

Figure A-I. SAP IV Model Recta ngular Box Wit h Flat Sides

A. Rectangular Vessel With Six Flat Sides

The m odel used for this analysis is shown in Figure A - I .  Using an approximate thickness
- . of 0.40 inch for all the sides , the anal ysis showed the maximi lu il l  tensile stress on the model to he

1450 psi and to occur at element 120. This is higher than the recommended design tensile
s trength of 986 psi as stated by General Electric Company. There fore , the thickness of the sides
of the s t ructure  will  have to he increased. Table A-2 shows a comparison of thickness ver sus
tensile stress. Table A— 2 also l is ts  a margin of safety which is computed b the e quatiom i :

-S. . 01)
-- — - - - I

where

0 i) = design tensile stress

= 9.86 X 102 lb/hi 2

o~. = ca lcu l a fed  tensile st ress .

Figure A-2 and Figure A-3 are plots .f princi p al stress versus length from nodes 25 to 187
and node s I ~)4 to 187 , respectivel y (see Figur e  A— i ) .
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TABLE A-2. VARIATIONS OF MA XIMUM STRESS W ITH THI CKNESS
FOR A FLAT-SIDED RECTANGULAR VESSEL

Thickness Stress
(inch ) (lb /in 2 ) Margin of Safety

0- t  1 ,450
0.0

0.5 92?s 0.060
0.55 767 0.286
0 .6 n44 0.53 !
0.65 54’4 0.796
0.7 47 .i 1 .085

- , 
- 0.75 4 12  1 .393

1600

I 1 400 DESIGN TEN-
- 

I 
~~~~~~~~ SILE STRENGTh

~~~ 1 200 -

~~ 1000
0

800

600

H 1— 400
(1)

200 -
0.

0
z
~ —200

‘
I

400 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

- . ‘ 0 .00  2 ,00 4 . 00 6 . 00 8. 00 10 . 00 12 .00 14.00 16 . 00

19719 DISTANCE FROM X-AX IS (INCH)

Figure A-2. Principal Stress Versus Distance Parallel to Y’Axis 3.5 Imich From
Y.Axis Flat Sided Box (0.40 Inch Thick)

B. Rectangular Vessel with Four Flat Sides
and Two Curved Sides

Tine model used for this ana ly s i s  and its de flections are shown in 1- i g ure  A—4 . The model is
identical  to that  used in tine fi rs t ana ly s i s  wi t ln  t Ine exeept io m n t l nat  t I n e largest stm r l ’ace h a s  a radius
of curvature of 8.056 inch .  Again using an approximate  th i ck n es s  of 0.4 () inch for all the sides .
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Figure A-3. Principal Stress Versus Distance Parallel to X-Axis 7.5 Inch From
X-Axis—Flat Sided Box (0.40 Inch Thick)

the anal ysis showed tile maximum tensile stress to he 839. 1 psi and to occur at element 1 20.
From this amid the General Electric Company recommended design ten sile strength of 986 psi .
the wall thickness of this model can be decreased to 0.370 inch and withstand the vacuum
environment.  The 0.40 inch t lnickness in this analysis gives a margin of safety of 0.1 75 inch
which compares to a thickness of 0.53 inch for the flat-side model. Figure A-S and Figure A-6
are plots of principal stress versus length from nodes 25 to 187 and nodes 194 to 187 ,
respectivel y (see Figure A-2 ) .

‘
I

-S. IV. CONCLUSION

Both models can he built to perform in the environment described. The tradeo ff that
arises is cost of material versus cost of manufacture.  In the instance of a six-sided vessel with flat
sides , tile thick miess of the wails will have to be 0.485 inch as opposed to 0.3 70 inch for the
vessel wi th  two curved sides for the tensile stress not to exceed 1 000 psi. in tine imnsta n ce of the
six-sided vessel with the 1 5- by 7-in ch sides curved, curved sheets of quartz will have to be dealt
with These tradeoffs should be investigated prior to a decision.

An other factor that  may inf luen ce the decision is deflection. The flat sided model had a
m a x i m u m  deflection of 0.0029 1 inch wln ile tile model with curved surfaces deflected

‘k 0.00 186 inch. This showed an increase of 56 percent in deflection of tile flat sides over tile

4 t.. e .
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Figure A-S. Principal Stress Versus Distance Parallel to Y-Axis 3.5 Inch From
Y-Axis—Curved Sided Box (0.40 Inch Thick)
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