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ABSTRACT ______-- 

Preliminary tests have shown t h a t  it is p o s s i b l e  to control t h e  

temperature st : t ings i n  NASA's General Purpose Research Furnace i n  such a 

manner a s  to ob ta in  a constant  rate of movement of a high temperature isotherm 

down t h e  length of the  furnace. These tests also showed t h a t  a temperature 

g rad ien t  on the  order  of boo C/cm could be obtained i n  the  furnace while  

moving t h e  p a r t i c u l a r  isotherm of i n t e -  ?st, i.e., 900° C. This provides t h e  

possibility of performing d i r e c t i o n a l  solidification experiments i n  t h e  

furnace on n !%A f l i g h t  i n  t h e  low gr v i t y  environment provided by t h e  

Shu t t l e .  A funct ional  dependency of grovth rate on pe r tu rba t ions  during t h e  

growth has been derived and shows t h e  importance of avoiding non-steady growth 

r a t e s  and changing temperature g rad ien t s .  

1. INTRODUCTION 

The low g i a v i t y  environment afforded by t h e  Space S h u t t l e  o f f e r s  a unique 

oppor tuni ty  to  study the  effects of convection upon t h e  compositional 

homogeneity i n  electronic c r y s t a l s  grobtt Erom the  melt. By conducting 
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experiments on Earth i n  a I-g environment and comparing t h e s e  to  i d e n t i c a l  

experCments c a r r i e d  out i n  t h e  low-g environment of space where the  e f f e c t s  of 

g r a v i t y  dr iven  convection w i l l  be d i f f e r e n t ,  these  e f f e c t s  can perhaps be 

separated from the o t h e r  convective d r i v i n g  f o r c e s  which may be present  dur ing  

t h e  c r y s t a l  growth process. However, great care must be taken to minimize t h e  

inf luence  of extraneous e f f e c t s  whLch may also a f f e c t  t h e  c r y s t a l l i n e  q u a l i t y  

and the  compositional homogeneity of the  c r y s t a l .  

The General Purpose Research Furnace (GPRF) Ls a t h r e e  zone furnace  

developed by NASA f o r  f l i g h t  on t h e  Space S h u t t l e  t o  conduct experiments i n  

materials sc ience  i n  the  Materials Experiment Apparatus (MEA) test series. 

One of the  experiments to be c a r r i e d  out  during t h e  f l i g h t  of STS-15 i n  1984 

w i l l  be the d i r e c t i o n a l  s o l i d i f i c a t i o n  of a c r y s t a l  of l e a d - t i n - t e l l u r i d e  

(LTT). 

furnace and the  sample r e l a t i v e  to each o t h e r  or by ramping a temperature 

g r a d i e n t  through the furnace a t  a cons tan t  rate. Since t h e  CPRF was designed 

as a s t a t i o n a r y  furnace with no moving p a r t s ,  it is necessary t o  c h a r a c t e r i z e  

t h e  temperature p r o f i l e s  of t h e  furnace and to  develop a procedure whereby t h e  

temperature c o n t r o l s  of the  t h r e e  zones can be ramped down such t h a t  a 

s o l l d t f i c a t i o n  f r o n t  passes down the  specimen a t  a cons tan t  growth rate with a 

s u f f i c i e n t l y  high temperature grad ien t  t o  avoid c o n s t i t u t i n a l  supercooling. 

This paper w i l l  present a br ie f  review of pas t  s o l i d i f i c a t i o n  experiments i n  

space,  a d e s c r i p t i o n  of the  GPRF, the  g o a l s  of the  s o l i d i f i c a t i o n  experiment, 

and the  ground-based s t u d i e s  c u r r e n t l y  being c a r r i e d  o u t  t o  optimize t h e  

experiment t o  be performed i n  the MEA-A2. 

Directional s o l i d i f i c a t i o n  can be achieved by e i t h e r  moving t h e  
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2 0 BAQCGROUND 

2 . 1 Previous Experiments 

Previous experiments i n  d i r e c t i o n a l  s o l i d i f i c a t i o n  have been c a r r i e d  out 

and are descr ibed  very w e l l  i n  Materials Processing i n  Space(') by Naumaan and 

Herring. 

been those of Gatos and W i t t  i n  t h e  Skylab and A p o l l o - S o p  (ASTP) 

f l i g h t s . ( 2 s 3 )  

the growth s t r i a t i o n s  which are always present  i n  Earth grown crystals. 

add i t ion ,  they showed t h a t  t he  d i s t r i b u t i o n  of a h igh ly  d i l u t e  s o l u t e  in t h e  

space grown c r y s t a l s  could be explained by a d i f f u s i o n  c o n t r o l l e d  growth 

process as described by the  theory  of Smith, Ti l ler  and Ru t t e r  (STR). (4) 

t h e  ASTP experiment on germanium, they added an i n t e r f a c e  demarcation 

technique which permitted a d e t a i l e d  microscopic  i n v e s t i g a t i o n  of the 

growth. 

a t t r i b u t e  t o  an asymmetric temperature d i s t r i b u t i o n  i n  the  furnace. 

temperature d i s t r i b u t i o n  would not support  a p lanar  i n t e r f a c e  dur ing  t h e  

growth. However, on a macroscopic scale, the  compositional v a r i a t i o n s  in t he  

germanium c r y s t a l s  doped with gal l im could still be described by the  STR 

theory  i f  t h e  s o l u t e  d i s t r i b u t i o n  were perturbed somewhat by t h e  i n t e r f a c e  

curvature.  As w a s  the case for the InSb, they found no evidence of t he  growth 

s t r i a t i o n s  which were found i n  the  Earth grown samples. In a d i f f e r e n t  Skylab 

experiment (M563) , ( 5 )  Wilcox attempted the  s o l i d i f i c a t i o n  of t h e  compound 

semiconductor In( Ga Sb. Resul tan t  c r y s t a l s  a l l  exh ib i t ed  p r o p e r t i e s  which 

ind ica t ed  uns tab le  growth, probably due t o  uncontrolled growth rates and 

inadequate  temperature g rad ien t s .  Gatos and W i t + ,  showed t h a t  t he  growth rate 

dur ing  the ASTP experiments were c o n s t a n t l y  changing when t h e  ho t  zone of t h e  

furnace  was ramped down at  a constant rate. The same procedure was used i n  

Perhaps the  most informative set of experiments in t h i s  area have 

In the  Skylab experiments on InSb, they found no evidence of 

I n  

In 

They found an asymmetric i n t e r f a c e  shape which they could on ly  

This 
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the Skylab experiments; therefore, the growth rates =re most likely 

continuously changing in these tests also. Walter (Exp # M560)(1) 8rw IaSb 

in a containerless configuration and found that the crystals grew with a 

faceted surface. In contrast to the Gatos and Witt experiments, doping 

striations were found in these crystals. 

has been given for these different results. 

No generally accepted explanation 

2.2 Therrnosolutal Convection 

Free convection is mass transport induced in a fluid when density 

differences exist in the presence of an acceleration field (e.g., gravity). 

In a binary or multicomponent semiconductor materials system, the density of 

the liquid phase is a function of temperature and composition. 

from temperature and compositional variations (thermosolutal convection) wlll 

always be present in crystal growth from a melt in a 1-g environam&. (6) The 

extent to which it will play a role in the low gravity environment has yet to 

be established. Theoretical calculations using numerical techniques indicate 

that it will play a significant role in space processing; however, the 

experiments of Gatos and Witt seem to indicate that convection is not a 

controlling mechanism of the segregation in their samples. However, results 

from other space experiments seem to imply that convection is taking 

place. (l) 

a1.(8) show that D curved interface shape will affect the solute distrlbution 

as suggested by Gatos and Witt. 

Motion arising 

Recent calculations by Coriell and Sekerka(7) (CS) and Catlson et 

3. EXPERIMENT 

3.1 - MEA and the GPRF 

The Materials Experiment Apparatus (MEA) is shown in figure 1. 

self-contained structure serves as a carrier for up to four experiment 
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packages and provides power, sequencing, control, data acquisition and heat 

rejection. Its purpose is to allow relatively simple experiments to be 

carried out during Shuttle flights on a space available basis. 

experimental packages scheduled for the STS-15 flight will contain a CPRF with 

a capability of achieving temperatures in excess of 1000° C. A schematic of a 

furnace module contained in this facility is shown in figure 2. There are 

three heaters in the furnace and a water-coo:ed heat extractor which contacts 

the end of the cartridge. The software is programmed to bring the separate 

heaters to any desired temperature. 

will allow the movement of a particular isotherm down the length of the 

furnace at a fixed rate. In the Skylab and ASTP furnace, which had a hot 

zone, a heat leveller region and a cold zone, the hot zone of the furnace was 

ramped down at a constant rate. The data of Gatos and Witt showed that this 

resulted in a continuously varying growth rate that increased monotonically 

throughout the controlled growth time frame. The effects of a varying growth 

rate and temperature gradient on crystal composition will be discussed in a 

later section of this paper. 

3.2 Description of the Experiment. 

One of the 

Careful selection of temperature profiles 

The purpose of this experiment is to determine the effects of gravity 

driven convection upon the growth by directional solidification of a compound 

semiconductor. This is to be done by comparing the compositional distribution 

of a sample which has been directionally solidified in the low-g environment 

of space with that of a sample similarly grown in the I-g environment of 

Earth. The material chosen for this crystal growth was lead-tin-telluride 

(LTT). LTT I s  a compound semiconductor that can be considered a binary 

mixture of lead-telluride molecules and tin-telluride molecules. The 

pseudobinary phase diagram shows that the two materials are fully 
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miss i c ib l e .  A mixture of 20% t i n - t e l l u r i d e  and 80% l e a d - t e l l u r i d e  was chosen 

f o r  chis experiment. 

temperature range around 900' C, d i c t a t e s  t he  temperature a t  which t h e  

This choice of material, which s o l i d i f i e s  i n  a 

g r a d i e n t s  i n  the  GPRF should be determined. The themnophysical p r o p e r t i e s  of 

t h e  material which are important f o r  t he  t h e o r e t i c a l  c a l c u l a t i o n s  have 

r e c e n t l y  been measured. ( 6 )  

grown i n  t h e  Ear th ' s  g r a v i t y  f i e l d  and cannot be grown without convection. 

LTT io s u b j e c t  t o  thenuosolu ta l  convect ion when 

If 

no convection were present  t h e  percentage of t i n  along the growth a x i s  of t h e  

c r y s t a l  should be approximately t h a t  shown by t h e  d i f f u s i o n  c o n t r o l l e d  growth 

curve (Fig. 3). If the m e l t  is f u l l y  mixed durfng growth, t he  composi t ional  

p r o f i l e  should look l i k e  t h e  mixed curve which is t h e  normal f r eez ing  curve in 

the  theory f i r s t  proposed by Pf ann. (9) 

r e s u l t s  would l ie  somewhere between these  two cases. 

p r o f i l e  could a l s o  be a f f e c t e d  by o t h e r  f a c t o r s  such as c o n s t i t u t i o n a l  

I f  some convect ion is presen t ,  t h e  

The composi t ional  

supercooling, i n t e r f a c e  curva ture ,  asymmetric temperature g r a d i e n t s ,  varying 

growth rates, and perhaps even Marangoni convection. To minimize t h e  e f f e c t s  

of t hese  f a c t o r s ,  i t  I s  e s s e n t i a l  t o  optimize t h e  choices  of parameters such 

as temperatue g r a d i e n t ,  growth rate, and thermal coupl ing between the  furnace  

and the  sample. 

3.3 Ground Based Tes ts .  

The s u i t a b i l i t y  of the GPRF as a d i r e c t i o n a l  s o l i d i f i c a t i o n  furnace had 

t o  be evaluated. To do t h i s ,  the  f i r s t  ques t ion  t o  be answered was whether 

t h e  furnace is capable of producing a s u f f i c i e n t l y  high temperature g rad ien t  

t o  avoid c o n s t i t u t i o n a l  supercool ing i n  LTT. It is then imi wLant  t o  know if 

t h e  t h r e e  zones of the furnace can be c o n t r o l l e d  t o  maintain 8 s t a b l e  

temperature g rad ien t  a t  the so: d i f i c a t i o n  i n t e r f a c e  while moving the 

s o l i d i f i c a t i o n  temperature isotherm down the  l eng th  of t he  f u n a c e  a t  a 
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cons tan t  rate. It is a l s o  important t o  know the  r a d i a l  thermal g r a d i e n t s  f o r  

a sample i n  a f l i gh t - type  conf igura t ion .  

3.3.1 Boron N i t r i d e  Sample - 
Since  the  f a b r i c a t i o n  of a LTT sample is q u i t e  time consumming and the 

sample can only be s o l i d i f i e d  once without the r i s k  of ampoule breakage (which 

could r e s u l t  i n  cor ros ion  of t h e  i n t e r i o r  of t he  furnace) ,  i t  was decided t o  

make most of t he  c h a r a c t e r i z a t i o n  tests with r e l a t i v e l y  i n e r t  materials which 

have similar thermal charactetiscics t o  the  LTT. The f i r s t  series of tests 

were ca r i ed  out on a boron-ni t r ide (BN) sample which contained six 

thermocouples (Fig. 4). 

thermocouples (TC's) t o  measure the  axial temperatures i n  a hole  d r i l l e d  down 

t h e  center .  The c o n t r o l s  f o r  the ho t  zone and the middle zone of t h e  furnace  

were set a t  1000° C and allowed t o  s t a b i l i z e .  The temperatures of a l l  of t h e  

TC's were then recorded and the  temperature of t he  middle zone was ramped down 

i n  5' C increments and allowed t o  s t a b i l i z e  before  t h e  next  set of TC d a t a  was 

recorded. The a x i a l  thermal g r a d i e n t s  i n  the  furnace  were obtained from these 

da ta  and were found t o  be near 20' C/cm i n  the temperature range near 900' C 

(Fig. 5 ) .  

t h r e e  zones and a thermal conduc t iv i ty  of 0.3 W/cm-T: i n  the d i r e c t i o n  p a r a l l e l  

t o  press ing  and 0.2 W/cm-C i n  the  perpendicular d i r e c t i o n ,  t he  temperature 

p r o f i l e s  of the furnace f o r  the a x i a l  cen te r  p o s i t i o n  and along the o u t s i d e  

edge of the sample were ca l cu la t ed  using the thermal model developed by 

Carlson. This c a l c u l a t i o n  modeled the furnace i n  two d i f f e r e n t  ways. The 

f i r s t  was t o  have t h r e e  d i s c r e t e  zones of cons tan t  furnace wall temperature 

and the second was t o  use the s e t p o i n t  temperatures of t he  t h r e e  zones and 

c a l c u l a t e  a temperature p r o f i l e  alonk the wall of t he  furnace. Using t h e s e  

p r o f i l e s ,  the ca l cu la t ed  temperatures were compared t o  those measured by t h e  

7 

The sample was a s o l i d  rod of BN con ta in ing  s i x  

Using temperatures measured by the c o n t r o l  thermocouples f o r  t he  



TC's. These c a l c u l a t i o n s  ind ica ted  t h a t  the  r a d i a l  g r a d i e n t s  were of an 

acceptab le  l e v e l  ( < 3' C/cm) t o  go t o  t he  next set of eva lua t ion  tests. 

3.3.2 Fused-Silica Sample. 

The next sample t o  be t e s t e d  was a fused s i l i ca  (FS) with s i x  TC's placed 

I n  the  pos i t i ons  shown i n  f i g u r e  6. This sample was used t o  measure both 

r a d i a l  and a x i a l  temperature p ro f i l e s .  Fused s i l i ca  has a thermal 

conduct iv i ty  of about 2.1 X W/cm-C which is more comparable to  LTT (3.2 X 

W/cm-C f o r  the  s o l i d  and 6.5 X W/cm-C for the  l i qu id ) .  The thermal 

g r a d i e n t s  for the  FS were about 40' C/cm f o r  the  a x i a l  g rad ien t s  and about 4' 

C/cm f o r  the r a d i a l  g rad ien t s  i n  the  c o o l e r  zone of the  furnace.  

shows t y p i c a l  temperature measurements f o r  the  TC's i n  t h i s  sample. I n  t h i s  

case the  con t ro l  TC's f o r  a l l  t h ree  zones of the  furnace were set f o r  1000° C 

and allowed t o  s t a b i l i z e .  The temperature of the  cold zone was then s tepped 

down i n  5' C increments u n t i l  i t  no longer  had a n  e f f e c t  on the  temperature 

d i s t r i b u t i o n ,  i.e., the  temperatures In  the  sample were con t ro l l ed  only by the  

two upper zones with no power input  t o  the cold zone. The temperature of t he  

middle zone was then stepped down i n  !io C increments u n t i l  it s i m i l a r l y  had no 

e f f e c t .  F ina l ly ,  the  temperature of the  hot zone was ramped down untL1 TC #4 

w a s  much less than 900' C. 

i n  the  sample was ca l cu la t ed  from a simple curve f i t  between the  d a t a  

poin ts .  

each change i n  furnace s e t t i n g  was ca lcu la t ed  and p lo t t ed  as a func t ion  of the  

set point  temperaitire of the c o n t r o l l i n g  h e a t e r  zone. For these  temperature  

g r a d i e n t s  the growth rate needed t o  avoid c o n s t i t u i o n a l  supercool ing i n  LTT is 

about 3.36 cm/hr. A time t a b l e  was then deduced from this  p l o t  t o  program the  

sof tware  t o  con t ro l  the  set po in t s  f o r  the var ious  furnace zones such t h a t  a 

cons tan t  rate of movement would be obtained f o r  the  900' C temperature.  
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From t h i s  a change i n  the x pos i t i on  of the 900' C temperature f o r  



Figure 8 shows a por t ion  of t h e  curve f o r  the  900' C p o s i t i o n  as a 

func t ion  of time taken from the  d a t a  obtained when the  time program was run. 

As is seen i n  t h a t  f i g u r e ,  the  rate i n  t h i s  p a r t  of t h e  furnace is very n e a r l y  

cons tan t  as was the  case over  t h e  e n t i r e  range covered by t h e  thermocouples. 

This d a t a  is prel iminary and more v e r i f i c a t i o n  tests are needed. 

of runs on the  fused s i l i ca  sample w i l l  be with the  TC's posi t ioned in t h e  

upper end of the sample t o  determine t h e  thermal p r o f i l e s  i n  t h e  upper end of 

the furnace.  

t h e  Carlson program and compare t h e  r e s u l t s  t o  confirm t h e  v a l i d i t y  of t h e  

t h e o r e t i c a l  c a l c u l a t i o n s .  

3.3.3 Lead-Tin Tel lur ide  Samples. 

The next  set 

The next s t e p  w i l l  be to c a l c u l a t e  the thermal p r o f i l e s  using 

F i n a l l y ,  a series of samples of LTT such as t h a t  shown i n  f i g u r e  9 W i l l  

be t e s t e d  as f i n a l  v e r i f i c a t i o n .  Prel iminary tests on a sample such as t h i s  

showed t h a t  t h e  furnace is capable of producing t h e  required temperature 

g r a d i e n t s  i n  LTT. 

4. FURNACE PERTURBATION ANALYSIS 

It was shown by Gatos and W i t t  t h a t  the  growth rate and the thermal 

g r a d i e n t s  i n  the  Skylab and ASTP furnace were cons tanr ly  changing. Those 

kinds of complications are being minimized i n  these tests. However, to  a 

c e r t a i n  e x t e n t  they a r e  unavoidable, and i t  is important t o  examine t h e  

inf luence  they might have on the  experiment. Successful  experimental  

condi t ions  requi re  a constant  growth rate of the  c r y s t a l .  Growth occurs  when 

t h e  l i q u i d u s  temperature,  TI, advances from a given axial  p o s i t i o n ,  Z1, t o  an  

ad jacent  p o s i t i o n ,  Z1  + dz, down the  ampoule i n  a f i n i t e  time, a t .  
f o r  t h i s  t o  occur t h e  temperature a t  

time d t ,  where G is *tie temperature grad ien t  a t  the  i n t e r f a c e .  That is: 

In  o r d e r  

Z1 + dz must drop by an amount, Gdz i n  

9 



dT dz 
d t  - =  -G= 

The growth rate, R, defined as 

r = dT/dt, is the rate a t  which the  temperature of a given p o s i t i o n  I s  

changed. Hence, the growth rate is c o n t r o l l e d  by both the temperature 

g rad ien t  and the rate a t  which the furnace is cooled. 

d z / d t ,  is then equal  t o  r / G ,  where 

Changes i n  e i t h e r  the temperature  g rad ien t  or the  cool ing  rates w i l l  

produce undes i rab le  changes i n  the growth rate. 

cooling rates between two po in t s  w i l l  produce a time dependent temperature 

g rad ien t  change between those poin ts .  

Furthermore a change i n  

The cLange i n  furnace cond i t ions  t h a t  w i l l  be considered are as follows: 

AGO = e r r o r  i n  temperature g rad ien t  due t o  poss ib l e  d i f f e r e n c e  i n  t h e  

thermal con tac t  between the  ampoule and the hea t  s ink  from run t o  run. 

( i .e .  

a c t u a l l y  achieved i n  a run ) ,  and 

Ari = a s tep change i n  the  temperature rate of chakige i n  t h e  material a t  t h e  

p o s i t i o n  of t h e  ith thermocouple. 

AGO represents a d i f f e r e n c e  i n  the a n t i c i p a t e d  g rad ien t  from t h a t  

Var i a t ion  i n  the  temperature rate of change may arise due t o  changes i n  

thermal contac t  betwaen the sample, the ampoule and/or the c a r t r i d g e  as w e l l  

a8 from an  unce r t a in ty  i n  the e f f e c t  t h a t  changing the furnace temperature 

w i l l  have on the  sample temperature. The e f f e c t s  t h a t  AGO and Ari w i l l  

have on the g rad ien t  and temperature rate of change between the  ith and ith + 
1 pos i t i on  are: 

A t i  A t  
dG AGO - - z (2 )  

and 
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where A t  = the  time a f t e r  the rate change, Ari occurred 

z = d i s t a n c e  f r m  the ith p o s i t i o n  

2 = d i s t a n c e  between t h e  ith and ith + 1 p o s i t i o n s  

Using equat ions ( 2 )  and ( 3 1 ,  the  e f f e c t  of the  changes i n  G an4 t 01. 

growth rate can be ca lcu la ted  by taking the  t o t a l  d i f f e r e n t i a l  of 

This can be shown t o  be: 

R. 

1 d R 5 - L & l - -  z - R E )  A r i + R A G o  
G 2 2 (4) 

Likewise the s t a b i l i t y  of the  c o n s t i t u t i o n a l  supercool ing condi t ion  (CSC) I s  

ca lcu la ted  t o  be: 

Therefore ,  it can be seen t h a t  both the growth rate and t h e  i n t e r f a c i a l  

s t a b i l i t y  ae determined by the CSC a r e  d i r e c t l y  afi 'ected by per turba t ions  t o  

t h e  temperature grad ien t  and t h e  rate of cool ing i n  t h e  furnace.  This p o i n t s  

out  the importance of knowing the values  f o r  G and r during the  growth and 

t h e  importance of minimizing any per turba t ions  t h a t  may occur duri.lg the  

f l i g h t  experiment. 

5 .  CONCLUDING ReEuRKS - -. 
Prel iminary tests have shown t h a t  i t  is poss ib le  t o  c o n t r o l  the  

temperature s e t t i n g s  i n  the GPW i n  such a manner as t o  obta in  a confltant r a t e  

11 



of movement of a hidh temperature isot'term down t h e  l eng th  of the  furnace. 

These tests also showed t h a t  a temperature krqdien t  on the  o rde r  of 40' C/cm 

could be obtained i n  the  furnace while moving the  p a r t i c u l a r  i s o l h e m  of 

i n t e r e s t ,  i .e., 900' C. This provides the  p o s s i b i l i t y  of performing 

d i r e c t i o n a l  s o l i d i f i c a t i o n  experiments i n  t he  furnace on a MEA f l i g h t  i n  t h e  

l o w  g r a v i t y  environment provided by t h e  Shut t le .  Fur ther  tests w i l l  be 

requi red  to  determine the  temperature profile, :  and t te  control parameters 

required €or the  l ead - t in - t e l lu r ide  material which has  been chosen as t h e  

ma te r i a l  t o  be inves t iga ted .  F i n a l l y ,  a func t iona l  dependency of t he  growth 

rate on per tu rba t ions  during the  growth has  been d e r i \ e d  snd shows t h e  

importance of avoiding non-steady growth rates and changing temperature 

grad ien ts .  
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