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SPACE PROCESSING OF ELECTRONIC MATERIALS 

1. In t roduc t i on  

The major t h r u s t  o f  the e l e c t r o n i c  mater ia ls  program a t  the Space 

Science Laboratory i n  the past year  has been toward the  bu lk  growth 

o f  s o l i d  s o l u t i o n  a l l oys  of mercury t e l l u r i d e  and cadmium t e l l u r i d e .  

These a l l o y s  are usua l l y  descr ibed by the formula Hgl_,CdxTe, and a re  

usefu l  fqr the ccrnstruction o f  i n f r a r e d  detectors.  The e lec t ron i c  

energy band gap can be con t ro l l ed  between zero and 1.6 e l ec t ron  v o l t s  

by ad jus t ing  the composition x. The most useful mate r ia ls  a re  a t  

x GO%, su i t ab le  f o r  de tec t ing  wavelengths o f  about 1 0 ~  meters. The 

problems o f  grohing l a rge  c r y s t a l s  a re  rooted i n  the  wide phase diagram 

o f  the HgTe-CdTe pseudobinary system which leads t o  exaggerated segre- 

ga t ion  i n  f reezing, c o n s t i t u t i o n a l  supercooling, and o the r  d i f f i c u l t i e s ,  

and i n  the h igh  vapor Fressure af mercury a t  the  growth temperatures, 

which leads t o  loss  o f  s to ich iometry  aod t o  the necess i ty  o f  working 

i n  strong, pressure r e s i s t a n t  sealed containers. S e ~ e r a l  excel lent;  

reviews of the s ta te -o f - the-a r t  a t  the  beginning o f  t k  cont rac t  

per iod  are avai lab le ,  and so -le i s  o f f e r e d  here. (See, f o r  example, 

W i  l l a rdson  and Beer, e d i t o r :  "Mercury Cadimum T e l l  u r i  de" , Semi - 
conductors and Semimetals, Vol. 18, Academic Press, New York 1981). 

Among the puzzles associated w i t h  Bridgman growth o f  HgCdTe are 

two toward the s o l u t i o n  o f  which subs tan t ia l  progress has been made 

dur ing the contr6;t per iod. The f i r s t  i s  the f a i l u r e  of  thermal 

models t o  ~ r e d i c t ,  even q u a l i t a t i v e l y ,  the shape o f  the l i q u i d - s o l i d  

i n t e r f a c e  dur ing c r y s t a l  growth. Second i s  the occasional unexplained 
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rupture a t  low temperature o f  ampoules which have s a t i s f a c t o r i l y  wi th-  

stood much higher temperatures and pressures. These ruptures have 

been ca l l ed  "benign", because the charge i s  general ly s o l i d  and the 

rupture energy i s  low, bu t  nevertheless they d e f i n i t e l y  terminate any 

fur ther  work w i t h  the ampoule. The two p r i nc ipa l  research areas, 

thermal conduct iv i ty  and molar vol ilme studies, have cast s ign i  f;cant 

l i g h t  on these mysteries. 

2. Thermal Conductivity 

The thermal conduct iv i ty  o f  HgCdTe s o l i d  and me1 t s  may wel l  be 

s t m n g l y  dependent on temperature, varying as much as an order o f  

magnitude. I f  t h i s  i s  the case, and i f  the mel t  conduct iv i ty  i s  higher 

than t h a t  o f  the c rys ta l ,  then the behavior o f  the mel t  growth face 

shape would be i n  p a r t  explained. 

Since HgCdTe melts must be contained i n  strong sealed s i l i c a  

ampoules, i t  i s  d i f f i c u l t  t o  make loca l  temperature measurements i n  

them, and so d i r e c t  measurements o f  thermal conduct iv i ty  are d i f f i c u l t .  

Fortunately an a1 te rna t ive  ex is ts :  the thermal d i f f u s i v i  t y  can be 

measured withogt precise measurement o f  temperature, and t h i s  can be 

used t o  calculate the thermal conduct iv i ty.  The d i f f u s i v i t y  i s  given 

by 

i n  which p i s  the density, already known w i t h  high precision, C i s  
P 

the spec i f i c  heat which can be reasonably accurately estimated on 
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theore t ica l  grounds, and k i s  the thermal conduct iv i ty .  The dimensions 

o f  d i f f u s i v i t y  are 

[&I = 
[length]' 
[ t ime]  

and so i n  p r i n c i p l e  the measurement o f  a call be reduced t o  a "scale and 

stopwatch" e f fo r t  i n  which the container does not  in ter fere.  

Thermal d i  f f us i v i  t y  measurements can be reduced t o  two classes : 

the Angstrom method and the pulse method. I n  the Angstrom nethod c 

long t h i n  rod i s  heated pe r iod i ca l l y  a t  one end, and the resul t i n s  

hedt waves are monitored as they t rave l  along the rod. The phase s h i f t  

over a measured length between two sensors i s  determined, and from 

t h i s  the t ime and length are obtained t o  compute a. I n  the pulse 

heating measurements a t h i n  f l a t  place i s  heated by a f l a s h  lamp o r  

laser  pulse on one side, and the resu l tan t  temperature r i s e  on the 

opposite face i s  timed. The thickness o f  the stimple i s  the length used 

i n  ca lcu la t ing  a. Both o f  these methods are under study, and i n d i -  

cat ions are t h a t  e i t h e r  can give good resu l ts .  The Angstrom method 

theory has been worked out  f o r  the case o f  HgCdTe melts i n  long fused 

s i l i c a  tubes w i th  t h i c k  wal ls,  but  no hardware has as y e t  been b u i l t .  

Since the f l ash  heat ing system seemed c loser  t o  f r u i t i o n ,  hardware 

development e f f o r t  was concentrated i n  t h i s  area. 

A method f o r  making strong, t h i c k  wal led fused s i l i c a  c e l l s  w i th  

f l a t  windows was developed under a previous contract  and i s  described 

i n  the Final Report f o r  NASA Contract N,AS 8-32920. During the present 

contract  period an improvemer~t has been made i n  the management of the 
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window po l ish ing  system so t h a t  the production o f  f i n i shed  windows i s  

g rea t l y  increased. The windows are now pol ished i n  sets o f  three, and 

as soon as only  two are su f f i c i en t l y  f l a t  and smooth they are 

"harvested". The t h i r d  i s  saved and subsequently f i n i shed  w i t h  two 

others s i m i l a r l y  saved. I n  t h i s  way prot racted overpol ishing o f  the 

f i r s t  wirtlows i s  avoided, which saves time and a lso g rea t l y  reduces the 

r i s k  o f  inadvertent scratching. 

A serious problem was encountered w i t h  cracks which appeared i n  

the c e l l s  a f t e r  loading. I t  was c lea r  ea r l y  i n  the program t h a t  the 

c e l l s  were s u f f i c i e n t l y  strong t o  withstand the vapor pressure of 

mercury encountered during the h igh temperature phase o f  react ing and 

homogenizing the charge. Nevertheless, wlre;l near ly  bu t  not  qu i te  a l l  

o f  the c e l l s  were examined a f t e r  cooling, cracks were observed i n  the 

plane o f  and extending outward f r o m  the edges o f  the c e l l  cav i ty .  This 

cracking reduced the t o t a l  y i e l d  o f  c e l l s  t o  less  than 10% o f  those 

loaded. Figure 1 shows a c e l l  w i t h  a t yp i ca l  crack. 

During the molar volume pro jec t ,  t o  be described below, i t  was 

found t h a t  the vclume o f  s o l i d  HgCdTe i s  gr2ater  than t h a t  o f  the melt .  

Furthermore i t  w ~ s  observed tha t  when solut ions of CdTe i n  HgTe begin 

t o  freeze, the CdTe r i c h  so l i ds  which f i r s t  form f l o a t  very qu ick ly  t o  

the top. I n  t h i s  way a slow freeze, o r  several quick freeze cycles 

enrick1 the top o f  the charge i n  CdTe. This i n  t u r n  resu l t s  i n  a higher 

i i qu idus  temperature a t  the top o f  the charge, so t h a t  i n  a uniform 

f i e l d  o f  decreasing temperature, f reezing s t a r t s  from the top down. 

When t h i s  happens i n  a thermal d i f f u s i v i t y  c e l l ,  the neck between the 

c e l l  cav i t y  and the stem i s  plugged w i t h  s o l i d  whi le  the cav i t y  i s  
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i s  s t i l l  f i l l e d  w i t h  l i q u i d .  As t h i s  l i q u i d  freezes i t  must expand, 

and as the escape t o  the stem i s  nc. blocked, the faces o f  the c e l l  

cav i t y  are pushed apart w i t h  great force but l i m i t e d  possible displace- 

ment. I n  t h i s  way cracks are s ta r ted  which propagate f o r  a shor t  

distance but  stop before reaching the outside o f  the  c e l l .  

Once t h i s  was understood i t  becdme c lea r  t h a t  a rap id  freeze, from 

the bottom o f  the c e l l  upward i n t o  the stem i s  essent ia l .  During 

cool ing the c e l l  must stay between the l i qu idus  and sol idus temperatures 

for  as shor t  a time as possible so as t o  l i m i t  segretat ion o f  CdTe, 

and mater ia l  i n  the neck o f  the c e l l  must remain l i q u i d  u n t i l  t h a t  i n  

the c e l l  cav i t y  i s  completely frozen. A method has been worked out 

(see Figure 2)  which provides a d i rec t i ona l  quench a f t e r  homogenizat'on 

i n  the rocking furnace. The c e l l  i s  completely wrapped i n  ceramic 

f i b e r  i nsu la t i on  except fo r  a small surface a t  the very bottom. I t  i s  

then placed i n  the rocking furnace and heated w i t h  the stem down, so 

t h a t  the charge does not  enter  the c e l l  u n t i l  r e a c t i ~ n  and homo- 

genizat ion are complete. Homogenization i s  accomplished by rocking i n  

which the rocking furnace i s  l i m i  ted a t  the hor izonta l  by a stop so 

t h a t  mel t  cannot pass i n t o  the c e l l .  A f te r  an hour o f  t h i s  process the 

furnace i s  rotated t o  the v e r t i c a l  w i t h  the c e l l  stem up and the c e l l  

i s  charged. The c e l l  i s  then lowered t o  the end o f  the rocking furnace 

tube t o  expose i t s  uncovered bottom surface, and i s  chi1 l e d  by a j e t  o f  

co ld  a i r .  

I n  t h i s  way a serioes o f  e igh t  c e l l s  cas iaaded a t  the end of  the 

contract  period w i th  a lo@% y i e l d .  
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Cel ls  w i th  the fo l low ing charac ter is t i cs  have been sent t o  the 

Thermophysical Properties Research Laboratory a t  Purdue Un ivers i ty  fo r  

measurement: 

Sodi dus 
( c) 

70 7 

6 70 

679 

689 

727 

70 7 

670 

679 

Thickness 
(mm) 

1.371 

1.797 

Prel iminary ind ica t ions  are t h a t  good measurements o f  therma. 

d i f f u s i v i t y  can be made h.  t h  these ce l l s .  The thermal conduct iv i ty  of 

the mel t  appears t o  r i s e  rap id l y  w i t h  temperature i n  a way t h a t  may 

expla in c m p l e t e l y  the f a i l u r e  o f  our o lder  thermal models. 
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3. Molar Volume 

During the contract per iod a large e f f o r t  has gone i n t o  the measure- 

ment o f  the molar volume o f  HgCdTe a l l oys  as a funct ion o f  temperature. 

This work i s  an outgrowth of Dr. Hol land's 1980 observation t h a t  the 

density o f  HgTe melts i s  higher than tha t  o f  the so l i d ,  and t h a t  i n  

f a c t  the maximum density i s  a t  a temperature ' l . 5 0 ~ ~  above the mel t ing 

point .  The e f f e c t  i s  associated w i t h  the change i n  chemical bond from 

the covalent bond charac ter is t i c  o f  th2 zincblende type sol i d  semi - 
conductor t o  the more m e t a l l i c  nature o f  the melt. Since HgTe d is -  

sociates t o  a considerable extent  i n  the me1 t, the mel t  has i n  f a c t  

many charac ter is t i cs  which would be expected o f  d i l u t e  metal 1 i c  

mercury, such as the high thermal d i f f u s i v i t y  mentioned i n  the previous 

sect ion o f  t h i s  repor t .  

The experimental procedure i s  based on ampoules w i t h  a 10 mn I .D. 

body about 10 cm long and a 5 mn I .D. stem o f  about the same length. 

These ampoules are loaded w i t h  HgCdTe o f  various compositions and i n  

such an amount t ha t  when they are heated i n  a v e r t i c a l ,  stem up 

posi t ion,  the me1 t meniscus i; somewhere about midway up the stem. 

The stems have witness marks made by welding around thzm a fused 

s i l i c a  f i b e r ,  and thus the ampoule might be thought a f  as a ther -  

mometer w i t h  a very la rge  c a p i l l a r y  bore and only  one mark on the 

temperature scale. The ampoules are heated i n  a furnace which has a 

semitransparent gold f i l m  on glass m i r r o r  t o  contain the i n f ra red  

rad ia t i on  whi le  a t  the same time permi t t ing  v isual  observation o f  the 

i n t e r i o r .  A cathetometer w i t h  a 2 x telescope i s  posit ioned so as t o  
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measure the meniscus height  r e l a t i v e  t o  the witness mark. A change i n  

r ~ ~ n i s c u s  height  m u l t i p l i e d  by the stem bore area gives a change i n  

vi!lume, and so the thermal volume expansion o f  the l i q u i d  can be 

c a l c u l ~ t e d .  

F i g w e  2 i s  a graph o f  a t yp i ca l  data run. Note tha t  during 

heating the  meniscus i s  high and moves up and down i r r e g u l a r l y .  This 

i s  because dur ing heat ing the mercury vapor pressure i n  the vapor 

space above the mel t  increases rapid ly ,  and the necessary mercury 

must come out o f  the melt. Since the process i s  too rap id  f o r  

d i f f u s i o n  t o  supply, bubbles of mercury vapor form i n  the me1 t ,  r a i s -  

i n g  the meniscus l eve l  . When these bubbles r i s e  t o  the top o f  the 

mel t  and break, the meniscus then drops again. During cool ing the 

complementary process '; a " r , ~ i n "  o f  mercury, which does no t  s i g n i f i -  

cant ly  a f f e c t  the meniscus, and so a smoothe curve resu l ts ,  from which 

r e l i a b l e  thermal expansion f igures  may be calculated. Note a lso tha t  

f reezing i s  no t  complete a t  the  sol idus temperature. The l a s t  t o  

freeze i s  Cd depleted. 

I t  has been very reveal ing t o  biatch the actual f reezing process 

as i t  happens i n  the ampoule. I f  HgCCTc a l l oys  a r t  he ld  between the 

sol idus and l i qu idus  temperatures, then CdTe r i c h  so l i ds  form. These 

are qu i te  bouyant, no t  only  because Cd i s  l i g h t e r  than Hg, but a lso 

because the s o l i d  molar volume i s  larger .  That these so l i ds  f l o a t  

t o  the top i s  read i l y  v i s i b l e  i n  the transparent furnace, as the 

meniscus roughens w i th  s o l i d  p a r t i c l e s  pro jec t ing  through i t .  I f  

freezl,.g then continues, a sol  i d  p lug forms a t  the top o f  the me1 t. 
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Further cool ing resu l t s  i n  expansion o f  the mater ia l  below the plug. 

I f  the  p lug  cannot s l i d e  upward, then usual ly  a r ibbon o f  sol i d  i s  

extruded through a hole i n  the center o f  the plug, o f ten  fol lowed 

by the "benign" rupture of the ampoule body. I n  these ruptures the 

I 
ampoule s p l i t s  down the side and there i s  some mercury l o s t  as vapor, 

bu t  most o f  the s o l i d  i s  retained. The ampoule mater ia l  stays w i th  

i t  and does no t  shat ter .  

4. Other Work i n '  the Laboratory 

During the contract  per iod the rocking furnace was completely 

r e b u i l t  using a new furnace muff le made by Ohio Thermal Corp. t o  our 

design. F ix tures were added t o  lock  the furnace i n  a va r ie t y  o f  

pcs i t ions  f o r  loading and cast ing, and steps were made so t h a t  the 

furnzce swing could be l i m i t e d  a t  the h o r i z c i t ? l  pos i t i on  f o r  homo- 

genizing the thermal d i f f u s i v i  t y  c e l l  charges. 

The new ampoule loading d i s t i l  l a t i o n  a;paratus i s  nearing 

completion. The vacuu~n system i s  complete and leak t i g h t ,  the heater 

i n s t a l  l e d  and operational, and the mechanical scanning system 

operating. The only  remaining i tem t o  be i n s t a l l e d  i s  the shut te r  

which separates the ampoule from the evaporator during the pre- 

1 iminary outgassing process. 

Dr. Holland attended the Gordon Conference on c rys ta l  growth a t  

Plymouth, NH, i n  Ju l y  1982. 
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