
CHAPTER I

INTRODUCTION AND O BJEC TIV ES

A b r i e f  h i s t o r i c a l  d i s c o u r s e  ๐ ท g r a y  t i n ,  w h y  g r a y  t i n  i s  

i n t e r e s t i n g ,  s o m e  r e c e n t l y  e x p e r i m e n t a l  r e s u l t s ,  w h y  t h e  a u t h o r  

p r o p o s e d  t h e  l i q u i d  p h a s e  e p i t a x y  (L P E ) o f  g r a y  t i n  o n  i n d i u m  

a n t i m o n i d e ,  a n d  a  b r i e f  su m m a r y  o f  r e s u l t s  a r e  p r e s e n t e d  i n  t h i s  

c h a p t e r .

T i n ,  t h e  e l e m e n t  t h a t  l i e s  b e l o w  g e r m a n iu m  i n  t h e  p e r i o d i c  

t a b l e ,  i s  t h e  e n d  m em b er  o f  t h e  s e r i e s  ( c a r b o n ,  s i l i c o n ,  g e r m a n iu m ,  

t i n )  w h i c h  h a s  t h e  c r y s t a l  s t r u c t u r e  s i m i l a r  t o  d ia m o n d  b u t  o n l y  a t  

t e m p e r a t u r e s  b e l o w  1 3 . 2  c c a l l e d  g r a y  t i n .  T h e  f a c t  t h a t  m e t a l l i c  t i n  

( w h i t e ,  (3 -S n )  m a y  t r a n s f o r m  t o  t h e  s e m i c o n d u c t i n g  m o d i f i c a t i o n  ( g r a y ,  

a - ร ท )  a f t e r  e x p o s u r e  f o r  l o n g  p e r i o d s  a t  - 2 0  t o  - 7 0  c i s  w e l l  k n o w n  

p e r h a p s  e v e n  i n  a n t i q u i t y . ( 1 )  A p o c r y p h a l  t a l e s  r e l a t i n g  t h e  w o e s  

s u f f e r e d  a s  a  r e s u l t  o f  t h i s  t r a n s f o r m a t i o n  a r e  l e g i o n .  F o r  e x a m p l e ,  

i t  i s  s a i d  t h a t  N a p o l e o n ’ s  r e t r e a t  f r o m  M o sc o w  w a s  s e r i o u s l y  im p e d e d  

b y  t h e  f a c t  t h a t  t r o u s e r  b u t t o n s  m a d e  o f  t i n  w e r e  r e g u l a r  i s s u e  t o  h i s  

a r m y .  T h e r e  w e r e  r e p o r t s  o f  t h e  d e t e r i o r a t i o n  o f  a n c i e n t  t i n  

a r t i f a c t s ,  w h e n  s u b j e c t e d  t o  p r o l o n g e d  s t o r a g e  i n  u n h e a t e d  m u s e u m s .  

S u c h  p h e n o m e n o n  i s  k n o w n  a s  t i n - p e s t  o r  m u seu m  d i s e a s e ,  a s  o n e  

p a r t i a l l y  t r a n s f o r m e d  i t e m  m ay  " i n f e c t "  a n  a d j o i n i n g  o n e .
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I n  1 8 5 1  E r d m a n n  r e p o r t e d ( 2 )  o n  t h e  f a i l u r e  o f  t i n  o r g a n  p i p e s  

a s  a  r e s u l t  o f  t h e  g —> a t r a n s f o r m a t i o n .  T h i s  w a s  t h e  f i r s t  

s c i e n t i f i c  r e p o r t  o f  t h e  e x i s t e n c e  o f  a  l o w  t e m p e r a t u r e  m o d i f i c a t i o n  

o f  t i n .  T h e  d i s c o v e r y  i n  1 9 5 0 ( 3 )  o f  t h e  s e m i c o n d u c t i n g  p r o p e r t i e s  o f  

a - S n  s t i m u l a t e d  m a n y  a t t e m p t s  a t  p r e p a r a t i o n  o f  s i n g l e  c r y s t a l  s a m p l e s .

I n  1 9 5 0  K e n d a l l ( 4 )  s u c c e e d e d  i n  p r e p a r a t i o n  o f  g r a y  t i n  a  f e w  

m i l l i m e t e r s  i n  l e n g t h  b y  t r a n s f o r m a t i o n  a  k i l o g r a m  o f  s p e c t r o 

s c o p i c a l l y  p u r e  t i n .  A f e w  lu m p s  o f  g r a y  t i n  w e r e  f o u n d  a m o n g  t h e  

l a r g e  q u a n t i t y  o f  f i n e  p o w d e r .

I n  1 9 5 3  E w a l d ( 3 , 5 ) s u c c e e d e d  i n  p r e p a r i n g  g r a y  t i n  f i l a m e n t s .  

T h e  m e t h o d  o f  p r e p a r a t i o n  i n v o l v e d  d r a w i n g  o u t  g l a s s  c a p i l l a r i e s  

f i l l e d  w i t h  t i n  t o  a  c o r e  d i a m e t e r  s i z e  o f  a b o u t  0 . 1  mm. T h e  g l a s s  i s  

t h e n  r e m o v e d  w i t h  h y d r o f l u o r i c  a c i d  a n d  t h e  f i l a m e n t s  a r e  t r a n s f o r m e d  

b y  s t o r i n g  t h e m  i n  g r a y  t i n  p o w d e r  a t  a  t e m p e r a t u r e  o f  - 3 0  c .  X - r a y  

L a u e  p a t t e r n s  s h o w e d  t h e  w e l l - d e f i n e d  s p o t s  w h i c h  i n d i c a t e d  t h a t  t h e  

f i l a m e n t s  p r o p a b l y  w e r e  s i n g l e  c r y s t a l s .

I n  1 9 5 8  E w a ld  a n d  T u f t e ( 6 )  s u c c e e d e d  i n  p r e p a r i n g  g r a y  t i n  

s i n g l e  c r y s t a l s  f r o m  a  s a t u r a t e d  m e r c u r y  s o l u t i o n  a t  - 3 0  c .

A l l  g r a y  t i n  p r e p a r a t i o n  m e t h o d s  m e n t i o n e d  a b o v e  p r o v i d e  g r a y  

t i n  w h i c h  i s  s t a b l e  u p  t o  1 3 . 2  c .  A b o v e  t h i s  t e m p e r a t u r e  i t  t r a n s f o r m s  

t o  w h i t e  t i n  w h i c h  h a s  a  t e t r a g o n a l  c r y s t a l  s t r u c t u r e .
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In  1954 G roen(7) d e s c r ib e d  a  m ethod o f  p re p a r in g  la r g e  
p ie c e s  o f  g rey  t i n  by tra n s fo rm in g  an a l l o y  o f  t i n  c o n ta in in g  abou t 2% 
a to m ic  o f  m ercury . And E w ald (l) r e p o r te d  t h a t  th e  g rey  t i n  produced 
by tra n s fo rm in g  a  รท -0.75%  w eigh t o f  germanium a l l o y  c o u ld  e x i s t  even 
when exposed f o r  p ro long ed  p e r io d s  a t  te m p e ra tu re s  up to  ab o u t 60 c .

Grey o r  w h i te - t in  w h isk ers  o r  f i la m e n ts  betw een 0 .5  and 5 pm 
in  d ia m e te r  and 0 .1  and 10 mm in  le n g th ,  can  e x i s t  n a tu r a l ly  o r can be 
grown a r t i f i c a l l y  on some form s o f  t i n  p l a t e .  In  1974, M orris and 
B o n fie ld (8 )  p re p a re d  g rey  t i n  w h isk e rs  a t  room tem p e ra tu re  by th e  
"sq ueeze  grown" method and s tu d ie d  th e  c r y s ta l lo g r a p h y  o f  g rey  t i n  
w h isk e rs  by e le c t r o n  m icroscope and f o r  th e  f i r s t  tim e  showed t h a t  
g re y  t i n  w h isk ers  c o n ta in e d  c r y s t a l l i t e s .  Grey t i n  w h is k e rs ’ 
te m p e ra tu re  s t a b i l i t y  ran ge  was n o t s tu d ie d  a t  t h a t  tim e .

In  1980 Vnuk(9) produced  th e  com pact a  - t i n  specim ens 
(c o n ta in in g  0 .1  a tom ic p e rc e n t  o f  germanium) o f  f a i r l y  la r g e  
d im ensions (1 .5  X 10 X 100 mm) by th e  o n e -d im en sio n a l grow th method. 
The specim ens were s t a b l e  up to  ab o u t 60 c .

In  1983 G a l le m e a u t ,  Vnuk, and S m ith ( l)  succeeded  in  
p re p a r in g  g rey -S n  -0.6%  w eig h t o f  s i l i c o n  ta p e  sam p les. I t  was seen  
to  be s t a b l e  up to  ap p ro x im ate ly  90 c .

A lthough b u lk  s in g le  c r y s t a l s  o f  a-S n  w ere p re p a re d  by Ewald 
and T u f te ,  a l l  a tte m p ts  a t  grow ing s in g le  c r y s t a l  f i lm s (2 )  were 
re p o r te d  a s  u n s u c c e s s fu l.  Grey t i n  in  common o cc u rre n c e  i s  a  lo o se , 
dark g re y  powder. As e v id e n t in  t a b l e  1(10) ,  th e  d e n s i t i e s  o f  th e
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two m o d if ic a t io n s  d i f f e r  m arkedly . The c o n v e rs io n  o f  w h ite  t i n  in to  
g rey  t i n  i s  accom panied by an a p p re c ia b le  change in  volum e. T h is 
makes i t  d i f f i c u l t  to  o b ta in  a  s iz e a b le  g rey  t i n  s in g le  c r y s t a l  from 
w h ite  t i n .

T ab le  1 P r o p e r t ie s  o f  th e  a and 8 m o d if ic a tio n  o f  t i n

P ro p e r ty a-Sn 8-Sn
L a t t i c e  sp a c in g , A a= 6 .4892 a= 5 .8197 1 c= 3 .1749
S p e c if ic  g r a v i ty ,  g /cm 3 5.765 7.298
C o e f f ic ie n t  o f  l i n e a r 20.9x10-6 5.0x10*6

ex p a n s io n , d eg * 1 (-130  to  25° C)
F o rb id d en  gap w id th , eV 0.08 -
Debye te m p e ra tu re , K 2 .30 -

As th e  c l o s e s t  e l e c t r o n ic  and c ry s ta l lo c h e m ic a l  ana log u e  o f  
g rey  t i n ,  indium  an tim o n id e  can be u sed  a s  th e  seed  f o r  
c r y s t a l l i z a t i o n  o f  g re y  t i n  e s p e c ia l ly  in  an e p i t a x i a l  g row th . The 
l a t t i c e  c o n s ta n ts  o f  InSb and a-Sn d i f f e r  by o n ly  0.14% so t h a t  
s u b s t r a t e  s t a b i l i z e d  fo rm a tio n  o f  a-Sn sh o u ld  be p o s s ib le  InSb (a  = 
6 .4798 A ), a-Sn (a  ะ 6 .4892  A) a t  25°c.

Farrow  a tte m p te d  to  grow 11.5 jum a-Sn  f i lm s  on InSb in  a  
10“6 t o r r  s ta n d a rd  e v a p o ra to r .  T h is  method y ie ld e d  some re a so n a b ly  
e p i t a x i a l  f i lm s ,  a s  jud g ed  by e le c t r o n  d i f f r a c t i o n .  These f i lm s  
showed th e  u s u a l  b u lk  a —>8 t r a n s fo rm a tio n  a t  13 c .
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The f i r s t ( 1 2 )  a -Sn t h in  f i lm  o f  h ig h  c r y s t a l l i n e  p e r f e c t io n  
were grown by Farrow  e t  a l .  by M olecu la r Beam E p itax y  (MBE) a t  th e  UK 
Royal S ig n a ls  and R adar E s ta b lish m e n t (RSRE) in  1981. They grew 
B-doped a-S n  f i lm s  on InSb (001) w afe rs  up to  a  th ic k n e s s  o f  5000 A. 
Such specim ens a llo w ed  more a c c u ra te  p ro p e r ty  c h a r a c t e r iz a t io n  and had 
g r e a t  p o t e n t i a l  in  in f r a r e d  a p p l ic a t io n s .  Due to  th e  sm a lln ess  o f 
i t s  band gap, /V 0 .12  eV, a-S n  f i l l s  th e  lo n g -s ta n d in g  need in  
p h o to v o l ta ic  d e te c t io n  o f  long  w av elen g th  in f r a r e d  (Farrow , R .F.C , 
R o b ertso n , D .S ., 1981 B r i t i s h  P a te n t  A p p lic a tio n  No. 81 09471).

The c lo s e  l a t t i c e  match betw een InSb s u b s t r a te  m a te r ia l  and 
a-Sn a llo w s  th e  l a t t e r  to  grow in  t h i n  e p i t a x i a l  f i lm  form and, v e ry  

im p o r ta n tly , s ta y s  a s  a  m e ta s ta b le  p h ase  s i g n i f i c a n t l y  above i t s  bu lk  
t r a n s fo rm a tio n  te m p e ra tu re . The l a t t e r  can  be exceeded  by more th an  
60 c  b e fo re  th e  t ra n s fo rm a tio n  o cc u rs  in  f i lm s  2000 A t h i c k . (13) The 
h ig h  te m p e ra tu re  B -p h ase  may be p r e f e r e n t i a l l y  n u c le a te d  a t  
p r e e x i s t in g  i r r e g u l a r i t i e s ,  and th e  i s l a n d s  so  form ed sp re a d  r a p id ly  
a c ro s s  th e  d e p o s ite d  f i lm  and may c au se  e v e n tu a l  d e s t r u c t io n  o f  th e  

a -p h a se  f i lm  a t  room te m p e ra tu re . N e v e r th e le s s ,  b ecause  some measure 
can be tak en  to  enhance th e  s t a b i l i t y  o f  a -S n , such a s  w ith  s l i g h t  
a d d i t io n  o f  G e(12), th e  sem icon ductin g  a - S n  a t  room tem p e ra tu re  i s  
l i k e l y  to  be im p o rta n t f o r  i n f r a r e d  d e t e c t io n  a p p l ic a t io n s .

In  1983, M atte rn  and L u th (1 4 ,1 5 ) grew รท o v e r la y e r  on c leav ed  
InSb (110) s u r fa c e  by e v a p o ra tio n  o f  รท from a  s p i r a l  tu n g s te n  
f i la m e n t su rro u n d ed  by a  l iq u id  n i t ro g e n  c o o le d  co p p er sh ro ud  in  u l t r a  
h ig h  vacuum (UHV) cham ber. D uring e v a p o ra t io n ,  th e  p re s s u re  s ta y e d
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below  1 0 -9 t o r r .  A ccording to  e le c t r o n  energ y  lo s s  sp e c tro sc o p y  (ELS) 
s tu d y  th e  bonding c o n f ig u ra t io n  app eared  to  be t e t r a h e d r a l  l ik e  in  
a -S n  f o r  co v erag e  below 50 m onolayers, w hereas th ic k  l a y e r s  o f  s e v e ra l  
hundred  m onolayers showed ร-รท c h a r a c te r .

F o llow ing  th e  method o f  Farrow e t  a l . ,  H ernandez- C alderon  
and  H ochst succeeded) 16 ) in  p ro d u c tin g  a-S n  (111) f i lm s  on to p  o f  InSb 
(1 11)A and ( l l l ) B  s u b s t r a te s  by MBE in  1985.

N oting  t h a t  1) th e  a-Sn s in g le  c r y s t a l s  can  be grown from 
th e  s a tu r a t e d  Hg-Sn s o lu t io n  by Ewald and T u fte  and 2) 
H em an dez-C aldero n  and H ochst succeeded  in  p ro d u c tin g  a-S n  (111) f i lm s  
on InSb (111)A and ( l l l ) B  by MBE, th e  a u th o r  and C h a tra p h o rn (17) t r i e d  
and succeeded  in  p ro du cing  a-S n  i s la n d  c u b ic  form s on InSb ( l l l ) B  
s u b s t r a t e s  by l iq u id  phase e p i ta x y  (LPE) from th e  s a tu r a t e d  Hg-Sn 
s o lu t io n  a t  a b o u t 13 c  in  1987. The s t a b i l i t y  o f  i s l a n d  c u b ic  form o f  
a -S n  was a l s o  up to  abo u t 60 c .

From F arro w ’s work i t  was known t h a t  th e  a -S n  have a 
p h o to c o n d u c tiv e  re sp o n se  co rre sp o n d in g  to  an e n e rg y  gap o f  abo u t 
0 .1 2  eV (10 ym in  w avelength) which f i t s  th e  8-14 ym tra n s m is s io n  
"windows" o f  th e  atm osphere a s  shown in  F ig . 1. I t  i s  a  p l o t  o f  th e  
t r a n s m is s io n  th ro u g h  one m ile  o f  a i r  a s  a  fu n c t io n  o f  w av e len g th . 
C le a r ly ,  th e  a -S n  d e te c to r  can  d e te c t  th e  i n f r a r e d  e m iss io n  from room 
te m p e ra tu re  o b je c ts  such a s  p eo p le , t r e e s  and t r u c k s  w ith o u t th e  a id
o f  r e f l e c t e d  l i g h t .
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From th e  MBE’ร work o f  a -S n  on InSb, Goodman(19) su g g e s t t h a t  
i t s  e l e c t r o n ic  band c o n f ig u r a t io n  c o u ld  p erhap s be e x p lo i te d  in  a  
4 - te rm in a l  h e te ro .iu n c i to n  d e v ic e , based  on th e  i n j e c t i o n s  o f  h o le s  
from  p -In S b  in to  n -a -S n . I t  sh o u ld  be p o s s ib le  f o r  h o le s  t o  e n te r  th e  
a -S n  v a le n c e  band b a l l i s t i c a l l y , c lo s e  to  th e  r - p o i n t ,  w ith  norm al

H,0 CO, CO, H,0 H,0 CO,

F ig . 1 T ran sm iss io n  v e rsu s  w avelength  f o r  1 
m ile  o f  a i r .  W ater and carbo n  d io x id e  
a b s o rp t io n  bands a re  in d ic a te d .

e f f e c t iv e  m ass. Such h o le s  w ould, how ever, be r a p id ly  s c a t t e r e d  in to  
th e  n e g a tiv e  e f f e c t i v e  mass s t a t e s .  T here th e y  would g ra d u a lly  
th e rm a l is e ,  e v e n tu a l ly  re c o v e r in g  norm al h o le  b e h a v io u r , and 
e v e n tu a l ly  recom bine o r  c o u ld  be e x t r a c te d  by a  norm al b ia s  f i e l d .  
The change from n e g a tiv e  t o  p o s s i t i v e  e f f e c t iv e  mass c o u ld  be u t i l i z e d  
to  o b ta in  a  dynamic n e g a t iv e  r e s i s t a n c e  s t a t e  under c o n d it io n s  o f  v e ry  
low power consum ption , v ia  a  t r a n s v e r s e  f i e l d .  S im ila r  e f f e c t s  sh o u ld  
be o b se rv ed  w ith  (Hg, Cd) Te sem im eta ls . I t  may t h e r e f o r e  p ro ve  
p o s s ib le  to  o b ta in  s i g n i f i c a n t l y  h ig h  m o b il i ty ,  a  m a tte r  o f  p a r t i c u l a r  
i n t e r e s t  f o r  HEOT (h ig h  e le c t r o n  m o b il i ty  t r a n s i s t o r )  d e v i c e . (20)
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In  t h i s  t h e s i s  1 th e  a u th o r  p u rsu e s  th e  grow th o f  a -S n  by th e  
l i q u id  phase e p i ta x y  te c h n iq u e  on indium  an tim o n id e  ( l l l ) B  s u b s t r a te  
by d ip p in g  in to  m e rc u ry - t in  s a tu r a t e d  s o lu t io n  in  u l t r a  p u r i f ie d  
hydrogen atm osphere . There a re  fo u r  im p o rta n t re a so n s  f o r  doing 
t h i s  , nam ely 1 ) th e  a -Sn c r y s t a l l i t e s  can  be grown from Hg-Sn 
s o lu t io n  acco rd in g  to  Ewald and T u f te ’s work, 2) th e  a -S n  e p i t a x i a l  
l a y e r  can  be grown on InSb ( l l l ) B  a c c o rd in g  to  C ald ero n  and H o ch st’s 
w ork, 3) th e  s u r fa c e  p re p a ra t io n  o f  InSb ( l l l ) B  to  a c c e p t th e  
e p i t a x i a l  growth by chem ical e tc h in g  i s  p o s s ib le  a c c o rd in g  to  N oreika 
and Francom be’s w ork(21) and 4) th e  re d u c in g  a tm osphere  o f  u l t r a  
p u r i f i e d  hydrogen sh ou ld  p re v e n t th e  c o n ta m in a tio n  from  Û2 which i s  
v e ry  c r i t i c a l  in  e p i t a x i a l  g row th.

The o b je c t iv e s  o f  t h i s  t h e s i s  a r e  1) to  d e s ig n  and c o n s t ru c t  
a  v e r t i c a l  l iq u id  phase e p i ta x y  system  (VLPE), 2) to  e v a lu a te  some 
chem ica l e tc h a n ts  f o r  indium  an tim o n id e  s u r f a c e  f o r  l i q u id  phase 
e p i ta x y  grow th, 3) to  f in d  s u i t a b le  p a ra m e te rs  o f  good e p i t a x i a l  
grow th such a s ,  te m p e ra tu re , r a t e  o f  g row th , g row th tim e  and im p u rity  
and 4) to  c h a r a c te r iz e  th e  e p i t a x i a l  m a te r ia l .

B r ie f ly  th e  r e s u l t s  o f  t h i s  t h e s i s  a r e  p re s e n te d  below . Only 
i s l e t s  form o f  a -S n  can  be grown on InSb ( l l l ) B .  T here a re  fo u r  m ajor 
problem s which p re v e n t th e  s u c c e s s f u l .  1) The grow th te m p e ra tu re s  
a r e  to o  low to  a v o id  th e  O2 c o n tam in a tio n  on th e  InSb s u r fa c e  b e fo re  
d ip p in g . (The s u r fa c e  i s  h e a t  c le a n e d  a t  a b o u t 475 c  in  LPE system , 
b u t  i t  can n o t s ta y  c le a n  w h ile  i t s  te m p e ra tu re  d e c re a s e  to  room 
tem p e ra tu re  b e fo re  d ip p in g ) ,  2) s in c e  th e  te m p e ra tu re s  o f  Hg-Sn m e lt 
i n  c r u c ib le  i s  low er th a n  th e  env iro nm en t H2 te m p e ra tu re , th e  m elt
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a d so rb s  O2 on i t s  s u r f a c e ,  3) some e x p e rim e n ta l sam ples showed t h a t  
th e  ( l l l ) B  InSb s u r f a c e  were d is s o lv e d  in  Hg-Sn s o lu t io n ,  ( th e  ox ide  
la y e r  o f  indium  o r  antim ony can be d e te c te d  in  e le c t r o n  probe 
m ic ro a n a ly s is )  and 4) th e  c o n c e n tra t io n  o f  O2 in  LPE sy stem  c o u ld  n o t 
be m easured so  t h a t  th e  แ 2 a tm osphere in  LPE sy stem  may n o t  be 
s u f f i c i e n t l y  low in  O2 c o n te n t .

The c o n te n ts  o f  t h i s  t h e s i s  in c lu d e :  c h a p te r  I I  l i q u i d  phase 
e p i ta x y  e x p e rim e n ts , d e s c r ib in g  th e  d e s ig n  and c o n s t r u c t io n  o f  LPE 
system , sam ple p r e p a r a t io n ,  m e lt p re p a ra t io n ,  e p i ta x y  p ro ce d u re , 
grow th m o rp h o lo g ies , and summary; c h a p te r  I I I  s t r u c t u r a l  a n a ly s is  
which d e s c r ib e d  SEM te c h n iq u e  f o r  s tu d y in g  m o rp h o lo g ies , EFMA 
te c h n iq u e  f o r  q u a n t i t a t i v e  and q u a l i t a t i v e  a n a ly s is  o f  a -S n , x - ra y  
r e f l e c t i o n  te c h n iq u e  f o r  s t r u c t u r a l  a n a ly s is  o f  a -S n  and i t s  
tem p e ra tu re  d ep end en t tra n s fo rm a tio n  in v e s t ig a t io n ;  c h a p e r  IV 
c o n ta in s  r e s u l t s  and  d is c u s s io n  and th e  append ix  s e rv e s  a s  th e  
o p e ra t io n  manual f o r  th e  LPE system .
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