
nt 
PEE AYD POST ;IN??EALING OF ?IEC!lANICAL DAXACC I:? SILICON b!AFERS 

G .  11. S c h w u t t k e  

In!: E a s t  F i s h k i l l  L a b o r a t o r i e s  

I i o p e w e l l  J u n c t i o n ,  NY 1 2 5 3 3  

S h a p i n g  o p e r a t i o n s  o f  s i l i c o n ,  s u c h  a s  s a w i n g ,  g r i n d i n g ,  
and  l a p p i n g  i n t r o d u c e  m i c r o - c r a c k s  and  a b r a s i o n  damage i n t o  
s i l i c o n .  The c r y s t a l l o g r a p h i c  n a t u r e  o f  s u c h  d e f e c t s  i n  w a f e r  
s u r f a c e s  b e f o r e  and  a f t e r  a n n e a l i n g  i s  d i s c u s s e d .  I t  i s  shown 
t h a t  d i s l o c a t i o n s  a n d  s t a c k i n g  f a u l t s  a r e  t h e  a n n e a l i n g  p r o d u c t  
o f  m i c r o - c r a c k s .  A b r a s i o n  damage c o n s i s t s  of  s h e a r  l o o p s .  
F r e q u e n t l y ,  s u c h  s h e a r  l o o p s  i n t r o d u c e  s u b - m i c r o n  c r a c k s  d u e  t o  
d i s l o c a t i o n  p i l n - u p s .  Sub -mic ron  c r a c k s  l e a d  t o  s t a c k i n g  f a u l t s  
i n  t h e  s i l i c o n  s u r f a c e  d u r i n g  h i g h  t e m p e r a t u r e  a n n e a l i n g .  The 
e l e c t r i c a l  p r o p e r t i e s  o f  s u c h  d e f e c t s  a r e  d i s c u s s e ~ l .  I t  i s  
shown t h a t  t h e i r  p r e s e n c e  r e d u c e s  m i n o r i t y  c a r r i e r  l i f e t i m e  i n  
s i l i c o n .  The e f f e c t i v e n e s s  o f  damage r e m o v a l  t e c h n i q u e s  on  
s i l i c o n  s u r f a c e s  i s  a l s o  r e v i e w e d .  ? l e a s u r e m e n t s  a r e  p r e s e n t e d  
t h a t  i n d i c a t e  t h a t  s i l i c o n  d i o x i d e  p o l i s h i n g  o f  s i l i c o n  r emoves  
damage w i t h  a  minimum o f  damage p r o p a g a t i o n .  

INTRODUCTION 

S i l i c o n  w a f e r s  a r e  p r o d u c e d  f r o m  c y l i n d r i c a l  s i n g l e  c r y s t a l  
i n g o t s  t h r o u g h  m e c h a n i c a l  s h a p i n g  o p e r a t i o n s ,  s u c h  a s  g r i n d i n g ,  
s a w i n g ,  l a p p i n g  a n d  p o l i s h i n g .  The s e m i c o n d u c t o r  i n d u s t r y  h a s  
e x p a n d e d  c o n s i d e r a b l e  e f f o r t  on t h e  s u b j e c t  o f  p r o d u c i n g  damage 
f r e e  w a f e r  s u r f a c e s .  T h i s  h a s  l e a d  t o  numt.rous s t u d i e s  by many 
w o r k e r s  d e a l i n g  w i t h  damage r e m o v a l  t e c h n i q u e s ,  d e p t h  o f  damage 
m e a s u r e m e n t s ,  c r y s t a l l o g r a p h i c  n a t u r e  o f  damage ,  a n n e a l i n g  
p r o p e r t i e s  ~ f ~ d a m a g e ,  e l e c t r i c a l  p r o p e r t i e s  o f  m e c h a n i c a l  damage 
and  o t h e r s .  Some o f  t h e  h i g h l i g h t s  o f  s u c h  s t u d i e s  a r e  
r e v i e w e d  i n  t h i s  p a p e r .  

INFLUENCE OF MECNANICAL DAMAGE ON ELECTRICAL PROPERTIES 

M e c h a n i c a l  damage on s i l i c o n  s u r f a c e s  h a s  s i g n i f i c a n t  
i n f l u e n c e  on  m i n o r i t y  c a r r i e r  l i f e t i m e  a n d  s u r f a c e  r e c o m b i n a t i o n  
v e l o c i t i e s  o f  c a r r i e r s .  T h i s  i s  i l l u s t r a t e d  i n  F i g s .  l a  and  l b  
f o r  m i n o r i t y  c a r r i e r  l i f e t i m e .  Bo th  f i g u r e s  r e p r e s e n t  NOS C - t  
g e n e r a t i o n  l i f e t i m e  maps o f  s i l i c o n  w a f e r s .  F i g u r e  l a  shows  
g e n e r a t i o n  l i f e t i m e  d i s t r i b u t i o n s  f o r  a  " s t a t e  o f  t h e  a r t "  
s i l i c o n  d i o x i d e  p o l i s h e d  w a f e r .  Ave rage  l i f e t i m e  f o r  t h i s  w a f e r  
i s  400 p s e c .  The r e s u l t s  shown i n  F i g .  l b  were o b t a i n e d  by  f i r s t  



l i g h t l y  a b r a d i n g  h a l f  o f  a p o l i s h e d  w a f e r  s u r f a c e  a n d  s u b s e q u e n t l y  
r e m o v i n g  1 0  blm o f  t h e  a b r a d e d  s u r f a c e  b y  c h e m i c a l  e t c h i n g  b e f o r e  
'10s p r o c e s s i n g .  The  a v e r a g e  l i f e t i m e  i n  t h e  damaged  w a f e r  h a l f  
i s  0 . 0 7  l t s e c  a s  c o m p a r e d  t o  300  u s e c  o b t a i n e d  i n  t h e  undamaged  
p a r t  o f  t h e  w a f e r .  T h i s  4 o r d e r  o f  m a g n i t u d e  d e c r e a s e  i n  l i f e -  
t i m e  i n  t h e  d a m a ~ 6 d  p a r t  o f  t h e  w a f e r  i s  d u e  t o  d i s l o c a t i o n s  a n d  
s t a c k i n g  f a u l t s .  S u c h  d e f e ~ t f ~ n r e  t h e  a n n e a l i n g  p r o d u c t  o f  
m e c h a n i c a l  d ~ m a g e  i n  s i l i c o n .  T h i s  s u b j e c t  i s  d i s c u s s t * d  i n  
t h r  n e x t  s e c t i o n  o f  t h i s  r e v i e w .  

D e t a i l e d  a n a l y t i c a l  s t u d i e s  o f  m e c h a n i c a l  damage  i n  : . i l i c n n  
w a f e r s  a r e  p r i m a r i l y  h i n d e r e d  b y  t h e  c o m p l c x i t p  o f  t h e  d e f e c t  
s t a t e  i n  t h e  w a f e r  s u r f a c e  c n c o u n t e r c d  p f t c r  c o n v e n t i o n a l  s h a p i n g  

4 p r o c e d u r e s  s u c h  a s  s a v i n g  a n d  g r i n d i n g .  She p r o b l e m  o f  damage 
c o r p l c x i t y  c a n  b e  avoided h y  i n t r o d u c i n g  m , > c h ~ i n i c n l  dnmagc. into 
c r y s  11 s u r f a c e s  i n  a c o n t r o l l e d  m a n n e r .  ' - h i s  t ~ n  b e  ilonc n o s t  
e f  f e z t i v c l y  u s i n g  I n p a c t  !:ounJ S t r e x s i n : :  ( T S S )  . TSS o f  s i l i c o n  
w a f c r s  c a n  r e p r o d u c e  t h e  t u o  b a s i c  f e a t u r e s  o f  mcchn i c a l  damagc  8 
i n  s i l i c o n  s u c h  a s  m i c r o - c r a c k s  a n d  a b r a s i ~ n  d a n a g c .  l ' s i n g  TSS 
a  d e t a i l e d  s t u d y  o f  m e c h a n i c a l  damage  i n  s i l i c o n  s u r f a c e s  w a s  
made a n d  t h e  p r e -  a n d  p o s t - a n n e a l i n g  p r o p e r t i e 8  o f  c r . t c k s  a n d  
a b r a s i o n  o n  s i l i c o n  s u r f a c e s  w e r e  determined. Some h i g l . 1 i g h t s  
o f  t h c s e  s t u d i e s  a r e  s u m n a r i z e d  i n  t h e  f o l l o w i n g .  

PRE-~1:JXEtILI:JC STCDZES nF C R A C K S  

,I m i c r o - c r a c k  i n  a  s i l i c o n  s u r f a c e  c a u s e s  t h r e e  d i f f e r e n t  
t y p e s  o f  l a t t i c e  d i s t o r t i o n :  ( 1 )  A r o t a t i o n  o f  h o t h  s u r f a c e  
p a r t s  o f  t h e  f r a c t u r e d  w a f c r  s u r f a c e  a r o u n d  a n  a x i s  p e r p e n d i c u l a r  
t o  t h e  s u r f a c e ,  ( 2 )  A r o t a t i o n  o f  b o t h  s u r f a c e  p a r t s  o f  t h e  
f r a c t u r e d  w a f e r  s u r f a c e  a r o u n d  a n  a x i s  p a r a l l e l  t o  t h e  s u r f a c e  a n d  
p a r a l l e l  t o  t h e  c r a c k  ( b e n d i n g ) ,  ( 3 )  T r a n s l a t i o n  o f  t h e  s p l i t  
c r y s t a l  p a r t s  b y  a  v e c t o r  R m a i n l y  i n  ( 0 1 1 )  o r  ( 1 0 1 )  t y p e  d i r e c -  
t i o n s  f8:li 0 0 1 )  s u r f a c e s  i n  ( 1 1 1 )  o r  ( 0 1 1 )  p l a n e s  ( b l o c k  
s l i p ) .  

I n  g e n e r a l  a l l  t h r e e  e f f e c t s  a r e  p r e s e n t  s i m u l t a n e o u s l y .  
T h u s  t h e  l a t t i c e  d i s t o r t i o n s  o v e r l a p  a n d  p r o d u c e  a  r a t h e r  c o m p l i -  
c a t e d  N o i r e  p a t t e r n  i f  o b s e r v e d  i n  t h e  t r a n s m i s s i o n  e l e c t r o n  
m i c r o s c o p e  (TEFI). S i m p l e  p a t t e r n s  a r e  s e e n  f o r  c r a c k s  l y i n g  i n  
c l e a v a g e  p l a n e s .  S u c h  M o i r e s  c o n s i s t s  o f  p u r e  t r a n s l a t i o n a l  
f r i n g e s  a n d  t h e  c r a c k  i m a g e  l o o k s  v e r y  much l i k e  a  s t a c k i n g  f a u l t .  
T h i s  s i m i l a r i t y  i s  v e r y  s t r i k i n g  i f  " c l o s u r e "  o f  t l r e  c r a c k  h a s  
t a k e n  p l a c e .  T h i s  i s  a l w a y s  t h e  c a s e  f o r  a r e a s  c l o s e  t o  t h e  
c r a c k  t i p .  E x a m p l e s  a r e  g i v e n  i n  t h e  m i c r o g r a p h s  o f  F i g s .  2 .  

TEM M o i r e  p a t t e r n s  c f  c r a c k  t i p s  c a n  r e v e a l  many i n t e r e s t i n g  
f a c t s  a b o u t  t h e  c r y s t a l l o g t ? p h i c  n a t u r e  o f  c r a c k s  i n  s i l i c o n .  
F o r  i n s t a n c e  i t  c a n  b e  shown t h a t  c l e a v a g e  a t  room t e m p e r a t u r e  
d o e s  n o t  i n t r o d u c e  d i s l o c a t i o n s  i n t o  t h e  s i l i c o n  b e c a u s e  s t r e s s e s  



a r o u n d  t h e  c r o c k  t i p s  a r e  n o t  p l a s t i c a l l y  r e l i e v e d .  C o n s e q u e n t l y ,  
c r a c k  t i p s  i n  s i l i c o n  r e p r e s e n t  s t r e s s  c e n t e r s  w h i c h  a n n e a l  o u t  
a t  h i g h  t e m p e r a t u r e .  The  a n n e a l i n g  b e h a v i o r  o f  c r a c k s  i s  d i s -  
c u s s e d  i n  t h e  n e x t  s e c t i o n .  

POST-ANNEALING STUDIES OF CRACKS 

T y p i c a l  s t r a i n  f i e l d s  a s s o c i a t e d  w i t h  c r a c k  t i p s  b e f o r e  
a n f l e a l i n g  a r e  shown i n  F i g .  3 .  n i g h  t e m p e r a t u r e  a n n e a l i n g  o f  
s u c h  c r a c k s  c a u s e s  t h e  f o r m a t i o n  o f  d i s l o c a t i o n s  o u t s i d e  t h e  
c r a c k  a r e a .  An e x a m p l e  i s  shown i n  t h e  m i c r o g i ~ p l i s  o f  F i g .  4 
a n d  r e v e a l s  d i s l o c a t i o n  f o r m a t i o n  a r o u n d  a  c r a c k  t i p  a f t e r  
a n n e a l i n g  i n  n i t r o g e n .  S i m i l a r  r e s u l t s  a r e  o b t a i n e i  f o r  
a n n e a l i n g  i n  o x y g e n .  

The  s i m p l e  e q u a t i o n  O = N.h /O c a n  b e  u s e d  t o  e s t i m a t e  t h e  
number  o f  d i s l o c a t i o n s  n e c e s s a r y  t o  r e l i e v e  t h e  s t r a i n  c o n n e c t e d  
w i t h  a  c r a c k  i n  t h e  l d t t i c e  (f? = l a t t i c e  t i l t  d u e  t o  c r o c k ,  
1J = n u m b e r  o f  d i s l o c a t i o n s ,  h  = B u r g e r s  v e c t o r  o f  d i s l o c a t i o n ,  
D = s p a c i n g  b e t w e e n  d i s l o c a t i o n s ) .  The  l a t t i c e  t i l t  O c a n  b e  
m e a s u r e d  u s i n g  t h e  k i k u c h i  t e c h n i q u e .  F o r  a t i l t  o f  a p p r o x i m a t e l y  
0 . 1 5  d e g r e e s ,  i t  i s  c a l c u l a t e d  t h a t  o n l y  6 d i s l o c a t i o n s  a r e  
n e c e s s a r y  t o  r e l i e v e  t h e  s t r a i n  f i e l d  c o n n e c t e d  w i t h  a m i c r o - c r a c k  
i n  s i l i c o n .  T h i s  v a l u e  i s  i n  g o o d  a g r e e m e n t  w i t h  t h e  c x p c r i m e n t n l  
f i n d i n g s  ( F i g .  4 ) .  

' ' i c r o c r a c k s  c a n  b e  a n n e a l e d  o u t ,  s p e c i f i c s l l y ,  i f  s y 5 h  s p l i t s  
a r e  l o c a t e d  i n  ( 1 1 1 )  p l a n e s .  A s s u m i n g  t h a t  " b l o c k  s l i p "  
j i o v e r n s  c r a c k  formation i t  a p p e a r s  p l a u s i b l e  t h a t  b o n d i n g  b e t w e e n  
t h e  s i l i c o n  a t o m s  i n  t h e  v i c i n i t y  o f  t h e  c r a c k  t i p  i s  
r e - e s t a b l i s h e d  t h r o u g h  h i g h  t e m p e r a t u r e  r e l a x a t i o n .  T h u s  f a i r l y  
l a r g e  c r a c k  a r e a s  ( m i c r o n  r a n g e )  c a n  h e a l  a n d  G O 0  - a n d  9 0 °  - 
d i s l o c a t i o n s  a r e  t h e  h e a l i n g  p r o d u c t  o f  t h i s  p r o c e s s .  S u b - m i c r o n  
c r a c k s  c a u s e  a  much s m a l l e r  d i s p l a c e m e n t  b e t w e e n  t h e  s p l i t  
c r y s t a l  p a r t s  a n d  s t a c k i n g  f a u l t  n u c l e a t i o n  may o c c u r  d i r e c t l y  
t h r o u g h  r e b o n d f n g  o f  t h e  s i l i c o n  a t o m s  i f  t h e  d i s p l a c e m e n t  
" R "  o f  t h e  f r e e  c r y s t a l  s u r f a c e s  i s  o f  t h e  r i g h t  o r d e r  o f  m a g n i -  
t u d e .  T h i s  i s  shown v e r y  c l e a r l y  i n  t h e  TE?T - m i c r o g r a p h  o f  F i g .  
5 a n d  i s  a n  i m p o r t a n t  m e c h a n i s m  f o r  t h e  a n n e a l i n g  o f  a b r a s i o n  
damage  a s  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  

PRE-ANNEALING STUDIES OF ABRASION D A M X G I  

A b r a s i o n  o f  s i l i c o n  s u r f a c e s  i n t r o d u c e s  d i s l o c a t i o n  b a n d s  
i n t o  t h e  c r y s t a l .  A t y p i c a l  e x a m p l e  i s  g i v e n  Cn F i g .  6. S u c h  
d i s l o c a t i o n  b a n d s  a r e  c o m p o s e d  o f  d i s l o c a t i o n  l o o p s  a n d  a p p e a r  
i n  r o w s  o r i e n t e d  a l o n g  < 1 0 0 > ,  C110> o r  - ' 120>  d i r e c t i o n s .  I l o w e v e r ,  
t h e  i n t e r s e c t i o n s  o f  a l l  l o o p s  w i t h  t h e  ( 0 0 1 )  s u r f a c e  i s  a l w a y s  
a < 1 1 0 >  d i f e c t i o n  i n d i c a t i n g  t h a t  t h e  l o o p s  a r e  l o c a t e d  o n  ( 1 1 1 )  
g l i d e  p l a n e s .  

To u n d e r s t a n d  t h e  a n n e a l i n g  p r o p e r t i e s  o f  s u c h  d i s l o c a t i o n  
b a n d s  B u r g e r s  v e c t o r  d e t e r m i n a t i o n  o f  t h e  d i s l o c a t i o n s  w e r e  made 
b e f o r e  a n n e a l i n g .  A c c o r d i n g l y ,  t h e  B u r g e r s  v e c t o r  o f  t h e  l o o p s  i s  



c o n t a i n e d  i n  t h e  ( 1 1 1 )  o r  ( i l l )  p l a n e  w i t h  B u r g e r s  v e c t o r  ( n / 2 )  
[~ l l ]  o r  ( a i 2 )  [ l o l l  . C o n s e q u e n t l y ,  t h e s e  d i s l o c n t i o n s  arc1 r i x e d  
d i s l o c a t i o n  l o o p s  w h i c h  l i e  a n d  e x p a n d  i n  t h e  ( 1 1 1 )  s l i p  p l a n e s .  
T h u s  t h e l f o o p s  a r e  n o t  p r i s m a t i c  d i s l o c n t i o n s ,  a s  g e n e r a l l y  

, . 
a s s u m e d ,  h u t  a r e  o f  t h e  s h e a r  t y p e .  . 
POST-ANNEALING STVDIES OF ABRASION 

E x p e r i m e n t a l  e v i d e n c e  i n d i c a t e s  t h a t  anneal in^ o f  a b r a d e d  
s i l i c o n  s u r f a c e s  g e n e r a t e s  s t a c k i n g  f a u l t s  ( F i g .  7 ) .  The  m o s t  
f r e q u e n t l y  s t u d i e d  n u c l e a t i o n  m o d e l  f o r  s t a c k i n g  f a u l i y  r e l i e s  
on a d i s l o c a t i o n  r e a c t i o n  f i r s t  p o i n t e d  o u t  by l l i r s c h  a n d  
a s s u m e s  t h a t  m e c h a n i c a l  damage  p r o d u c c s  p r i s m a t i c  d i s l o c a t i o n s  
w h i c h  f o r m  s t a c k i n g  f a u l t s  a c c o r d i n g  t o  t h e  r e a c t i o n :  ( a / 2 )  
[ l i0 ] - - r (a /3 )  [lil] + (a16 )  [112] . l l o w e v e r .  o u r  m e a s u r e m e n t s  i n d i -  
c a t e  t h a t  d i s l o c a t i o n  l o o p s  i n t r o d u c e d  t h r o u g h  a b r a s i v e  damage  
a r e  s h e a r  l o o p s .  A s h e a r  l o o p  c a n n o t  d i s s o c i a t e  a s  r e q u i r e d  b y  
t h e  l l i r s c h  r e a c t i o n .  C o n s e q u e n t l y ,  t h e  g e n e r a l l y  a c c e p t e d  p r i s -  
m z t i c  l o o p  n u c l e a t i o n  m e c h a n i s m  f o r  o x i d a t i o n  i n f b c e d  s t a c k i n g  
t a u l t s  c a n n o t  e x p l a i n  s t a c k i n g  f a u l t  n u c l e a t i o n .  

An a d d i t i o n a l  r e s u l t  f r o m  o u r  a b r a s i o n  s t u d i e s  i s  t h c  f i n d i n g  
t h a t  t h e  d i s l o c a t i o n  h a n d s  d u e  t o  a b r a s i o n  c o n t a i n  d i s l o c a t i o n  
p i l e - u p s ,  on n e i g h b o r i n g  s l i p  p l a n e s ,  w h i c h  a r e  s e p a r a t e d  b y  o n l y  
2 0 0 A .  Tk6 c o q r e s p o n d i n g  d i s l o c a t i o n  d e n s i t y  c a n  h e  e s f t m a t e d  
t o  b e  10151cm6 o r  h i g h e r .  B a s e d  on t h e  work  o f  F u j i i e  , 
C o t t r c l l  , a n d  s p e c i f i c a l l y  o f  A b r a h a m s  a n d  E k s t r o m  s u c h  5 

d e n s e  d i s l o c a t i o n  p i l e - u p s  f a v o r  m i c r o - c r a c k  f o r m a t i o n .  C o n s e -  
q u e n t l y ,  we m u s t  a s s u m e  t h a t  a h r a s i v e  t y p e  o f  damage  p r o d u c e s  
m i c r o c r a c k s .  

The  c c . t c n t i o n  t h a t  m i c r o s p l i t s  i n  t h e  s i l i c o n  s u r f a c e - -  
c a u s e d  by  d i s l o c a t i o n  p i l c - u p s  -- a c t  a s  s o u r c e s  f o r  s t a c k i n g  
f a u l t  g e n e r a t i o n  d u r i n g  o x i d a t i o n ,  i s  s u p p o r t c d  b y  e s p e r i m c n t n l  
c v i d e n c e  ( F j r . .  8 ) .  ' ' c  h a v e  o h s e r v c d  many e x a m p l e s  of  s m a l l  n ' o i r c  
p a t t c r n s  c o n n e c t e d  w i t h  high d e n s i t y  d i s l o c o t i o n  c l u s t e r s .  S u c h  
p a t t e r n s  a r e  o n l y  2000A i n  s i z e  e v e n  s m a l l e r  a n d  g row i n t o  i 0 s t a c k i k ~ g  f a u l t s  d u r i n ) :  o x i d a t  i o n .  

DAMACE R E M O V A L  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  a g r e e m e n t  b e t w e e n  d i f -  
f e r e n t l y  nl a u r e d  v a l u e s  o f  saw damage  d e p t h  p u b l i s h e d  i n  t h e  9 ,"i l i t e r a t u r e  i s  q u i t e  p o o r ,  i n d i c a t i n g  c e r t a i n  d i f f i c u l t i e s  w i t h  
s u c h  m e a s u r e m e n t s  p r i m a r i l y  r e l a t e d  t o  t h e  d i f f e r e n t  m e a s u r e m e n t  
t e c h n i q u e s .  I n  t h i s  c o n t e x t  i t  i s  a l s o  n o t e w o r t h y  t o  o b s e r v e  
t h a t  p o l i s h i n g  t e c h n i q u e s  a r e  g e n e r a l l y  a s s u m e d  t o  b e  e q u a l  i n  
t e r m s  o f  " e f f e c t i v e n e s s "  o f  damage  r e m o v a l .  t l c t u a l l y ,  l a r g e  
v a r i a t i o n s  i n  damage  r e m o v a l  a n d  damage  p r o p a g a t i o n  a r e  c h a r a c -  
t e r i s t i c  f o r  d i f f e r e n t  p o l i s h i n g  t e c h n i q u e s .  T h i s  i s  d i s c u s s e d  
i n  t h e  f o l l o w i n g .  

T h r e e  p o l i s h i n g  t e c h n i q u e s  a r e  c o m p a r e d :  ( 1 )  C h e m i c a l  
p o l i s h i n g  u s i n 8  n i t r i c .  a c e t i c  : n d  h y d r o f l u o r i c  a c i d  m i x t u r e s  



( f a s t  a n d  s l o w ) ,  ( 2 )  Chen-mech c u p r i c  i o n  p o l i s h i n g ,  ( 3 )  Chem- 
mech s i l i c o n  d i o x i d e  p c l i s h i n g .  

The c o m p a r i s o q  is  b a s e d  on t h e  i d e a  t h a t  f i r s t  m e c h a n i c a l  
damage  i s  i n t r o d u c e d  i n t o  h i g h l y  p e r f e c t  s i l i c o n  s u r f a c e s  i n  a  
c o n t r o l l e d  m a n n e r .  S u b s e q u e n t l y ,  t h e  damage  r e m o v a l  e f f e c t i v e n e s s  
o f  o p o l i s h i n g  t e c h n i q u e  i s  m e a s u r e d  a s  t h e  a m o u n t  o f  m a t e r i a l  
n e c e s s a r y  t o  b e  r e m o v e d  t o  a g a i n  o b t a i n  a  " p e r f e c t "  s u r f a c e .  The  
damage  i s  i n t r o d u c e d  t h r o u g h  t h e  t e c h n i q u e  o f  I m p a c t  Sound  
S t r e s s i n g  ( 1 S S ) .  The d a m a g f O r e m o v a l  i s  m o n i t o r e d  t h r o u g h  g e n e r a -  
t i o n  l i f e t i m e  m e a s u r e m e n t s .  

The  e x p e r i m e n t a l  f i n d i n g s  t h a t  r e l a t e  t h e  e f f e c t i v e n e s s  o f  
damage  r e m o v a l  t o  t h e  p o l i s h i n g  a g e n t s  a r e  s u m m a r i z e d  i n  F i g .  9 .  

I t  is  e v i d e n t  t h a t  t h e  m o r e  m e c h a n i c a l  a c t i n g  p o l i s h i n g  
t e c h n i q u e  - s i l i c o n - d i o x i d e  - i s  t h e  m o s t  e f f e c t i v e  o n e  f o r  damage  
r e m o v a l .  The  l e a s t  e f f e c t i v e  p o l i s h  i s  t h e  s l o w  c h e m i c a l  e t c h .  
T h i s  d i f f e r e n c e  i n  damage r e m o v a l  r a t e  b e t w e e n  c h e m i c a l  a n d  mecha-  
n i c a l  a c t i n g  a g e n t s  r e l a t e s  t o  c r a c k  p r o p a g a t i o n  d u r i n g  p o l i s h i n g .  
C l l e m i c a l  e t c h i n g  r c q u i r e s  r e m o v a l  o f  a t  l e a s t  f o u r  t i m e s  t h e  
o r i g i n a l  damage  d e p t h  a s  a  r e s u l t  o f  c r a c k  p r o p a g a t i o n  d u r i n g  
z t c l i i n g .  C c n e r a t i o n  l i f e t i m e  o f  t l ~ ~ ~ o r i g i n a l  s u r f a c e  i s  n o t  
r e c o v e r e d  t h r o u g h  c h e m i c a l  e t c h i n g .  

B a s i c  p r o p e r t i e s  o f  m e c h a n i c a l  damage  i n  s i l i c o n  c o n s i s t i n g  
o f  c r a c k s  a n d  a b r a s i o n  w e r e  s t u d i e d  u s i n g  t r a n s m i s s i o n  e l e c t r o n  
m i c r o s c o p y .  The  c r y s t a l l o f i r a p h i c  s t r u c t u r e  o f  m e c h a n i c a l  damage  
w a s  d e t e r m i r . e d  b e f o r e  a n d  a f t e r  h i g h  t e m p e r a t u r e  a n n e a l i n g .  The  
m a i n  f i n d i n g s  i n c l u d e  t h a t  s t r e s s e s  i n  s i l i c o n  a r o u n d  c r a c k  t i p s  
a r e  n o t  p l a s t i c a l l y  r e l i e v e d  s t  room t e m p e r a t u r e  a n d  t h a t  a b r a -  
s i o n  a t  room t e m p e r a t u r e  i n t r o d u c e s  s h e a r  l o o p s  i n t o  t h e  s i l i c l ~ n .  
I t  was  a l s o  f o u n d  t h a t  c r a c k s  o f  m i c r o n  s i z e  c a n  b e  a n n e a l e d  o u t ,  
s p e c i f i c a l l y ,  i f  c l e a v a g e  o c c r l r s  o n  { 1 1 1 ?  p l a n e s .  The h e a l i n g  
p r o d u c t s  o f  s u c h  c r a c k s  a r e  60' a n d  90' d i s l o c a t i o n s .  S u b - m i c r o n  
c r a c k s  t r a n s f o r m  i n t o  s t a c k i n g  f a u l t s  d u r i n g  a n n e a l i n g .  1. ikevi : ;c  
h i g h  c o n c c n t r . l t i o n s  o f  s h e a r  l o o p s  d u e  t o  a b r a s i o n  w e r e  f o u n d  t o  
a n n e a l  i n t o  s t a c k i n g  f a u l t s .  ' io d i r e c t  e v i d e n c e  o f  t h e  s t a c k i n g  
f a u l t  n u c l e a t i o n  p r o c e s s  was  o b t a i n e d .  ! l o w e v e r ,  a  o n e  t o  c n e  
c o r r e l a t i o n  b e t w e e n  s u r f a c e  a r e a s  c o n t a i n i n g  s m a l l  c r a c k s  a n d  
s t a c k i n g  f a u l t s  was  m a d e .  

Y c a s u r e m e n t s  o f  damage r e m o v a l  o n  s i l i c o n  s u r f a c e s  t h r o u g h  
c h e n i c a l - m e c h a n i c a l  e t c h i n g  t e c h n i q u e s  a r e  p r e s e n t e d .  T t  i s  
s l ~ o w n  t h a t  s i l i c o n  d i o x i d e  r e p o l i s h e s  damaged  s i l i c o n  s u r f a c e s  
n o s t  e f f e c t i v e l y .  
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ORIGINAL PAGE IS 
OF POOR QUALITY 

Fig. 1 .  Generation l i f e t ime  maps of s i l i c o n  wafers. (a) Standard wafer 
af ter  s i l i c o n  dioxide polishing. (b) Same a s  (a) only one half 
of wafer surface contains residual mechanical damage. Note 
decrease of l i fe t ime by 4 orders of magnitude in t h i s  part. 



Fig .  2 Transmiss ion  e l e c t r o n  micrograph o f  c r a c k  i n  s i l i c o n .  

Fig.  3 Tr.?nsmission e l e c t r o n  micrograph of s t r a i n  f l e l d  a s s o c i a t e d  w i t h  
c r a c k  in  s i l i c o n .  



Fig. 4. Transmission electron Fig. 5. Transmission t'ectron micrograph 
micrograph of amealed of stacking fault nucleation 
crack shcwing ..i.sloca- through annealing of microcrack. 
t icns 



Fig. 6 Transmission e lec tron  mjcrogrlph oc abrasion damage shor 
locat  ion shear loops .  

Fig .  7 Transmission rilectrorl micrograph of an lealed abrasi:?n damaye show- 
ing stacking f a u l t s .  
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:lg. 8 Summary of damage removal e f fect iveness  of different  polishing 

techniques. 



DISCUSSION t 

KOLIUaDt Oue of the object ive8 we had i n  the  work we did th ree  yearr  .go on 
the na ture  a d  the e f f e c t  of d w e  on r o l a r c e l l  e f f i c i e n c i e r  i n  the 
u l t i b l a d e - r l i c a d  wafer8 uar t o  v e r i f y  whether, i n  f a c t ,  t h a t  damage har  
r i c r o r p l i t r ,  and recondly of courre  t o  v e r i f y  the e f f e c t  of d n g e  i t r e l f  
on eff iciency.  We did not look ex tenr ive ly  i n t o  the ex i r tence  of r i c ro -  
cracko, but  one of the w y r  ue t r i e d  t o  i den t i fy  them uar doing exac t ly  
what he r h d  i n  the  l a r t  v i eq raph .  We did  rerove the  damage by Syton 
pol i sh  ar u e l l  a r  by chemical etching. One of our conclurionr wr t h a t  
f o r  c e r t a i n  removal of damage, t he re  war no d i f fe rence  a t  a11 on the e f f i -  
ciency of the c e l l o  from the poliahed wafer8 and the e f f i c i ency  of the  
c e l l o  f r o r  the chemica11y removed wafer,. So what w concluded war t h a t  
u y b t  t he re  uere no u c r o a p l i t r  i n  the  ru t t i b l ade - r l i ced  wafer0 and of 
courre  depth of d a u g e  i t r e l f  had an a f f ec t .  We 8160 concluded f r o r  t he  
rtudy t h a t  the e f f i c i ency  incr taaed up t o  the point  where ue had removed 
a l l  damage, and then remained r t a b l e  a f t e r  tha t .  So I would l i k e  t o  kncm 
i f  you have any thought. oa uhethar the  r i m l a t i o n  by ISS is w n e r a l  o r  ir  
p a r t i c u l a r  f o r  t he  plunge cu t t i -  kind of technique? 

SCEiUITTKBt I think the  ISS al lawr you t o  do some r e a l  basic  s tud ier .  It doer 
not r e l a t e  t o  any p a r t i c u l a r  r l i c i ~  o r  rawing technique. It a l l m  re t o  
put abrar ion  i n  a cont ro l led  u n n e r  i n t o  a rurface,  and I can do t h i r  
before processing. It r e a l l y  doarn't  u t t e r  what kind of device you ure. 
It a100 al lawr me t o  put r p l i t r  i n t o  the s i l i c o n  surface,  and s ince  we 
knov the annealing proper t ie r  of t h i r  type of damage, you can u k e  a pre- 
d i c t i o n  of what e f f e c t  it r i t h t  have on your device c h a r a c t e r i r t i c r .  I ' d  
l i k e  t o  addrerr  what you r a i d  i n  your c a r t n t .  When you did there  mtarure- 
mentr, you did not f ind any inf luence on molar-cell eff ic iency.  I be l ieve  
ar long a r  you a r e  r a t i r f i e d  with a 10% t o  12% solar -ce l l  e f f ic iency ,  you 
a r e  not a d d r e r r i v  the key problem. I f  you a r e  a f t e r  a better than 15% 
r o l a r  c e l l ,  then the  r o l a r  c e l l  i r  A I C ~  more lifetime-dependent. A t  
higher  e f f i c i e n c i e r ,  t h i s  w i l l  be very important. 

ItOLIWAD: Of courre  ut a r e  comparing the  wafer6 where the damage war removed 
f i r r t  chemically and then polished. But the quert l?n I had war: a r e  we 
r i g h t  i n  a r r m i n g ,  s ince  our  e f f i c i ency  did not change with r c r p t c t  t o  how 
we removed the damage, t ha t  there  a r e  no r i c r o s p l i t r ?  

SCINITFAE: Multiblada s l i c i n g  I would ray, i f  done properly, and i n  a cont ro l led  
vry, i r  a gen t l e r  technique than ID r l i c ing .  Bared on t h i r  I would ray you 
have a b e t t e r  chance t o  end up with a good surface. A wire raw i r  b a r i c a l l y  
a w r y  m n r l e  technique. I ge t  concerned i f  I l i r t e n  t o  c o r a n t r  l i k e  the 
l a r t  tuo dayr, t h a t  everybody putr  h i s  e f f o r t  i n t o  r p e e d i q  up r u l t i b l a d e  
c u t t i a p ,  lulti-wire cut t ing ,  u n y  rile8 per hour f a r t a r .  So ac tua l ly ,  you 
may approach an out-of-control proceor again, and then you w i l l  have o the r  
problarr  . 

lOUTMMTt Doer the foxmation of there  shear loopr depend on the dopant leve l  
of the r i l i con?  



SCHHlTTltEt Not no much. We have invrrtigated a wide rawe of doping, n-type 
and p-type, and in all cases, wa find similar damage. Very u c h  alike. 

lEbUTBORTt You know, these abrasion experimantr are really nice because in the 
old days, in the late '506, Hausner m d  Alexander defamed nilicon at high 
temperaturer, and they found precirely that the deformation characterirtics 
depend on the surface finish at raor temperature, because they are, of 
courre, the source of a11 the dislocations. 

SCHWUTPlCE: I think it's a very neat way of studying durge in silicon. The 
intent of our experiments was to simulate, to get a handle on residual 
damage. We have two duuge modes if you address ID saw durge. One is a 
uniform d w e ,  which indicates that you have the controlled ID slicing 
procerr. Now if you find superimposed a nonhomogeneous damage rode, then 
you know that the process is out of control, and you are dealing with blade 
vibrations. The blade vibrations we found are highly underirable because 
they are responsible for that trarendous variation in drugs depths. This 
in based on cracking of the material. If you prepare your wafer surface, 
you remove the original saw damage, you are left with such aplits. Ori- 
ginally you knew the sericond ctor industry would deliver elice8, and you t had split concentration of 10 per square centimeter. It's unbelievable. 
Subsequently, we learned how to do a better job. Out-of-plane vibration 
is samething that can be eliminated. Then you should be left with a very 
uniform damage depth, and so you are in a much better shape from the begin- 
ning. And this is how I interpret Kris Koliwad's experiment. He had a 
w c h  better-controlled slicing process. 

WLF: I have two other questions . First, we heard from Larry Dyer earlier 
this morning about the split propagation in the (100) cutting direction. 
Would we be better off if we would be cutting the (111) direction, where 
the crack propagation is more in line with the saw normal force? Would we 
get less penetration sideways off these microcracks? The second part is, 
if we go to ductile deformation rather than to brittle erosion, where we 
deal more with plastic deformation, would we also get less damage in the 
wafers? 

SCHWUTTKE: I think the application of lubricants of the type discussed in the 
first tw, papers on Honday is an important aspect of the slicing. Parti- 
cularly if you want to go faster. These things will become very important. 
Orientation dependence in terms of hardners: silicon is a non-isotropic 
material, and is roftest in the (111) plane. There are tradeoffs f r a  that 
point of view. 

DYER: Both your paper and the one preceding are fundamental to thir field. 
They help ur underrtand h w  to cut the silicon; everybody rhould appreciate 
that. From one of the statements of Juler (Routbort) and statements of 
your,, a parron could get the impression that the plartic deformation nr 
the formation of the shear loops is beneficial to removing silicon. In my 
view, that mig!*t be an incorrect way of looking at it, i.a., if we could 
prevent that, it would probably be better. Thua, we uant the direct 
application of the rtresr to form the crackr, and a11 that m y  plartic 
deformation docs is to abrorb r o w  of the energy temporarily and make it 
neceraary to build up more strerser before the thing finally doan the 
crackiq that we want. Any plasticity will actually hurt. 



"Would it better to have ductile behavior?" I doubt it very ruch. I 
chink we want it to rtay brittle. 

SCHHJTPKE: You wili ' r c n  a trade-off. If you stay too brittle and you go too 
fast, you knock the he11 out of silicon and that is no good either. If 
you uant to go fast, - 3 ~  will be forced to use lubricants. 

DYER: To me, if y w  try tc cut fast through something and you try to u k e  it 
ductile, you get througs it all right, but the thing gets bogged down by 
grabbing onto the s.des. 

SCHUUTTltB: I ' m  not so much concerned about the ID saw. I think the guys have 
made a lot of progress in ID slicing. If I look at the equipment we threw 
out several years ago, and take a look at the equipment we cre uaing today, 
it's like day and night. You probably find the same thing. You never 
would rake a 100-aillimeter slice and show your lifetime distribution is 
an average of 400. It's not exactly a plateau, but it's coming close to 
that. I think that is progress in technology. That was unthinkable just 
a few years ago. Qa slicing and combined chcrrech polishing has lllade a 
tremendous leap forward. Using these two techniques, the first a very 
tough one, the second the polishing technique, w can reestablish and 
bring back a basically perfeci- silicon surface. It's amazing that this 
can be done. 

DYER: I make a distinction between the beneficial nature of having it brittle 
and having the very many, many cracks, very small in depth, and the type 
of brittle you're talking about, where you have big cracks going a11 the 
way through something. So we can actually use the brittle nature of it to 
our benefit. 

SCHHITTKE: Deformation at room temperature of brittle materials like silicon 
is advantageous because we were able to develop polishing techniques that 
will remove this type of damage. Your concern is if we go now to plastic 
deformation at roam temperature, by the use of lubricants, we may lose that 
particular benefit. We may not be able to bring back a perfect surface, 
because the plastic deformation process will be out of control. If it is 
a brittle material, we seem to be able to control the plastic deformation 
to the contact point, and that is where the advantage is right now. 

DYER: You show this difference betdeen polishing by removal of the damage 
layer with the acid and with the polisher. Have you any idea why that is? 
Why that tremendous difference? Can you give us soae physical insight? 

SCHWUTTKE: Yes. I think it relates to the chemical potential around the crack 
tip. And if you ure chemistry, then you lower the chemical potential and 
the crack continuos to rc.1 ahead of t3e etching front. If you do a more 
mechanical polishing you don't e.tcounter this problem; you don't propagate 
the crack. So Syton is just fantastic. Syton seems to be able to recover 
the crystal without crack propagations. We are just lucky. 

UNO: We have the same problem. We do our chemical etching. W o w  what do you 
consider slow and fast? Is 25 micron8 per minute faat or slow? 



SCHMIITltB: That is  f a s t .  S l w ,  I ' m  t a l k i q  about 2 microns per minute. 

SclWUT'TlCE: By the  way, Pe t e r  ( ~ l e s ) ,  lodtiq at  your p i c tu re  yesterday: you 
indicated that  you had an uneven su r f ace  &ere you uere c u t t i n g  chemically 
through the  watzr. kou indi-ated t h a t  you thought t h a t  t h i s  u y  be re- 
l a t e d  to i n t e r n a l  d e f e c t s  present  i n  t h e  mater ia l .  It is my experience, 
and I have seen such su r f ace r  a s  you showed, it is due t o  bubble f o ~ t i o n .  
And you a l s o  ind ica ted  t h a t  you have v i o l e n t  a c t i o n  of  hydrogen. A l l  t h a t  
happens is t h a t  t h e  t, '.-cje.~ seem t o  form bubbles on the  i n t e r n a l  sur- 
faces ,  and t h a t ' s  where you ge t  your uneven etching. 

N :  You have a b e a u t i t u l  TUX p i c tu re  o f  t h e  crack on the  sample. Can you 
address ,  a l i t t le  b i t ,  t he  T B M  sample preparation--what a r e  the  thick- 
nesses of  the samples you prepared? 

:;CHWlTKE: Ye a r e  for tuna te ,  ve have a 200 k i l t m a t t  e l e c t r o n  microscope, s o  I 
can pene t ra te  more s i l i c o n  than with a 100 kV. It makes it simpler to 
d isp lay  these cracks. 

CHEN: Do you have any o the r  simple method i n  use f o r  crack examination? 

SCHWUTTKE: I have shown you some p ic tu re s ,  but t h i s  is r e a l l y  tedious work, 
a s  the SEM p ic tu re s  I shoved you where those s p l i t s  opened up. They a r e  
very tedious.  It 's very tough. The b e s t  way t o  f ind  cracks is r e a l l y  t h e  
transmission e l e c t r o n  microscope. Because you have t w o  c r y s t a l  faces ,  no 
bonding between, so  you j u s t  chase t h e  th ing  down till you see a Uoire 
pa t te rn ,  and you know you have a crack. To f ind  these things--it  took us  
weeks and months t he  f i r s t  time, when we a t tacked  the  problem, t o  see t h i s  
t i n y  Moire pattern--but once you know t h a t  t o  look f o r  they suddenly pop 
out a l l  over the  place. A s  I s a i d ,  we even come up with a mi l l i on  per 
square cent imeter ,  but we never could f ind  any before  that .  I t 's  r e a l l y  a 
matter of knowing what t o  look fo r ,  l i k e  everything else, and then you 
suddenly see  it. 




