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CRYSTALLIZATION OF AMORPHOUS S e  FILMS 
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Laboratoire dlEtudes des Couches Minces Amorphes e t  PoZycristaZZines, 
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A b s t r a c t  - C r y s t a l l i z a t i o n  i n  amorphous S e  f i l m s  p roduced  by 
f l a s h  e v a p o r a t i o n  t e c h n i c  h a s  been s t u d i e d  from c o n d u c t i v i t y  
measurements  on  t h e  t e m p e r a t u r e  r a n g e  3 1 3  t o  3 5 3 K .  The e x p e r i -  
m e n t a l  r e s u l t s  show a n  h e t e r o g e n o u s  n u c l e a t i o n  and t h a t  t h e  
c r y s t a l l i z a t i o n  depends  upon t h i c k n e s s  ; t h e y  a l l o w  u s  t o  de-  
t e r m i n e  t h e  p a r a m e t e r s  which  c h a r a c t e r i s e  t h i s  phonomenon : 
growth  and n u c l e a t i o n  r a t e s ,  c o n c e n t r a t i o n  and mean s i z e  o f  t h e  
c r y s t a l l i t e s  i n  good ag reemen t  w i t h  mic roscopy  s t u d i e s ,  a s  w e l l  
a s  t h e  g rowth  r a t e  a c t i v a t i o n  e n e r g y .  

I n t r o d u c t i o n  - C r y s t a l l i z a t i o n  i n  amorphous m a t e r i a l s  i n v o l v e s  elec- 
t r o n  d i f f r a c t i o n  and mic roscopy  111 1 2 1 , d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  
13 1 14 1 , h o t o e m i s s i o n  and o p t i c a l  a b s o r p t i o n  151 161  . R e c e n t l y  Germain 
e t  a 1  17718  1 h a v e  shown t h a t  c o n d u c t i v i t y  measurements  c a n  b e  a p p l i e d  
t o  s t u d y  c r y s t a l l i z a t i o n  p r o c e s s e s .  T h i s  method c a n  p r o v i d e  b o t h  t h e  
d e t e r m i n a t i o n  o f  t h e  c r y s t a l l i z a t i o n  t y p e  a s  w e l l  a s  t h e  p a r a m e t e r s  
which g o v e r n  and c h a r a c t e r i s e  t h e  c r y s t a l l i z a t i o n  and h a s  been used  
f o r  m a t e r i a l s  s u c h  a s  Ge and S i .  Fo r  t h e s e  m a t e r i a l s  t h e  r a t i o  from 
c r y s t a l l i n e  t o  amorphous c o n d u c t i v i t i e s  i s  a b o u t  20 whereas  f o r  S e , i t  
is  u p  t o  1 0 5 ,  which  l e a d s  t o  a n  a d j u s t m e n t  of  t h e  model.  T h i s  p a p e r  
d e a l s  w i t h  a n  a t t e m p t  t o  a p p l y  t h i s  model t o  S e  f i l m s  and t o  g i v e  t h e  
v a l u e s  o f  t h e  c o r r e s p o n d i n g  p a r a m e t e r s .  

T h e o r e t i c a l  - The model deve lopped  by Germain e t  a 1  i s  based  on t h e  
e x i s t e n c e  o f  two t y p e s  o f  c r y s t a l 1 i t e s : o n e  d u e t c b m o g e n o u s  n u c l e a t i o n  
( c r y s t a l l i t e s  b e i n g  c r e a t e d  and growing a l l  a l o n g  t h e  c r y s t a l l i z a t i o n  
t a k e s  p l a c e ) ,  t h e  o t h e r  d u e  t o  h e t e r o g e n o u s  n u c l e a t i o n  ( t h e  c r y s t a l l i -  
tes  b e i n g  p r e s e n t  a t  t h e  i n i t i a l  t i m e ) ,  b o t h  growing i n  two ways ,  
f i r s t  i n  a  t h r e e - d i m e n s i o n n a l  ( s p h e r i c a l )  way a s  l o n g  a s  t h e i r  diame- 
ter i s  s m a l l e r  t h a n  t h e  t h i c k n e s s  e o f  t h e  l a y e r ,  t h e n  i n  a  two-dimen- 
s i o n n a l  ( c y l i n d r i c a l )  way and i n t e r f e r i n g  i n  two c r y s t a l l  i z a t i o n  
modes : b u l k  induced  c r y s t a l l i z a t i o n  (B.  I . C )  and s u r f a c e  induced  c r y s -  
t a l l i z a t i o n  (S. 1 . C ) .  

Bulk  induced  c r y s t a l l i z a t i o n  - S t a r t i n g  from Avrami r e l a t i o n , w h i c h  
g i v e s  t h e  c r y s t a l l i z a t i o n  volume V ( t ) ,  f o r  homogenous n u c l e a t i o n  : 

(where  n i s  a  s h a p e  f a c t o r ,  Y i  t h e  g rowth  r a t e  o f  t h e  c r y s t a l l i t e s  i n  

t h e  i d i r e c t i o n  and VI t h e  n u c l e a t i o n  r a t e )  
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and assuming a n  i s o t r o p i c  g rowth  r a t e ,  t h e  a u t h o r s  have  e s t a b l i s h e d  
t h e  c r y s t a l l i z a t i o n  k i n e t i c  e q u a t i o n s  : 

1  (1 )  Ln 2 = P 2 ( a  +v t 1 2 +  - n t v 2  ( t 3 - - r 3 )  +- - 
l -X S  o g  3  g  3 e  g 

n '  v 3 t 4  f o r  t > T 

1 1 n '  ( 2 )  Ln - = P 1 ( a  + v  t ) ' +  - n- v a t 4  
3 e  g  

f o r  t < r 
l -X S  o g  

( T  b e i n g  a  c r i t i c a l  t i m e  f o r  t h e  g rowth  o f  a  c r y s t a l l i t e  t o  s w i t c h  
f rom a s p h e r i c a l  t o  a  c y l i n d r i c a l  mode, v  t h e  g rowth  r a t e ,  P t h e  num- 
b e r  and a. t h e  mean s i z e  o f  t h e  i n i t i a l  c Y y s t a l l i t e s  and n '  t h e  n u c l e -  
a t i o n  r a t e ) .  

S u r f a c e  induced  c r y s t a l l i z a t i o n  - I n  c a s e  o f  S.1.C t h e y  a l s o  c a l c u l a -  
t e d  b o t h  t h e  v a r i a t i o n  w i t h  t i m e  o f  t h e  c o n d u c t a n c e  of t h e  l a y e r  : 

v t  

TT3 a  e 
O c  (where  7 i s  t h e  r a t i o  o f  t h e  c r y s t a l l i n e  t o  t h e  amorphous c o n d u c t i -  

a  
v i t i e s )  and t h e  c r y s t a l l i n e  f r a c t i o n  

v  
x = ~ n  a 2  J t  f o r  t < T 

vm 

1 P11 L n - = -  
l -X 

S (ao+v t 1 2  f o r  t > T 
g  

Then u s i n g  t h e  Landauer  e q u a t i o n ,  

which g i v e s  f o r  s p h e r i c a l  shaped  c r y s t a l l i t e s  t h e  r e l a t i o n  between t h e  
c r y s t a l l i n e  f r a c t i o e  X v e r s u s  t h e  c o n d u c t i v i t y  o f  t h e  l a y e r ,  it i s  
p o s s i b l e  a s  f a r  a s  i s  known, t o  o b t a i n  t h e  c r y s t a l l i z a t i o n  t y p e  as 

"a 
w e l l  a s  t h e  v a l u e s  o f  t h e  p a r a m e t e r s .  

Ex e r i m e n t a l  - The samples  h a v i n g  Et) a  P h i c k n e s s  r a n g i n g  from 50008 t o  ' I  I 
l v m  have  been p r e p a r e d  by f l a s h  
e v a p o r a t i o n  t e c h n i c  I 9 l ~ i g .  1 
e x h i b i f t  a  t y p i c a l  c r  s t a l l i z a t i o n  
c u r v e  - v e r s u s  t i m e  7 ( a b )  i n c r e a s e  

Z a  
o f  t h e  c o n d u c t i v i t y  w i t h  t h e  tempe- 
r a t u r e ,  ( b c )  s t a b i l i s a t i o n  and  ( cd )  
r e a l  i s o t h e r m i c  c r y s t a l l i z a t i o n  l . 
The i s o t h e r m i c  c r y s t a l l i z a t i o n  h a s  1 
been s t u d i e d  f o r  two series o f  
s amples  : lpm t h i c k  ( S . l )  and  I 
5000; t h i c k  ( S . ? ) ,  t h e  c o r r e s p o n -  I t 
d i n g  c u r v e s  Ln- = f  ( t )  and a b  C 

l -X 
d 

Ln Ln (-L) = Ln (t) h a v e  been 
l -X F i g .  1  - A t y p i c a l  v a r i a t i o n  w i t h  

p l o t t e d  o n  f i g u r e s  2 and 3  (S .  1 )  , t i m e  o f  t h e  r e l a t i v e  conduc- 
4 and 5 ( s . 2 ) ;  Z t  t a n c e  - 
E q u a t i o n s  (1) and (2 )  b e i n g  r educed  Z a  

1 t o  L(-) 3. ~ t ~ , w e  c a n  see t h a t  t h e  b e h a v i o r  o f  t h e  samples  depends  
l -X 

upon t h i c k n e s s  ; t h e y  e x h i b i t  a  r= l ,  2  and 4 b e h a v i o r  f o r  t h e  h i g h e s t  
t h i c k n e s s  (S .1)  and r = 1 , 2  and 3 b e h a v i o r  f o r  t h e  l o w e s t  (S .2)  , which 
i n d i c a t e s  i n  b o t h  k i n d  f i r s t  a n  h e t e r o g e n o u s  c r y s t a l l i z a t i o n  a t  t h e  
beg i n n i n g  o f  t h e  phenomenon and t h e n  a n  homogenous c r y  s t a l l  i z a t i o n  
i n  t h e  b u l k .  



The v a l u e s  of t h e  

In l 
I - 1  

D 

paramete r s  have  
been c a l c u l a t e d  f o r  
each  s e r i e s  : t h e  
growth r a t e  v  i n -  
c r e a s e s  w i t h  ?he 
t e m p e r a t u r e  ( 0 . 6  t o  <>,* 2 . 3 i  S-' f o r  a tem- 
p e r a t u r e  r a n g e  334 
t o  351K (S81) and 
0 . 6  t o  1.8A S- '  f o r  
t e m p e r a t u r e  r a n g e  
338 t o  346K (S.2) ( 
and a p p e a r s  t o  b e  
r a t h e r  independen t  
of t h e  t h i c k n e s s  
w h i l e  t h e  nuc lea -  
t i o n  r a t e  n '  i n c r e a -  

2 1 '  ses from 1 t o  3  10' 
00 loo 160 aoo 

cm-3 S-' (S.  1) and 
t'min f r o m  1  t o  1.5 109 

F ig .2  - Thickness  e=lpm ;I,n - =f (t)  w i t h  tempe- C m - 3 s - ~  (S.2)  in 
l -X 

r a t u r e  a s  pa ramete r  : * 351K, 3 246K, * 340K, 337K t h e  Same t e m p e r a t u r e  
r a n g e s .  The o t h e r  

1n-l- 
l -X 

2D 

paramete r s  have been found 

/'- 
c o n s t a n t  b o t h  w i t h  t e m p e r a t u r e  
and t h i c k n e s s  :0,2pm f o r  t h e  
mean s i z e  of t h e  c r y s t a l l i t e s ,  
i n  good agreement  w i t h  micros-  
copy measurements ,and 10 ' c m  
f o r  t h e i r  c o n c e n t r a t i o n  p e r  
u n i t  s u r f a c e .  We have  a l s o  
c a l c u l a t e d  t h e  a c t i v a t i o n  

1.5 
energy of t h e  growth r a t e  
from t h e  c u r v e  v  = f ( $ )  which 

g  
w e  found a p p r o x i m a t i v e l y  
e q u a l  t o  0.78eV whatever  t h e  
t h i c k n e s s .  

1.0 . Conclus ion  - The a d a p t a t i o n  
o f  Germain and a 1  method t o  
m a t e r i a l s  l i k e  se len ium which 
r a t i o ,  c r y s t a l l i n e  t o  amor- 
phous c o n d u c t i v i t i e s  i s  v e r y  

0.5 
h i g h ,  l e a d s  t o  a good d e t e r -  
m i n a t i o n  of t h e  pa ramete r s  
which govern  t h e  c r y s t a l l i z a -  
t i o n  k i n e t i c s .  The d i f f e r e n t  
r e s u l t s  a r e  i n  good agreement  
w i t h  t h o s e  o b t a i n e d  by o t h e r  
methods : e l e c t r o n  microscopy 

0 5 0  l00 '5O l,'min 
l 

and d i f f e r e n t i a l  t e r m a l  
E ig .3  - Thickness  e = 5 0 0 0 i , ~ n  ==f ( t )  a n a l y s i s .  

w i t h  t e m p e r a t u r e  a s  pa ramete r  : 
3 346K, * 341K, 338K 
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0 

F i g . 4  - T h i c k n e s s  e = l u m  F i g . 5  - T h i c k n e s s  e = 5 0 0 0 A  
1 1 

L n L n  = f ( L n  t )  w i t h  t e m p e r a t u r e  L n L n  - = f ( L n  t )  w i t h  t e m p e r a -  
1 X l -X 

as  p a r a m e t e r  : * 3 5 1 K ,  i 2 4 6 K ,  t u r e  a s  p a r a m e t e r  :i 3 4 6 K  ; 
* 3 4 0 K ;  3 3 7 K  * 3 4 1 K ;  3 3 8 K  
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