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RESUME 

Oans cet article, sont prBsentBs des rBsultats d'une Btude par microscopie 
electronique en transmission de joints de grains Blectriquement actifs 
(et inactifs) dans des Bchantillons de silicium polycristallin 6laborBs 
par la methode RAD. Les joints de grains dans les dchantillons extraits 
aprhs plusieurs metres de tirage ne sont pas caractCrisBs par des relations 
de macles parfaites. De nombreux prdcipitbs apparaissent dans les joints 
proches de la surface libre. 

ABSTRACT 

This article reports on results of observations by transmission electron 
microscopy ( T E M )  of electrically active (and inactive) grain boundaries 
in polycrystalline silicon layers grown by the RAD growth process. In 
samples taken after a pulling length of several meters, the grain boun- 
daries (GB's) are not characterized by exact twin relationships. Precipi- 
tates are present in GB's near the free surface. 

I. INTRODUCTION 

Polycrystalline layers grown by direct freezing of a silicon film about 100 pm thick 
on a carbon ribbon by the RAO growth process in view of  achieving low-cost solar 
cells have received continuous attention these last years [l, 21. Because of the uni- 
directional solidificationoccurringduring silicon deposition on the carbon substrate, 
the film contains large columnar grains which are approximately perpendicular to the 
(011) free surface and extend across the entire thickness of the sample. Usually, 
these grains are several centimeters long in the [Zll'] growth direction and a few 
millimeters wide. 

The recombinations at such GB's perpendicular to the solar cell surface may act on 
the photocurrent and the electrical properties of junctions [3]. It has been shown 
that with large grain sizes , the first effect is not important [ 4 ] .  An open ques- 
tion is to know if the electrical activity of grain and twin boundaries is related 
to intrinsic crystallographic structures or to extrinsic defects such as dislocations 
and precipitates. Combined electron-beam induced-current (EBIC) and TEM studies are 
particularly well adapted to the problem. 

Previous work by C. FONTAINE and A. ROCHER (53  on very early specimens elaborated by 
the RAD growth process had shown that the main crystal defects electrically active 
were curved GB's interpreted as step configurations which coincide withmirror planes 
associated with the exact twin relationship. The specimens studied here were taken 
after a pulling length of several meters. The curved GB's electrically active under 
EBIC examinations, although often roughly parallel to the pulling direction, are no 
more associated to exact coincidence orientations. Two types of samples were studied 
as reported below : the first variety was taken from an as-grown ribbon, the second 
one from a solar cell. 
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I I .  EXPERIMENTAL 

The e l e c t r i c a l  a c t i v i t y  o f  e x t e n d e d  d e f e c t s  was mapped i n  a n  e l e c t r o n  microscope  (SEMI 
u s i n g  EBIC c o n t r a s t .  The s p a t i a l  r e s o l u t i o n  o f  t h e  t e c h n i q u e  l a r g e l y  depends  on  t h e  
volume i n t o  which i n c i d e n t  e l e c t r o n s  a r e  s c a t t e r e d  [ 6 ] .  The r e s o l u t i o n  o f  EBIC images  
i s  t y p i c a l l y  o f  t h e  o r d e r  o f  a few micrometers .  TEM i n v e s t i g a t i o n s  were c a r r i e d  o u t  
on a  PHILIPS EM 300 o p e r a t i n g  a t  100 keV. EBIC images were c o r r e l a t e d  w i t h  r e f l e c t i o n  
o p t i c a l  images i n  o r d e r  t o  p r e c i s e l y  l o c a t e  t h e  GB's p o r t i o n  o f  i n t e r e s t  ; t h e  100 v m  
t h i c k  sample  was f u r t h e r  i o n - t h i n n e d  e i t h e r  o n  o n e  s i d e  o r  b o t h  s i d e s .  

111. RESULTS 

a )  As-qrown s a m p l e s  

A g r a i n  boundary e l e c t r i c a l l y  a c t i v e  was s t u d i e d  a t  s e v e r a l  l o c a t i o n s .  The o r i e n t a t i o n  
r e l a t i o n s h i p  between t h e  two a d j a c e n t  g r a i n s  was d e t e r m i n e d  from d i f f r a c t i o n  p a t t e r n s  
by a  n u m e r i c a l  method ; t h e  d e v i a t i o n  from t h e  e x a c t  t w i n  r e l a t i o n s h i p C 3  (Ro = [Oil] ; 
g o  = 70°53) was found t o  b e  a  few d e g r e e s .  For  example ,  i n  t h e  a r e a  r e p r e s e n t e d  i n  
f i g u r e  1, t h e  c o u p l e  ( a x i s / o r i e n t a t i o n  a n g l e )  was : (0.0721,  0.7204,  0.7058 ; 0 = 65O74). 
The o r i e n t a t i o n  o f  t h e  boundary c h a n g e s  when it is i n t e r s e c t e d  by t w i n  p l a n e s  o r  p l a -  
n a r  d e f e c t s  ;-however, t h e  l a r g e s t  p o r t i o n s  a r e  c l o s e  t o  ~ i r r o r  p l a n e s  f o r  t h e  e x a c t  
23 t w i n  : ( 1 1 1 ) 1 / ( i l i ) 1 1  i n c l u d i n g  t h e  growth  d i r e c t i o n  [21i]1/[211]11 ( i n d i c e s  I and 
I 1  r e f e r  t o  t h o s e  i n  f i g u r e  1 ) .  F i g u r e  1 r e p r e s e n t s  t h e  GB s e e n  end-on w i t h  d e f e c t s  
w i t h i n  1 um from it. 

Flg.l : g r a i n  boundary and 
d e f e c t s  i n  its v i c i n i 9  
G = 0 2 2 ( I )  and G = 0 2 2 ( I I )  
( I )  and ( 1 1 )  r e f e r  r e s p e c t i -  
v e l y  t o  g r a i n s  I  and 11. 

Among t h e s e  d e f e c t s  a  few- iso la ted  and p e r f e c t  60" d i s l o c a t i o n s  D ( d i r e c t i o n  u  =[i10]1, 
B u r g e r s  v e c t o r  b  = 1 / 2  [ O l l j I )  have been o b s e r v e d .  S t a c k i n g  f a u l t s  F l  ( 1 1 1 ) I I ,  F2 
( 1 1 l ) I I  a r e  p r e s e n t  i n  t h e  upper  g r a i n  11 .  T h e i r  t r a n s l a t i o n  v e c t o r  T d e t e r m i n e d  from 
t h r e e  e x t i n c t i o n s  i n  two-beam c o n d i t i o n s  a r e  p e r p e n d i c u l a r  t o  t h e s e  p l a n e s .  A 
Schgckley  p a r t i a l  d i s l o c a t i o n  o r i e n t e d  a l o n g  [ 1 0 1 ] I I  w i t h  a  B u r g e r s  v e c t o r  b = 1/6 
[121] I I  is p r e s e n t  a t  t h e  i n t e r c e p t  o f  t h e  Fp s t a c k i n g  f a u l t  w i t h  t h e  GB. The l a r g e  
wid th  o f  t h e  c o n t r a t s  a t  t h e  f a u l t s ,  e s p e c i a l l y  i n  F1 (- 2  pm) must r e s u l t  o f  l a r g e  
s t r e s s e s  t o  overcome t h e  b a c k s t r e s s  o f  t h e  p a r t i a l  d i s l o c a t i o n s  [7] .  Many X3 t w i n s  
w i t h  a  [ O l l ]  common a x i s  a r e  v i s i b l e  i n  t h e  l o w e r  g r a i n  I .  These b o u n d a r i e s  d o c o n t a i n  
many p a r t i a l  d i s l o c a t i o n s ,  some o f  them b e i n g  s t e p p e d  w i t h  f a c e t s  o r i e n t e d  a l o n g  (11111 
(PI and (11211 (MI. Images t a k e n  w i t h  a  common r e f l e c t i o n  s h o u l d  e x t i n c t  t h e  t h i c k n e s s  
f r i n g e s  ( f i g . 2 a ) .  T h i s  i s  o b s e r v e d  f o r  ( 2 2 0 ( 1 ) / 2 0 2 ( 1 1 ) )  b u t  a  s l i g h t  r e s i d u a l  c o n t r a s t  
on (11211 f a c e t  i s  p r e s e n t  i n  t h e  f o l l o w i n g  common r e f l e c t i o n  ( f i g . 2 b ) :  (202(1)/220(11))  
and ( 1 1 1 ) ( 1 ) / 1 1 1 ( 1 1 ) ) .  These f r i n g e s  w i t h  a n  a c h a r a c t e r  [ 8 ]  may be  i n t e r p r e t e d  a s  a  
r i g i d  body t r a n s l a t i o n  o r  a s s o c i a t e d  t o  p a r t i a l  d i s l o c a t i o n s  i n  t h e  i n t e r f a c e  [9L 101.  
The p a r t i a l s  a t  t h e  i n t e r c e p t  between f a c e t s  P and M have a  B u r g e r s  v e c t o r  1 /6  (12111 
d e t e r m i n e d  from e x t i n c t i o n s  w i t h  r e f l e c t i o n s  1 1 1 ( I )  and 202 ( I )  ; t h e s e  d i s l o c a t i o n s  



F i g . 2  : M(112)I  f a c e t s  showing  f r i n g e s  w i t h  common r e f l e c t i o n  : ( 2 0 2 ) 1 / ( 2 2 0 ) I I .  

a r e  o f  t h e  g l i d e  t y p e  i n  boundary P. P a r t i a l s  w i t h  b  = 1/6  ( 2 i 1 ) 1  and t h e  g l i d e  t y p e  
1 / 6  ( i 2 1 ) 1  a r e  p r e s e n t  i n  t h e  f i n e l y  s t e p p e d  boundary P. F i g u r e  3  p r e s e n t s  a  commonly 
e n c o u n t e r e d  d i s t r i b u t i o n  o f  m i c r o t w i n s  consisting o f  l a r g e  ( 1 1 1 ) I  i n t e r f a c e s  and  li- 
m i t e d  a t  t h e i r  t i p  by ( 1 1 2 ) I  f a c e t s .  The d o t t e d  EBIC s i g n a l  u s u a l l y  o b s e r v e d  i n  t h e  
i n t e r i o r  o f  a  g r a i n  c o u l d  be  a s s o c i a t e d  w i t h  t h a t  c r y s t a l l o g r a p h i c  d e f e c t  s t r u c t u r e  
r e l a t e d  t o  t h e  ( 1 1 2 ) I  f a c e t .  

b )  S o l a r  c e l l  s a m p l e s  

100 v m  t h i c k  s a m p l e s  were i o n - t h i n n e d  on b o t h  s i d e s  s e l e c t i n g  e i t h e r  e l e c t r i c a l l y  
a c t i v e  o r  i n a c t i v e  GR's .  Blank EBIC c o n t r a s t s  were connec ted throughSEM o b s e r v a t i o n s  
t.o f l a t  b o u n d a r i e s  w i t h o u t  d e f e c t s  ( d i s l o c a t i o n s ,  m i c r o t w i n s )  i n  t h e  i n t e r f a c e  o r  
w i t h i n  a  few micrometers  from it .  T h i s  r e s u l t  h a s  a l r e a d y  been r e p o r t e d  by many au- 
t h o r s  c o n c e r n i n g  1 3  t w i n s  ; however, i n  t h e  c a s e  o f  c o n c e r n  t h e  GB is a g e n e r a l  one  
a s  d e f i n e d  by t h e  f o l l o w i n g  ( a x i s / r o t a t i o n  a n g l e )  p a i r  : (0.21,  0 .34 ,  0.57 ; 0 = 38O4). 

I n  o p p o s i t i o n  t o  t h a t  r e s u l t ,  s t r o n g  EBIC c o n t r a s t  a r i s e s  whenever a g e n e r a l  GB is 
i n t e r c e p t e d  by many p l a n a r  d e f e c t s .  F i g u r e  4  i l l u s t r a t e s  s u c h  a  s i t u a t i o n  where a  
g e n e r a l  CB n o t e d  3 3  ([ill] common a x i s ,  X73) c u t s  f i r s t  and second o r d e r  t w i n s .  

F19.4 : 0 1 1  common a x l s  ; t h e  r e l a t i o n s h i p s  
between r e g l o n s  denoted-A,B,C,O a r e  t h e  
f o l l o w ~ n g  : A/CL E3, ( l l l ) A / ( l l I ) C  ; A/D, 
C3, ( l l l ) A / ( l l l ) D  ; C/D, ~ 9 , - ( 1 2 2 ) C /  

\. (122)D ; J 3  = A/B, (223)A/(455)B. 

- 

I n  t h e  r e g i o n  named C, many m i c r o t w i n s  w i t h  (112)  i n t e r f a c e s  p r e v i o u s l y  d e s c r i b e d  a r e  
p r e s e n t .  No d i s l o c a t i o n s  a r e  v i s i b l e  i n  t h e  GB's where o r i e n t a t i o n  changes  s t r o n g l y  
w i t h i n  1 v m  i n  l e n g t h .  
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I n  o r d e r  t o  l o o k  a t  GB's c l o s e  t o  t h e  p-n j u n c t i o n ,  s a m p l e s  were i o n - t h l n n e d  m o s t l y  
on one  s i d e .  F u r t h e r m o r e ,  by t h i n n i n g  s t e p  by s t e p ,  ~t was p o s s i b l e  t o  e x p l o r e  t h e  
inhomogeneous c o n t r a s t  p r e s e n t e d  by E B I C  images a l o n q  a n  i n t e r f a c e  ( f i g u r e  5). 

- v - * 
6 '. f 

c o n t r a s t  a l o n g  b o u n d a r i e s .  

A GB w i t h  a  " f l a t "  i n t e r f a c e  b u t  g e n e r a l  o r i e n t a t i o n ,  ( [ I 1 7 1  common a x i s ,  ( 34F)  p l a n e  
boundary,  c l o s e  t o  C19) w i t h o u t  p l a n a r  d e f e c t s  o r  d i s l o c a t i o n s  a round i t  e x h i b i t e d  
a  s m a l l  r e c o m b i n a t i o n  e f f e c t  p r o b a b l y  due  t o  s m a l l  p r e c i p i t a t e s  ( a b o u t  20 nm i n  s i z e ) .  
These p r e c i p i t a t e s  seem t o  b e  a l i g n e d  a l o n g  a  common d i r e c t i o n  i n  t h e  boundary where 
no  d i s l o c a t i o n  c o n t r a s t  was o b s e r v e d .  A s i m i l a r  s i t u a t i o n  a r i s e s  i n  l o c a t i o n  ( a )  i n  
f i g u r e  5. A " f l a t "  Z27 t w i n  boundary shows ( f i g u r e  6 )  s m a l l  d o t t e d  c o n t r a s t s  (-10 nm) 
when s e e n  end-on, which may r e s u l t  from p r e c i p i t a t e s  a l i g n e d  i n  t h e  boundary.  The 
a s s o c i a t e d  E B I C  c o n t r a s t  is s m a l l  i n  o p p o s i t i o n  t o  what happens i n  l o c a t i o n  ( b )  i n  
f i g u r e  5. I n  t h i s  c a s e ,  t h e  i n t e r f a c e  c h a n g e s  its o r i e n t a t i o n  due  t o  a  complex micro- 
t w i n  c o n f i g u r a t i o n  which i n t e r c e p t s  t h e  GB. F u r t h e r m o r e ,  a  pronounced s i l i c o n  c a r b i d e  
p r e c i p i t a t i o n  is p r e s e n t  i n  t h e  i n t e r f a c e  ( f i g u r e  7 ) .  

N o t i c e  t h e  f i n e l v  s t e ~ ~ e d  n a t u r e  o f  t h e  t h i c k n e s s  f r i n g e  -. - -  

c a r b i d e  is  t h o u g h t  t o '  be p r e s e n t  i n  t h a t  s a m p l e  b e c a u s e  o f  t h e  
s u r f a c e  ( u n p u b l i s h e d  r e s u l t s ) .  S i l i c o n  c a r b i d e  i n t e r f a c e s  were  

s i l i c o n  c a r b i d e  p r e c i -  
p i t a t e s  i n  a  boundary  
c l o s e  t o  t h e  f r e e  s u r -  
f a c e .  

3e b o u n d a r y .  S i l i c o n  
p r o x i m i t y  o f  t h e  f r e e  
n o t  o b s e r v e d  i n  s p e -  

c i m e n s  i o n - t h i n n e d  e q u a l l y  o n  b o t h  s i d e s .  



I V .  CONCLUSION 

Coherent t w i n  boundaries as i t  has been p rev ious ly  shown by severa l  authors do n o t  
present e l e c t r i c a l  a c t i v i t y .  The same r e s u l t  present ly  occurs f o r  "uniform" general 
g r a i n  boundaries. 

When mixed GB's are encountered, due t o  t h e i r  i n t e r c e p t  by planar defects, the  e lec-  
t r i c a l  a c t i v i t y  d i s t i n c t l y  ar ises.  These defects  r e s u l t  from s t ress  inhomogeneity 
probably dur ing the growth process s ince l a r g e  s tack ing f a u l t  widths are observed i n  
as-grown samples. Most o f  the defects  which may be ascribed an e l e c t r i c a l  a c t i v i t y  
a re  p a r t i a l  d i s loca t ions  and incoherent boundaries. Due t o  the EBIC r e s o l u t i o n  t h e i r  
respect ive in f luence  i s  genera l ly  d i f f i c u l t  t o  evidence. However, i t  seems t h a t  a 
concentrat ion of (112) incoherent Z3 i n t e r f a c e s  might r e s u l t  i n  dot ted EBIC contrasts  
w i t h i n  gra ins.  

Pre l iminary r e s u l t s  have ind ica ted  the presence o f  s i l i c o n  carb ide f i l m s  i n  the g r a i n  
boundaries and impur i t y  p r e c i p i t a t e s  i n s i d e  the g ra ins  near t o  the sur face ( i .e .  i n  
the v i c i n i t y  o f  p-n junc t ion ) .  

Fur ther  experiments i n  progress w i l l  be aimed a t  evaluat ing the c o n t r i b u t i o n  o f  
defects  and i m p u r i t i e s  t o  the e l e c t r i c a l  a c t i v i t y  o f  the boundaries. 
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