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Résumé : Les propriétés électriques du si l ic ium polycr is ta l l in varient for­
tement avec la concentration en aluminium (Ny\-|). En e f fe t , cet élément peut 
jouer le rôle non seulement d'accepteur ou de centre de recombinaison in t ra-
granulairemais encore de passivant électrique aux joints de grains suivant 
le si te qu ' i l occupe ou son environnement chimique. L'influence de l'oxygène 
sur le phénomène de précipitation aux interfaces internes et aux dislocations 
est analysée. Par a i l leurs , la cartographie LBIC permet de caractériser l 'ac­
t i v i t é électrique des joints de grains et en part icul ier des macles en rela­
tion avec le mécanisme de coségrégation. 

Abstract : In p o l y s i l i c o n , e l e c t r i c a l propert ies are s t rong ly inf luenced by 
Al concentrat ion ( N A l ) • Al acts as an acceptor or as a recombinating agent 
w i t h i n grains and i t can e l e c t r i c a l l y passivate gra in boundaries .accord­
ing to i t s s i t e occupation or to i t s chemical environment . The inf luence 
of oxygen on the Al p r e c i p i t a t i o n a t i n te rna l in te r faces and d is loca t ions was 
analysed. The LBIC technique was appl ied i n the mapping mode to character ize 
the e l e c t r i c a l a c t i v i t y of gra in boundaries and s p e c i f i c a l l y of twin bounda­
r ies i n re la t i onsh ip wi th co-segregation mechanism. 

1 - INTRODUCTION 

In p o l y s i l i c o n , aluminium is a not iceable dopant since i t can act as an acceptor or 
as a trap f o r electrons (respect ive energy levels : 0.06 eV and 0.43 eV above the 
valence band edge / l / ) and i t can also passivate gra in boundaries HI. A d d i t i o n a l l y , 
Al i n te rac ts wi th oxygen / 3 , 4 / and i t s e l e c t r i c a l a c t i v i t y w i l l depend on the heat 
treatments / 2 , 3 / . 

This work i s par t o f an extensive i nves t iga t i on on the impur i ty -de fec t i n t e rac t i on 
i n poly-Si and i t s inf luence on e l e c t r i c a l p roper t ies . The p-type poly-Si was pre­
pared by the Heat Exchanger Method * / 5 / wi th an Al concentrat ion (N^i) ranging from 

17 -"3 ?0 -^ 
1.6 10 at cm to 10 at cm . In a pre l iminary work / 6 / , we have shown tha t the 
acceptor concentrat ion to NAI r a t i o diminishes when N/\T increases. Moreover, the a l u ­
minium atoms which do not enter i n to acceptor s i tes w i l l be found i n at leas t two 
types of s i tes : bulk t rap s i t es and spec i f i c s i t es a t gra in boundaries. 

Ana ly t i ca l e lec t ron microscopy showed Al segregation a t grain boundaries f o r 
i q q on _q 

NA1 = 10
1 3 at cm , i.e. below the solubility limit. At N^i = 10 at cm , a decrea­

se in intragrain defect density is observed in parallel with bulk and interfacial 
precipitation. This precipitation will be analysed and the role of oxygen will be 
evidenced. 

*UA 450 

* Heat Exchanger Method (HEM) i s a reg is t red trade mark of Crystal Systems I n c . 
Salem MA, USA 
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Laser Beam Induced Current (LBIC) /6/ i nd ica ted  t h a t  the m i n o r i t y  c a r r i e r  d i f f u s i o n  
lengthswere < 12 pm. These values correspond t o  a h igh densi ty  o f  e l e c t r o n  recombina- 
t i o n  centers. These recombination centers come from l o c a l i z e d  s ta tes  i n  the f o r b i d -  
den gap in t roduced by bulk  defects  and g r a i n  boundaries. The e l e c t r i c a l  a c t i v i t y  o f  
g r a i n  boundaries wi 11 be character ized by the LBIC mapping mode. 

2 - EXPERIMENTAL METHODS 

The aim o f  these experiments was t o  c o r r e l a t e  e l e c t r i c a l  p roper t ies  t o  the microst ruc-  
t u r e  observed by Transmission E lec t ron  Microscopy (TEM). The experimental procedure 
had been developed p rev ious ly  /4,7/ and i t  was now adapted t o  the c h a r a c t e r i s t i c s  
o f  the HEM materi  a1 . 
2.1. Tran~mlssjgn_electygn-m~_c[gs~gpy 
Conventional TEM and a n a l y t i c a l  Scanning Transmission E lec t ron  Microscopy (STEM) were 
used (mi c r o d i f f r a c t i  on, X-ray Energy Dispers ive Spectroscopy (EDS) and E lec t ron  Ener- 
gy Loss Spectroscopy (EELS)*) /8/. A t  low N A ~ ,  small p r e c i p i t a t e s  (50 1) could on ly  
be analysed by means o f  m i c r o d i f f r a c t i o n  o r  moire f r i nges  cor re la ted  w i t h  chemical ly 
character ized microst ructures observed a t  h igher  A1 concentrat ion. 

2.2. Lgser-Beam-lndyced-c~_r~e__nttmapp~g ( LBIC) 

MIS junc t ions  f o r  the m i n o r i t y  c a r r i e r  c o l l e c t i o n  were r e a l i z e d  on s i l i c o n  sur fac s 
which were successively pol ished, chemical l y  etched and thermal ly  ox id ized.  A 200 fi 
alumi n i  um 1 ayer was then deposited under u l  t r a  h igh vacuum (5.10-9 t o r r )  . This t y p i  - 
ca l  thickness was chosen i n  order  t o  l i m i t  the i n c i d e n t  beam absorpt ion. The LBIC 
mapping was obtained w i t h  a .Ga As l a s e r  (A = 0.844 pm which has an absorption depth 
of 23 pm and i s  thus i n s e n n t ~ v e  t o  surface defects .  A He Ne l a s e r  (A = 0,633 pm) 
which has an absorpt ion depth o f  3.5 urn, was a lso  used f o r  comparison. The l a s e r  
spot  s i z e  was 20 urn, and the measuring step was 2.5 pm. 

3 - RESULTS 

3.1. M jco-g~tructyw-e 

I t  has p rev ious ly  been shown t h a t  the poly-Si m ic ros t ruc tu re  can be s p l i t  i n t o  f o u r  
zones which are r e l a t e d  t o  N A ~ .  As a main r e s u l t ,  A1 segregation was evidenced a t  
g r a i n  boundaries by X-ray EDS, s p e c i f i c a l l y  on e x t r i n s i c  d is loca t ions  /6/. For 
N A ~  < 1019 a t  cm-3,dislocations are mostly s i t u a t e d  a t  g r a i n  boundaries. The A1 con- 
c e n t r a t i o n  appears t o  be heterogeneous a t  a 0.1 mm scale. For instance when N A ~  = 

8 10'' a t  ~ m - ~ ,  l o c a l  A1 concentrat ion may reach 5 l o z 0  a t  i n  areas where the 
decorated d i s l o c a t i o n  dens i t y  i s  found t o  be maximum. It can be noted t h a t  t h i s  l o c a l  
concentrat ion j s  lcwered as the p rec ip i ta tes  are en1 arged, which i s  compatible w i t h  a 
p re fe r red  nucleat ion-on-d is locat ion process. A t  N A ~  = 1020 a t  cm-3, a decrease o f  
the i n t r a - g r a i n  defect dens i t y  i s  observed i n  p a r a l l e l  w i t h  bu lk  and i n t e r f a c i a l  
p r e c i p i t a t i o n .  These p r e c i p i t a t e s  are s i n g l e  c r y s t a l s  as revealed by se lected area 
e l e c t r o n  d i f f r a c t i o n  (F ig .  1). They conta in aluminium and oxygen as ind ica ted  by 
STEM EELS spectra (F ig.  2). These p r e c i p i t a t e s  are found w i t h i n  gra ins as we1 1 as a t  
boundaries, and t h e i r  parameters correspond t o  y-a1 umina. Indeed, t h e i r  nuc leat ion 

s t a r t s  a t  1018 a t  ~ m - ~ ,  which i s  much below the s o l u b i l i t y  l i m i t  ( 2  10'' a t  ~ m - ~ ) .  
A t  t h i s  concentrat ion ra te ,  they are observed p r e f e r e n t i a l l y  a t  g r a i n  boundaries 
and i n  p a r t i c u l a r  on (221) 1 = 9 and (111) 1 = 3 boundaries ( f i g . 3 ) .  

3.2. gle_c_tyjcal-ac_tiyj_ty 
LBIC mappings were drawn on two samples corresponding t o  N A ~  = 1.6 1017 a t  cmm3 and 

3.7 1017 a t  F i r s t  l e t  us note t h a t  the mot t led  con t ras t  which may be found on 
both samples - F ig .  4.a ( l a r g e  con t ras t )  and f i g .  5.a ( f i n e  con t ras t )  - i s  due t o  

x JEOL l O O C X  e l e c t r o n  microscope w i t h  EDAX X-ray analyser ; VG HB5 e l e c t r o n  micros- 
cope w i t h  Kevex X-ray analyser, Gatan energy loss  spectrometer and Tracor d i g i t a l  
t reatment 



Fia. 1 : y-A1203 s i n g l e  c r y s t a l  p r e c i p i t a t e  
a) se lected area d i f f r a c t i o n ,  b)  sample surface a f t e r  i o n  m i l l i n g  

Fig. 2  : STEM E lec t ron  Energy Loss Spectra. Character izat ion o f  A1 and 0  on a  
y-A1 203 p rec i  p i  ta te .  
a) A1 - L2-3 edge (73 eV) b )  0 - K edge (532 eV) 

Fig. 3  : C = 3  (a) and 1 = 9 (b )  t w i n  boundaries w i t h  p r e c i p i t a t e s  
( N A ~  = 1018 a t  cm-3) 
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chemical e tch ing  wich leads t o  an LBIC s igna l  decrease w i t h  a He Ne l a s e r  only. I n  the 
sample w i t h  the lowest  A1 concentrat ion, we observe a l i m i  ted v a r i a t i o n  o f  the indu- 
ced cur ren t  ( v a r i a t i o n  r a t i o  < 2) .  F ig .  4.b shows the LBIC mapping obtained f o r  the 
area 4.a. It can be seen t h a t  the faceted C > 3 t w i n  boundary (B) only, does show a 
h igh a c t i v i t y  - i. e. e l e c t r o n  recombination-which reduces the LBIC s igna l .  However 
i t  i s  t o  be not iced t h a t  small minima are observed i n  g r a i n  A w i t h  both lasers.  Thus 
i t  can be i n f e r r e d  t h a t  they do correspond t o  bulk  recombination centers. I n  the 
other  sample, the photovol t a i c  s igna l  w i t h i n  the g r a i n  i s  smaller.  Furthermore, the 
i n t r a - g r a i n  response i s  much more homogeneous as can be seen i n  f i g .  5.b f o r  g r a i n  C. 
I t  should be noted t h a t  t h i s  g r a i n  does n o t  e x h i b i t  any t w i n  whereas g r a i n  A ( f i g .  4) 
shows a h igh densi ty  o f  c = 3 twins. 

Fig. 4 : N A ~  = 1.6 1017 a t  cm-3 
a) Opt ica l  mi crography a f t e r  chemical e tch ing  
b)  LBIC s ignal  obtained w i t h  a Ga As l a s e r  on the same area. 

F ig .  5 : N A ~  = 3.7 1017 a t  cm-3 
a) Opt ica l  mi crography a f t e r  chemical e tch ing  
b )  LBIC s igna l  obtained w i t h  a Ga As l a s e r  on the same area. 



4 - DISCUSSION 

4.1. Alumipjum-gsgr-gggafi 
Two main observations have t o  be considered : the existence o f  m i  c roprec ip i  t a t i  on 
a t  g r a i n  boundary s t a r t i n g  from N A ~  = 1018 a t  cm-3, and the A1 segregation on g r a i n  
boundary e x t r i n s i c  d is loca t ions  a t  N A ~  = 1019 a t  cm-3. A1 p r e c i p i t a t i o n  i s  n o t  
expected below the s o l u b i l i t y  l i m i t .  However, t h i s  l i m i t  may be l o c a l l y  lowered by 
a  co-segregation phenomenon w i t h  oxygen. Fol lowing the equi 1  ib r ium r e a c t i o n  r e l a t e d  
t o  the s o l i d i f i c a t i o n  process A1 can segregate a t  g r a i n  boundaries (A1 segregation 
c o e f f i c i e n t  i n  Si : k  = 2.10-~) .  The presence of A1 e x t r i n s i c  d is loca t ions  ind ica tes  
t h a t  another segregation process occurs. This k i n e t i c  process i s  induced by a  long 
d is tance s t ress  f i e l d  db t o  these d is loca t ions .  I t  can be assigned t o  a  s o l i d  s t a t e  6 r e l a x a t i o n  mechanism whic i s  very l i k e l y  t o  occur dur ing  the slow coo l ing  o f  the 
ingo t .  The fac t , tha t  nuc leat ion i s  a lso  observed on b u l k  d is loca t ions  and s tack ing  
f a u l t s ,  backs up t h i s  mechanism. Moreover, the l o c a t i o n  o f  p r e c i p i t a t e s  e i t h e r  i n  
gra ins o r  i n  boundaries a t  h igher  N A ~ ,  emphasizes the importance o f  d i s loca t ions  as 
p r e f e r e n t i a l  s i t e s  f o r  p r e c i p i t a t i o n .  Thus, i t  appears t h a t  s o l i d  s t a t e  d i f f u s i o n  
plays a  greater  . r o l e  than the sol i d - 1  i q u i d  i n t e r f a c e  segregation. 

For NA] > 1017 a t  m i c r o r e s i s t i v i t y  measurements do n o t  show any s i g n i f i c a n t  
p o t e n t i a l  b a r r i e r s  - corresponding t o  the t rapping o f  holes a t  g r a i n  boundaries - as 
may be expected from the low r e s i s t i v i t y  < 0.2 Rcm /6/. Thus i t  i s  very d i f f i c u l t  
t o  analyse l o c a l  recombinations a t  i n te r faces ,  as simultaneously the bu lk  photores- 
ponse gets very small due t o  the decrease i n  the m i n o r i t y  c a r r i e r  d i f f u s i o n  length. 
F i n a l l y  the photoresponse may be b l u r r e d  by p r e f e r e n t i a l  ox ida t ion  according t o  the 
g r a i n  o r i e n t a t i o n  dur ing  the MIS diode processing. 

LBIC mapping al lows the d i f f e r e n t i a t i o n  between C = 3  boundaries and o ther  g r a i n  boun- 
dar ies f o r  the lowest N A ~  (1.6 1017 a t  cm-3). c = 3  boundaries are i n a c t i v e  when they 
are undecorated. Other g r a i n  boundaries are e l e c t r i  c a l l  ac t i ve  i n c l u d i n g  t w i n  boun- 
dar ies w i t h  C > 3. Furthermore, f o r  N A ~  < 5.1017 a t  cm-3, tw in - f ree  gra ins are n o t  
ac t i ve .  The a c t i v i t y  o f  twinned gra ins,  i n  t h i s  concentrat ion range, i s  most l i k e l y  
r e l a t e d  t o  the A1 concentrat ion heterogeneity ( c f  § 3.1). This  may lead t o  a l o c a l  
A1 amount > 1018 a t  cm-3 and t o  co-prec ip i  t a t i o n  on e x t r i n s i c  d is loca t ions  anchored 
on t w i n  boundaries. The observed induced cur ren t  modulation (which i s  less  than pro- 
p o r t i o n a l  to N A ~  /6,9/)is compatible with t h i s  i n t e r p r e t a t i o n ,  and the photoresponse, 
obtained on g r a i n  A  ( f i g .  4),might be a  good example o f  such a  mechanism. 

5 - CONCLUSION 

I n  HEM p o l y s i l i c o n ,  gra ins are mostly t w i n  r e l a t e d  and moreover, i n d i v i d u a l  gra ins 
o f t e n  conta in a  h igh  densi ty  o f  microtwins. We 'have shown t h a t  m i c r o p r e c i p i t a t i o n  
occurs on e x t r i n s i c  d is loca t ions  s i t u a t e d  a t  t w i n  boundaries and i nt ra -g ra in  micro- 
twins f o r  A1 concentrat ion NA] > 1018 a t  cm-3. This  phenomenon i s  due t o  a  co-segre- 
ga t ion  e f f e c t  w i t h  oxygen as w e l l  as t o  m ic ros t ruc tu ra l  heterogenei t ies.  The main 
d r i v i n g  fo rce  f o r  segregation i s  s o l i d  s t a t e  re laxa t ion .  A t  N A ~  = 1020 a t  cm-3 y-a lu-  
mina p r e c i p i t a t e s  have been i d e n t i f i e d .  I t was found t h a t  C = 3  t w i n  boundaries 
are a c t i v e  - a c t i n g  as recombinat ing l o c i  - on ly  i f  they con ta in  p r e c i  i t a t e s .  Other 

on ly  are ac t i ve .  
5 t w i n  and g r a i n  boundaries are usua l l y  ac t i ve .  For N A ~  < 5 10 17 a t  cm- twinned gra ins 

Since i t  has been shown /2/ t h a t  A1 can a lso  passivate g r a i n  boundaries i t  would be 
o f  prime importance t o  determine the e l e c t r i c a l  a c t i v i t y  o f  g r a i n  boundaries on a  
f i n e r  scale. The p r e c i p i t a t e - m a t r i x  i n t e r f a c e s  and g r a i n  boundaries facets  i n  p a r t i -  
c u l a r  deserve a  careful  analys is .  For t h a t  purpose, we have s t a r t e d  e l e c t r o n  beam i n -  
duced cur ren t  measurements on t h i n  samples by scanning transmission e l e c t r o n  micros- 
copy. This method should permi t  the determinat ion of i n t e r f a c i a l  e l e c t r i c a l  a c t i v i t y  
w i t h  a  s p a t i a l  r e s o l u t i o n  < 100 nm. 



C4-410 JOURNAL DE PHYSIQUE 

The chemical behaviour o f  aluminium and oxygen plays an outs tanding r o l e  on e l e c t r i -  
ca l  p roper t ies  as they can a c t  e i t h e r  as f r e e  atoms o r  as complexes w i t h  vacancies 
/ l o /  . IR absorpt ion measurements should b r i n g  new ins ights  on the chemical envi ron- 
ment o f  these elements. F i n a l l y  the survey o f  thermal ly  t rea ted  p o l y s i l i c o n  would 
a1 low the d i s t i n c t i o n  between recombination e f f e c t s  associated w i t h  i n t r a g r a i n  
defects and passi va t ion  mechanism a t  g r a i n  boundaries. 

We are much grateful t o  G. Revel and J.L Pastol (CNRS v i t r y )  for the HEM polysiZicon 
growth and t o  C. Col l ier  and P. Trebbia (Laboratoire de physique des Solides. Grsay) 
for the electron energy loss experiments. 
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