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EXTENDED ABSTRACT 

The goal of t h i s  program i s  the  quan t i t a t ive  ana lys i s  of damage produc- 
t i o n  and annealing i n  s i l i c o n  s o l a r  c e l l s .  
t he  defec ts  present  i n  t h e  s o l a r  c e l l s .  But no measurements monitor a l l  the 
defec ts .  S i l i c o n  s o l a r  cel l  performance depends on the  de fec t s  responsible 
f o r  t he  minority carrier l i f e t ime ,  but i s  i n s e n s i t i v e  ( a t  room temperature) 
t o  major de fec t s  which have s u f f i c i e n t l y  shallow electrical levels, such as 
the  [vacancy + oxygen] center  i n  n-type material. Transient capacitance 
techniques (such as DLTS) monitor only c a r r i e r  t r aps ,  i n f r a red  techniques 
only in f r a red  a c t i v e  defec ts ,  EPR only de fec t s  with unpaired sp ins ,  e t c .  
But the  dynamics of de fec t  production and annealing r e f l e c t  a l l  the  de fec t s  
and hence information from a l l  t he  sources must be exploited t o  ge t  as com- 
p l e t e  a p i c t u r e  as i s  poss ib le .  

This necess i t a t e s  t r e a t i n g  - a l l  

The q u a l i t a t i v e  f ea tu res  of d e f e c t  production i n  s i l i c o n  a t  room tempera- 
t u r e  have now emerged (although some aspec ts  need confirming work). 

One MeV e l ec t ron  i r r a d i a t i o v  produces preponderantly i so l a t ed  vacancy- 
i n t e r s t i t i a l  pa i r s .  I f  n e i t h e r  of these  de fec t s  are mobile, the  concentra- 
t i o n  of each grows l i n e a r l y  with fluence ( u n t i l  extremely high fluences where 
sa tu ra t ion  occurs, a regime w e  w i l l  not consider f u r t h e r  here).  

Annealing of damage depends on t h e  na ture  of the  damage. Vacancy- 
i n t e r s t i t i a l  p a i r s  which are bound by an i n t e r a c t i o n  such t h a t  they mutually 
ann ih i l a t e  r a t h e r  than d i s s o c i a t e  are termed close-pairs;  close-pair recovery 
usua l ly  occurs a t  a lower temperature than t h e  temperature a t  whlch long d is -  
tance de fec t  migration occurs. Annealing of t h e  remaining frozen-in damage 
occurs when a temperature is reached where the  vacancy o r  i n t e r s t i t i a l  i s  
mobile; usua l ly  the  i n t e r s t i t i a l  is more mobile than the  vacancy. 
e ry  occurs i n  two regimes which may be resoluable.  The f i r s t  i s  termed - cor- 
r e l a t e d  recovery i n  t h a t  t h e  mobile i n t e r s t i t i a l ,  say, ann ih i l a t e s  with "its 
own" vacancy, i .e.,  t h e  one with whom i t  i s  s p a t i a l l y  cor re la ted  because of 
t h e  damage production process. The i n t e r s t i t i a l s  t h a t  escape cor re la ted  re- 
covery can f i n d  o ther  vacancies and undergo ann ih i l a t ion ,  which process i s  
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ca l l ed  uncorrelated recovery. 

I f  t h e  i n t e r s t i t i a l  is mobile during i r r a d i a t i o n  and i f  t he re  i s  no in- 
ters t i t ia l  agglomeration o r  trapping, then a s teady-s ta te  concentration of 
i n t e r s t i t i a l s  and vacancies is  es tab l i shed ,  which decays t o  zero when irra- 
d i a t i o n  ceases, i .e. ,  there  i s  no permanent damage. I f  agglomeration can 
occur then permanent damage w i l l  be produced, as i s  a l s o  t r u e  i f  t he  vacancy 
i s  a l s o  mobile. 

I f  t he re  is  an impurity capable of trapping a mobile de fec t  i n  the  ma- 
ter ia l  then the  trapping process w i l l  compete with defec t -annih i la t ion  and 
-agglomeration. The trapping e f f i c i ency  i n  the  uncorrelated recovery regime 
is  propor t iona l  t o  the  impurity concentration u n t i l  a l l  the  uncorrelated re- 
covery is' suppressed by trapping. Several experiments suggest t h a t  t h i s  un- 
co r re l a t ed  trapping occurs i n  n-type s i l i c o n .  Additional impurity concentra- 
t i o n  w i l l  i n t rude  on the  co r re l a t ed  recovery, trapping one of t he  de fec t s  and 
suppressing some of t he  co r re l a t ed  recovery. The hall-mark of t h i s  process 
i s  t h a t  the  impurity trapping e f f i c i ency  i n  the  cor re la ted  regime is  t h a t  i t  
is  propor t iona l  t o  t h e  square root  of t he  impurity concentration. Several  
experiments suggest t h a t  de fec t  trapping by boron i n  p-type s i l i c o n  occurs 
by t h i s  process. 

. 

Experimentally w e  do not  have firm i d e n t i t i e s  f o r  a l l  t he  defec ts .  
Progress has been made, however, by the  i d e n t i f i c a t i o n  of some defec ts .  For 
example, i t  has been found t h a t  carbon plays an important r o l e  i n  defect- 
production i n  p-type s i l i c o n ,  which has led  t o  t h e  t h r u s t  t o  obta in  l o w  
carbon, low-oxygen s i l i c o n .  W e  have found (on t h e  b a s i s  of experimentation 
with t h e  small amounts of t h i s  material ava i l ab le  t o  us) t h a t  indeed the  da- 
mage (as  monitored by DLTS measurements) is  reduced i n  t h i s  material. (See 
Fig. 1 . )  Clearly f u r t h e r  experimentation of t h i s  type is  warranted. 

The q u a n t i t a t i v e  ana lys i s  of a l l  t he  e l e c t r i c a l l y  active de fec t s  has 
thus f a r  proven i l l u s i v e ,  because of t he  complexity of the  processes and many 
parameters involved. W e  have consequently gone t o  high fluence experiments 
where w e  have determined the  capture  parameters f o r  t h e  s u b s t i t u t i o n a l  carbon, 
i n t e r s t i t i a l  carbon, and i n t e r s t i t i a l  oxygen. Of p a r t i c u l a r  i n t e r e s t  i s  the  
enhancement of vacancy-oxygen production by increased boron concentration, 
which w e  explain by the  substi tutional-boron (with the  Coulomb i n t e r a c t i o n  
rad ius  of 70 1) a t t r a c t i n g  the  i n t e r s t i t i a l  from t h e  correlated-recovery and 
f ree ing  the  vacancy t o  i n t e r a c t  with oxygen. 

The q u a n t i t a t i v e  modeling of damage production and annealing i s  continu- 
ing. 
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Figure 1. Pulsed Capacitance (DLTS) measurements vs Temperature (T) for 
several types of s i l i c o n  samples. 
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