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S i l i c o n  s o l a r  c e l l s  w i t h  base r e s i s t i v i t y  o f  0.1 ohm-centimeter a re  
p ro jec ted  t o  achieve 18 percent  a i r  mass zero  e f f i c i e n c i e s  ( re f ,  1). 
been found i n  the  pas t  t h a t  t hese ' l ow- res i s t i v i t y  c e l l s  r e q u i r e  anneal ing 
temperatures o f  approximately 500 C t o  res to re  performance a f t e r  
rad iat ion- induced degradat ion ( r e f .  2 ) .  However, i f  annealing i n  space i s  
t o  become a r e a l i t y ,  temperatures o f  200° C o r  lower are requ i red  t o  prevent  
i r r e v e r s i b l e  damage t o  o the r  p a r t s  o f  t h e  s o l a r  array.  
conduct ing a program t o  reduce the  temperatures requ i red  t o  r e s t o r e  c e l l  
performance a f t e r  i r r a d i a t i o n .  
behavior of r a d i  a t  ion- i  nduced de fec ts  produced i n  p-type s i  1 i c o n  i ndica te  
t h a t  oxygen and carbon are cons t i t uen ts  o f  t he  major de fec ts  observed a f t e r  
i r r a d i a t i o n  w i th  1-MeV e l e c t r o n s  ( r e f s .  3 and 4). Hence, our  c u r r e n t  
e f f o r t s  are concerned w i t h  t h e  anneal ing c h a r a c t e r i s t i c s  o f  two groups o f  
c e l  Is con ta in ing  d i f f e r e n t  amounts o f  oxygen and carbon. 

Junc t ion  fo rma t ion  i n  one group o f  c e l l s  was achieved by phosphorous 
i o n  imp lan ta t i on  i n t o  0.1-ohm-cm float-zone s i l i c o n  w i t h  oxygen and carbon 
concentrat ions <5~1015/cm3. 
phosphorous d i f f u s i o n  .into 0.1 ohm-centimeter f loat -zone s i l i c o n  whose 
oxygen and carbon concent ra t ions  were lO16/cm3. 
1-MeV e lec t rons  the  c e l l s  were i soch rona l l y  annealed, t i m e  a t  temperature 
being 20 minutes. 
f i g u r e  1 where anneal ing temperatures around 500 C are ind ica ted .  
isochronal  anneal ing d a t a  f o r  t he  ion-implanted c e l l s  are shown i n  f i g u r e  2, 
where i t  i s  seen t h a t  t h e  annea l in  temperatures are  f luence dependent and 

i s  observed. Wi th  i nc reas ing  f luence, the temperature increases u n t i  1, a t  
6 = 3 ~ 1 0 ~ ~ / c m ~ ,  anneal ing occurs around 500' C. 
o f  the  da ta  i s  the  appearance o f  reverse annealing, which occurs a t  
temperatures above 400' C as t h e  f luence increases above lO14/cm2. 

h i g h l y  s i g n i f i c a n t  b u t  n o t  s u f f i c i e n t  t o  achieve t h e  goal o f  anneal ing a t  
ZOOo C. Fu r the r  reduct i o n  appears poss ib le  by i den t  i f y i n g o a n d  removi ng the 
de fec ts  respons ib le  f o r  t h e  occurrence o f  annealing a t  300 C. The f i r s t  
s tep i n  t h i s  procedure i s  de fec t  i d e n t i f i c a t i o n ,  which we at tempt by 
consider ing some o f  t h e  p r o p e r t i e s  o f  known defec ts  i n  p-type (boron-doped) 
s i l i c o n ,  However, because o f  s e n s i t i v i t y  l i m i t a t i o n s ,  da ta  f rom deep-level 
t r a n s i e n t  spectroscopy (DLTS) are n o t  a v a i l a b l e  f o r  0.1-ohm-centimeter 
boron-doped s i l i c o n .  
avh i  l a b l e  f rom prev ious  work f o r  0.3-ohm-cent imeter s i  1 i con  ( r e f .  3) 
F igu re  3 shows t h e  DLTS da ta  f o r  t h i s  low r e s i s t i v i t y  boron-doped s i l i c o n ,  

It has 

Hence, we have been 

Prev ious i n v e s t i g a t i o n s  i n t o  t h e  anneal ing 

The second group o f  c e l l s  was f a b r i c a t e d  by 

A f t e r  i r r a d i a t i o n  by 

Resu l ts  f o r  t h e  d i f f u s e d  junc$ ion  c e l l s  are shown i n  
The 

where, a t  a f l uence  ( 6 )  of 1014/cm 8 , an annealing temperature o f  300' C 

An a d d i t i o n a l  f e a t u r e  

The p resen t l y  observed 200° reduct  i'bn i n  anneal i ng temperature i s 

On the o the r  hand, ae fec t  spectra f rom DLTS are 
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and t a b l e  I summarizes the  i n fo rma t ion  a v a i l a b l e  on t h e  de fec ts  shown i n  the  
f i g u r e .  

E, + 0.26 eV are u n i d e n t i f i e d .  For t h e  remaining defects,  a l t hough .  
i d e n t i f i c a t i o n s  are  ava i l ab le ,  many a re  ambiguous. 
E v  + 0.38 eV has been ambiguously i d e n t i f i e d  as a vacancy-oxygen-carbon 
complex (V-04)  ( r e f .  3) o r  a c a r b o n - i n t e r s t i t i a l  carbon-subs t i tu t iona l  p a i r  
(CI-Cs) ( r e f s .  5 and 6). 
temperature f o r  t h i s  d e f e c t  favors t h e  V - 0 4  i d g n t i f  i c a t i o n .  However, t he  
simultaneous presence o f  bo th  de fec ts  below 300 C i s  no t  precluded. The 
de fec t  a t  E, + 0.23 eV w i t h  anneal ing temperature a t  300' C has been 
unambiguously i d e n t i f i e d  as t h e  divacancy ( r e f s .  3 and 5).  As seen from t h e  
tab le,  t h e  d e f e c t  a t  E, - 0.27 eV i s  a boron r e l a t e d  de fec t  ( r e f s .  3 
and 5).  
growth o f  t h e  defect  a t  E, + 0.30 eV ( r e f .  3 ) .  
been t e n t a t i v e l y  i d e n t i f i e d  as e i t h e r  a boron-oxygen vacancy complex 
( r e f .  3) o r  t h e  s i l i c o n  d i - i n t e r s t i t i a l  ( re f .  5) .  However, f rom f i g u r e  3 i t  
i s  seen t h a t  t h i s  d e f e c t  anneals ou t  a t  a temperature s l i g h t l y  above 400' K, 
w h i l e  t h e  s i l i c o n  d i - i n t e r s t i t i a l  anneals o u t  a t  500° C ( r e f .  7 ) .  
preceding d iscuss ion  i n d i c a t e s  t h a t  the  poss ib le  de fec ts  t h a t  anneal o u t  a t  
300° C are t h e  divacancy and t h e  s i l i c o n  d i - i n t e r s t i t i a l .  I f  these were the  
o n l y  s i g n i f i c a n t  de fec ts  present  a t  the  lower f luence, they cou ld  be 
respons ib le  f o r  t h e  anneal ing observed a t  300° C. Th i s  cou ld  be poss ib le  i f  
a f luence dependence e x i s t e d  f o r  the  produc t ion  r a t e  o f  t h e  remaining 
de fec ts  such t h a t  t h e i r  concent ra t ion  was very low a t  (5 = lO14/cm2 and 
increased s i g n i f i c a n t l y  w i t h  inc reas ing  f luence.  
exper imental  evidence t o  support  t he  pos tu la ted  f l uence  dependence. With 
respect  t o  the  f luence dependent reverse anneal observed between 400' and 
500' C, i t i s  d i f f i c u l t  from t h e  present  da ta  t o  ass ign t h i s  e f f e c t  t o  a 
s p e c i f i c  d e f e c t  o r  defects .  

boron-doped s i l i c o n  leads t o  t h e  t e n t a t i v e  conc lus ion  t h a t  f u r t h e r  reduc t ion  
i n  annealing temperature cou ld  be achieved by decreasing the  carbon 
concent ra t ion  and e i t h e r  n e u t r a l i z i n g  the divacancy and/or min imiz ing  i t s  
fo rmat ion  as a r e s u l t  o f  i r r a d i a t i o n .  we emphasize t h e  specu la t i ve  nature 
of t h i s  conclusion. The f a c t  remains, however, t h a t  the  present work has 
demonstrated a s i g n i f i c a n t  reduc t i on  i n  t h e  temperature requ i red  t o  remove 
rad iat ion- induced degradat ion i n  0.1-ohm-centimeter s i l i c o n  s o l a r  c e l  I s .  

Re fe r r i ng  t o  t a b l e  I and f i g u r e  3, the  de fec ts  a t  Ev  + 0.48 and 

The de fec t  a t  

We note  f rom f i g u r e  3 t h a t  t he  anneal ing 

It i s  observed t h a t  disappearance o f  t h i s  de fec t  i s  fo l lowed by 
Th is  l a t t e r  de fec t  has 

The 

However, there  i s  no 

The preceding cons ide ra t i on  o f  de fec t  behavior i n  i r r a d i a t e d  
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TABLE I .  - ANNEALING AND CAPTURE CROSS SECTIONS OF MAJOR DEFECTS 
I N  BORON-DOPED SILICON 

Anneal Capture cross 
tempErat ure, sect ion, 

2 
Cill 

Defect Energy 
level ,  

eV 

Detection 
method 

~~ 

E + 0.38 

E + 0.23 
V 

E - 0.27 
C 

E + 0.30 
V 

E + 0.26 
V 

v-0-c 
or  

c -c 
I S  

Divacancy 

I n  Out 
0 0 

n P 

-1 3 -16 
30 400 0 .3~10 2x10 EPR, DLTS 

-- 300 ------ EPR, DLTS 

-13 -16 -- 300 4x10 3x10 EPR, DLTS 
I I i 

-13 
B O  --- 200 2x10 

B -6 --- 180 

I 1  
or 

I S  
------ 

-13 
6-0-V 170 40Oe 3.6~10 

DL TS ------- 

DL TS ------- 

-16 
2x10 DL TS 

1 I I 1 I 
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FIGURE 1: - ANNEALING TEMPERATURES OBSERVED IN RADIATION DAMAGED S IL ICON SOLAR CELLS 

(CELL P-N JUNCTION F O R K D  BY DIFFUSION; RESIST IV ITY = 0.1 OHM-CM) 
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FIGURE 2: - REDUCED ANNEALING TEMPERATURES I N  RADIATION DAMAGED SILICON SOLAR CELLS 

(CELL P-N JUNCTION FORMED BY ION-IMPLANTATION; RESISTIVITY = 0.1 OHM-CM) 
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FIGURE 3: - DLTS DATA FOR 0,3 n-CM P-SI- ISOCHRONALLY 

ANNEALED AFTER 1 ~ I E V  ELECTRON IRRADIATION 
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