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SUMMARY 

The p o t e n t i a l  of  d e n d r i t i c  web s i l i c o n  for g iv ing  r a d i a t i o n  hard solar 
cells i s  compared with t h e  f l o a t  zone s i l i c o n  material. Solar  cells  with 
n'-p-p+ s t r u c t u r e  and -15% (AM11 e f f i c i ency  w e r e  subjected t o  1 MeV e lec t ron  
i r r a d i a t i o n .  Radiation to le rance  of web c e l l  e f f i c i ency  w a s  found to  be a t  
least as good as t h a t  of t h e  f l o a t  zone s i l i c o n  c e l l .  The study of t h e  anneal- 
i ng  behavior of radiation-induced de fec t s  v ia  deep l e v e l  t r a n s i e n t  spectroscopy 
revealed t h a t  E, + 0.31 e V  de fec t ,  a t t r i b u t e d  t o  boron-oxygen-vacancy complex, 
i s  responsible  f o r  t he  reverse  annealing of the  i r r a d i a t e d  c e l l s  i n  the  
temperature range of 150-350OC. 

INTRODUCTION 

Important considerat ions f o r  improving e f f i c i ency  and r ad ia t ion  hardness 
of s i l i c o n  s o l a r  cells include high p u r i t y  s i l i c o n ,  proper c e l l  design,  and 
c a r e f u l  c e l l  processing. High e f f i c i ency  ( r e f .  1,2) is  very important for both 
terrestr ia l  and space solar c e l l s ,  however, s o l a r  c e l l  l i f e  is d r a s t i c a l l y  
reduced i n  space by t h e  exposure t o  t h e  r ad ia t ion  environment unless  some means 
i s  provided t o  r e s t o r e  t h e  r ad ia t ion  damage ( r e f .  3 , 4 ) .  For high e f f i c i ency  
s i l i c o n  c r y s t a l  growth should keep t h e  l e v e l  of m e t a l  impur i t ies  a t  i ts  minimum 
because they can reduce the  carrier l i f e t i m e  ( r e f .  5,6) and degrade t h e  c e l l  
performance. The l e v e l  of  o the r  impur i t ies ,  such as carbon and oxygen, should 
a l s o  be minimized f o r  t he  r ad ia t ion  hardness because they are known to  form 
complexes with dopants and radiation-induced po in t  de fec t s  and give rise t o  
recombination centers  ( r e f .  7 , 8 ) .  Dendr i t ic  web s i l i c o n  is a s i n g l e  c r y s t a l  
r ibbon which o f f e r s  s eve ra l  advantages f o r  producing l o w  c o s t  and r ad ia t ion  
hard solar c e l l s .  This paper w i l l  compare these  web f e a t u r e s  with f l o a t  zone 
s i l i c o n .  For b e t t e r  understanding of t he  r a d i a t i o n  e f f e c t s ,  w e  have used deep 
l e v e l  t r a n s i e n t  spectroscopy ( r e f .  9) t o  de l inea te  the  radiation-induced traps 
and study t h e i r  annealing behavior. 
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EXPERIMENTAL 

S i l i c o n  Dendri t ic  Web Growth 

Web is a ribbon form of  s i n g l e  c r y s t a l  s i l i c o n  which i s  shaped by c rys t a l -  
lographic  and su r face  tens ion  fo rces  r a t h e r  t h b  by p o t e n t i a l l y  contaminating 
d i e s ,  Web c r y s t a l  for solar cells is  genera l ly  grown 2-8 m i l s  t h i c k ,  2-5 c m  
w i d e ,  and s e v e r a l  meters i n  length.  The web r e s u l t s  from f reez ing  of  a l i q u i d  
s i l i c o n  f i lm  supported between two bounding dendr i t e s  ( r e f .  10) with t h e  
genera l  geometry shown i n  f i g u r e  1. The web can be grown very t h i n  (-2 m i l s ) ,  
which makes it cost e f f e c t i v e  and very a t t r a c t i v e  f o r  r a d i a t i o n  hard solar 
cells .  The su r faces  of  t h e  ribbon are near ly  p e r f e c t  c rys t a l log raph ic  (111) 
facets which r equ i r e  only minimal c leaning procedures and no mechanical treat- 
ments prior to  device f ab r i ca t ion .  The growth apparatus  i s  r e l a t i v e l y  simple: 
a furnace chamber and a molybdenum susceptor  which holds  t h e  fused quar tz  
c ruc ib le ;  a molybdenum l i d  assembly wi th  a s l o t  through which t h e  ribbon i s  
withdrawn; and a reel which serves  both as a p u l l  mechanism and ma te r i a l  stor- 
age. H e a t  is  introduced i n t o  t h e  system by induct ion coupling t o  t h e  molybde- 
num susceptor .  M e l t  replenishment permits e s s e n t i a l l y  continuous growth. 

Cell Fabr ica t ion  

A l a r g e  number of  n+-p-p+ s o l a r  cells  w e r e  f ab r i ca t ed  by a d i f fus ion  
process on seve ra l  d i f f e r e n t  p-type, boron-doped, web c r y s t a l s  i n  t h e  
r e s i s t i v i t y  range of 1-10 0-cm. The precleaned web cxys t a l s  along with a few 
boron doped (111) f l o a t  zone wafers (10-15 Q-cm) w e r e  phosphorous d i f fused  a t  
85OOC f o r  35 minutes for t h e  f r o n t  junc t ion  and t h e  p+ back su r face  f i e l d  w a s  
formed by boron d i f f u s i o n  a t  95OOC f o r  20 minutes. N o  s p e c i a l  attempts w e r e  
made t o  o b t a i n  high e f f i c i ency  c e l l s .  
0.35 pm and t h e  shee t  r e s i s t a n c e  w a s  60 Q/O. A mixed oxide,  Ti02-Si02, a n t i -  
r e f l e c t i v e  coa t ing  w a s  appl ied  on t h e  f r o n t  by a spin-on process.  The c e l l s  
with an area of 1.03 cm2 w e r e  meta l l ized  with Ti-Pd-Ag using an electron-beam 
system and then mesa etched. The f r o n t  p a t t e r n  w a s  a f ive- f inger  g r i d  with 
5.4% area coverage. Solar cells w e r e  t e s t e d  under i l lumina t ion  from a quartz-  
iod ide  s imulator  which w a s  set a t  91.6 rnW/cm2 using a NASA-Lewis c a l i b r a t e d  
s tandard cell .  

The n+ junc t ion  depth w a s  approximately 

Electron Radiation and Deep Level Trans ien t  Spectroscopy 

Radiation to le rance  of t h e  c e l l s  w a s  i nves t iga t ed  by subjec t ing  them t o  
1 MeV e l e c t r o n  r a d i a t i o n  i n  t h e  f luence range of 1013 - 5 x 1015 electrons/cm2. 
D e e p  l e v e l  t r a n s i e n t  spectroscopy w a s  used t o  determine t h e  trap l e v e l s  
generated by e l ec t ron  i r r a d i a t i o n .  I n  order  t o  conduct t h e  DLTS measurements, 
t h e  s o l a r  cells w e r e  subdivided i n t o  30 m i l  diameter mesa diodes with Ti-Au 
contac ts .  For t h e  annealing s t u d i e s ,  DLTS samples and solar cells w e r e  simul- 
taneously subjec ted  t o  hea t  t reatment  i n  a i r ,  i n  5OoC steps, i n  t h e  temperature 
range o f  10O-45O0C, t h e  annealing time w a s  30 minutes a t  each temperature. 
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RESULTS AND DISCUSSION 

Figure 2 shows t h e  effect of 1 MeV e l ec t ron  r a d i a t i o n  on t h e  parameters of 
a w e b  and a f l o a t  zone s i l i c o n  cell .  The dopant (boron) concentration i n  t h e  
f l o a t  zone s i l i c o n  w a s  four  t i m e s  smaller than i n  t h e  web and both cells w e r e  
about 8 m i l s  t h i ck .  The d a t a  show t h a t  1 MeV e l ec t ron  r ad ia t ion ,  beyond a dose 
of 10x3 electrons/cm2, begins t o  impair t h e  c e l l  performance. I t  is noteworthy 
t h a t  w e b  cells, i n  spite of higher boron concentration, are a t  least as radia- 
t i o n  t o l e r a n t  as t h e  f l o a t  zone s i l i c o n  cells. T a b l e  l shows t h a t  a f t e r  a dose 
of 
E, - 0.24 e V ,  w e r e  observed i n  t h e  f l o a t  zone s i l i c o n  cel l  a s ' w e l l  as i n  t h e  
w e b  cell ,  
Ec - 0.24 e V  l e v e l s  are a t t r i b u t e d  t o  vacancy-carbon-oxygen and i n t e r s t i t i a l  
oxygen-boron complexes, respec t ive ly  (ref. 7 ) .  These d a t a  show t h a t  t h e  rate 
of in t roduct ion  and t h e  concentration of t h e  divacancy and t h e  carbon r e l a t e d  
center  is near ly  the  same i n  both t h e  cells. Schott  e t  al .  ( r e f .  8) reported 
t h a t  t h e  rate o f  in t roduct ion  of carbon r e l a t e d  center  w a s  higher i n  t h e  
crucible-grown material compared to  a float zone material. This suggests t h a t  
carbon content of t h e  web may be less than o the r  crucible-grown materials, l i k e  
Czochralski s i l i c o n ,  because the re  are nocgmphite components i n  t h e  w e b  growth 
system. Most notable d i f fe rence ,  however, i s  about an order  of magnitude 
smaller concentration o f  t h e  i n t e r s t i t i a l  boron-oxygen defec t  (Ec - 0.24 eV)  i n  
the f l o a t  zone s i l i c o n  a f t e r  t h e  1 MeV e l ec t ron  i r r a d i a t i o n .  Since t h e  boron 
content of t h e  f l o a t  zone material is  low only by a f a c t o r  of  four ,  t h e  order  
of  magnitude lower concentration of  the E, - 0.24 e V  t r a p  suggests higher 
oxygen content i n  t h e  web compared t o  t h e  f l o a t  zone z i l i con .  This i s  expected 
because w e b  is  grown from a s i l i c o n  m e l t  which i s  i n  contact with a fused 
quartz c ruc ib le .  

electrons/cm2 t h r e e  deep levels, a t  E, + 0.21 eV,  E, + 0.37 e V  and 

E, + 0.21 eV'level is  assoc ia ted  with divacancy and E, + 0.37 e V  and 

T a b l e  1 shows t h a t  after 5 x electrons/cm2 rad ia t ion  th ree  more deep 
l e v e l s ,  a t  E, + 0.31 e V ,  E, + 0.54 e V  and E, - 0.17 eV,  were de tec ted  i n  f l o a t  
zone s i l i c o n ,  and one more l e v e l ,  a t  E, - -17 eV,  w a s  observed i n  t h e  web ce l l ,  
i n  addi t ion  t o  t h e  E, + 0.21 e V ,  E, + 0.37 e V  and E, - 0.24 e V  t r aps .  Figure 3 
shows t h a t  t h e  response of these  r ad ia t ed  cells t o  isochronal annealing is very 
s i m i l a r .  The da ta  show a reverse annealing of t h e  cells i n  t h e  temperature 
range of 150-350°C. The ce l l  e f f i c i ency  drops by about 1% i n  the  temperature 
range of 15OoC-25O0C and s t ays  constant u n t i l  about 35OoC, before t h e  rap id  
recovery begins. The recovery i s  not  complete even a f t e r  45OOC anneal i f  t h e  
damage is  extensive (5 x electrons/cm2). Figures 4 and 5 show t h e  anneal- 
i ng  behavior of t he  t r a p s  present  i n  t h e  web and f l o a t  zone s i l i c o n  c e l l s  after 
5 x 1015 electrons/cm2 rad ia t ion .  
0.31 e V  t r a p  which grows i n  t h e  temperature range of  15O-25O0C, s t a y s  constant 
u n t i l  35OOC and anneals ou t  a t  approximately 400OC. Figure 6 shows more 
c l e a r l y  t h a t  these  d a t a  s t rongly  ind ica t e  t h a t  E, + 0.31 e V  l e v e l ,  a t t r i b u t e d  
t o  boron-oxygen-vacancy complex, is responsible f o r  t h e  reverse  annealing. 

M o s t  noteworthy is t h e  behavior of  Ev + 

CONCLUSIONS 

Dendrit ic w e b  s i l i c o n  is capable of producing s o l a r  cells with r ad ia t ion  
to le rance  comparable t o  t h e  f l o a t  zone s i l i c o n  c e l l s .  From t h e  d e n s i t i e s  of 
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carbon and oxygen-related cne te r s ,  E, + 0.37 e V  and E, - 0.24 e V ,  respec t ive ly ,  
we  conclude t h a t  carbon content  of  t h e  web is  as l o w  as f l o a t  zone s i l i c o n  b u t  
t h e  oxygen content  is higher .  Annealing of  t h e  e l ec t ron - i r r ad ia t ed  s o l a r  c e l l s  
show an appreciable  drop i n  t h e  ce l l  e f f i c i ency  i n  the  temperature range of 
200-350°C, pr ior  t o  t h e  c e l l  recovery. E, + 0.31 e V  t rap,  genera l ly  a t t r i b u t e d  
t o  boron-oxygen-vacancy complex, is  found t o  be respons ib le  f o r  t h i s  reverse 
annealing. 

REFE REECES 

1. J. G. Fossum and E. L. Burgess, Apple Phys. L e t t .  33 (3 ) ,  p. 238 (1978). 

2. M. Wolf, Proc. 14th IEEE Photovol ta ic  Conf., San Diego, C a ,  p. 674 (1980). 

3. H. Y. Tada and J. R. C a r t e r ,  Jr., So la r  C e l l  Radiation Handbook, JPL 
Publ ica t ion  77-56, Contract No. NAS7-100 (1977).  

4 ,  I. Weinberg and C. K. Swartz, A p p l .  Phys. L e t t .  3 6 ( 8 ) ,  p. 693 (1980).  

5. J. R. Davis, A. Rohatgi, R. H. Hopkins, P. D. B l a i s ,  P. Rai-Choudhury, 
J. R. NcCormick and H.  C. Mollenkopf, IEEE Trans. on Electron Devices, 
ED-27 (4)  (1980) . 

6. A. Rohatgi, J. R. Davis, R. H. Hopkins, P. Rai-Choudhury, P. G. McMullin 
and J. R. McCormick, J. Sol. S t .  E l e c .  2 3 ( 5 ) ,  p. 415 (1980). 

7. P. M. Mooney, L. J. Cheng, M. S u l i ,  J. D. Gerson and J. W. Corbet t ,  Phys. 
Rev . ,  315, p. 3836 (1977). 

8. J. T. Schot t ,  H. M. DeAngelis and P. J. Drevinski, J. E l e c .  M a t .  9 ( 2 ) ,  
p. 419 (1980). 

9. G. L. Miller, D. V. Lang and L. C. Kimerling, Ann. Rev. M a t .  Sci .  p. 377 
(1977).  

10. R. G. Se idens t icker ,  L. Scudder and H. W. Brandhorst, Jr. ,  Proc. IEEE 
11th Photovol ta ic  S p e c i a l i s t s  Conference, New York, p. 299 (1975). 

2 84 



TABLE 1 

Energy levels  and concentrations of defects observed 
i n  10 Q-cm, boron-doped, f l o a t  zone s i l icon  so lar  c e l l  
and 3 Q-cm, boron doped, web so lar  c e l l  a f t e r  1 MeV 
electron i r rad ia t ion  

, 
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Figure 1: Schematic s e c t i o n  of web growth. 
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Figure 2 :  Ef fec t  of  1 MeV e l e c t r o n  i r r a d i a t i o n  on f lor l t  
zone s i l i c o n  and web s o l a r  c e l l .  
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Figure 3: Chclnqe in efficiency o f  electron irradiated 
( 5 x d 5  e/cm') cells as c1 function of isochronal 
anneal. Efficiencies prior to irradiotion were 
-14.5%. 
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Figure 4: Chanqe in defect concentrations during isochroncll 
anneal o f  electron irradiated (5x1d5  e/cm2) \+e9 
solar cell. 
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Figure 5 :  Ctlqnrle i n  defect concentra::ons durin3 iso$hronal 
annecll of electron irradiated ( 5 ~ 1 3 ’ ~  e l m ’ )  
f loa t  zone sil icon ce l l ,  
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Figure 6 :  Relationshin between the annealinq behavior of 
E, + 0.31 eV defect and reverse mnenlino of 
electron irradiated web solnr ce l l ,  
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