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ABSTRACT 

The e q u i v a l e n t  f l u e n c e  concept  i s  d e f i n e d ,  and i t s  use and p o t e n t i a l  problems 
are noted. S i l i c o n  and G a A s  solar cel ls  are compared i n  a r a d i a t i o n  environment.  
The a n a l y s i s  i n d i c a t e s  tha t  v a l i d  e q u i v a l e n t  f l u e n c e  v a l u e s  may be easier to  o b t a i n  
i n  G a A s  than  i n  s i l i c o n .  

INTRODUCTION 

S o l a r  cel ls  have been modif ied c o n t i n u a l l y  to  improve t h e i r  performance and 
l i f e t i m e  f o r  v a r i o u s  space miss ions .  S ince  an a c c u r a t e  s i m u l a t i o n  of t h e  space 
r a d i a t i o n  environment is very  d i f f i c u l t ,  a meanc: was sought  t o  c o n v e n i e n t l y  i r r a d i -  
a t e  cells and use this i n f o r m a t i o n  to  p r e d i c t  performance i n  space  with r e a s o n a b l e  
accuracy .  For reasons  d e s c r i b e d  below, I-MeV e l e c t r o n s  w e r e  chosen as the s i n q l e  
i r r a d i a t i o n  source  that  w a s  b o t h  convenient  and c a p a b l e  of s i m u l a t i n g  ( a t  least  to 
some e x t e n t )  damage caused by t h e  v a r i o u s  components of the space r a d i a t i o n  environ-  
ment. Various means have been used to  compare t h e  damage to  s i l i c o n  solar ce l l s  by 
d i f f e r e n t  energy  p r o t o n s  and e l e c t r o n s  with the damaqe r e s u l t i n g  from 1-MeV elec- 
t r o n  i r r a d i a t i o n .  The "I-MeV e l e c t r o n  e q u i v a l e n t  f l u e n c e "  concept is used to com- 
pare t h e  damage c a l c u l a t e d  or measured f o r  i s o t r o p i c  monoenergetic i r r a d i a t i o n  with 
t h e  damage measured for normally i n c i d e n t  1-MeV e l e c t r o n s .  

The 1-MeV e q u i v a l e n t  f l u e n c e  concept  has  been used with s i l i c o n  cells f o r  y e a r s  
wi th  mixed success .  The greatest a p p l i c a t i o n  has  been i n  s t a n d a r d i z i n q  t h e  test  
procedure f o r  comparing the r a d i a t i o n  response  of d i f f e r e n t  c e l l  d e s i q n s  or f a b r i c a -  
t i o n  procedures .  The concept  h a s  been less s u c c e s s f u l  i n  t h e  p r e d i c t i o n  of deqrada- 
t i o n  i n  space, as e x p l a i n e d  b e l o w .  Many problems tha t  are exper ienced  i n  the 
e q u i v a l e n t  f l u e n c e  concept  f o r  s i l i c o n  w i l l  a l s o  be problems f o r  GaAs. Two major 
q u e s t i o n s  need t o  be examined when c o n s i d e r i n g  an e q u i v a l e n t  f l u e n c e  model for GaAs: 

a. Was t h e  concept  r e a l l y  u s e f u l  enough i n  t h e  s i l i c o n  solar cel l  f i e l d  to  
w a r r a n t  such a concept  f o r  GaAs? 

b. Is t h e r e  a convenient  and acceptable r a d i a t i o n  t y p e  t h a t  can be used as the 
basis for comparison of r a d i a t i o n  d e g r a d a t i o n  s t u d i e s  i n  G a A s ?  

*This paper  is  based upon work performed a t  COMSAT Laboratories under t h e  sponsor-  
s h i p  of t h e  Communications S a t e l l i t e  Corporat ion.  
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To answer  these  ques t ions  many f a c t o r s  must be considered.  The fol lowinq is an 
attempt t o  c o n s t r u c t  the appropr i a t e  framework f o r  such an e f f o r t .  

ASSUMPTIONS I N  AN EQUIVALENT FLUENCE MODEL 

The assumptions of an equ iva len t  f luence  model are 1 )  t h a t  a r a d i a t i o n  type and 
energy l e v e l  e x i s t  t h a t ,  alone, can reproduce the e x t e n t  and na ture  of r a d i a t i o n  
damage from the  var ious  space r a d i a t i o n  environments; 2 )  t h a t  the  space r a d i a t i o n  
components are known well enough ( q u a n t i t a t i v e l y  and q u a l i t a t i v e l y )  t o  s u b s t i t u t e  an 
equ iva len t  f luence f o r  the  space rad ia t ion ;  and 3 )  t h a t  an equ iva len t  f luence  can 
he determined f o r  a l l  the  major components and ene rg ie s  by a reasonable  l abora to ry  
experiment. To the  e x t e n t  t h a t  t he  f i r s t  assumption is v a l i d ,  the  model is  use fu l .  
The t h i r d  assumption may be f a l s e  even if the f i r s t  two are correct. 

The major types of r a d i a t i o n  damage t o  p re sen t  space s o l a r  ce l l s  a l l  involve 
displacement of atoms within the  s i n g l e  c r y s t a l  device.  ( U l t r a v i o l e t  r a d i a t i o n  dam- 
age t o  the  s o l a r  c e l l  cove r s l ide  assemblies  is not  considered here . )  E lec t rons  
t y p i c a l l y  d i sp l ace  s i n g l e  atoms from t h e i r  l a t t i ce  si te.  protons gene ra l ly  produce 
s i n g l e  displacements - and mul t ip l e  o r  " c l u s t e r "  displacements.  Neutrons (which can 
be ignored i n  the  n a t u r a l  environment) p r imar i ly  genera te  l a rge  c l u s t e r s  of d i s -  
placed atoms. Populat ion d e n s i t i e s  of the  space e l e c t r o n s  and protons normally de- 
crease rap id ly  with inc reas ing  enerqy. This preponderance of low energy p a r t i c l e s  
and the f a c t  t h a t  they are gene ra l ly  i s o t r o p i c  means t h a t  the  damaqe produced is  
much higher  near an exposed su r face  of a device than i n  deeper reqions wi th in  the  
cell.. This nonuniform damage p r o f i l e  is the b a s i s  f o r  e f f e c t i v e  sh i e ld inq ;  however, 
it complicates the equ iva len t  f luence  model, which o f t e n  assumes uniform damage to  
s impl i fy  mathematical ana lys i s .  

D i f f e ren t  solar cel ls  respond t o  the  var ious  r a d i a t i o n  components i n  d i € € e r e n t  
ways. The na ture  of t h i s  damage depends upon the  dominant damage mechanisms and the 
con t r ibu t ion  to these  mechanisms from each type of r ad ia t ion .  Since s o l a r  cel ls  are 
minor i ty  carrier c o l l e c t i o n  devices ,  reduct ion of the minor i ty  carrier d i f f u s i o n  
length  is  gene ra l ly  the  major damage mechanism. However, under c e r t a i n  circum- 
s t ances ,  undoping ( e i t h e r  by compensation or by coord ina t ion  of a mobile d e f e c t  with 
a donor o r  acceptor  s i t e )  may be the  primary source of s o l a r  ce l l  power loss. 

Each satel l i te  o r b i t  has a c h a r a c t e r i s t i c  blend of e l e c t r o n  and proton enerq ies  
and d e n s i t i e s .  These energ ies  and d e n s i t i e s  are not  always w e l l  known and may even 
change from hour-to-hour o r  year-to-year. Under such cond i t ions ,  the  s e l e c t e d  en- 
vironment ( t h e  second assumption) will in t roduce  a g r e a t e r  e r r o r  i n  damage predic-  
t i o n  than t h a t  caused by the u n c e r t a i n t i e s  i n  equ iva len t  f luences.  A s  t hese  
environments become b e t t e r  def ined  by space experiments,  the e r r o r s  i n  equ iva len t  
f luence  models can become cr i t ical .  A major source f o r  such e r r o r s  is the labora-  
t o r y  experiment used t o  determine the  equ iva len t  f luence  of a c e r t a i n  r a d i a t i o n  
type.  Such e r r o r s  (which inf luence  the t h i r d  assumption) have been observed t o  re- 
s u l t  from nonuniform damage, i n c o r r e c t  damage p r o f i l e s ,  dose rate dependence, anneal  
c h a r a c t e r i s t i c s ,  i n j e c t i o n  l e v e l  e f f e c t s ,  and inappropr i a t e  f luence  l e v e l s .  I n  many 
cases, the  p r e d i c t i o n  of cel l  degradat ion i n  space by use of equ iva len t  f luence  mod- 
els is very approximate unless  the  models have been v e r i f i e d  o r  modified by space 
d a t a  f o r  a p a r t i c u l a r  environment. In  some cases, the  use of an equ iva len t  f luence  
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can he misleading, even f o r  only a comparison of cells, because the  cr i t ical  damage 
mechanisms may be d i f f e r e n t  f o r  t he  cells. 

EQUIVALENT FLUENCE MODELS FOR SILICON CELLS 

In  the e a r l y  7960's, the  concept of 1-MeV e l e c t r o n  equ iva len t  f luence  values  
became accepted f o r  damage to  s i l i c o n  s o l a r  cells ( r e f .  1 ) .  The Solar  C e l l  liadia- 
t i o n  Handbook* has c a r r i e d  on t h i s  t r a d i t i o n  and t r i e d  t o  update i t s  use. Ins tead  
of a h i s t o r i c a l  development of t h i s  concept,  reasons f o r  p re sen t  acceptance and res- 
e rva t ions  w i l l  be b r i e f l y  descr ibed .  

Cobalt  60 gamma cel ls  and 1.5 + 2.5 MeV e l e c t r o n  a c c e l e r a t o r s  are common and 
e a s i l y  used without the need f o r  in t roducinq  cells i n t o  a vacuum system. The 6oCo 
gamma rays genera te  e l e c t r o n s  with maximum energ ies  less than 1 MeV and an averaqe 
of -600 kev. This r a d i a t i o n  environment would then reproduce the space e l e c t r o n  en- 
vi.ronment damage q u i t e  w e l l .  However, protons genera te  d e f e c t  c l u s t e r s  and the  
gamma cell does not  provide e l e c t r o n s  with enough energy to genera te  more than a 
minute quan t i ty  of non-single displacement de fec t s .  The I-MeV e l e c t r o n s  w i l l  qener- 
ate nea r ly  an order  of magnitude more divacancies  than the  gamma ce l l  dose f o r  t he  
same generated e l e c t r o n  f luence ,  and these  d e f e c t s  are common i n  proton i r r a d i a t e d  
s i l i c o n .  U s e  of higher  energy e l e c t r o n s  w i l l  i nc rease  the  genera t ion  of divacan- 
cies, b u t  w i l l  no t  provide c l u s t e r  and higher-order d e f e c t s  necessary t o  b e t t e r  s i m -  
u l a t e  proton damage. The I-MeV e l e c t r o n  is  the re fo re  a qood choice f o r  use as the 
b a s i s  f o r  an equiva len t  f luence  when proton generated damage from complex d e f e c t s  i s  
not  a major con t r ibu t ion  to  the t o t a l  c e l l  degradat ion.  

The r e l a t i v e  damage between I-MeV e l ec t rons  and o the r  r a d i a t i o n  has been de te r -  
mined i n  two ways ( r e f .  2 ) .  One way is  a comparison of cells a t  t he  25-percent deg- 
r ada t ion  poin t .  C e l l s  are i r r a d i a t e d  by normally i n c i d e n t  protons o r  e l e c t r o n s  of 
var ious  energ ies ;  the  f luences  requi red  t o  degrade the  AM0 I -V  c h a r a c t e r i s t i c s  by 
25 percent  are compared t o  the f luence of 1 MeV normally i n c i d e n t  e l e c t r o n s  requi red  
t o  give the same degradat ion.  The main advantages are the  s i m p l i c i t y  of genera t ing  
the  da t a  and the comparison of d a t a  under i l lumina ted  condi t ions  as expected i n  
space. One disadvantage is t h a t ,  i n  solar cells heavi ly  damaged by a s i n q l e  type 
and energy of r a d i a t i o n ,  the  na ture  of the damage is o f t e n  too d i f f e r e n t  from t h a t  
generated by a space o r  1-MeV e l e c t r o n  environment to  be r e a l i s t i c a l l y  compared. 
Another problem i s  t h a t  the  r e s u l t s  compare normal incidence vs normal incidence 
i r r a d i a t i o n ,  no t  the i s o t r o p i c  vs the normally i n c i d e n t  i r r a d i a t i o n  of t h e  1 -MeV 
equiva len t  f luence d e f i n i t i o n .  

A second and mathematically s a t i s f y i n g  method of spec i fy ing  damage is the 
comparison of minori ty  carrier d i f f u s i o n  lenqths  a t  d i f f e r e n t  l e v e l s  of normally 
i n c i d e n t  monoenergetic i r r a d i a t i o n .  This la t ter  method has a disadvantage i n  t h a t  
the d i f f u s i o n  lengths  are gene ra l ly  determined a t  low i n j e c t i o n  l e v e l s  r a t h e r  than 
under space i l l umina t ion  l eve l s .  This problem can be r e c t i f i e d ,  b u t  t he  experiment 
is  thereby made more complicated. In  proton i r r a d i a t e d  cells ,  the  i n j e c t i o n  l eve l  
e f f e c t  can be as high as 2.5. This means t h a t  the equ iva len t  f luence  determined a t  

. -- 
*JPL Publ ica t ion  77-56. 
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l o w  i n j e c t i o n  l e v e l s  w i l l  be 2.5 x higher  than t h a t  determined a t  h iqher  
l e v e l s  ( r e f .  2 ) .  

Both methods of comparing damage are inaccura t e  when the damaqe from one o r  
both sources  is nonuniform (such as from l o w  energy pro tons) .  Another source of 
e r r o r  is the anneal ing o r  recovery of a po r t ion  of the r a d i a t i o n  damaqe. Elec t ron  
damage t y p i c a l l y  anneals  over s e v e r a l  weeks a t  room temperature,  however, proton 
damage anneals a f t e r  several days. I n  space,  the  damage annea ls  as it accrues ;  
t h e r e f o r e ,  da t a  must be compared a f t e r  anneal ing is  complete when e s t a h l i s h i n q  
equ iva len t  f luences  o r  p r e d i c t i n g  degrada t ion  i n  space. 

The technique of determining equ iva len t  f luence  compares the damaqe from iso- 
t r o p i c  monoenergetic r a d i a t i o n  t o  the normally i n c i d e n t  1-MeV e l e c t r o n s  ( r e f .  1 ) .  
This method r equ i r e s  mathematical manipulation of normally i n c i d e n t  r a d i a t i o n  d a t a ,  
t o  c a l c u l a t e  i s o t r o p i c  damage ( r e f s .  3-51, o r  it requires a c t u a l  i s o t r o p i c  irra- 
d i a t i o n .  The mathematical manipulation is d i f f i c u l t ,  i f  no s impl i fy inq  assumptions 
are made, and gene ra l ly  i n c o r r e c t ,  i f  they are made. O n l y a  few a t tempts  have been 
made t o  a c t u a l l y  i r r a d i a t e  s o l a r  ce l l s  from d i f f e r e n t  angles  t o  s imula te  an i so -  
t r o p i c  i r r a d i a t i o n  ( r e f s .  3 ,  6, and 7).  More e f f o r t s  i n  this area have been com- 
p l e t e d  [M. W. Walkden, r e s u l t s  t o  be presented  a t  the  Photovol ta ic  Generators i n  
Space Conference, Bath, England, May 19821 and are planned f o r  1982. 

- 

The mathematical conversion of normally i n c i d e n t  r a d i a t i o n  damaqe t o  i s o t r o p i c  
r a d i a t i o n  damage requires an accu ra t e  d e s c r i p t i o n  both of the  ce l l  damage alonq the 
r a d i a t i o n  path length  and the  geometry of the ce l l  and i t s  cove r s l ide  assembly. 
An assumption of equal  damage p r o b a b i l i t y  a long the path length  makes c a l c u l a t i o n s  
easy,  b u t  i s  not  v a l i d  f o r  protons with energ ies  below -40 MeV. In  a d d i t i o n  t o  qen- 
e r a t i n g  the wrong equ iva len t  f luence  with this assumption, an i n c o r r e c t  f luence de- 
pendence would be ca l cu la t ed  €or  the  equ iva len t  f luence . This f luence dependence 
( f i g .  1 )  is  more c o r r e c t l y  a d i f f u s i o n  length  dependence and simply i n d i c a t e s  the 
po r t ion  of a ce l l  over which carriers are co l l ec t ed .  

Actual experiments with simulated i s o t r o p i c  monoenergetic r a d i a t i o n  w i l l  reduce 
many of the problems a s soc ia t ed  with the mathematical t ransformat ion  from normal in -  
c idence t o  i s o t r o p i c  i r r a d i a t i o n .  Nevertheless ,  severe  problems remain i n  s i l i c o n  
because the damage i s  nonuniform throughout the a c t i v e  req ion ,  and the s o l a r  c e l l  
electrical  c h a r a c t e r i s t i c s  are gene ra l ly  c a l c u l a t e d  based on uniform d i f f u s i o n  
lengths  throughout the base of the cell.  To c o r r e c t l y  c a l c u l a t e  the  damaqe c o e f f i -  
c i e n t s  f o r  nonuniform damage, the na ture  and p r o f i l e  of the damaqe must be known and 
included i n  t he  exac t  diode equat ions  without  the assumption of uniformity ( r e f .  8). 
The type and/or number of experiments must be increased  to  f u l f i l l  t hese  
requirements .  

For an idea  of the nonuniformit ies  involved f o r  proton damage i n  s i l i c o n ,  the 
displacement p r o f i l e s  f o r  normally i n c i d e n t  and i s o t r o p i c  i r r a d i a t i o n  can he exam- 
ined.  Nonpenetrating protons,  normally i n c i d e n t  on a s i l i c o n  s o l a r  ce l l ,  will leave 
a region near the end-of-range which has a displacement d e n s i t y  that  may he o rde r s  
of magnitude g r e a t e r  than i n  nearby p a r t s  of the cell ( f i g .  2 a ) .  An i s o t r o p i c  
f luence  of protons,  with an energy spectrum rep resen ta t ive  of a s o l a r  proton f l a r e  
environment a t  synchronous a l t i t u d e s ,  would provide a f a c t o r  of 5 t o  10 d i f f e r e n c e  
i n  the  displacement d e n s i t y  from one s i d e  of the  cell  to  the o the r  ( f i g .  3 ) .  The 
narrow, heavi ly  damaged region of the  normally i r r a d i a t e d  cell  is  somewhere wi th in  
t h e  ce l l  bulk; i t s  p o s i t i o n  depends upon the b e a m  energy. The most heav i ly  damaqed 
reg ion  from the space environment is  a t  the  exposed su r face ;  the damaqe q rad ien t  



depends upon the cove r s l ide  thickness .  To compound t h i s  problem, four  types of pro- 
ton damage i n  s i l i c o n  have been i d e n t i f i e d  ( r e f ,  4)  and each has a d i f f e r e n t  enerqy 
dependence. These d i f f e r e n t  types of damage can a l s o  a f f e c t  the cells d i f f e r e n t l y ,  
depending on the  i n j e c t i o n  l e v e l  and Fermi l e v e l  within the  cell .  It is, thereEore,  
exceedingly d i f f i c u l t  t o  compare a monoenergetic normally i n c i d e n t  proton beam 
( f i g .  2a) t o  a monoenergetic i s o t r o p i c  proton b e a m  ( f i q .  2b) ;  however, t h i s  com- 
pa r i son  is requi red  t o  c a l c u l a t e  an equ iva len t  f luence  from l abora to ry  da ta .  Iron- 
i c a l l y ,  the damage p r o f i l e s  from the space proton and e l e c t r o n  environments are more 
similar than those produced by the  labora tory  sources .  Therefore ,  an equ iva len t  
f luence  is  more accu ra t e ly  provided by comparing ce l l  deqradat ion i n  space with deq- 
r ada t ion  by 1-MeV e l e c t r o n s  i n  the  laboratory.  Unfortunately,  t h i s  technique does 
not  provide a good b a s i s  f o r  a s i g n i f i c a n t l y  d i f f e r e n t  environment. 

Two cases are mentioned as examples of using the  equ iva len t  f luence  €or pre- 
d i c t i n g  proton degradat ion of s i l i c o n  solar ar rays .  The August 1972 s o l a r  f l a r e  w a s  
observed to degrade a number of s o l a r  panels  on the INTELSAT I V  series. Analysis of 
the  degradat ion ind ica t ed  much higher  proton f luences  than w e r e  then recorded by ex- 
periments on board ATS-1, When f i n a l  co r rec t ions  t o  the  ATS-1 d a t a  w e r e  published a 
year l a te r ,  the  r e s u l t s  were i n  e x c e l l e n t  aqreement with the  numbers pred ic ted  by 
a n a l y s i s  (which involved use of the  1-MeV equiva len t  f l uences )  of the  a r r a y  degrada- 
t i o n  made one month a f t e r  the  event .  

The second case is  the  s o l a r  ce l l  experiment ( r e f .  9) on NTS-1, which followed 
an inc l ined  o r b i t  a t  13,529 km. The observed ce l l  deqradat ion was much q r e a t e r  than 
t h a t  pred ic ted  from labora tory  d a t a  and the equ iva len t  f luence model. 

What accounts f o r  the apparent  success of t’le equ iva len t  f luence  model i n  the  
f irst  case and the  gross  f a i l u r e  i n  the second? A series of mistakes,  made from 
necess i ty ,  canceled themselves o u t  i n  t he  success fu l  case, b u t  showed up i n  the  
f a i l e d  case. What mistakes can be i d e n t i f i e d  i n  r e t r o s p e c t  i n  the  a n a l y s i s  and why 
d id  they occur? 

The fol lowing are poss ib l e  reasons: 

a. The only equiva len t  f luence  values  a v a i l a b l e  were based on a s i m p l i s t i c  
model of r a d i a t i o n  damage f o r  1 Q-cm cells ( b u t  based on space d a t a )  from 1963 
( r e f .  1 ) .  The INTELSAT I V  f l i g h t  cells were 8-10 Q-cm and f a b r i c a t e d  nea r ly  a 
decade la ter .  

b. The proton energy spectrum f o r  synchronous a l t i t u d e s  was based on l i m -  
i t e d  d a t a  obtained for s o l a r  proton f l a r e s  during cyc le  19. These da t a  are ove r ly  
severe i n  the  low energy region ((10 MeV) , thereby inc reas ing  the pred ic ted  damage. 

c. The t h i r d  mistake,  which compensated f o r  the  second, was i n  t he  modeling of 
the equivalent f luence which underestimated the  equ iva len t  f luence  values  f o r  1 Cl-cm 
cells. These mistakes canceled out  i n  t h i s  case f o r  synchronous o r b i t .  

When the  equiva len t  f luence  model failed, .  condi t ions  were d i f f e r e n t .  The cells 
examined were -2 a-cm; t h e r e f o r e ,  no s i g n i f i c a n t  unce r t a in ty  i n  the  damaqe f o r  d i f -  
f e r e n t  r e s i s t i v i t i e s  was encountered. The environment model d id  no t  have a b i a s  i n  
the most damaging proton energy range, which would inc rease  the predic ted  damaqe. 
The equiva len t  f luence  values  were the  same as those i n  t he  f i r s t  case; b u t  t h i s  
t i m e ,  there  were no overest imated environment values  to compensate f o r  the  i n c o r r e c t  
mode 1. 
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This  i n c o r r e c t  model is  st i l l  be ing  used by many people because,  for synchron- 
ous orb i t ,  t h e  r e s u l t s  have n o t  y e t  been proven false. S i n c e  t h e  damage from pro- 
t o n s  for cells and c o v e r s l i d e s  >8 mils is less t h a n  t h a t  from electrons (even i n  the 
w o r s t :  case), the errors i n  the model are not l i k e l y  to be o v e r l y  impor tan t .  As 
cells, c o v e r s l i d e s  and back s u r f a c e  protection become t h i n n e r  ( < 4  m i l s  e a c h ) ,  p r o t o n  
damage w i l l  begin t o  dominate.  
margxns for error are c o n s t a n t l y  being reduced as spacecraft design is  opt imized.  
These t r e n d s  i n d i c a t e  abandonment of t h e  p r e s e n t  e q u i v a l e n t  f luence  v a l u e s  and 
mode1.s u n l e s s  someone is w i l l i n g  to pay for a corrected v e r s i o n .  Many people who 
p r e d i c t  space d e g r a d a t i o n  have in-house computer damage models and/or  have an expe- 
r j . m e r i t a 1  base f o r  t h e i r  predictions. However, based on the above arquments,  none of 
t h e  publ i shed  v a l u e s  or models for 1-MeV e q u i v a l e n t  f luence v a l u e s  f o r  s i n g l e  enerqy  
proton (and probably  e l e c t r o n )  damage to  s i l i c o n  appear  t o  be correct ( ref .  5).  

The environment is  c o n s t a n t l y  b&ng r e f i n e d ,  and 

G a A s  VERSUS SILICON 

It  '.?as p o i n t e d  o u t  i n  t h e  p r e v i o u s  s e c t i o n  tha t  f o r  s i l i c o n ,  t h e  concept  of 
e q u i v a l e n t  f l u e n c e s ,  as p r e s e n t l y  d e f i n e d ,  can v a r y  from be inq  a u s e f u l  f i c t i o n  to 
b e i n g  a p o t e n t i a l l y  dangerous trap. The s i t u a t i o n  may be d i f f e r e n t  i n  GaAs f o r  sev- 
eral  reasons ;  some make i t  worse, some better. 

The a c t i v e  r e g i o n  f o r  G a A s  cel ls  is g e n e r a l l y  5-10 pm compared t o  t h e  >200 u m  
beginning-of - l i fe  a c t i v e  r e g i o n  of a s i l i c o n  solar ce l l .  This  means the fo l lowinq:  

a. The i n f l u e n c e  on ce l l  behavior  from n o n u n i f o r m i t i e s  i n  normally i n c i d e n t  
proton damage observed i n  s i l i c o n  is  a p p a r e n t  a t  much lower e n e r g i e s  i n  G a A s  cells .  

b. The damage d i f f e r e n c e  from f r o n t  to  back of t h e  active r e g i o n  of a C a A s  
ce l l  i n  t h e  space environment is n e g l i g i b l e ;  therefore, an  assumption of uniform 
damage is reasonable  f o r  G a A s  cel ls ,  b u t  not f o r  S i  cel ls .  

c. The a c t i v e  r e g i o n  b e i n g  l i m i t e d  to  near  t h e  s u r f a c e  i n  G a A s  cells i m p l i e s  
t h a t  the average r a d i a t i o n  w i t h i n  t h e  a c t i v e  volume from t h e  space environment is  
g r e a t e r  i n  a G a A s  ce l l  than i n  a s i l i c o n  cell ,  even i f  t h e  c o v e r s l i d e  p r o t e c t i o n  is 
i d e n t i c a l .  

The damage mechanisms f o r  G a A s  and S i  cel ls  are d i f f e r e n t :  

a. The v o l t a g e  and f i l l  factor i n  GaAs cells are q e n e r a l l y  dominated by junc-  
tj.on recombinat ion ( n  = 2 )  ( r e f .  l o ) ,  compared to  t h e  h u l k  recombinat ion dominance 
i n  s i . l i c o n  cel ls  ( n  = 1 ) .  

b. For uniform r a d i a t i o n  damage, t h i s  dominance by the j u n c t i o n  recombinat ion 
i n  G A S  cells  does n o t  change ( r e f .  11 1. 

c. The n a t u r e  of damage i n  s i l i c o n  has  been found to be f l u e n c e  depend- 
e n t  ( r e f .  12) ;  the damage i n  GaAs  h a s  been found to be f l u e n c e  dependent  ( r e f .  1 1 )  
and aose rate dependent  [Li e t  a l . ,  and Loo e t  a l . ,  to  be p r e s e n t e d  a t  the 1 6 t h  
PVSC, San Diego , C a l i f o r n i a ,  September 1982 ) e 
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d.  Present  GaAs s o l a r  cel ls  gene ra l ly  have a d i f € e r e n t  s p e c t r a l  response deq- 
rafiation under i r r a d i a t i o n  than s i l i c o n  s o l a r  cells , which show only  degradat ion 
from the red end. The f a c t  that the GaAs cel ls  degrade throughout the f u l l  s p e c t r a l  
range [ the  e x t e n t  i n  each region depending upon the junc t ion  depth ( r e f .  1 1 ) 1 ,  f u r -  
t h e r  complicates the p red ic t ion  of space degradat ion for these cells. 

Wfter a survey of the d i f f e rences  between GaAs and s i l i c o n  solar cells, it 
seems that an equiva len t  f luence  would be easier to de f ine  and proper ly  use i n  GaAs 
than i n  s i l i c o n .  The cr i t ical  f a c t o r  would appear t o  be the r e l a t i v e  uniformity of 
the space r a d i a t i o n  damage throughout the active reqion of the  GaAs cell .  I t  may 
w e l l  be that  1-MeV e l e c t r o n s  are no t  the prefer red  basis f o r  the equ iva len t  f luence.  
The 1-MeV protons a t  low f luence  might be a better choice,  a l thouqh the  e l e c t r o n s  a t  
high f l u x  might provide an adequate s imula t ion  of proton damaqe. 

CONCLUSIONS 

The 1-MeV e l e c t r o n  equ iva len t  f luence  concept has been o f t e n  used, and misused, 
i n  p lace  of an understanding of space r a d i a t i o n  e f f e c t s  i n  s i l i c o n  s o l a r  cells. A 
l a r g e  quan t i ty  of labora tory  d a t a  is being generated on r a d i a t i o n  c h a r a c t e r i s t i c s  of 
G a A s  solar cel ls ,  b u t  u n t i l  more space da t a  become a v a i l a b l e  and i n t e g r a t e d  With the 
l abora tory  d a t a ,  an equiva len t  f luence concept is  premature. Unless ttese tests are 
c o r r e c t l y  i n t e r p r e t e d  (and hopefu l ly  c o r r e c t l y  conceived) ,  the  equ iva len t  f luence 
values  determined f o r  GaAs  W i l l  be an unmarked scale, only use fu l  to  compare ob- 
served space d a t a  with some a r b i t r a r y  l abora to ry  r a d i a t i o n  type and energy. In  
answer t o  the ques t ions  posed i n  the  in t roduc t ion ,  the 1-MeV e l e c t r o n  equ iva len t  
f luence  concept has been use fu l  i n  s i l i c o n  space cells d e s p i t e  i t s  shortcomings; 
and, a t  least f o r  many environments, a convenient and acceptab le  r a d i a t i o n  type can 
probably be found to provide equ iva len t  f luences  f o r  G a A s  solar cells i n  space. 

-- 
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2 

Figure 1.  Di f fus ion  Length Damage Coef f i c i en t s  vs Proton 
Fluence f o r  Bare C e l l  Sets Measured a t  Low I n j e c t i o n  

Levels. The Curves are Labeled by the  Inc ident  
Proton Energy i n  MeV. 

50 
70 
100 
155 

- 

do 
dX 
- 

lo7 

la1 

NORMAL INCIDENCE PROTON BEAM 
1Oh 

1 

Ibl 
ISOTROPIC PRUTON BEAM 

I POINT OEFECT DAMAGE ENLLP?INT DAMAGE 

t 
RP 

DEPTH RP 

Figure 2. Damage Depth P r o f i l e s  f o r  
Normally and I s o t r o p i c a l l y  Inc ident  

Protons.  The Proton End-of -Range 
is &noted by Rp. 



6 5 :- 
n 

3 L  
I 

i 

- 

I I I I I I 

i 

\ \ DOINi DEFECI 3AMAGE 
/ i 

Figure  3 .  Components of Damage (LOW 
I n j e c t i o n  Level) from S o l a r  F l a r e  

Pro tons  a t  Synchronous A l t i t u d e s  
v s  Depth i n t o  S i l i c o n .  The 

R e l a t i v e  Magnitude of the 
Components is N o t  Y e t  

Determined (see 
t e x t  1 
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