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ABSTRACT 

G a l l i u m  a r s e n i d e  s o l a r  c e l l s  have been 
cons idered f o r  c o n c e n t r a t o r  use i n  space power 
systems f o r  some t ime. Prev ious  work has 
r e s u l t e d  i n  GaAs c o n c e n t r a t o r  c e l l s  b e i n g  
i r r a d i a t e d  w i t h  v a r i o u s  energy  e l e c t r o n s  and 
t h e i r  performance measured. I n  t h i s  paper, we 
d i s c u s s  t h e  thermal  a n n e a l i n g  o f  GaAs 
c o n c e n t r a t o r  c e l l s  a f t e r  e l e c t r o n  i r r a d i a t i o n .  
R e s u l t s  a r e  g i v e n  f o r  c e l l s  annealed a t  15OC, 
200C, and 250C. I s o c h r o n a l  a n n e a l i n g  was done 
f o r  20 m i n u t e  i n t e r v a l s  up t o  350C. The c e l l s  
had been i r r a d i a t e d  w i t h  e l e c t r o n s  w i t h  
e n e r g i e s  between 0.7 and 2.3 MeV. 

INTRODUCTION 

The use o f  c o n c e n t r a t o r s  f o r  space p h o t o v o l t a i c  
power g e n e r a t i o n  has been under  c o n s i d e r a t i o n  
f o r  s e v e r a l  years .  There a r e  s e v e r a l  reasons 
f o r  t h e  use o f  c o n c e n t r a t o r  c e l l s .  
a r e  a h i g h e r  o p e r a t i n g  e f f i c i e n c y ;  a more 
e f f i c i e n t  u t i l i z a t i o n  o f  h i g h e r  c o s t  advanced 
s o l a r  c e l l s  i .e .  m u l t i - j u n c t i o n  c e l l s ;  and a 
b u i l t  i n  s h i e l d i n g  f o r  h o s t i l e  environments,  
b o t h  n a t u r a l  and man-made. A long w i t h  t h e  
advantages o f  c o n c e n t r a t o r s  t h e r e  a r e  some 
drawbacks such as a h i g h e r  o p e r a t i n g  c e l l  
tempera ture  and t h e  o p t i c a l  l o s s e s  o f  t h e  
c o n c e n t r a t o r  i t s e l f .  These a r e  o b v i o u s l y  v e r y  
dependent on t h e  c o n c e n t r a t o r  d e s i g n  and t h e y  
u s u a l l y  can be minimized. 

There a r e  s e v e r a l  s o l a r  c e l l  t y p e s  which can be 
used f o r  c o n c e n t r a t o r s  w i t h  GaAs b e i n g  t h e  
genera l  f i r s t  cho ice .  The GaAs bandgap o f  1.43 
eV i s  v e r y  near  t h e  optimum bandgap f o r  s o l a r  
c e l l s  i n  AM0 s u n l i g h t .  GaAs a l s o  e x h i b i t s  a 
f a i r l y  l o w  decrease i n  power w i t h  i n c r e a s i n g  
tempera ture .  There i s  some d a t a  on t h e  
r a d i a t i o n  r e s i s t a n c e  o f  GaAs c o n c e n t r a t o r  c e l l s  
under b o t h  e l e c t r o n  and p r o t o n  i r r a d i a t i o n s  
[ 1-41. R e s u l t s  i n c l u d e  measurements a t  
c o n c e n t r a t e d  s u n l i g h t  l e v e l s  and t y p i c a l  
o p e r a t i n g  tempera tures  ( I O O X  AMO-80C), as we1 1 
as tempera ture  c o e f f i c i e n t s  f o r  c u r r e n t  and 
v o l t a g e  o f  i r r a d i a t e d  c e l l s .  

Among them 

S ince c e l l s  have a tendency t o  r u n  h o t t e r  i n  a 
c o n c e n t r a t o r ,  t h e  p o s s i b i l i t y  o f  a n n e a l i n g  t h e  
damage caused by  p a r t i c l e  i r r a d i a t i o n  becomes 
appea l ing .  Thermal a n n e a l i n g  o f  GaAs p l a n a r  
c e l l s  has been shown t o  be e f f e c t i v e  a t  
tempera tures  as l o w  as 150C [5]. 
has suggested t h a t  con t inuous  annea l ing ,  such 
as c o n t i n u o u s l y  o p e r a t i n g  GaAs c e l l s  a t  
tempera tures  around 150C, c o u l d  g r e a t l y  reduce 
r a d i a t i o n  d e g r a d a t i o n  [SI.  
W r i g h t  A e r o n a u t i c a l  Labs [7]  i n v o l v e d  a n n e a l i n g  
GaAs c e l l s  a t  250C and 300C f o r  one hour  
p e r i o d s  a f t e r  success ive  1 MeV i r r a d i a t i o n s  o f  
1 ~ 1 0 ~ ~  e/". 
s t i l l  a v a i l a b l e  a f t e r  1x1017 e/" and 10 
a n n e a l i n g  per iods .  T h i s  piecemeal annea l ing ,  
a l t h o u g h  n o t  con t inuous ,  g i v e s  some 
exper imenta l  back ing  t o  cont inuous  annea l ing .  
I n  o t h e r  work a t  JPL, a s e t  o f  30 m i n u t e  
i s o c h r o n a l  annea ls  on GaAs c e l l s  i n d i c a t e d  t h a t  
p r o t o n  damage i s  annealed l e s s  t h a n  e l e c t r o n  
damage [8]. 

E a r l i e r  work 

Recent work a t  

Roughly h a l f  t h e  o u t p u t  was 

A l l  t h e  p r e v i o u s  work on a n n e a l i n g  o f  GaAs has 
been done on c e l l s  des igned f o r  one sun 
o p e r a t i o n ,  w i t h  a l l  performance d a t a  taken a t  
AMO. C o n c e n t r a t o r  c e l l s  have somewhat 
d i f f e r e n t  des igns  and a r e  u s u a l l y  much 
s m a l l e r .  
t h e r e  a r e  some moderate (10%) d i f f e r e n c e s  i n  
measured d e g r a d a t i o n  between d a t a  a t  AM0 and a t  
I O O X .  S ince  we had s e v e r a l  GaAs c o n c e n t r a t o r  
c e l l s  which had been i r r a d i a t e d  w i t h  v a r i o u s  
energy  e l e c t r o n s ,  we dec ided t o  i n i t i a t e  an 
a n n e a l i n g  program w i t h  w i t h  GaAs c o n c e n t r a t o r  
c e l l s  a t  Lewis. For  t h i s  paper, c e l l s  wh ich  
had been i r r a d i a t e d  w i t h  e l e c t r o n s  w i t h  
e n e r g i e s  f r o m  0.7 t o  2.3 MeV were annealed w i t h  
20 m i n u t e  i s o c h r o n a l  anneals t o  350C, and 
i s o t h e r m a l l y  annealed a t  150C, 200C, and 250C. 
The i s o t h e r m a l  annea ls  were c a r r i e d  o u t  u n t i l  
r e c o v e r y  ceased. I n  t h e  case o f  t h e  150C 
annea l ing ,  t h i s  amounted t o  months o f  t ime.  
F u t u r e  work w i l l  i n c l u d e  r a d i a t i o n  w i t h  p r o t o n s  
o f  v a r i o u s  e n e r g i e s  and subsequent a n n e a l i n g  
s t u d  i e s  . 

Our e a r l i e r  work [ l - 4 1  i n d i c a t e d  
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C E L L  DESCRIPTION 

The GaAs concentrator c e l l s  used i n  th is  work 
were obtained from three suppliers, ASEC, 
Hughes, and Varian. The c e l l s  are a l l  small 
(5x5 mn w i t h  a 4 mn dia. active area) and 
designed t o  operate near l O O X  AMO. They a l l  
have AlGaAs windows and junction depths of near 
0.5 microns. 
while a l l  the others a re  p/n.  The Varian and 
Hughes c e l l s  were supplied t o  NASA/Lewis as  
part  of research contracts,  while the ASEC 
c e l l s  were d i r ec t ly  purchased. The Varian and 
ASEC c e l l s  are OM-CVD grown while the Hughes 
c e l l s  are LPE grown. There were a to ta l  of 24 
c e l l s  which were annealed i n  this work. Table 
I shows the i r  average e lec t r ica l  performance 
values before electron i r rad ia t ion .  The 
average efficiency of over 21% a t  25C and l O O X  
AM0 indicates a quali ty group of GaAs ce l l s .  

Some of the Varian c e l l s  a re  n /p  

Table I .  Pre-irradiated e lec t r ica l  
charac te r i s t ics  of the 24 GaAs concentrator 
c e l l s  a t  25C and l O O X  AM0 

I sc VOC F i l l  Eff. 

22.14 Maximum 400 1.146 .869 
Minimum 348 1.085 .774 19.48 
Average 37 9 1.126 .844 21.03 

( % I  (mA) ( V I  

EXPERIMENTAL DESCRIPTION 

The GaAs concentrator c e l l s  had been irradiated 
w i t h  electrons i n  e a r l i e r  work [1,4]. Varian 
c e l l s ,  both n / p  and p/n ,  were irradiated w i t h  
electrons with energies of 0.4, 0.7, 1.0, and 
2.3 MeV to  3x1015 e/cm2. ASEC, Hughes, and 
other Varian ce l l s ,  a l l  p /n ,  were irradiated 
w i t h  1 MeV electrons to  1x10l6 e/". There 
were no cover glasses on the ce l l s  d u r i n g  
electron irradiations.  During ce l l  performance 
measurements, the small area concentrator ce l l  s 
were individually mounted i n  separate ce l l  
holders. The holders consisted of a small 
metal base and a washer-like metal top w i t h  a 
beveled hole s l i gh t ly  larger than the 
illuminated area of the c e l l .  These two pieces 
supply both a support fo r  the ce l l  and an area 
fo r  the four wire e lec t r ica l  attachment. There 
was no soldering or  welding of any contact to  
the c e l l .  

There were two types of annealing done fo r  this 
work, isochronal and isothermal. The 
isochronal annealing consisted of 20 minute 
anneals a t  temperatures s ta r t ing  a t  lOOC and 
increasing t o  350C i n  50C intervals.  
Performance measurements were made a t  each 
temperature level.  The isothermal annealing 
consisted of constant temperature anneals a t  
temperature levels of 150C, ZOOC, and 250C. 
Performance measurements were made a t  
increasingly longer time intervals.  Total 
annealing time was i n  the thousands of hours 
fo r  the 150C case. 

m I 

During annealing the bare c e l l s  were i n  a 
quartz tube i n  a furnace w i t h  dry nitrogen 
flowing through the tube to  prevent any 
oxidation of the ce l l s .  
tube was monitored w i t h  a thermocouple and 
power to  the furnace was adjusted fo r  constant 
temperature. Performance measurements 
consisted of the following: 

The temperature i n  the 

1. I-V data a t  25C and one sun  AM0 u s i n g  
an X-25 xenon so lar  simulator and an 
appropriate standard c e l l .  

2. I-V data a t  25C and l O O X  AM0 u s i n g  a 
pulsed xenon lamp so lar  simulator and the 
l inear  assumption between irradiance and 
shor t -c i rcu i t  current. 

RESULTS AND DISCUSSIONS 

Isochronal Annealing. 

S i x  d i f fe ren t  c e l l s  were used fo r  the 
isochronal annealing study. Three n/p  and 
three p/n Varian ce l l s .  
ce l l  had been irradiated w i t h  0.7 MeV, 1.0 MeV, 
and 2.3 MeV electrons respectively. 
fluence was 3x1015 e/cm2 fo r  a l l  s i x  ce l l s .  In 
the original i r rad ia t ion  work some c e l l s  were 
irradiated w i t h  0.4 MeV electrons,  b u t  t he i r  
degradation was so small they were not included 
i n  the annealing studies. Figures 1 and 2 show 
the resu l t s  of the 20 minute isochronal 
annealing out t o  350C fo r  the n / p  c e l l s  and the 
p/n ce l l  s respectively. 
items t o  note i n  the two figures. 
20 minute annealing period does not produce any 
recovery until  about 250C. Also, the recovery 
is  f a i r l y  complete a f t e r  the 300C anneal. 
Further annealing a t  350C fo r  20 minutes has no 
e f fec t .  This be as  f a r  as the c e l l s  can be 
annealed w i t h  20 minute isochronal annealing, 
b u t  i t  says nothing about longer annealing 
periods or continuous annealing. 

In each polar i ty ,  one 

The to ta l  

There a re  several 
First, the 

1.1 

1.0 \ 

5 0.5 

25C -- ioOx AM3 d p  cella 
0.2 

0.1 

V." 

START Y15 lOOC 150C 200C 25OC 3oOC 350C 

20 Mirute ISoCho~l Ameal 
2.3 MeV _ _ _ _  1.0 MeV .. . ... . - 0.7 MeV 

Fig. 1 Results of 20 minute isochronal 
annealing on Varian n / p  c e l l s  irradiated w i t h  
0.7, 1 .0 ,  and 2.3 MeV electrons t o  3E15. 
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Fig.  2 R e s u l t s  o f  20 m i n u t e  i s o c h r o n a l  
a n n e a l i n g  on Var ian  p/n c e l l s  i r r a d i a t e d  w i t h  
0.7, 1.0, and 2.3 MeV e l e c t r o n s  t o  3E15. 

The d a t a  f o r  t h e  p/n c e l l  i r r a d i a t e d  w i t h  2.3 
MeV e l e c t r o n s  i s  n o t  complete.  T h i s  c e l l  
shunted d u r i n g  t h e  t e s t  sequence and d a t a  was 
n o t  a v a i l a b l e .  Three o f  t h e  24 c e l l s  annealed 
d u r i n g  t h i s  work shunted somewhere d u r i n g  t h e  
t e s t  sequence. 
p a r t i a l  shunts  wh ich  lowered f i l l f a c t o r  (and 
hence Pmax) b u t  l e f t  I s c  and VOC u n a f f e c t e d .  
I t  appears c l e a r  t h a t  t h e  source o f  t h e  c e l l  
s h u n t i n g  i s  t h e  numerous t i m e s  t h e  c e l l  was 
mounted and de-mounted i n  i t s  measurement 
h o l d e r .  The t o p  p a r t  o f  t h e  h o l d e r  i s  h e l d  
down on t h e  c e l l  by  a smal l  p r e s s u r e  b u t  GaAs 
c e l l s  a r e  known t o  have some problems i n  b e i n g  
r e p e a t e d l y  handled. For  t h e  t h r e e  c e l l s  wh ich  
c o m p l e t e l y  shunted, t h e  d a t a  ceases, however 
f o r  t h e  f o u r  c e l l s  w i t h  smal l  shunts,  t h e  I s c  
and VOC d a t a  i s  s t i l l  a v a i l a b l e .  F i g u r e  3 
shows t h e  i s o c h r o n a l  anneal  d a t a  f o r  I s c ,  VOC, 
F i l l ,  and Pmax f o r  t h e  n/p c e l l  i r r a d i a t e d  w i t h  
2.3 MeV e l e c t r o n s .  T h i s  i s  t y p i c a l  o f  a l l  t h e  
c e l l s  d u r i n g  t h i s  work. Note t h a t  most o f  t h e  
d e g r a d a t i o n  i s  i n  t h e  c u r r e n t  w i t h  a 
c o r r e s p o n d i n g  m a j o r  p o r t i o n  o f  t h e  annealed 
r e c o v e r y  i s  a l s o  i n  t h e  c u r r e n t .  T h i s  a l l o w s  
us  t o  d i s c u s s  a n n e a l i n g  r e s u l t s  u s i n g  t h e  
c u r r e n t  r e c o v e r y  on those c e l l s  wh ich  a r e  
p a r t l y  shunted. 

A t a b u l a r  v e r s i o n  o f  t h e  r e s u l t s  o f  t h e  
i s o c h r o n a l  a n n e a l i n g  i s  g i v e n  i n  t a b l e  11. 
(The t h r e e  f i g u r e s  i n  each column a r e  1) 1/10 
o r  P/Po a f t e r  i r r a d i a t i o n ;  2) t h e  same d a t a  
a f t e r  i s o c h r o n a l  annea l ing ;  and 3) t h e  
un-annealed f r a c t i o n ) .  The most  n o t a b l e  
f e a t u r e  o f  t h e  d a t a  i s  t h e  t r e n d  f o r  l e s s  
a n n e a l i n g  as t h e  e l e c t r o n  energy  inc reases .  
Most o f  t h e  damage caused b y  t h e  0.7 MeV 
e l e c t r o n s  can be annealed compared t o  about  
h a l f  f o r  t h e  2.3 MeV e l e c t r o n s .  There appears 
t o  be no m a j o r  d i f f e r e n c e  i n  t h e  r e s u l t s  o f  
i s o c h r o n a l  a n n e a l i n g  between t h e  n/p c e l l s  and 
t h e  p/n c e l l s .  F u t u r e  work i s  p lanned u s i n g  
OLTS t o  i n v e s t i g a t e  t h e  t r a p  l e v e l s  and h e l p  
e x D l a i n  these t r e n d s .  

Four o t h e r  c e l l s  had smal l  

0 2  
0 1  

0 0  

2% -- loox AM3 23 MeV electr- 

I 

START E15 lOOC 150C 2OOC 25oC 300C 350C 

20 Mirule  lsochonal Ameal 
VCC ISC - - p m x  _ _ - _  - Fill 

F i g .  3 R e s u l t s  o f  20 m i n u t e  i s o c h r o n a l  
a n n e a l i n g  on one V a r i a n  n/p c e l l  i r r a d i a t e d  
w i t h  2.3 MeV e l e c t r o n s  t o  3E15. 

Tab le  11. R e s u l t s  o f  i s o c h r o n a l  a n n e a l i n g  on 
V a r i a n  n/p and p/n c e l l s  i r r a d i a t e d  w i th  0.7, 
1.0, and 2.3 MeV e l e c t r o n s  t o  3 ~ 1 0 ~ 5  e/". 

n /p  c e l l s  
0.7 MeV 1.0 MeV 2.3 MeV 

I s c a x  - I s c a x  __ - I s c a x  - 
.762 .656 .725 .605 .669 .557 
.981 .921 .925 .853 .848 .764 
8.0% 23.0% 27.1% 37.2% 45.8% 53.3% 

p / n  c e l l s  
0.7 MeV 1.0 MeV 2.3 MeV 

.729 .637 .674 .585 .668 .553 

.976 .948 .910 .879 --- --- 

- -  

- -  I s c a x  - I s c m  - I scm 

8.8% 14.2% 27.8% 29.1% --- --- 

( i n  each column, t h e  t h r e e  d a t a  p o i n t s  a r e :  
1) 1/10 o r  P/Po a f t e r  i r r a d i a t i o n  
2) The same d a t a  a f t e r  a n n e a l i n g  
3) The un-annealed f r a c t i o n  

I s o t h e r m a l  Anneal ing.  

Based on t h e  r e s u l t s  o f  t h e  i s o c h r o n a l  
annea l ing ,  we dec ided t o  do i s o t h e r m a l  
a n n e a l i n g  a t  t h r e e  temperatures,  150C, ZOOC, 
and 250C. A t  each tempera ture ,  a s e t  o f  s i x  
c e l l s  was annealed. 
t h r e e  V a r i a n  c e l l s  e i t h e r  p/n o r  n/p, 
i r r a d i a t e d  t o  3 ~ 1 0 ~ 5  e/" w i t h  0.7, 1.0, o r  
2.3 MeV e l e c t r o n s ,  s i m i l a r  t o  those used i n  t h e  
i s o c h r o n a l  annea l ing .  Each s e t  a l s o  c o n t a i n e d  
t h r e e  o t h e r  c e l l s ,  i r r a d i a t e d  w i t h  1.0 MeV 
e l e c t r o n s  to a f l u e n c e  o f  1x1016 e/". These 
t h r e e  were made b y  Var ian, ASEC, and Hughes. 
T h i s  gave us some a d d i t i o n a l  a n n e a l i n g  d a t a  on 
c e l l s  i r r a d i a t e d  t o  a h i g h e r  f l u e n c e .  A t  each 
temperature,  t h e  c e l l s  would be removed f o r  
performance measurements a t  i n c r e a s i n g  t i m e  
i n t e r v a l s .  Measurements were made a f t e r  t o t a l  
a n n e a l i n g  t i m e s  o f :  20 min, 80 min, 3 h r ,  9 h r ,  
27 h r ,  81 h r ,  243 h r ,  729 h r ,  and 1326 hr .  F o r  

Each s e t  c o n s i s t e d  o f  

807 



the 250C case, annealing was finished a t  81 
hours, and no further annealing was done. A t  
200C, the c e l l s  a re  essent ia l ly  finished a f t e r  
1326 hours. We are  continuing the 200C anneal 
out t o  2187 hours fo r  f ina l  data. A t  150C, 
annealing has just s ta r ted  a f t e r  729 hours and 
the experiment i s  continuing. 

The resu l t s  of the isothermal annealing are 
summarized i n  tables I11 and IV. Table I11 has 
data fo r  the Varian c e l l s  irradiated w i t h  0.7, 
1.0, or  2.3 MeV electrons out t o  3x1015 e/cm2, 
while tab le  IV is fo r  the c e l l s  irradiated w i t h  
just the 1.0 MeV electrons out t o  1x1016 
e/cm2. (As i n  table I1 the three figures i n  
each column are 1) 1/10 o r  P/Po a f t e r  
i r rad ia t ion ;  2) the same data a f t e r  isothermal 
annealing; and 3) the un-annealed f rac t ion) .  

By comparing the un-annealed fractions fo r  the 
c e l l s  annealed a t  250C or  200C w i t h  the 
isochronal anneal data, we note tha t  the c e l l s  
have about the same amount of recovery. 
example, consider the c e l l s  irradiated w i t h  0.7 
MeV electrons.  For the isochronal annealing, 
the un-annealed fractions f o r  Pmax were about 
14% and 23% ( tab le  11), while fo r  the 
isothermal annealing, they were 15% and 25% 
( tab le  111). Similar comparisons can be made 
fo r  the c e l l s  irradiated w i t h  1.0 and 2.3 MeV 
electrons. 
l imi t  t o  how much recovery can be obtained w i t h  
post-irradiation annealing. 

For 

T h i s  implies tha t  there may be a 

Table 111. Results of isothermal annealing a t  
250C, 200C. and 150C on Varian n/p  and p/n 
c e l l s  irradiated w ' t h  0.7, 1.0, and 2.3 MeV 
electrons t o  3x1Ol5 e/cm2. 

250C -- p/ n c e l l s  
0.7 MeV 1.0 MeV 2.3 MeV 
- 1 s c F i i  - 1 s c 5  - I scm 
.806 .690 .755 .632 .539 .44a 

200C -- n/p c e l l s  
0.7 MeV 1.0 MeV 2.3 MeV 

.782 .659 .735 .598 ,661 .523 
- 1 s c E i  __ I s c G  - I scm 

.997 .949 .958 .a64 .MO .73a 
1.2% 14.9% 16.0% 33.8% 47.2% 55.0% 

(Annealing nearly complete a f t e r  1326 hours) 

0.7 MeV 

.778 .661 
- I S C X  

.a10 --- 

2.3 MeV 

-666 .536 
- I scm 

.762 .623 
86.7% --- 91.0% 96.0% 71.1% 81.4% 

(Annealing just s ta r t ing  a f t e r  729 hours) 

( in each column, the three data points are: 
1) 1/10 or  P/Po a f t e r  i r rad ia t ion  
2) The same data a f t e r  annealing 
3) The un-annealed fraction 

For t h e  data i n  t ab le  IV, a l l  the c e l l s  were 
irradiated w i t h  1 MeV electrons t o  a larger 
fluence of 1x1016 e/cm2, 
they s ta r ted  recovery a t  a deeper degradation 
than the isochronal annealed c e l l s  (3x1015 
e/cm2), the un-annealed f rac t ions ,  both fo r  ISC 
and Pmax, a re  very similar. For example the 
Isc un-annealed f rac t ions  fo r  the isochronal 
annealed 1 MeV (3E15) c e l l s  are approximately 
27% and 28%, while fo r  the isothermal annealed 
1 MeV c e l l s  (1E16) they are 172, 25%, 26%, 26%, 
27% and 30%. 
post-irradiation annealing recovery may be 
independent of fluence level.  

Isothermal annealing was done a t  three 
temperatures, 250C, 200C, and 150C. 
reasonable t o  assume tha t  annealing a t  higher 
temperatures will b r i n g  on recovery quicker. 
This i s  indeed the case. Figure 4 shows Pmax 
recovery fo r  three c e l l s  annealed a t  250C. 
Since some of the c e l l s  i n  the 250C portion of 
the experiment had s h u n t i n g  problems, the data 
i n  f igure 4 i s  fo r  c e l l s  irradiated t o  
d i f fe ren t  fluences. The lower two curves a re  
fo r  c e l l s  irradiated w i t h  1 MeV electrons t o  
1x1016 while the upper curve is fo r  a ce l l  
irradiated w i t h  0.7 MeV electrons t o  3x1015 
e/cm2. 
complete a f t e r  the 27 hour point, and fur ther  
annealing t o  81 hours has l i t t l e  e f fec t .  

However, even though 

T h i s  implies t ha t  any l imi t  t o  

I t  i s  

Note tha t  the annealing i s  essent ia l ly  

Table IV. Results of isothermal annealing a t  
250C, 200C, and 150C on Varian, ASEC, and 
Hughes p/n c e l l s  irradiated w i t h  1.0 MeV 
electrons t o  1x1016 e/cm2. 

250C 
Varian ASEC Hughes 
- I s c m  - 1sc--F - Isc - Pmax 

.883 .836 .814 --- .823 .706 
24.7% 28.7% 26.1% --- 30.3% 42.3% 

- 

.525 .427 .2a8 .224 .414 .305 

(Annealing complete a t  81 hours) 

mnc ---- - 
Varian ASEC Huqhes 

_. I s c m  __ 1 s c - m  - Isc - Pmax 
-483 -381 .26a .209 .4ii .307 . . ~ ~  

.913 .833 .810 --- .841 --- 
16.9% 27.0% 26.0% --- 26.9% --- 

(Annealing nearly complete a f t e r  1326 hours) 

150C 
Varian ASEC Hughes 

Isc-Pmax - Isc - Pmax - 1sc-F __ - 
.514 .415 ,385 .307 .440 .320 
.e74 .548 .427 .xi .so0 .3a3 

6 7 - 0 1  77.2% 93.1% 93.7% 89.2% 90.7% 

- 

.. 

(Annealing just s t a r t i ng  a f t e r  729 hours) 

( in  each column, the three data points are: 
1) 1/10 or  P/Po a f t e r  i r rad ia t ion  
2) The same data a f t e r  annealing 
3) The un-annealed fraction 
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F ig .  4 
two c e l l s  i r r a d i a t e d  w i t h  1 MeV e l e c t r o n s  t o  
1E16 and one c e l l  i r r a d i a t e d  w i t h  0.7 MeV 
e l e c t r o n s  t o  3E15. 

R e s u l t s  of 250C i s o t h e r m a l  a n n e a l i n g  on 

For  t h e  200C annea l ing ,  more t i m e  i s  r e q u i r e d  
t o  o b t a i n  recovery .  
Pmax as a f u n c t i o n  o f  a n n e a l i n g  t i m e  a t  200C 
f o r  t h e  V a r i a n  c e l l s  i r r a d i a t e d  w i t h  t h r e e  
d i f f e r e n t  e l e c t r o n  energ ies .  Most o f  t h e  
r e c o v e r y  o c c u r s  between about  10 and 200 
hours.  
o u t  t o  1326 hours ( t h e  l a s t  d a t a  p o i n t ) ,  and we 
a re  c o n t i n u i n g  t o  anneal a t  200C. 

A t  150C, i t  appears t h a t  q u i t e  a b i t  o f  t i m e  i s  
r e q u i r e d  f o r  a n n e a l i n g  t o  t a k e  p lace .  
6 and 7 b o t h  show a n n e a l i n g  r e s u l t s  a t  150C. 
F i g u r e  6 shows n o r m a l i z e d  Pmax vs. a n n e a l i n  
t i m e  f o r  t h e  t h r e e  c e l l s  i r r a d i a t e d  t o  1x10 6 
w i t h  1 MeV e l e c t r o n s .  
some recovery ,  e s p e c i a l l y  i n  t h e  Var ian  c e l l  
where t h e  un-annealed f r a c t i o n  has been reduced 
t o  about 77%. The l a s t  d a t a  p o i n t  i s  a t  729 
hours and a n n e a l i n g  i s  i n  p r o g r e s s  t o  2187 
hours (about  3 months). F i g u r e  7 shows t h e  
normal ized  I s c  r a t i o  f o r  t h r e e  V a r i a n  c e l l s  
i r r a d i a t e d  t o  3x1015 w i t h  d i f f e r e n t  energy  

F i g u r e  5 shows normal ized  

However t h e r e  i s  more a n n e a l i n g  even 

F i g u r e s  

9 
There i s  s t a r t i n g  t o  be 

F i g u r e  6 R e s u l t s  o f  150C i s o t h e r m a l  a n n e a l i n g  
on t h r e e  p/n c e l l s  i r r a d i a t e d  w i t h  1 MeV 
e l e c t r o n s  t o  1E16. 

0.4 

F i g u r e  5 
on V a r i a n  n/p c e l l s  i r r a d i a t e d  w i t h  0.7, 1.0, 
and 2.3 MeV e l e c t r o n s  t o  3E15. 

R e s u l t s  o f  200C i s o t h e r m a l  a n n e a l i n g  

e l e c t r o n s .  
annea l ing ,  e s p e c i a l l y  i n  t h e  c e l l  i r r a d i a t e d  
w i t h  2.3 MeV e l e c t r o n s .  There i s  no apparent  
reason f o r  t h i s ,  e s p e c i a l l y  s i n c e  the  
i s o c h r o n a l  d a t a  and t h e  i s o t h e r m a l  d a t a  a t  250C 
and 200C seems t o  i n d i c a t e  a n n e a l i n g  f o r  
c e l l s  i r r a d i a t e d  w i t h  h i g h e r  energy  e l e c t r o n s .  
A comparison o f  t h e  a n n e a l i n g  a t  each o f  t h e  
t h r e e  tempera tures  i s  g i v e n  i n  f i g u r e  8. The 
Pmax r a t i o  i s  p l o t t e d  f o r  t h r e e  s i m i l a r  V a r i a n  
c e l l s  i r r a d i a t e d  w i t h  1 MeV e l e c t r o n s  t o  
1 ~ 1 0 ~ ~ .  
l o w e r  tempera tures  i s  q u i t e  e v i d e n t .  

I f  we do g e t  s i g n i f i c a n t  a n n e a l i n g  a t  150C, t h e  
a n n e a l i n g  t i m e  w i l l  be t o o  l o n g  t o  be 
p r a c t i c a l .  There a r e  no s p a c e c r a f t  which can 
w a i t  months t o  anneal  t h e i r  a r r a y s .  What c o u l d  
be v e r y  b e n e f i c i a l  i s  r e a l  t i m e  cont inuous  
a n n e a l i n g  as d e s c r i b e d  i n  r e f .  6. I n  t h i s  
case, t h e  c e l l s  a r e  o p e r a t e d  f rom t h e  v e r y  
b e g i n n i n g  a t  t h e i r  l o w e s t  a n n e a l i n g  tempera ture  
such as 150C, and a c o n t i n u o u s  a n n e a l i n g  o c c u r s  

Again, we a r e  s t a r t i n g  t o  see some 

The a n n e a l i n g  a t  l o n g e r  t i m e s  f o r  

0.9 t 

0.5L . . .  . . . . . I  . . . . . . . .  . 1 ' ' 1 1 1 "  . 
0.1 1 10 100 1000 

Anwa l ig  Time at  150C 07OurS) 

- 0.7 MeV ....... 2.3 MeV 1.0 MeV ---- 

F i g u r e  7 
i r r a d i a t e d  w i t h  0.7, 1.0, and 2.3 MeV e l e c t r o n s  
t o  3E15 annealed a t  150C. 

I s c  r a t i o s  f o r  V a r i a n  n /p  c e l l s  
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Figure 8 Comparison of Pmax annealing fo r  
three c e l l s  i r r ad ia t ed  w i t h  1 MeV electrons t o  
1E16 a t  250C, 200C, and 150C. 

side-by-side w i t h  the radiation induced 
degradation. What we have shown i n  this paper 
i s  the a b i l i t y  of GaAs concentrator c e l l s  to  
recover most of the electron induced 
degradation by a post-irradiation annealing a t  
200C and perhaps a t  150CC i n  a time period of 
months. 
degradation levels  involved i n  this work i n  
space i s  several years, depending on the 
o r b i t .  
space i s  a t  the heart of the argument f o r  
continuous annealing. Even t h o u g h  the 
annealing is  slow, i t  happens as  f a s t  as the 
induced degradation, hence complete o r  near 
complete annealing occurs. Operating 
temperatures of near 150C can readily be 
achieved i n  concentrator arrays,  and continuous 
annealing may be possible. 

The time required t o  reach the 

T h i s  slow degradation rate  of c e l l s  i n  

For continuous annealing t o  be proven 
successful, several questions must be 
answered. Among them are: 

1) The annealing character is t ics  of 
proton induced damage. 

2 )  The annealing e f f ec t s  of i r radiat ing 
c e l l s  i n  the lab a t  the annealing 
temperature. 

3) The annealing e f f ec t s  when the c e l l s  
are  i r radiated a t  temperature w i t h  a f lux 
similar t o  those encountered i n  space 
( typical ly  several orders of magnitude 
slower t h a n  lab experiments). 

We intend t o  look a t  the f i r s t  two items i n  
future work. 
the t h i r d  item, there are  no practical  
experiments w h i c h  can be performed using 
pa r t i c l e  accelerators.  
f e a s i b i l i t y  of continuous annealing may require 
a f l i g h t  test ,  probably i n  the radiation belts.  

Due t o  the long term nature of 

A f inal  answer t o  the 

SUMMARY 

We have performed isochronal and isothermal 
annealing tests on GaAs concentrator c e l l s  
which  had been i r radiated w i t h  electron of 
various energies t o  fluences up t o  1x1056 
e/cm2, The resul ts i ncl ude : 

1)  For c e l l s  i r radiated w i t h  electrons from 0.7 
t o  2.3 MeV, recovery decreases w i t h  increasing 
electron energy. 

2 )  As determined by the un-annealed fract ions,  
isothermal and isochronal annealing produce the 
same recovery. Also, c e l l s  i r radiated t o  
3x1015 or 1x1016 e/" recover t o  similar 
un-annealed fractions.  

3) We are s t a r t i ng  t o  see some signif icant  
annealing a t  150C although very long times are 
requi red. 
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