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ABS TRACT 

The optimum range o f  c o n c e n t r a t i o n  l e v e l s  i n  space f o r  I I I - V  cascade c e l l s  
has been c a l c u l a t e d  u s i n g  a r e a l i s t i c  s o l a r  c e l l  d iode  equat ion.  Temperature 
was v a r i e d  w i t h  con$en t ra t i on  u s i n g  seve ra l  models and ranged f r o m  55 
1 sun t o  between 80 A v a r i e t y  of s e r i e s  r e s i s t a n c e  
and i n t e r n a l  r e s i s t a n c e s  were used. C o e f f i c i e n t s  o f  t h e  d i f f u s i o n  and recom- 
b i n a t i o n  terms a re  s t r o n g l y  temperature dependent. The s tudy  i n d i c a t e s  t h a t  
t h e  maximum e f f i c i e n c y  o f  30 p e r c e n t  occu rs  i n  t h e  50 t o  100 sun c o n c e n t r a t i o n  
range p rov ided  s e r i e s  r e s i s t a n c e  i s  below 0.015 ohm-cm2 and c e l l  temperature 
i s  about 80" C a t  100 suns. 

C a t  
and ZOOo C a t  100 suns. 

INTRODUCTION 

Cascade s o l a r  c e l l s ,  e s p e c i a l l y  t hose  made u s i n g  I I I - V  m a t e r i a l s ,  have t h e  
p o t e n t i a l  f o r  much g r e a t e r  conve rs ion  e f f i c i e n c y  than  c o n v e n t i o n a l  s i n g l e  
j u n c t i o n  s o l a r  c e l l s .  The inc reased  e f f i c i e n c y  i s  m a i n l y  due t o  t h e  b e t t e r  
u t i l i z a t i o n  o f  t h e  s o l a r  spectrum by t h e  two o r  t h r e e  j u n c t i o n s  o f  t h e  cascade 
c e l l .  An advantage o f  I I I - V  m a t e r i a l  cascade c e l l s  i s  t h e i r  low r a t e  o f  
decrease i n  power w i t h  i n c r e a s i n g  temperature.  T h i s  i n d i c a t e s  t h a t  I I I - V  
cascade c e l l s  should b e n e f i t  f r o m  concen t ra ted  s u n l i g h t  and be ab le  t o  ope ra te  
w i t h o u t  f o r c e d  coo l i ng .  The c o n c e n t r a t i o n  l e v e l  where t h e  c e l l  e f f i c i e n c y  
peaks depends on seve ra l  f a c t o r s ,  such as r e s i s t a n c e  losses  and c e l l  tempera- 
t u r e  as a f u n c t i o n  o f  c o n c e n t r a t i o n .  P rev ious  s t u d i e s  have c a l c u l a t e d  t h e  
e f f i c i e n c y  o f  two and t h r e e  j u n c t i o n  cascade c e l l s  a t  v a r i o u s  temperatures and 
c o n c e n t r a t i o n s  ( r e f s .  1 and 2), however, t h e r e  was no d e f i n i t e  r e l a t i o n  be- 
tween c e l l  temperature and c o n c e n t r a t i o n .  I n  an e a r l i e r  s tudy  ( r e f .  3 ) ,  t h e  
performance of g a l l i u m  a rsen ide  c e l l s  was c a l c u l a t e d  as c e l l  temperature 
i nc reased  w i t h  c o n c e n t r a t i o n  i n  s p e c i f i c  d i f f e r e n c e  f u n c t i o n a l  r e l a t i o n s h i p s .  
The purpose o f  t h i s  e f f o r t  i s  t o  expand t h e  work o f  r e f e r e n c e  3 t o  t h e  case o f  
I I I - V  cascade c e l l s .  

METHOD OF CALCULATION 

C u r r e n t  v o l t a g e  curves were c a l c u l a t e d  f o r  each c e l l  i n  t h e  cascade s t r u c -  
t u r e  u s i n g  t h e  s o l a r  c e l l  d iode  e q u a t i o n  and t h e  p r i n c i p l e  o f  s u p e r p o s i t i o n .  
Terms f o r  t h e  l i g h t - g e n e r a t e d  c u r r e n t ,  d i f f u s i o n  c u r r e n t ,  space charge recom- 
b i n a t i o n  c u r r e n t ,  nd s e r i e s  and shunt  r e s i s t a n c e s  a re  i nc luded .  C e l l  c u r r e n t  
d e n s i t y  J ( i n  A/cm d ) i s  g i v e n  b y  
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J = JL - Jol ( exp v+yJ;s -- - l )  

V + JARS V + JARS 

ARsh 

where 
A c e l l  area, cm 2 

2 l igh t -genera ted  c u r r e n t  dens i ty ,  A/cm 

c o e f f i c i e n t  o f  d i f f u s i o n  c u r r e n t  term, A/cm 

c o e f f i c i e n t  o f  space charge r e g i o n  recombinat ion c u r r e n t  term, 
A /  cm 

s e r i e s  r e s i s t a n c e ,  ohm 

shunt r e s i s t a n c e ,  ohm 

=kT/q = 25.85 mV a t  T = 300 K 

2 JL 

Jo 1 

J02 2 

S 
R 

Rsh 

V c e l l  o u t p u t  v o l t a g e  
v T  

The i n d i v i d u a l  c u r r e n t - v o l t a g e  curves are  added i n  s e r i e s  w i t h  ohmic 
r e s i s t a n c e  losses f o r  the c e l l  in te rconnects  t o  o b t a i n  the  cascade c e l l  
performance. 

Before  any c a l c u l a t i o n s  a r e  p o s s i b l e ,  we must do t h e  f o l l o w i n g :  

(1) Determine t h e  i n i t i a l  va lues ( a t  300 K )  f o r  JL, Jo1, and 502 f o r  

( 2 )  Determine t h e  temperature dependence o f  t h e  above q u a n t i t i e s .  
( 3 )  Determine t h e  r e l a t i o n s h i p  between c e l l  temperature and concent ra t ion .  

each j u n c t i o n  i n  t h e  cascade c e l l  s t r u c t u r e .  

I n  a s e r i e s  connected cascade c e l l ,  t h e  c u r r e n t  i n  each j u n c t i o n  must be 
equal. T h i s  c o n s t r a i n t  i s  met by proper  cho ice  o f  t h e  band gaps o f  the  i n d i v i d u a l  
c e l l s .  For t h i s  s tudy  i t  was assumed t h a t  a III-V d i r e c t  gap c e l l  o f  band gap 
E , used as t h e  top  c e l l  i n  a cascade s t r u c t u r e ,  has a l igh t -genera ted  c u r r e n t  
equal t o  80 p e r c e n t  o f  a " p e r f e c t "  c e l l  o f  t h e  same band gap (quantum y i e l d  = 1 
above t h e  band gap and zero  below t h e  gap). The 20 percent  l o s s  can be a t t r i b u t e d  
t o  g r i d  coverage, s u r f a c e  r e f l e c t i o n ,  recombinat ion,  e t c .  I n t e g r a t i n g  t h e  quantum 
y i e l d  o f  a p e r f e c t  c e l l  a g a i n s t  t h e  Labs and Neckel AM0 spectrum, g i v e s  t h e  d a t a  
i n  f i g u r e  1, which shows l i g h t - g e n e r a t e d  c u r r e n t  f o r  a p e r f e c t  1-cm2 c e l l  as a 
f u n c t i o n  o f  c u t o f f  wavelength, xc :  

1.24 

g 
- -- 

' c -  E 

F o r  a g a l l i u m  arsen ide  c e l l  o f  0.867 um c u t o f f  wavelength, t h e  80 per- 
cen t  assumption leads t o  a va lue o f  31.1 &/cm2 f o r  l igh t -genera ted  cur- 
r e n t ,  i n  good agreement w i t h  t h e  l i t e r a t u r e  ( r e f .  4) .  
t h i r d  j u n c t i o n s ,  i t  was assumed t h a t  t h e  l igh t -genera ted  c u r r e n t  was 85 

For  t h e  second and 
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percent of a perfect ce l l  (adjusted for  absorption in the upper c e l l s ) .  
losses are assumed in the lower junct.ions due t o  decreased reflection and 
recombination losses. Using the above assumptions, the equal light-generated 
currents i n  each junction and the band gaps corresponding t o  any t o p  ce l l  band 
gap are uniquely determined. 

Lower 

The coefficients of the diffusion and recombination terms, Jo1, and 

(1) 

( 2 )  

The diode quality factor can be determined by using equation (1) and 

502, are determined f o r  each band gap by assuming the following: 

The diode quality factor n i s  equal t o  1 . 2  a t  l-sun concentration and 
a t  300 K 
Voltage Voc  i s  70 percent of the band gap  (ev) .  

plotting an I,, - V o c  curve. 
current levels corresponding t o  l-sun illumination leads t o  an n value t h a t  i s  
dependent on the re la t ive  values f o r  501 and 502. For example, if 502 
i s  zero, then the cell  i s  completely diffusion limited, and  n = 1.0.  By 
adjusting the re la t ive  value o f  Jo1 a n d  502, an n value o f  1 . 2  can be 
obtained. The f inal  value of the two constants i s  determined by V = 
0.7 E g .  The value of n = 1 . 2  i s  assumed t o  be typical of current fF1-V 
c e l l s  ( re fs .  5 and 6 ) .  
typical of a good GaAs c e l l .  

The slope of t h i s  curve a t  300 K and a t  

For GaAs 70 percent of E g  i s  1 V ,  which value i s  

The temperature dependence of the various band gaps was assumed t o  be 
simi 1 ar t o  t h a t  of g a l  1 ium arsenide. 
dence can be obtained from the l i t e r a tu re  ( r e f .  7 ) .  

The gal 1 i u m  arsenide temperature depen- 

The Jo1 and 502 vary w i t h  the square of the in t r ins ic  concentration and 
the in t r ins ic  concentration, respectively. Hence, 

an cl 

The temperature dependences of 501 and 502 are calculated from equations 
( 2 )  and ( 3 ) .  

The light-generated current of a solar ce l l  increases with increasing 
temperature f o r  two reasons: (1) the smaller band gap  means more photons are 
collected, and ( 2 )  material properties such as  lifetime improve with in-  
creasing temperatures ( re f .  8 ) .  I t  was assumed t h a t  the band gap change 
accounted f o r  most of the increase in light-generated current with tempera- 
ture,  and a value of 0.020 percent/K was assigned t o  the "better inaterial 
properties" portion of increased current. Since band gaps were varied with 
temperature in th i s  study, the calculated light-generated current already 
re f lec ts  t h i s  effect .  For a g a l l i u m  arsenide ce l l ,  t h i s  resulted in a 25 
v A / c & - K  temperature coefficient,  which i s  in substantial agreement with 
pub1  ished resul ts  ( re f .  9 ) .  

The operating temperature of  a solar cel l  in space i s  dependent on many 
factors.  These include the incident irradiance, the absorptance and emittance 
of  the cel l  and radiator surface, the thermal transfer between cel l  and 
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r a d i a t o r ,  t h e  s i z e  and o r i e n t a t i o n  o f  t h e  r a d i a t o r ,  and t h e  o r b i t  o f  t h e  
spacecra f t .  I t  was beyond t h e  scope o f  t h i s  s tudy  t o  c a l c u l a t e  temperature 
v a r i a t i o n s  w i t h  c o n c e n t r a t i o n  f o r  a n e a r l y  i n f i n i t e  s e t  of s t a r t i n g  assump- 
t i o n s .  
concentrated s u n l i g h t  l e v e l s  were used. 

I n s t e a d  a c t u a l  d a t a  f o r  1-sun o p e r a t i o n  and o t h e r  s t u d i e s  f o r  d a t a  a t  

F o r  1-sun o p e r a t i o n  i n  space, a c e l l  temperature o f  328 K (55O C) i s  
t y p i c a l  o f  p resent  p h o t o v o l t a i c  a r r a y s  ( r e f .  10) .  These a r r a y s  use pass ive  
c o o l i n g ,  and t h e  c e l l s  a re  producing power. There were no a c t u a l  da ta  a v a i l -  
a b l e  f o r  c e l l  temperature a t  e l e v a t e d  c o n c e n t r a t i o n  l e v e l s  i n  space, so t h e  
r e s u l t s  o f  two s t u d i e s  were used t o  determine t h e  range o f  o p e r a t i n g  tempera- 
t u r e s  expected. For  t h e  f i r s t  study, which d i d  n o t  l i m i t  c e l l  s i z e  and had no 
a c t i v e  c o o l i n g ,  a c e l l  temperature o f  398 K (125' C) a t  50 suns was computed. 
A n e a r l y  14-K marg in f o r  e r r o r  i s  inc luded,  making t h i s  c e l l  tmeperature va lue  
conserva t ive .  For the  second s tudy  ( r e f .  1 2 )  much lower c e l l  temperatures 
were computed f o r  space s o l a r  c e l l s :  353 I( (80' C) f o r  a 100-sun i r r a d i a n c e  
l e v e l .  
t r a n s f e r  f rom c e l l  t o  r a d i a t o r .  

T h i s  s tudy  used v e r y  smal l  c e l l s  ( 4  mm diam) t o  maximize t h e  heat  

These low c e l l  temperatures a t  c o n c e n t r a t i o n  are  s i m i l a r  t o  e a r l i e r  work 
on smal l  s i l i c o n  c e l l s  a t  severa l  hundred AM1 c o n c e n t r a t i o n s  f o r  t e r r e s t r i a l  
purposes. ( r e f .  13)  Pass ive c o o l i n g  was assumed i n  a l l  t h e  above work. 
Because o f  t h e  usual  dependences observed i n  space between i r r a d i a n c e  and 
temperature, a T 4  r e l a t i o n s h i p  t o  c o n c e n t r a t i o n  r a t i o  (T4  = A l C R  + A2) 
was f i t t e d  t o  t h e  328 K - 1-sun p o i n t  and t o  each o f  t h e  h i g h e r  c o n c e n t r a t i o n  
p o i n t s .  T h i s  lead t o  two d i f f e r e n t  temperature dependences w i t h  concent ra t ion ,  
a h i g h  temperature dependence and a low temperature dependence. 
i n t e r m e d i a t e  dependence c u r v e  i s  ob ta ined by a r b i t r a r i l y  u s i n g  a temperature 
l e v e l  o f  398 K ( 1 2 5 O  C )  a t  100 suns. 
summarized below. 

A t h i r d ,  

The t h r e e  temperature dependences a r e  

Temperature, CR 
K 

High temperature 398 50 
I n t e r m e d i a t e  temperature 398 100 

Low temperature 353 100 

F i g u r e  2 shows temperature as a f u n c t i o n  o f  c o n c e n t r a t i o n  f o r  these t h r e e  
temperature dependences. 

RESULTS AND DISCUSSION 

Cur ren t -vo l tage curves were generated f o r  cascade c e l l  s t r u c t u r e s  f o r  
F i g u r e  3 shows a t y p i c a l  s u n l i g h t  c o n c e n t r a t i o n  l e v e l s  up t o  250x (AMO). 

t h r e e - j u n c t i o n  cascade c e l l  curve  as w e l l  as t h e  i n d i v i d u a l  curves f o r  each 
j u n c t i o n .  C e l l  temperature was v a r i e d  w i t h  c o n c e n t r a t i o n  as descr ibed above, 
and e f f i c i e n c i e s  were c a l c u l a t e d  as a f u n c t i o n  o f  c o n c e n t r a t i o n  l e v e l  f o r  a 
v a r i e t y  o f  s e r i e s  r e s i s t a n c e ,  c e l l  i n t e r c o n n e c t i o n  r e s i s t a n c e ,  and t o p  band 
gap values. 

t r e a t e d  as independent v a r i a b l e s .  
As seen f rom equat ion  ( l ) ,  t h e  q u a n t i t i e s  ARs and ARsh may be 

The same h o l d s  t r u e  f o r  ARC, where Rc 
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i s  t h e  i n t e r c o n n e c t  r e s i s t a n c e  between c e l l s ,  whose ohmic v o l t a g e  drop i s  
s u b t r a c t e d  f r o m  t h e  cascade c e l l  performance. Hence, f o r  t h e  remainder o f  
t h e  s tudy s e r i e s  r e s i s t a n c e ,  shunt r e s i s t a n c e ,  and i n t e r c o n n e c t  r e s i s t a n c e  
were t r e a t e d  i n  terms o f  ohm-cm2. 

As i n  t h e  p r e v i o u s  work ( r e f .  3) t h e  e f f e c t  o f  shunt r e s i s t a n c e  a t  
h i g h e r  c o n c e n t r a t i o n  l e v e l s  was n e g l i g i b l e .  

r e s i s t a n c e  was used throughout .  

Because t h e  main f cus of t h i s  
s tudy  i s  on h i g h e r  c o n c e n t r a t i o n  r a t i o s ,  a va lue  o f  2500 ohm-cm !! f o r  shunt 

F i g u r e  4 shows e f f i c i e n c y  as a f u n c t i o n  o f  c o n c e n t r a t i o n  f o r  t h r e e  
i n t e r c o n n e c t  r e s i s t a n c e  va lues f o r  a t h r e e  j u n c t i o n  cascade c e l l  w i t h  a t o p  
band gap o f  2.07 eV. 
0.015 ohm-cd. Note t h e  f a l l o f f  i n  e f f i c i e n c y  above about 100 concentra- 
t i o n  and t h e  f a i r l y  broad maximum over  t h e  30 t o  100 range. The va lue  o f  
50 m ohm-cm2 ( t h e  c e n t e r  curve)  f o r  c e l l  i n t e r c o n n e c t  r e s i s t a n c e  r e s u l t e d  
i n  a v o l t a g e  drop o f  75 mV a t  each i n t e r c o n n e c t i o n  a t  100 AMO. T h i s  was 
somewhat l e s s  than t h e  100-mV drop assumed i n  re fe rence 1, b u t  p robab ly  
w i t h i n  f u t u r e  technology. The t o p  band gap was 2.07 eV. The corresponding 
band gaps f o r  t h e  second and t h i r d  c e l l s  a re  1.55 and 1.17 eV. 
t h e  optimum cho ice  of band gaps; however, f o r  d i r e c t  gap m a t e r i a l s  o f  t h e  
same l a t t i c e  constant ,  d a t a  f r o m  refererrces 14 and 15 i n d i c a t e  t h a t  i t  i s  
t h e  o n l y  choice.  Since t h e  a b i l i t y  t o  grow i n d i v i d u a l  c e l l s  i n  a m o n o l i t h i c  
s tack  o f  d i f f e r e n t  l a t t i c e  cons tan ts  i s  cons idered improbable ( r e f .  l ) ¶  t h e  
more r e a l i s t i c  cho ice  i s  2.07 eV as t o p  band gap, even though e f f i c i e n c i e s  
c o u l d  be about 3 percentage p o i n t s  h i g h e r  w i t h  a more optimum band gap 
combinat ion.  

The low-temperature dependence was used and ARs = 

T h i s  i s  - n o t  

The e f f e c t  o f  v a r y i n g  s e r i e s  r e s i s t a n c e  o f  t h e  i n d i v i d u a l  j u n c t i o n s  i s  
shown i n  f i g u r e  5. The e f f e c t  o f  s e r i e s  r e s i s t a n c e  i s  l e s s  than t h e  i n t e r -  
connect r e s i s t a n c e  due t o  t h e  smal le r  values used i n  t h e  c a l c u l a t i o n .  The 
va lue  o f  15 m ohm-cd should be r e a d i l y  achievable s ince  s i m i l a r  and lower 
va lues have a l ready  been produced i n  s i n g l e  g a l l i u m  arsenide c e l l s  ( r e f s .  16 
and 17). 

F i g u r e  6 shows e f f i c i e n c y  as a f u n c t i o n  o f  c o n c e n t r a t i o n  f o r  t h e  t h r e e  
temperature dependences. The e f f i c i e n c i e s  are  equal a t  1 sun and change as 
c o n c e n t r a t i o n  and temperature a r e  increased. The b e n e f i t  o f  o p e r a t i n g  t h e  
c e l l  a t  lower temperatures a t  c o n c e n t r a t i o n  i s  r e a d i l y  ev ident .  A t  100 
suns, t h e  h i g h  temperature dependence r e s u l t s  i n  an e f f i c i e n c y  va lue  lower 
than a t  1 sun, due t o  t h e  h i g h  o p e r a t i n g  temperature. A lso a t  100 suns, t h e  
d i f f e r e n c e  i n  e f f i c i e n c y  between t h e  high- and low-temperature dependence 
curves i s  about 5.7 percentage p o i n t s  (29.67 and 23.97 percent ) .  T h i s  i s  
c o n s i d e r a b l y  more than t h e  change i n  e f f i c i e n c i e s  i n  f i g u r e s  4 and 5 due t o  
t h e  range o f  s e r i e s  and i n t e r c o n n e c t  r e s i s t a n c e s  s tud ied .  Hence, t h e  e f f e c t  
o f  decreas ing t h e  o p e r a t i n g  temperature i s  t h e  most impor tan t  f a c t o r  i n  
r a i s i n g  t h e  e f f i c i e n c y  o f  cascade c e l l s  o p e r a t i n g  a t  h i g h  c o n c e n t r a t i o n  
1 eve1 s . 

The e f f e c t  o f  mismatch i n  t h e  c u r r e n t s  o f  t h e  i n d i v i d u a l  c e l l s  i s  shown 
i n  t a b l e  I .  
chosen a t  one temperature and t h e  c e l l  b e i n g  operated a t  a d i f f e r e n t  temper- 
a ture.  For  temperature d i f f e r e n c e s  o f  30 t o  40 K ,  t h i s  mismatch e f f e c t  was 
n e g l i g i b l e ,  w i t h  changes i n  e f f i c i e n c y  o f  0.1 percentage p o i n t .  Since any 
cascade c e l l  w i l l  be designed f o r  t h e  concent ra to r  i t  w i l l  be used i n ,  t h i s  

The f i r s t  source o f  mismatch a r i s e s  f r o m  t h e  band gaps be ing  
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mismatch e r r o r  can be neglected.  
u n c e r t a i n t y  o f  our  knowledge o f  t h e  AM0 spectrum. 
spectrum was used th roughout  t h i s  s tudy  t o  determine l i g h t - g e n e r a t e d  
c u r r e n t s  and band gaps. 
Thekaekara. 
Neckel spectrum and l igh t -genera ted  c u r r e n t s  chosen u s i n g  t h e  Thekaekara 
spectrum. The d i f f e r e n c e s  were smal l ,  about 0.4 percentage p o i n t  d i f f e r e n c e  
i n  e f f i c i e n c y ,  which r e s u l t e d  i n  approx imate ly  a 1.3 percent  drop i n  maximum 
power. 

The second mismatch e r r o r  r e s u l t s  f rom t h e  
The Labs and Neckel 

The o t h e r  recognized AM0 spectrum was t h a t  o f  
Data were generated u s i n g  band gaps chosen b y  t h e  Labs and 

The t h i r d  mismatch a r i s e s  f r o m  r a d i a t i o n  damage i n  space. For  p r o t r o n  
i r r a d i a t i o n  o f  s u f f i c i e n t l y  low energy we can assume t h a t  t h e  c u r r e n t  i n  t h e  
t o p  c e l l  i s  reduced b y  10 percent .  T h i s  r e s u l t s  i n  approx imate ly  a 7-1/2 
percent  drop i n  e f f i c i e n c y  o f  t h e  cascade c e l l .  

CONCLUSIONS 

The optimum c o n c e n t r a t i o n  l e v e l  f o r  I I I - V  cascade c e l l s  i s  about 50 suns 
( w i t h  a range o f  10 t o  100 suns), where t h e  e f f i c i e n c y  f a l l s  o f f  b y  l e s s  
than 1 percentage p o i n t ,  p rov ided the  f o l l o w i n g  c o n d i t i o n s  a r e  met: 

( 1 )  An o p t i c a l  concent ra to r -pass ive  c o o l i n g  system must be prov ided 
which main ta ins  c e l l  temperature as low as poss ib le .  Some concepts 
p r e s e n t l y  under s tudy  i n d i c a t e  temperatures o f  80° C a t  100-sun concentra- 
t i o n  appear f e a s i b l e  through use of smal l  c e l l s  t o  o b t a i n  good heat  t r a n s f e r  
t o  a r a d i a t i n g  surface. The smal l  c e l l  concept has a l r e a d y  been demon- 
s t r a t e d  i n  t e r r e s t r i a l  c o n c e n t r a t o r s  t o  y i e l d  low o p e r a t i n g  temperatures.  

( 2 )  The r e s i s t a n c e  losses due t o  s e r i e s  r e s i s t a n c e  i n  t h e  i n d i v i d u a l  
c e ' l l s  and t h e  c e l l  i n t e r c o n n e c t s  are k e p t  a t  reasonable values. A va lue  o f  
15 m ohm-cm2 f o r  i n d i v i d u a l  c e l l  s e r i e s  r e s i s t a n c e  should be an ach ievab le  
va lue  s ince  g a l l i u m  arsenide c e l l s  have been made w i t h  t h i s  on lower s e r i e s  
r e s i s t a n c e  values. 
i n t e r c o n n e c t  r e s i s t a n c e .  There i s  no known exper imenta l  d a t a  on such values 
a t  present.  I n  any event, t h e  drop i n  e f f i c i e n c y  due t o  increased r e s i s -  
tance losses a t  100-sun c o n c e n t r a t i o n  i s  cons iderab ly  l e s s  than t h e  l o s s  due 
t o  h i g h e r  o p e r a t i n g  temperatures.  

A va lue  o f  50 m ohm-cm2 represents  a goal  f o r  c e l l  

I.. 
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TABLE 1. - EFFECTS OF VARIOUS CURRENT MISMATCHES ON 
CASCADE CELL POWER OUTPUT 

Source o f  mismatch Percent drop i n  Pmax 

Neg l i g ib le ,  0.3 percent  AT - 30' between c e l l  
ope ra t i on  and band gap 

o p t i m i z a t i o n  

Uncer ta in t y  o f  AM0 spectrum Small, 1.3 percent  
Labs and Neckel /Thekaekara \ 

Rad ia t i on  damage 10 percent  

drop i n  one c e l l  c u r r e n t  

6 t o  7.5 percent  

1 cm2 CELL / 

I I 
1 2 3 0 

WAVELENGTH, pm 

Figure 1. -Variation d short-circuit current d perfect 
cell with cutoff wavelength. 
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Figure 2 -Variation of temperature with concentra- 
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Figure 3. - Series addition d individual I - V  curves. 

77 



32 

28 

k 

i 

Y 

kl 

24 

E 

20 

16 I 

>- I 

I I 

THREE JUNCTION CELL 
TOP GAP - 2.07 eV 
LOW TEMPERATYRE DEPENDENCE 
R. = 15 mR-cm 

' 75 

a 
l6 0 3 10 30 13 300 

CONCENTRATION 

Figure 4. -Variation of efficiency with concentration for different 
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