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ABSTRACT 

This report describes in detail several studies 
,relating to the improvement of silicon solar cells and 
their optimization for operation in the vicinity of Mercury 
and Venus. The studies have been conducted in the areas of 
thermal characteristics and series resistance. As a result 
of these studies near-optimum cells have been designed for 
Mercury and Venus missions, Experimental cell fabrication 
will resolve the remaining factors. 
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1.0 Summary 

T h i s  is  the f irst  of a two-part ana lys i s  r epor t  
desc r ib ing  r e s u l t s  obtained du r ing  a s tudy of s i l i c o n  
s o l a r  ce l l s  optimized f o r  space exp lo ra t ion  power 
systems. Th i s  p a r t  describes t h e  development of 
s i l i c o n  s o l a r  cells  f o r  opera t ion  a t  Mercury and Venus. 
A subsequent r epor t  w i l l  de sc r ibe  s o l a r  ce l l s  for Mars, 
Asteroid Belt and J u p i t e r  ope ra t ion  

The o b j e c t i v e  of the program i s  t o  devlop optimized 
s i l i c o n  s o l a r  cells  f o r  u se  on spacec ra f t  missions 
operable  a t  h e l i o c e n t r i c  o r b i t s  between 0.1 and 15 AU. 
The i n v e s t i g a t i o n  is  both  t h e o r e t i c a l  and experimental  
i n  na tu re .  

For these near-sun missions,  the major loss factor is 
i n t e r n a l  series r e s i s t a n c e ,  and means t o  reduce this  
r e s i s t a n c e  have been s tudied .  ' T h e  important v a r i a b l e s  
w e r e  d i f f rus ion  sheet r e s i s t a n c e ,  bulk r e s i s t i v i t y  and 
con tac t  p a t t e r n .  I n  addi t ion ,  cel ls  f o r  Mercury 
ope ra t ion  have been designed t o  reflect a s i g n i f i c a n t  
po r t ion  of the inc iden t  r a d i a t i o n  t o  decrease  the c e l l  
temperature.  

An equat ion  w a s  developed t o  relate output  power t o  
inc iden t  i r r a d i a t i o n  and ce l l  temperature over  a 
reasonably wide range of opera t ion .  T h i s  equa t ion  w a s  
used i n  the r e f l e c t i n g  a rea  op t imiza t ion  but  can be used 
f o r  des ign  purposes as w e l l ,  

A hypothes is  t h a t  s h i f t i n g  the a n t i - r e f l e c t i o n  coa t ing  
wavelength would provide more power from a Mercury cel l  
w a s  t e s t e d  and proven false,  

Some of the t h e o r e t i c a l  conclusions are rather broad and 
p r e c i s e  va lues  cannot be j u s t i f i e d .  
f a b r i c a t i o n  is  necessary t o  determine these va lues .  The  
next phase of t h e  program w i l l  inc lude  experimental  c e l l  
f a b r i c a t i o n  t o  optimize these f a c t o r s .  Upon opt imizat ion,  
an at tempt  w i l l  be made t o  express  them t h e o r e t i c a l l y  fo r  
f u t u r e  ana lys i s .  

Experimental ce l l  
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2-0 In t roduct ion  

T h i s  i s  the first p a r t  of a two-part a n a l y s i s  r e p o r t  
d e t a i l i n g  r e s u l t s  obtained dur ing  study of s o l a r  cells 
f o r  space explora t ion  power systems. T h i s  p a r t  
d e t a i l s  the development of s o l a r  cells  f o r  Mercury 
and Venus f l i g h t s .  For these near-sun missions,  the 
major l o s s  f a c t o r  is  i n t e r n a l  series r e s i s t a n c e ,  and 
means t o  reduce t h i s  loss have been s tudied .  
Variables included base r e s i s t i v i t y ,  d i f fused  l aye r  
sheet r e s i s t a n c e  and contac t  p a t t e r n .  An equat ion 
g iv ing  power as a func t ion  of s o l a r  i r r a d i a n c e  and 
c e l l  temperature was der ived and appl ied  t o  a 
computer program t o  f i n d  the optimum r e f l e c t i n g  area 
f o r  Mercury cel ls .  The  effects of s h i f t i n g  the a n t i -  
r e f l e c t i o n  coa t ing  th ickness  w a s  s tud ied .  A complete 
synopsis of a11 des ign  v a r i a b l e s  is  included. 
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3 .O Technical  Discussion 

3 .1  Equilibrium Temperature : 

The equi l ibr ium temperature of a s o l a r  c e l l  i n  

sun a lone)  is dependent upon s e v e r a l  f a c t o r s ,  
most notably the o p t i c a l  c h a r a c t e r i s t i c s  of the 
su r faces  and the amount of i nc iden t  r a d i a t i o n .  
The equat ion 

I free space (i.e. inc iden t  r a d i a t i o n  f r o m  the 

w h e r e  

T = equi l ibr ium temperature ( K )  

as = f r o n t  su r f ace  s o l a r  absorptance 

cF = f r o n t  su r f ace  thermal emit tance 

€ B  = back su r face  thermal emit tance 

S = s o l a r  cons tan t  a t  D = 1 

-e- = angle  of incidence 

= s o l a r  ce l l  e f f i c i e n c y  

D = s o l a r  d i s t a n c e  (AU) 

0 = Stefan-Boltzmann cons tan t  

i s  w e l l  s u i t e d  t o  our  needs. T h e  equat ion i s  a 
s i m p l i f i c a t i o n  and assumes the temperature of 
o u t e r  space t o  be OK. The a c t u a l  temperature i s  
near  4K,  but  the e r r o r  generated by t h i s  assumption 
i s  less than  4ppm a t  T=100K and even less f o r  
h igher  va lues  of T.  The f r o n t  su r f ace  s o l a r  
absorptance of t y p i c a l  covered s o l a r  cel ls  i s  0.81 
and the f r o n t  su r f ace  t o t a l  'hemispherical emit tance 
a t  3 0 0 K  i s  0.84. T h e  emit tance has  a s l igh t  
temperature c o e f f i c i e n t  ( 2  x l O e 4 / X )  but  t h i s  w i l l  
be ignored. T h e  cel ls  a r e  assumed t o  be mounted on 
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a paddle type s t r u c t u r e ,  For t h i s  conf igu ra t ion ,  
we  may assume an e f f e c t i v e  back su r face  t o t a l  
hemispherical  emit tance of 0 ,9 ,  T h i s  i s  c o n s i s t e n t  
w i t h  temperature d i f f e r e n t i a l s  a c t u a l l y  experienced 
on honeycomb s u b s t r a t e s  and w i t h  published emit tances  
of black high-emittance f i n i s h e s .  The  solar  cons tan t  
i s  taken as 0,136 W-cm-2, a rea l i s t ic  value i n  l i g h t  
of r ecen t  measurements (Reference 1) e T h e  angle  of 
incidence i s  assumed t o  be 0 (normal incidence)  T h e  
power generated by the solar ce l l s  mounted on a 
paddle-type s t r u c t u r e  i s  gene ra l ly  d i s s i p a t e d  else- 
w h e r e  i n  the s p a c e c r a f t .  T h i s  has the effect  of 
lowering the s o l a r  c e l l  temperature.  For Mercury and 
Venus, the assumed e f f i c i e n c i e s  are 0.01 and 0,06 
r e s p e c t i v e l y .  The mean s o l a r  d i s t a n c e s  f o r  Mercury 
and Venus are 0,39 and 0 - 7 2  AU r e s p e c t i v e l y ,  T h e  sun 
is  treated as a poin t  source i n  assuming tha t  the inve r se  
square l a w  a p p l i e s ,  

So lu t ion  of Equation 1 y i e l d s  t h e  following equi l ibr ium 
temperatures  (us ing  a s o l a r  cons tan t  of 0.136 W-cm-2) : 
Mercury - 519K; Venus - 377K. I f  a s o l a r  cons t an t  of 
0.1396 W-cm-2 is  p re fe r r ed ,  the equi l ibr ium temperatures 
become: Mercury - 522.4K; Venus -379K. 

T h e  c a l c u l a t e d  temperature f o r  a convent ional  c e l l  a t  
Venus (104C) is  reasonable ,  and worthwhile amounts of 
power can be expected,  However, t h i s  convent ional  
c e l l  w i l l  be e s s e n t i a l l y  inope ra t ive  a t  Mercury because 
of the h igh  equi l ibr ium temperature ,  It is  necessary 
t o  reduce the input  energy by some means ' to b r i n g  the 
temperature t o  a reasonable  l e v e l ,  

Severa l  methods have been proposed t o  l i m i t  the input  
energy t o  a s o l a r  c e l l  f o r  ope ra t ion  a t  Mercury 
(Reference 2 ) .  T i l t i n g  the s o l a r  panel  is  one approach, 

w h e r e  cos  -8- i n  Equation 1 is reduced, T h i s  method has  an  
advantage i n  that  f u l l  power can be a v a i l a b l e  du r ing  the 
e n t i r e  mission,  bu t  the spacec ra f t  a t t i t u d e  c o n t r o l  t o  
maintain proper  o r i e n t a t i o n  a t  Mercury is  d i f f i c u l t ,  
Another method i s  t o  l i m i t  the inc iden t  energy by 
r e f l e c t i n g  a p o r t i o n  of it (reducing as i n  Equation 1). 
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This  r e f l e c t i o n  can be done i n  ei ther of two methods: 
(1) use  of a bandpass f i l t e r  t o  accept  r a d i a t i o n  where 
the c e l l  i s  most e f f i c i e n t ,  and (2 )  use  of a s p a t i a l  
f i l t e r ,  w h e r e  a po r t ion  of the a r e a  of the c e l l  
reflects the s u n l i g h t .  T h e  bandpass f i l t e r  approach i s  
better t h e o r e t i c a l l y ,  but  p r a c t i c a l  f i l t e rs  f a l l  some- 
what s h o r t  of ideal  f i l ters  used i n  c a l c u l a t i o n s .  The 
s p a t i a l  filter technique -is e a s i l y  appl ied  and has  a 
secondary b e n e f i t  i n  t h a t  t h e  r e f l e c t i n g  po r t ion  can 
a l s o  be used a s  a contac t  m a t e r i a l  and thus  reduce 
series r e s i s t a n c e  i n  the c e l l ,  T h i s  approach has  been 
s e l e c t e d  f o r  development. 

3.2 C e l l  Power S tudies :  

T h e  op t imiza t ion  of the r e f l e c t i n g  con tac t  c e l l  is  best 
c a r r i e d  out  w i t h  a d i g i t a l  compiiter. The success fu l  
a p p l i c a t i o n  of a computer r e q u i r e s  an equat ion r e l a t i n g  
c e l l  power t o  c e l l  temperature and i r r a d i a n c e ,  and an 
equat ion r e l a t i n g  c e l l  temperature t o  i r r a d i a n c e  and 
thermal c h a r a c t e r i s t i c s ,  T h e  la t ter  equat ion is 
Equation (1) i n  s e c t i o n  3.1, T h e  former h a s  been 
der ived u s i n g  earlier d a t a .  

As a s t a r t i n g  p o i n t ,  t h e  series of curves  shown i n  
Figure 1 w a s  used. These curves w e r e  der ived  from a 
series of measurements on Centralab 1x2 c m  ce l l s  and 
can be appl ied  t o  2x2 c m  cel ls  d i r e c t l y .  The curves 
w e r e  drawn a t  cons tan t  temperature (28C) by bonding 
the ce l l  t o  a water-cooled heat s ink  and monitoring 
temperature w i t h  a thermocouple. T h e  source w a s  a 
f i l t e r e d  1000 w a t t  tungs ten  landing  lamp and the 
r a d i a t i o n  was focussed on the c e l l  w i t h  a large 
pa rabo l i c  r e f l e c t o r ,  T h e  I - V  curves  w e r e  made us ing  
a v a r i a b l e  vo l t age  source such that  they  could be 
drawn w e l l  i n t o  the r eve r se  reg ion .  T h i s  enabled the 
ce l l  under test t o  be i ts  own i r r a d i a n c e  d e t e c t o r ,  by 
s c a l i n g  the l ight-generated c u r r e n t  IL t o  mul t ip l e s  
of t h e  IL a t  AM=O, lAU, T h e  series r e s i s t a n c e  e f f e c t  
of the tes t  l eads  w a s  mathematically removed f r o m  the 
o r i g i n a l  curves .  

To determine the effect of temperature on these curves,  
the vo l t age  a x i s  was s h i f t e d  i n  100 mV increments t o  a 
t o t a l  sh i f t  of 400 mV, Using a temperature c o e f f i c i e n t  
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of open c i r c u i t  vo l tage  of -2.26 mV/OC, these s h i f t s  
correspond t o  temperatures of 72, 117, 1 6 1  and 205OC 
i n  a d d i t i o n  t o  the o r i g i n a l  curves  a t  28OC, T h e  
small  change i n  cu r ren t  was neglected i n  o rde r  t o  
s impl i fy  the c a l c u l a t i o n s .  

72 

117 

1 6 1  

205 

T h e  maximum power f o r  each of the f i v e  temperatures  
and f o r  i r r a d i a n c e s  of 1 t o  8 AM=O suns w a s  determined 
from the curves us ing  t r anspa ren t  over lays  and s l ide 
r u l e  c a l c u l a t i o n s  T h e  powers determined ( r e l a t i v e )  
a r e  shown i n  the fol lowing t a b l e :  

,324 ,612 ,862 1,105 1.320 1.528 1.702 1,871 

,236 ,439 ,617 ,790 ,937 1,090 1.206 1.321 

-149  . .278 ,389 .493 -584 ,690 .765 ,834 

,073 ,138 e 193 .243 .286 -343 .381 ,412 

The va lues  i n  the table  w e r e  p l o t t e d  as the o r d i n a t e  
w i t h  the i r r a d i a n c e  a s  the abcissa and the temperature 
as t h e  parameter. T h e  p l o t s  a r e  not  l i n e a r ,  so  a 
"range of i n t e r e s t "  w a s  devised such t h a t  the expected 
temperature and i r r a d i a n c e  l e v e l s  would be included 
Within t h i s  "range of i n t e r e s t " ,  s t r a i g h t  l i n e  
approximations can be made, T h e  graph is  shown i n  
Figure 2. Five equat ions w e r e  der ived ,  one f o r  each 
temperature e They are 

28OC - P = .331S + ,123 
72OC - P = .2458 + ,123 
117OC - P = ,169s + ,099 
161OC - P = .1OlS + - 0 8 6  
205OC - P = .04S + ,092 

where P i s  the r e l a t i v e  power and S i s  the i r r a d i a n c e  
i n  s o l a r  cons t an t s  
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A graph w a s  made, p l o t t i n g  the c o e f f i c i e n t  of S and 
the o r d i n a t e  i n t e r c e p t  aga ins t  the temperature T as 
shown i n  Figure 3.  A second-order polynomial w a s  
f i t  t o  the c o e f f i c i e n t s  of S u s i n g  the va lues  a t  
T=28,  117 and 205OC. This  polynomial i s  
( 2  x 10'6T2 - 2 . 1 1  x T + ,389) ,  For the 
o rd ina te  i n t e r c e p t  a l e a s t  squares  s t r a i g h t  l i n e  
w a s  f i t t e d ,  t a k i n g  the form (-2.23 x T + .13) .  
T h e  f a c t o r  143 w a s  added t o  convert  the r e l a t i v e  
value a t  28OC, AM=O (0,414) t o  59 mW, T h e  complete 
equat ion i s  

P=143[S (2x10-6T2-2.11x10-3T+ . 3 8 9 ) +  . 1 3 - 2 , 2 4 ~ 1 0 " ~  ( 2 )  

P = power i n  mW from a 2 x 2 c m  c e l l  ' 

S = s o l a r  cons t an t s  

T = c e l l  temperature (OC) 

The equat ion f i t s  the measured d a t a  r a t h e r  w e l l ,  T h e  
s o l i d  t r i a n g l e s  i n  Figure 2 show s o l u t i o n s  t o  the 
equat ion f o r  var ious  va lues  of T and S .  

A program incorpora t ing  the two equat ions w a s  w r i t t e n  
i n  the BASIC language f o r  the General Electric M K I I  
t i m e  sha r ing  computer. 

10 L E T  
15  LET 
20 L E T  
25 L E T  
30 L E T  
40 L E T  
50 FOR 
60 LET 
70 LET 
80 L E T  
90  L E T  

A=.01  
E=. 7 
D=. 39 
c=. 55 
N=. 005 
B=. 136/( 1 .8075*5.673-12)  
X=C T O  E S T E P  A 
T=(( B*( 1 -N)*( X* . 1 
R=T-273.2 
S=l/DT 2 
M=143~(S*(2E-6*T'C2- 2.11E-4*T 3 .389) 9 . 1 3  -2.24E-4*T) 

( 1 -X )* . 8  5)) /D f 2) 1 . 2 5  

100 IF M<O T H E N  130 
110 L E T  P=M,g(l-X) 
120 P R I N T  X, INT(  R*lO-.5) /10,  INT(  P*100- .5) /100  
130 N E X T  X 
140 END 

Equation (1) i s  s p l i t  i n t o  t w o  p a r t s  on l i n e s  40 and 60, 
T h e  symbolx i s  f o r  the f r a c t i o n  of the area that  i s  
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covered by a r e f l e c t i n g  g r i d  w i t h  a s o l a r  absorptance 
of 0-1. T h e  s o l a r  absorptance of the c e l l  a c t i v e  a r e a  
i s  taken a s  0,85, Equation 2 i s  given on l i n e  90, 
Previous t r i a l s  ind ica ted  tha t  the optimum value of X 
l a y  between 0,55 and 0.7, so x w a s  var ied  between these 
l i m i t s  i n  0,Ol increments,  It is  assumed t h a t  the 
f i n a l  power i s  d i r e c t l y  p ropor t iona l  t o  the f r a c t i o n  of 
exposed area, as shown on l i n e  110. T h e  r e s u l t s  of the 
c a l c u l a t i o n s  are: 

F rac t ion  
Covered 

* 55 
a 56 
* 57 
e 58 
* 5 9  
- 6 0  
.61 
.62 
* 63 
e 64 
e 65 
.66 
.67 
.68 
.69 
.70 

Temp e 
1oc_) 

168 2 
166.3 
164.3 
162.4 
160.4 
158.4 
156.3 
154.3 
1 5 2 - 2  
150,O 
147 e 9 
145.7 
143,5 
141.2 
1 3 8 - 9  
1 3 6 - 5  

Power 
-bKL 

44 e 26 
4 4 - 4 4  
4 4 * 5 9  
44.70 
44.78 
44.82 
44 a 83 
44,81 
44.75 
44,65 
4 4 - 5 1  
44-33 
44 11 
43,84 
43 -54  
4 3 - 1 9  

By in spec t ion  of the table ,  it can be seen that the 
optimum r e f l e c t i v e  a r e a  i s  Oe61, w l t h  a r e s u l t i n g  
equi l ibr ium temperature of 156,3O and a power of 44.83 mW. 
It can a l s o  be seen tha t  f o r  the power t o  be wi th in  1% of 
optimum, the r e f l e c t i v e  area f r a c t i o n  can vary between 
,56 and -66, 

It w a s  mentioned ear l ier  tha t  a bandpass f i l t e r  o f fe red  
t h e o r e t i c a l  advantages f o r  reducing the input  energy 
t o  a Mercury ce l l ,  An hypothesis  w a s  formulated wherein 
the r e f l e c t i o n  minimum of the S i 0  a n t i - r e f l e c t i o n  c o a t i n g  
normally appl ied  t o  s o l a r  cells  would be s h i f t e d  t o  
longer  wavelengths w'here the e f f i c i e n c y  of s o l a r  cel ls  is 
h igher  would lower the temperature by r e f l e c t i n g  some of 
the less u s e f u l  short-wavelength s o l a r  r a d i a t i o n  w i t h  a 
n e t  i nc rease  i n  power, T h e  c u r r e n t l y  used S i 0  th i ckness  
i s  80 nm corresponding t o  a r e f l e c t i o n  minimum of 
approximately 600 nm, Calcu la t ions  w e r e  made to 
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determine s o l a r  absorptance and power loss due t o  
decreased f i l m  t ransmiss ion  f o r  f i l m  th ickness  from 
70 t o  120 nm, 

T h e  v a r i a t i o n  i n  s o l a r  absorptance w i t h  f i l m  th ickness  
w a s  c a l c u l a t e d  us ing  equat ions g iv ing  r e f l e c t a n c e  as a 
func t ion  of component i n d i c e s  of r e f r a c t i o n  and thick- 
ness ,  appl ied  a t  20 selected o r d i n a t e s  ( R e f  * 3 )  T h e  
r e f l e c t a n c e  equat ions  ( R e f  4 )  are 

R = r e f l e c t a n c e  of assembly 

no = index of r e f r a c t i o n  of a i r  

nl = index of r e f r a c t i o n  of S i 0  

n2 = index of r e f r a c t i o n  of S i  

e = t h i ckness  of S i 0  

= wavelength 

Assuming t h a t  the assembly does not  t r ansmi t  any 
r a d i a t i o n ,  the absorptance i s  given by A=l-R, The 
computer w a s  used t o  so lve  Equation 3 f o r  the 20 
selected o r d i n a t e s  us ing  index of  r e f r a c t i o n  va lues  
shown i n  Figure 4 ( R e f s ,  5-7) and f o r  f i l m  t h i cknesses  
from 70 t o  120 nm. A s  shown i n  Figure 5, the tempera- 
t u r e  ( ca l cu la t ed  us ing  Equation 1) does indeed drop 
w i t h  i nc reas ing  f i l m  t h i ckness ,  and the r e l a t i v e  power 
due t o  t h i s  temperature drop ( ca l cu la t ed  u s i n g  Equation 
2)  does i n c r e a s e ,  

-9 - 



However, there i s  a loss i n  l ight-generated c u r r e n t  
due t o  the increased r e f l e c t i o n  of l i g h t  i n  the 
wavelength range where the sun l igh t  i s  most i n t ense .  
T h i s  is  demonstrated by the r e f l e c t a n c e  curves shown 
i n  Figure 6. To determine the magnitude of t h i s  loss, 
a s h o r t  computer program w a s  w r i t t e n  wherein the 
s p e c t r a l  response of a bare (uncoated) c e l l  was 
mul t ip l i ed  by both  Johnsons curve and the r a t io  of 
(1-R) of the coated c e l l  t o  (1-R) of bare s i l i c o n ,  

T h e  r e s u l t s  w e r e  summed ac ross  the s p e c t r a l  range of 
t h e  ce l l .  Mathematically, t h i s  i s  given by 

where I = c u r r e n t  

J (1) = s o l a r  s p e c t r a l  i r r a d i a n c e  (Johnson) 

R ( X )  = r e l a t i v e  response of uncoated c e l l  

R1 ( A )  = r e f l e c t a n c e  of uncoated c e l l  

R 2 ( A )  = r e f l e c t a n c e  of coated c e l l  

These r e s u l t s  are a l s o  shown i n  Figure 5,  wherein the 
r e l a t i v e  power i s  equated t o  I i n  Equation 4.  When 
the two relat ive powers are m u l t i p l i e d ,  it i s  apparent 
t h a t  no n e t  ga in  i s  achieved by a l t e r i n g  the A-R 
coa t ing .  

3 . 3  Series Resis tance:  

For ope ra t ion  a t  h igh  l e v e l s  of i r r a d i a n c e  such as a 
Mercury or  Venus mission, the most important loss 
f a c t o r  i s  the series r e s i s t a n c e .  Consequently, f o r  
these missions,  the series r e s i s t a n c e  must be minimized, 
Assuming that  con tac t  r e s i s t a n c e s  are not improveable 
beyond the c u r r e n t l y  used t i t an ium-s i lve r  system, the 
two elements of importance are the d i f f u s e d  layer -gr id  
s t r u c t u r e  r e s i s t a n c e  and the bulk res i s tance .  Since some 
61% of the t o p  su r face  of a Mercury ce l l  must be 
r e f l e c t i v e ,  a con tac t  p a t t e r n  can be der ived  us ing  the 
r e f l e c t i n g  a r e a  t o  minimize the series r e s i s t a n c e ,  
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As a s t a r t i n g  po in t ,  Equation 5 (Reference 8) 

= 0 ( 5 )  
2w2 PT 2 PT * - + 2 1 s  4- (4d * -) s -  
T PS 2 

3 s + (- 
pS P S h p  

w h e r e  S = gr id  sepa ra t ion  

w = c e l l  width (1.9cm) 

T = gr id  l i n e  th i ckness  

Pt = sheet r e s i s t a n c e  of g r i d  l i n e  

P = shee t  r e s i s t a n c e  of d i f fused  l aye r  

v = ce l l  vo l t age  a t  ope ra t ing  temperature (lgornv) 

S 

jmp= c e l l  cu r ren t  d e n s i t y  a t  ope ra t ing  po in t  
(-26 A/cm2) 

w a s  modified us ing  the r e l a t i o n s h i p  T = le22S/(.78-S), 
which w a s  der ived  from the area c o n s t r a i n t .  The r e s u l t i n g  
equat ion ,  a t h i rd  order  polynomial, w a s  solved f o r  a 
combination of d i f fused - su r face  sheet r e s i s t a n c e s  and 
g r id - l ine  sheet r e s i s t a n c e s  us ing  a ROOTER program i n  the 
GE t ime-sharing l i b r a r y o  The r e s u l t s ,  shown i n  the t a b l e  
below, i n d i c a t e  a 3 o r  4 g r i d  ce l l  would be optimum i f  
Equation 5 

PS 

40 

30 

25 

20 

40 

30 

25 

20 

S 

17 

e 20 

e 22 

-25 

e 17 

.20 

,22 

0 25 

T 

-38 

-47 

0 54 

e 65 

.39 

,48 

e 55 

e 66 

N 

3,3 

2.7 

2.3 

1,9 

3.2 

2-6 

2.3 

1-9 
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a p p l i e s ,  Values of  ,005 and .002 ohms per square 
g r id  l i n e  r e s i s t a n c e  correspond t o  unsoldered and 
soldered t i t an ium-s i lve r  g r i d s ,  T h e  N values  are the 
number of g r i d s  c a l c u l a t e d  from the r e l a t i o n s h i p  
M=(2-S)/(ScT) T h i s  number must be rounded up  t o  the next 
higher i n t e g e r  and S and T re-evaluated,  Figure 7 shows a 
f m r - g r i d  Mercury cell according t o  t h i s  c r i t e r i a  e 

It i s  ev ident  from inspec t ion  of Figure 7 tha t  a 
more d e s i r a b l e  g r i d  p a t t e r n  could be devised,  leav ing  
the same r e f l e c t i n g  area and p u t t i n g  on more g r i d s ,  
Equation 5 i s  u s e f u l  f o r  opt imizing a g r i d  p a t t e r n  
where the a c t i v e  a r e a  i s  unknowno but  it apparent ly  
does not  apply i n  t h i s  case. I n  an attempt t o  
a r r i v e  a t  a u s e f u l  c e l l  f o r  Mercury, other conf igu ra t ions  
w e r e  i n v e s t i g a t e d ,  T h e  most promising s o l u t i o n  l ies i n  
a "checkerboard" p a t t e r n ,  a s  depic ted  i n  Figure 8,  T h e  
a c t i v e  a r e a s  are q u i t e  s m a l l ,  and t h e  c e l l  i s  symmetrical, 
w i t h  o r i e n t a t i o n  du r ing  assembly unimportant,  

F o r  a Venus c e l l ,  Equation 5 w a s  success fu l ly  appl ied t o  
a r r i v e  a t  a cell w i t h  10 g r i d s ,  I n  th i s  case, a gr id-  
l i n e  width of .02 c m  w a s  chosen, a long w i t h  a vo l t age  of 
0,3 v o l t s  and a Jsc of .075 A/cm2,  
shown i n  the table below. 

P t  

D 01 

,005 

-002  

0 01 

.005 

0 002 

Ps 

30 

30 

30 

20 

20 

20 

S 

.154 

.178 

198 

a 165 

,196 

a 223 

T h e  c a l c u l a t i o n s  a r e  

N 

10-6  

9.2 

8,3 

9 * 9  

8 ,4  

7 e 3  

T h e  C e l l  Design i s  Shown i n  Figure 9 ,  

T h e  o p t i c a l  and e lec t r ica l  c h a r a c t e r i s t i c s  of the d i f fused  
l a y e r  are not  s u f f i c i e n t l y  understood t o  allow a 
mathematical op t imiza t ion ,  A s  the sheet r e s i s t a n c e  i s  
decreased from 33 ohms pe r  square (the empi r i ca l ly  
determined va lue  f o r  l A U ) ,  the series r e s i s t a n c e  and the 
l igh t -genera ted  c u r r e n t  bo th  dec rease ,  
series r e s i s t a n c e  is  c a l c u l a b l e  and has been included i n  

T h e  change i n  
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the g r i d  opt imiza t ion  s t u d i e s .  T h e  loss  i n  c u r r e n t  
i s  not  c a l c u l a b l e  and must be determined by experiment, 
S t a r t i n g  va lues  of 20 ohms pe r  square f o r  Mercury and 
25 ohms per square f o r  Venus s e e m  reasonable .  

The base r e s i s t i v i t y  i s  i n  p a r t  r e spons ib l e  f o r  the 
series r e s i s t a n c e  of a c e l l ,  c o n t r i b u t i n g  about -05 
ohms f o r  a 2 x 2 c e l l  w i t h  10 ohm-cm base r e s i s t i v i t y  
and about ,01 ohms f o r  a s i m i l a r  c e l l  w i th  2 ohm-cm 
base r e s i s t i v i t y ,  A t  a c u r r e n t  l e v e l  of 300 mA ( f o r  a 
Venus c e l l )  each .01 ohm of base r e s i s t a n c e  creates a 
vo l t age  d rop  of 3 mV equiva len t  t o  1% i n  power, A t  a 
c u r r e n t  of 400 mA ( f o r  a Mercury c e l l  w i t h  61% 

, r e f l e c t i v e ) ,  each -01 ohm of base r e s i s t a n c e  c r e a t e s  a 
vo l t age  drop of 4 mV, equiva len t  t o  2.1% i n  power, 
Hence, a low base r e s i s t i v i t y  i s  d e s i r a b l e .  Theory 
i n d i c a t e s  that  lowering the base r e s i s t i v i t y  t o  0 , l  
ohm-cm o r  even lower should produce good cel ls ,  w i t h  
t h e  important advantage of high open-circui t  vo l t age .  
I n  p r a c t i c e ,  the expected vo l t age  inc rease  has not  
ma te r i a l i zed .  A f e w  experimental  ce l l s  near 0.5 ohm-cm 
have proven good, bu t  these have been the except ion.  
Based upon p resen t  s t a t e - o f - a r t ,  base r a s i s t i v i t i e s  i n  
the range 0.8 - 1 , 5  ohm-cm are s u i t a b l e  f o r  both Mercury 
and Venus cel ls .  

3,4 C e l l  Designs: 

This  s e c t i o n  d e s c r i b e s  the ce l l s  designed f o r  Mercury and 
Venus a p p l i c a t i o n s ,  A 1 1  a spec t s  of  their  des ign  have 
been considered 

3.4.1 Base R e s i s t i v i t y  and Type: 

a ,  Mercury - 0.8 t o  1-5 ohm-cm, boron doped, 

b, Venus - 0-8 t o  1-5 ohm-cm, boron doped, 

3 . 4 2  Junct ion  C h a r a c t e r i s t i c s :  

a ,  Mercury - 20 ohms/sq (- 0,6 g), phosphorus, 

b. Venus - 25 ohms/sq (- 0 - 5  i d . ) ,  phosphorus. 

3-4.3 Contact Mater ia l :  

a ,  Mercury - s i n t e r e d  t i t an ium-s i lve r ,  s o l d e r l e s s D  

b. Venus - s i n t e r e d  t i t a n i u m - s i l v e r ,  s o l d e r  
o p t i o n a l  e 
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3.4-4 Grid Pattern and Size: 

a. Mercury - see Figure 8, 
be Venus - see Figure 9, 

3.4.5 Antireflection Coatings: 

a. Mercury - 80 nm SiO. 

b. Venus - 80 nm SiO, 

3.4.6 Handling Characteristics and Restraints: 

a. Mercury - no restraints, Since cell is 
symmetrical, it can be used 
with any edge as the contact. 

b, Venus - no restraints. Handle like 
conventional cells. 

3.4.7 Production Cost and Implementation Time: 

a, Mercury - the cost of the Mercury cell will 
be slightly greater than 
conventional cells because one 
additional evaporation is required e 
The implementation time will be the 
same as for other cells, being 
limited only by acquisition time of 
evaporation fixtures. 

b. Venus - the cost of the Venus cell will be 
similar to conventional cells, The 
implementation time will be the same 
as for other cells, being limited 
only by acquisition time of evaporation 
fixtures e 

3.4.8 Weight: 

a, Mercury - same as conventional cell (2 x 2 cm 
.014 inch thick) 0.35 gram. 

b. Venus - same as conventional cell (2 x 2 cm 
.014 inch thick) 0 , 3 5  gram; with 
optional solder, 0.41 gram. 

-14- 



3.4,8 Special Toaling: 

a,, Mercury - special evaporation mask required, 
8 fingers, each 1.5 mm (0,060 in.) 
wide e 

be Venus - special evaporation mask, similar 
to conventional but for 10 grids, 

4,O Conclusions 

Near-optimum solar cells have been designed for operation 
at Mercury and Venus. Several of the parameters did not 
lend themselves to a theoretical optimization, These 

experimental fabrication stage. 
* parameters must be empirically treated during the 

5.0 Recommendations 

It is recommended that the analysis phase be extended to 
allow further analysis of the results of the experimental 
fabrication phase. 

6.0 New Technoloqy 

No reportable items of new technology have been identified 
during performance of this work. 
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F I G U R E  7 

FOUR-GRID MERCURY CELL 
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EACH ACTIVE A R E A  0 . 0 6 0  x 0 . 0 6 0  
SPACING 0 .035  

F I G U R E  8 
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