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S W R Y  

Low c o s t  s i l i c o n  s o l a r  c e l l s ,  manufactured f o r  t h e  terrestrial  market, are 
examined f o r  p o s s i b l e  space  f l i g h t  use. 
mental t e s t i n g  are r epor t ed  and discussed.  
obs t ac l e s  t o  the  use of t h e s e  ce l l s  are examined. It i s  concluded t h a t  t he  ter- 
res t r ia l  indus t ry  could provide a n  extremely low c o s t  and r e l i a b l e  c e l l  f o r  space 
use. 

The r e s u l t s  of pre l iminary  space environ- 
I n  a d d i t i o n ,  a number of poss ib l e  

INTRODUCTION 

The need f o r  new high  volume, low cos t  s o l a r  c e l l  and a r r a y  technology neces- 

The use  of t h e  s h u t t l e  w i l l  enable  much more ambitious and massive pay- 
s a r y  t o  support  t h e  next  genera t ion  of space missions has been recognized by many 
(Ref. 1). 
loads  t o  be launched i n t o  Low Ear th  Orb i t  (LEO) which w i l l  create a s i g n i f i c a n t  
i nc rease  i n  mission power requirements.  I n  address ing  t h i s  need NASA has  sponsored 
t h e  development of low c o s t  space cells (Ref. 2) .  
c e l l  manufacturers have developed candida te  c e l l  des igns  f o r  f u t u r e  mission use 
under the  Power Extension Package (PEP) program. 
s i g n i f i c a n t  lowering of c o s t s  i s  through t h e  means of l a r g e  q u a n t i t y  production. 
I n  t h e  case  of t h e  space ce l l s ,  a l though a s i g n i f i c a n t  i nc rease  i n  annual volume 
w i l l  be requi red  t o  support  f u t u r e  needs,  t h i s  demand may not  be l a r g e  enough t o  
br ing  about dramatic  c o s t  savings.  I n  add i t ion ,  t h e  cont inuing  need f o r  spec ia l -  
i zed  low volume ce l l  types  w i l l  impede the  space  ce l l  manufacturers from achiev ing  
t h e  b e n e f i t s  of a l a r g e  volume s i n g l e  product l i n e .  

A s  a r e s u l t  of t h i s  work space 

It has  been shown t h a t  a key t o  

However, t h e  terrestrial  s o l a r  c e l l  indus t ry  would have no d i f f i c u l t y  i n  pro- 
ducing the  q u a n t i t y  of cells r equ i r ed  f o r  f u t u r e  space needs. Whereas t h e  annual  
space c e l l  product ion volume i s  p r e s e n t l y  measured i n  t h e  t e n s  of k i l o w a t t s ,  t h e  
terrestrial product ion volume i s  many megawatts. 
d i f f e r e n t  technology d r i v e r s  f o r  t he  two appp l i ca t ions  many such as low c o s t  and 
humidity r e s i s t a n c e  are similar. 
reduce t h e  need f o r  a h igh ly  r a d i a t i o n  r e s i s t a n t ,  low mass c e l l ,  requirements 
which would o therwise  most l i k e l y  exceed terrestrial  cel l  c a p a b i l i t i e s .  

Although t h e r e  are d i s t i n c t l y  

Furthermore t h e  LEO mission a p p l i c a t i o n  w i l l  

* The r e sea rch  descr ibed  i n  t h i s  paper p re sen t s  t h e  results of one phase of re- 
search  c a r r i e d  o u t ,  a t  t h e  Jet Propuls ion Laboratory,  C a l i f o r n i a  I n s t i t u t e  of 
Technology, under Cont rac t  with t h e  Nat iona l  Aeronaut ics  and Space Administra- 
t i on .  
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This paper w i l l  address  t h e  ques t ion  of whether o r  n o t  t h e  u t i l i z a t i o n  of 
cells  developed f o r  t h e  terrestrial  market can s a t i s f y  f u t u r e  low c o s t  space s o l a r  
power needs. I n  p a r t i c u l a r ,  t h e  r e s u l t s  of space environmental  t e s t i n g  of t h e s e  
terrestrial cells w i l l  be presented ,  and a d i scuss ion  of c a p a b i l i t i e s  and l i m i t a -  
t i o n s  of t hese  ce l l s  w i l l  i d e n t i f y  t h e i r  poss ib l e  p o t e n t i a l .  

TEST DESCRIPTION 

For t h i s  eva lua t ion ,  cells  were purchased from s i x  terrestrial manufacturers.  
Modules A l l  cells were made from s i n g l e  c r y s t a l  P t ype  Czochralski grown s i l i c o n .  

are commercially a v a i l a b l e  from f i v e  of t hese  supp l i e r s ;  t h e  s i x t h  w a s  included 
due t o  t h e  use  of unique f a b r i c a t i o n  technology which may become commonplace wi th in  
t h e  next  decade. One s u p p l i e r  a l s o  provided two types of cells  r ep resen t ing  d i f -  
f e r e n t  approaches commercially being o f f e r e d  by them. These samples r ep resen t  a 
number of d i f f e r e n t  technology approaches which are summarized i n  Table 1. 

Af te r  r e c e i p t  of t h e  samples ,  mechanical and electrical c h a r a c t e r i z a t i o n  were 
performed. I n  t h i s  manner s i z e s  and masses were obtained along wi th  t h e  necessary 
AM0 performance, and spectral  response. Samples were then s e l e c t e d  from these  
groups f o r  subsequent space type  environmental  t e s t i n g  inc luding  humidity-tempera- 
t u r e  s to rage ,  thermal vacuum soak, and 1 MeV e l e c t r o n  i r r a d i a t i o n .  These w i l l  be  
descr ibed  below. It should be noted t h a t  none of t h e s e  cells were designed t o  
surv ive  space type  requirements  and t h a t  performance i n  t h e  space type  tests does 
no t  r e f l e c t  upon t h e i r  a b i l i t i e s  t o  withstand t h e  terrestrial requirements.  I n  
f a c t  i t  i s  an  accepted terrestrial  practice t o  environmental ly  test  assembled 
modules, and not  s i n g l e  cells. I n  view of t h i s  no a t t e m p t  w i l l  be made t o  i d e n t i f y  
a p a r t i c u l a r  sample  with t h e  manufacturer. 

MECHANICAL AND ELECTRICAL CHARACTERIZATION 

C e l l  shapes vary from rec t angu la r  t o  round, with areas ranging from 38 cm2 t o  
nea r ly  98 cm2,  a l l  l a r g e r  than  t h e  PEP cells (36 c m 2 )  o r  present  space cells  ( 4  cm2 
-+ 12 cm2). The two l a r g e s t  cells  u t i l i z e  metal conductor s t r a p s  on the  N+ s u r f a c e  
i n  o rde r  t o  provide low resistive l o s s e s  without  l a r g e  shadowing los ses .  Minimizing 
t h e  cel l  series r e s i s t a n c e  i s  important  i n  view of t h e  l a r g e  output  c u r r e n t s  which 
range from 1.4 t o  3.3 Amps. 
wi th  the  h ighes t  a t  38mA/cm2 and lowest  a t  30mA/cm2. 
from 8.1 percent  t o  12.6 percent.  The performances are sho-wn i n  Table 2 f o r  each 
sample group. Of i n t e r e s t ,  t h e  cel l  e f f i c i e n c i e s  are roughly inve r se ly  r e l a t e d  t o  
t h e  cel l  a c t i v e  areas, wi th  t h e  except ion  of t h e  l a r g e  s t rapped samples, where 
r e s u l t a n t  e f f i c i e n c i e s  f a l l  i n  t h e  mid va lue  range of 10 percent ,  demonstrat ing 
t h e  advantage of t h e  s t r a p  concept. 
observed on space cells ,  r e f l e c t i n g  t h e  impact of l a r g e  areas and poss ib ly  less 
exac t ing  con tac t ing  technologies .  For t h e s e  samples  average f i l l  f a c t o r s  va r i ed  
from a low of 0.65 t o  a h igh  of 0.76. 

The c u r r e n t  d e n s i t i e s  of t he  samples averaged 34mA/cm2 
C e l l  e f f i c i e n c i e s  ranged 

F i l l  f a c t o r s  (FF) gene ra l ly  f a l l  below va lues  

Although these  e f f i c i e n c i e s  compare with a convent ional  13 percent  space ce l l ,  

The in f luence  of l a r g e  wafer t h i ckness  and ex tens ive  
t h e  l a c k  of a s t r o n g  terrestrial d r i v e r  f o r  low mass l e a d s  t o  a cons iderable  
d i f f e r e n c e  i n  s p e c i f i c  power. 
s o l d e r  coverage i n  some samples i s  apprec iab le .  For samples with s t r a p s  t h e  mass 
of  t h e  s t r a p  e x t e r n a l  t o  t h e  ce l l  edge was excluded s i n c e  t h i s  would normally be 
t h e  in te rconnec tor .  
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The c e l l  s p e c t r a l  response r e f l e c t s  material p r o p e r t i e s  and process ing  var ia -  
t i o n s  and i n d i c a t e  a ce l l ' s  p o t e n t i a l  performance under p a r t i c u l a t e  r a d i a t i o n .  For 
t h e  samples  examined h e r e  s i g n i f i c a n t  v a r i a t i o n s  e x i s t e d  i n  t h e  d i f f e r e n t  groups'  
s p e c t r a l  characterist ics,  p a r t i c u l a r l y  i n  t h e  s h o r t  wavelength r e g i o n  (0.4 microns). 
For example, t h e  h ighes t  sample 's  response w a s  more than t w i c e  t h a t  of  t h e  lowest.  
These curves could be used t o  guide any necessary  process  o r  material modi f ica t ions  
t o  enhance r a d i a t i o n  r e s i s t ance .  

ENVIRONMENTAL TESTS 

Humidity-Temperature Storage. - Selec ted  samples were sub jec t ed  t o  20 days ex- 
Electr ical  measure- posure a t  cond i t ions  of 45°C and 95 pe rcen t  r e l a t i v e  humidity. 

ments w e r e  made a t  t h e  end of 8 and 20 days exposure i n  order  t o  e v a l u a t e  changes 
from t h e  i n i t i a l  values .  With t h e  excep t ion  of  one group, no s i g n i f i c a n t  changes 
were observed dur ing  t h e  20 days. The sample  group employing s i l k  screened c o n t a c t s  
showed a loss of 13 pe rcen t  i n  power a t  8 days,  i n c r e a s i n g  s l i g h t l y  t o  15 percent  
power l o s s  a t  20 days,  t h e  r e s u l t  of a s i g n i f i c a n t  f i l l  f a c t o r  degradat ion.  The 
sample u t i l i z i n g  a l i q u i d  depos i ted  AR c o a t i n g  showed no changes i n  c o a t i n g  appear- 
ance o r  ou tput  cu r ren t .  

High Temperature Soak. - Samples were sub jec t ed  t o  seven days exposure a t  
12OoC, a t  a p res su re  of less than  1 x t o r r ,  p r i m a r i l y  t o  eva lua te  whether 
any de t r imen ta l  ou tgass ing  might occur  from non-vacuum m e t a l l i z a t i o n  and c o a t i n g  
processes.  
approximately 2.5% w a s  observed f o r  one group t h i s  w a s  no t  considered t o  be s ta t i s -  
t i c a l l y  s i g n i f i c a n t .  

No v i s i b l e  changes were observed and a l though a maximum output  l o s s  of 

1 MeV E l e c t r g p  Exposure. - Cells were i r r a d i a t e d  i n  t h e  JPL Dynamitron t o  a 
f luence  of 3 x 10") e/cmL. 
dur ing  the test. Inasmuch as a number of d i f f e r e n t  processes  normally impacting 
c e l l  r a d i a t i o n  r e s i s t a n c e  were represented  among t h e  cel ls ,  t h e  measured l o s s e s  
f e l l  i n  a-wide range. In gene ra l ,  however, t h e  l o s s e s  were comparable t o  what i s  
observed on a s tandard  space  c e l l  under similar f luence.  The lowest degrada t ion  
w a s  measured a t  a 13.4 percent  power l o s s ,  whereas t h e  g r e a t e s t  w a s  26.2 percent .  
These are compared t o  t y p i c a l  space cel l  r e s u l t s  i n  F igure  1. 

Sample temperature  w a s  maintained a t  28" 2OC 

DISCUSSION 

The r e s u l t s  of t h e s e  i n i t i a l  tests i n d i c a t e  t h a t  ce l l s  p r e s e n t l y  being pro- 
duced f o r  t h e  terrestrial  market are, wi th  some excep t ions ,  capable  of su rv iv ing  
t y p i c a l  space acceptance  tests; t h a t  t h e  des ign  requirements  f o r  e a r t h  use  do no t  
exclude space use. Furthermore, t he  terrestrial  c e l l  i s  expected t o  improve as a 
product i n  areas l i k e l y  t o  f u r t h e r  enhance space c a p a b i l i t i e s .  For example, e f f i -  
c iency  w i l l  be improved and mass reduced. These w i l l  be pursued independent of 
space needs. E f f i c i ency  i s  c r i t i ca l  i n  reducing o v e r a l l  balance of systems c o s t s  
such as p r o t e c t i v e  cover ings ,  sh ipping ,  etc. In t h e  matter of  mass, t h e  less 
material used t h e  lower t h e  product cos t .  

The c e l l  shape (round, r e c t a n g u l a r )  must be cons idered  f o r  space systems. I n  
LEO space a p p l i c a t i o n s ,  a r r a y  drag  l e a d s  t o  a need f o r  h igh  packing f a c t o r s  t o  re- 
duce t h e  a r r a y  area. I n  t h e  case of a 10 cm round ce l l  t h e  maximum a r r a y  ce l l  area 
coverage w i l l  be less than  82 percent .  By c u t t i n g  t h i s  c e l l  i n t o  a square ,  a much 
b e t t e r  a r r a y  area coverage w i l l  be poss ib l e ,  reducing o v e r a l l  a r r a y  s i z e .  This  
w i l l  in t roduce  some a d d i t i o n a l  ce l l  c o s t  but  would be worthwhile a t  t h e  o v e r a l l  
systems l e v e l .  
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A primary concern i n  u t i l i z i n g  terrestrial  cells  i s  t h e  ques t ion  of con tac t  
i r i terconnect  des igns  capable  of su rv iv ing  a very  l a r g e  number of thermal cycles .  
It: has  been shown t h a t  s o l d e r  has  l i m i t e d  c a p a b i l i t i e s  f o r  LEO thermal  cyc l ing  con- 
d i t i o n s  (Ref 3). Since present  terrestrial cel ls  g e n e r a l l y  have ex tens ive  s o l d e r  
coverage whether they  are capable  of surv iv ing  the  30,000 LEO c y c l e s  of a 5 yea r  
mission i s  open t o  quest ion.  In f a c t ,  tests are p resen t ly  underway t o  examine t h e  
terrestrial cells '  c o n t a c t  behavior under thermal  cyc l ing ,  t h e  f i r s t  s t e p  i n  eval-  
ua t ing  a u s e f u l  i n t e rconnec t  approach. 

CONCLUSIONS 

Clear ly  t h e  matter of t h i c k ,  low packing e f f i c i e n c y  c e l l  shapes,  and massive 
so ldcx  q u a n t i t i e s  l i m i t s  t h e  space p o t e n t i a l  of terrestrial cells. 
areas are of concern t o  terrestrial manufacturers seeking reduced cos t s .  Excess 
amounts of material mean h igh  material c o s t s ,  and low area e f f i c i e n c y  means high 
system c o s t s ;  so  t h e r e  i s  a t rend  t o  improvement along t h e s e  l i n e s ,  t h a t  should 
b e n e f i t  space c a p a b i l i t i e s .  

Y e t  t hese  same 

Commercial terrestrial s o l a r  cells appear t o  be capable  of surv iv ing  space 
type  environmental  t e s t i n g .  The present  c o s t  of t hese  cells  i s  s i g n i f i c a n t l y  
lower than va lues  p ro jec t ed  f o r  PEP cells. These cel ls  are not  however gene ra l ly  
compatible with t h e  requirements  f o r  e f f i c i e n t  space s o l a r  a r r a y  manufacture. It 
would be worthwhile t o  seek c e l l  modi f ica t ions  t h a t  could enhance space use and t o  
i n v e s t i g a t e  what c o s t  impacts would occur. A s  mentioned above, many of t hese  
modi f ica t ions ,  such as rec t angu la r  shapes f o r  packing f a c t o r  improvement and mater- 
i a l  th ickness  r educ t ion  are a l s o  b e n e f i c i a l  t o  t h e  terrestrial use r ,  and w i l l  
l i k e l y  be pursued by t h a t  indus t ry .  Thus, wi th  t h e  PEP c e l l  work t h i s  would a l low 
t h e  concept of a low c o s t  c e l l  f o r  space use t o  be approached from two d i r e c t i o n s ,  
enhancing the  p o s s i b i l i t y  f o r  s o l a r  a r r a y  cos t  reduct ions.  
ques t ion  i s  whether o r  no t  t h e  low cos t  c e l l  con tac t  schemes are compatible wi th  
t h e  need f o r  an  in te rconnec t  method t h a t  w i l l  su rv ive  t e n s  of thousands of thermal 
cycles .  

The most c r i t i ca l  
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TABLE 10 

TERRESTRIAL CELL FABRICATION TECHNOLOGIES 

I CELL PROCESS 

AR Coating 

C e l l  Contacts  

TECHNOLOGY 

Di f fus ion  * 
Ion  Implanta t ion  

Textur ing * 
CVD 
Vacuum Evaporat ion * 
L i  quid-Bake 

N i  P l a t e /So lde r  
Evaporat ion * 
S i l k  Screen Ink  
Metal S t r a p s  

* Standard Space C e l l  Technologies 
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TABLE 2. 

SAMPLE CHARACTERISTICS 

46 

79 

38 

46 

82 

98 

68 

Is c 
(A)  

1.56 

2.34 

1.43 

1.48 

2.57" 

3.27 

2.30 

_. 

- 
Pmax 
(Jm 
- 

701 

886 

628 

579 

1030 

1370 

826 

- 

- 
FF 

- 
.76 

e 65 

.75 

67 

.69 

0 73 

65 

- 

Ef f 
28OC 
AM0 

11.1 

8.1 

12.6 

9.5 

8.9* 

10.3 

8.9 

- 

C e l l  
Mass 
mg/cm2 

83 

120 

101 

94 

88 

86 

76 

Comments 

F u l l  Solder  
Coverage 

F u l l  Solder  
Coverage 

*Textured, No AR, 
c o n t a c t  metal 
s t r a p s  

N c o n t a c t  metal 
s t r a p s ,  
Soldered P sur -  
f ace 
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EFFECT O F  I M E V  ELECTRONS 

FIGURE 1 

43 


