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I N T R O D U C T I O N  

The development o f  50 u m  s i l i c o n  s o l a r  c e l l  technology ( r e f .  l ) ,  which oEfers  
a major improvement i n  a r r a y  weight reduct ion ,  has  added a new s t imu lus  f o r  devel-  
oping an a l t e r n a t i v e  t o  convent iona l  fused s i l i c a  coverg lass .  Although i t  i s  ne- 
ces sa ry  t o  p r o t e c t  t h e  c e l l  from t h e  c a t a s t r o p h i c  e f f e c t s  of low energy, pro tons  
( r e f .  2 ) ,  f o r  many miss ion  a p p l i c a t i o n s  t h e  r equ i r ed  s h i e l d i n g  th i ckness  is  less 
than 25  pm (fused s i l i c a  equ iva len t ) .  However i t  i s  d i f f i c u l t  t o  o b t a i n ,  o r  work 
w i t h ,  cove rg la s s  less than 100 pm f o r  a r r a y  assembly. 

The concept of encapsula t ing  t h e  in te rconnec ted  c e l l  modules o f f e r s  important 
weight and c o s t  advantages ( r e f .  3 ) .  The materials and l abor  requi red  t o  bond in- 
d i v i d u a l  covers  t o  c e l l s  would be s i g n i f i c a n t l y  reduced. By opt imizing t h e  re- 
qu i r ed  s h i e l d i n g  and e l imina t ing  adhes ives ,  major weight sav ings  would occur. This  
paper w i l l  d e s c r i b e  t h e  r e s u l t s  of a pre l iminary  eva lua t ion  of a new organic  mate- 
r ia l  which has  t h e  p o t e n t i a l  f o r  providing t h e  c o s t  and weight b e n e f i t s  a s s o c i a t e d  
w i  t h e nca p s u l a  t i o n  . 

BACKGROUND 

This polyimide polymer w a s  developed by t h e  Hughes A i r c r a f t  Technology Support 
Div is ion  f o r  commercial u t i l i z a t i o n .  Recognizing the  p o t e n t i a l  of t h i s  material, 
a j o i n t  program was i n i t i a t e d  wi th  NASA-JPL t o  eva lua te  t h e  polyimide f o r  spa 
app l i ca t ions .  A test  ma t r ix  w a s  set  up t o  provide a number of g a t e s  (golno 
order  t o  minimize program cos t .  

J P L  provided s i l i c o n  s o l a r  cells which had been c h a r a c t e r i z e d  wi th  r e s p e c t  t o  
e l e c t r i c a l  ou tput  and spectral  response.  Hughes TSD prepared and depos i ted  t h e  
polyimide onto t h e  ce l l s ,  provid ing  two groups of samples,  one having 'L 5 V m  of 
polymer, t h e  o t h e r  % 12.5 pm. J P L  then r e t e s t e d  t h e  samples  t o  i n v e s t i g a t e  t h e  
e f f e c t  of t h e  depos i t i on  process  and t h e  o p t i c a l  p r o p e r t i e s  of t h e  polyimide on 
t h e  ce l l s '  e l e c t r i c a l  output .  The 20 ce l l  sample group was then d iv ided  i n t o  a 
number of test  subgroups. 

JPL i n v e s t i g a t e d  t h e  e f f e c t  of e l e c t r o n s  and low energy protons on t h e  polyi-  
mide while  Hughes TSD d i d  thermal shock and humidity tests as w e l l  as thermo- 

* The r e sea rch  descr ibed  i n  t h i s  paper p re sen t s  the  r e s u l t s  of one phase of  re- 
sea rch  c a r r i e d  ou t  a t  t h e  Je t  Propuls ion Laboratory,  C a l i f o r n i a  I n s t i t u t e  o f  
Technology, under c o n t r a c t  with the  Nat iona l  Aeronaut ics  and Space Administra- 
t ion. 
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gravometr ic  a n a l y s i s .  Then a 1350 h r  vacuum u l t r a v i o l e t  tes t  was performed. The 
r e s u l t s  of t h e s e  tests are given i n  t h e  fo l lowing  sec t ion .  

TEST RESULTS 

Depos i t ion  E f f e c t s  
The polymer w a s  depos i ted  on t h e  ce l l s  us ing  a spray  technique,  then  cured 

f o r  2 hours a t  225°C. 
had t o  be removed, which provided a very p r a c t i c a l  demonstrat ion of t h e  adherence 
and d u r a b i l i t y  of t h e  coa t ing .  Post  d e p o s i t i o n  e lec t r ica l  measurements showed 
t h a t  t h e  average  l o s s  i n  Is, f o r  t h e  10 s a m p l e s  which rece ived  a 5 pa depos i t i on  
was 3.5% whi le  f o r  t h e  o t h e r  10 c e l l  group coa ted  wi th  12.5 pm of polyimide, t h e  
r educ t ion  i n  Is, w a s  3.1% (Figure  1 ) .  
degrada t ion  i n  any sample. 

In some c a s e s  t h e  f i l m  overlapped t h e  f r o n t  con tac t  bar  and 

There was no evidence of  curve  f a c t o r  

A comparison of p r e  and post  depos i t i on  s p e c t r a l  response curves  f o r  a t y p i c a l  
c e l l  sample i s  shown i n  Figure 2. It can be seen  t h a t  t h e  response w a s  reduced 
i n  t h e  r eg ion  below approximately 5000 nm and above approximately 7000 nm; wh i l e  
t h e r e  w a s  an  i n c r e a s e  i n  response between 5000 and 7000 nm. Obviously the  polyimide 
r e f r a c t i v e  index i s  c o n t r i b u t i n g  t o  t h e s e  r e s u l t s ,  but  i t  i s  no t  p o s s i b l e  t o  assess 
i t s  impact on t h e s e  r e s u l t s  u n t i l  t h e  index has  been determined. 

E lec t ron  E f f e c t s  

space r a d i a t i o n  condi t ions .  Since the  f i l m s  are very t h i n ,  i t  w a s  no t  a n t i c i p a t e d  
t h a t  pene t r a t ing  r a d i a t i o n  would have any s i g n i f i c a n t  e f f e c t .  Three samples  from 
each test group were i r r a d i a t e d  with 1 MeV e l e c t r o n s  t o  
e/cm2 us ing  t h e  JPL Dynamitron f a c i l i t y .  
made f o r  t he  p r e  and post  i r r a d i a t e d  samples between 3600 and 6000 nm, s i n c e  t h i s  
response reg ion  i n  t h e  c e l l  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  e f f e c t s  of e l e c t r o n s .  
There w a s  no change i n  t h e  s p e c t r a l  response f o r  any of t h e  samples i r r a d i a t e d .  

T h i s  is  a g r o s s  test of t h e  polyimide 's  o p t i c a l  p r o p e r t i e s  under s imulated 

and then lx1015 
S p e c t r a l  response comparisons were 

Low Energy Proton E f f e c t s  

would be absorbed wi th in  t h e  polyimide coa t ing .  T e s t  s amples  from both grou s 
Th i s  w a s  a c r i t i c a l  test s i n c e  t h e  energy s e l e c t e d  guaranteed t h a t  t h e  protons 

were g iven  two se arate i r r a d i a t i o n s ,  each c o n s i s t i n g  of exposure t o  1 x 10 le 
50 keV protons/cm 5 . E l e c t r i c a l  and spectral  response d a t a  was obta ined  a f t e r  
each  test .  In t h e  second test ,  an  uncovered c o n t r o l  c e l l  was included. Based on 
t h e  severe  degrada t ion  i n  output  experienced by t h e  c o n t r o l  c e l l  (Figure 3 ) ,  t h e  
pro tons  were stopped w i t h i n  t h e  polyimide f o r  both t h e  5 and 12.5 p m  samples.  

Spec t r a l  response and I-V measurements i n d i c a t e d  no s i g n i f i c a n t  change between 
p r e  and post  pro ton  tes t  d a t a ,  showing t h a t  t h e  o p t i c a l  p r o p e r t i e s  of t h e  f i l m s  
were not  degraded by t h e  protons.  However, t h i s  r e s u l t  i s  s l i g h t l y  compromised 
s i n c e  "bleaching" of proton induced c o l o r  c e n t e r s  could have occured i n  the per iod  
of days between t h e  i r r a d i a t i o n  and the  spectral  response measurements. 

Thermal Shock and Humidity E f f e c t s  
Samples were exposed t o  25 cyc le s  frotn 20°C (room temperature)  t o  -196°C 

( l i q u i d  n i t rogen) .  Following t h i s  they were sub jec t ed  t o  a t a p e  p e e l  test. There 
w a s  no evidence of de lamina t ion  of t h e  polyimide c o a t i n g  from t h e  s o l a r  ce l l .  How- 
eve r ,  exposure t o  168 hours of 95% r e l a t i v e  humidity whi le  being cycled from 25 t o  
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65-C  d i d  show some evidence  of f i l m  c r a c k i n g  and "crazing".  Subsequent t a p e  p e e l  
tests of t h e s e  s a m p l e s  r e s u l t e d  i n  a l o s s  of f i l m  adherence  o v e r  approximate ly  
25 p e r c e n t  of t h e  sample .  T h i s  i s  n o t  unexpected s i n c e  t h e  polyimide f i l m  being 
e v a l u a t e d  h a s  a less t h a n  optimum molecular  weight.  I .  

Vacuum U l t r a v i o l e t  E f f e c t s  

and a q u a r t z  p la te  c o a t e d  w i t h  t h e  polyimide. The test chamber w a s  des igned  s o  
t h a t  i t  could  be removed from t h e  tes t  area f o r  e lec t r ica l  measurements whi le  re 
t a i n i n g  t h e  samples  i n  vacuum. Two c o n t r o l  c e l l s ,  one covered w i t h  q u a r t z ,  t h e  
o t h e r  u n p r o t e c t e d ,  were i n c l u d e d  i n  t h e  t e s t  m a t r i x  t o  p r o v i d e  i n f o r m a t i o n  on  
sys tem's  e f f e c t s  such  as window darkening  from the  uv and d e p o s i t i o n  of f o r e i g n  
material on t h e  s u r f a c e  of t h e  tes t  samples .  

A c a r e f u l l y  c o n t r o l l e d  vacuum u l t r a v i o l e t  test w a s  performed on cell. *samples 

The uv s o u r c e  provided a n  i n t e n s i t y  of  1.5 f 0.5 suns  and t h e  samples were 
h e l d  between 30 t o  40°C under a vacuum b e t t e r  than  t o r r .  The s h o r t  c i r c u i t  
c u r r e n t ,  a t  28"C, of e a c h  s a m p l e  w a s  measured p e r i o d i c a l l y  dur ing  t h e  test. The 
r e s u l t s  are g i v e n  i n  F i g u r e  4.  After f a c t o r i n g  o u t  t h e  sys tem's  e f f e c t s ,  t h e  
polyimide c o a t e d  c e l l  samples (5 and 12.5 pm) were c a l c u l a t e d  t o  have l o s t  between 
8 t o  8.5 p e r c e n t  i n  Is, a f t e r  1350 h r s  of uv exposure.  The tes t  was t e r m t n a t e d  
when t h e  change i n  polyimide t r a n s p a r e n c y  had appeared t o  cease ( F i g u r e  4 ) .  There 
i s  some e v i d e n c e ,  based on t h e  bahavior  of t h e  c o n t r o l  cel ls ,  t o  a r g u e  t h a t  t h e  
polyimide had a c t u a l l y  degraded only  6.5 t o  7.0 p e r c e n t .  

P r e  and p o s t  tes t  t r a n s m i s s i o n  measurements of t h e  poLyimide c o a t e d  q u a r t z  
sample show t h a t  t h e  major l o s s  i n  o p t i c a l  t r a n s m i s s i o n  occurtted i n  t h e  r e g i o n  
between 3500 and 7000 nm. 
d u r i n g  a n  a t t e m p t  t o  remove them from the  t e s t  p l a t e .  Thus t h e r e  i s  no pos t  tes t  
s p e c t r a l  r e s p o n s e  d a t a  on t h e  cel ls .  

UnEortunately t h e  polyimide c e l l  samples were d e s t r o y e d  

DISCUSS I O N  

These r e s u l t s  are h i g h l y  promising s i n c e  t h e  polymer t h a t  w a s  e v a l u a t e d  i s  an  
u n r e f i n e d  v e r s i o n ,  made from materials t h a t  were n o t  p u r i f i e d  t o  t h e  l e v e l s  t h a t  
could  beaachieved u s i n g  more s o p h i s t i c a t e d  s y n t h e s i z i n g  processes .  The s u c c e s s f u l  
demonst ra t ion  t h a t  t h i s  material can be d e p o s i t e d  by a s imple  s p r a y i n g  process  and 
t h e  f a c t  t h a t  absorbed p r o t o n s  do n o t  a p p e a r  t o  c a u s e  darkening  i s  most encouraging.  
The a p p a r e n t  s t a b i l i z a t i o n  and magnitude of  polyimide t r a n s m i s s i o n  l o s s  i n  uv i s  
a d d i t i o n a l  ev idence  t o  s u p p o r t  optimism t h a t  t h i s  material h a s  t h e  p o t e n t i a l  t o  meet 
t h e  requi rements  f o r  s p a c e  u t i l i z a t i o n .  It  i s  known t h a t  t h e  molecular  weight of 
t h e  p r e s e n t  polyimide i s  much less t h a n  what can  be achieved.  It i s  expec ted  t h a t  
by i n c r e a s i n g  t h e  material's molecular  weight ,  i n c r e a s e d  r e s i s t a n c e  t o  t h e  e f f e c t s  
of humidi ty  c a n  be provided. 

The p r e  and p o s t  d e p o s i t i o n  and uv d a t a  are  c o n s i s t e n t  i n  t h a t  no polyimide 
f i l m  t h i c k n e s s  dependence was observed. I t  is  p o s s i b l e  t h a t  even t h e  u n r e f i n e d  
v e r s i o n  of t h i s  material may be much b e t t e r  t h a n  r e s u l t s  i n d i c a t e .  S u r f a c e  conta-  
mina t ions  o r  i n t e r a c t i o n s  between t h e  polyimide and t h e  c e l l  a n t i r e f l e c t i o n  c o a t -  
i n g  might be r e s p o n s i b l e  f o r  some p o r t i o n  of t h e  d e g r a d a t i o n  observed i n  t h i s  pre- 
l i m i n a r y  screening .  
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COMCLUS IONS 

A new polymer polimide possess ing  o p t i c a l  and mechanical p r o p e r t i e s  potent-  
i a l l y  s u i t a b l e  f o r  space  a p p l i c a t i o n s  now exists.  A pre l imina ry  e v a l u a t i o n  of 
t h e  material i n d i c a t e s  t h a t  i n  i t s  present  s ta te  of development, the polyimide i s  
n o t  ready f o r  space q u a l i f i c a t i o n .  Fu r the r  e f f o r t s  t o  inc rease  molecular weight 
and pu r i fy  the  c o n s i t u e n t s  used t o  syn thes i ze  it are warranted. A c t i v i t i e s  addres-  
s i n g  t h e s e  needs are now be ing  pursued. I f  t h e s e  approaches prove success fu l ,  
a d d i t i o n a l  t e s t i n g  w i l l  t ake  p l ace  with a n  emphasis on s y n e r g i s t i c  e f f e c t s .  
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Figure 1. E f f e c t  of Polyimide 01: C e l l  Output 
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Figure  2. E f f e c t  of Polyimide on C e l l  S p e c t r a l  Response 
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