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ABSTRACT 

The p a p e r  d e s c r i b e s  t h e  t e s t i n g  and e v a l u a t i o n  
used t o  c h a r a c t e r i z e  t h e  mechanisms of  
e l e c t r o c h e m i c a l  c o r r o s i o n  o f  p h o t o v o l t a i c  
modules  - e n c a p s u l a t e d  s o l a r  c e l l s .  The 
a c c e l e r a t e d  e x p o s u r e  t e s t i n g  was per formed on a  
s a m p l e  m a t r i x  o f  c e l l / e n c a p s u l a n t  c o m b i n a t i o n s ,  
and m i c r o a n a l y t i c a l  f a i l u r e  a n a l y s i s  on s e l e c t e d  
s a m p l e s  was per formed i n  o r d e r  t o  c o n f i r m  t h e  
c o r r e l a t i o n  be tween  t h e  a c c e l e r a t e d  test d a t a  
and  t h e  l i f e  p r e d i c t i o n  model. A q u a n t i t a t i v e  
c o r r e l a t i o n  between f i e l d  e x p o s u r e  t i m e  and 
e x p o s u r e  t i m e  i n  t h e  a c c e l e r a t e d  m u l t i - s t r e s s  
t e s t s  was o b t a i n e d  based  upon t h e  o b s e r v a t i o n  
t h a t  e q u a l  q u a n t i t i e s  o f  i n t e r - e l e c t r o d e  c h a r g e  
t r a n s f e r  r e s u l t e d  i n  e q u i v a l e n t  d e g r e e s  o f  
e l e c t r o c h e m i c a l  damage. 

THE ROLE OF DIELECTRIC MATERIALS i n  t h e  
i s o l a t i o n  and c o n t a i n m e n t  o f  e l e c t r i c  c h a r g e  and 
c u r r e n t  h a s  been r e c o g n i z e d  a s  l o n g  as 
e l e c t r i c i t y  i t s e l f  (Ref. 1). For  e n c a p s u l a t e d  
DC c i r c u i t r y ,  t h e  g r e a t e r  t h e  c o n d u c t a n c e  o f  t h e  
i n s u l a t i n g  d i e l e c t r i c ,  t h e  g r e a t e r  t h e  l e a k a g e  
o f  c h a r g e  f r o m  t h e  c o n d u c t i n g  c i r c u i t r y  t o  
ground. It h a s  a l s o  been r e c o g n i z e d  t h a t  
d i e l e c t r i c  f a i l u r e  is o f t e n  t i m e  dependent ,  b u t  
t h e r e  a r e  t w o  d i f f e r e n t  f o r m s  of  t i m e  
dependency: 1. E i t h e r  a  sudden  d e c r e a s e  i n  t h e  
e l e c t r i c a l  r e s i s t a n c e  a f t e r  a  p e r i o d  o f  time, 
s u c h  a s  i n  t h e  sudden  c u r r e n t  rise f o r  r u t i l e  
a f t e r  h u n d r e d s  o f  h o u r s  a t  room t e m p e r a t u r e  a t  a  
low v o l t a g e ,  (Ref. 2) ,  which  is g e n e r a l l y  
a t t r i b u t e d  t o  t h e  o n s e t  o f  h o l e  i n j e c t i o n  under  
t h e  p r o d d i n g  o f  a n  a n o d e  f a l l ,  which  i n  t u r n  
i n c r e a s e s  t h e  e l e c t r o n  i n j e c t i o n ;  2. Or t h e  low- 
s t r e s s  phenomena a s s o c i a t e d  w i t h  c h e m i c a l  
c h a n g e s  i n  t h e  d i e l e c t r i c  due  t o  t h e  i n f l u x  o f  
w a t e r  ( h u m i d i t y ) ,  i o n  m i g r a t i o n  ( d i f f u s i o n ) ,  o r  
e l e c t r o d e - d i e l e c t r i c  i n t e r a c t i o n  
( e l e c t r o c h e m i s t r y ) ,  t h e s e  p r o c e s s e s  o f t e n  
a c c e l e r a t e d  by t e m p e r a t u r e  o r  r a d i a t i o n  e f f e c t s .  
I t  is t h e  l a t t e r  o f  t h e s e  t w o  t y p e s  o f  f a i l u r e  
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which  i s  o f  c o n c e r n  f o r  t h e  l i f e  p r e d i c t i o n  o f  
p h o t o v o l t a i c  d e v i c e s ,  i.e., s o l a r  c e l l  modules. 

S o l a r  c e l l  modules  a r e  c o n s t r u c t e d  f r o m  
s t r i n g s  o f  s o l a r  c e l l s  which  a r e  e n c a p s u l a t e d  
i n t o  modules ,  modules  a r e  w i r e d  t o  fo rm p a n e l s ,  
and p a n e l s  a r e  w i r e d  t o  f o r m  a r r a y s ,  F i g u r e  1. 
Because o f  t h i s  c o n s t r u c t i o n ,  t h e  e n c a p s u l a n t  
becomes t h e  d i e l e c t r i c  i n  t h e  sys tem.  The 
economics  o f  s o l a r  c e l l  e n c a p s u l a t i o n  a r e  s u c h  
t h a t  one  o f  t h r e e  p o l y m e r s  is used: e t h y l e n e  
v i n y l  a c e t a t e  (EVA), p o l y  v i n y l  b u t y r a l  (PVB), 
and s i l i c o n e  r u b b e r  (RTV). These  po lymers  bond 
t h e  c e l l  t o  t h e  g l a s s  s u p e r s t r a t e  and a r e  
s o m e t i m e s  p r o t e c t e d  on t h e  r e a r  s i d e  by a  
s u b s t r a t e  f i l m  s u c h  a s  T e d l a r  . The 
m e t a l l i z a t i o n  s y s t e m s  used i n c l u d e  Ag p a s t e ,  T i -  
Pd-Ag ( p a s s i v a t e d  s i l v e r ,  o r  t r i - m e t a l ) ,  and N i  
s y s t e m s  (Ni-Sn, Ni-Pb-Sn, Ni-Cu-Sn, and Ni-Pd). 

R e l i a b i l i t y  r e s e a r c h  h a s  been f o c u s s e d  on 
t h e  a c h i e v e m e n t  o f  30-year module l i f e .  
R e l i a b i l i t y  t e s t i n g  i s  c o m p l i c a t e d  by t h e  f a c t  
t h a t  modules  have  been dep loyed  t e r r e s t r i a l l y  
f o r  o n l y  1 0  t o  12 y e a r s ,  s o  t h e r e  is no d i r e c t  
knowledge o f  f a i l u r e  mechanisms i n  t h e  1 0  t o  30 
y e a r  t i m e  frame.  N o n e t h e l e s s ,  many p r e m a t u r e  
f i e l d  f a i l u r e s  have  been r e p o r t e d .  

The r e s e a r c h  i s  f u r t h e r  hampered by t h e  
l a c k  o f  a  c o n c r e t e  d e f i n i t i o n  o f  f a i l u r e  i n  
t h e s e  d e v i c e s .  Because z e r o - r e s i s t a n c e  
breakdown p a t h s  do n o t  a l w a y s  o c c u r ,  t h e  
d e f i n i t i o n  o f  f a i l u r e  r e m a i n s  e l u s i v e .  
N o n e t h e l e s s ,  t h e r e  is a  t i m e  when t h e  o u t p u t  o f  
t h e  d e v i c e  d r o p s  r a p i d l y .  T h e r e f o r e ,  a  s u i t a b l e  
d e f i n i t i o n  o f  f a i l u r e  mus t  c o n s i d e r  t h e  
c o n d i t i o n  o f  t h e  d e v i c e  a s  w e l l  a s  t h e  c o n d i t i o n  
o f  t h e  i n s u l a t i o n .  

EXPERIMENTAL 

TESTING AND CHARACTERIZATION - To i d e n t i f y  
t h e  f a i l u r e  mechanisms i n v o l v e d ,  a s e r i e s  o f  
tests i n  a c c e l e r a t e d  t e m p e r a t u r e l h u m i d i t y  (T/H) 
e n v i r o n m e n t s  were  conduc ted  i n i t i a l l y .  Many 
d e g r a d a t i o n  phenomena were  o b s e r v e d ,  i n c l u d i n g  
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o p t i c a l  t r a n s m i s s i o n  l o s s e s  i n  t h e  e n c a p s u l a -  
t i o n ,  F i g u r e  2 ,  and t h e  d i s s o l u t i o n  and 
m i g r a t i o n  o f  m e t a l l i z a t i o n  t h r o u g h o u t  t h e  
e n c a p s u l a t i o n ,  a  phenomena r e f e r r e d  t o  a s  
e l e c t r o c h e m i c a l  d e g r a d a t i o n ,  F i g u r e  3. The 
l a t t e r  phenomena was i d e n t i f i e d  a s  a  p o t e n t i a l  
l o n g  t e r m  r e l i a b i l i t y  p rob lem,  and a  second  
s e r i e s  o f  r e f i n e d  e x p e r i m e n t s  w e r e  conduc ted  t o  
d e t e r m i n e  t h e  d e g r a d a t i o n  r a t e s  and b u i l d  a  d a t a  
b a s e  f rom which r e l i a b l e  l i f e  p r e d i c t i o n  
c a p a b i l i t y  c o u l d  b e  e s t a b l i s h e d .  T h i s  s e r i e s  o f  
e x p e r i m e n t s  w e r e  m u l t i s t r e s s  tests i n v o l v i n g  
e x p o s u r e  t o  a c c e l e r a t e d  l e v e l s  o f  t e m p e r a t u r e ,  
h u m i d i t y ,  and v o l t a g e ,  where t h e  t e s t  modules  
were  c o n s t r u c t e d  f rom two c e l l s  r e p r e s e n t i n g  a  
c a t h o d e  and a n  anode,  F i g u r e  4(a,b),  o r  one c e l l  
and a n  aluminum b a r  r e p r e s e n t i n g  t h e  f r a m e ,  
F i g u r e  5(a,b) .  The modules  t e s t e d  i n  t h e s e  
e x p e r i m e n t s  were  t h e n  e v a l u a t e d  by a  number o f  
m i c r o a n a l y t i c a l  t e c h n i q u e s  i n c l u d i n g  SEM/EDX and 
o p t i c a l  microscopy ,  i n  o r d e r  t o  u n d e r s t a n d  t h e  
d e g r a d a t i o n  p r o c e s s e s  i n v o l v e d  and t o  m o n i t o r  
t h e  e x p e r i m e n t a l  method. C o n c u r r e n t l y ,  t h e s e  
r e s u l t s  and t h e  r e s u l t s  o f  t h e  e l e c t r i c a l  
measurements  t a k e n  d u r i n g  t h e  m u l t i s t r e s s  tests 
were  used  t o  d e v e l o p  a  model o f  t h e  r o l e  o f  t h e  
e n c a p s u l a n t  i n  t h e  p h o t o v o l t a i c  d e v i c e  
e l e c t r o c h e m i c a l  d e g r a d a t i o n ,  and t o  u l t i m a t e l y  
p r e d i c t  p h o t o v o l t a i c  d e v i c e  s e r v i c e  l i f e .  

THE ELECTROCHEMICAL FAILURE MECHANISM - 
S e v e r a l  d i f f e r e n t  module d e g r a d a t i o n  mechanisms 
were  i d e n t i f i e d  by o p t i c a l  and EDX a n a l y s i s ,  
i n c l u d i n g  c o n t a m i n a t i o n ,  g a s  e v o l u t i o n ,  
m e t a l l i z a t i o n  d e l a m i n a t i o n ,  and i o n  m i g r a t i o n .  
Only t h e  l a t t e r  mechanism is a d d r e s s e d  i n  t h i s  
p a p e r ,  i.e., t h e  d e g r a d a t i o n  r e s u l t i n g  from 
e l e c t r o d e - d i e l e c t r i c  i n t e r f a c i a l  i n t e r a c t i o n .  A 
s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  mechanism is 
d e p i c t e d  i n  F i g u r e  5(b). Exposure t o  h i g h  
t e m p e r a t u r e ,  h u m i d i t y ,  and v o l t a g e  d i f f e r e n c e  
between t h e  t w o  e l e c t r i f i e d  c e l l s ,  o r  be tween  a n  
e l e c t r i f i e d  c e l l  and a  grounded f r a m e  c a n  r e s u l t  
i n  d i s s o l u t i o n  of  c e l l  m e t a l l i z a t i o n  m a t e r i a l  
a t  t h e  anode i n t o  t h e  a d j a c e n t  e n c a p s u l a n t .  
Dr iven  by v o l t a g e  and c o n c e n t r a t i o n  g r a d i e n t s ,  
t h e  d i s s o l v e d  m e t a l l i z a t i o n  i o n s  d i f f u s e  t h r o u g h  
t h e  e n c a p s u l a n t  (wavy a r r o w s ,  Fig. 5b)  t o  t h e  
c a t h o d e  where t h e y  d e p o s i t  t o  fo rm m e t a l l i c  
d e n d r i t e s .  These  d e n d r i t e s  "grow" back toward  
t h e  anode  u n t i l  t h e  e n c a p s u l a n t  becomes i n s u f f i -  
c i e n t l y  r e s i s t i v e  t o  p r e v e n t  t h e  f o r m a t i o n  o f  a  
gap-br idg ing  c h a n n e l  and t h e  e l e c t r i c a l  
breakdown o f  t h e  i n s u l a t i o n .  The e l e c t r o -  
c h e m i s t r y  and r a t e - l i m i t i n g  r e a c t i o n s  i n  t h i s  
p r o c e s s  a r e  t h e  key  e l e m e n t s  o f  t h e  d e g r a d a t i o n  
r a t e .  

EDX a n a l y s i s  showed t h a t  t h e  p a t h  o f  t h e  
i o n  m i g r a t i o n  i s  one o f  l e a s t  r e s i s t a n c e ,  
i n d i c a t e d  by t h e  f a c t  t h a t  m e t a l  i o n s  were  found 
p r e f e r e n t i a l l y  on  t h e  s u r f a c e  o f  t h e  e n c a p s u l a n t  
r a t h e r  t h a n  i n  t h e  e n c a p s u l a n t  a d j a c e n t  t o  t h e  
m e t a l l i z a t i o n ,  F i g u r e s  6 and 7. T h i s  was a  v e r y  
p e c u l i a r  r e s u l t  i n  t h a t  i t  a p p e a r s  t h a t  t h e  
m i g r a t i o n  r a t e  on t h e  s u r f a c e  is n o t  
p a r t i c u l a r l y  high.  A p o s s i b l e  e x p l a n a t i o n  f o r  
t h i s  phenomena is  t h a t  t h e  anode  r e a c t i o n  

p r o d u c e s  a p o s i t i v e  s i l v e r  i o n  which i s  q u i c k l y  
r e p e l l e d  f r o m  t h e  anode  t o  t h e  s u r f a c e .  Once on 
t h e  s u r f a c e ,  t h e  s i l v e r  i o n  a t t a c h e s  t o  a  p o l a r  
w a t e r  m o l e c u l e  

which  c o n t i n u e s  t o  d r i f t  t o  t h e  ca thode .  T h i s  
heavy charged  complex t h e n  m i g r a t e s  toward  t h e  
c a t h o d e ,  where  i t  d i s s o c i a t e s  and i s  n e u t r a l i z e d  
by a n  e l e c t r o n  

It i s  by t h i s  mechanism t h a t  u l t i m a t e l y  t h e  
s u r f a c e  i s  c o n n e c t e d  t o  t h e  ca thode .  A d e n d r i t e  
e v e n t u a l l y  g rows  f r o m  t h e  c a t h o d e  t o  t h e  i o n i c  
s i l v e r  on t h e  s u r f a c e  u n t i l  s u f f i c i e n t  
c o n c e n t r a t i o n  i s  a c h i e v e d  t h a t  a  c o n d u c t i v e  p a t h  
is produced be tween  t h e  c a t h o d e  and t h e  s u r f a c e  
above  t h e  anode. A t  t h i s  p o i n t ,  i t  i s  l i k e l y  
t h a t  s i l v e r  i o n s  f r o m  t h e  anode  m i g r a t e  more 
r a p i d l y  t h r o u g h  t h e  e n c a p s u l a n t  t o  t h e  s u r f a c e  
which now h a s  become a  c a t h o d e ,  b e c a u s e  t h e  
e l e c t r i c  f i e l d  i s  i n c r e a s e d ,  b u t  e v e n  d u r i n g  
t h i s  s t a g e  o f  d e g r a d a t i o n  t h e r e  i s  no s h o r t  
c i r c u i t  because  t h e  m o b i l i t y  o f  t h e  s i l v e r  i o n s  
t h r o u g h  t h e  e n c a p s u l a n t  i s  l i m i t e d .  

It was o n l y  a f t e r  s t u d y i n g  t h e  e a r l y  s t a g e s  
of  t h e  f a i l u r e ,  F i g u r e  6,  and compar ing  t h e  
r e s u l t s  w i t h  l a t e r  s t a g e s ,  F i g u r e  8, t h a t  t h i s  
mechanism was unders tood .  The m i c r o a n a l y t i c a l  
r e s u l t s  were  f u n d a m e n t a l  t o  t h e  u n d e r s t a n d i n g .  

DEFINITION OF FAILURE - The p r e c e d i n g  
d i s c u s s i o n  r a i s e s  a  q u e s t i o n  c o n c e r n i n g  t h e  
d e f i n i t i o n  o f  a  f a i l u r e .  It was o r i g i n a l l y  
t h o u g h t  t h a t  t h e  d e n d r i t e  g r o w t h  t o  t h e  s u r f a c e  
would r e s u l t  i n  a  s h o r t  c i r c u i t .  The v i e w  
e v o l v e d  f rom a  p l o t  o f  r e l a t i v e  power o u t p u t  vs. 
i n t e r f a c i a l  c h a r g e  t r a n s f e r  p e r  u n i t  l e n g t h  o f  
c e l l  edge ,  F i g u r e  9,  a  p l o t  d e r i v e d  f rom t h e  
m u l t i s t r e s s  test r e s u l t s  (Ref. 3 ) .  T h i s  d a t a  is 
p r a c t i c a l l y  q u i t e  s i g n i f i c a n t ,  s i n c e  i t  s u g g e s t s  
t h a t  a  d e v i c e  w i l l  f a i l  once  a  g i v e n  q u a n t i t y  of 
e l e c t r i c a l  c h a r g e  (cou lombs ,  C) is t r a n s f e r r e d ,  
i n d e p e n d e n t  o f  t h e  c h a r g e  t r a n s f e r  mechanism. 

More c a r e f u l l y  conduc ted  c h a r g e  t r a n s f e r  
e x p e r i m e n t s  have  p o i n t e d  t o  f a i l u r e  mechanisms 
o t h e r  t h a n  s h o r t  c i r c u i t s  caused  by m e t a l  
b r i d g i n g .  One s u c h  c r i t e r i o n  is a  f a i l u r e  when 
t h e  c e l l  l e a k a g e  c u r r e n t  ( r a t e  of  c h a r g e  
t r a n s f e r )  e x c e e d s  a  p r e - s p e c i f i e d  t h r e s h o l d  
va lue .  A more r e l e v a n t  c r i t e r i o n  f o c u s e s  on 
t h e  d e v i c e  r a t h e r  t h a n  t h e  d i e l e c t r i c ,  i.e., 
f a i l u r e  when s u f f i c i e n t  m e t a l l i z a t i o n  h a s  
d i s s o l v e d  o f f  t h e  s i l i c o n  t h a t  t h e  c e l l  power 
o u t p u t  and i t s  series r e s i s t a n c e  i s  s e v e r e l y  
compromised. S e v e r a l  o t h e r  f a i l u r e s  have  been  
a t t r i b u t e d  t o  hydrogen e v o l u t i o n  a t  t h e  c a t h o d e  
which  c a u s e s  t h e  e n c a p s u l a n t  t o  s e p a r a t e  f rom 
t h e  c e l l ,  l i f t i n g  t h e  m e t a l l i z a t i o n  w i t h  i t ,  
F i g u r e  10. A l l  o f  t h e  r e s u l t s  i n d i c a t e d  t h a t  
t h e  c o n c e p t  o f  f a i l u r e  f o r  t h e s e  d e v i c e s  mus t  



c o n s i d e r  d e v i c e  p e r f o r m a n c e  as w e l l  a s  
d i e l e c t r i c  per formance .  R e - i n t e r p r e t a t i o n  o f  
t h e  d a t a  o f - F i g u r e  9  s u g g e s t s  t h a t  a  b e t t e r  
median c e l l  f a i l u r e  c r i t e r i o n  i s  1 t o  2 C/cm. 

CORRELATIONS BETWEEN TEST RESULTS AND FIELD 
SERVICE LIFE - D e s p i t e  t h e  l a c k  o f  a p r e c i s e  
d e f i n i t i o n  o f  c e l l  e l e c t r o c h e m i c a l  f a i l u r e ,  a  
q u a n t i t a t i v e  c o r r e l a t i o n  be tween  chamber t e s t  
t i m e  and f i e l d  s e r v i c e  time was e s t a b l i s h e d .  
Assuming t h a t  e q u a l  amounts  o f  c h a r g e  t r a n s f e r  
i n  t h e  test and  f i e l d  e n v i r o n m e n t s  r e s u l t  i n  
e q u a l  amounts  of  d e g r a d a t i o n ,  i t  f o l l o w s  t h a t  
(Ref .  3): 

where  YEQ = y e a r s  a t  f i e l d  c o n d i t i o n s  e q u i v a l e n t  
t o  TT h o u r s  a t  t e s t  c o n d i t i o n s ,  y r ;  QT = t o t a l  
c h a r g e  t r a n s f e r r e d  under  test c o n d i t i o n s ,  C; QF 
= t o t a l  y e a r l y  c h a r g e  t r a n s f e r  under  f i e l d  
c o n d i t i o n s ,  C/yr;  V VF = t e s t  and f i e l d  
v o l t a g e s ,  V ;  KT = e T L c t r i c a 1  c o n d u c t i v i t y  o f  t h e  
e n  a p  u l a t i o n  a t  t h e  t e s t  T/H e n v i r o n m e n t ,  
fi-'m-'; T,= t e s t  t i m e ,  h; K -  = e l e c t r i c a l  
c o n d u c t i v i t y  o f  t h e  e n c a p u i a n t  o f  t h e  f i e l d  
module when t h e  c e l l  t e m p e r a t u r e  is T  and t h e  
module i n t e r n a l  r e l a t i v e  h u m i d i t y  is ki (Ref. 
4 ) ,  fi-lm-'; and ri = number o f  h o u r s  p e r  y e a r  
t h a t  t h e  f i e l d  module e x p e r i e n c e s  a  c e l l  
t e m p e r a t u r e  Ti and  a n  i n t e r n a l  r e l a t i v e  
h u m i d i t y i ,  o b t a i n e d  f r o m  a n a l y s i s  o f  SOLMET 
w e a t h e r  d a t a  ( R e f .  3 ) ,  h r / y r .  

The t e m p e r a t u r e  and h u m i d i t y  dependent  PVB 
and  EVA e l e c t r i c a l  c o n d u c t i v i t i e s  (KT and K.) 
w e r e  computed f r o m  f o r m u l a s  o b t a i n e d  by a 
l e a s t - s q u a r e s  f i t t i n g  o f  a  f a m i l y  o f  p o l y n o m i a l  
e q u a t i o n s  t o  e x p e r i m e n t a l l y  o b t a i n e d  d a t a  (Ref. 
3 ) ,  a s  p l o t t e d  i n  F i g .  10.  C l e a r l y  t h e  
i n s u l a t i o n  e l e c t r i c a l  c o n d u c t i v i t i e s  i n c r e a s e  as 
t h e  t e m p e r a t u r e  and h u m i d i t y  i n c r e a s e ,  
i n d i c a t i n g  t h a t  t h e s e  p a r a m e t e r s  a r e  r a t e  
c o n t r o l l i n g .  However, s i n c e  c h a r g e  t r a n s f e r  may 
be  due  t o  e i t h e r  e l e c t r o n i c  o r  i o n i c  m o b i l i t y ,  
i n  t h e  s t r i c t e s t  s e n s e  t h e  e l e c t r i c a l  
c o n d u c t i v i t y  may n o t  be  t h e  r a t e  l i m i t i n g  f a c t o r  
f o r  a l l  t y p e s  o f  f a i l u r e s  s i n c e  many i n v o l v e  
m e t a l l i c  i o n  c h a r g e  c a r r i e r s ,  which  i n  t u r n  a r e  
dependent  on a n i o n  c o n c e n t r a t i o n s  (i-e.,  
c h l o r i n e )  i n  t h e  w a t e r ,  a s s o c i a t i o n  rates, and 
d i s s o c i a t i o n  r a t e s .  N o n e t h e l e s s ,  t h e  d a t a  
a p p e a r s  t o  f i t  t h e  model w e l l ,  and it is e v i d e n t  
f r o m  t h e  m i c r o a n a l y t i c a l  work t h a t  e l e c t r o n i c  
c o n d u c t i o n  is  a t  l e a s t  p a r t l y  r e s p o n s i b l e  f o r  
t h e  damage o b s e r v e d  i n  a l l  o f  t h e  c a s e s  
examined. 

The q u a n t i t i e s  z i ~ i \  f o r  t h e  s e v e r a l  s i t e s  
and  e n c a p s u l a n t s  a r e  p r e s e n t e d  i n  T a b l e  1 f o r  
t w o  s c e n a r i o s :  r e s p o n s e  t o  t e m p e r a t u r e  stress 
o n l y ,  and r e s p o n s e  t o  t h e  m u l t i p l e  stresses of  
t e m p e r a t u r e  and humidi ty .  The t e m p e r a t u r e - o n l y  
c o n d i t i o n s  are a p p l i c a b l e  t o  modules  t h a t  have  
n e g l i g i b l e  h u m i d i t y  v a r i a t i o n  due  t o  t h e  u s e  o f  
m o i s t u r e  b a r r i e r s  s u c h  a s  m e t a l l i c  f o i l s .  The 

t e m p e r a t u r e - p l u s - h u m i d i t y  v a l u e s ,  on t h e  o t h e r  
hand,  assume i n s t a n t a n e o u s  e q u i l i b r i u m  between 
t h e  p a r t i a l  p r e s s u r e  o f  w a t e r  i n t e r n a l  t o  t h e  
module a t  its a c t u a l  o p e r a t i n g  t e m p e r a t u r e  and 
t h a t  i n  t h e  ambien t .  

I f  f i e l d  and  test v o l t a g e s  a r e  e q u a l ,  t h e n  
Eq. (1 )  is  s o l v e d  f o r  chamber t e s t  t i m e  
e q u i v a l e n t  t o  YEQ f ie ldT;ears  f o r  t h e  same 
e l e c t r o d e / e l e c t r o l y t e  c o n f i g u r a t i o n ,  F igs .  11 
and 12. Using t h e s e  p l o t s ,  chamber test 
c o n d i t i o n s  and test h o u r s  w e r e  d e t e r m i n e d  f o r  
PVB and  EVA e n c a p s u l a t e d  modules ,  r e s p e c t i v e l y ,  
e q u i v a l e n t  t o  3 0  y e a r s  o f  f i e l d  e x p o s u r e  a t  
sites r a n g i n g  i n  d i v e r s i t y  f rom Miami t o  Boston. 

A t  h i g h  T/H c o m b i n a t i o n s ,  L e s s  t i m e  is 
r e q u i r e d  t o  test PVB t h a n  EVA. T h i s  r e s u l t s  
f r o m  t h e  s i g n i f i c a n t l y  g r e a t e r  s e n s i t i v i t y  o f  
t h e  e l e c t r i c a l  c o n d u c t i v i t y  of PVB t o  r e l a t i v e  
h u m i d i t y .  T h i s  i n  t u r n  is due t o  t h e  u n u s u a l l y  
l a r g e  i o n i z a b l e  s p e c i e s  c o n t e n t  o f  t h a t  
e n c a p s u l a n t  (Ref. 6), p e r h a p s  a s s o c i a t e d  w i t h  
t h e  added  p l a s t i c i z e r ,  a n  a d d i t i v e  l a c k i n g  i n  
EVA. 

Eq. ( 1 )  c a n  b e  a p p l i e d  t o  t h e  d a t a  o f  F i g .  
9  t o  a s c e r t a i n  e q u i v a l e n t  f i e l d  t i m e  a t ,  s a y ,  
M i a m i ,  o u r  "worst-case" s i t e .  The d a t a  p o i n t s  
n e a r  z e r o  c e l l  power o u t p u t  c o r r e s p o n d  t o  1 6 5  y r  
a t  500 V i n  Miami. The p o i n t s  n e a r  t h e  k n e e s  o f  
t h e  c u r v e s  c o r r e s p o n d  t o  4 0  y r ,  and t h e  d a t a  
p o i n t s  j u s t  t o  t h e  r i g h t  and  l e f t  o f  t h e  s h o r t  
v e r t i c a l  l i n e  segment  c o r r e s p o n d  t o  4 y r  a t  
500 V i n  Miami. 

Eq (1)  e s t a b l i s h e s  a n  e q u i v a l e n c e  between 
f i e l d  s e r v i c e  t i m e  and  a c c e l e r a t e d - s t r e s s - t e s t  
t i m e  based  upon t h e  c o n c e p t  t h a t  e q u a l  c h a r g e  
t r a n s f e r  i n  t h e  t w o  e n v i r o n m e n t s  r e s u l t s  i n  
e q u a l  e l e c t r o c h e m i c a l  damage. A s  s u c h ,  i t  is 
u s e f u l  i n  q u a n t i f y i n g  a c c e l e r a t e d  l i f e  t e s t i n g  
f o r  e l e c t r o c h e m i c a l  s o l a r  c e l l  d e g r a d a t i o n .  

OPTIMIZATION OF CELL CONFIGURATIONS - A 
l a r g e  program o f  e l e c t r o c h e m i c a l  q u a l i f i c a t i o n  
tests was per formed which  encompassed a  f u l l  
m a t r i x  o f  c e l l / e n c a p s u l a n t  c o n f i g u r a t i o n s ,  
r e s u l t s  o f  which  are r e p o r t e d  i n  a s e p a r a t e  
paper  (Ref. 7). A d d i t i o n a l l y ,  a s e r i e s  o f  
e x p e r i m e n t s  w e r e  conduc ted  a t  500 V i n  a  
70°C/98% RH envi ronment .  The s a m p l e  con- 
s t r u c t i o n  used  i n  t h e s e  t e s t s  w a s  a p r i n t e d  Ag 
c e l l  and  a n  aluminum b a r  ( s i m u l a t i n g  a module 
f r a m e )  e n c a p s u l a t e d  i n  PVB. One s a m p l e  was  
t e s t e d  i n  p o s i t i v e  p o l a r i t y  ( c e l l + ,  aluminum-), 
t h e  o t h e r  i n  t h e  o p p o s i t e  p o l a r i t y .  F igs .  1 3  
and 14 show t h e  f o r m  o f  d e g r a d a t i o n  a f t e r  99  
t e s t  h o u r s ,  e q u i v a l e n t  t o  1 5  y e a r s  a t  Miami a t  
t h e  same v o l t a g e .  F i g u r e  13 shows  t h e  p o s i t i v e  
p o l a r i t y  s a m p l e  e x h i b i t i n g  t h e  f a m i l i a r  e l e c -  
t r o c h e m i c a l  d e g r a d a t i o n  p a t t e r n  o f  d i s s o l v e d  
m e t a l l i z a t i o n ,  d i f f u s i o n  p a t h s  be tween  anode  and 
c a t h o d e ,  d e n d r i t i c  d e p o s i t s ,  and e n t r a p p e d  
b u b b l e s  e v o l v e d  a t  t h e  aluminum ca thode .  An EDX 
m i c r o p r o b e  s p e c t r u m  o f  t h e  l a r g e  d e n d r i t e ,  
F i g u r e  13, i n d i c a t e d  i t  is  p r i m a r i l y  s i l v e r ,  a  
f a c t  o r i g i n a l l y  e s t a b l i s h e d  by EDX a n a l y s i s  i n  
t h e  l o w e r  v o l t a g e  tests, d e s c r i b e d  i n  Ref. 3. 

The n e g a t i v e  p o l a r i t y  s a m p l e ,  F i g u r e  14,  
showed none o f  t h e s e  e f f e c t s ,  b u t  r a t h e r  



e x t e n s i v e  c e l l  ( c a t h o d e )  s u r f a c e  d i s c o l o r a t i o n .  
When t h e  PVB was p e e l e d  away f r o m  t h e  c e l l  i n  
t h e s e  l o c a t i o n s ,  t h e  m e t a l l i z a t i o n  came o f f  t h e  
c e l l ,  i n d i c a t i n g  t h a t  t h e  d i s c o l o r a t i o n  was 
c a t h o d i c  g a s  e v o l u t i o n ,  p r o b a b l y  hydrogen. The 
i n t e r e s t i n g  a s p e c t  o f  t h e  r e s u l t  was  t h a t  t h e  
g a s  e v o l u t i o n  a p p e a r e d  t o  have  o c c u r r e d  be tween  
t h e  m e t a l l i z a t i o n  and t h e  s i l i c o n .  

Other  p e r t i n e n t  d a t a  were  a l s o  o b t a i n e d .  
The i n s u l a t i o n  r e s i s t a n c e  o f  b o t h  s a m p l e s  
dropped f r o m  a b o u t  1000 M t o  a b o u t  2.5 M . 
Measured u n i t  c h a r g e  t r a n s f e r s  were  3.9 C/cm f o r  
t h e  p o s i t i v e  p o l a r i t y  s a m p l e  and  3.2 C/cm f o r  
t h e  n e g a t i v e  p o l a r i t y  sample.  From I - V  c u r v e  
d a t a ,  Fig.  15 ,  a t  t h e  end  o f  t h e  t e s t ,  power was 
down 30% i n  t h e  p o s i t i v e  p o l a r i t y  s a m p l e  and 54% 
i n  t h e  n e g a t i v e  p o l a r i t y  s a m p l e ,  i n d i c a t i n g  t h a t  
t h e  c a t h o d e  d e l a m i n a t i o n  ( n e g a t i v e  p o l a r i t y )  is 
more d e l e t e r i o u s  t o  d e v i c e  per formance  i n  t h e  
e a r l y  s t a g e s  o f  d e g r a d a t i o n  t h a n  m e t a l  
m i g r a t i o n .  More e x t e n s i v e  t e s t s  i n d i c a t e d  t h a t ,  
a l t h o u g h  t h e  d e g r a d a t i o n  mechanisms i n  t h e  t w o  
p o l a r i t i e s  d i f f e r e d ,  t h e i r  r a t e s  were  
comparab le .  These  r e s u l t s  a r e  i m p o r t a n t  i n  
c o n s i d e r i n g  d e g r a d a t i o n  i n  c e n t e r - t a p p e d  a r r a y s  
w h e r e i n  modules  e x p e r i e n c e  b o t h  p o l a r i t i e s  o f  
v o l t a g e  s t r e s s ,  b u t  a t  h a l f  t h e  v o l t a g e  
d i f f e r e n t i a l  t o  ground t h a n  would be  t h e  c a s e  
f o r  grounded s i n g l e  p o l a r i t y  a r r a y s ,  i n d i c a t i n g  
t h a t  c e n t e r - t a p p e d  a r r a y s  would have  t w i c e  t h e  
l i f e  o f  a n  o t h e r w i s e  i d e n t i c a l  grounded s i n g l e -  
p o l a r i t y  a r r a y .  

SUMMARY AND CONCLUSIONS 

The f a i l u r e  a n a l y s i s  o f  degraded  photovol -  
t a i c  modules  p r e s e n t e d  a  u n i q u e  c h a l l e n g e  i n  
s a m p l e  p r e p a r a t i o n ,  SEM/EDX a n a l y s i s ,  and 
r e s u l t s  i n t e r p r e t a t i o n .  The m i c r o a n a l y t i c a l  
r e s u l t s  were  f u n d a m e n t a l  t o  t h e  u n d e r s t a n d i n g  
o f  t h e  f a i l u r e  mechanisms. 

Although a  p r e c i s e  d e f i n i t i o n  o f  d e v i c e  
e l e c t r o c h e m i c a l  f a i l u r e  i s  l a c k i n g ,  a l l  t h e  
e v i d e n c e  a t  t h i s  t i m e  i n d i c a t e s  t h a t  t h e  f i t t e d  
c u r v e s  o f  Fig. 9 c a n  b e  used  t o  d e f i n e  a  median 
c e l l - f a i l u r e  l e v e l  p e r  u n i t  l e n g t h  o f  c e l l - f r a m e  
edge .  

A q u a n t i t a t i v e  r e l a t i o n s h i p  which  r e l a t e s  
chamber t e s t  t i m e  and f i e l d  s e r v i c e  t i m e  was  
deve loped  and used  t o  p r e d i c t  f i e l d  s e r v i c e  
l i f e ,  based on t h e  o b s e r v a t i o n  t h a t  e q u a l  
q u a n t i t i e s  o f  c h a r g e  t r a n s f e r  r e s u l t e d  i n  e q u a l  
q u a n t i t i e s  o f  d e v i c e  per formance  d e g r a d a t i o n .  
T h i s  r e l a t i o n s h i p  i s  g i v e n  i n  Eq. (1). Although 
n o t  a  l i f e  p r e d i c t i o n  e q u a t i o n ,  i t  d o e s  g i v e  t h e  
i n t e r p r e t e r  o f  a c c e l e r a t e d  t e s t  d a t a  a  f e e l  f o r  
what  c a n  be e x p e c t e d  o f  a  p a r t i c u l a r  module 
c o n s t r u c t i o n  i n  t h e  r e a l  w o r l d ,  a t  l e a s t  a s  
p e r t a i n s  t o  t e r r e s t r i a l  p h o t o v o l t a i c  d e v i c e s .  

A s i g n i f i c a n t  r e s u l t  f rom t h e  t w o - p o l a r i t y  
t e s t  d a t a  i s  t h a t  t h e  c h a r g e  t r a n s f e r s  f o r  
median c e l l  f a i l u r e  i n  t h e  t w o  p o l a r i t i e s  a r e  o f  
t h e  same o r d e r  o f  magni tude ,  a s  a r e  t h e  c o r r e s -  
ponding d e g r a d a t i o n  r a t e s .  T h i s  r e s u l t  

m i - n i n i z e  e l e c t r o c h e m i c a l  d e g r a d a t i o n ,  s i n c e  t h e  
mssimum s y s t e m  v o l t a g e  is h a l f  t h a t  which it 
would o t h e r w i s e  be i n  a  grounded s i n g l e - p o l a r i t y  
a r r a y .  

F i n a l l y ,  t h e  r o l e  o f  t h e  d i e l e c t r i c  i n  
s o l a r - c e l l  e l e c t r o c h e m i c a l  d e g r a d a t i o n  h a s  been 
c l a r i f i e d :  The g r e a t e r  t h e  c h a r g e  c a r r i e r  
m o b i l i t y  i n  a  p a r t i c u l a r  e n c a p s u l a n t ,  t h e  
g r e a t e r  t h e  c e l l - t o - f r a m e  c h a r g e  t r a n s f e r ,  and 
hence  t h e  g r e a t e r  t h e  e l e c t r o c h e m i c a l  
d e g r a d a t i o n .  

A good d i e l e c t r i c  f rom t h e  v i e w p o i n t  of  
p h o t o v o l t a i c  d e v i c e  e l e c t r o c h e m i c a l  d e g r a d a t i o n  
i s  one  t h a t  a b s o r b s  l i t t l e  w a t e r ,  even a t  
e l e v a t e d  t e m p e r a t u r e / h u m i d i t y  c o m b i n a t i o n s ,  and 
one which e x h i b i t s  a  l o w  i o n i c  c o n c e n t r a t i o n  and 
m o b i l i t y  i n  t h e  p r e s e n c e  o f  w a t e r .  

S i n c e  t h e  p r e s e n c e  o f  w a t e r  a f f e c t s  t h e  
c h a r g e  c a r r i e r  m o b i i t y  i n  p h o t o v o l t a i c  modules ,  
f u r t h e r  knowledge r e g a r d i n g  t h e  w a t e r  a b s o r p t i o n  
c h a r a c t e r i s t i c s  and s o l u b l e  c h a r g e  c a r r i e r  
c o n c e n t r a t i o n s  o f  t h e  t r a n s p a r e n t  po lymers  i s  
i m p o r t a n t  i n  o r d e r  t o  expand o u r  u n d e r s t a n d i n g  
o f  e n c a p s u l a t e d  p h o t o v o l t a i c  d e v i c e  
e l e c t r o c h e m i c a l  d e g r a d a t i o n .  

i m p l i e s  t h a t  c e n t e r - t a p p e d  grounded p h o t o v o l t a i c  
a r r a y s  a r e  a p r e f e r r e d  s y s t e m  c o n f i g u r a t i o n  t o  



Table 1 

, , a t  Selected S i t e s  The ~ u a n t i t y z ~ . T .  

i 

Temperature 
and 

Temperature Humidity 
Acceleration Acceleration 

S i t e  PVB EVA PVB EVA 
-- 

Albuquerque 1 . 1 2 ~ 1 0 - ~  6 . 2 7 ~ 1 0 ~ ~  1 . 8 9 ~ 1 0 - ~  8 . 7 8 ~ 1 0 - ~  

Boston 2.96x10-' 2 . 2 4 ~ 1 0 - ~  l . 2 6 x l 0 - ~  5 . 1 1 ~ 1 0 - ~  

Uiami 9.11x10-~ 5 . 8 8 ~ 1 0 - ~  5.72x10-~ 1.66x10-~ 

"-DOPED SILCCm 

P-OWED SILICON 

F i g u r e  1. A s c h e m a t i c  o f  p h o t o v o l t a i c  a r r a y  
nomencla ture .  

F i g u r e  2. An o p t i c a l  photograph  o f  a module 
f a i l e d  due t o  o p t i c a l  t r a n s m i s s i o n  
l o s s e s .  

F i g u r e  3. An o p t i c a l  photograph  o f  a module 
f a i l e d  due t o  m e t a l l i z a t i o n  
m i g r a t i o n ,  o r  e l e c t r o c h e m i c a l  
d e g r a d a t i o n .  

F i g u r e  4(a). An o p t i c a l  photograph  of  t h e  two- 
c e l l  module c o n f i g u r a t i o n  used  i n  
t h e  m u l t i s t r e s s  t e s t i n g .  

F i g u r e  4(b). A s c h e m a t i c  o f  t h e  m u l t i s t r e s s  
t e s t i n g  c o n f i g u r a t i o n  used. 
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F i g u r e  5(a). An o p t i c a l  p h o t o g r a p h  of  t h e  one 
c e l l - f r a m e  c o n f i g u r a t i o n  used i n  

I 
IZURSOR t kE'..: .i = 0 5 .  2 0 0  E [) A :.: 

m u l t i s t r e s s  t e s t i n g .  
F 1 LkNHklt  0 l-ltl>: b tllllzs .I 5 6 7 4  

METALLIZATION F i g u r e  7. An EDX m i c r o p r o b e  s p e c t r u m  o b t a i n e d  
on t h e  t o p  s u r f a c e  o f  t h e  e n c a p s u l a n t  
a t  a r r o w  "A", F i g u r e  6. 

.. - 7 
.- 

FRAME POTENTIAL 
ICATHOOEI DIFFERENCE 

F i g u r e  5(b). A s c h e m a t i c  o f  t h e  m e t a l l i z a t i o n  
m i g r a t i o n  mechanism, one o f  t h e  
f o r m s  o f  e l e c t r o c h e m i c a l  degrada-  
t i o n .  ' L  

F i g u r e  8. An o p t i c a l  photograph  o b t a i n e d  on a  
f a i l e d  module e x h i b i t i n g  t h e  l a t e r  
s t a g e s  o f  m e t a l  m i g r a t i o n .  

F i g u r e  9. Normalized c e l l  power o u t p u t  P/PO 

F i g u r e  6. An o p t i c a l  p h o t o g r a p h  o f  a  p i e c e  of v e r s u s  i n t e r f a c i a l  c h a r g e  t r a n s f e r  
e n c a p s u l a n t  p e e l e d  away f r o m  t h e  p e r  u n i t  l e n g t h  Q . (1944 h o u r s  o f  
s u r f a c e  o f  a  c e l l  showing  a n  e a r l y  t e s t  e x p o s u r e  a t  k50c and 0 t o  100% 
s t a g e  o f  e l e c t r o c h e m i c a l  d e g r a d a t i o n .  r e l a t i v e  h u m i d i t y )  
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Figure 10. Electrical conductivity of PVB and EVA from 0 to 1 0 0 ~ ~  relative 
humidity. 

I 
50 100 

ENCAPSULANT RH ,'I 

Figure 11. Test time equivalent to 30 years of 
field exposure for PVB-encapsulated 
materials. 

MIAMI 

ENCAPSULANT RH,% 

Figure 12. Test time equivalent to 30 years of 
field exposure for EVA-encapsulated 
electrodes. 



F i g u r e  13.  P o s i t i v e  p o l a r i t y ,  500  V test 
specimen.  C e l l  w i t h  p r i n t  Ag 
m e t a l l i z a t i o n ,  e n c a p s u l a t e d  i n  PVB. 
(70°C/98% r e l a t i v e  h u m i d i t y ,  99  test 
h o u r s ) .  

F i g u r e  14.  N e g a t i v e  p o l a r i t y ,  500 V t e s t  
specimen.  C e l l  w i t h  p r i n t  Ag 
m e t a l l i z a t i o n ,  e n c a p s u l a t e d  i n  PVB. 
(70°C/98% r e l a t i v e  h u m i d i t y ,  99  t e s t  
h o u r s ) .  

V. V 

F i g u r e  15.  I -V c u r v e  d a t a  f o r  t h e  t w o - p o l a r i t y  
e x p e r i m e n t .  
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