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A b s t r a c t  

The r e s u l t s  of a  program t o  i n v e s t i g a t e  
t h e  r e l i a b i l i t y  c h a r a c t e r r s t i c s  of unencapsu- 
l a t e d  low-cost t e r r e s t r i a l  s o l a r  c e l l s  u s i n g  
a c c e l e r a t e d  s t r e s s  t e s t i n g  a r e  p r e s e n t e d .  
Four t y p e s  of c e l l s  were i n v e s t i g a t e d .  R e l i -  
a b i l i t y  ( o r  p a r a m e t r i c  d e g r a d a t i o n )  f a c t o r s  
Eppropr ia te  t o  t h e  c e l l  t e c h n o l o g i e s  and u s e  
c o n d i t i o n s  were s t u d i e d  and a schedu le  of 
x c e l e r s t e d  s t r e s s  t e s t s  was s y n t h e s i z e d .  An 
e l e c t r i c a l  measurement p rocedure  c a p a b l e  of 
& i s t i n g u i s h i n g  s m a l l  changes i n  c e l l  e l e c t r i -  
c a l  pa ramete r s  was established. A d a t a  ana ly -  
s i s  and management system was d e r i v e d ,  and 
s t r e s s  t e s t  f i x t u r i n g  and m a t e r i a l  f low pro- 
cedures  were s e t  up a f t e r  c o n s i d e r a t i o n  was 
given t o  t h e  number of c e l l s  t o  be s t r e s s  
t e s t e d  and measured and t h e  n a t u r e  of t h e  i n -  
format ion t o  be o b t a i n e d  from t h e  p r o c e s s .  
Based on b o t h  e l e c t r i c a l  pa ramete r s  and metal -  
i z a t i o n  adherence s t r e n g t h ,  s i g n i f i c a n t  degra-  
d a t i o n  was shown by some c e l l  t y p e s  i n  some 
s t r e s s  t e s t s .  Other  combinat ions  of c e l l  
types  and s t r e s s  t e s t s  r e s u l t e d  i n  n o  d e t e c t -  
~ b l e  c e l l  d e g r a d a t i o n .  Ana lys i s  of t h e  o r i -  
g i n s  , o f  t h e  d i f f e r e n c e s  i n  d e g r a d a t i o n  is con- 
t i n u m g .  

I n t r o d u c t i o n  

The r e l i a b i l i t y  c h a r a c t e r i s t i c s  of s o l a r  
c e l l s  i n t e n d e d  f o r  t e r r e s t r i a l  a p p l i c a t i o n s  
w i l l  b e  a  key f a c t o r  i n  determining whether  
the  n a t i o n a l  g o a l s  f o r  s o l a r  p h o t o v o l t a i c  
power generation can b e  m e t  i n  a  t i m e l y  fa -  
sh ion .  DOE c o s t  g o a l s  s e t  f o r  t e r r e s t r i a l  
c e l l s  have been based on t h e  assumption of a  
20-year module l i f e ;  however, n o  d a t a  have 
e x i s t e d  i n  t h e  p a s t  t o  s u p p o r t  t h i s  r e l i a b i l i -  
t y  assumption f o r  a p p r o p r i a t e  c e l l  technolo-  
g i e s  and env i ronmenta l  c o n d i t i o n s .  Very 
l i t t l e  i s  found i n  t h e  open l i t e r a t u r e  con- 
c e r n i n g  t h e  n a t u r e  of t h e  t ime-to-fa , i lure  
(TTF) d i s t r i b u t i o n s  of s o l a r  c e l l s  i n  t e r r e s -  
t r i a l  ambient  c o n d i t i o n s ,  t h e  f a i l u r e  modes 
and f a i l u r e  mechanisms which c o n t r o l  t h e  TTF 
d i s t r i b u t i o n s ,  t h e  a p p r o p r i a t e  methods f o r  ac- 
c e l e r a t e d  stress t e s t i n g  f o r  r e l i a b i l i t y  
v e r i f i c a t i o n ,  o r  t h e  p r o c e s s  modifications 
r e q u i r e d  t o  upgrade r e l i a b i l i t y  performance. 
In  f a c t ,  t h e  s t a t u s  of t h e  s u b j e c t  i s  such 
t h a t  v i a b l e  f a i l u r e  c r i t e r i a  do n o t  e x i s t .  
Depenling on t h e  parameter  i n v o l v e d ,  and with-  
i n  c e r t a l n  l i m i t s ,  changes i n  c e l l  pa ramete r s  
nay w e l l  s imply r e s u l t  l n  changes  i n  e f f i c i e n -  
cy of power g e n e r a t i o n  of a  p h o t o v o l t a i c  sys- 
tem. Firm d e f i n i t i o n  of c e l l  i n t e r c o n n e c t i o n  

t echn iques  w i t h i n  system subassembl ies  and 
c o n f i g u r a t i o n  of subassembl ies  t o  form sys- 
t e m s ,  and c l a s s i f i c a t i o n  of system a p p l i c a -  
t l o n s ,  would a i d  i n  d e f i n i n g  d e g r a d a t i o n  
l i m i t s  f o r  f a i l u r e .  Such a  definition does 
n o t  c u r r e n t l y  e x i s t .  Thus v a r i a b l e s  d a t a  a r e  
needed i n  a d d r e s s i n g  t h e  s u b j e c t .  Also ,  t h e  
concep t s  of f a i l u r e  and f a i l u r e  r a t e  should be 
r e p l a c e d  by d e g r a d a t i o n  and d e g r a d a t i o n  r a t e .  

The program which l e d  t o  t h e  r e s u l t s  Te- 
por ted  h e r e  r e p r e s e n t e d  t h e  f i r s t  systematic 
a t t empt  t o  d e f i n e  t h e  r e l i a b i l i t y  a t t r i b u t e s  
of t e r r e s t r i a l  s o l a r  c e l l s .  Goals of t h e  pro- 
gram were n o t  only  t o  e s t a b l i s h  a  base  l i n e  
f o r  t h e  r e l i a b i l i t y  of p r e s e n t ,  commercially 
a v a i l a b l e ,  s t a t e - o f - t h e - a r t  c e l l s ,  b u t  a l s o  t o  
develop methodology which would pe rmi t  t h e  
in tercompar  i s o n  of c e l l s  and manufactur ing 
t e c h n o l o g i e s  both  now and i n  t h e  f u t u r e .  
Q u a n t i f i c a t i o n  of r e l i a b i l i t y  i s  n o t  a  s i n p l e  
m a t t e r ,  p a r t i c u l a r l y  f o r  c a s e s  where no p r i o r  
d a t a  e x i s t .  Exper ience i n  t h e  f i e l d  must be 
t h e  u l t i m a t e  v e r i f i c a t i o n  of a  d e v i c e ' s  r e l i -  
a b i l i t y ,  b u t  f o r  a  numberof r e a s o n s ,  i t  i s  
o f t e n  n o t  p r a c t i c a l  t o  a t t e m p t  t o  d e f i n e  r e l i -  
a b i l i t y  from f i e l d  t e s t  d a t a :  t h e  t imes a r e  
s o  g r e a t  t o  o b t a i n  s i g n i f i c a n t  numbers of 
f a i l u r e s ,  t h a t  t h e  technology w i l l  have com- 
p l e t e l y  changed by t h e  t ime r e l i a b i l i t y  d a t a  
a r e  i n ;  o r  t h e  numbers of d e v i c e s  r e q u i r e d  on 
t e s t  i s  p r o h i b i t i v e l y  l a r g e ;  o r  l a c k  of ex- 
p e r i m e n t a l  c o n t r o l s  r e s u l t s  i n  e r roneous  
r e s u l t s .  In  t h e  c a s e  a t  hand,  f i e l d  degrada- 
t i o n  d a t a  f o r  c e l l s  a r e  p r a c t i c a l l y  n o n e x i s t -  
e n t .  Also,  r e l i a b i l i t y  e x p e c t a t i o n s  f o r  
c e l l s ,  and f i e l d  deployment p l a n s ,  a r e  such 
t h a t  many systems may be i n  o p e r a t i o n  b e f o r e  
s u f f i c i e n t  f i e l d  d a t a  a r e  genera ted  t o  make 
r e l i a b i l i t y  ( o r  d e g r a d a t i o n  r a t e )  e s t i m a t e s .  
Thus t h e  approach t aken  h e r e ,  t h a t  of p r o j e c t -  
ing  s o l a r  c e l l  d e g r a d a t i o n  modes and mechan- 
I s m s ,  choos ing  a c c e l e r a t e d  s t r e s s  t e s t s  i n  t h e  
l i g h t  of t h i s  p r o j e c t i o n  and i n  l i g h t  of f i e l d  
c o n d i t i o n s ,  and a p p l y i n g  t h e  s t r e s s  t e s t s  t o  
s e n s i b l e  q u a n t i t i e s  of commercially a v a i l a b l e  
c e l l s ,  r e p r e s e n t s  t h e  on ly  v i a b l e  approach t o  
s o l a r  c e l l  r e l i a b i l i t y  assurance  a t  t h i s  
p o i n t .  

S o l a r  C e l l  P h y s i c a l  C h a r a c t e r i s t i c s  

Four c e l l  t y p e s  from f o u r  d i f f e r e n t  manu- 
f a c t u r e r s  were a v a i l a b l e  f o r  s t r e s s  t e s t i n g .  
These were s t a t e - o f - t h e - a r t  c o n v e n t i o n a l  t e r -  
r e s t r i a l  c e l l s  f a b r i c a t e d  from Czochra l sk i -  
grown s i n g l e  c r y s t a l  s i l i c o n  s u b s t r a t e s .  A l l  
c e l l s  had one o r  more t a b s  a t t a c h e d  by t h e  

"This paper  p r e s e n t s  r e s u l t s  of r e s e a r c h  performed f o r  t h e  Low-Cost S o l a r  Array P r o j e c t ,  
J e t  P r o p u l s i o n  L a b o r a t o r y ,  C a l i f o r n i a  I n s t i t u t e  of Technology, sponsored by t h e  U.S. Department 
of Energy through an i n t e r a g e n c y  agreement w i t h  NASA. 

r.* 

I !  
,. . . 
. -. li:? j - S;~?/'SXX - 0077: 00.75 '7 1979 ~7x2 17th Annual Proceedings of IEEE Reliability Physics

San Francisco, CA, April 24-26, 1979, pp. 77-86.



manufac tu re r  t o  t h e  top  s u r f a c e ,  b u t  were only 
m e t a l i z e d  on t h e  back s i d e .  The t a b  m a t e r i a l  
and t a b  a t t achment  method was i d e n t i c a l  t o  
each m a n u f a c t u r e r ' s  p r a c t i c e  f o r  c e l l s  used i n  
t e r r e s t r i a l  a r r a y s .  Table  1 summarizes t h e  
p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  s t r e s s  t e s t  
c e l l  t y p e s .  

Tab le  1. P h y s i c a l  C h a r a c t e r i s t i c s  o f  S t r e s s  
T e s t  C e l l s  

PHYSICAL CHARACTERISTICS OF CELLS 

I A I  I 2 4  1 NO I PIN / SOLDER 1 
TYPE 

S o l a r  C e l l  C h a r a c t e r i z a t i o n  

DIAMETER 

(in) 
THICKNESS 

(mils) 

B 

C 

E 

Two t y p e s  of measurements were performed 
on s t r e s s  t e s t  p o p u l a t i o n s ,  e l e c t r i c a l  parame- 
t e r  d e t e r m i n a t i o n  and m e t a l  adhes ion  s t r e n g t h  
d e t e r m i n a t i o n .  E l e c t r i c a l  .measurements were 
made a t  a  thermocouple moni tored t empera tu re  
of 28 2 0.5OC under ELH lamp i l l u m i n a t i o n  of 
1 0 0 m ~ / c m ~  i r r a d i a n c e ,  c o r r e s p o n d i n g  t o  1-sun 
a t  a i r  mass 1 (AM-1). For  each of t h e  f o u r  
c e l l  t y p e s  a  r e f e r e n c e  c e l l ,  c a l i b r a t e d  by J e t  
P r o p u l s i o n  Labora to ry  under  t r u e  s u n l i g h t  con- 
d i t l o n s ,  w a s  used t o  a d j u s t  t h e  i r r a d i a n c e  o f  
t h e  measurement system l i g h t  s o u r c e  t o  i t s  
p r o p e r  v a l u e .  Th i s  r e f e r e n c e  c e l l  was used t o  
check t h e  u n i f o r m i t y  o f  t h e  ELH s i m u l a t o r  
a c r o s s  t h e  f i e l d  of t h e  c e l l  and t o  i n s u r e  t h e  
absence  of lamp d r i f t  w i t h  t ime.  A Kelvin 
p robe ,  vacuum h o l d  down, w a t e r  coo led  jig was 
used  t o  c o n t a c t  t h e  c e l l s .  The 4-point  Kelvin  
probe c o n n e c t i o n s  e l i m i n a t e d  s p u r i o u s  r e s i s -  
t i v e  e f f e c t s  and a s s u r e d  r e p e a t a b l e  r e a d i n g s .  
Par2meters  measured were t h e  s h o r t - c i r c u i t  
c u r r e n t  and o p e n - c i r c u i t  v o l t a g e ,  Isc and V o c ,  

and t h e  i l l u m i n a t e d  f our th -quadran t  c e l l  I -V 
c h a r a c t e r i s t i c .  From t h e s e  t h e  maximum c e l l  
power o u t p u t ,  Pm, and t h e  c e l l  o u t p u t  v o l t a g e  

3 

2 

3 

and c u r r e n t  a t  t h e  maximum power p o i n t ,  Vm and 

METAL A R 
COATING 

-.. 
Im, wkre determined.  The i l l u m i n a t e d  f a r -  

TECHNOLOGY 

19 

2 0  

15 

-.. 
forward d iode  c h a r a c t e r i s t i c  was a l s o  ob- 
t a i n e d .  F i g u r e  1 shows t h e  V-I  c h a r a c t e r i s -  
t i c s  of a  c e l l  i l l u s t r a t i n g  t h e  measurement 
r e p e a t a b i l i t y  o b t a i n e d  over  an ex tended  p e r i o d  
(4 months) f o r  each of t h e s e  pa ramete r s .  
Measurements were performed b e f o r e  t h e  a p p l i -  
c a t i o a  of s t r e s s  and a t  p e r i o d i c  down-times 
d u r i n g  t h e  s t r e s s  t e s t .  

Metal  adhesion s t r e n g t h  was neasured  (de- 
s t r u c t i v e l y )  u s i n g  a  Dni tek  Micropu l l  S t r e n g t h  
T e s t e r  wi th  a  C h a t i l l i o n  Force Gage. Adhesion 
st.-  nijth w a s  measured on a  random sample of 25 
uc: + e s s e d  c e l l s  pe r  c e l l  t y p e ,  and on a  s m a l l  
s a r p l e  of s t r e s s e d  c e l l s  of each  type  from 
ezch s t r e s s  t e s t  a t  one p o i n t  d u r i n g  t h e  

YES 

YES 

NO 

CELL VOLTAGE I 

F i g u r e  1. C e l l  I -V C h a r a c t e r i s t i c ,  w i t h  
E l e c t r i c a l  Parameters  N/P 

N/P t e s t i n g .  Both m a n u f a c t u r e r ' s  a t t a c h e d  t a b s  
and s o l d e r - a t t a c h e d  t e s t  l e a d s  were used i n  
t h e  meta l  adherence s t r e n g t h  measurements. 

THINFILM 
Ti/Pd/Ag 

SOLDER 

THICK 
FILM A q  

In  t h e  s t r e s s  t e s t  program each c e l l  was 
a s s i g n e d  a  s e r i a l  number, photographed u s i n g  
h i g h  r e s o l u t i o n  f i l m ,  and s t o r e d  i n  a p l e s t l c  
p e t r i  d i s h .  I n  a l l ,  approx imate ly  400 c e l l s  
of each type  were s e r i a l i z e d  and photographed. 
E l e c t r i c a l  pa ramete r s  were measured and t h e  
c e l f s  v i s u a l l y  i n s p e c t e d  under  7-10X magnif i -  
cation. The e l e c t r i c a l  measurement and v i s u a l  
i n s p e c t i o n  were performed a t  each subsequent  
t e s t  down-time; however, c e l l s  were photo- 
graphed e t  down-times on ly  when h i g h l y  physi-  
c a l  e f f e c t s  were found under  v i s u a l  inspec-  
t l o n .  Before  be ing  s t r e s s e d  and a t  down-times 
t h e  c e l l s  were normal ly  s t o r e d  e i t h e r  under  
d ry  n i t r o g e n  o r  i n  a  low-humidity laminar  f low 
hood. C e l l s  were n o t  c l e a n e d  b e f o r e  i n s e r t i o n  
i n t o  t h e  stress t e s t i n g  f low even though some 
c l e a r l y  were d i r t y  a s  r e c e i v e d  from t h e  manu- 
f a c t u r e r s .  I t  was f e l t  t h a t  c l e a n i n g  might 
i n t r o d u c e  anomalies  i n t o  t h e  s t r e s s  t e s t  r e -  
s u l t s .  In  a d d i t i o n ,  n o  f u r t h e r  c l e a n i n g  would 
normal ly  be performed on t h e  c e l l s ,  p r i o r  t o  
assembly i n t o  modules,  by t h e  manufac tu re r .  

A c c e l e r a t e d  S t r e s s  T e s t  
Program Development 

P o t e n t i a l  F a i l u r e  Mechanisms 

L i k e l y  f a i l u r e  mechanisms o f  t e r r e s t r i a l  
s o l a r  c e l l s  were p r o j e c t e d  a f t e r  c o n s i d e r a t i o n  
of s t a t e - o f - t h e - a r t  c o n v e n t i o n a l  c e l l  t echno l -  
ogy, use  c o n d i t i o n s ,  and t h e  body of p h y s i c s  
of f a i l u r e  in fo rmat ion  o b t a i n e d  from semi- 
conductor  d e v i c e s .  " F a i l u r e  mechanisms" a s  
used above may be a  misnomer; "degrada t ion  
mechanisms" may be t h e  p r o p e r  phrase  f o r  t h e  
c a s e  a t  hand.  S ince  c o n v e n t i o n a l  c e l l s  a r e  
f a b r i c a t e d  u s i n g  s i n g l e  c r y s t a l  s i l i c o n  s t a r t -  
i n g  m a c e r i a l ,  and s i n c e  t h e  only s u r f a c e  expo- 
s u r e  of t h e  j u n c t i o n  o c c u r s  a t  t h e  s l i c e  edge,  
enhanced impur i ty  d i f f u s i o n  e f f e c t s  and many 
of  t h e  ox ide  and o x i d e - s i l i c o n  i n t e r f a c e  
e f f e c t s  which a f f e c t  m i c r o e l e c t r o ? i c  dev ices  
were n o t  expected t o  be a f a c t o r  I n  



t e r r e s t r i a l  s o l a r  c e l l  pa ramete r  s t a b i l i t y .  
However, s e v e r a l  mechanisms ex i s t  which can 
a f f e c t  t h e  s o l a r  c e l l  m e t a l i z a t i o n  system,  
~ 3 r t i c u l a r l y  t h e  f r o n t - s i d e  c o l l e c t o r  and 
g r i d  m e t a l i z a t i o n ,  under  use  c o n d i t i o n s .  The 
c e l l  m e t a l i z a t i o n  system d i r e c t l y  a f f e c t s  some 
c e l l  e l e c t r i c a l  pa ramete r s  such a s  Pm through 

... 

s e r i e s  r e s i s t a n c e  R s .  Changes i n  t h e  average  - 
r e s i s t i v i t y  of a f r o n t - s i d e  m e t a l  s t r i p e  due 
t o  c o r r o s i o n ,  e l e c t r o m i g r a t i o n  phenomena, o r  
m e t a l  s e g r e g a t i o n  phenomena i n  compound c e l l  
m e t a l i z a t i o n  sys tems ,  changes  i n  t h e  metal-  
s i l i c o n  c o n t a c t  r e s i s t a n c e  due t o  i n t e r d i f f u -  
s i o n  o r  c o r r o s i o n  of c o n t a c t i n g  m e t a l  l a y e r s ,  
o r  changes i n  i n t e r c o n n e c t - m e t a l  c o n t a c t  r e -  
s i s t a n c e  due t o  e l e c  t r o m i g r a t i o n  o r  K i r k e n d a l l  
v o i d i n g ,  can r e s u l t  i n  d e g r a d a t i o n  of Pm due 

t o  i n c r e a s e  i n  Rs. Some of t h e s e  can a l s o  de- 

c f e a s e  t h e  m e t a l  adherence  s t r e n g t h .  Like- 
wise, d e c r e a s e  i n  t h e  c e l l  s h u n t  r e s i s t a n c e  
due t o  m e t a l  p l a t i n g  from t h e  f r o n t  t o  t h e  
back of t h e  c e l l  a t  t h e  c e l l  p e r i m e t e r  o r  due 
t o  p e n e t r a t i o n  of t h e  c e l l  j u n c t i o n  by meta l  
( "con tac t  s p i k i n g "  i n  i n t e g r a t e d  c i r c u i t  j a r -  
gon) can r e s u l t  In d e g r a d a t i o n  of P,. Delami- ... 
n a t i o n  of m e t a l i z a t i o n ,  o r  r e d u c t i o n  i n  meta l  
adherence s t r e n g t h  due t o  t h e r m a l l y  induced 
mechanical  s t r e s s e s ,  were a l s o  cons ide red  t o  
be l i k e l y  u s e  c o n d i t i o n  phenomena. I n  add i -  
t i o n  t o  t h e  d e g r a d a t i o n  mechanisms c o n s i d e r e d  
t o  be  l i k e l y  i n  t h e  f i e l d ,  connected wi th  t h e  
m e t a l i z a t i o n ,  i t  was a l s o  c o n s i d e r e d  p o s s i b l e  
t h a t  c e l l  c r a c k i n g  and a n t i r e f l e c t i v e  (AR) 
c o a t i n g  c r a c k i n g  might occur  under  c o n d i t i o n s  
of t h e r m a l l y  induced mechanical  s t r e s s ,  and 
t h a t  decoinposi t ion of t h e  PA c o a t i n g  might 
occur  under  humid i ty - tempera tu re  s t r e s s .  

A f t e r  pe r fo rming  a  more complete  a n a l y s i s  
u s i n g  t h e  s o r t  of r a t i o n a l e  shown above,  t h e  
d e g r a d a t i o n  mechanisms most l i k e l y  t o  a f f e c t  
t e r r e s t r i a l  c e l l s ,  and which should be  a c c e l -  
e r a t e d  i n  a c e l l  r e l i a b i l i t y  i n v e s t i g a t i o n ,  
were chosen. These d e g r a d a t i o n  mechanisms, 
and t h e i r  a s s o c i a t e d  s t r e s s e s ,  a r e  shown below 
i n  Table  2 .  In  t h i s  t a b l e  B = e l e c t r i c a l  
p o t e n t i a l  ( b i a s ) ,  I = c u r r e n t ,  t = t ime ,  T  = 
t e m p e r a t u r e ,  and H = humid i ty .  

Table  2 .  Degrada t ion  Mechanisms L i k e l y  t o  
A f f e c t  T e r r e s t r i a l  S o l a r  C e l l s  

Degrada t ion  Mechanism A c c e l e r a t i n g  S t r e s s  

Cor ros ion  
K i r k e n d a l l  Voiding 
E l e c t r o m i g r a f  ion 
Contac t  Spiking 
Y e t a l  S e g r e g a t i o n  
E l e c t r o p l a t m g  
Y e t a l  Delaminat ion 
C e l l  F r a c t u r e  
AR Coa t ing  F r a c t u r e /  

Delaminat ion 
AR Coat ing  Decomposi- 

t ion 

BTH 
T 
I, T 
1, T 
T ,  dT 
BTH 
dT/d t  
dT/dt  

dT/d t 

TH 

/ d  t 

, BTH, T  

Xote t h a t  a l though  l i g h t  could be cons ide red  a  
s t r e s s ,  i t  was n o t  i n c l u d e d  i n  t h e  cons ide ra -  
t i o n s  due t o  t h e  scope of t h e  i n v e s t i g a t i o n .  
The f a c i l i t i e s  and f i x t u r i n g  problems e n t a i l e d  

i n  u s i n g  l i g h t  a s  a  s t r e s s  t e s t  c o n d i t i o n  a r e  
mani fo ld .  

T e s t  Schedule 

Based on t h e  p r o j e c t e d  f a i l u r e  mechan- 
isms, and on e x i s t i n g  s t r e s s  t e s t s  such a s  a r e  
con ta ined  i n  M i l i t a r y  Method MIL-M-38510 and 
M i l i t a r y  S tandard  MIL-STD-883A, a  r e p e r t o i r e  
of s t r e s s  t e s t s  f o r  t e r r e s t r i a l  s o l a r  c e l l s  
was s e l e c t e d .  From t h i s  p o i n t ,  t h e  approach 
t o  d e t e r m i n i n g  t h e  f i n a l  stress t e s t  schedu le  
i n c l u d i n g  p o p u l a t i o n  s i z e ,  t i m e s ,  and e x a c t  
t e s t  c o n d i t i o n s  was two-fold.  F i r s t ,  t h e  
problem was scoped u s i n g  s i m p l i s t i c  methods, 
P r a c t i c a l  l i m i t s  t o  s t r e s s  t e s t i n g  c o n d i t i o n s ,  
such a s  t h e  m e l t i n g  a t  170°C of t h e  . s o l d e r  
used f o r  m e t a l i z a t l o n  and l ead  a t t achment ,  
were de te rmined ,  and c e r t a i n  g r o s s  assumptions  
concern ing  a c c e l e r a t i o n  f a c t o r s ,  and use-  
c o n d i t i o n  d e g r a d a t i o n  r a t e s ,  were made where 
p o s s i b l e .  An example of an assumption made 
s t r i c t l y  t o  o b t a i n  g e n e r a l  in fo rmat ion  on 
t imes involved was t h e  assumption t h a t  under 
b i a s  and t empera tu re  s t r e s s  o n l y ,  d e g r a d a t i o n  
mechanisms would proceed accord ing  t o  an 
Ar renh ius  r e l a t i o n s h i p  wi th  an a c t i v a t i o n  
energy of 1 eV. A t e n t a t i v e  s t r e s s  t e s t  de- 
s i g n  was performed under  t h e s e  l i m i t s  and 
assumpt ions ,  keeping i n  mind t h e  need f o r  t e s t  
p o p u l a t i o n s  l a r g e  enough t o  i d e n t i f y  i n f a n t  
m o r t a l i t i e s  a s  such. Needless  t o  s a y ,  con- 
s t r a i n t s  o f  t ime and money played a  p a r t  i n  
t h e  s e l e c t i o n  of t h e  s t r e s s  t e s t  schedu le .  
Then, a f t e r  s e l e c t i o n  of t h e  s t ress  t e s t s ,  
s m a l l  q u a n t i t i e s  of u n i t s  ( e .g . ,  f i v e  u n i t s  
p e r  c e l l  t y p e )  were s u b j e c t e d  t o  a b b r e v i a t e d  
t e s t s  i n  o r d e r  t o  de te rmine  t h e  magni tudes  of 
change i n  e l e c t r i c a l  pa ramete r s ,  and t h e  t ime 
r a t e  of t h e  change,  which could be expected 
from t h e  f u l l - s c a l e  t e s t s .  The n a t u r e  and 
degree  o f  p h y s i c a l l y  o b s e r v a b l e  e f f e c t s  t o  be 
expec ted  i n  t h e  l a r g e  s c a l e  t e s t s  was a l s o  de- 
termined i n  t h e  s m a l l  s c a l e  exper iments .  Re- 
s u l t s  from t h e s e  exper iments  were used t o  
choose i n i t i a l  down-times f o r  t h e  l a r g e - s c a l e  
t e s t s .  Subsequent down-times i n  t h e  l a rge -  
s c a l e  t e s t s  were chosen depending on e f f e c t s  
observed a t  e a r l i e r  down-tlmes, and depending 
on e l e c t r i c a l  measurement schedu l ing  and ca- 
p a c i t y .  

Tab le  3 shows t h e  r e s u l t a n t  l a rge -  
q u a n t i t y  s t r e s s  t e s t  schedu le .  For most t e s t s  
t h e r e  were e i t h e r  t h r e e  o r  f o u r  down-times. 
Contac t  i n t e g r i t y  measurement was performed 
on ly  a t  t h e  f i r s t  down-time, and u n i t s  sub- 
j e c t e d  t o  t h i s  ( d e s t r u c t i v e )  t e s t  were removed 
from t h e  t e s t  popu la t ion .  A l l  s t r e s s  t e s t s  
performed u s i n g  b i a s  u t i l i z e d  d iode  forward 
b i a s .  Th i s  i s  t h e  p roper  p o l a r i t y  p o t e n t i a l ,  
compared t o  t h e  p o l a r i t y  i n  f i e l d  u s e ,  f o r  
c o r r o s i o n  and e l e c t r o p l a t i n g  d e g r a d a t i o n  
mechanisms. However, t h e  d i r e c t i o n  of c u r r e n t  
f low i s  o p p o s i t e  t o  t h a t  which e x i s t s  under  
a c t l v e  , g e n e r a t i n g  c o n d i t i o n s .  S ince  l i g h t  
was n o t  used i n  t h e  s t r e s s  t e s t i n g ,  t h e  com- 
promise of forward c u r r e n t  d i r e c t i o n  a s  
opposed t o  r e v e r s e  d i r e c t i o n  was necessa ry .  
The BT t e s t s  u t i l i z e d  forward b i a s  c u r r e n t s  of 
from 1.2A t o  3.3A, approximately  s c a l e d  by t h e  
c e l l  s h o r t  c i r c u i t  c u r r e n t  and a r e a ,  whi le  t h e  
BTH t e s t s  used forward b i a s  v o l t a g e s  of ap- 
p rox imate ly  0.45V.  A t  85OC, t h e  d iode  forward 
c u r r e n t  f o r  0.45V forward v o l t a g e  v a r i e d  from 



Table 3. S t r e s s  T e s t  Schedu le  

STRESS TEST SCHEDULE 

STRESS TEST 

BIAS-TEMPERATURE,75'C 

BIAS- TEMPERATURE, 135'C 

BIAS -TEMPERATURE, 150'C 

BIAS-TEMPERATURE ,165.C 

BIAS- f  EMPERAT URE-HUMIDITY 
121.C / 15 Psig 

BIM-TEMPERATURE- HVMlDlTY 
8 5 ' C / 8 5 %  R.H. 

POWER CYCLE 

THERMAL CYCLE 

THERMAL SHOCK 

TEST POPULATION 
PER CELL TYPE 

5 0  

5 0  

4 0  

4 0  

25K  CYCLES 

6 5  CYCLES 

3 5  CYCLES 

0 . 3 A  t o  l A ,  depending on c e l l  t y p e .  I n  t h e  
Power Cycle  T e s t s  t h e  c e l l s  were forward 
b i e s e d  (IF = 1 . 5  t o  3.6.4,  depending on t h e  

c e l l  t y p e )  f o r  two minu tes  and t u r n e d  o f f  f o r  
rwo ml-nutes.  

D i s c u s s i o n  and R e s u l t s  

R e s u l t s  of t h i s  s t u d y  f a l l  i n t o  two p r i -  
mary c a t e g o r i e s ,  e l e c t r i c a l  pa ramete r  degrada-  
t i o n  and c o n t a c t  i n t e g r i t y  d e g r a d a t i o n  v e r s u s  
s t r e s s .  The key c e l l  e l e c t r i c a l  pe ramete r  i s  
Pn, which i s  a f f e c t e d  by Isc and Vo, and which 
... - - ~ - 

czn a l s o  be s t r o n g l y  i n f l u e n c e d  by Rs  and R q h .  

Thus t h e  e l e c t r i c a l  impact  o f  t h e  s t r e s s  t e s t s  
can b e  e x p r e s s e d  i n  terms of t h e  e f f e c t  on Pm. 

The r e s u l t s  a r e  o r g a n i z e d  such t h a t  e l e c t r i c a l  
pa ramete r  e f f e c t s ,  and i n  some c a s e s  v i s u a l l y  
e v i d e n t  e f f e c t s ,  a r e  grouped a c c o r d i n g  t o  
s t r e s s  t e s t  categories, w h i l e  t h e  c o n t a c t  
i n t e g r i t y  e f f e , c t s  due t o  a l l  s t r e s s  t e s t s  a r e  
d i s c u s s e d  t o g e t h e r .  

3T S t r e s s  T e s t  R e s u l t s  

F i g u r e s  2 and 3 show examples of t h e  ob- 
se rved  e f f e c t s  of BT s t r e s s  on Tm f o r  a l l  

- - -  
t y p e s .  In  t h e s e  f i g u r e s  t h e  mean p e r c e n t  de- 
c r e a s e  of Pm f o r  t h e  f o u r  c e l l  t y p e s ,  ca lcu-  

i a t e d  o n .  a c e l l - b y - c e l l  b a s i s ,  i s  shown v e r s u s  
s t r e s s  t i n e  f o r  two of t h e  BT s t r e s s  t e s t s .  
From r e s u l t s  shown i n  t h e s e  f i g u r e s  i t  i s .  
c l e a r  t h a t  no d e g r a d a t i o n  i n  Pm was e x p e r l -  

. . . 

enced by t y p e  B c e l l s ,  and t h a t  r e l a t i v e l y  
s e v e r e  and c o n s i s t e n t  d e g r a d a t i o n  i n  Pm was 

e x p e r i e n c e d  by type A c e l l s .  These conclu-  
s i o n s  a r e  borne  o u t  by  d a t a  from t h e  o t h e r  two 
BT s t r e s s  t e s t s .  F i g u r e  4 shows t h e  r e s p o n s e  
or' t);pe A c e l l s  a t  a l l  f o u r  s t r e s s  t e s t  tem- 
p e r a t u r e s .  Less  obvious  i s  t h e  r e sponse  o f  
t he  t y ~ e  C and E c e l l s .  For t y p e  C c e l l s  a 
g e n c r n l l y  e o n o t o n i c  ( though s m a l l )  d e c r e a s e  i n  
?_. x i t b  s t r e s s  t ime was observed f o r  t h e  

h ,  .sr two s t r e s s  t e m p e r a t u r e s ;  however,  t h e  
r e s ~ l t s  from t h e  two lower t empera tu re  t e s t s  
shoved n o  d i s c e r n a b l e  Tm d e g r a d a t i o n .  I t  i s  

STRESS TlME (hr) 

F i g u r e  2.  Mean P e r c e n t  Decrease  i n  P, f o r  
75" Bias-Temperature S t r e s s  
T e s t ,  A l l  C e l l  Types .  

0 TYPE B 
2 0 

0 

500 1000 

STRESS TlME (hr)  

F i g u r e  3 .  Mean P e r c e n t  Decrease  i n  P, f o r  
165OC Bias-Temperature S t r e s s  
T e s t ,  A l l  C e l l  Types .  

STRESS TlME ( h r )  

F i g u r e  4 .  ?lean P e r c e n t  Decrease  i n  P,, 
Type A  C e l l s ,  Bias-Temperature 
S t r e s s .  



, . -,- 
c_.dL t h a t  a d d i t i o n a l  d a t a  a r e  r e q u i r e d  b e f o r e  
::?2 q u e s t i o n  of d e g r a d a t i o n ,  and d e g r a d a t i o n  
:;re, can be r e s o l v e d  f o r  t h i s  c e l l  t y p e .  For 
cy;r E c e l l s  i t  i s  somewhat c l e a r e r  t h a t  
icZ:-adation o c c u r r e d  i n  b i a s - t e m p e r a t u r e  t e s t -  : .  However, t h e  amount of d e g r a d a t i o n  was 
* _ a l l e r  than  t h a t  shown by t h e  type  A c e l l s  
zild a g a i n  was e v i d e n t  o n l y  i n  t h e  two h i g h e r  
t e n p e r a t u r e  s t r e s s  t e s t s .  I n t e r p r e t a t i o n  of 
the d a t a  f o r  t y p e  E c e l l s  i s  made d i f f i c u l t  by 
t t e  l a r g e  i n c r e m e n t a l  d e g r a d a t i o n  shown a t  t h e  
i s s t  down-time i n  F i g u r e  3 .  Thus a d d i t i o n a l  
da ta  s r e  a l s o  r e q u i r e d  f o r  t h i s  c e l l  t y p e  be- 
f o r e  d e g r a d a t i o n ,  and d e g r a d a t i o n  r a t e ,  can be  
y a n t i f  l e d .  

For  t h e  t y p e  A  c e l l s ,  a n a l y s i s  of I -V  
far - forward d a t a  showed t h a t  t h e  obse rved  
d e g r a d a t i o n  i n  Pm was due a t  l e a s t  p a r t i a l l y  

t o  an i n c r e a s e  i n  Rs. As an example of t h e  

i x f l u e n c e  of i n c r e a s i n g  Rs on t h e  c e l l  I -V  

c ? . ~ ~ z c t e r i s t i c s ,  F i g u r e  5  shows I-V d a t a  f o r  a  ...-. L:rical  c e l l  s u b j e c t e d  t o  t h e  165OC b i a s -  
F e ~ , ? e r a t u r e  s t r e s s .  The e f f e c t  of t h e  
x c r e a s s  i n  R w i t h  i n c r e a s i n g  s t r e s s  t e s t  
t i ~ e  i s  evidef i t  t o  t h e  r i g h t  of t h e  knee of 
the  c u r v e s  i n  t h i s  f i g u r e .  

CELL VOLT4OE ( V )  I FhR FORWARD 

F i g u r e  5.  Type A C e l l  I-V C h a r a c t e r i s t i c s  
A f t e r  165OC B-T S t r e s s ,  T y p i c a l  
Case. 

F igure  6 shows t h e  b e h a v i o r  of Rs w i t h  b i a s -  

t e n p e r a t u r e  s t r e s s  t ime  f o r  a t y p i c a l  t y p e  A 
c e l l  from each  s t r e s s  t e s t  l o t .  The v a l u e s  of 
Rs  shown i n  t h i s  f i g u r e  were  o b t a i n e d  from t h e  

s l o p e  of t h e  I-V c h a r a c t e r i s t i c  i n  t h e  ne igh-  
borhood of t h e  z e r o  e x t e r n a l  c e l l  c u r r e n t  
p o i n t .  They were n o t  o b t a i n e d  from t h e  por- 
t i o n  of t h e  f a r - fo rward  I-V c h a r a c t e r i s t i c  
which shows obvious  downward c o n c a v i t y .  A l -  
though i n c r e a s e  i n  Rs c e r t a i n l y  a c c o u n t s  i n  

l a r g e  p a r t  f o r  t h e  obse rved  d e c r e a s e  i n  Pm 

f o r  t h e s e  c e l l s ,  t h e  s p e c i f i c  mechanism r e -  
s p o n s i b l e  f o r  t h e  i n c r e a s e  h a s  n o t  been  den- 
t i f i e d .  However, i t  was n o t e d  t h a t  r e l a t i v e l y  
1.2:-ge (1-2 m) , h o l l o w  b u b b l e s  appeared i n  t h e  
c o l l e c t o r  and g r i d  s o l d e r  d u r i n g  t h e  s t r e s s  
t e s t s .  These b u b b l e s  o c c u r r e d  l e a s t  f r e q u e n t -  
i y  ( z p p r o x i n a ? e l y  30% of t h e  s t r e s s  t e s t  popu- 
l a t i c n )  i n  t h e  7 5 ' ~  s t r e s s  t e s t  and most 
f r e q u e n t l y  i n  t h e  165'C s t r e s s  t e s t ,  and in-  
c reased  i n  s i z e  and f r e q u e n c y  of o c c u r r e n c e  
: . l t h  i n c r e a s i n g  s t r e s s  t i n e .  :;o c o r r e l a t i o n  

STRESS TIME (hr)  

F i g u r e  6 .  Behavior  of Rs w i t h  B-T S t r e s s  

Time, T y p i c a l  Type k C e l l s .  

between bubb le  occur rence  and Pm d e g r a d a t i o n  
... 

on a  c e l l - b y - c e l l  b a s i s  h a s  been performed t o  
d a t e .  Type C c e l l s ,  which a l s o  had s o l d e r  as 
t h e  p r imary  component i n  t h e  m e t a l i z a t i o n  sys -  
t e n ,  e x h i b i t e d  c o l l e c t o r  and g r i d  bubb les  much 
l e s s  f r e q u e n t l y  t h a n  d i d  t h e  type  A c e l l s ,  and 
t h e  d e g r e e  of d e g r a d a t i o n  of Pm was much l e s s  

s e v e r e  f o r  type  C c e l l s .  

From e a r l i e r  d i s c u s s i o n  i t  i s  c l e a r  t h a t  
p r o j e c t i o n s  t o  u s e  c o n d i t i o n s  of t h e  degrada-  
t i o n  r a t e  due s t r i c t l y  t o  b i a s  and t e m p e r a t u r e  
are n o t  w a r r a n t e d  by t h e  d a t a  f o r  t h r e e  c e l l  
t y p e s .  I n  f a c t ,  t h e  t y p e  B c e l l s  i n v e s t i g a t e d  
d l d  n o t  degrade  under  t h i s  s t r e s s  t o  any de- 
t e c t a b l e  d e g r e e .  However, d a t a  f o r  t y p e  A 
c e l l s  do  p e r m i t  a  c r u d e  e x t r a p o l a t i o n  of t h e  
d e g r a d a t i o n  r a t e  t o  u s e  c o n d i t i o n s .  I n  o r d e r  
t o  do  t h i s  i t  i s  n e c e s s a r y  t o  somehow ex t rapo-  
l a t e  ( o r  i n t e r p o l a t e )  t h e  Pm d e g r a d a t i o n  d a t a  

f o r  t h e  v a r i o u s  t e s t s  t o  a  common d e g r a d a t i o n  
l e v e l .  I t  was n o t e d ,  f o r  t h e  t y p e  A c e l l s ,  
t h a t  s p l o t  of t h e  cumule t ive  mean p e r c e n t  Pm 

d e g r a d a t i o n  v e r s u s  t ime on lognormal paper  
r e s u l t e d  i n  a c c e p t a b l y  s t r a i g h t  l i n e s  f o r  
t h r e e  s t r e s s  t e s t  t e m p e r a t u r e s ,  75OC, 135OC, 
and 165OC. Other  t y p e s  of p l o t s  of t h e  raw 
d a t a  were made and i n  e v e r y  c a s e  t h e  1500C 
d a t a  d i d  n o t  f i t  t h e  p a t t e r n  e x h i b i t e d  by t h e  
d a t a  from t h e  o t h e r  t h r e e  t e s t s .  The 150°C 
s t r e s s  t e s t  d a t a  was t h u s  ignored  i n  subse- 
quen t  a n a l y s e s .  F i g u r e  7  shows t h e  b e h a v i o r  
of t h e  t i m e  t o  10% Pm d e g r a d a t i o n  v e r s u s  in-  

v e r s e  a b s o l u t e  s t r e s s  t e s t  t e m p e r a t u r e ,  f o r  
t y p e  A c e l l s .  I n  t h i s  f i g u r e  a r e  shohm two 
s t r a i g h t  l i n e  f i t s  t o  t h e  t h r e e  d a t a  p o i n t s .  
Line  A was o b t a i n e d  i g n o r i n g  t h e  165OC s t r e s s  
t e s t  d a t a  a l t o g e t h e r ,  and i s  a t t r i b u t a b l e  t o  a 
mechanism h a v i n g  s n  a c t i v a t i o n  energy  of 
s l i g h t l y  g r e a t e r  t h a n  0.4 eV. Line  B was ob- 
t a i n e d  t a k i n g  i n t o  accoun t  a l l  t h r e e  d a t a  
p o i n t s ,  and i s  d e s c r i b a b l e  by a  mechanism hav- 
i n g  an a c t i v a t i o n  energy  i n  t h e  neighborhood 
of 0 . 6  eV. Ex t rapo la tLon  of t h e  two l i n e s  t o  
50°C r s s u l t s  i n  a r a n g e  of 2 x l o 4  h r  t o  
7 x l o 4  ( 2  t o  1 0  y e a r s )  a s  an  e s t i m a t e  of t h e  
t ime t o  102 d e g r a d a t i o n  f o r  t y p e  A c e l l s  a t  
t h a t  t e ~ p e r a t u r e .  
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F i g u r e  7 .  Behavior  of  Time t o  10% Degrada- 
t i o n  Versus  I n v e r s e  Temperature ,  
Type A Bias-Temperature S t r e s s  
T e s t  L o t s .  

Although t h e  a n a l y s i s  above was done i n  
o r d e r  t o  o b t a i n  some i n f o r m a t i o n  on use-  
c o n d i t i o n  d e g r a d a t i o n  r a t e s  due s t r i c t l y  t o  
c u r r e n t  and t e m p e r a t u r e  f o r  type  A c e l l s ,  t h e  
d a t a  c l e a r l y  do  n o t  p e r m i t  a  p r e c i s e  p r e d i c -  
t i o n  of t h e  f i e l d  d e g r a d a t i o n  r a t e .  Fa r  more 
d a t a  w i l l  b e  r e q u i r e d  on a l l  c e l l  t y p e s  b e f o r e  
d e f i n i t e  " l i f e "  p r e d i c t i o n  can be  made. What 
t h e  d a t a  a b s o l u t e l y  do show i s  t h a t  type  A  
c e l l s  do e x h i b i t  d e f i n i t e  Pm d e g r a d a t i o n  under  ... 
t h e  s t r e s s  tes.t: c o n d i t i o n s  even a t  r e l a t i v e l y  
low t e m p e r a t u r e s ,  and t h a t  t h i s  d e g r a d a t i o n  i s  
a s s o c i a t e d  w i t h  an i n c r e a s e  i n  Rs. 

BTH S t r e s s  T e s t  R e s u l t s  

F i g u r e s  8 and 9 show observed mean per-  
c e n t  d e c r e a s e  i n  Pm v e r s u s  t e s t  t ime  f o r  t h e  

b i a s e d  S5'C/85% R . H .  and b i a s e d  121°C/15 P s i g  
s t e m  s t r e s s  t e s t s  r e s p e c t i v e l y .  From d a t a  
p r e s e n t e d  i n  t h e s e  f i g u r e s  i t  i s  c l e a r  t h a t  
type  E c e l l s  showed t h e  l e a s t  d e g r a d a t i o n  i n  
Pm under  b o t h  t y p e s  of B-T-H s t r e s s  t e s t i n g  ... 
(zpprc. .<nil i tely z e r o  e f  i e c t  f o r  85 /85  s t r e s s  
ar'd 0::'. minor e f f e c t  f o r  p r e s s u r e  cooker  
s t r e s s ;  and t h a t  type  E c e l l s  showed 

0 CELL TYPE A 

CELL TYPE 0 

. A CELL TYPE C 

0 CELL TYPE E 

I 
500 I000 

STRESS TIME (hr) 

F i g u r e  8 .  Mean P e r c e n t  Decrease  i n  Pm ... 
v e r s u s  S t r e s s  Time, Biased 
8 5 ' ~ / 8 5 %  R.H.  T e s t .  

0 CELL TYPE A 

0 CELL TYPE 0 

A CELL TYPE C 

C 
100 200 300 

STRESS f lME (hr) 

F i g u r e  9 .  ?lean P e r c e n t  ' D e c r e a s e  i n  Pm 
v e r s u s  S t r e s s  Time, ~ i a s e d - . .  
121°c /15  P s i g  Steam T e s t .  

r e l a t i v e l y  s e v e r e  Pm d e g r a d a t i o n  in  t h e  p res -  

s u r e  cooker  s t r e s s  t e s t .  The s o u r c e  of  t h i s  
d i f f e r e n c e  i n  r e s p o n s e  of t y p e  E c e l l s  i s  n o t  
c l e a r .  D i s t o r t i o n  of  t h e  I-V p l o t  was s o  se- 
v e r e  f o r  t h e  p r e s s u r e  c o o k e r - s t r e s s e d  t y p e  E 
c e l l s  a t  t h e  second down-time t h a t  s t r a i g h t -  
forward i n t e r p r e t a t i o n  of t h e  r e s u l t s  t o  de- 
t e rmine  t h e  s o u r c e  of t h e  d e g r a d a t i o n  was n o t  
p o s s i b l e .  By ana logy  t o  t h e  I - V  p l o t s  of  t h e  
type  A c e l l s  which showed s i m i l a r l y  s e v e r e  Pm 
d e g r a d a t i o n  under  B-T s t r e s s ,  due t o  Rs In- 

c r e a s e ,  i t  would appear  t h a t  Rsh of t h e  type  E 

c e l l s  dec reased  t h e r e b y  c a u s i n g  t h e  d e c r e a s e  
i n  Pm. However, f i r m  c o n c l u s i o n s  i n  t h i s  r e -  

gard--.must be de layed  u n t i l  f u r t h e r  a n a l y s i s  i s  
p e r  formed. 



Type A and t y p e  C c e l l s  showed d e f i n i t e ,  
but less  s e v e r e  Pm d e g r a d a t t o n  i n  t h e  p r e s s u r e  

Tab le  5 .  Thermal Cycle  S t r e s s  T e s t  Schedule .  

cccker s t r e s s  t e s t .  The Pm d e g r a d a t i o n  f o r  

these  two t y p e s  was more s e v e r e  t h a n  f o r  t h e  
type E c e l l s  i n  t h e  85/85 t e s t .  For  t y p e  C 
c e l l s  t h e  s o u r c e  of t h e  Pm d e g r a d a t i o n  i n  b o t h  

s t r e s s  t e s t  l o t s  can  be  t r a c e d  t o  d e c r e a s e  i n  

I s c  due t o  d e g r a d a t i o n  of t h e  AR c o a t i n g .  

~ i b l e  4 shows t h e  mean p e r c e n t  d e c r e a s e  i n  Pm 

and i n  Isc f o r  t h e  t w o t y p e  C B-T-H t e s t  l o t s .  

Table  4 .  Mean P e r c e n t  Decrease  i n  P, and 

Isc, v e r s u s  BTH S t r e s s  T e s t  Time, 

Type C C e l l s .  

i MEAN PERCENl DECREASE 274 
IN I,,l%l I 3.59 3 57' 1 6 19 5.61 1 

B S ' C / 8 5 %  R.H. 

The c o r r e l a t i o n  i n  d e g r a d a t i o n  of t h e  two 
pa ramete r s  i s  o b v i o u s ,  and t h e  n a t u r e  of t h e  
d e g r a d a t i o n  c o r r e l a t e s  w i t h  t h e  p h y s i c a l  ap- 
pea rance  o f  t h e  c e l l s  a f t e r  s t r e s s  t e s t i n g .  
The s o u r c e  of t h e  d e c r e a s e  i n  Pm of  t h e  type  A 

121*C/15 Prig 

c e l l s  h a s  n o t  y e t  been i d e n t C f i e d  p o s i t i v e l y ,  
b u t  i s  p r o b a b l y  an i n c r e a s e  l n  s e r l e s  resist- 
ance s i m i l a r  t o  t h a t  which was d i s c u s s e d  e a r -  
l ie r  f o r  t y p e  A c e l l s  s u b j e c t e d  t o  BT s t r e s s  
t e s t i n g .  T h i s  i s  p l a u s i b l e  s i n c e  t h e  tempera- 
t u r e s  l n v o l v e d  were s i m i l a r ,  t h e  d e g r e e  of  
d e g r a d a t i o n  i n  Pm was s i m i l a r ,  and s o l d e r  bub- 

215 hr 525 hr 1025 hrI  76 hr 286 hr 

b l e s  were m a n i f e s t e d  i n  b o t h  B-T and p r e s s u r e  
cooker s t r e s s  t e s t e d  u n i t s .  Thus t h e  degrada-  
t i o n  i n  Pm f o r  t y p e  A c e l l s  r e s u l t i n g  from BTH 

s t r e s s  may w e l l  b e  due s t r i c t l y  t o  t e m p e r a t u r e  
e f f e c t s ,  and p o s s i b l y  b i a s  e f f e c t s ,  and n o t  
due t o  humid i ty  s t r e s s .  

I t  d i d  n o t  appear  t o  be  a p p r o p r i a t e  t o  
e x t r a p o l a t e  t h e  r e s u l t s  o b t a i n e d  t o  u s e  condi-  
t i o n s  due t o  t h e  s m a l l  number of BTH s t r e s s  
l e v e l s  employed i n  t h e  program. Although s i g -  
n i f i c a n t  work on BTH a c c e l e r a t j o n  f a c t o r s  h a s  
been done f o r  i n t e g r a t e d  circuits, it  i s  n o t  
c l e a r  based  on work t o  d a t e  what d e g r a d a t i o n  
mechanisms a r e  a c t i v e  f o r  s o l a r  c e l l s ,  and t h e  
a p p l i c a b i l i t y  of p r e v i o u s l y  d e r i v e d  f a c t o r s  i s  
t h u s  n o t  e s t a b l i s h e d .  F u r t h e r  work must be 
done i n  t h i s  a r e a .  

Thermal Cycle /Shock S t r e s s  
i f s t  K e s u l t s  

Based on r e s u l t s  of  s m a l l - q u a n t i t y  ex- 
? s r i m e n t s  t h e  the rmal  c y c l e  s t e p - s t r e s s  
s c h e d u l e  shown on Table  5 yas  used i n  t h e  
l a r g e - q u a n t i t y  s t r e s s  t e s t l n g .  The i n i t i a l  
r e s t  p o p u l a t i o n  was 20 c e l l s  p e r  t y p e .  E i g h t  
c e l l s  p e r  t y p e  were removed f o r  c o n t a c t  in: 
t e g r ~ t y  measurement a f t e r  t h e  t h i r d  down-tme.  
"he p h y s i c a l  e f f e c t s  observed i n  t h e r m a l l y  

STRESS LEVEL / 
DOWN-TIME NUMBER 

'IUMBER OF 
CYCLES 

ELECTRICAL 
MEASUREMENT 

Y E S  

YES 

N 0 

YES 

N 0 

YE3 

cyc led  u n i t s  g e n e r a l l y  f e l l  i n t o  one o r  more 
of t h r e e  c a t e g o r i e s :  t y p e  X b r e a k s  (con- 
c h o i d a l  s i l i c o n  f r a c t u r e s  normal ly  l o c a t e d  
under  t h e  t a b  a t t achment  p o i n t s )  : t vpe  Y 
b r e a k s  ( r e g i o n s  of de lamina ted  meta i ' on  e i t h e r  
t h e  c e l l  f r o n t  g r  b a c k ) ;  and type  2 b r e a k s  
( long  s i l i c o n  f r a c t u r e s  a p p a r e n t l y  a long  pre- 
f e r r e d  b reakage  p l a n e s  u s u a l l y  i n i t i a t e d  or  
t e rmina ted  i n  t h e  v i c i n i t y  of  t h e  t a b  a t t a c h -  
ment p o i n t s ) .  F i g u r e s  10 th rough  1 2  show ex- 
amples of  t h e s e  t h r e e  t y p e s  of e f f e c t s .  Ta- 
b l e s  6 and 7 s h ~ w  p h y s i c a l  e f f e c t s  observed 
f o r  two of  t h e  c e l l  t y p e s .  The d a t a  shown i n  
T a b l e  7 a r e  comple te ;  n o  b r e a k s  o t h e r  than  
type  X b r e a k s  were obse rved .  The type  C c e l l s  
showed a  r e s p o n s e  d i f f e r e n t  from t h a t  shown i n  
t h e s e  t a b l e s .  k o r  t h i s  c e l l  t ype ,  delamina- 
t i o n  of back-suk-face m e t a l i z a t i o n  was n o t e d  
beg inn ing  a t  down-time number 3 ;  e v e n t u a l l y  
seven of t h e  twe lve  u n i t s  showed t h i s  e f f e c t .  
The r e s p o n s e  of t y p e  E c e l l s  was s i m i l a r  t o  
t h a t  of t h e  t y p e  A c e l l s  e x c e p t  t h a t  m e t a l  
d e l a m i n a t i o n  d i d  n o t  o c c u r .  The e f f e c t s  of  
the rmal  shock s t r e s s  were s i m i l a r  t o  t h o s e  ob- 
se rved  f o r  t h e r m a l  c y c l e  s t r e s s .  The e f f e c t s  
of the rmal  shock were  n o  more s e v e r e  than  
t h o s e  of  the rmal  c y c l i n g ;  i n  f a c t ,  i f  a n y t h i n g  
they  were l e s s  s e v e r e .  

R e l a t i v e l y  minor e l e c t r i c a l  e f f e c t s  were 
found p o s t s t r e q s  f o r  b o t h  the rmal  c y c l e  and 
the rmal  shock $ t r e s s .  T h i s  was i n  s p i t e  of  
t h e  f a c t  t h a t  i n  many c a s e s  t h e  t a b s  were h e l d  
i n  p l a c e  a f t e r  s t r e s s  o n l y  by t h e  t e n s i l e  
s t r e n g t h  of t he  t h i n  m e t a l  l a y e r ,  and i n  some 
c a s e s  t h e  c e l l  i t s e l f  was h e l d  t o g e t h e r  s o l e l y  
by p o r t i o n s  of t$e  m e t a l i z a t i o n  which func- 
t i o n e d  a s  " t a p e .  However, t h e  c e l l s  were i n  
a r e l a t i v e l y  a s e p t i c  environment  d u r i n g  t h e  
t h e r m l  c y c l i n g  and e l e c t r i c a l  m e a s u r e ~ e n t  
o p e r a t i o n s  ; t h e  f i e l d  environment  of  a  nodule  
would be q u i t e  d i f f e r e n :  and e l e c t r i c a l  
e f f e c t s  of t h e  v a r i o u s  b reaks"  may show up  in. 



F i g u r e  10.  Type A C e l l  w i t h  C o l l e c t o r  and 
Grid  Delaminat ion (Type Y Break)  
and Type X Break (Arrow). 

F i g u r e  11. Type C C e l l  w i t h  Delaminat ion of 
Back Metal  (Type Y Break) .  

Tab le  6 .  P h y s i c a l  E f f e c t s  Observed During Thermal Cycle  S t r e s s  T e s t i n g ,  
~ y p e  A C e l l s .  
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Table  7 .  P h v s i c a l  E f f e c t s  Observed Dur- 

I 6 F i g u r e  12.  Type A C e l l  w i t h  Long S i l i c o n  

i 6 6 
F r a c t u r e  (Type Z Break) .  

i n k  Thermal Cycle  S t r e s s  Tes t -  
. m g ,  Type B C e l l s .  

+ONE CELL REMOVED DUE T O  ACCIDENTAL 
BREAKAGE 
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. . 
r s a l  t ime .  T!le i n s e n s i t i v i t y  of  Pm t o  t h i s  

t;:pe of s t r e s s ,  under  l a b o r a t o r y  c o n d i t i o n s ,  
i l !nsLra te s  t h e  impor tance  of v i s u a l  in spec -  
t x o ~ ,  e s  a  2 2 r t  of t h e  c h a r a c t e r i z a t i o n  pro- 
ced; l re .  

From t h e  f o r e g o i n g  i n f o r m a t i o n  i t  i s  
c l e a r  t h a t  the t a b  a t t a c h n m t  a r e a  i s  a  l i k e l y  
f ; i l u r e  p o i n t  under  thermo-mechanical  s t r e s s  
f o r  a l l  b u t  t y p e  C c e l l s .  T h i s  i s  t r u e  even 
f o r  t y p e  B and E c e l l s ,  which had v e r y  s m a l l  
a:xxmts of s o l d e r  used  i n  t h e  t a b  a t t a c h m e n t  
o ;era t lon.  S t r a n g e l y ,  t h e  wors t -pe r fo rming  
c e l l  under  t h e r m a l  c y c l e  s t r e s s  was t h e  heav i -  
l y  s o l d i r - m e t a l i z e d  t y p e  A c e l l ,  and t h e  b e s t -  
p e r f o r z i n g  c e l l  was t h e  h e a v i l y  s o l d e r -  
n e t a l i z e d  t y p e  C c e l l .  Wi thou t  d e t a i l s  of t h e  
s u b s t r z t e  s i l i c o n  c h a r a c t e r i s t i c s  and t h e  l e a d  
e t t a c h n e n t  p r o c e s s  i t  i s  n o t  p o s s i b l e  t o  de- 
t e r n i n e  t h e  s o u r c e  of  t h i s  performance d i f f e r -  
ence ,  a l t h o u g h  s e v e r a l  p o s s i b i l i t i e s  e x i s t  in-  
c l u d i n g  s i x p l y  t h e  c e l l  s i z e .  

P x - e r  Cvc le S r r e s s  T e s t i n g  

E s s e n t i a l l y  n o  e l e c t r i c a l  e f f e c t s  of - ,bi;er - c y c l e  s t r e s s  were obse rved .  For exam- 
p l e ,  2 t  t h e  f i n a l  down-time (25,000 c y c l e s )  it 
L - ~ s  found t h a t  Pm had  d e c r e a s e d  a p p r o x i m a t e l y  

. . 
2:& fcr c e l l  t v p e s  A and E ,  and i n c r e a s e d  ap- 
p c x l z a t e l y  22  f o r  c e l l  t y p e s  B and C .  C l e a r -  
l y  none of t h e  c e l l  t y p e s  were  e l e c t r i c a l l y  
s f ~ s i t i v e  t o  r e p e a t e d  s h a l l o w  ( 5 ' - 1 0 ' ~ )  t h e r -  
cel c y c l e s .  

S t r e s s  T e s t  E f f e c t s  on 
C o n ~ a c t  l n t s g r l t y  

R e s u l t s  of  measurement of t h e  c o n t a c t  
i n t e g r i t y  of s t r e s s  t e s t e d  s o l a r  c e l l s  a r e  
g iven  i n  T a b l e  8.  The d a t a  of t h i s  t a b l e  were 
c b t a i z e d  by d e s t r u c t i v e l y  p u l l i n g  t h e  t a b  
a t t a c h e d  by t h e  c e l l  m a n u f a c t u r e r .  S i m i l a r  

T ~ b l e  8.  C o n t a c t  I n t e g r i t y  E f f e c t s  of  
S t r e s s  T e s t s  
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r e s u l t s  were o b t a i n e d  by d e s t r u c t i v e l y  p u l l i n g  
2 2  wide Cu r i b b o n  s o l d e r e d  t o  t h e  c e l l  a f t e r  
s t r e s s  t e s t i n g .  A t t empts  t o  u s e  2mm wide Cu 
r i b b o n  a t t a c h e d  by epoxy a s  a  t e s t  l e z d  were 
: c :  s u c c e s s f u l .  The c e l l s  used  i n  t h e  c o n t a c t  
l n t e z r i t y  measurements were removed from t h e  
s t r e s s  t e s t  l o t s  a t  t h e  f i r s t  down-time e x c e p t  
f o r  t h e  th?r::,al c y c l e  s t r e s s  t e s t  u n l t s .  

POWER CYCLE 

CONTROLS 

These u n i t s  were removed a f t e r  t h e  t h i r d  10- 
c y c l e  s t e p  of  t h e  s t e p  s t r e s s  s c h e d c l e .  Quan- 
t i t i e s  of u n i t s  s u b j e c t e d  t o  t h i s  r n e a s u r e ~ e n t  
r anged  between seven  and t e n  u n i t s  pe r  c e i l  
t y p e  p e r  s t r e s s  t e s t .  I n  a d d i t i o n ,  25 c o z t r o l  
u n ~ t s  p e r  t y p e  which had  n o t  been s t r e s s  t e s t -  
ed  were used  t o  s e t  t h e  base  l i n e  f o r  conpar i -  
son of s t r e s s  t e s t e d  u n i t s .  

1.0 1.0 0 . 8  1.0 

1.0 - 

C o n s i d e r i n g  t h e  d a t a  shown i n  Tab le  8 and 
o t h e r  d a t a  o b t a l n e d  i n  t h e  c o u r s e  of t h e  meas- 
u remen t s ,  i t  i s  c l e a r  t h a t  bo th  BT and ETH 
p r e s s u r e  cooker  s tress g e n e r a l l y  had s t r o n g  
d e l e t e r i o u s  e f f e c t s  on c o n t a c t  adhe rence ,  and 
t h a t  power c y c l e  stress had e s s e n t i a l l y  n o  
e f f e c t .  Of p a r t i c u l a r  i n t e r e s t  i s  t h e  degra-  
d a t i o n  shown f o r  t h e  p r e s s u r e  c o o k e r - s t r e s s e d  
u n i t s ,  and t h e  l a c k  of d e g r a d a t i o n  shown by 
t h e  8 S ° C / 8 5 %  R.H. - s t r e s sed  c e l l s  f o r  t y p e s  A 
and C c e l l s .  T h i s  d e g r a d a t i o n  ( o r  l a c k  t h e r e -  
o f )  was r e p e a t e d  i n  t h e  measurements made 
u s i n g  s e p a r a t e  Cu r i b b o n  t e s t  l e a d s .  The 
c a u s e  of  t h e  d e g r a d a t i o n  i n  t h e  one c a s e ,  and 
l a c k  of d e g r a d a t i o n  i n  t h e  o t h e r  c a s e ,  1s 
under  s t u d y .  

Conc 1usior .s  

The u s e f u l n e s s  of an a c c e l e r a t e d  s t r e s s  
t e s t  program i n  d i s c r i m i n a t i n g  between c e l l  
t y p e s  snd t e c h n o l o g i e s  h a s  been demons t ra t ed .  
T h i s  d i s c r i m i n a t i o n  c o u l d  be  observed on t h e  
b a s i s  of Pm d e g r a d a t i o n ,  v i s u a l  o b s e r v a t i o n ,  
and m e t a l i z a t i o n  a d h e r e n c e  d e g r a d a t i o n .  Ac- 
c e l e r a t e d  t e s t i n g  of  u n e n c a p s u l a t e d  c e l l s  
shou ld  be  a  u s e f u l  t e c h n i q u e  of r a n k - o r d e r i n g  
c e l l  t y p e s  w i t h  r e s p e c t  t o  t h e i r  p o t e n t i a l  
f i e l d  r e l i a b i l i t y .  K%en a p p l i e d  s j7s :mat lca l -  
l y  t o  p r o d u c t i o n  run  samples  t h e  ~ ~ e t h o d  shou ld  
be u s a b l e  a s  a  q u a l i t y  c o n t r o l  moni tor  and 
s h o u l d  be  a  key e l e m e n t  i n  i d e n t i f y i n g  prob- 
lems w i t h  r e l i a b i l i t y  i m p l i c a t i o n s .  Acce le r -  
a t e d  s t r e s s  t e s t i n g  i s  a  must f o r  t i m e l y  pe r -  
formance of  t h e s e  r e l i a b i l i t y  a s s u r a n c e  func- 
t i o n s .  

F i g u r e s  13 and 14 summarize t h e  r e l a t i v e  
e f f e c t s  of t h e  v a r i o u s  s t r e s s  t e s t s  on Pm 

and c o n t a c t  integrity f o r  t h e  f o u r  c e l l  t y p e s  
i n v e s t i g a t e d .  I n  t h e s e  f i g u r e s ,  t h e  d a r k e s t  
s q u a r e s  s i g n i f y  a  d e g r a d a t i o n  which was p rc -  
g r e s s i v e  w l t h  s t r e s s  :est  d u r a t i o n ,  and s i g -  
n i f i c a n t l y  above t h e  n o l s e "  of  t h e  measure- 
ment t e c h n i q u e .  The l i g h t e s t  s q u a r e s  s i g n i f y  
n o  d i s c e r n a b l e  e f f e c t  a f t e r  s t r e s s i n g .  
"Medium" s q u a r e s  d e n o t e  c a s e s  between t h e  two 
e x t r e m e s .  Obv ious ly  s u b j e c t i v e  judgement was 
used  i n  f o r m u l a t i n g  t h e  f i g u r e s .  

It can  b e  s e e n  f r o m  an examina t ion  of t h e  
columns i n  t h e s e  f i g u r e s  t h a t  t y p e  A c e l l s  
show a p p r e c i a b l e  d e g r a d a t i o n  on b e i n g  su3 j e c t -  
ed t o  a c c e l e r a t e d  s t r e s s  t e s t i n g ,  t y p e  B c e l l s  
show v e r y  l i t t l e  d e g r a d a t i o n ,  and t y p e  C and E 
c e l l s  l i e  be tween t h e s e  ex t remes :  h%i le  t h e s e  
c o n c l u s i o n s  d e m o n s t r a t e  t h e  applicability and 
p o t e n t i a l  u s e f u l n e s s  of t h e  t e c h n i q u e ,  rhey 
shou ld  n o t  be  i n t e r p r e t e d  a t  t h i s  t i m e . e s  a  
q u a n t i t a t i v e  measure  of f i e l d  d e g r s d a t l o n  
r a t e s .  I t  is f e l t  t h a t  t h e  t e c h n i q u e  i s  cap- 
a b l e  of such  p r e d i c t i o n ,  b u t  c o n s i d e r a b l e  
a d d i t i o n a l  s t r e s s  t e s t i n g  and a n a l y s i s  of 
l a b o r a t o r y  and f i e l d  d e g r a d a t i o n  w i l l  be r e -  
q u i r e d  b e c o r e  c o n c l u s i v e  e v i d e n c e  can be 
demons t ra t ed .  
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- ' r l g u r e  13 ,  R e l a t i v e  E f f e c t s  of A c c e l e r a t e d  
S t r e s s  T e s t s  on Pm. 

RELATIVE STRESS TEST EFFECTIVENESS 
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THERMAL SH 

F i g u r e  14. R e l a t i v e  E f f e c t s  of A c c e l e r a t e d  
S t r e s s  T e s t s  on Contac t  
I n t e g r i t y .  

Fron an examinat ion of t h e  rows i n  
F i g u r e s  13 and 14 i t  can be seen  t h a t  t h e  
v z r i o u s  t e s t s  v a r y  i n  t h e i r  e f f e c t i v e n e s s .  
T k  power c y c l e  and 85°C /85% R,H. t e s t s  show 
1 ; - t l e  e f f e c t  r s g a r d l e s s  of t h e  c e l l  type and 
f i  c h i s  r eason  may be o n i t t e d  from f u t u r e  
t t s  t s c h e d u l e s .  P r e s s u r e  cooker and the rmal  
c y c l e  t e s t s  show c o n s i s t e n t  d e g r a d a t i o n  
e f f e c t s  i n  m o s t  c e l l  t y p e s ,  w h i l e  BT t e s t i n g  
s t r o n g l y  a f f e c t s  on?y one t y p e  of c o n s t r c c t l o n .  

Because s o l a r  c e l l s  a r e  s o  l a r g e  ( l a r g e r  
than any o t h e r  semiconductor  d e v i c e )  they  
could be expec ted  t o  have t h e r n a l  e spans ion  
problems a s  i n d i c a t e d  by F i g u r e s  13 and 14. 
However, q u a n t i f i c a t i o n  of t h e s e  problems i s  
more d i f f i c u l t  than i n  o t h e r  t e s t s .  C e l l s  
which v i s u a l l y  appear  t o  have  " c a t a s t r o p h i c a l -  
l y "  f a i l e d  by c r a c k i n g  may c o n t i n u e  t c  show 
nominal power o u t p u t ,  y e t  i n  r e a l i t y  n u s t  be 
cons ide red  i n c i p i e n t  f a i l u r e s  . Cracks can be 
d e t e c t e d ,  b u t  b e f o r e  c o n s i s t e n t  power degrada- 
t i o n  occurs  a second s t r e s s ,  such a s  BTH o r  
v i b r a t i o n ,  must be  a p p l i e d .  

With one e x c e p t i o n ,  the observed Pm deg- 

r a d a t i o n  cou ld  be  d i r e c t l y  r e l a t e d  t o  f a i l u r e  
of t h e  c e l l  m e t a l i z a t i o n  sys tem,  ~ . e . ,  n o  
u n e x p l a i n a b l e  second o r d e r  e f f e c t s  were ob- 
se rved .  That  one e x c e p t i o n  was t h e  d i s s o l u -  
t i o n  of t h e  a n t i r e f l e c t i v e  c o a t i n g  from t h e  
C c e l l s  under  p r e s s u r e  cooker  c o n d i t i o n s .  
Thus t h e  i n i t i a l  r e a s o n i n g  beh ind  t h e  d e s i g n  
of t h e  t e s t s  was v i n d i c a t e d .  
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