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The Engineering Sciences Area of  t h e  Jet  P ropu l s ion  Laboratory (JPL) 
F l a t - P l a t e  S o l a r  Array P r o j e c t  i s  performing long term environmental  tests 
on pho tovo l t a i c  modules a t  Wyle Labora to r i e s  i n  H u n t s v i l l e ,  Alabama. Some 
modules have been exposed t o  85OC/85% RH and 4OoC/93% RH f o r  up t o  280 
days. Other modules undergoing temperature-only exposures  (<3% RH) a t  
8 5 O C  and 100°C have been t e s t e d  f o r  more than 180 days. A t  least two 
modules of each des ign  type a r e  exposed t o  each environment--one with,  and 
t h e  o t h e r  without a 100-mA forward b i a s .  

Degradation is both v i s u a l l y  observed and e l e c t r i c a l l y  monitored. 
V i s u a l  obse rva t ions  of changes i n  appearance are recorded a t  each in spec t ion  
t i m e .  S i g n i f i c a n t  v i s u a l  obse rva t ions  r e l a t i n g  t o  m e t a l l i z a t i o n  co r ros ion  
(and/or  metal l izat ion-induced c o r r o s i o n )  inc lude  d i s c o l o r a t i o n  (yellowing 
and browning) of g r i d  l i n e s ,  mig ra t ion  of g r i d  l i n e  material i n t o  t h e  
encapsu la t ion  (' 'blossoming"), t h e  appearance of rainbow-like d i f f r a c t i o n  
p a t t e r n s  on the g r i d  l i n e s ,  and brown s p o t s  on c o l l e c t o r s  and g r i d  l i n e s .  
A l l  of t h e s e  obse rva t ions  were recorded f o r  e l e c t r i c a l l y  b i a sed  modules i n  
the  280-day tests with humidity. 

I n  t h e  temperature-only t es t s ,  d i s c o l o r a t i o n  of g r i d  l i n e  t i p s  was 
noted i n  e l e c t r i c a l l y  biased modules. 
i n  both b i a sed  and unbiased modules. 

Grid l i n e  d i s c o l o r a t i o n  was observed 

The u at important  e l e c t r i c a l  obse rva t ions  are I-V cilrves taken a t  
each i n s p e c t i o n  per iod.  Changes i n  t h e  I - V  curve can r e v e a l  l o s s  of 
encapsu la t ion  t ransparency (reduced s h o r t - c i r c u i t  c u r r e n t ) ,  l o s s  of c e l l s  
(reduced open-c i r cu i t  v o l t a g e ) ,  j u n c t i o n  contaminat ion o r  s h o r t  c i r c u i t i n g  
(reduced shunt  r e s i s t a n c e ) ,  and con tac t  and m e t a l l i z a t i o n  co r ros ion  
( inc reased  series r e s i s t a n c e ) .  

Other  e l e c t r i c a l  parameters monitored included i n s u l a t i o n  r e s i s t a n c e  
(decreased s i g n i f i c a n t l y ) ,  d i s s i p a t i o n  o r  l o s s  f a c t o r  ( i n c r e a s e d  
s i g n i f i c a n t l y )  and cel ls- to-frame capac i t ance  ( g e n e r a l l y  una f fec t ed ) .  

I n  an at tempt  t o  quan t i fy  m e t a l l i z a t i o n  co r ros ion ,  power reduct ions 
r e s u l t i n g  from dec rease  of s h o r t - c i r u i t  c u r r e n t  (due t o  changes i n  t h e  
o p t i c a l  p r o p e r t i e ,  of t he  encapsulant!  were s u b t r d c t e d  from the  observed 
t o t a l  power r educ t ion  a f te r  f i r s t  c o r r e c t i n g  f o r  l o s s e s  due t o  cracked c e l l s  
and broken in t e rconnec t s .  The remaining power l o s s  was assumed t o  r e s u l t  
from i n c r e a s e s  i n  series r e s i s t a n c e ,  a parameter t aken  t o  be i n d i c a t i v e  of 
con tac t  ( m e t a l l i z a t i o n )  co r ros ion .  Power l o s s  ra te  (hP/At) d a t a  have been 
compiled f o r  t h e  va r ious  m e t a l l i z a t i o n  systems and t h e  i e l s t i v e  power l o s s  
r a t e  (AP/AR) was found t o  dec rease  l i n e a r l y  with time. 
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Simi la r  t es t s  are i n  progrees  a t  JPL us ing  850C/O% RH, i35OC/85% RH, 
a1.d 85OC/100% RH environments. 
m i g r a t i  a r e  as high as 55 v o l t s ,  colnparod with Wyle L a b o r a t o r i e s  d r i v i n g  
vo l t ages  of about 5 v o l t s  maximum. 

DrivLng v o l t a g e s  f o r  m e t a l l i z i . t i o n  

Following t h e  French, we  p l o t  t i m e  of o b s e r v a t i o n  c r  m e t a l l i z a t i o n  
mig ra t ion  ve r sus  t h e  combined v a r i a b l e s  t°C + % R l i  to  r e v e a l  t h e  e f f e c t  of 
vo l  t age acce l e  r a t ion. 

We specu ld te  about t h e  mechanism undcrlyiqg t h e  observed phemmena. 
P'mtographic evidence i n d i c a t e s  t h a t  the mig ra t ion  i s  along e l e c t r i c - f i e l d  
I Lies and i s  thus a form of i o n i c  t r a n s p o r t  d r i v e n  by p o t e n t i a l  d i f f e r e n c e s  
through the  encapsu la t ion  which, w i t h  t h e  abso rp t ion  of water, becomes an 
e l e c t r o l y t e .  The observed d i s c o l o r a t i o n  p e e l s  off  w i th  t h e  encapsulant-- i t  
i s  i n  the  encapsu lan t ,  not on the  cell--and is be l i eved  t o  b- due i n  p a r t  t o  
oxide-catal ized r e a c t i o n s  w i t h i n  t h e  encapsu la t ion ,  a c c e l e r a i e d  by e l eva ted  
temperature.  I n v e s t i g a t i o n  of t h e s e  phehomena con t inues .  

Important cenc lus ions  f r o n  t h i s  s tudy r e l a t i n g  t c  m e t a l l i z a t i o n  
co r ros ion  inc lud ing  tne followlng: 

( 1 )  Ni-solder m e t a l l i z a t i o n  i s  extremely s t a b l e  i n  t h e  sense t h a t ,  
un l ike  systems con ta in ing  s i l v e r ,  no mig ra t ion  has  been observed. 

( 2 )  For s i l v e r - p r i n t  m e t a ~ l i z a t i o n s ,  t h e  power l o s s  observed a f t e r  
100 hours  i n  an 85OC/85% RH tes t  chamber i s  e q u i v a l e n t  t o  
about 30 y e a r s  af real-time exposure a t  60OC/40% RH daytime 
cond i t ions .  
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Resistivity vs Temperature With Relative 
Humidity as Parameter 
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Insulation Resistance vs Time: EVA-Ag Paste 
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Resistivity vs Relative Humidity 
With Temperature as Parameter 
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lnsufation Resistance vs Time: RTV-Ag Paste 

104 

123 

- 

- 

0 0 VOLTS 
0 30 VOLTS 
a60 VOLTS - - - 85'CI98% RH - 85'CiZSW RH 

I 1 1 
500 1000 i 500 zoo0 

TIME, h 

100 
0 

143 



Insulation Resistance vs Time: PVB-Ag Paste 
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Observations on Corrosion of Unencapsulated 
Ag-Metallization Cells in Aqueous Electrolytes 

0.1 Molar HCI, 0.5 h 
Ag dissolution proportional to voltage 

AR coat attacked at 9.0 V 
Ag-Ag+ + e- 

magnitude 

* Dissolution of back-surface 
metallization proportional to applied 
voltage 

No observed metallization corrosion 
Evolution of gas bubbles 

H+ + e-- H H2(9) 
H20 + KO2 + 2e--20H- 

Metallization-silicon bond undermined 

~ ~~ ~ 

No observed corrosion 

~ ~~~ ~~~ 

C.! Molar NAOH, 0.5 h 
Ag dissolution proportional to voltage 

Evulution of gas bubbles 
Ag-Ag’ + e- 

4Ofl--02(g) + 2H20 + 4e- 

magnitude 

Same as above 

Severe attack on AR coat 
Metallization-silicon bond undermined 
Evolution of gas bubbles 

4e- + 4fl20-2fl2 + 40H- 

Si0 + 20H-dSiO9 + 2H9O + Ze- 

No observed corrosion 

No observed corrosion 
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Time to 25% Maximum Power Degradation vs Current Density 
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Summary: Failure Mechanisms- Causes and Effects 

Probable 
Mechanism 

Electrochemical electrode- 
electrolyte reactions 
between metallization and 
pottant 

Parameter 
Monitored 

Short-circuit 
current 

Parameter 
Variation 

Discoloration of 
encapsulation; reduced 
optical transmission 

- 

ConduAng paths 
between high-voltage 
cell and ground, 
electrical breakdown 

Diffusion of metallization 
into encapsulation 
resulting in metallization- 
encapsulant interactions 
catalyzed by high tempera- 
ture and bnoisture levels 

Absorption of moisture 

Diffusion of metallization 
fram cell to cell or from 
cell to frame 

----- 
Insulation resistance 
and capacitance 

Discharge inception 
voltage 
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