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ABSTRACT 

Three non-electrochemical, mo is ture induced a-Si module degrada- 
t i o n  modes have been observed and t h e i r  mechanisms studied: (1) t h e  
format ion and growth o f  p inholes i n  t h e  t h i n - f i l m  layers; ( 2 )  t h e  
d i r e c t i o n a l  i n t e r f u s i o n  o f  p inholes along process s c r i b e  l i n e s  t o  
form meta l l i za t i on - f ree  regions t h a t  tend t o  open-c i rcu i t  t h e  module; 
and ( 3 )  w o r m l i k e  f i l i f o r m  cor ros ion  i n  t h e  aluminum layer .  The 
dependency on time-of-exposure t o  mois t  environments of t h e  amount o f  
mater ia l  e ros ion  i n  t h e  module i n t e r c e l l  zone has been q u a n t i f i e d  by 
two methods--directly by EDS analysis, and i n d i r e c t l y  by sheet re- 
s i s t i v i t y  measurements on f u l l y  aluminized back sur face modules. 
I n  addi t ion,  changes i n  maximum power output, se r ies  resistance, and 
open c i r c u i t  vo l tage have been documented. Consequences f o r  f i e lded  
modules are  discussed. 

INTRODUCTION 

A much-studied and by now well-known amorphous-silicon module 
i n s t a b i l  i t y  f a c t o r  i s  t h e  StaeblerWronsk i effect1. Macroscopical ly,  
t h e  e f f e c t  mani fests as a l oss  o f  e f f i c i e n c y  due t o  fill f a c t o r  
decay. The e f f e c t  i s  r e v e r s i b l e  i n  t h a t  annea i n g  w i l l  r e s t o r e  
module e f f i c i e n c y  t o  near l y  i t s  o r i g i n a l  va lu  f . 

An equa l ly  we1 1-known module re1 i a b i l  i t y  problem i s  corrosion; 
it manifes s as l o s s  of power output  and increase o f  se r ies  3 4 res is tance , . The types o f  cor ros ion  d i r e c t l y  a f f e c t i n g  t h e  
performance o f  amorphous-silicon (a-Si) and c r y s t a l l i n e - s i l i c o n  
(C-Sf) photovo l ta ic  devices inc lude electrochemical co r ros ion  and 
ga lvan ic  corros ion.  Electrochemical cor ros ion  r e s u l t s  from appl i ed  
vo l tage d i f f e r e n t i a l s  between d i f f e r e n t  module p a r t s  (e.g.? c e l l  and 
frame i n  C-Si modules), wh i l e  ga lvan ic  cor ros ion  r e s u l t s  from 
se l  f-generated p o t e n t i  a1 d i f fe rences between contac t ing  conductors 
(as, fo r  instance, between t h e  back-cel l  m e t a l l i z a t i o n  and t h e  
t ransparent  conduct ive ox ide (TCO) l a y e r  i n  adjacent c e l l s  o f  a-Si 
modules). 

Electrochemical cor ros ion  i n  both C-Si and a-Si modules has been 
we1 1 documentedss6. Galvanic co r ros ion  i s  l e s s  we1 1 understood. It 
r e s u l t s  from d i r e c t  contac t  between conduct ive pa r t s  o f  a module; 
hence it i s  n o t  d r i ven  by l ight-generated p o t e n t i a l s  and may occur 
day o r  n ight .  The major concern i s  t h a t  cor ros ion  may open-c i rcu i t  
t h e  a-Si module. Th is  i s  most l i k e l y  t o  r e s u l t  from l o s s  o f  t h e  
conduct ive ox ide l a y e r  and/or t h e  contac t  m e t a l l i z a t i o n  i n  t h e  
" p a r a s i t i c  c e l l t f  reg ion between two adjacent a c t i v e  c e l l s ,  Fig. 1. 
O f  p a r t i c u l a r  concern are  an t i c ipa ted  losses o f  conduct ive ox ide i n  
regions BI C and D, and o f  back-surface m e t a l l i z a t i o n  i n  regions D, E 
and F. Some module manufacturers use a conduct ive f i l l e r ?  such as 
s i l v e r  paste, i n  reg ion D t o  enhance i n t e r c e l l  conduct iv i ty ;  t h i s  
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p r a c t i c e  adds an add i t i ona l  ga lvan ic  couple t o  which t h e  above 
concern extends. 

@LASS SUPERSTRATE I 
PARASITIC ACTIVE '/+ I CELL CELL 1 I 

F ig.  1. Series-Connected Thin-Film C e l l s  

A tendency toward open-ci r c u i t i n g  w i  11 cause increases i n  
contac t  res is tance between t h e  

+ci&$$J+@ 
conduct ive ox ide and t h e  r e a r  
sur face metal 1 i za t i on .  I f  t h i s  
res is tance (Rc i n  F ig.  2) should 

SH become t o o  la rger  t h e  diode charac- 
I t e r i s t i c  o f  t h e  p a r a s i t i c  c e l l  w i l l  

+ACTIVE CELL +AFU&TIC _.( @ evidence i t s e l f  as an upward 
curvature  i n  t h e  a c t i v e  c e l l ' s  
fourth-quadrant I - V  c h a r a c t e r i s t i c r  

Fig. 2. Equivalent  C i r c u i t  a reduct ion of Vmr and l o s s  o f  
maxim m power output  as a r e s u l t  o f  Y t h e  forward drop o f  t h e  p a r a s i t i c  diode . 

A l oss  o f  contac t  m e t a l l i z a t i o n  has indeed been observed both 
f o r  unencapsulated and EVA-encapsulated modulesr and t h e  losses are  
i n  f a c t  most pronounced i n  t h e  contac t  s c r i b e  zone ( reg ion Dr F ig.  
1). The r e l a t i v e l y  l a r g e r  losses t h a t  occur i n  t h i s  region are  
a t t r i b u t a b l e  t o  h igh  mechanical s t resses induced i n  t h e  metal 1 i z a t i o n  
a t  t h e  sharp corners formed i n  t h e  l a s e r  s c r i b i n g  o f  t h e  a-Si layer .  
Other observed degradation pat te rns  inc lude extensive p inho le  forma- 
t i o n  i n  t h e  aluminum l a y e r  and i n  t h e  combined aluminum and a-Si 
l a y e r s  (and perhaps even t h e  conduct ive ox ide l a y e r ) #  and f i l i f o r m  
co r ros ion  i n  t h e  aluminum layer .  The study o f  these degradation 
processes and t h e i r  consequences f o r  a-Si module performancer a r e  
described i n  t h e  remainder o f  t h i s  paper. 

EXPERIMENTAL APPROACH 

Four separate but  re la ted  experiments were undertaken t o  
ascer ta in  t h e  non-electrochemical cor ros ion  aspects o f  a-Si modules. 
I n  t h e  f i r s t  experimentr a number o f  unencapsulated a-Si modules was 
exposed f o r  v a r i a b l e  i n t e r v a l s  t o  c o n t r o l  l e d  8 5 ° ~ / 1 0 0 % ~ h  chamber 
cond i t i ons  over an extended per iod  o f  t ime. P r i o r  t o  exposure, and 
a f t e r  each exposure i n t e r v a l r  these samples were removed from t h e  
oven and dark I - V  cu rve -da ta  were acquired. From these datar 
progressive se r ies  res is tance values were obtained. I n  add i t i on r  
photomicrographs o f  t h e  i n t e r c e l l  regions o f  s e l e c t  samples were 
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obtained us ing a scanning e l e c t r o n  microscope (SEMI* and atomic 
concentrat ion p r o f i l e s  o f  t h e  i n t e r c e l l  region were obtained us ing 
energy d ispers ive  X-ray (EDS) techniques. Opt ica l  photographs o f  t h e  
i n t e r c e l l  reg i on  were a1 so obtained. 

The exposure t imes and experimental measurement techniques 
employed on t h e  second batch of a-Si modules were s i m i l a r  t o  those 
used on t h e  f i r s t ,  w i t h  t h e  exception t h a t  l i g h t  I - V  curve data 
ra the r  than dark I - V  curve data were obtained. 

The experimental approach employed f o r  t h e  t h i r d  batch o f  
samples was as f o r  t h e  f i r s t  batch except t h a t  dur ing exposure t h e  
samples i n  t h e  t h i r d  batch were forward vo l tage ( reverse c u r r e n t )  
biased a t  3 /4-vo l t  d i f f e r e n t i a l  per  c e l l  , approximately equ iva lent  t o  
t h a t  experienced dur ing  exposure t o  1 i gh t .  It i s  known8 t h a t  forward 
b i a s  cond i t ions  s t r e s s  t h e  a-Si i n  a manner equ iva lent  t o  l i g h t  
exposure. Th is  phase o f  t h e  experiment, then8 focussed on d i f f e r  
e n t i a t i n g  ga lvan ic  and o the r  corros ions from t h e  l i g h t  induced 
StaeblerWronsk i e f f e c t .  

A f o u r t h  s e t  o f  samples featured a-Si modules encapsulated i n  
t h e  polymer e thy lene v i n y l  acetate (EVA) and then subjected t o  an 
exposure and I - V  curve acquisition program s i m i l a r  t o  t h a t  f o r  Batch 
1 and 2 samples. 

When i n  t h e  course o f  i n t e r p r e t i n g  t h e  data it became c l e a r  t h a t  
l oss  o f  back sur face ( A l l  m e t a l l i z a t i o n  was a major degradation mode* 
a f i f t h  batch o f  samples was subjected t o  both 8 5 O ~ / 8 5 % ~ ~  and 
85°~ /100%~h environments. The samples i n  t h i s  batch consisted o f  
t h i n - f i l m  modules fea tu r ing  f u l l y  me ta l l i zed  back sur faces (no break 
i n  t h e  aluminum l a y e r ) .  A f te r  successive exposures# t h e  sheet 
res is tance of t h e  aluminum l a y e r  was measured8 using a K e l v i n  
( fou r -po in t )  probe apparatus* t o  detec t  expected increases i n  sur face 
r e s i s t i v i t y  values. 

Batch i d e n t i f i c a t i o n  and p e r t i n e n t  sample and measurement 
cha rac te r i za t i on  i s  provided i n  Table 1. 

SAMPLE 
BATCH 

1 
2 
3 
4 
5 

ENVIRONMENT MODULE CHARACTERIZATION DATA 
( OC/%RH 

85/ 100 U D*X*P 
85/100 U L ,P 
85/ 100 U p  FB DIP 
85/100 E LIDIP 
85/85 MI EI U R,P 
85/100 

U = unemcapsulated D = dark I - V  
E = encapsulated L = l i g h t  I - V  

FB = forward b ias  X = EDS 
M = f u l l  back metal 1 i z a t i o n  P = photos 

R = A1 sheet r e s i s t i v i t y  

Table 1. Experimental Parameters 

The r a t i o n a l e  o f  t h i s  experimental approach i s  t h a t  each sample 
be exposed t o  as l i t t l e  l i g h t  as poss ib le  so as t o  a l low an unequi- 
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vocal d i f f e r e n t i a t i o n  o f  1 ight- induced i n s t a b i l  i t y  e f f e c t s  from 
cor ros ion  degradation. Unfor tunate ly ,  some exposure t o  l i g h t  was 
necessary* p a r t i c u l a r l y  dur ing  photography and 1 i g h t  I - V  curve data 
a c q u i s i t i o n  sessions. Exposure dur ing  photography, al though 
r e l a t i v e l y  intense, was general 1 y 1 ocal ized and was never f o r  more 
than a few minutes. LAPSS exposure dur ing I - V  curve data a c q u i s i t i o n  
was a t  a l e v e l  o f  one sun f o r  a per iod  o f  no more than a few 
mi l l i seconds and i s  n o t  considered t o  be detr imental .  

EXPERIMENTAL RESULTS AND DISCUSSION 

The ' r a p i d  d e t e r i o r a t i o n  o f  a-Si module I - V  c h a r a c t e r i s t i c s  
r e s u l t i n g  from exposure t o  moist  environments has been previous1 y 
demonstratedsp8 and reconf  i rned i n  these experiments. The most 
s t r i k i n g  observat ion i s  t h e  very v i s u a l l y  obvious l o s s  o f  ma te r ia l  
from t h e  aluminum and a-Si l aye rs  of t h e  exposed modules. Such 
mater ia l  losses mani fest  i n  th ree  forms: (1) as p inholes i n  e i t h e r  
t h e  aluminum l a y e r  o r  i n  t h e  aluminum and a-Si l aye rs  ( o r  perhaps 
even i n  a l l  l aye rs )  t h a t  form and enlarge i n  t ime* Fig.  3; (2) as 
cont inuous regional  losses t h a t  can occur anywhere bu t  a re  apparent ly 
more l i k e l y  t o  occur along t h e  sc r ibe*  etch, and mask l i nes ,  Fig. 4; 
and ( 3 )  as wormy 1 ines o f  aluminum loss  t h a t  we c a l l  f il i f o r m  
cor ros ions  Fig. 5. 

Pinholes (F ig.  3 )  form i n  t h e  manner o f  b l  i s te rs ,  most 1 i k e l y  a t  
s i t e s  o f  l o c a l i z e d  
contaminat ion on, 
o r  defects w i t h i n *  
t h e  t h i n - f  il m 
layers.  Moisture 
penetrates t h e  
l aye rs  and c h e w  
i c a l  1 y reac ts  a t  
such s i t e s  t o  
weaken o r  destroy 
t h e  i n t e r 1  aver - - -4  

bonds. Surface 
191 h rs  1913 h r s  tens  ion  st ress-  

re1 ieves t h e  
Fig. 3. Formation and Enlargement of Pinholes* u p l i f t e d  mater- 

8Soc/l00% RH mater ia l  and opens 
t h e  b l i s t e r  t o  

form t h e  pinhole. Continued exposure expands t h e  per iphery o f  t h e  
p inho le  by processes o f  c o n t i  nual bond breaking and s t r e s s  re1 i e f  . 

Mate r ia l  losses i n  t h e  i n t e r c e l l  reg ion (Fig. 4)  occur i n  a 
s i m i l a r  fashion. But here p inholes tend t o  form, aggregate, and in -  
t e r f u s e  along t h e  sharp edges o f  t h e  var ious sc r ibe*  e tch*  and/or 
mask l i n e s .  These zones i n  t h e  t h i n - f i l m  laye rs  are  h i g h l y  pre- 
stressed by t h e  var ious forming processes and provide a d i r e c t i o n a l  
b ias  along which mater ia l  losses occur. This form o f  ma te r ia l  
degradation i s  most detr imental  t o  a-Si module performance as it 
r e s u l t s  i n  a tendency t o  open-c i rcu i t  t h e  module. This phenomenon i s  
c l e a r l y  ev ident  n o t  on l y  i n  F ig.  4 b u t  a lso  i n  Fig. 3, wherein 
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aluminum back-surface m e t a l l i z a t i o n  l oss  along t h e  copper bussbar 
edges have open-circuited t h e  module. 

Un l ike  t h e  h i g h l y  d i r e c t i o n a l  sc r ibe  l i n e  cor ros ion  described 
above, f i l i f o r m  co r ros ion  (Fig.  5) 
proceeds i n  more random d i r e c t i o n s  
w i t h i n  t h e  aluminum layer .  F i l i -  
form cor ros ion  combines t h e  
elements o f  p inho le  formation and 
s t ress  co r ros ion  cracking: hydro- 
chemical e f f e c t s  weaken t h e  bond o f  
t h e  aluminum l a y e r  t o  i t s  sub- 
s t ra te ,  and stress-re1 iev ing  i n  t h e  
weakened a1 uminum bond 1 ayer d r i ves  
t h e  c rack ing process. The crack 
f r o n t  opens perpend i c u l  a r l  y t o  *he 
d i r e c t i o n  o f  t h e  normal plane 
stresses ac t i ng  upon it, but  t h e  

Fig. 4. Ma te r ia l  Losses i n  
t h e  I n t e r c e l l  Region 

d i r e c t i o n  o f  ckack propagation i s  
a1 ong 1 i nes o f  maxi mum shear 
stresses, which makes a 45O angle 

w i t h  t h e  d i r e c t i o n  o f  maximum t e n s i l e  stresses. Th is  i s  why t h i s  
t ype  o f  co r ros ion  tends  t o  occur i n  s p i r a l  pa t  erns5. 

F i l  i f o r m  corrosion, which requ i res  oxygenb, occurs i n  t h e  
aluminum layer ,  w i t h  which atmospheric oxygen in te rac ts .  The 
phenomenon i s  n o t  observed i n  a-Si because t h e  oxygen molecule, even 
i f  it can penetrate t h e  aluminum laye r  and any under ly ing  d i f f u s i o n  
b a r r i e r ,  i s  re1 a t i v e l  y non-react ive w i t h  a-Si--even i n  t h e  presence 
o f  moisture. 

Ma te r ia l  losses i n  t h e  i n t e r c e l l  zone o f  a-Si modules has been 
q u a n t i f i e d  by means o f  EDS 
analys is .  EDS p r o f i l e s  were 
monitored t o  seek evidence f o r  
species concent ra t ion  changes 
(chemical react ions,  mater ia l  
erosion, etc. 1. The bar  graphs i n  
F ig.  6 ,  showing changes w i t h  t ime 
o f  exposure o f  f r a c t i o n a l  elemental 
concentrat ions i n  t h e  regions D, E, 
and F (Fig.  1) i n  t h e  i n t e r c e l l  
zone o f  a t y p i c a l  module substan- 
t i a t e  t h e  v i sua l  observat ion o f  
aluminum losses i n  a region 
c r i t i c a l  t o  module performance. 

Fig. 5. Stress Corrosion Loss o f  conduct ive ox ide i n  region 
Cracking "Bn w i l l  a l s o  c r i t i c a l l y  impact 

module performance, b u t  on1 y a-Si 
losses were observed i n  t h i s  region. 

R e s i s t i v i t y  increases w i t h  l o s s  o f  m e t a l l i z a t i o n  have been 
q u a n t i f i e d  by f o u r p o i n t  probe res is tance measurements on 5-cm.-wide 
s t r i p s  c u t  from f u l l y  aluminized back sur face modules. These modules 
suf fered extensive progressive l oss  o f  aluminum over l a rge  p o r t i o n s  
o f  t h e i r  back surfaces (Fig. 71, perhaps by t h e  format ion and f l a k i n g  
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o f  oxide powder? but  t he  r e s i s t i v i t y  measurements were confined t o  
regions where such losses had no t  yet  occurred. The intent.was t o  

HOURS AT 8S°C1 100URH 
quanti f y  aluminum 
l oss  r a t e  i n  the  
i n t e r c e l l  zones by 
monitoring sheet 
r e s i s t i v i t y  
increases. A p l o t  
o f  r e s i s t i v i t y  
versus exposure 
time (Fig. 8) re- 
veals t h a t  encap- 
su la t ion  does not  
e f f e c t i v e l y  pre- 
vent aluminum 
micro-losses i n  

'REGION IN INTERCELL ZONE t he  i n t e r c e l l  
zone, t o  which 

Fig. 6. Elemental Concentration i n  I n t e r c e l l  measured r e s i s t i -  
Zone o f  a-Si Module v i t y  increases 

are a t t r i bu ted .  
But the  photograph i n  Fig. 7 c l e a r l y  a t t es t s  t o  t he  ef fect iveness o f  
encapsulation i n  prevent1 ng gross regional mater ia l  1 osses. The 
speculat ion i s  t h a t  the  process scr ibe l i n e s  provide ready access t o  
t he  i n t e r c e l l  zone for  moisture enter ing t he  module a t  i t s  edges. 
Addi t ional  features o f  the  data (Fig. 8 )  include a d i s t i n c t  response 
prof i le--an i n i t i a l  increase i n  r e s i s t i v i t y  fol lowed by a long p e r  
iod o f  constancy-and a c l ea r  d i f f e r e n t i a t i o n  of response t o  85% and 
100% humidity environments. 

A l a rge  quant i ty  o f  l i g h t  and dark I - V  curve numerical data were 
generated f o r  Batch 1  - 4 samples, inc lud ing ser ies  resistance, power 

output? and open 
c i r c u i t  voltage 
versus time. 
Observed t rends 
were as expected: 
f o r  unencapsulated 
modules, ser ies  
resistance va l  ues 
tended t o  increase 
and maximum power 
output tended t o  
decrease w i th  t ime 
o f  exposure by 
about a fac to r  o f  
2 i n  2000 hours o f  
exposure a t  

Fig. 7. Mater ia l  Loss from F u l l  y-Aluminized 8 S 0 ~ / 1 0 0 % ~ ~ ;  no 
Back-Surface Modules s i gn i  f i can t  

changes i n  these 
parameters were observed f o r  encapsulated modules undergoing the  same 
exposure. 
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CONCERNS AND CONCLUSIONS 

Open c i r c u i t  voltage d id  no t  change s i g n i f i c a n t l y  f o r  EVA- 
encapsulated modules. A 5910% reduct ion was observed a f t e r  2000 

hours o f  exposure f o r  unen- 

Moisture w i l l  enter  and degrade even we1 1-sealed glass-glass 
modules. A t  present no technique f o r  preventing t h i s  type of 
degradation, shor t  o f  hermetic sealing, i s  known. Low moisture 
absorbing/retaining encapsulants are recommended. 

Anneal ing a-Si modules p r i o r  t o  i n s t a l  l a t i o n  may stress-re1 ieve 
t he  aluminum i n  t he  c r i t i c a l l y  important i n t e r c e l l  tone and reduce 
t he  l i ke l i hood  o f  the  occurance o f  these types o f  erosion. 
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d i f fus ion  degradation mechanism suggested by Lathrop. 

It was v i s u a l l y  apparent t h a t  forward biased, unencapsulated 
modules suf fered a greater degree o f  corrosion than t h e i r  unbiased 
counterparts. For these modules, gathering c red ib l e  ser ies  
resistance data proved d i f f i c u l t .  Accessing the  ser ies resistance 
region o f  t he  I - V  cha rac te r i s t i c  required la rger  voltage and cur ren t  
l eve l s  wi th  each measurement. A t  t h e  higher voltage levels, the  
modules could no t  sustain the  required currents. Thus, quan t i ta t i ve  
d i f f e r e n t i  a t i on  of corrosion/erosion degradation and Staebl er-Wronsk i 
e f f e c t  was no t  achieved. 
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