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ABSTRACT 

This paper reports on mechanisms by which moisture 
enters photovoltaic modules and on techniques for 
reducing such interactions. Results from a study 
of the effectiveness of various module sealants are 
reported. Techniques of measuring the rate and 
quantity of moisture ingress are discussed. It is. 
shown that scribe lines and porous frit bridging 
conductors provide preferenti a1 paths for moisture . 
ingress and that moisture diffusion by surface/in- 
terfacial paths is a considerably more rapid pro- 
cess than by bulk paths, which imp1 ies that thin- 
film substrate and superstrate modules are much 
more vulnerable to moist environments than are 
bulk-encapsulated crystalline-silicon modules. 
Design approaches to reduce moisture entry are 
discussed. 

INTRODUCTION 

In this paper we report the findings of ongoing 
investigations of the interaction of moisture with 
photovol taic (PV) devices, and thin-fi lm amorphous- 
silicon (a-Si) modules in particular. Preliminary 
test data obtained from field-degraded gl ass/gl ass 
modules suggest a high moisture content level in 
the module interior. This is not unlike reported 
moisture problems within hermetically sealed micro- 
circuits [1,2]. The interior moisture may result 
from exterior moisture diffusing along material 
interfaces and through the encapsulation or, less 
1 ikely, from the outgassing of water entrapped in 
the encapsul ant during 1 amination. We consider the 
problem of moisture ingress and diffusion into a 
module and subsequent moisture interaction with 
module components. We conclude with a discussion 
of design strategies to minimize the effects of 
moi sture on active thin-film PV elements. 

MOISTURE INGRESS 

Seal ant Studies 

For moisture to diffuse into the interior of a 
glass/glass module, it must first diffuse either 
through or under the edge sealant material. An 
ideal edge sealant material will have a very high 

bulk resistivity and will bond "water-tight" to the 
module and to the frame. Tests to determine the 
effectiveness of edge seals for the above applica- 
tion involve measurement of bulk and interfacial 
resistivities and of the propensity of moisture to 
permeate through or around the sealant. 

Certain polyurethane caulking compounds have been 
considered as sealants for field module repair. 
The measured bulk resistivities are reported in 
Table 1, together with those of the familiar poly- 
mers polyvinyl butyral (PVB) and ethylene vinyl 
acetate (EVA) [3].  

It would seem that none of the tested polyurethane 
compounds will be even as effective as PVB, re- 
garded as a relatively poor performer, in providing 
moisture protection to module circuitry. 

In another study of module sealants, Humidial 
cobaltous chloride relative humidity sensors were 
employed to give a semi-quantitative estimate of 
how much moisture actually reaches a volume sealed 
within a glass/glass sandwich, Fig. 1. Each sensor 
is a 9-square strip of blotter paper, each square 
being differently treated to respond (by turning 
color) to differing amounts of sorbed moisture. If 
the relative humidity is less than lo%, the entire 
strip is blue; if the relative humidity is loo%, 
the entire strip is pink. For intermediate rel- 
ative humidities, the strip is correspondingly 
partially blue and partially pink. 

Sensors in dried air were embedded in glass/glass 
coupons and edge-sealed with various seal ant com- 
pounds (epoxies, butyl s, and vinyl acetates). The 
18 samples were exposed to an 85°C/100%RH environ- 
ment for 300 hours. The indicated relative humidi- 
ties were read at 0, 100, 233, and 300 hours; 
values determined at 100 and 300 hours are shown in 
Fig. 2. Only two epoxy sealants, those labelled 
Moll and llpll, survived the test. 

MOISTURE DIFFUSION 

It is a general observation that thin-film 
gl ass/gl ass modules suffer moi sture-induced cor- 
rosion in high humidity environments. Ostensibly, 
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Fig. 1. Sealant Study Sample. wi th Embedded Humid- 
ial Cobal tous Chloride Humidity Sensor 

M~tarial Identification 

Fig. 2. Indicated RH-Values within the Interiors 
of Sealant Study Samples 

the glass/EVA/glass sandwich should provide excel- 
lent humidity resistance. However, chamber and 
field testing have heretofore indicated otherwise. 

In a module-level test to clarify the problem, a 
special a-Si glass/glass module was subjected to an 
85OC/85%RH environment for 2000 hours. As graph- 
ically demonstrated in Fig. 3, moisture ingress 
results in substantial corrosion that slowly moves 
inward with the advancing moisture diffusion front. 
Obviously, the edge cells corrode more quickly and 
extensively than the center cells--they are exposed 
to a greater concentration of moisture for a longer 
period of time. Only the extreme ends of the 
center cells are exposed to excessive moisture 
concentrations. 

In similar tests on two other glass/glass modules 
with leads attached to each cell, the resistance of 

Fig. 3. Moisture Ingress, Module "Picture 
Framing" 

each cell-to-cell interconnect was periodically 
measured. The data reveal that, after about 500 
hours of 8S°C/85%RH exposure, a1 1 the interconnect 
resistances increased by factors ranging from 3 to 
7, the higher values generally being associated 
with the edge cells. 

Moisture Diffusion in Gl ass/EVA/Gl ass Laminatex. 

Via what pathways does moisture enter PV modules? 
In crystalline-silicon (C-Si) modules, the cell 
string is completely surrounded by a polymer encap- 
sulating matrix such as EVA; thus to reach and 
react with the cell s, moisture must diffuse through 
the bulk of the encapsulant. In a-Si modules, the 
cells are monolithically deposited on a solid sub- 
strate, usually glass or stainless steel. Unless 
this cell -substrate 1 amina is completely surrounded 
by encapsulant prior to framing (which in present 
commercial module designs, for technical and eco- 
nomic considerations, it is not), there will be 
direct (surface and interfacial) paths from the en- 
vironment to the cells. 

Interfacial and Intercell Diffusion 

Just as grain boundaries provide preferential paths 
for electromigration in conductor metallization 
141, so it is expected that intercell zones--i.e., 
laser scribe lines through the transparent conduc- 
tive oxide (TCO) and a-Si thin-film layers, porous 
frit bridging conductors (if any), and the aluminum 
metal 1 ization etch regions, and even unintentional 
scratches--may provide opportune pathways for entry 
of moisture into a-Si PV modules. To study the 
relative rates of moisture penetration via inter- 
facial and intercell paths, two 15 cm x 15 cm 
laminated gl ass/EVA/glass samples were fabricated, 
each featuring two para1 1 el vapor-deposi ted 
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a1 uminum s t r i p e s  serv ing as an e lec t rode system. 
The samples d i f f e r e d  o n l y  i n  t h a t  one bore an edge- 
to-edge scra tch running between and p a r a l l e l  t o  the 
electrodes ( t o  model an i n t e r c e l l  pa th) .  Thus by 
exposing both  o f  these samples t o  t h e  same humid 
( o r  1 i q u i d )  environment and by moni tor ing  sample 
cur rent  h i  s to r i es ,  we cou ld  observe d i f f e rences  i n  
response o f  t h e  two samples t o  t h e  imposed env i ron-  
ment and thereby make conclusions about t he  r e l a -  
t i v e  r a t e s  o f  mois ture  d i f f u s i o n  along i n t e r f a c i a l  
and i n t e r c e l l  paths. The samples were f i r s t  ex- 
posed t o  an 85OC/85%RH environment f o r  175 hours 
and then t h e i r  edges were dipped i n  81°C water f o r  
an add i t i ona l  100 hours. The data (moni t o red  
i n te re lec t rode  cu r ren t  h i s t o r i e s )  f o r  t h e  two 
samples were s i m i l a r - - i n  both samples t h e  cu r ren t  
l e v e l s  were approximately t h e  same and increased by 
a f a c t o r  o f  two du r ing  the  175-hr 85OC/85%RH ex- 
posure. A f t e r  p a r t i a l  submersion i n  81°C water, a 
greater  (but  n o t  s i g n i f i c a n t )  divergence i n  cu r ren t  
l e v e l  was noted between t h e  samples, w i t h  the  
scratched sample e x h i b i t i n g  t h e  h igher  cu r ren t  
l eve l s .  A l l  - i n - a l l  , however, t he  r e s u l t s  suggest 
t h a t  t h e r e  may be 1 i t t l e  d i f f e r e n c e  i n  mois ture  
ingress r a t e s  between i n t e r f a c i a l  and i n t e r c e l l  
pathways. 

Another means by which mois ture  may enter  a module 
i s  by "wicking" up t h e  porous b r i d g i n g  conductor, 
usua l l y  a paste o r  i n k  c o n s i s t i n g  o f  p a r t i c l e s  o f  
s i l v e r  and g lass  frit, together  w i t h  a b ind ing  
agent, which some manufacturers use t o  prov ide more 
i n t ima te  contac t  between t h e  f r o n t  TCO 1 ayer and 
the  back t h i n - f i l m  a1 uminum metal 1 i z a t i o n  1 ayer o f  
adjacent a-Si c e l l s .  Water en te r i ng  the  module 
edge soon contac ts  t h e  b r i d g i n g  conductor ma te r ia l ;  
i t  i s  hypothesized t h a t  t h e  porous nature  o f  t h e  
conductor a l lows mois ture  t o  wick along i t  (toward 
the center  o f  t he  module) v i a  c a p i l l a r y  ac t ion .  

To t e s t  t h i s  hypothesis non-encapsul ated manu- 
fac tu re r - supp l i ed  glass/TCO coupons w i t h  s i l v e r  
frit s t r i p e s  were p a r t i a l l y  submerged f o r  up t o  20 
hours i n  an organic dye penetrant  (ARDROX BIO PEN 
P6F4), a ma te r ia l  t h a t  f luoresces when i r r a d i a t e d  
w i t h  UV. Fluorescent ana lys i s  i nd i ca ted  t h a t ,  f o r  
t he  unencapsulated specimens, t h e  penetrant  entered 
and wicked up t h e  porous s i l v e r  frit mate r ia l  t o  a 
l e v e l  we l l  above t h a t  o f  t h e  dye i n  t h e  beaker, 
F ig .  4. Thus i t  has been es tab l ished t h a t  moisture 
which opportunely comes i n t o  contac t  w i t h  the  
s i l v e r  frit near o r  a t  t h e  module edge w i l l ,  p re-  
sumably by c a p i l l a r y  ac t ion ,  "wick up" t h e  s i l v e r  
frit s t i t c h  l i n e s  t o  t h e  module i n t e r i o r .  

A s i m i l a r  experiment on PVB-encapsul ated coupons o f  
t he  same type gave inconc lus ive  resu l t s - -pene t ran t  
entered and d i f f u s e d  upward (away from t h e  dye 
surface) w i t h i n  t h e  polymer and a l so  a t  t h e  po l y -  
mer/substrate i n t e r f a c e  and along t h e  s t i t c h  l i n e s ,  
but  t he  o p t i c a l  s c a t t e r  was t o o  g rea t  t o  c l e a r l y  
d i f f e r e n t i a t e  e f f e c t s .  

I n t e r f a c i a l  vs Bulk Paths 

Does mois ture  en te r  and d i f f u s e  i n t o  modules more 
r e a d i l y  v i a  i n t e r f a c i a l  and i n t e r c e l l  pathways, o r  
v i a  pathways through the  encapsulant bu l k?  We have 
attempted t o  d i r e c t l y  measure the  i n te r face  and 

Fig. 4. Dye Penetrant Wicking Up S i l v e r / F r i t  
B r idg ing  Conductor 

b u l k  mois ture  d i f f u s i o n  r a t e s  f o r  g l  ass/EVA/glass 
and g l  ass/EVA 1 aminates, respect ive1 y. 

Problems such as mois ture  e n t r y  along l ead  wires, 
d i f f i c u l t i e s  associated w i t h  t h e  f a b r i c a t i o n  and 
use o f  samples f e a t u r i n g  vapor deposi ted e lec t rode 
systems, and the  semi -quan t i t a t i ve  nature  o f  t he  
data obtained from t h e  use o f  humid i ty  sensors, 
have l ead  us t o  cons ider  t h e  use o f  an embedded 
micro-capac i tor  t o  moni tor  moisture content  w i t h i n  
an encapsulated coupon exposed t o  a humid 
environment. A Panametrics Mini-Mod-HT moisture 
sensor was mounted on a g lass  substrate,  Fig. 5. 

Fig.  5. Panametrics Micro-Capaci tor  Chip f o r  
Measuring Mois ture  Content. 

Aluminum lead  wi res  0.0025-cm i n  diameter e l e c t r i  - 
c a l l y  j o ined  t h e  sensor t o  aluminum s t r i p e s  vapor 
deposited on t h e  subst ra te .  Leads from these t o  a 
GenRad 1658 RLC D i g i  b r i dge  a1 1 owed measurement o f  
t he  ch ip  capacitance, which s t r o n g l y  va r ies  w i t h  
the  mois ture  content  i n  t he  chip,  a s p e c i a l l y  

3



deslgned Au/A12C3 capac i to r .  The device was then 
c a l i b r a t e d  a t  severz l  e q u i l i b r i u m  T/RH s e t  p o i n t s  
vary ing  from 2 2 ' ~  t o  90'~ and from O%RH t o  100%RH, 
y i e l d i n s  an equat ion r e l a t i n g  mois ture  content  
(PPMV) t o  measured capaci tance (nF): 

The q u a n t i t y  PPKV was determined as f o l l ows :  

where 

form glass/EVA laminate  f o r  b u l k  d i f f u s i o n  measure- 
ments, and g l  ass/EVA/gl ass 1 aminae f o r  i n t e r f a c i  a1 
d i f f u s i o n  measurements. One o f  t h e  l a t t e r  was 
placed i n  a 65OC/88"/.RH environment f o r  almost 2000 
hours. The c e n t r a l  l y  l o c a t e d  mois ture  sensor 
recorded t h a t  a f t e r  almost 2000 hours o f  exposure 
on l y  about 60% o f  t he  f i n a l  e q u i l i b r i u m  mois ture  
content  has been achieved. The edgewise mois ture  
ingress  and subsequent i n t e r f a c i  a1 d i f f u s i o n  o f  
mois ture  i s  a slow process. 

But how slow? Regarding t h e  mois ture  ingress  as a 
F i ck ian  d i f f u s i o n  process, bo th  rec tangu la r  and 
c y l i n d r i c a l  models i n d i c a t e  t h a t  t he  measured da ta  
f a l l  on the  a n a l y t i c a l  curve corresp n d i  g t o  a & E d i f f u s i o n  c o e f f i c i e n t  o f  D = 2 . 4 ~ 1 0 -  cm /sec, F ig .  
6. The b u l k  d i f f u s i o n  o f  mois ture  i n  EVA i s  

------ -- ANALYTICAL 
EXTRAPOLATION - MEASUREMENT DATA 

( ~ S ~ C I B S W R H )  

RH = r e l a t i v e  humidity, % 

TD, TW = dryr  wet bu lb  temperatures, 
respect  i ve l  yr OC 

p = water vapor pressure, cm Hg 

D PSAT = sa tura ted vapor pressure a t  TDr cm 
HS 

pzAT = sa tura ted vapor pressure a t  TWr cm 
Hg 

pA = atmospheric pressurer cm Hg 

W = absolute humidi ty 

PPMWI PPMy = p a r t s  per  m i l l i o n  by weight and by 
volume, respec t f ve l  y 

Sensors mounted on g lass  subst ra tes  and c a l i b r a t e d  
as discussed abover were then  vacuum laminated t o  

EXPOSURE TIME. HR 

Fig. 6. I n t e r f a c i a l  D i f f u s i o n  o f  Mois ture  i n  
G l  ass/EVA Laminates 

D = 1 . 5 ~ 1 0 - ~  cm2/sec [ 5 j .  Th is  i m p l i e s  t ha t ,  a l -  
though slow, ingress  and d i f f u s i o n  o f  mois ture  
alona a alass/EVA i n t e r f a c e  occurs 100 t imes more 
r a p i i l y  chan d i f f u s i o n  o f  mois ture  through t h e  b u l k  
o f  EVA. 

MOISTURE DAMAGE - DISCUSSION 

We have observed two fundamental types o f  mois ture  
damage i n  t h i n - f i l m  PV modules--mater ia l  delamina- 
t i o n s  and e lec t rochemica l  cor ros ion .  

Mater i  a1 Delaminat ion 

Water molecules, be ing p o l a r  i n  nature,  a re  gen- 
e r a l l y  q u i t e  e f f e c t i v e  i n  break ing i n t e r f a c i a l  
ma te r i a l  bonds v i a  e l e c t r o s t a t i c  fo rces .  Means of 
reducing moisture- induced delaminat ions i nc lude  (1) 
reducing t h e  number o f  water  molecules t h a t  reach 
ma te r i a l  i n te r faces ,  and ( 2 )  n e u t r a l i z i n g  the  
e f f e c t  o f  water  molecules t h a t  do reach t h e  i n t e r -  
faces. D ry ing  and hermet ic sea l i ng  i s  t h e  s t a t e -  
o f - t h e - a r t  technique f o r  min imiz ing  moisture,  
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although t h e  technique i s  n o t  completely e f f e c t i v e  
[1,2] and i s  very c o s t l y .  Complete encapsulat ion 
o f  the  PV elements w i l l  p rov ide on l y  bu l k  paths, 
thus reducing the  r a t e  o f  mois ture  ingress t o  t h e  
ac t i ve  PV elements. But encapsulation, complete o r  
otherwise, i s  on l y  p a r t i a l l y  e f f e c t i v e - - i t  w i l l  
r e t a r d  t h e  r a t e  o f  mois ture  ingress and reduce t h e  
number o f  water molecules t h a t  reach an i n te r face ,  
but  i t  w i l l  n o t  prevent eventual moisture-induced 
delaminat ion.  

The e f f e c t  o f  mois ture  a t  ma te r ia l  i n t e r f a c e s  may 
perhaps be reduced by i n f u s i n g  the  b u l k  o f  t h e  
mating ma te r ia l s  w i t h  water-sorbing compounds i n  an 
e f f o r t  t o  bar  access o f  mois ture  t o  t h e  i n t e r f a c e  
o r  by developing new mate r ia l s  whose i n t e r f a c i a l  
b ind ing energies exceed t h a t  o f  t h e i r  bonding w i t h  
moisture. 

Electrochemical Corrosion 

Electrochemical co r ros ion  requ i res  an aqueous 
e l e c t r o l y t e  t o  support i o n i c  cu r ren t  between anodic 
and cathod ic  s i t e s .  It i s  character ized by the  
format ion o f  r e a c t i o n  product, d i f f e r i n g  from t h e  
o r i g i n a l  i n t e r f a c i a l  mater ia ls ,  t h a t  can open- o r  
s h o r t - c i r c u i t  a module o r  cause delaminat ion.  Th is  
t o p i c  i s  covered ex tens i ve l y  i n  a companion paper 
i n  t h i s  j ou rna l  [ 6 ] ;  an example from t h a t  paper 
w i l l  s u f f i c e  t o  i l l u s t r a t e  t h e  concepts presented 
here. 

Moisture a t tacks  t h e  bonds between g lass  and TCO i n  
anodic g l  ass/TCO submodul e components, an example 
o f  moi sture- induced ma te r ia l  delamination, bu t  as 
cathodes, t he  mois ture  a t tacks  t h e  TCO (SnO ) 
surface, producing v a r i  our chemical compounas t h a t  
undermine PV a c t  ion, an exampl e o f  e l  ectrochemi c a l  
corrosion.  

CONCLUDING REMARKS 

What i n  genera1 can be done t o  minimize moisture 
damage i n  a-Si and t h i n  f i l m  PV modules? An expen- 
s i ve  bu t  t e c h n i c a l l y  sound o p t i o n  i s  t o  hermet ical  - 
l y  seal t he  modules. A l e s s  expensive, and cor -  
respondingly l e s s  e f f e c t i v e ,  a l t e r n a t i v e  i s  t o  
employ var ious encapsulat ion s t r a t e g i e s  w i t h  e f f e c -  
t i v e  edge seals. Novel concepts may inc lude t h e  
use o f  e f f e c t i v e  i n t e r f a c i a l  bonding agents, 
moisture-sorbing f i l l e r s ,  a s a c r i f i c i a l  e lec t rode 
surrounding t h e  a c t i v e  t h i n - f i l m  PV elements, o r  
even a "dead space" around t h e  edge o f  t h e  a c t i v e  
PV elements. 
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TABLE 1 
- - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

BULK RESISTIVITY OF MODULE SEALANTS 

S i k a f l e x  240 3.0 - 9.0 x 10 l0  

Dynatrol  1 1.6 x 10 l0  

PRC Caulk 3.0 - 5.0 x l o 9  

PVB 4 . 0  x 10l0  - 1.0 x 1011 
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