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ABSTRACT 

As p a r t  o f  t h e  U.S. Department o f  Energy Nat ional  
Pho tovo l ta ics  Program, mechanism-specific 
re1  i a b l l  i t y  goals  a re  proposed f o r  amorphous- 
s i l i c o n  pho tovo l ta ic  modules ta rge ted  f o r  use i n  
large-scale energy-generation app l i ca t ions .  These 
goals are compared w i t h  r e l i a b i l i t y  t e s t  r e s u l t s  
r ecen t l y  obta ined a t  3PL on f i r s t - gene ra t i on  large- 
sca le  a-Si modules t o  h i g h l i g h t  p r i o r i t i e s  f o r  
r e l i a b i l i t y  research. Key research p r i o r i t i e s  
inc lude  l i g h t  induced e f f ec t s ,  c e l l  corrosion, 
g lass breaking strength, and p r o t e c t i v e  encapsu- 
l a n t s  s p e c i f i c a l l y  designed f o r  t h i n - f i l m  modules. 

INTRODUCTION 

Dur ing t h e  pas t  10 years t h e  J e t  Propuls ion 
Laboratory F l  at-Pl a t e  Solar  Array P ro j ec t  has been 
t h e  lead agency i n  t h e  Uni ted States studying t h e  
engineering design and re1 i a b i l  i t y  o f  f l a t - p l a t e  
pho tovo l ta ic  modules. Although most o f  t h i s  
research has centered on t h e  use o f  c r y s t a l l i n e -  
s i l i c o n  s o l a r  c e l l s ,  research has r ecen t l y  s h i f t e d  
t o  emphasizing t h e  r e l i a b i l i t y  o f  modules incor-  
p o r a t i  ng new1 y developed t h i n - f  i l m  s o l a r  c e l l  s. 
Th is  paper reviews t h e  r e s u l t s  o f  ongoing JPL 
research examining t h e  d u r a b i l i t y  o f  amorphous 
s i l i c o n  c e l l s  and modules. 

RELIABILITY GOALS FOR a-SI MODULES 

Amorphous-silicon s o l a r  c e l l s  and modules a re  
p resen t l y  being used i n  a g rea t  d i v e r s i t y  o f  
appl i c a t  ions rangi  ng from small consumer products 
t o  prototype u t i l i t y - s c a l e  e l e c t r i c a l  energy 
generat ion p lan ts .  Each o f  these app l i ca t i ons  has 
a unique requirement f o r  performance s t a b i l i t y  and 
r e l i a b i l i t y  t h a t  depends on t h e  na tu re  o f  t h e  
app l i ca t ion .  

* Th is  paper presents t h e  r e s u l t s  o f  one phase 
o f  research conducted a t  t h e  J e t  Propuls ion 
Laboratory, C a l i f o r n i a  I n s t i t u t e  o f  
Technology, f o r  t h e  U.S. Department o f  Energy, 
through an agreement w i t h  t h e  Nat iona l  
Aeronautics and Space Adminis t rat ion.  

** R e l i a b i l i t y  and Engineering Sciences Manager, 
F la t -P l  a t e  Solar  Array Pro ject ,  and 
Supervisor, Pho tovo l ta ic  Engineering Group, 
System I n t e g r a t i o n  Section. 

Many consumer products, f o r  example, are designed 
f o r  f u l l  operat ion over a wide range o f  i r r ad -  
iances--from a d imly lit i n t e r i o r  room t o  b r i g h t  
sunshine. To meet t h e  power and vo l tage  demands a t  
t he  lowest  i r rad iance  leve l ,  t h e  a r r ay  f o r  such an 
app l i ca t i on  i s  o f t e n  oversized a t  t h e  h ighest  
i r r ad i ance  l e v e l  by a f a c t o r  o f  1000. Modest 
(e.g., 50%) degradation o f  t h e  power performance o f  
such an a r ray  on l y  shows up a t  t h e  lowest i r r a -  
diance l e v e l  s and i s  general 1 y inconsequential  t o  
t h e  appl i ca t i on .  

I n  contrast ,  energy-generation app l i ca t i ons  are 
s ized f o r  t h e  h ighes t  p r e v a i l i n g  i r rad iance  l e v e l s  
and have l i t t l e  to le rance  f o r  a r ray  performance 
degradation. Based on t h i s  economic s e n s i t i v i t y  t o  
degradation, t h e  na t iona l  pho tovo l ta fcs  program o f  
t h e  U.S. Department o f  Energy has chosen a 30- 
y e a r - l i f e  as a t a r g e t  goal f o r  PV modules. 

The remainder o f  t h i s  paper examines t h e  r e l i a -  
b i l i t y  o f  amorphous-sil icon PV modules i n  t h e  
con tex t  o f  commercial energy-generation app l i -  
ca t tons  w i t h  system operat ing voltages above 100 
vo l t s .  The h igh  operat ing vol tage o f  such app l i -  
ca t ions  impacts a l a r g e  number o f  r e l i a b i l i t y  
parameters i nc l ud i ng  vo l tage  i s o l a t i o n  and 
grounding requirements, electrochemical corros ion,  
hot-spot heating, bypass diodes, and t h e  number o f  
se r ies  c e l l s  i n  an a r ray  source c i r c u i t ;  t h e  number 
o f  se r ies  c e l l s  i n  an a r ray  i s  p a r t i c u l a r l y  
important  because it a f f ec t s  t h e  a r ray 's  to le rance  
t o  open-c i rcu i t  f a i l u r e s  o f  c e l l  and module 
interconnects. 

- i s m - w i f i c  R e l i a b i l i t v  ---A key step i n  
achiev ing 30-year-1 i f e  t h i n - f i l m  modules i s  esta- 
b l i s h i n g  mechanism-specific r e l i a b i l i t y  goals. 
This  requ i res  t h a t  a l l  f a i l u r e  mechanisms be 
determined, and t h a t  t h e  economic importance a t  t h e  
system l e v e l  be quan t i f i ed  f o r  each f a i l u r e  o r  
degradation occurrence. 

Table 1 l i s t s  13 f a i l u r e  mechanisms l i k e l y  t o  be 
associated w i t h  t h i n - f i l m  a-Si c e l l s  mono l i t h i ca l l y  
deposited on a g lass  superst rate.  The u n i t s  o f  
degradation l i s t e d  i n  t h e  t h i r d  column prov ide a 
convenient means of quan t i f y i ng  t h e  f a i l u r e  l e v e l s  
o f  t h e  i nd i v i dua l  mechanisms according t o  t h e i r  
approximate t ime dependence. For example, u n i t s  o f  
$ /y r  i n  t h e  con tex t  o f  component o r  module f a i l u r e s  
denote a constant  percentage o f  components f a i l i n g  
each year. For components t h a t  f a i l  w i th  increas- 
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Table 1. System Life-Cycle Energy Cost Impact and 
~i lowable ~ e ~ i a d a t i o n  i eve l  s fo r .  13 
Pr inc ipa l  Thin-Film Module Fa i l u re  
Mechanisms 

Component 
failures 

Power 
degradation 

Type of 
Degradation 

Module 
failures 

Life-limiting 
wearout 1 to loss of stabilizers 1 of life I " 1 " 1 " 1 life I 

Failure Mechanism 

k = Discount rate 

i ng  r a p i d i t y  (%/y2) i s  the  u n i t  used t o  ind ica te  
l i n e a r l y  increasing f a i l u r e  rate. For those 
mechanisms c l a s s i f i e d  under power degradation, t he  
%/yr  u n i t s  re fe r  t o  the  percentage o f  power 
reduction each year. 

Units 

Using the  u n i t s  described above, Columns 4 and 5 o f  
Table 1 ind ica te  the  leve l  o f  degradation f o r  each 
mechanism t h a t  w i l l  r e s u l t  i n  a 10% increase i n  the  
cost  o f  del ivered energy from a la rge PV system. 
Because the  mechanisms w i l l  general ly occur con- 
current ly ,  the  t o t a l  cos t  impact i s  the  sum o f  the  
13 cost  contr ibut ions.  Column 6 l i s t s  a strawman 
a l l oca t i on  o f  al lowable degradation among the  13 
mechanisms t o  achieve a spec i f i c  t o t a l  r e l i a b i l i t y  
performance. The r e l i a b i l i t y  a l l oca t i on  i s  
consistent  w i th  a 20% increase i n  t he  cos t  o f  
energy over t h a t  from a perfect, f a i l u re - f ree  
system wi th  a 30-year l i f e .  

I n  contrast  t o  Table 1, previous work (1) provides 
s im i l a r  data generated f o r  13 p r i nc ipa l  f a i l u r e  
mechanisms associated w i th  modules made wi th 
c r ys ta l1  ine-s i l  icon so lar  ce l l s .  Although 
d i f f e r e n t  degradation a l locat ions  could have been 
chosen i n  Table 1 the  important po in t  i s  t h a t  t h i s  
a1 locat ion  a1 1 ows the  s ign i f i cance o f  observed 
f a i l u r e s  t o  be measured, and goals t o  be developed 
t o  guide mechanism-specific research a c t i v i t i e s .  

Level for 10% 
Energy Cost 
Increase- 

k = 0 1 k = 10 

RELIABILITY TESTING OF AMORPHOUS-SI MODULES 

An extensive t e s t  program i s  present ly  underway a t  
JPL t o  assess the  r e l i a b i l i t y  a t t r i bu tes  o f  
present-day a-Si c e l l s  and modules and t o  def ine 
p r i o r i t i e s  f o r  re1 i a b i l  i t y  research. The overa l l  
research methodology fo l lows t h a t  described e a r l i e r  
f o r  c r ys ta l1  ine-Si modules (2) and includes qua1 i- 
f i c a t i o n  test ing,  f i e l d  t e s t i n g  and mechanism- 
spec i f i c  laboratory accelerated tes t ing .  

All0cation 
lor 

30.yeap 
Life 

M n d h  

A c r i t i c a l  f i r s t  step i n  the inves t iga t ion  o f  the 
r e l i a b i l i t y  o f  a-Si c e l l s  and modules was modifying 
JPLts Large Area Pulsed Solar Simulator (LAPSS) t o  
insure consistent, high-accuracy measurements of a- 
S i  current-voltage performance under internat ion- 
n a l l y  recognized reference condit ions. To t h i s  end 
the  LAPSS was f i l t e r e d  t o  provide a close-tolerance 

EE:: 

100 mw/cm2, A i r  Mass 1.5 Global spectrum, and 
primary reference c e l l s  were developed using high- 
e f f i c i ency  c rys ta l l i ne -S i  c e l l s  w i th  t h e i r  spectra l  
response f i l t e r e d  t o  c lose ly  match t h a t  o f  t yp i ca l  
a-Si ce l l s .  I n  combinationr the  LAPSS f i l t e r i n g  
and generic a-Si reference c e l l s  provide exce l len t  
(1% long-term repea tab i l i t y )  measurements o f  a-Si 
c e l l s  and modules (3) .  

To provide an assessment of the r e l i a b i l i t y  
research p r i o r i t i e s  f o r  a-Si modules a number o f  
f i rst -generat ion modules were acquired from leading 
a-Si module manufacturers and subjected t o  an 
extensive ser ies o f  tests.  These included 1) 
t e s t i n g  t o  t he  standard JPL Block V q u a l i f i c a t i o n  
t e s t  sequence ( 4 )  developed f o r  c r ys ta l l i ne -S i  
modules, 2) outdoor weathering a t  both ambient 
cond It ions and a t  f i xed  elevated temperatures o f  
85% and loo%, 3) long-term temperature-humidity 
t e s t i n g  a t  8 5 ' ~  5% RH and 85% 85% RH condi t ions 
and various bias voltages, and 4) specia l ized 
laboratory hot-spot and corrosion tes t ing .  The 
f indings are deta i led  below according t o  the  13 
failure-mechanism categories defined i n  Table 1. 

en cells--Unl i k e  c rys ta l  1 ine-Si 
ce l ls ,  which are general1 y interconnected by 
me ta l l i c  r ibbon leadsr c e l l s  i n  a-Si modules are 
o f ten  interconnected by care fu l  overlapping and 
scr ib ing  o f  adjacent c e l l  layers during module 
processing. One module type w i th  t yp i ca l  mno- 
l i t h f c  c e l l  interconnects exhib i ted open-circuit 
c e l l  f a i l u r e s  i n  both f i e l d  t e s t i n g  and q u a l i f i -  
ca t ion  test ing.  Because the  problem manifests 
i t s e l f  during humidity t e s t i n g  and not  during 
thermal cycl ing, it i s  expected t o  be associated 
w i th  corrosion o f  the  aluminum back metal i n  the  
region o f  the  interconnects. 

The extreme s e n s i t i v i t y  o f  a h igh voltage power 
system t o  open-ci rcui t  c e l l s  (Table I, column 4 )  
requires t h a t  the  r e l i a b i l  i t y  o f  the  c e l l  in te r -  
connects be thoroughly addressed. I n  add i t ion  
bypass diodes should be incorporated i n t o  the  array 
t o  serve as redundant c i r c u i t  elements. 

Shor t -c i rcu i t  Cells--Although short  c i r c u i t i n g  i s  a 
c lass ica l  f a i l u r e  mode f o r  t h i n - f i l m  c e l l s  it d id  
not  surface as a key f a i l u r e  mechanism i n  t h i s  
ser ies o f  module tes ts .  

L iah t  induced e f f a - - L i g h t  induced e f f e c t s  were 
prominent i n  near ly  a l l  f ie ld - tes ted modules. As 
shown i n  Fig. 1, the  degradation was t y p i f i e d  by 
modest sho r t - c i r cu i t  cur rent  loss accompanied w i th  
a shunt-l ike l oss  i n  f i l l  factor. However, the  
i n i t i a l  rap id  r a t e  o f  degradation slowed t o  a 
s tab le  asymptotic l eve l  a f t e r  a few months o f  f i e l d  
exposure. As shown, the  e l e c t r i c a l  operating po in t  
o f  the  module was found t o  have a s i g n i f i c a n t  
inf luence on the  l eve l  and r a t e  o f  degradation. 
Although open-ci rcui t  modules general ly degraded 
the  most quickly, followed by those loaded a t  t h e i r  
peak-power point, one manufacturerts modules 
behaved j u s t  t he  opposite. Because most power 
modules w i l l  be used wi th  peak-power loading, t h i s  
loading cond i t ion  seems the most appropriate. 



Fig. 1. I - V  Performance Degradation Due t o  L igh t  
Induced Ef fec ts  Versus Outdoor Aging 
Period (Ambient O p e ~ a t i  ng Temperature) 

I n  studies t o  determine the  dependency o f  the  
degradation on stress parameters, modules were also 
f i e l d  tested under a va r i e t y  o f  thermal condit ions. 
Modules operated i n  the  f i e l d  a t  f i xed  elevated 
temperatures of 8 5 ' ~  and 100% degraded very 
rap id l y  (Fig. 21, bu t  s tab i l i zed  a t  the  same modest 
leve l  o f  degradation as the  unheated samples. 

One d i f f i c u l t y  i n  studying l i g h t  induced e f fec t s  i s  
the  absence o f  read i l y  avai lable laboratory t e s t s  
f o r  accelerat ing the e f f ec t s  observed i n  the  f i e l d .  
For example, the  Block V q u a l i f i c a t i o n  t e s t  
sequence ( 4 )  does not  t e s t  f o r  l i g h t  induced 
e f f e c t s  and does not  t r i g g e r  the  degradation. I n  
an attempt t o  i d e n t i f y  a re la t i ve1  y inexpensive 
procedure t o  t e s t  for  l i g h t  induced ef fects,  a-Si 
modules were aged i n  the dark i n  8 5 ' ~  5% RH and 
8 5 O ~  85% RH environments both shorted and forward- 
voltage (reverse current)  biased t o  t h e i r  t yp i ca l  
f i e l d  operating voltage leve l .  The modules w i th  
forward voltage bias were found t o  behave i n  a 
manner qu i t e  s i m i l a r  t o  t he  f ie ld - tes ted modules. 
Although more data i s  required before a d e f i n i t i v e  
assessment can be made, t h i s  forward-voltage-bias 
t e s t  holds promise as a useful inexpensive t e s t  
procedure. Much work i s  needed t o  co r re la te  t he  
rates o f  degradation i n  chamber t e s t s  w i th  those 
expected i n  the  f i e l d .  A major complication i s  the  
complex and var iable dependency o f  the  1 i g h t  
induced e f f e c t  on temperature and applied voltage. 

--- I n  contrast  t o  the  l i g h t  
induced e f fec t ,  which rap id l y  reaches a quasi- 
equ i l ib r ium level ,  other degradation mechanisms may 
e x h i b i t  a uniform degradation ra te  o f  increasing 
power losses. Such losses were noticed w i th  most a- 
S i  modules i n  the form o f  gradually increasing 
ser ies resistance. As shown i n  Fig. 2 t h i s  series- 
resistance increase i s  accelerated a t  higher 
temperatures. Prel iminary activation-energy data 
suggest a t yp i ca l  Arrhenius re la t ionsh ip  t o  
temperature wi th a degradation r a t e  doubling w i th  
approximately every 10°c increase i n  module 
temperature. With an ac t i va t i on  energy o f  t h i s  
magnitude, 2400 hours o f  continuous 100°c tes t i ng  

JNAGEO 

VOLTAGE 

Flg. 2. I - V  Performance Degradation Due t o  L igh t  
Induced E f fec t s  f o r  a-Si Modules Aged 
Outdoors a t  Elevated Temperatures 

corresponds t o  about 20 years o f  f i e l d  exposure i n  
a warm cl imate such as Los Angeles, Ca l i f o rn ia  (5) .  
Scaling the  ser ies resistance e f fec t s  i n  Fig. 2 t o  
f i e l d  condi t ions suggests t h a t  t he  gradual power 
loss  o f  t h i s  module due t o  increased ser ies 
resistance i s  approximately 5% per year. This i s  
substant ia l l y  above the  t a r g e t  amount i n  Table 1 
(0.2% per year) and indicates t h a t  reducing long- 
term series-resistance degradation should be an 
important research p r i o r i t y .  

Module O ~ t i c a l  Degnd&hl--Optical degradation, 
when it ex i s t s  i n  c rys ta l l ine-S i  modules, general ly 
resu l t s  from photothermal yel lowing o f  the  f ron t -  
surface encapsulant or degradation o f  c e l l  o r  glass 
an t i - re f l ec t i on  coatings. Although no such degra- 
dat ion mechanisms were observable wi th t he  a-Si 
c e l l s  on glass superstrates, module designs using 
encapsulated s ta in less  s tee l  backed so lar  c e l l s  
need t o  be assessed. 

Front-Surface Soiling-Soiling o f  modules w i th  
glass or  Tedlar f r o n t  surfaces i s  general ly no t  a 
problem (1). Amorphous-Si modules behave s im i l  a r  
t o  c rys ta l l ine-S i  modules w i th  average s o i l i n g  
l eve l s  on the  order o f  3%. 

--Crystal 1 ine-Si modules have 
almost un iversa l ly  adopted 3 mm (0.125 inch) tern 
pered glass superstrates t o  provide r e l i a b l e  pro- 
t e c t i o n  against thermal st ress and h a i l  loads. 
When amorphous-Si c e l l s  are deposited on the  rear 
o f  the  module superstrate, the  high-temperature 
t in -ox ide  coating process anneals the  glass and 
general ly  requires t h a t  the  glass be e i t h e r  struc- 
t u r a l  l y  backed up or  p a r t i a l l y  tempered fo l lowing 
the  coating process. Large a-Si (30 cm x 30 cm) 
modules making use of 3 mm (0.125 inch) annealed 
glass have d i f f i c u l t y  passing the  JPL Block V h a i l  
tes t ;  on the  other hand both s t ruc tu ra l l y  supported 
and part ial ly-tempered a-Si glass modules meet the  
requirement. The data ind ica te  t h a t  glass strength 
i s  an important consideration w i th  present-day 
modules and w i l l  become even more important as 
module sizes increase i n  t he  future. 



Module O ~ e n  Circui ts--This category re fe rs  t o  open- 
c i r c u i t  f a i l u r e s  associated w i th  e l e c t r i c a l  busses 
and module connections. One module type displayed 
a problem wi th  attachment o f  leads t o  the end so lar  
c e l l s  o f  i t s  monol i th ic assembly o f  series- 
connected c e l l s  and f a i l e d  open c i r c u i t  a f t e r  
temperature and humidity cycl ing.  Care i s  required 
i n  t h i s  area. 

M u l e  H o t - s ~ o t  Fa i l u r s - -A  substant ia l  program o f  
hot-spot t e s t i n g  o f  a-Si c e l l s  and modules has been 
conducted a t  JPL over t h e  past 2 years (6) .  The 
t e s t  data ind ica te  t h a t  amorphous-Si c e l l s  d isplay 
hot-spot heating e f f e c t s  qu i t e  s i m i l a r  t o  
c rys ta l l ine-S i  ce l l s ,  bu t  are i n  some cases more 
to le ran t  than c r y s t a l l i n e  ce l l s .  Bypass diodes 
provide the  necessary pro tec t ion  f o r  sens i t i ve  
high-current designs. 

&.piss diode Fail---Whenever bypass diodes are 
incorporated i n t o  the module design, they provide a 
potent ia l  source o f  f a i l u re .  Only one amorphous 
module tested contained in tegra l  bypass diodes. 
Detai led design requirements and t e s t  procedures 
are now ava i lab le  f o r  bypass diodes (7) .  

Module Shorts t o  Ground--When modules are intended 
f o r  use i n  high-voltage (>50 v o l t )  applications, 
the  c e l l  c i r c u i t  must be r e l i a b l y  iso la ted from the  
module frame and external  surfaces. The general 
requirement i s  t h a t  t h e  module leakage cur rent  from 
c e l l  s t r i n g  t o  external  surfaces must be less  than 
50 pA when the  applied voltage ( c e l l  t o  module 
ex te r i o r )  i s  se t  t o  tw ice  the  worst-case system 
voltage plus 1000 vo l ts .  For most mul t i -k i lowatt -  
s ize  appl icat ions t h i s  (h i -pot)  t e s t  voltage i s  i n  
the  range o f  1500 t o  3000 vo l ts .  Meeting t h i s  
requirement demands great  care i n  the design o f  t he  
module e l e c t r i c a l  i nsu la t i on  system f o r  any module, 
whether using c rys ta l l ine-S i  o r  amorphous-Si c e l l s .  
Amorphous-Si modules using monol i th ica l ly  deposited 
c e l l s  on glass must add i t i ona l l y  contend wi th  the  
f a c t  t h a t  t he  t in-oxide transparent conductor o f ten  
causes the f r o n t  surface and edges o f  the  glass t o  
be e l e c t r i c a l l y  connected t o  t he  c e l l  s t r ing .  This 
t in-oxide conductive path t o  the  module ex te r i o r  
must be r e l i a b l y  in ter rupted and augmented w i th  a 
high qua l i t y  weather-resistant insu la t ion  system. 

I n  add i t ion  t o  posing a safety hazard, module 
leakage currents a lso r e s u l t  i n  electrochemical 
corrosion of the  so lar  ce l l s .  Extensive research 
a t  JPL over t he  past two years has c l a r i f i e d  the  
importance o f  t h i s  degradation mechanism and l ed  t o  
a much improved understanding o f  the  governing 
design parameters (8). 

Module D e l a - - D e l a m i n a t i o n  (debonding) o f  
the  encapsulant system i s  a h i s t o r i c a l  f a i l u r e  
mechanism f o r  a l l  photovol ta ic modules. Although 
no unique problems were noted w i th  the  amorphous- 
S i  modules tested i n  t h i s  a c t t v i t y r  t h i s  i s  an 
element o f  module design t h a t  must be ca re fu l l y  
addressed. 

SUMMARY 

A key step i n  achieving 30-year-1 i f e  t h i n - f i l m  
modules i s  es tab l ish ing  mechanism-specific 

r e l i a b i l i t y  goals and conducting a systematic 
research e f f o r t  addressed t o  meeting the  goals. 
The strawman re1 i a b i l  i t y  a1 1 ocations presented i n  
Table 1 have been contrasted wi th the  r e l i a b i l i t y  
a t t r i bu tes  o f  a number o f  f i rs t -genera t ion  large- 
scale a-Si modules as a means o f  de f in ing  r e l i a -  
b i l  i t y  research p r i o r i t i e s .  Key research 
p r i o r i t i e s  high1 ighted i n  t h i s  study include 1 i g h t  
induced ef fects,  c e l l  corrosion leading t o  in-  
creased ser ies resistance, glass breaking strength 
f o r  la rge modules, and the  development o f  protec- 
t i v e  encapsulants t h a t  meet t he  outdoor weathering 
and voltage i so la t i on  required f o r  long-1 i f e  
modules. Research on these subjects i s  ac t ive ly  
underway. 
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