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ABSTRACT 

Th is  paper discusses t h e  r e s u l t s  o f  a study t o  determine t h e  
hot-spot s u s c e p t i b i l i t y  o f  amorphous s i l i c o n  c e l l s  and modules, and 
t o  prov ide gu ide l ines  and develop a q u a l i f i c a t i o n  t e s t  f o r  reducing 
module hot-spot s u s c e p t i b i l i t y .  

Amorphous c e l l s  a re  shown t o  have hot-spot s u s c e p t i b i l i t y  l e v e l s  
s i m i l a r  t o  c r y s t a l l i n e - S i  c e l l s  leading t o  t h e  f a c t  t h a t  t h e  same 
general guide1 ines apply f o r  p ro tec t i ng  amorphous c e l l s  from hot-spot 
s t ress ing  as apply t o  c r y s t a l  1 ine-Si c e l l s .  

Recommendations are made on ways o f  reducing module hot-spot 
s u s c e p t i b i l i t y  inc lud ing  t h e  t r a d i t i o n a l  method o f  us ing bypass 
diodes and a method unique t o  t h i n - f i l m  c e l l s ,  l i m i t i n g  t h e  s t r i n g  
c u r r e n t  by l i m i t i n g  t h e  c e l l  areal  s ize. 

INTRODUCTION 

Hot-spot heat ing occurs i n  a photovo l ta ic  module when t h e  sho r t  
c i r c u i t  c u r r e n t  o f  a c e l l  becomes lower than t h e  s t r i n g  operat ing 
c u r r e n t  causing t h e  a f fec ted  c e l l  t o  go i n t o  reverse b ias  and absorb 
power equal t o  t h e  product o f  t h e  c e l l  reverse-bias vo l tage and t h e  
s t r i n g  cur ren t .  F i e l d  experience has demonstrated t h a t  hot-spot 
heat ing can lead t o  c e l l  and module degradation. 

Since t h e  degree o f  hot-spot heat ing i s  a func t ion  o f  t h e  
se r i es -pa ra l l e l  con f i gu ra t i on  o f  t h e  c i r c u i t  i n  which t h e  c e l l  i s  
located, t h e r e  are c i r cu i t - des ign  techniques t h a t  can be used, both 
i n  a module and i n  an ar ray*  t o  amel iorate t h e  e f f e c t s  o f  t h e  
heating. I n  t h e  past, t h e  primary technique f o r  c r y s t a l l i n e  s i l i c o n  
modules was t h e  use o f  bypass diodes which l i m i t  t h e  reverse-bias 
voltage. A more important technique f o r  amorphous-silicon modules i s  
t h a t  o f  1 i m i t i n g  cu r ren t  by l i m i t i n g  c e l l  s ize. 

I n  t h e  past  a labora tory  t e s t  has been developed a t  JPL t o  de- 
termine t h e  hot-spot s u s c e p t i b i l i t y  o f  c r y s t a l l i n e - S i  modules ( l ,2).  
The t e s t  cond i t ions  are  meant t o  s imulate t h e  thermal boundary 
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condi t ions f o r  a 100 m~/cn?, 40% ambient environment. This test0 
which has been used extensively i n  t h e  q u a l i f i c a t i o n  t e s t i n g  o f  
modules, formed t h e  basis fo r  t h e  t e s t i n g  described i n  t h i s  paper and 
t h e  i n i t i a l  t e s t i n g  phase described i n  an e a r l i e r  paper ( 3 ) .  

I n i t i  a1 t e s t i n g  was performed on three- and four-inch-square 
a-Si submodulesO as wel l  as0 one-foot-square a-Si modules. These 
I n i t i a l  t e s t s  indicated t h a t *  because o f  t h e  l i m i t e d  thermal capacity 
o f  t h i n - f  i l m  ce l l s ,  t h e  amount o f  l a t e r a l  thermal conduct Son provided 
by t h e  substrates and superstrates has a s i g n i f i c a n t  impact on t h e  
hot-spot temperature incurred. 

The p r i n c i p a l  ob jec t ive  of t h e  cu r ren t  work was t o  develop 
guidel ines t h a t  can be used by manufactures o f  amorphous modules and 
arrays t o  reduce hot-spot s u s c e p t i b i l i t y .  A second key ob jec t i ve  was 
t o  provide t h e  PV community w i th  a s u i t a b l e  hot-spot q u a l i f i c a t i o n  
t e s t  f o r  amorphous-silicon modules. 

APPROACH 

The t e s t  procedures employed i n  t h e  cu r ren t  task, modified as 
described previously ( 3 ) ,  are e s s e n t i a l l y  those used t o  t e s t  
c r y s t a l l i n e  s i l i c o n  c e l l s  (102). 

The t e s t i n g  o f  modules w i th  t h e  c e l l s  sandwiched between two 
sheets o f  g lass required t h a t  special  t e s t  modules be prepared by t h e  
manufacturer. Several o f  t h e  modules tes ted were o f  t h i s  type; f o r  
these modules a r ibbon lead was attached along the  back o f  each c e l l .  
This lead-attachment technique i s  a lso  required t o  d i s t r i b u t e  t h e  
back-bias cur rent  along t h e  e n t i r e  c e l l  surface area because o f  t h e  
poor conduct iv i ty  of t h e  transparent top  conductor. Otherwise, w i th  
leads attached a t  t h e  edge only, t h e  hot-spots tend t o  occur a t  t he  
same edge o f  t he  c e l l  where t h e  e l e c t r i c a l  leads are attached. This 
was t h e  case wi th  several o f  t h e  other  modules tested. Two current-  
input  schemes were used wi th  edge-attached leads. I n  one case, 
cu r ren t  was inpu t  a t  t h e  same module edge t o  two adjacent c e l l s .  I n  
t h e  second case, cu r ren t  was input  a t  opposite ends o f  t h e  module f o r  
each o f  t h e  c e l l s .  F igure I gives a schematic o f  t h e  d i f f e r e n t  
current- input  techniques used. 

There are two k inds o f  c e l l  reverse-quadrant cha rac te r i s t i cs  
t h a t  must be considered when se lec t ing  t h e  hot-spot t e s t  parameters 

LEAD ATTACHMENT KEY: 

Figure 1. Schematic o f  t h e  current- input  techniques used. 



o f  voltage, current,  and i l l u m i n a t i o n  leve l .  One kind, which 
manifests h igh  shunt res is tance ( referred t o  previously as type A, 
(1,2,3)) e x i s t s  when t h e  back-bias voltage i s  l i m i t e d  on ly  by t h e  
l e v e l  o f  t h e  appl ied voltage. The appl ied voltage i s  determined by 
t h e  number of ser ies c e l l s  per bypass diode, o r  t h e  number o f  ser ies  
c e l l s  i n  t h e  array source c i r c u i t  i f  no bypass diodes are used. This 
type of c e l l  achieves t h e  greatest  amount o f  back-bias heating under 
condi t ions o f  p a r t i a l  shadowing. 

The second k fnd o f  c h a r a c t e r i s t i c  ( type B) i s  associated w i t h  
low shunt res is tance c e l l s  where t h e  breakdown voltage i s  l ess  than 
t h e  ava i lab le  back-bias voltage. Consequently, t h e  hot-spot heat ing 
i n  these c e l l s  i s  I im i ted  by t h e  ava i l ab le  s t r i n g  cu r ren t  and t h e  
breakdown voltage o f  t h e  ce l ls ,  no t  t h e  number o f  ser ies  c e l l s  as 
def ined above. The back-bias vol tage o f  these c e l l  s reaches i t s  
maximum value under condi t ions o f  f u l l  shadow; therefore, low-shunt- 
res is tance c e l l s  su f fe r  t h e  greates t  hot-spot heat ing d i ss ipa t i on  
when f u l l y  shadowed. 

I n  t h e  experiment conducted t h e  back-bias cur rent  and voltage 
were provided by a power supply; a cha r t  recorder was used t o  record 
t h e  reverse-quadrant response o f  t h e  t e s t  c e l l .  A rad iant  heat ing 
source was used t o  r a i s e  t h e  t e s t - c e l l  temperature t o  t h e  nominal 
operat ing c e l l  temperature (NOCT) . The hot-spot temperature was 
measured w i t h  an in f ra red  (IR) camera. Th is  method provides a 
parametric representat ion o f  power d i ss ipa t i on  versus hot-spot 
temperature f o r  t h e  t e s t  w i t h  recording o f  t h e  hot-spot temperature 
as t h e  t e s t  proceeds. A photograph o f  t h e  t e s t  setup i s  shown i n  
Figure 2. 

Both exploratory t e s t i n g  and t h e  standard 100-hour c y c l i c  
hot-spot s u s c e p t i b i l i t y  t e s t  were performed on c e l l s  i n  several 
modules. The t e s t s  simulated operat ion a t  shor t  c i r c u i t  and a t  a 
f i e l d  operat ing temperature of 45-50°c. The c e l l s  were found t o  be 
type B c e l l s  and t h e  t e s t s  were performed i n  t h e  absence o f  
il luminat ion as discussed below. 

Actual hot-spot-test acceptance c r i t e r i a  ( 2 )  involve a v isua l  

F igure 2. Photograph o f  hot-spot t e s t  setup. 



inspect ion, a pos t - tes t  e l e c t r i c a l  performance measurement, and an 
i s o l a t i o n  t e s t .  The study discussed here d i d  n o t  invo lve  t h e  l a t t e r  
two tes t s .  

OBSERVATIONS AND RESULTS 

The o v e r a l l  response o f  amorphous-si 1 i con  c e l l  s t o  back b ias ing  
i s  s i m i l a r  t o  c r y s t a l l i n e  c e l l s  w i t h  several  notable exceptions. The 
most s ign  i f  i c a n t  d i f f e rence  between t h e  second-quadrant responses o f  
amorphous and c r y s t a l 1  i ne  c e l l s  i s  t h e  lower and more sharply def ined 
breakdown vol tage i n  t h e  current-vo l tage curve o f  amorphous c e l l s .  
The most important consequence i s  t h a t  a c e l l  i n  se r i es  w i t h  more 
than 10-15 c e l l s  w i l l  a c t  as a type B c e l l  w i t h  t h e  back-bias vo l tage 
l i m i t e d  by t h e  breakdown voltage. Therefore, hot-spot t e s t s  performed 
on modules w i t h  more than t h i s  number o f  c e l l s  should be performed i n  
t h e  absence o f  i l l um ina t i on ,  as were t h e  t e s t s  performed on t h e  
modules i n  t h i s  study. 

I n  general, amorphous c e l l s  are more s e n s i t i v e  t o  back-bias 
cond i t ions  than c r y s t a l  1 i n e  c e l l s ,  e x h i b i t i n g  rapid1 y changing 
cha rac te r i s t i cs ,  some more so than others. As discussed prev ious ly  
(31, amorphous c e l l s  e x h i b i t  a dichotomous behavior i n  t h e i r  second 
quadrant response w i t h  i n i t i a l  back b ias ing  i n d i c a t i n g  a h igh shunt 
res is tance w i t h  a sharp vo l tage breakdown i n  t h e  8-12 v o l t  range. 
A f t e r  thermal runaway and subsequent cool  down t h e  c e l l s  have a lower 
shunt resistance. F igure  3 compares some t y p i c a l  second-quadrant 
responses o f  t h e  c e l l s  from th ree  d i f f e r e n t  manufacturers t h a t  were 
tested. 

----- 
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Figure 4. Photograph o f  hot-spot-induced c e l l  erosion. 

Another i n te res t i ng  phenomenon was t h e  occurrence o f  m u l t i p l e  
hot-spots where there  i s  a s h i f t  of t h e  dominant hot-spot (one w i t h  
h ighest  temperature) among t h e  d i f f e r e n t  hot-spots. I n  some cases 
th4s resul ted i n  t h e  sharing o f  power leading t o  lower hot-spot 
temperatures f o r  t h e  same t o t a l  power dissipated. The v isua l  e f f e c t s  
observed were c e l l  erosion, cracked glass, encapsulation discolora- 
t ion,  b l i s t e r i n g  o f  t h e  module backing, and arcing. Except f o r  c e l l  
erosion, no t  a l l  o f  t h e  e f fec ts  were noted on a l l  modules. For 
instance, cracked glass was most prevalent  on modules w i th  on ly  one 
laye r  o f  glass. C e l l  erosion re fe rs  t o  t h e  apparent h igh l y  l o c a l  ized 
loss  o f  c e l l  mater ia l  from the  hot-spot area, and i s  shown i n  Figure 
4, which i s  a photograph o f  one of t h e  c e l l s  tested. C e l l  erosion 
has two e f f e c t s  on t h e  c e l l  performance. It can lead simply t o  l oss  
o f  power r e s u l t i n g  from t h e  l o s s  o f  c e l l  area, or, i n  addition, it 
can lead t o  increased shunting o f  t h e  c e l l .  

As explained previously ( 3 ) s  a d i r e c t  dependence does not  e x i s t  
between t h e  highest temperature achieved on a c e l l  and the  t o t a l  
power d iss ipated i n  the  c e l l .  However, it i s  usefu l  t o  bound t h e  
range o f  observed temperatures f o r  a given power d iss ipa t ion  because 
t h e  temperature obtained can be re la ted t o  t h e  e f f e c t s  observed i n  
c e l l s  and module materials.  

Experience wi th  c r y s t a l l i n e - s i l i c o n  c e l l s  (1) indicated t h a t  t h e  
onset o f  degradation occurs i n  t h e  120-140'~ range, w i th  severe 
degradation occurr ing above t h a t  range. I n  the  case o f  amorphous 
ce l l s ,  erosion s tar ted  a t  about 80°C and became q u i t e  not iceable 
above 1 2 0 ~ ~ .  I n  one module cracked g lass was noted even a t  t h e  
r e l a t i v e l y  low temperature o f  100%. As w i t h  c r y s t a l l i n e  ce l l s ,  most 
o f  t he  e f f e c t s  were noted above 120%. 

Figure 5 g ives a p l o t  o f  t h e  temperature r i s e  above NOCT per 
hot-spot power d iss ipated f o r  t h e  modules o f  th ree manufacturers; t h e  
c e l l s  and modules were o f  various s izes as noted. The spread i n  data 
f o r  t h e  same module type i s  i n d i c a t i v e  o f  t he  var iab le  dependence o f  
temperature on power d iss ipat ion.  The v a r i a b i l i t y  i n  t h e  observed 
data a l so  i s  a func t ion  o f  t h e  d i f ferences i n  t h e  heat-sinking 
c a p a b i l i t y  o f  t h e  modules. Th is  l a t t e r  aspect was made evident when 
glass cracking occurred i n  modules w i th  a g lass superstrate and no 
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Figure 5. Temperature r i s e  above NOCT per wat t  o f  hot-spot power 
d iss ipat ion.  

substrate. and not  i n  modules w i t h  a combined g lass super/substrate 
tw ice  as th i ck .  

RECOMMENDATIONS AND CONCLUSIONS 

Figure 6 g ives t h e  hot-spot temperature as a func t ion  of 
back-bias cur rent  for  some o f  t he  modules tested. This type o f  p l o t  
i s  p a r t i c u l a r l y  s i g n i f i c a n t  f o r  amorphous modules. For c r y s t a l l i n e -  
s i l i c o n  modules t h e  best  technique t o  ameliorate hot-spot heating i s  
t h e  use o f  bypass diodes, which l i m i t  t h e  po ten t ia l  back-bias 
voltage. However, t h e  use o f  bypass diodes w i t h  amorphous modules i s  
l ess  advantageous fo r  two reasons. F i r s t ,  s ince they tend t o  have 
higher voltages f o r  t h e  same s i z e  as compared t o  c r y s t a l l i n e  
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Figure 6. Hot-spot temperature as a func t ion  o f  back-bias current .  



modules, and t h e  c e l l s  have lower breakdown voltages, mu1 t i p l e  diodes 
would be requi red i n t e r n a l  t o  each module. Secondly, bypass diodes 
are  d i f f i c u l t  t o  i n teg ra te  e a s i l y  i n t o  t h e  mono1 i t h i c  s t r u c t u r e  o f  
a-Si module c i r c u i t s .  Because hot-spot heat ing can a l so  be con- 
t r o l l e d  by reducing t h e  ava i l ab le  current ,  a promising approach t o  
c o n t r o l l i n g  hot-spots i n  an a-Si modules cons is ts  o f  l i m i t i n g  t h e  
c e l l  s i z e  (and thus  t h e  cu r ren t )  by s c r i b i n g  a module i n t o  two o r  
more p a r a l l e l  s t r i n g s  o f  smal ler c e l l s .  P l o t s  such as F igure  6 a r e  
use fu l  as gu ide l ines  f o r  determining maximum c e l l  s i z e  t o  l i m i t  
hot-spot temperature t o  a g iven l eve l .  

A second approach f o r  reducing hot-spot temperature involves 
improving l a t e r a l  heat t r a n s f e r  w i t h i n  t h e  module. The actual  hot- 
spot  temperature reached i s  a s t rong func t i on  o f  t h e  amount o f  
l a t e r a l  thermal conductance provided by t h e  module's g lass  super- 
s t r a t e  and substrate. Thus, t h e  thermal design o f  t h e  module can be 
used t o  amel iorate hot-spot heat ing and reduce t h e  module's suscep- 
t i b i l i t y  t o  back biasing. Th is  i s  i l l u s t r a t e d  i n  F igure  5 where t h e  
hot-spot temperatures o f  modules w i t h  d i f f e r e n t  l a t e r a l  thermal 
conductances are  compared. 

The use of bypass diodes w i th  amorphous c e l l s  t o  reduce back-bias 
vo l tage requ i res  considerat ion o f  t h e  low cell-breakdown voltage. I f  
diodes are requi red it means t h a t  t h e  vo l tage must be reduced below 
8-12 v o l t s  and the re fo re  t h e  diode frequency must be a t  l e a s t  one 
diode every 10-15 c e l l s .  Th is  imp1 i e s  t h a t  t h e  diodes must be 
mounted i n t e r n a l l y  i n  modules having more than t h i s  many se r i es  
c e l l s .  The use o f  diodes should be t raded o f f  against  reducing c e l l  
s i z e  t o  lower t h e  current ,  and a lso  aga ins t  improved l a t e r a l  heat 
t r a n s f e r  t o  reduce t h e  hot-spot temperature. 

HOT-SPOT QUALIFICATION TEST FOR AMORF'HOUS SILICON MODULES 

The recommended hot-spot q u a l i f i c a t i o n  t e s t  f o r  amorphous s i l i -  
con modules (1~2) i s  b a s i c a l l y  t h e  same as f o r  c r y s t a l l i n e  s i l i c o n  
modules. One unique cons idera t ion  f o r  a-Si modules i s  t h e  d i f f i c u l t y  
i n  a t tach ing  e l e c t r i c a l  leads t o  t h e  i nd i v i dua l  c e l l s  w i t h i n  a 
module. The leads are  required t o  c a r r y  f u l l  one-sun (100m~/cm~)  
cu r ren t  and must d i s t r i b u t e  t h e  cu r ren t  i n t o  t h e  c e l l s  w i thout  
causing excessive cu r ren t  crowding near t h e  lead attachment o r  
shunt ing o f  t h e  c e l l  by damaging t h e  t h i n  c e l l  metal1 i za t ion .  
Another important considerat ion i s  minimizing disturbance o f  t h e  
c e l l ' s  poor l a t e r a l  e l e c t r i c a l  conductance which r e s i s t s  t h e  a b i l i t y  
o f  t h e  module cu r ren t  t o  crowd i n t o  a h i g h l y  l o c a l i z e d  ho t  spot. 
At taching leads along t h e  e n t i r e  leng th  o f  t h e  c e l l s  reduces t h e  
cu r ren t  crowding near t h e  attachment point,  bu t  increases t h e  chance 
o f  c e l l  shunt ing and g r e a t l y  reduces t h e  na tu ra l  res is tance t o  
cu r ren t  crowding i n t o  a hot-spot region. 

An a l t e r n a t i v e  lead-attachment approach i s  t o  a t t ach  t o  opposi te  
ends o f  t h e  adjacent c e l l s .  This  requ i res  t h a t  t h e  cu r ren t  f low down 
t h e  e n t i r e  leng th  o f  t h e  ce l l s ,  thus in t roduc ing  t h e  na tura l  sheet- 
r e s i s t i v i t y  i n  se r i es  w i t h  t h e  hot-spot shunt. However, c u r r e n t  
crowding near t h e  lead attachment i s  a poss ib le  problem. 



None o f  these lead-attachment techniques as used was completely 
wi thout  problems. More t e s t i n g  and comparison o f  t h e  r e s u l t s  
obtained using d i f f e r e n t  attachment techniques i s  requi red be fore  a 
f i n a l  recommendation can be made. 
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