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HOT-SPOT HEATING SUSCEPTIBILITY DUE TO 
REVERSE BIAS OPERATING CONDITIONS 

C.C. GONZALEZ 

HOT-SPOT TEST-- msr PARAMEERS 

Because of f i e l d  experience ( i n d i c a t i n g  t h a t  c e l l  and module degradat ioq 
could occur as a r e s u l t  of hot-spot hea t ing ) ,  a l abora to ry  test was developed 
a t  JPL t o  determine hot-spot s u s c e p t i b i l i t y  of modules. The i n i t i a l  hot-spot 
t e s t i n g  work a t  JPL formed a foundation f o r  t h z  tes t  development. 

The test parameters a r e  s e l e c t e d  i n  t h e  fol lowing way. For high-shunt 
r e s i s t a n c e  c e l l s ,  as disc-issed above, t he  app l i ed  back-bias test c u r r e n t  i s  
s e t  equal t o  the test c e l l  c u r r e n t  a t  maximum power. For low-shunt r e s i s t a n c e  
cells ,  t h e  test c u r r e n t  is set  equal  t o  the  c e l l  s h o r t - c i r c u i t  cu r ren t .  
shadow l e v e l  is s e l e c t e d  t o  cot~form t o  be t h a t  which would lead t o  maximum 
back-bias vol tage under the appropr i a t e  test c u r r e n t  l e v e l  as discilssed 
previously.  The test vol tage is determined by t h e  bypass diode frequency. 

The 

The tes t  cond i t ions  are meant t o  s imula t e  t h e  thermal boundary 
cond i t ions  f o r  l 0 G  mW/cm2, 40 C ambient environment. 
af 100 hours. 

The test las ts  a t o t a l  

A key assumption made during ;he development of  t h e  test is t h a t  no 
c u r r e n t  imbalance r e s u l t s  from the  connect ing of m u l t i p a r a l l e l  ce l l  s t r i n g s .  
Therefore, t he  test  as o r i g i n a l l y  developed was a p p l i c a b l e  f o r  s i n g l e - s t r i n g  
cases only. Addit ional  work has  been done by JPL i n  conjunct ion with t h e  
personnel involvea w i t h  the Sacramento Municipal U t i l i t y  Dis t r ic t  
photovol ta ic-central-s ta t ion array KO widen t h e  a p p l i c a b i l i t y  of  t he  
labors-ary test t o  mul t i - s t r ing  app l i ca t ions .  

KEY LESSONS LEARNED FROM CRYSTALLINE SILICON 

Several  l e s sons  learned from the t e s t i n g  and f i e l d  experience a s s o c i a t e d  
It cannot be w i t h  c r y s t a l l i n e  s i l i c o n  modules are summarized i n  t h i s  s ec t ion .  

assumed t h t t  a l l  o f  t hese  can be app l i ed  d i r e c t l y  t o  amorphous modules: 

(1 )  The maximum al lowable temperature for  m c a p s u l a n t s  before  
no t i ceab le  degradat ion is 120 C t o  140 C. This w i l l  apply t o  
amorphous modules i f  t he  same types of encapsulants  are used. 

( 2 )  The hot-spot temperatures reached by d i f f e r e n t  cel ls  v a r i e d  w i t h  
the d i f f e r e n c e s  i n  t h e  c e l l  shunt r e s i s t a n c e .  

( 3 )  The inc rease  i n  temperature is a f f e c t e d  by t h e  a b i l i t y  o f  t h e  
module encapsulant and s u p e r s t r a t e  and/or  s u b s t r a t e  t o  t r a n s f e r  
heat  l a t e r a l l y  from the  hot-spot region. 

( 4 )  For c r y s t a l l i n e  c e l l s ,  a common f a i l u r e  a t  high heat  l e v e l s  is 
c e l l  s h o r t i n g ;  t he  prel iminary phese of amorphous c e l l  t e s t i n g  
does not i n d i c a t e  t h a t  t h i s  is a l s o  t r u e  f o r  amorphous c e l l s .  



( 5 )  The typical crystalline-silicon module requires bypass diodes 
around every 12 to 18 cells to limit hot-spot heating to an 
acceptable level. 

( 6 )  Hot-spot heating is a highly nonlinear function of applied current 
and voltage. First, cells possess nonlinear reverse I-V 
characteristics. Also, the shunt-resistance and hot-spot area 
change with temperature, the latter inversely with temperature 
increase. 

WKPHOUS-CELL HOT-SPOT TESTING 

An amorphousre11 hot-spot testing task has been initiated at JPL and is 
based on the prior crystalline work performed. As the testing has evolved, 
several issues have surfaced. One of these is the problem of attaching the 
electrical leads required for testing the cells in an encapsulated module 
without causing damage. This is 3 problem for any type of module, especially 
for glass rear surface modules where attachment is impossible without damage. 
Hot-spot testing of this type of module requires specially prepared modules 
witn leads attached prior to lmination. The sensitive cell metallization of 
amorphous cells necessitates the development of techniques different frcm 
those used for crystalline cells where leads were simply soldered to the metal 
backing. The new techniques being considered include use of conductive 
adhesives, spring-loaded preciousmetal-plated contacts and conductive 
elastomeric gasket material. The latter is good for making distributed 
current interfaces in applying back-bias current where use of point contacts 
would lead to burning away of the cell metallization. 

Another issue is that of illuminating the long-narrow cells 
characteristic of amorphous modules. 
crystalline cells. The light pattern produced by the lamp coincides well with 
round or even square cells, however, it does not conform well to the long 
cells. Therefore, more lamps will be required to produce the same light 
intensity per cell active area leading to an added heat load. 

An ELH lamp is used to illuminate 

Thus far, the testing has been performed on small, unencapsulated test 
structures. The extrapolation of these results to large cells and 
encapsulated modules is not straightforward. In fact, the correlation of 
these types of tests with results obtained or expected from full-size modules 
requires the ability to accurately simulate module heat transfer 
characteristics. 

AMORPHOUS-CELL HOT-SPOT TESTING OBJECTIVES 

The objectives of the JPL amorphous-cell hot-spot testing task are: 

(1) To develop the techniques required for performing reverse-bias 
testing of amorphous cells. 

(2 )  To quantify the response of amorphous cells to reverse biasing. 

( 3 )  To develop guidelines for reducing hot-spot susceptibility to 
amorphous modules. 
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(4) To develop a qualification test for hot-spot testing of amorphous 
modules. 

To date, the first objective is about 75% complete and a qualitative 
understanding of cell response has been achieved, but not a quantitative one. 
Work on the last two objectives has not begun yet. 

APPROACH 

Amorphous cells are being tested using two techniques. 
equivalent to that used in the hot-spot testing of crystalline cells; an IR 
camera is used to monitor hot-spot temperature and a reverse-bias I-V curve is 
plotted. 
absence of illumination. There are two reasons for this: First, because this 
pnase involved the development of techniques and the identification of 
relevant cell characteristics, it was decided to limit the number of variables 
influencing test results. Also, the appropriate iliamiination level is 
dependent on the circuit configuration of the test cell and cell area. 
Because small test structures were used in the initial phage, the required 
information was not yet available. 
cannot be obtained without performing tests under illumination. 

The first is 

The testing in the preliminary phase has been performed in the 

It should be noted tha: conclusive results 

The second technique consists of pulsed reverse-bias voltage ranging in 
duration from 0.01 to 100 m s .  
initially and after each pulse. This test complemented the one discussed 
above for the following reasons. In some of the cells tested using 
steady-state back-biasing, the hot-spot reaction proceeded slowly until a 
voltage breakdown point was reached where the cell began to rapidly heat up, 
necessitating shutdoim before the test structure was destroyed. 
testing, on the other hand, produces a controlled and uniform reaction, 
dependent on pulse duration and voltage test level, with essentially no 
heatir-g. 
significant damage occurs. 

A power-quadrant I-V curve was plotted 

The pulse 

Therefxe, the cell response can be observed in a gradual way before 

PRELIMINARY OBSERVATIONS 

The preliminary observations can be summarized as folmws. 
amorphous cc!ls undergo hot-spot heating similar to crystalline silicon 
cells. 
any more severe than in the case of crystalline cells. 
levels are similar and their tolerance to hot-spot heating is similar. 
Second, the same techniques used to reduce the hot-spot susceptibility of 
crystalline modules are applicable to amorphous celis with the addition of new 
ones tailored to the unique characteristics of amorphous cells. Foremost, 
module design must address hot-spot heating. 
by the module for the cells, the lower the hot-spot temperature. Also, 
because hot-spot heating is a focused phenomenon being concentrated in a small 
region of the cell, use of smaller cells will result in a lower maximum 
current and, consequently, lower hot-spot heating. Finally, the use of bypass 
diodes is a good technique for reducing the back-bias voltage. 

First, 

Hot-spot heating in amorphous cells does not seem to be any less or 
Their shunt resistance 

The more heat sinking provided 
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FUTURE WORK 

The amorphous-cell hot-spot testing task will continue with work in the 
following areas : 

Refinement of measurement techniques in order to differentiate 
between effects ir. 
to tne cell, e.g., some effects at first attributed to the cell 
response were because of changes in the conductive pad contacting 
the cell. 

-ed unique to the technique and effects unique 

Continuation of the testing of cells and modules as they become 
available from manufacturers. 

Correlation of the results of the test cells with module results 
in terms of: 

(a) The amount of additional heat sinking available. 

;b) The difference in cell size relative to the current output 
and increased conductance over the front surface. 

Performance of tests under an illumination level appropriate to 
given module series/paralleled configuration, cell size, and 
bypass diode frequency. 

Strive to anderstand the changes in cell structure after hot-spot 
heating . 

In the last re&ard, particularly, JPL welcomes the opportunity to work with 
cell and module manufacturers. 
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Flat-Plate Solar Array Project 
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Flat-Plate W a r  Array Project 

HOT-SPOT TEMPERATURE VS POWER 
(UNENCAPSULATED &Si SUBMODULES, NO ILLUMINATION) 
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Flat-Plate Solar Array Project 
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DISCUSS ION 

W . . :  Did you see any cel ls  repair themselves i f  you appl ied a pulse? 

GONZALEZ: 

KNXAZZEL: 

comALE2: 

We have seen some of  t ha t  i n  t h e  pulse  t e s t i n g .  That ' s  t h e  only 
test where w e  d i d  any front-quadrant I-V curves. We have seen 
some s t r a n g e  changes i n  those I-V curves,  changes that occur 
wnen you j u s t  let t h e  ce l l  sit f o r  a while  and then cont inue t o  
test. A f t e r  it g e t s  a pulse  sometimes it g e t s  b e t t e r .  Yes, 
t h e r e  are changes. 

Can you descr ibe  what t h e  e f f e c t s  were t h a t  you shoved photographs 
o f ?  What w a s  t h e  morphological change t h a t  you photographed? 

That, I c a n ' t  g e t  i n t o  i n  d e t a i l .  You w i l l  have t o  t a l k  to one of 
t h e  ce l l  manufacturers. 
e n t i r e  material of t h e  c e l l  w a s  eroded away l i k e  a volcanic  
e rupt ion .  
of there .  
know, except  t h a t  phys ica l ly  it is  j u s t  being -- i t  j u s t  eroded 
it ,  j u s t  blew t h e  s t u f f  away. 

The only t h i n g  I can see is t h a t  t h e  

I f  you look a t  t h e  200X p i c t u r e  -- i t  j u s t  kicked o u t  
Now, what's happening a c t u a l l y  i n  t h e  ce l l  I don't  

TUKNER: F i r s t  o f  a l l ,  your concern t h a t  the  tes t  r e a l l y  should be done 
i l lumina ted  as opposed to i n  the  dark is w e l l  warranted. 
Because i t  may t u r n  o u t  t h e r e  is not  a s i g n i f i c a n t  d i f f e r e n c e ,  
but one of t h e  s i g n i f i c a n t  d i f f e r e n c e s  between amorphous cells 
and c r y s t a l l i n e  cel ls  is t h a t  superpos i t ion  holds i n  c r y s t a l l i n e  
cells, t h a t  is, t h e i r  dark I-V curve can be t r a n s l a t e d  to  
produce t h e  l i g h t  I-V curve,  and t h a t ' s  i n  general  no t  true o f  
amorphous cells. 
it is i n  t h e  l i g h t .  

It's q u i t e  a d i f f e r e n t  device i n  t h e  darK than 

GONZALEZ: I d i d n ' t  mean to  imply t h a t  we are proposing doing tnem i n  t h e  
absence of i l l u a i a a t i o n ,  j u s t  t h a t  w e  are t r y i n g  to get a handle 
on what ' s  going on and t h a t  w a s  t h e  s t a r t i n g  point.  

TURNER: I understand. You have t o  s ta r t  someplace. quest ion is, w i t h  
t h e  design of these modules, they are usua 
and very wide. Or very s h o r t  and very wide,  i f  you l i k e .  The 
opportuni ty  f o r  causing shadowing would secm to  be d i f f e r e n t  -- 
I don ' t  know how d i f f e r e n t  -- than i t  is i n  the  case of 
c r y s t a l l i n e  modules, which are blocks,  and i f  you have a l i o n  
walking across  i t  with muddy p r i n t s  then he could cause 

anybody has a t tacked  t h e  problem of  t h e  p r o b a b i l i t y  of 
occurrence of the kind of shadowing t h a i  might cause a problem? 
I f ,  f o r  example, you s a y  t k e  worst  case is t h e  one where a 
module might blow Dut what you have t o  do is to hold a penc i l  
two-thirds of t h e  way a c r o s s  one, and only one, c e l l  in t h e  
proper o r i e n t a t i o n .  

a very narrow ce l l  

*problems. Well, t h a t  - did  happen a t  M t .  Laguna. I wonder i f  

Has anybody wrestled with t h a t  problem? 
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G O N U :  I r e f e r  you to  t h e  work w e  d i d  about  a y e a r  ago t h a t  J i m  A r n e t t  
from A R C 0  was involved  i n ,  and t h a t ' s  w i t n  t h e  SMUD a r r a y s ,  
where we looked a t  t h e  t y p e s  of shadows and what t h e y  would do ,  
so some work has  been done on t h a t .  Not f o r  amorphous; I 
thought  you meant t h a t  as a q u e s t i o n  i n  gene ra l .  

TURNER: P a r t i c u l a r l y  because of t h e s e  modules, which would seem t o  be less 
s u s c e p t i b l e ,  bu t  it can  be t r i c k y ;  a t e l ephone  l i n e  c o u l d  
c e r t a i n l y  cause  complete  shadow. 
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