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In s p i t e  of the worldwide i n t e r e s t  i n  t h in  f i lm  Si :H (TFS) as t h e  l e a d i n g  
t h i n  f i l m  PV mater ia l ,  r e l a t i v e l y  few repor t s  on module and device design have 
appeared. The d i f fe rences  i n  performance and design o p t i o n s  f o r  TPS r e l a t i v e  
t o  c r y s t a l l i n e  S i  a r e  s i g n i f i c a n t  enough t o  warrant redevelopment of much of 
the current design methodology which i s  l a r g e l y  based on c r y s t a l l i n e  S i .  I n  
Sec t ion  I below, several  aspec ts  of t h i s  design i ssue  which have been addressed 
by the  author  w i l l  be reviewed. The i n t e n t  h e r e  i s  m..rely t o  h i g h l i g h t  t h e  
main  p o i n t s  of  t h o s e  P t u d i e s  s i n c e  they  r e l a t e  t o  the d i s c u s s i o n  i n  t h e  
following s e c t i o i l  and t o  t h e  g e n e r a l  i s s u e s  of TFS m2dule des ign .  I n  t h e  
second s e c t i o n  t h e  e f f e c t  of module s t a b i l i t y  on des ign  i s  discurised. The 
changes i n  module output  a s  they  a r e  p r e s e n t l y  known and unders tood  impact 
f u t u r e  d e s i g n s  a s  w e l l  a s  some of what has already been done where constant 
output was assumed. Only the drop i n  i n i t i a l  output i s  t r e a t e d  below. Dai ly  
and s e a s o n a l  i n c r e a s e s  i n  o u t p u t  due t o  anneal ing w i l l  be t r ea t ed  i n  fu tu re  
s tud ies .  

I. REVIBV OF PERTIEBUT I T S  HODLlLE DBSIQ ISSUES 

C'ne of the ea r ly  attempts a t  unde r s t and ing  how TFS based modules might 
work under  a c t u a l  outdoor  c o n d i t i o n s  invo lved  use  of a Weather/Insolat ion 
simulation model (Ref. I ) .  The then knc:.; ; roper t ies  of ea r ly  modules were f e d  
i n t o  t h e  model vh ich  could then  p r e d i c t  performance a t  any loca t ion  f o r  an 
a c t u a l  year i n  terms of t o t a l  energy del ivery.  The r e s u l t s  a r e  summarized i n  
Table 1 from t h a t  study. 

Table 1. Yearly Energy (Watt-Hours) Derived f r a  PVSYS Run6 
for Ca and 8i:E Hodules 

Location I 8% S i  I TF Si :H I Ratio TF/Cz 

Chatevorth, I 16945 I 6794 I' 0.4009 
Cal i fornia  I I I 
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The model  hod p r e v i o u s l y  b e e n  u s e d  f o r  c r y s t a l l i n e  S i  (Cz S i ) .  One of  t h e  
outcomes of t h e  e x e r c i s e  was a d i r e c t  comparison wi th  Cz S i .  It was shown t h a t  
on a n  e n e r g y  d e l i v e r y  b a s i s ,  TFS modules enjoyed a -5% r e l a t i v e  advantage over  
t h e i r  Cz c o u n t e r p a r t s  i f  they were i d e n t i c a l  i n  p e a k  o u t p u t .  T h i s  a d v a n t a g e  
was p a r t i a l l y  due  t o  FF i n t e n s i t y  dependence caused by t r a n s p a r e n t  conductor 
s h e e t  r e s i s t a n c e  p r o p e r t i e s .  Ongoing s t u d i e s  a l o n g  t h e s e  l i n e s  i n d i c a t e  
c o n t i n u a l  m o d i f i c a t i o n s  i n  performarxe which r e q u i r e  renewed assessments. I n  
g e n e r a l ,  TFS module d e s i g n  c a n  be  t u n e d  t o  tp.ke f u l l  a d v a n t a g e  o f  s u c h  
d i f f e r e n t i a l  behavior.  The a d d i t i o n  of  s t a b i l i t y  performance t o  t h e  d a t a  base 
discussed i n  S?c t ion  I1 below i s  an at tempt  t o  do so. 

As e x p e r i e n c e  w i t h  module f a b r i c a t i o n  improved i t  became p o s s i b l e  t o  
c o n s t r u c t  modules according t o  p r e d i c t i o n s  b a s e d  on d e s i g n  s i m u l a t i o n .  T h i s  
a l l o w e d  t h e  g a t h e r i n g  of a c t u a l  outdoor d a t a  over  extended p e r i o d s  t o  compare 
wi th  model p r e d i c t i o n s  and t o  r e f i n e  t h e  inpu t  t o  such models. One s u c h  s t u d y  
( R e f .  2 )  was a c o m p a r i s o n  o f  two types  of 40x33 monol i th i c  modules, one wi th  
h a l f  t h e  c e l l  width and hence twice t h e  number of c e l l s  as t h e  o t h e r .  These so 
c a l l e d  " s i n g l e  and dc u b l e  s t r i n g "  ( two  p a r a l l e l  s t r i n g s )  modules a r e  shown 
schematical ly  i n  Fig. 1. A c r o s s  s e c t i o n  of t h e  mono l i th i c  d e s i g n  i s  shown i n  
F i g .  2 .  The d i f f e r e n c e  i n  outdoor performance of t h e  two modules i s  shown i n  
Fig.  3. The d i f f e r e n c e  i n  performance w a s  p r i m a r i l y  a t t r i b u t e d  t o  d i f f e r e n c e s  
i n  FF i n t e n s i t y  dependence becausc of t h e  c o n t r i b u t i o n  t o  series r e s i s t a n c e  o f  
t h e  t r a n s p a r e n t  conductor.  As shown below, on a peak performance b a s i s ,  d e s i g n  
B was 7% more e f f i c i e n t  t han  A. 

Ratio o f :  FF I,, Eff Yearly Energy 

Module B 1.13 0.95  1.07 1.05 
Module A 

Some of t h i s  advantage was l o s t  on a comparison based on yea r ly  energy d e l i v e r y  
b e c a u s e  of  t h e  lower  a v e r a g e  e f f e c t i v e  i n s o l a t i o n  t h a t  m o d u l e s  a c t u a l l y  
e x p e r i e n c e  under real  o p e r a t i n g  cond i t ions .  The choice of t h e  b e s t  d e s i g n  had 
t o  be d i c t a t e J  i n  t h e  f i n a l  a n a l y s i s  by t h e  a p p l i c a L L o n  and by m a n u f a c t u r i n g  
economies. 

A f i n a l  area of p a r t i c u l a r  i n t e r e s t  t o  t h e  TFS community i s  ;hat of tandem 
modules. These a r e  f e l t  t o  be thr;  means t o  a c h i e v i n g  t h e  15-20% e f f i c i e n c y  
v a l u e s  needed  f o r  l a r g e  scaie implementation of PV (Ref. 3 ) .  These o b j e c t i v e s  
are  most l i k e l y  t o  be  met wj:h S i  t o p  and Si/Ge a l l o y  bothnu Aevices. However, 
t h e r e  are some p o t e n t i a l  near term advanthges of S i / S i  tapdems over  s i n g l e  c e l l  
dev ices  (Ref. 4). A comparison of t h e s e  module s t r u c t u r e $  under a c t u a l  outdooL 
c o n d i t i o n s  was r e c e n t l y  u n d e r t a k e n  (Ref. 5 ) .  The i n t e n t  of t- 2 s tudy  was t o  
g a t b e r  d a t a  on a c t u a l  p e r f o r m a n c e  t o  s e r v e  a s  i n p u t  f o r  m o d e l i n g  a n d  
s imula t ion .  A comparison of module output  f o r  a t y p i c a l  day i s  shown ir! Pig.  4. 
The mbdules w i t h  Si/Ge bo t toms  were o b s e r v e d  t o  be  l e s s  s e n s i t i v e  o v e r  t h e  
cour se  of t h e  day t o  changes i n  i n t e n s i t y  and s p e c t r a l  content  than t h e i i  S i / S i  
c o u n t e r p a r t s .  T h i s  i e  n o t  u n e x p e c t e d  and i s  p r i m a r i l y  due  t o  ':e g r e a t e r  
s p e c t r a l  b r e a d t h  of  t h e  Si/Ge a l l o y s .  As w i l l  be d i scussed  below, t h e  d e v i c e  
t h i c k n e s s  v a r i a t i o n s  u s e d  i n  t h e s e  s t r u c t u r e s  h a v e  i m p o r t a n t  s t a b i l i t y  
i m p l i c a t i o n s .  These w i l l  h a v e  t o  be  i n c l u d e d  i n  f u t u r e  des ign  e f f o r t s  f o r  
tandem modules. 
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A. S t a b i l i t y  S iwi la t ion  

The d e t a i l 8  of s t a b i l i t y  r e l a t e d  performance in TFS and the  underlying 
nechanisms giving rise t o  t h i s  performance a r e  s t i l l  the  s u b j e c t  of  i n t e n s i v e  
s t u d y  throughout  t h e  world Just  a s  t h e  as-made performance v a r i e s  f r m  
laboratory t o  laborato.  y, so a l s o  dqes the s t a b i l i t y .  The s t a b i l i t y  behav io r  
of ou r  devices  i s  discussed i n  Ref. 6. I n  summary, w e  observe an i n i t i a l  l o s s  
of 10-15% which i s  a funct ion of device th i ckness  and d e t s i l s  of p r e p a r a t i o n  
condition. The primary l o s s  i s  i n  Pi, with second. 7 losses  sometimes observed 
i n  Jsc and V o c .  Output i s  t h e n  s t t b l e  and does i n  f a c t  improve during w a r m  
periods due t o  an annealing process. lbst of t h e  i n i t i a l  l o s s  O C C U . . ~  d u r i 5 g  
the f i r s t  20 hours of exposure. 

I n  o r d e r  t o  s i m u l a t e  t h e s e  108s1!8 f o r  module d e s i g n  purposes P simple 
approachvas  t ake3 .  In e s s e n c e ,  i t  i . 8  found t h a t  s t a b i l i t y  l o s s r s  can  be 
n i c e l y  modeled by conu ide r ing  them simply as increases  i n  s e r i e s  res i s tance .  
T h i s  was demons t r a t ed  by working v i t b  4 cm2 t e s t  s t r u c t u r e s  and showing 
co r re l a t ions  between FF and the  power curve a',r,cc 2: Voc. This CorrelaLion for  
devices  i n  the as-made s ta te ,  B (before) ,  and degrpded s t a t e ,  A ( a f t e r  l i g h t  
exposure),  i s  shown i n  Fig. 5 .  A change i n  slope cf cae a n i t  corresponds t o  an 
increase  i n  s e r i e s  r e s i s t ance  of -0.67 ohm for these devices. This behavior i s  
a l s o  a funct ion of device thickness as  shown i.n Fig .  6 .  The s l o p e s  of t h e s e  
l i n e s  i s  a measure of the  bulk contr ibut ion t o  Rs i n  esch of the  states,  while 
the etro thickness in t e rcep t  i s  the  i n t e r f a c e  c o n t r i b u t i m .  I t  i s  seen  t h e n  
t h a t  t h e  degraded s t a t e  A derives  from the  B s ta te  through an increabe i n  both 
bulk  and i a t c r f a c e  components of RE and w i l l  be model-d accordingly. Further 
d e t a i l s  of t h i s  analysis w i l l  be pcovidGd elsewhere. 

B. The Wpdule Model 

Details  of t h e  model used i n  t h i s  study a r e  presented elsewhere (Ref. 2). 
For purposes of the discussion whic'l follows, the aspect of i n t e r e s t  i s  s e r i e s  
r e s i s t a b ? c e ,  RE. There a r e  two contr ibut ions t o  RE, t ha t  due t c  the 8he.t rho 
of the e lec t rodes  and tha t  due t o  contact r e s i s t ance  and t o  i n t e r n a l  r e s i s t a n c e  
of  t h e  p h o t o a c t i v e  m a t e r i a l .  The e l e c t r o d e  r e s i s t a n c e  i s  dominated by 
typ ica l ly  h igh  ehee t  rho's f o r  t r a n s p a r e n t  conductors  and i s  d e s c r i b e d  by 
s t a n d a r d  d i s t r i b u t e d  res i s tance  formulas. The remaining components ar2 lumped 
i n t o  t h e  product c f  "RCtt and ''contact length" <e.g. F ig .  7). What i s  ahown as 

Much of the  ana lys i  avclves 
use of t h e  R c  term t o  s i m u l a t e  d e g r a d a t i o n  i n  terms of increaser. ' r  setiC8 
r e s i s t ance  as discussed above. 

Rseries" i n  the  da ta  i s  the  sum of these terms. I t  

C. Module Performance 

The e t a r t i n g  point  f o r  t h i s  inves t iga t ion  i s  the Fowey c u l o i  f o r  an a c t u a l  
30x30 cmmodule which i s  shown i n  F i g .  7 .  The module c o u f i g u r a t i o n  i s  ?.5 
s e r i e s  c e l l s  " s i n g l e  s t r i n g "  as shown i n  Piyules 1 and ? -  3.r deta  show i n  
t he  f igu re  a r e  ac tua l ly  the simulation t h a t  r e s u l t e d  i n  D F i ;  t o  t h i s  a c t u a l  
measured curve  f o r  the module. The accw'  and simulated curves fo r  the  module 
e x a c t l y  overlap a t  7% ef f ic iency  and 0.W P. The manner i n  which t h e  f : t  vap 
a c h i e v e d  w i l l  now b e  d i s c u s s e d .  I n  F ig .  8 thc. measured power cu rve  i s  
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superimposed on a s imula t ion  of t he  "ideal" curve f o r  the  module. A l l  of the  
d a t a  shown a re  f o r  t h e  idea l  simulation. Jsc, Jo, n, T, a rea ,  module length,  
module width, c e l l  width, c e l l  l e n g t h ,  and c o n t a c t  l e n g t h  a r e  a l l  v a r i a b l e s  
whose known v a l u e s  as  shown a r e  i n p u t .  Rsq,  Rc and RBhat  are s e t  a t  i d e a l  
values. The remaining pararetera  a r e  c a l c u l a t e d  from t h l s  known se t .  A s  i s  
s e e n ,  f o r  R s  = 0 ( t o t a l  s e r i e s  r e s i s t a n c e )  a n 3  Rsh 1 (total shun t  
res i s tance) ,  the module e f f ic iency  would be 8.75% with a 0.8 FF. It should  be 
noted t h a t  t h e  i d e a l  FF of 5 8 ag reea  w e l l  with t h e  extrapolated idea l  from 
Fig. 6 f o r  c e l l s .  The e f f e c t  of including the known values  of sheet  r e s i s t a n c e  
f o r  t h e  f r o n t  (8 ohms/square) and rear (0.15 ohms/square) e lec t rodes  is shown 
i n  Fig.  9 .  These ccrabine t o  r e s u l t  i n  a R, = 2.8 ohms which reduces t h e  FF t o  
0.74 and the e f f ic iency  t o  8.2%. 

Addition of the  remaining series components w i l l  be accomplished by use of 
Fig. 6. F i r s t  the contr ibut ion of the bulk o'*dtoconduct Jr i s  c a l c u l a t e d  from 
t h e  s l o p e  of the s ta te  B Cume a t  a thickness of -4500a. For these 4 cm2 t e s t  
c e l l s ,  a -10% drop i n  FF is  r ec l i zed  fo r  each added ohm of R,. Correcting t h i s  
t o  t h e  -30 cm2 c e l l  areas  i n  the modale and t o  the  f a c t  t h a t  25 such c e l l s  are 
iit s e r i e s  r e s u l t s  i n  t h e  use of Rc = 0.0167 t o  e f f e c t  an increase i n  R, of -1 
ohm. This has only a minimal e f f e c t  on FF, dropping  i t  t o  0.73 (F ig .  1 0 ) .  
Again r e f e r r i r g  t o  F ig .  6 t o  g e t  a t  the  in t e r f ace  component of R,, and again 
us ing  &he above r - r e c t i o n s  r e su l tn  in use of Rc = 0.071 and a r e su l t i ng  Re = 
6.8 ohms. This  doubling of 2, due t o  the  i n t e r i a c e  drops FF t o  G.67 and 
eff ic iency t o  7.32.. as can be seen i n  Fig. 11, the  f i t  i s  c l o s e ,  b u t  f l i r t h e r  
adjustmerts a r e  required.  

A l l  i n p u t s  t o  t h e  model t o  t h i e  ? o i n t  a r e  measured. F i n a l  f i t  however 
w i l l  be base? upon o b s e r v a t i o n  r a t h e r  t han  d i r e c t  measurement. From t h e  
non-zero s lo ,e  a t  I,, o t  tee measured power curve, i t  i s  apparent t h a t  some 
shun t ing  should be included. The e f f e c t  of adding Lsh = 1000 ohms-cv' (Oi -33 
ohms) i s  shown i n  Fig.  7 .  T h L 7  s imula t ed  cu rve  w i t h  o n l y  one , u s t e d  
parameter, Rsh, i s  en exact f i t  t o  the  measured curve f o r  the  module. 

The f i n a l  s tep  i n  the procedure i s  d e g r a d a t i o n  of t h e  module. This  i s  
accoDplished by use  of the  sta',e A data  from Fig. 6.  Combining both bulk and 
in t e r f ace  components resul ts  in Rc = 0.16 and Rs = 11.8 ohms. This increase i n  
R s  o f  - 5  ohms d r o p s  FF t o  0.56 and e f f i c i e b c , ,  t o  6.1% (F ig .  121, which 
corresponds d i r e c t l y  io ac tua l  modcle behavior .  I t  i s  t o  be noted  t h a t  t h e  
d e g r a d e d  s t a t e  was c o n t r i b u t e d  t o  e q u a i l y  by bulk  and i n t e r f a c e  l o s s e s .  
S o l u t i o x  of e i the r  can bring nodule s t a b i l i t y  t o  she 95% v ic in i ty .  

A summary of t h e  above procedures of f i r s t  simulating and then degrading a 
module is given i n  Fig. 13. With t h e  e x c e p t i o n  of 9 s l i g h t  s h a n t  l o s s ,  t h e  
e n t i r e  p r o c e s s  o f  Loss i s  b a s e d  upon accumbla t ing  s e r i e s  r e s i s t a n c e s .  
Opportunities f o r  improving the as-made a s  w e l l  a s  s t a b i l i z e d  performance of 
these  modules l i e  with el iminat ing these res i s tances .  Some implicat ions of the 
present s t a b i l i t y  phenomena t o  module d e s i g n  are  d iecussed  i n  t h e  f o l l o w i t g  
s tc t ioce .  

D. Design I s s m  

1. Transparen. . onductor (TC) sheet rho 

S ince  TC s h e e t  r h o  ; A d e g r a d a t i o n  both  c o n t r i b u t e  t o  RE,  the  ontimum 
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shee t  rho fo r  a degraded module w i l l  not be the  same a s  an as-made module. The 
e f f e c t  of vaxying TC sheet rho f o r  B and A e t a t e s  is stown i n  Fig. 14. I n  t h e  
h igh  PAP regime of low sheet rho, t o  r i r s t  oxGer there  i s  l i t t l e  d i f fe rence  i n  
the sloDes of the 3 and A curves, and hence degradation i s  a non i s s u e .  Only 
a t  h i g h e r  shee t  rho values,  where the degraded s ta te  starts asymptoting f a s t e r  
than the B s ta te ,  is  there  some leverage. This i s  not a normal d e s i g n  r e g h e  
f o r  most appl ica t ions  however, and thus  degradation does not play a s ign i f i cnn t  
r o l e  i n  amaule s h e e t  r h o  choice .  Broader ,  more l e v e r a g i n g  i s s u e s  such as 
transmission and cos t  trade-offs w i l l  s t i l l  dominate. 

2. Module c e l l  dens i ty  

For  most  c u r r e n t  a p p l i c a t i o n s  t h e s e  modules have t h e  c o n s t r a i n t  of 
g e n e r a t i n g  v o l t a g e s  c o n s i s t e n t  w i t h  12-vol t  b a t t e r y  c h a r g i n g  o r  1 2  v o l t  
d e v i c e s .  T h i s  and TC s h e e t  r h o  la rge ly  d r ive  c e l l  s i z e  i n  50x30 cm modules. 
The r e s u l t  i s  a ser ies  s t r i n g  of -25 c e l l s  -1 cm wide yielding Vmp of 13-15 
v o l t s .  

As mentioned above and d i s c u s s e d  i n  R e f .  2,  p a r a l l e l i n g  a l lows  other  
options on c e l l  s i ze .  Addit ional ly ,  o t h e r  a p p l i c a t i o n s  n o t  t i e d  t o  12-vol t  
systems, such as u t i l i t y  gr id  power, largely r e l ax  Voc cons t ra in ts .  The e f f e c t  
on module d e s i g n  of r e l a x i n g  t h i s  c o n s t r a i n t  i s  Shown i n  F i g -  1 5 .  The 
t rade-of f  t h a t  i s  occurr ing ,  as shown i n  Fig. 16, i s  t h a t  between FF and Isc. 
FF increases  with increasing c e l l  densi ty  because the  sheet rho contr ibut ion of 
t h e  TC t o  R ,  J e c r e a s e s  a s  c e l l  w i d t h s  d e c r e a s e .  Is ,  d e c r e a s e s  i n  a 
straightforward way with decreasing c e l l  width. Referring back t o  F ig .  15 ,  i t  
is seen  t h a t  the 25-cell design i s  j u s t  below the e f f ic iency  peak which occurs 
a t  -32 c e l l s .  Such a des ign  would produce a Vmp of over 20 v o l t s ,  which i s  
inappropriate  f o r  12-vol t  s y s t e m s  and t h u s  u s e f u l  m l y  i n  non-cons t ra ined  
voltage a2pl icat ions.  

The e f f c c t  of degradation i s  only a small s h i f t  i n  the design point.  This 
i s  denonstrated i n  Fig. 17, which i s  a p lo t  of t h e  pe rcen t  of s t a t e  B o u t p u t  
main ta ined  i n  s t a t e  A. As can be seen, i n  terms of s t a b i l i t y  performance the 
current  25-cell design i s  n e a r l y  a f u l l  pe rcen tage  p o i n t  below t h e  peak of 
m a i n t a i n - d  e f f i c i e n c y  ( -86.5 vs.  -87.5). In  terms of s t ab i l i zed  output then, 
t h e  optimum d e s i g n  p o i n t  i s  -35 c e l l s  ( f o r  n o n - c o n s t r a i n e d  v o l t a g e  
appl i  c e L ~ o n s  1. 

The as  made and degraded states of TFS based moduleb have beL.r. t..Jdelkd i n  
t e r m s  o f  s e r i e s  r e s i s t a n ~ e  l o s s e s .  The o r i g i n s  of t h e s e  l o s s e s  l i e  i n  
in t e r f ace  and bulk regions of the devices. When modules degrade  under  l i g h t  
exposure, increases occur in  both the in t e r f ace  and bulk companents of the lo s s  
based on s e r i e s  res i s tance .  Actual module performance can thus be simulated by 
u s e  of  on ly  one unknown parameter ,  shun t  i o s s e s .  Use of the simulation t o  
optimize module design ind ica tes  t ha t  the current  design of 25 c e l l s  per l i n e a r  
f o o t  i s  near optimum. Degradation perfornance suggests a s h i f t  t o  -35 c e l l s  t o  
e f f e c t  maximum output f - r  appl ica t ions  not c o n s t r a i n e ’  t o  12  v o l t s .  E a r l i e r  
s t u d i e s  of cnergy based performance and tandem s t ruc tures  should be updated t o  
include s t a b i l i t y  f a c t v r s ,  not oniy the  i n i t i a l  l o s s  f a c t o r  t e s t e d  h e r e ,  but  
a l so  appropriate  annealing fac tors .  
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Special  thanks are extended t o  Kim Mitchell  f o r  u s e  of  t h e  computer code 
and t o  Dennis Willett f o r  c e l l  thickness data .  
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Fig. 1 
MODULE OPTIONS 
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Fig. 13 
MODULE FILL FACTOR LOSS MAP 
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Fig. 14 
MODULE FILL FACTOR VS. FRONT ELECTRODE 
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Fig. 3 
ROOFTOP MODULE EFFICIENCY 
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Fig. 4 
SilSi AND SilGe PERFORMANCE vs TIME 
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Fig. 5 
SLOPE AT Voc VS. FILL FACTOR FOR 

STANDARD CELL POPULATION IN B AND A STATES 
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Fig. 6 
FILL FACTOR VS. CELL THICKNESS FOR 

B AND A STATES 
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Fig. 1 1  
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Fig. 15 
MODULE EFFICIENCY VS. CELLS PER FOOT 

FOR B AND A STATES 
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Fig. 17 
PER CENT OF STATE 6 MASNTAINED BY A 

VS. CELLS PER FOOT 
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DISCIJSSLON 

WRONSKL: You raised several very important questions. One is the difference 
between a tandem cell and a single cell; I think that should be 
taken into account. I have one questica, though. It is very nice 
to parameterize the cell performance instead in terms of the 
El-shunt, 8-series and so on. There is one difference I think 
between amorphous-silicon and Crystalline-silicon cells, that the 
recombination per se rather than the series resistance cen give 
characteristics that could be interpreted in terms of those 
parameters. I think that this should be pointed out, because it 
becomes very important when people start doing degradation studies 
and are looking for contact resistance and short resistance. But 
what I want to ask you is, have you got any feeling as to how we 
can tell the difference between the two mechanisms? 

HOREL: Again I apologize, because what I'll say tomorruw addresses these very 
points you are making such as why this looks like series 
resistawe. I have looked at it a little bit, the underlying 
physics, and it turns out that you picked one of the models in the 
literature that is a recombination model. I can come bp with some 
things that come close to fitting wrhat I have, although there are 
some wrinkles that are different in it. But I think the way to 
tell now is that there is an interface component and a bulk 
component. I think if we do some activation energy studies of 
annealing and so forth, we might be able to see the differences, 
and separate the two, aiid understand which is doing what. 

LESK: I think it would be valuable from a modelin2 standpoint to show how 
your shunt resistance varies as a function of intensity. At night 
you would draw :7 surs tevezse bias. That's got to drop very 
rapidly as a functioa .L intens:ty in the dark. The shunt 
resistance barically ,IFS got to disappear. The energy is what 
looks like n r'ucction af intensity for modeling at less than one 
sun. 

MOREL: I calculated what the current contribution of that was. Certainly, 
for the atar,dard performance of the module out in the sunlight, 
light is not a big problem. But for the kind of issue you are 
raising, I don't know what the exact number would be if you 
calcul.ted it out. We'd have to look at it more carefully to see 
how long it could stay Jn the dark before there is a problem. I 
don't know, offhand. 

D'AIELLO: The interface component interests me. It looks very large in the 
module ttpt you have. Pr you have any thoughts on it: origin, 
related to the physical effects? 

MOREL: Truthfully, all of this was done in the last couple -,f weeks, and I 
have not had time to push it further than where it is right now, 
other than to try to relate the bulk part of it to some of the 
lifetime models. The interface parC c: it - -  all I can do is 
speculate, and think that it has something to do r.itt, the 
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p-transparent conductor interface, rrhic’: S~CUI;  io be a very 
s2nsitive thing. Also, one could po’lnt to the interface betweer. 
the end and the back metal. There hav been some comments made 
already that some oxidation can take plsre there. I qould b5iS 

expect that to be reversible, however, and so we need to go Lack 
and look at some activation energies of reversibility and so forth 
to understand which parts of this are reverFible and which are 
not. Then maybe we will understand. 
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