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, ABSTRACT 

A Photovoltaic,Metallization Research Forum, under the 
sponsorship of the Jet Propulsion Laboratory's Flat-Plate 
Solar Array Project and the U. S. Department of Energy, was 
held March 16-18, 1983 at Pine Mountain, Georgia. The 
Forum consisted of five sessions, covering (1) the current 
status of metallization systems, ( 2 )  system design, ( 3 )  
thick-film metallization, ( 4 )  advanced techniques and ( 5 )  
future metallization challenges. Twenty-three papers were 
presented. 
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FOREWORD 

The objectives of the Research Forum on Photovoltaic Metallization Systems 
were to clarify and define the state of the art of current metallization 
systems for solar cells; to report on performance experience with these 
systems, including advances made and problems encountered; to describe 
advanced processing techniques under development, and to discyss expectations 
for future improvements. 

The approach was to present invited and submitted papers on various aspects, . of. . 

photovoltaic metallization systems; to invite a~knowled~ed'experts in the 
field, who would lend perspective as well as technical expertise, to attend; 
and to provide an atmosphere and a setting that would provide ample 
opportunity for discussion. 

More than 64 specialists came to Pine Hill, Georgia, March .l6-18, 1983, to 
participate in this PV Metallization Forum. These scientists and engineers, 
came from industrial laboratories, government labdratories and universities 
engaged in research and development in metal-semiconductor systems. . . . 

These Proceedings contain the texts of the presentations made at. the '~orum as 
submitted by their authors to the Committee at the beginning of the Forum. 
Thus, they may vary from the actual presentations in the technical sessions. 
.The discussions following each presentation were tape-recorded at the con- 
ference and have been edited for clarity and continuity. 
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OPENING REMARKS 

Brian D. Gallagher 
Jet Propulsion Laboratory . , 

Forum Chairman 

. . 

GALLAGHER: Ladies and gentlemen, I would like to welcome 'you to this ~esearch 
Forum on Photovoltaic Metallization Systems, which is sponsored joint,ly 
by the Jet Propulsion Laboratory and the U. S. Department of Energy. As 
in all projects, this one has some very specific concerns. 

Project Constraints 

Economic 

Module $0.70lwatt  

- Metallization Variable 

Reliability 

Module 30 years 

- Metallization Compatible 

Efficiency, NOC >11% 

These are 1984 constraints, which are relatively new. The metallization 
systems we are talking about are very definitely an important portion of 
it. It is still one of our major cost drivers. The future constraints 
are going to get worse, not better. With that in mind, I would like to 
cover a few things that are on the viewgraph. We do have economic 
constraints on finished modules sitting in a box, packaged and ready to 
ship out. It is still $0.70/watt and that $0.70/watt is in 1980 
dollars. The metallization portion of that is variable, because we have 
a number o'f systems, most of them synergiscfc. 

There are many metal systems you'will hear of in the second talk, with 
more information on how some of these systems interact and what the 
effect really is on a finished module. 

To give you a feeling for the'amount of money that we have allocated to 
us from the FSA Project .Analysis and Integration Area, the tota,l cell 
fabrication cost of an 11% cell is something .like 21.'7~.' With that 
allocation, we don't pay for the sili~on and start with a piece of raw 
sheet to produce a cell. It is a very tough economic load. 

Reliability is a very definite project constraint. We are very used to 
seeing 20 years in that slot. It has recently been changed to 30 
years. Again, putting the economic constraint on the metallization 
system means it has to be an inexpensive metal system, it has to be 
compatible with that goal, 'and it has to have a 30-yoar lifetime. It is 
a very difficult goal. 



The efficiency goals are changing on us. Remember, it used to be 10%. 
When I made this viewgraph the efficiency goal was 11%. Last Friday, I 
received a missive in the mail that said that the 1984 goal is 12%. Now 
that sounds like a comfortable number, because it is only 2% more than 
we started with in 1975 and we have had eight years to play with it. 
But a little thing called NOC makes a lot of difference. That NOC 
stands for normal operating conditions and that means that the ambient 
is at 20°C, the module itself is at its NOCT (which is normal 
operating cell temperature) and, depending on the design of the module, 
that is nominally 55O~. The wind is one meter per second and the 
module is measured at an insolatidn of 100 milliwatts per square 
centimeter. That is exceedingly tough, because the difference between 
the standard temperature conditions where it is measured in the lab, 
oxrrnpolatcd to HOC, 11av a degradation factor oi 0.91, If you fake o 
look at a cell that we produce in a normal manner and encapsulate, we 
have another degradation factor that is approximately 0.92. If we look 
at the packing factor problems we have with round cells, we are lucky to 
get about a 0.76 degradation factor, and,if it is a square cell it is 
about 0.925. Wl1e11 you multiply all of these nice things together in 
order to get a square cell into a finished module that.has an 11% 
efficiency, the cell itself has to be 14%. That's tough. If we 
increase that module efficiency to 12%, that particular cell has to be 
15.4%. So when they start talking about those rather mundane numbers 
and NOCs, we do have problems. So much for the constraints. 

Agenda 

SESSION I: STATUS OF PHOTOVOLTAIC META1,LIZATION SYSTEMS 

SESSIUN Ilr . METALLIZATION SYSTEM DESIGN 

SESSION I l l :  THICK-FILM METALLIZATION SYSTEMS 

SESSION IV: ADVANCED TECHNIQUES 

SESSION V: FUTURE METALLIZATION CHALLENGES 

Now T. wn111.cI like t o  talk a liccle bit about what yuu are going t o  see in 
the agenda. The first session is involved with the status of 
photovoltaic metallization systems. 



Session I: Status of Photovoltaic Metallization Systems 

M. Wolf (University of Pennsylvania), Chairman 

Solar-Cell Metallization: Historical Perspective 
W .  Taylor (Photowatt International) 

' Economic Implication of Current Systems 
I R. Daniel (JPL) 

Accelerated Degradation of silicon Metallization Systems 
J. Lathrop (Clemson University) 

0'  Field-Test Experience 
R. Weaver (JPL) 

. Fundamentals of Semiconductor Metal Contacts 
D..Schroder (Arizona State University) 

What we are trying to do in this forum is to take a snapshot of where we 
are now, what sort of problems we have, what we can do about them; take 
a look at some of the ways of solving the problems by getting 
interaction between people who perhaps have not interacted before. 
Let's find out where we should spend our research dollars. Our research 
dollars are rapidly diminishing. We. need the best bang for a buck we 
can get. We have to know where to put it and,we are not omniscient; we 

' need all the help we can get. So the first session is really going to 
say, how did we get here? What are some of the economies of scale, and 
economic factors? There is a lot of theory involved in this thing. A 
lot of theory that we sometimes forget, that we don't look at. When we 
'start looking at higher efficiencies, and perhaps emerging thin-film 
technologies, we have to know more about what really makes that contact 
work. 



Session 11: Metallization System Design 

D. Burger (JPL), Chairman 

HANDOUT: "Getting the Current Out," D. Burger (JPL) 

A Microelectronic Test Structure for Interfacial Contact 
Resistance Measurement 

L. Linholm (National Bureau of Standards) 

Diffusion Barriers , d 

M. Nicolet (California Institute of Technology) 

Observation of Solar-Cell Metallization Corrosion 
G. Mon (JPL) . . 

Module Degradation Catalyzed by Metal Encapsulant Reactions 
B. Gallagher (JPL) . . 

Metallization Problems with Concentrator Cells 
P. lles (Applied Solar Energy Corp.) 

. . 

Additional Discussion of Sessions I and II 

The second session is on metallization system design. We are going to 
give you some rules, some of the things we have fnllnd; we irre'g~ing to 
show you that with the best laid plans of mice and men we still have 
problems; we are going to show you what some of those problems are. 
Some of them we understand. aQme of them we dnn'r; ht.nt: we would like to 
get all uf L l ~ e m  out in the Oped and intensively discussed. 

. Session Ill: Thick-Film Metallization Systems , 

. J, Parker (Electrink, Inc.), Chairman 

Effects of Particle Size Distribution in Thick Film Conductor 
R. Vest (Purdua University) 

Particle Size Effects on Viscosity of Silver Pastes--A Manufacturer's View 
J. Provance (Thick Film Systems, Div. of ~erro 'corp. )  

-0 No"-Noble Metal-Based Metallization Systems 
A. Garcia (Spectrolab, Inc.) 

Polymer. Thick Film Conductor and Dielectrics for Membrane Switches 
and Flexible Circuitry 

.. N. Nazarenko (du Pont) 



The third session is on thick-film metallization. Again, a scapshot 
perhaps of where we are in some systems. A little bit of theory on what 
some of the things are that we don' t know -- areas that we haven' t paid 
enough attention to. 

Session IV: Advanced Techniques 

; . R. Landel (JPL), Chairman 

Ionized Cluster Beam Deposition 
A. Kirkpatrick (Eaton Ion Implantation Systems) 

Metallization with Generic Metallo-Organic Inks 
G. Vest (Purdue University) 

Dry Etching of Metallizations 
- D. Bollinger (VEECO) 

Laser Assisted Deposition 
S. Dutta (Westinghouse R&D) * 

In advanced techniques, we are going to go into something that hasn't 
really been used within our system. When we took our last snapshot, 
those'things weren't there. What can we do with some'of these advanced 
techniques? Some of them look pretty good. 

. . . . 
. . Session V: Future Metallization . . Challenges 

G. Schwuttke (Consultant), Chairman 

. . 
e Transparent Conductive Coatings . . 

S. Ashok (Pennsylvania State University) 

A Metallization System for Thin Film Photovoltaic Modules 
A. Firester (RCA ~aboratories) 

Ion-Copper Metallization for Flexible Arrays 
H. Lavendel (Lockheed Palo Alto Research Laboratory) 

Future metallization challenges: in the last session we are going to 
find out what is good, bad, or indifferent for the future. 

Remember;we,are looking for discussion and participation. 1,have one 
more viewgraph to show you. I will be perfectly honest: I stole this 
viewgraph. 



Thermal Aging of a Chicken Egg . . . . . : 
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IlARDBOlLEO ROTTEN BABY CHICKEN 

EDIBLE NOT EDIBLE EVENTUALLY EDIBLE 

I saw it first at a discussion given by a gentleman from Kodak, and it 
impressed me. Ed Cuddihy of JBL stole it from him, and I made a direct 
steal from Cuddihy. I will put it up now, for it says a lot about what 
we are trying to do as well as what he is trying to do. That's why I 
didn't change it. I don't know i f  you have seen it before buc it really 
does say a lot. ~irst of all, this forum is being sponsored within the 
Jet Propulsion Laboratory's Flat-Plate Solar Array Project by the 
Process Research Task, and we believe that there is a lot to be said for 
process research. This viewgraph shows you two things we are always 
concerned with: simple things Like temperature and time. Remember: with 
all these advanced proceso techniques we hear about, with all these 
process methods ot forming a cell ot an interconnect, a lot of things 
can happen with those tvn variables. 

I turn this over to our first chairman, for the first session: Professor 
Martin Wolf from the University of Pennsylvania. 



SESSION I: STATUS OF PHOTOVOLTAIC METALLIZATION SYSTEMS 

Martin Wolf (University .of ~ennsylvania), Chairman 

WOLF: As Brian mentioned, this .first session is primarily looking backward. 
I guess the objective is primarily to get us all on a,common 
denominator, so that from this.point on we can atart to:look forward and 
have a look at requirements and future developments on an equal basis. 
The first speaker, therefore, ia Bill.Taylor; an old hand in the 
semiconductor device development and in s.ol.ar.ceils particularly, from 
Photowatt International, .Inc. .He.will give-us a historical perspective 
on solar-cell metallization. , t . . 
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SOLAR CELL METALLIZATION: HISTORICAL PERSPECTIVE 

WILLIAM E. TAYLOR 

. . Technical  D i r ec to r  

Photowatt I n t e r n a t i o n a l ,  Inc .  
Tempe, AZ 85281 

Co l l ec to r  g r i d  design involves  a  compromise of t h e  dimensions of  j unc t ion  
depth,  g r i d  spac ing  and g r i d  width ( a l l  of which should be  s m a l l ) ,  and c o s t ,  
which depends on t h e  technology used and which determines t h e  minimum g r i d  
width (Figure 1). A s  the  g r i d  width r e s o l u t i o n  becomes sma l l e r ,  t h e  o t h e r  
dimensions can be made sma l l e r  and c e l l  performance w i l l  improve, bu t  c o s t s  
tend t o  be h ighe r  f o r  t echnologies  wi th  f i n e  l i n e  r e s o l u t i o n  c a p a b i l i t y .  

1. X j  should be  small :  

a .  i nc reases  b lue  response which i n c r e a s e s  e f f i c i e n c y ,  
BUT b. i nc reases  s h e e t  rho,  which i n c r e a s e s  R and decreases  e f f i c i e n c y .  

S 

2.  For given s h e e t  rho, reducing s w i l l :  
g  

a .  reduce R ( i nc rease  e f f i c i e n c y )  
S BUT b.  i n c r e a s e  shaded a r e a ,  decreas ing  e f f i c i e n c y .  

3.  For given s reducing W w i l l :  
g  ' g 

a.  decrease  shaded a r e a  ( i nc rease  e f f i c i e n c y )  
BUT b. t h i s  is l i m i t e d  by technology and c o s t .  

For space a p p l i c a t i o n s ,  m e t a l l i z a t i o n  design is  d r iven  by t h e  c o s t  of 
l i f t i n g  weight i n t o  o r b i t .  Hence space c e l l  technology uses  shal low junc t ions  
wi th  narrow g r i d l i n e s  a t  premium p r i c e s  f o r  high e f f i c i e n c y  and high r e l i a b i l -  
i t y .  M e t a l l i z a t i o n  technology is evapora t ion  o r  s p u t t e r i n g  wi th  shadow mask 
o r  photol i thography f o r  p a t t e r n  d e f i n i t i o n .  

For t e r r e s t r i a l  a p p l i c a t i o n s ,  design is  d r iven  by c o s t .  Hence t e r r e s t r i a l  , . 
des ign  compromises performance by us ing  deeper j unc t ions  and wider  g r i d  l i n e s  . . 

spaced f a r t h e r  a p a r t  i n  o rde r  t o  achieve lower cos'ts on a  p e r  peak w a t t  b a s i s .  , 

Current  technology f avo r s  conduc t ive ' s c r een  p r i n t e d  i nks  o r  e l e c t r o l e s s  n i c k e l  - 
p l a t i n g ' w i t h  p a t t e r n  d e f i n i t i o n  by sc r een  p r i n t e d  r e s i s t .  

Typical  va lues  of p e r t i n e n t  parameters  f o r  c u r r e n t  commercial p r a c t i c e  a r e -  
shown i n  F igure  2.  . . 

Contact m e t a l l i z a t i o n  must s a t i s f y  a  number of f u n c t i o n a l  c r i t e r i a  
(F igure  3 ) .  The need t o  avoid j unc t ion  degreda t ion  dur ing  process ing  and . 
subsequent s e r v i c e  l i f e  and t o  a t t a i n  and main ta in  good adhesion a r e  c r i t i c a l ,  
and a r e  s t r o n g  determinants  of t h c  m c t n l l i z a t i o n  system des ign  and m a t e r i a l s  
s e l e c t i o n .  



SPACE CELL METALLIZATION TECHNOLOGY 

The f i r s t  s o l a r  c e l l s  had no f r o n t  s u r f a c e  m e t a l l i z a t i o n .  The d i f f u s e d  
junc t ion  wrapped around t h e  edge of t h e  c e l l  t o  t h e  back, where concacts  were 
made. This s i t u a t i o n  was i m ~ r o v e d  on by deploying a  g r i d  of m e t a l l i c  conduc- 
t o r s  ac ros s  t h e  i l l umina t ed  s u r f a c e  t o  c o l l e c t  t h e  c u r r e n t  n e a r  i t s  o r i g i n .  
M e t a l l i z a t i o n  progressed  i n  an evolu t ionary  f a sh ion  (F igure  4)  from e l e c t r o -  
l e s s  n i c k e l  through evaporated t i t an ium-s i lve r  c o n t a c t s ,  which were invented 
and pa t en t ed  .by Marinaccio and Lepse l t e r  a t  B e l l  Labora to r i e s ,  t o  pas s iva t ed  
c o n t a c t s  having a  t h i n  l a y e r  of pal ladium under t he  s i l v e r  t o  e lectrochemi-  
c a l l y  . p a s s i v a t e  t h e  t i t an ium.  Evaporated o r  p r i n t e d  aluminum i s  sometimes 
used t o  promote ohmicity of t h e  back con tac t  and reduce t h e  t i t a n i u m  s i n t e r  
ternlwratllre. The aluminum may be s i n t e r e d  t o  e s t a b l i s h  doping of the' s i l i c o n  
s u r f a c e  l a y e r s  (P p l u s  tack s u r f n c c  f i e l d ) .  

The Ti-Pd-Ag con tac t  system has become t h e  stand:lrd q u a l i f i e d  space c e l l  
m e t a l l i z a t i o n  system a g a i n s t  which a l t e r n a t i v e s  a r e  com,>ared. Other t r a n s i -  
t i o n  meta l s  a r e  t e c h n i c a l l y  accep tab l e  bu t  have no t  bee-1 adopted f o r  commer- 
c i a l  p r a c t i c e .  The p r e f e r r e d  method uf f a b r i c a t i o n ,  cv:lporation through metal  
shadow masks, l i m i t s  p a t t e r n  and hence c e l l  s i z e .  Neeti f o r  l a r g e  s i z e  c e l l s  
i n  l a r g e  space  a r r a y s  is  fo rc ing  t h e  use  of pho to l i t hog raph ic  technology f o r  
p a t t e r n  d e f i n i t i o n .  

TERRESTIAL SOLAR CELL METALLIZATION: PLATED CONTACTS 

E l e c t r o l e s s  n i c k e l  p l a t e d  c o n t a c t s  o f f e r  s e v e r a l  advantages (Figure 5 ) .  
The e r r a t i c  and u n r e l i a b l e  adhesion of e l e c t r o l e s s  n i c k e l  can be  overcome by 
s i n t e r i n g  t h e  c o n t a c t ,  whereby a  n i c k e l  s i l i c i d e  compound is  caused t o  be 
formed. The n i c k e l - s i l i c o n  system i s  complicated by t h e  formation of s c v e r a l  
d i f f e r e n t  s i l i c i d e s  (F igure  6 ) .  ~ i c k e l  atoms d i f f u s i n g  i n t o  t h c  j unc t ion  
d e p l e t i o n  r eg ion  can a c t  a s  recombination c e n t e r s  arid degrade c e l l  performance. 
Anderson and Pe te rson  observed thaL w i t l i  30 minutes a i r ~ t e r  t i m e ,  junc t inn  
shun t ing  becomes ev iden t  a t  350 degrees  and c a t a s t r o p h i c  a t  450. 

E l e c t r o l e s s  n i c k e l  p l a t e d  c o n t a c t s  have been modified t o  improve adhesion 
and ohmicity by in t roduc ing  t h i n  l a y e r s  of gold o r  pal ladium depos i ted  by 
displacement  o r  a u t o c a t a l y t i c  methods (F igures  8 and 9 ) .  The t h i n  palladium 
d e p o s i t  i s  s i n t e r e d  a t  600 degrees  t o  form t h e  d i s i l i c i d e .  The subsequent 
e l e c t r o l e s s  n i c k e l  depos i t  i s  f u r t h e r  s i n t e r e d  a t  300 degrees  t o  ensure  a  
s t a b l e  r e l i a b l e  c o n t a c t .  

Nickel p i a t e d  con tac t s  have a high s h e e t  r e s i s t a n c e ,  commonly overcome 
by s o l d e r  coa t ing .  Copper p l a t i n g  over  t h e  e l e c t r o l e s s  n i c k e l  is  a  cos t  
a t t r a c t i v e  a l t e r n a t i v e  which has  been i n v e s t i g a t e d ,  bu t  is  no t  y e t  i n  commer- 
c i a l  use. Grenon and co-workers p r e d i c t  t h a t  such systems w i l l  have g r e a t e r  
than 20 y e a r  l i f e  f o r  exposure of 6 hours  pe r  day a t  135 degrees .  

TERRESTRIAL SOLAR CELL METALLIZATION: PRINTED CONTACTS 

The use  of s c r een  p r i n t i n g  f o r  s o l a r  c e l l  con tac t  m e t a l l i z a t i o n ,  f i r s t  
descr ibed  by Ralph i n  1972, has  been ex t ens ive ly  developed and is now widely 
used f o r  t e r r e s t r i a l  s o l a r  c e l l s .  The o r i g i n a l  s c r een  p r i n t e d  m e t a l l i z a t i o n  
used commercial f r i r t e d  s i l v e r  conduct ive i nks ,  and t h i s  has  cont inued t o  be 
t h e  p r a c t i c e .  



The u s e  of  a  b r i e f  d i p  i n  d i l u t e  h y d r o f l u o r i c  a c i d ,  f r e q u e n t l y  r e s o r t e d  
t o  a s  a  means of improving c e l l  performance,  r e s u l t s  i n  such u n d e s i r a b l e  
e f f e c t s  a s  u n s t a b l e  c e l l  performance and e r r a t i c  a d h e s i o n ,  b o t h ' o f  which.de-  
g rade  i n  humid environments .  Good, s t a b l e  curve  s h a p e s  can be  o b t a i n e d  by t h e  
use  of s h o r t  ( s p i k e )  f i r i n g  t e c h n i q u e s .  T h i s  i s  t y p i c a l l y  ach ieved  by s i n t e r -  
i n g  t empera tu res  o f  600 t o  700 degrees  f o r  30 t o  120 seconds  i n  i n f r a r e d  f u r -  
nace  equipment.  

S i n t e r i n g  i s  c a r r i e d  o u t  i n ' a n  o x i d i z i n g  a tmosphere  which g e n e r a t e s  an  
ox ide  l a y e r  on t h e  s i l i c o n  t o  which t h e  f r i t  can bond. ' However, t h e  f r i t ,  
a c t i n g  a s  a  f l u x  f o r . t h e  o x i d e  can a l low t h e  o x i d a t i o n  p r o c e s s  t o  c o n t i n u e  
and t o  p e n e t r a t e  t h e  j u n c t i o n .  Th i s  p o s s i b l y  e x p l a i n s  t h e  n e c e s s i t y  f o r  t h e  
s p i k e  f i r i n g  and t h e  e f f e c t s  of HF t r e a t m e n t .  S i l v e r  can a l s o  m i g r a t e  t o  t h e  
j u n c t i o n  by d i f f u s i o n ,  r e s u l t i n g  i n  d e g r e d a t i o n  of c e l l  performance.  J u n c t i o n  
dep ths  of 0 .35  t o  0 . 5  microns a r e  necessa ry  t o  e n s u r e  l o n g  s e r v i c e  l i f e .  

I n  t h e  a r e a  o f  new developments,  p rocedures  t o  o v e r p r i n t  and f i r e  through 
T i 0  AR c o a t i n g  have been d e s c r i b e d  by F r i s s o n .  I n  t h e  s e a r c h ' f o r  b a s e  m e t a l  

X sys tems ,  promis ing developments w i t h  molybdenum-tin have been r e p o r t e d  by 
SOLOS and S p e c t r o l a b  and w i t h  f r i t l e s s  copper  i n k s  by Ross.  

TERRESTRIAL SOLAR CELL METALLIZATION: BACK CONTACTS 

Back c o n t a c t s  a r e  more d i f f i c u l t  t o  e s t a b l i s h  because  of  t h e  tendency t o  
form Sho t tky  b a r r i e r s .  The fo rmat ion  of a  more h e a v i l y  doped l a y e r  by boron 
d i f f u s i o n  o r  aluminum a l l o y i n g  i s  advantageous .  B o t h . e v a p o r a t e d  and p r i n t e d  
aluminum have been used t o  form t h e  P+ doped l a y e r  on t h e  back s u r f a c e .  The 
aluminum must b e  s i n t e r e d  above t h e  s i l icon-aluminum e u t e c t i c  (577 deg. C) 
i n  o r d e r  t o  p r o v i d e  the' d e s i r e d  aluminum doped regrowth l a y e r  ( F i g u r e  11) 
which shou ld  be  of  t h e  o r d e r o f  1 micron t h i c k .  I n  t h e  c a s e  o f  p r i n t e d  alum- 
inum backs  t h e  u s e  of a  v e r y  s h o r t  ( s p i k e )  f i r i n g  c y c l e  a t  abou t  900 d r g r e e s  
h a s  been e f f e c t i v e .  Overcoa t ing  w i t h  evapora ted  Ti-Pd-Ag, by e l e c t r o l e s s  
n i c k e l  p l a t i n g  o r  t i n - z i n c  e u t e c t i c  a l l o y  a p p l i e d  by u l t r a s o n i c  s o l d e r i n g  
i r o n  t echn ique  have been used t o  form s o l d e r a b l e  pads  on p r i n t e d  aluminum 
backs .  A l t e r n a t i v e l y ,  t h e  p r i n t e d  aluminum may b e  s t r i p p e d  and r e p l a c e d  w i t h  
a p r i n t e d  s i l v e r  c o n t a c t  i n  a g r idded  c o n f i g u r a t i o n .  



Figure: 1 . Solar-Cell Collector Grid Metallization 
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Figure 6. Ni-Si Alloy System 
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Figure 7. Effect of Sintering on Adhesion 
of Electroless Nickel Contacts 
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Figure 9. Au-Si Alloy System 



Figure 10. Evolution of Plated Contact Technology 
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. . . DISCUSSION 

WOLF: Thank you very much. At least we have advanced tremendously with our 
metallization problems at a time when most of the pottants were not well 
understood, particularly these questions of residual chemicals being 
interfaces -- interacting with environments -- which led in early times 
to customers concluding that you might as well ship the contacts in one 
box and the cells in another. 

NICOLET: I would like to make a couple of comments. The first one has to do 
with the nickel-copper system. Nickel and copper form a solid solution, 
so I think it is evident that by combining these two elements you don't 
have a stable system. By stability I mean if you wait long enough it 
will change. The second comment is perhaps worthy of note here. We did 
investigate the matter, and we found to our surprise that the 
palladium-silicon phase diagram that you projected, from Hanson, is 
wrong. The nickel-and-platinum-based systems with silicon are also 
wrong. If you are interested I can give you a later reference. It 
surprised me these things are so old and yet not fully understood. PdSi 
is peritectically dissociating at 7OC. 

TAYLOR: I agree with your first comment about the copper-nickel system. If 
ybu wait long enough or if you expose the system to high enough 
temperature, copper is going to migrate. Pryor and coworkers at 
Motorola have looked at that problem and have shown that for 20-year 
life, the copper-nickel system is a viable system. With respect to the 
phase diagram, I find this to be a very interesting question, I have 
looked at those phase diagrams and there is something about those 
diagrams that has to be wrong. I think that what we are seeing there is 
that the early ~hase-diagram work looked at reactions going on at fairly 
high temperatures and then they just dropped everything down to lower 
temperature. We are now dealing with systems in which we are using the 
low temperatures, and those same reactions are going on, and I think 
that a reevaluation of those types of systems is a thing we need. 

WONG: Bill, I have a question. When you showed the gold silicon phase 
diagram I saw ilo signi1icant sofubilicy between those two constituents; 
I 'wonder whether you couldn't have adhesion problems at the gold and 
silicon,interface, because thermodynamically it is hard to form the 
interface. 

TAYLOR: Well, one certainly has a certain amount of solid solubility. The 
diagram I use there was taken from a fairly accurate reference. The 
solubility is so limited by the chart, there is no way one can get good 
adhesion. 

LAVENDEL: I would like to complement your information on the use of welding 
to titanium-palladium-silver systems in this country. Lockheed has a 
very extensive program with respect to solar arrays where the welding of 
copper interconnect to silver metallization is used. At this present 
moment extensive tests equivalent to the low earth orbit for five years 
-- -80° to +80°C cycles -- have been performed and vcry little 
damage to the welds were found. We found some traces of some problems 



t h a t  might no t  be connected t o  f a t i g u e  but  might be connected t o  
entrapment of t h e s e  p o t t a n t s  i n  some of t he  s i l v e r  compound. 

TAYLOR: Yes, I was aware of the Lockheed program and I th ink  you people a r e  
perhaps f a r t h e r  a long than anybody e l s e  t h a t  I know. This i s  s t i l l  a 
program t h a t  i s  being proven ou t .  

LAVENDEL: It could be appl ied  t o  one of t he  coming s h u t t l e  f l i g h t s .  

TAYLOR: I don "t th ink  i t  has  a s  y e t  been appl ied .  There i s  i n  t h i s  country 
a program t h a t  was i n i t i a t e d  by NASA t o  reopen the  whole sub jec t  of 
welding technology. I have not  heard what has  been happening t h i s  pas t  
yea r .  I am s u r e  t h e r e  i s  a l o t  of i n t e r e s t  on t h e  p a r t  of space people 
i n  welding technology, 

STEIN: We have done a l o t  of work on u l t r a s o d i c  aliiwinum wire a d  ribbon 
bonding t o  s i l ve r -bea r ing  conduct ive c o a t i n g s ,  such a s  the  s i l v e r  t h a t  
might be used on a s i l i c o n  s o l a r  c e l l .  We haven ' t  done t h i s  on s i l i c o n  
i t s e l f  a s  a s u b s t r a t e .  However, with some systems we see  age s t a b i l i t y  
and thermal cyc l ing  s t a b i l i t y  comparable, c e r t a i n l y ,  i n  an acce l e ra t ed  
way, t o  20 years  of l i f e .  It i s  a b i t  d i f f e r e n t  from welding. 

TAYLOR: Thank you foY your .comment. I don' t r e a l l y  have .anything t o  add 
t h e r e .  I know t h a t  i s  a technology t h a t  i s  being worked on. 

WOLF: We w i l l  proceed t o  the  second speaker of t h e  se s s ion .  
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Introduction 

The primary goals of this study are to estimate the value oh R&D to 
photovoltaic (PV) metallization systems cost, and to provide a method for 
selecting an optimal metallization method for any given PV system. The 
value-added cost and relative electrical performance of 25 state-of-the-art 
(SOA) and advanced metallization system techniques are compared. 

The data for the cost estimates comes from Flat-Plate Solar Array 
Project (FSA) contractors and other sources. The Improved Price Estimation 
Guidelines methodology (IPEG~) (Reference 1) was used to make the cost 
estimates. 

Most of the data for the cell-performance calculations comes from a 
report by Martin Wolf (~eference 2). These data are used in conjunction with 
a grid optimization model (Reference 3) developed at JPL. 

This report introduces two new concepts for evaluating metallization 
systems: the efficient frontier and the tradeoff slope. 

Some study limitations are presented in the viewgraphs. Most not'ably, 
' 

advanced metallization costs are usually extrapolated from laboratory-scale 
experiments, and back-metallization cost and performance data are not included. 

Costing Methodolog]! 

The front-metallization process steps, evaluated by the IPEG2 
methodology, include masking, metal deposition sintering, mask removal and 
plate-up. The inclusion of a copper ribbon as a strap, to increase the 
conductivity of the cell bus bars, increases the material costs and slightly 
increases the operating cost of the cell-stringing process step. 

The IPEG equation is shown in the viewgraphs, as are the data sources 
for the process costs and the final cost breakdown for.both strapped and non- 
strapped cells. The ef fects of a price swing' for silver from $10/oz to $5O/oz 
and for molybdenum-tin from 4 . 2 4 1 ~  to 84lgm are shown in the cost tables. 

Electrical Performance Calculation 

In this context, the electrical performance of the solar cells studied 
is the ratio of the expected output power to the output power.of a lossless 
(no resistive losses or shadow losses) cell. This calculation is made using 
tile JPL' grid optimization program (Reference 3). The program ,takes into 



account the resistive losses from the photoconductor sheet, metallization 
material and contact of the metal with the silicon sheet as well as the loss 
due to the shadowing of the grid structure. The program also uses the 
solar-cell operating characteristics as input values. For this study, the 
solar cell is assumed-to be a 10 x 10-cm silicon cell with a sheet resistance 
of 4 W 0 ,  maximum power' voltage of 0.45 V and a maximum power current density 
of 3 0 . m ~ / c m ~  at an insolation of 100 mw/cm2. Each cell is designed with 
two bus bars and the fine grid lines evenly spaced and perpendicular to them. 
It is assumed that the grid lines are rectangular in cross section, of uniform 
thickness and homogeneous in material content. 

For each process studied 'a maximum metallization thickness and a mi'nimum 
fine-grid-line width was chosen to be consistent with that process's tech- 
nology. The program then calculates the optimal bus-bar width and fine-grid- 
line spacing that minimizes 'the power loss due to the grid des~gn. . 

The above optimization procedure was performed .twice for every process 
technology. The cell performance was caiculated for cells with only the 
metallization bus bars for current collection and again for cells having a 
fine copper ribbon fastened over the metallized bus-bar pattern. The one 
exception is for state-of-the-art (SOA) screen-printed aluminum, where bonding 
copper to aluminum is very difficult. 

Efficient Frontier 

In the viewgraphs are plots, for the SOA and advanced systems, of the 
process cost versus the process performance ratio. (Two connected points 
represent the processes using silver.) A point is said to be on the efficient 
frontier if there is no other point that has both a higher performance ratio 
arld a lower cost. 

A plot of only the point0 on tho officiant frontier for both SO4 and 
advanced systems is shown for comparison in the viewgraphs. 

Tradeof f Slope 

The tradeoff slope developed for this study comes from the following 
consideration: the total area-related system cost [total system cost minus 
the non-area-related power conditioning system (PCS) cost] times a change in 
electrical performance yields an allowable change in metallization costs. The 
ratio of these changes yields the tradeoff slope. (See expression in the 
viewgraphs.) The reference cost allocations used to make the tradeoff slope 
calculations come from Sacramento Municipal Utility District (SMUD) data and 
U.S. Department of Energy (DOE) advanced-system-level cost-goal allocations 
(to be published). 

Metallization System Optimization . 

Assuming that the efficient frontier curves represent the best-known 
systems, then the optimal system, on each curve, i.s the one that is first 



intersected by the tradeoff slope as the tradeoff slope is.moved from the , 

highest-performance, lowest-cost position to the lowest-performance, 
highest-cost position on the graph. 

Any system improvements or new system developments that fall on the 
. 

tradeoff slope line (that is, intersecting the above-deecribed optimal system 
point) are now equally optimal. Any system that pushes the tradeoff slope 
line back to the higher-performance, lower-cost corner is an improvement in, 
terms of the total system costs. , , .  

Process Yield Impact 

' 

'Present understanding of the system process yields suggest a fairly 
stable'yield (0.98 2 0.01) for all systems investigated. . . 

Two notable exceptions are: SOA evaporation, so far, has a 0.89 
mechanical yield because of handling, and the Midfilm process has an Or80 
electrical yield due to sheet-resistance variations. 

Conclusion 

The efficient frontier and the tradeoff slope can be used to identify 
those metallization systems that are either already optimal systems or close 
enough to warrant additional RbD. Likewise, those systems that are far away 
from the frontier or the tradeoff slope line should be given careful 
consideration before receiving more R&D attention. . . 
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Introduction 

purpAte bf this.analysis: 

Compare costs and effectiveness of SOA metallization 
and projected metallization approaches 

Estimate the potential impact of R&D in this area 

Approach: 

Use data from FSA contractors and other sources wi th 
IPEG2 t o  establish costs 

Use Grid Optimization ~ o d e l  t o  establish electrical 
performance ratios . .. 

G. . . 

Study Limitations 
. : , . . . , + ~ ~ . i , ' ,  . ,. <.<. . . .. - 4  

There are many metallization processes; only 25 have been 
analyzed so far 

SOA metallization costs are typically based on commercial 
experience of  industry 

. r :  :, 
~ d v a n c e d  metallization costs are typically based on 
laboratory-scale experiments and extrapolations 

There are t w o  basic reliability'issues: 

- lmmebiate mechanical and suhseqi~ent electrical test 
yields. ' (This has been addressed by this study) 

Lifetime (e.g., 20-year) performance. 
(This has not yet been addressed) 

Compatibility wi th other process steps and wi th  unusual 
sheet specifications wil l not be addressed 

Back metallization cost and performance data not included in 
the evaluation 



Candidate Processes and systems' , . 

PROCESSISY STEM DATA SOURCE 

Evaporation 
SOA (TiIPdlAg) 
Advanced (TiINi + Cu plating*) 

Screen print 
SOA (Ag paste) 
1990 (Ag paste*) 
SOA (Al Paste) 
1990 (A1 paste*) 
1990 (MoISn*) 

Electroless plating 
SOA (Print resist, ~ i -p la te ,  Sinter, 
Wave solder) 

SOA (Print resist, Ni-plate, Sinter, 
Cu plate) 

Advanced (PR, Ni plate, Sinter, Cu 
plating*) 

Midfi lm* (Ag) 
Midf i lm* (MoISn) . 
Ion plating' (TiINilCu) 

'Advancement of PV S3Z 

ASEC . , 

Westinghouse. .: 

. . 
2.80IW. Block IV . : 
JPL BPU . . .  

2.80/W, Block IV; ' .. . 
.., ' I  

JPL BPU . . 

JPL BPU, Dr. Macha . .  . 
. . 
. . . . 

Solarex, ~ o t o r o l a  . 

,. . 
. Solarex, Motorola 

. .  . .  . . 

Motorola 
. . 

Spectrolab 
Spectrolab, Dr. Macha 
Illinois Tool Works 



- . . ' : .  " Electrical Performance Methodology ,: ....,i: 

Op?imum spacing and dimensions (within process 
constraints) are calculated using the Grid Optimization Model 

,f. 'cell efficiency is .strongly influenced by,sheet characteristics, 
. junction ,quality, AR coating, and'test conditions as well as 

:. :' by; metallization process/system . .. 
, . : 

. . .  1 ,  . . . ,. .; Xtier6fore, ;&ti&: elec&ical' berformance:is derived in this 
'./ L . . ' . .  . . 

., , . study, . , 1 '  
* '  .,. . i. 

..a, Jnput data ,that influence relative electrical performance are: .. . . . 
<, !.? : 
, . 

Metalliiation . . material 'resistivity, pM ( Q -cm) ' a , 

*!2. * . 
. . 

.., . , . ~e ta l - ib-s i l jdon co,ntact resistiGty, , . p C  ( Q -cm ) , , -  . _ , .  

." . Metallization:.thickriess, T (cm) . . : . ,  . ,. . .I . ., . .>  
' ? .. , ' .  . , ,  

0 ,  Fine ghh link width, B icm),  . : , , .. . .' . 
, , . .. _ . .  . . , 

. 0; . Resistivity .of busbar strapping material, p MB ( O -cm) , 

. . 
strapping material . .. . t h i ckness , '~ i  ..., ( c h i  . . .  , . . 

. .  . . 1 .  , - .  
Sheet resistance, Rs (Qlo ) . . .  

' - . . Voltage at max.;.@owar;"V, (volts) and current density, 
, . .  . .  . . at max. power, J ' & ( A / c ~ ~ )  ' 

. . :.i -. : ,  
j :  . .  . ., . . . . .  

" .  .. . . ,; . ., \ < . . :  3. ; .  



Electrical Performance Optimization Model Inputs 

'Baseline velues ere 40 nlo sheet resistance, 0.45V max power voltage, 30 m ~ l c m ~ , m e x  power current dmsity 
Copper Ribbon Strap - (n.cm] = 1.76 x ,10.6, TB (pm] = 63.5 
11  = metellization thickness with strapping, 12  = metellization thickness without strapping . ; 

PROCESSISYSTEM 

Losstess~ 
EVAP SOA 
EVAP Advanced 
Print Ag SOA 
Print Ag Advanced 
Print Al SOA 
Print Al Advanced 
Print MolSn 
Electroless Nilsolder SOA 
Electroless NilCu SOA 
Electroless NilCu Advanced 
Midfilm Ag 
Midfilm MolSn 
Ion Plating, TilNilCu . 

&I . P C  1 1  1 2 ,  - B  
(R.cml (R.cm21 (pm) (pm) (pm) 

o o - - . o 
1,6 X. 10.6 1 x lo.4 .4 8 - 38 

2.03 x 10.6 1 x 10.4 4 8 38 
4.77 x 10.6 1 x 10.3 8 8 127 
4.77 x 1 0 . ~  1 x 10.j 12.7 12.7 127 
2.00 a 10.5 1 x 10.6 - . .  8 127 
2.00 x 10.5 1 x 10.6 12.7 12.7 127 
2.95 x 10.5 1 x 10.3 12.7 12.7 127 
2.00 x 10.5 1 x 10.3 . 50.8 50.8 457.2. 
2.00 x 10.6 1 x 10.3 ,8 8 . 457.2 
2.03 x 10.6 . 1 x 10.4 4 8 38 ' 

4 . 7 7 1 0  l * l o e 3  10 10  4 5 . 1  
2.95 x 10.5 1 x 10.3 15 15 45.7 
1.76 x 10.6' . 1 x 10-4 4 8 38 

RATIO 

STRAP 

1.000 
,0.919 
0.914 
0.892 ' 

0.898 - 

- 
0.871 
0.856 
0.833 

N 0 
STRAP 

1.000 
0.875 
0.863 
0.790 
0.820 
0.652 
0.705 
0.660. 
0.760 

0.835 I ::I:: 0.914 
0.913 I 0.8)l 
0.871 

: 0.917 



Cost Methodology 

This study focuses on front metallization, which can include the 
following process steps: 

Masking 

Metal deposition 

 interi in^ 
Mask removal 

Plateup 

It also includes the cost of strapping with a copper ribbon in 
some cases; this involves an increase in material costs and a 
small increase in  operating costs at the cell-stringing process 
step 

COST DATA came from sources given on the next viewgraph; 
actual amounts of  metal used came from the electrical perfor- 
mance model and from utilization rates reported by M. Wolf 

IPEG2 processed this data to  provide total costs of front metal- 
lization in terms of '  $ lm2 

The expression used was: 

C(l)*EQPT + 109*SQFT -- + 2.1 *DLAB + 1.2*(MATS + UTIL) 
- 

QUAN 

where CI 1) comes from the following table: 

EOPT Lifetime 

C(1) 

3 5 7 8 10 1 5 - - 2 O I  

0.83 0.65 0.57 0.55 0.52 0.48 0.46 
-- --- 



Optimization 

a The optimal metallization processlsystem will be on the 
efficient frontier 

The optimal point depends on the total area-rebted system 
cost. Take the total system cost and subtract FCS costs 
(these are not area-related). The total area-related system 
cost times a change in electrical performance yields an 
allowable change in metallization costs. The ratio of  thesc 
changes yields a tradeoff slope from the expression: 

1 / [1,000 ~ l m 2  " Module Efficiency * Area-related System Costsl 

We have used SMUD data for a SOA slope and 1 9 8 6  Pro- 
gram goals for an advanced slope in  the following table 

-- -- I SMlJDSOA I 0.11 I 511 lW 1 8 . 2 6 . 1 0 - 4  / 
Baseline 

Efficiency 

( Advanced 1 O i l 4  I . $1.2/W 1 .5 .95*10-3 1 

I 

Area-related, I ! 

System Costs I Slopc 1 

Process Yields 

Nearly all metallization processes appear t o  have essentially 
the same yield (0 .98 + 0.01). In  these cases there is no 
significant relative advantage 

There are t w o  exceptions: 
SOA evaporation ,includes substantial manual handling 
of wafers, which results in a 0 .89  mechanical yield 
(ASEC Block IV report) 

Midfi lm has demonstrated a 0 .98  mechanical hut, cnty 
a 0 .80  electrical yleld due to  sheet resistance voria- 
tions. This problem may or may not be resolved 
through R&D 

A SOA diffused wafer wil l cost at least 5 2 0 0 l m 2  and a 
10% loss adds at least $201m2 to  the total cost of the 
process 

An advanced diffused ribbon could cost from $10/rn2 to 
$401m2 



Efficient Frontier: State of 'the Art 

ELECTROLESS, Ni-CUS 
.* 

ELECTROLESS, Ni-Solders - 
2 0.80 - PRINT, A ~ N  
a 
W 
r~ -1 1 2 6 9  kLkC I HuLkSS, N~-CUN 
a 

ELECTROLESS, Ni- solder^ 

Points on the efficient frontier are as good as any other point in  terms of either cost or 
performance; these are circled 

I- 
0 
L u  
J 
W 

0.70 

066 

Efficient. Frontier: Advanced Systems 

- S = Strapped 
' N = Not Strapped 

- 
J h I I 1 I 1 I I 

2;"V PRINT, Ags . 

16  14 12 1 6 4 2 0 

- 
EVA 

27 . 

7----'- 
PiliNT iiiN\ - MIDFILM, Mo- S ~ N ,  L-J 

PHINT. !AS- j ~ i ~ ,  , - 
L I 1 I I I 1 1 ,.,., .L ...-.-.... . i 

16 14 12 10 8 6 4 1) i 

FRONT METALLIZATION COST, s lm2 
S = Strapped' . . 

N = Not Strapped 



0 - SOA. 0 - ADVANCED (PROJECTION) . .  .,: - . . . . .  . . . .  . .;..'. . . . , . ' I . ,  . . . . . . .  5 1 .  . . . . .  

0 
0.85 - 

a 
W 
L) 
Z 
a z 0.80 - 

. . % .  . . _ I  . . . . .  
a 
W 
n 

a + 
0 
W 
J 

0.70 

0.66 

~. ' i .  

- 4  . 
*As  price r ange i f  $1 Oloz to S5Oloz . . . . .  -- . . . . .  : . . . .  . . .  : 

**Mo-Sn price range of 4.2CIy .ty 8Clg . . .  .: . ..... . . . . .  . . . . . . . . .  . :.. . . 
'. : . . . . . . . .  

- 
\ ,;.,.:.::~(.,', :: 

\ 0 

\ .  , - ' 

I I t 1  I I I l h  ' 3 ) .  , 
. ' I  . . .  

16 14 12  -. , -.; -6 . . , .'.4- - ' ' 2 '*' 0 

FRONT. METALLIZATION C.??T,, s lm2 

TOTAL 

92.7 ' 

14.1 
6:6-26.6' . 
7;62$4.7-' 
1 :7 
.1 .O I' 
2.0- ..3.0 
7.7 
6.7 :' 

8:6 . :  
6.4-26.7. 
2.4- 3.4 ... 
6.0 

- 
1 2'MGTS .. :. 
+1 .~.UTIL 

-50 50 ..... 
3.61 
5.09-25.07 

- 6.82-33.91 
. .  0.21, a 

0.20 
1.20- 2.20 
1.93 
1.34 
2.15 
5.55-25.84 
1.53-2.52 

N A 

i:i DLAB 
(..- $ .  . . .  

32 40-.... . . (  
4.2.5 
0.52 

..: '0.26 
.. 

, - .. .0.52 
0.2.6 
0.26 
2.45 
2.02 
3.35 
0.38 
0.38 
N A 

4 09' SO FT 
..>. $ .  .- ..... . .  

. . .  v-2:42..~' . . .  

0.98 
0.30 

. . 0.1 5 
. . . .  . .  .0.30 

. 0.15. ... 
0.1 5 
1.89 
1.69 
1.75 
0.29 
0.29 
N A 

----. 

tli.;\cessiSystem. , . . . .  

Ev;ipo::3tic.n, SOA 
E.vapr;ra!iu~~, Advanced . 
Print, Ag, SOA* ... 
Prir:t, Ay, Advanced* 
P:iri!, A!, SCA 
Print, Al, Advanced 
Print, Mo-Sri" 
Electroless, Ni-Solder, SOA 
Electroless, Ni-Cu, SOA 
Electroless, Ni-Cu, Advanced 
Midf i lm, Ag* 
Midf i lm, Mo-Sn** 
Ion Plating, Ti-Ni-Cu ' ,d 

~ ( 1 )  EOPT! . 

. .  7,.35 -- 
5.26 
0.71 
0.35 

. 0.71 ; 

.. 0.35, ', 

0.35 
1.43 
1.61 
1.35 
0.20 

. . 0.20 
," '..NA 



Change in Cost Due to Strapping ($/m*) 

Evaporation, SOA 
Evaporation, Advanced 
Print, Ag, SOA* 
Print, Ag, Advanced* 
Print, At, SOA 
Print, Al, Advanced 
Print, Mo-Sn'* 
Electroless, Ni-Solder, SOA 
Electroless, Ni-Cu, SOA 
Electroless, Ni-Cu, Advanced 
 idf film, Ag* 
  id film, Mo-Sn** 
Ion Plating, Ti-Ni-Cu , 

;Ag price range of $1 Oloz to $5010~ 
"Mo-Sn price range of 4.2clg to 8clg 

New 
1.2.(MATS+UTIL) 

48.68 
3.60 
2.65-1 2.88 
3.94-1 9.52 
0.1 4 
0.1 1 
0.47- 0.85 
1.63 
1.33 
2.1 4 
2.85-1 2.37 
0.87- 1.23 

N A 

Summary 

Cost arid effecti\ieness of metallization systems have been 
compared 

pius 
Strapping 

1 .O 
1 .O 
1 .O 
1 .O 
1 .O 
1 .o 
1 .O 
1 .O 
1 .O 
1 .O 
1 .O 
1.0 . 

1 .0 

Twenty -F ive  processes have  been  examined s o  far . 

New 
Total 

91.8 
15.1 

5.2-15.4 . 

' 5.7-21.3 
2.7 
; .9 
2.2- 2.C 
3.4 
7 .G 
9.6 
4.7-7 4.2 
2.7- 3.1 
7.0 * 

This study shows that metallization R&D could lead to 
significant a d v a n c e s  in l ow-cos t ,  high-performance 
processing 



HOGAN: How v i a b l e  a r e  t he  non-noble metal  th ick- f i lm ink, . systems? . 

GALLAGHER: The d a t a  you hear  w i l l  be r e l a t i v e l y  new, and I doub t , , t ha t  t h e  
cos t  information i s  a v a i l a b l e  y e t ,  bu t  c e r t a i n l y  t he  e l e c t r i c a l .  
performance and some of the  phys i ca l  c h a r a c t e r i s t i c s '  o f  t h a t  , s t r u c t u r e  
w i l l  be. 

HOGAN: What was t h e  advanced evapora t ion  system used? 

DANIEL: That would be t he  n i cke l  p lus  copper p l a t i n g ,  and the . i n fo rma t ion  f o r  . . 
t h a t  came from Westinghouse, 

CAMPBELL: On one s l i d e  you showed the  SMUD and the  advanced evapora t ion  
process  a r ea - r e l a t ed  cos t .  I b e l i e v e  SMUD was $11 and the.advanced was 
$1.20. Can you t e l l  me how those were der ived?  And s .pec i f i , ca l ly  t h e  
$11? Does t h a t  inc lude  any module c o s t ?  ' . . 

DANIEL: Yes. Those were the  t o t a l  c o s t  l e s s  power-conditioning c o s t s  t h a t  
a r e  not  a r ea - r e l a t ed .  A l l  processing c o s t s  a r e  i n  t he re .  How the  $11, 
came up, I ' m  not  s u r e ,  because they came out  of  t he  d e t a i l s  of the  SMUD 
work. 

CAMPBELL: What about  t he  $1.20? 

DANIEL: The $1.20 was one of the P r o j e c t  goa l s .  

' CAMPBELL: That $1.20 d i d  no t  include modules, I be l i eve .  My, ques t i on  is: 
t h e  $11 per wat t  you s a i d  included t h e  p r i c e  of ' the  module, which I 
b e l i e v e  was around $4.50 o r  $5.00. Is t h a t  cor rec ' t ?  

. . 
DANIEL: I don ' t  know the  i nd iv idua l  breakdown. 

CAMPBELL: OK, bu t  i t  is  a  t o t a l  c o s t .  Ps it then t r u e  t h a t  the  advanced,' t h e  
t o t a l  c o s t ,  of  g e t t i n g  t h i s  t h ing  s i t u a t e d  is  $1.20? 

DANIEL: Are you t a l k i n g  about i n s t a l l a t i o n  i n  t he  f i e l d ,  o r  -- 
CAMPBELL: I am t a l k i n g  about something t h a t  i s  s i t t i n g  ou t  t h e r e ,  t h e  a rea-  

r e l a t e d  c o s t  . 
DANIEL: No. That i s  not  t r u e  then. 

WEAVER: Ron, I t h i n k  h e ' s  asking a r e  they both e x a c t l y  on the  same b a s i s .  

DANIEL: To my knowledge, they should be.  , Again, I d i d n ' t  do' t h i s  end of  t h e  
a n a l y s i s .  A l l  I was doing was g iv ing  you t h i s  information,  and I would 
have t o  b e l i e v e  i t  was done on the  same b a s i s .  

CAMPBELL: The only reason I ani &king i s ,  t h e r e  i s  a tremendous d i f f e r e n c e  i n  
t h e  a r ea - r e l a t ed  c o s t s  f o r  only a  3% e f f i c i e n c y .  

- 



BICKLER: I t h i n k ,  t o  be on a comparable b a s i s ;  the  t o t a l  SMUD cos t  was 
something l i k e  15  o r  16 bucks. I th ink  it i s  mistaken t o  say t h a t  the  
module c o s t  was $11. I th ink  the $11 i s  simply the a r ea - r e l a t ed  c o s t s .  

GALLAGHER: I th ink  so too ,  but can we f ind  out before the  meeting ends. We 
have two days and a telephone.. We w i l l  g e t  you the  answer. 

(EDITOR'S NOTE: The d o l l a r s  quoted. were f o r  a mounted and i n s t a l l e d  f a c i l i t y  
without  power-conditioning add i t i on . )  

ILES: Z was a l i t t l e  d i s tu rbed  about t he  y i e l d  numbers, 0.98, because f o r  
nea r ly  a l l  t he  processes  i t  makes t h e  Research Forum not  worth doing,  i n  
many of t h e s e  c a s e s ,  because 98% i s  about as  much as  you would want. 1 
suspec t  t h a t  because the e f f i c i e n c y  i s  r a t t l i n g  around i n  t he re  -- I 
th ink  the  needle  j u s t  moved, and you say i t  i s  a l i v e  c e l l ,  but 1 th ink  
you have t o  look a l i t t l e  c l o s e r  a t  what you mean by e l e c t r i c a l  
e f f i c i e n c y ,  no t  i n  t h e  model but i n  r e a l  l i f e ,  because some of the  newer 
m e t a l l i z a t i o n  systems have a l o t  of problems i n  many r e spec t s .  But the  
ques t ion  i s ,  whether the  l i f e t i m e  be fo re  it pee ls  o f f  i s  longer than  the  

' l i f e t i m e  i n  t he  bulk of the  s i l i c o n .  I r e a l l y  wasn ' t  meaning t o  be 
f a c e t i o u s ,  bu t  I th ink  t h a t  98% gives everybody a very complacent 
f e e l i n g  i f  you d o n ' t  look a t  the  d e t a i l s .  I r e a l i z e  your problem, 
because not  everybody w i l l  t a l k  t o  you and t e l l  you what t h e i r  y i e l d s  
were. I am s u r e  t h a t  most people doing screen  p r i n t i n g  have some 
breakage u n t i l  they g e t  completely mechanized. 

DANIEL: Yes. The mechanical y i e l d s  t h a t  we ta lked  about i n  t h i s  d i scuss ion  
were from information t h a t  was provided t o  us through the  c o n t r a c t o r s ,  
and we a r e  u s ing  t h e  SAMICS-type a n a l y s i s ,  and from what information we 
have t h i s  i s  what everybody was saying -- e i t h e r  the 0.97 o r  0.99 
maohnnieah y ieid. 

WOLF: A t  t h a t  process  s t e p .  

DANIEL: Yes. A t  the  p a r t i c u l a r  process s t e p  under d iscuss ion .  

AMICK: I t ' s  a mechanical y i e l d ,  no t  an e l e c t r i c a l  y i e l d .  

DANIEL: Yes. It is  a mechanical y i e l d ,  not e l e c t r i c a l ,  and t h a t  of course 
i s  another  e n t i t y  a n a l y s i s .  After  you have done a l l  t h a t ,  how we l l  does 
the  c e l l  perform? That p a r t i c u l a r  information genera l ly  i s  l e f t  ,out of 
t he  process  s t e p  a n a l y s i s ,  i n  terms of c o s t i n g ,  and we t r y  t o  put  it 
back i n  by looking a t  the m e t a l l i z a t i o n  c h a r a c t e r i s r i c s .  I f  we were t o  
do the  b e s t  job we could wi th  the  g r i d  des ign ,  what kind of an 
e l e c t r i c a l  performance could be expected i f  everything was working very 
w e l l ?  Again, t h e r e  i s  no overlapping of the  mechanical y i e l d ,  and i n  
t h i s  ca se ,  the  e l e c t r i c a l  performance and the  l i f e t i m e  of t he  whole 
monitoring system. 

RIEL: Back t o  the  same ques t ion  a s  Bob Campbell 's. The SMUD a rea - r e l a t ed  
system c o s t  of  $11 -- does t h a t  inc lude  the  power-conditioning c o s t ?  

DANIEL: No., i n  t h a t  case  i t  does not  inc lude  the  power-conditioning c o s t s .  



TAYLOR: I would l i k e  t o  come back t o  P e t e r ' s  ( I l e s )  d i s cus s ion  of t h e  y i e l d  
, ques t ion .  He pointed ou t  t h a t  t h e r e  i s  another  aspec t  t o  t h e  y i e l d .  
, You have t o  be c a r e f u l  of  t h a t .  And t h a t  i s ,  yes ,  t h e s e  processes  a r e  

running along a t  98% y i e l d  and then you have a  y i e l d  bus t .  For a  week 
or  so  your y i e l d  is  l i k e  40% or  50%. When you ask people what t h e i r  .. , 

y i e l d s  a r e ,  they give you the  98% and they d o n ' t  t e l l  you about t h e  
y i e l d  bus t .  

WEAVER: I t ' s  the  30-year y i e l d ,  t h a t ' s  what you r e a l l y  want t o  know. 

DANIEL: Well,  c e r t a i n l y ,  i f  t he  l i f e t i m e  of t he  whole system were not  a l l  
i n t e g r a t e d  i n t o  t h i s  a n a l y s i s ,  and t h a t  po in t  is  wel l  taken.  I f  you a r e  
t a l k i n g  about an ins tan taneous  y i e l d ,  c e r t a i n l y ,  i f  you have t h i s  y i e l d  
bus t  going on. Un t i l  t h a t  is  so lved ,  no t  only does i t  impact t h a t  
p a r t i c u l a r  c o s t  e f f o r t ,  i t  impacts a l l  of t h e  upstream processes  a l s o ,  
because you have an expected output  of product ion and you a r e  cont inu ing  
t o  l o s e  c e l l s  a t  t h a t  l a t e r  p o i n t .  You have t o  i nc rease  every th ing  
upstream so i t  i nc reases  not on ly  t he  d i r e c t  cos t  a t  t he  process  s t e p  -- 
which, i n  terms of t he  y i e l d ,  i s  l i n e a r  i f  i t  i s  only a  small  y i e l d  
(over f a c t o r s  of 2 i t ' s  probably not  l i n e a r  any more) -- but  c e r t a i n l y  
t he , impac t  goes a l l  t h e  way up t h e  c h a i n ,  s o  t h e  value-added c o s t '  
incur red  a t  t h e  m e t a l l i z a t i o n  process  s t e p  then becomes mis lead ing  
because of i t s  impact on c e r t a i n  o the r  process  s t e p s  preceding i t .  

WOLF: This seems t o  exhaust t he  ques t ions  about th i s ,  paper: 
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ACCELERATED DEGRADATION OF SILICON METALLIZATION SYSTEMS 

Jay W. Lathrop 
Department of Electrical and Computer Engineering 

Clemson University, Clemson, SC 29631 

INTRODUCTION 

Clemson University has been engaged for the past five years in a program 
to determine the reliability attributes of solar cells by means of accelerated 
test procedures (1). The approach, as shown in Figure 1, is to electrically 
measure and visually inspect the cells, then subject them for a period of time 
to stress in excess of that normally encountered in use, and then to remeasure 
and reinspect the cells. Changes are noted and the process repeated. This 
testing has thus far involved 23 different unencapsulated cell types from 12 
different manufacturers, and 10 different encapsulated cell types from 9 
different manufacturers. Unencapsulated cells were subjected to a variety of 
tests: bids-temperature testing at 75, 135, and 150 C, bias-temperature- 
humidity testing at 85% relative humidity and 85 OC, pressure cooker testing 
at 121 OC and 15 psig steam, and thermal shock and thermal cycle testing from yl 
+I50 to -65 OC. Encapsulated cells because of the limitations of organic 
pottants have been subjected mainly to 85/85 testing and to thermal cycle from 
+95 to -65 O C. 

The basic structure of a,solar cell is shown schematically in Figure 2. 
In an effort to simplify the manufacturing process the metallization on both 
sides of the cell is usually the same. The purpose of the metallization is 
twofold: to make electrical connection to the silicon and to transport 'the 
current to the leads. Solar cell metallization systems in general c0nsis.t of a 
thick current carrying layer plus one or more thin barrierfstrike layers which 
interface the conductive layer to the silicon. There are essentially four 
different generic metallization systems in use today, as shown in Figure 3 -- 
vacuum deposited silver (titanium/palladium/silver) , electroplated copper, 
screen printed silver frit, and solder coated nickel. In this figure the thick 
conductive layers are shown approximately to scale and the effect of different 
electrical conductivities can be easily seen. The thick high conductivity 
'layer primarily influences the cost of the system, while the barrierfstrike 
layers primarily influence the reliability of the system. In a comprehensive 
study of metallization costs, which considered both materials and processing, 
Wolf and Goldman (2) showed' the thick layer to be the cost driver and they 
concluded that the only system which could be considered truely low cost was 
the copper plated structure. 

Reliability attributes of metallization systems can be classified as 
major or minor, depending on the severity of the effects observed. As a 
result of the accelerated testing conducted under the Clemson program, major 
cffcctc havc bccn ob~crvcd rclatcd to contaot resistance and to mechanioal 
adherence and solderability. Increasing the contact resistance as a result of 
stress will cause a degradation of the cell's electrical output, while 



adherence and solderability problems can result in catastrophic failure 
through open circuits. Minor effects observed include diffusion of 
metallization into the bulk semiconductor resulting in decreased minority 
carrier lifetime and a consequent reduction of Isc and possibly increased 
series resistance. Dissolution of metallization through corrosion resulting in 
increased series resistance is also possible, but has not been identified as a 
significant problem in cells tested thus far.' . 

As summarized in Figure 4, the thick layer has essentially only two 
functions -- to transport current and to provide a solder interface to the 
external lead -- whereas the thin layers have a number of functions. These 
include making an ohmic, low resistance connection to the silicon, serving as 
a non-penetrating diffusion barrier, providing a uniform and easily glatable 
surface, serving as the glue for good adherence of the thick layer, and 
providing a transition layer for any thermal mismatch. 

The cells tested in the Clemson program had a wide variety of 
barrierlstrike layers. Conductive Layers could easily be identified as 
belonging to one of the four catagories shown in Figure 3, but more often'than 
not the composition and thickness of the barrierlstrike layers was unknown. 
Furthermore, manufacturers are naturally reluctant to release proprietary 
information on film composition and deposition techniques, which represents 
one of the key trade secrets of solar cell processing, Therefore, despite the 
numerous accelerated tests which have been run, it is difficult to interpret 
the data obtained on specific cell types as relating to generalized 
metallization systems. In addition to the uncertainty of the metals and the 
deposition methods involved, it is often difficult to attribute the 
degradation observed as a result of testing to the metallization, rather than 
to some other aspect of the solar cell. The loss of mechanical adhesion, for 
example, would appear to be a straightforward problem of metallization, but an 
increase in series resistance could be either a contact problem or a change in 
the bulk resistivity. This paper, therefore, does not attempt a generalized 
survey of accelerated test results, but rather concentrates on one particular 
attribute of metallization that has been observed to cause electrical 
degradation -- increased contact resistance due to Schottky barrier formation. 
In this example basic semiconductor theory was able to provide an 
understanding of the electrical effects observed during accelerated stress 
testi-ng. 

EXPERIMENTAL ODSERVATI ON3 

Most cell types when subjected to bias temperature testing in the 
unencapsulated mode show only a slight increase in series resistance. A few 
cell types, on the other hand, show a large increase in resistance accompanied 
by a pronounced non-linearity as shown in Figure 5. Construction of 'these cell 
types involved a flash of gold to provide a good plating surface, followed by 
electroless nickel plating, followed by a solder dip to provide the thick 
conductive layer. The cell itself was p+ on n. The non-linear shape of the IV 
characteristic implied the formation of a rectifying contact, and because the 
back was lightly doped, this would be the most likely location for its 
formation. To simulate this a discrete ~chottk~' barrier diode was connected to 
the back of an unstressed cell with the result shown in Figure 6. When ,the 
diode by itself was connected into the circuit (using leads having 0.1 ohm 
resistance) curve B was obtained. In the power quadrant it can be seen that 
the effect of the forward diode drop was to push the IV characteristic to 



lower voltages with a consequent reduction in power output. In the far forward 
region only the diode leakage current flowed. This gave rise to a pronounced 
non-linearity. If a,0.5 o m  resistor was placed across the diode, curve C was 
obtained which showed a less pronounced non-linearity, more nearly 
approximating the shape.of Figure 5. Of course, any rectifying contact which 
would be formed as a result of accelerated stress would not be expected to be 
of ideal shape, but only to exhibit greater resistance in one direction than 
in the other. The presence of such a "poor" rectifying contact was further 
confirmed by fitting the IV characteristics of stress tested cells using .the 
SPICE computer model. In this simple lumped constant model the solar cell was 
represented by a 'current source in parallel with a diode. The rectifying 
Schottky barrier contact was represented by a diode having a 0.69 eV band gap 
(vs 1.11: for Si) in series with the cell in exactly the same way as was 
physically performed.for Figure 6. The contact diode's zesistance in the . 
reverse direction could then be adjusted to give the best fit to the 
characteristic. Additional resistance was introduced. in series with the cell 
to simulate the cell's series resistance. Other more complicated models are 
also possible, but this one gave reasonable results as can be seen from the, 
degree of fit achieved in Figure 7. Also shown is the contact diode 
characteristic which was required for this fit, illustrating its poor 
rectificati,on shape. This same shape was also directly confirmed by probing 
small isolated areas of the back contact relative to the main area. 

Having shown that non-linear degradation is diode related, a very simple 
model of a metal to semiconductor contact will now be developed in order to 
examine conditions under which a rectifying contact could be formed at the 
back surface of the cell. 

METAL TO SEMICONDUCTOR CONTACT. THEORY 

~igure 8 shows idealized energy band diagrams for an n-type.semiconductor 
:and a metal, both when seperated and when joined. The work function of a metal 
is the amount of energy required to remove an electron from the Fermi.leve1 of 
the metal to infinity,, whereas the. electron affinity of a semiconductor is the 
energy required to remove an electron at the conduction band edge to infinity. 
When the metal is far removed from the semiconductor, as in Figure 8(a), both 
the work function and the electron affinity are referenced to infinity and, in 
the absence of surface effects, the bands will be flat as shown. When they are 
brought together in thermal equilibrium, however, the Fenni levels must line 
up and the difference between the metal's work function and the 
semiconductor's electron affinity causes the bands to bend as shown in Figure 
8(b). Such band bending requires an electric field which comes from negative 
charge accumulating on the metal and positive charge on the semiconductor. The 
positive.charge in the semiconductor is the result of "uncovered" donor atoms 
in the space charge region. As a consequence a potential barrier (fg) exists 
between the metal and the semiconductor much as occurs at a semiconductor.p-n 
junction, This is a Schottky barrier and the junction will exhibit 
rectification properties. In this simple theory the barrier height is the 
difference between the work function and the electron affinity. 

At actual metal-semiconductor contacts the situation is more complicated 
as shown in.Figure 9. As shown in this diagram, a thin insulating layer 
(oxide) may exist between the metal and the semiconductor. This layer can be 
so thin as to be transparent to electron conduction, but at the same time 



contain charged surface states. Thus, in addition to the charge on the metal 
(Qm) and the semiconductor (Qsc), charge will exist in surface states (Qss) at 
the semiconductor-oxide interface. The presence of these surface states clamps 
the barr.ier height and makes it essentially independent of both the metal work 
function and the bulk doping of the semiconductor (for light to moderate 
doping). The barrier height in a practical case thus depends on such factors 
as the surface preparation (cleanliness) performed prior to deposition of the 
metal, the presence of a thin layer of native oxide, and the deposition ' 

technique used. 

When a forward bias is applied across the barrier, conduction may occur 
hy either or both of two mechanisms, as illustrated in Figure 10. Electrons 
may have sufficient energy to surmount the barrier (which is now slightly 
rounded as a result of image force effects), or if the barrier is suffiently 
thin, they may tunnel through it quantum mechanical-2y. In either case the thin 
oxide is considered to be essentially transparent to electrons. Thus a metal 
semiconductor contact may be either ohmic or rectifyirlt: deyelicli-ng 01.1 the 
barrier's height and thickness. This is illustrated in Figure 11, where the 
oxide layer has been omitted for simplicity. If the barrier is low enough 
electrons are able to pass freely over it and'an ohmic contact results. If the 
barrier is thin enough, as will occur when the substrate is highly iloped, as 
by the n+ layer of Figure lla, electrons will tunnel through the barrier and 
the contact \?ill also be ohmic. Thus either a low barrier, a thin barrier, or 
a combination of the two results in an ohmic contact. On the other hand, if 
the barrier is high and thick, as will occur with a lightly to moderately 
doped substrate having the proper surface state condj.tions, a rectifying 
contact can occur as shown in Figure llb. 

The final pieces of information needed to analyze solar cell contacts 
C concern the polarity of the surface states that can be expected on silicon and 

their effect on the barrier helght. As was meriefoaed, a numher o f  variables 
.can contribute to the magnitude and polarity of the surface states, but recent 
work (3) using low-energy, ion-scattering spectrometry on thin oxides, such as 
would be expected to form naturally at room temperature, has determined that 
the silicon atoms in the oxide adjacent to the interface are deficient in 
oxygen. A silicon atom with an unsatisfied (dangling) bond represents a 
positive charge, Hence the effect of this non-stoichiometric layer is to place 
a positive charge on the oxide side of the semiconductor-oxide interface as 
was LllusLraLed ill F i g u ~ t :  9. IL has been d e n ~ o ~ ~ s t r a t e d  experimentally (4) that 
it is possible to control Schottky barrier height over a wide range by using 
very shallow, highly doped ion implanted layers. The effect of such 
arfifically produced layers will be similar to the naturally occurring surface 
charge layers we are postulating. It was found in this work that positive 
charge on n-type silicon reduced the barrier height while positive charge on 
p-type silicon increased the barrier height. We are now in a position to 
analyze the non-linear degradation observed after stress on some types of 
cells. 

ANALYSIS OF TEST RESULTS 

Since the cells in question have a moderately doped n-type substrate the 
theory presented above would indicate that the contact formed initially to the 
back should be ohmic because the positive surface state charge at the 
interface will result in a low barrier height. This agrees with our 



experimental observations. In order for the contact"to become. rectifying under 
stress testing neutralization of the positive charge at the'surtace 1s 
postulated. The most probable method of neutralization would be for oxygen 
atoms to complete the dangling silicon bonds (achieve stoichiometry).at the 
interface. In order for this. to occur oxygen must diffuse to the interface 
from elsewhere in the structure. It would appear difficult for oxygen to 
diffuse through the thick metal contact from the ambient, and it is more 
likely that it would come from oxygen dissolved in the metal or in the 
silicon, The ability of oxygen to diffuse in a metal is related to the free 
energy of formation of its most stable oxide. If the free energy (A I@) is low 
(small negative value or positive) then oxygen does not react easily with tbe 
metal and it can diffuse with ease. As can be seen from the data of Table 1, 
this would be true for such metals as Au, Cu, Pb, Ni, and Ag. On the other 
hand, when the free energy is high (large negative values).a strong reaction 
between the metal and oxygen occurs and diffusion is difficult. Examples are 
Al, Cr, Mg, Mo, Si, Ta, and Ti. Thus the Si/Au/Ni/Solder structure being 
considered would allow oxygen dissolved in the metals to freely diffuse to the 
interface, but not oxygen dissolved in the silicon. Oxygen diffusing to the 
interface will neutralize the dangling silicon bonds causing. the barrier 
height to increase and the contact to become rectifying. This agrees with the 
experimental observations shown in Figures 12 and 13. A comparison of the 
curvature.of the far forward characteristics of the two figures indicates that 
2300 hours at 135 OC is equivalent to roughly 100 hours at 150 OC. This would 
correspond to an activation energy of approximately 3 ev., a reasonable value 
for a diffusion process. 

CONCLUSIONS 

Two routes are thus open for the fabrication of ohmic contact to the back 
:. surface of a solar cell -- a safe route using a heavily doped substrate (e.g. 
- back surface field) which permits electrons to tunnel through the potential 

barrier, or a more dangerous route which utilizes a moderately doped substrate 
plus a low barrier height. The reason the latter route is considered dangerous 
is that conditions for achieving a low barrier height depend on the density of 
surface states, which can change under stress. For the partichr cells 
described in this paper it is hypothesized that the. surface states were 
originally positive charges, occurring as a result of dangling silicon bonds, 
and were later neutralized under high temperature stress by diffusion to the 
interface of oxygen dissolved in the metal. Modification of surface states in 
this fashion will tend to make a contact which was originally ohmic become 
rectifying, and one which was originally rectifying become ohmic. 

The effect depends on the existance of a thin oxide layer and will only 
occur when the metals used do not react with oxygen, i.e. have a low free 
energy. If a metal is used having a high free energy, and is heat treated, it 
will react with the oxide and either change the surface states or dope the 
semiconductor so that a Schottky barrier may no longer exist. A good example 
is aluminum which has been used for more than two decades in.the fabrication 
of integrated circuits. Aluminum can make a rectifying Schottky barrier 
contact to either n- and p-type silicon.(moderately doped) when.originally 
deposited. Heating to 400 OC, as is normally done during integrated circuit 
fabrication, allows the aluminum to reduce the native oxide.' The solid. 
solubility of silicon in aluminum is sufficiently high that.a thin p-type 
epitaxial layer is produced upon cooling down even though the eutectic. 



temperature was not reached. On moderately doped n-type silicon this will 
result in'a rectifying Schottky barrier, while on moderately doped p-type 
silicon an ohmic contact will result (5). It should be pointed out, however, 
that random fluctuations in the thickness and doping of the precipitated 
silicon layer can cause,fluctuations in the' barrier height, which in turn 
translate into fluctuations .in diode characteristics,. so that. aluminum is not 
considered a suitable metal for Schottky barriers in integrated circuits. 
Platinum silicide which forms a high barrier height (0.84 ev) on n-type 
silicon and which, by virtue of being an in situ formed compound, is 
insensitive to interface conditions is now used instead. ",  

The cells described in this report which exhibited non-linear behavior, 
and consequent loss of power output, after B-T testing, appeared to have been 
made in exactly the wrong manner. A moderately doped substrate was used which 
resulted in a wide barrier not tavoring tunneling . The substyate was n-type 
so that neutralization of the interface charge as a result of stress testing 
raised the barrier height and made the contact become rectifying. The metals 
chosen had low values of free energy favoring rapid diffusion of neutralizing 
oxygen atoms* Finally, although not directly related to Schottky barrier 
formation, the gold flash used to insure uniform plating was able to diffuse 
to the junction from the top under some conditions of stress, reducing the 
minority carrier lifetime and resulting in lower Isc as seen in Figure 13. 

It should be noted that the analysis presented in this paper is based on 
circumstantial, but self-consistant evidence. The ideas were based on concepts 
developed over years of single crystal silicon device investigations, but in 
order to prove (or disprove) the model, micro analytical techniques utilizing 
methods such as scanning Auger analysis and secondary ion mass spectrometry 
will need to be used. While many of the,ideas presented here should be 
applicable to other cons~ructions, such as amorphous cells, interpretation 
will undoubtably bc more difficult since the materials are less well 
understood than those in silicon cells. 
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Figure 3. Common Solar-Cell Metallization Systems 
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Figure 4. Metallization Layer Functions 
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Figure 5.' Nonlinear I-V Characteristics After Stress 
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F,igure',G.:Contact Degradation Simulated.by! Lumped 
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Figure 7 .  Characteristics of PV Cell ~ f t e r  600 Hours at 1 50°C  as 
Fitted by Spice Model Incorporating Rectifying Contact 



Figure 8. Idealized Energy .Band Diagram Without Surface States 
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, - Figure 9. Energy Band Diagram With Thin Interfacial 
Layer Containing Positive Charge 



Figure 10. Nonrecombination Transport Mechanisms 
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Figure 1 1 .  Rectifying (Schottky) Contact Ohmic 
and Rectifying Barrier Configurations 
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Figure 12. I-V Characteristics for Typical p + n  Solar Cell Having 
Au-Ni-Solder Contacts Subjected to 
1 3 5 C Bias-Temperature Stress 



Figure 1 3. I-V Characteristics for Typical p + n Solar Cell Having 
Au-Ni-Solder Contacts Subjected to* 
1 5 0  C Bias-Temperature Stress 
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DISCUSSION 

RIEL: Were a l l  t h e  c e l l s  f a b r i c a t e d  wi th  s i n g l e - c r y s t a l  m a t e r i a l ?  

LATHROP: Yes, a s  f a r  a s  I know. I t ' s  s i n g l e - c r y s t a l ,  and t h a t  is  t he  only 
. way' o f '  growing c r y s t a l s  t h i s  s i z e  . 

REIL: I guess t h e  nex t  ques t i on  i s ,  what was the  s i z e  of t h e  c e l l  you were 
us ing .  

LATHROP: There were a  couple .of  s i z e s ,  three- inch and four- inch.  It was not  
nne c e l l  t h a t  showed t h i s ,  t he re  was -- 

. . 

REIL: Do'you know anyth ing  about t he  oxygen concen t r a t i on  t h a t  they had 
i n  t h e  o r i g i n a l  m a t e r i a l s ?  

LATHROP: No, I d o n ' t ,  bu t  I d o n ' t  b e l i e v e  t h a t  oxygen w i l l  d i f f u s e  through 
s i l i c o n  very  r a p i d l y ,  because it has  h igh  f r e e  energy of  formation s o  I 
don t b e l i e v e  t h a t  i s  the phenomenon t h a t  is  occur r ing .  

' GARCIA: Would i t  be p o s s i b l e  t o  make a  r e c t i f y i n g  con tac t  and watch i t  g e t  
b e t t e r  wi th  t ime t o  s o r t  of prove t h i s ?  

LATHROP: In my theory it should be.  You have a  good po in t  t h e r e .  This i s  
a l l  based on s e l f - c o n s i s t e n t  but  r a t h e r  c i r c u m s t a n t i a l  evidence. In 
o rde r  t o  prove i t ,  nne would have t o  go t o  Auger a n a l y s i s  o r  low-energy 
ion  mass spec t romet ry  or  something l i k e  t h a t .  It would be very  

(. 

i n t e r e s t i n g  a l s o  t o  look f o r  oxygen, t o  look f o r  n e u t r a l i z a t i o n ,  t o  look 
f o r  d i f f i i s i o n .  

: GARCIA: I t h i n k  I can g ive  you a loL ol: rectifying con tac t s  I heve made. 

WONG: In  your a b s t r a c t  you' mentioned t h e  r o l e  of encapsulan ts  i n  
encapsu'lated and unencapsulated c e l l s .  Do you have any d a t a ?  

LATHROP: Yes. We have a  l o t  of d a t a  on both .  But I d id  no t  want t o  presen t  
that  i n  t h i s  t a l k  because I r e a l l y  had no way of making a  gene ra l  conc lus ion ,  
s o  I thought i t  would be more i n t e r e s t i n g  t o  go eb a specil:ic ~1iii1g wc o a w .  Z 
would be happy t o  t a l k  w i th  you about what we have found i n  our genera l  
t e s t i n g  procedures a r t e rwards .  

WONG: Are they a l l  t e r r e s t r i a l  c e l l s ?  

LATHROP: Yes. They a r e  a l l ~ c o m m e r c i a l  s t a t e -o f - the -a r t  t e r r e s t r i a l  c e l l s .  
Not exper imenta l .  

WOLF: You mentioned p r imar i l y  t h e  gold-nickel  system a s  t h e  one t h a t  shows 
t h e  formation of t h e  Schottky b a r r i e r s .  You must have t e s t e d  o the r  
c e l l s  and o t h e r  methods. 

LATHROP: That is  r i g h t .  



WOLF: Is t h a t  always a  predominant f a i l u r e  mechanism t h a t  t h e  Schottky 
b a r r i e r  develops during var ious  h e a t  t rea tments  -- 

LATHROP: Not a t  a l l .  The only  one with l i g h t l y  doped subs t r a t e '  we. looked a t  
had gold-nickel ,  s o  I c a n ' t  draw any conclusions about anyth ing  e l s e  
t h a t  would happen. A l l  I can say is  t h a t  had the ,manufac tu re r  gone t o  
hea t  t reatment  of one s o r t ,  t h a t  probably would have changed th ings .  It 
might have changed th ings  fo r  the  worse. I n  o t h e r  words, h e a t  t r e a t i n g  . 

with n i c k e l  s i l i c i d e , . t o  form a n i c k e l  s i l i c i d e ,  I donV. t  know what t h a t  
is  going t o  do. B i l l  Taylor could probably t e l l  you but  I ' ~  no t  s u r e  i n  
my own mind whether t h a t  i s  going t o  make th ings  b e t t e r  o r  worse than  
j u s t  a  p l a i n  low-high Schottky bar r ie r ' .  But anyway, t h e  on ly  t h ings  
t h a t  we saw i t  on were moderately doped s u b s t r a t e s .  The o t h e r  . c e l l s ,  i n  
gene ra l ,  had a  p +  s u b s t r a t e ,  p+ on p back-surface f i e l d .  I n  t he se  . . 

we d o n ' t  s ee  t h i s  r e c t i f i c a t i o n .  We have never seen  r e c t i f i c a t i o n  on 
p+ and so my advice i s  always use a  back-surface f i e l d ,  no t  f o r  b e t t e r  
e f f i c i e n c y  but  f o r  b e t t e r  r e l i a b i l i t y .  

WOLF: Then the  o t h e r  t rends  have always given you d i f f e r e n t  m a t e r i a l  f o r  , 

blackmail  o the r  than formation of  Schottky b a r r i e r s .  

LATHROP: Tha t ' s  r i g h t . .  I have something on them too.  Next meeting, '  we w i l l  
t a l k  about t h a t .  No. I have something on everybody. . . .  

SOMBERG: You mentioned a t  the  beginning of your t a l k  t h a t  a  l o t  o f , y o u r  t e s t s  
were a t  f a i r l y  high or  low temperature extremes. It seems,- . in  the.FSA 
program, t h a t  most of t he  thermal cyc l ing  is  from -40° t o  +90°C and 
i n  r e a l - l i f e  s i t u a t i o n s  ou t  i n  t he  f i e l d  modules were s i t t i n g . t y p i c a l l y  
a t  r e l a t i v e l y  moderate temperatures .  Would you c a r e  t o  comment about 
t he  temperature extremes and any e x t r a p o l a t i o n  you have done i n  terms of  
t h i s  new 30-year l i f e t i m e ?  

..- LATHROP: It i s  very d i f f i c u l t  t o  t r y  t o  r e l a t e  acce l e r a t ed  t e s t i n g  t o  r e a l  
l i f e  un less  you have some way t o  ge t  t h e r e .  You know you have t o  have 
f i e l d  d a t a  and you have t o  have some way of e x t r a p o l a t i n g  t h e  f i e l d  , 

d a t a .  For example, i n  bias- temperature  t e s t i n g  you can go through a  
bunch of d i f f e r e n t  temperatures and you can at tempt  t o  g e t  some so r t  of 
a c t i v a t i o n  energy,  which you e x t r a p o l a t e  back t o  room temperature .  This 
i s  more d i f f i c u l t  than something l i k e  thermal cyc l ing .  I don!t know how 
t o  do i t .  The only ' . th ing  t h a t  I can say i s  t h a t  i f  c e l l  A goes through . . 

the  thermal cyc l ing  with no problems, and then c e l l  B has  a l l  kind of 
problems, c e l l  B i s  worse than c e l l  A. But both c e l l  A and c e l l  B may 
l a s t  f o r  30 years .  I j u s t  don ' t  know. But i t  behooves t h e  manufacturer 
of c e l l  B t o  take a  look a t  i t  and t r y  t o  improve i t .  That ' s ,  a l l  I can . 

say .  A l l  I can t a l k  about a t  t he  moment wi th  regard  t o  t h i s  is  t h e  
r e l a t i v e  a spec t s  with regard t o  o t h e r  c e l l  t y p e s ,  bu t  no t  wi th  regard t o  
an abso lu te  " w i l l  i t  l a s t  30 years?"  

SCHWUTTKE: . I  have one ques t ion .  , I  am i n t e r e s t e d  i n  your model based on t h e  
oxygen., What you say very simply i s  t h a t  t h e  proper ty  of t h e  con tac t  
depends very much on whether you have an oxygen-rich o r  an ~ x y ~ e n - ~ o o r  
surface. ,  i s  t h i s  c o r r e c t ?  

LATHBOP: Tha t ' s  my th ink ing ,  yes .  Except t h a t  -- 



SCHWUTTKE: Now I would l i k e ' t o  b r i n g  to .  yoiir a t t e n t i o n  t h a t  t h i s  may not  be 
gene ra l ly  known and I would l i k e  t o  know your th inking  how t h i s  would 
t i e  i n .  You have very  l i t t l e  con t ro l  on what ' the  oxygen concent ra t ion  
i s  i n  a  wafer a f t e r  processing.  This depends on, and t i e s  i n  r e a d i l y  

'.. .. with ;  t he  o r i g i n a l  oxygen content  i n  'your wafer : After  one hea t  
. .  . .  t rea tment ,  depending on theAatmosphere -- be i t . oxygen ,  be i t  ' n i t rogen ,  
. . . o r .  whatever .  -- 'you may have a  , su r f ace  which i s  oxygen r i ch '  o r  oxygen 

poor; Now t h i s  would l e a d  t o  gre'at '  v a r i e t y  i n  your contac t  formation. 
. . . .  . .. , . . a ,  ... . I 

LATHROP: Except t h a t  i n  my simple-minded theory I f e e l  t h a t  the  oxygen i s  
coming from the  meta l ,  not from the  s i l i c o n .  . . 

SCHWUTTKE: Yes, bu t  you must have some kind of equi l ibr ium,  whether it i s  
coming through t h e  meta l ,  through t h e  i n t e r f a c e ,  and depending on what 
the  oxygen content  i s  i n  the  s i l i c o n  a t  the i n t e r f a c e .  Don't you th ink  
so?  

LATHROP: Yes. I would th ink  so .  Whether we have reached t h a t  equi l ibr ium o r  
n o t ,  I am not  s u r e .  

SCHWUTTKE: This may vary cons iderably  from wafer t o  wafer. A l l  th 'at  I am 
saying is  t h a t  you have b a s i c a l l y  no c o n t r o l  a t  t he  present  t ime,  f o r  
t he  oxygen concent ra t ion  i s  i n  the  su r f ace  of the  wafer before  you s t a r t  
p u t t i n g  down your m e t a l l i z a t i o n .  

LATHROP: That i s  c o r r e c t ,  yes.  

SCHWUTTKE: What would be now the  i n t e r a c t i o n ?  Nevertheless ,  I f ind  your 
model very  i n t e r e s t i n g .  

LATHROP: 1 have a  t e e l i n g  t h a t  it i s  not  the  oxygen i n  the s i l i c o n  t h a t  is 
the  problem, i t ' s  t h e  oxygen-- 

SCHWUTTKE: I f  i t  is the  i n t e r f a c e ,  then both s i d e s  con t r ibu te .  

LATHROP: Well,  except  t h a t  the oxygen has got  t o  g e t  i n t o  the  s i l i c o n  
d iox ide ,  the  t h i n  s i l i c o n  dioxide l a y e r ,  there and i f  you have a  l o t  of 
oxygen on the  metal  s i d e ,  which is  capable-- 

SCHWUTTKE: Yes, bu t  the  s i l i c o n  dioxide l aye r  formation w i l l  depend on the 
presence of oxygen i n  the wafer.  

CATHROP: That oxide has a l ready  been grown. 

SCHWUTTKE: Yes, but  -- 

BICKLER: Would you imagine more than 1016 oxygen i n  the  s i l i c o n ?  

SCHWUTTKE: Oh, d e f i n i t e l y .  

BICKLER: The chemical r e a c t i o n  t o  give you f r e e  bonds a t  t he  i n t e r f a c e  t h a t  
Jay (Lathrop)  i s  desc r ib ing  i s  going t o  be up i n  t he  chemical range,  up 
t o  the L O ~ ~ ' s ,  so  I submit t h a t  t he  background oxygen i n  t he  s i l i c o n  
c r y s t a l  i s  s o  s l i g h t  an inf luence  t h a t  . . . , 



. . 

SCHWUTTKE: That i s  an order  of magnitude d i f f e r e n c e ,  so-- 

. . 

BICKLER: More than one magnitude. . . 

WOLF: Yes, there  w i l l  always be on the  f r e e  s i l i c o n  s u r f a c e  something l i k e  20 
or  more Angstroms of oxide.  It depends on the  chemical t rea tment  t h a t  
i s  being used i n  g e t t i n g  the  metal  t h e r e .  How much of t h e  oxide may o r  
may o r  not be removed, and what i s  t he  s t a t e  e x a c t l y  of t h e  s u r f a c e s ,  
a r e  probably r e a l l y  more important than  t h e  loL8  oxygen atoms i n  t he  
bulk below. 

COMMENT: I th ink '  t h a t  i s  a  good po in t .  
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FIELD TEST EXPERIENCE 

R.W. Weaver 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, California 91109 

INTRODUCTION 

As a pa--t of the Flat-Plate Solar Array Project (FSA), a field-test 
program was developed to obtain solar photovoltaic (Pv) module performance 
and endurance data. These data are used to identify the specific char- 
acteristics of module designs under various environmental conditions. The 
information obtained from field testing is useful to all participants in the 
National Photovoltaics Program, from the research planner to the life-cycle 
cost analyst. 

TEST SITES AND DATA PROCESSING 

The Field Test Program plan identified four Southern California test 
sites with characteristics ranging from oceanside to desert environments, 
including one with high urban pollution. Test facilities at these sites 
were constructed and modules were deployed in 1977. All of the modules 
deployed were first tested and inspected at the Jet Propulsion Laboratory 
(JPL). The testing was done using the Large-Area Pulsed Solar Simulator 
(LAPSS) to obtain I-V (current-voltage) data, at a reference irradiance- 
level and module temperature, the results of which were used as baseline 
data whenever the module was returned to JPL for special testing. The pre- 
deployment inspection was a detailed visual examination of the modules, from 
which an original-condition report was generated. Subsequent inspection 
reports were compared with this report to discover and identify physical 
changes in the module. 

In 1978 the FSA Field Test Activity assumed responsibility for 12 more 
test sites, which had been established originally by the National Aeronautics 
and Space Administration (NASA) Lewis Research Center as part of the NASA 
energy program. These sites were situated as far north as Alaska and as far 
south as the Canal Zone, and covered virtually all climatic conditions. The 
characteristics of these sites and those of the four JPL sites are shown in 
Figure 2. Lewis Research Center also furnished JPL with all of the data 
that had been acquired for the modules at the 12 sites. Tfie resulting site 
network consisted of 15 remote (unattended) sites and one at JPL. 

Two data acquisition systems were developed, one for the remote sites 
and one for the JPL site. 'The data system for the remote sites was a port- 
able battery-operated unit that sampled I-V data and displayed the key para- 
meters (e.g., short-circuit current, open-circuit voltage, peak power). 
After acquiring the data the unit stored it on an erasable storage medium, 



which is readable on the JPL site data system. Data were acquired periodi- 
cally from the remote sites using this unit. 

The JPL site data system was designed to sample module performance 
daily. The system also takes weather and irradiance data every five 
minutes. All of the data were stored on magnetic disks for processing by 
scheduled programs or by special programs on demand. This system could also 
process data from the remote sites. 

The endurance data were obtained periodically from all of the sites by 
means of physical inspections by a JPL quality-assurance team. The results 
of these inspections were written up as detailed descriptions of the physical 
states of the modules. 'l'hese descriptions were then oompared with previous 
inspection reports to identify changes in the modules occurring duringlthe 
test period. 

FAILURE PROCESSING . , 

The performance and endurance data were used to determine if a failure 
analysis of a module were warranted; if so, the module was removed from the 
field and returned to JPL for further analysis. The criterion for perform- 
ance failure was failure,to produce 75% or more power than'it did when it was 
originally tested. If the module's physical state had deteriorated to the 
point that it had become hazardous, or when performance failure was imminent, 
the module was to considered to have failed. Failed modules were returned 
to the JPL failure analysis team for detailed analysis to determine the type 
and cause of the failure'. The results were published as Problem/Failure 
Reports and were distributed to all concerned in the PV program, including 
the module manufacturer . 

RESULTS 

In the nearly five years of field testing Blocks I, I1 and 111 modules, 
almost 10% failed the performance test. Many more experienced physical---- - 
degradation that did, or would eventually, result in an unserviceable module. 
The plot in Figure S depicts performance failures as a function of time in 
the field. The curves show that for the Blocks I and I1 modules the failure 
rate increased over the last 18 to 24 months. This means that more modules 
(per module deployed) were failing after the first three years than before 
that time. This leads to the conclusion that there is definitely a rime- 
versus-design correlation for field failures. 

The results of the physical inspections are shown in the chart in 
Figure 6 for the Blocks I and 11 modules (type refers to manufacturer). The 
defects are ranked by severity for each site and type. No site stands out 
as being more severe than any other in the chart. However, when the perfom- 
ance data are also considered, the sites with hot-humid climates clearly have 
more severe environments. 

. Some results from non-JPL sites are described in Figure 7. The causes 
of failure are basically the same as for the JPL tests; only the rate of 



f a i l u r e s  i s  d i f f e r e n t .  The no tab le  except ion Ô is the  .number of burs.t c e l l s  , . 

observed a t  the  Mount Laguna s i t e .  The u l t ima te  e f f e c t s .  of the  t h r e e  mqst . , 

preva len t  de fec t s  a r e  shown i n  Figure 8. A l l  of these  d e f e c t s  would 
even tua l ly  r e q u i r e . t h a t  the  module be replaced.  Figures 9 and 10 deqcrib,e 
s eve ra l  of the  prime. reasons fo r  c e l l  f a i l u r e  .. , . .  . . . , 

During the  t e s t  per iod ,  changes i n  the c e l l  gr'id and c o l l e c t o r  mate- . 1' 
r i a l s  were observed. The most common was the d i s c o l o r i n g ,  u sua l ly  a  brown-. . 
i ng ,  of the  g r i d  and c o l l e c t o r  m a t e r i a l .  Several of the modules were d i sa s -  
sembled and the d isco lored  a r e a  was analyzed. . , The probable cause .was a  , ' 

r e a c t i o n  with some r e s idua l  ma te r i a l  from the  manufacturing process .  -.The 
"blossoming" e f f e c t  found a t  . the , ends .  of some. g r i d  l i n e g  is a t t r i b u t e d  t o  
the  migrat ion o f ' t h e  s i , lver  used i n . t h e  g r id  m a t e r i a l . .  This e f f e c t , w a s  seen :  
only i n  modules t h a t  used . s i l v e r  .in the ,  g r id  m a t e r i a l  .and t h a t  were ,. , 

configured so t h a t  the end of a  g r i d  l i n e  was near  another  pa r t  of t h e .  ; . . 
e l e c t r i c a l  c i r c u i t  t h a t  was a t  much d i f f e r e n t  e l e c t r i c a l  p o t e n t i a l .  

The t e s t  r e s u l t s  a l s o  ind ica ted  o ther  reasons f o r  l o s s  of power or  
module degradat ion.  Some of these  a r e  presented i n  Figure 12. The most 
s eve re ,  r e l a t i v e  t o  the l o s s  of power, i s  the  amount.of d i r t  t h a t  i s  
deposi ted on the module su r f ace .  Power lo s ses  of a s  much a s  12% were , 

observed wi th in  a  three-month period.  The bes t  design f o r  prevent ing power 
l o s s  from s o i l i n g  was t h a t  with a  g l a s s  s u p e r s t r a t e  o n . t h e  module. ' 

SUMMARY 

JPL f i e l d  t e s t  r e s u l t s  were compared with t e s t  and ope ra t iona l  r e s k 1 . t ~  
, . 

from other  c e n t e r s  i n  t he  PV program t o  determine i f  s i m i l a r  fai lure '?  -were , ,  

occurr ing  elsewhere. The consensus a s  t o  the p r i n c i p a l  causes of e l e c t r i c a l  
f a i l u r e  was: (1) cracked c e l l s ,  (2)  broken in t e rconnec t s ,  ( 3 )  va r ious  types  
of s h o r t s .  The p r i n c i p a l  types of phys ica l  degradat ion were: (1 )  delamina- 
t i o n  of encapsulan ts ,  (2)  d i s c o l o r a t i o n  of encapsulan ts ,  ( 3 )  i n t e r n a l  cor-  
ro s ion  of in te rconnects  and g r i d  connectors ,  ( 4 )  e x t e r n a l  connector cor ros ion .  
There appears t o  be no c o r r e l a t i o n  between . t h e  .physi,cal .appearance of t he  
module, d i r t  depos i t s  excepted,  and .performance, .The, most . severe  environment. ., 
i s  the hot-humid type.  . . 

. I . . 
A r e p r e s e n t a t i v e  sample of the  modules . t h a t  .were used i n  t h i s  t e s t  pro- 

gram have been r e loca t ed  a t  the..JPL Goldstone s i t e .  . Data . w i l l  be sampled : 

annual ly t o  determine what e f f e c t  f u r t h e r  time i n .  the  , . f i e l d  may have on , t h e  . 
modules. . . ,  . . 

. . 



Figure 1. Objectives of Field-Test Activity 

To obtain in-field performance data for life-cycle endurance evaluation 

To determine degradation characteristics and failure modes as they 
relate t o  module design characteristics 

Provide verification data t o  qualification testing 

Develop improved in-situ diagnostic testing methods and 
analytical techniques 

Figure 2. .Field-Testing History 

1 9 7 7  Establish four sites in Southern California 

Automatic data acquisition system installed at  the JPL site 
(Block I and 11 modules) 

1 9 7 8  Acquired 1 2  more test sites from Lewis Research Center 
(Block I and 11 modules) 

Developed a portable Module I-V data acquisition system 

lnitiaiod semiannual inspections of remote sites 

Block Ill modules deployed to sites 
, . 

1979 Data analysis techniques dcvoloped and applled to all 
data available 

1 9 8  1. Remote sites decommisioned 

Final data analysis for Blocks I, II, and Ill performed 

1 9 8 2  Started Block IV deployment and testing 

, . .  .,. 



Figui-e 3. JPL Test Sites 

I AWSKA 
a i l .  GRfCLY 1 

POINT VICENT1,'CA 

KEY \YEST. FLA. 

SAN NICHOLAS 
ISLAND. CA 

TABLt LIOUNTAIN, LA 

AllNCS PEAK, CO 

GOLDSIONl, i A  

ALBUOUf ROUE. Nhl  

DUGlYAY, UTAH 

. . 
KEY F ~ A T U R E S  ' , '  ' 

-- 

CATCGOYI 

~ H B A ~  S O U T H C R ~  JPLIPASAD~NA 
CALIFORNIA I 

L A l l l U D l  
ldegrees l LOCATION 

3!lG!'ifSi 

~!(:;IIH\YLSI 

lJPPlR G R t A l  LAKfS 

ALTITUDE 
l l ee l  I 

~ ' : ! ?EA~E \VLATHL% 

C R A M ,  INDIANA 39 

SlATTLf 4 7  
IFT. LE\VISI 

HOUCHTON, Al lCHlGAN d7 

CIIOL. DAhIP hlORNINGS AND C C A R  AFTERNOON): 
CORROSIVL 5AL I  SPRAY 

t101 AND HUAlID: CORROSlVl SALT SPRAY 
. .. . 

SOAIEIVHAI MILDCR T ~ I A N , K E Y  \VCST 

.: 
TYPICAL A L P l N l  ENVIHONMEM: ICAVY WINTER SNOWS 
AND h l l l O  SUhllilEHS: tIIGII.VLLOCITY lVIND5 

CLEAR AND COLD: HIGH-VLLOCITY \VINDS. MAX. UV 

VLRY HOT AND ORY SUAlAllRS: CLEAR SKIES 

DRY WITH CLTAR SKIES: AN ABUNDANCE OT UV 

COLD IVINTERS. HOT SUAlhlERS: AL'KALINE 5011  
. . 

P CANAL ZONE 
t r l .  CIAYTONI 

URBAN COASTAL 

TYPICAL NOR~HWIST :' AIILD'.TEWPERATUR~S AND 4h 
ABUNDANCE (X RAIN . ,  ., !'-, 7 

- o  T Y P I C ~ L  TROPIC:. HOT AND H U ~ ~ I D :  IW.INCH:RR- ' . 
I Y E A R  RAINFALL 

Nf\V LONDON. 
CONNf CTlCUT 

NEIV ORLEANS 
LOUISIANA 

1,250 PRIAlARY TEST SlTf  - H O T ' S U M ~ ~ ~ R S  AND A l l 10  lVINTLRS: 
. Vf RY H l C H  POLLUTION CNVIRONhlENT I .  

TYPICAL NC\V ENGLAND COASTAL 

. . 
t i 01  AND VERY HUMID: H lCH POLLUTION INVIR&A~ENT 

Figure 4. Test and lnspection Procedures 
. . 

Testing 
. . 

Modules were "stressed" via fixed resistors 
+ Baseline I=V data acqulred during inst:allation , 

Periodic I-V data taken 
Performance evaluated 

Inspection 

Visual inspection prior to shipping to site 
Visual inspection durlng installation 
Periodic inspections 
Physical change description reports 



Figure 5. Blocks I, II and Ill Results 

BLOCK I . 2 2 5  MODULES DEPLOYED. 2 5  FAILED 

BLOCK II - 116  MODULES DEPLOYED. 13 FAILED 

BLOCK Ill . 48  MODULES DEPLOYED. 0 FAILED 

. .  . , 

TIME IN FIELD (MONTHS) 

Figure 6. Physical Inspection Summary of Remote-Site Modules 
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Figure 7. Results,From Non-JPC sites 

Mount Laguna, CA (July 1 9 7 9  - July 1 9 8 1  

Cracked cells: 1 5 0 0  (950  "burst") 
Output: Down 55% 
Encapsulant: Delamination 

In-field, over 3 0  months: 6.5% failed 
Causes: Cracked cells, broken interconnects and shorts 
Physical: Delamination, cracked glass 

Figure 8. Failure ~ f f ' e c t s  

TYPE - EFFECTS . 

Cracked cell Loss of power 
. Hot-spot heating 

Loss of module 

Broken interconnect Loss of power' 
Loss of  module 

Short circuit ., Loss of power 
Loss of module 
Hazardous condition 

Figure 9. Causes of Cracked Cells 

Impact type 

* ~ a i l  storms 
Rocks. _ _  . . 

" Other 

"Burst type" 

Outgassing of,material between cell and substrate 
Moisture entrapment and subsequent heating ' . 

- //' Other causes 

Manufacturing defects 
Hot spotting 
Module twisting 



Figure 10. Observed Changes in Grids and Collectors 

Discoloring 

Brown'coloring - probably due to reaction with contaminants 
White streaking (GE) ?? 

Separating from cell 

Manufactwing problem 

"Blossoming" 

@ Silver miyratir~y to ends sf grid that are at a high potential relative 
to  nearby cell or circuit component 

Figure 1 1. Other Reasons for Loss of Module Output 

Dirt 

2 to  12% loss 
Partially correctable via cleaning 
Glass is best self cleaner 

Discoloring of encapsulant 

Select proper material-glass . 

Thermal related 

Cycling effects 
Expansion stress 
Match materials or compensate 

NSMD 

San Nicolas Island, Mines Peak, Pt. Vicente 

Hazards of field testing 

Figure 1 2. Conclusions 

Electrical degradation or failure is not necessarily a function 
of physical appearance 

Three primary known causes of failures were cracked cells, 
broken interconnects, and electrical shorts 

Most severe environment is hot and humid 



DISCUSSION 

. . 

CAMPBELL: What percentage of Block I, I1 and I11 modules were glass 
superstrate? 

WEAVER: I can't give you a percentage but I think there were only two 
manufacturers that we tested.during that period that used glass. 

LAVENDEL: You, in your failure analysis, mentioned discolor'ation several 
times. Is this really a hazard or is it mostly cosmetic? 

WEAVER: I think it is mostly cosmetic. Like I said, we very seldom, if ever, 
could find an electrical performance degradation related to a 
discoloring of the system. 

LAVENDEL: Have you ever tried to define the composition of this discolored 
film? . 

WEAVER: Yes, we did send it to our Failure Analysis group and' I think they 
have found what other people have found, if they peel the encapsulant 
away. Brian (~alla~her), do you want to field that? 

GALLAGHER: I am going to give a short presentation this afternoon on metal 
degradation of a very specific encapsulant, and to answer your first 
question, you will see this afternoon that the first property that 
degrades that is visible is transmission at 400 nanometers: it starts 
to turn yellow. To your question about whether it really degrades the 
modules or not -- if the yellow transmission at 400 nanometers degrades 
down to 10% of its original value, which looks like a lot, you only have 
from 5% to 10% degradation in the electrical of the module of 
the total integrated area from 400 nanometers to 1.1 micron. You would 
still only have 5% to 10% degradation. We will cover it a little more 
detail this afternoon. 

AMICK: You ehowed that Block 111 modules are much better from the standpoint 
of reliability than I or 11. Do you understand the reasons why the 
Block 111 modules have improved so dramatically? I and 11 look pretty 
much the same. 

WEAVER: Well, we would like to think it because we told them what was wrong 
with I and 11. Redundant interconnects came on very strongly in Block 
111, there were some in 11, but basically in Block 111. The redundant 
interconnects; a better understanding of stress relief in 
interconnects. Better encapsulation procedures, we think, came into 
effect there. Glass, more glass. There was a   lock I1 contractor that 
used glass that I don't think is still in the business of terrestrial 
PV; I think they are still in the space business, and some of their 
Block I1 modules are actually putting out more now than when we 
originally put them in the field. That was a small cell. But they were 
so expensive there WPS no point in going on. 



SCHWUTTKE: On t h e  s u b j e c t  of e l e c t r i c a l  migrat ion:  was t h i s  t y p i c a l  of a l l  
modules? A t  what d i s t a n c e  from anode t o  cathode d i d  i t  occur ,  and i s  i t  
t y p i c a l  f o r  a l l  me ta l lu rg i e s  -- t h a t  i s ,  f o r  a l l  modules? 

WEAVER: I w i l l  d e f e r  t h a t  t o  e i t h e r  Ed ( ~ o ~ a l )  or  Gordon  on), because they 
understand t h a t  b e t t e r  than I do. 

ROYAL: Gordon  o on) i s  going to' t a l k  about t h a t  t h i s  a f te rnoon.  

WEAVER: I can answer t h a t  t o  some e x t e n t  -- no, we have no t  seen i t  i n  a l l  of 
them. In t h e  ones t h a t  we understand have s i l v e r ,  yes ,  we have seen i t .  

PROVANCE: Have you observed any phenomena with t h i s  d i s c o l o r a t i o n  per 
l o c a t i o n  -- i n  o the r  words was i t  more prominent i n  one loca t ion  t h a n . i n  
ano the r?  The reason I ask t h a t  i s  t h a t  s u l f u r  tends t o  s u l f i d e  i n  a r eas  
of h igh  s u l f u r  concent ra t ion ,  so  i f  , i t  i s  i n  an i n d u s t r i a l i z e d  a rea  some 
of t he  d i s c o l o r a t i o n ,  I would th ink ,  would be from the  s u l f i d i n g . .  

WEAVER: No, I d o n ' t  t h ink  I could c o r r e l a t e  t h a t  t o  an a rea .  The s i t e  a t  JPL 
i s  t h e  wors t  urban environment, pol lut ion-wise,  t h a t  r e  found. Mines 
Peak had almost  none. Almost no d i s c o l o r i n g  a t  a l l .  

SCKWUTTKE: But you l o s t  a l l  of your modules there-- 

. '  WEAVER: On the  l a s t  inspec t ion .  

PROVANCE: We have seen t h i s  q u i t e  prominently i n  o t h e r  th ick- f i lm 
a p p l i c a t i o n s ,  i n  mic roe l ec t ron ic  c i r c u i t s  where s i l v e r  o r  
p la t inum-s i lver  compositions w i l l  tend t o  d i s c o l o r  o r  s u l f i d e  very 
quick ly  i n  va r ious  a r eas  of h igh  concent ra t ion  of i ndus t ry .  But much 
longer  pe r iods  of time for the  same d i sco lo ra t ion  t o  occur i n  very c lean  
a reas .  

WEAVER: The worst  case  I have seen of i t  was a t  c i p e  Canaveral a t  the  F lo r ida  
Solar  Energy Center.  Very predominant i n  those modules there .  



FUNDAMENTALS OF METAL-SEMICONDUCTOR CONTACTS 
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The meta l  -semjconductor (m-s) ' c o n t a c t .  i s  one o f  t h e '  o l d e s t  s'emi.conduc- 
t o r  'devices ,[l], j te t  even today i t  i s  n o t  comple te ly  understood. Scho t tky  
[2 ]  o r i g i n a ! l y  desc r i bed  t h e  bas ic  device, shown i n  F ig .  1; I t  i s  mere ly  a  
metal  'in. d i r e c t  phys ica l .  c o n t a c t  . w i t h  :a semiconductor w i t h  t h e  b a r r i e r  
h e i g h t  determined by bu l  k  meta l  and semiconductor p rope r t i es .  The f a c t  t h a t  
r e a l  dev ices do n o t  behave i n ' t h i s  s imple manner (F ig .  2 ) ,  . i s  a t t r i b u t e d  t o  
sur face  s t a t e s  a t  t h e  semiconductor su r face  [3]. ' The mechanism by which 
t h i s  comes about  i s  shown i n ' f i g s .  3  and 4. 

Bardeen [3 ]  assumed t h a t  t h e r e  were i n t r i n s i c  su r face  s t a t e s  a t  t h e  
semiconductor su r f ace  p r i o r  t o  metal  d e p o s i t i o n  and t h a t  these, if present  
i n  a  s u f f i c i e n t  dens i t y ,  cou ld  p i n  t he  sur face  Fermi l e v e l  t o  some energy 
making t h e  ba r r , i e r  h e i g h t  , r e l a t i v e l y  independent o f  t h e  metal  work func t ion .  
I t  has been shown [4 ]  t h a t  f o r  many semiconductors, t h e  b a r r i e r  h e i g h t  i s  
approx imate ly  213. of t h e  bandgap f o r  n- type and 113 o f  t he  bandgap f o r  
p-type. m a t e r i a l s .  

I I' 

The 'na tu re  o f .  t h e  ' su r face  h a t e s '  i s  n o t  w e l l  understood. The termina-  
t i o n  o f  t h e  b u l k  l a t t i c e  a t  the  sur face  wi.11 i n t r oduce  dang l ing  bonds, the  
sur face.morphology be ing  d i f f e r e n t  f rom t h a t  i n  t he  b u l k  and va r i ous  impu- 
r i t i e s  on t h e  su r f ace  a r e  some o f  ' the mechanisms g i v i n g  r i s e  t o  surface 
s t a t e s  [5]. 

- .  
Ihe  d e p o s i t i o n  of '  t h e  metal  a l t e r s  t h e  na tu re  o f  these su r f ace  s ta tes .  

Recent work by Sp icer  [6 ]  suggests t h a t  i n  t h e  metal  d e p o s i t i o n  proces's, 
d e f e c t  l e v e l s  a r e  c rea ted  i n  t he  semiconductor. For a  s u f f i c i e n t l y  h i g h  
d e f e c t  d e n s i t y ,  t h e  sur face Fermi l e v e l  should be pinned t o  t h e  d e f e c t  
energy l e v e l .  T h i s  i s  shown i n  F ig .  5  f o r  GaAs. The l o c a t i o n  o f  t h e  Fermi 
l e v e l  co inc ides  w i t h  t h e  EL2 a n t i s i t e  d e f e c t  energy l e v e l s .  Th i s  d e f e c t  i s  
t h e  r e s u l t  o f  an As atom occupying a  Ga s i t e ,  and i t  has been suggested [ 7 ]  
t h a t  such a n t i s i t e  defects  a r e  c rea ted  a t  t h e  sur face by t h e  d e p o s i t i o n  
process. 

Because t h e  exac t  d e t a i l s  o f  su r f ace  s t a t e s  and t h e i r  r o l e  i n  m-s 
con tac ts  a r e  n o t  w e l l  understood, i t  i s  c l e a r  t h a t  I'm-s engineer ing" ,  i .e. 
des ign ing  t h e  b a r r i e r  h e i g h t  t o  a  s p e c i f i c  value, can i n  general  n o t  be 
done. The c l o s e s t  t o  such a  r e a l i z a t i o n  a r e  s i l i c i d e - s i l  i c o n  con tac t s  [8] 
i n  which t h e  i n t e r f a c e  i s  l o c a t e d  below the  o r i g i n a l  s i l i c o n  sur face  because 
s i l i c o n  i s  consumed i n  t h c  s i l i c i d c  f o rma t i on  process. Th i s  appears t o  
reduce o r  e l i m i n a t e  su r f ace  s t a t e  r e l a t e d  e f f e c t s .  The r e s u l t i n g  n e a r l y  



l i n e a r  p r o p o r t i o n a l i t y  between b a r r i e r  he igh t s  and work f u n c t i o n s  i s  shown 
i n  F ig .  2. For meta ls ,  however, i t  i s  v i r t u a l l y  imposs ib le  t o  make ohmic 
con tac t s  o f  t h e   accumulation^ type,  a l though  such con tac t s  a r e  p r e f e r r e d  
because o f  t h e i r  l ow b a r r i e r  he igh t s .  A good example i s  shown i n  F ig .  6  f o r  
A l /n -S i  [9]. The Scho t t ky  argument would p r e d i c t  a  b a r r i e r  h e i g h t  o f  0.2V, 
w h i l e  i n  r e a l i t y  i t  i s  observed t o  be 0.6-0.7V. 

Th i s  r a i s e s  t h e  ques t i on  "how do we make good ohmic con tac t s? "  The 
energy band diagrams of  'a m-s c o n t a c t  w i t h  i nc reas ing  semiconductor doping 
and cons tan t  b a r r i e r  h e i g h t  a r e  shown i n  F ig .  7. As t h e  doping concen- 
t r a t i o n  i s  increased,  i t  becomes p r o g r e s s i v e l y  e a s i e r  f o r  e l e c t r o n s  t o  
t unne l  f r om  t h e  meta l  t o  t h e  semiconductor and f rom t h e  semiconductor t o  t he  
meta l ,  because t u n n e l l i n g  depends c h i e f l y  on t h e  w i d t h  o f  t h e  b a r r i e r .  The 
h i g h e r  t h e  t unne l  1  i n g  p r o b a b i l  i t y  t h e  lower t h e  c o n t a c t  r e s i s t j v l f j .  T h i s  
i s  c l e a r l y  shown i n  F ig .  6. An a d d i t i o n a l  f a c t o r  t h a t  he lps t o  reduce the  
c o n t a c t  r e s i s t i v i t y  i s  b a r r i e r  l owe r i ng  [ l o ] ,  shown i n  F ig .  8. 

An ohmic c o n t a c t  i s  c h a r a c t e r i z e d  by a  con tac t  r es i s t ance ,  r e l a t e d  t o  
t h e  c o n t a c t  r e s i s t i v i t y  i n  a  comp l i ca ted  manner as a  r e s u l t  o f  t h e  c u r r e n t  
f low. The f r o n t  c o n t a c t  o f  a  s o l a r  c e l l  i s  as shown i n  F ig .  9. The c u r r e n t  
f lows th rough  t h e  t h i n  n-surface l a y e r  i n t o  t he  c o n t a c t  caus ing c u r r e n t  
crowding a t  t h e  edge o f  the  con tac t .  To f i r s t  o rder ,  t h e  v o l t a g e  i n  t he  
d i f f u s e d  l a y e r  under t h e  c o n t a c t  decays e x p o n e n t i a l l y  w i t h  a  c h a r a c t e r i s t i c  
t r a n s f e r  l e n g t h ,  LT [Ill. I t  depends on bo th  t h e  c o n t a c t  r e s i s t i v i t y ,  p c ,  

and t h e  sheet  r e s i s t a n c e ,  R s ,  and i s  a  measure of t h a t  p a r t  o f  t h e  con tac t  
t h a t  i s  a c t i v e  i n  t h e  c u r r e n t  f l o w  f rom t h e  d i f f u s e d  l a y e r  t o  t h e  meta l .  
Once t he  c u r r e n t  i s  i n  t he  me ta l ,  i t  of  course spreads o u t  due t o  i t s  low 
r e s i s t i v i t y .  

The express ion  f o r  t h e  c o n t a c t  r e s i s t a n c e  i s  g i ven  i n  F i g .  10. I t 
i n c o r p o r a t e s  bo th  geomet r i ca l  f a c t o r s  as w e l l  as p and R S  [12,13]. F ig .  11 

C 
i n d i c a t e s  t h a t  f o r  t y p i c a l  sheet  r es i s t ances  of 30-100 ohms/square, t y p i c a l  

2  o f  s o l a r  c e l l  s, LT can be ve ry  sho r t .  For pc = ohm-cm , i t  i s  o n l y  

l o p  m, so t h a t  evcn i f  the  c o n t a c t  i s  1 0 0 ~  m wide, o n l y  10p m around t he  
edge p a r t i c i p a t e s  i n  t h e  t r a n s f e r  of c u r r e n t  f rom t h e  d i f f u s e d  laLver t o  t h e  
meta l .  The norma l i zed  p l o t  o f  F ig .  12 shows t h e  c o n t a c t  r e s i s t a n c e  m u l t i -  
p l i e d  by t h e  l e n g t h  o f  t he  c o n t a c t  as a  f u n c t i o n  o f  t h e  c o n t a c t  w id th ,  L. 
I t  c l e a r l y  shows t h a t  when L  exceeds LT, t he  c o n t a c t  r e s i s t a n c e  
i s  cons tan t  and making t he  c o n t a c t  w ider  does no t  r e s u l t  i n  lower  c o n t a c t  
r e s i s t a n c e .  Widening t he  c o n t a c t  w i l l ,  however, reduce t h e  g r i d  l i n e  
r e s i s t a n c e  b u t  w i l l '  a l s o  i nc rease  shading o f  t h e  c e l l .  

What c o n t a c t  r e s i s t a n c e  va lues  a r e  r e q u i r e d  f o r  s o l a r  c e l l s ?  The 
s e r i e s  r e s i s t a n c e  o f  s o l a r  c e l l s  i s  t h e  sum o f  severa l  components, as shown 
i n  F ig .  13. C l e a r l y  a l l  o f  these  must be op t im ized ,  h1.1t here we a r e  o n l y  
concerned w i t h  t h e  f r o n t  and back c o n t a c t  r es i s t ance .  A f i r s t  o rde r  ca lcu -  
l a t i o n  i n  F i g .  14 assumes ( i )  t h e  power l o s s  due t o  s e r i e s  r e s i s t a n c e  i s  5% 
[14], and ( i i )  t h e  c o n t a c t  r e s i s t a n c e  c o n t r i b u t e s  10% o f  t h e  t o t a l  r e s i s -  
tance, i . e .  0.5% o f  t h e  Dower l oss .  The c a l c u l a t e d  c o n t a c t  r e s i s t i v i t i e s  

2 a r e  1 o - ~  ohm-cm f o r  conven t iona l  one-sun appl  i c a t i o n s  and 1 o - ~  ohm-cm 2  



f o r  concen t ra to r  100-sun a p p l i c a t i o n s .  The requi rements f o r  t h e  back con- 
t a c t s  a r e  l e s s  severe because t h e  c o n t a c t  area i s  equal t o  t he  c e l l  area. 
Th i s  i s  sh'own i n  F ig .  15. 

Exper imenta l l y  determined c o n t a c t  r e s i s t i v i t i e s  f o r  S i  [15, 16, 171 and 
GaAs [18] a r e  shown i n  F igs.  16 and 17. Values f o r  p-Si  a r e  l e s s  than those 
f o r  n-Si ,  because t h e  b a r r i e r  he igh t s  a r e  lower .  L i m i t i n g  va lues of  around 

2  ohm-cm a r e  approached i n  bo th  cases. The r e q u i r e d  va lues of  l 0 - ~ - 1 0 -  3 

2  ohm-cm f o r  n-Si  a r e  c o n s i s t e n t  w i t h  t - yp i ca l  s o l a r  c e l l  su r f ace  concentra- - .  

t i o n s  of  1-2 x  l o z 0  ~ m - ~ .  f l os t  o f  t h e  da ta  p o i n t s  i n F i g .  16 a r e  f o r  A1 
con tac ts  t h a t  a r e  w e l l  s i n t e r e d  f o r  optimum res i s tance .  Such low values may 
be d i f f i c u l t  t o  ach ieve w i t h  p l a t e d  and s i l k - sc reened  con tac t s  un less  
spec ia l  a t t e n t i o n  i s  p a i d  t o  ensure good, i n t i m a t e  c o n t a c t  between t h e  meta l  
and t h e  semiconductor. Low c o n t a c t  r e s i s t a n c e  and h i g h  open c i r c u i t  vo l t age  
p laces two c o n f l i c t i n g  requi rements on t h e  doping concen t ra t i on  o f  t h e  
n - l a j ~ e r ,  as shown i n  F ig .  18. I n  p r a c t i c e ,  t h e  "h i ghe r "  r e q u i r e m e n t .  has 
u s u a l l y  been chosen. 

The d i scuss ion  so f a r  has d e a l t  w i t h  a  m-s c o n t a c t  t h a t  i s  " i d e a l "  i n  
t h e  sense t h a t  t h e r e  i s  un i form,  i n t i m a t e  c o n t a c t  between t h e  two, even 

:.. though su r f ace  s t a t e s  a r e  p resen t .  The su r f ace  s t a t e  problem i s  overcome by 
us ing  a  h e a v i l y  doped semiconductor. A  " r e a l "  con tac t ,  however, i s  n o t  t h i s  
s imple.  It may l o o k  l i k e  t h a t  i n  F ig .  19. Genera l l y  t h e r e  i s  a  l a y e r  of  
ox i de  o r  o t h e r  contaminant between t h e  two w i t h  t h e  r e s u l t  t h a t  t h e  metal  
makes random con tac t s  t o  the  semi conductor  and a1 1  oys non-uni f o r m l y  [I 91. 
I n  a d d i t i o n  p e n e t r a t i o n  o f  meta l  i n t o  t he  d i f f u s e d  l a y e r  causes s p i k i n g  o r  
even p e n e t r a t i o n  o f  l a y e r s  o f  o n l y  0 . 1 ~  m th ickness .  For example, A l / S i  
o f t e n  shows a  h i g h  degree o f  non -un i f o rm i t y ,  g e n e r a l l y  a long  t h e  pe r i phe ry  
of  t he  con tac t ,  which can be e l i m i n a t e d  by adding a  smal l  amount o f  S i  o r  Cu 
t o  t he  A1 [19]. The contaminant l a y e r  may be o f  l i t t l e  s i g n i f i c a n c e  i f .  i t  
i s  s u f f i c i e n t l y  t h i n  t h a t  t u n n e l l i n g  can proceed f r e e l y .  If i t  i s  t oo  
t h i c k ,  then t he  con tac t  r e s i s t a n c e  w i l l  i nc rease  sharp ly .  

I t  i s  c l e a r  t h a t  w i t h  p ropc r  su r f ace  p r e p a r a t i o n  ve ry  low r e s i s t a n c e  
con tac ts  can be achieved. For low-cost  s o l a r  c e l l s ,  where c o s t - e f f e c t i v e  
c o n t a c t i n g  methods l i k e  p l a t i n g  and s i l k - s c r e e n i n g  a r e  be ing  pursued, ca re  
must be exerc ised  t o  ensure t h e  low r e s i s t a n c e  con tac t s  r e q u i r e d  f o r  t he  
c e l l ' s  performance. T h i s  i s  e s p e c i a l l y  t r u e  f o r  concen t ra to r  a p p l i c a t i o n s  

m 

where t h e  pho tocur ren t  increases and losses  can become ser ious .  
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Figure 1.  Schottky Model 
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Figure 2. Barrier Heights 



Figure 3. Effect of Surface States 



Figure 4. Bardeen-Model 
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Figure 5. .Spicer .Mo.del 
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Figure 6. Example: Al-n-Si . 
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Figure 7. Barrier Width-Doping Concentration 
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Figure 8. Barrier Lowering .::. 



Figure 9. Contact Current Crowding 



Figure 10. Layer and Contact Resistance I 





Figure 12. Contact Resistance, Contact Size 
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Figure 14. Front Contact 



Figure 15. Back Contact 
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. !Figure. 1 6. Contact .Resistivity: Si 
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Figure 1 7. 'Contact Resistivity: GaAs 
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Figure 1 9. "Real" Metal-Semiconductor Contact 
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DISCUSSION 

HOGAN: Would you comment on the process of annealing, and what might be 
happening considering gallium arsenide also? 

SCHRODER: I think you will see when you read papers and they plot contact 
resistance as a function of temperature treatment (annealing, for 
example) that things tend to get better most of the time. Now what goes 
on? I don't know. Maybe there is an interdiffusion. There can be 
interdiffusion of metallic species at room temperature. People have 
found metallic impurities in the semiconductor by not heating it at all, 
so there is interdiffusion. People are doing a lot of work right now on 
silicides. I really don't know what the answer is. I don't know what 
goes on in the contact and I am not sure if anyone else really knows how 
much interdiffusion really takes place. Does it dope, does it not dope, 
etc.; we can play all sorts of games, as we heard earlier. If we 
implant donors or acceptors we can lower or raise the barrier height, 
and so on, but I think as a rule we don't really understand, not very 
well anyway. 

NICOLET: Would you project the,viewgraph with the contact resistivity 
values? I can give you an upgraded number for titanium nitride. 

SCHRODER: This was from a paper two years ago. 

NICOLET: We have done Ti-nitride on n as well as on p up about where you , 
have hafnium nitride. About half way; it is 3 or 4 x 10-5 and it is 
the same for n and p. That value is 2 after you anneal by 400' or 
so. If you don't have it before, it is worth noting that in n on p 
there is a shift in the value height that has to do with certain states, 
which goes away by annealing and that, we think, comes because we use RF 
sputtering. If we did that with dc it probably would be less. We have 
better numbers. It's still high on the rest of these things, but it is 
more where hafnium nitride is. 

SCHRODER: But you don't really need these values for conventional solar 
cells. I think if you are here you are fine. 

NICOLET: Well, up to 30 times.concentration of these values -- 
SCHRODER: Right, exactly. I think if you can do 1K4, 

reproducibly, there is no problem. I think it is only when you start 
moving up to here. that yoti are going to run into problems, 

QUESTION: Excuse me, is that using transmission line? 

NICOLET: This problem -- this will be published in Solid State Electronics -- 
the difficulty with making good measurements on these layers is that you 
have to include the sheet resistivity to the metal layer also. You have 
to take a double transmission line model -- we can do that in the 
beginning, learn quite a lot from difficulties -- so we got numbers that 
attributed voltage difference to the contact resistance while it was due 



to the metal. So if you cover that with additional metal to get rid of . . 
this or you apply models that include the effect, you get the same 
result. This is why we are fairly confident that,these numbers now are 
real, honest-to-God numbers for the measurements we have made. 

SCHRODER: The measurements are not trivial for these contact resistivities. 
There was a paper recently that dealt with polysilicon to silicon in 
which certainly the resistance of the poly becomes very important, and 
you ought to take that into account, just like you said for the metal, 
which we normally think of as infinitely conducting. It really isn't. 

WOLF: Since you essentially make the entire surface degenerate to.make a 
good ohmic contact -- there was an old method used some decades ago, of 
mechanically damaging the surface heavily to make a good ohmic contact. 
Is that a somewhat related method, to essentially make the surface 
degenerate too? 

SCHRODER: I thought about that a little bit and I think what is happening is 
you have created an enormous number of recombination centers. Normally 
an ohmic contact is a region of infinite recombinations. That is how we 
define it from a device viewpoint. So if you, in truth, introduce an 
enormous number of recombination centers by mechanically damaging the 
surface, I am not sure I would rely on the reliability of the ohmic 
contact. 
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GETTING THE CURRENT OUT 

Dale R. Burger 
Jet Propulsion Laboratory 

INTRODUCTION 

Progress of a photovoltaic (PV) device from a research concept to a 
competitive power-generation source requires an increasing concern with 
current collection. The initial metallization focus is usually on contact 
resistance, since a good ohmic contact is desirable for accurate device 
characterization measurements. As the device grows in size, sheet resistance 
losses become important and a metal grid is usually added to reduce the 
effective sheet resistance. Later, as size and conversion efficiency continue 
to increase, grid-line resistance and cell shadowing must be considered 
simultaneously, because grid-line resistance is inversely related to total 
grid-line area and cell shadowing is directly related. Finally, large devices 
often require bus bars to handle the generated current efficiently. 

A PV cell grid design must consider the five power-loss phenomena mentioned 
above: sheet resistance, contact resistance, grid resistance, bus-bar 
resistance and cell shadowing. The requirement for competitive power 
generation adds processing and material cost considerations to the above 
purely physical concerns. The design of PV cell metallization systems must 
therefore balance these factors along with other factors such as reliability, 
materials and end use. 

BACKGROUND 

Although cost, reliability and usage are important factors in deciding upon 
the best metallization system, this paper will focus only upon grid-line 
design and substrate material problems for flat-plate solar arrays. 

Extensive literature is available on analyzing power losses associated with 
the grid patterns on rectangular PV cells (References 1 through 7). There has 
been only one computer program released (Reference 8 )  and one paper presented 
(Reference 9) that focused on optimal (minimum power loss) grid-patrern 
designs for round or rectangular cells with more than two design variables. 

The computer program (Reference 81, CELCAL (see Appendix A), is a FORTRAN 
program that treats all inputs as variables and calculates a point solution 
for each input data set. Optimization must be done manually by iteration. 
~alculation of the sheet-resistance power loss is by sectional integration 
(Reference 10). This method is an approximation to the more exact but 
difficult solution of Poisson's equation for the potential as a function of 
position (Reference 3 ) .  The error introduced by this approximation is small. 
Another.attribute of the CELCAL program is the ability to handle up to three 
bus bars, which may be either coplanar or multilevel*. 

*J.R. Davis, Westinghouse R6D Center, private communication. 
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Daniel, Burger and Stone (~eference 9) (Appendix B) use nonlinear optimization, 
a modified Newton-Raphson method, for interactive computer optimization. This 
program is written in APL and is presently available only at the Jet Propulsion A 

Laboratory (JPL). When documentation is-completed, this APL program will be 
submitted to the NASA Computer Software Management and Information Center 
(COSMIC) data bank. This program also uses a sectional integration approach; 
however, it provides a more precise calculation of round-cell power losses and 
has sensitivity analysis capabilities. 

Considerable analytical effort has been expanded in the development of PV-cell 
grid lines. These efforts have largely been focused upon single-crystal 
silicon cells, based on~wafers cut from Czochralski-grown ingots. High wafer 
costs have resulted in the development of numerous competitive PV devices. 
Using these devices for power production will pose some interesting problems. 

NEW CHALLENGES 
I 

At least three new PV materials are being investigated tor power production: 
amorphous silicon, gallium arsenide and copper indium diselenide. Amorphous 
silicon (a-Si) has been introduced to the world in solar-powered calculators 
and wrist watches. Japan now manufactures at least two megawatts per year of 
a-Si cells for the consumer-product market. These cells are typically only 1% 
to 3% efficient. Some small research a-Si cells have shown 10% conversion 
efficiency, but larger devices are usually only 5% to 6% efficient. Part of 
the problem with a-Si is its very high.sheet resistivity. A transparent 
conductive coating (TcC) is required to lower the sheet resistance, adding I 

another 'element to the metallization design problem. Some TCCs have shown a 
i contact resistance problem with a-Si. An additional problem with a-Si is its 

thermal sensitivity. Many metallization systems use a sintering process with 
temperatures exceeding the allowable a-Si range. 

Gallium arsenide (GaAs) has a very high operating temperature range and a 
reasonable sheet resistivity. Why, then, is there a problem? Compound 
semiconductors contain, by definition, more than one elemental component and 
thus present a greater range of possibilities for inter diffusion, reaction and 
compound formation. In particular, GaAs is now attractive only as a power 
generator due to its high service temperature, which permits its use in PV 
concentrator cells. These cells combine high current densitities with high 
temperatures and thereby impose severe conditions on the metallization system. 

A more recent power system contender is copper indium diselenide. Appropriate 
metallization systems for this material are being investigated. 

Other materials, such as cadmium telluride and zinc phosphide, are possible 
future contenders. 

The field of metallization systems design for photovoltaic application will 
remain very active for at least the next decade as the world gradually converts 
to renewable energy sources. 
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A Direct Measurement of Interfacial 
Contact Resistance 

S .  J .  PROCTOR. M E M B E R ,  IEEE. AND L. W .  LINHOLM. hlF.MHER. IEEI.. 

Absrract-A method is described for directly measuring interfacial a number of methods have been developed for the measure- 
contact resistance and estimating the degree of uniformity of the ment of contact resistance and  the subseauent determination ~~ ~ - -  

interfacial layer in metal-semiconductor contacts. A two-dimensional of specific contact resistance [8-121. ~ i e  transmission line 
resistor network model is used to obtain a relationship between the 
specific contact resistance and the measured interfacial contact re- model (TLM) of the metal-semiconductor contact introduced 

sistance for contacts with a homoeeneous interfacial layer. bfeasure- by Shockley [ 101 and further refined by Berger [ 1 1 1 is a 
" 

men1 results are given for 98.570 A1/1.570 Si and 100 70 Al contacts on common method for determining specific contact resistance. 
n-type silicon. Murrmann and Widmann [13] and Berger [I 1 ] developed a 

test strllcture to  determine the "front" and "end" contact 

' INTRODUCTION resistance as defined by the TLM. A disadvantage of this 

A S THE critical feature size of semiconductor devices de- 
creases, the physical size of the metal-semiconductor 

contact regions also decreases causing an increase in the 
resistance encountered as current passes between the metal 
and semiconductor. Problems are also encountered with the 
metallurgies and processes needed t o  produce reliable, low - 
resistance contacts t o  regions with shallow junctions [I-51.  
Because of these factors, the quality of the metal-semicon- 
ductor contacts will have an increased influence on  the per- 
formance and reliability of integrated circuits. 

This paper describes a planar test structure and test 
method for the direct measurement of interfacial contact 
resistance while minimizing interferences from parasitic 
resistances. A relationship is derived between the specific 
contact resistance and the measured interfacial contact re- 
sistance, and a test methodology is presented which allows 
for an estimate of the interfacial layer uniformity which 
has been ignored ill previous work. 

The electrical nature of  the contact region is usually de- 
scribed in terms of contact resistance and specific contact 
resistance. Interfacial contact resistance is used in this paper 
to  refer t o  the resistance associated with the metal-semi- 
conductor interfacial layer formed 'during the sintering proc- 
ess a n d t o  distinguish it from the term contact resistance as 
defined by Berger [ 6 ] .  Interfacial contact resistance (ohms) 
is defined as the total resistance of the metal-semiconductor 
interfacial layer encountered as current is forced from one 
layer t o  the other. Specific contact resistance (ohms-cm2) 
is defined as the resistance of a unit area of the metal-semi- 
conductor interfacial layer and is expressed as the ratio of  
the voltage drop across the interfacial layer to the current 
density through the interfacial layer [7-91. Specific contact 
resistance can only be estimated f& a uniform interfacial 
layer. 

For planar contacts, (MOSFET source and drain contacts), 

Manuscript received June 28, 1982; revised July 30, 1982. 
The authors are with the Semiconductor Devices and Circuits Divi- 

sion, National Bureau of Standards, Washington, DC 20234. 

approach is that the total resistance sensed consists not only 
of the resistance of the interfacial layer but also the resistance 
of the diffused layer between the contacts, the resistance of  
t h e  diffused layer and .the rnetal layer at the contact window, 
and the resistance of parasitic elements assoicated with the 
geometry of the structure. 

The four-terminal test structure shown in Fig. 1 allows a 
direct Kelvin measurement of interfacial contact resistance. 
The structure is similar to  that used by Anderson and Reith 
(141 and DeVries, Lee, and Watelski [ IS]  . The measurement 
consists of forcing a known current from probe pad 1 to  probe 
pad 3 .  Voltage is measured between probe pads 2 and 4 via 
the voltage taps, which are orthogonal to  the direction of 
lateral current flow through the contact. This test structure 
allows for an improved measurement of the resistance of the 
interfacial layer by reducing the effects of parasitic resistances 
on the measurement. As the measurement is a Kelvin resist- 
ance measurement, the probe-to-probe pad resistance is not 
sensed and neither is the resistance (or voltage drop) in the 
current and voltage taps up to the contact region. By design- 
ing the diffusion taps t o  be of equal width to  the contact 
window width, the parasitic resistance associated with current- 
pinching as current passes from the current tap into the con- 
tact is minimized [9] . Because the voltage taps are orthogonal 
t o  the direction of the lateral current flow through the con- 
tact, only the average voltage drop across the interfacial layer 
is sensed. A two-dimensional model of the four-terminal test 
structure is shown in Fig. 2. The model consists of N stages 
of metal resistors R M ,  diffusion resistors R o ,  and interfacial 
resistors R,. For this model N = d/Ax where d is the contact 
window length and fix represents the incremental length 
of each of the N stages. In addition, the voltage taps are in- 
cluded in the model and are represented by R M r  and R J ~ ,  
for the metal and diffusion taps, respectively. This modej 
is analogous to  the transmission line model with a nonzero 
metal layer resistance. The voltage difference, V2 - V , ,  
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L -------- J L- - ------- J 

L a  ,'In4 
Fig. 1 .  Four-terminal contact resistance test structure. 

Fig. 2.  Resistor network model o f  the four-terminal test structure. 

between the diffusion and metal voltage taps divided by the 
forced current, I, represents the measured interfacial contact 

The actual voltage difference between the two voltage 
taps is 

Also, since all the current entering the structure must pass 
through the contact, 

and thus 

where R i  is the measured interfacial contact resistance. 
Equation 7 shows that Ri is dependent only on the re. 

slstance of the interfacial layer. This tepreserlts a different 
approach to the measurement of the resistance associated 
with a nietal-semiconductor contact than that of contact 
resistance as defined by Berger. The resistances due to the 
diffusion layer beneath the contact and the metal lnyer nbove 
the contact, as well as the resistances of the voltage taps, are 
not sensed in the measurement. These results indicate that the 
four-terminal test structure can be used to make a direct 
measure of the interfacial contact resistance. The specific 
contact resistance, p,, can be calculated from the measured 
interfacial contact resistance, Ri ,  and the design contact 
window area. 

resistance. The resistance components, RM,  RD,  and RI, Measurements were made on test chips consisting of the 
which represent respective conductive layers, can be test structure in Fig. 1 replicated with several geometric 
expressed a ~ :  variations. The test chips were labricated in s throe-mask 

process. The n+ phosphorus diffusion resulted in a rneasurcd 
RSM& 

RM =- (1 )  sheet resistancc of 6.0 ohmslo, as measured hy a cross-bridge 
W sheet resistor test structure (161 .(also included on the test 

RSD& chip), and a measured junction depth of 3.5 pm, as measured 
R .. - --- 

W by a groove and s t a n  technique. ' lbe dittbsion step consisted 
of a phosphorus pre-deposition at 9 6 0 ' ~  for 60  min followed 

PC 
RI = - (3) by a deglazing step and a 75 min drive-in (N2-55 min, 02- 

WAY 11 min, N2-9 min) at 1 1 0 0 ~ ~ .  The doping profile for the 
where is the specific contact resistance, w is the width of samples have been assurr~ed to be gaussian with a resultant 
the contact window, RSM and RsD are *he sheet resistances surface concentration of 8.5 x 1019 ~ m - ~ .  The wafers were 
of the metal and diffusion layers in the contact region, re- subjected to a set 10% HF etch immediately prior to metal- 

spectively, and & represents the incremental length of each lization to ensure a clean contact surface. TWO types of metal- 

of the N stages. lization were used in the experiment. One consisted of a 98.5% 

This model can be used to  determine a relationship between A1 11.5% Si mixture and the other, 100% A1 . All wafers Were 

the measured interfacial contact resistance R i  and the specific sintered at 4250C for 2O min in lo% forming gas. 
contact resistance p, for a homogeneous metal-semiconductor Test results with Al/Si metallization are plotted in Fig. 3. 
interfacial layer. Since no current passes out  of the voltage Al/Si metallization was used to prevent junction penetration 

taps or spiking during high-temperature processing and to give a 
more uniform interfacial layer [17] .  Figure 3 shows measured 5 VIM - Vl 

N 
ViD - v2 interfacial contact resistance vs. contact window area for 

= 0 and x = O  (4) square contact windows with design dimensions ranging from 
j=i RMT j=1 R D T  2.5 pm to  20 pm on a side. A least squares fit of the data 

where qM - VI and qD - V2 are the voltages across the shows a linear relation between the measured interfacial cnn- 
jth metal tap resistor and diffusion tap resistor, respectively. tact resistance and contact window area as expected. 
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Fig. 3. Mea'surcd interfacial contact "rcsistance vs. contact window 
area I'or two dif ferent mctallizations. The solid l ine is a least squares 
f i t  to  thc 1.5'2 S i l 9 8 . 5 1  A I  data. 

The specific contact resistance was calcujated as 3.2 X 
ohm-cni2 for these samples. This result is in close agree- 

ment with that measured by Naguib and Hobbs [I81 for the 
same surface concentration and similar sintering conditions. 
Visual inspection of the contact area on devices with the 
metallization removed confirmed that the interfacial region 
contained no observable nonuniformities. 

Sin~ilar test results from samples with 100% A l  metalliza- 
tion are also seen in Fig. . 3 .  An obvious nonlinear relation 
between the measured interfacial contact resistance and con- 
tact w i d o w  area is observed. Visual inspection of the con- 
tact area on tltese devices with the metallization removed, 
showed a high degree of nonuniformity similar in appearance 
to  that reported by McCarthy [19]. The nonuniformities were 
generally found along the periphery of the contact window 
and are generally attributed t o  the dissolution of  silicon into 
the aluminum during the slnreritlg process and subseqttent. 
recrystallization of the silicon at  the Al/Si  interface upon 
cooling ( 1  ] . 

Test results from a single test structure cannot be'used t o  
estimate the specific contact resistance of the interfacial 
layer unless it has been determined that the layer is homo- 
geneous. By measuring several test structures with each having 
different contact window area, tlie degree of  hornngeneity 
can be estimated by determining if a linear relation exists 
between the measured iliterfacial contact resistance and the 
contact area. When the interfacial layer is nonuniform, an 
accurate estimate of specific contact resistance cannot be 
made. For this case, the interfacial contact resistance for each 
contact geometry is the only parameter that can be measured. 

A direct measurement of  interfacial contact resistance using 
a four-terminal test structure results in an improved mcasure- 

ment by minimizing measurement interferences. A simple 
model relates the measured interfacial contact resistance t o  
the specific contact resistance for structures with a homo- 
geneous interfacial layer. Test results from test structures 
with different contact window areas allow for an estimate 
of the metal-semiconductor interfacial layer uniformity. 

Portions of this work were supported by the Defense Ad- 
vanced Research Projects Agency (ARPA Order No. 3882). 
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SCHRODER: I am referring to the slide that shows the front and the back-- 

LINHOLM: The test results? 

SCHRODER: If you have a contact resistance -- it's the top curve, if someone 
wants a number, what would you give them? 

LINHOLM: I would ask them first what they need, because a lot of people do 
not differentiate between these quantities. The quantity that most 
people are interested in, the circuit designers, is the front contact 
resistance. That's the load they have to drive. Probably the 
resistance that most of the processing people are worried about is the 
interfacial contact resistance. That tells them more about how the 
process is doing. Probably the one measurement that people don't want 
is the contact end resistance. They really can't use end resistance. I 
know many cases where that is the resistance they are measuring - but 
they don't know that. 

SCHRODER: How does this measurement compare to the transmission line, for 
example, or other methods that people use? 

I 
! LINHOLM: We have looked at'structures -- well, the structure reported by 
i Berger in his paper. It was a six-terminal structure with contacts 
i separated by two different reqistance lengths. We get general 
I agreement, but we get agreement within a very large margin of errors 

that we associate with that structure in terms of accounting for what 

I the actual diffusion resistance is. Also, to some extent, the effects 
I of the current crowding as you go into that structure. That structure 
I does not allow you to make a direct measurement of interfacial contact 
I resistance. It allows you to calculate that based on the other 

measurements you get. But you really have to know the design, the 
lengths associated with the diffusions on that structure, fairly 
accurately before you can do that. What troubles us the moet with that 
structure, is one of the numbers you get -- the sheet resistance -- from 
the measurement. We have a test structure that we have a high degree of 
confidence in for measuring sheet resistance. When we don't get exactly 
the same number, that makes this a little suspect. 

NICOLET: We have done that and we get the same number. If you measure the 
end resistance you can find out an additional independent variable, 
namely, the sheet resistance under the contract. 

LINDHOLM: Yes. That is a very good point. There is a difference between the 
sheet resistance measured elsewhere and the sheet resistance measured 
exactly under the contact. One can use Berger's method to estimate what 
that value is. 

LAVENDEL: In one of your contact systems that you have discussed, you had, if 
I remember correctly, platinum-titanium-tungsten-aluminum. What is the 
tungsten's metallurgical role in that system? 



LINHOLM: These are very preliminary results we are getting from American 
Microsystems; we have a collaborative effort. This represents a 
metallurgy they are using and  b believe that the.Ti-tungsten that they 
are placing there is to act as a barrier for silicon that may be coming 
from the silicon or platinum silicide under the region, to interface 
that with the aluminum metallization, which' is the prime metal used for 
interconnects. 
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The choice of  t h e  m e t a l l i c  f i l m  f o r  t h e  contac t  t o  a  semiconductor 

device i s  u sua l ly  p red ica t ed  by cons idera t ions  of economics, know-how, o r  

precedence. The t y p i c a l  case  i s  t h a t  t h e  des i r ed  metal  i s  uns t ab le  when 

forming a  couple with t h e  semicnnr l~ lc~or .  One way t o  t r y  t o  s t a b i l i z e  a  

contac t  i s  by in t e rpos ing  a  t h i n  f i l m  of a  m a t e r i a l  t h a t  has low d i f f u s i v i t y  

f o r  t h e  atoms i n  ques t ion .  The s o l u t i o n  i s  a t t r a c t i v e  because it i s  

apparent ly  simple and u n i v e r s a l .  

The d i f f i c u l t y  i s  t h a t  t h e  not ion  of a  d i f f u s i o n  b a r r i e r  i s  der ived  

from bulk cons idera t ions .  The t ime r equ i r ed  t o  pene t r a t e  a  l a y e r  by 

d i f f u s i o n  decreases  with t h e  square of t h e  l a y e r  t h i ckness .  I n  a d d i t i o n ,  

t h e  r e l evan t  d i f f u s i v i t y  i n  t h i n  f i lms  i s  t y p i c a l l y  determined not  by 

bulk  d i f f u s i o n ,  bu t  by d i f f u s i o n  along extended d e f e c t s ,  which can be' many 

o rde r s  of  magnitude f a s t e r  t han  bulk d i f f u s i o n  a t  t h e  temperatures  encoun- 

t e r e d  i n  device process ing  and opera t ion .  The d e f e c t s  i n  a  f i l m  a r e  

s t rong ly  dependent on t h e  method of  depos i t i on  used and on t h e  condi t ions  

p r e v a i l i n g  dur ing  depos i t i on .  For d i f f u s i o n  b a r r i e r  a p p l i c a t i o n s ,  t h e  

f a b r i c a t i o n  procedure i s  t h e r e f o r e  a s  important a s  t h e  choice of  t h e  

nlatei-ial. This c r u c i a l  po in t  i s  o f t c n  overlooked. 

By t h e i r  s t r u c t u r e ,  t h in - f i lm  d i f f u s i o n  b a r r i e r s  can be c l a s s i f i e d  i n  

s i n g l e - c r y s t a l l i n e ,  p o l y c r y s t a l l i n e ,  and amorphous. S i n g l e - c r y s t a l l i n e  

l a y e r s  a r e  u n p r a c t i c a l ,  l e av ing  only p o l y c r y s t a l l i n e  and amorphous l a y e r s  

a s  v a l i d  op t ions .  By t h e i r  composition, t h in - f i lm  d i f f u s i o n  b a r r i e r s  can 

be sub-divided i n t o  elemental  and compound m a t e r i a l s .  For e l e c t r i c a l  

c o n t a c t s ,  only m e t a l l i c  media apply.  Of t h e s e ,  most e lementai  metal  f i lms  

must be r u l e d  o u t ,  because so luable  meta ls  d i s s o l v e ,  i n so luab le  poly- 

c r y s t a l l i n e  metals  con-Lair1 f a s t  d i f f u s i o n  p a t h s ,  and amorphous meta ls  a r e  not  

s t a b l e  a t  room temperature.  Me ta l l i c  compound and a l l o y s ,  p o l y c r y s t a l l i n e  

o r  amorphous i n  s t r u c t u r e ,  thus c u r ~ s ' t i t u t c  the faval-ed range of' mater ia lo  

f o r  e l e c t r i c a l l y  conducting thin-.fi lm d i f f u s i o n  b a r r i e r s .  
.<' - 



Three t y p e s  o f  b a r r i e r s  can be d i s t i ngu i shed .  The s t u f f e d  b a r r i e r  

de r ives  i t s  low atomic d i f f u s i v i t y  t o  impur i t i e s  t h a t  concen t r a t e  along t h e  

extended d e f e c t s  of a p o l y c r y s t a l l i n e  l a y e r .  A number o f  very succes s fu l  

m e t a l l i z a t i o n  systems a r e  based on t h a t  concept.  S a c r i f i c i a l  b a r r i e r s  

e x p l o i t  t h e  f a c t  t h a t  some (e lementa l )  t h i n  f i lms  r e a c t  i n  a  l a t e r a l l y  

uniform and reproducib le  f a sh ion .  When a t h i n  f i l m  r e a c t s  i n  t h a t  fash ion  

on both s i d e s ,  and.when t h e s e  r e a c t i o n s  proceed more r a p i d l y  than  t h e  

d i f f u s i o n  through t h e  f i lm ,  an e f f e c t i v e  sepa ra t ion  i s  accomplished a s  long 

a s  t h e  f i l m  i s  not  f u l l y  consumed i n  t h e  r e a c t i o n s .  S a c r i f i c i a l  b a r r i e r s  

have t h e  advantage t h a t  t h c  po in t  o f  t h e i r  f a i l u r e  i s  predic 'Lable.  Several 

s u c c e s s f u l  s a c r i f i c a l  b a r r i e r s  a r e  descr ibed  i n  t h e  l i t e r a t u r e ,  and a few 

new ones a r e  under s tudy  a t  Cal tech.  Passive b a r r i e r s  a r e  t h o s e  most 

c l o s e l y  approximating an i d e a l  b a r r i e r .  The most-studied case  i s  t h a t  of 

s p u t t e r e d  TiN f i lms .  The m a t e r i a l  has  very low d i f f u s i v i t y  f o r  many meta ls ,  

i n  s p i t e  of  be ing  f ine-grained p o l ~ c r y s t a l l i n e .  The good k i n e t i c  p r o p e r t i e s  

of  TiN a r e  l a r g e l y  independent of t h e  s p u t t e r i n g  mode used f o r  i t s  

d e p o s i t i o n ,  which suggest  t h a t  it i s  t h e  very high mel t ing  p o i n t  of  TiN 

(% 2 4 0 0 ~ ~ )  t h a t  i s  ' t he  u l t ima te  reason f o r  i t s  succes s ,  and not  t h e  presence 

of  undetec ted  i n ~ p u r i t i e s .  TiN i s  an i n t e r s t i t i a l  a l l o y ,  of' which t h e r e  i s  a  

f a . i r l y  l a r g e  number; a ,few o t h e r s  of these have a l s o  been shown t o  work 

w e l l  a s  t h i n - f i l m  d i f f u s i o n  b a r r i e r s .  

S tu f f ed  b a r r i e r s  may be viewed a s  pas s ive  b a r r i e r s  whose low d i f f ' u s iv i ty  

m a t e r i a l  ex tends  along t h e  d e f e c t s  of  t h e  p o l y c r y s t a l l i n e  h o s t .  The same 

ho lds  f o r  b a r r i e r s  t h a t  for111 by' a l o c a l i z e d  seg rega t ion  of  purposely i n t r o -  

duced i m p u r i t i e s  ( e . g .  by ion  imp lan ta t ion ) .  New p o s s i b i l i t i e s  of  d , i f fusion 

b a r r i e r  synthesis have been demonstrated wi'lih t h i s  approach. Amorphoi.zs 

m e t a l l i c  f i lms  o f f e r  another  i n t e r e s t i n g  way t o  o b t a i n  low d i f  f u s i v i t y  f i lms .  

A l l  amorphous d i f f u s i o n  b a r r i e r s  t e s t e d  so far haire hoen obta ined  by 

spu t t e r -depos i t i on .  Both s a c r i f i c i a l  and pas s ive  b a r r i e r s  can be  conceived 

wi th  amorphous f i lms .  Resu l t s  ob ta ined  t o  d a t e  a r e  q u i t e  encouraging, bu t  

t h e  i n c l u s i o n  of  an amorphous compound l a y e r  i n  a  m e t a l l i z a t i o n  system does 

not  by i t s e l f  s u f f i c e  t o  ensure s t a b i l i t y ,  a s  examples show. 



Problem and Solution 

PROBLEM 

METAL F I L M  ON SEMICONDUCTOR SUBSTRATE I S  

RARELY STABLE - INTERDIFFUSION . 

- COMPOUND FORMAT ION 

SOLUTION WlTH D I F F U S I O N  BARRIFJ 

IDEAL BARRIER x 
- LOW D I F F U S I V I T Y  FOR A 8 B 
- STABLE ACAlNST A 8 B ' 

- LATERALLY UNIFORM 8 HOMOGENEOUS 

- ADHERES TO A 8 B 
- R E S I S T S  MECHANICAL, THERMAL STRESSES 

- LOW CONTACT R E S l S T l V l T Y  

- COMPATIBLE W l T H  D E V I C E  PROCESSlNG 

COMPROMISING I S  NECESSARY 



Difficulties 
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' '  STRUCTURE 

SINGLE-CRYSTAL \ 

Minimal Defects 
unpractical 

.. ,. ... . Minimal ,Di.f fusivities 

AMORPHOUS 

No Extended Defects 

Low Diffusivities 

POLYCRYSTALLINE 

Ext-ended Defects 

High Diffusivity Paths 

PRACTICAL BARRIERS 

ELEMENTAL, POLYCRYSTALLINE 

Miscible with A and B 

Immiscible with A and B 

~UMPUUNDS, POLYCRYSTALLINE 

Stuffed Barrier 

Sacrificial Barrier 

Passive Barrier 

attractive 

nove 1 

practical 

problematic 

fail 

fail 

hold 

hold 

hold 

hold 



Stuffed Barrier 

PURE BARRIER F A I L S  

. . 

9, IMPURE (STUFFED) BARRIER HOLDS 
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Sacrificial Barrier 

HOLDS FA1 LS 

OR HOLDS 

COHD~TIONS ON REACTION Of X WITH A AND B: 
- LATERALLY UNIFORM 

, . ,-- REPRODUCIBLE AND CHARACTERIZED 
- FhsfER THAN bf FFUSION THROUGH Aj X, B 

<S I >/PD2S I /T I /AL/ 
<SI./PTSI/TI/AL/ 6. SALOMONSON ET AL. ,PHYSICA SCRI ~TA~W(1981)401. 

REMARKS: *STUDS ES TESTING BOTH METALLURGICAL AND ELECTRICAL STAB I LI TY . 
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Passive Barrier.,,,. ; . ;; . 

, .  . 
EXAMPLES* . . 
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STUFFED BARRI ERS , AN ALTERNATE VIEW OF THEM 

INTERST IT IAL COMPOUNDS . '... C. W.NELSON. ( 1 9 6 9 )  

TI /TI \/PT/ P .  R.FOURNI ER, U .  S;.PATENT 3 ,879 ,746 (1975 ) .  

W.J.GARCEAU B G.K,HERB,THIN SOLID FILMS, 
, 5 3 ( 1 9 7 8 ) 1 9 3 ,  - 

<SI>/TIN/TI/AG/ N.  CHEUNG ET AL., J .APPL. PHYS. = ( I 9 8 1  ) 4 2 9 7 .  

<SI>/NISI/TIN/AL/ 
< S I  >/PD~SI/TIN/AL/ 

M,FINETTI ET AL.  (TO BE PUBLISHED). 

. . ' ,  
<GAAS>/GE-AU-PT/T IN/TI -PT-AU/ R .  D. REMBA. , ET . AL, (UNPUBLISHED). 

IMPLANTED IMPURITY 
<SI>/NI :0/ D. S. SCOTT, J . VAC . sc i . T E ~ H N O L  . B( 1981 1786 .  

<SI>/NI:N/ T.BANWELL ET AL,  (TO BE PUBLISHED). 

REMARKS:  *STUDIES TESTING BOTH METALLURGICAL AND ELECTRICAL S T A B I L I T Y  
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INTERSTITIAL ALLOY 
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OTHER, INTERSTITIAL ALLOYS 
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Ohmic Contacts to GaAs 
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Amorphous Barrier 
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Amorphous Barrier: Metallurgical Studies 
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Summary 

DEFECTS CONTROL K I N E T I C S  

DEFECTS = f ( F A B .  PROCESS) 

D I F F U S I O N  BARRIERS = ~ ( F A B .  PROCESS) 

M I S C I B L E  ELEMENTAL BARRIERS F A I L  

I M M I S C I B L E  ELEMENTAL BARRIERS FAIL 

STUFFED BARRIERS HOLD 
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PASSIVE BARRIERS 
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AM0RPtiC)US 

HOLD 
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DISCUSSION 

CAMPBELL: Titanium nitride is a ~assive barrier. Is that the compound 
titanium nitride? 

NICOLET: Yes. It is'a compound. It is TiN. 

CAMPBELL: Stoichiometric. 

NICOLET: In our case it is very close to stoichiometric. It is easy by 
reactive sputtering. It is easy to produce reactively in stoichiometric 
form. It is just as easy to produce it reactively in nonstoichiometric 
form, it is just as easy to produce as in dirt form. As a matter of 
fact, an interesting idea is why would yo11 not intentionally have a 
little dirt in Ti-nitride. It might actually make it even better. That 
is one thing we wanted to try. It looks like heresy. But it is also 
heresy to apply oxygen to nickel if you talk to the,silicon community. 
I think. that there is lots of room to try new ideas in this business. 
Yes, it is just simple Ti-nitride, however, Ti-nitride isn't simple. 

SOMBERG: You mentioned in the beginning that the pure-metal systems. like 
Ti-palladium-silver doesn't work. Could it be that they really are not 
pure-metal systems', that they are "dirty" systems, that there are other 
things go.ing on? 

NICOLET: Well, that is possible. The Motorola system of electroplated nickel 
copper, for example, surely has a lot of phosphorus in it and you can 
make nickel amorphous if you have enough phosphorus in it. It doesn't 
have to be but it could be. We have looked at this and it is possible. 
What I was trying to say is if you make things pure the way you write it 
down, when you say it's nickel, you mean it's nickel not nickel plus a 
lot of other things. Many things fail. And it is important to make 
that distinction. Otherwise you will get lost. It becomes black magic 
and people will not tell you what they do. This is just a.sign that it 
is not understood. 

AMICK: Would you comment, please, on the adhesion properties when you implant 
either oxygen or nitrogen into the nickel and then form this interfacial 
layer, which is apparently either a nitride or an oxide. What happens 
to the adhesion properties of that system? 

NICOLET: We haven't looked at that much. I will tell you my reluctance to 
get into this type of question. It is something that I would like very 
much to consider in our measurements, but I can't conceive of our 
Caltech graduate students making adhesion measurements. 

COMMENT: It is not that expensive. 

NICOLET: It's not expensive, but if you can't write down the Schroedinger 
equations, that is a complaint. If I have someone in industry or 
elsewhere who would like to collaborate, it would be delightful, but we 
don't cover that part well, and 1 don't know how to do it. 1 know that 



I will not get anywhere with this proposition with anybody in my group. 
I think the way to do that is by collaboration. I think it.would be 
very nice to investigate. The same question for Ti-nitride. Ti-nitride 
has to be fixed in one fashion or another to have proper adhesion. And 
that should also be fixed. But I think these things can be resolved. 

WONG: Did you, or did anyone else, have any diffusion failure of amorphous 
alloy? 

NICOLET: Yes. Data on diffusion in amorphous alloys are plentiful in bulk. 
Data on amorphous materials is 20 years old now. A thick compendium. 
What you really want are the data on diffusion in thin films, that are 
amorphous. Maybe that is different. There are a number of measurements 
that wore done and they are much more limited. Typically, .what people 
do, they make an amorphous layer and they implant heavy material, like 

. gold. With backscattering you can see how the diffusion takes place. 
And you see dramatic differences if you compare the same layer , 

amorphized or crystallized. If you have a~crystallized Iayer and 
implant an amorphous layer and you do the annealing at the s,ame low 
temperatures the dif fusivity is vastly different. That's onl) half the 
story,'and as we found out with our aluminum.layer, you might have .very 
low diffusivity inside but if' you have sufficiently thick layers with 
large diffusivity on the top you might just lose your layer in a hurry. 

.., . You may mot crystallize. It might just be dissolved. 
4 

WONG: In this sense, in that example that you showed in the viewgraph, can we 
do something to saturate the aluminum with whatever -- the iron 
tungsten, for example -- so that we don't have diffusion during that 
period? 

NICOLET: That would be another idea. Yes, that would be good to try that. 
~, Let me just first explain. While we were making these measureme~Its, how 

frustrating we found it when we failed. But 1 thought, no, we haven't 
failed, because %t opened our eyes to a lot o f  problems that are very 
relevant because you have to recognize this: you have bulk diffusivity 
in all directions. 



OBSERVATIONS OF SOLAR-CELL METALLIZATION CORROSION 

G.R. Mon 

J e t  Propulsion Laboratory 

C a l i f o r n i a  I n s t i t u t e  of Technology 

Pasadena, C a l i f o r n i a  

The Engineering Sciences Area of t h e  J e t  Propulsion Laboratory (JPL) 
F la t -P la t e 'So la r  Array P r o j e c t  i s  performing long term environmental t e s t s  
on photovol ta ic  modules a t  Wyle Labora tor ies  i n  Hun t sv i l l e ,  Alabama. Some 
modules have been exposed t o  85O~/85% RH and 40°c/93% RH f o r  u p  t o  280 
days. Other modules undergoing temperature-only exposures (<3% RH) a t  
85OC and 100°C have been t e s t e d  f o r  more than  180 days. A t  l e a s t  two 
modules of each des ign  type a r e  exposed t o  each environment--one with,  and 
the  o t h e r  without  a  100-mA forward b i a s .  

Degradation i s  both v i s u a l l y  observed and e l e c t r i c a l l y  monitored. 
Visual  observa t ions  of changes i n  appearance a r e  recorded a t  each inspec t ion  
time. S i g n i f i c a n t  v i s u a l  observa t ions  r e l a t i n g  t o  m e t a l l i z a t i o n  cor ros ion  
(and/or  metal l izat ion-induced co r ros ion )  inc lude  d i s c o l o r a t i o n  (yellowing 
and browning) of g r i d  l i n e s ,  migrat ion of g r i d  l i n e  m a t e r i a l  i n t o  the  
encapsula t ion  ("blossoming"), t h e  appearance of rainbow-like d i f f r a c t i o n  
pa t t e rns  on the g r i d  l i n e s ,  and brown s p o t s  on c o l l e c t o r s  and g r i d  l i n e s .  
A l l  of these  observa t ions  were recorded f o r  e l e c t r i c a l l y  biased.modules i n  
the  280-day t e s t s  with humidity. 

I n  t h e  temperature-only t e s t s ,  d i s c o l o r a t i o n  of g r i d  l i n e  t i p s  was 
noted i n  e l e c t r i c a l l y  biased modules. Grid l i n e  d i s c o l o r a t i o n  was observed 
i n  both b iased  and unbiased modules. 

The most important e l e c t r i c a l  observa t ions  a r e  I-V curves taken a t  
each in spec t ion  period. Changes i n  t he  I - V  curve can  r evea l  l o s s  of 
encapoulat ion t ransparency (reduced s h o r t - c i r c u i t  c u r r e n t ) ,  . loss  of c e l l s  
(reduced open-c i rcu i t  vo l t age ) ,  junc t ion  contamination o r  s h o r t  c i r c u i t i n g  
(reduced shunt  r e s i s t a n c e ) ,  and contac t  and m e t a l l i z a t i o n  cor ros ion  
( increased  s e r i e s  r e s i s t a n c e ) ,  

Other e l e c t r i c a l  parameters monitored included i n s u l a t i o n  r e s i s t a n c e  
(decreased s i g n i f i c a n t l y ) ,  d i s s i p a t i o n  o r  l o s s  f a c t o r  ( increased  
s i g n i f i c a n t l y )  and cel ls- to-frame capac i tance  (gene ra l ly  unaf fec ted) .  

I n  an at tempt  tu quant i fy  m e t a l l i z a t i o n  cor ros ion ,  power reduct ions  
r e s u l t i n g  from decrease of s h o r t - c i r u i t  c u r r e n t  (due t o  changes i n  t he  
o p t i c a l  p r o p e r t i e s  of the  encapsulan t )  were sub t r ac t ed  from the observed 
t o t a l  power reduct ion  a f t e r  f i r s t  c o r r e c t i n g  f o r  l o s s e s  due t o  cracked c e l l s  
and broken in te rconnects .  The remaining power l o s s  was assumed t o  r e s u l t  
from increases  i n  s e r i e s  r e s i s t a n c e ,  a  parameter taken t o  be i n d i c a t i v e  of 
contac t  ( m e t a l l i z a t i o n )  corrosion.  Power l o s s  r a t e  (OelAt) d a t a  have been 
compiled f o r  t h e  var ious  m e t a l l i z a t i o n  systems and t h e  r e l a t i v e  power l o s s  
r a t e  (&I&) was found t o  decrease  l i n e a r l y  with time. 



Simi l a r  t e s t s  a r e  i n  progress  a t  JPL us ing  850C/O% RH, 850C/85% RH, 
and 8 5 0 ~ / 1 0 0 %  RH environments.  Driving vo l t ages  f o r  m e t a l l i z a t i o n  
mig ra t i on  a r e  a s  h igh  a s  55 v o l t s ,  compared with Wyle Labora to r i e s  d r i v i n g  
v o l t a g e s  of about  5  v o l t s  maximum. 

Following t h e  French,  we p l o t  time of obse rva t ion  of m e t a l l i z a t i o n  
mig ra t i on  ve r sus  t h e  combined v a r i a b l e s  t°C + % RH t o  r e v e a l  t h e  e f f e c t  of 
v o l t a g e  a c c e l e r a t i o n .  

We s p e c u l a t e  about  t h e  mechanism underlying t h e  observed phenomena. 
Photographic  evidence i n d i c a t e s  t h a t  the migra t ion  is  a long  e l e c t r i c - f i e l d  
l i n e s  and i s  thus  a  form of i o n i c  t r a n s p o r t  d r iven  by p o t e n t i a l  d i f f e r e n c e s  
through t h e  encapsu la t i on  which, with the  abso rp t ion  of water ,  becomes an 
e l e c t r o l y t e .  The observed d i s c o l o r a t i o n  p e e l s  o f f  with ~ h e  encapsu1au~-- i t  
i s  i n  t he  encapsu lan t ,  not  on the cell--and i s  be l i eved  t o  be due i n  p a r t  t o  
ox ide-ca ta l ized  r e a c t i o n s  w i t h i n  t h e  encapsu la t i on ,  a c c e l e r a t e d  by elevaLeJ 
temperature .  I n v e s t i g a t i o n  of t he se  phehomena cont inues .  

Important  conc lus ions  from t h i s  s tudy r e l a t i n g  t o  meta1 , l iza t ion  
co r ros ion  inc lud ing  the  fol lowing:  

( 1 )  Ni-solder m e t a l l i z a t i o n  i s  extremely s t a b l e  i n  t h e  sense t h a t ,  
un l ike  systems con ta in ing  s i l v e r ,  no migra t ion  has  been observed. 

(2 )  For s i l v e r - p r i n t  m e t a l l i z a t i o n s ,  t h e  power l o s s  observed a f t e r  
100 hours  i n  an 85OC/85% RH t e s t  chamber is  equ iva l en t  t o  
about  30 y e a r s  of rea l - t ime  exposure a t  600C/40% EUi daytime 
cond i t i ons .  



Discharge Inception Voltage Data (General) 
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~ e s i s t i v i t ~  vs Temperature With Relative 
Humidity as Parameter 



Insulation Resistance vs Time: EVA-Ag Paste 
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Resistivity vs Relative Humidity 
With Temperature as Parameter 
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Insulation Resistance vs Time: PVB-Ag Paste 
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Observations on Corrosion of Unencapsulated 
Ag-Metallization Cells in Aqueous Electrolytes 

l AR coat attacked at  9.0 V 
~ g - - ~ g +  + e- 

.. 

m Evolution of gas bubbles 
A ~ - - - A ~ +  + e- 

, 

Cathode 1 l No observed metallization corrosion I @'Severe attack on AR coat 

. . 

Anode 
Back 

Front I l k o l u i o n  of gas bubbles, I l Metallization-silicon bond undermined 

Anode 
Front 

Evolution of gas bubbles 

4e' + 4H20--2H2 + 40H- 

l Dissolution of back-surface 
metallization proportional to applied 
voltage 

, . 0.1 Molar HCI, 0.5 h 

l Ag dissolution proportional to  voltage 
magnitude 

40H--02(g) + 2H20 + 4e- 

Same as above 

Control I l No observed corrosion 1 l No observed corrosion 

0.1 Molar NAOH, 0.5 h 

l Ag dissolution proportional to  voltage 
magnitude 
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Back 

Metallization.silicon bond undermined 

.SiO +, 20H-?SiO2 + 2H20 + 26' 

l No observed corrosion 



Time to 25% Maximum Power Degradation vs Current Density 
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MODULE DEGRADATION CATALYZED BY METAL-ENCAPSULATION REACTIONS 

B.D. Gallagher 

Jet Propulsion Laboratory 
California Institute of Technology 

Pasadena, California 91109 

Four major properties are considered to be relevant in determining 
service life of a photovoltaic module: 

(1) Mechanical: creep resistance, modulus, tensile strength. 

(2) Optical: integrated transmission at 0.4 to 1.1 m wavelength. 

( 3 )  Chemical: inertness with respect to metals and other components, 
retention of stabilizers, etc. 

( 4 )  Electrical: maintaining effective isolation of conductive 
components. 

These properties were measured after exposing polymer specimens to three 
types of accelerated stress: thermal, ultraviolet radiation and metal 
catalysts. These conditions give rise to a large number of complex inter- 
related free-radical reactions that result in the,deterioration of polymeric' 
materials. 

In all experiments the data were plotted as log % property retained 
versus time, to yield generally useful graphs of material behavior. The first 
property to show change is color (yellowing)., determined quantitatively by 
spectroscopy as a percentage of transmittance (TI at 400 nm. The total 
optical transmittance, however, retains a surprising high value (400 nm to 
1100 nm), even with severe yellowing. Specimens retaining only 10% of the 
original transmittance at 400 nm were still found to have 74% total integrated 
transmittance. . The mechanical properties during aging were, for the most 
part, unaffected. When physical deterioration was observed, the decrease in 
elongation at break was the first characteristic to change, followed by the 
decay of tensile strength. The dielectric strength was found to be the least' 
variable of the properties measured; it retained 100% of the control values in 
all but the most extreme cases of degradation. 

Thermal aging was conducted in the dark in atmospheres of air and 
nitrogen at temperatures of 6U°C, 8S0c, 105O~ and 130°c. Results show 
that the candidate pottants have very good thermal stability, with no life- 
limiting degradation occurring at 105O~. 

For the purposes of this discussion only the data on metal-catalyzed 
reactions on EVA A-9918 will be presented. All of the other encapsulants 
tested behaved in a similar or worse manner. Thc EVA A-9918 conoists'nf five 
parts: (1) ELVAX 150, the encapsulant; (2) Luprasol 101, the curing agent; 



(3) Cyasorb 531, an ultraviolet screen; (4) Naugard P, an antioxidant, and (5) 
Tinuvin 770, an ultraviolet stabilizer. This material was developed by 
Springborn Laboratories, Inc., under contract to JPL and is available to the 
industry. 

Metal-catalyzed oxidation in the presence of copper was discovered to be 
the most severe condition examined. The EVA was molded around copper screens 
and the color (%. T at 400 nm) measured after periods of thermal soak at 105%. 
The material was found to degrade rapidly and reached end of life at 400 
hours. Specimens that had been treated with silane primer demonstrated 
improved performance and the induction period (before rapid degradation) was 
moved out to beyond 1000 hours. Similar catalytic reactions have been 
observed with both ~ i + ~  and T + ~  ions but no reactions have been observed 
with aluminum, silver, nickel or 60-40 solder up to 1000 hours of 105OC 
Lhermal tests. 

The postulated mechanisms for the general case and for the metal- 
catalyzed specific case are: 

A. The general case: 

INITIATION A R-R- 2R* (1 

The breaking of the R-R bond to form the R* free radical is 
a slow reaction. This step, which requires 80 kcal/mol of energy 
to break the bond, corresponds to the induction period. Energy 
can be supplied by heat or light and the u.npaired electron in the 
R* complex can react with oxygen and/or with some metal complexes. 

PROPAGATION R* + 02 - ROO* (2 

ROO*.+ RH - K* + ROOH (3) 

The formation of the R in reaction (3) shows this propaga- 
tion step is autocatalytic and the change in slope of the curves 
shows it to be quite fast. The formulation of ROOH hydroperoxide 
is the operative meclranism that allows for redox reactions with 
multivalent metals t o  accelerate the production of free radicals 
and make the system autocatalytic. 

B. The metal catalysis case :  

ROOH + MLI+-~("+~) = OH- + 

ROOH + ~(n+l)-~n + H+ + ROO, 

to give a summary reaction of  

2ROOH + C U + ~ ~ C U + ~  - RO + ROO* + H20 

This reaction is quite fast and, as can be seen from the reaction 
products, is autocatalytic.. 
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General conclusions that can be reached are: 

(1) The first quantifiable property to change is color. . . 

( 2 )  Observed degradation mechanisms'are of the induction-period type. 
. . . .  9 

( 3 )  Higher acceleration rates are required to assess formulation. . . 
. . changes in less time. ' .  - 

, :. 
(4) Not- all metals catalyze degradation mechanisms; copper and . . 

titanium do, but aluminum, silver, nickel and 60-40 solder do not.. 
. . . ., . 

( 5 )  : Silane treatment has extended the induction time before 
autocatalytic degradation but exac,t formulations for long life 
have not yet been found. . . .  

These studies, sponsored by the U.S.'Department.of Energy through the 
Jet Propulsion Laboratory, were carried out at Springborn Laboratories, In,c., 
under the direction of Paul Willis. 



Module Designs 

SUPERSTRATE DESGN 

', 
MOLDED GASKET 

GLASS (LOW IRON4 

SPACER 

POTTANT 

SILICON CELLS 

SPACER 

POTTANT 

SPACER 

BACK COVER 

EDGE SEAL AND GASKET 

EF===+ SUBSTRATE DESIGN 

UV COVER FlL M 

' .' POTTANTS 
SUBSTRATE (WOOD OR STEEL) 
EDGE SEAL AND GASKET 

Thermal Aging 

EVA A9918 -130°C  

A TENSILE STRENGTH 
0 ELONGATION 

COLOR (% T 400 nrn) 

2 3 4  G O  2 3 4  6 0  2 3 4  6 8  2 3 4  6 8  
10 100 1000 10,000 100.000 

TIME, hours 

No change in optical, mechanical, or electrical properties after: 

90°C:  7 2 0 0  hours 105°C: .1000  hours 



Metal Deactivation Experiments 

Prepare polymer formulations 0 . 2  phr deactivator 

Mold over copper screen 

Copper: silane I no silane treatment (2-6030)  

Thermal age, air and nitrogen 

Monitor % T 400 nrn (yellowing) 
. . 

Metal Deactivation 

(COPPER SCREEN) 
EVA A991  8 

- 
- 
- 

.O - - - - - 
- 
- A COLOR CHANGE. 105'C 

AIR CONTROL (BOTH RESINS) 

- O V A L U E  FOR ALL 
105OC. AIR 

1 I 1 I l l  
0 100 i nrin 

TIME, hours 

EVA controls degraded at 400 hours (coloration and flow ' 
of resin away from copper screen) . 8 



Metal-Catalyzed Degradation 

Copper and possibly other multivalent metals 
accelerate oxidation reactions in polymers. "pro-oxidants" 

General Mechanisms: 

Initiation: R - R  A * 2  R* 

Propagation: R* + 0 2  - R02* 

RO2* + RH - R* + ROOH 

Metal catalysis: 

Multivalent metals complex hydroperoxides. React through redox 
meohanisms. accelerates production of free radicals 

ROOH + M "+-M("+') + OH- + RO* 

ROOH + M ("+')-M" + H+ + ROO* 

Soluble ions are catalytic. Affect propagation rate only. 

Sum: 

2 ROOH cu+21cu+3* ROO + R02* + H 2 0  
(FAST) 

Conclusions (Results t o  Date) 

. . General Observations 

First property ' to change: color (yellow) 

Degradation: predominantly induction period type, few first order 

Exposure times are long, need higher acceleration to  assess 
formulation changes in less time 

Metal Activation 

Avoid metallic copper in contact with pottant 
(other multivalent metals?) 

' Mo reactions observed with aluminum, 60140 solder . Wash off solder flux (acidic residues, soluble ions) 

Deactivators give improvement (effectiveness?) 

Silane gives improvement (effectiveness?) 



DISCUSSION 

SOMBERG: I know t h a t  a t  l e a s t  one of t h e  modules you showed has  no t  been made 
f o r  a t  l e a s t  t h r e e  years .  Are those t y p i c a l  of a l l  t h e  t e s t s  t h a t  have 
been run t h a t  you have descr ibed?  

MON: I n i t i a l l y  a l l  we had was Block I, I1 and I11 modules, some of which a r e  
no longer  made. Then we s t a r t e d  with Block I V  and we a r e  i n  the  process  
of g e t t i n g  our hands on Block V modules, t o  put i n  t he se  chamber too. 

SOMBERG: Would you say t h a t  t he  da t a  you have shown a r e  r e a l l y  of Block I11 
and before  t h a t ?  

MON: For the  most p a r t ,  yes.  We have had enough time. We have been 
running Block I V  s t u f f  now f o r  about 100 days,  i f  I r e c a l l  -- wel l ,  
probably longer  than t h a t ,  s i n c e  l a t e  1982. About seven months. 

SOMBERG: What does t h a t  look like,? 

MON: About a s  bad a s  t he  f i r s t  group. About as  bad a s  t he  f i r s t  
t h r ee  Blocks. 

SOMBERG: How many d i f f e r e n t  module manufacturers  a r e  i n  t h a t  t e s t ?  

MON: A l l  the  major ones. 

SOMBERG: So you a r e  saying Block I V  looks about t he  same a s  Block III? 

MON: Well, yes.  When you ask me a ques t i on  l i k e  t h a t ,  how am I suppo-sed t o  
d i f f e r e n t i a t e  between modules t h a t  look l i k e  t h i s  when they a l l  begin t o  
look l i k e  t h i s  a f t e r  70 days and t h e  85-85 chamber? Yes. EVA i s  about  
a s  b a d - a s  PVB a s  f a r  a s  degrada t ion  i s  concerned. We a r e . t a l k i n g  about 
encapsula t ions  r a t h e r  than m e t a l l i z a t i o n s .  EVA yellows severe ly .  
Espec i a l l y  when i n  contac t  wi th  s i l v e r  m e t a l l i z a t i o n .  More than PVB, I 
would th ink .  Maybe no t ;  i t  i s  hard t o  say. The b e s t  i n s u l a t i o n ,  from 
the  observa t ions  t h a t  I see  h e r e ,  i s  t he  o l d  s i l i c o n e s .  They seem t o  be 
much b e t t e r .  

SOMBERCt What about t h e  Block I V  c e l l o .  What do they l o o l ~ . l i k c  comporcd -- 
not  t h e  encapsula t ion ,  but t he  c e l l s  themselves.  Are you say ing  t h a t  
t he  problem i n  Block I V  appears  t o  be about t h e  same a s  i t  was i n  Block 
I I I ?  

MON: I c a n ' t  say t h a t .  

SOMBERG: Are t h e r e  any i n i t i a l  i n d i c a t i o n s  t h a t  i t - a p p e a r s  t h a t  way? 

MON: Oh, ycc. Like I cay, the  c e l l s  t h e m c e l v e ~  -- 
SOMBERG: Not t h e  encapsula t ion  of t h e  c e l l s .  

MON: No. I haven ' t  seen the  c e l l s .  



ROYAL: There is another group that is testing cells, with a slightly 
different approach. The data are not available in.that exact same 
format. 

LIVESAY: Have you had the chance to look at that blossoming or that pattern 
under a scanning electron microscope? 

MON: Yes. We are' doing that now. What we have discovered there is a lot of 
silver concentration, of course, right on the metallization. As you . 

probe beyond the metallization, the concentration goes down and as you 
probe in a lateral direction, the metallization, the silver content also 
goes down. There is definitely a diffusion. 

LIVESAY: What is the microstructure? I have seen things like this, sometimes 
they are a whisker growth and other times they are dendritic patterns. 
Do you see that kind of thing? 

MON: The microstructure, first of all you see what looks like white puff 
balls, and stars, and this is formed in the encapsulation but it is 
right above the metallization. So again,that is probably a 
metallization-catalyzed type of reaction. There seems to be a dark area 
just off the end of the me~ailixation. There EaemE to be very little 
silver content there when we probed for that. It seems to be beyond 
.that. I'm not sure I understand it. It is not doing any quantum 
jumping as far as I can tell. 

QUESTION: There was silver and there is no longer silver? 

MON: When you peel the encapsulation off, you can look and see part of the 
metallization and the blossoming in the encapsulation, and the cell for 
all apparent purposes is as good as the day it was delivered except that 
there is probably less silver because we do a dot scan with the EDAX and 
get a dot map and you can see silver in a decreasing diffusion-like 
pattern. 

WOLF: But you lost .silver there? 

MON: That's right. 

SCHWUTTKE: It would be a migration problem. You have an electromigration 
problem. 

MON: That is correct. 

.STEIN: Would you clarify that just a bit more? Would you say that the ' 

polymer, the encapsulant, is acting as an electrolyte in this case? 

MON: Remember, these have been in a humidity chamber. 

STEIN: I understand that. If the humidity is absorbed by the polymer then 
you find silver in the polymer. 

MON: That is correct. My interpretation of' this is that water vapor has 
penetrated the encapsulation and has caused it to become an 



e l e c t r o l y t e .  This happ;ns under t he  i n f luence  of t h e  e lec t romot ive  ' 
f o r c e s ,  as  you can see  by the  bending a t  t he  t i p s ,  and i t  i s  e l e c t r o y t i c .  

WEAVER: We observed on the  PVB encapsulant  t h a t  i t  occurred a l l  a long the  
whole c o l l e c t o r ' b a r ;  it occurred i n  a very s h o r t  per iod  of time. We 
i n s t a l l e d  those l a s t  June, but our f i r s t  co ld  n igh t  with high humidity 
was i n  l a t e  October,  and wi th in  one week i t  showed up. It has no t  
go t t en  any b e t t e r  o r  worse s i n c e  then. 

MON: We don ' t  know how long i t  took f o r  t h i s  t o  occur but t h i s  r e s idence  
has only been powered by s o l a r  f o r  about a year .  

WEAVER: In my d i scus s ion  with Neal Shepard, when I . c a l l e d  h i s  a t t e n t i o n  t o  
our problem, he s a i d  i t  occurred very qu ick ly  both a t  the  Southwest' and 
the  Northeast Residences i n  a very s h o r t  per iod of time. ~ l l  of a 
sudden i t  was there .  

MON: This i s  the  Southwest r i g h t  here .  

STEIN: I would suggest  t h a t  t he  r e s i s t i v i t y  of t h e  encapsulant  a t  d i f f e r e n t  
r e l a t i v e  humidi t ies  and temperatures might be a very s i g n i f i c a n t  f a c t o r  
he re ,  and should be a means of choosing app rop r i a t e  m a t e r i a l s .  I f  t h a t  
drops too  much, a t  85% o r  even 1000C, you a r e  i n  t roub le .  

MON: Well, we never know these  modules i n  ope ra t i on  w i l l  be a t  around 60°C, 
the  c e l l  temperature ,  so  we a r e  doing acce l e r a t ed  t e s t i n g  and I th ink  we 
w i l l  s t i l l  be i n  t roub le  because I th ink  t h a t  the  850C/85% RH t e s t  
f o r ,  say ,  90 days corresponds t o  probably l e s s  than 20 yea r s ,  i n  f a c t  I 
d id  a back-of-the-envelope c a l c u l a t i o n  one time and i t  looked l i k e  12 t o  
15 years .  

WEAVER: The concern about high temperature can be brought f u r t h e r  forward 
when you say i f  I have a weak c e l l ,  i t s  temperature  w i l l  go wel l  beyond 
65 '~ .  You w i l l  ge t  c e l l s  up c l o s e  t o  100°c; i f  i t  i s  a bad c e l l  
then you w i l l  s t a r t  hea t ing  every th ing  around i t .  

MON: That r i g h t .  There w i l l  be a r eve r se  b i a s .  

HORN: We've done work where we've seen a s i m i l a r  phenomenon when we do 
e l e c t r o s t a t i c - f i e l d - a s s i s t e d  bonding of b o r o s i l i c a t e  g l a s s  t o  a c e l l .  
Where we have the  g l a s s  under high temperature  and vo l t age  g rad i en t  
through the  g l a s s  and w e  see  a browning h a l o  over t h e  con tac t  g r i d  i n  
t he  g l a s s .  We have a c t u a l l y  done analyses ~f t h i s  and i t  has shown t h a t  
i t  i s  s i l v e r  migra t ing  i n t o  t he  g l a s s .  We have p o s t u l a t e d . t h a t  i t  is  an 
ion exchange between t h e  sodium i n  t he  g l a s s  and t h e  s i l v e r .  By 
depos i t i ng  j u s t  a few hundred angstroms of SiO, through a shadow mass 
down t o  t h a t  g r i d  l i n e  we can e l imina t e  t he  problem. It might be a s  
s imple a s  p u t t i n g  t h e  AR coa t ing  over t he  con tac t  g r i d  except  where you 
want t o  make the  contac t .  

MON: Do you have l i t e r a t u r e  on t h i s ?  

HORN: We published l a s t  f a l l  i n  the  I E E E  PV S p e c i a l i s t  Conference. 

MON: I would Pike t u  get tugeCher. with yuu dild g e t  t h a t  r e f e r ence .  



WONG: I have two short questions related to this. The first question is, 
is this blossoming effect happening only under the high humidity and 
heat condition? 

MON: That is correct. Except that we have seen it in the Southwest RES and 
in various field sites at so called normal field temperatures. 

WONG: The second question is, you say the water acts as an electrolyte. Do 
you mean that the silver will be dissolved in the water, through the 
water and then deposit at the low potential region? 

MON: NO, I won't go so far as to say that because I haven't observed-that 
yet. All I am saying is that basically,. from that previouo picture, it 
is my contention that it is probably an electrolytic phenomenon. 
Whether it is actual silver ions or some sort of a -- it could be an 
electrophore type of thing too, I am not sure that is what you call it. 
You have a situation where you have either an ion or a polarized 
molecule following the field line. There is a name for that and I can't 
remember what it is. But I don't know yet what the mechanism is. 

WONG: But it has to be something dissolved in water that can transport 
through the water. A possible low potential field. 

MON: I am sure of that. 

WONG: And the driving force has electrochemical potential, do you think? 

MON: Yes. I have not seen any deposits on the cathodes. We are looking for 
that but we haven't seen it. But by the time it gets -- like this 
gap -- it isn't much of a gap -- but this particular module was 
accelerated a t  the difference between thooe two cells, w h i c i ~  is 17 
volts. This took 17130 hours, roughly, in that time frame, for this one 
to turn. So again, I don't know what this translates into in real field 
conditions. But I do think it is electrolytic. I can't prove it yet. 

AMICK: Which is the positive and which is the negative? 

MON: The positive one i . s  the bottom onc, the one t h a t  has the blosson'on it. 

AMICK: So that is the one where hydrogen would come out if you were 
electrolyzing the water. 

MON: That is correct. This i.s the cathode. 

AMICK: So that is where oxygen would come out? And if oxygen comes out-- 

WONG: Did you see any bubbles.or pockets or oxygen gas in this? 

MON: No. 

COMMENT: Do you know when Paul (willis) will be able to make tests with 
voltage applied? 



GALLAGHER: I can't answer that question but I think it is only a matter of 
time until he is instrumented to do it. I think one of the things that 
has come out of my being here is my awareness of the fact that the 
phenomena that we just heard of are very much accelerated by voltage. 

COMMENT: Or maybe retarded. 

GALLAGHER: Again, there is an activation energy of some sort involved, 
either positive or negative. Any other questions? 

AMICK: Brian, you really should be looking at them in light, too at air mass. 

GALLAGHER: I agree, there is another way of looking at this.' If you look at 
the metallic systems that are available, and what Paul (willis) found: 
sort of an accidental thing, and he went after.it to'see what was 
causing it. Normally one wouldn't worry about the copper if you had the 
data on nickel because in the course of producing the copper-plated 
structure it would be very easy and quite economical to give it a nickel 
flash before you remove it from the plating system, so you wouldn't go 
after it this way. What happened was that he found a phenomenon he got' 
interested in, and he went after that phenomenon, and then once he 
started reporting on it he got pushed a little bit to look at some of 
the other metals to solve it in a different way. He, being a chemist, . 

and very interested in polymers, wants to use that approachi7 wants to 
deactivate whatever the metal is in a chemical reaction. In our case, . 
we would just replace the copper with nickel and not worry about it. 
But you are right, the acceleration factors, now that we know they are 
present, should be used. 





METALLIZATION PROBLEMS WITH CONCENTRATOR CELLS 

P.A. Iles 

APPLIED SOLAR ENERGY CORPORATION 

City Of Industry, California 91749 

INTRODUCTION 

Cells used with concentra tors  have similar con tac t  requirements t o  o ther  cells, 
but operation.  at high intensity imposes more  than t h e  usual demands on t h e  
metallization. 

Table 1 lists t h e  overall con tac t  requirements. W e  will discuss how concentra tor  
cells  can m e e t  these  requirements. 

REDUCING RESISTIVE LOSSES 

Since concentra tor  cells  opera te  at high current  density, any resistive losses a r e  
more severe. 

Resistive Loss Modeling (See Reference 1 * for  previous references.) 

The procedure used to  design concentra tor  cells  is as follows (see Figure 1). 
I )  Select  t h e  intrinsic cell  design best suited to  t h e  planned application -maximize 

collected current  and voltage, minimize reflective and bulk resistance losses. 
These t e rms  a r e  derived f rom previous experience gained in optimizing t h e  cell 
design. 

2) Select  contacts  with low con tac t  resistance, and design a grid pat tern  using 3-7 
below. 

3) The various resistive components (contact ,  f ront  sheet ,  gridline, bulk) a r e  
analyzed a s  a network of resistors. This analysis generally uses parallel lines for  
rectangular or square cells, sometimes with t h e  cell  divided into quandrants; for  
circular cells, radial lines a r e  used, of ten with increasing line density towards 
t h e  outer edge  (bus con tac t )  of the  cell. 

4) The resistive losses a r e  computed,  and transformed into power losses e.g. by 
taking their  rat io to  t h e  internal impedance of the  cel l  at t h e  operating intensity 
X (this impedance = 0.9 Voc x /Isc .. x ). This impedance increases just less than 
linearly with X (-- 0.84X for 31, U.L(YX for CaAs ), so itla1 Ll~e relat ive 
percentage loss caused by resistive components increases at this s a m e  ratio. The 
shading loss does not vary with X, and Is deterrriir~ed by t h e  a rea l  grid 
dimensions. 

5 )  The operating C F F  of t h e  cell under concentration is computed by subtracting 
t h e  to ta l  resistive losses from an initial "ideal" CFF. 

6) The shading reduces t h e  generated current  density to  t h e  ac tua l  cell  current  
density. 

. *P.A. Iles "A Survey of Grid Technology" t o  be published in confe rence  Rec. of ' - . 

16th Photovoltaic Specialists Conference,  1982. . I ... 



. . 
7) Grid line. dimensions a r e  .selected within.thetbest  available state-of-the-art. 

The rationale fo r  grid design is t o  minimize shading losses (at  low concentrations 
up t o  10-20X), and then t o  gradually reduce t h e  res is t ive ,  losses more  at higher 
concentra t ions  (Reference 1). Figures 2 and  3 show t h e  good agreement  obtained 
between measured and calculated values. The slight improvement in t h e  measured 
CFF can b e  explained by slight d i f ferences  in t h e  assumed and achieved gridline 
dimensions. 

This agreement  which has been repeated for many dif ferent  cell  designs, shows 
t h a t  t h e  loss model analysis is valid (especially at low concentrations), even using t h e  
simpler lumped res is tance assumptions. This adds  confidence t o  use of t h e  same 
model in designing grid (and busbar) configurations for large a r e a  cells, or  for  cells  
where low cos t s  l imit  t h e  choice of grid forrnation methods. For concentra tor  ce l ls  
pract ica l  grid format ion and deposition techniques have been developed, and 
generally require t h e  use of photolithographic methods. Of course t o  obtain high 
concentra tor  system efficiency,  i t  i s  essential  t o  have high cel l  efficiency. 

INCREASED OPERATING STRESSES 

Items 5-7 in Table 1 a r e  especially important  under t h e  increased operating 
s t resses  for concentra tor  cells. li5 is important,  especially for  ter res t r ia l  
concentra tor  sys tems where severe  t empera tu re  cycling (many t i m e s  per day) is 
possible. It also increases  the, range of bonding methods and conditions which can  be 
used. li6 is important  because most  concentra tor  cells  opera te  ho t  (despite t h e  use 
of cooling), and the re  may also be  severe t empera tu re  gradients between t h e  f ront  
and back surfaces  of t h e  cell.  

Also cel ls  may have t o  opera te  at high t empera tu res  for extended periods (say 20 
years), and i t  is considered tha t  additional high t empera tu re  stabil i ty is required for 
concentra tor  cells. Some s u c c e v  has been achieved by using diffusion barriers to 
minimize interlayer movement;  silicon concentra tor  cells  with TIN barriers have 
survived heating above 6 0 0 ' ~  for  long periods (K-1 hour) with l i t t l e  degradation, and 
th is  work continues. . . 

The higher t empera tu res  can also lead to  accelera ted corrosion r a t e s  ( l i8)  when 
t h e  cel l  is operat ing in t h e  field; at present passivating layers (eg. Pd with Ti Ag) a r e  
used, but more  tes t ing is needed t o  show t h a t  this is not a severe  operating problem. 

The bonding of interconnects t o  concentra tor  ce l ls  (ll7) involves t h e  use of more  
massive in terconnects  ( to reduce resistive losses), combined with larger bonding a reas  
on t h e  cells. The back surface  must  be well bonded t o  t h e  substrate,  t o  increase h e a t  
transfer.  . , 

CONCLUSIONS ' 

Although t h e r e  a r e  some a reas  not  completely resolved, t h e  results obtained with 
concentra tor  cell  con tac t s  suggest t h a t  t h e  resist ive loss models used a r e  
satisfactory.  The metall ization behavior under t h e  increased operating stresses 
supports t h e  conclusion t h a t  for ce l ls  operating around one-sun levels, t h a t  some of 
t h e  present metall ization systems a r e  adequate.  More work is required however, 
when compromises a r e  required between t h e  metall ization methods available, and t h e  
cost  constraints of t h e  cell  or a r ray  processing methods. 



Table 1 . Cell Metallization Requirements 

REOU IREMENT 

LOW LljNTACT RESISTANCE TO SEMICONDUCTOR (N AND P I .  

HIGH CONDUCTIVITY TO DECREASE RESISTIVE LOSSES, 

EASl LY PATTERNED l NTO GR IDS, 

MINIMUM CHANCE OF GRID ACTING AS FUSE. 

GOOD ADHESION 
GOUIJ HIGH TEMPERATURE STAB l L l TY (UNDER S l NTER l NG TO 

REDUCE CONTACT RESISTANCE, IMPROVE AR COATING, OR 
UNDER OPERATING CONDITIONS) , 
EASILY BONDABLE (BY SOLDERING OR WELDING) 

MINI MUR CORROSION, 
SIMPLE METAL STACK, 

COMPAT l BLE WITH CELL FEATURES (TEXTURING, SHALLOW 
XJ) .  

LOW COST (M;I1LRIALS, DEPOSITION), EASILY APPLIED. 
LOW DENSITY TO REDUCE WEIGHT (SPACE-USE), 
THERMAL EXPANSION CLOSE TO SEMI CONDUCTOR (ESPECIALLY 
ON BACK SURFACE), 
GOOD AT LOW TEMPERATURES (SPACE-CELLS), 

Figure 1 .  Resistive Loss Modeling 

- SELECT Jsc, Voc, CELL DIMENSIONS, 
- SET-UP RESISTOR NETWORK. 
- COMPUTE POWER LOSS COMPONENTS, 
- MINIMIZE SUM OF RESISTIVE AND SHADING LOSSES, 

- EST IMTE OPERATING CFF, Jsc, Voc AT VARIOUS INTENSITIES. 

- SELECT OPTIMUM GRID PATTERN. 

CONCI UDE GOOD AGREEMENT BETWEEN EXPER I MENT AND PRED I CT I ONS . 
INFFR THAT RASIC MODEL I S  VALID AND CAN APPLY TO ONE-SUN 
OPERAT I ON, l NCLUD l NG LARGE AREA CELLS, 



Figure 2. Curve Fill Factor versus Solar Concentration 



Figure 3. Cell Efficiency versus Solar Concentration 



Figure 4. Increased Operating Stresses 

0 ADHESION - FOR TEMPERATURE CYCLING, BONDING, 
o HIGH TEMPERATURE STABILITY - PROCESS SINTERING 

- OPERAT I NG COND I T  l ONS 
- . - DECREASED CORROS l ON 

TESTING DIFFUSION BARR~E~~S. SIMPLE STACKS AND 
PASS l VAT l NG LAYERS 1 

o BONDING - THICKER INTERCONNECTS 
- LARGER BOND l NG AREA 
- THERMAL CONTACT 

Figure 5. Conclusions 

o RESISTIVE LOSS ANALYSIS I S  VALID, SINCE CONCENTRATOR 
CELLS PROVIDE TEST UNDER VERY SEVERE COND I TIONS, 

o BEHAVIOR' OF CONCENTRATOR CELLS' UNDER ENHANCED OPERAT l NG 
STRESSES SUGGESTS THAT HIGH COST CONTACT SYSTEMS HAVE 
PROMI SE , 

o MORE WORK I S  REQUIRED FOR LOW COST CONTACT SYSTEMS TO 
MEET M S T  RE'QUIREMENTS EVEN AT ONC-SUN LEVELS, 



" DISCUSSION 

. . 
WONG: Do you have any grid line' patterns available here? 

ILES: I don't have any here, you have to know what the concentrator 
intensity distribution' is and what the size is; that's fairly obvious. 
They are all custom made, there is no such thing ,as 9 standard 
concentrator, there are several linear focus systems in various sizes 
and several point-focus, so that if you have an intensity and you have 
some idea of what the distribution is then we can find a pattern close 
to it. If you are just talkipg hypothe,tically we can'send you a picture 
of a thing that looks very pretty with lots OX 1ines.on it, but if you 
have a Fresnel with a lOOX lens, which may have a half-inch focused 
image, that's how we can design a cell with fairly precise dimensions. 

BICKLER: Pete, is it true that the concentrator cells are shallow diffusion, 
slanted toward the blue response? 

ILES: Yes, when you do the analysis, when, you put the, grids close together, 
the sheet resistance then becomes negligibly small. 

BICKLER: Oh, I was going to say, it sounds like a paradox in that there is an 
advantage to over-shadowing, as you mentioned, in the metallization 
system to reduce the series resistance. I would assume you draw a 
parallel with the diffusion depth and that's a lack of transmission or 
analogous to a shadow, and well worth the -- 

ILES: That's true, but the scale of the twq is so different -- it is typical 
to say 50X -- you are getting 3% or 4% shadowing and maybe 5% or 6% 
total resistive loss. If you go to 400X then you.slide the shadow mask 
up to about 10% by putting more lines closer together. Putting the 
lines closer together is not to reduce the sheet resistance, it is to 
reduce the power through the grid lines. The grid lines are the more 
important resistor block. 

CAMPBELL: Am I correct that the concentrator cells have a genetally lower 
resistivity base than -- 

ILES: They generally are, particularly for high concentration, above about 
50X or 100X, but 'they have been good; typically the ones that are made 
in the range of 0.1 to 0.3 or 0.4 ohm-cm, and have 1017 carriers per 
cubic meter, but there have been some quite good cells made with 1 
ohm-cm, with high-quality material, and there have even been some made 
with 10 ohm-cm but they'were thin, they were 2 mils thick; so that the 
bulk , 10s s was reduced. 

CAMPBELL: Other than putting this number into these equations, would this have 
any effect on the contact pattern? 

ILES: No, there is a discrete bulk loss in the equation, even I can calculate 
that one, but apart £ram that, nu problem, if you want to put it with a 
web you could easily calculate the pattern. 



CAMPBELL: Are not a number of concentrator cells p on n? 

ILES: Yes, the ones that Sandia made with great success are p on n; the ones 
that we make are n on p and p on n. There is a theoretical reason why p 
on n might be a little better as you go to higher intensities because 
the Dember effect is assisting you. No one has seen that yet; the 
resolution of all the other variables hasn't been good enough, but we 
also haven't seen conductivity modulation in either of them up to 1000X, 
which is also predicted by theory. 



SESSIONS I AND I1 GENERAL DISCUSSION 

GALLAGHER: We have a  l i t t l e  time; maybe now would be a  good time for .  people 
t o  s t o p  and t h i n k  a minute about whether o r  no t  any ques t i ons  about t he  
f i r s t  two se s s ions  have occurred to ' them.  

SOMBERG: I have a  ques t ion  f o r  Gordon Mon: on the  two modules you showed i n  
Block 111, you s a i d  one was PVB, and you thought t h e  one from Applied 
Solar  was EVA. Could you confirm t h a t ?  Whether i t  was r e a l l y  EVA o r  
n o t ?  I would l i k e  t o  b r i n g  out  a  po in t  of what I am t a l k i n g  about.  I n  
some of t h e  e a r l y  modules, p a r t i c u l a r l y  with t h e  p r i n t e d  s i l v e r  
formula t ions ,  many people were us ing  a  hyd ro f luo r i c  a c i d  d i p  t o  improve 
the  curve shape and I suspec t ,  through my own experiments  and t a l k i n g  
with o t h e r s ,  t h a t  t h e  HF was not  n e u t r a l i z e d .  With PVB t h e r e  i s  an 
ac' id-catalyzed c r o s s l i n k i n g  t h a t  darkens t h e  PVB and t h a t ' s  a  r e s u l t ,  
no t  of t he  metal  pe r  s e ,  but of t h e  a c i d  i n  t h e  system. That ' s  why I am 
wondering i f  the  second was EVA, t h e  yellowing was EVA o r  was r e l a t e d  
poss ib ly  t o  acid-catalyzed r e a c t i o n  l i k e  i n  t h e  f i r s t  one with 'PVB. 

MON: I j u s t  c a n ' t  remember a t  the  moment. 

SOMBERG: Well, maybe Pe t e r  ( 1 l e s )  could answer. 

GALLAGHER: I might add t h a t  regard ing  t h e  s e r i e s  of viewgraphs t h a t  I got  
from Springborn, I had a  very s h o r t  conversa t ion  wi th  Paul Willis. He 
had looked a t  t he  same s t r u c t u r e s  with PVB, and PVB was worse, s l i g h t l y  
worse, than.EVA. I picked EVA because i t  was t h e  b e s t  of t he  ac to r s .  
I f  you wanted t o  put them i n  some sequence of p r i o r i t y ,  EVA and EMMA 
were q u i t e  good; PVB was nex t ,  and I don ' t  t h ink  he looked a t  RTV. 

MON: Well, d i f f e r e n t  companies who make modules have seen t h i s  problem and 
they a l l  go t o  t h e i r  chemists and they a l l  come up wi th  a  d i f f e r e n t  
answer a s  t o  what i s  going on. You j u s t  brought up t h i s  bus iness  about 
hyd ro f luo r i c  ac id  washing; we l l ,  I have a l s o  heard about a  s i m i l a r  
problem with e tch ing .  Yo11 knnw they l i s p .  hydroch lo r i c  a c i d  t o  e t c h  when 
us ing  a  p h o t o r e s i s t  and then they don ' t  ge t  r i d  of t he  c h l o r i n e  so  

\ t h a t ' s  why i t  i s  yellow. ARC0 looked a t  t h e  problem wi th  t h e i r  modules 
and they came up with a  f r ee - r ad i ca l  theory ,  t h a t  we heard from 
Gal lagher ,  which caused co lo r  cen t e r s .  I ' v e  heard o t h e r  people with a l l  
d i f f e r e n t  types of explana t ions ;  they a r e  probably a l l  r i g h t  f o r  t h e i r  
systems. The problem i s  t h a t  we don ' t  know t h e  d e t a i l e d  composition of 
a l l  t h e ~ e  formulat ions -- they a r e  p r o p r i e t a r y  and they a r e n ' t  going t o  
t e l l  us. So we j u s t  have t o  c l a s s i f y  accord ing  t o  broad c a t e g o r i e s  l i k e  
s i l v e r  system or  n i c k e l  system -- we r e a l l y  d o n ' t  know what o t h e r  
compound me ta l s ,  o r  what have you, a r e  i n  those  systems. So we a r e  kind 
of a t  a  disadvantage.  

SOMBERG: I th ink  I brought t he  po in t  up t o  s e p a r a t e  t h e  i s s u e  of meta l  
ca ta lyzed  r e a c t i o n  versus  something, pos s ib ly  secondary, t h a t  was used- 
i n  t he  process ing  t h a t  r e s u l t e d  i n  the.  darkening of the .  PVB. b .  

. . \ - .. . . - !  . , .  . . 
. . , . 

MON: That could wel l  b'e. , , +,. 5:~*.. 
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NAZARENKO: Another problem with polyvinyl  b u t y r a l s  i s  t h a t  they gene ra l ly  
have a  r e l a t i v e l y  low g l a s s  t r a n s i t i o n  temperature,  t y p i c a l l y  below 
600; now y o u ' r e  working above t h a t  temperature,  so :he m a t e r i a l  i s  
going t o  s o f t e n  and t h a t  w i l l  enhance moisture pene t r a t ion .  

GALLAGHER: One o t h e r  t h i n g  I might say ,  you t a l k e d  about acid-catalyzed 
r e a c t i o n s .  One of t he  r e a c t i o n  products  of t h e  decomposition of EVA 
should be a c e t i c  a c i d ,  and they don ' t  s ee  any a c e t i c  a c i d ,  nor  do they 
smell  i t .  Its odor i s  t h e  e a s i e s t  way of f i n d i n g  out  whether i t  i s  
p r e s e n t ,  s o  t h a t  i s  why they f e e l  t h a t  i t  i s  a  f r ee - r ad ica l  r e a c t i o n  and 
i t  i s  t h e  hyperperoxide t h a t  i s  causing the  degradat ion i n  EVA. I don ' t  
know anyth ing  e l s e  about PVB. 

NAZARENKO: There should be some hyperperoxide left  a t  the end of t he  
degrada t ion ,  and t h e r e  a r e  very simple t e s t s  t h a t  you can use -- 
q u a l i t a t i v e  t e s t s  -- fo r  hyperoxide i n  even small  amounts; t h a t  can be 
e a s i l y  de t ec t ed .  

GALLAGHER: I am s u r e  t h a t ' s  why they came up with t h i s  system. 

AMICK: Presumably t h e  s t a b i l i z e r s  t h a t  a r e  i n  t h e r e  would take c a r e  of i t  
f o r  a  wh i l e ,  and t h a t  may be why you have no degradat ion and then a l l  of 
a  sudden i t  f a l l s  o f f  the c l i f f .  I f  you change the  concent ra t ion  of 
those  v a r i o u s  a d d i t i v e s  you might de lay-  t he  onse t .  

GALLAGHER: Yes, I agree  with you wholeheartedly,  and you have t o  remember 
t h a t  t h i s  was Pau l , , s  ( w i l l i s )  f i r s t  cu t  a t  i t ,  h e ' s  looking a t  " i s  t h i s  
t h e  c o r r e c t  d i r e c t i o n  t o  go" and he wasn't  lucky enough t o  f a l l  on top  
of t he  c l i f f  and s t a y  there .  He d id  push i t  out  a  l i t t l e  b i t ,  but i t  i s  
t h e  r i g h t  d i r e c t i o n .  Anything e l s e ?  How about t he  f i r s t  sess ion?  

BICKLER: The f frsr  presen ta t ions  l e f t  an impression of t he  hopelessness  of 
some of t h e s e  h igh-ef f ic iency  goa ls  t h a t  a r e  being expounded. A po in t  
t h a t  I heard  Pe te r  I l e s  mention -- I don ' t  th ink  i t  got  enough emphasis 
-- i s  t h a t  a  14% space c e l l  a t  AM0 i s  not  t o  be compared on the  same 
s c a l e  wi th  a  12% t e r r e s t r i a l  because of the s p e c t r a l  cha rac t e r  going t o  
AM1. Of course ,  t h i s  involves a s p e c t r a l  response t o  the  c e l l s ,  but you 
certainly pick up an e f f i c i e n c y  p o i n t ;  a  14% space c e l l  i s  s t a r t i n g  t o  
crowd 16% a t  AM1. 

GALLAGHER: What do you use as  a  c o r r e c t i o n  f a c t o r  -- 1.18? . 

ILUS: 1.15. 

BICKLER: That i s  t h e  s p e c t r a l  response t h a t  Pe ter  ( I l e s )  i s  fami la r  wi th ,  so  
somebody's d i f f u s e d  a  d i f f e r e n t  j unc t ion  depth o r  something the re .  You 
know, I d o n ' t  want t o  give the  impression t h a t  1.15 i s  a  chiseled-in-  
s tone  number, but  t h e  poin t  i s  t h a t  t he  goa l s  t h a t  have now been s e t  -- 
f guess I c a n ' t  speak f o r  the  30 y e a r s  -- i n  terms of e f f i c i e n c y  a r e  no t  
a s  bad a s  they  may have appeared t o  be i n  t h e  f i r s t  p re sen ta t ion .  

GALLAGHER: I t h i n k  we have heard a  couple of good th ings  today about 
e f f i c i e n c i e s  and m e t a l l i z a t i o n .  Marc Nico le t ,  f o r  example, when he s a i d  
1' Hey, t h e r e  i s  hope." That made me f e e l  good; I th ink  I would l i k e  t o  
ask  Bob Campbell a  ques t ion  on d e n d r i t i c  web -- nobody has ta lked  shee t  



forms,  b u t  Westinghouse i s  running a  k ind of m i n i l i n e  and do ing  g r e a t  
t h i n g s  w i t h  i t ,  o r  l o t s  of t h i n g s  w i t h  i t .  Bob, what k i n d  of  
e f f i c i e n c i e s  a r e  you g e t t i n g  o u t  of t h a t  l i n e  r i g h t  now? 

CAMPBELL: The average  e f f i c i e n c y  wi th  o u r  b a s e l i n e  p r o c e s s  a t  t h e  moment -- 
l i q u i d  boron dopant on t h e  back and gaseous  POC13 on t h e  f r o n t  -- t h e  
average  e f f i c i e n c i e s  a r e  about  13.2% i n  a  f a i r l y  wide range  from around 
11 up t o  about  16. 

GALLAGHER: I t h i n k  t h a t  i s  s i g n i f i c a n t .  

CAMPBELL: I shou ld  mention t h e s e  a r e  on 2  X 10 c e l l s ,  20 cm2 c e l l s .  

GALLAGHER: Now, i f  on ly  ARC0 would t e l l  us  t h e i r  d i s t r i b u t i o n .  I t h i n k  t h e  
p o i n t  i s ,  when we s t a r t e d  t h i s  program many y e a r s  ago,  a t t e m p t i n g  t o  g e t  
a  10% module was a b s o l u t e l y  f a n t a s t i c  and peop le  were r e a l l y  wor r i ed  
about  i t .  The e f f i c i e n c i e s  t h a t  people  were g e t t i n g  o u t  of C z o c h r a l s k i  
c e l l s  o r  t h e  b e s t  c e l l s  they  could  make were p r e t t y  darned low. We have 
come a  long  way. 

WOLF: I jus t .  came from a n o t h e r  meet ing l a s t  week and we de te rmined  t h a t  a  
number of  o r g a n i z a t i o n s  can r e g u l a r l y  make over  17% e f f i c i e n c y  on some 
c e l l s ,  and p o s s i b l y  upward t o  t h e  low 18% r a n g e , ' b u t  17% i s  c e r t a i n l y  
w i t h i n  e x i s t i n g  c a p a b i l i t y .  Also,  p a r t  of t h i s  accomplishment i s  a  
m e t a l l i z a t i o n  l e v e l  t h a t  I t h i n k  i s  h i g h e r  than  Ron D a n i e l s  e x p l a i n e d  t o  
us .  There a r e  s e v e r a l  people  who can r e g u l a r l y  make m e t a l l i z a t i o n  
p a t t e r n s  t h a t  combine shad ing  and ( ~ o u l e )  l o s s e s  of 5% o r  5 1 / 2 % ,  and 
n o t  t h e  8% t h a t  Ron D a n i e l s  had on t h i s  e f f i c i e n t  f r o n t i e r .  

: DANIEL: What t o t a l  a r e a  a r e  you d e s c r i b i n g ,  s i n c e  t h e  s h a d i n g  l o s s  d e s c r i b e d  
was f o r  100 cm2? 

WOLF: I was a l s o  t a l k i n g  about  100 cm2 c e l l s .  People  can  g e t  t h i s  q u i t e  
r e a d i l y .  You have t o  u s e  s t r a p p i n g  over  t h e  bus  l i n e s .  You have t o  us'e . 
narrow g r i d  l i n e s .  You have t o  use  t h i c k e r  p l a t i n g .  You c a n ' t  use  
s i n t e r e d  m a t t e r .  You have t o  use  b i c o n d u c t i v i t y  m e t a l s  of  t h e  h i g h e s t  
c o n d u c t i v i t y  you cad g e t  i n  copper o r  s i l v e r .  I f  you c o n t r o l  it you can  . 

get  5%, and t h e r e  a r e  v a r i o u s  m e t a l l i z a t i o n  sys tems .  Copper h a s  been 
used by some people .  It i s  u s u a l l y  p l a t i n g ;  i t  i s  n o t  a  p a s t e  system 
t h a t  g e t s  you t o  h i g h  e f f i c i e n c y ,  
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EFFECTS OF PARTICLE SIZE DISTRIBUTION I N  THICK FILE1 CONDUCTORS 

Robert  $1. Vest 

Purdue U n i v e r s i t y  

West L a f a y e t t e ,  I n d i a n a  47907 

The pac.kinp, o f  p a r t i c l e s  f o r  maximum d e n s i t y  i s  a problem o f  g r e a t  i m -  
p o r t a n c e  i n  ceramic  p r o c e s s i n g  and powder m e t a l l u r g y ,  b u t  i t  i s  even more 
c r i t i c a l  i n  t h i c k  f i l m  conduc to r s  because  of t h e  v e r y  low compacting p r e s s u r -  
e s . e x e r t e d  d u r i n g  s c r e e n , p r i n t i n g . .  The f i r e d  f i l m  d e n s i t y ,  and hence  t h e  
e l e c t r i c a l  r e s i s t i v i t y ,  i s  i n t i m a t e l y  r e l a t e d  t o  t h e  d e n s i t y  of t h e  m e t a l  
compact which e x i s t s  a f t e r  t h e  o r g a n i c  c o n s t i t u e n t s  o f  t h e  i n k  have been re -  
moved i n  t h e  e a r l y  s t a g e s  of  f i r i n g .  Th i s  g reen  d e n s i t y  i s  even more i m -  
p o r t a n t  i f  t h e  f i r i n g  cannot  b e  c a r r i e d  o u t . a t  a  s u f f i c i e n t l y  h i g h  temper- 
a t u r e  due t o  l i m i t a t i o n s  imposed by t h e  s u b s t r a t e .  The c o o r d i n a t i o n  number 
(CN) and t h e  f r a c t i o n a l  p o r o s i t y  (P) f o r  t h e  packing of  s p h e r i c a l  p a r t i c l e s  
i s  shown on page 2  f o r  v a r i o u s  geomet r i e s .  The c a s e  o f  random packing i s  of  
most i n t e r e s t ,  and p rev ious  workers  have d i s t i n g u i s h e d  two t y p e s  - dense  and 
l o o s e  random packing.  The c o o r d i n a t i o n  numbers shown on Daze 2 f o r  t h e s e  two 
c a s e s  were e x p e r i m e n t a l l y  o b t a i n e d  a s  were t h e  p o r o s i t y  numbers. The p o r o s i -  
t y  of 0 .363 a l s o  g iven  f o r  dense  random packing,  was o b t a i n e d  by computer 
s i m u l a t i o n .  

THEORETICAL HUUELS 

A. d i s t r i b u t i o n  of  p a r t i c l e  s i z e s  can b e  used t o  d e c r e a s e  t h e  p o r & i t y  
a s s o c i a t e d  w i t h  packing of  monosized s p h e r e s .  The two pr imary approaches  
t h a t  have been t aken  t o  modeling t h i s  problem a r e  shown on page 3 .  !*lith 
approach A, a  s i n g l e  s p h e r e  of  t h e  l a r g e s t  p o s s i b l e  s i z e  is i n s e r t e d  t o  f i l l  
t h e  i n t e r s t i c i e s  i n  t h e  packed bed. Approach B i n s e r t s  many ve ry  s m a l l  
p a r t i c l e s  t o  f i l l  t h e  p o r o s i t y .  The methods of modeling w i t h  Approach A 
a r e  g i v e n  on page 4 .  S i n c e  t h e  exper imenta l  c o o r d i n a t i o n  numbers o b t a i n e d  
f o r  random packing a r e  c l o s e  t o  t h a t  of  body c e n t e r  c u b i c  packing,  one can  
assume BCC and f i l l  a l l  o f . t h e  t e t r a h e d e r a l  s i t e s  w i t h  s m a l l  s p h e r e s .  S i n c e  
t h i s  i s  a  r e g u l a r  geomet r i c  packing,  t h e  r a t i o  of s i z e s  of t h e  s p h e r e s  can  
b e  e x a c t l y  c a l c u l a t e d a s  0 .291. .  The volume f r a c t i o n  of s m a l l e r  s p h e r e s  t o  
e x a c t l y  f i l l  a l l  t h e  t e t r a h e d e r a l  s i t e s  i s  0.129,  g i v i n g  a  p o r o s i t y  f o r  t h e  
two s i z e d  sys tem of  0.219.  However, t h e  packing i s  n o t  r e a l l y  body c e n t e r e d  
c u b i c ,  and t h e  b e s t  .approach t o  d e t e r m i n i n g  t h e  s i z e  and q u a n t i t y  of s p h e r e s  
t o  add is  by computer modeling.  The model developed by approach B i s  de- 
s c r i b e d  on page 5.  I f  i t  i s  assumed t h a t  t h e  second s i z e  s p h e r e  is  v e r y  
s m a l l  compared t o  t h e  f i r s t ,  then a l l  of them can go i n t o  t h e  p o r o s i t y  of 
t h e  l a r g e r  s p h e r e s .  S i n c e  t h e  p o r o s i t y  of  any packed bed depends o n l y  on 
t l le  coord ina t i0 .n  number, i t  can be  assumed t h a t  ,the f r a c t i o n a l  p o r o s i t y  i n  
each s i z e  f r a c t i o n  i s  t h e  same. With t h e s e  two assumpt ions ,  t h e  volume 
f r a c t i o n  of  t h e  s m a l l  s i z e  can b e  c a l c u l a t e d , i n  terms o f . t h e  p o r o s i t y  f o r  

c. ' 



pack ing  o f  t h e  l a r g e r  s i z e .  The f i n a l  p o r o s i t y  t u r n s ' o u t  t o  b e  s imply t h e  
s q u a r e  o f  t h e  p o r o s i t y  of one  s i z e .  Th i s  model can e a s i l y  b e  extended t o  
many d i f f e r e n t  s i z e s  of  p a r t i c l e s  a s  shown on page 6 .  

The r e s u l t s  from a p p l y i n g  approach A and approach B t o  two s i z e s  of  
s p h e r e s  are summarized on page 7  f o r  d i f f e r e n t  packing geomet r i e s  o f  t h e  
l a r g e  s i z e .  The c a l c u l a t i o n s  a r e  e x a c t  f o r  t h e  s i m p l e  cub ic  and body c e n t e r -  
ed c u b i c  pack ing .  The volume f r a c t i o n s  and p o r o s i t i e s  g iven  f o r  t h e  dense  
random and l o o s e  random packings  were  c a l c u l a t e d  u s i n g  t h e  e q u a t i o n s  on 
page 5 and t h e  a p p r o p r i a t e  p o r o s i t y  from page 2  f o r  approach B ,  and by com- 
p u t e r  model ing f o r  approach A. For approach B ,  t h e  r a t i o  between t h e  d,ia- 
meter o f  t h e  s m a l l e r  and t h e  l a r g e r  s p h e r e s  shou ld  b e  v e r y  s m a l l ,  and f o r  
the l o o s e  random pack ing ,  t h i s  r a t i o  shou ld  b e  l e s s  t h a n  0 .006.  The o r i g i n  
o f  t h i s  number i s  d e s c r i b e d  on page 8 i n  terms of a . h y p o t h e t i c a l  exper iment ;  
. t o  start with a layer of small spl ieres  U L I  L U ~  UI  a l d y e ~  UI l a c g t  3phcrcs,  
and t h e n  mix t h e  two s i z e s  and c a l c u l a t e  t h e  change. i n  volume. A parameter  
y ,  which i s  a . f u n c t i o n  of  r a t i o  of p a r t i c l e  s i z e s ,  i s  i n t r o d u c e d ,  and an 
expe. r imenta1 v a l u e  of y  i s  u t l l i z e d  eo calculare  che puruslLy 111 L ~ L I I I S  uT I.11e 
r a t i o s  o f  s o l i d  volumes and r a t i o s  of  s o l i d  d i a m e t e r s .  Th i s  e q u a t i o n  i s  
p l o t t e d  on page 9 a s  t h e  p o r o s i t y  a s  a  f u n c t i o n  of volume f r a c t i o n  w i t h  s i z e  
r a t i o  a s  a pa ramete r .  A t  t h e  optimum volume f r a c t d o n ,  t h e  p o r o s i t y  i s  0.16 
a s  p r e d i c t e d  f o r  l o o s e  random packing i f  t h e  r a t i o  d2/dl  is  ze ro .  I f  t h i s  
r a t i o  i s  0 .006 ,  t h e  p o r o s i t y  becomes 0 .17 .  P rev ious  r e s e a r c h e r s  have s t a t e d  
t h a t  t h e  approach  B model can b e  u t i l i z e d  a s  l o n g  a s  t h e  r a t i o  of  s i z e s  is  
less t h a n  0 . 2 ,  b u t  t h e  p l o t  on page 9 shows t h a t  t h e  c o r r e c t i o n  a t  0 . 2  is  
v e r y  l a r g e .  A d i f f i c u l t y  w i t h  e i t h e r  approach A o r  B i s  t h e  u n i f o r m i t y  
of  mix ing  of  t h e  two s i z e s ,  and t h i s  problem h a s  been addressed  by i n t r o d u c -  
i n g  a  mixedness  pa ramete r  (M)  as d e s c r i b e d  on page 10.  Values of  M can  
o n l y  b e  o b t a i n e d  e x p e r i m e n t a l .  

There  a r e  some s p e c i a l  problems i n  a p p l y i n g  t h e  t h e o r e t i c a l  models t o  
th ic l r  f i l m  conduc to r3  ao  l i s t e d  on page 12. No one hzs s t ~ ~ r l i ~ r l  t h e  mixerl- 
n e s s  p a r a m e t e r  f o r  r o l l  m i l l  h l e n d i n g  of t h i c k  f i l m  i n k s ,  su rlo v a l u e s  a r e  
a v a i l a b l e  f o r  c o r r e c t i o n  f a c t o r s .  For a l l  t h i c k  f i l m  c o n d u c t o r s ,  a t  l e a s t  
one  a d d i t i o n a l  phase  i s  added i n  o r d e r  t o  deve lop  a d e q u a t e  adhes ion  t u  Lhe 
s u b s t r a t e .  Even though t h e  g l a s s  f r i t  o r  b a s e  m e t a l  o x i d e s  a r e  p r e s e n t  i n  
s m a l l  c o n c e n t r a t i o n s  r e l a t i v e  t o  t h e  m e t a l ,  they  s t i l l  can I n f l u e n c e  t h e  
pack ing  of the m e t a l  p a r t i c l c 3 .  The t h i c k n e c s  of  t h e  f i l m s  i s  a l s o  a 
s p e c i a l  problem b e c a u s e  c o n t a i n e r  e f f e c t s  have been obse rved  i n  s t u d i e s  of  
random pack ing  of s p h e r e s .  

A p l a t i n u m  t h i c k  f i l m  conduc to r  hav ing  t h e  requiremeri ts  l i s t e d  on page 
1 3  was needed f o r  a  p r o j e c t  i n  t h e  Turner  Labora to ry  a t  Purdue U n i v e r s i t y .  
It was d e c i d e d  t o  t r y  approach B t o  a c h i e v e  h i g h  d e n s i t y  u s i n g  t h r e e  d i f -  
f e r e n t  s i z e  p l a t i n u m  p a r t i c l e s .  I n  o r d e r  t o  a c h i e v e  t h e  d e s i r e d  r a t i o  he- 
tween d i a m e t e r s  of  s u c c e s s i v e  s i z e  r a n g e s ,  t h e  s m a l l e s t  s i z e  was formed i n  
s i t u  by decomposing a p la t inum r e s i n a t e .  The v a r i a t i o n  of g r a i n  s i z e  w i t h  
f i r i n g  t e m p e r a t u r e  of t h e  r e s i n a t e  i s  shown on page 1 4 .  The s i z e  0 .02  pm 
was assumed f o r  p a r t i c l e s  from t h i s  s o u r c e  b e c a u s e  t h a t  was t h e  g r a i n  s i z e  
c o r r e s p o n d i n g  t o  t h e  t e m p e r a t u r e  a t  which a l l  of  t h e  o r g a n i c s  had been re -  



moved. The r e s u l t s  o b t a i n e d  w i t h  e i g h t  d i f f e r e n t  i n k s  a r e  g iven  on page 15.  
The u n i f o r m i t y  and p o r o s i t y  of t h e  f i l m s  were  t h e  pr imary c r i t e r i a  used f o r  
judging q u a l i t y .  The optimum volume f r a c t i o n s  of  t h r e e  s i z e s  a s  p r e d i c t e d  
by t h e  model f o r  approach B i s  64-26-10, a s  g i v e n  on page 6 .  Th i s  i n k  d i d  
g i v e  lower  p o r o s i t y  than  any of t h e  one o r  two s i z e  i n k s  s t u d i e d ,  b u t  was 
n o t  a s  good a s  t h e  l a s t  two i n k s  on page 15.  These i n k s  had compos i t ions  
a r r i v e d  a t  e m p i r i c a l l y .  The d i f f e r e n c e  i n  m i c r o s t r u c t u r e  between t h e  i n k s  
a t  t h e  t o p  and bottom of page 15 a r e  shown on page 16 ,  and i t  i s  obvious  
t h a t  s e l e c t i o n  of p a r t i c l e  s i z e s  of  t h e  conduc to r  can  make a  v e r y  s i g n i f i c a n t  
d i f f e r e n c e  i n  f i l m  m i c r o s t r u c t u r e .  

Anolrller exper imenta l  program had t h e  g o a l  t o  deve lop  s i l v e r  conduc to r s  
w i t h  t h e  requ i rements  g i v e n  on page 17.  Th i s  was f o r  a  consumer a p p l i c a t i o n ,  
and c o s t  was a  v e r y  s i g n i f i c a n t  f a c t o r .  The pr imary c r i t e r i o n  used f o r  
e v a l u a t i n g  v a r i o u s  i n k s  was t h e  conductance  p e r  gram of s i l v e r ,  o r  t h e  
s p e c i f i c  conductance  as d e f i n e d  on page 13. I f  one  t a k e s  L11e r a t i o  between 
t h e  s p e c i f i c  conductance  of  two f i l m s ,  t h e  r e s u l t  i s  independent  o f  t h e  
f i l m  geometry.  The s i l v e r  i n k s  were fo rmula ted  a s  d e s c r i b e d  on page 1 9 , ' a n d  
t h e  r e s u l t s  w i t h  6  d i f f e r e n t  m i x t u r e s  of  p a r t i c l e  s i z e s  a r e  g iven  on page 20. 
Ink 6 ,  which c o n t a i n e d  o n l y  s i l v e r  p a r t i c l e s  17 um d i a m e t e r ,  was n o t  an  
e l e c t r i c a l  conduc to r  because  t h e  v e r y  l a r g e  s i l v e r  p a r t i c l e s  d i d  n o t  s i n t e r  
d u r i n g  t h e  f i r i n g  a t  6 2 5 ' ~  f o r  10 minu tes .  The r a t i o  of  70-28-2 f o r  t h e  
f r a c t i o n s  of t h r e e  d i f f e r e n t  s i z e s  i n  i n k s  1,  2  and 3 i s  c l o s e  t o  t h a t  
p r e d i c t e d  by t h e  t h e o r e t i c a l  model of approach R ,  b u t  was a r r i v e d  a t  
e m p i r i c a l l y .  I t  can  b e  s e e n  from page 20 t h a t  i n k  NO. 1 w i t h  t h r e e  s i z e s  
of  s i l v e r  p a r t i c l e s  had a  h i g h e r  s p e c i f i c  c o n d u c t i v i t y  of any of  t h e  f i l m s  
w i t h  o n l y  s i n g l e  s i z e  p a r t i c l e s ,  b u t  t h e  o t h e r  two m i x t u r e s  d i d  n o t  have a s  
h i g h  a  s p e c i f i c  c o n d u c t i v i t y  a s  two of  t h e  monosized i n k s .  The r a t i o  be- 
tween s u c c e s s i v e  s i z e s  f o r  t h e  t h r e e  mixed s i z e  i n k s  i s  shown on page 21 
a l o n g  w i t h  t h e  s p e c i f i c  c o n d u c t i v i t y  r a t i o .  These r e s u l t s  r e f l e c t  t h e  i n -  

, f l u e n c e  of  t h e  a b s o l u t e  s i z e  of t h e  l a r g e s t  s i l v e r  p a r t i c l e s  and i t s  i n -  
" .  f l u e n c e  on s i n t e r i n g ,  a s  w e l l  a s  t h e  e f f e c t  of  t h e  r a t i o  of  s i z e s ,  p a r t i c u -  

l a r l y  between t h e  l a r g e s t  and n e x t  l a r g e s t  ( d 2 / d l ) .  The s i z e  r a t i o s  f o r  i n k  
No. 1 a r e  c l o s e  t o  t h o s e  c a l c u l a t e d  f o r  dense  random packing by approach A 
( s e e  page 7 ) .  

The c o n c l u s i o n s  t h a t  can b e  drawn from t h e  s t u d i e s  of  p a r t i c l e  s i z e  
d i s t r i b u t i o n  i n  t h i c k  f i l m  conduc to r s  a r e  summarized on page 22. The 
d i s t r i b u t i o n  of  p a r t i c l e  s i z e s  does  have a n  e f f e c t  on f i r e d  f i l m  d e n s i t y  
b u t  t h e  e f f e c t  i s  n o t  always p o s i t i v e .  A p roper  d i s t r i b u t i o n  of  s i z e s  i s  
n e c e s s a r y ,  and w h i l e  t h e  t h e o r e t i c a l  models can  s e r v e  a s  g u i d e s  t o  s e l e c t -  
i n g  t h i s  p roper  d i s t r i b u t i o n ,  improved d e n s i t i e s  can  b e  ach ieved  by em- 
p i r i c a l  v a r i a t i o n s  from t h e  p r e d i c t i o n s  of t h e  models.  



Page 2. .Packing of Spheres 

GEOMETRY 

Closest Packed . . 12 0.26 

Body Centered Cubic 8 0.32 

Slm~le .  Cublc . , 6 0.48 

Dense Random 
. 3 ,  . 

Loose Random 7,1a u,4ub 
. !  

a. J.C. Bernal and J. Mason, Nature, 188, 910 (1360). 

b, G.D. Scott, Nature, I&, 908 (1960) 

c. C . H .  Bennet, J.  A r s ~ l .  Phys., 43, 2727 (1972) . ' 

Page 3. Two Models for Packing Two Sizes of Spheres 



Page 4. Appr0ach.A 

1. Assume BCC Slnce CN - 7.1 - 8.5 

N spheres (dl) i n  BCC packing 

6N tetrahedral  s l t e s  

3N octahedral s l t e s  

f 1 1  1 the la rger  tetrahedral  s i t e s  wlth spheres (d2) 

2. Computer Modellng 

Best Approach 



Page 5. Approach B 

V1, V2 - s o l i d  volume o f  each s i ze  

P1, P2 - Pore volume associated w i th  each s lze  

Assume s i ze  2 goes I n t o  the Porosl t y  o f  s ize  1 (d2/dl very small) 

Assume s i ze  1 and s l ze  2 hove the same ~ a c k l n g .  Then the pore 

f r a c t i o n  w l l l  be the same. 

Comblnlng Eqs. 1 and 2 gives 

"1 + "2 p2 Porosi ty - 1 - - = 



Page 6. Approach B (Cont'd) 

'Slzes 1, 2, 3, ,, ..., 1, ..., n 

Assume dl+l/dl < 0.01 

Assume a1 1 sizes have the same ~ack l ng  

Then 

"1+1/"1 - p 

And I n  general 

ExO in~ l  e ' 

3 slzes, P - 0.4 

Vl = 0,64 

7 ~ 2  - 0.26 

q - 0.10 

Page 7 .  Two Sizes of Spheres 

Sirn~le Cubic 0.28 0.32 0.73 A'O 0,27 0.23 

Body Centered Cub1 c 0.13 0,24 0.29 ,Q 0.22 0.10 

Dense Random 0.17' 0,27 0.22- 4 0.24' 0.13 
0,6 
mode - 
0.26' 

Loose Random - 0,29 - <0.006 - 0.16 

'H. J. Frost and R. Raj, Corn. Am. Ceram. Soc,, C-19, February (1982). 
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Page 9. Effect of Size Ratio o n  Porosity With Approach B 



Page 10. Uniformity of Mixing 

A problem f o r  A~Proaches A and B 

Introduce a degree o f  mlxedness parameter ( M I  

M 1 - 6/[v2 (1-u2 

6- std ,  deviat ion o f  com~os l t i ona l  var ia t ions  

where B, Bu and Bm are bulk densi t ies o f  rea l  mixtures, a f u l l y  

unmixed system, and an i dea l l y  mixed system, r e s p e c t l v e l ~ .  

Later  workb has shown that  M and B (or  f i n a l  porosl t y )  ore not  

u n i q u e l ~  related, and a s t a t i s t i c a l  approach must be taken. 

a. D.W,  Fuerstenau and J. Foulodi, Am. Ceram. Soc. Bul I., 

46, 821 (1367) 

b. G. L. Mess 1 ng and G . Y .  Onodo, J . Am. Ceram. Soc , , 61, 
1 (1978) 

Page 'I ' 1 ,  

Theoretical studiesa p red i c t  arid experimental studiesb cOnf 1 rm 

that  the maxlmum correct ions due t o  M occur near the optimum 

values of 7/i predicted by e i t he r  ArjpiOBCh A u r  AIJUI'U~C~I B. 

Typical ponder m i x i n g  technlaues s!ve M values of 0,77 t o  0,96. 

M values f o r  r o l l  m i l l  blending u f  t l ~ i c k  f i l m  inks? 

a. G.L. Messing and G . Y .  Onoda, J, Am, Ceram. Soc., 1, 1 (1978) 

b, G. L. Mess t ng and G , Y. Onoda, J , Am, Ceram, Soc , , 61, 363 (1978) 
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Page 12. Special Problems With TF ~onduct,ois 

. . 

Nixedness 

Presence of Glass Fr i t 

Avo1 lob1 1 1  tv of Sized Powders 

Allo~ing Reactions 

Film Thickness 

. ., 

Page 13. Platinum TF Conductors 

Reau 1 remen t s 

1. No metal other than platinum 

2, Single print . . 

3. Highest possible density . 

4. Highest Possible unlformitv 

5. Fire at 850'~ (0,55 T,) on alumina 



Page 14. Mariation of. Grain Sizes With Firing 
Temperature of Platinum Resinate 



Page 15. Platinum Powders 

dl - 30 UII 

d 2 - l u n  
d3 - 0.02 un (from resinate) 

Experimental Platinum Conductors F l  red a t  8 5 0 ~ ~ .  

% Different Slnes 

dl *2 "3 Remarks 

very wrous, large open areas 
very porous, uniform 
large open areas 
closed wres 
low wrosi ty  
lower ~ o r o s i  tv  
very low W ~ O S ~ ~ Y  

lowest Porosity 



Page 1 6. Experimental Platinum Conductors 
in Transmitted Light (1 90x1 



Page 1 7.  Silver TF Conductors 

1. Lowest ~osslble cost (highest wsslble 

spec 1 f lc conductance) 

2, Single prlnt 

3. Very unlfon films 

4. Flre ot 625'~ (0.73 T,) on POS 

Page 18. Specific Conductance Ratio (SCR) 

speclf lc conductance - SC - 8 
G - conductance of f llm 
W - weight of fllm 

p - fllm reslstlvltY 
d - fllm denslty 
A -  fllm length 

(SCR) 1, - - -  (SC) Pidl lndependent of f llm geometry 
(Soj )'id1 



: . Page 1 9. Silver Inks . '  
. . 

Inorganic Constituents 

1. 95 w/o silver of various particle slzes or mlxtures 
of different particle sizes 

2. 5 WIO glass of comDosition 72 w/o PbO - 14 wlo B203 - 
14 .w/o S102 sieved to -170 mesh 

Screenins Agent 

1. 3 w/o ethel cellulose (N-300) 
. '  , 

Page 20. Composition and Specific Conductance 
of Silver Films 

!nk Nn. 

1 

2 

3 

4 

SC (S/mg) 

. . 
3.67 

1,43 

1.48 

2,45 

% of Ag Particle Sizes (ym) 
.I55 

2 

2 

2 

100 

2 

28 

28 

5 .  

28 

7 

70 

11..5 

70 

17 

70 



Page 2 1 . Particle Size Ratios and Specific 
Conductance Ratios of Silver Films 

. . . . . . . . ..  . , . . 

Page 22. Summary . . 

. . .  , 

1. The distribution of metal partlcle sizes and the absolute 

(SCR)l,. ink no. , 

.. . t .  1 . . 

.,2.57' 

2.54 

Ink No. 

1 

2 

3 

sizes affect flred fllm densltv. 

. .. . , .. !' . .  . .. . . . . .' ..' , . . '. : r 

2. The proper dlstrlbutlon of metal particle,.slzes .: . gives a ' 

Size Ratlos 

hlsher density fllm than single slzed partlcles. 

d2/dl 

.29 

.12 

.43 

3. The theoretical models can 'serve .as guides to selecting 

d3/d2 

.33 , 

, 33  

,13 

.the-proper dlsfributlon of metal Wrticle sizes. . 

4 Experimental studies are still required; 



DISCUSSION 

WONG~ I think probably in the real world you make a very fine particle and 
. use coarse particles in your mix, and the very fine particles try to 

, .. 
stick together and agglomerate by electrostatic forces, or align, so 
that is why you never have a mlx completely as what you assume in the 
model. 

VEST: That certainly is true. In the platinum case, the second size I said 
were 1 micron. Well, the 1-micron were the agglomerate size. This was 
a platinum black, and the ultimate particle size was a few hundred 
Angstroms. Just because of what you were mentioning: there was 
agglomeration, and the agglomerate sizes were just about 1 micron. WH 
got this from SEM studies. Yes, that certainly is true. 

WONG: In your model you are mixing two sizes, and this small particle size is 
supposed to fit in the hole. What if you just assumed that there is no 
mass transport -- no sintering mass transport occurring -- however, if 
you, from a sintering viewpoint, just use a fine particle size, just a 
single particle size, would that be better from a sintering viewpoint, 
from thermodynamics? 

.i VEST: If you can get a high enough compaction to start with and you can go to 
the proper temperatures, a single-size, a small-enough-sized particle 
can give you very high densities of sintered mass, but if you have some 
constraints on your processing, then you can do better with a gradation 
of sizes. The presence of smaller spheres in the interstices of the 
bigger ones will enhance the sintering of the bigger ones, because as 
the smaller ones begin sintering they are also in contact with the big 
ones and they will attach themselves. So, as they begin to shrink, they 
give a compressive force to the bigger spheres and make them sinter more 
rapidly. So you get enhanced sintering of the larger size due to the 
presence of the smaller size. 

WONG: Again you have to assume that the small sizes go into the interstitial 
sites of the bigger ones. 

VEST: That is right. Again, if you are making a large body, using a single 
size, small size particle has many advantages, but for our conductors we 
don't want them to change dimensions very much dur ing  firing. We want 
t o  keep our good line definition, so it is nice to have these big ones 

there, big particles that are forming the matrix, and then this isn't 
going to change much. But then if we can fill up the holes in this with 
smaller ones, enhance the sintering of the bigger ones, then we get 
closer to what we want. 

AMICK: Could you comment on why the 17-micron partielis don't work better 
than t'he 7 in that silver-ink composition? 

VEST: It is because they are too big. The 17 by itself did not sinter; the 
mix did, and we get a number. 

AMICK: ' You have a bigger ratio difference with the 17 than you did with the 7? 



VEST: That is right. You have a bigger ratio difference but you are still 
not getting as much sintering of the big ones, which constitute the bulk 
of the silver, with the 17s as you are with the 7s. In other words, 
these results, I think, are indicative of the fact that you still have 
very poor sintering of the large particles, so that you have a lot of' 
constriction resistance. You have very small sintered necks between the 
big particles and so you are getting constriction resistance that is 
limiting the conductance. The presence of the small particles did exert 
a force, an influence, in getting sintering but still not as much as you 
get starting with a 7-micron largest size. . . 

AMICK: Do you alter the ratio to binder for those' two different' materials? 
Is there binder in these systems? 

VEST: Oh, yes. Well, there was when it was printed. There was a screening 
agent used for printing. 

AMICK: Is there glass also? 

VEST: Oh, yes. And it is the same in all of these. 

AMICK: The same ratio? 

VEST: Yes. The same ratio of metal to binder. 
. .  , 

GALLAGHER: In the real world, in some of these soft metals like.silver, how 
close are they to being spherical? 

VEST: These particles are very spherical. They are prepared that way; the 

,I ones that I used. You can get spheres, you can get flake, you can get 
all kinds of things. 

GALLAGHER: My second question involves flake. I think I have seen somewhere 
where spherical powders have been mixed with flake. What is the . , 

rationale behind that? 

VEST: You have the~e flat plates lying here, and you have little ball 
bearing between them; you get good contact. That is' the rationale I 
have heard used for the adding the mixture of flake and powder tosimply .. 
a polymeric binder where you are not firing, really. You get higher 
pressure contacts when you have the little spheres contacting the ,flake, 
so you will get continuity. You will break through the stearate coating 
that had been on the silvers. 

GALLAGHER: Would you care to comment on that stearate coating? 

VEST: Well, it is there. It is not a good electrical conductor. 'somehow you 
have to overcome this in order to get good conduction. 

GALLAGHER: Do you do it thermally, or is it a trick of the trade? Any reason 
people don't talk about it? 

VEST: I don't know. There are some people here that could probably comment 
on that but I am not one of them. 



STEIN: I th ink  i t  is  a t r i c k  of t he  t r ade .  

GALLAGHER: And he re  I thought only the p l a t i n g  people had problems a n d . d i d n l t  
want t o  t a l k  about i t .  

LANDEL: Regarding t h e  ques t ion  t h a t  was asked a moment ago about t he  17- and 
7-micron p a r t i c l e s .  Does the  smal le r  p a r t i c l e  i n  f a c t  give you a lower 

. s i n t e r i n g  temperature? I s  i t  small  enough t o  ge t  p a r t i c l e  s i z e  e f f e c t s ?  

VEST: w e i i ,  of course.  

LANDEL: The d i f f e r e n c e  between 17 and 7 .  Does t h a t  lower t he  s i n t e r i n g  
temperature? I f  you j u s t  take.  t h a t  i n d i v i d u a l  p a r t i c l e  s i z e  and you 
work wi th  1 7  and you work with 7 -- 

VEST: I would end up wi th  a l a r g e r  r a t i o  of s i r i ~ r i e d  neck diamcter t o  
p a r t i c l e  diameter f o r  the  7 than f o r  t h e  1 7  a t  t h e  6-25-10 minutes.  
That was the  boundary condi t ion  on our process .  

LANDEL: Then tha t '  i s  the  answer there .  The smal le r  p a r t i c l e  s i z e ,  i n  f a c t ,  
i s  e a s i e r  t o .  s i n t e r .  It has' a h igher  s u r f a c e  energy and the re fo re  i t  . i s  
e a s i e r .  t o  s i n t e r .  S i n t e r s  a t  a lower temperature.  

COMMENT: That , i s  r e a l l y  q u i t e  a d i f f e r e n t  model from t h e  one t h a t  was 
proposed. 

LANDEL: Well, yes. That i s  an added e f f e c t .  It would have t o  be run i n .  

. . 
VEST: c e r t a i n l y .  You see ,  with t h e  17s  by themselves,  t h e r e  was not  

s u f f i c i e n t  s i n t e r i n g  a t  t hese  condi t ions  t o  even form a continuous 
nctwnrk. . Whereas wi th  a 7 ,  t h e r e  was. J u s t  looking a t  those r e s u l t s  
for ,mnnosized powders you can t e l l  we have a d e f i n i t e  d i f f e r e n c e  i n  

' s i n t , e r i n g  with these  d i f f e r e n t  s i z e s  a t  t h a t  temperature.  

LANDEL: Do, you ,meashre t h e  packing d e n s i t y  of t h e  dry powders, and i f  so ,  can 
you use t h a t  i n  your eva lua t ion?  

, '  

VEST: I woi.~Ld love , to ,  . I Jon ' t  know how. . I have looked a t  t he  dens i ty  of 
t h e  packed powder be fo re  s i n t e r i n g .  Lf you very c a r e f u l l y  dry ,  5 0  nc t o  
r t l u i r ~ t  a l l  t h c  organics  w i t h n i i t  g e t t i n g  any s i n t e r i n g  -- and you can do 

, t h i s ,  i f  you, a r e  very c a r e f u l ,  and t h e n , . o f  course,  you have t o  be very 
c a r e f u l  i n  handl ing  because the  s t u f f  would f a l l  o f f  the  s u b s t r a t e  -- 
but 1 dnn ' t  know 0 f . a  way of measuring the  dens i ty  of t h a t  powder 

, . compact. You know i t  has t o  be somewhat more dense ~ l l i i l i  s imple  eitbic. 
It i s  somewhere between t h e r e  and body-sintered cubic.  

LANDEL: For t he  spheres  i t  would be, i d e a l l y ,  0.63. 

VEST: Yes, i f  i t  was c l o s e s t  packed. 

LANDEL: Random packing. 

VEST: OK, f o r  random packing. 



LANDEL: Then someone said that if you get the small particle sizes then the 
agglomeration drives that up again, or drives that down in terms of 
packing density, to something like 80.4. . You have to trade off those 
factors. 

VEST: Yes. Again we measure things such as dried-film density or dried-film 
thickness, but that is not something that you can really measure very 
accurately. You can measure the fired-film thickness quite well. The 
dried-film thickness doesn't have a smooth surface. You have particles 
there, so you can use a light section microscope and you try to sit on 
top of one, but there is a lot of uncertainty in the measurement. 
Certain1y;within what we have measured, it comes down to this loose, 
random packing. But there is quite a bit of scatter. 

STEIN: A further comment on Brian's (~allagher) question, which really 
deserves a bit more of an answer. That is, when you try to sinter 
particles that are coated with stearates or other things, they are not 
going to sinter very well -- particularly in the instance of people in 
this room who are firing very quickly for very short times at 
temperatures in the order of 700%. Some of the organics can remain 
at temperatures higher than that, or else need a longer time than a 
minute or two to be gotten rid of. As long as they are present they 
will interfere with sintering. In the case of mixed spherical and -. 

platelike or flakelike particles, you have some relatively clean 
particles, you have some relatively dirty particles and you have all 
kinds of surface things; therefore, you get a combination of 
decomposition products coming off, sintering occurring simultaneously, 
and never, never do you have a completely organic burned-out system if 
you are firing for 30 seconds or one minute or so at 700°C or 720°C, 
or some such short time at a relatively low temperature. This is 

. . particularly different from the thick-film hybrid microelectronics case 
where they are firing up at 850°c or more, and you have ample time to 
burn out. Ingrared firing is an example that makes this problem very 
difficult and should you get sintering of the silver, before reaching 
full burnout conditions, you are going to blow blisters and bubbles. 

GALLAGHER: Has anyone ever put a mass spectro nn the end of the furnace to 
see some other decomposition products? Just a general question to 
anybody. 

STEIN: There are all sorts of hydrocarbon fragments. It has not been done at 
the end of a furnace, but it has been done. You get CO, C02, 
free-radical type fragments in the methyl and ethyl groups, and all 
sorts of things coming off. It is a wild mixture. It depends very much 
on the access of air. How much air you have available. 

CALLAGHER: Does that mean that with some of these inks we have to force air 
into the furnace rather than just have a free air flow? 

STEIN: Absolutely. 

VEST: The air flow is one of the principal variables in the processing. 



SOMBERG: I would l i k e  t o  a s k  a  ques t ion  of Sid ( S t e i n ) .  You mentioned t h a t  
some of t h e  organics  a r e  s t i l l  remaining with t h e  sp ike  f i r i n g .  I f  I am 
going through a  burnout phase, am I not  g e t t i n g  burn out  between 
300% and 550°C? I am r e f e r r i n g  t o  sp ike  f i r i n g  a t  700°, but  I 
am s t i l l  going through burnout between 400° and 500°C. Why am I not  
g e t t i n g  r i d  of t h e  organics  a t  t h a t  po in t ?  

STEIN: Because t h e  o rgan ic s  t h a t  a r e  c l o s e s t  t o  t he  s i l v e r  su r f ace ,  i n  case 
of t h e  s i l v e r ,  o r  t o  any m e t a l l i c  p a r t i c l e  su r f ace ,  a re . remarkably  
s t a b l e .  A t  l e a s t  you don ' t  f u l l y  ge t  r i d  of them. That monomolecular 
l a y e r  of m a t e r i a l s  s t a y s  t h e r e ,  wel l  beyond the  normal decomposit.ion 
ranges t h a t  one expec ts .  

COMMENT: It i s  even d i f f i c u l t  t o  remove a l l  the  water from the  su r f aces  on 
the  s i l i c o n .  

LANDEL: Plus ,  i f  it is s t e a r i c  a c i d  you a r e  t r y i n g  t o  remove, you a r e  t ry ing  
t o  decompose no t  with an organic  but  with a  metal  o rganic ,  so you a r e  
t r y i n g  t o  decompose a s a l t .  



PARTICLE S I Z E  EFFECTS ON VISCOSITY OF SILVER PASTES --- A MANUFACTURER'S V I E W  

JASON PROVANCE, General ~ a n a ' ~ e r  and KEVIN ALL I SON, M a t e r i a l s  Engineer 

T h i c k  F i l m  Systems, D i v i s i o n  o f  Fe r ro  Corpora t ion  

324 Palm ,Avenue, Santa Barbara, CA 93101 

I .  INTRODUCTION 

The e l e c t r i c a l  performance o f  s i n g l e  c r y s t a l  s i l i c o n  i n  p h o t o v o l t a i c s  
w i t h  t h i c k  f i l m  s i l v e r  fo rming  the t op  m e t a l l i z a t i o n  g r i d  i s  w e l l  documented. 
S i l v e r ,  the  major component, however, i s  o f t e n  taken f o r  granted.  There a r e  
severa l  dozen types o f  s i l v e r  powders commerc ia l ly  a v a i l a b l e  f o r  use i n  t h i c k  
f i l m  s i l v e r  pas te  ( i n k )  systems. The bas ic  p r o p e r t i e s  o f  these powders a r e  
reasonably w e l l  documented. .A study was made t o  c h a r a c t e r i z e  some o f  these 
powders i n  a c t u a l  a p p l i c a t i o n s  and c o r r e l a t e  t h i s  i n f o rma t i on  w i t h  t he  v i s c o s i t y  
and rheolog i c a l  , p r o p e r t i e s  o f  pastes under shear. 

I I .  EXPERIMENTAL 

A. M a t e r i a l s :  Seven commerc ia l ly  a v a i l a b l e  s i l v e r  powders, represen t ing  
a  c ross  s e c t i o n  o f  p q r t i c l e  s i zes  and shapes, were se lec ted  f o r  i n v e s t i g a t i o n  
i n  exper imental  t h i c k  f i l m  conductor pastes.  A g l ass  used i n  commercial s i l v e r  
pas te  composit ions was a l s o  prepared i n  t h r e e  powder s i z e s  f o r  s tudy i n  
exper imental  g l a s s  pastes.  Pastes were prepared by combining these s i l v e r  
and g lass  powders w i t h  an i d e n t i c a l  o rgan i c  screening v e h i c l e  and homogenized 
on a  s tandard t h r e e - r o l l  m i l l .  Organic v e h i c l e s  w i t h  va ry i ng  p r o p e r t i e s  t o  
a d j u s t  paste rheology were f rom the  same f a m i l y  o f  composi t ions.  S o l i d s  con ten t  
was h e l d  cons tan t  a t  8 0 % . f o r  each o f  t he  s i l v e r  and g lass  pastes.  

S i l v e r  pastes were screen p r i n t e d  by s tandard methods, sub jec ted  t o  i n f r a r e d  
d r y i n g  a t  125°C and f i r e d  i n  a  b e l t  fu rnace  a t  850°C. Th is  temperature,  h i ghe r  
than norma l l y  used i n  a c t u a l  c e l l  p roduc t ion ,  was se lec ted  t o  dramat ize p a r t i c l e  
e f f e c t s  on s i n t c r c d  f i 1015. 

B. P a r t i c l e  S ize Analyses: P a r t i c l e  analyses t o  determine p a r t i c l e  , 

s i zes ,  d i s t r i b u t i o n  o f  p a r t i c l e s  and volume popu la t i ons  were performed w i t h  a  
Cou l t e r  Counter, Model TA 11. A 50pm ape r tu re ,  capable o f  accura te  p a r t i c l e  
measurement f rom 0.8 t o  20pm, was se lec ted  as optimum f o r  the  c ross  s e c t i o n  
o f  s i z e s  i nves t i ga ted .  Tap d e n s i t y  da ta  were supp l i ed  by the manufacturers  
o f  the  s i l v e r  powders. 

C .  Scanning E l e c t r o n  Micrographs: Micrographs were prepared. a t  2000X 
w i t h  an AMR, Model 'No. l O O O A  Scanning E l e c t r o n  Microscope. For c o n s o l i d a t i n g  
comparisons, m a g n i f i c a t i o n s  were reduced, as shown i n  t he  f i g u r e s .  

D.  V iscos i ty-Rheology Tes ts :  V i s c o s i t y  measurements were made w i t h  
a  We1 1s- rookf field M ic ro  Viscometer (cone-p la te ) ,  Model HBT, w i t h  a  1 .56S°C cone,. 
Test  temperature was ma in ta ined  a t  2 5 ~ 0 . 2 O C .  Rheolog ica l  p r o p e r t i e s  were 
computed f rom v i s c o s i t y  da ta  t a k e n , a t  shear r a t e s  f rom 1.92 t o  19.20 



r e c i p r o c a l  seconds w i t h  a  Hewle t t  Packard Model 9825T Computer which p l o t t e d  the 
curves  w i t h  a  H.P. Model 7225A P l o t t e r .  

I l l .  RESULTS AND DISCUSSION 

P a r t i c l e  s i z e ,  p a r t i c l e  shape and volume popu la t i ons  have a  s t r o n g  i n f l u e n c e  
on  t h e  rheology,  and thus t h e  screen p r i n t i n g  c h a r a c t e r i s t i c s  o f  s i l v e r  pastes.  
A  change i n  su r f ace  area from a  change i n  p a r t i c l e  s i z e ,  shape o r  popu la t i on  
can cause problems i n  t h e  way the  pas te  p r i n t s  and con tac t s  t h e  s i l i c o n  sur face .  
Incomplete l i n e  t r a c e s  o r  p i n  ho les  can occur  From pastes which do n o t  a l l o w  a 
f u l l - e v e n  p r i n t .  A pas te  w i t h  a  h i g h  v i s c o s i t y  i s  o f t e n  thought  t o  be the  
prob lem source; more l i k e l y ,  a  s teep s lope  o f  v i s c o s i t y  versus shear r a t e  i s  a t  
f a u l t .  That  i s ,  v i s c o s i t y  i s  n o t  responding t o  shear f o r ces  d u r i n g  screen 
p r i n t i n g ,  Conversely,  a p a s t 2 w i t h  a  low v i s c o s i t y  may produce poor  g r i d  l i n e  
q u a l i t y  ( l i n e  w i d t h  and d e f i n i t i o n ) ,  n o t  because o f  abso lu re  v l s c o s i L y ,  bu t  
because o f  a t l a t  o r  sha l l ow  slope. T h i s  type o f  y~4ste  does n o t  f reeze,  nr z e t  
up, q u i c k l y  enough a f t e r  d e p o s i t  o n t o  the s i l i c o n .  

A. P a r t i c l e  Cons idera t ions :  F igures  1 ,  8 and 9  show a  v a r i e t y  o f  s i l v e r  
powders w i t h  d i f f e r e n t  s i z e s  and shapes, i n c l u d i n g  f i n e l y  d i v i d e d  sponge ( B ) ,  
f l a k e  (A, C and E ) ,  s p h e r i c a l  (F) , random shapes (D)  and random p a r t i c l e s  w i t h  
some f l a k e  ( G ) .  A  comparison o f  p a r t i c l e  s i z e  d i s t r i b u t i o n  curves, weight  
pe rcen t  versus e q u i v a l e n t  s p h e r i c a l  d iameter ,  a r e  shown i n  F igures  2  and 3 f o r  
some o f  these powders. Volume popu la t i ons  a r e  shown i n  F igures  4 and 5 .  The 
average p a r t i c l e  s i z e  i s  impor tan t ,  b u t  d i f f e r e n t i a l  volume a long  w i t h  p a r t i c l e  
shape and agg lomera t ion  tendencies ( revea led  i n  the  SEMS) i s  e s s e n t i a l  i n f o r m a t i o n  
i n  s e l e c t i n g  t h e  screening v e h i c l e  and making r h e o l o g i c a l  ad justments  t o  t he  
pas te .  

The p a r t i c l e  s i z e  and d i f f e r e n t i a l  vo1u111e ul: rjlas.3 powdcr, a  minor  bu t  very  
impor tan t  component i n  s i l v e r  m e t a l l i z a t i o n  f o r  a p p l i c a t i o n  on s i l i c o n  c e l l s ,  
can be changed by v a r y i n g  t he  p rocess ing  t i t ~ t t :  f01- p a r t i c l e  r c d u c t i o n .  Th i s  i s  
i l l u s t r a t e d  i n  F igu res  6 and 7 .  A change i r ~  y l d s s  p a r t i c l e  s i z c  w i l l  i n f l u e n c e  
adhesion as w e l l  as pas te  rheology.  I n t e r e s t i n g l y ,  g l ass  p a r t i c l e s  o f  optimum 
s i z e  had n e a r l y  an i d e a l ,  b e l l  shaped popu la t i on .  

8. P a r t i c l e  E f f e c t s  i n  Pastes: S i l v e r  p a r t i c l e s  were a l s o  cha rac te r i zed  
f rom pastes i n  d r i e d  screen p r i n t s  and s i r~L t i r ed  ( f i r e d )  f i l m s  as shown i n  F igu re  
8 fur cliie * i  l v a r  t ypc ,  Powder c l c r s t ~ r z ,  o r  agglorner-ates, tended t o  separaLe 
d u r i n g  m i l l i n g  o f  the  paste,  r e v e a l i n g  t r u e r  sphe r i ca l  p a r t i c i e  shapes I n  the  
d r i e d  ~ r i n t s .  The spheres tended tu r e l a i n  t h e i r  shopcs i n  s i n t e r e d  f i l m s ,  
V a r i a t i o n s  i n  powder l o t s  f o r  t h e  same type  o f  s i l v e r  a r e  n o t  uncommon. F igu re  
9 r evea l s  the e f f e c t s  o f  i nadve r ten t  p a r t i c l e  s i z e  change f o r  s i l v e r  f l a k e .  
T t ~ e  dccep tah le  lnt  ( l e f t  s i d e )  had sma l l e r  and fewer l a r g e  f l akes  than the  un- 
accep tab le  l o t  ( r i g h t  s i d e ) .  T h i s  i s  v e r i f i e d  by the  volume popu la t i ons  I n  
F i g u r e  4 .  Whi le  pas te  p rocess ing  tended t o  f r a c t u r e  and compact f l akes  f rom the  
accep tab le  l o t ,  t he  l a r g e r  and p robab ly  t h i c k e r  f l a k e s  i n  t h e  unacceptable l o t  
r e t a i n e d  these c h a r a c t e r i s t i c s  i n  t he  d r i e d  and s i n t e r e d  f i l m s .  

C.  Paste V i s c o s i t y  and Slope: The v i s c o s i t y  o f  a  l i q u i d  i s  i n f l uenced  by 
a  number o f  extraneous f ac to r s ,  n o t  the  l e a s t  o f  which i s  shear f o r c e .  The 
response o f  a  t h i c k  f i l m  pas te  t o  shear was shown t o  have f a r  g r e a t e r  meaning 
than nominal v i s c o s i t y .  A nominal v i s c o s i t y  can be v i r t u a l l y  meaningless i f  the 



slope, o r  r a t e  of change i n  v i s c o s i t y  w i t h  change i n  shear ra te ,  i s  no t  acceptable. 
This i s  i l l u s t r a t e d  f o r  s i l v e r  pastes made w i t h  Lots  C, E and F powders ( ~ i g u ' r e s  
10 and 1 1 ) .  The v i s c o s i t y  a t  a shear r a t e  o f  9.6 seconds'l f o r  these pastes i s  
near ly  the  same a t  550-600 poise. The v i s c o s i t y  slopes, however, d i f f e r  from 
-0.450 t o  -0.770. Only the  slope from paste made w i t h  Lot  C powders meets a 
p re fe r red  s p e c i f i c a t i o n  from about -0.550 t o  -0.650. O f  the  seven s i l v e r  powder 
types invest igated,  pastes from two l o t s ,  A and C, met slope spec i f i ca t i ons .  
A paste w i t h  a slope below t h i s  range tended t o  g i v e  poor l i n e  d e f i n i t i o n ,  lack ing  
recovery c a p a b i l i t i e s  t o  prevent slumping and moving as i t  was deposited onto  the 
subst ra te  dur ing  screen p r i n t i n g .  A paste w i t h  a slope above t h i s  range tended 
t o  lack  the  necessary f l o w  c h a r a c t e r i s t i c  t o  g i ve  a f u l l ,  even p r i n t .  Th is  con- 
d i t i o n  caused the  paste t o  s k i p  o r  p i n  ho le  dur ing p r i n t i n g .  It was theor ized 
t h a t  i n t ima te  contac t  o f  s i l v e r  p a r t i c l e s  w i t h  the  tex tured sur face o f  c r y s t a l l i n e  
s i l i c o n  could be i n h i b i t e d  dur ing  p r i n t i n g  if improper paste f l o w  occurred. Mesh 
marks were a l s o  a product o f  paste w i t h  a steep slope. 

D. Paste Adjustment: A lower v i s c o s i t y  a t  a g iven shear r a t e  may be achieved 
by a paste user by adding th inner.  This w i l l  lower the  s o l i d s  percent, reduce 
s i l v e r  content and can lead t o  e l e c t r i c a l  and so lder ing  d i f f i c u l t i e s .  While a 
lower apparent v i s c o s i t y  may be achieved w i t h  th inner,  a steep slope w i t h  at tendant  
p r i n t i n g  problems can s t i l l  p e r s i s t .  Large th inne r  add i t i ons  can lower the  
v i s c o s i t y  slope but cause p r i n t e d  l i n e s  t o  sag o r  spread. F igure 12 i l l u s t r a t e s  
,the adjustment o f  a paste w i t h  an abnormal-high slope (-0.863) by blending i n  
'50% of a paste which contained the  same s i l v e r  powders (Type 0) and i d e n t i c a l  
' s o l  ids;  i .e., 80%. Th is  ad jus te  paste had a slope o f  -0.548. An " ideal"  slope I (-0.641) was achieved w i t h  the  b end o f t  pastes wh i l e  main ta in ing  the desi red 

inorganic s o l i d s  content.  The v i s c o s i t y  o f  a l l  th ree pastes a t  a shear r a t e  
o f  9.6 set.-l, the shear r a t e  used when quot ing v i s c o s i t y  t o  the  user, was near ly  
i d e n t i c a l  a t  1000 poise. It was demonstrated from t h i s  phase o f  t he  study t h a t  

h n y  number o f  a l t e r a t i o n s  t o  the  slope could be made t o  achieve optimum p r i n t i n g  
$erformance. Only the organic veh ic le  was changed t o  accommodate the charac ter is -  
; t i cs  o f  t he  s i l v e r  p a r t i c l e s .  

E .  Tap Density:  A c o r r e l a t i o n  of powder tap dens i t y  w i t h  the  slope o f  
v i s c o s i t y  f o r  s i l v e r  pastes i s  shown i n  Figure 13. As tap dens i ty  increases 
the  slope o f  v i s c o s i t y  decreases. There was no apparent c o r r e l a t i o n  between tap 
dens i ty  and v i s c o s i t y  measured a t  a s i n g l e  shear ra te .  

V I .  SUMMARY AND CONCLUSIONS 

P a r t i c l e s  from a v a r i e t y  o f  s i l v e r  powders were inves t iga ted by scanning 
e l e c t r o n  microscopy and p a r t i c l e  s i z e  analyses. P a r t i c l e  s i z e  d i s t r i b u t i o n  
curves and volume popu la t ion  graphs were prepared f o r  these s i l v e r  powders and 
f o r  glass powders w i t h  optimum, e x t r a  f i n e  and coarse p a r t i c l e  s izes.  The v i s -  
c o s i t y  a t  a g iven shear r a t e  and slope o f  v i s c o s i t y  over  a range o f  shea,r ra tes  
were determined f o r  t h i c k  f i l m  pastes made w i t h  these powders. Because o f  
p a r t i c l e  anomalies and va r ia t i ons ,  the  need f o r  f l e x i b i l i t y  t o  achieve the best  
p r i n t i n g  q u a l i t i e s  f o r  s i l v e r  pastes was evident .  I t  was es tab l ished t h a t  p r i n t  
q u a l i t y ,  d r i e d  and f i r e d  f i l m  dens i ty  and optimum contact  o f  s i l v e r  p a r t i c l e s  
w i t h  s i l i c o n ,  important f o r  c e l l  e l e c t r i c a l  output ,  could be achieved by ad jus t i ng  
the slope o f  v i s c o s i t y  t h a t  f e l l  ou ts ide  o f  t he  range, -0.550 t o  -0.650. Th is  was 
accomplished through organic veh ic le  technolagy t h a t  permi t ted  a change i n  the  
slope o f  v i s c o s i t y ,  up o r  down, wh i l e  mainta in ing a constant s i l v e r  and t o t a l  
s o l i d s  content.  



Figure 1 .  Various Powders Used in Silver Pastes 
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Figure 2. Particle-Size Distribution Curves: 
Silver Powders 

Figure 3. Particle-Size Distribution Curves: 
Silver Powders (Cont'd) 



Figure 4. Particle Size of S i t w  Powders: 
Differential Volume 
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Figure 5. Particle Size of Silver Powders: 
Differential Volume (Cont'd) 
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Figure 6. Particle Size Distribution Curves: 



Figure 7. Particle Size of Glass Powders: 
Differential Volume 
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Figure 8. Comparison of Spherical Silver Type F Powder, Dried Print and Sintered Film 
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Figure 9. Comparison of Type A Silver Powders, 
Dried Prints and Sintered Films 
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Figure 10. Viscosity: Silver Pastes 
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Figure 1 1. Viscosity: Silver Pastes (Cont'd) 
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Figure 12. Adjustment of Viscosity Slope 
for Abnormal Silver Paste 
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Figure 13. Relationship of Silver Powder Tap 
Density With Paste Viscosity Slope 
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DISCUSSION 

SCHRODER: When I th ink  of a  metal  semiconductor con tac t ,  I th ink  of a  
phys ica l  c o n t a c t ,  even though t h e  e l e c t r i c a l  contac t  may only be an 
e l e c t r i c a l  or  a  physical  contac t .  But the  physical  con tac t  I th ink  of 
a t  l e a s t  i s  uniform. Now you showed SEM p i c t u r e s ;  i f  you imagined 
looking  a t  t h e  i n t e r f a c e  now of t h a t  pas t e  and the  s i l i c o n ,  what 
f r a c t i o n  do you th ink  of a  given a r e a  i s  phys ica l  con tac t ,  never mind 
e l e c t r i c a l  con tac t ?  Would you kind of guess a t  t h a t ?  I know you can ' t  
look a t  i t .  

YRUVANCE: Well, i t  i s  s t r i c t l y  one where you have t o  t heo r i ze  a. b i t .  You can 
see  what is  happening on the  top and you s o r t  of f l i p - f l o p  i t  over and 
say i s  t h i s  happening on the  bottom, and you have t o  assume t h a t  yes ,  t 0  
some e x t e n t ,  i t  i s .  I f  on top you see  a  l o t  of i r regular-shaped ' 

mountains, peaks, and v a l l e y s ,  then you have t o  assume t h a t  t he  same 
th ing ,  t o  perhaps a  l e s s e r  e x t e n t ,  i s  happening on the  bottom. The 
degree of phys i ca l  con tac t ,  I wouldn't want t o  hazard a  guess ,  I ' m  not  
r e a l l y  s u r e ,  bu t  i n  theory the  more compact t he  p a r t i c l e s  a r e  and the  
more these  p a r t i c l e s  a r e  separa ted ,  and deagglomerated, t he  g r e a t e r  the  
con tac t  would be. 

GALLAGHER: I f  I may add t o  t h a t :  . i n  t h e  s i l v e r  system, you can e t c h  the  
s i l v e r  away and you end up with the  g l a s s .  You can look a t  t h a t ,  and we 
have done i t  on a  Spectrolab con t r ac t .  One th ing  you a r e  r e a l l y  not  
s u r e  o f ,  however, i s  t h a t  g l a s s  touching the  su r f ace ,  but you can end up 
with t h e  f o o t p r i n t  of t he  glaoo. 

QUESTION: What d i d  you see?  

GALLAGHER: Depending upon the  composition of the  s t r u c t u r e ,  and t h e  amount of 
g l a s s  t h a t  i s  added t o  i t ,  you can see  g r e a t  d i f f e r ences  i n  -- 1 have 
two gentlemen he re  who saw the  same SEM p i c t u r e s  t h a t  I did.  They were 
taken by Fe r ro ,  by the way, and I would guess over 30% t o  40% of t he  
a r ea  a t  the  most was g l a s s ,  the  r e s t  metal .  

QUESTION: Was i t  phys i ca l ly  contacted? 

GALLAGHER: It was phys i ca l ly  contacted.  

QUESTION: And then the  e l e c t r i c a l  maybe even l e s s ?  

GALLAGHER: I have no idea .  We a t  t h a t  p a r t i c u l a r  time formulated some 
s t r u c t u r e s  t h a t  had 5%, 10% and 15% of the  t o t a l  weight a s  g l a s s .  

PROVANCE: The g l a s s  p l ays  two r o l e s ,  o r  a t  l e a s t  two r o l e s .  One, of course,  
i s  t o  achieve t h e  adhesion, and the  second th ing ,  which i s  o f t e n  over- 
looked, i s  t h a t  g l a s s  r e a l l y  i s  an a i d  t o  s i n t e r i n g ,  w i th in  a  c e r t a i n  
amount of g l a s s .  In  o ther  words, too much or  not  enough and you can 
have problems. There i s  t h e  th ing  of opt imizing j u s t  the r i g h t  amount 
of g l a s s  and the  r i g h t  formulat ion of g l a s s  f o r  t h a t  p a r t i c u l a r  task .  



HOGAN: We have done p r e t t y  much the  same kind of t h ing ,  looking a t  t h e  s e r i e s  
r e s i s t a n c e  a s soc i a t ed  with g l a s s  con ten t ,  metal  conten t  and o t h e r  
t h ings ,  us ing  the  same technique o r  perhaps t he  same technique,  which i s  
a  mercury amalgamation where you can remove t h a t  s i l v e r .  We have 
discovered, .  no t  q u i t e  t h a t  h igh ,  more i n  t h e  range of 20% t o  30%, a reas  
t h a t  a r e  no t  glass-covered between the  con tac t s .  That does no t  mean 
t h a t  t he  s i l v e r  i s  even phys i ca l l y ,  much l e s s  e l e c t r i c a l l y ,  i n  contac t  
with t h a t  a rea .  It i s  r e a l l y  hard t o  say what t he  e l e c t r i c a l  coverage 
i s .  The i n t e r e s t i n g .  t h ing  i s ,  we d id  some HF e t ch ing  i n  experimental  
work and found t h a t  improvements were e n t i r e l y  a s soc i a t ed  with t h e  e t c h ,  
so  t h a t  a l though t h e r e  i s  a  d e n d r i t i c  n a t u r e  t o  t h e  s t r u c t u r e ,  t h e  
ma jo r i t y  of t he  improvement was due t o  an e t ch ing  along t h e  edges of t h e  
contac t  -- thereby,  we assumed, increaqing  t h e  s i l v e r  con tac t  t h e r e ,  t h e  
e l e c t r i c a l  con tac t .  It br ings  up a  po in t  I wanted t o  make: I t h ink  a  
very important s tudy has  t o  be made wi th  t h i s  i n t e r f a c i a l  a r e a  between 
s i l i c o n  and the  th ick- f i lm inks .  Contrary t o  many mic roe l ec t ron i c s  
a p p l i c a t i o n s ,  where you a r e  p u t t i n g  i t  on an aluminum s u b s t r a t e ,  you a r e  
no t  concerned very much about what t h e  e l e c t r i c a l  p r o p e r t i e s  a r e  between 
the  s u b s t r a t e  and t h e  meta l ,  but he re  we a r e  very concerned about those 
k inds  of th ings .  The ques t ion  I had, though, was what percentage of t h e  
manufacturers  do you f e e l  a r e  doc tor ing  the  i nks ,  you know, when you 
were t a l k i n g  about communications? Is t h a t  a  problem f o r  manufacturers  % ,  

.of the  i nk  products?  

PROVANCE: Do you mean which ones do and which ones d o n ' t ?  

HOGAN: Yes. 

PROVANCE: I don ' t  know which ones w i l l  admit i t  but  I w i l l  t e l l  you r i g h t  now 
t h a t  t he re  i s  no one i n  bus iness  today making th ick- f i lm formulat ions 
t h a t  don ' t  have some way of making these  m a t e r i a l s  behave. The l e s s e r  
of the  two e v i l s  i s ,  don ' t  change the  inorganic  composition, change the  
organic  p a r t ,  t h e  p a r t  t h a t  burns o u t ,  and make these  m a t e r i a l s  behave, 
p a r t i c u l a r l y  t h a t  s lope .  Anyone t h a t  i s  no t  doing t h a t  would have an 
awful problem out i n  t he  f i e l d  because,  a s  I say ,  t he se  powders a r e  
somewhat l i k e  f i n g e r p r i n t s .  No two s e t s  a r e  i d e n t i c a l .  You can make 
them p r e t t y  c l o s e ,  but you a r e  going t o  have v a r i a t i o n s  from time t o  
t ime,  and I don ' t  th ink  t h e r e  i s  any way of determining i f  they were 
abso lu t e ly  i d e n t i c a l .  The same number of p a r t i c l e s ,  t h e  same shape, 
same s i z e ,  same volume popula t ion ,  you wouldn't  know i t .  In  o the r  
words, t h e r e  i s  no way of de f in ing  t h a t  p r e c i s e l y ,  whether you have t h e  
exac t  same number of p a r t i c l e s  a t  a  given s i z e .  So I would say t h a t  
everyone has h i s  methods of making these  m a t e r i a l s  behave out  i n  t he  
f i e l d .  

GALLAGHER: How d i d  you des igna t e  t he se  powders a s  A, B,  C and D ?  

PROVANCE: Those a r e  i n t e r n a l  des igna t ions  t h a t  we use.  

GALLAGHER: But what d i d  you use a s  your c r i t e r i a . f o r  say ing  t h i s  i s  powder A, 
B o r  C? Are they a l l  made the  same way and they came ou t  -- 

PROVANCE: It was s o r t  of which one came through the door f i r s t .  That was A 
and B. There was no rhyme or  reason,  we simply gave the  them a  l e t t e r  
des igna t ion  f o r  purposes of i d e n t i f y i n g  them. 



GALLAGHER: But they were supposedly made the same way and they were supposed 
to have the same characteristics? 

PROVANCE: Yes, of a given type. The letter number designated the different 
type -- 

GALLAGHER: I meant E was supposedly made the same as B, supposedly made the 
same as C -- they were all spheres? 

PROVANCE: Oh, no. A, B, C, D, E, F and G were all different types of powders 
but we showed one example, supposedly the same type of material from two 
different lots, and found that indeed they weren't the same. We find 
that with whatever letter it was or whatever type of silver, the 
materiais do change from lot to lot. Sometimes dramaticaiiy, sometimes 
a little bit but always enough to change, if not absolute viscosity a k  
one shear rate, the slope of viscosity. And that is what we put the 
emphasis on in trying to adjust that slope back so that the materials 
will handle the same on a screen printer. 

R; VEST: The question was asked a little earlier about how much metal is in 
contact. That's really not a good question, because it depends on the 
processing. If you have a printed conductor such as we are talking 
about here, the amount of glass that is in contact with the substrate as 
opposed to how high a temperature and how long you fire it -- in, 
general, if you fire h'igh enough and long enough, you will end up with a 
continuous glass film under the conductor, so you have no metal contact 
with the substrate. So this is another question that you have to ask: 
not only how much is in contact, but how much is in contact when we 
process this particular ink at this temperature for this time. Then it 
is a reasonable question. 

I have one other question. In addition to your .slope, you also pick a 
value at 9.6. 1 didn't catch what that value was, and why did you pick 
9.6? 

PROVANCE: That happens to be the mid-point of the five shear rates that we 
used, and it was simply a matter of convenience. That is what we show 
in our literature. Almost all thick-film paste manufacturers have a 
viscosity specification, and it obviously has to be taken at one shear 
rate. Ao a matter of oonvonionce, w4 picked the midpoint of t h ~  five 
that we used, and quote that in our literature. I am the first to admit 
that that number can be very misleading if you don't have the entire 
picture of what happeps when you shear the material. 

R. VEST: What is the range you shoot for at 9.6? 

PROVANCE: In the case of conductor pastes, it varies per application and type 
of metal.. In the example I will use, if' yau are going to go a large 
screen, such as in the use of making optoelectronic displays, gas- 
discharge displays, the customer works with large sheets of glass. We 
found from experience. that the squeegee material that pushes the paste 
through the screen is going to be different than it is on' a smaller 
screen. In microelectronics, most of our pastes are tailored to a 
relatively small screen, 12-inch-square or. smaller, for small devices. 



But on a  l a r g e  sc reen ,  we have found t h a t  you need an abso lu t e  v i s c o s i t y  
of about 600 po i se  where on a  small  sc reen  you need more l i k e  900 t o  
1000 poise .  So a t  midpoint i t  v a r i e s  wi th  t he  a p p l i c a t i o n ,  and q u i t e  
hones t ly ,  t h e  technology i n  s o l a r  c e l l s  i s  considered sodiewhat s e c r e t .  
Our customers w i l l  sometimes communicate back t o  us and sometimes they 
won't. More o f t e n  than n o t ,  i f  they have a  p r i n t i n g  problem and w e  a r e  
brought i n  and can see  what they a r e  doing,  we can c o r r e c t  i t  simply by 
a d j u s t i n g  t h e  organic  veh ic l e  so  i t  w i l l  p r i n t  r e g a r d l e s s  of what s i z e  
sc reen  they a r e  us ing  o r  what type of squeegee m a t e r i a l  they a r e  using. 

SOMBERG: Would you ca re  t o  comment about t h i s  previous po in t  I brought up 
about t h e  presence of o rganics  i n ,  say,  s o l a r - c e l l  f i r i n g ,  being aware 
of t h e  f a c t  t h a t  i t  i s  sp ike- f i red  but  i t  does go through a  burnout?  
Other than meta l  s t e a r a t e s ,  t h ings  l i k e  t h a t ,  would you comment about 
t he  presence o r  absence of o rganics  through t h a t  burnout phase, say 
through 550° t o  600PC? 

PROVANCE: In t h e  e a r l y  going (ceramics) ,  and i n  t he  e a r l y  going of s o l a r  c e l l  
manufacture (we a r e  t a l k i n g  about maybe four  o r  f i v e  years  ago) I was a  
nonbel iever  t h a t  you could achieve s i n t e r i n g  and maximization of 
adhesion when you peak f i r e  a t  60 t o  120 seconds. I saw these  r e p o r t s  
coming, most of them JPL-sponsored, and I s a i d  no way can you make t h i c k  
f i lm  work, because I have been i n  t h i s  bus iness  f o r  20 years  and we 
thought w e  d id  a  marvelous th ing  when we came from 9800C down t o  
850°C and brought t h e  cyc l e  time down from one hour t o  25 minutes.  I 
became a  b e l i e v e r  when we went out  i n t o  t h e  f i e l d  t o  one of our 
customers and p r i n t e d  some p a r t s  and s e t  up -- i n  f a c t ,  we turned the  
furnace  on f o r  them. A strange-looking furnace ,  t h i s  I R  furnace ,  which 
you tu rn  on l i k e  a  l i g h t  bulb;  i t  i s  unconvent ional ,  compared wi th  t h e  
s tandard  type of furnace,  and wi th in  an a f t e rnoon  I was convinced t h a t  
t h e r e  was indeed something t o  t h a t ,  because I r e c a l l  I s e t  up t h r e e  o r  
four  p r o f i l e s  from about 500° t o  700°c wi th  d i f f e r e n t  t imes,  and one 
of t h e  e a r l y  t e s t s  which i s  s t i l l  used was simply f o r  adhesion,  p u t t i n g  
Scotch t a p e  down and pu l l i ng  i t  o f f .  Before t he  a f te rnoon was over ,  I 
could s ee  t h a t  i t  was c e r t a i n l y  passing t h e  Scotch-tape t e s t  and i t  
appeared t o  be a  r a t h e r  dense f i lm.  We subsequent ly  went on t o  s tudy  
th ick- f i lm r e s i s t o r s .  In  f a c t ,  four  weeks' ago I was i n  Da l l a s  g iv ing  a 
t a l k  on p r ~ p e r t i e s  of thick-f i lm r e s i s t o r s  f i r e d  i n  an I R  furnace ,  going 
from t h e  convent ional  25- t o  30-minute cyc l e ,  down t o  4, 5 and 6 
minutes ,  which i s  s t i l l  long by s o l a r  c e l l  s tandards  bu t  much f a s t e r  
than convent iona l  t h i c k  fi lm. I c a n ' t  d i s ag ree  wi th  D r .  S t e i n  t h a t  
t h e r e  i s  obvious ly  something t rapped i n  t h e r e ,  but  i t  i s  a  n e g l i g i b l e  
amount, we f e e l ,  because r e s i s t o r s ,  e s p e c i a l l y ,  a r e  very s e n s i t i v e  t o  
th ick- f i lm process ing .  In t h i s  p a r t i c u l a r  s e r i e s  we developed a  TCR 
( tempera ture  c o e f f i c i e n t  r e s i s t a n c e )  of 0  t o  40 p a r t s  per  m i l l i o n ,  and 
anything t h a t  i s  no t  r i g h t  w i l l  o f f s e t  and c r e a t e  an imbalance s o  t h a t  
you c a n ' t  ach ieve  th is -  Obviously, we a r e  t rapping  something when we 
f i r e  i n  60 seconds o r  120 seconds. I am no t  s u r e  t h a t  anyone has  
measured j u s t  how much. A rough measure would simply be t o  t ake  a  
weight wi th  a  f i n e  balance t o  f i v e  o r  s i x  p laces  and f i r e  i t  and weigh 
it again.  I am not  s u r e  t h a t  w i l l  c l e a r  up t he  mystery,  because t h a t  
s t i l l  might n o t  be accu ra t e  enough t o  say j u s t  how much i s  coa t ing  those  
p a r t i c l e s .  It i s  p r e t t y  d i f f i c u l t  t o  imagine t h a t  you a r e  indeed 
burning ou t  an o rgan ic  binder  i n  a  mat te r  of a couple  of minutes.  When 



you consider the shape of those particles, the little crevices and so 
many places to have binder trapped in there, it is pretty difficult to 
imagine that you are burning it out clean. Just how much remains, I 
don't think we know. That is probably something that should be looked 
into. 

WEAVER: Being a field test engineer and not understanding all of this, I was 
wondering if you used'the glass frit, what would happen if you used, say 
carbon fiber in there with them, because it is more conductive? Would 
that be detrimental or beneficial, or it wouldn't make any difference? 

PROVANCE: Well the glass frit is used to help the sintering processes as well 
as adhesion.. The fiber might help the electrical properties, but you 
wouldn't get any adhesion benefit from it, or sintering values. 

STEIN: There was a question raised before, I think it was from Ll~e man from 
SERI, about the possible modifications to the inks, and it was 
interpreted as being modifications that the paste manufacturers could 
make. I would like to suggest also another kind of modifica,tion that we 
have encountered which is done by the customers, and it is highly 
secret. But basically, in a number of instances we know that people are 
throwing all sorts of things into the silver pastes on the solar-cell 
user side. These can have rather dramatic effects. I will give you an 
illustration. In Europe, some of our customers used one of our silvers, 
which fires up in the 830° to 8500C region, and it is a totally 
different system and they insist they like it a lot better than this 
low-temperature stuff that might peak-fire at 7000 + 20. We know that 
they throw in titanium, in one instance, we know that some others throw 
in tantalum9 we know that a number of other things are used. Coming 
back then to the basic question of what happens at the interface? Is it 
a glass contact in part and a silver contact in part? There has to be 
an interaceion betweelk the silver and the silicnn, there has to be some 
ditfusion to get  guud electrical contact. There are probably doping 
effects due CO chese additives, and thcre are very likely new compounds 
formed at the interfaces, so it is a rather complex picture and it is 
not an easily answered question. We therefore offer a variety of 
silvers containing, let's call it dopants, or sintering aids. In fact, 
if anybody wants it, I am sure that Thick Film Systems or Electro 
Science Labs will custom-make something with any garbage you want put in 
it, because we don't understand it. 

HOGAN: That was really the intent of my question, because I know it is very 
easy for a silicon-cell manufacturer LO add a little liquid boron dopant 
to the silver ink aud thi!~k that  i3 going to do snmething fo r  his 
contact. It may or may not. I was just wondering what kind of problems 
you got into as a manufacturer in trying to straighten out somebody's. 
printing problem when Lord only knows what is in your ink after it's 
gotten into the plant? 

PROVANCE: That is a big problem and as Sid (Stein) says, we will make 
anything anybody wants. Actually, the manufacturer of the thick film 
formulation' is better equipped and better able to do that because the 
fine tuning of the screening characteristics as well as the electrical 
properties can best be done by the person that is making this material. 



Once the material is out in' the field and altered, it may be altered to 
achieve a certain physical benefit in the screen printing,, oz some , 

electrical property, but it could be creating other problems. When a 
customer does alter these materials, it is generally over a period of 
time and he has also learned to live with altering this and he makes it 
work, one way or another. What we are saying is, it is very likely that. 
the thick-film paste manufacturer would be able to achieve this in a 
shorter period of time and guarantee that it would work time and time 
again. 

AMICK: Do you have any limits, then, to what you would accept in the way of 
initial ink? Because you know you can tailor that by making up 
combinations of different binders and then blending, to come within 
specifications. Are you saying you don't really have any criteria for 
the original selection? 

PROVANCE: Yes. You can live with a certain amount of variation, from time to 
time, but you can't live with a fired surface that is rough and does not 
hold line definition. In all cases, all of these powders either 
experimentally or in production get made into a paste and with full 
quality control. What we try to do is weed out, as I mentioned earlier, 
a disaster where you commit several thousand grams of material, or more, 
to a batch of material only to find that you have made a mistake. You 
might call it an early warning system. Yes, there are limits as to what 
we would use. In fact, if the differences between powders are gross, 
which they were with lot A, shown in the slide, that particular 
unacceptable lot never make it to manufacturing. What we are looking 
for is tailoring the small differences, relatively small differences, 
yet important differences to the slope as well as to the viscosity at a 
standard shear rate. Yes, there are limits. The use of the vehicle 
technology, you might say, is a fine-tuning instrument to make the 
material behave, that misbehaves in the particle state. 

NAZARENKO: Just to expand on what was just said, we are constrained on the 
type of vehicles we can use because the materials are selected so that 
they offer clean burnout. We try to design the materials so there'are 
no residual carbons or other types of impurities left after the burning 
cycie. Functional groups on the vehicle will dictate how efficiently 
these materials are going to be burned out. So there are some limits. 

PROVANCE: These binders do burn out rather rapidly and the principle 
deterrent to them burning out clean, as Sid Stein said, was the fact. 
that you have to watch that you are not melting the glass or sintering 
the particles to the extent that you capture and 'freeze these in'. But 
most of theoe materials have'been well researched down through the last 
three, four or five years and the organic "ehicles are better than what 
they were eight or 10. o r  15 years ago. They do burn out pretty quickly 
so you can, even in conventional firing, come up rather sharply and burn 
those materials out in a conventional furnace in seven or eight . . 

minutes. The old profiles, and I am talking 10, 12 or 15 years aso,  ' 

used t o  como up and level off at >UUUc and then come on out just to 
get rid of the binder. It is no longer necessary to do that. 

AMfCK: Does anyone do microcombustion analysis now to find out how much 
carbon there is left after binder burnout? 



S T E I N :  We do t h a t .  

S T E I N :  The comment I made e a r l i e r  was n o t  r e l a t e d  t o  t h e  b u r n i n g  o u t  of  t h e  
v e h i c l e ,  which can b e  hand led .  It was r e l a t e d  t o  t h e  o r g a n i c s  t r apped  
o r  c o a t e d  on t h e  s u r f a c e  of t h e  s i l v e r  p a r t i c l e s  a s  J a y  (Provance)  o r  
anybody e l s e  r e c e i v e s  them. I f  t h e y  a r e  p r e c i p i t a t e d  p a r t i c l e s ,  
p r e c i p i t a t e d  i n  tfie p r e s e n c e  of  a  p r o t e c t i v e  c o l l o i d ,  p r e c i p i t a t e d  i n  
t h e  p r e s e n c e  of an o r g a n i c  a c i d  w i t h  a  ca rboxy l  group o r  p r e c i p i t a t e d  i n  
t h e  p r e s e n c e  of  some o t h e r ,  heaven f o r b i d ,  h a l o g e n a t e d  o r  s u l f o n a t e d  o r  
o t h e r  k ind  of  a c t i v e  chemical  group.  That  i s  v e r y  d i f f i c u l t  t o  g e t  r i d  
of  and t h a t  i s  p r e s e n t  i n  an ex t remely  minu te  amount b u t  i t  can a f f e c t  
t h e  s i n t e r i n g  r a t e s .   hat i s  what I was t a l k i n g  abou t .  

PROVANCE: That Ps a v e r y  .good p o i n t ,  and w h i l e  I d o n ' t  want t o  . d i s c u s s  
exact1.y how w e  do t h i s ,  we do make a  t e s t  f o r  j u s t  t h a t  s o r t  of t h i n g  t o  
keep  our  s u p p l . i e r s  of  powd'ers h o n e s t ,  yoit m i g h t  say. So wc do h a v  some 
l i m i t s  on what we w i l l  a c c e p t  i n  t h e  way o f . c o a t i n g s  t h a t  may o r  may n o t  
b e  on t h o s e  p a r t i c l e s  a s  we r e c e i v e  them because  t h a t  can have an 
overpowering i n f l u e n c e  dn how t h e s e  m a t e r i a l s  s i n t e r  a s  w e l l  a s  how our  
o r g a n i c  v e h i c l e s  a r e  go ing  t o  work. 
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Th i s  paper presents  t h e  r e s u l t s  o f  e f f o r t s  t o  produce a  n o n s i l v e r  m e t a l l i z a -  
t i o n  system f o r  s i l i c o n  p h o t o v o l t a i c  c e l l s .  The system uses a  m e t a l l i z a t i o n  
system based on molybdenum, t i n ,  and t i t a n i u m  hydr ide.  The i n i t i a l  work i n  
t h i s  system was done us ing  t h e  MIDFILM process. The MIDFILM process a t t a i n s  
a  l i n e  r e s o l u t i o n  comparable t o  p h o t o r e s i s t  methods w i t h  a  process r e l a t e d  
t o  screen p r i n t i n g .  

The sur face  t o  be processed i s  f i r s t  coated w i t h  a  t h i n  l a y e r  o f  photopoly- 
mer m a t e r i a l .  Upon exposure t o  u l t r a v i o l e t  l i g h t  th rough  a  s u i t a b l e  mask, 
t h e  polymer i n  t h e  non-pat tern area c r o s s l i n k s  and becomes hard. The unex- 
posed p a t t e r n  areas remain tacky.  The conductor m a t e r i a l  i s  then  a p p l i e d  
i n  t h e  form o f  a  d r y  m ix tu re  o f  meta l 'wh ich  adheres t o  t h e ' t a c k y  p a t t e r n  
area. The assemblage i s  then f i r e d  t o  ash t h e  photopolymer .and s i n t e r  t h e  
conductor powder. 

Several  composit ions o f  powders were used i n  t h i s  research, t h e  composit ions 
a r e  i d e n t i f i e d  as f o l l ows :  

TYPE Mo T i  Sn f r i t  

The f r i t  used was a  Pb /bo ros i l i ca te  glass. 

I n i t i a l  work us ing  t h e  MIDFILM process was done u s i n g  o n l y  t y p e  A paste. It 
was found t h a t  t h i s  r e s u l t e d  i n  c e l l s  w i t h  a very  h i g h  s e r i e s  resistance. 
If t h e  c e l l  was then  p l a t e d  t h e  c e l l  improved. To decrease t h e  s e r i e s  
r e s i  stance a  screen p r i n t e d  process was i nves t i ga ted .  The metal  powders 
were formulated i n t o  sc reenp r i n t i ng  pastes by Thick F i l m  Systems u s i n g  t h e  
same v e h i c l e  used i n  s i l v e r  pastes. A f t e r  s c r e e n p r i n t i n g  t h e  c e l l s  a r e  
f i r e d  i n  a i r  i n  an I R  b e l t  furnace t o  burn o f f  t h e  o rgan i c  components o f  
t h e  veh ic le .  The c e l l s  a r e  then s i n t e r e d  i n  a  pure  hydrogen atmosphere. 



Paste  t ypes  A&F gave t h e  bes t  r e s u l t s .  C e l l s  were f i r e d  a t  500-550°C a t  a  
b e l t  speed o f  18"/min. th rough  a  heated zone of 18". The m e t a l l i z a t i o n  has 
a  b lue-g rey  c o l o r  which becomes m e t a l l i c  l o o k i n g  a f t e r  t h e  hydrogen s i n t e r -  
i ng .  S i n t e r i n g  was done a t  600°C f o r  90 seconds. F igures  13-16 show a  
t y p i c a l  Mo/Ti c e l l  as compared t o  a  s i l v e r  c e l l  ( n e i t h e r  a r e  AR coated) .  
C e l l s  produced by t h i s  method pass tape  p u l l  t e s t s  bu t  a r e  d i f f i c u l t  t o  
s o l d e r  t o  w i t h o u t  removing t h e  metal  1  i z a t i o n .  S i  n t e r i n g  f o r  l onge r  t imes  
a t  h i ghe r  temperature enhances adhesion bu t  increases s e r i e s  r e s i s t a n c e  t o  
unacceptab le  values. 

Severa l  d i f f e r e n t  c l e a n i n g  procedures p r i o r  t o  sc reenp r i  n t i n g  were t r i e d  i n  
an a t tempt  t o  i nc rease  adhesion. F i gu re  '17 shows t h e  procedures.  A l l  
p rocedures worked e q u a l l y  w e l l  ( o r  p o o r l y ) ,  procedure D i s  now used rou t i ne -  
l y  and success fu l l y  f o r  s i l v e r  m e t a l l i z a t i o n  c e l l s .  

C O  was used i n  p l ace  o f  hydrogen as t h e  reduc ing  gas i n  ano ther  experiment. 
The c e l l s  had much h i g h e r  s e r i e s  r e s i s t a n c e  as seen i n  f i g u r e  20. Adhesion 
between t h e  m e t a l l i z a t i o n  and t h e  s i l i c o n  was improved b u t  p a r t i c l e  t o  par- 
t i c l e  adhesion appeared t o  degrade. So lder ing  t o  t h e  c e l l s  was imposs ib le  
under a l l  c o n d i t i o n s .  

I n  t h e  nex t  s tudy wafers  were coated w i t h  ind ium t i n  ox i de  ( ITO) p r i o r  t o  
m e t a l l i z a t i o n .  The IT0  was a p p l i e d  by r e a c t i v e  s p u t t e r i n g  by App l ied  F i l m  
Labs Inc .  The t h i ckness  v a r i e d  f rom 512 t o  783A w i t h  an index  o f  r e f r a c t i o n  
o f  1.95. The r e f l e c t e d  c o l o r  v a r i e d  w i t h  i n c r e a s i n g  t h i ckness  as f o l l o w s :  
green bronze, bronze, pu rp l e ,  b lue.  The c e l l s  were reduced u s i n g  hydrogen 
a t  600°C. The hydrogen f i r i n g  a l s o  reduced t h e  I T 0  caus ing  a m i l k y  appear- 
once on t h e  c e l l s .  A i r  f i r i n g  o f  t h e  c e l l  brought  back some o f  t h e  c o l o r  
o f  t h e  f i l m  and improve c e l l  performance as i s  shown i n  t i g u r e  25. Al lempt 
t o  f i r e  t h e  c e l l s  sat 650°C l e d  t o  severe shunt ing,  f i g u r e  24  and 25. The 
p a r t i c l e  adhesion f o r  t h e  I T 0  c e l l s  was s t i l l  n o t  adequate f o r  so l de r i ng ,  

F u t u r e  work wll  l i r ~ c l u d e  s e q u e r ~ l i a l  use o f  hydrogen and CO, and lrse o f  o ther  
. . pas te  a d d i t i v e s .  

.. . 
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Figure 4. Metallization.Paste Formulations 
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Figure 5. Initial Effort I 
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Figure 9. Initial Effort Ill 
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Figure 1 0. Firing Sequences 
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Figure 12. Initial Optimization of Paste A 



Figure 13. Front Metallization Pattern 
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Figure 1 5. 



Figure 16. Mo-Sn versus Ag 
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Figure 1 7. Cleaning Procedures 
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Figure I 8. Problems 



Figure 19. CO as Reducing Gas 
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Figure 2 1 . 



Figure 22. IT1 Results 
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Figure 24. 
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Figure 2 7. Discussion 

Figure 28. Future Work 
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DISCUSSION 

SOMBERG: Did you try any without titanium hydride? 

GARCIA: In this study we have not tried them without the titanium hydride. 
In the mid-film work we did try some without titanium hydride and the 
results were terrible compared with the ones that did have a little 
titanium hydride. 

SOMBERG: My other question is: when you soldered to the cell, you said there 
was failure. Were you able to tell where failure was occurring? 

GARCIA: It failed in different ways. In cells that were fired in hydrogen, 
the failure was between the metallization and the silicon. It appeared 
to just come straight off the silicon. When it wac fired in carbon 
monoxide you divoted the silicon but you didn't get particle-to-particle 
adhesion; it wasn't very good. It appears you were just making contact 
with 3 couple of particlc~ nnd pull.ing thosc out of thc silicon, but the 
particles were not sticking to one another. There wasn't much congruity 
to the metallization. 

LAVENDEL: I might comment on the function of titanium hydride in your 
system. ~elieve it or not, I am going back to a problem that I had once 
with armors.. Quite a distance between armors and solar cells, but the 
problem we were trying to solve at that time was to get to a structure 
that would be composed of aluminum oxide particles or plates built 
together with very thin metal films, and lo.and behold, one of the best 
systems was tin titanium hydride. It is because, at these temperatures 
that you mentioned, titanium hydride decomposes; titanium dissolves in 
tin and you have a liquid metal that wets and bonds to the ceramic 
surface, oxide ceramic surface. You say that in the case of hydrogen 
firing, you don't get a good adherenee of your rnetallizatior~, of bor~ds 
of your rnetolli~ation to oilieon. I weuld propose that you don't get it 
because you have a very clean silicon surface. If you had traces of 
silicon oxide on it, then you have that tin-titanium liquid wetting the 
surface and bonding. If you remove the oxide completely, you don't have 
bonding. If you use carbon monoxide, you would probably restore very 
thin oxide film on your silicon and you restore bonding. 

CARCIA: Well, one thing we did try was no cleaning at all, which I would ' 

assume would leave some oxide on the cell. That didn't help. We also 
tried putting a big oxide on there by just dipping the solar cells in 
hydrogen peroxide. I was u o t  s u r e  i1 LhaL wuuld put oxide on, but I 
thought it might. That didn't help either. So I am not sure that was 
the problem. 

BEAVIS: Of course when you put it in hydrogen like that, if it is really pure 
hydrogen, w11aL l~appetis is LhaL the oxide reduces, because chere is oxide 
there anyway in the beginning. Have you tried any with putting water -- 
in other words,'wet hydrogen? That will certainly keep the silicon in 
the oxidized state. I am not sure wha't the free energies for tin oxide 
are, I don't remember right off hand, but it would certainly keep the 
silicon oxide on the surface if you have water in it. 



GARCIA: We have not  , t r i e d  t h a t .  

BEAVIS: That i s  a  c l a s s i c  way, by t h e  way, of doing those  s o r t s  of th ings .  
It i s  j u s t  wet hydrogen. 

BICKLER: Bernd Ross had concluded t h a t  i t  i s  the  hydrogen occupying t h e  f r e e  
s i l i c o n  s i t e s  and prevent ing  the  chemical bonding t o  t h e  s i l i c o n ,  i t  i s  
not  t he  l ack  of t he  oxide,  carbon monoxide i s  s u f f i c i e n t l y  reducing t o  
handle t h a t  aspec t  of t h e  t h ing  but i t ' s  occupancy of s i l i c o n  s i t e s  by 
hydrogen, q u i t e  s i m i l a r  t o  some of t he se  hydrogen involvements with 
s i l i c o n  we a r e  s ee ing  i n  pol .ycrystal . l ine c e l l s .  

.BURGER: I f  I remember t he  o r i g i n a l  work wi th  t he  moly-tin systems, wasn ' t  
t h a t  molybdenum pentoxide and t i t an ium r e s i n a t e  with pure t i n ?  

GARCIA: I am no t  aware of t h a t .  I d i d n ' t  worry about t h a t .  

GALLAGHER: In  t he  o r i g i n a l  Midfilm program, we used both moly t r i o x i d e  
and moly metal .  

GARCIA:  This wasn't  a t  t he  end of t he  Midfilm c o n t r a c t .  

GALLAGHER: That i s  t he  one we a r e  t a l k i n g  about ,  where we used molymetal and 
molyt in .  

GARCIA: yes ,  we d id .  But we d i d n ' t  use a  r e s i n a t e .  

GALLAGHER: Yes, t he re  was a. r e s i n a t e  i n  i t .  

GARCIA:  here. was ? Maybe. 

,WONG: I have a ques t ion  f o r  Don (B ick l e r ) .  This w i l l  c l e a r  up my mind on t h e  
. L hydrogen bus iness .  Are you saying t h a t  t h e  f r e e  su r f ace  of t h e  s i l i c o n  

has a  l o t  of dangl ing bonds and the  hydrogen wants t o  s a t i s f y  those  
dangl ing bonds? -And becomes s t a b l e  s o  t h a t  i t  won't r e a c t  any more wi th  
o the r  -- 

BICKLER: That i s  t he  understanding t o  da t e .  

AMICK: I .would t h ink  t h a t  p i c t u r e  a t  600° i s  very u n l i k e l y  because 
amorphous s i l i c o n  goes t o  p ieces  a t  something l i k e  500° and you l o s e  
t he  hydrogen a t  t he  s u r f a c e  even down a t  400° i n  f i r i n g .  

BICKLER: Well ,  it: gves through a l l  the temperatures  i n  t he  furnace.  ' It i s  
s t i l l  i n  t h e  hydrogen atmosphere a s  i t  comes back ou t .  

AMICK: But a t  t he  time you a r e  a c t u a l l y  t r y i n g  t o  form t h e  bond, i t  i s  a t  
high temperatures .  

GALLAGHER: Well, a c t u a l l y ,  Bernd Ross d i d  some nuc l ea r  resonance s t u d i e s  wi th  
SUNY wherein he no t  only showed t h a t  hydrogen had taken ca re  of dangl ing 
bonds a t  the surface b u t  .there was a c t u a l l y  hydrogen wi th in  t h e  
s t r u c t u r e  t o  some depth. Depth be ing  i n  Angstroms. 



AMICK: Af te r  you come,back down t o  room temperature,  I can be l i eve  the  
hydrogen was i n  t h e r e ;  t he  ques t ion  is;whether i t ' s  a t  t he  su r f ace  
i n t e r f e r i n g  wi th  something, a t  t h e  temperature a t  which you a r e  t r y i n g  
t o  put .  i t  i n .  

GALLAGHER: I don ' t  know - a l l  I know i s  t h a t  t he  samples were done i n  both 
hydrogen and CO and sen t  ( t o  SUNY) and he performed t h i s  experiment and 
we got back curves  t h a t  s a i d  t h e r e  i s  hydrogen i n  t h e r e  and hydrogen 
absorbs  -- 

BICKLER: He was working with copper; i t  wasn't  molyt in.  He experienced the  
same problem and it was because of t h a t  experience t h a t  Alex ! ~ a r c i a )  -- 

GARCIA: That i s  why I went t o  ' t h e  carbon monoxide. 

TAYLOR: We have been looking a t  t h i s  ques t ion  a l s o  and have looked a t  systems 
i n  which we f i r e  t h e  molybdenum t i n  and a l s o  we have looked ac other  
m e t a l l i z a t i o n s  i n  a forming gas-type atmosphere and we have observed the  
same l o s s  o f ,  o r  f a i l u r e  t o  develop, adhesion t h e r e  even when you go 
down t o  very low concent ra t ions  of hydrogen i n  t he  molecular atmosphere, 
down below 1% hydrogen. 

BLAKE: One of t he  t h i n g s  we no t i ced  i n  t h e  s tudy of t he  e f f e c t  of hydrogen 
on adhesion i s  t h a t  we could take s i l v e r  bonds t h a t  were very s t rong  and 
pass  a l l  t he  t e s t s ,  expose the  bonds t o  hydrogen a t  e l eva t ed  
tempera tures ,  and g e t  a complete r e l e a s e  with no t r a c e  of adhesion. So 
we f e l t  t h a t  hydrogen was i n s i n u a t i n g  i t s e l f  between the  bond i n  some 
way t h a t  we were n o t  aware of and causing a r e l e a s e  of t he  bond t h a t  we 
had p rev ious ly .  

SOMBERG: What temperature would i t  take  t o  do t h a t ?  

BLAKE: Oh, about  550U and up. 

TAYLOR: We have seen  t h a t  same th ing  going on i n  s i n t e r e d  aluminum f i r i n g .  
We f i , r ed  i n  a very  weak hydrogen atmosphere a t  550° t o  600° 
temperature.  

BLAKE: It i s  t h a t  observa t ion  t h a t  caused us t o  s t a r t  t o  do more work with 
SUNY t o  f i n d  ou t  whether o r  not  hydrogen i s  present  on the  sur faces .  I 
don ' t  t h i n k  i t  i s  a l l  t h a t  conclus ive  a t  t h i s  s t age .  We have t o  ge t  
more work done on i t .  

GARCIA: I might say t h a t  the  c e l l s  we a r e  f i r i n g  i n  carbon monoxide wet: L11e 
s i l i c o n  very  n i c e l y  and on microscopic appearance they looked very 
good. They look l i k e  a very good coa t ing ,  whereas on the  ones where the  
hydrogen was used,  t h e  f i l m  was much more rough and appeared t o  be more 
p a r t i c u l a t e  i n  n a t u r e ,  i n s t e a d  of a r e a l  f i lm.  

HOGAN: Two ques t ions .  F i r s t  of a l l ,  what was t h e  s e r i e s  r e s i s t a n c e  on 
t h e  c e l l s ?  

GARCIA: On t h e  good c e l l s ,  t h e  s e r i e s  r e s i s t a n c e  was about 30 t o  40 
milliohms. Bad c e l l s  could ge t  up a s  high a s  you wanted i t .  But t he  
c e l l s  I showed you, t h a t  showed good curve shape, I would say between 30 



and 60 milliohms for that cell, which is something we feel is acceptable 
for that size cell. 

HOGAN: The other question was: with the ITO, what was the sheet resistivity 
as received, and also after you reoxidized? 

GARCIA: We didn't make those measurements. I believe.that 150 ohm-cm is 
the number. I'm not sure what it is. 

GALLAGHER: Tell them how long you have had them, maybe that would explain. 

GARCIA: I did this work lact WCCIC* So we really haven't done too much work 
on these films. 

HOGAN: That might be something that you would want to look at. 

GARCIA: Yes. The thing is, we found that there is sufficient conductivity so 
that we don't have a problem with series resistance. Just by analyzing 
the curve shape and everything, we are saying there is enough 
conductivity. We are more interested, I think, in the 
adhesion-promoting abilities underneath it than on the conductivity of 
the cell. It helps, but I don't'think that that extra boost in 
conductivity might make that much difference. 

NICOLET: Two questions. What is this system's advantage over the silver 
system? 

GARCIA: Well, in theory, it should be cheaper. We had originally hoped that 
this could be'done using a forming gas atmosphere and could be done in a 
conventional IR furnace of some sort. . . 

.'.NICOLET: Second question. Did you ever solve the solubility problem? 

GARCIA: We have not solved the solubility problem yet. 

NICOLET: Why donl.t you get good soldering? It appears you have plenty of 
tin. 

GARCIA: I don't know. We are still not getting good sintering from particle 
to particle with good adhesion on the final product. 

TAYLOR: Have you done any scanning electron microscope work on these films? 

GARCIA: No. That's our next task. 

TAYLOR: We did some work with tin-nickel mixtures and in examining those 
under scanning electron microscope, we discovered that the tin has a 
terrible propensity for agglomeration. We got real fine tin parti'cles 
there buC you can't find them, they are all in big boulder-agglomerated 
particles. That agglomeration tendency might be playing some kind of a 
role in what you are seeing here. 

GARCIA: That is possible. 



PARKER: Do you know whether you a r e  g e t t i n g  any compounds of molyt in  t h a t  
might i n t e r f e r e  wi th  your t i nn ing?  

GARCIA: I d o n ' t  know. 

STEIN:  Did you s e e  any d i f f e r e n c e  i n  so lde r  w e t t a b i l i t y  between t h e  80% t i n  
and the  very low t i n ?  I n ' o t h e r  words, does t h a t  play a  r o l e ?  

GARCIA: We d i d  t r y  some so lde r  t e s t s  t o  t he  B through E pas t e s  and they 
weren ' t  good. I d i d n ' t  look a t  them t h a t  c a r e f u l l y  but  they could no t  
be  so lde red  e i t h e r .  The c l o s e s t  t o  so lde r ing  was us ing  the  hydrogen 
f i r i n g  of t h e  A pas t e .  Then you could a c t u a l l y  so lde r  t o  t h e  
m e t a l l i z a t f o n  and the meto l l i zn t ion  wo111d s t i c k  t oge the r  even though i t  
wouldnl,t he, nn t h e  c e l l .  You could hold i t  i n  your hand, and I made a  
p r e t t y  l i t t l e  doodad I s tuck  on my door. 

TAYLOR: How about  t r y i n g  some j u s t  pure t i n  and see, i f  you could so lde r  t h a t ?  

GARCIA: That ' s  a  thought .  Try pure t i n .  I might t r y  t h a t .  
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D E S C R l  PT l ON OF THE MEMBRANE SWITCH 

The membrane s w i t c h  f u n c t i o n s  as a  n o r m a l l y  open; momentary c o n t a c t ,  
l o w - v o l t a g e  p r e s s u r e - s e n s i t i v e  dev' ice.  I t s  d e s i g n  i s  a  t h r e e - l a y e r  sandwich 
u s u a l l y  c o n s t r u c t e d  o f  p o l y e s t e r  f i l m . .  Conduct ive  p a t t e r n s  a r e  d e p o s i t e d  
o n t o  t h e  i n n e r  s i d e  o f  t o p  and bo t tom sheets  by s i  1 k  s c r e e n i n g .  The c e n t e r  
spacer  i s  t h e n  'p laced between t h e  two c i  r c u i  t l a y e r s  t o  f o r m  a  sandwich,  . 

g e n e r a l l y  h e l d  t o g e t h e r  by an adhes ive .  When p r e s s u r e  i s  a p p l i e d  to. t h e  
t o p  l a y e r ,  i t  f l e x e s  t h r o u g h  t h e  opening's o f  t h e  spacer  t o  e s t a b l i s h  
e l e c t r i c a l  c o n t a c t  between c o n d u c t i v e  pads o f  t h e  upper and lower  sheets ,  
momenta r i l y  c l o s i n g  t h e  c i r c u i t .  Upon r e l e a s e  o f  f o r c e  t h e  t o p  shee t  
s p r i n g s  back t o  i t s  normal open p o s i t i o n .  

The membrane t o u c h  s w i t c h  i s  b e i n g  used i n  a  r a p i d l y  expand ing range 
o f  a p p l i c a t i o n s ,  i n c l u d i n g  i n s t r u m e n t a t i o n ,  a p p l i a n c e s ,  e l e c t r o n i c  games 
and keyboards.  I t s  b road  acceptance r e s u l t s  f rom i t s  low c o s t ,  d u r a b i l i t y ,  
ease o f  manufac ture ,  cosmet i c  appeal  and d e s i g n  f l e x i b i l i t y .  

The p r i n c i p a l  e l e c t r o n i c  components i n  t h e  membrane s w i t c h  a r e  t h e  
conduc to r  and d i e l e c t r i c .  

CONDUCT l V E  l NKS -- 
P o l y m e r i c  c o n d u c t i v e  i n k s  t y p i c a l l y  c o n s i s t  o f  t h r e e  b a s i c  components: 

c o n d u c t i v e  m e t a l  powder, polymer and s o l v e n t .  S i l v e r  i s  t h e  predominant  
me ta l  used. I t  has t h e  advantages o f  moderate c o s t  and loncj- term c o n d u c t i v e  
s t a b i l i t y .  

The po lymer  pe r fo rms  t h r e e  key f u n c t i o n s .  I t  b i n d s  t h e  conduc to r  t o  
t h e  s u b s t r a t e ,  p r o v i d e s  cohes ion o f  t h e  s i l v e r  p a r t i c l e s  and p r o t e c t s  t h e  
c o n d u c t o r  f rom e x t e r n a l  chemica l  and env io rnmen ta l  e f f e c t s .  

The r o l c  o f  t h e  s o l v e n t  i n  t h e  c o n d u c t i v e  i n k  i s  t o  d i s s o l v e  t h e  
po lymer ,  c o n t r o l  v i s c o s i t y  and wet t h e  p o l y e s t e r  s u r f a c e .  The. screened 
i n k  i s  g e n e r a l l y  d r i e d  i n  a  I IVL F o r c e d - a i r  oven t o  remove s o l v e n t  and bond 
t h e  po lymer  t o  t h e . s u b s t r a t e .  I d e a l l y ,  t h e  s o l v e n t  must e v a p o r a t e  r a p i d l y  
f r o m  t h e  p r i n t e d  c i r c u i t ,  y e t  a t  t h e  same t i m e  a l s o  must have a  l i m i t e d  r a t e  
o f  e v a p o r a t i o n  on t h e  sc reen  a t  ambient  t empera tu re  t o  m i n i m i z e  v iscos. i t -y  
change and sc reen  c l o g g i n g .  



Process i ng has a pronounced e f f e c t  on t he  performance o f  conduct i ve 
i nks .  The p rocess ing  o f  a  conductor  compos i t i on  can be separated i n t o  two 
b road  ope ra t i ons :  screen p r i n t i n g  and d r y i n g .  Key parameters t h a t  a f f e c t  
p r i n t i n g  a re  i n k  rheo logy ,  squeegee r a t e  and p ressure ,  su r f ace  tens ion ,  
screen m a t e r i a l s  and res idence t ime  on screen. 

Rheology i s  t h e  p r i n c i , p a l  p r o p e r t y  a f f e c t i n g  t he  p r i n t a b i l i t y  o f  
p o l y m e r i c  t h i c k  f i l m s .  

Another major  c o n s i d e r a t i o n  i s  t he  s e l e c t i o n  o f  a p p r o p r i a t e  screening 
m a t e r i a l s .  Var ious types o f  screen c l o t h s ,  mesh s i zes ,  screen emulsions, 
and squeegees a r e  a v a i l a b l e .  Mesh s i z e  governs t he  coverage area a t t a i n a b l e  
by an i nk ,  and t h a t  determines c o s t .  C o r r e l a t i o n s  have been developed t h a t  
cu111p2r'e thc coverage of  cnnduc t i ve  i nks  t o  sheet r e s i s t i v i t y .  

A i r - d r i e d  s i l v e r  i n k s  a r e  governed by a  t ime/ temperature r e l a t i o n s h i p .  
The improvements i n  c o n d u c t i v i t y  and f l e x i b i l i t y  t h a t  occur  w i t h  increased 
temperature a r e  a t t r i b u t a b l e  o n l y  i n  p a r t . t o  more e f f i c i e n t  so l ven t  removal. 
To a g r e a t e r  e x t e n t ,  t he  source o f  t he  improvements can be t r aced  t o  
s t r o n g e r  bond f o rma t i on  between polyrner and f i l m ,  

The p r o p e r t y  s p e c i f i c a t i o n s  and t e s t  methods used t o  eva lua te  i n i t i a l  
and aged performance o f  po lymer i  c  t h i c k  f i lms vary, wi t h  manufacturers and 
s p e c i f i c  a p p l i c a t i o n s . .  Some o f  t h e  more impor tan t  conduc t i ve  i n k  p r o p e r t i e s  
t e s t e d  f o r  a re :  r e s i s t i v i t y ,  adhesion, abras ion  res i s t ance ,  f l e x i b i l i t y  and 
use temperature.  

Re ten t i on  o f  these p r o p e r t i e s  a f t e r  long- term exposure t o  env i ronmenta l  
contaminants  and changes i s  c r i t i c a l  t o  a  i e l i a b l e  membrane sw i tch .  The 
impact o f  tempera tu re /humid i t y  c y c l i n g ,  therrual shock and v i b r a t i o n ,  
rnoiqture,  s u l f u r  and 5a i . t  Impur- ; t ie$ on aged pel-forrnance must he minimized 
under vat- ious. i n d u s t r y  cond i t ions .  

Du P o n t ' s  new gene ra t i on  o f  polymer t h i c k  f i l m  s i l v e r  conductors ,  
5005 and 5007, were developed t o  meet t h e  i n d u s t r y  s . p e c i f i c a t i o n s .  

Nany membrane touch .sw i tch  p roduc ts  do n o t  requ i  r e  t he  low res l s t a ~ ~ ~ e  
s u p p l i e d  by a l l  s i l v e r - b a s e d  conduc t i ve  i nks . '  To c u t  cos t s ,  manufacturers  
use p roduc ts  c o n t a i n i n g  l ess  s i l v e r .  A recen t  e n t r y  i n t o  t h i s  market i s  
Du P.ont 5006, a  non-conduct ive aluminum-based po lymer ic  i nk .  I t  was 
developed s p e c i f i c a l l y  t o  be blended w i t h  e i t h e r  Du Pont 5005 o r  5007 
s i l v e r s  t o  g i v e  a  v a r i a b l e  r e s i s t a n c e  system. The blerided p roduc t  e x h i b i t s  
u n i f o r m  p r i n t a b i l i t y  and e x c e l l e n t  e l e c t r i c a l  and p h y s i c a l  p r o p e r t i e s .  The 
operab le  c o n d u c t i v i t y  range i s  15 t o  250 m?/sq/mil.  

Cur ren t  needs f o r  d j e l e c t r i c s  i n  touch sw i tches  a r e  t o  i n s u l a t e  t he  
s w i t c h  t a i  1 from the.  env i  ron'ment and f o r  c o n s t r u c t i o n  o f  c rossovers .  The 
d i e l e c t r i c  composi t ions must meet c e r t a i n  performance s tandards.  They must 
c u r e  t o  f l e x i b l . e ,  a b r a s i o n - r e s i s t a n t  f i l m s ,  w i t h  good adhesion t o  bo th  



the substrate and t o  the conductive inks.. They must be f r ee  o f  pinholes, 
have a low d i e l e c t r i c  constant, h igh insu la t ion resistance and high break- 
down voltage. 

Several d i f f e ren t  approaches can be used t o  process a polymeric 
d i e l e c t r i c  which include a i r -dry ,  heat-cure and UV cure. UV cure systems 
o f fe r  several advantages - very rapid cure a t  near ambient temperature, 
no solvent, emissions and excel lent  e l e c t r i c a l  propert ies.  

UV cur ing i s  the process by which a l i q u i d  changes t o  a s o l i d  under 
the ac t ion  of  UV l i g h t .  To accomplish th i s ,  pho to ln f t i a to rs  are used. 
These become act ivated by absorption of  the UV energy, and i n  turn, i n i t i a t e  
the photopolymerization o f  the monomer and oligomer, the main const i tuents 
of  the UV curable formulat ion. The monomers and oligomers are  selected so 
tha t  the cured polymer has the desired physical and e l e c t r i c a l  propert ies.  

As w i t h  conductors, optimum physical and e l e c t r i c a l  propert ies on ly  
w i l l  be obtained i f  the d i e l e c t r i c  i s  processed cor rect ly .  UV l i g h t  output 
and exposure time are the p r inc ipa l  var iables which govern cur ing ef f ic iency.  
Du Pont's 5011, a recent ly developed UV curable d l e l e c t r l c  meets the 
membrane switch industry property requirements i f  proper ly cured. 



Typical Membrane Touch Switch Configuration 

M V U R ' # ~ C ~  / open 
OrPCmad 

Closed 

Membrane Switch With Optional Keyboard 



Key Components of Polymer Thick-Film Conductive Inks 

Metal Powder 
Polymer 
Solvent 

Air-Dry Process of Screen-Printed Polymer Silver Ink 

(A) Solvent 
Evaporation 

t -- 
P Polymer ' Packing 

c P o l y  mer Bonding 
Substl to Substrate 

-Electrical 
Conductivity 



5005  Silver Resistivity vs Drying Conditions 

0 10 20 30 40 50 60 
TIME (min.) 

5005 Silver Conductor Crease Resistivity vs Drying Conditions 



Silver Ink 



Resistance vs Coverage of 5007 

26 - 
24 - 
22 - - 

- 

.I 

- 
12 - STAINLESS STEEL - 

- 

81 Id0 1:o 1;o Id0 2do 2:o 2:o 2A0 
COVERAGE (crna/g) 



Blend Curves of 5 0 0 7 - 5 0 0 6  vs Graphite Dried at 1 2 0 ° C  1 0  min 

1 0 1  
(5007) Ag (Wt. %I 90 80 70 60 50 
(50061 Graphite (Wt. .%I 10 20 . 30 40 50 



Key Industrial Property Requirements 
for Polymer Thick-Film Conductors 

Physlcal Test 
Sheet Resistivity: Expressed mn/sq/mil 

ASTM 03359-78 Adhesion: 
Abrasion: ASTM 03363-74 

Flexibility: ASTM D2176-69 
Circuit Temperature Limit: Tg c ~ s o  
Contact Resistance: Mil Std-202, Method 307 

- -  

Thermal Shock: 

Salt Spray: 
Silver Migration: 

sulfi~r: 

Life a t  Elevated 
Temperatures: 
 oiling water: 
Humidity: 

Test  
Mil Std-202F, Method 1070, 
Test Condition A 

ASTM 8117 

1000 hr / lV  DC/mil gap a t  40°C/90% RH 
1000 hr, 500 mg S in 9 liter chamber, 
4S°C/90% RH 

1000 hr/8SdC 
2 hr 
Mil Std-202E, Method 102 (1000 hr, 
60°C/95% RH) 



Performance of PTF conductors 

Processtng Du Pont 5005 Du Pont 5007 

Screenlns e ~ u  tpment Htgh speed, low temp. semi-automat l c  . . 

Substrates Polyester,  polylmlde, epoxy gloss, ~o l .ycorbonate.  

Proper t  tes on my lor^ F l  lm Governed by t lme and temperature. 

Dry Condtt tons: 90°C/5 mtn. 120°C/5 mln. 
. - .  . . 

I n t t l a l  Sheet R e s t s t l v t t y ,  m n / s ~ / m l l  215 51 5 
Restst t v t t y  A f t e r  Creose Test 90 40 

Adheslon (Cross-hatch) 100% Pass 100% pass 
, . 

Abroslon Reslstonce - >2H - >2H 

Ct r c u t t  Temperature L t m l t  - >70° C - >70°C 

Environmental Results of 5007 Conductoc.: 
Initial Circuit Resistivity = 14.4 ohms 

Test 
Elevated Temperature ciooo hrl 

Sulfur ciaoo hrl 

Humidity ciooo hr) - 

Ag Mlgratlon ciooo hr) 

Bolllng Water (2 hrl 

Salt Spray (so0 hrl 

Thermal Shock (s cycles) 

Sheet Reslstlvlty 
After Test (n) - - . - - - - .- - - 

14.1 
14.3 
14.2 

No migration 
14.0 
13.9 
14.1 

% Change -- -- -. - . - 
-2.1 
- .7 
-1.4 . 

N/ A 
-2.8 
-3.5 
-2.1 ' 



Membrane Touch Switch Termination Tail Encapsulant 



Membrane Touch Switch 'Insulator t o  Allow Conductor Crossovers 

Connector 

. . . .  .C 1 .  

. .. 
. . .> . . . . . .  . 

--1- 

Advantages of UV-Curable Dielectric 

Processing 
Rapid Low Temperature Cure 
No Solvent Emissions 
Equipment: 
- Minlmal Space Requirements - Low Energy Cost 

Physical Property 
Pinhole-Free 
No Solvent Diffusion into Conductor 
Excellent Electrical Properties 



. . 

Key Industry ~ e ~ u i r e m e n t s  for Polymer Thick-Film Dielectric 

Physlcal 

Abrasion: 
Flexibility: 
Adheslon: 
Plnhole-Free 
Screen Printable 
Low Temperature, Rapld Cure 
EleCtrlCal . 

Breakdown voltage: 
DleleCtrlC Constant (K): 
Surface Reslstivlty: 
DlrSlpatlon Factor: 

Env l ronmenta l  

Thermal shock: 

Life a t  Elevated Temperature: 
Humidity: 

Salt Spray: 
Ag Mlgratlon: 

Sulfur: 

Test 

Test 
ASTM 03363-74 . 

ASTM 021 76-69 
ASTM D3359-78 

Test 
ASTM D l50  
ASTM oaso 
AS'TM 0257 
ASTM Dl50 

Mil Std-202F, Method 107D, 
Test Condition A 
1000 hr/8S0 C 
Mil Std-202E, Method 102, clooo hr, 
4O0C190% RH) 

ASTM 81  17 
1000 hr; IV DC/mll gap a t  40°C/ 
90% RH 
1000 hr,  500 m g  flower o f  S In 
9 liter, 45OC/90% RH 

Ef.fect of Proper vs Improyel- Cure of Diclectric 

' . Correctly 
Cured 
Print 

l ncorrsctly , , 
. .. 

Cured 
Print 



Performance Results of Du Pont UV-Curable Dielectric 501  1 
(Properties of Mylar Film With 5007  Conductor) 

Phvslcal 
Abrasion Resistance: 
Flexlblllty: 
Adheslon - crape pull) 

DleleCtrlC t o  POI y ester: 
Conductor t o  Dlelectrlc: 

Odorless 
Electrical 
Breakdown voltage: 
Dlelectrlc Constant: 
surface Reslstlvlty: 
Dlsslpatlon Factor: 

L2H  
No Cracklng 

Excellent 
Excellent 

Environmental 
Thermal Shock (5 cycles) 

Humldlty ciooo hr) , Surface Reslstlvlty Becreases 
10 t o  100 n ~ s q  

Salt spray (240 hr) *Capacitance, DF, Adhesion 
and Hardness, Show No Change 

Ag Mlgratlon c1000 hr) *NO Ag Migration 
Sulfur ciooo hr) 



DISCUSSION 

QUESTION: What is the ratio of inorganic constituents to constituents? 

NAZ&RE~O:' It'has less. than 1% -- well, I think it is an inorganic -- it is a 
' pigment to give it color. That is the only reason it is there, and it 

. . 
; could'be organic. I am not sure exactly what the composition of the 

pigment is. We have a clear version also, which is 5012, which has no 
inorganics in it at all. 

ROYAL: I think I heard you say that the silver migration problem that 
apparently went away because the.re were no ionic impurities that came 
"out -- is that the solution to silver migration? 

NAZARENKO: That i s  one of them, and when P use the term ionic impurities, I 
am comparing it with a fired system where we have glass frits, and there 
you have a lot of ionics, which are needed to initiate the silver 
migration mechanism. In this system we don't use glass frits so we have 

' ! ~. avoided one potential problem. The other difference'is that in,fired 
systems you burn off the organics so you have just metal, sintered metal ' that is really ready for moisture penetration and reaction. Here we 
have polymer as a barrier, and because of those two factors, we : 
explained, the absence of migration. . 

', WONG:. Do people i'n this area, the thick-film polymer conductor area., usually 
u i e  thermoplastic polymer? 

NAZARENKO: Yes. There are thermoplastics and thermosets. Here we are 
using thermoplastics because we need flexibility, and thermosets which 
are crosslinking materials, usually result in a brittle or inflexible 
producr. Thexmoplasticv are usually wore Ilsxible. 

WONG: How about from a processing point of view? 

NAZARENKO: Also from processing -- crosslinking materials are usually one 
parts, two parts. The problem with two parts is that they have short 
pot life. One part usually rakes longer to cure than the times that we 
are indicating here. The industry is driving to faster processing. 
That is where they see a saving, 

WOLF: I noticed that the conductivity in your films is 1120th of bulk 
conductivity. IL ueumb: tho , g l a u u - L ~  i t ,  high-teupcratl.~tt-fi re.4 ink.9 8 i . v ~  
you about 1/3 of part conductivity. 

NAZAREFO: No. We are talking about 10 to 15 milliohms per square per mil -- . .  . 

WOLF:' That makes about 1/20th of bulk conductivity. If you used a bulk - .  
conductor you would have 0.6 milliohms. 

NAZARENKO: We have polymer in here. So we are never going to achieve the 
type .of conductivity that you are going to get in bulk or fired. 

WOLF: I just wanted you to be aware of that. 



NAZARENKO: That ' s  r i g h t .  

WOLF: With s o l a r  c e l l s ,  very high conduc t iv i t y  i s  necessary.  

SOMBERG: People t a lked  e a r l i e r  about t h e  s i l v e r  migra t ion  problem and people 
mentioned t h a t  poss ib ly  what i s  needed i s  a  coa t ing  f o r  t h e  base-metal 
systems,. Would you suspec t  t h a t  t he  polymers you' a r e  us ing  i n  your 
system might be app l i cab l e  t o  coa t ing  a  g l a s s  inorganic  system? Would 

. t h a t  be a p p l i c a b l e ?  

NAZARENKO: Poss ib ly .  Yes. We have t e s t e d  t h e  s i l v e r  migra t ion  up t o  1000 
hours a t  6 0 0 ~ / 9 0 %  RH. I don ' t  know i f  t h a t  i s  long enough f o r  your 
a p p l i c a t i o n  but we f e e l  conf ident  t h a t  t h a t  s i l v e r  migra t ion  i s  no t  a  
problem. 

LANDEL: I d i d n ' t  ge t  the  condi t ions  of t h a t  t e s t .  What i s  t he  vo l t age  
app'l ied t h e r e ?  

NAZARENKO: Voltage i s  app l i ed  according t o  t h e  spac ing  between t h e  conduct ive 
l ines ' .  So we d id  two cases .  We d id  one where t h e  spacing was 8  m i l s  s o  
we 'applied 8-volt  p o t e n t i a l .  In  another  p a t t e r n  we had a  30-mil  spacing 
so  'in t h a t  kind of p a t t e r n  we used 30 v o l t s .  So i t  i s  app l i ed  t o  t he  
p a r t i c u l a r  s epa ra t i on .  

GALLAGHER: You showed an adhesion t e s t ,  and you had i n  paren theses  
cross-hatched. I am not  f a m i l i a r  wi th  t h a t .  Could you exp la in  t h a t ?  

NAZARENKO: This i s  an ASTM t e s t .  It i s  a  Scotch-tape t e s t .  But you can 
semiquantit .ate i t  by c u t t i n g  squares  i n t o  i t ,  y o u - j u s t  l i g h t l y  e t c h ,  
say,  a  g r i d  of 100 squares  a l l  t h e  way through,  then you put t h e  tape  
on, and then you p u l l  i t  o f f ,  and then you could count how many squares  
you p u l l  o f f .  So you can now t a l k  t o  someone -- otherwise ,  i t  i s  
d i f f i c u l t  t o  de f ine  what i s  a  pass - tes t  and what i s  a  f a i l - t e s t .  

GALLAGHER: What s i z e  a r e  t h e  g r i d s ?  

NAZARENKO: It depends on your p a t t e r n .  I f  you have -- 
GALLAGHER: 1st t h e r e  any s e t  pat t e r n ?  

NAZARENKO: No. You j u s t  want segments. 

HOGAN: Has anyone been succes s fu l  i n  u t i l i z i n g  t h e  polymer i n  th ick- f i lm 
conductor f o r  s o l a r  c e l l s ?  

NAZARENKO. No. I haven ' t  heard of any. Thc polymer th ick- f i lm -- one 'of  t h e  
problems with i t  i s  t h a t  i t  has poor s o l d e r a b i l i t y .  Because you have a  
b a r r i e r ;  you have a  l a y e r  of o rgan ic  above t h e  s i l v e r  p a r t i c l e s ,  say ,  t o  
wet those  s i l v e r  p a r t i c l e s ,  t h e  s i l v e r  has  t o  d i f f u s e  and ge t  up above 
t h i s  b a r r i e r  t o  accept  t he  s o l d e r ,  and t h a t  i s  a  problem. 

HOGAN: Is t h e r e  a l s o  a  b a r r i e r  a t  t he  i n t e r f a c e ?  A t  t h e  s u r f a c e  -- a t  rhe  
t op  s u r f a c e ?  



NAZARENKO : Yes . 
now going 
s o l d e r a b l e  

A t  t he  t o p  su r f ace .  So t h e r e  a r e  ways -- we have a program 
on t o  t r y  t o  so lve  t h i s  problem t o  make t h e s e  m a t e r i a l s  . I t h i n k  you can add t o  t h e  m a t e r i a l  system t o  move the  

s i l v e r  up t o  t h e  s u r f a c e .  

BLAKE: Could you g i v e  u s  a rough i d e a  of t h e  .cost  per  gram of t he  s i l v e r  
polymer ? 

NAZARENKO: Again, i t  depends on the  market p r i c e s ,  but  a t  $10 f o r  s i l v e r ,  
i t ' s  between 40 and 45 cen t s .  



ADDITIONAL DISCUSSION OF SESSION 111 

GALLAGHER: Are there any questions from Session 111, anything that came to 
mind for the last speakers? 

LANDEL: I have one for the last speaker (~azarenko) and the audience. What 
conductivity would be required if you wanted to use such polymeric films 
for the collectors, and can that be achievable with this sort of system? 

GALLAGHER: Do you want to answer that, Martin (wolf).? 

WOLF: My personal feeling is that we need bulk conductivity. So even the 
sintered silver for the amount of expensive metal you use in this film 
is basically not good enough. I don't think we can accept.1/20 of bulk 
conductivity. It would cause much too much shading 'along with 
degradation. 

GALLAGHER: One other comment I would like to make is, Nick (~azarenko) , I 
noticed you said you gave those as a function of the thickness in mils. 
Standard thick films, by the time we fire them, are in the range of 

. about one half a mil, is that correct? Do people buy that? How thick 
are your films? 

NAZARENKO: About a half a mil. 

GALLAGHER: Could we just make them thicker before we get to shadowing? Would 
you buy that? 

WOLF: But you are limited by how thick you could go, usually, relative to the 
width, number one, and number two by process applications. I have my 
doubts that you can make it 20 times--12 microns. thick for line widths 
of 100 microns. 

NAZARENKO: What kind of resistivity are you getting with the fired silver 
inks?, 

WOLF: About 1/3 of bulk conductivity. 

HOGAN: Just a general question. In light of the new efficiencies, are 
thick-film contact systems feasible? From the proposed system 
efficiencies? 

GALLAGHER: I think you have to get back to the economics. Agreed that once 
we get high-efficiency constraints put upon us, we can spend more money 
on the system but I don't know if we will ever get ourselves to that 
point in life where we 'can afford these low conductivities. 

HOGAN: You are saying we can spend more money? 

GALLAGHER: We can afford more money for the metallization system if we have a 
15% module because balance of system costs on the other end are going to 
go down, so it gives ua a bigger chunk of tlre p o t  to get there from 
here. We are rapidly running into that point in life where we can see 
that we can use an evaporative or sputtered system to obtain a "good" 



m e t a l l i z a t i o n  system; but  we don ' t  know what the  economics a r e  because 
nobody wants t o  spend the  money t o  do the  experimentat ion and 
development f o r  t he  requi red  too l ing .  I don ' t  know how we handle t h a t  
any more. Somebody has t o  come up, l i k e  an ARCO, and say I am i n  t h i s  
bus iness  and I am going t o  spend the  money and I am going t o  make an 
automated l i n e .  And go make the automated l i n e  and run i t  and see  what 
t h e  c o s t s  r e a l l y  a r e .  We s i t  he re  now and we do th ings  i n  the  
l abo ra to ry  and we make n i c e  c e l l s  and we f i g h t  very hard t o  ge t  very 
l a r g e  a reas  and we do ge t  large-area c e l l s  with good e f f i c i e n c i e s ,  but 
we don ' t  make them economically, and we c a n ' t  produce them i n  volume. 

TAYLOR: On t h a t  ques t ion ,  Brian, t he re  a r e  two elements.  One i s ,  you have t o  
have somebody who has access  t o  the  money t o  spend but then you have t o  
have somebody who has a  convic t ion  t h a t  t h e r e  i s  a  good chance t h a t  t h a t  
w i l l  worlc. And I th ink  t h a t  i s  wlkere a good bi't Of the  problem i s ,  i n  
c r e a t i n g  a c r e d i b i l i t y  f o r  an expensive process .  

GALLAGHER: I th ink  t h a t  i s  agreed and I th ink  the  f i r s t  speaker t h i s  
a f te rnoon w i l l  g ive  us a f e e l i n g  f o r  t h a t ,  won't you, A 1   irkpa pat rick)? 
Because what he i s  going ro  t a l k  about i s  i n  the  same b a l l  park. 
Somebody had t o  make a  commitment, had t o  be a  champion, i t  took a  l o t  
of money t o  make t h e  gear when they made i t  and found out  i t  was worth 
i t .  They p ro j ec t ed  t h a t  i t  would be worth i t ,  and i t  was worth i t ,  

Anything .e l se  on t h e  thick-f i lm ses s ion?  Remember, a l l  t h i s  d i scuss ion  
doesn ' t  d i e  r i g h t  here.  A t  the end of every se s s ion ,  we can d iscuss  
anyth ing  t h a t  happened e a r l i e r ,  no mat te r  what s e s s ion  i t  was. . A t  the 
end of t h e  program, sometime tomorrow morning, we w i l l  d i s cuss  again,  
revaioy the whole thing i f  you so d e s i r e ,  so i f  you ge t  something i n  your 
noodle wandering around and you want t o  f i n d  an answer, b r ing  i t  back. 

. 

.You had a questioa? - . - 

BLAKE: I was s o r t  of cur ious  a s  t o  your 'personal  view on your r o l e  i n  
developing base metal  inks  f o r  t h i c k  f i lm  systems. Where you thought 
t h e  r e sea rch  was going t o  head -- what prospec ts  you saw f o r  i t .  
Because I know f o r  q u i t e  a  while t h e r e  had been a  number of e f f o r t s '  
working very hard  on it and up rn now nothinq has come out t h a t  you can 
a c t u a l l y  po in t  t o  and say t h i s  i s  i t .  I j u s t  wondered where you f e l t  
t h a t  i t  was going. 

GALLAGHER: When we s t a r t e d  a t  time zero  we d i d n ' t  r e a l l y  have a  s i l v e r  system 
t h a t  was p a r t i c u l a r l y  opera t iona l .  I. th ink  we have a s i l v e r  systcm t h a t  
i s  ope ra t iona l  now. I th ink  we have found t h e r e  were some problems with 
t h e  systems -- people have always been adding a d d i t i v e s  but not  t e l l i n g  
us  what t he  they were adding. The program a t  Spectrolab gave us a  
cookbook on how t o  use a  s i l v e r  system. It i s  ava i l ab l e .  Looking a t  
t h i c k  f i lms ,  one of the big d r i v e r s  t h a t  drove uo i n  the  d i r e c t i o n  we 
a r e  going now i s  t he  ma te r i a l  cos t .  A t  t h a t  p a r t i c u l a r  t ime, s i l v e r  was 
going up t o  a  p r e t t y  high l e v e l ,  s o  we t r i e d  t o  remove s i l v e r  ( t h e  
high-cost m a t e r i a l )  from t h e  system. With Bernd Ross we have a  
copper-back system t h a t  appears t o  work. That p a r t i c u l a r  pas t e  i s n ' t  
a v a i l a b l e ,  y e t ,  i n  indus t ry .  The same c o n t r a c t  has given us a  system 
t h a t  w i l l  a l low us t o  put a  contac t  on the  back of aluminum f i r e d  i n  



air, used as a back-surface field without removing the oxide of the 
aluminum, which is a time-consuming and an expensive process. The work 
we are doing now in the moly-tin system mostly came about because of the 
rather wide process window we found in it not shunting. That is a very 
big plus.. It looked as if the process window was as wide as a barn, 
door. That is where we are now. The reason for having this Research 
Forum is to find out, with our dwindling research bucks, where do we put 
them and how much bang per dollar can we get? You asked me a personal 
opinion -- it is not going to be my personal decision, it is going to be 
a consortium of people who have looked at where should we spend this 
money. That i s  all 1 can tell you. 

WONG: How good is the conductivity of those systems, what can they achieve, 
and what conditions we are talking about -- photovoltaic conditions? 

. . 

GALLAGHER: Well, it looks as if -- you correct me if I am wrong, Martin 
(wolf) -- but it looks as if any time we use a thick-film material, no 
matter what it is, we appear at best to get about a third of the bulk 
resistivity. Is that correct? 

WOLF: The noble metals, the base-metal systems, you don't get anywhere near 
that ,. it seems. 

WONG: ~ o e s  it blow up, or what? 

WOLF: On the bulk conductor, on the noble-metal systems, you get to about one 
third of the bulk conductivity; with the base-metal systems it seems 
people are mostly an order of magnitude below bulk conductivity. 

GALLAGHER: Are we that bad? 

GARCIA: Seven or eight. 

GALLAGHER: About one seventh of the bulk? 

GARCIA: No. I'm saying that if silver is 0.6 we are at 7 ohmlcm. 

GALLAGHER: Thank you. 

GARCIA: The thing with the screen-printing technology as it is today, you 
cannot get a thin enough line to utilize silver properly, so for that 
reason it might be OK to use a non-noble system with higher conductivity. 
because it is available to the screen-print system. 

GALLAGHER: The other thing, of course, is that we are just now getting to 
that point in life where we are atteuip~ing to use IT0 to bridge. the 
gap. Use it as dual layer, additionally, as an AR coating, and we are 
not attempting to optimize it in work we are doing now. As an AR 
coating we are attempting to optimize it as a adjunct to the resistances 
we have now. 

WOLF: But the solderability is still the problem. 

GALLAGHER: Yes, that i,s correct. 
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Allen R. Kirkpatrick 

Eaton Ion Materia1.s Systems 
Beverly, Massachusetts 01915 

Ionized Cluster Beam (ICB) deposition, a new technique 
originated by Takagi of Kyoto University in Japan, offers a 
number of unique capabilities for thin film metallization as well 
as for deposition of active semiconductor materials. ICB allows 
average energy per deposited atom to be controlled and involves 
impact kinetics which result in high diffusion energies of 
adatoms on the growth surface. To a greater degree than in other 
techniques ICB involves quantitative process parameters which can 
be utilized to strongly control the characteristics of films 
being deposited. ICB is easily amendable to process automation 
and offers opportunity to utilize film character-process 
parameter closed-loop control routines. 

In the ICB deposition process, material to be deposited is 
vaporized into a vacuum chamber from a confinement crucible at 
high temperature. Crucible nozzle configuration and operating 
temperature are such that emerging vapor under goes 
supercondensation following adiabatic expansion through the 
nozzle. Atomic aggregate clusters, each consisting of roughly 
lo3 atoms, are formed. The clusters can be ionized by impact 
ionization and then accelerated toward the substrate by a high 
potential. It is possible to control average energy per atom 
from a fraction of an electron volt to more than 100eV. Upon 
impact, the cluste~s break up in a manner which converts 
substantial kinetic energy into surface diffusion energy. A 
number of advantageous phenomena result. 

ICB is being utilized for laboratory deposition Of 
semiconductor device metallization, for dielectric films and for 
semiconductor materials. In general, very high quality films 
with remarkable characteristics are achieved. ICB is new 
technology for which applications development is only beginning 
and prospective applications to photovoltaic devices are yet to 
be well defined. One important area which can be specified and 
is already being addressed involves use of ICB fo r  deposition of 
the active semiconductor materials for thin film cells. 
Utilization for metallization systems is another possibility 
which night be of near term importance. 

It should be recognized that ICB is a modified vacuum 
evaporation process for which economic considerations will be 
similar to those associated with standard evaporation. 
Consequently it is reasonable to assume that films to be deposited 



by ICB should b e .  a few microns or less in thickness and 
probably then must be limited to providing metallization 'base 
layers and fine grid patterns. Beyond this constraint ICB 
offers technical characteristics and process controls which 
might be very effectively adapted to the needs of advanced 
photovoltaic metallization systems. 

The most important features of ICB relative to depo.sition 
of metar films include: 

o Ability to achieve higher quality films onto lower 
temperature substrates 

o Better process control over film characteristics 

o Spatial directionality of deposition 

o ~ a s e  of scale up to very high throughput 

Applications if ICB to solve photovoltaic metallization system 
problems might involve: 

o Better technical characteristics (structure, 
adherence, density, morphology, etc.) 

o Lower temperature demands 

o Elimination sf interface intrusions with low cost 
materials 

o Superior long term stability characteristics 

o Compatibility with sequential total device 
fabrication involving thin film semiconductors and 
transparent conductive coatings 

o Better compatibility with pattern definition processes 

o Improvcd m a t e r i a l  uce effioienoy 

o Ease of scale up to very high throughputs and total 
automation 
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DISCUSSION 

'SCHRODER: If you deposit a compound nonreactively I assume you need one 
crucible per .material. 

KIRKPATRICK: It depends upon the material. If you have a material like 
cadmium telluride where the vapor pressures of the two constituents are 
similar -then you can put cadmium telluride into the crucible; but if you 
want to deposit something like gallium arsenide you need a gallium 
crucible and an arsenic crucible. 

CAMPBELL: Have you ever done any of the refractory metals, like titanium or 
sodium? 

KIRKPATRICK: 'No. Everyone asks; you have to be able to get reasonable vapor 
pressure of those metals. Now, I think maybe titanium ynll ran do, but a 
lot of people ask about tungsten and molybdenum; we make the ion sources 
out of those metals. It's not out of the question, it depends upon work 
that has never been done utilizing organometallics, and I think' some 
work will be done on that, but I don't know the answer yet. 

BACHNER: What's a piece of 'equipment like that cost? 

KIRKPATRICK: About a half, million dollars. 

HOGAN: 'With something like silicon, how do you do the doping? 

KIRKPATRICK: You bring in phosphine or diborane as background gas. 

HOGAN: What happens if you go to a higher than a 50% cluster ion position? 

KIRKPATRICK: Nothing, I think you just end up breakingup some of the cluster 
and you just don't gain anything, it's just not necessary. 

HOGAN: Would it be gossib1.e then to directly add a direction to those 
' clusters, to the substrate? 

KIRKPATRICK: Yes, because experiments have been done on that, but I think L L  
would be impractical to try and do it now, for real films. I see that 
as maybe occurring in maybe 10 yuars or so that you could do directional 
beaming. It's kind of like ion implantation; when ion impl.antation 
firot eame out: 20 years ago, everybody said ''Gee, this is the way to do 
doping, just where we want it." The first machines for that are jilst 
hitting the market 1 1 0 ~ .  It 198s taken 20 years for the machine 
technology to come along ~ n d  I tl~irik the same will be true with f C B .  ' ' 

SCHWUTTKE: I would like to congratulate you, if all these things work the 
way that you explain them, it's a wonderful machine, with a terrific 
list of all the good things it can do. Would you like to comment on 
what can go wrong? . 

KIRKPATRICK: I don't want to be too glib, I don't know what can go wrong., We 
built machines, more or less, to the instructions of the people in Japan 
who invented the process and the first.severa1 machines that we've 



b u i l t ,  t h e  cus tomers  were w a i t i n g  t h e r e  f o r  them t h e  moment they  were 
f i n i s h e d  and they  checked them o u t  a n d . t o o k  them away and we d i d n ' t  g e t  
any o p e r a t i n g  e x p e r i e n c e  o u r s e l v e s .  One week ago our  own machine became 
o p e r a t i o n a l ,  and we now have a  l a b o r a t o r y  where we a r e  do ing  our  own 
work. Very soon we w i l l  have two machines i n  t h e r e ,  and peop le  w i l l  be  
i n v i t e d  t o  come and s e e  t h i s  p r o c e s s .  

SCHWUTTKE: What i s  t h e  r e l i a b i l i t y  of  t h e  . i o n  . s o u r c e s ,  how long  can t h e  . 

source  o p e r a t e  what k i n d  of  power do you u s e ,  and what k i n d  of  c r u c i b l e  
m a t e r i a l  a r e  you u s i n g ?  Would you l i k e  t o  comment on t h a t ?  

KIRKPATRICK: Sure ,  can I s t a r t  w i t h  c r u c i b l e  m a t e r i a l ?  Our s t a n d a r d  c r u c i b l e  
now i s  POCO g r a p h i t e ,  semiconductor-grade g r a p h i t e  c l e a n e d  up a f t e r  
machining by h i g h  t empera tu re ,  s t o r a g e  i n  c h l o r i n e  gas; f o r  tuost 
d e p o s i t i o n  m a t e r i a l s  t h a t  c r u c i b l e  l a s t s  3 long  t ime ,  and -- 

SCHWUTTKE: ~ h a t ' s  a  long  t ime? A y e a r ,  a  day,  an hour?  

KIRKPATRICK: I d o n ' t  know, nobody's  run one , long  enough t o  wear i t  o u t .  I f  
you a r e  doing a  m e t a l  t h a t  d o e s n ' t  wet t h e  g r a p h i t e  you j u s t  keep 
p u t t i n g  i n  new c h a r g e ;  i f  you d e p o s i t  s i l i c o n  from t h a t  c r u c i b l e  you 
form s i l i c o n  c a r b i d e  on t h e  c r u c i b l e  s u r f a c e s  and t h e  c r u c i b l e  becomes 
e m b r i t t l e d  and a f t e r  r e f i l l i n g  t h e  c r u c i b l e  abou t  t h r e e  t i m e s ,  you a r e  
b e t t e r  o f f  t o  throw i t  away because  e v e n t u a l l y  i t  w i l l  c rack .  The i o n  
s o u r c e s  a r e  d i f f i c u l t  t o  b u i l d .  Our f i r s t  ones  have d e t e r i o r a t e d ' a f t e r  
runn ing  f o r  a  few months,  and we have t o  r e p l a c e  many of t h e  components, 
b u t  I t h i n k  t h e r e ' s  j u s t  e n g i n e e r i n g  e x p e r i e n c e  needed t h e r e .  

SCHWUTTKE: What a r e  t h e  d imensions  of t h e  i o n  s o u r c e ?  

KIRKPATRICK: About t h e  s i z e  of a  tomato- ju ice  can.  

SCHWUTTKE: So you can a c t u a l l y  load  t h i s  t h i n g  up,  o r  what? Do you p u t  
s i l i c o n  i n  i t ?  You can  pu t  i n  a ' k i l o  of  s i l i c o n ?  

KIRKPATRICK: No, t h e  c r u c i b l e  i s  s m a l l e r .  You cou ld  b u i l d  l a r g e r  c r u c i b l e s ;  
our  c r u c i b l e s  have 10  c c  charge  c a p a c i t i e s ,  s o  you can put  i n  10 c c  of 
s i l i c o n .  

SCHWUTTKE: And . t h e n ,  t h e o r e t i c a l l y ,  you c o u l d  run  t h i s  machine c o n t i n u o u s l y  
f o r  how l o n g ?  Deposi t ion, ,  I mean. 

KIRKPATRICK: I d o n ' t  know. U n t i l  t h e  c r u c i b l e  r u n s  o u t .  

SCHWUTTKE: There a r e  t h e r e  o t h e r  problems when t h i n g s  a r e  i n  o p e r a t i o n  f o r  
some t imc.  I t r y  t o  f ind o u t  i f  i t  can  r u n  two m i n u t e s  o r  two h o u r s  
c o n t i n u o u s l y .  

KIRKPATRICK: Oh, you can  run  i t  two h o u r s  c o n t i n u o u s l y ,  t h e y  p robab ly  have 
beenrun a  week c o n t i n u o u s l y  and t h e n  needed ma2ntenance b u t  I t h i n k  
p r o d u c t i o n  machines  w i l l  r un  l i k e  p r o d u c t i o n  i o n  i m p l a n t e r s .  

SCHWUTTKE: But you have no r e a l  d a t a  from Japan.  

KIRKPATRICK: Not y e t .  

, ' . .  . ,, P .  
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SCHWUTTKE: We just assume that the machine will do certain things. 

KIRKPATRICK: Oh, no. The Japanese complain very loudly when a machine 
doesn ' t work. 

COMMENT: What about when it does work? They don't complain. 

COMMENT: How long have you been in the field? 

KIRKPATRICK: We delivered the first of these machines last summer, so total 
experience on this equipment is what, maybe eight or nine months. 

R. VEST: You mentioned that they have done an epitaxial gallium arsenide on 
gallium arsenide. Now this is also being done by MBE; what's the 
advantage of your approach? 

KIRKPATRICK: There is a 'lnt less experience on TCB than there is on MBE. I 
can't tell you a b o u ~  relative material quality, but if ICB can achieve 
the same material quality as MBE, then ICB has practical advantage 
totally over MBE. This is a normal high vacuum process, and you can 
scale it to anything you want to talk about; MBE isn't that way and for 
high-throughput production equipment, one of the things I should have 
mentioned, this (ICB) is going to be like sophisticated evaporation or 
sputtering equipment. It uses the same kind of vacuum components, the 
same sort of chamber, the same kind of mechanical handling. It needs 
more power supply, so there will be an incremental additional cost, but 
it is not anything like a factor of 2. 

DUTTA: How do you handle patterns? Do you use shadow masks? 

KIRKPATRICK: So far we have not psttcrned anything except by accident by 
putting things into the cluster stream. You can certainly do patterning 
by shadow masks, and the patterns are extremely sharp, cven wheu Lhe 
mook is a long way away from the oubstrale. 1 think you can also do 
vcry good patterning with this technique using photnrcsist alrd liftoff, 
because you can deposit the film at low substrate temperature and it 
will adhere, and it will be easy to do a nice clean liftoff afterward. 

AMICK: Allen, would you say what thc power cunsumpeion used or pulled for a 
small, 2-nrm or larger, source? 

KIRKPATRICK: On the small one, when you aro running silicon and you are 
running a few hundred Angstroms a minute, the ion source is drawing 
about 1500 to 2000 watts. On a curtain source I don't know; I know that 
you would need approximately 3 kW to keep a 2-foot-long tube lrut, nad 
I'm not ourc how much goes to heating the reservoir. 

AMICK: What about vacuum pumps and the use of associated equipment? What's 
the total input power? 

KIRKPATRICK: I'm sorry, I was counting power supplied to the source. It 
certainly needs the same kind of vacuum support equipment you have with 
an evaporator. It is very comparable to electron beam evaporation in 
total power consumption. 



SGHWUTTKE: May I ask  t he  l a s t  ques t ion ,  without  being f a c e t i o u s ,  d i d  you g e t  
any feedback on t h e  f i lms  depos i ted  i n  Japan on t h e  s t r u c t u r e ?  I mean, 
do they send you sample's o r  anything of t h a t  n a t u r e ?  

KIRKPATRICK:' They don ' t  send the  samples. I t h i n k  they a r e  p r e t t y  good. The 
f i r s t  customer i s  buying a  second machine. 

SCHWUTTKE: This  i s  too  good t o  be t rue .  I f  you a r e  r i g h t ,  and you r e a l l y  can 
do, and have t h e  c o n t r o l  they claim you can ach ieve ,  and you go 
b a s i c a l l y  from amorphous t o  s i n g l e - c r y s t a l  -- I haven ' t  seen any,samples  
ye t .  I wonder . i f  you've got  some? 

KIRKPATRICK: Well,  i n  two o r  t h r ee  months, you a r e  p e r f e c t l y  welcome t o  come 
and g e t  some samples from us.  

SCHWUTTKE: I ' l l  have t h e  same problem t h a t  I had wi th  Ovshinsky. He has  been 
promising me samples. f o r  a  yeay. 

LANDEL: Can you add anything about t he  un i formi ty  of depos i t i on  ac ros s  t he  
deposi t ' ion a r e a ?  P a r t i c u l a r l y ,  say ,  wi th  and without t he  i o n i z a t i o n ;  
with t h e  i o ~ i i z a t i o n  i s  the way you l ik ,e  t o  run i t .  

KIRKPATRICK: The machine t h a t  I showed you a  photo of i s  a  s ing le -subs t ra te -  
at-a-time machine. It b r ings  t h i n g s  i n  on a  walking-beam t r a n s p o r t  
system, and t h e  depos i t ion  a r ea  i s  a  7 i n .  diameter  c i r c l e ,  and we 

- guaran tee  t h a t  t h e  process  t h a t  you can measure -- t h i cknes s ,  whatever 
-- w i l l  be uniform t o  wi th in  +5% over a  10-cm square.  - 

MRIG: Do you have any idea  of the  e f f i c i e n c y  of t h e  amorphous s i l i c o n  being 
depos i ted  by t h e  Japanese company? 

KIRKPATRICK: No, and I d o n ' t  th ink  we a r e  going t o  f i n d  ou t .  

MRIG: Can t h i s  be  made i n t o  continuous process  somehow, o r  i s  i t  going t o  be  
.a  ba tch  p roces s?  

KIRKPATRICK: This i s  very  e a s i l y ' a  continuous process .  

HOGAN: G e t t i n g  back t o  d e f i n i t i o n ,  d i d  you say  t h e r e  had no t  been anything 
done w i t h  photoreo io t ; tha t  you know o f ?  

KIRKPATRICK: Nothing publ ished.  

HOGAN: My only  concern would be t he  h ighe r  energy and p o s s i b l e  polymerizat ion 
of p h o t o r e s i s t  caused by microheating. 

KIRKBATRICK: You do get  microhcat ing,  but  coming from an ion  implanter  
company, I do know t h e  answer t o  t ha t .  Everyone uses  p h o t o r e s i s t  a s  an 
i o n  implant  mask. Your a r e  implant ing a t  60 t o  200 Kev, you polymerize 
t he  s u r f a c e  of t he  p h o t o r e s i s t  bu t  i t  s t i l l  comes o f f .  

ZWERDLING: Can you provide a  background temperature  hea t ing  of t h e  s u b s t r a t e  
depos i t i on  s u r f a c e ,  i f  you need i t ,  o r  i s  i t  adv i sab l e?  

KIRKPATRICK: Yes. 



ZWERDLING: Can you deposit amorphous metals other than amorphous silicon? 

KIRKPATRICK: I believe you can deposit amorphous metals just as easily as you 
can amorphous silicon. . 

ZWERDLING: And with regard to metallization would you be able to deposit 
diffusion.barrier material followed by the metal for the metallization 
of it? 

KIRKPATRICK: I wasn't here yesterday, so what are diffusion barrier materials 
right now? 

ZWERDLING: Well, there is a variety'of them. 

COMMENT: Titanium, as an example. 

KIRKPATRICK: I think so, but I don't know. 

ZWERDLING: If you could deposit that as well as metal without breaking the 
process. 

KIRKPATRICK: Yes, in the equipment that we presently sell you have a 
carrousel with many crucibles available to you. You can deposit 
multiple-layer films without breaking vacuum. You only have one ion 
source, but you can inject different crucibles with different 
materials. 
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T.?HAT ARE IIETALLO-ORGANIC COMPOUNDS ? 
1 . .  ~. , 

' .  

Eleta l lo-organic  compounds a r e  ones  i n ' w h i c h  a m e t a l  i s  l i n k e d  t o  a  Ions .  
c h a i n  ca rbon  l i g a n d  through a h e t e r o  atom s u c h " i s  0 ,  'S, N ,  P  o r  A s .  ~ i l m s  
formed by t h e  the rmal  decomposi t ion o f  t h e s e  n e t a l l o - o r s a n i c s  a r e  cal led . f l0D 
f i l m s .  I n  o r d e r  t h e t  t h e  p roduc t s  d f  d e c o h b o s i t i b n  c o n t a i n  on ly  CO , H20, 
and i n  r a r e  c a s e s  n i t r o g e n  compounds, a n d  t o  avo id  S  c o n t a i n i n g  prozuct., ,, ) . , '  
Purdue ' s  Turner  Labora to ry  p ioneered  t h e  u s e  of 'a s e t  of m e t a l l o - o r p a n i c .  
compounds f o r  i n k  f a b r i c a t i o n  where t h e  l i n k i n ?  h e t e r o  atom was oxygen. 
These i n k s  were made.from commercially a v a i l a b l e  c a r b o x y l a t e s ,  o r  s y n t h e s i z e d  . . .  
from commonly. a v a i l a b l e  reagen t s :  The , ~ r o c e s $ i n d  is d e s c r i b e d  on pa2e 3 ,  ' 

" 

and t h e  molecu la r  d e s i ~ n  . c r i t e r a  o n , . ~ a i e '  4 .  The p a r t i c u l a r  ' c a r b o ~ l a t e s  o r  
amine car.boxy1ate.s' s e l e c t e d  were t h e  oc  t o a t e s  . 'or  'neodecanoates ,  and '  they  a r e  
d e s c r i b e d  on page 5  wi th  e x a m p l e s ~ ~ i v e n  on pages 6, 7 ,  and':3:"Currently, 
meta l lo -organ ic  compounds have been s e l e c t e d  f o r  25 e lements  a s  l i s t e d  'on 
page 9 .  

WHAT ARE THE ADVANTAGES OF IfOD FILFIS? 

Both t h e  advan tages  and t h e  problems invo lved  w i t h  1lOD f i l m s  a r e  l i s t e d  
on page 11. The c h i e f  advan tage  f o r  m e t a l l i z i n g ,  p h o t o v o l t a i c  sys tems i s  t h e  
low f i r i n g  t e m p e r a t u r e s ;  f o r  example, s i l v e r  f i l m s  have been f i r e d  on s i l i c o n  
w a f e r s  a t  t e m p e r a t u r e s  a s  low a s  250 '~ .  

MOD PROCESSING AND PROPERTIES 

The f i r s t  s t e p  i n  f o r m u l a t i n ?  any i n k  was t o  a s s a y  t h e  p r e c u r s o r  m a t e r i -  
a ls  and t h e m ~ ~ r a v i r n e t r i c  a n a l y s i s  (TGA) r e s u l t s  a r e  given on page 15. Low 
f i r i n g  s i l v e r  f i l m s  a r e  more i m p o r t a n t . i n  m e t a l l i z i n g  p h o t o v o l t a i c  sys tems 
b u t  more work 'was  done on gold  and copper  f i l m s ,  and they w i l l  be  d i s c u s s e d  
f i r s t .  - A  v e r y  dense  gold  conductor  f i l m  of n e a r  t h e o r e t i c a l  s h e e t  r e s i s t i -  
v i t y  was d e v e l o ~ e d  f o r  f i r i n g  on a lumina s u b s t r a t e s .  The HOD g o l d  f i l m s  had 
adhes ion  and u l t r a s o n i c  w i r e  bondinp ~ r o p e r t i e s , t h a t  were b e t t e r  t h a n  con- 
v e n t i o n a l  t h i c k  f i l m  go ld .  The ?recessing of t h e  f!OD s o l d  f i l m s  i s  d e s c r i b -  
ed  on page 16. 

Adhesion i s  measured i n  terms of t h e  f o r c e  r e q u i r e d  f o r  detachment o f  
two a d h e r i n g  phases .  S e n a r a t i o n  may t a k e  p l a c e  a t  t h e  i n t e r f a c e ,  o r  w i t h i n  
t h e  i n t e r f a c i a l  r e g i o n ,  o r  i n  t h e  b u l k  of t h e  weaker phase.  D i f f e r e n t  
measurement t e c h n i q u e s  r e f l e c t  d i f f e r e n t  f i a l u r e  mechanisms and a r e ,  t h e r e -  
f o r e ,  n o t  d i r e c t l y  comparable.  For t h i s  s t u d y ,  t h e  adhes ion  was measured by 



a p u l l  test performed i n  a  s i m i l f a r  manner t o  t h e  p rocedure  developed by 
C. Kuo a t  CTS, by s . o l d e r i n g  n a i l  head n i c k e l  w i r e s  t o  t e s t  pads on t h e  sub- 
s t r a t e s .  The p r e t i n n e d  n a i l  head w i r e s  were clamped p e r p e n d i c u l a r  t o  t h e  
s u b s t r a t e s  and hand s o l d e r e d  w i t 1 1  Indium .dorp.  o f  America f l u x  111 and 
70Sn/18Pb/121n s o l d e r .  The g o l d  pads were n o t  burn i shed  o r  p r e t r e a t e d  be- 
f o r e  s o l d e r i n g .  An I n s t r o n  T e n s i l  T e s t e r  was used f o r  t h e  p u l l  t e s t ,  and 
t h e  a d h e s i o n  expressed  i n  kg. The adhes ion  was c o n i s d e r e d  t o  b e  e x c e l l e n t  
i f  t h e  p u l l  s t r e n g t h  was 9 . 5  kg o r  above.  A f t e r  t h e  p u l l  t e s t  was completed,  
t h e  pads were  i n s p e c t e d  f o r  t h e  f a i l u r e  mechanism. Each o f  t h e  t e n s i l e  t e s t  
r e s u l t s  were  c l a s s i f i e d  i n t o  t h e  f a i l u r e  modes d e s c r i b e d  on page 17. 

The i n i t i a l  tests w i t h  g o l d  MOD f i l m s  showed v e r y  low adhes ion ,  and on. 
examining t h e  f r a c t u r e ,  i t  w a s  determined t h a t  t h e  s o l d e r  had complete ly  
a l l o y e d  w i t h  t h e  go ld  f i l m s .  These r e s u l t s  were  n o t  i n d i c a t i v e  of t h e  ad- 
h e s i o n  between t h e  g o l d  MOD f i l m s  and a lumina,  b u t  r a t h e r  t h e  adhes ion  be- 
tween a  Sn-Pb-In-Au a l l o y  and a lumina.  I n  o.rder t o  c i rcumvent  t h i s  prob.lem, 
a  d i f f u s i o n  b a r r i e r  l a y e r  of N i  o r  P t  was i n s e r t c d  between t h e  g o l d  and the 
r .  Ifeta1 f i l m o  of plntinunl o r  n i c k e l ,  appr.c.,xl.marely 5000 angstroms 
t h i c k ,  were s p u t t e r e d  o n t o  t h e  adhes ion  t e s t  pads through m e t a l  masks. Be- 
f o r e  s p u t t e r i n g ,  t h e  f i l m s  were  c leaned  u l t r a s o n i c a l l y  i n  a c e t o n e ,  methano l , ,  
and D I  w a t e r .  The c o a t e d  conduc tor  p a t t e r n s  were  f l u x e d  w i t h  K e s t e r  15-44 
s o l d e r  f l u x  and dipped f o r  t h r e e  seconds  i n  a hOSn/40Pb s o l d e r  po t  a t  200'~.  
Except f o r  a d i f f e r e n t  s o l d e r  composi t ion and fJ..ux, t h e  p r e v i o u s l y  d e s c r i b e d  
p rocedure  f o r  najl .  head p i n  a t t achment  was used.  Both s m a l l  pitis (d iamete r  
0 .05  cm) d e s i g n a t e d  S  and l a r g e  p i n s  (d iamete r  0.09 cm) d e s i g n a t e d  L,  each 
h a v i n g  a  head d i a m e t e r  o f  0.127 cm, were  used because  s e v e r a l  o f  t h e  i n i t i a l  
f a i l u r e  modes invo lved  b r e a k i n g  t h e  p i n s .  A summary of t h e  adhes ion  d a t a  
f o r  t h e  MOD f i l m s  i s  p r e s e n t e d  on page 18 a l o n g  w i t h  d a t a  f o r  Enge lhard ' s  
c o n v e n t i o n a l  mixed bonded g o l d  i n k  A-3770 and t h e i r  MOD (mercap t ide  chemis- 
t r y )  i n k  A-3725 f o r  comparison.  

Wire bonding d a t a . f o r  t h e  MOD go ld  f i l m s  were o b t a i n e d  u s i n g  a Kul icke 
and S o f f a  U l t r a s o n i c  Wedge Bonder. The s e m i c i r c u l a r  loop  g e o m e t r y ' f o r  
a t t a c h i n g  A1 w i r e s  t o  t h e  gold  f i l m  1 s  shnwn on page 19.  Twenty f i v c  bonds 
were made "11 racll sa111ple. The t e s t  invo lved  p u t t i n g  a  s m a i l  hook through 
t h e  l o o p . a n d  p u l l i n g  t h e  w i r e  t o  f a i l u r e ;  t h e  l o a d  and. f a i l u r e  mode were 
t h e n  recorded .  From a  s i d e  view of t h e  w i r e  l o o p ,  t h e  bonded ends look  l i k e  
f e e t ;  thus  t h e  f a i l u r e  modes were  d e s c r i b e d  a s  a  " h e e l  break"  o r  a  " foo t  
l i f t " .  For a  f o o t  l i f t ,  t h e  f a i l u r e  ocr.llrs hy t h e  aluminum w i r e  l i f t i n g  o f f  
of t h e  gold  c o n d u c t o r ,  and i t  may o r  may n o t  b r i n g  t h e  conduc tor  w i t h  i t .  
A 1-lee1 break r e f e r s  r o  a f a i l u r e  mode i n  which t h e  al..~iminum w i r e  b r e a k s  
a d j a c e n t  t o  t h e  ,bonding a r e a  where i t s  d iamete r  was red~.ic.erl dl-tring t h e  
bonding o p e r a t i o n .  I n  g e n e r a l ,  a  h e e l  b reak  i s  t h e  d e s i r a b l e  fai.l.u.re mode 
because  i t  i n d i c a t e s  t h a t  t h e  aluminum w i r e  t o  gold  conductor  bond was 
s t r o n g e r  t h a n  t h e  aluminum w i r e  a f t e r  bonding.  However, b o t h  t h e  mean p u l l  
s t r e n g t h  and tl.le f a i l u r e  mode a r e  f u n c t i o n s  o f  t h e  machine paramete rs  and 
t h e  bonded w i r e  geometry.  The w i r e  bond r e s u l t s  f o r  25 t e s t s  on each of t h e  
MOD g o l d  f i l m s  a l o n g  w i t h  t h e  r e s u l t s  w i t h  c o n v e n t i o n a l  t h i n  and t h i c k  f i l m s  
a r e  p r e s e n t e d  on page 21. A summary of t h e  e f f e c t s  o f  a d d i t i o n s  t o  gold  i n  
t h e  f i l m s  is  g i v e n  on page 21, and a  summary o f  t h e  Au f i l m  p r o p e r t i e s  i s  
g iven  on page 22. 



. . . . 
. .  . 

A s c r e e n  e r i n t a b l e .  copper i n k ,  d e v e l o p e d  from a<  kqheous s o l u t i o n  o f  
copper n i t r a t e  t r i h y d r a t e ,  'produced s o l d e r a b l e  Cu f i l m s  w i t h  good e l e c t r i c a l  
c o n d u c t i v i t y  and adhes ion  on POS s u b s t r a t e s .  The c h e m i s t r y  i s  l i s t e d  on 
page 23 and t h e  p r o c e s s i n g  on page 24, and t h e  Cu f i l m  p r o p e r t i e s  a r e  
summarized on page 25. 

S i l v e r  i n k s  t h a t  cou ld  be  s c r e e n  p r i n t e d  o r  i n k  j e t  p r i n t e d  were  f o r -  
mulated,  and dense  Ag f i l m s  w i t h  good c o n d u c t i v i t y  and good a d h e s i o n  were 
o b t a i n e d  when they  were f i r e d  on s e v e r a l  s u b s t r a t e s .  The p rocedure  f o r  
making s i l v e r  neodecanoate  is  g iven  on page 26,  and t h e  p r o c e s s i n g  of  s c r e e n  
p r i n t a b l e  and i n k  j e t  p r i n t a b l e  i n k s  a r e  g iven  on page 27. S u b s t i t u t i o n  o f  
a - t e r p i n e o l  f o r  xy lene  was n e c e s s a r y  Yor t h e  s c r e e n  p r i n t a b l e  i n k  because  o f  
t h e  h igh  vapor  p r e s s u r e  of xy lene .  A summary of  t h e  Ag f i l m  p r o p e r t i e s  i s  
g iven  on page 28. It shou ld  b e  p o i n t e d  o u t  t h a t  1 w/o P t  i s  a d e q u a t e  f o r  
s o l d e r  l e a c h  r e s i s t a n c e  f o r  c o n v e n t i o n a l  t h i c k  f i l m s ,  b u t  t h e  MOD f i l m s  are 
s o  t h i n  t h a t  4  w/o P t  was r e q u i r e d .  

WHERE ARE WE? 

The meta l lo -o rgan ic  i n k s  t h a t  have been f o r m u l a t e d  d u r i n g  t h e  l a s t  
t h r e e  y e a r s  i n  t h e  Turner  Laboratory  a t  Purdue U n i v e r s i t y . a l o n g  w i t h  t h e  
p r o p e r t i e s  of  t h e  f i r e d  HOD f i l m s  a r e  summarized on pages  30 and 31. A 
g r e a t  d e a l  of a d d i t i o n a l  work must b e  done i n  t h e  a r e a ,  and we have  on ly  
s c r a t c h e d  t h e  s u r f a c e  of what might b e  accomplished d t h  low f i r i n g  . , 

t empera tu re  m e t a l l i z a t i o n . '  .. . 
' .  . . . ,  . . 



1 WHAT ARE IIETALLO-ORGAN I C ' COMPOUNDS? . 
' I . ' . '  . . 

2 .  WHAT ARE T H E I R  ADVANTAGES? 
. . 

3 .  . MOD PROCESSING AND PROPERTIES 
, ~ . *  ~ 

4. WHERE ARE WE? 

Page 3. MOD Film Processing 

COdYMON SOLVENT 

RHEOLOGY ADJUSTORS 

P R I N T ,  SPRAY, D I P ,  CTC 

HEAT 



Page 4. Molecular Design Criterion 

1. As the choln length of'.the organic rodlcal Increases: 
a )  the solubility of the compound In orgonlc solvents 

Increases; . . .  

b )  the metal content of the comwund decreases. 

2. The solubll l t y  of the cornwund lncreases I f  the organic 
rod k a l  is branched, 

Page .,5. . , 

NORMAL OCTOATE 

O H H H H H H H  
I I I I I I I I 

- 0 - C - C - C - C - . C - C - C - C - H  

;r i i . k  t i t ;  ir k 

BRANCHED OCTOATE 



Page 6. Structural Formula for Copber 2-Ethylhexoate 

Page 7. Structural Formula for Silver Neodecanoate 

The number of  carbon atoms In R1 + R2 + R3 8 

Page 8. Structural Formula for Gold Amine 2-Ethylhexoate 

11 I 

C /C  - C4Hg 
I 

/ I I 
0 - C2H5 I 

I , r C H 3  
AU-N @ N- 

I I 

0 'Y" ' ~ ~ 5  I I 



Page 9. Turner Laboratory Compounds 

2-ETHYLHEXOATES 

B1, Cd, Co, Cr, Cu, Go, I n ,  Ir ,  N1, Pb, Rh, Ru, S I , . S n ,  Y, Zn, Z r  

AN I NE 2-ETHYLHEXOATES 

Au, P t  

NEODECANOATES 

AQ, Bo 

B P y r l d l n e  

Pd A c e t a t e  

Sb Bu,toxlde 

T i  2 -Ethv lhexoxlde  

Page 10. 

1. WHAT ARE METALLO-ORGAN I C COMPOUNDS? 

-& 2 ,  WHAT ARE THEIR ADVANTAGES? 

3 .  MOD PROCESSING AND PROPERTIES 

4 ,  WHERE ARE WE? 



Page 1 1 .  

ADVANTAGES FABRICATION PROBLEMS 

ELIMINATE VARIATIONS FORMULATION L I M I T E D  INFORMATION 
I N  INGREDIENT MATERIALS AVAILABLE ON PURE 

COMPOUNDS 

ELIMINATE VARIATIONS 
DUE TO BLENDING 

VARILTY OF PRINTING 
TECHNIQUES POSSIBLE 

LOWER F I R I N G  
TEMPERATURE 

IMPROVED WIRE BONDING 

REDUCED LASER TRIM 
EFFECTS 

P I N  HOLE FREE 

INK 

F I L M  

LOW INORGANIC 
CONTENT 

MORE D1FFICUI.T OT 
CONTROL VISCOSITY 

COMPONENTS LARGE VOLUME OF 
VOLATI LES 

PROPERT I ES 

CONDUCTORS HIGHER SHEET RESISTANCE 

RESISTORS RESISTANCE RANGE NAY 
BE L I M I T E D  

DIELECTRICS DIELECTRIC CONSTANT 
VALUES NAY BE L I M I T E D  



Page 1 2. 

1. WHAT ARE METALLO-ORGAN I C  COMPOUNDS? 

2. WHAT ARE THEIR ADVANTAGES? 

3 IX)D PROCESSING AND PROPERTIES 

4, WERE ARE WE? 

. /  I 

TO DEVUfi" l't; l:'. F I Lt'i GOLD CONDUCTORS : 

TO INCREASC THE RELIABILITY OF ULTRA- 

SONIC ALUMINUM WIRE BONDS. 

APPLICATION 

NEXT GENERATION OF HYBRID MANUFACTURING 

TECHNOLOGY. 

Page 1 3. 

PROBLEI? 

TO DEVELOP THICK F l L H  GOUI CONDUCTORS 

TO INCREASE THE RELIABILITY OF ULTRA- 

SONIC ALUMINUM W l RE BONDS. 

APPLICATION 

NEXT GENERAT ION OF HYBRID MANUFACTURING 

TECHNOLOGY. 



I 
MOD 1 OOOX 



Page 15. TGA Results 

Soturoted s o l u t i o n s  heoteC 11; o l c  t r t  ;OUC:'lnlr;. 

Compound 1 d!o P; ~.:~!:.jcl -- Uecoll!LL-. .- , 

Ag neodeconoote 2 56 I 5  kg  

Au omine 2-ethy lhexoote 600 13 Au 

Pt.omine 2-ethy lhexoote 400 18 Pt 

R1 2-ethy l  hexnote 350 16 Bi203 

Cu 2-ethy lhexoote 300 4 CuO 

Rh 2-ethylhexoote .225 8 Rh 

Pd ace ta te  t r l m e r  225 3 PdO 

Page 16. Processing Gold Films 

1. ASSAY MOD PRECURSORS 

. 2. M I X  MOD COMPOUNDS 4-3 w/o PENZOIL'S !(illJERAL JELLY #20 

3, PLACE SOLUTION IN AN OPEN BEAKEP AT 5 0 ' ~  UNDER A VACUUM 

OF 67 Po FOR 24 HOURS 

4 SCREEN PRINT WITH AREMCO 3100 ON 3M'S AlSiMog 838 SUBSTRATES, 

325 MESH S.S. SCREEN 

:. . 
5. BATCH FIRE THE SAIIPLES . . . . 

Sequence 11 10 minutes each a t  the  f o l l o w i n g  tynperoturos' :  

120, 350, 500, 8 5 0 ~ ~  . . 

SeQuence 2: some as above except reducing the Second tem- 

Peroture t o  300 '~  and f i r i n g  f o r  20 minutes 

Sequence 3: I R  d r y i n s  + 8 5 0 ~ ~ / 1 0  minutes 



Page.l.7.; ..> . .. . ,. . . A,dhesion8..Failure .... . . . Modes :.I ., .i . . " , . . _ , '  

A .  SeParatlon.of the Pad.from the substrate . .  , 
% 

B. SePoration w l t h l n  the s o l d e r > . f l l l e t  

C. Sewra t l on  between the wire and the solder f l l l e t  

D. Fracture o f  the substrate' * :  
. ..< 

. . . , 
. . 
\ '< 

E, Pln breaks . 
. . 

1 
I 

I I 

Page 1 8. summary of ~dhesib," . . . .  Data. ..... 

Com~osl t Ion  ,:!w/o)* . Burr.1,e.r -:Pin.. -.Load (kg) - . Fa1 l u r e  Mode 
B1 Cu Pd Layer Size NeanS.D.  A B C D E 

1.5. - 1.5 Pt S 9.1 0.6 1 - - - 4 
Pt L 8.1 2.3 , 10 8 1 - - 
N 1 L 8.8 1.8 - 1 1 .. - - 

1.0 - 1.5 Pt S 7,O 1.1' 9 1 . ' -  - .  - 
Pt L .7,2 2.8 10 - .' - - - 

0.5 - 1.5 N 1 L 10.7 1.9 5 - - 3 - 
0.25 - - Ni S '  '7.4 1;O 3 3 - .  - - 

N1 L 8.7 1.0 1 2 - - - 
- - 1.5 N1 S 3,l 1,s 6 - - - - 
1.5 0.1 1,5 N 1 L 9,5 1.2. 3 7 - 2 - 
1.0 0,l 1,s Nl L 7,6 1.8 3 5 3 12 2 

0.25 1.0 - P t  S 7.3 1.2 9 1 - 3 - 
- -- 

N1 L 5,9 1,8 12 - - 1 - 
none L 5.9 1.5 10 - - 3 - 

'Inks a lso  contained 0;1 w/o Rh, balance Au. 



Page 19. Ultrasonic Wedge Bonder 

MODEL 484 

KULICKE + SOFFA 

S/N 1 9 0 4  

FOOT TO FOOT 

LINEAR DISTANCE - , 1 2 5  + , 0 0 1  cm 

BONDED WIRE HEIGHT , 0 3 5  cm 

A1 WIRE (1 w/o Ng) 25)lm THICK 



Page 20. ~ luminum Wire Bond-Test Results 

F i r i n g  No, o f  W/O B l '  P u l l  S t r e n g t h  ( g )  F a l l u r e  Mode 
S e q u e n c e  L a v e r s  Mean S.D. H,B. F.L. 

C o n v e n t l o n a l  thin f i l m  . 1 1 . 1 8  1 . 0 3  25 - 
C o n v e n t i o n a l  th ick f l l m  7.9 1 . 3  2 4  1 

' A l l  inks also c o n t a l n e d  0.1 w/o Rh, 0 .1  w/o Cu, 1 . 5  w/o Pt,  

balance Au. 

Page 2 1. Additions to MOD Gold Films. on Alumina Substrates 

Rh AT LEAST 0 . 1  w/o Rh I S  NEEDED FOR F I L M  FORMATION. - 

Qj ADDITIONS OF 1,0 w/o Cu DOUBLE THE ps HITH NO , 
SIGNIFICAf iT EFFECT ON ADHESION WHILE ADDITION 

OF 0 .1  w/o IMPROVED ADHESION AND A1 WIRE BONDING 

PROPERTIES WITHOUT D M S T I C  EFFECTS ON ps. 

. - ~ t  EITHER ~d OR ~ t  IMPROVES ROOM TEMPERATURE WIRE 
Or' BUNU I N 6  AND ADHESl ON PROPERT I ES WITHOUT S IGN I - 
Pd 

FICANTLY CHANGIIiG THE 0,. SINCE Pd  OR Pt ALSO 

IHPROVE THE SOUIER LEACH RESIS'I'ANCE OF Au F ILMS 

~ 1 . 5  w/o WAS ADDED. 

BL BISMUTH INCREASES ADHESION AND WIRE BONDING 

PROPERTIES AND THE OPTIMUM MAY BE 1 . 5  w/o B i .  



Page 22. Au Film Properties 

1. Raw mater la ls  are pure generic mater la is - anyone 

can fabr ica te  f l lms  from the formulas. 

2. F l  lms can be convent lonal  l y  processed. 

3. Fi lms have be t te r  adheslon and wlre bondlng propert ies 

than comerc ia l  t h i ck  f l l m .  

4. The f l l m  r e s l s t l v l t l e s  aPOroach tha t  expected f o r  Pure gold. 

5. The mlcrastructure shows that  the f l lms are very dense 

and thickness measurements show tha t  the f l l m s  are 

0.5 ym/layer.. 

Page 23. Chemistry of the Copper Ink 

COMPOUND ; 11,; 
-- 

Cu n l t r a t e  t r l hyd ra te  67.4 

water 28.8 

methyl ce l lu lose 

(4000 CP grade) 

boron oxide 0.9 

Ross Chem's Foam Burst 370 ' 0.7 



Page 24. Processing Copper Films 

1. The B203 was added to  the water, The methyl eel lu lose 

was then added, and several hours were necessary fo r  I t  

t o  d issolve.  Next the Cu n i t r a t e  was added, and a f t e r  I t  

dissolved the Foam Burst was added. The Ink  was a1 lowed t o  

stand f o r  one day. 

2. The Ink  was screen pr in ted through a 165 mesh S.S.  screen 

on POS substrates. 

3 The b t ~ L  Tl1.11ig siq"i~\it nus .Lo a1 i' d i ' ~  aL 5onc/1 hour 

a l r  d ry  a t  230ac/20 mlnutes + f l r e  I n  a 4% H2/96% N2 

atmosphere a t  650°c/20 mlnutes. The samples were cooled 

t o  1 0 0 ~ ~  before they were removed from the H2/N2 atmosphere. 

Page 25. Cu Film Properties 

1 A one laver f i l m  ( 8  flm t h i c k ) .  f i r e 3  on POS gave 

14 mn/sq/25 pm, another two lov&r  f i l m  (9 .9  pm 
th i ck )  f i r e d  on POS gave 19 mn/sq/25 pm. 

2.  For room temperature aging. the sheet resistonce 

incressed by 90.5% i t i  Lhe T i  tx.1  re^ Isout's, 1.e- 

m i n e d  constant f o r  times t o  400 hours, increased 

to  5% ar te r  1000 hour's, illen. iemuined consLunt 

t o  2000 hours, 
-, - 

3. Samples were d i p  soldered w i th  63% Sn - 37% Pb a t  

?5n0c - f i lms were .cnmp!ere! Y t inned. 



Page 26. Synthesizing Silver Neodecanoate 

CgH19 COOH + 14H40H + CgH19 COONH4 + H2C 

1. The acid wos odded to base and stirred, a clear solution 

resul ted. 

2 ,  The AgN03 plus some H 2 0  was added and stirred and a white 

elaudy eul I esulred, 

3.  Xylene was odded ( 25 cc for 10 g acid) and 2 lmnisible liuulds 
.were formed. 

- Liquid 1 is CgHI9 COOAg in xvlene 

Liquid 2 IS NH4N03 (aq) 

4 The liquids were poured into a stoppered funnel ond the 
bottom 1 iquid was removed. This m r e  dense 1 iquid was the 

NH4N03 (aa) ~ol~tion. 

5. The top solution wos filtered and additional xvlene was 
removed by bubbling oir through the solution until 0 

soturoted solutlon was obtalned. 



Page 27. Processing Silver Films 

1. Af te r  addlng c k t e r ~ l n e o l  to  a mlxture o f  saturated xvlene 

so lu t ions o f  both Ag neodecanoate and Pt omine 2-ethyl- 

hexoote the solvents were exchanged, 

2 ,  Ethyl  ce l l u lose  i n  d- terpineol  was added to  adjust the 

rheology f o r  screen Printing, 

3. The Ink  was screen pr ln ted through a 325 mesh screen on 

vurluus substrates. 

4. The ink  was dr led a t  1 5 0 ~ ~ / 1 0  mlnutes then f i r e d  a t  

150 -b350°c f o r  various t lrnes, 

INK JCT PRINTING 

1. Saturated xylene solut ions o f  Ag neodecanoute and 

Pt m i n e  2-ethylhexoate were d i r e c t l y  pr inrulr le.  

2. The alurnlna substrates were preheated to  30°c 

and mast o f  the xvlene was rel~loved during the 

Dr ln t ing .  

3 .  The Substrates werc hcated to  210'~/10 mlnldtes 

then f i r e d  a t  250°c/10 mlnutes. 



Page 28. Ag Film Properties 

Screen Pr ln t lnq  

1. Sl lver  f l lms have been success full^ Prlnted and f l r ed  on 

alumina, POS,, ITO, glass and S1 a t  t&ratures as low 

as 2 5 0 ~ ~ .  

2.  These f l lms Pass the "Scotch Tape" test fo r  adheslon, 

INK JET 

1. Fllms have been successful IY f l r ed  6n alumlna substrates 

a t  2 5 0 ~ ~ / 1 0  mlnutes , 

2. Llnes have been p r ln tedas  narrowas 7ml l sonA lS lHas  838 

through a 3 m l l  o r f l ce  on the ink Jet pr ln ter .  

3. A f l l m  wlth comwsltlon 4 w/o Pt/96 w/o As remained a f t e r  

30 seconds I n  63 Sn - 37 Pb solder but i f  the Pt was re- 

duced to 2 w/o solder leaching was observed. 

4, Sheet resistance values as low as 0.06 A / s s  have been. 

obtained, 

Page 29. 

1. WHAT ARE METALLO-ORGANIC COMPOUNDS? 

2.  NHAT ARE T H E I R  ADVANTAGES? 

3 .  NOD PROCESSING AND PROPERTIES 

4 WHERE ARE Wk? 



Page 30. Where Are W e  

& 

A MOD gold ink  contain ing Rh, B1, Cu, and P t  o r  F:! ilos Seen 

developed f o r  screen p r i n t l n g  on alumina substrates and pro- 

duces o very dense f i l m  w l th  neor theore t ico l  sheet re- 

slstance. The MOD so ld  f 1 lms had adheslon and u l t rason ic  

aluminum wi re  bonding  ropert ties that  were be t te r  than con- 

vent ional  t h i ck  f i l m  golds. 

Cu - 

A screerl u r l r ~ t u l r l e  cuuuer lrlk wus rleveluuecl f r an  UII uuueuus 

so lu t i on  o f  copper n l t r o t e  t r ihydrate,  boron oxide ond 

methyl ce l lu lose tha t  Produced solderable Cu f l lms w i th  

good conduct lv l  t~ and good adhesion when f I r ed  i n  a re- 

ducing atmosphere on POS substrates, 

Page 3 1.  Ag 

1. S i l ve r  inks that  could be screen p r l n ted  were formulated 

from Ag neodecanoote, P t  omlne 2-ethylhexoate, e thy l  

ce l l u l ose  and d - t e r ~ i n e o l  . 

2, S l l ve r  Inks rhar CO\lld be Ink I c t  o r ln ren wcrc fn tm~r l i i t cn  

from a xyl  ene so lu t i on  o f  A9 nsodeconoale und P i  u1111r1e 

2-ethyl  hexoote. 

3. The MOD inks were f i r e d  i n  a i r  as low as 2 5 0 ~ ~  to  produce 

a ' ~ g  f i l m .  

4 ,  Adhesion was good on u l  l si l lssl i~i l les i ~ ~ v e s l l g o t e d  - Oluililt'10, 

PUS, I IU ,  glass, s l l i c o n .  

5 ,  F i red  f i l m s  containing 4 wlo Pt/96 w/o Ag were solderable. 



DISCUSSION 

. WONG: You mentioned, I am referring to' silver, about 250% becomes a safe 
temperature. Is this the TGA data? 

G:VEST: Right. Fired at lo0 per minute. 

WONG: OK, so lo0 per minute is the heating range. What is the equilibrium 
deposition temperature? 

G. VEST: We really haven't done that much with silver, but I do know that we 
fired, in air, just putting it in the furnace for 10 minutes at 2200 
and we got a silver film. 

WONG: OK. Again, what is the sheet resistivity at that temperature -- 60 
milliohrn per square? 

G. VEST: No, that was on the silicon; we just printed it very quickly on. the 
silicon. I didn't know how to calculate how many squares and I was 
measuring it with a ruler, so it's about 60 milliohms per square, but 
that was very, very thin, it may.be 1000 to 1500 Angstroms; again, I was 
measuring it with a ruler, so I hate giving very accurate sheet 
resistivities. 

WONG: You think it is possible to go even lower than 220°C? 

G. VEST: I don't know, we haven't tried. 

WONG: Are you going to try? 

G. VEST: Yes. My students say they were trying 210°c, but that's today. 

NICOLET: I am very curious. to know what scientific logic or inspiring 
intuition led you to pick rhodium to create a uniform thin foil rather 
than osmium or molybdenum or whatever. 

G. VEST: We really haven't tried to optimize and look at some of those. Just 
like bismuth for chemical bonding, we wanted something that worked that 
had.a small amount 0.f foreign material in there. A lot of the 
literature had rhodium; we just picked it. It's the only one we've 
tried. 

SOMBERG: Would you care to comment about the adhesion properties of silicon 
relative to what we know about thick-film materials, since there is no 
frit to bond the silver to the silicon? Would you expect anything 
different from that system? 

G. VEST: With the silver, I don't know why, but it seems to bond to whatever 
we've tried without adding either any form of glass frit or 
metallo-organic to make an equivalent of a glass, or putting any 
chemical binders in there. It's great, but I don't really know why, and 
I'm just not that familiar with it. This i~ the first we've ever worked 
with silicon, as such. I did not clean the wafer; we are going to try 



that when I get back. There were Monsanto wafers in a nice little 
supposedly clean container. We borrowed one, I guess we got one from 
the Physics Department or the E.E. Department; we just did this on 
Tuesday, just to see if we could get it to adhere, so it's probably 
dirty silicon. We haven't done any work with silicon. 

TAYLOR: Were these Monsanto wafers epitaxial wafers with a smooth surface? 

G. VEST: Yes. I have one, if you would like to see it. 

GALLAGHER: Have you ever mixed any of these precursors with a.standard 
thick-film ink and blended it to see, for example, in the problem we 
have with Spectrolab, that you would get adhesions to the substrate? 

G. VEST: Yes, as you'll remember, Bob (R. Vest) was talking this morning 
about making the platinum ink. The lowest particles -- well, you 
couldn't call it particles, I suppose there was a platinum, a commercial 
resinate in there. 

GALLAGHER: I meant silver, excuse me. 

G. VEST: No, no, we've never had any funding on silver. The only reason why 
we've ever done'anything is just that with the ink jet, it was cheaper 
than gold. 

STEIN: Silver metallo-organics are often used in silver thick-film systems 
along with particles. 

. . 

GALLAGHER: That's a skaadard tcohniquel 

STEIN: Yes. 

GAL!.AC,HER: We never knew they were there. 

STEIN: Sorry? 

GALLAGHER: We never knew they were there, they were just there. 

STEIN: Yes. I don't know who you were talking to, but they are there. 

G. VEST: We have played around a little bit. I shouldn't say we've done 
nothing, beca~~~se we did do a silver film for an industrial application, 
thnllgh we did wind up having some silver metallo-organic in there- 

WOLF: I notice th'at your prints were rather thin but close to bulk 
conductivity, and your copper prints were rather thick but in an order 
of magnitude away from bulk conductivity. Was it very spongy or what, 
have you noticed anything about those copper films? 

G. VEST: No, we really haven't looked at them. The copper-film work was just 
done to test feasibility with using those solution inks to see if we 
could make a film. We didn't proceed with that any further. 

PROVANCE: One of the severe limitations .of the Midfilm process is that it puts 
the film down too thin to withstand the leaching effects of the solder. 



I ' m  wondering i f  you have done any t e s t s  wi th  t h e  s i l v e r ,  o r  any o t h e r  
m e t a l l i z a t i o n  t o  see  what t he  so lde r  l eak  r e s i s t a n c e  might be of t h e s e  
f i lms .  

R.  VEST: We r e a l l y  haven ' t  done t h a t  much work with t h e  s i l v e r .  

PROVANCE: That ,might  be one of t he  a r e a s  f o r  f r u i t f u l  f u r t h e r  r e sea rch ,  
because t h e  process  i s  very i n t e r e s t i n g ,  but  i n  a c t u a l  a p p l i c a t i o n  i n  
the  f i e l d  t h a t  is  one of the  very  important  c r i t e r i a .  We found t h a t  
once you go below t h a t  mininum th i cknes s  on any of these  p r i n t e d  f i lms  
you begin t o  l o s e  both adhesion, because of t he  leaching  e f f e c t s  of t h e  
s o l d e r ,  and the  s o l d e r  leaching  system r e s i s t a n c e .  In o the r  words, t h e  
f i lm  becomes p a r t  of t he  so lde r .  

G. VEST: 'We d i d  s t i c k  t h e  s i l v e r  f i lm  down i n t o  some s o l d e r  f o r  30 seconds 
and they s tayed  t h e r e ,  but t h a t  was j u s t  a  quick,  d i r t y  t e s t ,  Again, 
had we had funding i n  s i l v e r  -- maybe we w i l l  g e t  t h a t .  

LANDEL: How much of t he  metal lo-organic  can you ge t  i n t o '  your system? 

G. VEST: With t he  i nk  j e t  p r i n t e r ,  t h a t  i s  a  drop on demand, and aga in  i t  
w i l l  be computer-controlled. You could make them a s  t h i c k  a s  you would 
l i k e  t o  have them. 

LANDEL: That ' s  m u l t i p l e  coa t ing .  How much s i l v e r  can you ge t  i.n t h e  o r i g i n a l  
i nk  i t s e l f ?  

G. VEST: We have about 15%, but  with t h e  i nk  j e t  p r i n t i n g ,  which probably w i l l  
be the  g r e a t  a p p l i c a t i o n  f o r  t he  s i l v e r ,  we mix up 15 weight percent  
s i l v e r  i n  t h e  xylene so lu t ion .  We prehea t  t h e  s u b s t r a t e ;  by t h e  time 
t h e  drop has  a r r i v e d  a t  t he  s u b s t r a t e ,  t h e  bulk of t h e  xylene i s  gone, 
s o  we w i l l  have, very s h o r t l y  t h e r e a f t e r ,  s i l v e r  neodecanoate. I f o r g e t  
what weight percent  s i l v e r  i s  i n  t h a t .  

LANDEL: But why i s n ' t  i t  5%, why i s  i t  18%? Why don ' t  you have more i n  t h e r e ?  

G .  VEST: We have t o  ge t  t he  s i l v e r  neodecanoate so lub le  i n  xylene. 

LANDEL: Have you t r i e d  another  solveoL? 

G. VEST: No, w e  haven ' t .  

LANDEL: Because t he  decanoate would be r e l a t i v e l y  i n s o l u b l e  i n  t he  
xylene,  and s t r a i g h t  chain hydrocarbon would be a  much b e t t e r  so lvent .  
I th ink  t h e r e  a r e  some th ings  t h a t  I would be happy t o  d i s c u s s  with you 
i n  terms of c a l c u l a t i n g  loading  e f f e c t s .  It should be p o s s i b l e  t o  make 
b e t t e r  than f i r s t - o r d e r  c a l c u l a t i o n s  a s  t o  what i s  a  good so lven t  f o r  a  
givcn metal lo-organic  systeiii. 

G. VEST: I w i l l  say t h a t  t he  reason why we use s i l v e r  neodecanoate i n  xylene 
i s  t h a t  i s  what GTE so ld ,  and we r e a l l y  d i d n ' t  want t o  s t a r t  
syn thes i z ing  t h i s .  We purchased i t  t h a t  way. 



LANDEL: I have some papers from JPL, on other subjects, that would be very 
useful in optimizing the system. So you ought .to be able to increase 
your concentration of the metallo-organics by quite a bit. 

G. VEST: That would be very interesting. 

SOMBERG: What are your intentions 'as far as further work with this is 
concerned? You mention you didn't have any funding.. Maybe Brian 
~allagher is the person to talk to here, but it seems very promising. 

G. VEST: If we get money, we would be delighted to do,whatever we are asked, 
to study any application. 1t.does seem promising, it just doesn't have 
'much data. 

WONG: I'm thinking of the other side of your technique. Regardless of 
solubility, what is the practical limit for you to lay down a thin film 
with your technique? What is the thinnest film you can deposit, unif6m 
thin film? 

G. VEST: We have always been worrying about how thick we can make, how thin, I 
really don't know right now. We can get the solubility in xylene; you 
can add quite a bit of xylene. I really don't know. I have never gone 
that way. At least, you would have to have a few molecules of silver 
neodecanoate to decompose, and again as they decompose they fire off the 
silver an atom at a time. I don't really know what the limit is for 
making the thinnest film. That would be interesting to work on. 

WONG: Do you really need 4% of platinum to get decent solderability -- 
G. VEST: We tried two and that didn't quite work, so we tried four. We have 

made two quick attempts. We are just playing around with the silver. 
We haven't put anything in it. 

STEIN: First, 1'11 make a comment about the question on solderability. You 
dull' L w e d  dily, platinum Bsr o~ldcrulilil.~, yuu ~iued it for sald~r-1 r.nr.h 

' resistance. You can solder to pure silver very readily, too readily. . 
The other question that Wong asked about thin film: you can drop the 
thickness of these £ilms in an almost infinitely continuous fashion. 
You can see it go through quarter wave length of light; you can get 
interference patterns; you can go down to discontinuous films. It is 
completely controllable. 

WONG: In other words, you can make transparent, mechanical films. 

STEIN: If you sandwich them, yes, but not Ly Llirm$elves. If you sandwich 
silver film of this sort between two dielectric layers and make a 
transparent film. 



DRY ETCHING OF METALLIZATIONS 
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The p roduc t ion  d r y  e t c h  p r o c e s s e s  from t h e  p e r s p e c t i v e  o f  m i c r o e l e c t r o n i c  
f a b r i c a t i o n  a p p l i c a t i o n s  a r e  reviewed. While f o r  semiconductors ,  t h e  t e r m  
" m e t a l l i z a t i o n "  i s  g e n e r a l i z e d  t o  i n c l u d e  a l l  conduc tors ,  p a r t i c u l a r l y  doped 
p o l y s i l i c o n ,  t h e  o n l y  a c t u a l  m e t a l s  e x t e n s i v e l y  used i n  t h e  l a r g e  volume 
semiconductor a p p l i c a t i o n s  a r z  aluminum based.  Aluminum i n  t h e s e  a p p l i c a -  
t i o n s  is  i n  t h e  form o f  a n  a l l o y  wit.h s i l i c o n  ( u s u a l l y  1%) and /or  copper  (up 
t o  4%) and sometimes i n  c o n j u n c t i o n  w i t h  a b a r r i e r  m e t a l  such as t i t a n i u m  t o  
p reven t  d i f f u s i o n  of s i l i c o n .  Consequently,  r e c e n t  work i n  d r y  e t c h i n g  of 
m e t a l s  has  been c o n c e n t r a t e d  on deve lop ing  r e l i a b l e  p roduc t ion  p r o c e s s e s  f o r  
t h e  aluminum based m e t a l l i z a t i o n s .  And, o n l y  w i t h i n  t h e  p a s t  two y e a r s ,  h a s  
d r y  e t c h i n g  of aluminum emerged from t h e  l a b o r a t o r y  i n t o  p r o d u c t i o n ,  pr imar-  
i l y  because  o f  p r o g r e s s  i n  Reac t ive  Ion E tch  mode plasma syst'ems, ( d i s c u s s e d  
below) a l o n g  w i t h  t h e  a s s o c i a t e d  g a s  c h e m i s t r i e s .  

For d r y  e t c h i n g ,  a p p l i c a t i o n s  a r e  t o  t h i n , f i l m s  w i t h  t h i c k n e s s e s  u s u a l l y  
l e s s  t h a n  2 microns and w i t h  a  p a t t e r n  d e f i n e d  by a photo r e s i s t  mask. Dry 
e t c h i n g  p r o v i d e s  t h e  advan tages  of (1) e l i m i n a t i n g  d i s p o s a l  of hazardous  
chemicals ,  (2 )  e t c h i n g  m a t e r i a l s  t h a t  a r e  d i f f i c u l t  t o  wet e t c h ,  and (3 )  
e t c h i n g  p a t t e r n s  wi th  v e r t i c a l  w a l l s ,  t h a t  ' i s , e t c h i n g  a n i s o t r o p i c a l l y .  Anis- 
o t r o p i c  e t c h i n g  is  e s s e n t i a l  t o  advanced m i c r o e l e c t r o n i c  d e v i c e s  because:  ( a )  
undercu t  l i m i t s  l i n e  wid th  s i z e s  and corresponding "packing dens i ty1 ' ,  (b )  
l o s s  o f  c r o s s - s e c t i o n a l  a r e a  of a  conductor  c a u s e s  i n c r e a s e d  r e s i s t a n c e ,  and 

::(c) a  n e g a t i v e  s l o p e  type  undercu t ,  a s  t e n d s  t o  occur i f  aluminum e t c h i n g  is 
n o t  f u l l y  a n i s o t r o p i c ,  makes s t e p  coverage by a  subsequent  l a y e r  d i f f i c u l t .  
For a d r y  e t c h  a p p l i c a t i o n ,  e t c h  q u a l i t y  c r i t e r i a  which shou ld  be cons idered  
a r e :  t h e  d e g r e e  o f  a n i s o t r o p y ,  e t c h  s e l e c t i v i t y  ( w i t h  r e s p e c t  t o  mask and 
under ly ing  l a y e r ) ,  e t c h  u n i f o r m i t y ,  r e s i d u e  a f t e r  e t c h i n g  (compare f i g u r e s  1 
and 2 )  c o r r o s i o n  n f t c r  c t c h i n g  (a c r i t i c a l  c o n s i d e ~ a t l u n  with aluminum), , 

t h r u p u t  requ i rements ,  and p r o c e s s  r e l i a b i l i t y .  

The major d r y  e t c h  p r o c e s s e s  used i n  t h e  f a b r i c a t i o n  of m i c r o e l e c t r o n i c  
d e v i c e s ,  g iven  i n  f i g u r e  3 ,  can be d i v i d e d  i n t o  two c a t e g o r i e s  - Plasma pro- 
c e s s e s  i n  which samples a r e  d i r e c t l y  exposed t o  an  e l e c t r i c a l  d i s c h a r g e ,  and 
Ion Beam p r o c e s s e s  i n  which samples a r e  e t c h e d  by a beam of i o n s  e x t r a c t e d  
from a d i s c h a r g e .  The p l a s m a . c t c h  p r o c e s s e s  can be d i s t i n g u i s h e d  by t h e  de- 
g r e e  t o  which i o n  bombardment c o n t r i b u t e s  t o  t h e  e t c h  p r o c e s s .  T h i s ,  i n  t u r n  
is  te1a t~r - l  t o  c a p a b i l i t y  f o r  a n i s o t r o p i c  c t c h i n g .  R c a c t i v e  Ion  E tch ing  (RIE) 
and Ion  Beam Etch ing  a r e  of most i n t e r e s t  f o r  e t c h l n g  of t h i n  f i l m  metals. 
RIE i s  g e n e r a l l y  c o n s i d e r e d  t h e  b e s t  p r o c e s s  f o r  l a r g e  volume, a n i s o t r o p i c  
aluminum e t c h i n g .  

Barrel Type Plasma E t c h e r s  

The B a r r e l  Type p l a s ~ u a  eLch c o n f i g u r a t i o n ,  schemat ic  i n  f i g u r e  4 ,  i s  u s u a l l y  



a qua r t z  c y l i n d e r  i n t o  which wafers  a r e  10.aded concen t r i c  t o  t h e  cy l inde r  
a x i s .  An RF d i scha rge ,  with f i e l d s  appl ied  e x t e r n a l  t o  t h e  r e a c t o r  v e s s e l ,  
fragments t h e  gas i n t o  chemically r e a c t i v e  spec i e s .  A s h i e l d i n g  screen  may 
be used t o  prevent  t h e  ionized gas from reaching t h e  wafers .  Etching is  then 
p r imar i ly ,  o r  e n t i r e l y ,  by n e u t r a l ,  chemically r e a c t i v e  spec i e s .  The advan- 
t ages  of b a r r e l  t y p e . r e a c t o r s  a r e  t h e i r  high throughput a t  a  low c a p i t a l  
c o s t .  The d isadvantages  a r e  t h a t  e tch ing  i s  pure ly  chemical,  and t h e r e f o r e  
i s o t r o p i c ,  and t h a t  m a t e r i a l s  f o r  which bombardment is  needed t o  c o n t r i b u t e  
t o  t h e  e t c h  process  (eg. Si02)  a r e  d i f f i c u l t  t o  e t ch .  

Plasma Mode and R I E  Mode Plasma Systems 

Plasma Mode and RIE Mode p lanar  e l ec t rode  conf igu ra t ions ,  f i g u r e s  5 and 6 ,  
have two imporeanc d i f f e r e n c e s :  (1) R I D  ope ra t e s  a t .  n lower pressure (4 200 
microns),  and (21 for RIE, the wafers sit on a  c a p a c i t i v e l y  coupled, RF 
d r iven  e l e c t r o d e ,  whi le  f o r  t h e  plasma mode, wafers are on a grounded elec-  
t r o d e .  I n  t h e  .RIE mode, .wafers  being etched can t ake  on an  average negat ive  
s e l f  b i a s  vol tage '  wi th  r e spec t  t o  t h e  plasma and, a s  a r e s u l t ,  ene rge t i c  ion  
bombardment ( i n  t h e  range of s e v e r a l  hundred eV a s  opposed t o  l e s s ' t h a n  50 eV 
f o r  Plasma mode ope ra t ion )  can contr l .bute  t o  t h e  e t ch  process .  The ene rge t t c  
ion bombardment provides  t h e  RIE process  with i t s  a n i s o t r o p i c  e t c h  c a p a b i l i t -  
i e s  ( f i g u r e  7 ) .  Aniso t ropic  e t ch ing  is poss ib l e  i n  t h e  Plasma mode but such 
processes  a r e  much more dependent on polymerization processes  t o  p r o t e c t  t h e  
p a t t e r n  s idewa l l  from undercut than i n  R I E  processes .  

A s  with t h e  b a r r e l  e t c h  process ,  i n  PlaFii-mode and RIE chemical ly re -  
a c t i v e  s p e c i e s  a r e  c r ea t ed  'by t h e  RF d ischarge .  However, e t c h  mechanisms, 
and hence e t c h  c h a r a c t e r i s t i c s ,  d i f f e r  a s  a  r e s u l t  of t h e  degree  of ion bom- 
bardment, I n  RIE processes  f o r  Aluminum, t h e  chemical ly r e a c t i v e  spec ies  
a r e  c h l o r i n e  s p e c i e s  produced by fragmentat ion of molecules conta in ing  chlor-  
i n e  ( i e .  B C 1 3 , ,  CC14 ,  C12, SiC14). The su r f aces  which a r e  e tched ,  those par- 
a l l e l  to  t h e  e l e c t r o d e  t o  which t h e  wafers aire a f f l x e d ,  co~ l t l nuuus ly  undergo 
ion bombardment which c l eans  t h e  su r f ace  of n a t i v e  oxide ,  o r  any o t h e r  re- 
a c t i o n  inh ib i t f i l g  l a y e r  ( f i g u r e  7 ) .  D l r s c t i o n a l  etching can then proceed by 
t h e  r e a c t i v e  c h l o r i n e  spec i e s  forming aluminum c h l o r i d e s  which, having a  low 
vapor p re s su re ,  can be pumped away. 

Fu l ly  automated, ca s se t t e - to -cas se t t e ,  load locked Plasma and R I E  mode 
systems a r e  a v a i l a b l e .  Plasma mode systems, by v i r t u e  of t h e i r  higher  oper- 
a t i n g  p re s su re  can have much h igher  e t c h  r a t e s ,  t hus  s i n g l e  wafer a t  a  time 
a s  we l l  a s  ba tch  systems a r e  made. Figure 8 shows t h e  Veeco DV-40 c a s s e t t e -  
t o -cas se t t e ,  load  locked RIE system f o r  l a r g e  volume aluminum, Si02 and poly- 
s i l i c o n  e t ch ing .  

Ion Beam and ' React ive Ion Beam Etching 

Ion beam e t ch ing  i s  accomplished by a  co l l imated  beam of i ons  which i s  ex- 
t r ac t ed  from a d i scha rge  by a s e t  of g r i d s  ( f i g u r e  9 ) .  S u b s t r a t e s  t o  be 
etched a r e  a f f i x e d  t o  a  t a r g e t  p l a t e  which must preform t h e  m u l t i p l e  func- 
t i o n s  of :  (1) hea t  s ink ing  t h e  wafers being etched to  prevent overheat ing,  
p a r t i c u l a r l y  of r e s i s t ,  (2) t i l t  a t  an ang le  wi th  r e s p e c t  t o  t h e  inc iden t  
ion beam t o  g ive  c o n t r o l  over t h e  p a t t e r n  s idewa l l  c h a r a c t e r i s t i c s ,  and (3) 
r o t a t e  i n  t h e  ion  beam t o  symmetrically average t h e  a f f e c t  of t h e  t i l t  on t h e  



p a t t e r n  being etched.  Ion beam systems ope ra t e  a t  a low pressure ,  about 
1x10'~ Torr ,  t o  e l imina te  ion  beam - gas molecule c o l l i s i o n s  i n  t h e  e t c h  
chamber from a f f e c t i n g  the  e t c h  process .  Vacuum pumping by means of a d i f f u -  
s ion  o r  cryopump is  needed, when us ing  r e a c t i v e  gases  cryopumping is gener- 
a l l y  n o t  acceptab le .  

For i n e r t  gas Ion Beam Etching, i n  which argon is commonly used, t h e  e t c h  
process is  pure ly  mechanical spu t t e r ing .  The s p u t t e r i n g  r a t e  i s  a func t ion  
of t h e  binding energy between t h e  atoms i n  t h e  su r f ace  being etched. I n  t h e  
case  of Reactive Ion B e a m  Etching, r e a c t i v e  spec i e s  can chemical ly change t h e  
bonding of t h e  su r f ace  atoms thus  changing t h e  e t c h  r a t e .  When us ing  t h e  re- 
a c t i v e  gas C12, formation of weaker.Al-C1 bonds on t h e  s u r f a c e  can enhgnce 
the  e t c h  r a t e  from t h e  pure s p u t t e r i n g  case  of 400 A/min t o  over  1,000 klmin. 
When O2 gas  i s  used, sctronger aluminum-oxygen bonding w i l l  depress  t h e  e t c h  
r a t e  t o  l e s s  than 100 Almin. The advantages of Argon ion beam e t ch ing  a r e  
t h a t :  (1) Any ma te r i a l  can be etched, i n  p a r t i c u l a r ,  chemically i n e r t  mater- 
ials such as Ni-Fe (bubble memory and t h i n  f i l m  magnetic head a p p l i c a t i o n s )  
and gold (high frequency t r a n s i s t o r  a p p l i c a t i o n s ) .  (2) Combinations of mater- 
i a l s ,  a l l o y s  and l a y e r s  can be etched i n  a s i n g l e  s t e p .  (3) P a t t e r n  s i z e  
t h a t  can be etched is  l imi t ed  only by t h e  l i thography.  A c h a r a c t e r i s t i c  mak- 
ing  t h i s  process  u se fu l  f o r  e tch ing  e l e c t r o n  beam w r i t t e n  master chroine g l a s s  
masks. And, (4) The s lope  of t h e  p a t t e r n  s idewa l l s  can be con t ro l l ed  t o  g ive  
good s t e p  coverage f o r  subsequent l a y e r s .  React ive Ion Beam Etching adds t h e  
c a p a b i l i t i e s  of e t c h  s e l e c t i v i t y  and higher  e t c h  r a t e s .  

Some of t h e  c a p a b i l i t i e s  of  ion beam e t ch ing  a r e  shown by f igu res l0 -12 .  I n  
argon ion beam e tch ing  bubble memory p a t t e r n s ,  f i g u r e l 0 , t h e  aluminum conduc- 
t o r  p a t t e r n  can be etched wi th  a sloped wa l l  t o  provide s t e p  coverage f o r  t h e  
subsequent d i e l e c t r i c  l aye r .  The Ni-Fe l a y e r  must be etched wi th  spacings of 
l e s s  than 1 micron and wi th  v e r t i c a l  w a l l s  t o  g ive  we l l  def ined magnetic 
domains. Tantalum s i l i c i d e  (TaSi2) /polys i l icon  double-layer "meta l l iza t ions"  
which a r e  of i n t e r e s t  t o  r ep l ace  doped po lys i l i con  t o  g ive  lower r e s i s t i v i t y  
can be etched a n i s o t r o p i c a l l y  i n  a s i n g l e  React ive Ion Beam Etch process ,  f i g  
f i g u r e  11, whereas a n i s o t r o p i c  e tch ing  through both l a y e r s  is  d i f f i c u l t  w i t h  
Plasma and RIE processes ,  f i g u r e  12. 

Ion Beam Etching has  been used f o r  lower throughput,  "spec ia l ty"  appl ica-  
t i o n s  i n  which t h e r e  a r e  p a r t i c u l a r l y  demanding e t c h  requirements.  For a 
l a r g e  ion beam e t c h  5ystem (eg. Veeco 10" Microetch, f i g u r e  13) an  appl ica-  
t i o n  i n  which 5,000 A of Ni-Fe o r  1 micron of gold a r e  etched,  t h e  throughput 
would be about twenty-five 3" diameter o r  f i f t e e n  4" diameter  wafers/hr .  
Present ly ,  ion  beam e t c h  systems with f u l l y  automated wafer handl ing a r e  not  
a v a i l a b l e .  



Figure 1 . RIE Pattern in 1.2-Micron Al and 2 0 0 0  A 
Over SiOq (Photo Resist in Place) 



Figure 2. Plasma-Etched Pattern With Residue 
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Figure 5. Plasma Mode Type Etch System 
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Figure 6. Reactive Ion Etch Chamber 
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Figure 8. Veeco-Kokusai Reactive Ion Etch System 



Figure 9. Production Ion Milling System 
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Figure 10. Bubble Memory Device Pattern Cross Section 
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Figure 1 1 . Reactive Ion-Beam-Etched TaSiq-PolySi Structure 



Figure 1 2. RIE of ~ a S i ~ - ~ o l y ~ i  (Using SF Gas) 
Showing Undercut into PolySi 1 ayer 

Figure 1 3. Veeco 1 0-in. Microetch Ion-Beam Etch System 



DISCUSS ION 

GALLAGHER: Have you, in your travels, ever done any etching using shaped 
electrodes, to give you patterns without using photolithographic 
processes? For example, in our system, which you may or may not be 

- familiar with, we had one of our contractors etch silicon nitride. We 
were using silicon nitride basically as an AR coating in this 
application and he wanted to make rather gross patterns, in relation to 
what you are doing, through the silicon nitride at the top of the solar 
cell, so that he could later plate contacts down in there and make his 
top contact. The gentleman who did some of it is sitting over in the 
corner. I just wondered if you had any history or knowledge of it. 

BOLLINGER: Veeco hasn't done any direct etching without maskingr We haven't 
done any 6pacifically that I'm tiwore of, kith dirsct-writing etching 
and single-ion-beam etching were done through a mask, but not on a wafer 
directly . 

GALLAGHER: Bob (~yor), can you tell us a little bit about the conclusions 
Motorola reached on that? 

PRYOR: We've used basically the parallel-plate type of method in the reactive 
ion mode, with a mechanical mask to actually shadow the impinging beam 
and etch where you want to etch without applying photoresist or any 
other kind of resist. That was the process developed on one of the 
former JPL contracts that we had. It works very successfully and worked 
quite well down to things on the order of about 1 mil in terms of line 
widths, which for our application is the size we were interested in. 

BOLLINGER: Do you use a plate or something to shadow? 

PRYORt Y G ~ ,  in e f f e c t ,  to put a ehadow plate with a grid pactern iu between 
the plasma and the substrate. It masks the accelerated fans a ~ ~ d  it 
works quite well. 

AMICK: Can you say whether it is possible to monitor the progrees of the 
etching by looking at Llie plasma emission? 

BOLLINGER: Oh, yes. For plasma processes, a very good diagnostic tool, as 
gel1 as l u x  detecting end point, i a  optical emission spectroscopy, 
because you can look at a line, such as when etching aluminum or 
monatomic excitation lines. And the amount of the light emitted is 
basiaally proportional to the etch rate. 

AMICK: Have you worked out any reactive ion etching techniques for diagnostic 
purposes using plasma emission? 

BOLLINGER: Oh, ye$. ft is used in those techniques; in a reactive ion 
technique it works very well. Aluminum works very well; it's 
particularly good. In etching silicon dioxide you' usually monitor the 
carbon monoxide line, which is not quite as good as the aluminum line, 
but those are very good diagnostic techniques for doing etching as well 
as monitoring end point. 



AMICK: Are those b u i l t  i n t o  t he  equipment? 

BOLLINGER: It i s  b u i l t  i n t o  t h e  Veeco r e a c t i v e  ion  system. I n  o t h e r  
equipment i t  would be an op t ion ,  but  i t  i s  an e a s i l y  added opt ion .  

CAMPBELL: Is i t  s a f e  t o  say t h a t  both t he  plasma mode and r e a c t i v e  ion- 
e t ch ing  mode a r e  l ine-of-s ight  e t ch ing?  

BOLLINGER: You mean by the  i ons?  

CAMPBELL: Yes. 

BOLLINGER: I would guess i t  would be a  l i n e  of d i s cus s ion  some people would 
agree with t h a t  wi th  t h e  plasma mode, because of t he  h igher  p re s su re  and 
the  many c o l l i s i o n s  su f f e r ed  by ions  i n  going through the  shea th .  But 
t he re  has  t o  be a  d i r e c t i o n a l  a spec t ,  c e r t a i n l y  because i t  can give an 
i s o t r o p i c  e t ch ing ,  s o  i t  c e r t a i n l y  would be s a f e  t o  say t h a t  f o r  t he  
r e a c t i v e  e t ch  mode people might argue i t ,  but  t h e r e  i s  t h a t  a spec t  f o r  
plasma c e r t a i n l y .  

CAMPBELL: So t h e r e  would be "load fac tors ' '  involved i n  both those cases .  
In  o the r  words, your e tch ing  h a s ' t o  be some way f a c i n g  the  beam. 

BOLLINGER: Oh, yes .  The beam i s  r e a l l y  formed i n  t h e r e ,  a c t u a l l y  with t he  
plasma and t h a t  cathode shea th ,  t h a t  dark space I mentioned, t h a t  forms 
around every th ing  you put i n  a  plasma. I f  you tu rn  i t  i n  an angle  i t ' s  
going t o  form a t  .an angle  with r e s p e c t  t o  i t ,  and you a r e  going t o  g e t  
normal ion  bombardment. You c a n ' t  t i l t  i t  and g e t  ion  bombardment a t  
another  angle .  

BURGER: Is t h e r e  any a r e a  l i m i t a t i o n  i n  something l i k e  plasma p lanar  
r e a c t o r s ?  For i n s t ance ,  you know you may make them 24 inches around 
because you a r e  used t o  24-inch h e l l  j a r s .  Why no t  48-inch, o r  
something l i k e  t h a t ?  

BOLLINGER: I don ' t  t h ink  t h e r e  i s  any l i m i t a t i o n .  Very l a r g e  systems have 
been made. For commercial s a l e s  they haven ' t  done very  wel l  because of 
i n i t i a l  c a p i t a l .  I know of a  compaliy i n  Japan t h a t  made a 100-inch- 
diameter system and couldn ' t  s e l l  any because i t  was too b i g ,  but  i t  can 
be done. 

BURGER: Bas i ca l l y  you would s t i l l  ge t  good process  c o n t r o l  and expect  t o  t u rn  
out a  good q u a l i t y  product.  

BOLLINGER: Yes, you could. It would, of course ,  depend on making su re  t h a t  
the  gas flow gave even e t ch  g rad i en t s .  

BURGER: It was t he  gas glow t h a t  was worrying me. 

BOLLINGER: That would be a problem. The bigger  you ge t  t h e  more d e t e r r e n t  i t  
i s ,  bu t  i t  can be done. It has been done, I ' m  no t  s u r e  how succes s fu l  
very l a r g e  d iameters  a r e ,  but I ' m  s u r e  i t  could be done. 

SCHRODER: Which technique i s  the  most used i n  I C  product ion today? 



BOLLINGER: I f  you j u s t  say s i l i c o n  device  product ion,  i t  depends on t h e  
s i z e .  I f  you don ' t  worry about a n i s o t r o p i c ,  c e r t a i n l y  t h e  b a r r e l  
r e a c t o r s  a r e  t h e  most commonly used today. Most of I C  p roduct ion  i s  5 
microns and i n  t h a t  range, but  f o r  . the newer dev ices ,  so-ca l led  VLSI 
(Very-~arge-Sca le  ~ n t e g r a t i o n ) ,  r e a c t i v e  ion  e t c h  and plasma mode a r e  
used almost  exc lus ive ly .  

SCHRODER: Ion beam i s  ha rd ly  used f o r .  t he  l a r g e  a p p l i c a t i o n ,  i s  t h a t  r i g h t ?  

BOLLINGER: For t h e  large-throughput a p p l i c a t i o n s ,  ion  beam j u s t  doesn ' t  have 
t h e  throughput ,  and the  plasma mode and t h e  RE mode systems can handle 
t h e  semiconductor m a t e r i a l s  wel l ,  so  ion-beam equipment has  no t  been 
developed f o r  h igh  throughput a t  t h i s  t i m e .  
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INTRODUCTION 

M e t a l l i z a t i o n  o f  semiconductor  d e v i c e s  is  c o n v e n t i o n a l l y  accomplished by 
a  m u l t i s t e p  p r o c e s s  i n v o l v i n g  p h o t o l i t h o g r a p h i c  p a t t e r n  d e f i n i t i o n ,  me ta l  
f i l m  d e p o s i t i o n ,  and l i f t o f f  o r  e t c h i n g .  L a s e r - a s s i s t e d  p y r o l y s i s  and photo-  
l y s i s  t e c h n i q u e s  have r e c e n t l y  emerged a s  n o v e l ,  mask less ,  one-s tep  p r o c e s s e s  
f o r  w e l l - r e s o l v e d ,  l o c a l i z e d  m e t a l  f i l m  growth on semiconductor  s u b s t r a t e s .  
I n f r a r e d ,  v i s i b l e ,  o r  u l t r a v i o l e t  l a s e r s  have been used t o  d e p o s i t  m e t a l  
f i l m s  on s e l e c t e d  s u b s t r a t e s ,  e i t h e r  t h e r m a l l y ,  a s  i n  l a s e r  chemical  vapor  
d e p o s i t i o n  (LCVD), o r  non- thermal ly  by p h o t o d i s s o c i a t i o n  o r  o r g a n o n e t a l l i c  
vapors .  

Lase r -Ass i s t ed  Thermal Depos i t ion  

Chemical vapor  d e p o s i t i o n  (CVD) of  m e t a l s  is c o n v e n t i o n a l l y  performed by 
r e s i s t i v e l y  o r  i n d u c t i v e l y  h e a t i n g  a n  a p p r o p r i a t e  s u b s t r a t e  i n  a  r e a c t i v e  
a tmosphere ,  w i t h  p y r o l y s i s  r e a c t i o n s  a t  t h e  s u b s t r a t e  s u r f a c e  p r o v i d i n g  t h e  
b a s i s  f o r  f i l m  growth.  Pu l sed  o r  CW l a s e r s  of  s u i t a b l e  wavelengths  may be  
used t o  s e l e c t i v e l y  h e a t  l o c a l i z e d  a r e a s  o f  s u b s t r a t e s  which a b s o r b  a t  t h e s e  
wavelengths .  The u s e  o f  a  l a s e r  a s  a  h e a t  s o u r c e  f o r  chemical  vapor  depos i -  
t i o n  (LCVD) , p a r t i c u l a r l y  f o r .  p h o t o v o l t a i c  m e t a l l i z a t i o n  sys tems a p p l i c a -  
t i o n s ,  o f f e r s  s e v e r a l  d i s t i n c t  advan tages :  (1) t h e  s p a t i a l  r e s o l u t i o n  and 
c o n t r o l  r e q u i r e d  f o r  m a s k l e s s  p r o d u c t i o n  o f  f i n e  l i n e  m e t a l  g r i d  s t r u c t u r e s ;  
( 2 )  l o c a l i z a t i o n  o f  t h e  h e a t i n g  t o  a  s h a l l o w ,  s u r f a c e  l a y e r ,  r e s u l t i n g  i n  
l i m i t e d  d i s t o r t i o n  of  t h e  s u b s t r a t e ;  ( 3 )  t h e  p o s s i b i l i t y  of  c l e a n e r  f i l m s  due  
t o  t h e  smal l  volume h e a t e d ;  and (4 )  t h e  b i l i t y  t o  i n t e r f a c e  e a s i l y  w i t h  
l a s e r  i n n e a l i n g ( 2 )  and l a s e r  d i f  of  s o l a r  c e l l s .  

Al len  and  ass(^) have used a  C02 l a s e r  t o  d e p o s i t  n i c k e l  on q u a r t z  
s u b s t r a t e s  from gaseous  Ni(C014. ,.LCVD m e t a l  f i l m  t h i c k n e s s e s  t end  t o  be 
s e l f - l i m i t i n g ,  w i t h  a  maximum t h i c k n e s s  o f  550 be ing  o b t a i n e d  f o r  n i c k e l .  
E l e c t r o p l a t i n g  o r  e l e c t r o l e s s  p l a t i n g  t e c h n i q u e s  may have t o  be employed i n  
o r d e r  t o  b u i l d  up t h e  r e q u i s i t e  f i l m  t h i c k n e s s  f o r  s o l a r  c e l l  a p p l i c a t i o n s .  

V i s i b l e  o r  u l t r a v i o l e t  l a s e r s  may a l s o  be used t o  s e l e c t i v e l y  h e a t  t h e  
s u b s t r a t e s .  Excimer l a s e r s ,  which o p e r a t e  a t  u l t r a v i o l e t  wave leng ths ,  may be 
more e f f e c t i v e  than  long-wavelength '  l a s e r s  f o r  LCVD a p p l i c a t i o n s ,  as s i l i c o n  
h a s  a  d i r e c t .  bandgap t r a n s i t i o n  a t  u l t r a v i o l e t  wavelengths .  A s  a  r e s u l t ,  
t h e  u l t r a v i o l e t  r a d i a t i o n  is  absorbed  much more s t r o n g l y  a t  t h e  s i l i c o n  
s u r f a c e  and d o e s  n o t  p e n e t r a t e  as d e e p l y  i n t o  t h e  s u b s t r a t e ,  r e s u l t i n g  i n  
p r e c i s e l y  l o c a l i z e d  h e a t i n g .  Other  . advan tages  o f  excimer  l a s e r s  i n c l u d e :  
(1 )  greater e l e c t r i c a l  e f f i c i e n c y  r e s u l t i n g  i n  lower f a b r i c a t i o n  c o s t s ;  
( 2 )  low coherence ,  a1lev.l-acing , i n t e r f e r e n c e  problems such a s  s p e c k l e ;  and . . 



(3)  .a t y p i c a l l y  h igh  t r a n s v e r s e  mode s t r u c t u r e ;  producing a beam o f  uniform 
i n t e n s i t y  over  a  l a r g e  area'. - 

Pho tod i s soc i a t i ve  Metal Deposi t ion 

One o f  t h e  most e x c i t i n g  new techniques  f o r  me ta l  f i l m  d e p o s i t i o n  t h a t  
ha s  recen ' t iy  emerged i s  laser- induced photodecomposition of gas-phase organ- 
o m e t a l l i c  compounds. The fundamental d i f f e r e n c e  between t h i s  t echnique  and 
l a s e r  chemical vapor  d e p o s i t i o n  . i s  t h a t ,  i n s t e a d  of  r e l y i n g  on l o c a l i z e d  
s u b s t r a t e  hea t ing  and subsequent p y r o l y s i s  r e a c t i o n s  a t  t h e  s u b s t r a t e  s u r f a c e  
t o  ach i eve  f i lm  d e p o s i t i o n ,  t h e  photons non-thermally s eve r  bonds in gas- 
phase organometa l l i c  molecules ,  l i b e r a t i n g  metal  atoms which condense on t h e  
lascar-$1 liiminated r eg ions  of t h e  s u b s t r a t e ,  foirming a  'film. Th i s  technique  
is  capab le  of  v e r y  h igh  r e s o l u t i o n  pa t t e rned  f i l m  d e p o s i t i o n  f o r  two. reasons.  
F i r s t l y ,  t h e  depos i t ed  metal l i newtd ths  a r e  independent of  t h e  s u b s t r a t e  
abso rp t ion  o r  thermal' c o n d u c t i v i t y , ,  r e s u l t i n g  i n  f i n e r  r e s o l u t i o n  and g r e a t e r  
un i fo rmi ty  over  t h e  e n t i r e  s u b s t r a t e  due t o . t h e  i n s e n s i t i v i t y  t d  l o c a l  
v a r i a t i o n s  of  thermal  condi t ior ls .  Secox~dly, t h e  u l t r a v i o l e t  l n ~ e r e  that are 
g e n e r a l l y  used iri t h i s  t echnique  have cons ide rab ly  smaller d i f f r a c t i o n - l i m i t e d  
spo t  s i z e s  than vis ible , . . ' .or .  inf.rare.d lasers.,. .r.&sul.tfng fil d.e.@o.sited .l.in.&"i.dths 
a s  smal l  a s  0.7 microri.(.5) ' _ 

E h r l i c h ,  Deutsch and ~ s ~ o o d ( ~ ) - ( ~ )  have performed a  v a r i e t y  of exper i -  
ments on p h o t o d i s s o c i a t i v e  metal d e p o s i t i o n  us ing  both  pu lsed  (excimer 

: lasers, 1-100 m J ,  1 0  n s )  and CW (frequency-doubled ~ r +  l a s e r ,  1 0  u W  - 3 mW) 
W l a s e r s .  I n  one o f  t h e i r  most i n t e r e s t i n g  experiments , (6)  a  two-step 
p roces s  w a s  used t o  d e p o s i t  Cd, A l ,  and Zn pa t t e rned  f i l m s  from metal-alkyl  
vapors .  I n  t h e  f i r s t  s t e p ,  c a l l e d  p renuc l ea t ion ,  a  focused W l a s e r  was 
used t o  i r r a d i a t e  t h e  s u b s t r a t e  i n  t h e  r e q u i s i t e  patteni , p11o t o d i s s o c i a t i n g  

, a t h i n ,  adsorbed l a y e r  of meta l -a lky l  molecules.  The l a s e r  was then de- 
focused t o  i l l u m i n a t e  t h e  e n t i r e  s u b s t r a t e ,  caus ing  f i l m  growth t o  occur  
s e l e c t i v e l y  i n  t h e  prenuc lea ted  reg ions .  These experiments  a l s o  i nd i ca t ed  
t h a t  f i l m s  of one  me ta l ,  e .g . ,  A l ,  may be  grown on n u c l e a t i o n  c e n t e r s  of a  
second d i s s i m i l a r  meta l ,  e .g . ,  Zn. This  i s  of  p a r t i c u l a r  interest f o r  s o l a r  
c e l l  a p p l i c a t i o n s ,  whre a  two- o r  three-metal system o f t e n  has  t o  be  employed 
f o r  d i f f u s i o n  b a r r i e r  and ga lvanic  bu f f e r ing  purposes.  

JIraper(9) has  depos i t ed .  bo th  C r  and Mo us ing  off-resonance laser- 
induced d i e l e c t r i c  breakdown of  metal carbonyl  vapors  w i t h  a  pulsed C02 
laser. Solanki  et a1.(10) used a pulsed copper  hollow cathode laser a t  260 
nm, u t i l i z i n g  t h e  mult iphoton abso rp t ion  t h a t  occu r s  a t  t h i s  u l t r a v i o l e t  
wavelength f o r  carbonyl  molecules ,  t o  d e p o s i t  C r  , Mo, and W f i l m s .  The 
l a s e r  was opera ted  a t  150 mW peak power w i t h  p u l s e  widths  o f  120 u s .  I n  
ano the r  set of  experiments ,  Coombe and wodarczyk(l l )  used KrF (249 nm) and 
X e C l  (308 nm) excimer l a s e r s  t o  induce t h e  l o c a l i z e d  depos i t i on  of  Zn and Mg 
f i l m s  from t h e  pure  meta l  vapors.  The l a s e r  p u l s e s  used i n  t h e s e  experiments  
were t y p i c a l l y  20 n s  in d u r a t i o n  and c a r r i e d  e n e r g i e s  o f  up t o  20 m J  ( K ~ F )  o r  
5 IUJ (XeC1). 

Conclusions . 

Appl i ca t i ohs  of laser-based process ing  techniques  t o  s o l a r  c e l l  metalli- 
z a t i o n  w i l l  b e  d i scussed .  Laser -ass i s ted  thermal  o r  p h o t o l y t i c  maskless  
d e p o s i t i o n  from organometa l l i c  vapors  o r  s o l u t i o n s  may provide  a  v i a b l e  



a l t e r n a t i v e  t o  p h o t o v o l t a i c  m e t a l l i z a t i o n  sys t ems  c u r r e n t l y  i n  u s e .  High 
power, de focused  excimer  lasers may b e  u s e d  i n  c o n j u n c t i o n  w i t h  masks as  a n  
a l t e r n a t i v e  t o  d i r e c t  laser w r i t i n g  t o  p r o v i d e  h i g h e r  t h r o u g h p u t .  Repeated  .. 

p u l s i n g  w i t h  exc imer  lasers may e l i m i n a t e  t h e  n e e d ' f o r  s e c o n d a r y  p l a t i n g  
t e c h n i q u e s  ' f o r  metal f i l m  b u i l d u p .  A compar ison  between t h e  t h e r m a l  ,and 
pho tochemica l  d e p o s i t  i o n  p r o c e s s e s  . w f l l  .be made. . . . . 
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A Conventional.Metalli~at.ion system Employs 
a Sequential' Multisf ep Process: 

.. . , : . , "Photoii.thographic Pattern Definition, . 
1 I .  . ~ . * * . .  

Laser-Assisted MetallizatOon Techriiques 
Are Essentially One-Step Processes: 

Laser-Surface Interaction 
Resulting In 

Localized Film Growth 



Photovoltaic Metallization System 

Screen Printing 
Electroplating Not ~ e ~ u i r e d  
Poor Resolution 
Limited To 0ne.Metal- Ag 
Possibility Of Low Shunt Resistance, 1ow.Lifetimes 
High Contact Resistance 

Photolithographic Definition 
Better Resolution. 
Variety Of Metals (Diffusion Barrier) 
Electroplating Required 
Multlstep Process 

Laser-~ssisted,Deposition 
Submicron Resolution 
Variety Of Metals .' 
Electroplating May Not Be Required 
One-Step, Maskless Process' 

Laser-Assisted ~ e ~ o s i t i o n  Techniques 

Pyrolytic Deposition (Thermal) 

Laser Chemical Vapor Deposition (LCVD) 

'* Laser Deposition.:From Solutions 

. . 
Photolytic ~ e ~ o s i t i o n  (Non-Thermal) 

Laser Photodissociation Of Vapors 

laser Photodissociation Of Solutions 



Pyrolytic Deposition 

Laser Chemical Vapor Deposition I LCVDI 

C. P. Christiansen and K.M. Lakin 11971) 
' 

Eleclrical Engineering Deparlmenl 
University 01 Southern California 

, 5. D. Allen and M Bass f 19791 
Center tor Laser Studies 
university of Southern Calilornia 

W. Rolh. H. khumacher ,  and H. Benekinq ( 19831 
Inst i tute of Seniiconduclor Electronics 
W. Germany 

l anr  

Laser 
, 

t t 
Tranrparenl Absorbing 

wlnmw Substrate 

Schematic 01 LCVD Apparatus 

5. Dul ls 
1.t. -m. 2. 3-11-83 

Advantages 

- Spatial Resolution And Control - Maskless 
Process 

l imited Distortion Of Substrate 

Possibility Of Cleaner Films 

Curtveltieltt Interfacing With laser Annealing 
And Laser Diffusion Of Solar Cells 

Disadvantages 

LCVD Metal Film Thickness Selt-iimitirig - 
Require Electroplating 

Direct Laser Writing Relatively Slow Process 



~hotolytic Deposition 

. Laser-Induced PhowanmgosItbn d Gas-Phxt Oqanomdalllc Compounds: . 

Thls Tschnlgue k Fun&mentally Oiflerd tmm mermlly Bare4 
Lacr Pmcnrer 

Car-Phase 

M a u l s  

Non-Theraul 
Severing d 

W l  Condenses 
on Illumlnaled 

Photons Regbnr of Subslrate 
Formlng,Paterned Fllm 

ma1 ' I 
Fllm Subfitate 

Laser-Induced Photodissociation Experiments 
Performed by: 

D.J. Ehrlich, T.F. Deutsch. And R.M. Osgood 
(1979-1982) 

M.I.T. Lincoln Laboratory 
Lasers 

Pulsed Excimer Lasers 
, A = 157-350 nm 

Energy = 1-100 mJ 
Pulse Width = 10 ns, 

Repetition Rate = 1-150 Hz 
CW Frequency-Doubled Ar' Laser 

A = 2V.2 nm 
Power = 10 /,IW - 3 mW 

Encapsulant Gases 
Cd (CH312 Fe (C015 
~n ( ~ ~ 3 1 2  w ( ~ 0 1 6  
Sn (CH3)4 Cr (C0)6 
Ga (CH313 . 
Bi (CH313 
si (CH314 
Oe (CH314 
A12 (CH3)6 



Two-Step Deposition Process 

Prenucleation: 
1. Substrate Exposed To High Pressure 

(- 20 Torr) Of Zn 

2. Chamber Evacuated To << lTorr 

3. Focused CW laser Beam (A = 257.2 nm) 
Scanned Across Substrate I n  Requisite 
Pattern Forming Zn Nucleation Centers 

Film Growth: 
1. Chamber Fillad To 10 Torr Of Zn (CH3)* 
2. Sr!bstrate Flend Illllminattrd Itsing 

Defocused Laser Beam 
3. Film Growth Occurs Selectively In  

Prenucleated Regions 

Films Of  One Metal, e.g. Al, May Be Grown On 
Nucleation'Centers Of Another Metal, e.g. Zn 

Nucleatbn Centers Formed 
( Invlslblel 

. - 

Flmd I l lumlr~atkn 

Locallzed Film Growth 

f i lm  Cmwlh I n  
 on-Prenucleated Regions 



Other Laser-Induced Photodeposition Experiments 

R. Solanki, P.K. Boyer. J.E. Mahan. 
And G.J. Collins (1981) 

Colorado State University 

Pulsed Copper Hollow Cathode Laser 
, . 
. . A = 269,nm 

Power = 150 mW 
Pulse Width = 120 p s  

Cr, Mo, And W Films: Deposited From 
Metal-Carbonyl . . Vapors 

R.D. Coombe And F.J. Wodarczyk (1980) 

. Rockwell International . 

Pulsed KrF Excimer Laser 

A = 249 nm 
Energy = 20 mJ 

Pulse Width = 20 ns 

Pulsed XeCl Excimer Laser 

A = 308 nm 
Energy = 5 mJ 

Pulse Width= 20 ns 

Zn And Mg Films Deposited From . . 
Pure Metal Vapors 

C.W. Draper (1980) 

Wester11 Electric Research Center 

Pulsed Cop Tea Laser 

A = 10.6 p m  
Energy = 4-5 J 

Pulse Width = 170 ns 

Cr And Mo ~ i l m s  Deposited From 
Metal-Carbonyl Vapors 



Advantages 

Possibility Of Depositing Two Or More 
Dissimilar Metal Films Over Each Other 

Higher Resolution Obtainable Than With 
Thermal Techniques 

Defocused, High Power, Pulsed Excimer 
Laser May Be Used With Mask For Faster 
Deposition 

Repeated Pulses For Film Buildup 

Advantages of Excimer Lasers 
. . 

Direct Bandgap Transition - Strongly 
Localized Heating At Slllcon Surface (For 
Thermal Deposition Techniques) . . 

Greater Electrical Efficiency - Lower Costs 

Low Coherence - kbsence Of Speckle 

High Transverse Mode Structure - Uniform 
Intensity Over Large Area . 

~ ~ p l i c a t i o n s  TO Photovoltaic 
Metallization Systen~s 

Laser Thermal Deposition From Vapors 
(Or Solutions): 

Clean, Maskless Process 
Possibility Of Interfacing With Laser 
Annealing And Diffusion Techniques 
Ability To Elcctroplate On Thin, laser- - 

Deposited Fllm For Rapid Metal Buildup 

Laser Photodeposition From Vapors 
(Or Solutions): 

Possibility Of Two Or Three Layer Metal 
. Deposition (Diffusion Barrier, Galvanic 

Buffering) 
Flood lllumination Using Mask For Rapid 
Throughput 
Possibility Of Using Repeated Laser 
Pulses For Film Buildup 



DISCUSSION 

LANDEL: I'm sure there will be a number of questions. Let me exercise the 
chairman's prerogative to ask a few. You described the nature of the 
technique, but I'm sure the audience is hungering or thirsting for some 
infomation. For example, what has been put down? You talked about the 
ability to put down lines, in some cases you talked about films, which 
must be general film?. It is not clear when you are talking about a 
line and when you are talking about a general surface area coverage. 
Finally, since you talked about thin films at the end of the last talk, 
you were talking about the problems that could be seen if you tried now 
to bond to the very thin films. Would you comment on any or all of 
those? Let me repeat them, let me take them in turn. The quantitative 
data: what has been put down in thin film or thin lines, since we are 
talking about metallization systems for cells? 

DUTTA: Well, zinc, aluminum. The group at MIT have put down both films and 
lines, they have done several experiments' on this technique and in the 
review paper they have written on the subject they have listed all of 
these encapsulant gases, so I assume they have put down all of these 
materials. They have talked in greater detail about aluminum, zinc and 
they have written lines, as well as deposited films; they have tried 
both. They have written lines using focused laser, and they've 
deposited films. 

LANDEL: That wasn't clear. The second one was bonding to these lines. People 
have been talking about the difficulty of soldering to the various ink 
lines or"1ines put down in various ways. For example, the last speaker 
talked about the possibility of depositing the chemically 
metallo-organic systems, but those are so thin that she had to take 
special precautions to keep from simply dissolving them off again. Has 
anyone tried bonding to these sorts of lines? 

DUTTA: You mean electroplating to these sort of lines? No, I have not seen 
it. There is a paper that this group (MIT) has written on using this 
metallization technique for MOS FETs, and they were able to measure 
device characteriotics, 

HYDE: What kind of deposition rate can you get with these techniques? What 
speed of layer buildup? 

DUTTA: With thi~'~yro1yti.c technique you are limited by your writing speed 
because you have to use speed that is compatible with the pyrolytic 
decomposition taking place at each spot. That makes it a relatively 
slow technique. I think you approach one micron or several microns a 
second. It is quite slow. With Che photodissociated technique, the 
deposition rate is linear with the laser intensity and also with the 
density of organo-metallic gas. 

LANDEL: You still have to prewrite, evidently, a nucleation site. Is that 
true? 

DUTTA: That is true. 



LANDEL: I t h i n k  an app rop r i a t e  ques t i on  would then be ,  what s o r t  of w r i t i n g  
speed do you have t h e r e ?  

DUTTA: I t h i n k  you could p rewr i t e  t he  p a t t e r n  very r a p i d l y  -- 2000 cm per 
second. 

SOMBERG: Would you c a r e  t o  comment on t h e  c o s t  of such a  system, assuming i t  
i s  done i n  a  vacuum o r  some kind of chamber? 

DUTTA: I f  you use an eximer l a s e r  -- t h a t  i s  a  h igh-ef f ic iency  l a s e r ,  s o  i t  
i s  not  a s  expensive a s  o the r  l a s e r  sys'tems -- I th ink  the  i n i t i a l  
se t t ing-up  c o s t  would be g r e a t e r  -- t h e  i n i t i a l  op t imiza t ion .  A l l  t h a t  
wni~ld be g r e a t e r  than  o ther  techniques because i t  i s  a .  novel  procedure,  
and I would assume t h a t  i f  t h ings  a r e  proper ly  o p ~ i ~ u i z e d  i t  would n o t . b c  
a l l  t h a t  much more expensive Lu run. . 

SOMBERG: Are we t a l k i n g  i n  t h e  o rde r  o f ,  s ay ,  a  q u a r t e r  of a  m i l l i o n  d o l l a r s ,  
. a hundred thousand d o l l a r s ?  I am t a l k i n g  about t h e  l a s e r  with t h e  

equipment, w i t h  t h e  vacuum equipment. 

DUTTA: The vacuum equipment should not be too  expensive--a few thousand 
d o l l a r s .  The l a s e r  would be t he  most expensive i tem. 

SOMBERG: The o the r  ques t i on  I have, i f  I may, is: i f  you have t o  use a 
plat ing-up procedure on t h e  p y r o l y t i c  technique,  what i s  t h e  advantage 
of t h e  technique i f  you have t o  p l a t e  up? 

DUTTA: You ge t  ve ry  much b e t t e r  r e s o l u t i o n  than i n  t h e  s c r een  p r i n t i n g  
technique.  

SOMBERG: I am t a l k i n g  about p l a t i n g  -- i f  you have t o  p l a t e  up, and i f  you 
were t o  use a p h o t n l . j t h b g t a p h i ~  ~ e c h n i q u e ,  what i s  t he  advantage of t h e  
p y r o l y t i c  t echnique  i f  you have t o  p l a t e  up anyhow?. 

DUTTA: What i s  t h e  advant,age of t he  ~ y r o l y t i c  technique over t h e  photo- 
l i t h o g r a p h i c  technique? 

SOMBERG : Yes . 
DUTTA: You a r e  s t i l l  u s ing  maskless procedure -- t h e  p l a t i n g ,  of course ,  

p l a t e s  on to  t h e  metal .  You don ' t  have t o  use a  mask during p l a t i n g ,  so  
you are c u t t i n g  down oome of your process s t e p s .  

SOMBERG: Thank you. 

AMICK: In d e s c r i b i n g  t h e  s ing l e - s t ep  photodecomposition gaseous organo- 
m e t a l l i c  t echnique ,  you say  t h a t  a f t e r -  t he  metal  atoms have been' f r eed  
Ll~ey w i l l  condense on a  r ~ , g i o n  of t h e  s u b s t r a t e  i l luminat 'ed by t h e  
l a s e r .  Why a r e  t h e y . s o  coopera t ive  a s  t o  do t h a t ?  

DUTTA: The l a s e r  i s  focused c l o s e  t o  t h e  s u b s t r a t e ,  s o  t h a t  t h e  d i s s o c i a t i o n  
occurs  r i g h t  a t  t h e  s u b s t r a t e  and your d i s s o c i a t i o n  i s  occu r r ing  i n  t he  
absorbed l a y e r  a t  the  s u r f a c e  of t he  s u b s t r a t e .  It i s  d i s s o c i a t i n g  only 
where t he  l a s e r  s t r i k e s  i t .  



AMICK: If I go back from the substrate a little bit, unless it is a highly 
converging beam, I will also see dissociation there as well, so I would 
actually be depositing some metal atoms all over the place, wouldn't I? 

DUTTA: That is right. 

SCHWUTTKE: I believe that the surface temperature in general where the 
focused laser beam hits the silicon surface, there you have the proper 
temperature that the gas dissociates. There you would get the 
deposition. 

COMMENT: That is pyrolytic. 

COMMENT: Would you put up that viewgraph? I also had the same problem. 

LANDEL: Also your sketch showed a general budding of the area for the order 
of associations. 

DUTTA: Yes, that is the problem with schematics. They are not very precise. 
This was to just give an idea of what ,is going on, but I realize it can 
be confusing. It is very critical to have the right density of the 
gas. If you have too high a pressure of gas within your cell, then you 
get decomposition too early on. As your photons enter the cell you get 
decomposition very close to the window, and so you have composition all 
over the walls in the chamber. But if you peak the gas pressure at some 
critical pressure, and you focus your beam so that the maximum intensity 
is close to the surface, or at the surface, where you have the absorbed 
layer, then you dissociate the gas.at the surface. You don't have that 
problem. 

TAYLOR: I am having problems, also. Let's assume that you are doing your 
excitation all very close to the surface but when you undergo a 
dissociation event the metal atom that is liberated is likely to move in 
any direction--to be moving straight out away from the surface as 
frequently as it is moving toward it so, it seems to me like you would 
get a lot of diffusion through the gas phase before it hit the surface 
and  tuck. Your resolution would not be very good. 

DUTTA: Well, apparently once you form your nucleation sites then the sticking 
coefficient is such that when you are flood-illuminating the substrate, 
then you have' very good localization of the subsequently deposited 
layer. 1t sticks very well to those nucleation sites. Are you talking 
about the initial nucleation? 

TAYLOR: No. I can understand if you do,your pre-nucleation, that route of 
preparation, then you have sites to which the deposited atoms can stick, 
but unless you do that prenucleation, if you are depending on writing a 
pattern on a cubstrate without prenucleation, now I think you would have 
trouble with getting resolution. 

DUTTA: Well, people who have not used the prenucleation technique have 
reported lines of one to two microns with just using the one-shot 
deposition process. 



LANDEL: In this case, you are using a line laser that is focused somewhere 
off the surface, so you are getting presumably gas-phase disassociation, 
and then that gives rise to what line? How wide? 

DUTTA: Well, with the prenucleated -- 
LANDEL: NO', not prenucleated. 

DUTTA: One to two microns. 

LANDEL: And how far off the surface are you focusing? 

DUTTA: The Bel.1 system researchers don't specify. 

LANDEL: I wonder -- in fact, aren't you saying that if you prenucleated, this 
represents some distance of microns for the pressure you have. You must 
be.dissociating through the whole line, whatever your absorption is, but 
you must have some recombination rate. So you dissociate and recombine, 
and only if you have a site close do you have deposition. If you have 
thought about it, it would. seem to me, like Bill (~aylor) said, you are 
going to have things going off'in all directions. And furthermore, it 
means you are going to have a tremendous loss or wastage of the material 
you have. It dissociates and now you.have the methyl radicals and the 
metal, and it is just floating around in a cloud, and now it is going to 
deposit all over the place -- unless one is relying on the dissociation 
and rapid recombination during the length of the mean free path. 

DUTTA: Yes. 

QUESTION: Doesn't the intensity at the focal point increase the dissociation? 

DUTTA: It 'does. That is why it io important to have the fnc i ls  c lose  ca che 
substrntc. 

COMMENT: You have drawn the laser's focus down at the surface, so that you 
get more dissociation at the focal point of the laser than back in the 
gas where it is not so intense. 

COMMENT: .Plus the fact that it really is a surface-absorbed phase; we are 
really talking about enormous density gradient too. 

LANDEL: Well, it is not clear whether it is dissociation of the 
tiurLacu-absorbed p h a w ,  nr whcthcr it'o dissociation in t h ~  gas phase. 

COMMENT: The point is, if it is out of the surface-absorbed phase, the 
density there is much higher than it would be out of the gas phase--3 
orders of magnitude or something like that. 

COMMENT: I'm getting confused back and forth between prerlucleation and the 
single -- this particular one is the single step process, is that 
correct? 

DUTTA: Well, this is just a generalized viewgraph, depicting the entire 
technique. I think the prenucleation and.the whole technique is just 



one technique,  but  a  two-step depos i t i on  process  i n  which they. 
p renuc lea te  and then f lood-i l luminate  i s  j u s t  b reak ing  down the  process  
i n t o  i t s  component p a r t s .  I th ink  when you do i t  one s h o t ,  t h e  same 
t h i n g  i s  happening. The adsorbed l a y e r  i s  being decomposed. 

COMMENT: But when done i n  one sho t ,  t h i s  does no t  r ep re sen t  a  f lood  example, 
does i t ?  

DUTTA: The l o c a l i z a t i o n  can be done by e i t h e r  focus ing  o r  by us ing  a  mask. 
This  was j u s t  t o  gene ra l i ze  t he  dep ic t i on  of t he  technique.  I am not  
spec i fy ing  how i t ' s  being loca l i zed .  

STEIN: I f  you look a t  the  second and the  t h i r d  i l l u s t r a t i o n s  t h e r e ,  t h e r e  a r e  
two d i f f e r e n t  func t ions  t h a t  t he  photons a r e  performing. One i s ,  you 
c a l l  i t  l i b e r a t i n g  t h e  metal. atoms, and t h e  o the r  i s  a c t u a l l y  
i l l u m i n a t i n g  the  s u b s t r a t e .  The way I ' m  assuming t h i s  t h ing  i s  working 
i s  t h a t  you've r e a l l y  got  t o  a t t a c k  t h a t  s u b s t r a t e  wi th  a  l a s e r  beam, 
whether you prenuc lea te  i t  or  whether you j u s t  i l l u m i n a t e  i t .  Whether 
t he  gas i s  pho to ly t i c  o r  py ro ly t i c  i s  no t  a s  c r i t i c a l  a s  t he  f a c t  t h a t  
you've go t  t o  ge t  t h e  s u b s t r a t e  bery r e c e p t i v e  t o  t he se  a v a i l a b l e  atoms 
t h a t  a r e  going t o  be deposi ted.  I th ink  t h a t ' s  what you ' re  saying.  I 
am no t  su re ;  I wish you would c o r r e c t  me. And once you ge t  t h a t  
s u b s t r a t e  ready, then anything c l o s e ,  any atoms c l o s e  t o  i t ,  i f  they a r e  
s t i l l  atoms, a r e  going t o  s t i c k .  Is t h a t  what 's  happening?!  I mean, you 
have two func t ions  f o r  t h a t  l a s e r  beam shown i n  t h e  second and t h i r d  
photograph. It seems t o  me t h a t  t he  l a s t  f unc t ion ,  t h e  bottom one, i s  
t h e  c r i t i c a l  one. You've got t o  i l l u m i n a t e ,  you've go t  t o  prenuc lea te  
t he  su r f ace ,  t o  l i b e r a t e  t he  metal  atoms. In  f a c t ,  you don ' t  want t o  do 
much of t h a t  away from the  s u b s t r a t e .  

GALLAGHER: Do you know i f  anyone has  ever  made a  s o l a r  c e l l  and/or l a i d  down 
metal  on a  s o l a r  c e l l  using t h i s  technique? 

DUTTA: No. 

ZWERDLING: I assume t h a t  i n  t h i s  process  you have t o  use wave l eng ths  o r  
photon ene rg i e s  t h a t  a r e  capable of b reaking  the  organo-metall ic bond. 
Does t h a t  mean you have t o  choose s e l e c t e d  wave l eng ths  f o r  your l a s e r ?  
I t  i s  not  a thermal process  t h a t  i s  breaking the  bond and f r e e i n g  the  
meta l ,  i t  i s  a  pho to ly t i c  process.  So you must choose wave l eng ths ,  
p a r t i c u l a r  wave l eng ths ,  f o r  d i f f e r e n t  compounds? 

DUTTA: A l l  of t he  UV wave l eng ths  w i l l  do i t ,  some more e f f e c t i v e l y  than 
o the r s .  

ZWERDLING: You're r a i s i n g  t h e  v i b r a t i o n a l  energy, o r  t h e  e l e c t r o n i c  s t a t e ,  t o  
such a  po in t  t h a t  t he  v i b r a t i o n s  w i l l  t e a r  t h e  molecules a p a r t .  

DUTTA: That ' s  c o r r e c t .  

LANDEL: You poin t  ou t  t h a t  one of t he  advantages of t h i s  was t h e  p o s s i b i l i t y  
of having c l eane r  f i lm.  I s  t h e r e  any evidence on whether o r  not  they 
a r e  c l eane r  f i lms ,  than by some o t h e r  technique? I t  i s  a . r e a s o n a b l e  
suppos i t i on ,  bu t  then the re  a r e  always so  many th ings  t h a t  can go 
wrong. Is the  suppos i t ion  borne ou t  i n  t h e  product?  



DUTTA: I think so. The SEM pictures of the deposited films don't show 
any impurities. It looks very clean, very uniform. 
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TRANSPARENT CONDUCTIVE COATINGS 

, S. Ashok 

The Pennsylvania State.University 
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Materials with electrical conductivity.and-optical. transparency are 
highly desirable.ia many optoelectronic applications including photovoltaics. 
UltraZthin,.semitransparent:.metal.films have.served.the.purpose in some situ- 
ations. but. they suffer. f.rom a number of. problems. which seriously limit the 
performance.of.the.resu1ting devices. .In.contrast,.certain binary oxide 
semiconductors such as. tin oxide. (Sn02J and.. indium .oxide (In203) offer much 
better.performance.tradeoff.in optoelectronics..as well.as better mechanical 
andchemical.stability. :These thin~filmtttransparent.conductorstt (TC) are . 
essentially wide-bandgap.(=3.5 eV) degenerate.semiconductors - invariably 
n- type.. ,.and. hence. are. transparent to sub-bandgap (visible) radiation while 
affording high electrical conductivity due to the large free electron 
cancentration (up to 1021 cm-13). 

The principal performance characteristics of.TCts.are, of course, elec- 
trical c'onductivity.~ and optical.transmission T, but a suitable figure of 
merit 4q-c for TCts has been shown to .be.the ratio T~O/R,, where Rs 'is the 
sheet resistance of the TC[1,2]. It is found that C$TC is much higher for 
the oxide semiconductors than the corresponding ualue.for thin metal .films. 
The TCts also.have a refractive.index of around.2.0.and hence act as very 
efficient. antireflection (AR) coatings. . For .using..TC!.s . in .surface barrier 
solar cells, the.photovoltaic barrier is of utmost importance.and so the 
work function .or electron affinity of the TC is also .a very important 
material parameter. 

A large number.of processes are available for depositing..TC thin films 
[3], but for illustration the.preparation of tin-doped indium oxide (In203: 
Sn) or the. so-called indium-tin. oxide (ITO) by a .simple spray pyrnlysis 
prucess.and.its.use.in fabricating an efficient surface barrier solar cell 
on sil.icon. will. be. discussed .at. length [ 4 ] .  It i s  found that the perfor- 
mance .of the. cell. is ..strongly dependent .on. IT0 .preparation conditions, sili- 
eon.?surface. preparation and the nature of carrier transport across the 
interface. 

The method of deposition used for preparing the TC/Si surface harrier 
cell has drastic consequences on the photovoltaic barrier region and hence 
on the cell efficiency. To take an extreme example, ion-beam deposited IT0 
forms abarrier (and hence a good.solar cell) on p-type Si, while spray and 
vacuum evaporation-processes yield efficient cells on n-type Si [S]. It 
has also been found that the angle of deposition of Sn02 has a strong 
bearing on the efficiency of the resulting Sn02Ln-Si solar cell [6]. Simi- 
larly thermal annealing can also affect both the bulk and interfacial proper- 
ties of these TCts. 



. . 
Thermal [7] a s  well  . a s  photon [7,8] induced s t r e s s e s  can.degrade t h e  

c h a r a c t e r i s t i c s  o f  s o l a r  c e l l s  by reducing t h e . o p e n - c i r c u i t  vo l tage  Voc, 
s h o r t - c i r c u i t  c u r r e n t  d e n s i t y  Jo, a s  wel l  a s  t h e  f i l l  f a c t o r  FF. 'Much 
f u r t h e r  s tudy  i s  needed i n  t h i s  c r u c i a l  a r e a  of environmental s t a b i l i t y .  

A number of  problems remain un reso lved . in  t h e  f i e l d  o f  t r anspa ren t  
conductors ,  i nc lud ing  such b a s i c  ones a s  t h e  r o l e .  o f  t h e .  'dopant1 . Easy 
a s  t h e  p repa ra t ion  o f  % t h e s e  TC1 s i s ,  comparing. f i lms  prepared by d i f f e r e n t  
techniques  under d i f f e r e n t  condi t ions  i s  o f t e n  d i f f i c u l t ,  r e q u i r i n g  thorough 
m a t e r i a l  c h a r a c t e r i z a t i o n .  In terms of  f a b r i c a t i n g  h igh ly  e f f i c i e n t  su r f ace  
b a r r i e r  s o l a r  c e l l s ,  it may be convenient ' : to  a l t e r  t h e  absorber  semicon- 
duc tor  ( s u b s t r a t e )  s u r f a c e  by shallow ion  implantat ion '  a s  done f o r  metal- 
semiconductor Schottky b a r r i e r s . [ 9 ] .  With f u r t h e r  a p p l i c a t i o n s  i n  optoelec-  
t r o n i c  d e t e c t o r s ,  and imaging devices ,  t h e r e . i s . c u r r e n t l y  a g r e a t  dea l  of 
i n t e r e s t  in .  t h i s  f i e l d  and numerous s t u d i e s  a re .  i n  .progress  f o r .  improving 
t h e  q u a l i t y  a n d . . c o n t r o l l a b i l i t y  o f  t h e  f i lms ,  a s  wel l  a s  b a s i c  understanding 
o f  t h i s  c l a s s  and ma te r i a l s .  
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DISCUSSION 

WOLF: When you l i s t  E ,  the t ransmission f a c t o r  E ,  i s  t h a t  purely due t o  
absorp t ion  o r  does t h a t  s t i l l  inc lude  r e f l e c t i o n ?  

ASHOK: That i s  due t o  absorpt ion.  

WOLF:' Then. i t  must be th ickness '  dependent. 

ASHOK: Yes, but we have t o  have--in order  t o  have a 'good AR coat ing ,  you have 
t o  have about 1000 Angstroms. I f  you make i t  too t h i c k ,  then i t  i s  
going t o  increase  even more. 

SOMBERG: Have you have done any work with dual  AR using a  t r anspa ren t  
conductor? 

ASHOK: No, I am not  aware of any. The two d i f f e r e n t  t r anspa ren t  conductors 
have been t r i e d  f o r  a  d i f fe r ' en t  reason. One i s  used t o  form a  good 
b a r r i e r  and the  o the r  one t o  reduce su r f ace  r e f l e c t i o n .  

SOMBERG: I am j u s t  t a lk ing  about opt imizing the  a n t i r e f l e c t i o n  b a r r i e r s .  
The o t h e r  ques t ion  i s ,  why do you say you have t o  have a  1000-Angstrom- 

. t h i c k  l a y e r  f o r  a  good AR, r a t h e r  than something around 600 t o  800 
Angstroms? 

ASHOK: It was a  round f igu re .  I j u s t  rounded i t  of f  without  g iv ing  an exact  
f i gu re .  

GALLAGHER: In your enhanced work func t ion  graph, you showed work func t ions  
going up i n  t he  7 t o  8  region.  Since the  work func t ion  and the  VOC i s  

'a lmost  the  same, what measurable VOCs d id  you ge t  i n  those devices? 

ASHOK: With the  l a s t  viewgrsph? 

GALLAGHER:., Yes. 

ASHOK: I showed the  change i n  t he  work func t ion .  

GALLAGHER: You got up t o  0.7 -- 

ASHOK: It i s  not  t he  work funct ion.  It i s  the  body b a r r i e r  he ight .  

GALLAGHER: Oh, i t ' s  t he  b a r r i e r  he igh t ,  excuse me, I misunderstood. 

WONG: I have a  ques t ion  on the  f l u o r i n a t e d , t i n  oxide. What kind of a  
conductor mechanism does f luo r ina t ed  t i n  oxide u t i l i z e ?  

ASHOK: Well, i t  i s  s i m i l a r  t o  the  o the r  cases .  

WONG: The reason I am asking t h i s  quest ion i s  because t i n  oxide' i s  n-type. 
The conductor mechanism i s  by oxygen vacancies ,  r i g h t ?  The a v a i l a b l e  
oxygen vacancies? By adding f l u o r i n e  atoms -- f l u o r i n e  i s  -1 -- you are 
a c t u a l l y  occupying an ion vacancy r a t h e r  than g iv ing  up an ion  vacancy. 



So actually I am thinking the opposite way -- so that you lose the 
conductivity that way. 

ASHOK: No. It substitutes for an oxygen site. 

WONG: Would the fluorine ion go into 'the oxygen vacancy? Because there is 
already oxygen vacancy there. So very easily it will go to the oxygen 
vacancy, and energetically is more favorable, so I would see the 
opposite mechanism going on. I know there is a more complicated answer 
but this is what I naively see. 

ASHOK: I am not 'sure of th'e exact answer for that. 

HOGAN: The light-and-temperature-induced changes -- are those independent of 
the method of the IT0 fabrication? 

ASHOK: Well, this one is on the straightforward system. I would think they 
would be comparable. 

FIRESTER: Typically, for example, the sputtered IT0 i s  unstable above the 
temperature in which it is sputtered. The resistivity goes up, 
depending on what the sputter temperature is. 

WOLF: The substrate temperature? 

FIRESTER: Yes. 

QUESTION: What about light-intensity changes? 

ASHOK: That is only to the interfaces. It is not to the bulk, I don't 
think. It is to the silicoa-3u02 iutei-lace. IL cllanges at the 
interface. 

HOGAN: So that should be independent of the method of deposition? 

ASHOK: I would think so, yes. 

STEIN: There is another method of depositio'n that we have used, not for this 
purpose, but we make a metallo-organic composition that gives an IT0 
film. When printed and fired at between 550° and 600°c, the light 
fransparency or transmission is higher than you have indicated in some 
of the filmo you havc dcocribeda We have scili greaLer Ll~au 959:. ¶it! 

resistivity is not as low; sheet resistivity is in the order of 1000 
ohms per square. Yo'u can modify that upward by quite a bit. You can't 

. get much lower than 400 or 500--it's a function of firing temperature. 
The stability of these films is good to about 500°C, which more or 
lees coi~lcides wiL11 whaL our friend has said. They are sensitive to 
moisture. I don't know if the same is true in some of the films that 
you have described. The resistivity tends to increase with higher 
relative humidity, and it can be dried out and decreased. It seems to 
be reasonably reversible. 

SCHWUTTKE: Let me ask a general question. Where do you think this technology 
is going to challenge our standard systems? Will it be costly, will it 
be high-efficiency, or what do you think? Anyone can, answer that. 



ASHOK: Well, I think they are comparing two different things. If the 
efficiency can be boosted up, it obviously can be done when the 
open-circuit voltage problem can be handled separately by means of the 
surface treatment of silicon. But the material has to be grown with 
better transmission characteristics. But there is an interim tradeoff 
as we increase the conductivity. The plasma edge moves closer to the 
silicon band gap, and the plasma frequency incre.ases. as the electron 
concentration gee$ up. But if material can be developed with 
transmiss%on in the range of .go%, in the range of interest, then it can 
be useful. 

BURGER: What likelihood is there that you may turn up with newer or better 
transparent conductive coatings along the lines that you have been 
investigating? In other words, how broad could the field be, or is it a 
limited set of combinati-ons and permutations? 

ASHOK: Unfortunately, much of the information available in this whole field 
is still empirical. I think, in terms of understanding of the 
materials, it is' comparable to amorphous silicon; probably amorphous 
silicon is better. 

BURGER: I have one additional question. You mentioned that there was an 
optimal doping. How sensitive is that? I mean, is that a very narrow 
window or is it easy to achieve? 

ASHOK: It can be easily achieved. It is not a problem. 

SCHRODER: Who of the solar-cell manufacturers is using this technology? 

ASHOK: For a production device'? 

SCHRODER: Yes, or some serious research. 

ASHOK: . I  don't think anyone .is using a pilot line, but at Exxon they have 
used it in their research. 

FIRESTER: Photon Power is selling tin-oxide-coated glass, which is the first 
layer in their glass-tin-oxide CdS. 

SCHWUTTKE: These are the 2% or 3% efficiency cells? 

FIRESTER: I don't know what the efficiency is. 

SCHRODER: Exxon is using it at least in R&D, and that is it. Are other 
companies that you are aware of? 

ASHOK: I am talking about using it in single-crystal silicon. But as a thin 
film substrate, it is used. 

SCHRODER: I am not talking about that. 
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DISCUSSION 

QUESTION: You have shown a series-connected 240-cells span here. If one of 
those c.ells gets open-circuited, how do you plan to protect them with 
bypass diodes and .how do you plan to connect those bypassed cells on the 
panel? 

FIRESTER: I don't want to go into detail on that. That is the same problem 
you would have with any large panel, the difference being of course that 
here you have made it all at once; you can't throw a few cells away or 
strips away. Opens, by the way, are not a major problem as far as 'we 
can tell here. You have an option of doing bypass diodes and everything 
else, and that is independent of the panel structure. You would have to 
do that with anything else -- any other cell. Have I answered you? 

COMMENT: I am not sure. You still need to need to make some physical 
connections with.those diodes, and you need some metallization for that. 

FIRESTER: Yes, you can make physical contact--the integrated circuit industry 
does it all the time, in thin films. That's not really a,problem. 

BURGER: Actuall.~, our own view of it is that a structure like this can be 
looked at as being bullet-proof. I think you could shoot holes through 
the panel and it would still work, 'if you really look at what you have, 
because we have looked at other similar kinds of things from Japan. 

FIRESTER: I would 1ike.to just balance the two. 1 am glad to hear that. The 
only catastrophic thing, though, is an open, and then it would really 
have to be an open across the entire line -- two feet. 

'GALLAGHER: Two feet worth of open. Remember that. 

FIRESTER: The two-foot dimension is limited if you think about it by the 
series' resistance of the metallization. 

QUESTION: What sort of transmission characteriotics do you get? 

FIRESTER: It is greater than 90%. This gets you into an area where you have 
to think about one thin-film system versus another in process 
compatibility. For example, that kind of number can be attained with 
reactively sputtered indium tin oxide. That kind of number can be 
attained with chlorinated tin oxide. It is a question of when you do it 
and whether your material is underneath o r  on top; wherever you put it , 

is compatible to the.process of making it. 

SCHWUTTKE: Have you looked at any other systems? 

FIRESTER: No. 

SCHWUTTKE: Have you made any large-area junction' cells? 

FIRESTER: I am not sure I understand. 



SCHWUTTKE: Where you make, say,  a  50 x  50 shee t  of s i l i c o n ,  can you make a  
j u n c t i o n  over  t h a t  a r e a ?  

FIRESTER: Y e s ,  b u t  then  you c a n ' t  ge t  t h e  c u r r e n t  ou t .  

SCHWUTTKE: OK. So does t h a t  mean you c a n ' t  handle  those  a r e a s ?  

FIRESTER: No. It doesn ' t .  What you have t o  do i s  j u s t  play some funny games, 
forming i s o l a t e d  pockets  i n  your s i n g l e - c r y s t a l ,  o r  e s s e n t i a l l y  g e t t i n g  
i t  on to  an i n s u l a t e d  s u b s t r a t e .  

SCHWUTTKE: Is t h i s  t h i n  f i l m  the  whole me ta l l u rgy?  

FIRESTER: The whole meta l lu rgy  h e r e  i s  t h i n  f i l m ,  and ye t  i f  you go t o  t he  
numbers you f i n d  you don ' t  have any problems of c u r r e n t  crowding o r  
c u r r e n t  d e n s i t i e s  a lone .  

. . 

BLAKE: This  may be a  completely absurd q u e s t i o n , . b u f  I am worr ied about 
shadowed c e l l s .  In  p a r t i c u l a r ,  shadows t h a t  would be long and t h i n  -- 
power l i n e s  would be one example. Is t h e r e  a  r e a l  problem he re  o r  n o t ?  

FIRESTER: Well ,  i t  i s  a  r e a l  c o n s t r a i n t  t h a t  you want t o  o r i e n t  t he se  panels  
o r  any o t h e r .  pane ls  where you have shadowing t h a t  could wipe out  a  whole 
i n t e r c o n n e c t  i n  a  s e r i e s  a r r ay .  I th ink  t h e  more s e r i o u s  ques t ion  t h a t  
I am concerned about ,  by t h e  way, i s  no t  t h e . s i t e  shadowing, bu t  t he  
panel-to-panel shadowing i n  a r r a y s ,  and t h a t  simply says  g e t  t h e  l i ne s .  
running  v e r t i c a l l y  and then t h e r e  i s  no problem. 

WEAVER: This  i s  t h e  kind of a  t h ing  we haven ' t  even t a lked  about ,  but 1 have 
done some looking  a t  rows of t h ings ,  and t h e r e  i s  a  d i f f u s e  sky 
component; t h e  bottom of one row i s  looking a t  t h e  back of t he  row. in  
fronL UL i t ,  y e t  the t op  of t h a t  row it% no t  looking a t  i t .  T t  eees rhe 
e n t i r e  d i f f u s e d  slcy and we have found, e s p e c i a l l y  i n  w in t e r ,  a t  t h e  
optimum t i l t  ang le ,  a s  much a s  12% d i f f e r e n c e  i n  i r r a d i a n c e  from the  top  
t o  t h e  bottom of  t he  module. So I t h i n k  you had b e t t e r  be very c a r e f u l  
about  which way you want t o  run t h e  s t r i p s .  I f  you run them v e r t i c a l l y  .. 
-- a r e  you say ing  you a r e  c o l l e c t i n g  c u r r e n t  t h i s  way'! 

FIRESTER: No. 

WEAVER: O r  a r e  you c o l l e c t i n g  h o r i z o n t a l l y ?  

FIRESTER: The c u r r e n t  i s  flowing a s  a  s h e e t  from s t r i p  t o  s t r i p  and i f  you 
shadow i t  l a t e r a l ' l y  a long perpendicu la r  t o  t h e  s t r i p s  t h e r e  i s  no 
problem. I f  you have uneven i l l umina t ion  t h e r e  i s  no problem. You can 
l i t e r a l l y  t a k e  t h e  c e l l  and crack i t  i n  h a l f ,  and i t  s t i l l  works. Take 
t h e s e  t h i n g s ' a n d  s c r a t c h  t h e  back and i t  is not  going to a f f e c t  i t .  

WONG: You have been g i v i n g  examples of amorphous s i l i c o n  c e l l  s t r u c t u r e  and 
mono l i t h i c  con f igu ra t i on .  Is t h i s  type of con f igu ra t i on  s u i t a b l e  f o r  
h igh-cur ren t -dens i ty  devices  too? 

FIRESTER: Yes . 
WONG: Like copper indium d i s e l e n i d e ?  
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FIRESTER: Yes. I t h i n k  a  more s e r i o u s  c o n s t r a i n t  you want t o  t h ink  about i s  
t he  s u r f a c e  -- of having the  m e t a l l i z a t i o n  systems, going down on 
something t h a t  i s  r e a l l y  no t  smooth but i s  p o l y c r y s t a l l i n e .  Then you 
have a coverage problem,,o.r s t e p  coverage problem, i n t e r d i f f u s i o n ,  but  
t h e r e  i s  noth ing  t h a t  says  i f  you cou ldn ' t  grow e p i  on g l a s s  o r  
something t h a t  we wouldn't  do t h i s  r i g h t  o f f  t h e  b a t  with s i l i c o n .  

QUESTION: How do you c o n t r o l  the s epa ra t i on  of t h e  f i n a l  l a y e r  by us ing  t h e  
l a s e r  s c r i b e ,  and what i s  t he  th ickness  of t h a t  l a y e r ,  f o r  example? How 
can we c o n t r o l  s u c h ' a  t h i n  l a y e r ,  and what k ind  of d i f f e r e n t  l a y e r s  do 
w e  have? 

FIRESTER: I d i d n ' t  want t o  ge t  i n t o  anything s p e c i f i c ,  o r  what we a r e  doing 
with amorphous, on t h a t .  That i s  why I s a i d  t h a t  I suspec t  t h e r e  a r e  
going t o  be a t  l e a s t  two good ideas  on how t o  do t h i s  p rocess ,  per  guy 
or  g a l ,  i n  t he  room. Your observa t ion  i s  c o r r e c t ,  though, i n  t h a t  t h e  
l a s t  s c r i b e ,  whether i t  i s  a  s c r i b e  o r  whether i t  i s  a  p r i n t i n g  coupled 
by a  dry-etch ope ra t i on ,  cannot go a l l  t he  way through. It doesn ' t  
ma t t e r ,  i f  you th ink  about i t ,  whether i t  goes through the  c e l l  
s t r u c t u r e  o r  no t .  It cannot break up t h e  con tac t  below, whether t h a t  i s  
t he  t r a n s p a r e n t  oxide o r  whether I have i n v e r t e d  t h e  whole s t r u c t u r e .  

WOLF: There a r e  some very n i c e  f a c t s  here  of l o s s  f o r  d i f f e r e n t  shee t  
r e s i s t a n c e s  of t r anspa ren t  conductive coa t ing ,  and the  optimum spacing 
r e s u l t i n g  from it .  Now t h e  t r anspa ren t  coa t ings  on d i f f e r e n t  shee t  
r e s i s t a n c e  have d i f f e r e n t  absorp t ion  l o s s e s .  So shouldn ' t  t h a t  r e a l l y  
have been taken i n t o  account? 

FIRESTER: Yes. By no means d id  I mean t o  suggest  t h a t  t he se  were t r u e  optima; 
t h e r e  i s  t h e  t ransmiss ion  l o s s .  There i s  a l s o  what I have learned  
through FSA, you want t o  th ink  about t o t a l  c o s t  op t imiza t ion .  For 
example: p a t t e r n i n g ,  whether i t  i s  l a s e r  s c r i b i n g  o r  photo l i f t ,  i s  an 
expensive ope ra t i on .  You may choose t o  reduce t h e  number of s t r i p s ,  
even though i t  i nc reases  the  phys ica l  l o s s .  

WOLF: You might even want t o  put f i n g e r s  over i t ,  aga in  normal t o  your 
s c r i b i n g ,  t o  ge t  a  l a r g e r  spacing. 

FIRESTER: Well,  I would be i n t e r e s t e d  i n  see ing  an op t imiza t ion  t h a t  g e t s  m e  
t h a t  f a r .  

PROVANCE: Is t h e r e  any reason t h a t  a  hybrid approach t o  th ick- f i lm and 
th in- f i lm could no t  be used? 

FTRFSTER: No, t h e r e  i o  no reason a t  a l l  why i t  coilldn't  be.  I th ink  t h a t  

- ,  
Matshuida i s  doing a  screen-printed cad sulphi.de, which I would c l a s s i ' f y .  

: a s  a thick-f i lm'  system t h a t  is p r e c i s e l y  Lllat kind of an 
i n t e r connec t ion .  I th ink  the  po in t  t o  t h ink  about i s  t h a t  i t  i s  
g r i d l e s s  and of uniform cu r r en t  dens i ty .  
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'Ihc aim of tlic rcscarch discussed in this presentation is to cxplorc feasibility of a copper-base 
rnctallization for shallow-junction cclls applied in flcxiblc solar arrays in space: This type of 
rnctallization will rcduce usage of precious ~nctals (such as silvcr), incrcase case of bonding (by 
welding or by soldcring) and climinatc 'hcavy high Z interconnects (such as molybdenum). The 
main points of conccrn in .the investigation are stability against thermally induced diffusion of 
coppcr illto silicon which causcs degradation of shallow ccll junctions, and low scries resistancc of 
tllc contact with scmicondtrclor which promotes ccll ctllciency. 

A major Flcxiblc Solar Array 'Sechnology devclopmcnt program is currently in progress at 
I.ockhccd Missilcs and Spacc Colnpany, Sunnyvale, California, with a targct dcsign incorporating 
sever-al hundred thousands of individual largc area (5.9 by 5.9 cm) cells (Fig. I), attached to a 
Kapton prrntcd circuit substratc by contact wclds betwecn silver rnctallization and coppcr 
intcrcvnnccts as shown in Fig. 2. Both N and 1' contacts arc located on thc ccll back thanks to a 
Jiclcctric wraparound for the N tabs (thc asscmbly shown in Fig. 2 has a portion of thc printed 
circuit rcrnovcd to put in cvidcnce thc configuration of thc wraparound N contact). 'Typical 
sl~'irclurc uf ~ h c  contacr weld is shown in Fig. 3 in a cross section madc at an anglc of 6' to the 
sample surface in ordcr to increase thc thickness resolution by a factor of 10. ' h e  bond is a rcsl~lt 
of solid statc diffirsion bctwccn silvcr and coppcr and consists of thc two tcrminal solid solutions 
(Fig. 4). Mctallirrgical quality and reliability of thc attachment dcpcnd on controlling the welding 
rcaction in a lnanncr to avoid gcncrating liquid phascs and outgassing from thc elcctroplatcd silver. 
/ I n  cxarnplc of structural dcfccts cailscd by thc latter is shown in Fig. 5. Substituting coppcr 
mctnlliz:ltion for the silvci vr~c will clirninarc Inany weld problclns sillcc the bond will be madc 
bctwccn two pieces of the satnc ~nctal. 

'I'hc first ordcr conccrn in considering coppcr rnctallization for solar cclls is thc tcndcncy of the 
rnctal to difiirsc inlo silicon and dctcrioratc the P/N junction. Conscqircntly. an appropriate 



diffusion barrier has to be found. Iron is a potential candidate because: (1) its alloying affinity 
towards coppcr is exucmcly limited bclow 700°C so that at tcmpcraturcs prevailing in fabrication 
and scrvicc of the solar arrays copper is csscntially insoluble in it (sce Fig. 6); .(2) it will not 
contarninatc thc P/N junction whcn a silicidc contact is fonncd bccausc thc iron/silicon phascs (Fig. 
7) arc formcd by unilateral diffusion of silicon into iron. 'The most scrious disadvantage is high 
resistivity of thc iron silicides which poscs problcms of ohmic losscs in an iron silicidc contact. 'lhc 
data prcscntcd hcrc arc addressing only thc ability of iron to inhibit diffusion of coppcr into silicon: 
dealing with thc high ohmic resistivity of the contact is thc subject of thc next stcp of the 
investigation. 

Expcrimcntal solar ccll substrates used in thc rcscarch arc singlc crystal IJ-silicon wafers with a 
0.2 pm dccp N +  dif i~scd laycr (-1020 cm-3 surfacc conccntration of phospho~~~s).  Initiitlly the 
contact rnctallization was applied dircctly on tlic front ( N )  surfacc by vapor-depositing about 0.1 
pm of iron followed by 0.5 pm of' copper, and reacting the two laycrs bclwccll Clicrtisclves and with 
the silicon at 600°C in vacuum for onc hour. "l'hc rcactcd samplcs wcrc cross scctioned and 
examincd mctallographically to determine thc nature and extcnt of interaction. Fig. 8 shows a 
typical strilctilre which discloses a non-unifonn dcfcctivc interface betwecn thc rnctallization and the 
silicon. Mcasi~rcmcnts of scrics rcsistancc through thc gcncratcd contact gavc values in the order of 
200 to 300 52. One probable rcason for thc high rcsistancc is the defective metallurgical st~ucturc. 
However, thc fact that thc shallow P/N junction showcd a rcctifying diodc bchnvior strongly 
suggests that diffi~sion of copper into it has bccn prevcnted. 

lmprovcd uniform bonds WCPC obc~incd it~Lcrl~osil~g d vapor.dcpositcd laycr of amorphous 
silicon bctwccn tlic iron/copper mctallization and thc substratc silicon. Fig. 9 cliaracterizcs thc 
resulting rnicrostructurc in 'a  6" anglc cross scction. Fig. 1 U  is an cncrgy dispcrslvc scan of il. l'lrc 
bond of thc mctallization to t l ~ c  silicon consists of an 0.5 pm thick Si/Fc/C'it alloy laycr. Si~ice the 
total thickness of combined as-dcpositcd a-sillcon and irorl layclb is uf tllc salnc ordcr of magnitude, 
thc arnorplious silicon acts as a sacrificial reactant in gcncrating the intcrfncc whilc thc solar ccll 
material rcmains unaffcctcd. A llcat treatment for additional 2 hours at 500°C lcavcs this stnlcturc 
unchangcd, as sccn in Fig. 11. I1 is. tllcccfore, cvidcnt that thc tcrnary alloy gcncratcd by iron .in thc 
reaction with a-silicon and coppcr docs indccd inhibit diffilsion of coppcr into thc ccll substrate. 

'Thc main cxpcrimcntal difficulty in  consistently rcproducing this result lics in cnsuring a dcfccl- 
frcc barrier. Coppcr tcnds to sllortcircuit thc P/N junction by pcnctrating into tlic underlying silicon 
through structural impcrfcctions such as porcs or voids in  thc tcrnaiy Inycr. Fig. 12 shows this cffcct 
in a samplc with rclativcly t'cw opcn diffilsion paths. Pig. 13, U I I  ~ l l c  o~hcr  hand, documct\t3 o 
samplc with a hcavy dcfcct conccntration; thc dcptli of pcnctration is c~nphasizcd in tllis casc by 
sectioning the salnplc at an anglc of 6" to thc surfacc. Within tlic sillglc crystal silicon si~bstratc thc 
diffi~sion procccds in thc [I001 direction along (100) pla~lcs of the lattice wlicrc tlic disla~~cc bctwccn 
atomic Iaycrs is thc most favorable. 'l'lic ~.csult arc distilict geometric rcgions of n solid solution, or a 
compound, thc composition of which is documcntcd in Fig. 14. Fig. I5 shows tlic analysis of the 
Fc/Si/Cu intcrfacc laycr whcre it is frcc of dcfccts and is cffcctivc in stopping thc coppcr 
diffusion. 



Thc invcstigation summarized abovc indicatcs thc metallurgical potential of dcvcloping a 
coppcr-basc rnctallixation for solar cclls using iron as a diffusion inhibiting agcnt. Furthcr rcsearch 
will dctcrminc whcthcr this conccpt can also satisfy the req~~ircmcnts of photovoltaic pcrformancc. 



Figure 1. Front Surface of the Flexible-Array Cell (2X)  



Figure 2. Flexible Blanket Interconnect . (O.  67x1 



Figure 3. Structure of Ag-Cu Weld (500X) 



Figure 4. Energy-Dispersive SEM Analysis of Ag-Cu Contact Weld 
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Figure 5. Defects in Ag-Cu Contact Weld (200X) 



Figure 7. Iron-Silicon Phase Diagram 



Figure 8. Cu-Fe Bond to Single-Crystal Silicon (200x1 



Figure 9. Cu-Fe-Si to,Silicon Bond (1 000X) 



Figure 10. SEM Analysis of Typical Cu-Fe-a-Si Bond (1  050X) 
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Figure 1 1 .  Energy-Dispersive SEM Analysis of 
Heat-Treated Cu-Fe-a-Si Bond 
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Figure 12. Cross Section of Defective Cu-Fe-a-Si Bond (500X) 



Figure 1 3. 6-deg-Angle Cross Section of Defective 
Cu-Fe-a-Si Bond (500x1 



Figure 14. Electron Microprobe Analysis of Cu-Fe-a-Si Bond 
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Figure 1 5. Electron Microprobe Analysis 
of Cu-Si Phase in Silicon 
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DISCUSS ION 

WONG: .Those solid solutions or compounds, do you think they are formed during 
cooling due to precipitation? 

LAVENDEL: That is a good question. Well, undoubtedly copper penetrates into 
silicon when you are heating it. Probably the distribution of the 
copper atoms within the single-crystal silicon might change when you 
cool down from your 6000 or 500°. The time involved is rather 
short, by which I mean your cooling is probably half an hour or 
something. It might be that you mostly quench the situation that arises 
at high temperature so by some kind of gross approximation you might say 
rhar what you nee actually happens at time of fueian. 

W W :  Did you happen to microprobe other areas in the vicinity ot the detect? 

LAVENDEL: No, not in the immediate vicinity. It is the pattern that I get 
from the ternary layer -- I wouldn't say in the immediate vicinity of 
that defect, but where it does not seem have been penetrated by copper. 

WONG: It might be an interesting point to probe in the vicinity to see 
whether there is a copper gradient. 

, LAMIIDEL: Let me go back. If I correctly understand you, you would like to 
see what happens right here. 

WONG: Yes. 

LAVENDEL: No. I didn't look at this area, I either looked at areas like this 
or smack right in the middle of these compounds or alloys. Whether 
there is anything peculiar here at the inlarfacc between this and the 
layer here I don't know. 

WONG: Would you go to the following one, please? What I mean is, if you probe 
from the copper perpendicularly up. 

LAVENDEL: Don't be fooled by the fact that this is a very shallow section, so 
actually what you are really looking at here is a section that is done 
this way. 

SCEIWIJTIIRE: Do I understand that you have a bevel? 

LtlVElJDELC. That i s  right6 That i~ why you see t h i e ,  you aec on this picture, 
this copper-silicon alloy, both apparently in copper and in silicon, but 
actually what you see here is the cross section of a thing like that 
that protrudes up and it seems to be about in the copper, and both in 
the copper and the silicon. If you cross section it at a low angle like 
that you will see it on both aides of the internal barrrier* 

PRYOR: On the samples where you had minimal copper penetration or pinholes, 
did you succeed in getting a low series resistance? 



LAVENDEL: I don ' t  know, I d i d n ' t  measure it y e t .  This  s e r i e s  of samples i s  
r e l a t i v e l y  r e c e n t ,  and I r e a l l y  d id  no t  have time t o  g e t  t h a t  
measurement r e l i a b l y .  I c e r t a i n l y  hope t o  g e t  i t  w i t h i n  a  month o r  so. 
I f  I don ' t  ge t  low s e r i e s  r e s i s t a n c e ,  then we have an a d d i t i o n a l  
problem, which means t h a t  I w i l l  accept  t he  f a c t  t h a t  t h e  i r o n  i s  r e a l l y  
e f f e c t i v e  i n  s topping the  d i f f u s i o n ,  but  I w i l l  have t o  worry about 
i n t e rpos ing  soniething between t h a t  i r o n  l aye r  and the  c e l l  i t se1 . f  a t  t h e  
normal contac t .  

BLAKE: You use a  l aye r  of amorphous s i l i c o n  a s  a  s a c r i f i c i a l  l a y e r ;  between 
the s i l i c o n  and the  i r o n  how t h i c k  was t h i s ,  and how w a s  i t  app l i ed?  

LAVENDEL: It was appl ied  by the  decomposition of s i l a n e .  The th ickness  of 
t h a t  l aye r  was about h a l f  a  micron. 

AMICK: Henry, i f  you put  copper,  now, i n  con tac t  with t h a t  t o p  su r f ace  and 
you w a i t ,  with time the  chemical p o t e n t i a l  with the  copper i n  t he  
s i l i c o n  w i l l  be governed by the  chemical p o t e n t i a l  of t he  copper i n  t he  
copper,  w i l l  it no t?  Won't you always have the  r i s k  of copper 
p r e c i p i t a t i n g  i n  the s i l i c o n ?  

LAVENDEL: Yes, you ar'e undoubtedly r i g h t .  However,-our h e a t  t reatment  of one 
hour a t . 6 0 0 0 ,  and 2  hours a t  500° a d d i t i o n a l  . to t h a t ,  d id  not  

, . produce pene t r a t ion  when the  b a r r i e r  was good -- d id  not  produce any 
measurable pene t r a t ion  o'f copper i n t o  s i l i c o n .  I would say t h a t  i f  you 

' opera te  your c e l l s  a t  temperatures of 150°C, 200°C, i t  w i l l  t a k e -  
c e n t u r i e s  t o  g e t  t he re  by d i f f u s i o n .  I don ' t  t h ink  t h a t  we can ever  

.hope t o  achieve an i d e a l ,  completely impenetratable  b a r r i e r ;  the  
d i f h s i o n  w i l l  always go on. A s  Marc Nicolet  s a i d ,  you have de fec t s  i n  

. . 
your s t ruc tGres  always, vacancies ,  g r a i n  boundaries.  I ,  a s  a  mat te r  of 

a .  f a c t ,  am amazed t h a t  t h a t  h a l f  a  micron of the  t e r n a r y  s tops  t h e .  
. , d i f f u s i o n  t o  t h a t  e x t e n t .  

AMICK: Do I understand then from t h e  p i c t u r e s  t h a t  you consume a l l  the  copper 
t h a t  was o r i g i n a l l y  on top?  

LAVENDEL: Oh, no, no, no. Let me go back t o  the  p i c t u r e s ,  t h i s  is  pure' . 
copper. The whole l aye r  i s  pure copper. This i s ' t h e  i n t e r f a c e .  t h i s  i s  
s i l i c o n ,  t h i s  is  chemical p o t e c t i a l  of pure copper. 

WONG: I have another  ques t ion ,  i f  you don ' t  mind. The p i c t u r e  you showed, 
the  s i l i c i d e  a t  the  i n t e r f a c e  -- t h e  s i l i c i d e  forms c racks  perpendicular  
t o  t he  i n t e r f a c e ;  do you th ink  t h i s  c rack  was formed due t o  t h e  l a t t i c e  
mismatch o r  duc t o  the  thermal eyc l ing?  

LAVENDEL: Thermal cyc l ing ,  I be l i eve .  

WONG: OK, i t  i s , n o t  formed during formation,  i n  o t h e r  words? 

LAVENDEL: I don ' t  t h ink  so. I cannot t e l l  you r e a l l y  t h a t  i t  i s n ' t ,  I j u s t  
don ' t  t h ink  s o ,  i t  might be. There might be a c o n t r i b u t i o n  of t h a t  too.  

WONG: Amorphous s i l i c o n  a t  t he  i n t e r f a c e ,  how do you know it i s  amorphous? 



LAVENDEL: By X-ray. 

AMICK: Henry, i n  t h i s  p i c t u r e ,  i s  t h a t  s t i l l  f r e e  copper on the  top  su r f ace?  

LAVENDEL: Yes, t h i s  i s  f r e e  copper,  and a c t u a l l y  t h e  i n t e r f a c e  i s  somewhere 
he re .  

STEIN: Could you p l ease  desc r ibe  your welding technique? 

LAVENDEL: I ' m  s o r r y ,  i t  i s  p r o p r i e t a r y .  I can only t e l l  you one th ing ,  t h a t  
i t  i s  done by p a r a l l e l - g a p  welding and i t  i s  ve ry ,  very c l o s e l y  
monitored by the  system -- by t h e  temperature i t s e l f ,  t h e  cyc le  i t s e l f  
( t h e  temperature-time c y c l e ) .  It i s  very  very  c l o s e l y  monitored by a 
set-up t h a t  LSMC developed. I, myself ,  know very  l i t t l e  about it. The 
weld t h a t  I have shown you before  i s  a t y p i c a l  r e s u l t  of . that  ope ra t ion ,  
so  formation of t h e  e u t e c t i c  t h e r e  happens ve ry ,  very 'seldom and i t  
happens only  i f  t h e i r  equipment malfunct ions.  
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SUMMARY AND CLOSING REMARKS 

GALLAGHER: Three days ago we started with this viewgraph, and now .appears to 
be a good time to review it in the light of our discussions of the 
various topics investigated in this Forum. 

Project Constraints 

Economic 

Module $0 .7Olwat t  

- Metallization Variable 

Reliability 

Module 30 years 

- Metallization Compatible 

Efficiency, NOC >11% 

Rather early in the presentations the interrelated requirements of cost, 
reliability and efficiency seemed to present an almost unattainable 
goal. As we progressed through discussions from our "snapshot" start cre 
found that we were beghning to deviate from reaction modes and actually 
were spending more time on evaluating and researching processing 
mechanisms. We found, as .it was so aptly put by Dr. Nicolet:  h here is 
hope. " 

We found that 14-plus-percent-efficient cells are routinely produced in 
manufacturing facilities; 16% and 17 % efficient cells are not unheard 
of. Truly, the efficiency goal is not an impossible one. 

Module degradation under field conditions has shown several simultaneous 
degradation mechanisms with differentiated rates and performance 
implications. Those attributable to metallization system catalysis have 
proven not only to have long induction periods under field conditions 
but also to be metal-specific. This has led to the development of 
accelerated testing matrices in the laboratory. Environmental test 
chambers capable of providing elevated temperatures, controlled high 
humidity, and intense ultraviolet radiation in the presence of 
accelerating voltages have been used to investigate and quantify these 
degradation mechanisms. Again: "There is hope. " 

In the overall area of cost, the relationship between high efficiency 
and reliability is ever a concern. With high-efficiency cells our 
cell-fabrication cost allocation can go up (we use more money for the 
metallization process) and we can still meet our overall cost goals. 
The major concern in reaching these goals is not the material or the 
process used, but rather the actual attainable economies of scale in 
volume production. The yield figures used i n  SAMICS calculacioiis are 



always suspect because they are volume projections. The end.result is, 
we don't really know what the costs actually are until real volume 
manufacturing cost figures, based on experience, are available. But:. 
"There is hope." 

We learned of advanced techniques that have changed processing 
limitations as we knew them when this Project started. These innovative 
techniques, combined with the new emerging knowledge about "old" 
metallization processing mechanisms, have pointed out many fruitful 
areas for the investment of our research dollars. 

In closing this, the first Photovoltaic Metallization Research Forum, I 
wish to thank you for your attendance and participation, and to extend 
special thanks to Mary Phillips for her .coordination activitica and to 
Dave Tustin for handling our communications. 



APPENDIX A 

. . Dale R. Burger 
.. Jet Propuls ion  Laboratory 

Pasadena, CA 91109 

ABSTRACT 

Five d i f f e r e n t  power-loss phenomena a r e  a s s o c i a t e d  wi th  t h e  f ron t - su r f ace  
m e t a l l i c  g r i d  p a t t e r n  on photovol ta ic  c e l l s .  The CELCAL program c a l c u l a t e s  
each o f  t he se  l o s se s  and t h e i r  t o t a l  f o r  any g iven  choice  of  des ign  input  
v a r i a b l e s .  Stepwise v a r i a t i o n  of  i n p u t s  by t h e  des igner  a l lows g r i d - p a t t e r n  
op t imiza t ion  f o r  t he  chosen c e l l  geometry ( c i r c u l a r  or' r e c t a n g u l a r ) ;  number 
o f  h o r i z o n t a l  bus b a r s  (1 ,  2 o r  3) ;  and m e t a l l i z a t i o n  process  (def ined  by 
choice o f  input  v a r i a b l e s ) .  

The program uses  a  s e c t i o n a l  i n t e g r a t i o n  approach wi th  cons t an t  c o l l e c t o r  
g r i d - l i n e  spacing and non-tapered or thogonal  c o l l e c t o r  g r i d  l i n e s  and bus 
ba r s .  One d a t a  card is requi red  f o r  each set of  i npu t  v a r i a b l e s  and up t o  
100 d a t a  ca rds  may be run i n  about 1.5 seconds of main-frame time. The 
output  l i s t s  t h e  va lue  of  each l o s s ,  t o t a l  l o s s e s ,  and a l l  input  da t a .  . 

FORTRAN PROGRAM, CELCAL 

A FORTRAN V Program, CELCAL, c a l c u l a t e s  power l o s s e s  a s s o c i a t e d  wi th  f l a t -  
p l a t e  photovol ta ic  c e l l  f ron t - sur face  g r i d  m e t a l l i z a t i o n .  CELCAL was 
o r i g i n a l l y  w r i t t e n  t o  handle  t h e  t ed ious  c a l c u l a t i o n s  r equ i r ed  by c i r c u l a r  
c e l l  design.  Program c a p a b i l i t i e s  now inc lude  r ec t angu la r  c e l l s  and the  use  
of  one, two o r  t h r e e  bus ba r s .  For s i m p l i c i t y ,  t h e  c a l c u l a t i o n s  a r e  a l l  
done f o r  t h e  f i r s t  quadrant of  a  c e l l  and m u l t i p l i e d  by four  except  f o r  
bus-bar l o s s e s ,  which a r e  dnne f o r  a wholc c e l l .  A l l  o f  che d a t a  necessary  
t o  c a i c u l a t e  one s p e c i f i c  c e l l  d e s i g n ' s  power l o s s  i s  input  a s  des ign  
v a r i a b l e s  on a  s i n g l e  d a t a  ca rd ,  except  f o r  t he  r e s i s t i v i t y  of  t he  
i n t e r connec t ,  which is  f ixed  a t  t he  va lue  f o r  copper. Design t r a c e a b i l i t y  
is  maintained by l i s t i n g  t he  input  v a r i a b l e s ,  t he  c a l c u l a t e d  power. l o s s e s  
and t h e i r  t o t a l .  Five d i f f e r e n t  power l o s s e s  a r e  considered:  f r o n t  s u r f a c e  
shee t  r e s i s t a n c e ,  con tac t  r e s i s t a n c e ,  c o l l e c t o r  g r id - l i ne  r e s i s t a n c e ,  
bus-bar r e s i s t a n c e  and shadowing, Der iva t ions  of  Lhese l o s s  f a c t o r s ,  and 
t h e  development o f  t he  program, a r e  d i scussed  below. 

SHEET RESISTANCE 

An equa t ion  has  been der ived  us ing  s e c t i o n a l  i n t e g r a t i o n  f o r  shee t  
r e s i s t a n c e  l o s s e s  (Reference 1 ) .  The form o f  t h i s  equa t ion  t h a t  is  used is: 



where - ' 6  , 

. . J = cu r ren t  d e n s i t y ,  W/cm 
2 

I .  
.. , . . . . 

= shee t  r e s i s t i v i t y ,  fl/O Ps 
: . -S = col lec tor . .  g r i d - l i n e  s p a c i n g  (center - to-center )  , cm 

. . 

:L' = c o l l e c t o r  g r id - l i ne  l e n g t h ,  cm . . 

The acronym8 or  symhnls used i n  t he  CELCAL program f o r  t he  above equat ion  
a r e  l i s t e d  and def ined  i n  Table 1 a long  wi th  a l l  o the r  program v a r i a b l e s .  

CONTACT ' RESISTANCE 

Contac t - res i s tance  l o s s e s  a r e  i nve r se ly  dependent on the  t o t a i  g r id - l i ne  
l e n g t h .  The equat ion  used (Reference 2) is:  

I , =  t o t a l  c e l l  c u r r e n t ,  A 

PC = con tac t  r e s i s t i v i t y ,  a-cm 
2 

p = sheet r e s l  n t i v i r y  under the g r i d  l i n e ,  d / o  
s  

L  = t o t a l  c o l l e c t o r  g r id - l i ne  l e n g t h ,  cm 

COLLECTOR G R I D  LINE 

A n  equat ion  has a l s o  been der ived  f o r  c o l l e c t o r  g r i d  r e s i s t a n c e  l o s s e s  
(Reference 1). The form of t h i s  equat ion  t h a t  i s  used i s :  

where 2 
J = . .  curre*t .  , d e n s i t y ,  . , ~ / c m  . ,. , . 

'm 
= c o l l e c t o r  gr id '  metal bulk r e s i s t i v i t - y ,  a-cm 
: , -  " . 

S' = c o l l e c t o r  g r id - l i ne  spac ing ,  C-C, cm 
, 

L = c o l l e c t o r  g r id - l i ne  l e n g t h ,  cm 

W = w i d t h  of c o l l e c t o r  g r i d  l i n e ,  cm 

H = he igh t  of c o l l e c t o r  g r i d  l i n e ,  c m  

A- 2 



BUS BAR 

Bus-bar l o s se s  can be ca l cu l a t ed  and summed e x p l i c i t l y  fo r  each se'gment 
between c o l l e c t o r  g r i d  l i n e s  us ing  the  equa t ions  and t a b l e s  developed f o r  
p a r a l l e l  bus ba r s  of  s e r i e s  i n t e r connec t s .  Since most c e l l s  have a  l a r g e  
number (>25) of c o l l e c t o r  g r i d  l i n e s  per c e l l ,  t h e  equa t ion  used i s  der ived  
from t h a t  used f o r  c o l l e c t o r  g r i d  l i n e s  : an e f f e c t i v e  l i n e  length  of one 
t h i r d  of t h a t  of t he  bus bar  i s  used. 

Resis tance of t he  combination of t he  bus -ba r .me ta l l i z a t i on  and t h e  a t t ached  
in te rconnec t  i s  a l s o  ca l cu l a t ed  t o  a l low f o r  th ickness  and r e s i s t i v i t y  input  
v a r i a b l e s .  A simple program modi f ica t ion  would al low f o r  an i n t e r connec t  
width d i f f e r e n t  from t h a t  of  t he  bus ba r .  

SHADOWING 

Shadow l o s s e s  a r e  d i r e c t l y  dependent on the shadow a r e a .  This is  u s u a l l y  
t .  ' 

t he  most s i g n i f i c a n t  l o s s  i n  a proper ly  made c e l l ;  t h e r e f o r e ,  most 
op t imiza t ion  e f f o r t s  a r e  toward balancing shadowing l o s s e s  aga ins t  o the r  
l o s s e s .  ' 

. . 

PROGRAM LOGIC 

The CELCAL program i s  summarized i n  a  flow c h a r t  (Figure 1). The program 
uses  t he  K index va lues  t o  branch f o r  r ec t angu la r  o r  c i r c u l a r  c e l l s  and t o  
branch aga in  f o r  shadow-area c a l c u l a t i o n s  of c i r c u l a r  c e l l s .  C i r cu l a r  c e l l s  
r e q u i r e  t h e  c a l c u l a t i o n  of each c o l l e c t o r  g r i d  l i n e  l eng th  and t h e  
p a r t i t i o n i n g  of each l i n e  and summation of t h e  cubes of each segment. 
Rectangular c e l l s  may be handled by mu l t i p ly ing ;  however, t h e  same SUM 
v a r i a b l e  names a r e  s t i l l  used f o r  l a t e r  convenience i n  c a l c u l a t i o n .  

PROGRAM LISTING 

A l i s t i n g  of t he  CELCAL program i s  shown i n  Figure 2. 

DATA SHEET 

A copy of the  d a t a  , shee t  is  presented i n  Figure 3. 

PROGRAM OUTPUT 

Figure 4  g ives  t he  ou tputs  obtained from e n t e r i n g  the  d a t a  fr'om Figure 3. 

REFERENCES 

1. Ca rba j a l ,  B.G., Texas Instruments ,  Inc . ,  Qua r t e r ly  Report No. 3,' 
DOEIJPL-954405-7613, October 1976. 

2. Berger,  H.H., Sol id-State  Science and Technology, J. Electrochem. 
Soc., pp. ,507-514, Apr i l  1972. 



Table 1. CELCAL Variables 

VARIABLE 

Loss Variables 

PLSR 

PLCR 

PLCG 

PLSH 

PL BB 

TOTI; . 

Input Variables 

VPP 

RHO S 

RHOM 

RHOC 

R 

ETA 

SOL 

P 

DEFINITION 

Sheet r e s i s t ance  power l o s s ,  W 

Contact r e s i s t ance  power l o s s ,  W 

Colbector g r id  l i n e  power l o s s ,  W 

Shadowing power l u s e ,  W 

Bus-bar power l o s s  ( includes intercon- 
n e c t ) ,  W 

Total power l o s s ,  W 

Peak power vol tage ,  V 

Sheet r e s i s t i v i t y  of c e l l  sur face ,  a10 

Grid l i n e  6 bus bar bulk r e s i s t i v i t y ,  
SZ-cm 

Contact r e s i s t i v i t y ,  &cm2 

Cell radius  or nne ha l f  of square c e l l  
v e r t i c a l  he igh t ,  cm 

Collector  gr id- l ine  spacing C-C, cm 

Height of bus birr center  above center  
l i n e ,  cm 

Width of  c o l l e c t o r  g r id  l i n e ,  cm 

Width of bus bar  and in terconnect ,  cm 

'~ttickness of c o l l e c t o r  g r i d  l i n e  and bus 
ba r ,  cm 

Cell e f f i c i e n c y ,  % 

~ n s o l a t i o n  value ,  ~ / c m 2  

One ha l f  hor izonta l  length of square 
c e l l ,  cm 



TBB ~ h i c k n e s s  of interconnect ,  cm 

Run number fo r  cont ro l  purposes 

Cell shape and bus-bar index code 
(see below) 

No. of Bus Bars Circular  Rectangular 

VARIABLE DEFINITION 

Calculated o r  Fixed Variables 

SUM1 Summation of c o l l e c t o r  gr id- l ine  length 

RHO B 

AREA 

DEE 

SHAD 

ELL 

Summation of the  cube of c o l l e c t o r  g r id  
l i n e  lengths above and below the  bus bar 

Summation of the  cube of c o l l e c t o r  gr id  
l i n e  lengths t h a t  occur beyond the  bus 
bar  i n  c i r c u l a r  c e l l s  

Interconnect bulk r e s i s t i v i t y ,  usual ly  
s e t  a t  the  value f o r  copper: 
1.72 x  loe6 a-cm 

Number of c o l l e c t o r  gr id  l i n e s  i n  a  quad- 
r an t  

Area of one quadrant of a  c e l l  

Length of bus bar i f  not on center  l i n e  of 
c i r c u l a r  c e l l  

Diameter o r  hor i zon ta l  length of c e l l  

Length of one co l l ec to r  g r id  l i n e  

Length of one c o l l e c t o r  gr id  l i n e  above 
buo bar 

Shadowed area  i n  one quadrant of a c e l l  

Total length of a l l  c e l l ' b u s  ba r s  



JAY 

ITOT 

RES 

REFF 

Current density 

Total generated cell current 

Resistance of bus bar-interconnect combi- 
nation 

Effective contact resistance 



PRINT 
I I . ,  

NUMBER OF  ID":^ 
SHADOW n 

COLLECTOR 

LENGTH 

NUMBER OF I E:::: I 
LENGTH 

r cusc 
COLLECTOR 

CURRENT 
DENSITY 

SHEET 
RESISTANCE 

COI  IFCTOR 

SHADOW 

BUS BI\R 

TOTAL 
POWER 

ANSWERS 

(FIN) 

Figure 1. CELCAL Flow Chart 



C - .  ' 

C SOLPR CFLL G R T C  LOSS CbLCULATICh  PRCGRP*r CR6 : ' l - f c ( - ? C  
3EAL P L S R t P L C 3 t P l  S H t f L C R  r v o o r R ~ 2 5 r R ~ C " r t R H C C r F ;  r C r H r U C r U B r T r Z U Y I  9 

15UPtZrSUM?,ElAt f rSOL PTSVTCTL r 5 H A C r p r  AREA? J b f r  E l l  r 1 8 8 1  Dl BPrRHZRr 
2 1107 tCEFrRE5 rUTHrREFF 

TNTrGES H r N r R N t P  
C PRINT RFPORT HEbCINGS 

L R I T E t t  r S )  
5 FORfl07 ( b l S H  LOSSb r l i ( r b C G  LZSSb t l X t 4 S 0  1 2 5 5 '  t l X r b C R  t C C , T b s l X t  
1 LOSS @PI X r '  T O T 1  @ r I X r  ~ * V ~ r f X r * R t i C S ~ v j Y s ~  RHCV @ r I  X r  @RHCCb r 
T I X t b  R  b t l X t 4  S . r l X r *  H  b r 2 X t *  UC * r l X r a  W8 b r l X r b  T 
? l X t b E T A b r l X r 4  5 0 1  b r 3 X v b P b t 2 X r b  l r l X r b  IdB b t l X t 4 R h b )  

J C  R E ~ ~ ( ~ ~ I S ~ E R R = ~ ~ ~ E ~ C = ~ ~ ) V ~ ~ ~ R H C S ~ R H C V ~ R H C C ~ R ~ ~ ~ H ~ ~ ~ C ~ U B ~ T ~ E T A ~ ~ C L  r 

I K r P v T B R t R N  
f 5 FORPbT(F3.3rF3.CrEf  .2rF?.3rF41.?tF3.-7rF(1.?rF?.rlr F ? m ? r F ? r q t F 2  .SrF?.3 

I * I 1  rF4.3rF3.4 9 1 2 )  
c S E T  s u n r p n o r u s  73 ZERO A K C  IPUT I ~ T E R C Z K ~ E C T  R Q S I ~ T ~ V I T Y  

W# 3 =C 
SUM2 =C 
s u f l 3 = c  
RHOP=fm / 2 E - C L  

C CELL ~HAPEIBUS R a U  FEY= C l R C U l  A R  1 r 2 r  CR 5 BUSr ) r = l r 2 t  CR 3  
C RFCTbAGUL P R  1 1 2 1  CR 3  BU'r C - V r S r  C R  t 

IF ( K - 3 1 2 C t Z : r t C  
C ChLCULbTIONS FOR C'IRCULBR CELLS 
c C ~ L C U L A T F  A R E A  w G  ~UUHBER CF GRIG L I K E S  I K  ~ U A G R A R T  

Z C  M = ( R / S I - I  
AREA=(3,1415?89.) * ( ! ? * * ? I  

C  CBLCULITE BUS B A R  LENGTH A h C  CELL C l A n E J E R  
CfE=SQRT 1 (R*=S3-  ( H * * 2 H  
U T H = S * R  

C  CbLCUtbTE LENGTH OF EACH CCLLECTCR GRIC L th'E b h C  SUY 
CO 37 N = l t H  

2 5  T = ( ~ Q R T ( ( R * * ~ ) - C ( N * S ) * * S ) )  ) - ( k * k B / S . )  
SUHl=SUMl+r  
7 2 = Y - H + ( ( K - I  ) * U R 1 2 0 )  
I F  ( ~ 2 )  3 5 r 3 C r 3 C  

Figure 2. CELCAL Program Listing 



3 7 8  
3 0 .  
378 
Q C *  
'41 * 
4;* 
4:* 
4  4 * 
4 5 8  
4 t *  
4  I* 
'Je* 
4  3* 
S L * .  
5 1  * 
5 2 8  
5 5 8  
5 9 * .  
55 * 
5 t *  
5 7 *  
5 e *  
5 7 8  
k L *  
t f *  
e z *  
t f *  
5 4 8 

5 5  
e c,* 
t 7 *  
s e *  
t 7 * 
I & *  
71 * 
li* 

?C S U R ~ = S U M Z + ( f Z * * ? ) + ( ( k - f  ) * ( ( H - ( ( 1 - 1  ) * ~ f 3 0 7  .) ) * ( ( C  .5 ) * * ( k - 2 ) ) ) * * 3 )  
GO TO 3 7  

3 5  SU#3=SUF? f+ (  t I+(  ( F - I  ) *Uf507.)  I * * : )  
37  CONTINUE 

C  CALCULATE SHbCOW AREP AMC 6US BAR L E h G T H  
I F ( K - 2 ) 4 C * 4 5 r Y c  

4C S H A ~ = ( ( W B ~ 2 . ) * K l + ( d C * ( S U ~ J + ( R ~ 2 . ) ) )  
E L L = ? * Q  
GO TO 4 3  

4 5  S H P C = ( W R * ( S Q R T ( ( R * * 2 ) - ( H * * 3 )  1 )  ) + ( ~ C * ( S U w l + ( l ? / 2 . ) ) )  
E L L = 4 * C E E  
GO TO 4 3  

4 t  S H b r = ( ( U R * (  f R / f  . )+SORT f ( R * * Z ) - ( H * * Z  I )  ) + ( W C * ( S U V l + t R / 2  . ) ) ) )  

E L L = ( i : * R ) + ( $ * C E F )  
GO TO 4 3  

C  CALCULAT IONS FOR RECTA;JGUL 414 CEL 1  S 
C  C b L C U L b T E  AREb P N C  KUNBER CF G R I C  1 I h E S  I h  3UACRPhT 

Cc # = ( P 0 5 ) - 1  
b R E P Z ( R * P )  

c CALCULATE 5HbCOW ARFA 
SHbr=UC*ftN+(R-t(F-3)*WE/2.)))+(R~S.))+WB*( ( 1 - 5  ) / 2 . l * D  
S U # I = M * ( R -  ( ( K - ? ) * U P I S . ) )  
S U R ~ = R * ( C ( R - H - W B ~ ~ . ) * * ~ ) + ( ~ ( - ~ ) * ( ( ( H - ( K - ~ ) * ~ ~ / ~ , ) * ~ ( ( : , ~ ) * * ( ~ - ~  ) ) )  

1 * * 3 ) ) )  
C  CALCULATE CELL  WICTH ANC BUS BAR I E h G T H  

UTH=2*P 
E L L = t K - 3 ) * W T H  

C CALCULATE CURRENT C E N S I l r  
4  3 J b r = E T A * S O L / v P P  

5 CALCULATE TOT4L CELL CURREhT 
I T O T = ( P R E P - S H A C ) r J A r * 9  

C  CALCULATE E F F E C T I V E  CONTACT R E S I S T P h C E  
R E F F =  (SQRT(HHOC*RHOS) 105UWY 

C CALCULATE 5HEET RES ' IS ISTAhCE PCUER 1 2 5 5  
P L S F = ( ( ( J A T * * ~ ) * R H O S * ( ( S - W C ) * * ? ) ) / I ~ ,  ) * ( S U w l + ( R / ; , ) ) + q  

C CALCULATE COLLECTOR GRII;  PZUER 1 CSS 

Figure 2. CELCAL Program Listing (Cont'd) 



. . . . . I  . . . . 
, P L C G = ( (  ( J P ~ + * S ~ * R . H O ~ + ~ ~ S - W C ~ * * ~ ) ~ ~ ~ ( ~ . ' * T * W C ~ I * ~ C U ' H ~ + C U ~ ? ) * ~  

. . .  
, 7 4 * .  - .  ' t t 4 L C U L A T E  S H P C O d I N G  ' L O S S  - : s - 

2 5  * P L S H = S H A C * E I A * S O L  * 4  
. * 

? t  C C A L C U L A T E  C O ~ T A C I ' R E S I S T A K C E  1 2 5 4  .. A ' 
- > 

' +  
I . *  1.7 * - P L c P = . ~  ( I T O T ~ ~  . ~ * = s ) . * R E F F * . ~  , - 1 ; - .  . I  

1 : c s r ~ c u i r r r '  PUS B B R  LOSS .. . . ;IF * 
? 3 *  ' R E S ~ ~ W T H * R H O M ~ . ~ ~ ~ W ~ * ~ ~ * ~ ~ ~ ~ ~ R H ~ ~ * ~ ~ B ' ~ ~ ~ R H C B , ~ T ' . ~ ) + ~ . ) )  . 

' . . P C *  P L B P =  ( I T O T ' * * 2  ) + R E S *  ( [ U T H t E L  1  ) * * 2 )  /.?;,--- 

el  * . -  . C C A L C U L P T E  T'OTBL P O W E R  L O S S  F C R  CELL . ... - .  . , $ 1  . . . . a  :.; : 1 
, !.s* - . ; T O T L = . ~ P L S R + P L C G + P L  SH+PL C R ~ ~ L  138) . - .  . 

e .  
' .  

P: r . .  C  P R , t N T .  PNSWERS AlVG ENPUT : C A T ' P  ; . . . - ,  

P'q * . . *  U R I ~ E ( ~ ~ ~ C ) P L S F : . ~ P L C G ~ P L S H ~ ~ ~ C ~ R ~ ~ L ~ ~ ~ ~ ~ ~ T ~  ~ V ~ ~ T R H C S ~ R H C * T R H ~ C ~ R ~ ~ ~  
EL_* ~ H ~ U C ~ W B T T T E T A ~ Z O L  r F t P ? T B 8 r R N  ' .  , - 
e t *  . 5.c F O R ~ P T  ( ~ ~ , ~ V ~ ~ ~ ' E ~ . ~ T ~ ~ ~ E ? . ~ T ~ ~ : ~ E ? . ~ ~ I X ~ E ? . ~ P I ~ ~ T E ~ . ? ~ ~ X T F ~  .?V IXV  
9 7 *  . ~ F 9 , C r l X r E 7 , ~ r . l X ~ F U . ? r 1 X r F 5 . ? r 1 ~ ~ ~ 4 . 3 ~ 1 X ~ F 5 ~ . 3 r 1 X ~ F 5 ~ ' I r  J K r F ( I . 3 r f X r  
e ?  * , ~ F S . ~ T ~ X P F : ! . T ~ ~ X ( I F ~ . ~ ~ ~ X T I ~ T ~ X ~ F ~ , ? ~ ~ X ~ F E . ~ ~ - ~ ~ Y ~ I ~ )  
??* .  GO TO 1 C .  - .  

. 3L* I .PR IN1 REAC E R R O R  FOF ;Bbl? C 4 1 A  CPRCS 
I 8 '  

I '  

, 3 1 *  . 7 J  A i ? I T E ( t r l ? )  , .  I 

3 i *  > -  I @ F O R R P T ( .  R E A P  E P R O R * )  . .  t 
I 

3.7 * '60 TO 1 C  , . 
, . 3Q * 5 5  S T O P  -. 

? 5  * f N C  
. + 

4 - . , 

Figure 2. CELCAL program L i s t i n g .  (Contt'd) . -. * t 

1 c . - 



Figure 3. CELCAL Data Input Sheet 



S n  L O S S  CG L O S S  50 L  ? S S -  
. t C l - C I  - 2 1 3 - C 1  - 2 2 5 . C C  
. t ? 9 - C 1  . 2 3 C - C 1  . Z i l * C C  
. 7 1 3 - C 1  . 2 q 3 - C 1  . E I t + C C  
.eec-ca . 2 ? 2 - ~ 1  . Z I I ~ C C  . ~ ~ I - C I  . z c ? - C I  .icemcc 
. f ? C - C f  .ZC?-C1 .E?1*CC 
. 8 5 5 - C l  - 1 3 1 - C I  . Z 4 1 * C C  
. 3 ? 3 - C I  . 1 e 2 - c 1  .ZSC.CC 
. ~ Z Z - C J  . I ~ ~ - c I  .zse+cc 
. t C E - C I  - 2 2 3 - C l  - 2 , Z l . C C  
. t I C - C 1  . i 9 ? - C I  . Z l t + C C  
- 5 9 5 - C 1  - 2 C 1 - C 1  . 2 ? 2 * C C  
. 5 ? 3 - C 1  . l ? C - C l  .i? ?+CC 
. t C 9 - C I  - 2 1 1 - C 1  . 2 1 4 * C C  
. t C e - C 1  .1FC-Cl  . 2 C l + C C  
. 5 ? 1 - C 1  , Z l C - C I  . 2 3 h C C  
. 5 ? 3 - C 1  . Z C I - C I  . 2 5 1 * C C  
. t C 3 - C I  .I 1 1 - C 1  . 2 2 t + C C  
. 'C I -C1  . I Q Z - C 1  . 2 2 t * C C  
- 3 2 6 - C 1  . I  7 C - C l  . Z E l . C C  
. Z C - C I  . l e 2 - C 1  . 2 9 9 m C C  
. 3 2 ¶ - C 1  . 1 5 7 - C l  . 21C+CC 
-31 3-C1  - 1 5 5 - C l  .ZCZ*CC 
. 3 1  7-C1 . 1 5 2 - C 1  - 2  3 9 * C C  
. E l C - C l  . 1 4 5 - C I  . Z l I * C C  

CR L a s s  
. I C E - C 1  
. l l ? - c 1  
. 1 ? C - C 1  
- 1 7 ) - C 1  
-1 ? ? - C 1  
. 3 e s - c i  
.e 7 1 - C 2  
.el  9 - c z  
. 15  7 4 2  
. I c e - C 1  
. I C t - c l  
. I C E - C 1  
. l C P - C l  
. I c e - C l  
.1ce-c1 
. 1 C 5 - C 1  
. l C ' I - C 1  
.I C f  4 1 
. I C E - C 1  
. 7 t  2-CZ 
. I t ? - C Z  
. 7 5 3 4 2  
. 1 9 3 - C 2  
.as:-c.2 
.t 7 5 - C 2  

R B  L C S S  1 0 1 ~  v=p  R H C S  R H C *  RH:C Q 5 n ~ I C  UB 
. E S Z + C C  .5 IC+CC - 9 5 ~  3 9 .  . I ? ? - c ~  .CCI 1 . 5 ~ ~  , P C C  4 . 1 5 ~  ,cr l e  , 2 5 1  
. ~ ~ Q + c c  . 5 ~ 7 + 3 c  . q s c  3s. . 1 1 ? - c 5  .CCI  ~ . E C C  . Q Z S  4 . 1 5 ~  , G I  t e  . 2 5 1  
.z:~*cc . 5 ~ 5 + r c  . Q C C  '9. .J 17-CS. .CCJ ) , F C C  ,o 5 c  P . I C C  .c: 7 e  .zsr 
. 2 5 t + C C  . 5 3 ? + E C  .P5C ? ? .  . I ? ? - C 5  .CC1  7.5CC . Q 7 5  1 . 1 5 C  , C l 1 e  , 2 5 1  
. i S l + C C  .tC3+:C - 9 f C  ?E.. - 1 1 7 - C 5  . C C l  7.5CC - 5 C C  4 , 1 5 C  . C , l 7 e  . 2 5 1  
. ~ S C * C C  .:t ~ + C C  . 9 5 c  3 9 .  .I I Z - C ~  .CCI ? .CCC - 2  1 5  9  .IE,C .c: 1e . z a  
. i Y ? + C C  . 5 t ? + E C  .qEC 5 9 .  .172-C:  . C C l  I . 5CC . 3 5 C  9 . 1 5 C  . C l  l e  , 2 5 1  
.a I + C C  . ~ t z + i c  . q 5 c  5 5 .  . I  7 7 - c ~  . C C I  1 . 5 ~ ~  . zzz  9 . 1 5 ~  .c11e . 2 5 1  
. z ~ ~ * c c  . ~ E ~ + c c  .q:c 3 e .  .I 1;-C: .CCI  7 . 5 ~ ~  .ICC P . I ~ C  .c: 7 e  . z ~ q  
. i S Q + C C  .ECe+ZC . 9 5 C  ?5. . l 7 ? - C 5  .CC1  ?.FCC .QCC 4 .15C .Glee - 2 5 4  
. 2 5 5 * C C  . E t t + C C  .95C ?e.  .I 17-CE .CC1 1.CkCC -4CC 9 .15C .C;5e , 2 5 1  
. t 5 1 + C C  . 5 7 ? + C C  .Q5C 39. . 1 1 7 - C 5  . C C I  7.SCC .PCC 8 . 1 5 C  . C l E e  , 2 5 8  
- 2 5 c . c ~  - 5  1 5 + ~ c  . 4 5 c  3 e .  .I 12 -CE ..CCI 1 . 5 ' ~ ~  .PCC P . I E C  .c? 3 e  - 2 5 1  
. i Y ? + C C  . f 3 C * k C  .qEC 3 0 .  , 1 1 7 - C 5  . C c l  7.SCC .qCC 1 .15C , C l l e  , 2 2 3  
. ? Z Z * C C  . e l  7 + r c  . Q ~ C  ze.  . I  1 2 - c 5  .CCI 7 . 5 ~ ~  , 4 c c  4  .I:C .c: r e  . 2 c r  
. i i l + C C  . 5 5 1 + Z C  -9C.C 3 5 .  . I ? ? - C 5  . C C l  1.5C.C . 4 C C  9 . 1 %  , C l 1 e  , 2 1 3  
. S C ~ + C C  . 5 9 1 + 3 c  . q f c  '5. . I ~ z - c ~  .CCI  7 . 5 ~ ~  . P C C  4 . 1 5 ~  .CI  r e  .:cc 
. Z C i * C C  . 5 1 t * S C  .Q:C ?e .  .I 1:-C5 .CC1 7.5CC ,?CC U.15C .C:7e . 2 5 9  
. ~ t e + c c  . o 7 3 ~ c  0 . 4 5 ~  3e. . I T P - C C  . C C I  1 . 5 ~ ~  . P C C  9 . 1 5 ~  , C I  7 e  . Z ~ Q  
. ~ P ~ + c c  . ~ E ~ + + z c  . 4 5 c  3 9 .  . I ? ? - C ~  .CCI  1 . 5 ~ ~  .:CC 9 . 1 5 ~  .cite . z 5 q  
. 2 q e + c c  . ~ E I + T C  i q ~ c  3 e .  . I  7 7 - c z  . C C ~  I.CCC . ~ C C  4 . 1 5 ~  . c ~ s e  .zsr 
. Z Z C * C C  . :Q~+cc  .q:c 3e. .a 1 7 - c 5  .CCI ) .FCC .?CC Q  .ISC .c:; 7 e  .z 1 3  
. Z C C + C C  .5:r+icc .QEC ?e.  . I  1 7 - c s  . C C I  7 . 5 ~ ~  .:CC 1 . 1 5 ~  . C I , J ~  .3c* 
. I ? Z + C C  . S ? I + C C  H E C  3s. . I I ? - c ~  . C C I  1 . 5 ~ ~  , ? C C  q . . 1 5 c  . c l ' ? e  .?z3 
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Figure 4.  CELCAL Data Output 
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Abstract 

One of the most critical areas affecting solar cell effi- 
ciency is the design of the current-collecting grid pat- 
tern. An interactive APL computer program has been developed 
to find optimal (minimum power lost) values for design vari- 
ables such as fine-grid-line width, fine-grid-line spacing 
and bus-bar width on round and rectangular cells. The program 
can serve as an easy-to-use design tool for maximiziang cell 
efficiency and for performing sensitivity analyses. 

Introduction - 
Extensive literature is available on analyzing series resistance and 

other power losses associated with the grid patterns on rectangular solar 
cells. No reports, however, have focused on optimal (minimum power lost) 
grid-pattern designs for round cells or for rectangular cells with more than 
two design variables. 

An interactive APL computer program has been developed that uses a 
nonlinear opt'imization technique, a modified Newton-Raph~~n'method 
(Reference 11, to determine the optimal grid pattern parameters. The 
power-loss equations modeled in the program are similar in approach to those 
of Moore (Reference 21, Redfield (Reference 31, and Flat and Milnes 
(Reference 4 )  in earlier reports. The basic grid design, whose power losses 
are analyaed by the program, has the bus bar and f ine  grid lines orthogonal 
to one another.' Three different patterns are available: one and two bus 
bars on a round. cell and one or more bus bars on a rectangular cell 
(Figure 1). Other cell shapes or patterns require shape-specific power loss 
analysis. 

The user must input reasonable starting values for the variables to be 
optimized and the step size used in the optimization. Documentation for the 
program and specific instructions on running the program are being prepared 
for the Computer Software Management and Inf ormation Center (COSMIC) . ' 

In addition to generating optimal designs, the program can be used to 
perform sensitivity studies on selected variables. As a result, the program 
can serve as an easy-to-use design tool. 



- .-.- Power Loss Analysis 
, . --- 

To model solar-cell power losses accurately, an analysis was made of 
the resistive losses in the photoconductor sheet, metallic grid and.bus 
bars. Power losses due to the shadowing of the cell by the fine grid and 
the bus bars and the contact resistance of the fine grid to the sheet were 
also made. 

This program is limited to round 'cells of one or two bus bars and 
rectangular cells o'f one or more bus bars where the bus bars and fine grid 
lines are orthogonal. The power-loss analysis makes several assumptions: 

(1) The photocurrent is generated uniformly on the surface of the 
cell. 

( 2 )  . Power loss in the photoconductor sheet between grid lines is 
calculated using sectional integration rather than solving 
Poisson's equation for the potential as a function of position 
in the active area. Davis* compared the methods and showed 
that the power loss in the sheet varied by less than 10% (the 
change in.design is insignificant) when the ratio of the length 
of the grid line to the space between lines is greater than 3 : l  
(the variation decreases as the ratio increases). 

( 3 )  The bus bars and grid lines are rectangular in cross section. 

( 4 )  The bus bar is either of the same metallization and thickness as 
the fine grid or can be strapped (with a metallic ribbon of 
specified thickness) over the variable-thickness bus bar. 

( 5 )  The fine-grid-line width and the metallization thickness are eet 
at a fixed ratio as an input parameter. Thio approach was used 
because some metallization processes will produce fine lines as 
some ratio of the metal1 i,zat ion thickness., and because the 
program will converge more rapidly. The.program can be altered 
to handle those variables -independently. 

Figure 2 identifies the usual power losses encountered in a solar 
cell. A general form of power loss from a resistive source can be expressed 
as 

Then the power losses due to resistance in the photoconductor sheet 
(pSH), resistance in a fine grid line (PFG) and resistance in the bus 
bar (P~) are found by solving the following equations: 

*J.R. Davis, Westinghouse 'R&D Center, private comknication. . ' 



The remaining resistive power loss is caused by the resistance. of the 
contact RC of the fine. grid line to the photoconductor sheet.' This 
contact resistance has several formulations available. ' ~ w o  forms available ?.' 
for the program, one of which is to be chosen, are: 

- - PC 
R~ fine grid area 

The first represents a condition.in which the current,enters the 
contact uniformly. The second represent a condition in which the current is . . crowded at the edge of the contact. 

The. power loss due to contact resistance is rcpresented as ,  

* 

Last, the power lost to the cell from shadowing on the cell caused by 
the fine grid lines and the bus bar(s) is: 

PS = JMVM (fine grid area and bus bar area). (8) 

In Equations 2 through 7 

JM ( ~ / c m ~ )  = current density at maximum power 
., . .  

VM (volts) = voltage at maximum power . 

Rs dn) = semiconductor sheet resistance belnw the contaet 

B-3 



resistivity of metal 
resistivity of sheet 
contact resistivity 
width of the bus bar 
space between fine grid lines 
width of fine grid lines 
metallaization thickness 
length of fine grid line 
length of bus bar 

The calculation of losses associated with a rectangular cell is much 
simpler than for a round cell, because the losses attributed to each fine 
grid line and sheet loss between them are identical. Therefore, only one 
calculation is needed; its result is then multiplied by the number of lines 
to get the total Losses. Decause the roud  cell has fine grid lines of 
varying lengths, the losses- associated with each fine grid line a l ~ o  vary. 
Therefore, an antlytical approximation of the total losses from the grid 
lines and the spaces between was derived. Without this approximation the 
total effect of the losses would be represented as a summation over each 
grid line and during the optimization procedure would require the program to 
run through many loops. The closed-form approximation was derived by 
converting the sumation of each line into an integral; this treats the fine 
grid lines as a continuum rather than as discrete lines. This integral 
solution will overestimate the losses, but it can be shown that it varies 
from the discrete solution by less than 1% when there are as few as 10 grid 
lines. 

The resistive loss in the bus bar assumes that the current is 
collected at the end of the bus bar and that the current collected is 
uniformly increasing as the contact (collecting point) is approached. 

The program can calculate the contact resistance in two ways, either 
as an inverse-area relationship, used by Moore (Refetence 2) and Redfield 
(Reference 3)  or as an edge effect, discussed by Berger (~eference 5 ) .  

Optimization Methodology 

The optimization procedure uses the sum of the previously described 
power-loss equations as the objective function 

PT PSH PC + PpB + PB + Ps = total power lost ( 9 )  

A necessary condition for optimality is that the firut parti.nl 
derivative of this function be equal to zero. 

A 

where the 8; 's are the design variables and i = 1, 2 . . . m. 



In the  program, t h i s .  func t ion  is  approximated by t ak ing  a  small  f i n i t e  
d i f f e r e n c e  of t he  func t ion  wi th  r e s p e c t  t o  each of t he  des ign  v a r i a b l e s .  ' 

These equa t ions  a r e  then solved by a  modified Newton-Raphson method. The 
Newton-Raphson procedure is e f f e c t i v e  f o r  t h e  g r i d  op t imiza t ion  problem 
because the  power-loss curve is concave; t h e  power l o s s  v a r i e s  cont inuous ly  
wi th  r e spec t  t o  t he  des ign  v a r i a b l e s .  , The Newton-Raphson procedure begins  
wi th  f i r s t - o r d e r  Taylor ' s  s e r i e s  expansion, of t h e  functFon about a  s t a r t i n g  
po in t  : 

where Xk i s  the  s t a r t i n g  ' po in t .  

This gives  a . sys tem of' simultaneous l i n e a r  equa t ions  of f i r s t - o r d e r  , 

d i f f e r e n f e s .  

These f i r s t - o r d e r  d i f f e r e n c e s  a r e  t he  adjustments  t o  be made t o  t h e  
i n i t i a l  parameter va lues .  The new va lue  f o r  each v a r i a b l e  i s  s u b s t i t u t e d  
i n t o  the  o b j e c t i v e  func t ion  and the  process  is . s t a r t e d  over aga in .  
Rewriting t he  previous express ion  i n  m a t r i x  n o t a t i o n  (Reference 6 )  y i e l d s  

Convergence is  decided by a  weighted-squares c r i t e r i o n  (Reference 7 ) ;  i . e . ,  
t h e  program s t o p s  i f :  

W i  is  chosen t o  be 1 x lo6 [ i t s  va lue  depends on t h e  u n i t s  chosen f o r  
F;(x) 1. 

Program Routines . - 

The program -is d iv ided  i n t o  f i v e  major sub rou t ines ;  t h e  FUNCT 
(Reference 71, SOLVE, Power Losses ,  I npu t ,  and output .  A copy of  t h e  FUNCT 
and SOLVE subrout ines  f o r  r ec t angu la r  c e l l s  i s  shown on t h e  next  page. The 
Power Losses subrout ine  i s  c a l l e d  SQLOSS f o r  r ec t angu la r  c e l l s .  The Input 
and Output subrout ines  a r e  s o l e l y  fo r  those  func t ions  and a r e  a p p r o p r i a t e l y  
formatted f o r  ease  of uoe. 



VX--SOLVE XI; Y; I; J; FX 
J--1 
x--x I 
Q :F+FUNCT X 
+( l>+ /wCXF*~ ) /0 
FX+pO 
It1 
RX : Y--X 
Y [I]-X[I]+E [I] 
FX--FX , ( ( FUNCT Y ) -F )f E [ I ] 
--( N ~ I ~ I +  i 1 /RX 
FX-NN ,N)~FX 
X<-S IZExmX 
'W,A,B,WB: ' , ( l o  5 TX,WBj 
'F: ';F 
SQLOSS 
'PTOT: ';PTOT 

+( JM>J+J+ 1 /Q 

VF FUNCT X 
PI CHECK N,X,WC,E,SIZE 
F-3p0 
WB+X [ 1 ] 
A+X[2] 
B--X[3] 
SQLUSS 
P W T O T  
WB+WB+E [ l ,]  
sqtoss 
F[ L]-(PTOT-FO)+E[~] 
WB+X[ 11 
A-eE [2] 

SQLOSS 
F [ 2 I--( PTOT-PO)+E 121 
A+X[2] 
B--B+E [ 3 ] 
SQLOSS 
F[3Ie(PT0T-PO)+E[~] 
B+X [3] 

SOLVE (2 
Iteration 

FUNCT 0 
Assign Starting 

xk or New xk+ 1 

Call SQLOSS 
Subroutine 
Cnle~~bte  

Totol 
Power Lusl _ 5-  ' '  

Calculate 

The FUNCT subrout ine  c a l c u l a t e s  t he  F~(x) va1uc.s. Lines 3, 4', and 5 
a t e  che s l a r t i n g   value^ f o r  the  design v a r i a b l e s  Wg (bus-bar w id th ) ,  A 
( f ine-gr id- l ine  spac ing )  and b  ( f ine-gr id- l ine  wid th) .  The t o t a l  power l o s t  
(PTOT) i s  c a l c u l a t e d  a t  Line 6. Lines 7 through 19 so lve  f o r  the  p a r t i a l  
d e r i v a t i v e s  of t h e  o b j e c t i v e  func t ion  with r e spec t  t o  each des ign  v a r i a b l e ;  
t he  E i ' s  a r e  t h e  smal l  f i n i t e  d i f f e r e n c e s  mentioned i n  t he  previous 
s e c t i o n  (ei z 1 x t o  1 x 

The SOLVE subrout ine  c a l c u l a t e s  t he  new poin t  X ( ~ i n e  12) and c a r r i e s  
ou t  the  convergence t e s t  ( ~ i n e  4 ) .  The SIZE v a r i a b l e  (Line 12) i s  t h e  
equiva len t  of a  s t e p  s i z e  f o r  g rad ien t  search  procedures (Reference 8). 



However, here it is not an optimal value. This program uses the SIZE 
variable to control the size of the adjustment to be made on the old X~ 
(usually, 0 SIZE 1). Line 17 counts the number of iterations made by the 
program. The program will stop if the number of iterations equals 
JM (JM = 100). 

The SQLOSS subroutine is not shown since it cointains only power- 
loss equations. lhis subroutine (and its analog for round cells) is often 
used by itself when doing sensitivity analyses and not running the program 
in the optimization mode. Its contents will be available when the COSMIC 
documentation is completed. ' 

The following examples may not correspond to any real solar cells; 
they were created to demonstrate the versatility of the program. 

' In the first two examples a round cell is considered to be 16.9% 
efficient with a maximum output power (before losses) of 1068 mW at 80 
mw/cm2 insolation. Using the fixed parameters in Table 1, a two-bus-bar 
pattern (Figure 3) is optimized with bhe design variables being the width of 
the bus bars (WB), the fine-grid-line spacing (A), and the fine-grid-line 
width. (B). The fixed parameters not previously defined are: Deg ( 1, the 
angular displacement from the centerline of the cell to the end of a bus bar 
(centerline and bus bar are R, cell radius; P B ,  the resistivity 
of the metal used for.the strap; and B:T,.the ratio of the fine grid line 
width to the metallization thickness. 

Table 1. Round Cell 2-Bus Optimal Design 

Input of Fixed 
Parameters 

Single Strapped 
Resulting Design Metallizatio Bus (50 p n )  

Deg (a) = 24 
R = S c m  

JM = 0.03 ~ / c m ~  
VM = 0.45 volts 
PM = 1.6 x a-cm 
PB = 1.7 x 10'~ a-cm 
ps = 38 a / o  
PC = 0.001 a-cm2 
B:T = 25 

Wb, cm 0.222 0.102 
A, cm 0.410 0.248 
B, m 275.0 93.6 
T, m 11.0 3.7 
Bus vol., cm 3 4.48 x 10-3 0.7 x 
Grid vol., cm 4.68 x 0.91 x 

Resulting Power Loss 

PT, mw 189.2 112.8 
Loss, % 17.8 . 10.6 



The first example, Table 1, compares a single metallization grid 
pattern with one whose bus bars have a 50+m-thick strap overlaid on the bus 
bar. The bus volume and grid volume refers to the metal volume deposited 
during the metallization. Note the tremendous power savings realized by 
adding the strap. This represents an increase in output efficiency from 
13.9% to 14.9%. 

The second example has two parts. The first part displays the optimal 
design sensitivity to a changing current density JM  able 2). The JM'S 
in Table 2 are actually a change of +25% from the JM in Table 1. There- 
fore, the single-metallization data rn Table 1 can be compared with those in 
Table 2. The change in JM can be thought of as a change.in efficiency from 
12.7% to 21.1%. The second part of this example refers to the possibility 
that after the desiga 'of Table 1 hac been created it is discovered that the 
currel~t denoitg, It*, i ,s actual- ly  some other value. Thus, if JM is. 
varied by +25% of the value in Table 1, the calculated power loo6 PT 
differs oniy very slightly from the power loss that would be expected had 
the optimal design associated with that current density been used. In 
short, the total power lost is insensitive - to the design when varying the 
current density JM. 

Table 2. Single-Metallization Design Sensitivity to JM 

JM 
WB 
A 
B 
T 
P ",' 
Psr 
X loss 

The third example refers to a rectangular cell 5.0 x 0.5 cm that has 
an ideal efficiency (with no losses) of 15% at 100 mw/cm2 AM1 (37.5 mW 
maximum). The pattern is a single bus bar of length 0.5 cm. The fixed 
parameters are found in Table 3. This example tests the sensitivity of the 
optimal design and power loss to varying the fine-grid-line spacing ( A ) ,  
which is eqilivalent to varying the number of fine grid lines, The 
significant result is the total metal used in the pattern (fine grid volume 
plus bus bar volume). Figure 4 showt: blie pcpccnfage o f  power lost and the 
total metal volume versus the number of grid lines. Note that the optimal 
design has four grid lines. In Figure 5 the power output and the metal 
volume/output power are plotted against the number of grid lines. 

The significant result is that increasing the nilrnber of grid lines 
(from 4 to 10) changes output power very little; at the same time, the metal 

'volume per unit of output power decreases by about 30%. This is the same as 
a decrease in the cost of the metal used on the cell per watt. 



Table 3. Fixed Parameters 

Width 
length 
No. buses 
JM 
"M 
M 
S 
C 

B: T 

5.0 cm 
0.5 cm 
1 
0.03 ~ / c m ~  
0.5 volts 
1.7 x . a-cm 

60 nio 
0.001 Sdcm2 
3.1 

Experimental Efforts 

In' the Cell and Module Formation Research Area of the Flat-Plate Solar 
Array Project at the Jet Propulsion Laboratory a series of experiments is 
under way, designed to verify the predictive accuracy of the power-loss 
equations. Experiments are also being done to determine the nature of the 
most correct equations describing the contact resistance of the grid lines 
on solar cells. 

The program's design solution for a rectangular cell has been compared 
with a calculation by M..Wolf (~eference 8). In a recent report he 
calculates the losses in a 2.5 x 0.5-cm cell ; his .total losses are 4.35%, 
which compares well with the program's calculation of 4.5%. The small 
difference in the results is due to the placement and geometry of the bus 
bar. Similar comparisons for round cells have not been found in the 
literature. 

Summarv 

It is believed that the program method can be extended to include 
other design geometries and cell characteristics, such as bulk resistivity, 
cell thickness and junction depth, and to make rudimentary cost studies. 

Although 8ome of the designs may propose parameter values now thought 
to be beyond technical desirability or feasibility, it is believed that the 
program is useful in that it suggests new design work that may be worthy of 
consideration. Technical limitat ions can be handled by altering the 
optimization procedure in any of several different ways. 

Thc grid pattern designer will find the program most useful because he 
can now find optimal design values rapidly when there are two or more design 
parameters. The losses it predicts are the same as would be calculated 
using any other method that uses the customarily accepted series resistance 
loss 'equations. 
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