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During the first quarterly period of this contract, Spectrolab 

has established the   MID FILM^" process at Spectrolab, negotiated 
the subcontract with Ferro Corp. and is presently evaluating new 

powder compositions and resins. 

A MIDFILM process sequence and equipment has been established. 

Four powder compositions and three resin formulations are under 

evaluation to produce and optimize process. Series resistance 

and interconnection soldering appear to be problem areas and 

are presently being resolved. 



2.0 INTRODUCTION 

The f i r s t  Q u a r t e r l y  T e c h n i c a l  P r o g r e s s  and Schedule  Repor t  

c o v e r s  t h e  p e r i o d  e n d i n g  September 28, 1980. The scope  o f  t h e  

c o n t r a c t  c o v e r s  t h e  development and e v a l u a t i o n  o f  forming s o l a r  

c e l l  c o l l e c t o r  g r i d  c o n t a c t s  by t h e  MIDFILM process .  T h i s  is a 

p r o p r i e t a r y  p r o c e s s  developed by t h e  F e r r o  Corpora t ion  which is 

a  s u b c o n t r a c t o r  f o r  t h e  program. 

The MIDFILM p r o c e s s  a t t a i n s  l i n e  r e s o l u t i o n  c h a r a c t e r i s t i c s  of 

p h o t o r e s i s t  methods w i t h  p r o c e s s i n g  r e l a t e d  t o  screen p r i n t i n g .  

The surface t o  be p r o c e s s e d  i s  f i r s t  c o a t e d  w i t h  a t h i n  l ayer  

o f  p h o t o r e s i s t  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  

t h r o u g h  a s u i t a b l e  mask, t h e  resist i n  t h e  n o n - p a t t e r n  a r e a  

c r o s s - l i n k s  and becomes hard,,  The unexposed p a t t e r n  a r e a s  remain 

t acky .  The c o n d u c t o r  m a t e r i a l  i s  a p p l i e d  i n  t h e  form o f  a d ry  

m i x t u r e  of  m e t a l  and f r i t  p a r t i c l e s  which adhere  t o  t h e  t a c k y  

p a t t e r n  a r e a .  The assemblage i s  t h e n  f i r e d  t o  a s h  t h e  photo- 

polymer and s i n t e r  t h e  f r i t t e d  conduc to r  powder. 

The b a s e l i n e  c e l l  p r o c e s s  sequence  i s  shown i n  F i g u r e  1. E f fo r t  

wds c o n c e n t r a t e d  d u r i n g  t h i s  p e r i o d  on t h e  e s t a b l i s h m e n t ,  op t imi -  

z a t i o n  and i d e n t i f i c a t i o n  of  problem a r e a s  o f  t h e  MIDFILM p r o c e s s .  



Figure 1 

MIDFILM PROCESS SCQUENCE 
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3.0 TECHNICAL DISCUSSION 
. . 

3.1 PROCESS SEQUENCE 

During t h i s  f i r s t  q u a r t e r  a s t a n d a r d  process  sequence.was e s t ab -  
l i s h e d  ( ~ i ~ u r e  1 )  i n  o r d e r  t o  e v a l u a t e  t h e  MIDFILM process .  . T h i s  
p roces s  sequence i s  e s s e n t i a l l y  t h e  same p roces s  used on a n o t h e r  

JPL c o n t r a c t  ( # 9 5 4 8 5 3 ) .  The cell s i z e  is 2.1 i n .  x 2 . 1  i n .  (28.45 
2 c m  ) and i s  l a s e r  s c r i b e d  from a 3 inch  round (100) Czochra l sk i  

t y p e  wafer.  

3.2 MIDFILM EQUIPMENT 

The e s s e n t i a l  equ ipmen t . fo r  app ly ing  t h e  MIDFILM c o n t a c t s  has  
been e s t a b l i s h e d  a t  Spec t ro l ab ,  Inc .  The r e s i n  is a p p l i e d  w i t h  
an eye  dropper  t o  t h e  c e n t e r  o f  t h e  wafer and spun w i t h  a Headway 
Research,  Inc .  sp inn ing  system. The cel l  and mask p a t t e r n  is 
h e l d  i n  p o s i t i o n  w i t h  a vacuum, w h i l e ' t h e  r e s i n  is be ing  exposed 
w i t h  a Xenon s o l a r  s i m u l a t o r *  The s i l v e r  and f r i t  i s  then  a p p l i e d  
by s i f t i n g  through a sc reen  and rubbing it ou t .  The c o n t a c t s  are 
s i n t e r e d  by f i r i n g  them i n  an I R  fu rnace .  

3 . 3  PERRO TECHNOLOGY TRANSFER 

During August F e r r o  Corpora t ion  employees v i s i t e d  Spec t ro l ab  t o  
e s t a b l i s h  s u b c o n t r a c t  and t r a n s f e r  neces sa ry  t e c h n o l o g i c a l  
in format ion .  A new modif ied r e s i n  w a s  evaluated a t  S p e c t r o l a b  
d u r i n g  t h i s  per iod .  I t  became neces sa ry  t o  modify t h e  s o l v e n t  
base of  t h e  r e s i n  i n  o r d e r  t o  avo id  environmental  problems which 
would be encountered w i t h  t h e  t o x i c  s o l v e n t s  used i n  t h e  o r i g i n a l  
r e s i n .  This  modif ied r e s i n  performed v e r y  w e l l  excep t  t h a t  it 
was s e n s i t i v e  t o  humidity. A f t e r  about  t h r e e  hours ,  t h e  d r i e d  
r e s i n  on a wafer  began t o  absorb  mois ture .  This  r e s i n  has  been 
modif ied aga in  t o  g i v e  a 10-hour s h e l f  l i f e  when d r i e d  on wafers .  



3.4 PROCESS OPTI1(IIZATION 

During t h i s  l a s t  q u a r t e r l y  per iod  a  number o f  m e t a l l i z a t i o n  powder 

composit ions were eva lua ted ,  Table 1. A l l  powders were based on 
TFS (Thick Film Systems, Inc.) s p h e r i c a l  type powders and f r i t  

from 3347 TFS p a s t e ,  t h e  p a s t e  used f o r  sc reen  p r i n t i n g  t h i c k  f i l m  

c o n t a c t s .  The t h r e e  r e s i n s  eva lua t ed  a r e  l i s t e d  i n  Table  2. The 

c o n t a c t  g r i d  p a t t e r n  is shown i n  F igure  2 and a series r e s i s t a n c e  

c a l c u l a t i o n  f o r  t h i s  p a t t e r n  is  given i n  Appendix 1. 

I n i t i a l  e v a l u a t i o n s  o f  t h e  powder composit ions 1 and 2 were 
accomplished us ing  Fe r ro  RC 4851 t y p e . r e s i n ,  which c o n t a i n s  t o x i c  

s o l v e n t s .  The wafers  were f i r e d  a t  675, 700 and 725Oc f o r  30 

seconds. The . bes t  r e s u l t s  occur red  a t  675 and 7 0 0 ~ ~ .  A t  7 2 ~ ~ ~ .  

t h e  open c i r c u i t  v o l t a g e  (Voc) and s h o r t  c i r c u i t  c u r r e n t  (Isc) 

was reduced . '  Powder composit ion 1 had a  lower Is, a n d h i g h e r  
s e r i e s  r e s i s t a n c e - t h a n  powder composit ion 2. 

To determine t h e  optimum f i r i n g  c o n d i t i o n s  a  number o f  times were 
used t o  f i r e  wafers  a t  650 and 67S0c, Table  3. These cells  had 
poor Voc, b u t  t h e  best f i r i n g  t imes  appear  t o  be  30 and 45 seconds. 

A r e p e a t  o f  a  p o r t i o n  o f  t h e  prev ious  run ,  Table  4 ,  i n d i c a t e s  

optimum f i r i n g  cond i t i ons  odcur  n e a r  67S0c f o r  30 seconds.  

F u r t h e r  t e s t s  u s ing  .Fer ro  r e s i n  RC 4851 have been d i scont inued .  

During F e r r o u s  v i s i t - t o  Spec t ro l ab ,  a new r e s i n ,  RW 3190, was 
eva lua t ed  us ing  6 7 5 O ~  for  30 seconds as t h e  f i r i n g  c o n d i t i o n  for  . . , 

composit ion 2. Table  5 g i v e s  t h e  t a b u l a t e d  r e s u l t s  o f  this 

eva lua t ion .  F igure  3 i s  a t y p i c a l  I -V  curve  o f  t h e s e  cello, 

S e r i e s  r e s i s t a n c e  measurement f o r  t h e  t y p i c a l  cel l  w a s  100 mQ . ,  

and a , p r o f i l o m e t e r  t r a c e  o f  t h e  g r i d l i n e  by F e r r o  . i n d i c a t e d  a . 

1 3  t o  16 um t h i c k  f i r e d  s i l v e r  g r i d l i n e .  The'new RW 3190 resin 
appeared t o  be humidity s e n s i t i v e .  F e r r o  h a s  'modi f ied  t h e  resin 
to a s s u r e  10-hour s h e l f  l i f e  when d r i e d  on a wafer ,  r e ' s i n  RG 4933. 
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Evaluated SS l v e r  Powder Conposi.tions - - - - - - - . -  --_- _-- 
. . 

. . .  ! '  . . 
. . . . 

1. 98% TFS S p h e r i c a l  Type Powder; . . . . . . : .  . . . 
. . .  

I. . . . 
. . . . , . ., 

2% 3347 TFS F r i t  . . .  , . . . , , 

. . .  . . 
. . . . 

(3347-B) . . 
. . . . .  . . . . .  

. . 
. . .  

2. 97% TFS S p h e r i c a l  Type Powder; '. 

3% 3347 TFS F r i t  

. . 

3. 95% TFS S p h e r i c a l  Type Powder; . . 
. . .  . . . .  

5% 3347 TFS F r i t  . . . . . . 
. . . .  

(3347-D) . . . . . . 
. . 

4. 9 0 %  TFS S p h e r i c a l  Type Powder; 

1 0 %  3347 TFS F r i t  

(3347-E) 

Table  2 

Evaluated Resins 

1. F e r r o  RC 4851 

2. Fe r ro  R5-t 3190 

3. F e r r o  RG 4933 



T a b l e  3 

F i r e  
Time 

RUN. M-8-2-8 

- ( N o  AR C o a t i n g )  

Powder 3347-c 

D i r e  Telnperature 6 5 0 ~ ~  F i r e  Temperature 675OC 



Table 4 

RUN M- 8-3A-8 

F i r e  
Temp. 
(OC) - 

(No AR Coating) 

Powder 3347C 

F i r e  
Time "oc Isc 
( s e c ) '  - (mvi - (-1 
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. . 

. . . .  
. . 

. . .  . . . . ' . 
' .(NO AR Coating) .  . . 

. . . . . . .  
. . . . . .  . . . ., . . . . . . . .  . . . . . . 

. . . . . . .  . . Powder 3347C.. . . '  . . .  . . 
:. . . . . . . . . . . .  . . . : .  . . . . . . . . . . . 

. . .  . . . . .  . : .  ~ e w ' ~ o d i , f i e d  ~ e s i n '  (RW ,3190) : ' . . . . .  . . . . . .  . . . . .  . . .  '' . . . : .  . . . . 

. . ... . . . . F i r e  ~ e m ~ e r a t u r e 6 7 5 ~ ~ '  ; . ' , -  ;. . . . .  . . . . .  
. . 

. . . .  . . .  . . . .  , . .  . . .  . . . . . . . .  . . . . . . . . . .  
. . 

. . . . . . . . .  . . . . . . . . .  . . . .  . . . F i r e  :"Time. 30 set. ' ' . .; . . . .  . . . . 
. . 

. . 
. . . ' 

. . . , . :  . . . 

voc . ' I500 a %h 'series 
(mv) - (mA) - (a) - (0) - (mQ) Comments 

5 89 6 86 541  85 o 

587 650 492 77 o Poor ohmic coverage  

593  666 531  94 o 

5 84 502  4 3 7  74  - Under exposed  resin 



38 F r i t  Powder 
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TEST TEUP.: 28 L b F  
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New powder compositions 3 and 4 were procured from Thick F i l m  

Systems i n  o r d e r  to  e v a l u a t e  t h e  advantages o f  h igher  percentage 
o f  f r i t  i n  t h e  powders. Figure 4 is a comparison o f  composi- 
t i o n s  1, 3 and 4 using t h e  newest RG 4933 r e s in .  It is ev iden t  
from t h e s e  I-V curves t h a t  composition 1 conta in ing  2% f r i t  has  
a s e r i o u s  s e r i e s  r e s i s t a n c e  problem, whereas compositions 3 and 
4 conta in ing  5% and 10% fr i t  respec t ive ly ,  have equiva lent  
s e r i e s  r e s i s t a n c e  va lues  (t mQ). 

3.5 CONTACT INTEGRITY 

Contact adherence of cells f a b r i c a t e d  with composition 1 and 2 

were good and passed a tape  p u l l  test  using 600 type  Scotch tape.  
Attempts were made t o  s o l d e r  in terconnect ions  on to  t h e  s i l v e r  
ohmic collector. During t h e  s o l d e r i n g  process  t h e  reflow of  the 
s o l d e r  p l a t e d  in terconnects  leached t h e  s i l v e r  from t h e  con tac t ,  
r e s u l t i n g  i n  a poor s o l d e r  j o i n t .  A h igher  percentage o f  f r i t  i n  
t h e  s i l v e r  con tac t  may i n h i b i t  t h e  s o l d e r  leaching  o u t  t h e  s i l v e r .  

CONTACT RESISTANCE 

The series r e s i s t a n c e  of  t h e  MIDFILM con tac t  is  an important 
f a c t o r  i n  t h e  o v e r a l l  e f f i c i e n c y  of t h e  cell. The conduction of  
t h e  m e t a l l i z a t i o n  and t h e  con tac t  design are s i g n i f i c a n t  f a c t o r s  
in f luenc ing  t h e  t o t a l  s e r i e s  r e s i s t a n c e ,  b u t  con tac t  r e s i s t a n c e  
is a l s o  a s i g n i f i c a n t  f a c t o r .  Bernd Ross haa descr ibed  i n  his 
f i n a l  r e p o r t  (JPL-955164 79/41 a method o f  c a l c u l a t i n g  con tac t  
r e s i s t a n c e .  Prel iminary c o n t a c t  r e s i s t a n o e  msnsuramants i n d i c a t e  
t h a t  t h e  MIDFILM c o n t a c t  has  a 30 $2-an2 r e s i s t a n c e .  The c o n t a c t  
r e s i s t a n c e  r e s u l t s  i n  i n c r e a s i n g  t h e  t o t a l  series r e s i s t a n c e  of 
the cell by 32 W2 which is q u i t e  a s i g n i f i c a n t  cont r ibut ion .  
This  has  t h e  effect o f  i n c r e a s i n g  t h e  s e r i e s  r e s i s t a n c e  from 39 

mQ to  71  mQ. Addit ional  measurements s h a l l  be performed i n  order 
t o  better understand t h e  f a c t o r s  c o n t r i b u t i n g  t o  con tac t  r e s i s t a n c e .  

-12- 
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4 0 CONCLUSION 

So lar  cel ls  ( 2 . 1 "  x 2.1") w i th  s i l v e r  MIDFILM contacts  are 
present ly  being produced and evaluated a t  Spectrolab,  MIDFILM 

technology t rans fer  to Spectrolab has been completed by Ferro 
Corporation. C e l l s  w i th  a .73 curve f i l l  f a c t o r  have been pro- 
duced, but  series r e s i s t a n c e  remains t h e  major cell  de f i c i ency .  
S o l d e r a b i l i t y  of t h e  MIDFILM contac t  remains t h e  unsolved 
problem. 



APPENDIX A 

' CALCULATION OF SERIES RESISTANCE 

A) BASE MATERIA& RESISTANCE 

R = resistance 

psi = resistivity of silicon 

t = thickness of wafer 

A = area of wafer 

The element of power loss over an element of silicon dx, is the 
square of the current entering that element times the resistance of 

that element dx. 

B) RESISTANCE OF DIFFUSED SURFACE LAYER 
x +ohmic collector 

integrating over the half distance between grid lines (x ) gives 
0 

the total voltage drop to the midpoint. 

1 .  

Ps  = surface resistivity t 

I 
lo = length of grid line 1 
(assuming grid lines go to edge of 
wafer) 1 

1 

*As a first approximation of power loss, the current density (j)  
is assumed to be independent of distance from gridline. 

Xo = half distance between grid lines , 
j = current density* I 

d 
dx grid line 

- - 
;I I 

e x o +  



T h e  t o t a l  r e s i s t a n c e  over t h e  ha l f  d i s t ance  between g r i d  l i n e s  is; 

These a reas  of h a l f  d i s t ance  between g r i d  l i n e s  a r e  a l l  i n  p a r a l l e l .  

X 
RD ( t o t a l )  = P s  O + number of a reas  

310 ( 7) 

C) RESISTANCE OF GRID LINES 

'AG = r e s i s t i v i t y  of  s i l v e r  p a s t e  

l o  
= length  o f  g r i d  l i n e s  (assuming g r i d  

. .  line^ go to end of w a f e r )  

w- = m i n i m u m  width of g r i d  l i n e  
111 

w .  = maximum width of g r i d  l i n e  
n 

x = h a l f  d i s t a n c e  between g;id l i n e s  
0 

j = cur ren t  d e n s i t y  



Considering one h a l f  t h e  g r i d  l i n e ,  t h e  element of power loss 
ove r  an element of  g r i d  l i n e  d l , .  is t h e  square  of t h e  c u r r e n t  
e n t e r i n g  t h a t  element t imes  t h e  r e s i s t a n c e  o f  t h a t  element d l .  

w can be expressed  a s  

I n t e g r a t i n g  over  t h e  whole g r i d  l i n e ,  and t a k i n g  each s i d e  of 
t h e  g r i d  a s  two r e s i s t o r s  i n  p a r a l l e l :  

Form o f  

(except  wheBe b approaches 0.) 
2 2 2  

4 ( j  xo l o  ) l o  p ~ g  w 
p ,= 

H'Wn - wm) n rn m 
(except  where wn 5 w,) 
Then t h e  resistance ever t h e  whole g r i d  l i n e  becomes: 



RG (Tota l )  = R/v 

v = n u m b e r  of  g r i d  lines 

(except w h e r e  W, 8 w ) m 



D) OHMIC COLLECTOR 

P ~ g  
= resistivity of silver paste 

lo = average distance between ohmic 
and edge of cell 

wi = minimum width of ohmic 
collector 

wf = maximum width of ohmic 
collector 

Lo = length of ohmic collector 

j = current density 

Considering one half the cell, the element of powder loss 

over an element of ohmic collector da, is the square 

of the current entering that element times the resistance 

of the element dL. 

I 

w can be expressed as 

Integrating over the whole ohmic 



Form o f :  

(except  where b approaches 0 )  

(except  where wf % w . )  1 

Then t h e  r e s i s t a n c e  over  t h e  whole ce l l  becomes: 

AP Lo ' A ~  W 

Ro ( T o t a l )  = - - i 
2 Ho (wf  - wi) 'I + (wf - w + 4 j 2  p 2  L, i 

(except  where wf 2 w . ) 
1 



SAMPLE CALCULATION OF SERIES RESISTANCE 

FOR GRID PATTEFlH #6325-01, FIGURE 

Psi = 3 . 0  n-cm 

t = 0 . 0 3 3  an 

A = 2 8 . 4 5  cm 2 

ps = 35 nm 
1, = 2 . 5 4  cm 

P ~ g  
= 4 . 7 7  x 1 0 - ~  n-cm 

wm = 0 . 0 0 5  cm 

Number of gr id l ines  = 52 

A) Base Material Resistance 

B) Resistance of Diffused Surface L a y e r  



C) R e s i s t a n c e  of G r i d l i n e s  

w h e r e  wn $ w, 

I - - ( 4 . 7 7  x 1 0 - ~ ) ( 2 - 5 4 ) ~  _ 1 + l n 2  + 5 2  = 1 0 . 5 9 m ~  
( . 8 5  x 1 0 - ~ ) ( . 0 0 5 )  

D) R e s - i s t a n c e  of o h m i c  collector 

w h e r e  wf $ wi 

( 4 . 7 7  x ( 5 . 1 8 )  
..A 

. I 5 2  2 0 1 5 2  + (- 

. 4 5 8  1 In (- 
(. 8 5  x (. 4 5 8 )  

T o t a l  r e s i s t a n c e  of c o n t a c t  p a t t e r n  i s :  

-22-  
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