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Work is reported on aluminum-contact solar cells using the 
aluminum electroforming technology. The results of studies 
in photoresist masking, optimization of the plating process, 
and the effects of sintering are reported. The production 
of electroformed aluminum-contact cells with greater than 
l O % A M O  efficiency is reported, using Si0 antireflection 
coating and no cover slips. 
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SECTION 1 

INTRODUCTION 

T h i s  r e p o r t  covers  t h e  t e c h n i c a l  progress  accomplished under JPL  C o n t r a c t  

952485, "Research and Development of Electroformed Aluminum S o l a r  C e l l  

C o n t a c t s  and I n t e r c o n n e c t s , ' '  f o r  t h e  per iod  of  June 5 t o  October 4 ,  1969. 

The program i s  d i v i d e d  i n t o  t h r e e  main t a s k s .  These are:  

I .  Development of Electroformed Aluminum Contac ts  

11. Development of Electroformed Aluminum I n t e r c e l l  Connectors 

111. F a b r i c a t i o n  o f  M u l t i c e l l  Matrix 

The tasks are t o  be accomplished c o n s e c u t i v e l y .  A l l  t h e  e f f o r t  i n  t h i s  

per iod  h a s  been devoted t o  Task I .  The primary program o b j e c t i v e  i s  

t o  develop a one-step process  of e l e c t r o f o r m i n g  t h e  c o n t a c t s  and i n t e r -  

connec t ions  of  s o l a r  c e l l s .  The achievement of  such a g o a l  w i l l  reduce 

s o l a r  a r r a y  c o s t s .  The r e s u l t a n t  s o l a r  a r r a y  w i l l  be l i g h t e r  i n  weight 

and w i l l  wi ths tand  h i g h e r  tempera tures ,  s i n c e  no s o l d e r i n g  w i l l  be  re-  

q u i r e d .  The t e c h n i c a l  g o a l s  a r e  t o  improve s o l a r  c e l l  performance and 

i n c r e a s e  t h e  r e l i a b i l i t y  of s o l a r  c e l l  c o n t a c t s  and i n t e r c o n n e c t s .  

I ? '  

...., 
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SECTION 2 

SUMMARY 

'i 

, I  

t 

, j  

. .i 

I 

A l l  t h e  process  parameters  f o r  f a b r i c a t i n g  t h e  -electroformed aluminum 

c o n t a c t  s o l a r  c e l l  from n/p s i l i c o n  wafers  were i n d i v i d u a l l y  i n v e s t i -  

g a t e d .  The i n d i v i d u a l  parameters ,  which i n c l u d e  masking, e l e c t r o d e p o s i -  

t i o n ,  and s i l i c o n  monoxide a n t i r e f l e c t i o n  (AR) c o a t i n g ,  were optimized 

and i n t e g r a t e d  i n  producing a d e s i r a b l e  e lec t roformed aluminum c o n t a c t  

s o l a r  c e l l .  The r e s u l t s  of t h e s e  s t u d i e s  have l e d  t o  t h e  fo l lowing  

conclus ions :  

a .  The p h o t o r e s i s t  t echnique  produces t h e  most d u r a b l e  and d e -  

b .  The most d e s i r a b l e  aluminum c o n t a c t  mater ia l  i s  obta ined  when 

f i n i t  i v e  mask. 

i t  i s  e l e c t r o d e p o s i t e d  under t h e  fo l lowing  c o n d i t i o n s :  

Aluminum b a t h  composition: 

A1C13:  3 .4  molar 

LiAlHg: 0 . 3  molar 

S o l v e n t :  anhydrous e t h e r  
2 Curren t  d e n s i t y :  15 A l f t  

Temperature: 22' t o  25OC 

c .  A c o n t a c t  adhes ive  s t r e n g t h  o f > 2 , 0 0 0  grams (Hunter p u l l  tes ter)  
i s  obta ined  when t h e  aluminum e l e c t r o d e p o s i t  on t h e  s i l i c o n  
wafer  i s  hea ted  f o r  two minutes i n  a 350 C oven. 0 

d .  The c e l l  peak power i n c r e a s e s  15% t o  17% ( T i n c r e a s e s  M 1.8%). 
When a 1400-angstrom l a y e r  of s i l i c o n  monoxide AR c o a t i n g  is  
a p p l i e d  t o  t h e  b a r e  e lec t roformed aluminum c o n t a c t  s o l a r  
c e l l s .  

The "weak knee" and V o c o f  t h e  e lec t roformed aluminum c o n t a c t  
s o l a r  c e l l s  can be  improved by e t c h i n g  t h e  edges of  t h e  c e l l  
i n  h y d r o c h l o r i c  a c i d y  which probably removes t h e  minute amount 
of aluminum e l e c t r o d e p o s i t e d  a c r o s s  t h e  n-p j u n c t i o n .  

e .  

Electroformed aluminum c o n t a c t  s o l a r  c e l l s  produced by t h e  process  as 

developed d u r i n g  t h e  r e p o r t i n g  per iod  have an e f f i c i e n c y  of g r e a t e r  

t h a n  10% a t  AMO. 
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SECTION 3 

TECHNICAL EFFORT 

3.1 CHOICE OF SILICON WAFER 

. ., 

- 
! 
i 

A s o l a r  c e l l  i s  composed of two e n t i t i e s :  t h e  s i l i c o n  wafer and t h e  

metal c o n t a c t s .  I n  s e l e c t i n g  a s i l i c o n  wafer t o  be combined w i t h  e lec-  

troformed aluminum c o n t a c t s ,  one must c o n s i d e r  t h e  fol lowing:  (1) t h e  

s u r f a c e  f i n i s h  of t h e  wafer, i . e . ,  whether t h e  s u r f a c e  i s  act ive o r  i n -  

act ive,  (2)  t h e  depth  and conductance of t h e  d i f f u s e d  l a y e r ,  and (3) 

s t a n d a r d i z a t i o n ,  i . e . ,  whether t h e  c e l l  i s  c a p a b l e  of be ing  compared 

w i t h  some known c e l l .  

The c o n v e n t i o n a l  Ti-Ag c o n t a c t  c e l l  uses  a p o l i s h e d  s u r f a c e .  

r e a s o n s  f o r  t h i s  are t h a t  t h e  d i f f u s i o n  p r o f i l e  normally fo l lows  t h e  

s u r f a c e  p r o f i l e ,  t h e r e f o r e ,  a pol i shed  s u r f a c e  probably r e s u l t s  i n  a 

new uniform d i f f u s i o n  l a y e r  o r  a " s t r a i g h t "  j u n c t i o n ,  and vapor depos i -  

t i o n  of Ti-Ag i s  b e t t e r  on to  a pol i shed  s u r f a c e  than  rougher s u r f a c e s .  

I n  t h e  e lec t roformed aluminum c o n t a c t ,  a rougher s u r f a c e  i s  more de- 

s i r a b l e  because t h e  roughness tends  t o  anchor t h e  aluminum and t h u s  

prevent  t h e  c u r l i n g  up of t h e  g r i d s  and premature p e e l i n g  of  t h e  c o n t a c t s .  

The accepted  

No d e f i n i t e  conclus ions  can be made as t o  how t h e  d i f f u s e d  l a y e r  c h a r -  

ac te r i s t ics  of  a rough s u r f a c e  compare t o  t h o s e  of  a p o l i s h e d  s u r f a c e .  

Recent r e s u l t s  of Tsai" i n d i c a t e  t h a t  t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  

i n  sha l low phosphorus d i f f u s i o n  p r o f i l e s  i n  s i l i c o n  between t h e  lapped 

(rougher)  s u r f a c e s  and t h e  pol i shed  s u r f a c e s .  The d i f f u s e d  l a y e r  h a s  

been f i x e d  a t  0 .3  micron t o  provide a shal low j u n c t i o n  f o r  t h e  h i g h e s t  

e f f i c i e n c y .  The s h e e t  r e s i s t i v i t y  of  such m a t e r i a l  composite i s  f i x e d  

a t  34 f 1 2  ohms/square. 

.L 

^Joseph C .  C .  Tsai,  "Shallow Phosphorus D i f f u s i o n  P r o f i l e s  i n  S i l i c o n , "  
Proc.  IEEE,  V o l .  57 ,  No. 9 ,  September 1969. 
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The o t h e r  c o n s i d e r a t i o n  i n  s e l e c t i n g  t h e  s i l i c o n  wafer  i s  t h a t  t h e  

performance o f  t h e  f i n i s h e d  c e l l  w i t h  e lec t roformed aluminum c o n t a c t s  

can b e  d i r e c t l y  compared w i t h  an  a c c e p t a b l e  f l i g h t - t y p e  Ti-Ag c o n t a c t  

s o l a r  c e l l .  It i s  no co inc idence  t h a t  t h e  s i l i c o n  wafer  used as t h e  

s t a r t i n g  material  has  t h e  same s p e c i f i e d  p r o p e r t i e s  as t h e  MM'69 s o l a r  

c e l l  bulk  m a t e r i a l .  It was chosen so t h a t  t h e  performance of  t h e  f i n -  

i s h e d  c e l l  w i t h  t h e  e lec t roformed aluminum c o n t a c t  can  be compared 

d i r e c t l y  wi th  an a c c e p t a b l e  f l i g h t - t y p e  Ti-Ag c o n t a c t  s o l a r  ce l l .  The 

d i f f u s e d  n/p s i l i c o n  wafers  have been procured w i t h  t h e  fo l lowing  

s p e c i f i e d  p r o p e r t i e s :  

Dimensions: 2 cm x 2 cm x 0 . 1  cm 

F i n i s h :  lapped f i n i s h  on p s i d e  and 5p f i n i s h  on t h e  a c t i v e  s i d e .  

Base r e s i s t i v i t y :  1 t o  3 ohm-cm 

Dif fused  j u n c t i o n  depth:  w O .  3~ 

Sheet  r e s i s t a n c e :  34 *12 ohms/square 

3.2 THICKNESS OF CONTACTS AND CONTACT GEOMETRY 

The th i ckness  o f  t h e  aluminum c o n t a c t s  must be eva lua ted  on t h e  b a s i s  of  

e lec t r ica l  r e s i s t a n c e  ( p o t e n t i a l  d rop ) ,  s tress,  and weight .  It has  been 

c a l c u l a t e d  t h a t  t h e  e l e c t r i c a l  r e s i s t a n c e  i s  a t  an  accep tab le  level i f  

t h e  t h i c k n e s s  i s  approximately 0.0005 inch .  Th i s  c a l c u l a t i o n  i s  pre-  

s en ted  i n  Appendix A .  

A t h i ckness  of  0 .5  m i l  would provide  a p o r e - f r e e ,  cont inuous l a y e r  of  

aluminum. The v o l t a g e  drop a c r o s s  t h e  g r i d  l i n e  (MM'69 s o l a r  c e l l  

c o n f i g u r a t i o n )  i s  9.0 mV. F u r t h e r  c o n s i d e r a t i o n s  a r e :  (1) t h e  stress 

expe r i encedfo r  t h i s  t h i ckness  o f  aluminum on a 15-mil s i l i c o n  wafer  

du r ing  thermal  shock c y c l i n g ;  and (2) t h e  r equ i r ed  mechanical p r o p e r t i e s  

of t h e  aluminum f o r  a r e l i a b l e  c o n t a c t .  A c a l c u l a t i o n  shows t h a t  t h e  

stress experienced i n  t h e  thermal  shock c y c l i n g  i s  about  t h r e e  t i m e s  

t h e  y i e l d  s t r e n g t h  o f  t h e  aluminum. However, t h e  e longa t ion  o f  t h e  

4039-4-1 4 
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e l e c t r o d e p o s i t e d  aluminum w i t h  t h i s  y i e l d  s t r e n g t h  and modulus i s  

approximate ly  26%. Thus, f a i l u r e  o f  t h e  aluminum-sil icon bond due t o  

y i e l d  i s  prevented  by t h e  compensating f l e x i n g  due t o  the h i g h  elonga- 

t i o n  o f  the aluminum. These c a l c u l a t i o n s  of  thermal  stress i n  t h e  

aluminum-sil icon bond are p resen ted  i n  Appendix B. 

I n i t i a l l y ,  t h e  c o n t a c t  c o n f i g u r a t i o n  w a s  t h a t  s p e c i f i e d  f o r  t h e  MM'69 

c e l l  (Fig.  1). The c o n t a c t  has  been modified several t i m e s  t o  c o r r e c t  

f o r  p l a t i n g  over  t h e  c e l l  edge, which caused shun t ing ,  and t o  upgrade 

t h e  c e l l  performance. The f i n a l  evolved c o n t a c t  geometry c o n f i g u r a t i o n  

i s  shown i n  F i g .  2 .  The ohmic b a r  c o n t a c t  i s  r e l o c a t e d  approximate ly  

10 m i l s  from t h e  edges t o  l e s s e n  t h e  p r o b a b i l i t y  o f  t h e  e l ec t ro fo rmed  

aluminum growing over  t h e  edges.  The g r i d  l i n e s  are  p r o p e r l y  t ape red  

so  t h a t  a more uniform v o l t a g e  drop i s  main ta ined  over  t h e  e n t i r e  l e n g t h  

o f  t h e  g r i d .  

3 . 3  MASKING STUDIES 

S e v e r a l  d i f f e r e n t  techniques  f o r  masking t h e  s i l i c o n  wafers  were eval- 

ua t ed  du r ing  t h e  r e p o r t i n g  pe r iod .  The t h r e e  types  o f  masking materials 

t r i e d  were p h o t o r e s i s t ,  po lye thy lene  emulsion, and rubbe r i zed  i n k .  Mask- 

i n g  i s  r e q u i r e d  t o  d e f i n e . t h e  areas t o  be p l a t e d  and thus  ach ieve  t h e  

d e s i r e d  c o n t a c t  c o n f i g u r a t i o n .  The t h r e e  major requi rements  f o r  t h e  

masking m a t e r i a l  are  t h a t  i t  must: (1) be s t a b l e  i n  t h e  e l e c t r o l y t e ,  

(2) o f f e r  good d e f i n i t i o n ,  and (3)  be easy  t o  apply .  

The po lye thy lene  emulsion i s  a s l u r r y  o f  f i n e  r a w  po lye thy lene  powder 

i n  a l c o h o l .  

are  f i r s t  sc reened  o f f .  The po lye thy lene  emulsion i s  brushed on and t h e  

p i e c e  i s  hea ted  a t  125'F f o r  20 minutes .  During t h e  h e a t i n g  p e r i o d  t h e  

a l c o h o l  i s  evapora ted  and t h e  r a w  po lye thy lene  i s  cured .  The s c r e e n  i s  

pee led  o f f  and t h e  unscreened a r e a  i s  covered w i t h  a t h i n  s h e e t  o f  

po lye thy lene .  

To make a po lye thy lene  mask, t h e  r e q u i r e d  d e p o s i t i o n  a r e a s  

4039-4-1 5 
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It w a s  found t h a t  t h e  p o l y e t h y l e n e  c o a t i n g  o f f e r s  i n s u f f i c i e n t  d e f i n i t i o n  

f o r  t h i n  g r i d  l i n e s .  The i n k  was t r i e d  o n l y  once and was d i s c a r d e d  be- 

cause  i t  decomposes i n  t h e  p l a t i n g  s o l u t i o n .  

The p h o t o r e s i s t  t echnique  appears  t o  p r o v i d e  b o t h  good d e f i n i t i o n  and 

c o m p a t i b i l i t y  w i t h  t h e  e t h e r e a l  e l e c t r o l y t e .  Some of  t h e  f i r s t  samples 

have shown some p o r e s ,  b u t  t h i s  p o r o s i t y  h a s  been p r a c t i c a l l y  e l i m i n a t e d  

by proper  adjustment  o f  t h e  combination o f  t h e  v i s c o s i t y  of  t h e  photo- 

resist  material  and t h e  s p i n  r a t e .  Occas iona l ly  t h e r e  were a f e w  specks 

o f  aluminum d e p o s i t e d  through t h e  mask, b u t  they  u s u a l l y  came o f f  w i t h  

t h e  subsequent  s t r i p p i n g  of  t h e  mask. The procedure f o r  masking s i l i c o n  

wafers  u s i n g  t h e  p h o t o r e s i s t  t echnique  i s  p r e s e n t e d  i n  Appendix C .  

3 . 4  OPTIMIZATION OF THE ELECTROFORMING PROCESS 

The complete e l e c t r o f o r m i n g  process  may be d i v i d e d  i n t o  t h r e e  phases:  

(1) t h e  p r e p l a t i n g  t r e a t m e n t ,  ( 2 )  t h e  e l e c t r o d e p o s i t i o n  of  t h e  aluminum, 

and ( 3 )  t h e  removal o f  t h e  e lec t roformed aluminum c o n t a c t  s o l a r  c e l l  

from t h e  mandrel (ho ld ing  f i x t u r e ) ,  shown i n  F i g .  3 .  There a re  two s t e p s  

i n  t h e  p r e p l a t i n g  t r e a t m e n t :  (1) removal o f  s u r f a c e  d u s t  and g r e a s e  w i t h  

s o l v e n t s  and ( 2 )  removal o f  s u r f a c e  oxide  w i t h  e t c h a n t .  A v a r i e t y  o f  

s o l v e n t s  can be used,  b u t  c l e a n i n g  t h e  wafers  u l t r a s o n i c a l l y  i n  t r i c h l o r o -  

e t h y l e n e  i s  t h e  method adopted because t h i s  p a r t i c u l a r  c l e a n i n g  s t e p  i s  

a l s o  s u i t a b l e  f o r  use  i n  t h e  masking p r o c e s s ,  u t i l i z i n g  common equipment 

and m a t e r i a l .  The degreased wafer  i s  l i g h t l y  e tched  i n  a mixture  o f  am- 

monium f l u o r i d e  and h y d r o f l u o r i c  a c i d  (10: 1 by volume) t o  remove s u r f a c e  

oxide.  The e t c h i n g  s o l u t i o n  i s  d i l u t e d  w i t h  s u c c e s s i v e  p o r t i o n s  o f  e t h y l  

a l c o h o l  and f i n a l l y  i s  washed w i t h  anhydrous d i e t h y l  e t h e r .  Because o f  

t h e  number o f  e l e c t r o l y s i s  t es t s  involved ,  a s p e c i a l  e l e c t r o l y s i s  t e s t  

c e l l  h a s  been designed so t h a t  a s  many a s  t e n  such c e l l s  can be connected 

i n  series d u r i n g  a n  exper imenta l  run .  A diagram o f  t h e  p l a t i n g  t e s t  c e l l  

i s  shown i n  F ig .  4 .  
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I n  t h e  e l e c t r o d e p o s i t i o n  s tudy ,  three p l a t i n g  b a t h s  were eva lua ted  by 

comparing the q u a l i t y  o f  the t h i n  l a y e r s  o f  aluminum e l e c t r o d e p o s i t e d  

and t h e  re la t ive mechanical p r o p e r t i e s  o f  t h e  aluminum. The p y r i d i n e  

a d d i t i v e  b a t h  produces t h e  h i g h e s t  t e n s i l e  y i e l d  s t r e n g t h .  However, 

t h e  p y r i d i n e  i t s e l f  w a s  found t o  be  incompa t ib l e  w i t h  t h e  masking 

material. The mixed e t h e r  a l s o  h a s  b e t t e r  mechanical p r o p e r t i e s  t h a n  

the Na t iona l  Bureau o f  S tandards  (NBS) b a t h ,  b u t  a t  a t h i c k n e s s  o f  about  

0.5 m i l  t h e  e l e c t r o d e p o s i t  has  some pores .  The aluminum e l e c t r o d e p o s i t e d  

from the NBS b a t h  has  a y i e l d  s t r e n g t h  o f  on ly  11,000 p s i  b u t  p rov ides  a 

p o r e - f r e e  d e p o s i t  a t  0 .5  m i l .  Also ,  t h e  p h o t o r e s i s t  mask i s  s t a b l e  i n  

t h i s  b a t h  . 

A g o a l  o f  our  e f f o r t  du r ing  t h i s  p e r i o d  was t o  op t imize  t h e  NBS b a t h  t o  

i n c r e a s e  t h e  y i e l d  s t r e n g t h  w i t h  minimum a l t e r a t i o n  i n  o t h e r  mechanical 

p r o p e r t i e s  and chemical c h a r a c t e r i s t i c s .  It  was found t h a t  by changing 

t h e  l i t h i u m  aluminum hydr ide  c o n c e n t r a t i o n  from 0.5 molar t o  0 .3  molar ,  

t h e  y i e l d  s t r e n g t h  i s  inc reased  t o  15,000 p s i .  The modulus o f  e l a s t i c i t y  

remained unchanged a t  9 x 10 p s i ,  t h e  e l o n g a t i o n  decreased  from 26% t o  

24%, and t h e  p h o t o r e s i s t  mask remained s t a b l e .  

t o  be used i n  t h i s  program w i l l  be r e f e r r e d  t o  a s  t h e  modified NBS ba th .  

I t s  chemical composition i s  a s  fo l lows :  

- 6  

The aluminum p l a t i n g  b a t h  

Aluminum c h l o r i d e  3.4 molar 

Li th ium aluminum hydr ide  0 .3 molar 

So lven t  (anhydrous d i e t h y l  e t h e r )  

The p l a t i n g  parameters  r e q u i r e d  t o  be i n v e s t i g a t e d  u s i n g  t h e  modified 

NBS b a t h  a r e  c u r r e n t  d e n s i t y  and tempera ture .  

c o n d i t i o n s  would c o n s i s t  o f  p l a t i n g  i n  t h e  s h o r t e s t  p o s s i b l e  t i m e  a t  am- 

b i e n t  tempera ture .  These c o n d i t i o n s  correspond t o  e l e c t r o d e p o s i t i n g  a t  

t h e  h i g h e s t  p e r m i s s i b l e  c u r r e n t  d e n s i t y  but  w i t h  an  a c c e p t a b l e  tempera- 

t u r e  r ise  c o n t r i b u t e d  by t h e  accompanying I R h e a t i n g .  Cur ren t  d e n s i t y  

n o t  on ly  i s  d i r e c t l y  r e l a t e d  t o  t h e  p rocess  t i m e  b u t  a l s o  de te rmines  

The most d e s i r a b l e  p l a t i n g  

2 
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t h e  g r a i n  s i z e  o f  t h e  e l e c t r o d e p o s i t .  The c u r r e n t  d e n s i t y  e f f e c t s  of 

t h e  modi f ied  NBS b a t h  were observed t o  be  a s  fo l lows  f o r  a d e p o s i t  o f  

0 .5-mi l  t h i ckness :  

Cur ren t  Dens i ty  
(A/  f t 2, 

1 - 5  

10 

15 

20 

30 

Appearance o f  Depos i t  

Contained p o r e s ;  l a r g e r  g r a i n  

Fewer po res  and smaller g r a i n  
than  a t  5 A / f t 2  

No p o r e s ;  f i n e  g r a i n  

No p o r e s ;  f i n e  g r a i n  

No p o r e s ;  f i n e  g r a i n ;  excessive 
gass ing  a t  t h e  anode 

2 The p l a t i n g s  a t  10 t o  25 A / f t  

o f  15  A / f t  was s e l e c t e d  because a t  around 20 A / f t  e x t e r n a l  c o o l i n g  i s  

r e q u i r e d  t o  e x t r a c t  t h e  I R h e a t  and p reven t  t o o  r a p i d  and too  l a r g e  a 

tempera ture  r i s e  from ambient tempera ture .  

were a l l  a c c e p t a b l e .  
2 2 

A c u r r e n t  d e n s i t y  

2 

The t h i r d  phase of  t h e  e l ec t ro fo rming  p rocess  i s  t h e  removal o f  t h e  

e lec t roformed aluminum c o n t a c t  s i l i c o n  wafer  from t h e  mandrel (wafer 

h o l d i n g  f i x t u r e ) .  No problems were encountered i n  t h e  s i n g l e - c e l l  

o p e r a t i o n .  

s i l i c o n  wafer  due t o  b r i d g i n g  a t  t h e  a r e a s  o f  e l e c t r i c a l  c o n t a c t  t o  t h e  

mandrel.  However, t h e  wafer  i s  e a s i l y  s e p a r a t e d  by c u t t i n g  t h e  b r i d g i n g  

aluminum. 

Thin s h e e t s  o f  aluminum were formed a round . the  edge of  t h e  

3 .5  ADHESION OF THE ALUMINUM ELECTRODEPOSIT TO S I L I C O N  SURFACE 

, 

Adhesion of  e lec t roformed aluminum t o  t h e  s i l i c o n  wafer  was eva lua ted  

u s i n g  commercially a v a i l a b l e  s i l i c o n  wafers  f o r  t h e  s o l a r  c e l l .  These 

c e l l s  are normally l a p  f i n i s h e d  on the back s i d e  and m i r r o r  po l i shed  on 

t h e  act ive s i d e .  Aluminum p l a t i n g s  were e l e c t r o d e p o s i t e d  on both  s u r -  

f a c e s  t o  observe  any d i f f e r e n c e s  i n  adhes ion .  The adhes ion  was poor on 
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I 

the p o l i s h e d  s i d e  and f a i r  on t h e  lapped s i d e .  The p u l l  tes t  v a l u e  f o r  

t h e  lapped s i d e  w a s  approximate ly  800 grams. The aluminum could  be  

e a s i l y  rubbed o f f  from t h e  p o l i s h e d  s i d e .  

The low adhes ive  s t r e n g t h  of  t h e  samples t e s t e d  above i n d i c a t e s  t h a t  a 

s i n t e r i n g  s t e p  i s  necessa ry .  P l a t e d  samples were s i n t e r e d  i n  an au to -  

clave a t  32OoC f o r  2 minutes.  P u l l  tes ts  performed on t h e  aluminum on 

b o t h  t h e  p o l i s h e d  s i d e  and t h e  lapped s i d e  were a l l  va lued  a t  about  1800 

grams. The f a i l u r e  modes were e i t h e r  c r a c k i n g  o f  t h e  s i l i c o n  wafer  o r  

p u l l i n g  o f f  a chunk o f  t h e  s i l i c o n .  

i n g  o f f  t h e  aluminum from t h e  s i l i c o n  s u r f a c e  on t h e  s i n t e r e d  samples. 

For  t h i s  program a s u r f a c e  f i n i s h  o f  5 microns i s  used i n s t e a d  o f  a 

p o l i s h e d  s u r f a c e .  With t h e  5-micron f i n i s h  s u r f a c e ,  premature p e e l i n g  

o f  c o n t a c t s  ( i . e . ,  p r e s i n t e r i n g )  i s  comple te ly  e l i m i n a t e d .  The e f f e c t s  

o f  s i n t e r i n g  tempera ture- t ime p r o f i l e  and l i q u i d  n i t r o g e n  thermal  shock 

on adhes ive  s t r e n g t h  a r e  p re sen ted  i n  Table  I .  

There were no f a i l u r e s  due t o  p e e l -  

The r e s u l t s  o f  t h i s  s tudy  i n d i c a t e  t h a t  a p o s t p l a t i n g  s i n t e r i n g  o p e r a t i o n  

a t  35OoC f o r 2  minutes should be used. 

3.6 SILICON MONOXIDE COATING 

The f i n a l  s t e p  i n  t h e  f a b r i c a t i o n  of  t h e  e lec t roformed aluminum c o n t a c t  

s o l a r  c e l l  i s  t h e  a d d i t i o n  of  a s i l i c o n  monoxide AR c o a t i n g .  

The s p e c t r a l  response  of a s i l i c o n  s o l a r  c e l l  was found t o  be g r e a t l y  

dependent on t h e  t h i c k n e s s  of  t h i s  c o a t i n g .  The c o a t i n g  enhances t h e  

r e sponse  of  t h e  v i s i b l e  r e g i o n  and i s  peaked f o r  minimum r e f l e c t i o n  a t  

about  0 .6  micron. During t h i s  r e p o r t i n g  p e r i o d ,  t h e  s i l i c o n  monoxide 

c o a t i n g  w a s  done by an  o u t s i d e  vendor.  However, p r e p a r a t i o n s  a r e  be ing  

made i n  t h e  EOS s o l i d - s t a t e  l a b o r a t o r y  t o  c o a t  t h e  e lec t roformed aluminum 

s i l i c o n  wafe r s .  
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The aluminum-platedand s i n t e r e d  c e l l s  w i l l  be c leaned  and coa ted  w i t h  

a n  optimum t h i c k n e s s  o f  S i 0  u s i n g  t h e  fo l lowing  procedure :  

(7) 

U l t r a s o n i c a l l y  c l e a n  ce l l s  i n  i sop ropano l  t h r e e  t i m e s .  

Vapor deg rease  w i t h  t r i c h l o r o e t h y l e n e .  

Load i n t o  c o a t i n g  j i g ;  p l a c e  j i g  i n  vacuum system. 

Heat c e l l s  t o  approximate ly  3OO0C ( t o  remove any o rgan ic s  
p r e s e n t  on t h e  s u r f a c e ) .  

Cool t o  less than  100°C. 

Whil? moni tor ing  c e l l  Isc, evapora t e  S i 0  a t  approximate ly  
1400A perminute .  

When c e l l  I maximizes ( a f t e r  aboyt  1 minute) ,  c l o s e  s h u t t e r  
t o  end d e p o s i t i o n  ( t h i c k n e s s  4 4 0 0 A ) .  

Remove from vacuum. 

sc 

3.7 ELECTROFORMED ALUMINUM CONTACTED SOLAR CELL FABRICATION SCHEME 

The s t e p s  involved  i n  t h e  EOS e l ec t ro fo rmed  aluminum c o n t a c t  s o l a r  c e l l  

p rocess  are t h e  fo l lowing:  

d 

(1) Apply p h o t o r e s i s t .  

(2)  Degrease i n  t r i c h l o r o e t h y l e n e .  

(3) Deoxidize i n  NH4F-HF e t c h a n t .  

( 4 )  Rinse  i n  i s o p r o p y l  a l c o h o l .  

(5) F i n a l  r i n s e  i n  e t h e r .  

( 6 )  Mount wafer  i n  f i x t u r e .  

(7) E l e c t r o d e p o s i t  i n  e t h e r e a l  e l e c t r o l y t e .  

(8) S e p a r a t e  p l a t e d  wafer  

(9) Wash w i t h  w a t e r .  

(10) Remove mask w i t h  s t r i p p e r .  

(11) Wash w i t h  wa te r .  

(12) Rinse  w i t h  ace tone .  

(13) S i n t e r  i n  oven a t  35OoC f o r  2 minutes .  

(14) Apply S i 0  AR c o a t i n g .  
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3.8 PERFORMANCE OF ELECTROFORMED ALUMINUM CONTACT SOLAR CELLS 

During t h i s  r e p o r t i n g  pe r iod ,  aluminum c o n t a c t  s o l a r  ce l l s  have been 

f a b r i c a t e d  by t h e  e l ec t ro fo rming  technique .  Both t h e  f r o n t  b a r - g r i d  

c o n t a c t s  and t h e  back "p" c o n t a c t s  were e lec t roformed s imul taneous ly .  

For  t h e  f r o n t  b a r - g r i d  c o n t a c t s  a p h o t o r e s i s t  mask w i t h  t h e  p a t t e r n  

shown i n  F i g .  1 w a s  used. The t h i c k n e s s  o f  a l l  t h e  e lec t roformed a l u -  

minum c o n t a c t s  w a s  0.0005 f O . O O O 1  i nch .  

The h i s t o r y  and e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  10 c e l l s  f a b r i c a t e d  wi th  

0.5 m i l  o f  aluminum a r e  shown i n  Table  11. The t a b l e  i n d i c a t e s  t h e  

improvement o f  c e l l  performance a f t e r  t h e  10-minute h e a t  t r ea tmen t  a t  

24OoC and a f t e r  S i 0  c o a t i n g .  

F i g u r e  5 shows t h e  I - V  c h a r a c t e r i s t i c  curves  f o r  c e l l  N o .  6 .  These 

curves  and t h e  d a t a  i n  Table  I1 were taken  on a tungs t en  s imula to r  a t  

AM1. The e f f i c i e n c y  a s  shown i n  F i g .  5 a t  V0.400 i s  11.82% a t  AMI. 
When converted t o  AM0 us ing  a f a c t e r  o f  1 .18,  t h e  e f f i c i e n c y  i s  10%. 

A s  noted from t h e  I - V  curves  i n  F ig .  5, t h e  "weak knee" and r e l a t i v e l y  

lower Voc are  i n d i c a t i o n s  of  shunt  c u r r e n t .  The shunt  c u r r e n t  i s  pro-  

bably caused by a minute  q u a n t i t y  of  aluminum p l a t e d  ove r  t h e  edges and 

forming a b r idge  a c r o s s  t h e  j u n c t i o n .  Methods which w i l l  be used t o  

e l i m i n a t e  t h i s  b r i d g i n g  a r e  (1) l o c a t i n g  the  ohmic b a r  c o n t a c t  away 

from t h e  edges and (2) e t c h i n g  t h e  edges o f  t h e  e lec t roformed c o n t a c t  

s o l a r  c e l l s  i n  hydrochlonic  a c i d  t o  remove any aluminum e l e c t r o d e p o s i t e d  

on to  and/or  a c r o s s  t h e  j u n c t i o n .  
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TABLE I1 

‘ t  
1 
i 

- 
:el l  
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

- 

- 

CKARACTERISTICS OF ELECTROFORMED ALUMINUM 
CONTACT CELLS (2 x 2 c m ) ,  S i 0  AR COATED 

S C  
I 

103.4 

107.0 

103.3 

101.8 

103.8 

101.8 

106.8 

94.4 

102.2 

102.4 

3are C e l l  

I O .  400V 

84.8 

99.8 

90.1 

90.5 

89.5 

94.4 

97.2 

87.2 

91.5 

91.8 

voc 

0.553 

0.568 

0.567 

0.538 

0.566 

0.570 

0.565 

0.566 

0.562 

0.553 

Bare Cel l  Heated 
10 min i n  24OoC Oven 

sc I 

106.0 

108.3 

105.8 

103.1 

106.8 

103.4 

108.0 

95.6 

104.7 

103.2 

I O .  400V 

94.1 

106.0 

99.2 

89.8 

98.6 

98.6 

100.6 

89.0 

90.2 

93.8 

voc 

0.565 

0.583 

0.578 

0.536 

0.577 

0.576 

0.573 

0.570 

0.563 

0.564 

S i 0  Coated C e l l  

I S C  

121.6 

122.9 

122.2 

119.1 

121.9 

117.8 

123.0 

111.4 

119.6 

118.0 

I O .  400V 

109.3 

118.2 

113.0 

101.7 

112.4 

111.8 

111.2 

106.8 

108.0 

111.3 

vOC 

0.569 

0.585 

0.580 

0.537 

0.579 

0.578 

0.580 

0.578 

0.572 

0.572 

I 

. .  
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SECTION 4 

PLANS FOR NEXT PERIOD 

Electroformed aluminum c o n t a c t  s o l a r  ce l l s  w i l l  be  f a b r i c a t e d  by t h e  

opt imized p rocess  developed i n  t h i s  r e p o r t i n g  p e r i o d .  A group o f 5 0  

cel ls  w i l l  be sub jec t ed  t o  t h e  p r e s c r i b e d  environmental  t e s t i n g .  

Task 11, Electroformed Aluminum I n t e r c o n n e c t o r ,  w i l l  be commenced. 
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APPENDIX A 

CONTACT THICKNESS VEKSUS RESISTANCE CALCUUTIONS 

i 

For t h e  s t r a i g h t  g r i d  l i n e  c o n t a c t ,  a conse rva t ive  estimate of t h e  v o l t a g e  

drop can  be made by u s i n g  t h e  fo l lowing  assumptions:  

i 

(1) The c u r r e n t  c o l l e c t e d  by one g r i d  l i n e  ( t o t a l  of s i x )  i s  

- * o r  23.3 mA. 6 

(2)  The v o l t a g e  drop  i s  c a l c u l a t e d  a t  t h e  midlength of t h e  g r i d  l i n e .  

The v o l t a g e  drop i s  r e l a t e d  t o  t h e  th i ckness  by t h e  fb l lowing  equa t ions :  

EG = I RG 

- -  DR - 
RG W t  

where 

p = r e s i s t i v i t y  of A 1  

1 = l eng th  of g r i d  

W = width of  g r i d  

t = t h i ckness  of  g r i d  

For 1 = 0.95 cm, 

w = 0.015 cm, 

.r) = 2.62 x 10 ohm-cm, and 

I = 2 . 3 3  x 10 A ,  

-6 

-2 

- - = (  - I na 2.33 x ( 2.62. x ( 0.95) 
EG w t  (0.015) ( t )  

3 .87  x - - 
EG t 
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A t  0.001 i n .  o r  0.0025 cm, the v o l t a g e  d r o p  i s  1 .55  mV,  and t h e  

v a l u e s  of E cor responding  t o  o t h e r  t h i ckness  are as fo l lows :  
G 

t ( i n . )  

0.001 

0.0005 

0.0001 

EG (mv> 

1 .55  

8.75 

15.5 

! 
For p r a c t i c a l  purposes ,  both a po re - f r ee  cont inuous  l a y e r  of aluminum 

and an  a c c e p t a b l e  r e s i s t a n c e  are ob ta ined  when t h e  e l e c t r o d e p o s i t e d  

l a y e r  i s  approximate ly  0.00125 cm. 

403 9 -Q - 1 2 1  



i 

I 
I 

x i  

APPENDIX B 

THERMAL STRESS I N  ALUMINUM-SILICON BOND 

35454 

C o e f f i c i e n t s  of thermal  expansion:  

= 13.1 x i n . / i n .  0 F 
'aluminum 

= 1.8 x i n . / i n .  0 F CY 
s i l i c o n  

Modulus of e l a s t i c i t y  

6 = 9.0 x 1 0  p s i  (e lec t roformed)  aluminum E 

6 
= 15.5 x 10  p s i  Esi l i c o n  

D e r i v a t i o n  of equa t ion  f o r  stress a t  bond l ine  

TAMB Def ine  AT = 

0 = t empera ture  du r ing  p l a t i n g  F TAMB 

0 T = t empera ture  (independent v a r i a b l e )  F 
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Free-Body Diagrams 
Y 

si 

4 

i 

i 

The axial displacements are * 

Where, 

35453 
+ 

-v  

a 

c 

x 

X 

ALUMINUM P 

SILICON . P 

1 M 6 P  
( 4 )  

(5) 
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S u b s t i t u t i n g  ( 3 )  and ( 4 )  i n  (5)  and s o l v i n g  f o r  P g ives  

1 
1 ) = (%1 - aAL) AT - 3’ (EAL tAL l +  b (EA tA b + ES tS b ES1 ts b 

4 

S t r e s s  a t  t h e  bond l ine  (aluminum s i d e  t e n s i o n )  

P Mc 
A I  

s = - + -  

P 3 P  s = -  +- 
tA b tA b 

L+(F)L 
E~~ S ES 1 

E v a l u a t i n g  (6)  f o r  t h e  p rev ious ly  s p e c i f i e d  v a l u e s  f o r  E ,  and CY 

s =  -11.3 AT - - -101.7 AT - 
0.11111 + ($) 0.06451 1 + (c) (0.58064) 

S i l i c o n  s i d e  

-11.3 AT ES -175.4 AT 
t E  t 

tA EA 

- - s =  
s + l  1,72222 (e) + 1 
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0 During t h e  thermal  shock c y c l i n g ,  t h e  AT encountered i s  388 F. 

The t e n s i o n  on t h e  aluminum i s  

-101.7 (388 
= 1 + (0.018)(.5:064) = 1-392100 psi' 

The aluminum w i l l  y i e l d  under t h i s  t ens ion .  The f a i l u r e  of t h e  

aluminum-si l icon bond i s  p reven ted ,  however, by t h e  s t r e t c h i n g  

of t h e  aluminum. 

The e l o n g a t i o n  of t h e  aluminum, i n c l u d i n g  e x t e n s i o n  i n  the  p l a s t i c  

r e g i o n ,  must be:  

- P 1 &  
PAL - aALAT + E t b + $ 2  AL A 

where 

GP 
E b tAL2 

- - -  1 

P I  AL 

GP + 
EA1 t A l b  2E AL t A l  

P (y = 0) = CXA1 AT + PAL 

4039-4 - 1 
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AP (y = 0) = CXAl AT + 
PAL E A l  t A l b  

(as1- AT 

1 +  

= a A T +  A 1  E A l  t A l  

ES1 tS1 
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4 

i 

for 

- tAL << 1 
tS1  

= a AT PAL s1 

t E~~ AI, U/AL + - - cyAL + cysl - ~ A L  
ES1 %L 

EA1 tAl 

E S i  ‘Si . 
1 +  

E~~ t~~ ) 
O~AL + (G tSI 

= 2.8 x lom6 AT PAL 

Exact solution for 

= 0.0005 in. 

= 0.015 in. 

6 EAL = 9.0 x 10 p s i  

ES1 = 15.5 x 10 psi 

a = 13.1 x loT6 i n . / i n .  F 

t~~ 

5 1  

6 

0 

AL 

1 
0 

= 1.8 x l om6  in./in. F 

0.01935)(13.1) + 1.8 1 A T  10-6 
PAL 1 + 0.01935 i 

AT 

PAL = 2.0 x lom6 A T  

% elongation r e q u i r e d  = 2.0 x AT 
and at AT = 388’F 

% elongation r e q u i r e d  = 2.0 x x 388 = 0.1%. 
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A P P E N D I X  C 

i 

1. Wash c e l l s  u l t r a s o n i c a l l y  i n :  

a, Alcohol ( e l e c t r o n i c  grade  i sopropanol )  3 times. 

b .  T r i c h l o r o e t h y l e n e  ( e l e c t r o n i c  grade)  3 t imes.  

c .  Acetone ( e l e c t r o n i c  grade)  3 t imes .  

.Dry. 

2 .  E tch  i n  HF ( t o  remove P 0 - r i c h  g l a s s  on f r o n t  s u r f a c e  and 2 5  l a p p i n g  p a r t i c l e s  from r e a r ) .  
Rinse  3 times i n  DI H 0 .  2 

3 .  B o i l  i n  H SO 10 min. (removes hard-to-remove o rgan ic  m a t e r i a l s ) .  
2 4  Rinse  3 times i n  D I  H 0 .  2 

4 .  B o i l  i n  HNO 10 m i n .  ( l eaves  s u r f a c e  ve ry  c l e a n  and h y d r o p h i l i c ) .  3 Rinse  3 t imes i n  D I  H 0 .  2 

5 .  Rinse  3 t imes i n  MeOH. 

6 .  Heat i n  fu rnace  a t  SO0 C f o r  3 min. (removes OH groups from oxidc 0 

s u r f a c e  and promote:: r e s i s t  adhes ion . )  

7 .  Coat rear s u r f a c e  with D E R .  Dry. 

8. Expose,  deve lop ,  and bake. 

P 

d 

9 .  Coat f r o n t  s u r f a c e .  D r y .  

10. Expose,  deve lop ,  a n d  bake .  

NOTE: Thcre will be r:iicroscopic e x a n i n s t i o n s  of the pa t te1-1 ,~  :<<:E:  

each development.  
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