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S e c t i o n  1 

SUMMARY 

This  c o n t r a c t  was t o  v e r i f y  t h e  t e c h n o l o g i c a l  r e a d i n e s s  o f  a  s e l e c t  p r o c e s s  

sequence w i t h  r e s p e c t  t o  s a t i s f y i n g  t h e  Low Cos t  S o l a r  Ar ray  p r o j e c t  o b j e c t -  

Zves o f  meet ing t h e  d e s i g n a t e d  g o a l s  o f  $.50 p e r  peak w a t t  i n  1986 (1975 

d o l l a r s ) .  The sequence examined c o n s i s t e d  o f :  .3" d i a m e t e r  "as-sawn" C z o c h r a l s k i  

grown 1 :0 :0 s i l i c o n ,  t e x t u r e  e t c h i n g ,  'ion i m p l a n t i n g ,  l a s e r  annea ' l ing ,  s c r e e n  

p r i n t i n g  o f  ohmic c o n t a c t s  and sp rayed  a n t i - r e f l e c t i v e  c o a t i n g s .  The con- 

t r a c t  was a  one ( 1 )  y e a r  e f f o r t .  

The t e x t u r e - e t c h i n g  p r o c e s s  a s  f u r n i s h e d  by JPL was e x e r c i s e d  u s i n g  t h e  sod- 

ium hydroxide  (NaOH) s o l u t i o n  on r e p r e s e n t a t i v e  "as-sawn" wafe r s .  The 

i n i t i a l  " f l a s h - e t c h "  s t e p  c o n s i s ' t i n g  o f  a  s o l u t i o n  o f  n i t r i c ,  hydrof  l u o r i c  

and a c e t i c  a c i d s  t o  remove saw dannge from t h e  s i l i c o n  s u r f a c e s  p r i o r  t o  t h e  

t e x t u r e - e t c h  s t e p  was e l i m i n a t e d ,  t h e r e b y  s i m p l i f y i n g  t h e  p r o c e s s .  A 1%-2% 

s o l u t i o n  o f  NaOH fol lowed by a  n e u t r a l i z i n g  s t e p  o f  hydrogen p e r o x i d e - s u l f u r i c  

a c i d  s o l u t i o n  r e s u l t e d  i n  a c c e p t a b l y  e t c h e d  w a f e r s .  Tex tu re -e tched  w a f e r s  

p rocessed  i n t o  f u n c t i o n a l  c e l l s  were comparable i n  e l e c t r i c a  1 o u t p u t  (q= 10% 

AMl) t o  t h o s e  f l a s h  e t c h e d .  Both t y p e s  were  e l e c t r o l e s s  n i c k e l  p l a t e d ,  I 
s o l d e r  d ipped  and AR c o a t e d  by vacuum e v a p o r a t i o n .  

! 

Ion i m p l a n t a t i o n  e v a l u a t i o n s  f o r  j u n c t i o n  fo rmat ion  w i t h  phosphorus was p e r -  

formed w i t h  a  Lockheed A c c e l e r a t i o n ,  I n c .  Model MP400 u n i t  and an I n t e r n a t i o n a l  

R e c t i f i e r  E x t r i o n  Model 20-200 u n i t .  The E k t r i o n  20-200 i m p l a n t e r  proved b e s t  

s u i t e d  f o r  t h e  s o l a r  c e l l  j u n c t i o n  fo rmat ion  due p r i n c i p a l l y  t o  t h e  lower 

a c c e l e r a t i o n  v o l t a g e  l e v e l s  n e c e s s a r y  f o r  s h a l l o w  j u n c t i o n  d e v i c e s .  For o u r  

work, w a f e r s  were implanted a t  t h e  lowes t  p r a c t i c a l  l e v e l  o f  25 KeV, w i t h  a  

beam c u r r e n t  o f  150 P A ,  and a t  a  7' t i l t  a n g l e  t o  minimize c h a n n e l i n g .  B e s t  

c e l l  r e s u l t s  were a t t a i n e d  a t  t h e  2.5 t o  3 x  1015 ions/cm2 f l u e n c e  l e v e l s .  

A c c e l e r a t i o n  v o l t a g e  l e v e l s  o f  5  t o  10 KeV a r e  more d e s i r a b l e  f o r  s h a l l o w  

j u n c t i o n  s o l a r  c e l l s  and w i l l  a l s o  minimize t h e  buck ing  d r i f t  f i e l d  c r e a t e d  

n e a r  t h e  immediate s i l i c o n  s u r f a c e  d u r i n g  i m p l a n t a t i o n  due  t o  t h e  Gauss ian 



i o n  d i s t r i b u t i o n .  ' It i s  f e l t  t h a t  t h i s  bucking f i e l d  can be  e l i m i n a t e d  th rough  

t h e  u s e  o f  a  programmed i m p l a n t  c y c l e ,  where t h e  a c c e l e r a t i o n  v o l t a g e  can b e  

a u t o m a t i c a l l y  v a r i e d  w i t h  t ime ,  h o l d i n g  t h e  beam c u r r e n t  c o n s t a n t .  

C e l l s  implanted and t h e r m a l l y  annea led  compared f a v o r a b l y  i n  e l e c t r i c a l  o u t -  

p u t  w i t h  d i f f u s e d  j u n c t i o n  c e l l s ,  and were used  a s  c o n t r o l s  f o r  t h e  e v a l u a t i o n  

o f  t h e  subsequen t  l a s e r  a n n e a l i n g  s t e p  . 

Laser  a n n e a l i n g  work c o n s i s t e d  o f  e x p e r i m e n t a t i o n  w i t h  v a r i o u s  a v a i l a b l e  l a s e r s  

u s i n g  implan ted  wafe r s .  With t h e  a b s o r p t i o n  c o e f f i c i e n t  o f  s i l i c o n  a s  t h e  

g u i d i n g  c r i t e r i a ,  i t  was dec ided  t h a t  t h e  most s u i t a b l e  l a s e r s  f o r  s i l i c o n  

a n n e a l i n g  a r e  ruby,  Nd:YAG o r  Frequency Doubled Nd:YAG w i t h  wave leng ths  o f  

694 nm, 1064 nm, and 532 nm, r e s p e c t i v e . 1 ~ .  E x t e n t  o f  a n n e a l i n g  was de te rmined  

by measurements made w i t h  a  4 - p o i n t  probe.  I m p u r i t y  p r o f i l i n g ,  a s  implanted 

and a f t e r  a n n e a l i n g ,  was performed by Secondary Ion Mass Spec t romet ry  (SIMS). 
2  

Energy d e n s i t i e s  on t h e  o r d e r  o f  1.5 jou les /cm were found n e c e s s a r y  t o  

a c h i e v e  a n n e a l i n g  u s i n g  a  ruby l a s e r ;  whereas ,  w i t h  t h e  Nd:YAG l a s e r s  used 
2  

f o r  t h i s  work, ene rgy  d e n s i t i e s  o f  >2 jou les /cm were r e q u i r e d .  

Approximate ly  f o r t y  (40) c e l l s ,  1 x  2  cm, 2  x 4  cm and 3 i n c h e s  d i a m e t e r ,  

were  f a b r i c a t e d  a t  t h e  c o n c l u s i o n  o f  t h i s  - .- program, which were i o n  implanted,  

Nd :YAG l a s e r  a n n e a l e d ,  vacuum e v a p o r a t e d  ~ i / ~ d / A g  c d n t a c t s  and e v a p o r a t e d  

S i 0 2  AR c o a t i n g .  These c e l l s  y i e l d e d  AM1 c o n v e r s i o n  e f f i c i e n c i e s  r a n g i n g  

from 10.1  t o  13.3% w i t h  a n  a v e r a g e  o f  12.3%. T h i s  r e p r e s e n t s  a  s i g n i f i c a n t  

s t e p  towards r e d u c t i o n -  t o - p r a c t i c e  o f  a  p o t e n t i a l l y  h i g h  volume, low c o s t  

p r o c e s s ,  and w a r r a n t s  c o n t i n u a t i o n  f o r  sca le -up .  

Sc reen  p r i n t i n g  o f  ohmic c o n t a c t s  d i d  n o t  prove e n t i r e l y  s u c c e s s f u l  d u r i n g  t h e  

c o u r s e  o f  t h i s  c o n t r a c t .  Using some g e n e r a l l y  a c c e p t e d '  s i l v e r  .and s i l v e r -  

aluminum p a s t e s ,  namely, DuPont 7095 and 7095+ Alcoa aluminum powder 7123, 

and a 325 mesh s t a i n l e s s  s t ee l  s c r e e n ,  d i f f i c u l t y  was e x p e r i e n c e d  i n  t h e  f i r -  

i n g ' s c h e d u l e  which were m a n i f e s t e d  i n  poor c e l l  c u r v e  f u n c t i o n s .  Also  

h i g h l i g h t e d  i n  o u r  work, was t h e  h i g h  c o s t  o f  c o n d u c t i v e  p a s t e  m a t e r i a l s ,  



which a p p e a r s  q u e s t i o n a b l e  towards  meet ing t h e  LSA c o s t  g o a l s .  T h i s  s c r e e n  

p r i n t i n g  wo?rk was n o t  pursued f u r t h e r  due t o  t h e  e x t e n s i v e  i n v e s t i g a t i o n s  by 

o t h e r  p a r t i c i p a n t s  i n  t h i s  PKOJECT. 

Sprayed-on AR c o a t i n g  e v a l u a t i o n s  were conducted w i t h  a  vapor  c a r r i e r  a u t o -  
0 0 

c o a t e r  system. B e s t  t h i c k n e s s  u n i f o r m i t y  o f  l l O O A  t o  1240A was a t t a i n e d  on a  

314" wid th  p a t t e r n  w i t h  a  s i n g l e  s p r a y  p a s s .  M u l t i p l e  p a s s e s  and work index-, 

i n g  was r e q u i r e d  f o r  a  3 - inch  d i a m e t e r  c e l l .  Improved n o z z l e  and vapor  

s p r e a d e r  d e s i g n  and p r e c i s i o n  f a b r i c a t i o n  a r e  r e q u i r e d  f o r  o p t i m i z e d  perform-. 

a n c e  o f  t h i s  equipment.  A t a n t a l u m  s o l u t i o n  sp rayed  on 3 - inch  t e x t u r e - e t c h e d  

c e l l s  y i e l d e d  a  7% e l e c t r i c a l  o u t p u t  i n c r e a s e  which a p p e a r s  c o n s i s t e n t  w i t h  

p u b l i s h e d  l i t e r a t u r e  on AR-coated t e x t u r e d  s u r f a c e s .  

High volume p r o d u c t i o n  p r o j e c t i o n s  were made on t h e  s e l e c t e d  p r o c e s s  sequence.  I 
Automated p r o c e s s i n g  and movement o f  hardware a t  h i g h  r a t e s  were  c o n c e p t u a l i z e d  

t o  s a t i s f y  t h e  PRDJECTts 500 MW/yr c a p a b i l i t y .  A p r o d u c t i o n  p l a n  was formu- 

l a t e d  w i t h  f low diagrams i n t e g r a t i n g  t h e  v a r i o u s  p r o c e s s e s  i n  o u r  cel l  f a b r i -  I 
c a t i o n  sequence.  I 



Sect ion  2 

INTRDDUCTION 

This  c o n t r a c t  was a  process  development e f f o r t  t o  v e r i f y  t he  t echno log ica l  

r ead ines s  o f  a  s e l e c t e d  process  sequence from the  "as-sawn" Czochra lsk i  

s i l i c o n  wafers  t o  t he  module assembly. 

The process  i n v e s t i g a t e d  c o n s i s t e d  o f  t h e  fo l lowing  sequence: 

o  S t a r t i n g  m a t e r i a l :  3- inch "as-sawn" CZ s i l i c o n  wafers  

o  Texture e t ch ing  o f  s i l i c o n  wafers  u s ing  sodium hydroxide 

o Junc t ion  forma t i o n  by ion  implan ta t ion  o f  phosphorus 

o Laser annea l ing  o f  ion  implanted wafers  

o  Screen p r i n t i n g  of Ag, Ag-A1 f o r  ohmic c o n t a c t  

o  Spraying o f  Tantalum oxide AR c o a t i n g  

o Assembly o f  modules u s ing  the  LMSC module des ign ,  developed 

under t h e  JPL Cont rac t  954653, a s  b a s e l i n e  

This  s e l e c t e d  process  sequence was eva lua t ed  f o r  i t s  t e c h n i c a l  p o t e n t i a l  of  

ach i ev ing  t h e  economic g o a l s  of  t h e  Law Cost So la r  Array P r o j e c t  of  $.50/watt 

f o r  500 megawatt/year product ion by 1986. 

S p e c i f i c  a r e a s  o f  i n v e s t i g a t i o n  under t h i s  c o n t r a c t  c o n s i s t e d  o f  t he  follow- 

i n g  : 

o Pe r fo rmnce  of  d e t a i l e d  t e c h n i c a l  and economic eva lua t ions  of  t he  ~ 

s e l e c t e d  process  sequence 

I 
o Prepara t ion  o f  p rocess  s t e p  d e s c r i p t i o n s  d e t a i l i n g  input -output  

requirements  and c h a r a c t e r i s t i c s ,  and i d e n t i f y i n g  m a t e r i a l s ,  supp1i .e~  

and equipment u t i l i z e d  



o Performance o f  c r i t i c a l  reviews t o  i d e n t i f y  process ing  a r e a s  which 

r e q u i r e  s i g n i f i c a n t  development, o r  proof o f  ope ra t i on  t o  reach  

the  PROJECT goa l s  

o  Performance o f  p rocess  v e r i f i c a t i o n s  o f  t h e  s e l e c t e d  sequence 

o Demonstration of  t h e  t echno log ica l  r ead ines s  o f  t h e  s e l e c t e d  

process  by f a b r i c a t i o n  o f  c e l l s  

S o l a r  c e l l s  were f a b r i c a t e d  and eva lua ted  f o r  t h e i r  r e s p e c t i v e  e f f i c i e n c i e s  

and throughput.  The SAMICS format was u t i l i z e d  f o r  i npu t s  i n  the  determina-  

t i o n  of  economic cons ide ra t i ons .  
. , 

I n t e r n a t i o n a l  R e c t i f i e r ,  E l  Segundo, C a l i f o r n i a  worked j o i n t l y  wi th  u s  t o  

s a t i s f y  t h e  va r ious  f a c e t s  of  t h e  c o n t r a c t .  

Two process  s t e p s  o f  t h e  s p e c i f i e d  sequence rece ived  g r e a t e r  emphasis i n  t h i s  

c o n t r a c t .  These were: l a s e r  annea l ing  and sprayed AR coa t ing .  Laser anneal-  

i n g  o f f e r s  t h e  p o t e n t i a l  o f  reduced energy consumption and improved e f f i c i e n c y  

a t  no l o s s  i n  throughput over  convent iona l ly  p r a c t i c e d  techniques:  Automated 

spray  coa t ing  of  a n t i - r e f  l e c t i v e  f i l m  has t h e  p o t e n t i a l  o f  improved th i ck -  

n e s s  c o n t r o l  and uni formi ty  over  l a r g e  s u r f a c e  a r e a s .  The ba lance  o f  t h e  

s t e p s  i n  t he  c e l l  p rocess ing  sequence were performed only t o  provide a  

supply of  wafers  wi th  which t o  e x e r c i s e  t h e  l a s e r  annea l  and spray  c o a t i n g  

work. These were cons idered  r o u t i n e  and were s t u d i e d  i n  g r e a t e r  d e t a i l  by 

o t h e r  c o n t r a c t o r s .  

A t  t h e  o u t s e t ,  f a b r i c a t e d  c e l l s  u s ing  our  process  sequence were t o  be  assembled 

i n t o  t he  Lockheed-designed module con f igu ra t i on .  The e f f o r t  was l a t e r  r e d i -  

r e c t e d  r e s u l t i n g  i n  d e l e t i o n  o f  t he  module work so  t h a t  resources  could be more 

e f f e c t i v e l y  app l i ed  t o  t h e  main s t ream o f  c e l l  p,rocessing. 



Sect ion  3 

TECHNICAL DISCUSSION 

3.1 TECHNICAL AND ECONOMIC EVALUATION 

A d e t a i l e d  eva lua t ion  of  our  s e l e c t e d  process  sequence was conducted and re- 

por ted  i n  t h e  q u a r t e r l y  r e p o r t s .  The sequence cons i s t ed  o f :  t e x t u r e  e t ch ing ,  

i on  implant ing,  l a s e r  annea l ing ,  sc reen  p r i n t i n g  ohmic c o n t a c t s  and spray-on 

AR coa t ing .  Our ana lyses  of  t h e  i n d i v i d u a l  p rocess  s t e p s  a r e  summarized i n  

t h e  fo l lowing  paragraphs.  

3.1.1 Texture Etch 

There i s  gene ra l  agreement among t h e  LSA c o n t r a c t o r s  t h a t  t e x t u r e  e t c h i n g  i s  

a  v i a b l e  process  f o r  use  on <1:0:0> s i n g l e  c r y s t a l  s i l i c o n .  The low c o s t  

p o t e n t i a l  compared wi th  t h e  s t anda rd  po l i shed  s u r f a c e s ,  makes t e x t u r e  e t ch ing  

h igh ly  a t t r a c t i v e  f o r  a t t a i n i n g  low r e f l e c t a n c e  s u r f a c e s .  The need f o r  de- 

c r ea sed  su r f ace  r e f l e c t a n c e  i s  w e l l  documented i n  t he  l i t e r a t u r e  and through 

work performed by o t h e r  JPL/DOE c o n t r a c t o r s  on t h i s  LSA PROJECT. 

High volume, high throughput p o t e n t i a l  t o ,  s a t i s f y  t h e  500 MW c a p a b i l i t y  i s  

a t t a i n a b l e .  A high volume product ion process ing  concept  was i d e n t i f i e d  which 

u t i l i z e s  c a s s e t t e s  con ta in ing  50 c e l l s ,  moving v i a  conveyors through t h e  

v a r i o u s  s o l u t i o n s  a t  a  r a t e  of  2 fee t /minute .  Estimated output  r a t e s  from 

such a  system a r e  on t h e  o r d e r  of 200 wafers /minute ,  which a r e  of  s u f f i c i e n t  

magnitude f o r  t h e  high volume PROJECT goal .  The f l a s h  e t c h  s t e p  u s i n g  n i t r i c  

( H N ~ ~ ) / h y d r o f l u o r i c   acetic (CH300H) a c i d  s o l u t i o n s  f o r  saw damage removal. 

was e l imina t ed  wi thout  any apparen t  d e l e t e r i o u s  e f f e c t s  on t h e  performance o f  

t h e  c e l l s .  Likewise, i t  i s  be l i eved  t h e  pos t  t e x t u r i z i n g  hydrogen peroxide 

s t e p  can be rep laced  by a  f u l l y  i n t e g r a t e d  i n - l i n e  f o r c e  f l u s h  water  spray  

system, This  would e l i m i n a t e  t he  use  o f  environmental ly  undes i r ab l e  chemicals ,  

s imp l i fy ing  the process  and lowering c o s t s .  
I 

I 



There i s  some ques t i on  on t h e  c o m p a t i b i l i t y  o f  t ex tu red  s u r f a c e s  wi th  l a s e r  

annea l ing ,  one of  our  s e l e c t e d  process  s t e p s .  Work performed t o  d a t e  w i th  

l a s e r  annea l ing  p o i n t s  t o  t he  n e c e s s i t y  f o r  s u r f a c e  mel t ing  i n  o r d e r  t o  

o b t a i n  proper  e l e c t r i c a l  a c t i v a t i o n .  Thus, t he  topography of  t he  s u r f a c e  i s  

changed from sharp  pyramidal s t r u c t u r e s  t o  " r o l l i n g  h i l l "  contours .  The 

e f f e c t s  o f  mel t ing  on t h e  c e l l  junc t ion  a r e  d i scussed  i n  t he  process  v e r i f i -  

c a t  ion s e c t  ion under l a s e r  annea l ing .  

There is  f u r t h e r  concern t h a t  t e x t u r e  e t c h i n g  i n c r e a s e s  handl ing  damage, comp- 

l i c a t i n g  t h e  process ing  and can lead t o  lower c e l l  y i e l d s .  This  i s  caused by 

the  f r a g i l e  n a t u r e  o f  t he  pyramidal p o i n t s  formed and t h e i r  s u s c e p t i b i l i t y  

t o  breaking,  which can then expose t he  junc t ion .  

An a l t e r n a t e  t o  t h e  "wet" chemical t e x t u r e  e t c h i n g  process  i s  plasma e t ch ing ,  

where s u b s t a n t i a l  sav ings  can be r e a l i z e d  through t h e  e l imina t ion  of  expensive 

chemicals,  and subsequent chemical d i s p o s a l  c o s t .  Also, only one s i d e  e t ch -  

i ng  may be  performed, thereby savfng s i l i c o n  m a t e r i a l  l o s se s .  Throughput 

r a t e s ,  however, need t o . b e  improved i n  o rde r  t o  make t h i s  p rocess  v i a b l e .  It 

i s  our  opinion t h a t  plasma e t c h i n g  should be  s c r u t i n i z e d  more c l o s e l y  a s  a  

p o t e n t i a l  replacement f o r  t h e  w e t  chemical t e x t u r i z i n g  process  f o r  s o l a r  c e l l s .  

3.1.2 Ion Implan ta t ion  

General  acceptance of  ion  implan ta t ion  f o r  j unc t ion  formation i s  p r imar i l y  

based on the  h igh  throughput p o t e n t i a l .  Other s i g n i f i c a n t  a t t r i b u t e s  c o n s i s t  

of  b e t t e r  c o n t r o l  o f  t h e  doping q u a l i t y  and q u a n t i t y ,  and doping p r o f i l e .  

These a r e  c h a r a c t e r i s t i c s  e s s e n t i a l  t o  i n s u r e  c e l l  un i formi ty ,  q u a l i t y  and 

r e p e a t a b i l i t y .  

The primary disadvantage c u r r e n t l y  encountered dur ing  implan ta t ion  i s  the  

formation o f  an e s s e n t i a l l y  amorphous s u r f a c e  l a y e r  due t o  impuri ty  ion  c o l -  

l i s i o n s  wi th  t he  s i n g l e  c r y s t a l  s i l i c o n  l a t t i c e .  Presen t  means f o r  r e s t o r i n g  



c r y s t a l l i n i t y  i n  t h e  s u r f a c e  l a y e r  and a c t i v a t i n g  t h e  i m p u r i t y  i o n s  i s  by 

t h e r m a l  a n n e a l i n g  i n  a  f u r n a c e  a t  900° t o  1 0 0 0 ' ~  f o r  15 t o  45  minutes .  

~ l t h o u g h  t h i s  t echn ique  r e s t o r e s  t h e  c r y s t a l  s t r u c t u r e  t o  an  a c c e p t a b l e  l e v e l ,  

i t  a l s o  c a u s e s  e x c e s s i v e  impur i ty  d i f f u s i o n  and i n t r o d u c e s  b u l k  d i s l o c a t i o n  

loops  i n  t h e  s u b s u r f a c e  s i l i c o n  due t o  t h e  h i g h  t empera tu re  the rmal  c y c l i n g .  

T h i s  c a u s e s  t r a p p i n g  c e n t e r s  which reduces  c e l l  e f f i c i e n c y .  Th is  is  t r u e  t o  

a  c e r t a i n  degree  f o r  any doping t echn ique  r e q u i r i n g  a  the rmal  d i f f u s i o n  o r  re- 

d i s t r i b u t i o n  o f  t h e  d e s i r e d  i m p u r i t y .  Lase r  annesrl ing o b v i a t e s  t h i s  the rmal  

c y c l e  o f  t h e  b u l k  s i l i c o n  by h e a t i n g  o n l y  t h e  s u r f a c e  l a y e r ,  t h u s ,  l e a v i n g  t h e  

b u l k  s i l i c o n  e s s e n t i a l l y  f r e e  o f  t h e r m a l l y  induced d i s l o c a t i o n  loops .  

The au tomat ion  p o t e n t i a l  o f  ion  implan t ing  is  v e r y  h i g h ,  b e i n g  l i m i t e d  by 

mechanical  c e l l  h a n d l i n g  and t h e  a b i l i t y  t o  c o o l  c e l l s  d u r i n g  implan t .  New 
- 3  i m p l a n t e r s  a r e  a v a i l a b l e  from E x t r i o n  and L i n t o t t  w i t h  2 x  10 A and 

-3 
4  x 10 A  beam c u r r e n t s ,  r e s p e c t i v e l y ,  lowering implan t  t ime p e r  c e l l  t o  

seconds .  A s  an  example, c a l c u l a t i o n s  based on a  p r e s e n t  E x t r i o n  20-200 sys tem 

w i t h  a 50  p a  beam c u r r e n t  r e s u l t  i n  a n  implan t  t i m e  o f  209 seconds .  This  com- 

p a r e s  w i t h  soon t o  be  a v a i l a b l e  d e d i c a t e d  10 ma beam c u r r e n t  sys tems which can 

r e d u c e  t h e  time t o  1 second. With t h e  s h o r t  implan t  t i m e ,  t h e  major o b s t a c l e  

t o  a c h i e v e  high throughput  l i e s  i n  t h e  c e l l  hand l ing .  

In vfew o f  t h e  p o t e n t i a l l y  s h o r t  implan t  t ime, a  h i g h  volume, h igh throughput  

p r o c e s s  was c o n c e p t u a l i z e d  d u r i n g  t h e  c o u r s e  o f  t h i s  c o n t r a c t  ( r e p o r t e d  i n  

Q u a r t e r l y  Report  No. 3) which r e f l e c t s  t h e  1 wafer /second r a r e  o f  a 10 ma beam 

c u r r e n t  system. Th is  concep t  a d d r e s s e s  t h e  movement and h a n d l i n g  o f  c e l l s  a t  

a r a p i d  r a t e ,  and i s  summarized i n  Sec t ion  3.4,  High Volume Product ion Plan.  

A  p r o d u c t i o n  r a t e  o f  3000 wafe rs /hour  is  p r o j e c t e d  p e r  i m p l a n t e r .  

3.1.3 Laser  Anneal 

Based on t h e  p u b l i s h e d  l i t e r a t u r e 1 - 4 ) ,  l a s e r  a n n e a l i n g  o f f e r s  s e v e r a l  t e c h -  

n i c a l  advan tages  o v e r  t h e  p r e s e n t l y  u t i l i z e d  f u r n a c e  a n n e a l i n g  t echn ique .  -- . -- - .- 
The advan tages  a r e :  



1. Reduction by one t o  two o rde r s  of  magnitude o f  t he  bulk s i l i c o n  

d i s l o c a t i o n s  introduced by p re sen t  furnace annea l  techniques 

2. Increase  i n  t he  minor i ty  c a r r i e r  l i f e t i m e  i n  t he  implanted l aye r  and 

i n  t h e  under ly ing  s u b s t r a t e  mater ia  1 

3.  Change of t h e  implanted concentra ' t ion p r o f i l e  from an undesired 

Gaussian d 2 s t r i b u t i o n  t o  a broader ,  n e a r l y  f l a t  top d i s t r i b u t i o n  - 
This  improves s o l a r  c e l l  performance by e l imina t ing  t h e  undesired 

bucking d r i f t  f i e l d  prqduced by the  Gaussian d i s t r i b u t i o n ,  hence 

inc reas ing  t h e  c o l l e c t i o n  e f f i c i e n c y  of  t h e  c e l l .  

4. More complete regrowth of  t he  implanted s u r f a c e  r e s u l t i n g  i n  fewer 

d i s l o c a t i o n  loops and s t ack ing  f a u l t s  due t o  t he  h igher  temperature 

achieved wi th  pulsed l a s e r  annea l ing  i n  comparison t o  what i s  a 

prac t i c a  1 temperature wi th  furnace annea l i n g  

5. Prec is ion  c o n t r o l  of  annea l ing  depth by choice  of l a s e r  type c a n .  

be accomplished s i n c e  most of  the  energy expended w i l l  be  d i s s i p a t e d  

near  t he  s i l i c o n  s u r f a c e  and w i l l  depend on the  wavelength of  t he  

p a r t i c u l a r  l a s e r  chosen and i t s  absorp t ion  c o e f f i c i e n t  i n  s i l i c o n  

The guid ing  c r i t e r i a  i n  s e l e c t i n g  a l a s e r  system f o r  s o l a r  c e l l  annea l ing  

f a l l s  i n t o  t h r e e  ca t egor i e s  which a r e  a s  fol lows:  

1. The l a s e r  must be capable of providing s u f f i c i e n t  power and energy 

t o  a l low the  requi red  annea l ing  process  t o  t ake  place.  

2. The l a s e r  must be of  a s u i t a b l e  wavelength t o  minimize the  depth of 

beam pene t r a t ion  i n t o  t h e  s i l i c o n .  

3 .  The l a s e r  must be capable of  annea l ing  the  c e l l s  a t  e n e r g i e s  and 

speeds which would make the  system c o s t  compatible w i th  the  PROJECT 

ob jec t ives .  

Since t h e  l i g h t  absorp t ion  c o e f f i c i e n t ,  Figure 1, o f  s i l i c o n  and consequently 

t he  mean absorp t ion  length  inc rease  cons iderably  wi th  inc rease  i n  t he  wave- 
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Figure 1. Absorption C o e f f i c i e n t - o f  S i l i c o n  a s  a  Function 
o f  Wavelength 



l ength  of t h e  i n c i d e n t  beam, i t  was concluded t h a t  no l a s e r  exceeding the  

wavelength of a  YAG l a s e r  need be considered.  The t h r e e  l a s e r s  which appeared 

t o  be t h e  b e s t  candida tes  f o r  t h i s  eva lua t ion  were ruby, Nd:YAG, and Nd:YAG/ 

SHG (a Nd:YAG l a s e r  coupled t o  a  second harmonic gene ra to r ,  o r  a s  i t  i s  a l s o  

c a l l e d ,  a  frequency doubler ) .  These l a s e r s  have wavelengths of 694 nm, 1064 nm, 

and 532 nm, r e spec t ive ly .  Based on t h e  high throughput p r o j e c t i o n  requirements  

f o r  t he  LSA PROJECT, only pulsed l a s e r  systems were considered.  

T rans i t i ons  from amorphous t o  s i n g l e  c r y s t a l  l a y e r s  wi th  pulse  annea l ing  a r e  

due t o  t he  formation of a  l i q u i d - s o l i d  system dur ing  l a s e r  i r r a d i a t i o n .  

It has been repor ted  by o t h e r  r e sea rche r s  l 5  t h a t  annea l ing  of t he  implant 

damage and e l e c t r i c a l  a c t i v a t i o n  of t he  implanted ions can be achieved wi th  a  

cont inuous wave (CW) argon l a s e r  ( A  = 488 nm) through a  s o l i d - s o l i d  r eac t ion .  .. . 
To ob ta in  a  s o l i d - s o l i d  r eac t ion ,  the  su r f ace  t o  be annealed is  maintained 

below i t s  melt ing poin t .  The du ra t ion  t h a t  a  s u r f a c e  po in t  r equ i r e s  f o r  

annea l ing  i s  i n  t he  o rde r  o f  s e v e r a l  mil l iseconds.  This time span i n  r e l a t i o n  

t o  i n c i d e n t  energy i s  apparent ly  long enough t o  annea l  t he  implant damage and 

e l e c t r i c a l l y  a c t i v a t e  t he  implanted ions bu t  i s  too s h o r t  f o r  p r o f i l e  changes 

t o  occur.  

On the  f i r s t  glance,  i t  may appear t h a t  f o r  a  wavelength dependent process ,  

CW annea l ing  o f f e r s  t h e  advantages of c r e a t i n g  shal low junc t ions  by annea l ing  

and a c t i v a t i n g  the  s u r f a c e  whi le  maintaining the  r e l a t i v e  immobility of t he  

junc t ion .  It i s  .our f e e l i n g ,  however, . t ha t  extremely shal low junc t ions  f o r  

s o l a r  c e l l  a p p l i c a t i o n s  can be a t t a i n e d  through low l e v e l  implants  - 5 KeV 

followed by annea l ing  wi th  a  frequency doubled Nd:YAG o r  Nd:Glass l a s e r  a t  

h = 532 nm. Annealing wi th  the frequency doubled l a s e r  should n o t  only y i e l d  

shal low junc t ions  b u t  w i l l  a l s o  change t h e  implanted concent ra t ion  p r o f i l e  

from an  undesired Gaussian d i s t r i b u t i o n  (una l te red  a f t e r  CW annea l ing)  t o  a  

broader ,  n e a r l y  f l a t  top d i s t r i b u t i o n .  This  improves s o l a r  c e l l  performance 

by e l imina t ing  the undesired bucking d r i f t  f i e l d  produced by the  Gaussian d i s - ,  

t r i b u t i o n ,  hence inc reas ing  the  c o l l e c t i o n  e f f i c i e n c y  of t he  c e l l .  - 



By u t i l i z i n g  pulse  anneal ing,  i t  appears  t h a t  throughputs on the  o rde r  of  one 

3-inch d.iameter wafer per  second can be a t t a i n e d .  Argon l a s e r s  on t h e  o t h e r  

hand a r e  of  f a i r l y  low power r equ i r ing  time spans on the  o rde r  of  minutes f o r  

annea l ing  a 3-inch diameter  wafer. The input  power r e q ~ i r e m e n t s  of such a 

system wor~ld be p r o h i b i t i v e  a s  we l l  a s  the  i m p r a c t i c a l i t y  of t he  process  i n  

view of  t he  high throughput requirements of t h e  PROJECT, namely 500 PWlyear 

Theore t i ca l  and experimental  work c a r r i e d  o u t  on t h e  pulsed l a s e r s  revealed 

t h a t  f o r  ruby and N~:YAG/SIIG l a s e r s  w i th  pulse  du ra t ion  i n  t h e  10-30 nsec  range, 
2 

an energy d e n s i t y  of approximately 1.5 joules/cm i s  needed t o  a t t a i n  the  re-  

qu i r ed  anneal ing.  This t r a n s  l a t e s  t o  approximately .68 jou le s  f o r  s i n g l e  pu l se  

annea l ing  of  a 3-inch diameter  wafer. Energy d e n s i t i e s  necessary  vary w i t h  t h e  

pu l se  du ra t ion  and wavelength. For example, i n v e s t i g a t i o n s  have shown t h a t  a 

Nd:YAG (1064 nm) l a s e r  with a 100 nsec  pulse  r e q n i r e s  an  energy dens i ty  .out-  
3 

pu t  of  approximately 4.8 joules/cm- t o  e f f e c t  proper  anneal ing.  A Nd:YAS ' 

l a s e r  w i th  a longer wavelength and pulse  du ra t ion  i s  n o t  a s  e f f i c i e n t  a s  a 

ruby (694 nm) o r  frequency doubled YAG (532 nm) l a s e r  due t o  deep pene t r a t ion  

i n t o  t h e  s i l i c o n .  Deeper pene t r a t ion  means g r e a t e r  energy l o s s e s  i n  the  bulk  

m t e r i a l  r a t h e r  than a t  the  immediate s u r f a c e  (= .2 pm), where it is  r equ i r ed  

f o r  proper  anneal ing.  

Laser annea l ing  i s  conducive t o  high throughput manufacturing. Performed i n  

an a i r  atmosphere, a 3-inch diameter s i n g l e  pulse  system i s  p ro j ec t ed  f o r  t he  

LSA PROJECT high volume c a p a b i l i t y .  With a pulse  du ra t ion  of  l e s s  than 50 

nanoseconds, l a s e r  r e p e t i t i o n  r a t e ,  and wafer p o s i t i o n i n g  and handl ing become 

t h e  most important elements f o r  achiev ing  high throughputs.  High energy 

demmds and high r e p e t i t i o n  r a t e s  ( 1  pu l se  per  second) can be  s a t i s f i e d  wi th  a 

l a s e r  t h a t  u t i l i z e s  phosphate g l a s s  f o r  i t s  l a s e r  rod m t e r i a l .  Rapid pos i -  

t i o n i n g  and handl ing of wafers  a r e  addressed i n  a concept d e t a i l e d  i n  Q u a r t e r l y  

Report No. 3, and summi~rized i n  Sec t ion  3.4, High Volume Production Plan, where 

q u a n t i t i e s  of  3600 wafers/hour/  l a s e r  can be processed. 

An economic eva lua t ion  was made showing t h e  p o t e n t i a l  savings of l a s e r  vs .  

furnace  anneal ing.  This ana. lysis  was a l s o  r epo r t ed  i n  Q u a r t e r l y  Report No. 3, 



b u t  i s  a g a i n  included i n  i t s  e n t i r e t y  because o f  t h e  s i g n i f i c a n ' t  c o s t  advant-  

ages .  

Cost s av ings  r e a l i z e d  by a p p l i c a t i o n  of  l a s e r  annea l ing  f a l l  i n t o  t h e  follow- 

ing  c a t e g o r i e s  : 

1. Increased  c e l l  e f f i c i e n c y  wi th  subsequent decrease  i n  t he  number 

o f  c e l l s ,  suppor t  s t r u c t u r e s ,  and a s s o c i a t e d  hardware f o r  a  500 

megawatt product ion r a t e  

2. Decrease i n  energy consumption r e a l i z e d  by us ing  l a s e r  annea l ing  

techniques a s  opposed t o  furnace  annea l ing  

Savings r e a l i z e d  from i tem 1 above a r e  a s  fol lows:  

o  Area of  3- inch d iameter  c e l l  = 45.6 cm 2  

2  o  I l l umina t ion  I n t e n s i t y  = 100 mW/cm 

2  2  o  T o t a l  Inc iden t  I r r a d i a t i o n  = (45.6 cm ) x (100 mW/cm ) = 4.56 w a t t s  

o  A 12% conversion e f f i c i e n c y  c e l l  y i e l d s  an ou tpu t  0.f w.55' w a t t s  

o  Assuming t h a t  l a s e r  annea l ing  can y i e l d  a  2% conversion e f f i c i e n c y  

inc rease  o r  a  14% c e l l ,  t h e  y i e l d  w i l l  be h.64 w a t t s  

o  Pro jec ted  i n t o  1986, 500 MW/yr product ion c a p a b i l i t y  a t  $.50/watt, 

t h e  sav ings  r e p r e s e n t  

Savings r e a l i z e d  from i t e m  2  above a r e  a s  fo l lows:  

Prel iminary t h e o r e t i c a l  and experimental  d a t a  i n d i c a t e s  t h a t  f o r  a ruby 

o r  frequency doubled g l a s s  l a s e r ,  an energy d e n s i t y  o f  approximately 1.5 

joules/cm2 i s  r equ i r ed  t o  a t t a i n  annea l ing  o f  ion  implanted s i l i c o n  

wafers .  This  t r a n s l a t e s  t o  an  energy o f  approximately 68 jou l e s  f o r  



s i n g l e  p u l s e  a n n e a l i n g ' o f  a  3 - inch  d i a m e t e r  wafe r .  A Q-switched g l a s s  

l a s e r  c a p a b l e  o f  o p e r a t i n g  a t  t h i s  ene rgy  l e v e l  w i t h  a  p u l s e  r e p e t i t i o n  

r a t e  o f  1 pps  has  a c o n v e r s i o n  e f f i c i e n c y  o f  a p p r d x i m a t e l y  .5%.   his 

sys tem o f f e r s  t h e  f o l l o w i n g  s a v i n g s  : 

o . R e s i s t a n c e  Furnace Power Requirements* 

1.88 KW t o  m a i n t a i n  9 0 0 ' ~  a n n e a l i n g  t e m p e r a t u r e  

125 3 - inch  d i a m e t e r  w a f e r s  p e r  run @ 30 min l run  

1.88 KW x .5  h r  = .94 KW h r  t o  a n n e a l  125 c e l l s  o r  

7.52 W h r l c e l l  

o  Lase r  Power Requirements 

6 8  j o u l e s  r e q u i r e d  t o  a n n e a l  a  3 - inch  d i a m e t e r  wafe r  

A t  .5% convers ion  e f f i c i e n c y ,  t h e  l a s e r  r e q u i r e s  681.005 = 13,600 

j o u l e s  = 3.78 w a t t  x  h r  t o  supp ly  t h e  6 8  j o u l e s  

o  7.5213.78 '=L o r  h a l f  a s  much energy i s  r e q u i r e d  f o r  l a s e r  a n n e a l -  

i n g  a s  compared t o  f u r n a c e  a n n e a l i n g  

o  For 500 MW/yr p r o d u c t i o n  c a p a b i l i t y  

(511!5r x  7.52 W h r )  - (5:E4F x  3.78 W h r )  2 ,900 MW h r / y r  s a v i n g s  

3.1.4 Screen  P r i n t e d  C o n t a c t s  

I n  o u r  t e c h n i c a l  and economic e v a l u a t i o n s  o f  s c r e e n  p r i n t i n g  c o n d u c t i v e  

p a s t e s  f o r  ohmic c o n t a c t i n g  on s o l a r  c e l l s ,  i t  was a g r e e d  t h a t  t h i s  t e c h n i q u e  

o f f e r s  t h e  e x c e l l e n t  p r o s p e c t s  f o r  low c o s t  manufac tu r ing  t o  a c h i e v e  t h e  

1986 g o a l s .  High th roughput  s c r e e n  p r i n t i n g  equipment i s  a v a i l a b l e  w i t h  

r a t e s  up t o  5000 p a r t s l h o u r .  Sc reens  w i t h  325 mesh can  r o u t i n e l y  produce 

p a t t e r n s  w i t h  e x c e l l e n t  l i n e  d e f i n i t i o n .  Screened l i n e  w i d t h s  o f  5  m i l s  have 

been r e p o r t e d  by p a r t i c i p a n t s  i n  t h i s  LSA PROJECT. 

*Thermo-Brute American Furnace ,  4-112 i n c h  O.D. Tube S i z e  



C o s t  o f  m a t e r i a l s ,  p a r t i c u l a r l y  w i t h  t h e  s i l v e r  f i l l e d  p a s t e s ,  i s  s t i l l  a  

concern .  Our e s t i m a t e s  on l a r g e  volume buys o f  t h e  Ag p a s t e  approx imate  a  

c o s t  o f  $.05 t o  $ .15/wat t ,  when a p p l i e d  100% on t h e  back,  and 5-7% a r e a  

coverage  f o r  t h e  p a t t e r n e d  f r o n t  s i d e .  

Our e x p e r i e n c e  i n  working w i t h  a n  "approvedt'  A g - f i l l e d  p a s t e  u s i n g  documented 

p r o c e s s e s  has shown t h a t  t h e  p r o c e s s  i s  n o t  y e t  e n t i r e l y  f o o l p r o o f .  Working 

w i t h  DuPont 7095 m a t e r i a l ,  f i r i n g  s c h e d u l e s  were used  which ranged i n  temp- 

e r a t u r e s  from 5 5 0 ' ~  t o  690°C and t imes  o f  20 seconds  t o  2  minu tes  w i t h  o n l y  

l i m i t e d  s u c c e s s .  

\ 
It i s  recogn ized  t h a t  t h i s  a r e a ,  i n c l u d i n g  t h e  copper  and aluminum p a s t e  

m t e r i a l s ,  i s  b e i n g  i n v e s t i g a t e d  e x t e n s i v e l y  by o t h e r  p a r t i c i p a t i n g  f i r m s ,  
\ 

and  th rough  t h e s e  e f f o r t s ,  i t  i s  b e l i e v e d  t h a t  t h i s  c o u l d  soon become a  

v i a b l e  p r o c e s s .  

Our h i g h  volume p r o d u c t i o n  c o n c e p t ,  r e p o r t e d  i n  Q u a r t e r l y  Repor t  No. 3,  r e -  

f l e c t s  a s c r e e n  p r i n t i n g  and f i r i n g  r a t e  o f  9000 c e l l s / h o u r / u n i t  equipment.  

3.1.5 Spray-On AR C o a t i n g s  

G e n e r a l  concensus  is  t h a t  spray-on AR c o a t i n g s  o f f e r s  t h e  b e s t  chances  f o r  

h i g h  th roughput  and good c o a t i n g  t h i c k n e s s  u n i f o r m i t y  o v e r  l a r g e  s u r f a c e  

a r e a s .  Also ,  s p r a y i n g  i s  n o t  a s  s e n s i t i v e  t o  i r r e g u l a r  s u r f a c e  f i n i s h e s ,  

such  a s  f o r  t e x t u r e - e t c h e d  c e l l s ,  a s  compared w i t h  s p i n  c o a t i n g .  

A h i g h  th roughput  c a p a b i l i t y  was c o n c e p t u a l i z e d  ( d e t a i l e d  i n  Q u a r t e r l y  Repor t  

No. 3 )  where a  p r o d u c t i o n  r a t e  o f  9000 c e l l s / h o u r / m c h i n e  was p r o j e c t e d .  

3.2 CRITICAL REVIEWS 

3.2.1 Tex tu re  E t c h i n g  

It h a s  been f a i r l y  w e l l  e s t a b l i s h e d  t h a t  t h e  w e t .  
\ 

chemica l  p r o c e s s  f o r  



1 
a n i s o t r o p i c a l l y  t e x t u r e  e t c h i n g  u s i n g  1-2% s o l u t i o n  o f  h o t  sodium hydrox ide  

can  s a t i s f y  t h e  1986 P r o j e c t  g o a l s .  

I It i s  f e l t  t h a t  f u r t h e r  p r o c e s s  v e r i f i c a t i o n  shou ld  b e  conducted t o  d e t e r m i n e  

t h e  m e r i t s  o f  r e p l a c i n g  t h e  p o s t  e t c h i n g  hydrogen p e r o x i d e / s u l f u r i c  a c i d  

n e u t r a l i z i n g  s t e p  w i t h  f o r c e  f l u s h  D I  w a t e r  r i n s e s .  

S i g n i f i c a n t  development s t i l l  r e q u i r e d  t o  meet t h e  1986 c o s t  g o a l s  c o n s i s t  

o  I n - p r o c e s s  moni to r ing  o f  e t c h  s o l u t i o n ,  t e x t u r e d  wafe r  r e f l e c t i v i t y ,  

r i n s e  s o l u t i o n  pH, e t c .  

I o  Autorrratic i n s p e c t i o n  f o r  p r o c e s s  u n i f o r m i t y  and p r o d u c t  q u a l i t y  

I o  E tch  and r i n s e  s o l u t i o n  d i s p o s a l  and r e c l a m a t i o n  

o  Equipment au tomat ion  d e s i g n  and i n t e g r a t i o n  o f  moni to r  feedback 

loops  

3.2.2 Ion Implant  

A s  p r e v i o u s l y  s t a t e d ,  i o n  i m p l a n t a t i o n  i s  c o n s i d e r e d  a  v i a b l e  approach from 

b o t h  a  t e c h n i c a l  and economic s t a n d p o i n t .  A t  p r e s e n t ,  o f f - t h e - s h e l f  equ ip -  

ment f o r  optimum i m p l a n t a t i o n  o f  s o l a r  c e l l s ,  i .e., < l o  KeV @ >10 ma beam 

c u r r e n t  i s  n o t  r e a d i l y  a v a i l a b l e ,  a l t h o u g h  t h e  t echno logy  b a s e  e x i s t s  f o r  

f a b r i c a t i n g  a  "dedicated"  i m p l a n t e r .  I m p l a n t a t i o n  o f  t h e  p r e s e n t l y  a v a i l -  

a b l e  h i g h e r  a c c e l e r a t i o n  v o l t a g e s  (>20 KeV) r e s u l t  i n  a  f r o n t  s u r f a c e  bucking 

d r i f t  f i e l d  which reduces  c e l l  o u t p u t  u n l e s s  a n n e a l e d  i n  a  f u r n a c e  u t i l i z i n g  

background doping.  Lase r  a n n e a l i n g ,  and i t  i s  expec ted .  E-beam a n n e a l i n g ,  

minimizes  t h i s  problem. Another t e c h n i q u e  f o r  minimizing t h e  bucking c u r r e n t  

d r i f t  f i e l d  i s  t o  t a i l o r  t h e  i m p u r i t y  p r o f i l e  d u r i n g  i m p l a n t a t i o n .  T h i s  can  

be  accomplished w i t h  a  programmed implan t  c y c l e  t h a t  v a r i e s  beam energy  and 

t ime,  h o l d i n g  t h e  beam c u r r e n t  c o n s t a n t  . Because o f  equipment l i m i t s  (minimum 

o f  25 KeV a c c e l e r a t i o n  v o l t a g e ) ,  t h i s  t e c h n i q u e  was n o t  v e r i f i e d .  



Major a r e a s  f o r  i n v e s t i g a t i o n  i n  i o n  i m p l a n t a t i o n  recommended f o r  t h e  1986 

o b j e c t i v e s  a r e :  

o  Iqn i m p l a n t a t i o n  j u n c t i o n  p r o f i l i n g  by beam energy progra:mmin'g 

o  Development and , f a b r i c a t i o n  o f  a  h igh  beam c u r r e n t ,  h igh throughput ,  

d e d i c a t e d  ion  i m p l a n t e r  

3.2.3 Laser  Anneal 

Reduct ion o f  t h e  a n n e a l i n g  p r o c e s s  t ime and energy  consumption w i t h  t h e  u s e  

of  p u l s e d  l a s e r  energy beams o f f e r s  e x c e l l e n t  p r o s p e c t s  f o r  a c h i e v i n g  t h e  

h i g h  volume, h igh  th roughput  g o a l s  o f  t h e  PROJECT. 

Equipment l i m i t a t i o n s  were e x p e r i e n c e d  d u r i n g  o u r  work on l a s e r  a n n e a l i n g .  

Most o f  t h e  l a s e r s  a v a i l a b l e  f o r  o u r  work were o f  low energy,  d e l i v e r -  

i n g  small beam s p o t  s i z e s  a t  t h e  energy  d e n s i t i e s  needed f o r  a n n e a l i n g .  

Equipment i s  a v a i l a b l e *  from e s t a b l i s h e d  c a t a l o g e d  p r o d u c t  l i n e s  which i s  

c a p a b l e  o f  d e l i v e r i n g  e n e r g i e s  r e q u i r e d  f o r  s i n g l e  p u l s e  a n n e a l i n g  o f  3 - inch  

d i a m e t e r  wafe rs .  T h i s  equipment,  however, was n o t  a v a i l a b l e  f o r  e v a l u a t i o n .  

Ruby l a s e r s  w i t h  a  wavelength  o f  694 nm a r e  w e l l  s u i t e d  f o r  l a s e r  a n n e a l i n g ,  

however, s u f f e r  i n  t h e  s c a l e  up t o  accommodate w a f e r s  beyond approx imate ly  

1.4 i n c h e s  i n  d iamete r .  The maximum s i z e  o f  t h e  a v a i l a b l e  ruby rod i s  718 

i n c h  i n  d iamete r  d e l i v e r i n g  o n l y  15 j o u l e s  o f  energy,  and t h e r e f o r e ,  neces -  

s i t a t i n g  s t e p  and r e p e a t  mode o f  p r o c e s s i n g  f o r  a n n e a l i n g  3 - inch  d iamete r  

w a f e r s .  Glass  rod lasers on t h e  o t h e r  hand do n o t  s u f f e r  from t h i s  l i m i t a -  

t i o n  and a r e ,  t h e r e f o r e ,  i d e a l l y  s u i t e d  f o r  a n n e a l i n g  o f  l a r g e  s i z e  wafe rs .  

Lase r  p u l s e  a n n e a l i n g  i n  t h e  energy  d e n s i t i e s  r e q u i r e d ,  f o r  s u i t a b l e  i o n  

a c t i v a t i o n  c a u s e s  s u r f a c e  mel t ing .  Th is  h a s  no d e l e t e r i o u s  e f f e c t s  on t h e  

c e l l  j u n c t i o n  f o r  p o l i s h e d  o r  f  l a sh-e tched  c e l l s .  With t e x t u r e - e t c h e d  c e l l s ,  

t h e  prominent pyramidal  s t r u c t u r e s  a r e  s i g n i f i c a n t l y  changed, a c o n d i t i o n  

which a p p e a r s  t o  c a u s e  j u n c t i o n  non-uniformity  hence a d v e r s e l y  a f f e c t i n g  

t h e  c e l l  f u n c t i o n .  

i q u a n t e l  I n t e r n a t i o n a l ,  928 Benecia Avenue, Sunnyvale,  Ca. 94086 (408) 735-7313 



Even though t e x t u r e - e t c h e d  s u r f a c e  c e l l s  have r e c e i v e d  g e n e r a l  a c c e p t a n c e  

f o r  t h e  reason  o f  improved s o l a r  a b s o r p t i o n  o v e r  o t h e r  s u r f a c e  t y p e s ,  a  

c a s e  co.uld .be  m d e  f o r  u t i l i z i n g . f l a s h - e t c h e d  c e l l s  w i t h  l a s e r  a n n e a l i n g  

fol lowed by t h e  p r o j e c t e d  low c o s t  s p r a y i n g  o f  AR c o a t i n g .  We have found 

t h a t  e l e c t r i c a l  o u t p u t  o f  f  l a s h - e t c h e d / A ~ - c o a t e d  c e l l s  a r e  comparable t o  t h e  

texture-etched/A~-coated c e l l s .  S u b s t i t u t i o n  o f  f l a s h  e t c h i n g  f o r  t e x t u r e  

e t c h i n g  cou ld  c o n t r i b u t e  t o  reduced c o s t s  w i t h o u t  compromising performance,  

s i n c e  a c o a t i n g  o f  some t y p e  w i l l  be  r e q u i r e d  i n  e i t h e r  case .  

It i s  d i f f i c u l t  t o  d e c l a r e  any major t e c h n i c a l  shor tcomings  o f  t h e  l a s e r  

a n n e a l i n g  p r o c e s s  a t  t h i s  t i m e .  Perhaps ,  t h e  f a c t  t h a t  t h e  s i n g l e  3 - inch  

' d i a m e t e r  p u l s e  h a s  n o t  been demonstra ted cou ld  be  c a u s e  f o r  some concern.  

It f o l l o w s  t h a t  a d d i t i o n a l  e x p e r i m e n t a t i o n  shou ld  b e  done w i t h  l a s e r s  c a p a b l e  

.of a n n e a l i n g  a t  least a 1- inch  d iamete r  a r e a .  From t h i s  we can  a s c e r t a i n  

beam energy u n i f o r m i t y  a c r o s s  t h e  wafe r  s u r f a c e  t o g e t h e r  w i t h  r e c o g n i t i o n  o f  

t h e  need f o r  b e t t e r  o p t i c s .  

Major a r e a s  o f  i n v e s t i g a t i o n  r e q u i r e d  i n  o r d e r  t o  m e e t  t h e  1986 g o a l s  a r e :  

o  Process  in te rdependence  d a t a  o f  , t h e  r e l a t i o n s h i p  o f  wafe r  s u r f a c e  

m e l t i n g ' v s .  j u n c t i o n  movement vs .  r e f l e c t i v i t y  vs .  AR c o a t i n g  
a .  . . 

o Laser  beam c o n t r o l ' u s i n g  o p t i c s  t o  improve beam energy homogeneity 

on wafe r  s u r f a c e s  

o  Acquire  a  c a p a b i l i t y  f o r  s c a l e - u p  performance o f  l a s e r  a n n e a l i n g  

3 . 2 . 4  Screen P r i n t i n g  

Screen p r i n t i n g  o f  ohmic c o n t a c t s  i s  f e a s i b l e  i n s o f a r  a s  l i n e  d e f i n i t i o n  and 

conduc tor  t h i c k n e s s  a r e  concerned.  Cons iderab le  d i f f i c u l t y  can s t i l l  be  

expec ted  i n  f i r i n g  t h e  p a s t e s  a f t e r  s c r e e n i n g .  In a d d i t i o n ,  t h e  q u a l i t y  o f  

p a s t e s  from l o t  t o  l o t  i s  h i g h l y  s u s p e c t .  I n  performing o u r  p r o c e s s  v e r i f i -  

c a t i o n  t e s t s  s e v e r a l  p o i n t s  o f  c r i t i q u e  were uncovered,  namely: 



o Closer  c o n t r o l  ( s p e c i f i c a t i o n )  of  conductor p a s t e  must be  made. 

o  P re sen t ly  a v a i l a b l e  b e l t  fu rnaces  a r e  n o t  adequate  t o  accommodate 

s h o r t  f i r i n g  du ra t i on  p a s t e s  (e.g., i n  t h e  10 t o  30 second r ange ) ,  

o  Use o f  s i l v e r  and silver-aluminum p a s t e s  a r e  t oo  expensive t o  meet 

PROJECT c o s t  goa l s .  

o   lass- l i n e d  b e l t  fu rnaces  should be eva lua ted  t o  f a c i l i t a t e  p e r i o d i c  

c  lean ing  . 
n o Use o,f d i f f u s i o n  tube f i r i n g  i s  both expensive (energy) and slow 

( d i f f i c u l t  t o  automate).  

3.2.5 Spray-On AR Coat ings 

Spray coa t ing  of  an AR f i l m  has shown good promise a s  a  c o s t  e f f e c t i v e ,  high 

throughput process .  Equipment i s  p r e s e n t l y  a v a i l a b l e  which e x h i b i t s  con- 

t r o l l a b l e  parameters necessary  t o  d e p o s i t  t he se  coa t ings .  However, t h e  most 

p r e c i s e  spray nozz les  and vapor spreaders  p r e s e n t l y  a v a i l a b l e  from the  
a 

equipment manufacturer l im i t ed  our un i formi ty  of  coated f i l m  width t o  314 

inches .  Increas ing  t h e  nozz le  he igh t  normally widens t h e  depos i ted  f i l m  on 

t h e  c e l l ,  bu t  i n  t h i s  ca se ,  f i l m  thickness '  un i formi ty  was compromised. It 

appears  t h a t  a d d i t i o n a l  e f f o r t  i s  r equ i r ed  t o  op t imize  nozz le  and vapor 

spreader  con f igu ra t i on  and design.  

3.3 PROCESS VERIFICATION 

3.3.1 Texture Etching 

The t e x t u r e  e t c h i n g  process  was performed a s  p a r t  o f  t h i s  c o n t r a c t  t o  v e r i f y  

i t s  adequacy t o  meet t he  LSA o b j e c t i v e s ,  and t o  f a b r i c a t e  c e l l s  f o r  use  i n  

e v a l u a t i n g  t h e  r e s t  o f  our process  sequence. . 

The procedure,  a s  suppl ied  f o r  use  i n  process ing  as-sawn wafers ,  c a l l e d  f o r  

a  f l a s h  e t ch  s t e p  c o n s i s t i n g  o f  a  n i t r i c  (HNO ) - hydro f luo r i c  (HF) - a c e t i c  
3  



a ~ i d  ( V O H )  solut ion,  followed by sodium hydroxide (NaOH) t ex tu r iz ing  and 

a n e u t r a l i z i n g  s t e p  of hydrogen peroxide (H202) - s u l f u r i c  a c i d  (H2S04) rinse. 

Ihe f l a s h  e tch  s t e p  was deemed too c o s t l y  t o  meet the  o v e r a l l  PROJECT c o s t  

object ives ,  and was subsequently eliminated without any apparent  de le te r ious  

e f f e c t s  on the  p e r f o r m c e  of t h e  c e l l s .  The procedure used c a l l s  f o r  a  1% 

solu t ion  of  NaOH foliowed by the  H2O2/H2SO4 neu t ra l i z ing  s t e p  and D I  water 

r inses .  Wafers processed by t h i s  modified t ex tu re  e tch  process are t y p i f i e d  

i n  t h e  photomicrograph shown i n  Figure 2. 

Figure 2. SEM Photomicrograph of Typical Texture-Etched <loo> Si l icon 
Wafer Using 1% Solution o f  NaOH 
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The hydrogen peroxide/sulfuric acid neutralizing r inse  has been eliminated 

i n  our projected high volume, high throughput process, a s  we believe t h a t  the  

simpler d i l u t e  H2m4 acid r inse  w i l l  su f f ice  i f  follcwed by m l t i p l e  D I  water 

sprays. The projected process is detai led i n  Quarterly Report No. 2. 

Due t o  the tiw and cost  involved in  repeated process checks by SEM analysis, 

required for  c m ~ t r o l  of t h i s  process, an in- l ine  t e s t e r  was constructed and 

used. This instrumont was constructed a s  a quick reference to  check the re- 
flectance of the  texturized surfaces beins produced and war useful  regardless 

of the taxturizing procers ured. It conr i s t r  of direct ing l i g h t  from a l i g h t  

towar through a hole i n  a black box r t  normal incidmce to the rurface of 

the r i l i con  wafer being msrured.  Light from the i r r ad i r t ed  rurfrce  i r  re- 

f lec ted  t o  s i l i con  photocells m u t e d  on the under rurface of the l%lrck 

box" top, adjacent to  the l i gh t  entrance hole. Short c i r c u i t  current rmarure- 

monte of these photodetectors give r e l a t i ve  reflectance values. For example, 

semi-polished chemically etched wafer surface exhibited approximately 4 tirnos 

the reflectance of the NaOH etched groups. This kind of in-process t e s t i ng  

(reflectance) could be a regular feature  f o r  Q.A. control  of texture- 

etched surfaces and to  serve a s  an adjunct t o  other generally employed c r i -  

t e r i a  such as SEM analysis. In addition, t h i s  type reflectance measuremnt 

m y  l a t e r  be u t i l i z e d  a s  a means for  screeninglcategorizing c e l l s  for  l aser  

anneal, where the reflectance mey influence power se t t ings  on the laser.  

Ce l l s  were fabricated in  iden t ica l  fashion except f o r  the  wafer surface 

f inishes  to  ver i fy  the adequacy of our texture-etched process. One run 

was f l a sh  etched (1b117) and the other texture etched (ij118). The POCL d i f -  

fusion process was used for  junction formt ion  with e lec t ro less  nickel-plated 

solder-coated contacts and evaporated SiO coatings. Both types of c e l l s  ax- 
hibi ted 10% conversion e f f ic ienc ies  with f i l l  factors  of 75% and 67%, re- 

spectively. Figure8 3 and 4 show representative I-V curves from these runs. 



CELL VOC,mV ZSC, MA VMP, mV IMP, MA 
117-1 588 1080 460 1020 
117-2 578 1075 46fd 980 
117-3 584 1100- 480 1020 

VOLTAGE (MV) 

Figure 3. I-V Output for Run No. 117, Cel ls  1, 2, and 3 



CELL V& mV 1%. mh VMP, IWV IMP, IWA 

. . . 

€3 
M A 1. 

3-inch Dia. 'cells 

VOLTAGE GnV) 

Figure 4 .  I-V Output for  Run No. 118, Cells 1, 2, 3 and 4 



3.3.2 Ion Implan ta t ion  

V e r i f i c a t i o n  of  ion implan ta t ion  a s  a  v i a b l e  process  f o r  doping s o l a r  c e l l s  

was accomplished us ing  an ~ x t r . i o n  20-200 ( I n t e r n a t i o n a l  R e c t i f i e r )  and an. 

Acce l e r a t i on ,  Inc.  MP-400 (Lockheed) implanter .  Severa l  runs were i n i t i a l l y  

made us ing  implant energy v a r i a t i o n s  ranging from 25 KeV t o  140 KeV t o  de-  

termine equipment parameter and e f f e c t  on c e l l  performance. The h ighe r  

energy l e v e l  tests were implanted through Si02 t o  l i m i t  ion pene t r a t i on  and 

reduce t h e  e f f e c t  of t h e  bucking d r i f t  f i e l d  e f f e c t  r e s u l t i n g  a t  t he  f r o n t  

s u r f a c e  due t o  t he  Gaussian ion  d i s t r i b u t i o n .  Fluence dosage. l e v e l s  were 

va r i ed  from 1 x  1015 t o  3  x 1015 ions/cm2 f o r  t he  3 1 ~  dopant. Table 1 shows 

some of t he  parameters i n v e s t i g a t e d  dur ing  t h e  i n i t i a l  test phase. 

Some of  t h e  i n i t i a l  ion-implanted ~ e - ~ l s  completed f o r  " f i r s t  look" used t h e  

fo l lowing  sequence: 

o  3-inch diameter  wafer,  t ex ture-e tched  

15 
o  Ion implanted, 50 KeV, 1 x  10 /cm 3 1 ~  

o  Thermal annea l ,  900°c/15 minutes 

o  Screened-on g r i d  resist 
* .  

o E l e c t r o l e s s  n i c k e l  p l a t e  f r o n t  and back 

o  Resist removal 

o  Edge-etch : 

o Solder  d i p  

E l e c t r i c a l  ou tputs  of  two c e l l s  processed us ing  the  above sequence a s  measured 

wi th  a  Spec t ro lab  X-25 So la r  Simulator a r e  shown i n  Figure 5. The c e l l  ou tpu t s  

a s  measured a t  AM0 rep re sen t  7% e f f i c i e n c y  a t  Pmax. This conver t s  t o  approx- 

imately 9% a t  AM1. 



TABLE 1 

WAFER IMPLANTATION PARAMETERS 

Surface 
Condition 

TE, No Oxide 

Imp lan  t e r  

TE, Oxide 

Ekt r ion  
Beam ~ n e r g ~ l ~ o s a g e  (1111 

I 

50 K e V / l  x 10 
15 3 I p  

TE, Oxide 

Acce l e r a t i on  
( m s c )  

X 

! 

125 K e V / l  x 10 
15 3 l P  

125 KeV/l x 10 
15 3 l P  

150 KeV/5 x 10 
14 llB 

Pol. Oxide 

X 

TE, Oxide 

1 140 KeV12 x 10 
15 3 l P  

TE. Oxide 

125 K e ~ / l  x 10 
15 3 l P  

TE, Oxide 

I I Evap. Alum. BSF I 

X 

I 

125 ~ e v / l  x 10 
15 3 l P  

125 Kev/l x 10 
15 31p 

200 Kev/l x 10 
15 llB 

I TE, Oxide 1 2 5  K e ~ l l x  10 
15 3 l P  I I 

X 

I W, Oxide 1 65 K e V / 3  x 10 

TE, No Oxide 

NOTE: A l l  Wafers 3" d iameter ,  1:O:O o r i e n t a t i o n ,  7' Angle Implants  

25 Kev/3 x 10 15 3 l P  
15 llB 

150 Kev/S x 10 

FE, Oxide 

X 

25 K e ~ / l  x 10 
15 3 l P  

Evap. Alum. BSF 
X 



3-inch Dia. Cel ls  

VOLTAGE (mV) 

Figure 5 .  Output Curves for Two Baseline Cells  



It became apparen t  t h a t  implant ing through oxide was n o t  c o s t  e f f e c t i v e  and 

due t o  t h e .  lower p r a c t i c a l  a c c e l e r a t i o n  level o f  ' t h e  MP-400 (=50 KeV) f u r t h e r  

u s e  o f  t h i s  system was d i scont inued .  It was i n  f a c t  ev iden t  t h a t  t h e  lower 

p r a c t i c a l  energy l e v e l  o f  t h e  Ext r ion  20-200 (=25 KeV), whi le  adequate  f o r  

p roces s  v e ~ i f i c a t i o n  s t u d i e s ,  was a l s o  too  h igh  f o r  any p r a c t i c a l  product ion 

o f  s o l a r  c e l l s .  To meet the  goa l s  o f  t h i s  program, a dedica ted  system of  high 

beam c u r r e n t  (510 ma) a t  low a c c e l e r a t i o n  v o l t a g e  (< lo  KeV) i s  requi red .  Even 

a t  t h e  10 KeV l e v e l  t h e r e  i s  some concern regard ing  t h e  bucking d r i f t  f i e l d  

previously 'ment ioned.  One method considered t o  minimize t h i s  e f f e c t  was 

d i s cus sed  i n  Sec t ion  3.2.2. 

A s  a r e s u l t  of t h e  i n i t i a l  tests ,  a l l  runs  made f o r  subsequent p rocess ing ,  

i.e., l a s e r  annea l ,  s c r een  p r i n t i n g ,  and spray-on AR coa t ing ,  were made a t  
15 

25 KeV (our p r a c t i c a l  minimum) and a t  f l uence  l e v e l s  o f  1 x 1015 t o  3 x 10 . 
Resu l t s  of  t he se  a r e  d i scussed  i n  t h e i r  r e s p e c t i v e  s e c t i o n s .  

3.3.3 Laser  Annealing 

In t h e  course  o f  t h i s  i n v e s t i g a t i o n ,  annea l ing  work was c a r r i e d . o u t  w i t h  

lasers made by a v a r i e t y  o f  manufacturers .  The ruby l a s e r s  eva lua ted  were 

made by   or ad and Apollo. Nd:YAG l a s e r s ,  w i t h  and wi thout  a second harmonic 

gene ra to r ,  .were made by Quanta-Ray, Quante 1, Quantronix, ~ ~ ~ / ~ o l o b e a m ,  and 

Raytheon. With t h e  except ion  o f  t he  ~ a ~ t h e o n  l a s e r ,  a l l  o t h e r  l a s e r s  were 

Q-switched' wi th  pu l se  d u r a t i o n  i n  the. 10-250 n s  range. The Raytheon l a s e r  

,.was a convent iona l ly  pulsed system with pu l se  d u r a t i o n s  between .6-5 msec. 

In  e v a l u a t i n g  t h e  ~ a ~ t h e o n  l a s e r ,  i t  became appa ren t  t h a t  t h i s  l a s e r ,  wi th  

i t s  long pu l se  d u r a t i o n  and a 1064 nm wavelength, was inadequate  f o r  t h e  

r equ i r ed  annea l ing  work. The combination of  t h e  s t a t e d  ou tpu t  parameters  

l ed  t o  hea t ing  o f  t he  bu lk  m a t e r i a l ,  w i t h  subsequent c rack ing  o f  t h e  s i l i c o n  

s u b s t r a t e  from t h e  thermal ly  induced stresses. S imi l a r  i n v e s t i g a t i o n s  wi th  

Q-switched l a s e r s  revea led  s a t i s f a c t o r y  performance, w i th  annea l ing  a t t a i n e d  

wi thou t  s u b s t r a t e  damage. 



! 

The Q-switched l a s e r s  eva lua ted  can be d iv ided  i n t o  two ca t ego r i e s .  , 

1. R e p e t i t i v e l y  pulsed,  Q-switched l a s e r s ,  o r  those  whose cont inuous 

wave emission i s  converted i n t o  pu l se s  .by a Q-switch. The 

Qqantronix .and ESI/Holobeam l a s e r  s c r i b e r s l  trimmers f a l l  i n f o  

t h i s  ca tegory  . 
2. Pulsed l a s e r s ,  o r  l a s e r s  t h a t  e m i t  l i g h t  i n  pu l se s  r a t h e r  than con- 

t inuous ly  and where t h e  Q-switch i n c r e a s e s  pu l se  power by shor ten-  

i ng  pu l se  du ra t i on  whi le  keeping t h e  energy cons t an t .  Korad, 

Apollo, Quantel ,  and Quanta-Ray a r e  manufacturers  o f  pulsed l a s e r s .  

Category 1 l a s e r s  a r e  o f  low energy and high pu l se  r e p e t i t i o n  r a t e  (less than 
. . 

a m i l l i j o u l e  i n  t h e  KHz range)  ; whereas, ca tegory  2 l a s e r s  eva lua ted  were 

g e n e r a l l y  of high energy and low r e p e t i t i o n  r a t e  (. 1-5 jou l e s  of  2-5 pu l se s /  

minute) .  

When annea l ing  wi th  l a s e r  sc r ibers / t r i rmners ,  t he  beam was defocused t o  pro-  

v i d e  a spo t  1-5 m i l s  i n  diameter .  To ensu re  complete a r e a  coverage, a 

computer c o n t r o l l e d  s t e p  and r e p e a t  p rocess  was u t i l i z e d  w i t h  approximately 

a 50% t o  80% ove r l ap  from s p o t  t o  spot .  For t h e  high energy l a s e r s ,  a 

computerized X-Y p o s i t i o n i n g  t a b l e  was n o t  a v a i l a b l e ;  however, t h e  l a r g e r  

d iameter  annealed s p o t s  c r e a t e d  by h igh  l a s e r  energy allowed manual repo- 

s i t i o n i n g  o f  t h e  wafer  through u t i l i z a t i o n  o f  a p p r o p r i a t e  micrometer pos i -  

t ion ing  devices .  

Throughout t h i s  i n v e s t i g a t i o n ,  l a s e r  annea l ing  was performed on s i l i c o n  

wafers  c o n s i s t i n g , o f  t ex ture-e tched ,  f l a sh -e t ched ,  and pol i shed  specimens 

which were implanted a t  va r ious  ene rg i e s  (25 KeV - 125 KeV) and f l uence  
2 

l e v e l s  (1  x 1015 ions/cm2 - 3 x 1015 ions/cm ). A f t e r  annea l ing ,  t h e  wafers  

were sub jec t ed  t o  f o u r  p o i n t  probe measurements t o  determine proper  e l e c t r i c a l  

a c t i v a t i o n .  This was followed by e l e c t r i c a l  ou tpu t  t e s t i n g  a t  AM1 f o r  d a t a  

on c e l l  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  . f o r  those  annealed specimens f a b r i c a t e d  

i n t o  sma l l  c e l l s .  



Cons i s t en t ly ,  I - V  ou tpu t s  f o r  l a s e r  annealed tex ture-e tched  c e l l s  were ex- 

tremely low. SEM a n a l y s i s  of  c e l l  s u r f a c e s  revea led  some mel t ing  of  t he  

pyramidal s t r u c t u r e  dur ing  the  l a s e r  annea l ing  opera t ion ,  F igure  6. It was 

concluded t h a t  melt ing caused junc t ion  non-uniformity wi th  subsequent c e l l  

ou tpu t  degradat ion.  Attempts a t  r e so lv ing  t h i s  problem by reducing l a s e r  

pu l se  energy, and f o r  some samples prehea t ing  the  s u b s t r a t a ,  were unsuccess- 

f u l .  . A t  s e t t i n g s  where mel t ing  was minimized, s u f f i c i e n t  s u r f a c e  a c t i v a t i o n  

was no t  a t t a i n e d  a s  i nd ica t ed  by high s h e e t  r e s i s t i v i t y  readings  when t e s t e d  

wi th  a  four  p o i n t  probe system. 

Low I - V  ou,tputs were a l s o  experienced wi th  laser-annealed f lash-e tched  wafers .  

These low ou tpu t s  were expected by v i r t u e  o f  high s h e e t  r e s i s t i v i t y  readings  

(70 Q/sq)  y i e lded  by the  t e s t e d  specimens. High r e s i s t i v i t y  was a t t r i b u t e d  - - 
2 

t o  low ion  implanta t ion  f  luence l e v e l  of  1 x 10'' ions/cm a s  compared t o  
2 

optimized l e v e l  of 2.5 x 10'' - 3 x 10'' ionslcm u t i l i z e d  on pol i shed  and 

tex ture-e tched  wafers  and y i e l d i n g  s h e e t  r e s i s t i v i t i e s  of  1 4 5  S2/sq. 

The f i r a t  phase of  l a s e r  annea l ing  work on pol i shed  wafers  was performed on 
2 

wafers  implanted a t  25 KeV - 2.5 x 10'' ionslcm . Sample c e l l s '  f a b r i c a t e d  from 

t h e  annealed wafer  a r e a s  y i e lded  an output  r ep re sen t ing  7.3% AM1 conversion 

e f f i c i e n c y ,  Figure 7. The c e l l s  were n e i t h e r  s i n t e r e d  nor  AR coated,  con- 

sequent ly  higher  conversion e f f i c i e n c i e s  would have been obta ined  wi th  incorp- 

o r a t i o n  o f  t hese  two techniques i n t o  c e l l  processing.  In  terms of  Isc per  

u n i t  a r e a ,  the  laser-annealed pol i shed  c e l l 8  demonstrated a  f a i r l y  good r e -  

sponse. The 5ma IsC f o r  t h e  .5 x .5 cm s i z e  c e l l  conver t s  t o  a  va lue  of  27 
2 mslcm based on a c t i v e  a r e a  only, d i scount ing  the  ohmic con tac t ing  and .probe  

masking during t e s t .  This compares t o  a  d i f f u s e d  junc t ion  11% e f f i c i e n t  c e l l ,  
2 Figure  8, wi th  an Isc output  of  32 malcm , discount ing  a  7% ohmic con tac t ing  

masking area .  

This  work was followed by a d d i t i o n a l  l a s e r  annea l ing  o f  pol ished wafers  
2 implanted a t  25 KeV, 3 x lo1' ions/cm . Annealing was c a r r i e d  o u t  wi th  a  

Quant ronix  Nd:YAG l a s e r  s c r i b e r ,  Korad ruby l a s e r ,  and ESIIHolobeam Nd:YAG 



Figure 6. SEM photos (2-60- Tilt) of the Surface of a Texture-Etched/Ion 
Iqlanted Silicm Wafer before (A) and after Iaser healing (B) 



.> n .5 cm Cells 

Polished 
Ion Implanted 25 KeV, 2.5x1015 ions/cm 
Laser Annealed with Nd:YAG 
Evap. Ti/Ag Contacts (not sintered) 

20 .. 
AM1 

CELL VOC,aV ISC, aA VMP,aV IMP, aA 

A 493 5.1 320 4.15 
B 498 5.0 320 4.20 

1.0 .. C 478 5.1 320 4.28 

VOLTAGE QV) 

Figure 7. I -V Output for Laser Annealed Solar Cells 

30 



3-inch Dia. Cell  
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1000 .. 

Figure 8.  STD Terrestrial Cell  
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l a s e r  s c r i b e r  and l a s e r  trimmer. The annea led  r e g i o n s  on t h e  w a f e r s  exh ib-  

i t e d  good s h e e t  r e s i s t i v i t y  v a l u e s  - approx imate ly  3 1  Q/sq.  The r e g i o n s  

a l s o  e x h i b i t e d  a c o l o r  change a s s o c i a t e d  w i t h  good a n n e a l i n g .  

At t h e  o n s e t  o f  t h e  second phase  a n n e a l i n g  'work, t h e  ruby l a s e r  was damaged 

b e f o r e  a  l a r g e  enough a r e a  on a wafe r  cou ld  be  a n n e a l e d  t o  a l l o w  test cel l  

f a b r i c a t i o n .  Consequent ly  , t h e  o n l y  c e l l s  made were a n n e a l e d  w i t h  Nd :YAG 

l a s e r s .  At  t h i s  t ime, t h e  c e l l s  were s i n t e r e d  and AR c o a t e d ,  subsequen t ly  

y i e l d i n g  a convers ion  e f f i c i e n c y  o f  up t o  13.25% o r  14.73% i n  terms o f  

a c t i v e  area o n l y  f o r  a 2  x  4 cm cell .  With o p t i m i z a t i o n  o f  l a s e r  a n n e a l i n g  

p a r a m e t e r s ,  t h i s  e f f i c i e n c y  c o u l d  be pushed above 16%. 

Somewhat lower conversAion e f f i c i e n c i e s  were o b t a i n e d  w i t h  t h e  two 3- inch  

d i a m e t e r  cells - 10.4% and 10.7%. . It was f e l t  t h a t  t h e  lower o u t p u t  was 

p a r t i a l l y  due t o  o u r  I - V  test set  up where t h e  r e q u i r e d  t e s t  f i x t u r e s  f o r .  

t h e s e  3 - inch  d i a m e t e r  cel ls  were inadequate .  

I n  a d d i t i o n ,  t h e  c e l l s -  s u i f e r e d  from a f a i r l y  l a r g e  ohmic c o n t a c t  a r e a  which 

s u b s  t a n  t i a  l l y  reduced t h e  a c t i v e  a r e a  of t h e  c e l l  w i t h  subsequen t  r e d u c t i o n  

i n  c e l l  o u t p u t .  I n  terms o f  t h e  a c t i v e  a r e a ,  t h e  e f f i c i e n c y  o f  t h e  two 

c e l l s  c o n v e r t s  t o  approxinia te ly  12%. Obviously ,  h i g h e r  o u t p u t  i s  a n t i c i p a t e d  

w i t h  u t i l i z a t i o n  o f  p roper  f i x t u r e s  f o r  c e l l  e l e c t r i c a l  t e s t i n g .  Tab le  2  

and F i g u r e s  9 through 1 3  summarize t h e  r e s u l t s  o f  t h i s  e f f o r t .  

T o  s t u d y  i m p u r i t y  r e d i s t r i b u t i o n  f o l l o w i n g  l a s e r  and f u r n a c e  a n n e a l i n g ,  a  

number o f  specimes were  s u b j e c t e d  t o  SIMS (Secondary Ion Mass Spectrometry)  

a n a l y s i s .  SIMS a n a l y s i s  was performed u t i l i z i n g  a n  ARL (Applied Research 

L a b o r a t o r i e s )  i o n  microprobe mass a n a l y z e r  (IMMA) i n t e r f a c e d  t o  a  PDP-11 

computer.  F i g u r e s  14 through 16 show t h e  dep th  p r o f i l e s  o b t a i n e d  from 

t h i s  eva l u a  t i o n .  

The s h a r p  peak i n  F i g u r e  14 i s  t y p i c a l  f o r  an  i o n  implanted sample (25 KeV, 
2  3.0 x  1 0 1 5  ionslcm.  ) . The b r o a d e r  p r o f i l e s  i n d i c a t e  phosphorus r e d i s t r i b u -  



TABLE 2 

SUMMARY OF LASER ANNEALING WORK 

25 KeV 
1~10151cm2 

Imp lan  - 
t a  t i o n  
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. ters 

. . 

C e l l  
S i ze  
(cm) 

Ixl 

1 Ixl I Texture / 25 KeV 
W 
W 

Etched 3x 10151crn2 

Wafer 
Surface 

Flash 
Etched 

.5x.5 

25 KeV 
3x10 '~ / cm~ 

Pol ished 

Pol ished 1 25 KeV 
3x10 /cm 

Annea 1 
Energy 
Dens i t y  

4.9 

1x2 

Pulse  
Duration/ 

Pulse  
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R a t e  

25 KeV 
, 2x4. 

140 nsec  
4 KHz 

140 nsec  =q-z- 

Polished 3 ~ 1 0 ~ ~ / c m ~  4 * 7  
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8*6 I I KH. 

95 nsec  
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(mi ls )  

2.9 
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4.0 
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. 
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2.0 

1.5 
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Fac tor  
(%) . 

- 

- 

- 

76 
74 . 
66 

I I Scr ibe r  I 

C e  11 
Conversion 
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- 

- .  

- 

. 

- 

1.5 . 

1.0 

Sheet 
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t i v i t y  
(Q/sq) 

70 

41 . , 

38 

. 
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13.0-14.73 
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, .  

31-35 

.5 

. 
, 

Laser 
5 p e  

Quantronix 
Nd :YAG 
Sc r ibe r  

Quan t r o n i x  
Nd:YAG 

. Scr ibe r  

Quan t ron  ix 
Nd:YAG 
Sc r ibe r  

. C e l l  
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E f f i c i e n c y .  

(%I 

Low 

Low 

- .  

.7.3 

Quan t ron ix  
Nd:YAG 
Sc r ibe r  

31 

10.88212.91 
11.71-13..25 
10.4/10.7 

ESI/ 10.1 11.2 
Holobeam 
Nd :YAG 
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Figure 10. I - V  Curve for a 2 x 4 cm Cel l  Annealed with a Quantronix Nd:YAG 
Laser Scriber 
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1 NOTE : The p o i n t  where t h e  p r o f i l e -  begins  t o  13yel  o f f  s i g n i f i e s  t h e  l i m i t  
o f  equipment s e n s i t i v i t y  i n  d i sce rn ing  P+ a s  opposed t o  30siH+ 

0 I 
5: 11 ! 2 !3 I. 4 

DEPTH @m) 

pinure  14. P r o f i l e s  of t h e  D i s t r i b u t i o n  o f  Phosphorus Atoms i n  a Polished S i l i c o n  Wafer - 
2 

(1) - A s  Implanted 3 x 1015 ions/cm , 25 KeV 
(2) - Ruby Laser Annealed - Korad 
(3) 08 Nd :YAG laser Annealed - Quantronix 
(4) A A N ~ : Y A G  Laser Annealed - Holobeam 



Figure 15. P r o f i l e s  o f  the Distr ibut ion o f  Phosphorus Atoms i n  a Flash-Etched S i l i c o n  Wafer 
15 2 (1)  - As Implanted, 2.5 x 10 . ions/cm , 10 KeV 

(2) @o Furnace Annealed - 900°c/50 minutes 
(3) A A  Laser Annealed - Holobeam Nd :YAG 



NOTE: The p o i n t  where t h e  p r o f i l e  beg ins  t o  l e v e l  o f f  ' s i g n i f i e s  t h e  l i m i t  
o f  equipment s e n s i t i v i t y  i n  d i s c e r n i n g  3 1 ~ +  ?s opposed ~ O . ~ ~ S ~ H +  

DEPTH +m) 

H g u r e  16. P r o f i l e s  o f  t h e  D i s t r i b u t i o n  o f  Phosphorus Atoms i n  a Texture-Etched S i l i c o n  Wafer 
2 

(1) - As Implanted,  3.0 x 1015 ions/cm , 10 KeV 
(2) ea Furnace Annealed - 900°c/50 minutes 
(3) A Laser  Annealed - Ko! &earn Nd :YAG 



t i o n  brought  abou t  by l a s e r  annea l ing .  A l l  f o u r  p r o f i l e s  were f o r  phosphorus 

implan t s  i n t o  a p o l i s h e d  s i l i c o n  wafer.  

The t h r e e  l a s e r  annealed p r o f i l e s  r e f l e c t  impur i ty  r e d i s t r i b u t i o n  a s s d c i a t e d  

w i t h  annea l ing  w i t h  v a r i o u s  l a s e r s .  P r o f i l e  2 appears  t o  be  i d e a l ,  be ing  t h e  

c l o s e s t  t o  a  f l a t  top  d i s t r i b u t i o n .  Th is  p r o f i l e  was a t t a i n e d  through anneal-  

i n g  w i t h  a  Korad ruby l a s e r  w i t h  p u l s e  d u r a t i o n  o f  approximately  20 nsec .  

P r o f i l e s  3 and 4  were ob ta ined  through a n n e a l i n g  w i t h  Quant ron ix  and ESI/ 

Holobeam Nd:YAG l a s e r  systems, r e s p e c t i v e l y .  A number o f  mechanisms were 

r e s p o n s i b l e  f o r  t h e  f a c t  t h a t  impur i ty  r e d i s t r i b u t i o n  p r o f i l e  w i t h  t h e  Nd:YAG 

l a s e r s  was n o t  a s ,  f l a t  as w i t h  t h e  ruby l a s e r .  The 1064 nm wavelength o f  

t h e  YAG - l a s e r s  e x h i b i t s  deeper  p e n e t r a t i o n  i n t o  t h e  s i l i c o n  w i t h  subsequent  

lower temperatures  i n  implanted s u r f a c e  ' l a y e r s .  This  c o n d i t i o n  l e a d s  t o  a  

s lower  and sha l lower  p r o g r e s s i o n  o f  t h e  mel t  f r o n t  and consequent ly  o f  t h e  

impur i ty  atoms a s  i n d i c a t e d  by t h e  h igher  impur i ty  peaks n e a r  t h e  s u r f a c e  o f  

t h e  Nd:YAG-annealed samples a s  compared t o  ruby-annealed samples. 

For a l l  t h r e e  samples, t h e  i m p u r i t i e s  d i f f u s e  t o  a dep th  .of .aboGt . 3  pm. 

For t h e  Nd:YAG l a s e r s ,  t h i s  i s  accomplished by h i g h e r  energy d e n s i t i e s  and 
2 u t i l i z i n g  long p u l s e  d u r a t i o n s  (4.8 joules /cm , 95 n s e c  f o r  Quant ron ix  and 

2  
8.6 joules/cm , 115 n s e c  f o r  Holobeam). Also,  s i n c e  s t e p  and r e p e a t  pro- 

c e s s  w i t h  an o v e r l a p  i s  u t i l i z e d ,  some r e g i o n s  on t h e  wafer  are exposed t o  

t h e  l a s e r  p u l s e  s e v e r a l  t imes  r e s u l t i n g  i n  a d d i t i o n a l  movement o f  t h e  

i m p u r i t i e s .  

It was p r e v i o u s l y  r e p o r t e d  2'4) t h a t  fo l lowing  laser a n n e a l i n g ,  t h e  impur i ty  

c o n c e n t r a t i o n  i n  t h e  n e a r  s u r f a c e  reg ion ,  a s  r e v e a l e d  by SIMS a n a l y s i s ,  

was subs  t a n t i a l l y  inc reased .  Th is  phenomenon was n o t  c o n s i s t e n t l y  ob- 

s e r v e d  i n  our t e s t e d  samples.  It is important  t o  n o t e  t h a t  some i n s t a -  

b i l i t y  i n  the  s p u t t e r i n g  a c t i o n  o f  t h e  primary beam o f  t h e  IMMA f o r  up t o  
0 

t h e  f i r s t  200A on some samples was observed,  i .e . ,  i n s t a b i l i t y  occur red  u n t i l  



a c r a t e r  of  s u f f i c i e n t  .depth was c r e a t e d  t o  s t a b i l i z e  t he  primary beam. This  

r ende r s  t h e  p r o f i l e  depth d i s t r i b u t i o n  d a t a  nea r  t h e  s u r f a c e  a s  somewhat 

ques t i onab le .  The i n s t a b i l i t y  can be  e l imina ted  wi th  adequate  p repa ra t i on  of 

t h e  samples, such a s  depos i t i on  of a  t h i n  l a y e r  of  gold o n . t h e  su r f ace .  Beam 

i n s t a b i l i t y  would then be r e s t r i c t e d  t o  t h e  gold l a y e r  consequent ly  y i e l d i n g  

an improved phosphorus p r o f i l e .  It i s  recommended t h a t  a d d i t i o n a l  eva lua t ions  

be c a r r i e d  o u t  i n  t h i s  a r ea .  

Figure 15 shows t h e  impuri ty  p r o f i l e s  f o r  f l a sh -e t ched  wafers.  The implanted 

wafers  ,were suppl ied  by JPL t o  LMSC. The wafers  were implanted a t  10 KeV, 
2 

2.5 x 1015 ions/cm , 10 '  t i l t .  P r o f i l e  1 i s  a s  implanted, whereas P r o f i l e s  2 

and 3 a r e  furnace  and l a s e r  annealed,  r e spec t ive ly .  Furnace annea l ing  was 

c a r r i e d .  o u t  a t  9 0 0 ' ~  f o r  50 minutes.  Considerable  impur i ty  mvement i s  e v i -  

den t  on t h e  furnace  annealed sample. However, t h e  d i s t r i b u t i o n ' i s  such t h a t  

a  f a i r l y  sharp  peak i s  s t i l l  m i n t a i n e d  wi th  a  r a p i d  impuri ty  concen t r a t i on  

drop through a  depth of .approximate ly  .4 pm. The l a s e r  annealed samples were 

aga in  annealed wi th  an ~ ~ ~ / ~ o l o b e a m  l a s e r  system. I n  annea l ing  t h e  samples, 

t h e  prime requirement was provid ing  JPL wi th  12 laser -annea led  3-inch diameter  

wafers .  To, exped i t e  t h i s  job w i th in  t he  time . that  t h e  s u b j e c t  l a s e r s  were 

a v a i l a b l e ,  annea l  l a s e r .  s e t t i n g s  had t o  .be m d i f  i e d  from what was considered 

optimum i n  o rde r  t o  a t t a i n  wafer annea l ing  wi th in  a  reasonable  t ime per iod.  

To do t h i s ,  pu l se  r e p e t i t i o n  r a t e  was increased  from 1 KHz t o  12 KHz, and 

power ou tpu t  o f  t he  l a s e r  was increased  correspondingly u n t i l  annea l ing  was 

achieved.  Increase  i n  t he , above  mentioned parameters  a l s o  caused an i n c r e a s e .  

i n  pu l se  durat , ion t o  250 nsec. This  i s  n o t  an  o p t i o n a l  s e l e c t i o n  b u t  r a t h e r  

one t h a t  au toma t i ca l l y  &curs  wi th  changes i n  power and frequency f o r  l a s e r  

sc r ibers / t r immers .  Pulse  d u r a t i o n  i n c r e a s e  a l s o  r e q u i r e d . a n  i n c r e a s e  i n  
2 energy d e n s i t y  from approximately 8.6 joules/cm2 t o  17 joules/cm . It was n o t  

a n t i c i p a t e d  a t  t h e  time t h e  changes were made t h a t  t he se  changes would have a  

profound e f f e c t  on t h e  impuri ty  p r o f i l e .  In f a c t ,  a s  l a t e r  r e a l i z e d ,  t h e  

high energy dens i ty /h igh  du ra t i on  pu l se s  coupled t o  mu l t i p l e  a c t i v a t i o n  o f  

t h e  same a r e a  caused c r e a t i o n  of  a  very  deep junc t ion  - approximately 1.1 pm, 

a s  i nd i ca t ed  by P r o f i l e  3 .  This cond i t i on  i s  obviously n o t  d e s i r a b l e  and 



consequent ly an apprec i ab le  decrease  in  e f f i c i e n c y  can be expected ou t  o f  t he  

c e l l s  made from these  wafers.  

The backs ide  of t h e  JPL suppl ied  wafers  were boron implanted a t  25 KeV, , 

2 
5 x 1015 ions/cm . This was followed by furnace annea l ing  a t :  

5 5 0 ' ~  - 2 hours N atmosphere . 2  
850°C - 15 minutes 

550°C - 2 hours 

It i s  our  opinion t h a t  t he  performance of  c e l l s  made from the  s u b j e c t  wafers  

may be compromised i n  view of  bulk s i l i c o n  d i s l o c a t i o n s  introduced by the  

above furnace  annea l ing  temperatures.  D i s loca t ions  w i l l  be  removed i n  t h e  

imp fan t ed  l aye r  through l a s e r  annea l ing;  however, i n  the  bulk  ma te r i a l ,  the  

d i s l o c a t i o n s  w i l l  remain. A s  p rev ious ly  d iscussed , .  t h i s  leads  t o  decrease  i n  

t he  minor i ty  c a r r i e r  l i f e t i m e  wi th  subsequent .decrease  i n  c e l l  e f f i c i e n c y .  

The l a s e r  annealed wafers  have been de l ive red  t o  JPL f o r  subsequent f a b r i c a -  

t i o n  i n t o  s o l a r  c e l l s  followed by requi red  e l e c t r i c a l  t e s t i n g .  

Figure 16 shows impuri ty  p r o f i l e s  f o r  tex ture-e tched  c e l l s  implanted a t  25 
2 

KeV, 3 x 1015 ionslcm . The as-implanted peak i s  lower than what has been 

observed f o r  pol ished and f lash-e tched  wafers.  This i s  understandable i n  

view of  cons iderable  i nc rease  i n  . a c t i v e  s u r f a c e  a r e a  . i n  a t ex tu red  c e l l  

brought  about  by t h e  pyramidal s u r f a c e  s t r u c t u r e .  This cons iderably  lowers 

t h e  e ' f f ec t ive  impuri ty  concen t r a t ion  d e n s i t y  which i s  r e f l e c t e d  i n  P r o f i l e  1. 

P r o f i l e s  2 and 3 a r e  furnace annealed and l a s e r  annealed wi th  parameters 

i d e n t i c a l  t o  those u t i l i z e d  f o r ,  f  lash-etched wafers.  Again, an extremely 

broad d i s t r i b u t i o n  was obta ined  f o r  P r o f i l e  3, the  laser-annealed sample. 

The p r o f i l e  was obta ined  t o  a depth o f  approximately .5 pm s i n c e  time d i d  n o t  

a l l ow pursuing t h i s  t o  i t s  f u l l  depth which i d  probably s i m i l a r  t o  t he  f l a s h -  

e tched  sample. The furnace-annealed sample i s  a l s o  s i m i l a r  t o  t he  one obta ined  

f o r  f lash-e tched  wafers ,  except  it lacks  the  high peak due t o  lower impuri ty  

concen t r a t ion  dens i ty  i n  the  tex ture-e tched  su r f ace .  



The margin of  e r r o r  i n  a l l  o f  t h e  p r o f i l e s  becomes g r e a t e r  a s  t h e  d i s t a n c e  

from t h e  peak c e n t e r  p o i n t  i nc reases .  The l e v e l  where t he  31P+ p r o f i l e  appears  

t o  reach  a s t a b l e  minimum i s  probably brought about  by c o n t r i b u t i o n s  from 

'OS~H'. The presence of  t h i s  c o n s t i t u t e s  a l i m i t i n g  f a c t o r  i n  t h e  equipment 

d e t e c t i o n  s e n s i t i v i t y .  Never the less ,  genera ted  p r o f i l e s  a r e  i n d i c a t i v e  o f  

e f f e c t s  t h a t  annea l ing  has  on implanted wafers .  

I 3.3.4 Screen P r in t ed  Contacts  

A P rec i s ion  Systems Company, Model 150, semi-automatic s c r een  p r i n t e r  was used 

i n  conjunc t ion  w i t h  325 mesh s t a i n l e s s  s t e e l  s c r eens  t o  d e p o s i t  s i l v e r  and 

s i l v e r l A 1  o r  s i l v e r l ~  conduct ive pas t e s .  -Two f r o n t  g r i d  and t h r e e  back con- 

t a c t  p a s t e s  were eva lua ted  f o r  sc reen  p r i n t i n g  and f i r i n g .  They were DuPont 

7095 s i l v e r  f o r  f r o n t  and 7095 + 2% aluminum and 4021 (Ag+B) f o r  t h e  back 

and Owens- I l l ino is  6105 ( s i l v e r  and phosphorus) f o r  f r o n t  and 6109 ( s i l v e r  

and aluminum) f o r  t h e  back. 

A l l  p a s t e s  screened adequate ly  and no problems were encountered i n  s c r e u t i n g  

t h e  .005-inch conductors  i n  t he  g r i d  des ign  us ing  our  s tandard  sc , reening 

processes .  Fu r the r  v e r i f i c a t i o n  o f  t h i s  process  technique f o r  depos i t i ng  

conductors  i s  n o t  cons idered  necessary ,  s i n c e  adequate  equipment i s  now a v a i l -  

a b l e  t o  meet t h e  program goa ls .  Such r e s e r v a t i o n s  a s  e x i s t ,  concern only 

t h e  composition o f  t he  pas t e s ,  t h e i r  c o s t  and the  proper  f i r i n g  schedule  f o r  

such p a s t e s  a s  a r e  even tua l ly  s e l e c t e d .  These r e s e r v a t i o n s  a r e  d e l i n e a t e d  i n  

t h e  fol lowing f i r i n g  d i s cus s ion .  

Some time has  been expended , in  an e f f o r t  t o  compare f i r i n g  techniques o f  

screened-on con tac t s .  B e l t  fu rnace  f i r i n g  u s ing  p r e s e n t l y  a v a i l a b l e  equip-  

ment was considered t o  be  a c o s t  e f f e c t i v e  technique e a s i l y  automated, i f  

p r a c t i c a l .  Thie technique was compared t o  d i f f u s i o n  tube f i r i n g .  

Titanium e i l v e r  (Ti-Ag) evaporated c o n t a c t s  were ueed a e  a c o n t r o l .  . ,  



1. Cont ro l  c e l l s  - For c o n t r o l  purposes,  c e l l s  s i m i l a r l y  processed a s  those  

f o r  t he  screen  p r i n t e d  ohmic con tac t  eva lua t ion  were used except  t h a t  t h e  

c o n t a c t s  were formed by vacuum evaporat ion of  Ti-Ag. Wafer s u r f a c e s  

were f lash-e tched  wi th  junc t ions  formed by POCL3 d i f f u s i o n .  Ti-Ag con- 

t a c t s  were depos i ted  us ing  s tandard  p o s i t i v e  p h o t o r e s i s t  and evapora t ion  

techniques. The T i  was evaporated t o  a  th ickness  o f  200-400; and the  
0 

Ag then depos i ted  t o  a  th ickness  o f  lOOOA wi thout  breaking vacuum and 
0 

s i n t e r e d .  The Ag was then e l e c t r o p l a t e d  t o  a  th ickness  of  = 10,000A t o  

a s s u r e  adequate  c u r r e n t  ca r ry ing  capac i ty .  

2. B e l t  furnace f i r i n g  - A BTU Engineering, Model VIQ-41-4-36 CRD-41, four-  

zone, d i g i t a l  c o n t r o l  b e l t  furnace  was used f o r  t h i s  t e s t .  Tes t  c e l l s  

were screened the  same f o r  bo th  b e l t  and d i f f u s i o n  tube f i r i n g .  Fronts  

and backs were f i r e d  both  s e p a r a t e l y  and toge ther .  A t y p i c a l  p r o f i l e  i s  

shown i n  F igure  17. Due t o  t he  l imi t ed  n a t u r e  o f  t h i s  i n v e s t i g a t i o n ,  no 

f i n a l -  conclusions w i l l  be drawn, al though it i s  apparent  t h a t  w i t h i n  t h e  

scope of t h i s  i n v e s t i g a t i o n ,  b e l t  furnace f i r i n g  i s  n o t  adequate  f o r  t h e  

p a s t e s  evaluated.  It i s  recommended t h a t  i f  f u r t h e r  i n v e s t i g a t i o n  i s  

contemp l a  ted,  equipment modi f ica t ion  (or  new equipment) inc luding  a  high 

speed b e l t  = 20 incheslminute and a  q u a r t z .  furnace  l i n e r  be 'considered, 

3. Di f fus ion  tube f i r i n g  - A Thermco ~ r u t e ,  four- inch,  d i g i t a l  c o n t r o l l e d  

furnace  was used f o r  t h i s  t e s t .  I n i t i a l  r e s u l t s  us ing  d a t a  publ ished i n  

o t h e r  r e p o r t s  (45 seconds @ 9 5 0 ' ~ )  r e s u l t e d  i n  gene ra l ly  poor r e s u l t s  due 

t o  f i r i n g  schedule o r  p a s t e  problems o r  perhaps both. Through consul ta -  

t i o n  and coopera t ion  wi th  Spectro-Lab, who had repor ted  good r e s u l t s  wi th  

d i f f u s i o n  tube f i r i n g ,  t he  time and temperature w a s  modified t o  20 seconds 

@ 6 9 0 ' ~  wi th  improved r e s u l t s .  Again, due t o  t h e  l imi t ed  scope o f  t h i s  

i n v e s t i g a t i o n ,  t hese  improved r e s u l t s  have n o t  been f u r t h e r  pursued nor  

optimized s i n c e  they were deemed adequate  f o r  producing c e l l s  f o r  subse- 

quent  AR-coating t e s t s .  It should be pointed o u t  t h a t  a new l o t  o f  s i l v e r  

p a s t e  of t h e  same type (7095) r i r s t  used was u t i l i z e d  i n  t he  l a t t e r  t e s t s .  

. None of  t h e  p a s t e s  performed s a t i s f a c t o r i l y ,  a l though t h e  610516109 combination 

when f i r e d  according t o  t he  manufacturer 's  schedule gave c o n s i s t e n t l y  b e t t e r  - .  

r e s u l t s  than t h e  7095 (7095iAl) o r  70951402 1 comb i n a t i o n ,  
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F i l l  factors for  the 610516109 combination averaged 52.6, while for  the 

7095/7095tA1, the average was only 26.8, This compares to  65.7 f o r  the 

control  standard. 

It i s  obvious from these resu l t s  that  considerable work must be done on 

both pastes and f i r i ng  schedules before t h i s  process is satisfactory.  Since 

the process is highly automatable and thus, has a high appeal (and probability> 

for  meeting the goals of t h i s  PROJECT, it is recommended that th i s  develop- 

ment work continue. 

3.3.5 Sprav-On AR Coating 

Spray coating experimentation was performed using a Zicon Autocoater, Model 

10000, manufactured by Zicon Corporation, Mount Vernon, New York. The spray 

gun i s  mounted overhead within the spray chamber, with the spray directed 

downward. The spray gun i s  automatically traversed, f ront  to back, over a 

distance of 17" with a traverse speed variable up to  approximately 20 inches1 

second, continuously adjustable. A work table with automatic incremental 

indexing mnres the work re la t ive  t o  the spray gun a distance of,22 inches. 

The standard spray nozzles and vapor spreadera on th i s  equipment a8  supplied 

by Zicon a re  configured to  deliver a fan-shaped stream of spray on the part. 

Ffgure 18 shows a photo of the Zicon equipment used for  t h i s  evaluation. 

There a r e  two companion modules which are  normally positioned on each s ide  

of the spray modules for  in-l ine processing; however, since the primary 

objective of t h i s  e f fo r t  was to  check sprayabil i ty of AR coatings re la t ive  

t o  thickness and uniformity character is t ics ,  only the spray module was 

insta l led and ut i l ized.  From this ,  extrapolation into  a fu l ly  automated, 

high volume process was made and reported in Quarterly Report No. 3. 

The tantalum pentoxide coating was of primary in t e r e s t  for  our spray process 

evaluation. Accordingly, two tantalum solutions were formulated and supplied 

by Allied Chemicals, ident i f ied as  Nos. 201 and 482. The solutions a r e  low 

viscosi ty  and low solids systems. The 201 was formlated for  spray-on and 



Figure 18. Zicon 10,000 Autocoater - Spray Module ,l- 
Ed 



and the 482 for  spin-on. Measured v i scos i t i e s  of the solutions were 2.20 cs  

for  the 201 and 1.96 c s  for  the 482, both a t  24OC. 

After spraying, the Ta solution i s  dr ied a t  175'C for  2 t o  5 minutes to drive 

o f f  the  solvents. Firing in an a i r  conveyor furnace a t  approxim3tely 500°C 

for  2 minutes a t  temperature converts the f i lm t o  Ta205. Extent of drying/ 

f i r i n g  temperatures would be governed by trade-offs between c e l l  performance 

and cos t  impact. 

I n i t i a l  spraying of the Allied Chemical Ta solutions was performed on polished 

wafer surfaces using the autocoater. Thickness measurements made using a 

Gaertner Sc ien t i f ic  L117 Ellipsometer resul ted in coatings on the 3-inch 

diameter wafers ranging from 50011 t o  1200i. Later work resulted i n  improved 

uniformity on a 3/4" width band of 11001 t o  12401 on chemically-polished 

cel ls . .  Machine se t t i ngs  f o r  these polished c e l l s  were a s  follows: 

o Number passes 1 

o Travel r a t e  22 inches/second 

o Nozzle height 4.25 inches 

o Orif ice  s i z e  9 mils diameter 

o Cup pressure 2 psi ,  N2 

o Nozzle pressure 40 psi ,  N2 

To assess  the transmittance q u a l i t i e s  of the Ta solutions,  they were sprayed 

on micro s l i des  using the machine se t t ings  noted above. Representative 

transmittance IT) and reflectance (R) curves of glass-coated specimens a r e  

sho~m in Figures 19 through 21. The Ta solutions were applied in the same 

manner a s  for those polished s i l i con  wafers used for  thickness measurements. 

A Cary 14 Spectrophotometer was used for  these plots.  Transmittance and 

reflectance values (from graphs) a t  a .6p wavelength a r e  shown a s  follows: 









A .6u 

Speciwn Transmittance Reflectance 

8 m i l  thick glass  ( ref)  90% 10% 

if201, Baked 175'C 89% 11.5% 

#201, Fired 500°C 84% 18% 

1f482, ~ a k e d  17S°C 87% 19% 

#482, Fired 500°C 85% 16.5% 

The significance of these T and R values i s  that  they show acceptsble values 

with the low transmission losses a f t e r  subtracting the plain glaes T value. 

Reflectance wasurements were a l so  made on a 2 x 4 cm chem-polished s i l i con  

c e l l ,  before and a f t e r  spray coated with the 201 platerial. Figure 22 

shows these curves. As can be seen, the reflectance a t  .6p wavelength, un- 

coated i s  32%, coated is 7%. representing a s ignif icant  improvement. 

Some i n i t i a l  experimentation was performed to  determine e l ec t r i ca l  output 
, 

ef fec t s  of these tantalum solutions. Space c e l l s  2 x 4 cm i n  s ize  with chem- 

polished surfaces were used. The c e l l s  as-received have an SiO coating. 

Output measurements were made in the as-received condition, followed by s t r i p -  

ping of the SiO with buffered HF, retested, coated with the tantalum solutions, 

and again retested. Coating with the tantalum solution was performed by both 

spinning and spraying. Spinning is a proven process and over t h i s  small area, 

good thickness uniformity was assured for  comparison with the spray-on tech- 

nique. Tables 3 and 4 show the resu l t s  of th i s  experimentation for  spin-on 

and spray-on, respectively. 

Reasonably good uniformity was attained on the sprayed specimens a s  evidenced 

by the l igh t  blue coloring across the c e l l  area. The as-sprayed values a s  

shown i n  Table 4 ranged from 1% to 6% lower than the as-received SiO. This 

could be a t t r ibu tab le  to the index of refraction differences between SiO and 

TaO . 





TABLE 3 

SPUN-ON Ta SOLUTIONS 

Specimen: 2 x 4 cm Space Cells  with Sf0 Coat, Chem Polished 

Process Parameters: 2000 rpm/lO sec 

TABLE 4 

Output ISC (ma) 
Specimen Ta 

SPRAY-ON Ta SOLUTIONS 

No. Solution As Received After SiO St r ip  

AR 1 20 1 273 212 
AR 2 20 1 267 207 
AR 10 482 270 213 
AR 13 482 269 199 

Specimen: 2 x 4 cm Space Cells with SiO Coat, Chem Polished 

After Coated 

245 
265 
265 
236 

Process Parameters: Zicon Autocoater, 1 pass,.22 incherl/second 
t ravel ,  4.25 inches nozzle Bt,  9 m i l  o r i f i ce ,  
2 p s i  source, 40 ps i  nozzle (both N2), baked 
17S°C/2 minutes 

X Increase 
From Bare 

C e l l  

27 
15 
21 
17 
17 
23 
25 
29 
30 
31 
24 

Output Is, (ma) 
Specimen Ta 

No. Solution As-Received After SiO St r ip  

SPR 1 482 286 2 15 
SPR 2 482 273 223 
SPR 3 482 275 2 14 
SPR 4 482 272 22 1 
SPR 5 482 280 224 
SPR 6 201 283 2 16 
SPR 7 20 1 283 2 19 
SPR 8 201 277 207 
SPR 9 20 1 290 220 
SPR 10 201 295 222 
SPR 11 201 278 219 

- 

After Coated 

274 
257 
258 
259 
262 
266 
274 
26 8 
287 
292 
271 



Attempts t o  i n c r e a s e  t h e  e f f e c t i v e  spray  p a t t e r n  t o  a  uniform, one pass ,  3- 

inch width proved unsuccess fu l .  Width o f  spray  p a t t e r n  i s  g e n e r a l l y  governed 

by t h e  d i s t a n c e  of  t h e  nozz l e  from t h e  p a r t .  Ea r ly  exper imenta t ion  i n  vary-  

i ng  t h e  equipment parameters  s u c h , a s  nozz le  h e i g h t  and pressure ,  showed b e s t  
0 

r e s u l t s  (most uniform in '  t h e  ~CIOOA range th i cknes s )  t o  be  l im i t ed  t o  a  3/4" 

w i d t h  band. This ,  then,  necess i . t a ted  m u l t i p l e  pas se s  t o  c o s t  t he  3- inch 

d iameter  c e l l s .  ~ i n a l  s e t t i n g s  f o r  t he  3- inch cells  c o n s i s t e d  o f :  

o  No. work indexing 4 

o Table index d ' i s tance  1.5 inches  

o 'NO.  sp ray  pass l lndex  1 

o Trave l  r a t e  16 inches/second 

o - Nozzle he igh t  4.25 inches 

o O r i f i c e  s i z e  9 m i l s  d iameter  

o  Cup p re s su re  

o Nozzle p re s su re  

2 p s i ,  N2 

40 p s i ,  N2 

Spray p a t t e r n  used on t h e s e  ,3-inch c e i l s  i s  i l l u s t r a t e d  i n  t he  fo l lowing  

diagram. 

Pass  4  Pass 3  Pass 2 Pass 1 OPERATION SEQUENCE : . . 

. S t a r t  

Table Index 1'.5 inches  

i . .  Pass 1 

Index 1.5 . inches  

. . Pass 2 

I Index 1.5 inches  

I Pass 3 

I Index 1.5 inches  

I Pass 4 

I Stop 

. . IG Traverse , 

5 p  i c a  1 



Resu l t s  o f  spray coated 3-inch diameter c e l l s  a r e  shown i n  Table 5. 

TABLE 5 

SPR4Y-ON Ta SOLUTION ELECTRICAL OUTPUT EFFECTS - BEFORE AND AFTER 

C e l l  Size:  3 diameter  

Process Parameters : Zicon Autocoater 
No. Indexing 4 
S ingle  Spray ~ a s s / I n d e x  
O r i f i c e  S i ze  9 m i l s  
Nozzle Height 4.25 inches 
Rate 16 inches/second 
Spray Ma t e r  i a  1 A l l i e d  Chem {I201 

Published da t a  i n d i c a t e s  a r e f l e c t a n c e  % of  -10% f o r  tex ture-e tched  s i l i -  

con c e l l  su r f aces .  A f t e r  A R  coated,  t h i s  r e f l e c t a n c e  va lue  i s  reduced t o  - 3%, an absorp t ion  improvement of >7%. Rela t ing  t h i s  7% value  t o  increased  

c e l l  ou tput ,  i t  compares favorably  wi th  be fo re  and a f t e r  r e s u l t s  of  t ex tu re -  

. e tched  c e l l s  shown i n  the  above t ab l e .  

("P.A. I l e s ,  Jou rna l  of Vacuum Sciences Technology, Volume 14, No. 5, 
Sept./Oct. 1977 

A% 

+19 
+11 
+ 6 

+18 
+19 
+20 

+ 6 
+ 7 
+ 7 

C e l l  No. 

130 C-21' 
-22 
- 23 

117 -3 - 4 
-5 

118 -1 
- 2 
-3 

1 (A) 

Surface 
F in ish  

Flash Etched 
" 1 1  

1 1  1 1  . 

I I 1 1  

1 1  1 1  

I 1  I 1  

Texture 
1 1  I t  

1 1  1 1  

s C 

Before 
Spray Coat 

.935 

.958 

.924 

-869 
.862 
-85 1 

1.121 
1.123 
1.121 

Contacts  

Sc - Pr 
I  I  

1  I  

E l e c t r o l e s s  N i  
1 1  I 1  

I 1  I  I  

E t c h E l e c t r o l e s s  N i  
I 1  I  I  

I 1  I 1  

Af t e r  
Spray Coat 

1.108 
1.051 

.978 
. I 

1.028 
1.030 
1.024 

1.192' 
1.204 
1.200 



It i s ' f e l t  t h a t  wi th  opt imized nozz le  and vapor sp reade r  des ign  and dimensional  

t o l e r anc ing ,  improved performance can b e .  a t t a i n e d  w.ith t h i s  equipment. B e t t e r  

c o n c e n t r i c i t y  o f  nozz l e  and vapor spreader  p a r t s  can improve r e p e a t a b i l i t y .  

However, t h e  f a c t  t h a t  reasonable  un i formi ty  was a t t a i n e d  wi th  t h e  "as is" 

equipment lends credence t o  t h e  merits o f  t h i s  spray  technique. 

3.4  HIGH VOLUME' PRODUCTION PLAN 

The s p e c i f i c  sequence o f  s o l a r  c e l l  manufacturing processes  which was t h e  

s u b j e c t  of  l abo ra to ry  s tudy  i n  t h i s  c o n t r a c t  per iod  have been i n d i v i d u a l l y  

e x t r a p o l a t e d  t o  t h e  l e v e l  o f  h igh  production, p rocess  and equipment concept 

d e f i n i t i o n s .  That work has  been p rev ious ly  r ,eported i n  t h e  q u a r t e r l i e s .  This  

sequence of  high product ion processes  has  now been i n t e g r a t e d  i n t o  a  pre l iminary  

p lan  f o r  a  s o l a r  c e l l  manufacturing l i n e  and i s  presen ted  i n  t h i s  f i n a l  r e p o r t .  

The LMSC approach t o  high product ion planning f avo r s  m u l t i p l e  p a r a l l e l  pro- 

duc t ion  l i n e s  r a t h e r  than a  s i n g l e  very  high throughput system. The r a t i o n a l e  

f o r  t h i s  choice  i nc ludes  s e v e r a l  f a c t o r s :  t h e  system can be  proven i n  t h e  f i r s t  

i n s t a l l a t i o n  which serves a s  a  p i l o t  l i n e ;  a d d i t i o n a l  l i n e s  c a n . r e f l e c t  i n -  

cremental  p rocess  improvements; shutdown o f  a  process  s t e p  i n  any one l i n e  

does n o t  impact t h e  o t h e r  product ion l i n e s ;  shutdown o f  d i f f e r e n t  p rocess  

s t e p s  on a d j a c e n t  lines can be  accommodated by c r o s s - t r a n s f e r  of  p a r t s  i n  

process  so  t h a t  t h e  n e t  r e s u l t  i s  t h a t  of  one l i n e  s topped;  a  g r e a t e r  degree 

o f  f l e x i b i l i t y  i s  a t t a i n e d  i n  t h e  es tab l i shment  o f  f a c t o r y  product ion  capa- 

b i l i t y ;  and f i n a l l y ,  t h i s  arrangement f a c i l i t a t e s  a h i e r a r c h a l  computer con- 

t r o l  system f o r  automating t h e  product ion,  w i t h  computers a t  t h e  process ,  

product ion l i n e ,  and f a c t o r y  c o n t r o l  l e v e l s .  

The s e v e r a l  p rocess  s t e p s  i n  c e l l  m n u f a c t u r i n g  a r e  l i s t e d  below, toge ther  

w i th  t h e  product ion r a t e s  a n t i c i p a t e d  f o r  each. 



Wafers /~ inute /Machine  Line ~ a t e / M i n u t e  

Texture Etch 

Ion Implant 

Laser Anneal 

Screen P r i n t  

AR Coat 

200 

50 x 3 m c h i n e s  

60 x 3 Wchines  

150 

150 

The pacing element i n  t h i s  sequence i s  t h e  ion  implant  opera t ion ,  .wi th  t h e  

l a s e r  annea l ing  ope ra t i on  capable  of  a  s l i g h t l y  h igher  r a t e .  Both o f  t he se  

s t e p s  a r e  l im i t ed  i n  throughput r a t e  by the  n a t u r e  o f  t h e  process .  The r a t e  

f o r  t h e  t e x t u r e  e t c h  process  was e s t a b l i s h e d  b e f o r e  t h e  l i m i t a t i o n s  o f  t h e  

i on  implant  s t e p  were determined, b u t  t h i s  p rocess  could e a s i l y  be  a d j u s t e d  

t o  s u i t .  Screen p r i n t i n g  and AR coa t ing  a r e  probably capable  o f  h igher  

throughput  r a t e s  b u t  were e s t a b l i s h e d  t o  match t h e  ion  implant s t ep .  The 

r e s u l t a n t  o v e r a l l  product ion r a t e  f o r  t h i s  c e l l  manufacturing l i n e  i s  150 

c e l l s  pe r  minute o r  9000 pe r  hour. On t h i s  b a s i s ,  5  such l i n e s  would produce 

45,000 c e l l s  pe r  hour. A t  an  assumed y i e l d  o f  95%, t h e  n e t  product ion i s  

42,750 c e l l s  pe r  hour which i s  ve ry  c l o s e  t o  t h a t  es t imated  f o r  a  f a c i l i t y  

producing 40% o f  t h e  t o t a l  1986 c e l l  requirements.  

The proposed l ayou t  f o r  t h e  c e l l  p rocess ing  l i n e  i s  shown i n  F igure  23. 

The elements  o f  t h e  l i n e  a r e  i d e n t i f i e d .  A s  noted,  t h e  d e t a i l s  of t h e  i n d i -  

v i d u a l  product ion processes  have prev ious ly  been d i scus sed  i n  t h e  q u a r t e r l i e s .  

This  l ayou t  i n t roduces  t h e  i n t e g r a t i o n  o f  t he se  processes  w i t h  t h e  s p e c i a l  wafer 

handl ing  and conveyor devices  which a r e  capable  o f  be ing  developed i n t o  a  

t o t a l l y  automated product ion system. The flow o f  wafers  through t h i s  l i n e  i s  

g e n e r a l l y  s e l f  explana tory ,  b u t  c e r t a i n  f e a t u r e s  o f  t h e  layout  should be d i s -  

cussed. 

It i s  assumed t h a t  t h e  wafers  w i l l  be loaded i n t o  c a s s e t t e s  by t h e  wafer  sup- 

p l i e r .  These a r e  s p e c i a l l y  conf igured  wi th  an  open frame t o  f a c i l i t a t e  t h e i r  

u se  a s  a  c a r r i e r  through t h e  t e x t u r e  e t c h  process .  They a r e  a l s o  used f o r  

i n  l i n e  s t o r a g e  o f  wafers  t o  supply t h e  ion  implant  p rocess ,  The empty cas -  





s e t t e s  a r e  c a r r i e d  by conveyor t o  t h e  r ece iv ing  a r e a  f o r  r e t u r n  t o  t he  wafer  
, 

source.  The t e x t u r e  e t c h  process  r equ i r e s  s t o r a g e  tanks f o r  prehea t ing ,  f i l -  
I 

t r a t i o n ,  s o l u t i o n  makeup, e t c .  These a r e  intended f o r  i n s t a l l a t i o n  a t  t h e  

basement l e v e l  d i r e c t l y  below the  process ing  'tanks so  t h a t  t h i s  po r t ion  of  

t h e  sys  tem ma'intenance o p e r a t i o n s  a r e  separa ted  from t h e  product ion a rea .  

The high v o l t a g e  ion  beam source i s  a l s o  loca t ed  i n  . t h e  . basement f o r  m i n t e -  

nance and s a f e t y  a s ' w e l l  a s  s a t i s f a c t i o n  of  t he  proposed equipment configura-  

t i o n .  Ce r t a in  po r t ions  o f  bo th  the  c a s s e t t e  and wafer  conveyor l i n e s  a r e  

expected t o  be e l eva t ed  t o  provide c l ea rance  f o r  p e d e s t r i a n  walkways. These 

l o c a t i o n s  should be a t  t h e  c a s s e t t e  en t rance  and e x i t  conveyors i n  t h e  t e x t u r e  

e t c h  room, a t  t h e  wafer  conveyors leav ing  t h e  l a s e r  a ~ e a l  s t a t i o n s  and e n t e r -  

ing  the  screen  p r i n t  room, and f o r  t h e  empty c a s s e t t e  conveyor(s)  which supply 

t h e  f i n a l  t e s t  and s o r t  ope ra t ions .  

The flow o f  wafers  through t h e  s e v e r a l  ope ra t ions  i s  arranged t o  f a c i l i t a t e  

ex t ens ions  of  t h e  c a s s e t t e  and wafer  conveyors and of  t h e  vacuum chamber 

guide  t r a c k s  a s s o c i a t e d  wi th  t h e  ion  implant process .  %is w i l l  permi t  c ros s -  

t r a n s f e r  of  work p i eces  t o  an  a d j a c e n t  product ion l i n e  t o  a s s i s t  i n  minimiz- 

i ng  t h e  impact o f  down time f o r  i nd iv idua l  processes .  It should , q l so  be  . 

noted  , t h a t  t h e  s e p a r a t e  rooms, provided t o  c o n t r o l  cross-contaminat ion between 

processes ,  can be extended i n  l eng th  t o  acconsnodate a d d i t i o n a l  p a r a l l e l  pro-- 

duc t ion  l i n e s .  

3.5 PROCESS PROCEDURES 

De ta i l ed  process  procedures  were prepared and submit ted t o  JPL. They r e f l e c t  

t h e  s tep-by-s tep  process  used i n  t h e  f a b r i c a t i o n  of  hardware f o r  ou r  process  

v e r i f i c a t i o n  eva lua t ions .  Processing procedures included:  tex ture-e tch ing ,  

ion  implanta t ion ,  l a s e r  annea l ing ,  sc reen  p r i n t e d  ohmic c o n t a c t s ,  and sprayed 

AR coa t ings .  



Solar Array Manufacturing Industry Costing Standards, Format A ' s  for our 

solar  c e l l  process sequence were prepared and are included in  Appendix A 

a s  follows: 

Process Description 

Texturize Etch 

Ion Implant 

Laser Anneal 

Screen Printing 

AR Spray Coat 



Sect ion 4 

CONCLU S IONS 

4.1 Texture e t ch ing  of 1:O:O Cz s i l i c o n  wafers  without .  an i n i t i a l  f l a s h  'e tch 

s t e p  y i e l d s  acceptab ly  prepared su r f aces  f o r  s tandard  processing,  such 

a s  wi th  furnace annea l ing  of ion-implanted c e l l s .  

4.2 A dedica ted  10 mA beam c u r r e n t  ion implanter  with an ' . acce l e ra t ion  v o l t -  

age  5 t o  10 KeV w i l l  s a t i s f y  t h e  high throughput requirements of  t h e  

1986 PROJECT goals .  

4.3 Laser  annea l ing  has  been demonstrated t o  y i e l d  high ' e f f i c i ency  output  

ion-implanted c e l l s .  

4.4 Laser annea l ing  o f f e r s  e x c e l l e n t  prospec ts  t o  achieve  the  low c o s t  

o b j e c t i v e s  through. i t s  h igh  throughput and reduced energy consumption 

p o t e n t i a l s .  High powered g l a s s  l a s e r s  a r e  a v a i l a b l e  w i th  t h e  c a p a b i l i t y  

of  y i e l d i n g  pulsed s p o t  s i z e s  on t h e  o rde r  of  3-inch diameters .  
' 

' . ,  

4.5 Lasers  b e s t  s u i t e d  f o r  annea l ing  of  s i l i c o n  wafers  f o r  t h i s  LSA PROJECT 

a r e  pulsed Q-switched, Nd:Glass and Nd:Glass wi th  a frequency doubler.  

The wavelenghts o f  t h e s e  l a s e r s  a r e :  1064 nm and 532 nm, r e spec t ive ly .  
. . 

Comparable l a s e r s  i n  t h e  high frequency, low power c a t e g o r i e s  are n o t  

compatible wi th  ' the  h igh  throughput requirements o f  t h e  PROJECT. This  

i nc ludes  ruby and .argon CW o r  pulsed l a s e r s .  

4.6 Laser  annea l ing  y i e l d s  a s u b s t r a t e  from which h igher  e f f i c i e n c y  c e l l s  

can  be f a b r i c a t e d  than  those  furnace  annealed a t  a convent iona l  30 min- 

u t e ,  s i n g l e  s t e p  cycle .  

4.7 Laser annea l ing  wi th  Q-switched l a s e r s  r e s u l t  i n  su r f ace  mel t ing  and 

the re fo re ,  does n o t  appear  t o  be compatible  w i th  tex ture-e tched  s i l i c o n  
/ 



wafers .  However, used wi th  f lash-e tched  and AR spray-coated techniques,  

a d d i t i o n a l  p rocess ing  c o s t s  could be saved wi th  no l o s s  i n  c e l l  e f f i c i e n -  

c i e s .  

4.8 S i l v e r  p a s t e  m a t e r i a l  c o s t s  t o  form screen-pr in ted  ohmic c o n t a c t s  w i l l  

n o t  meet t he  PROJECT c o s t  o b j e c t i v e s  u n l e s s  techniques a r e  developed 

which reduce t he  amounts u t i l i z e d .  A l t e r n a t e  m a t e r i a l s  and processes  

could c o n t r i b u t e  s i g n i f i c a n t l y .  

*4.9 .Semi-automated spray c o a t i n g  of  AR f i l m  has been demonstrated t o  show 

e x c e l l e n t  p o t e n t i a l  f o r  high throughput,  low c o s t  manufacturing. 

However, nozz le  and vapor spreader  op t imiza t ion  i s ' r e q u i r e d  f o r  improved 

performance. 

4.10 Low c o s t ,  high throughputs  of  t he  va r ious  process  s t e p s  o f  t e x t u r e  e t ch -  

ing,  ion implant ing,  l a s e r  annea l ing ,  s c r een  p r i n t i n g  and sprayed AR , 

coat ings '  can be a t t a i n e d  t o  meet t h e  1986 LSA PROJECT g o a l s  based on 

our  automated'  high volume product ion plan.  



Sect ion  5 

RECOMMENDATIONS 

5 .1  Scale-up the  1 a s e r . a n n e a l i n g  v e r i f i c a t i o n  work us ing  a  Q-switched 

g l a s s  l a s e r  system capable  of  s i n g l e  pu l se  annea l ing  o f  a t  l e a s t  1- 

inch  d iameter  s p o t  s i z e .  From t h i s  work, more conc re t e  de te rmina t ions  

can be made f o r  scale-up t o  high powered l a s e r s  wi th  3- inch d iameter  

s p o t  s i z e s  and r e p  r a t e s  o f  1 pps. 

5.2 V e r i f i c a t i o n  work on a l t e r n a t e  high throughput,  low. c o s t ,  ohmic 

con tac t ing  systems should be cont inued.  

5.3 Spray c o a t i n g  of  AR f i l m  should be  opt imized by developing more 

p r e c i s i o n  nozz l e s  and vapor spreader  mechanisms t o  accommodate l a r g e r  

width,  uniform p a t t e r n s  (3 inches) .  
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APPENDIX A 

SOLAR ARRAY MANUFACTURING INDUSTRY 

' . COSTING STANDARDS (ShFlICS) 

FORMAT A'S 



SOLAR ARRAY MANUFACTURING INDUSTRY COST 

FORMAT A 

PROCESS DESCRIPTION 

California In~~irure of  Technology 
4800 Oak Grove Dr. / Pa~adena. Cdlil. 31103 

'ING STANDARDS 

~1 process Referent Tex 'Etch Revision A .  6/29/78 

A2 ~~~~~i~~~~~ (optional) Textur ize  Etch, Rinse and Dry 

PART 1 - PRODUCT DESCRIPTION 

TE Wafer A3 Product Referent - 

A4 Nameor Description Texture Etched Wafers . . 

A5 Units Of Measure Wafers 

PART 2 - PROCESS CHARACTERISTICS 

200 A6 Output Rate 
---, Units (given on line A5) Per,Qperating Minute 

A7 Average Time at Station 40 Calendar Minutes 

A8 Process lJ;age Time Fraction .976 Average Number of Operating Minutes Per Minute 

! 

PART 3 - EQUIPMENT COST FACTORS 

A9 Component Referent 

. ,197.7 .  . 
A10 Base Price Year For Purchase Price 

* $634,000 A1 1 Purchase Price ($ Per Component) 

A12 Anticipated Useful Life (Years) 

A13 Salvage Value (.$ Per Component) 

A14 Cost of Removal & Installation ($/Component) ** $83,000 

*A-11 inc ludes  o n - s i t e  assembly' and i n s t a l l a t i o n  , cos t s  of $83,000 due t o  the  
conf igura t ion  of t h i s  wet process  equipment. 

*A- 14 ' Removal and i n s  t a l l a t i o n  taken a t  same l e v e l  as o r i g i n a l  i n s t a l l a t i o n .  Cost  
of  removal assumed t o  be o f f s e t  by reuse  of  some por t ion  o f  i n s t a l l a t i o n ,  e.g.; 
roof p e n e t r a t i o n s ,  s a f e t y  sumps, e l e c t r i c a l  plumbing, e t c .  

JPL 3037-5 11/77 
(A) Note: See a l s o  Appendix t o  Fornrat A - Texture Etch f o r  a d d i t i o n a l  

information.  

A- 1 



Format A: Process Description (Continued) 

A14 Process Referent (From Page 1) Tex Etch 

PART 4 - DIRECT REQUIREMENTS PER MACHINE 

A16 A17 A18 A1 9 
Catalog ~ rnoun t  Required 
Number Requirement Description Per Machine Units 

A2064D Manufacturing Space (Type A) 1000 Sq. Ft .  

B3672D Chemical Opera t o r  I1 558885 2.0 Person Years 

PART 5 - DIRECT REQUIREMENTS PER BATCH (A continuous process has a "batch" of one unit) 

A20 A2 1 A22 A23 
Catalog Amount Required 
Number Requirement Description Per Batch Units 

Alcohol .069526 Gal/Minute 

NaOH .00925 Lbs/Minu t e  

C 1016B Tap Water ,090454 Gal/Minute - 

H,S,, Acid .779605 (A)' Lb s /Minu t e  ". 
C 1144D D I  Water .090454 Cu F t / ~ i n u t e  

Freon .01667 Gal/Minute 

E l e c t r i c i t y  

PART 6 - INTRA-INDUSTRY PRODUCT(S) REQUIRED 

A24 A25 A26 A27 
Product Yield Factor 

Reference Product Name (Usable Outputllnput) Units 

* A.S. Wafer Tex.t.ure Etched Wafers ** 99.2% TE Wafers/A. S. Wafer 

. Prepared by R. Casey 
Date 6/29/78 

*As Sawn Wafer 
REVERSE SIDE JPL 3 0 3 7 - S  11/77 

*WO inspec t ion  i's planned a t  comp.letion o f  t h i s  
opera t ion  - Figure  r e p r e s e n t s  average y i e l d '  f o r  each of  seven process  s t o p s  wi th  
f i n a l  inspec t ion  y i e l d  o f  95%. 

A- 2 



-APPENDIX TO FORMAT A - TEXTURE ETCH 

Prepared by R. J. Cascy, LMSC 
6/29/78 

This m a t e r i a l  i s  provided .as back-up t o  SAMICS input  a s  p a r t  o f  JPL,.con t r a ' c t  

954898 and inc ludes  the  following: 

o  A d e s c r i p t i o n  of  the  t e x t u r e  e t c h  process  (excerpted from 

Monthly Report No. 6 )  

o  Explanation of the  Format A i npu t s  by p a r t  and i tem 

o Equipment c o s t  e s t ima t ing  s h e e t s  (by LMSC P lan t  Engineering) 

3.0 HIGH VOLUME PRODUCTION 

3.1 Tex tu re  Etch Process  

The b a s i c  p roces s  s p e c i f i c a t i o n  f o r  t e x t u r e  e t c h i n g  of  s i l i c o n  wafers  was 

provided  t o  IMSC ( I R )  by JPL. Some ad jus tmen t s  t o  p rocedura l  d e t a i l s  were 

made t o  improve o u r  r e s u l t s  in p r o c e s s i n g  o f  wafe r s  d u r i n g  t h e  e a r l y  p o r t i o n  

o f  t h i s  c o n t r a c t .  This  modified p roces s  has  been e x t r a p o l a t e d  t o  .a l a r g e  

s c a l e  au toma t i c  e t c h i n g  sys tem a s  would b e  r e q u i r e d  f o r  1986 product ion  

q u a n t i t i e s .  . 

The hydrogen pe rox ide  n e u t r a l i z i n g  rinse has  been e l imfna ted  in o u r  p r o j e c t e d  

p roces s ,  a s  we b e l i e v e  t h a t  t h e  s i m p l e r  a c i d  rinse w i l l  s u f f i c e  i f  fol lowed by 

m u l t i p l e  D I  w a t e r  sp rays .  The sys tem d e f i n e d  h e r e  i s  conf igured .  f o r  p i l o t .  

e v a l u a t i o n .  Ln t h i s  r e g a t d ,  i t  p rov ides  for excess  c a p a b i l i t y  in terms o f  

sodium hydroxide c o n c e n t r a t i o n ,  immersion t ime and /o r  process ing '  t empera ture .  

Optimum process  parameters  f o r  a n  automated sys tem must n e c e s s a r i l y  b e  

e s t a b l i s h e d  d u r i n g  a pe r iod  of  t r i a l  o p e r a t i o n  o f  t h e  a c t u a l  system. It w i l l  



b e  s i m p l e r  a t  t h a t  t ime t o  reduce the  va lue  o f  one o r  more of  t h e  v a r i a b l e s  

than  t o  e f f e c t  a n  i n c r e a s e .  Impact o f  t h i s  approach on o v e r a l l  c o s t  e s t i m a t e s  

is  minimal. P rov i s ions  n e c e s s a r y  t o  minimize downtime and ma in ta in  r e a l  t i m e  

p roces s  c o n t r o l  have been cons ide red ,  

The l a r g e  number o f  wafe r s  t o  b e  run through a w e t  sys tem a rgues  conv inc ing ly  

f o r  p roces s ing  o f  t h e  work p i e c e s  w h i l e  they  a r e  he ld  in c a s s e t t e s .  'Accord- 

i n g l y ,  w e  have 'def ined  a s p e c i a l  open frame c a s s e t t e  c o n f i g u r a t i o n  f o r  wet  

p roces s ing .  The 3/16-inch w a f e r ' s p a c i n g  is r e t a i n e d  b u t  t h e  l e n g t h  is  

i n c r e a s e d  t o  approximate ly  twelve inches  t o  hold a q u a n t i t y  o f  50 wafers .  

The c a s s e t t e s  a r e  a s sumed . to  b e  loaded by Waferco and e n t e r e d  d i r e c t l y  i n t o  

t h e  C e l l c o  product ion  sequence a t  t h i s  t e x t u r e . e t c h  s t a t i o n .  They a r e  a u t o -  

m a t i c a l l y  clamped t o  ho ld ing  d e v i c e s  a t t a c h e d  on 6- inch c e n t e r s  t o  d u a l  

conveyor cha ins  which c a r r y  t h e  c a s s e t t e s  through t h e  e t c h i n g  s t e p s .  Conveyor 

speed  is assumed a t  2 f e e t  p e r  minute. Masking o f  t h e  wafe r s  by t h e  c a s s e t t e  

r e t a i n i n g  s l o t s  i s  avoided  by a technique  proven by t h e  S i l t e c  Corpora t ion ,  

C a s s e t t e  Etch S t a t i o n ,  Model 2001, where t h e  c a s s e t t e  i s  s lowly  r o t a t e d  on an  

e c c e n t r i c  l o n g i t u d i n a l  c e n t e r l i n e .  Th i s  c a u s e s  t h e  wafe r s  t o  move back and 

f o r t h  i n  t h e i r  r e t a i n i n g  s l o t s ,  exposing t h e  e n t i r e  s u r f a c e  t o , t h e  p r o c e s s i n g  

l i q u i d s .  In  t h i s  a p p l i c a t i o n ,  t h e  r o t a t i o n  is  achieved  by s p u r  g e a r s  on t h e  

e n d ( s )  o f  the  c a s s e t t e  ho lde r s .  The g e a r s  engage s t a t i o n a r y  g e a r  r acks  a s  t h e  

conveyor cha in  moves. The conveyor p a t h  and t h e  s e v e r a l  p roces s  s t e p s  a r e .  

shown s c h e m a t i c a l l y  in F igu re  2. 

The f i r s t  s t e p  fn t h e  e t c h i n g  p roces s  i s  a n  a l c o h o l  rinse, a g i t a t e d  by sub- 

merged jets t o  d i r e c t  t h e  f low between t h e  wafers .  Vapors a r e  recondensed 

and r e tu rned  t o  a  r e s e r v o i r  which p rov ides  makeup a l c o h o l .  C a s s e t t e s  a r e  

then c a r r i e d  d i r e c t l y  i n t o  t h e  e t c h a n t  tank  and through the  h o t ,  two p e r c e n t  

sodium hydroxide s o l u t i o n .  A g i t a t i o n  is  s i m i l a r l y  provided.  Level ,  pH, 

tempera ture  and s p e c i f i c  g r a v i t y  s e n s o r s  c o n t r o l  the .  makeup system. The 

s o l u t i o n  is  c i r c u l a t e d  in r e v e r s e  f low d i r e c t i o n  and f i l t r a t i o n  is accomplished 

by De-Lava1 c e n t r i f u g e s  which do n o t  r e q u i r e  consumable f i l t e r s  o r  l a b o r  

i n t e n s i v e  s e r v i c i n g .  Vapors may be  a l lowed t o  v e n t  t o  t h e  atmosphere c a r r y -  



AGITATED 
PiLCOHOL 
RINSE 

AGITATED 2% 
R ~ S E  

SODIUM HYDROXIDE 
< 1 %  H2S04 

ETCH AT 90°C ADDED ATOMIZ ING Dl  WATER SPRAY, 
REVERSE CASCADED (FOUR 
STAGES O F  3 M I N  EACH) 

FPEON 
VAP04 
"DRY" 

4 I FT TYP. 

- 66 FT 



ing sodium carbonate s a l t s ,  which a r e  s l i g h t l y  basic. The next s t e p  i s  a 

t ap  water r i n s e  with s u f f i c i e n t  a c id  added t o  n e u t r a l i z e  the  drag-out from 

e tch ing  tank. Ten percent of t h e  outflow is brought t o  n e u t r a l  pH and d i s -  

carded t o  c o n t r o l  the  s a l t  concentrat ion.  Makeup ac id  and water a r e  added 

to  the  remainder which i s  rec i rcu la ted .  The wafers a r e  then ca r r i ed  through 

a s e r i e s  of four  a t o d z & g  spray chambers where they a r e  washed with reverse  

cascaded DI water. Waste water from the  r i n s e  may be used t o  heat  the f i r s t  

spray s t a t i o n  through a hea t  exchanger. This wash water i s  a l s o  reprocessed 

through f i l t r a t i o n  and de ion iz iag  steps., F ina l ly ,  t he  wafers a r e  d r ied  by 

passing through Freon vapor where sur face  water on the  wafers i s  d isplaced.  a 

Ae the  wafers 'emerge, the  Freon svapors tss .  Vapors r i s i n g  i n to  the  hood a r a  

rscondenesd and returned t o  the  eyetam. Dieplaced water i s  removed from the  

Braen be maintain eystem balance. The ca s se t t e e  a r e  then fijced in aa upr igh t  

pos i t i on  and disengaged from t h e i r  holdera f o r  t r a n s f e r  t o  tho next  operat ion,  

The system w i l l  r equ i r e  computer c o n t r o l  t o  'maintain the  s eve ra l  v a r i a b l e s ,  

wi thin  pre-es tabl ished l i m i t s .  Qua l i t y  of t h e  e tch  w i l l  be sensed by t e s t  

of t he  r e f l e c t i v i t y  of wafers leaving the  s t a t i o n  with autotmtic  co r r ec t i ve  

a c t i o n  programed. It has been suggested by I R  t h a t  l a s e r  induced f luorescen t  

Bpectroscopy may a l s o  bb employed t o  check f o r  c o n t a m i n a t i o ~  ' l i be l s  with 

automatic cor rec t ion  o r  shutdown procedures incorporated i n  the  con t ro l  system. 

This t ex tu re  e tch  s t a t i o n  w i l l  process 4 ca s se t t e s  o r  200 wafers per  minute. 

Four p a r a l l e l  s t a t i o n s  w i l l  be required. Recycling subsystems w i l l  be c ross -  

menifolded bemeen s t a t i ons  t o  minimize downtime. A l l  tanks w i l l  be cas torad 

and configured f o r  quick-disconnect t o  al low rapid  replacement and o f f l i n e  

c leaning andlor  refurbishment. 

The SAMICS Form A on t h i s  process i s  i n  preparation and w i l l  be submitted 

under separa te  cover, 



TEXTUIIE ETCH FORMAT A PART 2 

A-6 Outpu t  Rate - 200 w a f e r s  p e r  minu te  

Determined by assumed conveyor speed o f  t e x t u r e  e t c h  equipment a t  . 
2 f t / m i n  and s p a c i n g  o f  50 wafe r  c a e s e t t e s  a t  6" a p a r t .  

A-7 Average Time a t  S t a t i o n  3 8  minutee  , 

Determined by assumed conveyor speed o f  t e x t u r e  e t c h  equipment a t  
2 f t l m i n  x l e n g t h  o f  conveyor c h a i n  i n  t h e  p r o c e s s i n g  area. 
79 f t  j 2 f t l m i n  = 39-112 40 minutee  

A - 8  P rocees  Usage Time F r a c t i o n  - .976 

Determined on b a e i e  o f  aeeumed downtime under  t h e  f o l l o w i n g  c o n d i t i o n e :  

- A l l  t a n k s  f i t t e d  w i t h  c a s t o r s  and q u i c k  d i s c o n n e c t  plumbing t o  
a l l o w  r a p i d  rep lacement  and o f f - l i n e  c l e a n i n g  

- C e n t r i f u g e  f i l t e r s  and o t h e r  s t a t i o n a r y  subsystems c ross -mani fo lded  
t o  p e r m i t  r a p i d  changeover,  making i n d i v i d u a l  u n i t s  a v a i l a b l e  f o r  
c l e a n i n g  o r  s e r v i c e  d u r i n g  i d l e  t ime 

- Cont inuous  computer c o n t r o l  w i t h  feedback loops  t o  e l i m i n a t e  b a t c h  
o p e r a t i o n s  and a l l o w  c o n t i n u o u s  . o p e r a t i o n .  Downtown assumed t o  be  
4  hrs/wk f o r  mechanical  maintenanc.e. 24 h r s / d a y  x  7 days  = 168 h r s  

168 h r s  - 4 h r s  downtime = 164 h r s  
,164 o p e r a t i n g  hours  : 168 h r s  = , .976 



TMTURE ETCH FORMAT A 

A-9 Component Referent  - N/A 

A-10 Base P r i ce  Year f o r  Purchase P r i c e  = 1977 

Se lec ted  f o r  a v a i l a b i l i t y  o f  r e c e n t  c o s t  exper ience  

A - 1 1  Purchase P r i c e  pe r  Component = $634,000 

Direct e s t i m a t e  from schematic  diagram and w r i t t e n  d e s c r i p t i o n  i n  
LMSC Monthly Report No. 6 ,  supplemented by v e r b a l  d e s c r i p t i o n s  and 
p ~ 6 c e s s  no tes .  Es t imate  made by LMSC P lan t  Engineer ing o rgan iza t ion  
( a t t ached )  . 

A- 12 An t i c ipa t ed  Useful  L i f e  (Years) = 7 

From ,5101-33 I n t e r i m  P r i c e  Est imat ion Guide l ines  p. 2- 1 

A- 13 Salvage Value $/Component = $30,000 

A r b i t r a r y  assumption 

A-14  Cost o f  Removal and I n s t a l l a t i o n  = $83,000 

Taken a t  same l e v e l  a s  o r i g i n a l  i n s t a l l a t i o n ,  which is  included i n  
A - 1 1  purchase p r i c e .  Cost of  removal i s  assumed t o  be  o f f s e t  by r euse  
of  some po r t i on  o f  o r i g i n a l  i n s t a l l a t i o n ,  e.g., roof  pene t r a t i ons ,  . .  

s a f e t y  sumps, e l e c t r i c a l  plumbing, e t c .  



TEXTURE ETCH FORMAT A PART 4 

DIRECT REQUIREMENTS PER MACHINE 

A- 16 A- 17 A- 1 8  A-19 6 

Cata log  Number Requirement D e s c r i p t i o n  Amt. ~ e q ' d .  p e r  Machine U n i t s  

A-2064-D Manufactur ing Space 1000 Sq F t  

6 6 '  l e n g t h  o f  t a n k  l i n e  
p l u s  34'  o f  s e r v i c e  area 
= 100' l e n g t h  t o t a l  
2 '  wid th  o f  t a n k s  + 2 '  f o r  
plumbing,. e t c .  = 4 '  p l u s  
c l e a r a n c e  f o r  t a n k  removal 
a t  6 '  = 10 f t  t o t a l  
100' x 10 '  = 1000 sq f t  

B-3672-D Chemical Opera to r  I1 2.0 Person/Yrs  

Assumes 2 o p e r a t o r s  ' t e n d i n g  
4 e t c h a n t  sys tems = .5 ' ' 

o p e r a t o r  x 4 crews = 2.0 



FORMAT A PART 5 

DIRECT REQUIREI$ENTS PER BATCH 

A-20 ' A-21 
Cata log  Number Requirement Descr ip t ion  

C1032B ~ l e c t r i c i t y  

a. Make up hea t ing -o f  I 

NaOH s o l t n  t o  comp-- 
e n s a t e  f o r  cool ing  
e f f e c t  o f  wafers  

' 

: 
: 

. . 

b. Conveyor cha in  d r i v e  
@ 10 HP 

c. Pumps & Cen t r i fuges  
t o t a l  8 HP f o r  . ' 
pumps, 10 HP f o r  
c e n t r i f u g e s  = 18 HP ' 

d. Heating & Refr ig .  
u n i t s  i n  Freon 
tank 

Alcohol 

a .  Wafer drag  o u t  

, 

, - 

b. F i l t r a t i o n  & Misc. 
Losses + 

A- 10 
, 

. 

A-22 
Amt. Req Id. per  Batch 

@ 90°c process  temp - temp 
. r i s e  o f  wafer  i s  73OC 
S p e c i f i c  h e a t  o f  S i  i s  .15 
c a l / g  - Wafer weight  i s  
4.8g 
.15 x 4.8 = .72 ca l /deg  C 
x 73OC = 52.56 ca l /wafer  
4.1868 ~ / c a l  x. 52.56 = 
220.0582 J req td .  t o  reach  
90°c o r  .00006112 KW h r /  
wafer x 200 wafers/min = 
.012224 

7.457 KW hr /60 min 
a .I24283 

13.423 KW hr /60 min 
= .223716 

10 KW/60 min = 

T o t a l  E l e c t r i c i t y  

Drag o u t  @ .83g/wafer 
-(based. on l a b  t e s t s  
wlwater @ a l c o h o l  
@ 3,141.17 g / g a l )  ' . 

= 0002643 ga l /wafer  
x 200 wafers/min 

Est imated @ 1 g a l / h r  

T o t a l  Alcohol  

A-23 
. Uni t s  

KW hr/min 

.012224 

.I24283 

.2237 16 

.016667 

.37689 
KW hr/min 

~ a l s / m i n  

.05286 

-016667 - 
-069526 . 

~ a l / ~ i n  , 



13AI(T 5 (Con t i n u c d )  

I. 

A-23 
I lni ts  

Cu Ft/min 

.00043 L 

.00043 

.00043 

.066 85 

.022284 

.090454 
Cu Ft/Min 

~b /Min 

.0088105 

.0004405 

.00925 
; ~ b s / M i n  

A-22 
* 

A m t .  ~ c q  Id. p e r  Ba.tch 

Note: A l l  water  used i s  
assumed t o  be t ap  water  
s i n c e  a D I  water  r e -  , 

cyc l e  system i s  included 
a s  p a r t  o f  t h e  t e x t u r e  
e t c h  i n s t a l l a t i o n  

.@ 1 cclwafer  
(based on l a b  t e s t s )  
= .00000215 Cu ~ t / w a f e r  
x 200 waferslmin = .00043 

Same a s  ( a )  

Same a s  ( a )  

= .5 gal lmin @ .I337 
Cu F t / g a l  = .1337/.5 = 
.06685 

@ 10 g a l / h r  
= .I6667 gal/min 

T o t a l w a t e r  ' 

@ 2% by weight = .02 g /  
wafer x 200 = 4 g/min i 
454 g / l b  = .0088105 lb/min 

.052 by weight = .001 g /  
wafer x 200 waferslmin 
= .2. g/min ; 454 g / l b  
= .000A405 lb/min 

To ta l  

A-20 . 

~a t a i o g  Number 

F1080B 

. 

A-21 
I(equitemeni: U ~ S C L  l p ~ i ~ i . t  ' 

Water ' 
. 

- 

a .  Drag o u t  from 
NaOH tank , . 

. 

b. Drag o u t  from a c i d  

c. Drag ou t  from D I  
water  . r i n s e  

d.  10% of a c i d  r i n s e  
tank s o l ' n  neu t r a -  
l i z e d  & d i sca rded  
@ 5 g a l  per  minute 
flow 

e. Misc. l o s s e s  t o  
vapor ,  p rocess ing ,  
etc. 

I 

NaOH 

a .  Drag o u t  l o s s  

, 

b. Losses t o  vapor 
& rnisc. 

' 

A - 1 1  



PART 5 (Con t inued) 



SOLAR ARRAY MANUFACTURING INDUSTRY COSTING 

FORMAT A 

PROCESS DESCRIPTION 

Cal i lornia  ln~r i f r r r r  of Trrhnology 
4800 On& Grove D r .  / Paladeno. Cali! .  91 103 

STANDARDS 

A1 Process Referent Ion Plan Revision A ,  11- 16-78 

~2 Description (optionall Ion implant on face side of wafer 

PART 1 - PRODUCT DESCRIPTION 

A3 Product Referent A1* Wafer 

a4 N~~~~~ ~ ~ ~ ~ ~ i ~ ~ i ~ ~  Phosphorus ion implanted wafer 

A5 Units Of Measure Wafers 

PART 2 - PROCESS CHARACTERISTICS 

A6 Output Rate 50 Units (given.on line A5) Per (berating Minute 

A7 Average Time at Station 1200 Calendar Minutes 

A8 Process Usage Time Fraction .95 Average Number of Operating Minutes Per Minute 

PART 3 - EQUIPMENT COST FACTORS 

A9 Component Referent N /A 

A10 Base Price Year For Purchase Price 1978 

$500,000 A1 1 Purchase Price ($ Per Component) 

A12 ~nticipated Uscful Life (Years) 7 

A1 3 Salvage Value ($ Pcr Cornponcnt) $80,000 

$40,000 A14 Cost of Removal & Installation ($/Component) 

JPL 3037-S 11/77 



Format A: Process Description (Continued) 

A14 Process Referent (From page 1) 

PART 4 - DIRECT REQUIREMENTS PER MACHINE 

A1 6 A1 7 A18 A19 
Catalog Amount Required 

,Number Requirement Description Per Machine Units 

A-2064-D Manufacturing Space , 1500 sq. f t .  
Electronics Technician 

B-3704-D Autohated Processes . 4.0 personlyears 

PART 6 - DIRECT REQUIREMENTS PER BATCH (A continuous process has a "batch" of one unit) 

A20 A2 1 A22 A23 
Catalog Amount Required 
Number Requirement Description Per Batch Units 

Phosphorus Pen taf  luor ide ,00555 cc/min 
Gas PF5 

C1032B - ~ l e c t r i c a l -  Power 7 KW hr/hr 

C1128D Cooling Water 10 na llmin 

C2032D Compressed A i r  - 50 ps i  .lo4 cu f t l m i n  

C 1080D Liquid Nitrogen ,0625 l i ters /min 

Elll2D Argon .5 cu ft/min 

-- - 
PART 6 - INTRA-INDUSTRY PRODUCT(S) REQUIRED 

A24 
Product 

Reference 

A26 ' A26,  A27 
Yield Factor 

Product Name . (Usable Output/lnput) Units 

TE Wafer - Phosphorus Ion Implanted Wafer 99.2%* P I  WafersITE Wafer 
- 

Prepered by - R: cas@y Date 
, 

*No inspection i s  planned a t  completion gf t h i s  operation, Figure represents  
average yield fo r  each of seven process s teps  REVERSE SIDE JPL 3037-8 11/77 

with f i n a l  inspection y ie ld  of 95%. 



. - 

I O N  IMPLANT FORMAT A PART 2 

A-6 Outpu t  Rate  50 Wafers p e r  Minute 

Based on c a l c u l a t e d  scan t ime f o r  10 ma beam c u r r e n t  w i t h  
a l lowance  f o r  s p a c i n g  between c e l l s  on a f l a t  t r a y  - -. 

A-7 Average Time a t  S t a t i o n  1200 Minutes  

Based on 16 hours  p r o c e s s  c y c l e  t ime  p e r  chamber p l u s  two 
hours  load and two hours  un load  t ime  p e r  chamber = 20 h r s .  

A-8 P r o c e s s  Usage Time F r a c t i o n  .95 

Dependent on f i l a m e n t  l i f e  which i s  assumed t o  b e  80 ma h r s .  
and w i l l  r e q u i r e  20 minu tes  t o  change.  F i l ament  and chamber 
rep lacement  t o  b e  c o n c u r r e n t .  R e p r e s e n t s  3.2 x improvement by 
1986 i n  f i l a m e n t  l i f e  o v e r  p r e s e n t  L i n t o t t  , S e r i e s  111 system. 

ION IMPLANT FORMAT A 

A-9 Component R e f e r e n t  

A-10 Base P r i c e  Year f o r  Purchase  P r i c e  

Based on c u r r e n t  e s t i m a t e  . 

A- 11 Purchase  . P r i c e  p e r  Component 

PART 3 

( 1 )  Ion I m p l a n t a t i o n  System 300K 
(5) C y l i n d r i c a l  Chambers @ $ 2 0 ~  e a .  lOOK 
( 1) Cen tra 1 I m p l a n t a t i o n  Chamber 40K 
(2000) Trays  @ $30 e a .  - 60K 

T o t a l  5 00K 

I . . A-12 A n t i c i p a t e d  u s e f u l  L i f e  . . 7  Years  

From 5101-33 I n t e r i m  P r i c e  E s t i m a t i o n  .Guide l ines  p. 2- 1 

A- 13  Sa lvage  Val ue 80K 

Assumes r e f u r b i s h m e n t  p o s s i b l e  f o r  vacuum chamber 
and wafe r  h a n d l i n g  sys tems  

A-14 , C o s t  o f  Removal and I n s t a l l a t i o n  



. . 

ION IMPLANT FORMAT A PART 4 

Direct Requirements per Machine 

A-  16 
Catalog 

No. Requirement Description 

Manufacturing Space 
T?'pe-A 

Electronics Technician 
Automated Processes 

1 Estimated a s  per sketch w/allow- 
I 

ance for load/unload station and 
chamber transfer tracks 

Amt. Req'd. per Machine 

4.0 
Assumes one operator/system 
x 4 crews 

Units 

person 
years 



I O N  IMPLANT FORMAT A PART 5 

D i r e c t  Requirements per  Batch 

Assumed t o  be  a  Continuous Process 

I 

1 

I 
A- 22 j A-23 

A m t .  ~ e q ' d .  per  Batch 1 Uni t s  

.00555 j cc/min 
-Based on c u r r e n t  usage - 
no scale-up f o r  s i z e  I 

! 
i 

7 j KW h r /  
Based on d a t a  from Accelera- h r  

A-20 . 

Catalog 
No. 

C1032B 

A- 2  1 

Requirement Descr ip t ion  

Phosphorus Pen ta f luo r ide  
Gas PF5 

E l e c t r i c a l  Power 

t i o n ,  Inc.  ( L i n t o t t  Rep.). 
I 

! 
Diffus ion  pump requirements  I 

a r e  c o n t r o l l i n g  f a c t o r .  Ion 
i 

implant  energy i s  minor I 

con t r ibu t ion .  

. l o4  
(5 cu f t  per  min f o r  10 min I min 
each 8 h r  s h i f t  = 50 cu f t  

cu 

I I 
; 480 min per  s h i f t )  . 

I i 
.0625 i l i ters /  

i min 
I 

.5 I cu f t /  

! 

i min 

i 
1 
i 

C2032D 

C1080D 
I 
J 

Compressed A i r  - 50 p s i  
(Operation o f  g a t e  va lves  
and a i r  cushion bea r ings )  

Liquid Nitrogen 

I 

E1112D / Argon 

! 

I i ! 
I 
, ! 
i 

i I j i 
I 

j 1 
i ! 

I ! 

j i ! I 
I I I 

i 

1 .  I i i 
I I A-17 

! 1 ' .  , 

- .̂. 6 

-c; . . . - . . ~  
. . %  

1 
i 
i 

I 

j 
i 

i 
I i i j I 

i - .  I 

I I ! 



SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

- FORMAT A 

PROCESS DESCRIPTION u JET PROP11LSlON LABORATORY 
Cali /orni ,~ ln~rirarr  01 T e ~ b n o l o ~ y  . 
I R l l f J  0.11 Gro~sr Dr .  / P a ~ ~ d r n a ,  Calif. 91 103 

A1 Process Referent IASANNEAL 

A2 Description (Optional) Laser Anneal Face of Wafer 

PART 1 - PRODUCT DESCRIPTION 

A3 Product Referent L . A .  Wafer 

A4 Name or Description Laser Annealed Wafer 

A5 Units Of Measure Wafers 

PART 2 - PROCESS CHARACTERlSTlCS 

A6 Output Rate 60 Units (given on l i n e ' ~ 5 )  P&Operating Minute 

A7 Average Time at Station 1.0 Calendar Minutes 

A8 Process Usage Time Fraction .976 Average Number of Operating Minutes Per Minute 

PART 3 - EQUIPMENT COST FACTORS 

A9 Component Referent 

A10 Base Price Year For Purchase Price 

A1 1 Purchase Price ($ Per Component) 

A12 Anticipated Useful Life (Years) 

A13 Salvage Value ($ Per Component) 

A14 Cost of Removal & Installation ($/Compor\ent) $ 10, 000 

Note: See Appendix to Format A - Laser Anneal for deta i l s .  ' - 



Format A: Process Description (Continued) 

A14 Process Referent (From Page 1 ) , 

PART 4 - DIRECT REQUIREMENTS PER MACHINE 

A1 6 A17 A18 A19 
Amount Required Catalog 

Number Requirement Description Per Machine . Units 

A- 2064D Mfg. Space 200 . Sq F t  
ELec t r o n i c s  ~ e c h n i c i a n  

B-3704D Automated P rocesses  2.0- 

PARTS - DIRECT REQUIREMENTS PER BATCH (A  continuo& process has a "batch" of one unit) 

A20 A2 1 A22 A23 
Catalog Amount Required 
Number Requirement Description Per Batch Units 

C 1016B Tap Water 10 ~a  l / ~ i n  

C 1032B E l e c t r i c i t y  .2268 . ' KW hr/min 

PART 6 - INTRA-INDUSTRY PRODUCT(S) REQUIRED 

A24 
Product 

Reference 

~ 2 5  A26 A27 . 
Yield Factor 

Product Name (Usable Outputllnput) Units ,:' 

I. I, Wafer Ion Implanted Wafer L.A. Wafer/I., '  Wafer 

Prepared by Date 

jtNo i n s p e c t i o n  is  planned a t  comple t ion  o f  t h i s  o p e r a t i o n .  F i g u r e  r e p r e s e n t s  ave rage  
y i e l d  f o r  each  o f  seven p r o c e s s  s t e p s  w i t h  f i n a l  REVERSE SIDE JPL 3 0 3 7 - 5  11/77 

i n s p e c t i o n  y i e l d  o f  952. 



APPENDIX TO FORMAT A - LASER ANNEAL 

Prepared  by R. J., Casey 
LMS C 
June  29, 1978 

EQUIPMENT DESCRIPTION 

Q u a n t e l  G l a s s  Lase r  

T h i s  w i l l  b e  a  s p e c i a l  d e s i g n  u n i t  d e d i c a t e d  t o  t h i s  o p e r d t i o n .  

L a s e r  ene rgy  d e n s i t y  o f  a p p r o x i m a t e l y  1.5 j o u l e s  p e r  e m 2  i s  r e q u i r e d  t o  
a t t a i n  a n n e a l i n g  o f  i o n  implan ted  s i l i c o n  w a f e r s .  This  t r a n s l a t e s  t o  
a n  energy  o f  a p p r o x i m a t e l y  6 8  j o u l e s  f o r  a  s i n g l e  p u l s e  a n n e a l i n g  o f  a  
3 - i n c h .  d i a m e t e r  wafe r .  A Q-switched g l a s s  l a s e r  c a p a b l e  o f  o p e r a t i n g  
a t  t h i s  energy l e v e l  w i t h  a  p u l s e  r e p e t i t i o n  r a t e  o f  1 , p u l s e  p e r  second 
h a s  a  c o n v e r s i o n  e f f i c i e n c y  o f  a p p r o x i m a t e l y  .5%. 

Power Requirements : 

6 8  j o u l e s  a r e  r e q u i r e d  t o  a n n e a l  a  3" d i a m e t e r  wafe r .  A t  .5% c o n v e r s i o n  
e f f i c i e n c y  t h e  l a s e r  r e q u i r e s  68/ .005 = 13,6000 j o u l e s  = 3.78 w a t t  h r  

Wafer T r a n s p o r t  

The p r e v i o u s  o p e r a t i o n  i n  t h e  c e l l  manufac tu r ing  sequence is' i o n  implan t -  
i n g  from which t h e  w a f e r s  a r e  - unloaded i n d i v i d u a l l y .  These w i l l  b e  a u t o -  
m a t i c a l l y  t r a n s f e r r e d  t o  a conveyor s y s  tem which moves the '  w a f e r s  under  
t h e  l a s e r  beam a t  - a  c o n s t a n t  r a t e  o f  one wafe r  p e r  second. A t  a c e n t e r  
t o  c e n t e r  d i s t a n c e  o f  4 - i n c h e s ,  t h i s  r e p r e s e n t s  a  conveyor  speed o f  20 f e e t  
p e r  minute .  L a s e r  p u l s e  d u r a t i o n  i s  20 nanoseconds .  The l a s e r  p u l s e  w i l l  
b e  t r i g g e r e d  by t h e  wafe r  p a s s i n g  under  t h e  work a r e a .  Pu l se  d u r a t i o n  is 
s o  s h o r t  t h a t  t h e  wafe r  need n o t  be. s topped  f o r  t h e  a n n e a l i n g  o p e r a t i o n .  
The conveyor b e l t  w i l l  c a r r y  t h e  a n n e a l e d  w a f e r s  d i r e c t l y  t o  t h e  n e x t  
o p e r a t i o n .  



LASER ANNEAL FORMAT A PART 2 

A-6 Outpu t  Rate.  60 w a f e r s / m i n u t e  

Determined by p u l s e  r a t e  o f  Q u a n t e l  l a s e r  a t  1 p u l s e  p e r  second 

A-7 Average Time a t  S t a t i o n  = 1.0 minute 

Determined by t ime  on conveyor moving through 20 f o o t  l e n g t h  o f  
s t a t i o n  a r e a  a t  r a t e  o f  20 f e e t  p e r .  minute  = 1 minute  

A-8 P r o c e s s  Usage Time F r a c t i o n  = .976 

A r b i t r a r y  assumpt ion o f  4' h o u r s  p e r  week f o r  maintensl  ce .  ' 

P l a n t  o p e r a t i o n  t aken  as 24 hours /day  x 7  days  p e r  week = 168 h o u r s  
168 h r s  - 4 h r s  downtime = 164 h o u r s  

164 o p e r a t i n g  h o u r s  t 168 h r s  = .976 



LASER ANNEAL FORMAT A 

A - 9  . Component Referen't 

A-10 Base P r i ce  Year f o r  Purchase P r i c e  

I Based on vendor e s t i m a t e  o f  June 1978 

A- 11 Purchase P r i c e  

Based on vendor e s t i m a t e  of June 1978 

A-12 An t i c ipa t ed  Useful  L i f e  (Years) 7  

From 5101-33 I n t e r i m  P r i c e  Est imat ion Guide l ines  p. 21 

A-13 Salvage Value $225,000 J '  

A r b i t r a r y  va lue  based on h i g h  c a p a b i l i t y  f o r  refurbishment  and 
update  o f  equipment. 

A-14 C o s t o f  R e m o v a l a n d I n s t a l l a t i o n  $ 10,000 

A r b i t r a r y  c o s t  es t imate .  Requires on ly  e l e c t r i c a l  and coo l ing  
water  hookups, 



LASER ANNEAL 

A- 16  
C a t a l o g  Number 

F O N T  A PART 4 

DIRECT REQUIREMENTS PER MACIIINE 

A- 17 
Requirement D e s c r i p t i o n  

Mfg. Space 

E l e c t r o n i c s  Techn ic ian  
Automated P r o c e s s e s  

A- 1 8  A- 19 

' LASE,R ANNEAL FORMAT A PART .5 

A m t .  R e q l d . . p e r  Macl~ine 

200 

(10'  x 20 ' )  

2 .0  
Assumes one o p e r a t o r  
t e n d i n g  two machines 

.5 o p e r a t o r  x 4 crews 
= 2.0 o p e r a t o r s  

DIRECT REQUIREMENTS PER BATCH-, ' 

U n i t s  

Sq F t  

pe r son /  
Years  

A- 20 
C a t a l o g  Number 

A-21 I A-22 A-23 
Requirement D e s c r i p t i o n  A m t .  ~ e q ' d .  p e r  L t c h  I u n i t s  I 
Tap Water 

p e r  Equip. Mfr ' r  
(Quan t e  1 )  

E l e c t r i c i t y  KW h r /  
min 



SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

n FORMAT A 

PROCESS DESCRIPTION 

U Calilornid I n ~ r i r n r r  o l  Tcrhnolony 
4800 Onk Grorv Dr. / Pa~ndens. ~ a l i l . '  91 103 

A1 Process Referent Screen  

A2 D~~~~~~~~~~ (Optional) Screen ' p r i n t i n g ,  d r y i n g  and f i r i n g  o f  c o n d u c t i v e  p a s t e s  

on back and f r o n t  s i d e s  o f  w a f e r s  

PART 1 - PRODUCT DESCRIPTION 

A3 Product Referent -sP Wafer 

A4 Nameor Description Screen  p r i n t e d  Wafers - Both Faces  

A5 Units Of Measure Wafer 

PART 2 - PROCESS CHARACTERISTICS 

A6 Output Rate 150 Units (given on line A5) Per Operating Minute 

A7 Average Time at Station 2.77 Calendar Minutes 

.98 A8 Process Usage Time Fraction Average  umber of Operating Minutes Per Minute ' ' 

PART 3 - EQUIPMENT COST FACTORS 
. . 

A9 Component Referent . Bk Screen F t  Screen Fuse  Oven 

A10 Base Price Year For Purchase Price 1978 1978 1978 

A1 1 Purchase Price ($ Per Component) 80,000 80,000 30,000 

A12 Anticipated Useful Life (Years) 7 7 7 

A1 3 Salvagc Valile ($ Pcr-Co~nponcnt) 20,000 20,000 10,000 

A14 Cost of Removal 81 Installation ($/Component) 5,000 5,000 5,000 

JPL 3037-5 11/77 



Format A: Process Description (Continued) 

A14 Process Referent (From Page 1) . 

PART 4 - DIRECT REQUIREMENTS PER MACHINE 

A16 A17 A18 A1 9 
Catalog Amount Required 
Number Requirement Description Pei Machine Units 

A-2064-D Manufacturing Space 500 Sq. F t .  

B-3752-D Pro'duction Machine Opera to r  2 Person Years 

PART 5 - DIRECT REQUIREMENTS PER BATCH (A continuous process has a "batch" of one unit) 

A20 A2 1 A2 2 A23 
Catalog Amount Required 
Number Requiremeht Description' Per Batch Units 

C 1032 B E l e c t r i c i t y  ' . .29797 KW hr/min 
DuPon t 11402 1 ' 
Silver/Alum P a s t e  115.652 ~ r a m s l r n i n  

S i l v e r  P a s t e  DuPont H7095 8.096 . .  rams /min 

PART 6 - INTRA-INDUSTRY PRODUCT(S) REQUIRED 

A24 
Product 

Reference 

A25 A26 A27 
Yield Factor 

Product Name (Usable Outputllnput) Units 

* LA Wafer Laser  Annealed Wafer ** 99.2 Sp ~ a f e r / L a  Wafer 

R. Casey, LMSC Prepared by Date 7/26/78 

*Laser Annealed Wafer , ..- 

*Wo i n s p e c t i o n .  is  planned a t  complet ion o f  t h i s  ppe ra t . i on .  . REVERSE SIDE ~ p i :  ,3037-S. 11/77 

F i g u r e  r e p r e s e n t s  ave rage  y i e l d  f o r  each  'o f  7 procese..  s t e p s  w i t h # - f i n a l  inspect ion-.  
I n .  . . . ,  y i e l d  o f  95%. , $. . . -  . . . _ .:. .. . ~ . . -  _ - . . -- . . .. . 'I_ .... . .- -. -.- - .- 

. . A-25. -,,,,.+..- : ._c -I-,- .;; . -  -- .. - = <..<. .= ~.*#.? . a-  . , . - .. - 



SCREEN PRINT FORMAT A PART 2 

A- 6 Output  Rate  150 ~ a f e r s / ~ i n u t e  

1500 machine c y c l e s  p e r  hour  a t  6 w a f e r s  p e r  c y c l e  p r o c e s s e s  9000 
w a f e r s  p e r  hour : 60 minutes  = 150 wafe rs  p e r  minute.  Conveyor 
s p e e d s . f o r  d r y i n g  ovens and f i r i n g  oven a r e  paced a c c o r d i n g l y .  

A- 7 Average Time a t S t a t  ion  Minutes 

Screen p r i n t e r  c y c l e  
3 wafe rs  each t o  be  
a t  3.1" each row = 6 
speed o f  13 f t l m i n .  

Length o f  Line:  

s 25 t imes p e r  minute  producing two rows o f  
t r a n s f e r r e d  t o  t h e  conveyor.  Two rows o f  w a f e r s  
.2" o f  conveyor l e n g t h  x 25 c y c l e s  = conveyor 

Turnover and P r i n t  Back Face 6 f e e t  
Oven Dry Back Face (30 s e c  a t  1 5 0 ' ~ )  7 f e e t  
Turnover and P r i n t  F r o n t  Face 6 f e e t  
Oven Dry F r o n t  Face (30 s e c .  a t  1 5 0 ' ~ )  7 f e e t  
Fuse Conductive P a s t e  (45 s e c .  a t  650°C) . 10 f e e t  

T o t a l  Length 36 f e e t  

36 f t .  5 13 f t l m i n  = 2.77 min a t  s t a t i o n  

A- 8 Process  Usage Time F r a c t i o n  .976 

Es t imated  on b a s i s  o f  4 hours  downtime p e r  168 hour work week. 



SCREEN PRINT FORMAT A PART 3 

A - 1 1  Purchase p r i c e  per  Component 

Bk Screen $80,000 

Manufacturers e s t i m a t e  of  $80,000 f o r  s t anda rd  u n i t  wi thout  c a r t r i d g e  
unload and c a r t r i d g e  r e load  c a p a b i l i t y .  . 

F t  Screen $80,000 

Same a s  Bk Screen 
- .  

Fuse Oven $30,000 

Di rec t  LMSC Es t imate  

A-12 Useful  L i f e  7 Years 

From 5101-33 Interim P r i c e  Est imat ion ~ u i d e l i n e s  p. 2-1 

A- 13 Salvage Valve per  Component 

D i r ec t  LMSC Es t imate  

A-14 Cost o f  Removal and I n s t a l l a t i o n  

D i r e c t  L!SC Es t imate  



SCREEN PRINT FORMAT A PART 4  

SCREEN PRINT FORMAT A PART 5  

A- 20 
Catalog No. 

C 1032 B 

A- 16 
Catalog No. 

A- 2064-D 

B-3752-D 

A-2 1 
Requirement Descr ip t ion  

A- 18 
A m t  Req'd per  Machine 

500 f t 2  
36'  Length o f  Line 
x  10 width = 360 f t  
+ 140 f t 2  s e r v i c e  
a r e a  = 500 f t 2  

2  
Assumes one Operator  
tending two screen 
p r i n t  systems = .'5 
ope ra to r  x  4  crews 
= 2.0 

A- 17 
Requirement Descr ip t ion  

Manufacturing Space 

Production Machine Operator  

E l e c t r i c i t y  
(a)  combined mechanical 

d r i v e s  @ 5 HP 
(b) dry ing  ovens 

A- 19 
Uni t s  

Sq. Ft.  

~ e r s o n / ~ e a r s  

(c )  Pas te  - F i r i n g  Oven 

A-22 
A m t  ~ e q ' d  per  Batch 

7.457 KW h r  3 60 min 
= .I24283 
@ 1 5 0 ' ~  dry ing  temp - 
temp r i s e  of  wafer is  
131°C 
S p e c i f i c  hea t  of  s i l i c o n  
i s  .15 ca l lgm 
Wafer weight is  4.8g 
- .15x4.8=.72 cal/OCx 

131°C = 94.32 ca l /wafer  
- 4.1868 ~ / c a  1x94.32= 
394.9 J o u l e s  req 'd  t o  

reach 165OC o r  .0000972 
KW hr /wafer  x  150 
wafers/min = .014578 
KW hrlmin x  2  ovens 
= .02915 KW~/min x  l o s s  
f a c t o r  0 f ~ 2 . 0  = .0583 
KW hrlmin 
@ 6 5 0 ' ~  f i r i n g  temp - . 
temp r ise of  wafer  
(from 1 5 0 ' ~ )  i s  5 0 0 ' ~ .  



PART 5 - Continued 

A-22 
A m t  Req'd per  Batch 

' S p e c i f i c  hea t  o f  
s i l i c o n  is  ,15 cal/gm 
Wafer weight i s  4.8 g 
- .15 x 4.8 = .72 
c a l / ' ~  x 5 0 0 ' ~  = 360 
ca l lwa fe r  - 4.1868 
J / c a l  x 360 = 1507.25 
j o u l e s '  req 'd. t o  reach 
650°C o r  .000419 KW 
hr/wafer  x 150 wafers /  
min = .0628 KW hr/min 
x l o s s  f a c t o r  o f  2.0 
= .I256 

Tota l  KW hr/min 

Area o f  2.9" d i a .  
c i r c u l a r  pad is  
6.605 in2  x . 0 0 1  
th ickness  o f '  p a s t e  
= .006605 in3  
= ..lo83 cc  per  
wafer x 150 wafers  
pe r  min = 16.24 cc/ 
min 

@ 65% s o l i d s  by ,weight  
ag  = 10.556 cc/min 
x d e n s i t y  o f  10.49 
g /cc  = 110.73 g/min 

@ 35% so lven t  by weight 
s o l v e n t  = 5.684 cclmin 
x d e n s i t y  of  .866 g /cc  
= 4.922 g/min 

110.73 glmin s o l i d s  
+ 4.922 g/min s o l v e n t  
115.652 g/min 

A- 23 
Uni t s  



SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS 

" FORMAT A 

PROCESS DESCRIPTION 
"U JET PROII 'LSION 1.AFIORATORY 

Calilnrwia l n ~ r i r n ~ r  n l  T e r h n n l o ~ y  
48110 On4 Grovr Dr.  / Paradsno, Calif. .  3 1  103 

A1 Process Referent' AR Coat / 

A2 oescription ( o ~ ~ ~ ~ ~ ~ ~ )  Spray A n t i -  R e f l e c t i v e  C o a t i n g  on Wafers  

P A R T  1 - PRODUCT DESCRIPTION 

A3 - Pr~pll,rct Referent - A I ! W f e r  

A4 Ngmq nr Das~riptinn ,Anbtu-&&d&!Ed~r . -- -- - - - - - - 

- - -- 

A5 Units Of Measure Wafers 

I PART 2 - PROCESS CHARACTERISTICS 

A6 Output Rate 15 0 Units (given on line A5) Per Operating ~ i n u t e  

A7 Average Time at Station 9.5 Calendar Minutes 

A8 Process Usage Time Fraction .98 Average Number of Operating Minutes Per Minute 

P A R T  3 - EQUIPMENT COST FACTORS 

A9 Component Referent T r a n s f e r  Spray Bake 

A10 Base Price Year For Purchase Price 19 7 8 1978 

A1 1 Purchase Price ($ Per Component) - $65.090 S40.000 
, A12 Anticipatcd Usoful Life (Years) 7 7 7 

A13 Salvayo Valua ($ Por ~omponc!nt) 0 - 5,000 2 0 0  

.A14 Cost of Removal & I~rstallation ($/Component) a.oao A Q O L  -a&- 

JPL 3 0 3 7 - S  11/77 



Format A: Process Description (Continued) 

AR Coat  A14 rrcrzeis flefi.ii.~it (Flu111 Paye I) 

PART 4 - DIRECT REQUIREMENTS PER MACHINE 

A16 A17 A18 A1 9 
Catalog Amount Required 
Number Requirement ~escription Per Machine Units 

A-2064-D . Manufacturing Space 600 Sq. Ft.  

B 3752 D Production Machine Opera t o r  2 Person Years 

a- 

PART 6 - DIRECT REQUIREMENTS PER BATCH (A contlnuous process has a "batch" of one unit) 

A20 A2 1 ' ~ 2 2  A23 
Catalog Amount Required 
Number Requirement Description Per Batch Units 

C 1032 B E l e c t r i c i t y  .08165 .- 

C 2032 D Compressed A i r  5.0 Cu ~ t / m i n  
. *  

A.R. Coating Mat'l . 18.75 cc/min 

PART 6 - INTRA-INDUSTRY PRODUCT(Sj REQUIRED 

A24 
Product 

Roferenco 

A26 A26 A27 
Yield Factor 

Product Namo (Usable Output/lnput) Units 

*SP Wafer Screen Pr in ted  Wafer ** 99.2 AR Wafer/SP Wafar 

. . 

~,,,,~,~d,b~ R. J. Casey, IMSC Date August 4, 1978 

*Screen Pr in ted  Wafer 
*Wo inspec t ion  i s  planned a t  completion o f  t h i s  opera t ion ,,,,,,, ,,,, ,,, ,,,, -, ,,I,, 

Figure  r e p r e s e n t s  average y i e l d  f o r  each of  seven proceee s t e p s  wi th  f i n a l  
--.- inspec t ion  y i e l d  of  95%. , 



ANTI-REFLECTIVE COATING FORMAT A PART 2 

A- 6 O u t p u t  Rate 150 Wafers/min 

P r o d u c t i o n  r a t e  matched t o  p r i o r  o p e r a t i o n  

A- 7 Average  Time a t  S t a t i o n  9.5 min 

Based on conveyor  l e n g t h  a n d  speed :  

T r a n s f e r  Device  and Spray  Booth Conveyor 8 F t  
Baking Oven Conveyor 30  ~t . 

38 F t  @ 4 Ft /min  = 9.5 min 

A- 8 P r o c e s s  Usage Time F r a c t i o n  . 98  

C o n t r o l l e d  by  p r e c e d i n g  s c r e e n  p r i n t  o p e r a t i o n  on 
b a s i s  o f .  4 h r s .  downtime p e r  168 h r .  week 

ANTI-REFLECTIVE COATING FORMAT A 

I A-11 t h r u  A-14 A l l  i t e m s  a r e  d i r e c t  estimates 

PART 3 

A- 16  A- 17  A- 18 A- 1 9  
C a t a l o g  No. I Requirement  D e s c r i p t i o n  Amt Req'd p e r  Machine U n i t s  

A-2064-D Manufac tu r ing  Space  3 8  f t .  t o t a l  conveyor  Sq. F t .  
5 p e  A l e n g t h  p l u s  12 f t  

c l e a r a n c e  = 5 0  f t  x 12 
f t  w i d t h  i n c l u d i n g  
c l e a r a n c e  = 600 sq .  f t .  

B-3752-D P r o d u c t i o n  Machine O p e r a t o r  2 Person  Years 
Assumes o n e  o p e r a t o r  
t e n d i n g  two c o a t i n g  

, s y s t e m s  = .5  o p e r a t o r  
x 4 c rews  = 2.0  



ANTI-REFLECTIVE COATING . FORMAT A PART 5 

A-23 
U n i t s  

KW hr/min 

,06215 

.0195 

.08165. 
KW/hr /min 

Cu Ft/min 

18.75 cc/min 

A-22 
A m t  Req'd p e r  Batch 

3.729 KW i 60 minu tes  
= .06215 KW. hr/min 

155OC Temperature r i s e  
o f  Wafers 
S p e c i f i c  h e a t  o f  s i l i c o n  
i s ,  .15 cal /gm 
Wafer w e i g h t  is  4 .8  gm 
.15 x 4 . 8  = .72 cal/ 'C 
x 155'C = 111..6 c a l /  
wafe r  
4.1868 ~ / ~ a l  x 111.6 = 

. '467.25. .Joules r e q ' d  
t o  r e a c h  175OC oven 
t e m p e r a t u r e  o r  
0001298 KW h r / w a f e r  
x 150 w a f e r  p e r  min = 
.O195 KW hr/min 

. . 
T o t a l  

5 .0  
D i r e c t  E s t i m a t e  

. . 

Are? sprayed  .p@r  minute 
' = 1500 angst roms (wet 

t h i c k n e s s )  x 40" x 50'' 
= 18.75 cc/min . . 

. \  
I . .  

A- 20 
C a t a l o g  No. 

C-1032 B 

C 2032 D 

A- 2 1 
Requirement D e s c r i p t i o n  

E l e c t r i c i t y  

( a )  Combined Mechanical  
d r i v e s  f o r :  

- Vacuum Pump 
- 2 Conveyors 
- Spray Head T r a v e r s e  

@ 7 HP 

(b) Baking Oven 
. .. 

Compressed A i r  
A r t i c u l a t i o n .  o f  T r a n s f e r  
Device and Sp.ray 
Nozzle Supply \., 

AR Coa t ing  M a t e r i a l  

. 




