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ABSTRACT 

Th is .  r e p o r t  covers i n i t i a l  s tud ies  on the .  Meta I  I  i z a t  ion o f  Large 

S i l i c o n  Wafers f o r  t h e  pe r iod  o f  26 August 1977 through 31 December 1977. 

A proposed metal l i z a t i o n  system f o r  la rge s i t  icon s o l a r  ce l  Is i s  

o u t l i n e d  and discussed. A basel ine process seouence i s  del ineated. 

I n i t i a l  s tud ies  o f  t h e  c'hemical p l a t i n y  solut . ions used f o r  metal 

depos i t ion  a re  reported. An annotated b ib l i og raphy  o f  r e l a t e d  work i s  

presented. 
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1 .O SUMMARY 

A proposed metal I  i z a t i o n  system f o r  la rge area s i l i c o n  s o l a r  c e l  l s  w i t h  

shal low junc t i ons  i s  outl ined; and i t s  des i rab le  fea tures  a re  discussed. 

A base l ine  process sequence f o r  t h e  n i c k e l  pal ladium metal l i z a t i o n  system 

(NPMS 1 i s de 1 i neated. Th i s base I  i ne process sequence i s "se rv ing  as t h e  

s t a r t i n g  p o i n t  from which process v a r i a t i o n s  are  being performed. The eventual 

goal i s  op t im iza t i on  o f  t h e  NPMS process and determinat ion o f  t h e  con t ro l  

ranges f o r  NPMS orocess var iables.  

I n i t i a l  s tud ies  o f  pal ladium.displacemeni ,,,u e l e c t r o l e s s  chemical 

p l a t i n g  so lu t i ons  used i n  t h e  basel.ine NPMS have begun and progress i s  reported 
. . 

I, support o f  t h  i s work, an annotated b i b  1 i ograGhy deal i ng p r imar i  l y w i t h  

pal  lad i um p I  a t  i ng and pal I ad i um-s i I icon' con tac t  format ion has been prepared 

(and w i l l  be sub jec t  t o  updat ing i n  f u t u r e  repor t s ) .  



2.0 ,I NTRODUCT I  ON 

The Automated Array Assembly Task, LSSA Pro jec t ,  i s  concerned w i t h  a 

comprehensive assessment o f  t h e  improvements i n  e x i s t i n g  technology t h a t  may 

be needed t o  develop an i n d u s t r i a l  c a p a b i l i t y  f o r  low cost ,  mass product ion 

o f  very durable s i l i c o n  s o l a r  pho tovo l ta i c  modules and arrays.  

Th is  p o r t i o n  o f  t h e  p r o j e c t  involves i nves t iga t i on ,  advanced develop- 

ment, and c h a r a c t e r i z a t i o n  o f  a method, adaptable t o  la rge volume product ion, 

f o r  t he  m e t a l l i z a t i o n  o f  la rge s i l i c o n  substrates which a re  s u i t a b l e  . f o r  

use as t e r r e s t r i a l  s o l a r  c e l l s .  The proposed m e t a l l i z a t i o n  system i s  one 

which can be s e l e c t i v e l y  p la ted  t o  exposed s i l i c o n  sur faces w i t h  no need t o  

$5 
s p e c i a l l y  p r o t e c t  areas covered w i t h  a d i e l e c t r i c  (such as an a n t i r e f l e c t i o n  

coa t ing ) .  

The m e t a l l i z a t i o n  scheme i s  comprised.of t h ree  layers.  Palladium, 

through the  formation o f  pal ladium s i l i c i d e  a t  e levated temperatures, forms 

t h e  ohmic con tac t  t o  t h e  s i l i c o n  surface. Nickel ,  p l a t e d  on top  o f  t h e  

pal ladium s i l i c i d e / p a l l a d i u m  layer ,  forms a solderable in ter face.  Lead-t in 

so lder  on t h e  n i cke l  provides h igh  c o n d u c t i v i t y  a t  low cost,  a l lows a 

convenient means f o r  in terconnect ion  o f  c e l  l s, and y i e l d s  some add i t i o n a  I 

degree o f  p r o t e c t i o n  against  de le te r ious  e f f e c t s  r e s u l t i n g  from moisture 

ingression. 

I t  i s  expected t h a t  t h i s  n icke l -pa l  ladium m e t a l l i z a t i o n  system (NPMS) 

w i l l  .be c o s t  e f f e c t i v e  and e x h i b i t  super io r  r e l i a b i l i t y .  



3.0 TECHN lCl AL DISCUSS'ION 

3.1 PLATED METAL CONTACT SYSTEMS 

Pla ted contacts, p a r t i c u l a r l y  those inco rpo ra t i ng  e l e c t r o l e s s  n i c k e l ,  

have been u t i l i z e d  i n  t h e  past  f o r  s o l a r  c e l l s  as we l l  as i n  o t h e r  semiconductor 

m e t a l l i z a t i o n  app l i ca t i ons .  While p l a t e d  n i c k e l  contac ts  s t i l l  f i n d  broad 

u t i l i z a t i o n  i n  very deep j u n c t i o n  devices, such as some s i l i c o n  r e c t i f i e r  

products, lack o f  p l a t i n g  con t ro l  and r a p i d  s o l i d  s t a t e  d i f f u s i o n  o f  n i c k e l  

i n t o  s i l i c o n  have caused problems r e q u i r i n g  p la ted  n i c k e l  contac ts  f o r  s o l a r  

c e l l s  w i t h  shal low junc t i ons  t o  be l a r g e l y  supplanted by o t h e r  m e t a l l i z a t i o n  

techniques. Experience i n  t h e  s o l a r  c e l l  i ndus t ry  has shown t h a t  it i s  

d i f f i c u l t  t o  con t ro l  consistency o f  both t h e  e l e c t r o l e s s  n i c k e l  p l a t i n g  r a t e  

and adherence o f  t he  r e s u l t i n g  p la ted  n i c k e l  t o  t h e  s o l a r  c e l l  surface. A 

heat t r e a t i n g  ( s i n t e r i n g )  c y c l e  can be used t o  promote adherence o f  n i c k e l  

t o  s i i i c o n ,  bu t  s o l a r  c e l l  cur rent -vo l tage c h a r a c t e r i s t i c  degradation can 

occur by d i f f u s i o n  o f  n i cke l  i n t o  t h e  p-n j u n c t i o n  region, lower ing c e l l  

f i l I - f a c t o r  and e f f  ic ie l lcy.  

Provided t h a t  c o n t r o l  and r e l i a b i l i t y  a re  good, however, p la ted  contac ts  

o f f e r  d i s t i n c t  advantages over  a l l  o t h e r  m e t a l l i z a t i o n  techniques f o r  s o l a r  

c e l l s .  The p la ted  contac t  requ i res  a r e l a t i v e l y  small c a p i t a l  investment, 

i s  amenable t o  both batch and cont inuous t ype  processing, and i s  t h e  most 

t o l e r a n t  w i t h  respect  t o  vary ing  sur face s t ruc tu re .  Future s o l a r  c e l  I s  w i  l l 

be fab r i ca ted  on la rge  area sheets o f  s i l i c o n  which w i l l  be t h i n  and may n o t  

be f l a t  and smooth. I n  fac t ,  it i s  a n t i c i p a t e d  t h a t  such fu tu re  s i l i c o n  

substrates f o r  s o l a r  c e l l s  w i l l  have va ry ing  degrees o f  curvature, taper, 

warpage, sur face r i p p l e ,  and sur face t e x t u r i n g .  A p la ted  contac t  scheme 

which g ives s a t i s f a c t o r y  performance today w i l l  be d i r e c t l y  app l i cab le  t o  

such f u t u r e  c e l  Is.  



I f  a solderable metal f i l m  such as n i c k e l  i s  formed as p a r t  o f  t h e  p l a t i n g  

sequence, the  contac ts  can be coated w i t h  a t h i c k  so lder  layer  t o  prov ide  

both  an inexpensive conductor and an a d d i t i o n a l  degree o f  environmental 

p rot .ect  i on. 

To study and develop p la ted  metal con tac t  systems, t h e  Motorola So lar  

Energy R8D Department has evolved s o l a r  c e l l  f a b r i c a t i o n  processes designed 

t o  be compatible w i t h  p la ted  m e t a l l i z a t i o n .  p r i o r  t o  m e t a l l i z a t i o n ,  an a n t i -  

r e f l e c t i o n  coat ing,  which passivates t h e  p-n j u n c t i o n  per imeter  and t h e  

s i l i c o n  surface, i s  formed on t h e  s o l a r  c e l l .  The des i red  metal con tac t  

areas can then be exposed photolithographicaIIy,'patterning t h e  a n t i r e f l e c l - i o n  

c o a t i n g  ( u t i l i z i n g  co l l ima ted  l i g h t  w i t h  e i t h e r  p r o j e c t i o n  o r  p rox im i t y  

a l ignment methods, both o f  which a re  r e l a t i v e l y  i n s e n s i t i v e  t o  surface 

topo logy) .  I f  t h e  metal p l a t i n g  reac t ions  a r e  se lec t ive ,  p l a t i n g  occurs o n l y  

on t h e  exposed s i l i c o n  sur face where t h e  a n t i r e f l e c t i o n  coa t ing  i s  removed, 

and no p l a t i n g  occurs on t h e  remaining a n t i r e f l e c t i o n  coat ing.  Thus, t h e  

metal contac ts  a re  formed o n l y  where desired. 

I  n p l  a t i  ng meta l contac ts  t o  exposed s i  l icon, autocata l y t i c  ( e l  e c t r o  l ess) 

p l a t i n g  reac t ions  and displacement (immersion) p l a t i n g  reac t ions  have 

advantages over  e l e c t r o l y t i c  p l a t i n g  techniques, which requ i re  ex terna l  

e l e c t r i c a l  contac ts  t o  t h e  s o l a r  c e l l  wh i l e  p l a t i n g  and which a re  i nhe ren t l y  

nonuniform i n  t h e  presence o f  i n t e r n a l  p-n j u n c t i o n  s t r u c t u r e s  ( g i v i n g  

v a r i a b l e  c u r r e n t  d e n s i t i e s )  and wherever t h e  con tac t  geometry incorporates long 

I  ines. 

3.1.1 ELECTROLESS N l CKEL PLAT l NG 

Nickel  i s  a des i rab le  con tac t  because it i s  so lderab le  and i s  capable 

o f  making ohmic con tac t  t o  s i l i c o n .  However, two major problem areas have 



l i m i t e d  t h e  use o f  e l e c t r o l e s s  n i c k e l  f o r  s o l a r  c e l l  contacts.  The f i r s t  

major problem area i s  u n i f o r m i t y  c o n t r o l  and r e p e a t a b i l i t y  o f  t h e  p l a t i n g  

process i t s e l f ;  t h e  second problem area i s  ensur ing good contac t  adherence, 

e s p e c i a l l y  t o  shal low j u n c t i o n  devices. Both o f  these problems c o n t r i b u t e  t o  

quest ionable re1 i a b i  I  i t y .  

The most appropr ia te  e l e c t r o l e s s  n i c k e l  bath f o r  s i l i c o n  con tac t  

a p p l i c a t i o n  was found t o  be t h e  ammonia-type, bas ic  (h igh  pH) bath u t i l i z i n g  

sodium hypophosphite as a  reducing agent. On a  bare s i l i c o n  surface, t h e  

bas ic  bath p l a t e s  more read i l y ,  cons is ten t l y ,  and un i fo rm ly  than a c i d i c  

( low pH). baths. I t  has been observed, however, t h a t  t h e  bas ic  bath can 

chemical l y  a t t a c k  t h e  s i  I icon surface, forming a  t h i n  f i l m  between t h e  

s i l i c o n  sur face and t h e  n i cke i  layer .  'This f i l m  has been analyzed and found 

t o  be p r i m a r i l y  Si02. I t  i s  pos tu la ted tha t ,  du r ing  p l a t i n g  o f  e l e c t r o l e s s  

n i c k e l  on to  a  bare s i l i c o n  surface, some amount o f  t h i s  t h i n  ox ide  l a y e i  i s  

always formed and t h a t  i t s  th ickness and, u n i f o r m i t y  a re  t h e  major va r iab les  

i n  the  c o n t r o l  o f  e l e c t r o l e s s  n i cke l  p l a t i n g  on s i l i c o n .  The format ion 

o f  t h i s  f i l m  i s  dependent upon temperature, composition, degree o f  a c t i v a t i o n ,  

and pH o f  t h e  p l a t i n g  bath. The i n t e r r e l a t i o n s  o f  these bath parameters 

are  complex and n o t  always pred ic tab le .  

The r a t e  o f  p l a t i n g  from common e l e c t r o l e s s  n i cke l  baths i s  h i g h l y  

dependent upon t h e  type and (sur face)  concent ra t ion  o f  t h e  s i l i c o n  dopant. 

Heavi ly  boron doped svrfaces, f o r  example, p l a t e  a t  a  much lower r a t e  than 

l i g h t l y  doped sur faces under some bath cond i t ions .  Bath components can be 

ad jus ted t o  essen t ia l  l y  e l im ina te  such p l a t i n g  r a t e  d i f fe rences,  usua l l y  

a t  t h e  expense o f  bath l i f e  o r  e f f i c i e n c y ,  however. 



As p la ted  on s i l i c o n ,  e l e c t r o l e s s  n i c k e l  may e x h i b i t  l i m i t e d  adherence 

and poor contac t  res is tance,  probably due ( a t  l eas t  i n  p a r t )  t o  t h e  presence 

o f  an ox ide  laye r  between t h e  s i l i c o n  and n i c k e l .  Normal procedure i s  t o  

heat t r e a t  t h e  s o l a r  c e l l  t o  a l low n i c k e l  d i f f u s i o n  t o  penetrate through 

any ox ide  laye r  and t o  form a n i c k e l  s i l i c i d e  layer .  The s i l i c i d e  formation 

requ i res  i n t e r d i f f u s i o n  o f  t h e  n i c k e l  and s i l i c o n .  
I 

P a r t  o f  t h e  d i f f i c u l t y  i n  c o n t r o l l i n g  n i c k e l - s i l i c o n  i n t e r d i f f u s i o n  i s  

t h a t  formation and growth o f  t h e  n i c k e l  s i l i c i d e  i n t e r f a c e  i s  p r i m a r i l y  a  

r e s u l t  o f  t h e  movement o f  n i c k e l  atoms through t h e  e x i s t i n g  s i l i c i d e  and i n t o  

the, s i  I  icon. On t h e  order  o f  95% o f  t h e  atomic motion i s  con t r i bu ted  by 

t h e  n i c k e l .  
*,el0 

Moreover, t h e  f i r s t  s i l i c i d e  formed i s  Ni2Si, which w i l l  

t rans form a t  temperatures greater  than 350 '~  in fo . N i s i .  The N i s i  region i s  

i n i t i a t e d  a t  t he  Ni2Si-Si i n te r face .  Th is  i nd i ca tes  t h a t  t h e  b ind ing  energy 

o f  Ni2Si i s  no t  p a r t i c u l a r l y  s t rong and t h a t  n i c k e l  d i f f u s i o n .  may occur wel l  

beyond t h e  Ni2Si-Si in ter face.  

I f  n i cke l  penetrates t o  t h e  region o f  a  p-n junc t ion ,  m i n o r i t y  c a r r i e r  

l i f e t i m e  near t h e  j u n c t i o n  decreases, j u n c t i o n  c h a r a c t e r i s t i c s  degrade, and 

s o l a r  c e l l  e f f i c i e n c y  decreases. Th is  phenomenon i s  seen p r i m a r i l y  as an 

excess forward' c u r r e n t  which decreases t h e  s o l a r  ce l  I  f i l l - f ac to r .  Too deep 

a n i c k e l  penet ra t ion  can severely degrade s o l a r  c e l l  e f f i c i e n c y .  

On t h e  o t h e r  hand, n i c k e l  con tac t  s t reng th  i s  s t r o n g l y  dependent upon 

adequate n i c k e l  s i l i c i d e  formation. I n  order  t o  ensure t h i s  formation, a  

minimum t ime  a t  an e levated temperature i s  required.  I n  t h e  case o f  very 

shal low junc t ions ,  format ion o f  adequate n i c k e l  s i l i c i d e  f o r  s t reng th  may 

* 
Reference numbers c i t e d ,  such as B10, a re  . t o  be f'ound i n  t h e  NPMS Annotated 
B i b l  iography, Sect ion 7.0 o f  t h i s  repo r t .  



. automatical l y  mean s u f f i c i e n t  n i c k e l  d i f f u s i o n  i n  advance o f  t h e  n i c k e l  

s i t  i c i d e  l aye r  t o  degrade t h e  p-n j unc t i on .  As a  r e s u l t ,  a  f i n e  l i n e  

e x i s t s  between con tac t  r e l i a b i l i t y  and s o l a r  c e l l  e f f i c i e n c y  f o r  e l e c t r o l e s s  

n i c k e l  p l a t e d  contacts.  

3.1.2 PALLADIUM SlLlClDE FORMATION 

0 L i ke  n i cke l ,  pal ladium forms a  s i l i c i d e  a t  temperatures as low as 200 C. 

However,. t he  k i n e t i c s  and mechanism o f  formati,on o f . t h e  low'temperature compound, 

Pd S i ,  a re  q u i t e  d i f f e r e n t  from those o f  n i c k e l  s i l i c i d e s .  F i r s t ,  marker 2  

experiments have shown t h a t  t h e  i n t e r d i f f u s i o n  o f  pal ladium and s i l i c o n  occurs 

U 1 0  
w i t h  n e a r l y e q u a l  rates,  s i l i c o n  moving somewha t fas te r than  pal ladium . 
Second, once Pd2Si i s  formed, it i s  s tab le .  Fur ther  t ime o r  increased temperature, 

a t  l e a s t  UD t o  500°c, leave. t h e  l aye r  unchanged 'I8. This  ind ica tes  a  

reasonably s t rong b ind ing  energy f o r  t h e  intermetal  t i c  compound and a  s e l f -  

I  i m i t i n g  depth o f  pal ladium d i f f u s i o n .  Further,  Pd2Si grows e p i t a x i a l  l y  a t  

a l l  temperatures on < I l l >  s i l i c o n  surfaces, i n d i c a t i n g  minairnal s t ress  a t  

t h e  s  i I  i c  i de-s i I  icon in te r face  B7. These d  i f ferences between pa I  I  ad i urn and 

n i c k e l  s i l i c i d e s  g i ve  r i s e  t o  t h e  p o s s i b i l i t y  t h a t  pal ladium contacts may 

prov ide e x c e l l e n t  con tac t  adherence whi le, a t  t h e  same t ime, preserv ing p-n 

j u n c t i o n  c h a r a c t e r i s t i c s ;  

3.1.3 PALLADIUM PLATING 

Pal ladium may be s e l e c t i v e l y  p l a t e d  from a t  l eas t  two separate types o f  

p l a t i n g  baths: an e l e c t r o l e s s  bath, s i m i l a r  i n  composit ion and a c t i o n  t o  

t h e  basic n i cke l  e l . ec t ro less~ba th ,  and a  displacement type (immersion) bath. 

Experiments are  being performed w i t h  both types o f  pal ladium p l a t i n g  baths. 



Performance o f  an e l e c t r o l e s s  pal ladium bath i s  q u i t e  s i m i l a r  t o  i t s  

n i c k e l  counterpar t ,  and it does present  some d i f f i c u l t i e s  when used t o  p l a t e  

bare s i  l icon surfaces. Jus t  as f o r  e l e c t r o l e s s  n i c k e l  baths, t h e  p l a t i n g  r a t e  . 

depends d ramat i ca l l y  on t h e  type and c o n d u c t i v i t y  o f  t h e  s i l i c o n  sur face- -  

t h e  p+ back o f  an n-on-p s o l a r  c e l l  i s  much more d i f f i c u l t  t o  p l a t e  than t h e  

n+ f r o n t .  I n  fac t ,  good e l e c t r o l e s s  p l a t i n g  on both  s o l a r  c e l l  surfaces has 

n o t  y e t  been r e a d i l y  obta ined w i thou t  some sur face prepara t ion  step, such 

as s e n s i t i z i n g  w i t h  a  displacement pal ladium (immersion) so lu t i on .  

3.1.4 COMBINED Pd,Si-Ni CONTACTS 
L 

Since pal ladium i s  more expensive than n i cke l ,  pal ladium may be u t i l i z e d  

t o  form a  Pd S i  ohmic con tac t  layer  w i t h  a  subsequent n i c k e l  layer  p rov id ing  2  

a  sol 'derable con tac t  surface. E l e c t r o l e s s  n i c k e l  w i l l  p l a f e  r e a d i l y  t o  both 

pa l lad ium and Pd2Si. P l a t i n g  occurs a t  r e l a t i v e l y  equal r a t e s  on Pd2Si 

formed on s i l i c o n  w i t h  d i f f e r e n t  doping concent ra t ions  and types, e l i m i n a t i n g  

t h e  need t o  modify n i c k e l  baths t o  p l a t e  n+ and p+ regions simultaneously. 

In  a d d i t i o n  t o  being r e l a t i v e l y  inexpensive, n i c k e l  provides a  solder-  

ab le  sur face which has very low r a t e s  o f  d i s s o l u t i o n  i n t o  l ead - t i n  solders.  

Th is  c h a r a c t e r i s t i c  a l lows f o r  a  wide con t ro l  range o f  so lder  t ime and 

temperature, both i n  so lder  coa t ing  t h e  s o l a r  c e l l  m e t a l l i z a t i o n  and i n  

any subsequent re f l ow  ( o r  o t h e r  h igh  temperature in terconnect ion)  operat ion.  

3.2 BASELINE NICKEL-PALLADIUM METALLIZATION SYSTEM (NPMS) 

Drawing upon observat ions discussed i n  precedi.ng sect ions, a  p l a t i n g  

system i s  proposed t o  a l low s e l e c t i v e  a p p l i c a t i o n  o f  metal contacls t o  a l l  

exposed s o l a r  c e l l  surfaces. The a p p l i c a t i o n  i s  se lec t i ve ,  i n  t h a t  metal 



i s  app l i ed  ( i n  a d d i t i v e  fashion)  o n l y  t o  those areas on which metal 

i s  des i red  t o  form a con tac t  g r i d  pa t te rn ,  w i thou t  t h e  need t o  remove any 

metal.  The proposed system i s  *.he ' tn ickel -pal ladium m e t a l l i z a t i o n  system" 
c 

(NPMS). Th is  system cons is t s  o f  t h r e e  " layerst"  upon t h e  s i l i c o n  subst ra te :  

a pal ladium s i l i c i d e / p a l l a d i u m  f i r s t  layer,  a n i c k e l  second layer, and a lead- 

t i n  so lder  t h i r d  layer .  

I n  developing a f e a s i b l e  NPMS process sequence, care must be exerc ised 

a t  any step where a n i cke l  layer  undergoes a h i g h  ( i .e. ,  g rea te r  than approx- 

irnatel y  2 5 0 ~ ~ )  tehperature cycle.  I f  t h e  pal l a d i  um/pal ladium s i  l i c i d e  layer  

i s  n o t  t o t a l l y  continuous, n i c k e l  can penetrate t h e  junc t ion ,  t h e  amount o f  

penet ra t ion  depending on t h e  t ime  and temperature o f  s i n t e r .  

Experiments w i t h  sol  a r  ce l 1 s  have shown..that extremely adherent contac ts  

can be made by forming a l aye r  o f  Pd2Si upon which n i c k e l  i s  p la ted  and soldered 

w i t h  no add i t i ona l  heat treatments a f t e r  t h e  Pd2Si formation. C e l l s  fabr ica ted 

w i t h  t h i s  technique have been subjected t o  metal layer  p u l l  t e s t s  which 

resu l ted  i n  f a i l u r e  due t o  s i l i c o n  subst ra te  f r a c r u r e  r a t h e r  than lack  o f  

meta l  I  ayer adhes ion. 

However, contacts t o  some t e s t  c e l l s  constructed i n  t h i s  maloner have 

n o t  proven t h a t  strong. Since t h e  p r i n c i p a l  v a r i a b l e  i s  n o t  p resen t l y  

recognized, t h e  base1 ine NPMS process inc ludes a low temperature "bake" 

c y c l e  a f t e r  n i cke l  depos i t ion  and before  solder .  

L i s t e d  i n  Table .I i s  an o u t l i n e  o f  process steps which c o n s t i t u t e  the  

base l ine  NPMS sequence. Th.issequence has been shown t o  be feas ib le ,  and has 

p r ~ v i d e d  a s t a r t i n g  p o i n t  f o r  i n v e s t i g a t i o n . o f  i nd i v idua l  process steps 

and process var  i ab I  es. In  developing a product  ion-worthy process, some 

steps i n  t h e  base l ine  NPMS sequence may be changed o r  even e l im inated.  Times 

and temperatures f o r  chemical c lean ing and p l a t i n g  steps and f o r  thermal 



TABLE 1 

BASELINE NPMS (NICKEL-PALLADIUM METALLIZATION SYSTEM) 

STARTING POINT: a )  So lar  Ce l l  w i t h  AR Coat, 

b )  Metal Pa t te rn  Etched Through Front  D i e l e c t r i c ,  

c )  Back D i e l e c t r i c  T o t a l l y  Etched Away. 

STEP - PROCESS 

1 Immersion Plate,  Thin Pd Layer 

2 S i n t e r  5 Minutes 8 600 '~  

3 -  Scrub Back t o  Remove Free Pd 

4 E l e c t r o l e s s  Plate,  Thin Pd Layer 

5 S i n t e r  30 Minutes @ 600 '~  

6 E l e c t r o l e s s  Plate,  Th ick  Ni Layer 

7 Bake 30 Minutes e 2 2 0 ~ ~  

8 Solder Dip 60-Sn/40-Pb Sol.der 

A l  l "S in ter "  and bake steps t o  be i n  forming gas. 



t reatment  cyc les  a re  c e r t a i n l y  pr imary va r iab les  and have n o t  y e t  been 

opt imized. Product ion c o n t r o l  l i m i t s  f o r  chemical p l a t i n g  s o l u t i o n s  must be 

es tab l ished and bath c o n s t i t u e n t s  must be opt imized. 

E lec t ro less  pal ladium and e l e c t r o l e s s  n i c k e l  p l a t i n g  s o l u t i o n s  which 

work w i t h  t h e  base l ine  NPMS process o f  Table 1 a re  l i s t e d  i n  

A 3  
Tables 2  and 3. These formulat ions a r e  taken from Modern E l e c t r o p l a t i n g  , 

which references t h e  o r i g i n a l  s tud ies  i n  t h e  l i t e r a t u r e  by Brenner and 

C 1 C5 
R idde l l  and bv Pear l s te in  and Weightman . 

Success o f  t h e  NPMS depends c r i t i c a l l y  on performance o f  t he  immersion 

pal l ad i urn p l a t i n g  s t e ~ ,  and considerable e f f o r t  must be devoted t o  i t s  

undeistanding and c o n t r o l .  The immersion pal ladium bath must c o n s i s t  

e s s e n t i a l l y  o f  PdCI2 i n  a  s o l u t i o n  which permi ts  e f f e c t i v e  p l a t i n g  o f  

s i l i c o n  surfaces w h i l e  simultaneously a t t a c k i n g  any n a t i v e  s i l i c o n  oxides 

present  t o  enhance general ized p l a t i n g .  

As s ta ted  e a r l  i e r ,  t h e  basel ine NPMS process may be sub jec t  t o  d r a s t i c  

change t o  make it more product ion worthy. For example, s tud ies  a re  being 

conducted t o  determine i f  t h e  f i r s t  t h r e e  steps might be e l im ina ted  i n  favor  3 
o f  a  s i n g l e  step which approp r ia te l y  sens i t i zes  t h e  s i l i c o n  surface t o  o b t a i n  

a  uniform, cont inuous e l e c t r o l e s s  coat ing .  (That i s  t h e  so le  reason f o r  t h e  

e x i s t i n g  steps 1 ,  2, and 3b) I n ' t h e  present  s tep 3, some pal ladium which 

i s  no t  reacted t o  form Pd2Si i s  removed from t h e  back con tac t  sur face o f  

t h e  s o l a r  c e l l .  Th is  a l lows a  more e f f e c t i v e  and i n t i m a t e l y  adherent 

coa t ing  t o  be formed i n  step 4, b u t  i s  undesi rable f o r  incorpora t ion  i n  

f u t u r e  low cos t  processes. 



TABLE 2 

Bath Const i tuents  

Nickel  Ch lor ide  ~ i C l ~ ' 6 ~ ~ 0  

- Sodium Hypophosphite NaH2P02*H20 

Sodium C i t r a t e  Na jC6H5O7 *2H20 

Ammonium Chlor ide  NH4C I 

ENOUGH NH40H I S  ADDED TO MAINTAIN BATH pH BETWEEN 

8 AND 10 : 

MAX l MUM OPERAT l NG TEMPERATURE : 

REFERENCE'NO. A3, page 713 



TARCE 3 
* 

ELECTROLESS PALLADIUM PLATING BATH 

Bath Const i tuents  

Pal ladium Ch lo r i de  

Hydroch lor ic  Acid 

Ammonium Hydroxide 

Ammonium Ch lo r i de  

Sodium Hypophosphite 

PdC 1 2 g / l  

HCI (389) 4 m l / l  

NH40H (25% NH3) 160 m l / l  

NH4C I 27 g / l  

NaH2P02 H20 10 g / l  

MAXIMUM OPERATING TEMPERATURE: 

* 
REFERENCE NO:A3, Page 740. 



3.3 IMMERSION PALLADIUM STUDIES 

The basel ine NPMS process o u t l i n e d  i n  Table 1 provides f o r  t h e  use o f  

t h ree  chemical p l a t i n g  so lu t i ons .  The f i r s t  s o l u t i o n  deposi ts  a  layer  o f  

elemental pa l lad ium ( o r  a  pal ladium compound) by means o f  a  chemical d i s -  

placement reac t i on  a t  t h e  s i l i c o n  surface. The chemical bath used t o  achieve 

t h i s  reac t i on  i s  a  s o l u t i o n  con ta in ing  pal ladium c h l o r i d e  (PdC12) and i s  

c a l  l ed  an immersion bath s ince t h e  displacement reac t i on  i s  i n i t i a t e d  merely 

by immersing t h e  s i l i c o n  subst ra te  i n t o  t h e  bath. 

A pr imary purpose o f  t h e  immersion pal ladium layer  i s  p repara t ion  o f  

t h e  s i l  icon surface f o r  subsequent depos i t ion  o f  t h e  e l e c t r o l e s s  pal ladium 

1aye.r. Without such preparat ion,  t h e  s i ' l i con surfaces o f  s o l a r  c e l l s  have 
. . 

proven very d i f f i c u l t  t o  p l a t e  i n  e l e c t r o l e s s  pal ladium p l a t i n g  s ~ l u t i o n s .  

Th is  d i f f i c u l t y  i s  compounded by t h e  h igh  impur i t y  concentrat ions and 

oppos i te  c o n d u c t i v i t y  types o f  t h e  f r o n t  and back ce l  I  surfaces. I n  order  

t o  provide a  more c a t a l y t i c  surface, and t o  minimize e l e c t r o l e s s  p l a t i n g  

r a t e  d i f f e rence  between n-type and p-type surfaces, a  t h i n  immersion pal ladium 

laye r  i s  deposited f i r s t .  
J 

Exact requirements o f  t h e  immersion pal ladium laye r  are  as y e t  unknown. 

Optimum layer  composition, thickness, g r a i n  s ize,  and g r a i n  s t r u c t u r e  have 

y e t  t o  be determined. Studies have been i n i t i a t e d  t o  de f ine  these unknowns. 

Add i t iona l  s tud ies  a re  being conducted on t h e  chemistry  o f  pal ladium so lu t i ons .  

The goal i s  t o  no t  on l y  p i c k  t h e  most e f f e c t i v e  bath composition, b u t  a l s o  

t o  determine bath requirements and usage as they a f f e c t  process c o n t r o l  

I  i m i t s .  

Several types o f  pal ladium c h l o r i d e  s o l u t i o n s  are  under cons idera t ion  

f o r  use as t h e  immersion pal ladium bath. D i f fe rences between t h e  so lu t i ons  

mani fest  themselves as d i f f e rences  i n  p l a t i n g  ra tes  on s i l i c o n  surfaces o f  
I 



various conduct iv i t ies  and conduct iv i ty  types. One th ing  various baths 

considered t o  date have i n  comnon i s  the  fundamental s t ructure of the  

pa1Iadii:m deposits. Scanning e lect ron microscope (SEM) photographs show 

t h a t  the  palladium i s  deposited i n  somewhat hemispherical clumps (grains) 

o f  metal ( o r  metal compounds) scattered across t he  surface o f  the s i l i con .  

In one experiment, f o r  example, f luor inated so lu t ions o f  palladium 

ch lor ide (PdCI2) were prepared w i th  d i f f e r e n t  PdCI2 concentrations: 0.5 

standard, standard, 2 standard and 5 standard. S i l i con  wafers were immersed 

f o r  75 seconds and 150 seconds i n t o  each o f  these solut ions. The resu l t s  

are shown i n  t h e  SEM photographs o f  Figures 1, 2, 3, and 4. 

Observed gra in  s ize o f  t he  deposits f r o m  these baths var ies from much 

less than 0.1 micron diameter t o  as large as 0.5 micron diameter. Grain 

size, as well  as t he  spacing between grains, i s  s t rongly  dependent on the 

concentration o f  PdCi2 i n  so lu t ion  as wel l  as t he  length o f  t ime f o r  which 

the  s i l i c o n  i s  plated. As seen i n  Figures 1 through 4, as PdCI2 concentration 

was increased the  s ize  o f  t h e  largest grains deposited became greater. 4s 

p la t i ng  t ime was increased there seemed t o  be a tendency t o  obta in  greater 

coverage o f  t he  s i l i c o n  surface by deposi t ing mall grains i n  the  spaces 

between the  large grains. 

Whether any one o f  +he deposits observed i n  Figures 1 through 4 i s  any- 

where near optimum is.  no t  yet  known. Once heat t reated (s intered),  those 

deposits provide nucleation s i t e s  f o r  t he  c a t a l y t i c  formation o f  electroleSS 

palladium f i lms. I t  i s  bel ieved t h a t  t he  e lect ro less palladium w i l l  adhere 

on ly  t o  t he  grains deposited I n  t h e  Immersion step. Thus, a major require- 

ment on the  i n i t i a l  immersion palladium layer i s  t h a t  it provide an adherent 

formation (of grains) f o r  the e lect ro less palladium. A shortcoming of  the  

pa r t i cu la r  deposits shown i n  Figures 1 through 4 i s  that, even a f t e r  SinTering, 



( a )  75 sec. immersion ( b )  150 sec. 

FIGURE 1 :  Immersion palladium p la t ing  a t  one ha l f  standard 
pelladium chloride concentration. 



a) 75 sac. irnersion (b) 150 sec. imersion 

FIGURE 2: I m r s i o n  pallsdlum plating a t  standard palladium 
chloride conceitration. 



( a )  75 sec. i m r s i o n  ( b )  150 sec. immersion 

FIGU3E 3 :  I m - s i o n  pa ladium plating a t  t k i c e  standard palladium 
chlo-ide concentration. 



(a) 75 sec. immersion ( b )  150 sec. immersion 

FIGURE 4: Immersion palladium plating at f i v e  times standard 
palladium chloride concentration. 



a substant ia l  por t ion  o f  t he  grains can be removed by mechanical abrasion 

o r  scrubbing, ind icat ing t h a t  adherence i s  probably not  adequate. This 

i s  i l l u s t r a t e d  i n  Figl lre 5 which shows an SEM shot o f  a so la r  c e l l  surface 

a f t e r  t he  f i r s t  three steps o f  Table 1. Scrubbing ( i n  t h i s  case w i th  a 

ce l l u l ose  t i ssue)  has removed a considerable amount o f  the  grains, and shows 

some smearing of metral. 

Currently, the  basellne NPMS process sequence (Table i) incorporates 

Step #3 f o r  removal o f  any nonadherent palladium a f t e r  t he  i n i t i a l  immersion 

deposit and s in te r .  This scrubbing step appears t o  promote adherence o f  

subsequently deposited metal on t he  back surface. However, the i n a b i l i t y  

of e f f e c t i v e l y  scrubbing the patterned f r o n t  surface metal, p a r t i c u l a r l y  

w i th  tex tu re  etched wafers, and the  expense o f  scrubbing, make e f f e c t i v e  

e l iminat ion o f  t h i s  step a major program requirement. 

Aside from t h e  e f f ec t s  o f  so lu t ion  concentration and p la t i ng  times, 

it has been determined t h a t  t he  q u a l l t y  o f  p l a t i n g  depends very s t rongly  

on cleanl iness o f  the  s i l i c o n  surface. Studies have been i n i t i a t e d  t o  f i n d  

a su f f i c i en t ,  yet  simple, reproducible s i l i c o n  cleaning procedure p r i o r  t o  

t he  f i r s t  (immersion) pal ladium deposition. 

Both wet chemistry and plasma cleaninq processes are being pursued. 

Experiments are being performed w i th  organic contaminant remval  solut ions 

such as hot s u l f u r i c  acid, w i t h  oxide etching so lu t ions such as various 

d i l u t i ons  o f  hydrof luor ic  acid, and w i th  weak s i l i c o n  etching so lu t ions 

such as those containing combinations o f  n i t r i c  ac id  and hydrof luor ic  acid. 

Plasma experiments are being conduc 

etching plasmas (CF4). 



(a) 150 sec. immersion, a f t e r  s in ter ,  
before scrubbing. 

(b)  a f t e r  s in ter ,  a f t e r  scrubbing 

FIGURE 5 :  Immersion palladium p la t i ng  a t  f i v e  times standard palladium 
ch lo r ide  concentration a f t e r  s in te r ing  15 min. a t  7 0 0 ~ ~ .  



Immersion p l a t i n g  deposits on the  facets o f  a texture-etched surface 

look s im i l a r  t o  those shown i n  Figures 1 - 4. The d i f f e r e n t  crysta l lographic  

o r i en ta t i on  ( < I l l >  f o r  the  textured facets vs <loo> f o r  the so la r  c e l l  back 

surface) a lso may play a r o l e  ( i n  addi t ion t o  t h a t  o f  conduct iv i ty  type).  

Figure 6 shows grains o f  various sizes imnersion plated on < I l l >  facets o f  

an n t  textured surface. 

3.4 ELECTKOLESS PALLADIUM STUDIES 

A f te r  the  n-type and p-type s i l i c o n  surfaces of the so la r  c e l l  have been 

su i tab ly  prepared (Steps 1 - 3 o f  Table 11, a t h i cke r  and more continuous 

layer o f  palladium i s  appl ied w i th  an e lec t ro less  palladium bath. Since 

the  e lect ro less p l a t i n g  react ion i s  auto-catalyt ic, a reasonably t h i c k  layer 

o f  palladium can be applied without the  need f o r  several repeated immersions. 

The e lect ro less palladium layer serves as t he  primary contact adhesion layer, 

being a t  least  p a r t i a l l y  reacted by s i n te r l ng  a t  an elevated temperature t o ,  

form palladium s i l i c i d e  (Pd2Si). 

Requirements o f  the palladium s l l i c ide /pa l lad ium layer a re  excel lent  

adhesion and low contact  resistance. From a process cont ro l  standpoint, the  

layer  must be o f  uniform thickness across t he  so la r  c e l l ,  especial ly on the  

f r o n t  surface where the  junct ion i s  very shallow. 

Several formulations o f  e lect ro less pal ladium solut ions u t i l i z i n g  sodium 

hypophosphite as a reducing agent are being investigated, although mostexprience 

t o  date has been w i th  t he  formulation given i n  Table 3. Al ternate so lu t ions 

w i t h  d i f f e r e n t  concentrations o f  sodium hypophosphite are under consideration. 

Experiments so fa r  have not  resu l ted i n  a preference f o r  one p a r t i c u l a r  so lu t ion  

formula. 



FIGURE 6 :  Immersion palladium p la t i ng  on 
< I l l >  facets of n+ textured f ron t  
surface. 



Aside from the composition, temperature, and age o f  the  e lect ro less 

palladium bath, other factors inf luence the  formation o f  the plated palladium 

layer. According t o  t h e  basellne pmcess sequence, p r i o r  t o  e lect ro less 

palladium pla+ing the so lar  c e l l  has recelved an imnersion palladium layer 

and has been sintered a t  temperatures near 600'~. Any oxides formed during t h i s  

s i n t e r  would ac t  t o  i n h i b i t  the  e lect ro less plat ing. Therefore, some so r t  

of pre-plat ing clean i s  necessary t o  insure adequate p l a t i n g  act ion. To date, 

su f f i c i en t  preparation seems t o  be a shor t  r inse  i n  d l l u t e  hydrof luor ic acid 

solut ion, although t h i s  may no t  be optimum. 

In  addi t ion t o  pre-plat ing cleans, ambient i l l umina t ion  has proven t o  

have an inf luence on so la r  c e l l  e lect ro less p la t i ng  rates. Increased 

i l luminat ion in tens i ty  w i l l  enhance n-type surface p la t i ng  w i th  respect t o  

p-type surface p la t ing.  This appears t o  be a d i r e c t  r e s u l t  o f  the photo- 

voltage generated by the  so la r  c e l l .  

Figure 7 shows e lect ro less palladium deposlts on back ( f l a t ,  p+) and 

f r o n t  (textured, n+) surfaces o f  a so la r  c e l l .  

3.5 LITERATURE SURVEY 

An annotated NPMS bibl iography has been compiled and i s  appended t o  

t h i s  report. This bibl iography l i s t s  references to a r t i c l e s  i n  the technical 

l i t e r a t u r e  and t o  U. S. and foreign patent disclosures which are re la ted t o  

t h e  "nickel-palladium meta l l i za t ion  system". The bibl iography i s  div ided 

i n t o  three sections. Thereare three l i s t i n g s  i n  Section A, General Reference. 

There are th i r ty- two l i s t i n g s  i n  Section 8, Metal-Si l ic ide Contacts and Contact 

F o m t i o n .  There are ten l i s t i n g s  i n  Section C, Chemical P la t ing  Solutions. 

As per t inent  new references are found throughout the durat ion o f  t h i s  contract, 

t h e  bibl iography w i l l  be updated. 



(a) textured n+ front surface (b) f l a t  p+ back surface 

FIGURE 7: Electroless plated palladium layers 



Addit ional deta i led references t o  nickel  p l a t i n g  so lu t ions and techniques 

are eas i l y  found in  one of  the  general references c i t e d  i n  Section A. Since 

e lect ro less n icke l  p l a t i n g  i s  wel l  establ ished i n  t he  l i t e r a t u r e  (and has been 

f o r  sometime) most o f  the references given i n  the  bibl iography deal w i th  

pal ladium p la t i ng  and the  character izat ion o f  palladium contacts t o  s i l i con .  

Each ent ry  i n  t he  bibl iography i s  accompanied by a shor t  descr ipt ion 

o f  the contents o f  the reference. 



4.0 CONCLUS l ONS 

Th is  c o n t r a c t  e f f o r t  i s  i n  t h e  e a r l y  stages and no f i r m  conclus ions 

can be drawn as yet.  However, several p e r t i n e n t  observat ions can be summarized. 

The fechnicai and patent  l i t e r a t u r e  d iscuss ing pal ladium s i l i c i d e  

format ion and pa l l ad ium-s i l i con  contac ts  i s  s t r o n g l y  suppor t ive  o f  t h e  use 

o f  pal ladium f o r  s o l a r  c e l l  m e t a l l i z a t i o n  systems. 

The a p p l i c a t i o n  o f  metal contac ts  by chemical p l a t i n g  techniques, 

p a r t i c u l a r l y  us ing immersion and e l e c t r o l e s s  p l a t i n g  so lu t ions ,  provides 

a  very des i rab 1 e  means f o r  meta l l i z ing  both regu la r  and i r regu  l a r  s  i I  icon 

s o l a r  cel  l  surfaces. 

The success o f  t h e  p la ted  "n icke l  pal ladium m e t a l l i z a t i o n  system" as 

judged by adherence, r e l i a b i l i t y ,  and u n i f o r m i t y  dur ing  processing depends 

very s t r o n g l y  on main ta in ing  a  m ic roscop ica l l y  c lean s i l i c o n  sur face 

immediately p r i o r  t o  t h e  f i r s t  p l a t i n g  (Pd) app l i ca t i on .  

5.0 RECOMMENDATIONS 

There are  no s p e c i f i c  recommendations a t  t h i s  t ime.  

6.0 NEW TECHNOLOGY 

No new technology has been developed t o  complet ion dur ing  t h e  course 

o f  t h i s  r e p o r t i n g  per iod.  
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2. Graham, A.K., ed., E l e c t r o p l a t i n c ~  Engineering Handbook, T h i r d  
Ed i t i on ,  Van Nostrand Reinhold Company, New York, 1971. 

General reference work f o r  p l a t i n g  techniques. P a r t  I, 
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3. Lowenheim, F.A., ed., Modern E lec t rop l  a t inq ,  T h i r d  Ed i t i on ,  
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