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Description 

Background  of  the  invention 
Field  of  the  invention 

s  This  invention  relates  to  the  deposition  of  metals  as  interlayers  within  organic  polymeric  films. 

Background 
There  exist  in  the  art  many  different  chemical  or  physical  methods  by  which  a  zero-valent  metal  can  be 

added  to  a  polymeric  film.  Among  these,  some  are  capable  of  producing  a  thin  continuous  coating  at  a   ̂
10  surface  of  the  polymer,  for  example,  metal  vapor  deposition  or  electroless  plating,  as  disclosed  by  R.  W. 

Berry,  P.  M.  Hall,  and  M.  T.  Harris,  "Thin  Film  Technology",  D.  van  Nostrand  Co.,  Inc.;  Princeton,  NJ.  1968, 
pp.  1  —  17.  The  electrical  continuity  and/or  optical  reflectivity  of  such  a  coating  forms  the  basis  for  a  variety 
of  technological  applications.  Other  processes,  such  as  silver  halide  photography  (A.  Roff  and  E.  Weyde,  S 
"Photographic  Silver  Halide  Diffusion  Processes",  The  Focal  Press,  London  and  New  York,  1972,  pp. 

15  13—31  )  and  certain  forms  of  chemical  (R.  C.  Haushalter  and  L.  J.  Krause,  Thin  Solid  Films,  102,  1  61  (1  983)) 
or  electrochemical  (J.  A.  Bruce,  J.  Murahashi,  and  M.  S.  Wrighton,  J.  Phys.  Chem.,  86,  1552  (1982)) 
deposition,  produce  metal  particles  embedded  within  the  polymer  film.  However,  these  particles  are 
generally  dispersed  to  such  a  degree  that  they  lack  the  characteristic  electrical  or  optical  properties  of  a 
continuous  metal  layer.  The  present  invention  concerns  a  process  capable  of  producing,  in  a  single  step,  a 

20  thin  layer  of  metal  completely  embedded  within  a  polymer  film,  that  is,  an  interlayer.  By  means  of  this 
process,  it  is  possible  to  control  both  the  thickness  of  the  interlayer  and  its  position  within  the  polymer  film. 
Most  notably,  this  interlayer  may  possess  sufficient  continuity  and  planarity  to  exhibit  electrical  and  optical 
characteristics  hitherto  available  only  with  surface  layers. 

Certain  organic  or  organometallic  polymers  have  been  described  in  the  literature,  for  example,  J.  A. 
25  Bruce  and  M.  S.  Wrighton,  J.  Am.  Chem.  Soc,  104,  74  (1982),  and  publications  cited  therein,  as 

"electrochemically  active".  When  coated  as  a  film  on  the  surface  of  an  electrode,  these  polymers  can 
accept  and/or  donate  electrons  to  the  electrode  at  a  potential  dictated  by  the  redox  potential  of  the  polymer. 
This  redox  process  may  involve  not  only  the  surface  of  the  polymer  in  contact  with  the  electrode,  but  all  of 
the  redox-active  groups  throughout  the  sample.  This  behavior  requires  that  both  electrons  and  counterions 

30  have  some  finite  mobility  within  the  polymer. 
A  report  by  P.  G.  Pickup,  K.  M.  Kuo,  and  R.  J.  Murray,  J.  Electrochem.  Soc,  130,  2205  (1983),  describes 

their  study  of  electrodeposition  of  metals  (Cu,  Ag,  Co  and  Ni)  from  solution  onto  electrodes  coated  with  the 
electrochemically  active  polymer  poly-[Ru(bpy)2(vpy)2]n+.  At  potentials  sufficiently  negative  to  reduce  the 
polymer  to  Ru(l)  or  Ru(O)  these  authors  report  that  the  metal  ions,  for  example,  Cu+n,  Ag+,  are  reduced  by 

35  the  polymer  to  form  particles  or  films  on  the  surface  of  the  polymer  facing  the  solution.  They  further 
consider  the  general  aspects  of  such  a  process  and  speculate  about  alternative  possible  results  from  those 
observed.  They  conclude  that  the  locus  of  metal  deposition  depends  on  the  relative  rates  of  the  steps:  1) 
diffusion  of  metal  ions  through  the  polymer  to  the  Pt  electrode;  2)  diffusion  of  electrons  through  the 
polymer  from  the  Pt  electrode;  and  3)  reduction  of  the  metal  ions  by  the  reduced  polymer.  In  particular, 

40  they  conclude  that  in  order  to  obtain  metal  deposition  within  the  polymer,  it  would  be  necessary  that  steps 
1  and  2  be  equally  fast  and  step  3  must  be  faster. 

Haushalter  and  Krause,  supra,  disclose  the  chemical  reduction  of  organic  polymers,  especially 
polyimides,  by  treatment  with  certain  strongly-reducing  main-group  metal  cluster  compounds,  Zintl  ions. 
This  process  was  employed  for  two  different  kinds  of  metallization  processes.  First,  main  group  metals, 

45  derived  from  oxidation  of  the  Zintl  ions,  were  deposited  on  the  surface  of  the  polymer.  Secondly,  the 
reduced  form  of  the  polymer  was  reacted  with  metal  salts  from  solution  to  generate  zero-valent  metal 
particles  by  a  process  which  is  formally  equivalent  to  the  electrochemical  depositions  of  Bruce  et  al.,  and 
Pickup  et  al.,  supra.  The  Zintl  ions  were  obtained  either  by  extraction,  for  example,  with  ethylenediamine,  of  t> 
a  Zintl  phase  (an  alloy  of  a  polyatomic  main  group  element,  for  example,  germanium,  tin,  lead,  arsenic  or 

so  antimony,  with  an  alkali  or  alkaline  earth  metal)  or  by  electrolysis  of  a  main  group  electrode.  Metallization 
of  a  polyimide  of  4,4'  -  diaminodiphenyl  ether,  also  referred  to  herein  as  4,4'  -  oxydianiline,  and  , 
pyromellitic  anhydride,  also  referred  to  herein  as  pyromellitic  dianhydride,  is  disclosed. 

It  is  an  object  of  this  invention  to  provide  a  transport  process  by  means  of  which  metal  deposition  to 
form  the  interlayer  is  exclusively  within  the  organic  polymeric  film.  Another  object  is  to  provide  a  process 

55  by  means  of  which  the  position  of  the  interlayer  in  the  organic  polymeric  film  can  be  systematically 
controlled  so  as  to  be  any  finite  distance  from  the  surface  of  the  polymer.  Still  another  object  is  to  provide  a 
process  which  can  be  carried  out  under  conditions  in  which  the  transport  of  electrons  and  ions  are 
influenced  by  electronic  field  migration,  and  not  by  simple  diffusion,  as  suggested  in  the  art.  A  further 
object  is  to  provide  a  dense,  well-resolved  metallic  interlayer  by  means  of  a  process  which  can  be  carried 

bo  out  under  conditions  which  require  the  establishment  of  a  steady-state,  that  is,  a  condition  in  which  the 
rates  of  transport  of  ions  and  electrons  and  the  rates  of  their  reaction  are  all  equal,  in  direct  contradiction  to 
that  proposed  in  the  art.  Still  another  object  is  to  provide  a  process  which  makes  possible  the  deposition  of 
a  metal  interlayer  having  sufficient  density,  continuity  and  surface  regularity  to  exhibit  electrical 
conductivity  and  optical  reflectivity  which  are  characteristic  of  bulk  metallic  phases  or  surface  coatings. 

65  These  and  other  objects  will  become  apparent  hereinafter. 
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Brief  description  of  the  drawings  . .  
Figure  1  is  a  schematic  representation  showing  the  electrochemical  potential  for  ions  and  electrons  as 

a  function  of  the  distance  across  a  polymer  f i l m . .  
Figure  2  is  a  schematic  representation  of  the  apparatus  used  to  carry  out  the  process  of  the  invention 

5  employing  an  electrochemical  cell  to  provide  electrons. 
Figure  3  is  a  plot  of  time  vs.  current  in  a  typical  embodiment  of  the  invention,  such  as  that  carried  out  in 

the  apparatus  of  Figure  2. 
Figure  4  is  a  plot  of  interlayer  thickness  vs.  silver  content  for  Examples  2  to  10. 
Figure  5  is  a  schematic  representation  of  a  typical  apparatus  used  to  measure  the  reflectivities  of  the 

o  interlayers  produced  by  means  of  the  process  of  the  invention,  such  as  in  Examples  11  to  16. 
Figure  6  is  a  plot  of  d/t  vs.  E  in  typical  embodiments  of  the  invention,  such  as  represented  by  Examples 

19  to  4 2 . .    ̂ w 
Figure  7  is  a  plot  of  d/t  vs.  Is/I  in  typical  embodiments  of  the  invention,  such  as  represented  by 

Examples  19  to  42.  „ , . _ , . , - , . ,  
<5  Figure  8  depicts  a  transmission  electron  micrograph  of  an  electrochemically-deposited  silver  interlayer 

in  a  microtomed  polyimide  film,  representative  of  a  structure  obtained  by  the  process  of  the  invention 
carried  out  under  steady-state  conditions. 

Figure  9  depicts  a  transmission  electron  micrograph  of  an  electrochemically-deposited  silver  interlayer 
in  a  microtomed  polyimide  film,  representative  of  a  structure  obtained  by  the  process  of  the  invention 

(0  carried  out  under  non-steady-state  conditions. 

Detailed  description  of  the  invention 
For  further  comprehension  of  the  invention  and  of  the  objects  and  advantages  thereof,  reference  may 

be  made  to  the  following  description,  including  the  examples,  the  accompanying  drawings,  and  the 
'5  appended  claims  in  which  the  various  novel  features  are  more  particularly  set  forth. 

The  invention  resides  in  a  process  for  metal  interlayer  deposition  (MID);  more  specifically,  a  process  by 
means  of  which  a  metal  is  deposited  in  its  zero-valent  state  in  a  spatially-controlled  manner  within  an 
organic  polymeric  film  having  first  and  second  surfaces.  More  particularly,  the  process  comprises 
supplying  ions  of  the  metal  to  at  least  a  part  of  the  first  surface  and  electrons  to  at  least  a  part  of  the  second 

w  surface,  said  metal  ions  being  in  a  positive  oxidation  state  and  in  a  coordination  state  such  that  they  are 
mobile  within  the  polymeric  film  and  are  transported  through  it  in  the  general  direction  towards  the  second 
surface,  said  polymer  being  capable  of  accepting  electrons  in  a  reversible  manner  at  the  second  surface, 
said  electrons  being  mobile  within  the  polymeric  film  and  being  transported  through  it  in  the  general 
direction  towards  the  first  surface.  By  "reversible"  is  meant  the  capacity  of  the  polymer  to  accept  and 

15  donate  electrons  to  another  material  or  molecular  entity  at  a  finite  rate  without  itself  undergoing  a  change 
which  limits  this  capacity.  Moreover,  the  electrons  are  characterized  by  an  electrochemical  potential  fixed 
by  the  reduction  potential  of  the  polymer,  which  potential  is,  in  turn,  negative  of  the  reduction  potential  of 
the  metal  ions.  The  electrons  can  be  provided:  (a)  by  means  of  a  cathode  in  an  electrochemical  circuit,  the 

potential  applied  to  the  cathode  being  equal-to  or  negative-of  the  reduction  potential  of  the  polymer;  or  (b) 
«j  by  means  of  a  reducing  agent  in  solution,  the  oxidation  potential  of  the  reducing  agent  being  negative  with 

respect  to  the  reduction  potential  of  the  polymer.  The  metal  ions  can  be  provided  in  a  solution.  Typical 
metals  which  can  be  deposited  in  accordance  with  this  invention  include  Cu,  Ag,  Au,  Cd,  Hg,  Cr,  Co,  Ni,  Pd, 
Pt,  Ga,  In,  Tl,  Sn,  Sb,  Se  and  Te;  preferably,  the  metal  is  Cu,  Ag,  Au  or  Hg.  The  organic  polymers  which  are 
useful  in  the  process  ofthe  invention  include  any  film-forming  organic  polymer  which  is  capable  of 

i5  transporting  electrons  in  a  reversible  manner  while  meeting  the  additional  polymer  requirements  set  forth 
hereinafter.  Such  polymers  include  those  disclosed  in  the  art  cited  hereinabove,  for  example,  polyimides, 
as  well  as  certain  poiy-quinolines  described  in  PCT  International  Publication  No.  WO  83/02368  and 
polyacetylenes,  such  as  disclosed  by  C.  K.  Chiang,  Polymer,  22,  1454  (1981)  and  in  references  cited  therein. 

By  "interlayer"  is  meant  a  discrete  laminar  region  embedded  within,  and  parallel  to,  the  polymeric  film, 

so  the  laminar  region  being  thinner  in  the  transverse  direction  than  said  film  and  the  density  of  the  metal 
within  said  region  being  greater  than  the  density  of  metal  on  either  side  of  the  region.  By  employing  the 
principles  disclosed  herein,  the  interlayer  can  be  produced  at  various  distances  from  the  surfaces  of  the 
polymer  film  within  ±0.1  urn  (1000  A)  within  a  given  experiment,  or  within  ±0.4—0.5  urn  (4,000—5,000  A) 
between  experiments,  such  as  in  the  various  examples  provided  hereinafter.  In  preferred  embodiments  of 

55  the  invention,  the  interlayer  may  be  composed  of  spherical  microparticles  of  metal  having  diameters  no 
greater  than  0.05  urn  (500  A),  more  preferably,  in  the  range  of  0.005—0.03  urn  (50  to  300  A).  These  particles 
may  be  dispersed  and  disconnected  within  the  interlayer,  i.e.,  they  may  be  present  in  the  organic  polymeric 
film  in  any  amount  greater  than  0%.  For  most  practical  applications  they  should  be  present  in  an  amount 
which  is  at  least  18%,  by  volume.  In  particularly  preferred  embodiments  of  the  invention  the  particles  can 

60  be  packed  to  a  density  which  is  as  high  as  75  percent  of  the  density  of  the  bulk  metal.  In  a  preferred 
embodiment  the  thickness  of  the  polymeric  film  is  2  to  12  urn  and  the  thickness  of  the  interlayer  is  0.05  to 
1.0  urn  (500  to  10,000  A).  In  further  preferred  embodiments,  the  film  is  a  polyimide  film  and  the  metal  is 
silver.  A  representative  example  is  illustrated  by  Figure  8. 

The  MID  process  is  unique  in  producing  the  laminar  structure  polymer/interlayer/polymer  in  a  single 

65  step  or  operation.  Moreover,  the  structure  can  exhibit  physical  characteristics  which  render  it  useful  for  a 
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variety  of  different  applications.  For  example,  films  containing  interlayers  composed  of  diffusely 
distributed  microparticles  can  be  optically  homogeneous,  i.e.,  the  particles  do  not  scatter  light  because 
they  are  much  smaller  than  the  wavelength  of  the  light,  but  the  optical  density  of  the  films  can  be  very  high, 
greater  than  4.0,  due  to  absorption  of  light  by  the  metal,  rendering  them  useful  as  optical  filters.  In  another 

5  embodiment  the  interlayer  can  be  prepared  with  a  high  density  of  metal  such  that  the  metal  forms  an 
electrically  continuous  phase  which  is  capable  of  carrying  an  electrical  current.  The  electrically-conductive 
interlayer  can  be  prepared  with  a  sharply-defined  smooth  interface  with  the  surrounding  polymer  such  that 
the  interface  is  optically  reflective  as  a  mirror.  The  electrically-conductive,  optically-reflective  interlayers 
offer  advantages  over  first-surface  metallic  coatings  deposited  by  conventional  art  processes  because  they 

10  are  resistant  to  abrasion,  being  internal  to  the  polymer.  The  interlayers  of  the  invention  also  offer 
advantages  over  laminated  structures  prepared,  for  example,  by  a  stepwise  procedure,  because  the 
interface  between  the  interlayer  and  the  polymer  may  be  maintained  optically  flat  and  shows  no  tendency 
to  delaminate.  Structures  produced  by  the  MID  process  possess  utility  for  reflective,  electrically- 
conductive,  abrasion-resistant  coatings  which  may  be  used  for  electrical,  optical  or  radiant  heat  shielding. 

is  As  will  be  apparent  to  one  skilled  in  the  art,  metal  ions  can  be  rapidly  reduced  to  the  zero-valent  state 
when  they  encounter  electrons  of  sufficient  reducing  potential.  The  position  of  metal  deposition  is, 
therefore,  dependent  on  the  experimental  variables  which  determine  the  fluxes  of  metal  ions  and  electrons 
from  opposing  surfaces  of  the  film.  The  MID  process  relies  on  control  of  these  counter-directional  fluxes.  In 
a  preferred  mode  of  operation  the  fluxes  of  electrons  and  ions  are  both  maintained  constant,  i.e.,  under 

20  steady-state  conditions,  during  the  formation  of  the  interlayer.  Depending  on  the  experimental  conditions 
and  the  properties  of  the  polymer  and  the  metal  ions  employed,  different  steady-state  conditions  may  be 
obtained.  For  example,  raising  the  concentration  of  metal  ions  in  solution  causes  interlayer  deposition  to 
occur  deeper  within  the  film,  i.e.,  closer  to  the  interface  with  the  electron  source,  whereas  increasing  the 
rate  of  delivery  of  electrons  to  the  polymer  film  surface  causes  deposition  to  occur  closer  to  the  interface 

25  with  the  metal  ion  source.  Correlations  of  this  sort  hold  only  within  the  limits  of  electron  and  ion  flux 
dictated  by  the  polymer  itself,  as  discussed  further  herein. 

In  another  preferred  embodiment  the  supply  of  electrons  and/or  metal  ions  may  be  restricted  to 
particular  regions  of  the  film's  surfaces  such  that  the  interlayer  is  formed  as  a  two-dimensional  pattern.  Any 
or  all  of  the  parameters  discussed  above  can  be  changed  during  the  MID  process  in  order  to  obtain 

30  complex  metal  patterns,  such  as  multiple  layers  of  varying  thickness,  density,  and  position  within  the 
polymeric  film.  These  features  of  the  invention  provide  utility  for  the  manufacture  of  electrically-conductive 
circuit  patterns  or  metallized  images. 

In  order  to  be  utilized  in  the  process  of  this  invention,  certain  requirements  must  be  fulfilled  by  the 
polymer  and  the  metal: 

35  1.  The  polymer  must  possess  chemical  functionality  whose  reduction  potential  is  negative  relative  to 
the  reduction  potential  of  the  metal  ion.  Examples  of  such  functional  groups  include  benzoquinone  groups, 
aromatic  nitro  groups,  alkyl  pyridinium  groups,  Ru(ll)  tris(2,2'  -  bypyridine),  and  other  similar  functionality 
with  a  reduction  potential  more  negative  than  -1.0  V  versus  a  saturated  Calomel  reference  electrode  (SCE). 
Groups  such  as  these  are  compatible  with  metal  ions  such  as  Ag+,  Cu+,  Hg+,  Au+,  and  other  ions  whose 

40  reduction  potentials  are  more  positive  than  -1.0  V  versus  SCE. 
2.  The  polymer  functionality  must  be  reversibly  redox  active,  i.e.,  capable  of  accepting  and  donating 

electrons  rapidly  and  without  competing,  irreversible  chemical  changes.  This  reversibility  may  require  such 
precautions  as  exclusion  of  oxygen  or  potential  proton  donors. 

3.  The  electrons  added  to  the  polymer  at  its  reduction  potential  must  be  sufficiently  mobile  to  diffuse 
45  throughout  the  bulk  of  the  polymer.  This  mobility  may  occur  by  simple  redox  exchange  between 

neighboring  functional  groups  in  different  states  of  oxidation,  "redox  conduction",  but  it  also  is  necessary 
that  the  polymer  be  permeable  towards  suitably  charged  counterions  present  in  the  external  electrolyte 
solution  in  order  that  overall  charge  neutrality  is  maintained. 

4.  The  polymer  must  be  sufficiently  permeable  towards  the  metal  ions  so  that  the  flux  of  the  ions  is 
so  balanced  by  the  flux  of  electrons  within  the  film.  The  mobility  of  the  metal  ion  depends  not  only  on  its 

charge  and  size,  but  also  on  the  coordination  environment  and  state  of  aggregation,  so  that  the  solvent  and 
counterions  may  also  be  important  in  this  regard.  For  example,  a  given  metal  ion  having  a  particular 
counterion  (anion)  may  have  insufficient  mobility  to  be  operable  in  the  process  of  the  invention,  whereas 
the  same  metal  ion  (in  the  same  oxidation  or  valence  state)  having  a  different  counterion  (anion)  may  have 

55  sufficient  mobility  and  thus  be  operable.  As  an  illustration,  copper  as  Cu+  in  Cu(AN)4PF6  is  operable  in  the 
process  using  an  ODA/PMDA  polyimide  film  (Example  45),  whereas  copper  as  Cu+  in  cuprous  iodide  or 
cuprous  acetate  is  inoperable  under  the  conditions  of  Example  45. 

As  with  many  other  examples  of  transport  phenomena,  and  as  apparent  from  the  above,  these 
requisites  are  not  solely  dictated  by  the  chemical  constitution  of  the  polymer,  such  as  molecular  structure 

so  and  molecular  weight,  but  they  are  also  strongly  influenced  by  its  physical  state,  including  but  not  limited 
to  density,  orientation,  and  extent  of  crystallinity.  For  example,  a  dense,  highly  crystalline  polymer  may 
have  insufficient  ion  permeability  to  be  operable  herein,  whereas  an  amorphous  film  of  the  same  polymer 
may  perform  well.  Also,  since  the  time  scale  of  the  process  is  ultimately  limited  by  the  chemical  stability  of 
the  reduced  polymer,  it  may  be  practical  to  carry  out  the  process  with  certain  very  thin  polymer  films, 

65  whereas  the  additional  time  required  for  thicker  specimens  of  the  same  polymer  would  result  in 

4 
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unacceptable  levels  of  degradation,  unaer  steaay-staxe  conamons.  me  nine  .CHu..cu  lu  = 
thickness  of  interlayer  increases  proportionately  with  the  thickness  of  the  film,  all  other  conditions  being 

6qUA  preferred  polymer  for  use  herein  is  a  polyimide,  especially  a  polyimide  of  4,4'  -  oxydianiline  (ODA), 

>  also  referred  to  as  4,4'  -  diaminodiphenyl  ether,  and  pyromellitic  dianhydride  (PMDA),  also  referred  to  as 
pvromellitic  anhydride.  A  preferred  method  for  producing  such  a  polyimide  comprises  treating  the 

appropriate  polyamic  acid  having  an  n,nh  of  0.40-1.7  dl/g  with  a  50/50,  by  volume,  mixture  of  acetic 
anhydride  and  pyridine  at  room  temperature. 

In  an  embodiment  employing  an  electrochemical  circuit  to  provide  the  electrons,  the  cathode  consists 
o  of  an  electrically-conductive  substrate.  The  substrate  can  be  either  a  homogeneous  metal,  semimetal,  or 

semiconductor  (stainless  steel,  pyrolytic  carbon,  or  silicon,  for  example)  or  an  insulating  support  coated 
with  a  thin  layer  of  conductive  material,  such  as  glass  coated  with  a  thin  layer  of  tin  oxide  or  chromium.  In 
the  latter  case,  the  conductive  layer  may  cover  the  entire  surface  of  the  insulating  support  or  it  may  consist 
of  a  two-dimensional  image  such  as  lines,  separated  by  insulating  regions. 

5  The  image  represented  by  the  conductive  regions  of  the  substrate  can  be  reproduced  by  the  MID 

process,  the  deposited  interlayer  being  produced  only  in  those  regions  of  the  polymeric  film  which  are  in 
contact  with  the  conductive  portions  of  the  substrate.  In  a  preferred  embodiment  of  the  invention  an 
imaged  substrate  (chromium-on-glass)  consisting  of  lines  and  spaces  two  urn  wide  was  successfully 
reproduced  by  deposition  of  a  silver  interlayer  in  a  polyimide  film.  Another  embodiment  by  means  of  which 

o  the  metal  can  be  deposited  in  a  patterned  arrangement  employs  an  electrically  continuous  cathode  which 
is  coated  with  the  redox-active  polymeric  film  which  is,  in  turn,  coated  with  an  imaged  mask.  The  image  on 
the  mask  can  be  in  the  form  of  openings  in  the  mask,  which  permits  solution  containing  the  metal  ions  to 

directly  contact  the  redox-active  layer.  This  mask  may  consist  of  a  second  polymer,  for  example,  a 
photoresist  material  which  is  itself  a  barrier  with  respect  to  transport  of  the  metal  ions.  In  this  embodiment 

5  the  MID  process  proceeds  only  in  those  regions  where  there  are  openings  in  the  mask  which  allow  metal 
ions  to  f l o w . . . . .    ̂ x 

The  polymeric  film  in  which  the  metal  is  to  be  deposited  must  be  in  direct  contact  with  the  cathode 
surface,  as  a  film  of  uniform  thickness,  free  of  pinholes  or  other  defects  which  would  allow  the  electrolyte 
solution  to  contact  the  surface  of  the  cathode  directly.  It  will  be  understood  that,  to  the  extent  the  polymer 

o  must  be  permeable  to  metal  ions  in  solution,  there  will  be  such  contact  with  the  cathode.  However,  in  any 
region  of  the  cathode  which  is  not  covered  by  polymer,  there  will  be  direct  contact  with  electrolyte  and  this 
will  provide  a  "short  circuit"  for  the  deposition  process. 

?5  Evaluating  the  feasibility  ot  interlayer  aeposmon  ana  coniruiuny  me  uciju.  u.  ^  
To  ensure  that  the  metal  is  deposited  as  an  interlayer  rather  than  as  a  coating  on  the  surface  of  the 

polymeric  film,  it  is  necessary  to  establish,  simultaneously,  fluxes  of  electrons  and  metal  ions  within  the 
polymer.  In  general,  these  fluxes  may  either  be  constant  in  time  (steady-state  conditions),  or  they  may  vary 
with  time  (non-steady  state). 

to  As  will  be  demonstrated  by  examples  which  follow,  steady-state  conditions  are  of  special  importance. 
First,  because  simple  measurements  of  Faradaic  current  under  steady-state  conditions  provide  a  means  for 

evaluating  the  feasibility  of  interlayer  deposition  for  any  given  choice  of  polymer,  metal  salt,  and  set  of 

experimental  conditions.  The  results  of  such  measurements  can  then  be  used  to  predict  and  control  the 

position  (penetration  depth)  of  the  interlayer  within  the  polymer.  Secondly,  steady-state  conditions  are 
is  optimum  for  producing  an  interlayer  with  the  maximum  density  of  metal  and  the  narrowest  distribution  of 

metal  throughout  the  f i l m . . . . . . .   ,Wu  ♦ 
Following  is  a  phenomenological  descripiton  of  the  steady-state.  The  principal  assumptions  are:  1  )  that 

the  reduction  potential  of  the  polymer  is  negative  of  the  reduction  potential  of  the  metal  ion;  and  2)  that 
reaction  between  metal  ions  and  electrons  occurs  upon  encounter,  i.e.,  the  reaction  rate  is  transport 

so  l i m i t e d . . . . . . .  
Figure  1  is  a  schematic  diagram  of  fluxes  under  steady-state  conditions,  wherein  Ue(x)  and  Um(x)  on  the 

vertical  axis  are  position-dependent  electrochemical  potentials  for  the  electrons  and  metal  ions, 
respectively,  as  functions  of  the  transverse  distance  across  the  polymeric  film  on  the  horizontal  axis  x.  At 

x=o  the  polymeric  film  is  in  contact  with  the  cathode;  at  x=t  the  polymeric  film  is  in  contact  with  metal  ions 

55  Mn+  in  solution;  and  x=d  is  the  locus  of  deposition  of  the  interlayer  within  the  polymeric  film  at 
steady-state  conditions. 

At  steady-state,  electron  flux  across  the  cathode  interface,  J°  must  be  exactly  balanced  by  metal  ion 
flux  across  the  solution  interface,  J*.  If  this  condition  is  not  satisfied,  then  one  of  the  two  species 
accumulates  in  the  polymer.  These  fluxes  are  also  related  to  the  steady-state  current  density  (I): 

I 
(1)  —  =J °=n j ;  

F 

65  wherein  F  is  Faraday's  constant,  n  is  the  valence  of  the  metal  ion,  and  the  superscripts  o  and  t  denote  the 

o 
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positions  along  the  x-axis.  The  two  fluxes  are  each  related  to  the  mobilities  and  concentrations  of  the  two 
species  at  the  respective  interfaces  and  to  the  gradient  of  electrochemical  potential  that  they  experience: 

(2) JS=Me  [P-]° 
dUe 

dx 

75 

20 

25 

30 

35 

(3) J^=um  Ks  [M"+] 
JO 

dUm 

dx 

wherein  [P~]°  is  the  concentration  of  educed  polymer  functional  groups  at  the  cathode  interface,  [Mn+]  is 
the  solution  concentration  of  metal  ions  and  Ks  is  the  partition  coefficient  for  sorption  of  these  ions  by  the 
polymer.  The  latter  will  depend  on  the  characteristics  of  the  counterions  as  well.  [P~]°  can  be  related  to  the 
applied  potential,  E,  and  the  standard  half-cell  potential  for  the  polymer,  E°,  according  to  the  Nernst 
equation: 

nF 
[P]  exp  (  (E°-E)) 

RT 
(4) [P- 

nF 
1+exp  (- ■(E°-E)) 

RT 

wherein  [P]  is  the  total  concentration  of  redox-active  functional  groups  in  the  polymer. 
In  the  event  that  charge  density  variations  within  the  film  are  small  and,  consequently,  electric  field 

migration  can  be  neglected,  then  transport  will  be  governed  by  diffusion  alone.  Moreover,  if  the  diffusion 
coefficients  for  electrons,  De,  and  metal  ions,  Dm,  are  independent  of  concentration,  then  equations  (2)  and 
(3)  can  be  simplified  to: 

(5) 

(6) 

De(P-)° 

d 

DmKs[Mn+] 

t - d  

40  or,  with  equation  (1): 

(7) 

45 

50 

55 

60 
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1  + 
nDmKs[Mn+] 

De[P-]° 

These  correlations  are  expected  to  hold  only  under  conditions  where  the  mobility  and/or  the 
concentration  of  electrolyte  ions  are  high  relative  to  Mn+.  Thus,  equation  (7)  was  found  to  give  a  good 
representation  for  the  embodiment  in  which  the  polymer  is  polyimide  (ODA/PMDA),  the  metal  ion  is  Ag+ 
and  the  electrolyte  is  tetramethylammonium  hexafluorophosphate  (TMAPF6)  only  when  the  concentration 
of  electrolyte  exceeded  that  of  the  Ag+  salt  by  five-fold  or  more. 

In  general,  the  potential  gradients  are  complex  functions,  involving  both  concentration  gradients 
(diffusion)  and  electric  field  gradients  (migration).  Consequently,  the  gradients  may  not  be  strictly  linear 
with  respect  to  x,  and  they  will  be  dependent  on  the  concentrations,  mobilities  and  sorption  coefficients  of 
all  other  ions  in  the  system. 

Such  complications  prohibit  a  general  analytical  solution  to  the  transport  equations.  However,  an 
empirical  correlation  exists  which  relates  variations  in  the  current  density,  I,  with  the  position  of  the 
interlayer,  d.  The  correlation  involves  maintaining  the  composition  at  one  interface  constant,  either  [P~]°  or 
[Mn+]1,  while  systematically  varying  the  composition  at  the  other  interface,  [Mn+]t  or  [P"]°,  respectively,  and 
observing  the  resulting  variations  in  steady-state  current  density,  I.  The  first  experiment  is  carried  out  while 
holding  E  at  a  value  intermediate  between  the  reduction  potential  of  the  polymer  and  the  reduction 
potential  of  the  metal  ions.  If  the  polymer  is  permeable  towards  the  metal  ions,  there  may  be  observed  a 
steady-state  current  corresponding  to  deposition  of  the  metal  at  the  interface  between  the  cathode  and  the 
polymer.  This  can  be  referred  to  as  the  "solution  limited"  current  density,  ls,  because  its  magnitude  is 
determined  by  the  composition  at  the  polymer/solution  interface.  Is  may  not  be  strictly  proportional  to 
[Mn+P  but  will  always  vary  directly  with  it.  Next,  the  solution  composition  is  held  constant  and  the  applied 
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potential  is  adjusted  to  a  value  more  negative  man  me  reaucuon  puienuai  ui  me  (juiyi.ic.... 
capable  of  supporting  an  electron  flux  equal  in  magnitude  to  the  metal  ion  flux,  then  the  steady-state 
current  measured  under  these  conditions  will  exceed  the  value  of  I.  determined  for  the  same  polymer  film 
with  the  same  solution  composition, 

i  The  empirical  tests  described  above  allow  one  skilled  in  the  art  to  determine  whether  the  MID  process 
will  be  feasible  for  any  given  combination  of  polymer,  metal  salt,  solution  composition,  and  applied 
potential.  In  fact,  for  I  greater  than  I.,  it  was  discovered  that  the  ratio  ls/l  relates  directly  to  the  position  of  the 

deposited  interlayer  according  to  the  empirical  equation: 

o  (8)  1-d/t=ls/l+constant 

In  the  examples  which  follow  will  be  illustrated  various  conditions  used  to  prepare  polymer-coated 
cathodes,  conditions  employed  for  growing  an  interlayer  under  steady-state  conditions,-  analysis  and 
characterization  of  the  interlayer,  and  correlations  of  the  position  of  the  interlayer  with  the  experimental 

5  parameters  as  described  a b o v e . .  
In  carrying  out  the  process  of  the  invention  under  steady-state  conditions,  the  fluxes  of  metal  ions  and 

electrons  are  maintained  constant  during  a  substantial  period  of  the  process  so  as  to  generate  an  interlayer 
with  the  maximum  achievable  density  of  metal  particles. 

In  carrying  out  the  process  of  the  invention  under  non-steady-state  conditions,  the  fluxes  of  metal  ions 
0  and  electrons  are  varied  systematically  during  a  substantial  period  of  the  process  so  as  to  generate  an 

interlayer  of  controlled  density,  lower  than  the  maximum  achievable  density. 

Example  1 
A.  Polymer  film  and  film-coated  electrode 

«  Polyamic  acid  having  an  m„i,  of  1.48  dl/g  (average  of  n,„h  ranging  from  1.3  to  1.7)  was  prepared  from 
4  4'  -  oxydianiline  and  pyromellitic  dianhydride.  A  12wt.%  solution  of  the  polyamic  acid  in  dry  N,N  - 
d'imethylacetamide  (DMAc)  was  filitered  through  a  Millipore®  (10.0  urn  pore)  filter.  A  clean,  Sn02-coated 
qlass  plate  was  spin-coated  with  this  solution  using  a  Headway  Research  Inc.  Model  EC101D  Photoresist 
Spinner  at  1000  rpm.  The  plate  was  transferred  to  a  hot  plate  at  80°C  for  a  period  of  10  minutes  until  the 

to  polymer  formed  a  clear,  colorless  solid  film. 
The  film  was  converted  to  the  polyimide  structure  by  immersing  the  plate  in  a  mixture  of  acetic 

anhydride  and  pyridine  (equal  parts  by  volume)  for  a  period  of  two  h  at  room  temperature,  by  which  time  it 
acquired  the  typical  yellow  gold  color  of  the  polyimide  but  remained  clear  and  adherent.  The  film  was 
rinsed  thoroughly  with  methanol  and  then  air  dried.  Conversion  to  polyimide  was  confirmed  by  infrared 

(5  analysis.  The  film  thickness  was  determined  using  transmission  electron  microscopy  (TEM)  of  microtomed 
cross-sections  and  found  to  be  2.17  um. 

B.  Electrochemical  cell  and  experimental  conditions 
The  metal  ion  deposition  process  can  be  carried  out  with  either  controlled  potential  or  controlled 

to  current.  The  former  requires  a  conventional  three-electrode  configuration  and  potentiostat;  the  latter  does 
not  require  a  reference  electrode. 

Figure  2  depicts  a  typical  apparatus  for  the  electrochemical  deposition  of  a  silver  interlayer  in  a 
polyimide  film  by  means  of  the  process  of  the  invention.  The  cell  consists  of  a  Pyrex®  cylinder  sealed  to  the 
surface  of  the  polymer-coated  cathode  by  means  of  an  O-ring  and  clamp  (not  shown).  The  counter 

is  electrode  and  reference  electrode  are  both  silver  wires  and  they  are  connected  along  with  the  cathode  to  a 
potentiostat  (Princeton  Applied  Research  Model  173).  During  operation,  the  electrolyte  solution  is  stirred 
and  purged  with  a  stream  of  nitrogen  (not  shown).  The  components  and  their  functions  are  as  follows: 

1)  The  electrolyte,  0.10  M  tetramethylammonium  hexafluorophosphate  (TMAPF6)  in  N,N  -  dimethyl- 
formamide  (DMF)  in  which  was  dissolved  AgBF4  at  a  concentration  of  0.010  M,  carries  current  and 

so  minimizes  voltage  drops  across  the  solution  and  polymer  film  due  to  their  high  resistance  and  minimizes 
the  influence  of  migration  on  the  transport  of  A g + . . .  

2)  The  silver  anode  maintains  a  constant  concentration  of  Ag+  in  solution.  As  Ag+  is  electrodeposited 
into  the  film,  fresh  ions  are  produced  at  the  anode  at  a  stoichiometrically  equal  rate. 

3)  The  potentiostat  (PAR  model  173)  controls  the  potential  difference  between  the  cathode  and  the 

55  reference  electrode  at  a  predetermined  value  (-1.30  volts  in  this  example)  and  provides  the  required 
current  between  cathode  and  anode. 

4)  The  cathode  consists  of  Sn02-coated  glass  plate  having  a  spin-coated  polyimide  film  which  is  similar 
to  that  prepared  in  Part  A  except  that  it  is  of  6  urn  thickness,  having  been  prepared  from  a  15  wt.%  solution 
of  polyamic  acid  in  DMAc.  A  circular  disc  of  area  7.07  cm2  is  exposed  to  the  electrolyte  and  sealed  by  means 

60  of  an  O-ring  to  the  bottom  of  the  cell.  _  + 
5)  The  stirrer  maintains  homogeneity  of  the  electrolyte,  preventing  polarization  of  the  Ag 

concentration. 
6)  A  nitrogen  bubbler  (not  shown)  maintains  a  continuous  flow  of  nitrogen  through  the  solution  to 

preclude  gradual  air  oxidation  of  the  reduced  polyimide. 
65  The  experiment  was  begun  by  adjusting  the  potential  from  +0.30  V  (vs.  an  Ag  wire  reference  electrode) 
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to  -1.30  V.  The  current  measured  as  a  function  of  time  is  shown  in  Figure  3.  The  experiment  was 
terminated  by  opening  the  circuit  when  the  total  amount  of  charge  passed  reached  2.0  coulombs. 

The  polymer  film  was  then  washed  thoroughly  with  methanol.  In  appearance  it  was  a  bright 
gold-colored  mirror  when  viewed  from  the  side  originally  exposed  to  the  solution  and  dark  black  when 

5  viewed  through  the  glass  cathode.  The  film  was  removed  intact  from  the  cathode  by  peeling  it  carefully 
away  while  immersed  in  aqueous  methanol.  It  was  allowed  to  dry  at  room  temperature. 

A  small  portion  of  the  film  was  cut  out,  potted  in  an  epoxy  resin,  and  microtomed  in  cross  section.  High 
resolution  transmission  electron  microscopy  (TEM)  micrographs  were  recorded.  Prior  to  potting,  a  thin,  ca. 
0.04  urn  (400  A),  layer  of  Au/Pd  was  sputtered  onto  the  cathode  side  of  the  film  in  order  to  recognize  its 

io  orientation  in  the  micrograph. 
A  dark  band  of  dense  silver  microparticles  appeared  in  the  center  of  the  film.  Silver  was  identified  by 

energy  dispersive  X-ray  analysis  (EDAX)  and  electron  diffraction. 

Control  of  interlayer  dimensions 
15  The  thickness  of  the  metal  interlayer  formed  under  steady-state  deposition  conditions  is  proportional 

to  the  quantity  of  metal  incorporated  for  a  fixed  surface  area  of  polymer  film.  As  judged  by  TEM  of 
microtomed  thin  sections,  an  interlayer  of  0.05  urn  of  1.0  urn  (500  A  to  10,000  A)  can  be  produced  within  a 
precision  of  ±0.025  urn  (250  A). 

20  Examples  2—10 
Nine  polymer-coated  cathodes  were  prepared  and  each  was  subjected  to  identical  deposition 

conditions  as  in  Example  1.  The  quantity  of  silver  was  controlled  by  opening  the  circuit  after  the  desired 
amount  of  charge  had  been  passed.  The  products  were  recovered  and  analyzed  by  TEM.  Table  1 
summarizes  the  results  and  Figure  4  shows  the  dependence  of  Ag  interlayer  thickness  on  the  total  Ag 

25  content  of  the  sample.  Silver  contents  were  determined  coulometrically. 
A  linear  least  squares  best  fit  to  the  data  (correlation  coefficient  0.990)  indicates  that  the  silver 

interlayer  is  first  established  after  approximately  .04  mg/cm2  of  deposition.  This  corresponds  to  the 
establishment  of  steady-state  conditions  as  indicated,  for  example,  by  constancy  of  the  current  (Figure  3). 
The  linear  dependence  of  tAg  on  Ag  content  demonstrates  that,  once  formed,  the  interlayer  grows  in 

30  thickness  at  constant  density.  The  density,  calculated  from  the  slope  of  the  line,  is  7.45  g  Ag/cm3,  71%  of 
that  for  pure  Ag. 

From  a  high  magnification  TEM  image  of  the  interlayer  in  Example  9,  it  was  observed  that  the  Ag 
occurred  as  almost  spherical  particles,  with  diameters  ranging  from  0.005  to  0.03  urn  (50  to  300  A).  The 
particles  were  distributed  in  a  diffuse  region  on  the  side  of  the  interlayer  toward  the  cathode  and  formed  a 

35  dense  connected  network  in  the  interlayer.  The  diffuse  particles  were  formed  at  an  early  stage  of  the 
deposition,  prior  to  establishment  of  steady-state.  Under  these  conditions,  the  first  wave  of  electrons 
flowing  away  from  the  cathode  interface  encounter  Ag+  ions  which  were  already  absorbed  by  the  polymer 
prior  to  the  beginning  of  electrolysis. 

40  TABLE  1 

Ag  content 

55 

,  No.  (mg  Ag/cm2)  dc(1)  ds(2)  tAg<3) 

2  0.0395  3.5  2.1  0.00 

3  0.079  3.7  2.7  0.05 

4  0.119  3.3  2.2  0.12 

5  0.158  3.2  2.2  0.18 

6  0.198  —  —  0.20 

7  0.237  3.9  2.0  0.22 

8  0.277  3.7  2.0  0.28 

9  0.316  3.4  2.1  0.40 

10  0.474  2.5  2.4  0.60 

n,dc  —  distance  of  interlayer  from  cathode  (urn). 
(2)ds  —  distance  of  interlayer  from  solution  (urn). 

65  <3>tAg  —  thickness  of  interlayer  (urn). 
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Utility 
Examples  11—16  , 

As  noted  in  Example  1,  the  process  of  the  invention  can  be  used  to  prepare  mirrors.  A  number  ot 
mirrors  were  so  prepared  and  their  reflectivities  were  measured  using  a  He-Ne,  5  mW,  \=6328  A  laser  in 

J  the  configuration  shown  in  Figure  5.  The  reference  mirror  is  a  first  surface  mirror  coated  with  a  3  Jim 
ODA/PMDA  polyimide  film.  The  sample  is  a  layer  of  silver  electrodeposited  into  ODA/PMDA  polyimide  film. 
This  choice  of  reference  compensates  for  absorptive  and  scattering  corrections  which  are  introduced  into 
the  experiment  by  the  polymer  film.  The  intensity  of  light  reflected  by  the  sample  is  measured  at  its 
optimum  orientation  with  respect  to  the  laser  beam  and  this  is  compared  directly  with  the  reading  obtained 

o  from  a  reference  first-surface  mirror  overcoated  with  polymer,  located  in  a  fixed  position  directly  behind 
the  sample  holder.  Thus,  the  ratio  of  the  photosignal  with  the  sample  in  the  lower  arm  of  the  reflectometer 
to  that  reflected  from  the  reference  mirror  yields  reflectivity  R  of  the  silver  layer.  Table  2  shows  reflectivities 
(R,  in  %)  for  samples  with  different  silver  loadings.  The  conductivity  o  was  estimated  from  the  reflectivity  R 
at  the  laser  frequency  v  and  is  shown  in  the  table. 

2  (o/v)+1-2  Vo/v 
R= 

2  (o/v)+H-2  VoTv 

0  TABLE  2 

Ag  content 
Ex.  No.  (mg/cm2)  R(%)  a  (fT1cm  1) 

<s  11  0.079  6  <102 

12  0.111  19  4.8X102 

13  0.127  20  5.3X102 

14  0.143  25  8.9X102 

15  0.158  34  1.6X103 

I5  16  0.190  36  1.8X103 

Examples  17—18 
Measurement  of  sheet  resistance  and  TCR  for  silver  in  ODA/PDMA  films 

The  sheet  resistance  was  measured  using  the  "four-point  probe"  technique  of  Berry,  Hall  and  Harris, 
to  supra  In  this  method,  four  contacts  are  made  to  the  film;  current  is  injected  across  the  outer  pair  of 

contacts,  and  the  resultant  voltage  drop  across  the  two  remaining  points  is  measured.  The  sheet  resistance 
(Rs)  of  a  layer  of  thickness  tAg  is  proportional  to  the  ratio  of  the  voltage  (V)  to  the  current  (I). 

(V) 
t5  RS=C-  =(otAg)  1 

I 

For  samples  such  as  those  described  in  the  previous  examples,  the  conductive  interlayer  resides 
beneath  the  external  surfaces  of  the  polymer.  Consequently,  only  very  high  resistances  were  measured  for 

so  pontacts  placed  on  these  surfaces.  Electrical  characterizations  of  the  interlayers  per  se  were  made  by 
creating  holes  in  the  film  at  the  desired  contact  positions  and  filling  these  holes  with  solder  or  conductive 

paste  The  constant  C  was  measured  using  thin  sputtered  gold  layers  of  known  specific  conductivity  and 
thickness  d.  The  temperature  coefficient  of  resistance  (TCR)  is  defined  as  (1/R)  (dR/dT).  For  films  thicker 
than  a  few  hundred  angstroms,  dR/dT  is  essentially  independent  of  temperature  and 

55 
1  (Ri-RJ 

TCR= 
Rrt  CT,-Trt) 

eo  wherein  Rrt  is  the  resistance  at  room  temperature  (Trt),  and  R,  is  the  resistance  at  some  othertemperature 
(T,).  The  measurements  herein  were  carried  out  between  liquid  nitrogen  temperature  (-196°C)  and  22°C. 
The  specific  conductivity  and  TCR  values  of  the  interlayers  are  tabulated  in  Table  3. 

65 
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TABLE  3 

tAg  (A)  o  (Q-1cm-1) TCR  (°K_1) 

5 
Ex. 
No. 

Thickness  of  the 
dense  interlayer 

of  silver 
R.  T.  specific 
conductivity 

Temperature 
coefficient  of 

resistance 

17 1875 6.5x1  02 4.2  X10-4 

18 9000 1.7X103 6.2  X10-4 

Silver  metal 6.8x10s 4.1  x10-3 

is  Examples  19  —  42 
Regulation  of  interlayer  position  (penetration  depth) 

Using  the  same  experimental  system  described  in  Example  1,  a  series  of  Ag  interlayers  was  prepared 
in  ODA/PMDA  polyimide  films  using  various  combinations  of  Ag+  concentration  and  applied  potential.  In 
certain  cases,  ls  was  first  determined  at  a  potential  of  either  -0.70  V  or  -0.30  V  vs.  Ag/Ag+.  The  data  are 

20  summarized  in  Table  4.  The  values  of  the  polymer  film  thickness,  t,  and  the  penetration  depth,  d,  were 
measured  either  by  TEM  of  microtomed  cross-sections  or  by  the  following  combination  of  measurements: 
A  measure  of  t  was  made  using  a  mechanical  profilometer  (Sloan-Technology  Dektak  model  Ha).  A 
reflectance  IR  spectrum  was  then  obtained  (Varian  model  2390)  from  the  solution  side  of  the  specimen.  The 
sinusoidal  interference  fringes  observed  were  used  to  calculate  the  distance  t-d  from  the  front  surface  of 

25  the  film  to  the  reflective  surface  of  the  interlayer.  These  results  were  found  to  be  in  good  agreement  with 
TEM  measurements. 

The  results  are  also  plotted  in  Figures  6  and  7  in  accordance  with  the  analysis  of  the  steady-state 
presented  above.  In  each  instance  the  experimental  data  are  represented  by  points  and  the  lines 
correspond  to  a  best  fit  of  the  theoretical  equations  (equations  7  and  8)  using  a  single  choice  of  parameters. 

30  It  will  be  noted  that  for  Ag+  concentrations  less  than  0.02  M,  the  simple  diffusion  model  appears  to  be  well 
obeyed.  The  more  general  correlation  of  d/t  with  ls/l  appears  to  be  valid  for  all  of  the  conditions 
investigated.  More  specifically  regarding  Figure  6,  the  experimental  points  were  obtained  for  Ag+ 
concentrations  of  0.010  M  (circles)  and  0.002  M  (triangles),  as  reported  in  Table  4.  The  lines  were  calculated 
from  equations  7  and  4  wherein  De=8x10~9  cm2/sec,  DmKs=1.7x10~7  cm2/sec,  [P"]°=3.67  M,  and 

35  E°=-1.25  Vvs.  Ag/Ag+.  Regarding  Figure  7,  the  experimental  data  (Table  4)  represent  a  range  of 
conditions  (applied  potential  and  Ag+  concentration).  In  each  case  ls  was  determined  at  a  potential  between 
-0.30  and  -0.70  V  vs.  Ag/Ag+.  The  line  corresponds  to  equation  8. 
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<•  [Ag+J  <v  vs.  is  '  ,i  .  -  ,  „ 
o.  (mole/l)  Ag/Ag+)  (ma/cm2)  (micrometers)  ls/l  d/t 

9  .020  -1.30  .047  .079  11.2  3.5  .60  .31 

0  .030  -1.30  .087  .122  10.95  2.08  .71  .19 

1  .050  -1.30  .142  .165  11.0  0.96  .86  .09 

2  .006  -1.30  .024  .100  7.45  5.36  .24  .72 

3  .004  -1-30  .018  .090  8.07  6.5  .20  .81 

4  .002  -1.30  .010  .083  8.09  7.0  .12  .87 

•5  010  -1.35  .027  .100  9.5  5.46  .27  .57 
8.92  5.33  .60 

!6  .010  -1-25  .026  .071  9.3  4.5  .37  .48 

>7  010  -1.20  .025  .055  8.3  2.53  .46  .30 
8.58  3.17  .37 

>8  .010  -1.40  .028  .097  10.5  6.7  .29  .64 

>g  .002  -1.20  .0099  .052  8.64  5.5  .19  .64 

30  .002  -1.15  .0099  .034  8.76  6.6  .29  .58 

31  .002  -1.10  .0113  .024  7.94  3.7  .53  .47 

32  .002  -1.05  .0113  .017  7.55  1.5  .67  .20 

33  .002  -1.00  .0071  .0105  8.25  0.1  .67  .01 

34  .010  -0.60  -   -   7.3  0.22  -   .03 

35  .010  -1.30  -   -   8.8  5.2  -   .59 

36  .010  -1.00  -   -   7.2  0.30  -   .04 

37  .010  -1.20  -   -   8.3  4.2  -   .50 

38  .010  -1.40  —  —  8.9  5.1  —  .57 

39  .010  -1.10  -   -   9-2  0.4  -   .04 

40  .010  -1.15  -   -   9-4  0.5  -   .05 

41  .010  -1.25  —  —  9-5  4.1  —  .43 

42  .010  -1.30  -   —  9.4  4.8  —  .51 

Figure  8  is  a  photomicrograpn  ot  a  lypiuai  snvei  nuonayc.  u^^ .^v . . . .   u  —  ~,  ■••  —  -  - 
the  process  of  the  invention,  the  film  being  microtomed  in  cross  section  and  viewed  in  transmission  The 
reference  marker  represents  1  urn  (10,000  A).  Thus,  the  silver  interlayer  thickness  is  approximately  0.38  pm 
(3  800  A)  and  the  film  thickness  is  approximately  9.2  urn  (92,000  A).  Adjacent  the  interlayer  are  isolated 

so  silver  particles.  While  carrying  out  the  process  of  the  invention  the  lower  right  surface  of  the  film  was  on  the 
cathode,  the  upper  left  surface  was  in  contact  with  the  metal  ion  source. 

Example  43 
Interlayer  from  imaged  cathode  . 

65  A  polymer-coated  cathode  was  prepared  by  the  procedure  described  in  Example  1  using  as  the 

1  1 
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cathode  a  chromium-on-glass  commercial  photomask  (Photographic  Sciences  Corp.,  USAF  1951  test  chart, 
MT-14).  This  mask  includes  bars  and  spaces  in  a  chromium  layer  where  the  minimum  features  are  2.2  urn 
wide.  Metal  interlayer  deposition  was  carried  out  with  0.01  M  AgBF4  in  DMF  without  electrolyte.  The 
current  was  maintained  at  0.1  1  mA/cm2  until  .21  coulomb/cm2  had  been  deposited.  The  current  was  turned 

5  off,  the  film  was  washed  with  methanol  and  removed  from  the  surface  of  the  cathode.  The  pattern  of  the 
original  cathode  was  reproduced  as  a  silver  mirror  within  the  polymer  film.  In  particular,  the  2.2  micrometer 
bars  and  spaces  were  reproduced  in  the  interlayer.  The  original  chromium  image  was  in  no  way  affected  by 
the  process  and  could  be  used  again  to  repeat  the  process  with  a  new  polymeric  film. 

10 
Example  44 
Interlayer  formed  using  a  photoresist  mask 

A  glass  plate  coated  with  Sn02  was  employed  as  the  cathode  and  was  prepared  as  described  in 
Example  1.  After  the  polyimide  had  been  cured  as  described  in  Example  1,  a  photoresist  layer  (KTI  negative 

15  resist)  was  spin  coated  on  top  of  the  polyimide  at  2000  rpm.  This  layer  was  cured  at  90°C  for  10  minutes  and 
then  exposed  under  a  test  image  photomask  comprising  bars  and  lines.  The  photoresist  was  developed  by 
employing  conditions  recommended  by  the  manufacturer.  A  silver  interlayer  was  deposited  using  a 
solution  0.10  M  in  TMAPF6,  0.01  M  in  AgBF4  and  a  constant  potential  of  -1.30  V  vs.  Ag/Ag+.  The  silver 
interlayer  became  visible  and  developed  only  in  those  regions  of  the  sample  where  development  had 

20  removed  the  photoresist  from  the  surface.  The  process  was  stopped  after  .07  coulomb/cm2  had  been 
deposited;  the  sample  was  washed  with  methanol  and  inspected  under  an  optical  microscope.  The 
interlayer  appeared  as  a  reflective  image  which  faithfully  reproduced  the  image  recorded  in  the  photoresist 
mask. 

25  Example  45 
Deposition  of  a  copper  interlayer 

A  copper  interlayer  was  deposited  into  a  film  of  ODA/PMDA  polyimide  coated  onto  a  glass  cathode 
coated  with  Sn02,  prepared  as  in  Example  1.  Deposition  was  carried  out  using  0.10  /WTMAPF6  and  0.02  M 
Cu(AN)4PF6  in  DMF,  wherein  AN  is  acetonitrile.  The  potential  was  maintained  at  -1.30  V  vs.  Ag/Ag+  and 

30  0.18  coulomb/cm2  was  deposited.  The  film  was  washed  with  methanol,  removed  from  the  cathode  and 
examined  as  a  microtomed  cross-section  by  TEM.  The  copper  metal  was  observed  as  polyhedral  particles, 
roughly  0.05  urn  (500  A)  in  diameter,  in  a  tightly  distributed  band  0.4  micrometer  wide  at  a  depth  d/t  of  0.85. 

Example  46 
35  Interlayers  of  diminished  metal  density  from  non-steady-state  conditions 

A  polyimide-coated,  Sn02-coated  glass  cathode  was  prepared  as  in  Example  1.  The  cathode  was 
mounted  in  the  cell  which  was  filled  with  0.10  M  TMAPF6  and  0.002  M  AgBF4  in  DMF.  Deposition  was 
carried  out  employing  an  applied  potential  which  was  continuously  varied  between  -0.90  and  -1.30  V  vs. 
Ag/Ag+.  The  potential  was  programmed  in  a  "saw  tooth"  manner,  i.e.,  it  was  changed  linearly  with  time 

40  between  the  two  limits  at  a  rate  of  10  mV  per  second.  Deposition  was  continued  until  the  total  silver  content 
reached  0.16  mg/cm2. 

The  product  differed  from  those  prepared  under  steady-state  conditions  at  comparable  silver  content 
in  that  it  exhibited  no  metallic  reflectivity  viewed  from  either  direction.  Figure  9  shows  a  transmission 
electron  micrograph  prepared  from  this  product  microtomed  in  cross-section.  It  is  apparent  that  the  silver 

45  microparticles  are  distributed  as  a  broad  interlayer  approximately  1  urn  in  thickness,  corresponding  to  a 
volume  fraction  of  silver  of  18%,  about  one-fourth  that  obtained  under  steady-state  conditions.  In  Figure  9, 
the  scale  bar  at  the  bottom  represents  1.0  pm.  The  polymer  film,  7.8  pm  thick,  is  seen  with  the  original 
cathode  interface  on  the  upper  left  and  the  original  metal  ion  solution  interface  on  the  lower  right.  The  dark 
line  at  the  solution  interface  is  a  Au/Pd  film  applied  evaporatively  prior  to  microtoming  the  sample. 

50 
Best  mode  for  carrying  out  the  invention 

The  best  mode  presently  contemplated  for  carrying  out  the  invention  is  illustrated  by  Example  1. 
Although  preferred  embodiments  of  the  invention  have  been  illustrated  and  described,  it  is  to  be 

understood  that  there  is  no  intent  to  limit  the  invention  to  the  precise  constructions  herein  disclosed,  and  it 
55  is  to  De  further  understood  that  the  right  is  reserved  to  all  changes  and  modifications  coming  within  the 

scope  of  the  invention  as  defined  in  the  appended  claims. 

Claims 

60  1  •  Metal  interlayer  deposition  process  by  means  of  which  a  metal  is  deposited  in  its  zero-valent  state  in 
a  spatially-controlled  manner  within  an  organic  polymeric  film  having  first  and  second  surfaces,  the 
process  comprising  supplying  ions  of  the  metal  to  at  least  a  part  of  the  first  surface  and  electrons  to  at  least 
a  part  of  the  second  surface,  the  metal  ions  being  in  a  positive  oxidation  state  and  in  a  coordination  state 
such  that  they  are  mobile  within  the  polymeric  film  and  are  transported  through  the  film  in  a  general 

65  direction  toward  the  second  surface,  the  polymeric  film  being  capable  of  accepting  electrons  in  a  reversible 

12 
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manner  at  the  second  surface,  and  the  electrons  oeing  moDiie  wunm  uie  Muiy...c,.^  ......  —  ■» 
transported  through  the  film  in  a  general  direction  toward  the  first  surface. 

2  Process  of  Claim  1  wherein  the  electrons  are  provided  by  the  cathode  in  an  electrochemical  circuit, 
the  potential  applied  to  the  cathode  being  equal  to  or  negative  of  the  reduction  potential  of  the  polymer. 

s  3  Process  of  Claim  1  wherein  the  electrons  are  provided  by  a  reducing  agent  in  solution,  the  oxidation 
potential  of  the  reducing  agent  being  negative  with  respect  to  the  reduction  potential  of  the  polymer. 

4  Process  of  Claim  1  wherein  the  metal  is  deposited  as  spherical  particles  having  diameters  no  greater 
than  6.05  pm  (500  A),  preferably  within  the  range  0.005-0.03  pm  (50-300  A),  and  wherein  the  polymeric 
film  has  a  thickness  within  the  range  2—  12  pm.  ,  ,  . . . .   * 

o  5.  Process  of  Claim  1  wherein  the  metal  is  deposited  as  a  continuous  layer  having  a  thickness  ot 
0.05  pm  to  1pm  (500  A  to  10,000  A).  _  ,  t  r ,  

6  Process  of  Claim  1  wherein  the  metal  ions  are  provided  in  solution  and  the  metal  is  selected  from  Cu, 
Aq  Au  Cd  Hg,  Cr,  Co,  Ni,  Pd,  Pt  and  Sn  and  the  polymeric  film  is  comprised  of  a  polyimide. 

7  Process  of  Claim  2  wherein  the  cathode  comprises  an  electrically-conductive  two-dimensional 
s  pattern  separated  by  insulating  regions,  and  the  deposited  metal  corresponds  to  the  two-dimensional 

Patt  ̂ Process  of  Claim  2  wherein  the  organic  polymer  film  is  laminated  with  an  electrically  insulative  film 

having  patterned  openings  through  which  the  ions  of  the  metal  flow. 
9  Process  of  Claim  1  wherein  the  fluxes  of  metal  ions  and  electrons  are  maintained  constant  during  a 

o  substantial  period  of  the  process  so  as  to  generate  an  interlayer  with  the  maximum  achievable  density  of 

meta1l0Pprocess  'of  Claim  1  wherein  the  fluxes  of  metal  ions  and  electrons  are  varied  systematically  during  a 
substantial  period  of  the  process  so  as  to  generate  an  interlayer  of  controlled  density,  lower  than  the 

maximum  achievable  d e n s i t y . .  
s  11.  Film  structure  comprising  an  organic  polymeric  film  within  which  is  a  metal  interlayer  which  has 

been  formed  without  any  substantial  change  in  the  discrete  dimensions  of  the  film. 
12  Film  structure  of  Claim  11  wherein  the  metal  interlayer  is  comprised  of  spherical  particles  having 

diameters  no  greater  than  0.05  pm  (500  A),  preferably  within  the  range  '0.005-0.0S  Ipm  (50-^00  A). 
13.  Film  structure  of  Claim  11  wherein  the  interlayer  has  a  thickness  of  0.05—  1  pm  (500—  1  0,000  A)  and 

to  the  polymeric  film  has  a  thickness  of  2—12  pm. 
14.  Film  structure  of  Claim  11  wherein  the  metal  is  selected  from  Cu,  Ag,  Au,  Cd,  Hg,  Cr,  Co,  Ni,  Pd,  Pt 

and  Sn  and  wherein  the  polymeric  film  is  comprised  of  a  polyimide. 
15.  Film  structure  of  Claim  11  wherein  there  are  a  plurality  of  metal  interlayers. 

is  Patentanspruche 

1.  Verfahren  zum  Abscheiden  von  Metallzwischenschichten,  mit  welchem  ein  Metall  in  seinem 
null-wertigen  Zustand  in  einer  raumlich  gesteuerten  Weise  innerhalb  einer  organischen  poiymeren  Folie 
abgeschieden  wird,  die  eine  erste  und  eine  zweite  Oberflache  besitzt,  wobei  das  Verfahren  das 

to  Zur-Verfugung-Stellen  von  lonen  des  Metalls  an  wenigstens  einem  Teil  der  ersten  Oberflache  und  von 
Elektronen  an  wenigstens  einem  Teil  der  zweiten  Oberflache  umfa&t,  wobei  sich  die  Metallionen  in  einem 
positiven  Oxidationszustand  und  in  einem  Koordinationszustand  derail:  befindet,  dalS  sie  innerhalb  der 
poiymeren  Folie  beweglich  sind  und  in  einer  allgemeinen  Richtung  zur  zweiten  Oberflache  hin  durch  die 
Folie  transportiert  werden,  wobei  die  polymere  Folie  in  der  Lage  ist,  an  der  zweiten  Oberflache  Elektronen 

is  in  einer  reversiblen  Weise  aufzunehmen,  und  wobei  die  Elektronen  innerhalb  der  poiymeren  Folie 
beweglich  sind  und  in  einer  allgemeinen  Richtung  zur  ersten  Oberflache  hin  durch  die  Folie  transportiert 
w e r d e n . . . . . .  

2.  Verfahren  nach  Anspruch  1,  bei  dem  die  Elektronen  durch  die  Kathode  innerhalb  ernes 
elektrochemischen  Stromkreises  zur  Verfugung  gestellt  werden,  wobie  das  an  die  Kathode  angelegte 

50  Potential  gleich  oder  negativ  gegeniiber  dem  Reduktionspotential  des  Poiymeren  ist. 
3.  Verfahren  nach  Anspruch  1,  bei  dem  die  Elektronen  durch  ein  Reduktionsmittel  in  Losung  zur 

Verfugung  gestellt  werden,  wobei  das  Oxidationspotential  des  Reduktionsmittels  negativ  in  Bezug  auf  das 
Reduktionspotential  des  Poiymeren  ist. 

4.  Verfahren  nach  Anspruch  1,  bei  dem  das  Metall  als  kugelformige  Teilchen  mit  Durchmessern  von 
55  nicht  groSer  als  0,05  pm  (500  A),  vorzugsweise  innerhalb  des  Bereichs  von  0,005—0,03  pm  (50—300  A), 

abgeschieden  werden  und  bei  dem  die  polymere  Folie  eine  Dicke  innerhalb  des  Bereichs  von  2—12  pm 
a u f w e i s t . .  

5.  Verfahren  nach  Anspruch  1,  bei  dem  das  Metall  als  kontinuierliche  Schicht  mit  einer  Dicke  von 
0,05  pm  bis  1  pm  (500  A  bis  10  000  A)  abgeschieden  wird. 

so  6.  Verfahren  nach  Anspruch  1,  bei  dem  die  Metallionen  in  Losung  zur  Verfugung  gestellt  werden  und 
das  Metall  ausgewahlt  ist  aus  Cu,  Ag,  Au,  Cd,  Hg,  Cr,  Co,  Ni,  Pd,  Pt  und  Sn,  und  die  polymere  Folie  em 
Polyimid  umfalSt. 

7.  Verfahren  nach  Anspruch  2,  bei  dem  die  Kathode  ein  elektrisch  leitendes,  zweidimensionales  Muster 
umfalSt,  das  durch  isolierende  Bereiche  unterbrochen  ist,  und  das  abgeschiedene  Metall  dem  zweidi- 

65  mensionalen  Muster  entspricht. 

10 



EP  0 1 6 9   312  B1 

8.  Verfahren  nach  Anspruch  2,  bei  dem  die  organische  polymere  Folie  mit  einer  elektrisch  isolierenden 
Folie  laminiert  ist,  welche  musterformige  ausgebildete  Offnungen  aufweist,  durch  welche  die  lonen  des 
Metal  Is  flieKen. 

9.  Verfahren  nach  Anspruch  1,  bei  dem  die  Flusse  der  Metallionen  und  der  Elektronen  wahrend  einer 
5  wesentlichen  Zeitspanne  des  Verfahrens  konstant  gehalten  werden,  um  eine  Zwischenschicht  mit  einer 

maximal  erzielbaren  Dichte  an  Metallteilchen  zu  erzeugen. 
10.  Verfahren  nach  Anspruch  1,  bei  dem  die  Flusse  der  Metallionen  und  Elektronen  wahrend  einer 

wesentlichen  Zeitspanne  des  Verfahrens  systematisch  variiert  werden,  um  eine  Zwischenschicht 
gesteuerter  Dichte,  die  geringer  als  die  maximal  erzielbare  Dichte  ist,  zu  erzeugen. 

w  11.  Foliengefiige,  umfassend  eine  organische  polymere  Folie,  innerhalb  welcher  sie  eine  Metall- 
zwischenschicht  befindet,  die  ohne  eine  wesentliche  Anderung  der  diskreten  Abmessungen  der  Folie 
gebildet  worden  ist. 

12.  Foliengefiige  nach  Anspruch  11,  worin  die  Metallzwischenschicht  kugelformige  Teilchen  mit 
Durchmessern  nicht  grolSer  als  0,05  pm  (500  A),  vorzugsweise  im  Bereich  von  0,005  —  0,03  pm  (50  —  300  A), 

is  umfalSt. 
13.  Foliengefiige  nach  Anspruch  11,  worin  die  Zwischenschicht  eine  Dicke  von  0,05  —  1  pm  (500  — 

10  000  A)  und  die  polymere  Folie  eine  Dicke  von  2—  12  pm  aufweisen. 
14.  Foliengefiige  nach  Anspruch  11,  worin  das  Metall  ausgewahlt  istaus  Cu,  Ag,  Au,  Cd,  Hg,  Cr,  Co,  Ni, 

Pd,  Pt  und  Sn,  und  worin  die  polymere  Folie  ein  Polyimid  umfalSt. 
20  15.  Foliengefiige  nach  Anspruch  11,  worin  sich  eine  Mehrzahl  von  Metallzwischenschichten  befinden. 

Revendications 

1.  Procede  de  depot  de  couches  intermediaires  metalliques  au  moyen  duquel  un  metal  est  depose  dans 
25  son  etat  de  valence  nulle  d'une  maniere  spatialement  controlee  au  sein  d'une  pellicule  polymere  organique 

presentant  une  premiere  et  une  deuxieme  surfaces,  le  procede  comprenant  I'apport  d'ions  du  metal  a  au 
moins  une  partie  de  la  premiere  surface  et  d'electrons  a  au  moins  une  partie  de  la  deuxieme  surface,  les 
ions  du  metal  etant  dans  un  etat  d'oxydation  positif  et  dans  un  etat  de  coordination  tel  qu'ils  soient  mobiles 
au  sein  de  la  pellicule  polymere  et  soient  transportes  a  travers  la  pellicule  en  direction  generale  de  la 

30  deuxieme  surface,  la  pellicule  polymere  etant  apte  a  accepter  des  electrons  d'une  maniere  reversible  au 
niveau  de  la  deuxieme  surface  et  les  electrons  etant  mobiles  au  sein  de  la  pellicule  polymere  et  etant 
transportes  a  travers  la  pellicule  en  direction  generale  de  la  premiere  surface. 

2.  Procede  selon  la  revendication  1  dans  lequel  les  electrons  sontfournis  par  la  cathode  dans  un  circuit 
electrochimique,  le  potentiel  applique  a  la  cathode  etant  egal  a  ou  negatif  par  rapport  au  potentiel  de 

35  reduction  du  polymere. 
3.  Procede  selon  la  revendication  1  dans  lequel  les  electrons  sont  fournis  par  un  agent  reducteur  en 

solution,  le  potentiel  d'oxydation  de  I'agent  reducteur  etant  negatif  par  rapport  au  potentiel  de  reduction  du 
polymere. 

4.  Procede  selon  la  revendication  1  dans  lequel  le  metal  est  depose  sous  forme  de  particules 
40  spheriques  de  diametres  non  superieurs  a  0,05  pm  (500  A),  se  situant  de  preference  dans  la  gamme  de 

0,005  a  0,03  pm  (50  a  300  A),  et  dans  lequel  la  pellicule  polymere  a  une  epaisseur  se  situant  dans  la  gamme 
de  2  a  12  pm. 

5.  Procede  selon  la  revendication  1  dans  lequel  le  metal  est  depose  sous  forme  d'une  couche  continue 
presentant  une  epaisseur  de  0,05  a  1  pm  (500  a  10  000  A). 

45  6.  Procede  selon  la  revendication  1  dans  lequel  les  ions  de  metal  sontfournis  en  solution  et  le  metal  est 
choisi  parmi  Cu,  Ag,  Au,  Cd,  Hg,  Cr,  Co,  Ni,  Pd,  Pt  et  Sn  et  la  pellicule  polymere  est  constituee  d'un 
polyimide. 

7.  Procede  selon  la  revendication  2,  dans  lequel  la  cathode  comprend  un  motif  bidimensionnel 
electriquement  conducteur  separe  par  des  regions  isolantes,  et  le  metal  depose  correspond  au  motif 

so  bidimensionnel. 
8.  Procede  selon  la  revendication  2  dans  lequel  la  pellicule  polymere  organique  est  stratifiee  avec  une 

pellicule  electriquement  isolante  portant  des  ouvertures  modelees  a  travers  lesquelles  passent  les  ions  du 
metal. 

9.  Procede  selon  la  revendication  1  dans  lequel  les  flux  d'ions  de  metal  et  d'electrons  sont  maintenus 
55  constants  pendant  une  periode  substantielle  du  processus  de  maniere  a  creer  une  couche  intermediaire 

ayant  la  densite  maximale  realisable  de  particules  de  metal. 
10.  Procede  selon  la  revendication  1  dans  lequel  on  fait  varier  systematiquement  les  flux  d'ions  de 

metal  et  d'electrons  pendant  une  periode  substantielle  du  processus  de  maniere  a  creer  une  couche 
intermediaire  de  densite  reglee,  inferieure  a  la  densite  maximale  realisable. 

so  11.  Structure  pelliculaire  comprenant  une  pellicule  polymere  au  sein  de  laquelle  se  trouve  une  couche 
intermediaire  metallique  qui  a  ete  formee  sans  aucune  modification  appreciable  des  dimensions  discretes 
de  la  pellicule. 

12.  Structure  pelliculaire  selon  la  revendication  11  dans  laquelle  la  couche  intermediaire  metallique  est 
constituee  de  particules  spheriques  ayant  des  diametres  non  superieurs  a  0,05  pm  (500  A),  se  situant  de 

es  preference  dans  I'intervalle  de  0,005  a  0,03  pm  (50  a  300  A). 
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13.  Structure  pelliculaire  seion  la  reveiiuiuauuii  1  1  uai.o  i^u<.n<.  v,v,~~..~  ....  r. 
aisseur  de  0,05  a  1  pm  (500  a  10  000  A)  et  la  pellicule  polymere  presente  une  epaisseur  de  2  a  12  pm. 

14  Structure  pelliculaire  selon  la  revendication  11  dans  laquelle  le  metal  est  choisi  parmi  Cu,  Ag,  Au, 
I  Hg  Cr  Co  Ni  Pd,  Pt  et  Sn  et  dans  laquelle  la  pellicule  polymere  est  constituee  d'un  polyimide. 
'  15.'  Structure  pelliculaire  selon  la  revendication  11  dans  laquelle  sont  presentes  plusieurs  couches 
:ermediaires  metalliques. 
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