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Preface

This volume chronicles the proceedings of the 5th and 6th symposia on Metallized 
Plastics: Fundamental and Applied Aspects, held under the aegis of the 
Dielectric Science and Technology division of the Electrochemical Society in 
Los Angeles (May 5-19, 1996) and Paris (August 31-September 5, 1997) 
respectively. These events reflected a continuation of the series of symposia 
initiated in 1988 to update on a regular basis the R&D activity in the arena of 
metallized plastics which over the years has evinced tremendous interest from 
both fundamental and applied points of view. The previous symposia in this 
series were held as follows: the premier one in Chicago, October 10-12,1988, 
the second in Montreal, Canada, May 7-10,1990, the third in Phoenix, Arizona, 
October 13-18,1991, and the fourth in Honolulu, Hawaii, May 17-21,1993. The 
proceedings of these symposia have been well documented.

Both these symposia elicited an excellent response which is a testimonial to the 
brisk activity and interest apropos of metallized plastics. The technical programs 
clearly reflected an interest and need to ameliorate the existing methods and to 
devise new and more efficient ways to metallize plastics. Also, novel techniques 
to characterize metal-polymer interfaces or to monitor properties of metallized 
plastics were discussed. The programs for both symposia comprised both 
invited and contributed papers which were both overviews and original research 
in nature.

This volume contains a total o f 29 papers (15 from the Los Angeles Symposium 
and 14 from the Paris Symposium) addressing many aspects and jiew 
developments in the field of metallized plastics. Of course, many more than 29 
papers were presented at these symposia; but the remaining papers are not 
included in this volume for a variety of reasons. It should be recorded that all 
manuscripts were properly reviewed and suitably revised before inclusion in 
this volume. Also it should be underscored that the authors of the Los Angeles 
Symposium were asked to update the information. So the information presented 
in this book should be fresh and up-to-date.

This volume is divided into three parts: Part 1 “Metallization Techniques and 
Properties of Metal Deposits” ; Part 2 “Spectroscopic Investigation of Interfacial 
Interactions”; and Part 3 “Surface Modification and Adhesion Aspects”. The 
topics covered include: various metallization techniques for a variety of plastic 
substrates and simplification of electroless method by using plasma or UV laser
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pretreatment; various properties of metal deposits; investigation of metal- 
polymer interfaces using a variety of spectroscopic techniques; interaction of 
metals with self-assembled monolayers; study of early stages of metal-polymer 
interface formation; surface modification o f plastics by a host o f techniques 
including plasma, excimer laser, ion beams and characterization of modified 
plastics surfaces; surface modification of polymers used in the low Earth Orbit 
space environment; adhesion aspects of metallized plastics including a 
quantitative adhesion test for metal coated polymer fibers and nondestructive 
techniques for monitoring metallized plastics adhesion.

This and the preceding volumes (1-4) offer a fountain of information and 
represent current commentary on the R&D activity taking place in the 
technologically highly important field o f metallized plastics. Yours truly 
sincerely hopes that anyone interested in the fundamental or applied aspect of 
metallized plastics will find this and earlier volumes a valuable source of current 
information and a fountainhead of new ideas.
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ELECTROLESS METALLIZATION OF POLYMERS: SIMPLIFICATION OF THE

PROCESS BY USING PLASMA OR UV-LASER PRETREATMENT

M. Rom and, M. C harbonnier, M. Alami an d  J .  Baborowski

Laboratoire de Sciences et Ingenierie des Surfaces 
U niversite C laude B ernard  - LYON 1,
69622 V illeurbanne Cedex, France

A new m ethod for prom oting chem ical adhesion  of 
electroless m etals to polymer su b s tra te s  is described. Firstly, the 
process consists of grafting n itrogenated  functional m oieties onto 
polym er su rfaces using  co ld-plasm a or UV-laser techniques 
allowing sam ple trea tm en t in n itrogen-contain ing  a tm o sp h eres  (N2 
or NH3). Then, th is  step is followed by a  surface activation process 
during  w hich chem isorption of pallad ium  (catalyst for the 
sub seq u en t p lating reaction) is accom plished using  only a  dilute 
acidic PdCb solution. This m ethod, w hich is based  on the strong  
chem ical affinity of pallad ium  tow ards n itrogen, avoids the u se  of 
unfriendly chem icals. X-ray photoelectron spectroscopy w as 
employed to investigate ex-situ  chem ical changes on the polym er 
su rfaces (poly(styrene) an d  poly(tetrafluoroethylene) sam ples in 
the p resen t work) during  processing. A dhesion perform ance of the 
m etal-polym er in terfaces w as studied  by subjecting th e  metallized 
specim ens to a  fragm entation  test.

INTRODUCTION

Metallized p lastics  are  u sed  today  in a  large variety of technological 
applications. This explains why m etallization of polym ers h a s  a ttrac ted
considerable a tten tion  an d  research  over the  las t few years  Obviously, 
u n d e rs tan d in g  and  im proving m eta l/po lym er adhesion  is  one of th e  prim ary 
concerns for ob tain ing  stability  a n d  long term  reliability of the  relevant 
m anu factu red  products.

F irst, d istinction  shou ld  be m ade betw een th e  m ethods com m only used  to 
m etallize p lastics. One of th ese  involves m etal a tom  deposition (e.g. via therm al 
evaporation or spu tte ring  process) on the su rfaces of polym ers u n d e r high or 
m edium  vacuum . Different m eta ls su ch  a s  Al, Mg, Ti, Cr, Cu, Ni, Ag, Au ... have 
been so deposited on various polym er su b s tra te s  (poly(ethylene) (PE), 
poly(propylene) (PP), poly(styrene) (PS), po lyethy lene  tereph thalate) (PET),
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polyimide (PI) w hen no t specified or Kapton® w hen specified, poly(ether imide)
(Ultem®), poly(ether e th e r ketone) (PEEK), polyfethylene oxide) (PEO), poly(vinyl 
acetate) (PVAc), poly(methyl m ethacrylate) (PMMA) ...), an d  m uch  detailed 
chem ical inform ation (particularly  in  the case  of m etal films deposited in  u ltra- 
high vacuum ) ab o u t initial growth m echan ism s, in terfacial reactions an d  
influence of su b s tra te  p re trea tm en ts  h a s  been obtained  using, am ong o thers, in- 
s itu  x-ray  photoelectron spectroscopy (XPS). In addition to the  u se  of th e  
conventional physical vapor deposition (PVD) techn iques  m entioned above, 
m etallization of polym er su b s tra te s  can  also be carried  o u t by electro less 
deposition. This wet ph ase  process involves m ainly Ni o r Cu deposits  on 
catalytically active surfaces. A crucial aspec t of th is  technology is not the  m ethod 
of m etallization itself, b u t the  way in w hich the su rfaces of polym er m ateria ls  can 
be rendered  catalytically  active via su itab le  surface p re trea tm en ts. Obviously, the 
problem  of adhesion  betw een the electrolessly deposited  m etal and  the  polym er 
surface is also strongly dependen t on the  type of polym er involved a s  well a s  on 
the n a tu re  of th e  process w hich is u sed  to render the polym er surface 
catalytically active for the  electro less p lating  (see section "State-of-the-Art"). In 
th is  context, characteriza tion  by XPS of the  electrolessly deposited m eta l/po lym er 
in terfaces and , therefore, u n d e rs tan d in g  of adhesion  m echan ism s ap p ear m uch  
m ore com plicated th a n  in the  case of evaporated  or spu tte red  m eta l/po lym er 
in terface given th a t  a  wet deposition process is no t com patible with d irect (i.e. in- 
situ) UHV investigations.

As already  noted, and  w hatever m ay be the application sought, electro less 
p rocesses require extensive p re trea tm en ts  of polym er su rfaces before deposition  
can  be carried  out. The objective of the  p resen t w ork is to describe the potential 
of a  new process for activating polym er su rfaces an d  obtain ing  strong  m etal- 
polym er adhesion . This process involves a  specific p lasm a or UV laser-induced  
chem ical m odification of the  polym er su rfaces and  a  su b seq u en t palladium  
chem isorption. The s tu d ies  carried  o u t in th e  p resen t w ork were m ainly 
conducted  on poly(styrene) (PS) and  poly(tetrafluoroethylene) (PTFE) su b s tra te s  
whose su rfaces were investigated by XPS after each  stage of trea tm en t. PS and  
PTFE were selected for the p resen t investigation because  of the  absence  of oxygen 
in the ir chem ical s tru c tu re  (see reason  for th is  in section "Results an d  
Discussion"). Besides, PTFE w as chosen  because  th is  prototype of the  family of 
fluorinated  polym ers is well know n for its high chem ical in ertn ess  and  therm al 
stability  w hich leads to the  fact th a t adhesion  of any  m aterial to it requ ires veiy 
d rastic  surface p re trea tm en ts. In addition, some d a ta  concern ing  poly(carbonate) 
(PC) sam ples were also obtained by using  time-of-flight secondary  ion m ass 
spectrom etry  (TOF-SIMS) in an  a ttem p t to confirm  som e XPS resu lts . The d a ta  
obtained  a s  a  whole have led u s  to develop a  simplified m ethod for pallad ium  
chem isorption a n d  electroless m etallization and  to better u n d e rs ta n d  adhesion  
m echan ism s a t the  corresponding m etal-polym er interface.

STATE-OF-THE-ART

Electroless deposition is an  au tocataly tic  p rocess w hich consis ts  of a  redox 
reaction  in aqueous solution betw een the ions of th e  m etal to be deposited an d  a  
s trong  reducer. However, in the  case of in su la ting  sam ples, su ch  a  final operation 
h a s  to be preceded by an  activation step  leading to the  form ation of catalytic sites 
(e.g. v ia Pd2+ chem isorption) on th e  surface to be m etallized.
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Figure 1 (route (a)) describes the  conventional chem ical way which, 
h istorically  speaking, w as the  first to be followed for m etallizing polym er 
m ateria ls. This rou te  s ta r ts  generally by using  a  chrom ic or sulfochrom ic etching 
to oxidize the surface and  increase its  roughness. S ubsequently , a  tw o-step 
process is perform ed via a  surface trea tm en t, successively in a n  acidic SnCl2 
solution (sensitization step), then  in an  acidic PdCl2 solution (activation step).

Chem ical etch ing  
(chromic acid bath)

I (SnCla/PdCLj) + HC1
(a ) I colloidal solution

Electroless deposition

Figure 1. Schem atic diagram  of electroless p lating p rocesses using  chem ical 
e tch ing  p re trea tm en t an d  a  tw o-step (route a) or a  one-step  (route b) 
operation  leading to surface activation (Pd chem isorp tion).

This tw o-step process is rep resen ted  by som e a u th o r s * ^  a s follows:

S u b stra te  + Sn(II)aq S u b stra te  - Sn(II) (1)

S u b stra te  - Sn(II) + Pd(II)aq -» S ubstra te  - Pd(0) +Sn(IV)aq (2)

A sim plification of th is  tw o-step operation w as fu rth e r developed by using  a  one- 
step  process (Fig. 1, rou te  (b)) w hich involves su b s tra te  trea tm en t in a n  acidic
colloidal SnCE/PdCla solution w hich directly leads to surface activation 
The resu lting  reaction in th is  one-step  process can  be rep resen ted  a s  follows:

S u b stra te  + [Sn(II) /  Pd(II)]a q -> [Substra te  - SnPd(O) /  Sn(II)] + Sn(IV)a q (3)

In th is  la tte r  case , the  so -pretreated  su b s tra te s  were also subm itted  to an  
acceleration step  by im m ersion in a n  HC1 solution. In light of th is  one-step  
operation, it is often proposed 10,11 th a t Sn(II) ions be u sed  to reduce Pd(II) ions 
to form colloidal particles w hich consist of a  Sn /  Pd alloy core su rro u n d ed  by a  
protective layer of Sn(II) ions. The acceleration step  is th en  carried  o u t to remove 
th is  protective layer w hich m akes th e  colloidal particles available to catalyze the  
su b seq u en t electro less process. Despite th e  great complexity of the  operating 
m ode of mixed S nC h /P dC h  so lu tions and  the  difficulties associated  w ith their



6

ageing in te rm s of m etallization efficiency, th is  sim plified approach  for obtain ing 
surface activation is com m only u sed  and  m any applications in various a re a s  are  
still cu rren tly  being d e v e lo p e d ^ .

W hatever the selected process (one or tw o-step routes) m ay be, reac tions (2) 
and  (3) lead u s  to th in k  th a t pallad ium  is chem isorbed a s  Pd(0) w hich is required 
to catalyse the  fu rth e r electroless deposition. However, o th er a u th o rs l3 -1 5  <j0 
no t agree w ith th is  in terp re ta tion  an d  consider th a t  the u ltim ate  reduction to 
Pd(0) becom es efficient only after a  certa in  in itiation tim e in the  plating bath  
w hich co n ta in s  a  strong  reducer. This initiation tim e w hich is  reported  to vary 
over a  large range (some seconds to som e h u n d red s  of seconds) is m entioned by 
m ost a u th o rs . Previous w orks carried  ou t in ou r laboratory  clearly support the  
fact th a t  Pd2+ reduction  to the  atom ic s ta te  is a  necessary  step  and  th a t  the 
reaction in itia tes  in the  solution, level w ith th e  interfacial zone betw een the
solution and  the  activated  s u b s t r a te ^ .  U nder these conditions, the  
corresponding  reducing  step  can  be rep resen ted  by th e  reaction:

S u b stra te  - Pd(II) + 2 electrons -» S u b stra te  - Pd(0) (4)

In the p a rticu la r case of nickel coatings, e lectrons necessary  for the  reduction  are 
generally provided by different reducing  agen ts  such  a s  sodium  hypophosphite  
(NaHjPCh.HaO), sodium  boron hydride (NaBH4), hydrazine (N2H4), or
dim ethylam ine b o r a n e ^ .  E lectroless deposits ob tained  in th ese  conditions 
correspond to "Ni-P", ”Ni-B" alloys and  "pure" Ni, respectively. In the sam e way, 
electroless copper deposition  can  be carried  ou t from ionic so lu tions con tain ing  
form aldehyde, hypophosphite , borohydride, hydrazine, dim ethylam ine borane ... 
a s  reducing  a g e n ts 18.

W hatever the  selected route  (a) or (b), the initial stage generally consists, as  
already said, of an  etching of the  polym er surface with a  strong  oxidant such  a s
chrom ic acid or sulfochrom ic acid. For exam ple, o u r  previous w orks ̂  involving 
various polym er m ateria ls were perform ed by im m ersing the corresponding  
sam ples in a  sulfochrom ic ba th  (K^CraO?: 79 g dm  3 ; H2SO4: 868 ml dm  3) a t 
75°C for 1 m in. N evertheless, it should  be noted th a t som e resea rch e rs  
particu larly  concerned with environm ental problem s over chrom ium  have 
a ttem pted  to restric t the  u se  of chrom ic-contain ing  processes. So, K aras et al.^O
described an  adhesion  prom otion p rocess for poly(ether imide) (Ultem®) involving 
a  chrom ium -free mild etch (treatm ent w ith po tassium  hydroxide after a  sulfuric 
acid step) followed by application of a  chem ical adhesion  prom oter (via im m ersion 
into an  aqueous th iou rea  solution). In th is  exam ple, a u th o rs  u sed  a  p roprie tary  
tin /p a llad iu m  cata lyst system  an d  a n  electro less copper film w as deposited.

In addition  to the  conventional (a) a n d  (b) rou tes  rep resen ted  in figure 1, 
o ther p rocesses have also been investigated a n d /o r  proposed a s  cand ida tes for 
ob tain ing  catalytically  active polym er surfaces. For exam ple, V iehbeck e t al.^ 1
describe a  seeding p rocess for activating th e  surface of polyim ide (Kapton®) an d  
o ther electroactive polym ers. This process co n sis ts  of reducing  electrochem ically 
the  o u ter region of su ch  m ateria ls w hen th ese  m ateria ls a re  b rought in to  con tact 
w ith a n  electrolyte solution con tain ing  a  s trong  organic reducing  agent. In th is  
way, the  electroactive surface is u sed  to provoke electron tran sfe r to m etal ions in 
solution causing  m eta ls  (e.g. Pd, P t ...) to be deposited a t the surface. The 
deposition of su ch  m eta ls  ren d ers  th e  polym er surface active tow ards fu rther 
m etal deposition  from conventional electro less p lating  b a th s . In addition, B aum
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et al.22 ,23  describe a  selective process based  on the pho toreduction  of po tassium  
iron (III) oxalate in the  presence of pallad ium  (II) chloride w hich re su lts  in the  
form ation of a n  active pallad ium  catalyst. This p rocess is reported  to operate well 
on a  variety of dielectric m ateria ls including polyimide (PI) films w hen the iron- 
pallad ium  trea ted  dielectric films a re  irrad iated  w ith a  500 W Hg-Xe deep UV 
lam p.

A nother exam ple recently  reported  by Rye et al. 24-26  p e rta in s  to the 
adhesion  of electrolessly deposited copper on pa tte rn ed  PTFE. This technology 
w as achieved via an  area-selective irrad ia tion  (electrons or x-rays) of th e  PTFE 
surface to produce crosslinking an d  a  su b seq u en t selective e tch ing  of the  non- 
irrad ia ted  a re a s  with a  sodium  naph tha len ide  solution. Cu deposition  takes place 
in e tched  a re a s  by using  a  SnC E/PdC E one-step  p rocess followed by a  Cu (II) /  
form aldhehyde p lating bath .

Several o ther techn iques have also been reported  for im proving surface 
w ettability  a n d  bondability  of m etal films electrolessly-deposited on polym er 
su b s tra te s . This w as particu larly  stim u la ted  in the  field of m icroelectronics 
whose evolution over the  la s t few years  h a s  encouraged new specific approaches 
an d  the rep lacem ent of purely  chem ical surface p re trea tm en ts. L aser-stim ulated  
chem istry  h a s  th u s  becom e an  im portan t tool for surface chem istry  a n d  th in  film 
processing. So, a  pallad ium  deposition process w as carried  ou t for the  first tim e
in 198927 vja a  localized decom position of a  Pd-acetylacetonate spin-on film 
deposited from a  chloroform  solution on polyimide (PI). In th is  experim ent, a  
con tinuous wave (CW) argon ion lase r (351 nm) w as u sed . The decom position of 
the  th in  solid organom etallic p recu rso r film can  be considered here a s  a  
pho to therm al process. Fu rther, o th er experim ents again with a  CW argon laser 
(515, 488 or 458 nm)28 and  with UV-excimer lase rs  (ArF* a t 193 nm , KrF* a t 248 
nm , XeCl* a t 308 nm , XeF* a t 351 nm)29,30 were conducted  on various polym er 
su b s tra te s  (PI, PTFE, poly(phenylquinoxaline) (PPQ) ...) u s in g  a s  p recu rso rs  
m ainly Pd-acetylacetonate (Pd(C502H7)2) and  Pd-acetate (Pd(CH3COO)2). 
D epending on the  laser w avelength and  laser fluence, th e  corresponding  
photodecom position p rocesses are  show n to be pho to therm al, photolytic or both. 
Clearly, th is  techn ique  w hich com bines a  photo-induced  process w ith electroless 
p lating  offers g reat po ten tia l for p roducing  Pd p renuclea tion  p a tte rn s  (via the  use  
of a  sc reen -m ask  to define the  laser irrad iation  a re a  or v ia a  d irect w riting of 
m icroscale fea tu res  by scann ing  of the  laser beam  focused on th e  specim en 
surface) and  fas t deposition, in particu la r, of copper lines (high activity of Pd 
p renucleation  sites in  com m ercial Cu plating  solutions).

P renucleation of polym er su rfaces w ith  Pd from th in  m etal (Pd)-organic 
films h a s  also been carried  o u t u sin g  newly developed incoheren t excim er UV and
vacuum  UV (VUV) sources^  O peration of su ch  devices is based  on excim er 
form ation from a  dielectric barrier d ischarge (silent discharge) in  an  a tm osphere  
of a  rare-gas or a  ra re -gas/halogen -gas  m ixture. Typically, em itted  rad ia tions 
(e.g. Ar2* a t 126 nm , Kr2* a t 146 nm , Xe2* a t  172 nm , ArF* a t 193 nm , KrCl* a t  
222 nm , etc.) provide a n  alternative to the  use  of excim er lase rs  a s  excim er 
sou rces allow to extend the photon em ission, in particu la r, tow ards th e  deep UV 
range. In addition , it is clearly show n th a t  decom position p rocesses (e.g. of 
organom etallic precursors) are  only of a  photolytic n a tu re  w hich allows low 
tem pera tu re  p rocessing  on therm ally  u nstab le  su b s tra te s . It is also w orthw hile 
pointing ou t th a t  excim er sources can  be very usefu l in large a re a  processing. 
U nder these  conditions, VUV light-induced decom position of spin-on Pd-acetate  
films on various su b s tra te s  (polyamide (PA), PMMA, PET ...) w as accom plished



8

th rough  m etal con tac t m ask s  and  p a tte rn ed  Pd films were obtained. The la tte r 
were subsequen tly  reinforced by electro less copper and  nickel plating 
p rocesses4 1 '43 .

As m entioned before, p rocesses using  appropriate  lasers  or incoherent 
excim er sou rces can lead to the  d irect deposition of m etals (e.g. Pd) from  th in  
solid m etal-organic films. An alternative activation procedure could be the d irect 
UV or VUV light-induced m etal deposition from the  gas phase. As an  exam ple, 
surface films obtained  by adsorp tion  from a  su itab le gas phase  p recu rso r (such 
a s  C u-acetylacetonate) can be photodecom posed with th e  aid of excim er
lase rs4 4 ’4 ^. However, th is  laser-induced  CVD (LCVD) techn ique is reported  to 
have several d raw backs (e.g., com plicated CVD equipm ent, lim ited growth rates) 
an d  in light of th is, the  route involving decom position of th in  solid m etal-organic 
films rem ains largely preferable for activating a  polym er surface for su b seq u en t 
electroless p la t in g ^ .

Also, a n  in teresting  w ork carried  o u t in gas phase  by excim er laser
processing deserves to be highlighted. This work due to Niino an d  Yabe4^ 
concerns fluoropolym ers (PTFE a n d  fluorinated ethylene propylene copolym er 
(FEP)) and  deals w ith their surface chem ical m odification in hydrazine gas (N2H4) 
photolyzed w ith ArF* (193 nm) excim er laser irradiation. On th e  basis of 
hydrophilic behaviour of the  so -treated  surfaces, selective-area electroless plating 
of nickel m etal w as perform ed by using  th e  conventional tw o-step process (see 
Fig. 1, rou te  (a)). Although the m echan ism  of m etal deposition w as no t explained, 
the  a u th o rs  suggested  th a t the  hydrophilic behaviour of chem ically modified 
su rfaces w as due  to the  presence of am ino groups. As will be show n fu rther (see 
section "R esults an d  Discussion") th is  fact is of prim e im portance. Indeed, the  
p resen t work will highlight the  specific affinity of pallad ium  (the activator of the  
m etallization reaction) tow ards n itrogenated  species grafted on  polym er surfaces.

In light of the  key role played by UV and VUV irrad iation  in the processing 
techn iques described above, one is su rp rised  a t the  fact th a t p lasm a m ethods 
have no t been more developed for p retrea ting  polym er su rfaces for fu rther 
electroless m etallization. As far a s  we know, besides the  work carried  ou t in ou r 
la b o ra to ry ^ , 19,47,48^ on iy a  few investigations dealing with th is  field can be
found in the  litera tu re . As a n  exam ple, E h rbar a n d  G anguillet4^  report a  m ethod 
for p repara tion  of p lastic  m ateria ls (PE, acry lonitrile-butad iene-styrene copolymer 
(ABS), etc.) involving successively glow discharge (corona) p re trea tm en t, 
im m ersion of the  sam ple into a  reducing  solution, then  into th e  Sn(II)/ Pd(II) 
so lution (see Fig. 1, rou te  (a)) or into a  colloidal Pd solution (see Fig. 1, route (b)) 
and  finally into a  b a th  of chem ical copper. In the  sam e vein, Sh irk  and  Ceresa^O 
describe a  process for p reparing  a  "sensitized or activated" polyimide (PI) by 
contacting  the surface with a  flame followed by th e  application of an  electroless 
m etal cata lyst. In addition, these  a u th o rs  note th a t  PdCh is the  preferred catalyst 
a s  the  flam e-sensitized film does no t require the supp lem enta l SnCU sensitizer.
Furtherm ore, B uchw alter et a l .^ l  show th a t polym ers (PI, PTFE, o th er fluorinated 
polym ers, etc.) can  be functionalized by m eans of a  p lasm a (in H2, H2O, O2, O3, 
N20 , NH3, H2S, N2H4 ... gaseous atm ospheres) a n d  th a t a  m etal-organic complex 
shou ld  be form ed w hen the functionalized surface is im m ersed in an  appropriate  
aqueo us m eta l-salt solution (e.g. PdCU activation solution). Copper deposition is 
th en  accom plished by using  a  conventional Cu plating ba th . It should  be noted 
th a t w hatever the  p lasm a gas used , these  a u th o rs  do a ttr ib u te  p rocess efficiency 
to the form ation of oxygen-containing functionalities. We will see in section
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"R esults and  D iscussion" the  reaso n s why adhesion  m echan ism s betw een Pd and  
polym er su rfaces activated w ith a  PdCl2 solution do not involve oxygenated 
species.

In sum m ary, the  litera tu re  d a ta  cited above point ou t th a t  activity of 
electroless ca ta lysts  is largely dependen t on surface chem istry  of p retrea ted
polym er su b s tra te s . Accordingly, M ance e t a l.52 describe how th e  surface 
chem istry  m odification of p lastic  su b s tra te s  (PS, ABS ...) de term ines the 
efficiency of electro less ca ta lysts  and , therefore, allows m etallization. This effect 
w as dem onstra ted  for polym er su rfaces modified by photooxidation (254 nm  UV 
light from a  low p ressu re  Hg lam p, p lasm a oxidation, o r ozonation) by using  
subsequen tly  a  conventional colloidal SnCl2/P d C l2 solution (Fig. 1 /  rou te  (b)).

EXPERIMENTAL

All p lasm a  and  laser trea tm en ts  an d  sub seq u en t chem ical m etallizations 
were perform ed on PS an d  PTFE com m ercial sam ples supplied  by Goodfellow 
Cam bridge Limited, Cam bridge, England. P lanar sh ee ts  2 m m  in th ickness  were 
cu t into 10 x 50 m m  coupons and  cleaned u ltrasonically  in e thano l before fu rth e r  
processing.

The conventional sensitiza tion /ac tiva tion  trea tm en t u sing  the two-step 
route  and  leading to pallad ium  chem isorption w as carried  ou t by im m ersing the  
su b s tra te  for 3 min in a  solution con ta in ing  0.1 g dm  3 SnC l2 an d  0.1 m l dm  3 
(37 %) HC1, rinsing  it in deionized w ater, im m ersing it for 3 m in in a  solution 
con tain ing  0.1 g d n r 3 PdCl2 and  3.5 ml dnv3 (37 %) HC1, and  rinsing  it before 
carrying ou t the  m etallization itself. In addition, the  one-step  process w as also  
carried  out. It consisted  of im m ersing the su b s tra te  for 3 min in the mixed 
solution w hose com position (12 g dm  3 SnCL, 0 .25  g dm  3 PdCl2, 60 m l d n r3 HC1)
w as th a t  u sed  by O saka  et a l7 , rinsing  it in deionized w ater a n d  im m ersing it in 
an  acceleration  solution (0.07 M HC1) for 3 min. On the basis of the litera tu re  
d a ta  an d  tak ing  into accoun t the low stability of the  so lu tions con ta in ing  SnC l2, 
the  mixed so lu tions used  here  were freshly prepared (they were d iscarded 48 h 
after the ir p reparation) and  kept in the  absence of light, under n itrogen 
atm osphere . Similarly, acidic SnCl2 so lu tions u sed  in the  tw o-step ro u te  were 
prepared  daily.

W hen th e  simplified process developed in o u r  laboratory  w as used , sam ples 
were im m ersed in a  Pd CL (0.1 g d m 3) acidic solution for 3 m in and  rin sed  in 
deionized w ater.

P lasm a trea tm en ts  of PS and  PTFE sam ples were perform ed in a  parallel 
plate RF reac to r (diam eter: 30 cm  ; interelectrode distance: 8 cm) operating in the 
Reactive Ion E tching (RIE) mode. The sam ples to be trea ted  w ere positioned on 
the RF powered electrode (17 cm in diam eter) w hich w as capacitively coupled, 
th rough  an  im pedance m atching  netw ork, to a  13.56 MHz RF power supply. The 
experim ental conditions were fixed a s  follows : gas  (02, N2, NH3) flow = 100 seem , 
p ressu re  = 100 mTorr, power density  = 0 .5  W cm -2 and  variable trea tm en t 
du ration . The p ressu re  limit in the  reacto r w as 1 mTorr. 0 2, NH3 and N2 gases 
used  were 99 .998 , 99 .999  and  99 .995  % pure, respectively.

Laser tre a tm e n ts  of a  poly(carbonate) (PC) sam ple were perform ed 
previously to the  p resen t work w ith a  Q uantel Nd:YAG in stru m e n t (5th harm onic 
a t X = 213 nm  ; pu lse  du ra tion  = 16 p s  ; energy density  = 0.10 to 0 .80 m J cm  2 ; 
beam  d iam eter a t the  polym er surface = 7 mm). In the p resen t work, the  
background p ressu re  of the  reaction cham ber w as a ro u n d  0.5 Torr an d  the
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working p ressu re  w as 7.5 Torr. The d istance  betw een the silica window an d  the 
sam ple surface w as varied from 0.5  to 2  m m. This value co rresponds to the  
d istance  travelled by the laser beam  th rough  the  reactive gas. Sim ilar 
experim ents a re  in progress on PTFE sam ples by using  a n  ArF excim er laser 
(EMG 103 MSC model) from Lam bda Physik (X = 193 nm  ; pu lse  du ration  =
20 n s  ; energy density  up  to 200 m J cm 2 ; laser beam  no t focused). In th is  work, 
the  working p ressu re  w as 0.1 Torr, the energy density  abou t 10 m J c n r 2 and  the 
d istance  betw een the  silica window and th e  sam ple surface ab o u t 20  cm.

In each case, th e  m etallization step w as carried  ou t a t 85°C using  the 
following solution (NiS04, 6H 20 : 36 g dm-3, NaH2P 0 2, H20 :  10 g dm  3, lactic acid: 
29  ml dm  3, thiodiglycolic acid: < 0.1 g dm  3) w hose pH w as ad ju sted  to 5. U nder 
these  conditions, Ni-P films were electrolessly deposited  onto polym er surfaces.

Im m ediately after each  trea tm en t, the  sam ples were analysed  by XPS in 
using  the  Riber SIA 200 spectrom eter equipped w ith a  non-m onochrom atic tw in 
Al/M g excitation source an d  a  MAC 2 analyzer. A nalyses of PS-based su b s tra te s  
were carried  o u t u sing  Mg Ka rad iation  while th o se  of PTFE-based su b s tra te s  
done using  A1 Ka rad ia tion .S pec tra  were recorded at a  take-off angle of 25° w ith 
respect to the  sam ple surface. Survey scan s  were recorded a t a n  overall 
reso lu tion  of 2.3 eV and  core level spectra  a t 0 .9  eV. All XPS peak s were 
referenced to the  C I s  signal, at a  binding energy of 285 eV represen tative of the 
C-C and  C-H environm ents of the polym er for PS and  a t 292.5  eV representative 
of the  CF2 environm ent for PTFE. Note th a t  the u se  of a  non-m onochrom atic 
source involves the presence of sm all satellite peaks d ue  to A1 or Mg Ka3  4
excitation radiation. Such  satellites, w hich ap p ear approxim ately a t 10 and  12 eV 
(for Al), and  a t 9 and  10 eV (for Mg) on the  low-binding energy side of the m ain  
photoelectron peaks, obviously need no t be considered in the  p resen t study. The
peak  identification w as perform ed according to B eam son an d  Briggs’d a ta ^ . The 
curve fitting w as carried  o u t after background sub trac tion  by the Shirley m ethod, 
u sing  a  da ta -sy stem  software w hich allows to fix, for each  com ponent, peak 
energy and  in tensity , fu ll-w idth-at-half-m axim um  and  G aussian-L orentzian  
percentage. Sam ples were exposed to laboratory  atm osphere  for less th a n  2 m in 
betw een p lasm a, or laser p re trea tm en t an d  in troduction  in the  XPS cham ber.

In addition , TOF-SIMS experim ents were carried  ou t on PC su b s tra te s  
u sing  a  Perkin-Elm er PHI 7200 spectrom eter equipped w ith 8 keV Cs+ ion source 
and  reflector-type TOF analyser. The incident ion beam  w as pu lsed  a t 10 kHz 
with a  pulse d u ra tion  of abou t 1 ns . A nalyses were carried  o u t by ras te ring  the 
ion beam  (100 * 100 mm) over the  sam ple surface. Positive and  negative ion 
spectra  were obtained  u n d e r sta tic  conditions (total working ion dose of abou t 
lx  1 0 12 ions cm  2). Surface charge neutralization  by a  pu lsed  electron flood w as 
not required  in  the p resen t work because  of the absence  of surface charge built- 
u p  due to the  reduced  prim ary dose used  and  to the ras te ring  of the incident ion 
beam . At a  m ass  of 28 D, m ass  reso lu tion  m /4 m  w as ab o u t 10000.

RESULTS AND DISCUSSION

Figure 2 rep resen ts  the  p rocedures involving p lasm a (routes (a), (b) and  (c)) 
and  UV-laser (route (d)) p rocesses w hich were explored both  in previous s tud ies  
and  in the  p resen t w ork an d  w hich have led to the  developm ent of a  new and  
sim plified process (routes (c) and  (d)). Route (a) u sing  successively Sn(II) and 
Pd(II) so lu tions and  leading to surface activation is  a  tw o-step operation  sim ilar to



rou te  (a) show n in Figure 1. Accordingly, rou te  (b) u sin g  a  colloidal Sn(II)/Pd(II) 
solution is a  one-step  operation sim ilar to rou te  (b) a s  represen ted  in Figure 1.
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Figure 2.

P lasm a trea tm en t UV laser trea tm en t 
(0 2, N2 or NH3) (NH3)

(b)
(d)

(a)

(a)

, r PdClj, + HC1 
solution

Electroless deposition
Schem atic d iagram  of electro less plating p rocesses using  p lasm a or 
UV-laser p re trea tm en t an d  a  tw o-step (route (a)) o r a  one-step  (routes 
(b), (c) or (d)) operation leading to surface activation (Pd 
chem isorp tion).

As show n in Figure 2, polym er su rfaces were first p retrea ted  by exposure to 
O2, N2 or NH3 plasm as. It is well know n th a t  O2 an d  oxygen-containing p lasm as 
are com m only used  a s  im portan t in d u stria l p rocesses for modifying polym er 
surface ch arac te ris tics  such  a s  w ettability and  adhesion  w ithou t a ltering the 
bu lk  p roperties of the  polymer. D epending on the operation p a ram ete rs  a  variety 
of oxygenated functional groups, including  C-OH, C-O-C, C=0 , 0 -C=0 and CO3, 
have been reported  to be surface-grafted®4-58 Accordingly, n itrogen-contain ing  
p lasm as give rise to p rim ary  am ino g roups (C-N) b u t th e  presence of C=N (imine)
an d  C -N (nitrile) species h a s  also been reported^® '^!.

Figure 3 show s XPS survey spectra  of e thano l degreased PS and  PTFE 
sam ples (spectra PS (1) an d  PTFE (1), respectively) and  th e  sam e after exposure 
to an  O2 p lasm a (spectra PS (2) and  PTFE (2), respectively). As expected, the 
degreased sam ples reveal only the presence of the  C ls  peak  (at a  binding energy 
of 285 eV) in the  first case  and  those of C ls  (292.5 eV), F I s  (689.7 eV) and  F2s (~ 
35 eV) peaks in the second case, all arising  from the CF2 u n its  of PTFE.
Additional peaks are  assigned  to "satellites" arising  from the u se  of a  non- 
m onochrom atic source.

The ne t resu lt of the  in teraction  betw een PS and  the reactive oxygen p lasm a 
species is the  surface oxidation of the  polymer. This leads to th e  presence of an  
in tense  O ls  peak. As show n in a  previous w ork^?, surface oxidation proceeds 
th rough  opening of the  arom atic ring (strong reduction of the  n - it* C 1 s satellite) 
and  grafting of C-OH, C-O-C and  0 -C = 0  functional groups. It should  be noted 
here  th a t  oxygen up tak e  can  be a ttr ib u ted  to reactions of carbon-cen tred  
rad icals, w hich are form ed on the polym er surface and  sub-su rface  du ring  th e  
p lasm a  trea tm en t, w ith  oxygenated species created  in th e  p lasm a as  well a s  w ith 
O2 w hen the trea ted  sam ples are fu rth e r exposed to the a tm osphere . On the 
o ther hand , a  quite different behaviour is observed in th e  case of PTFE 
su b s tra te s . Indeed, the  O2 p lasm a-trea ted  sam ples show only a  sm all residual
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0 1 s peak, ind icating  th a t PTFE is re s is ta n t to oxygen a ttack . This resu lt confirm s 
the d a ta  previously pub lished  concerning both PTFE an d  o ther fluoropolymers^- 
65. a  reason  p u t fo rw a rd ^  is th a t surface rad icals genera ted  by the p lasm a 
process react preferably w ith rad icals from ad jacen t ch a in s  to form crosslinking 
ra th e r  th an  w ith oxygen-containing species from the  p lasm a. However, as  no

Figure 3. XPS survey sp ec tra  of e thanol-degreased  poly(styrene) (PS (1)) an d
poly(tetrafluoroethylene) (PTFE (1)) sam ples. The sam e sp ec tra  for 02- 
p lasm a-trea ted  sam ples (PS (2) an d  PTFE (2), respectively) are also 
show n (treatm ent tim e = 1 min).
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defluorination is observed, an o th er reason  w hich ap p ears  m ore p lausib le  is th a t  
the  m ain  UV rad ia tion  (130.5 nm) em itted by atom ic oxygen in the O2 p lasm a is 
not strongly absorbed  by PTFE and , therefore, does not cause  breaking  of surface 
bonds^?.

Figure 4 show s XPS spectra  of e thano l degreased PS and  PTFE sam ples 
after exposure to N2 (spectra PS (3) and  PTFE (3), respectively) and  NH3 (spectra 
PS (4) and  PTFE (4), respectively) p lasm as. As for PS sam ples, PS (3) and  PS (4) 
sp ec tra  reveal th a t both  n itrogenated  an d  oxygenated functionalities a re  surface- 
grafted. The p resence of oxygenated species is no t a t all su rp rising  given th a t a  
n u m b er of previous stud ies have already detected  high surface concen tra tions of 
oxygen w hen polym er su rfaces were p lasm a-trea ted  w ith gases no t contain ing  
oxygen^O ,68-70 This can be explained by the p resence of residual 0 2 and  H2O in 
the reacto r du ring  th e  p lasm a trea tm en t and , a s  already sta ted , by the fact th a t  
free rad icals rem ain ing  on the  polymer surface after the  p lasm a  trea tm en t are  
still able to reac t w ith atm ospheric  oxygen w hen sam ples are tran sferred  outside 
the reactor. U nder these  conditions, the exact n a tu re  of the  n itrogenated  
functional g roups w hich were incorporated  on th e  polym er surface is no t easy  to 
determ ine via exam ination of the high-energy side fea tu res of th e  C ls  spectrum . 
N evertheless, am ine (C-N), am ide (N-C=0) and  possibly imine (C=N) 
functionalities should , am ong o thers, be identified4^. Sim ilar resu lts  concerning 
N2-p lasm a-treated  PS sam ples have already been reported^,59 in addition, the 
N ls  p eak  of N2 or NH3-p lasm a-treated  PS sam ples located at 399 .0  eV is shown 
to be characteris tic  of N-C bonds^l.

Plasm a-trea ted  fluorinated polym ers have been studied  to a  m uch  lesser 
ex ten t th a n  p lasm a-trea ted  hydrocarbon polym ers. As for the effects of N2 or 
NH3-p lasm a tre a tm e n ts  on fluorinated  polymer surfaces, also m uch  less  h as  
been reported  in the  litera tu re^  1 '76  jn com parison  with the case  of hydrocarbon
polym ers. Of p a rticu la r in terest to u s  is the  work of G engenbach et a l . ^  relative 
to NH3-p lasm a-treated  PTFE and  fluorinated  ethylene propylene copolymer (FEP). 
Indeed, du ring  NH3-p lasm a trea tm en ts  PTFE and  FEP su rfaces are reported  a s  
undergoing considerable defluorination and  nitrogen up take  a s  am ino groups. 
After the  p lasm a  trea tm en t carbon-oxygen functional groups a re  formed as  a  
resu lt of com plex air-oxidation phenom enon occurring w hen sam ples are exposed 
to the  a tm osphere . The aged surfaces are then  reported  to becom e oxygen- 
enriched. PTFE (3) an d  (4) spectra  in Figure 4 confirm  partly  G engenbach et 
a l.’ work. In bo th  cases, the  p lasm a process incorporates am ino g roups on the  
fluoropolym er backbone. Oxygenated functionalities a re  also observed probably 
a s  a  resu lt, a s  m entioned earlier, of the  reaction of a tm ospheric  oxygen with the  
free rad icals created  on the PTFE Surface du ring  the p lasm a process. However, 
significant differences betw een the N /  O ratio s a s  determ ined by XPS can  be 
seen. Clearly, for a  sim ilar trea tm en t tim e, the NH3-p lasm a trea tm en t 
incorporates m uch  m ore nitrogen (7 %) th a n  the  N2-plasm a trea tm en t (3 %). On 
the o ther h an d , oxygen up tak e  (about 3 %) is qu ite  sim ilar in bo th  cases. To 
sum m arize, surface functionalization of PTFE w ith  n itrogenated  species is easier 
w ith NH3-p lasm a  trea tm en t th a n  w ith  N2-p lasm a trea tm en t. These resu lts  
highlight the  p redom inan t role of d issociation phenom enon  in th e  gas-phase 
during  the p lasm a process and  the  sub seq u en t influence of th e  in terac tions of 
p lasm a species (ions, electrons, free rad icals, UV and  VUV radiations) with 
polym er surfaces. A usefu l exam ple to illu stra te  such  effects is relative to 
n itrida tion  of poly(ethylene) (PE) sam ples, w hich were exposed to MW and MW-RF
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Figure 4. XPS survey sp ec tra  of e thanol-degreased  PS and  PTFE sam ples after 
N2 (PS (3) and  PTFE (3)) and  NH3 (PS (4) an d  PTFE (4)) p lasm as 
exposure  (treatm ent tim e = 1 min).

p lasm as in N2 or NH3 environm ents. In th ese  experim ents7 7 ’7^, Klemberg- 
S ap ieha  et al. using  various optical filters have show n th a t  in th e  case of NH3 
p lasm a  a  very p ronounced  nitrogen up tak e  in th e  form of am ine (C-N) g roups is 
a ttr ib u ted  to the  influence of an  in tense  VUV rad iation  (at 121.5 nm) em itted by 
atom ic hydrogen.

In addition, XPS re su lts  show n in Figure 4 suggest som e chem ical 
m odifications concerning carbon  environm ent due , in pa rticu la r, to th e  NH3
p lasm a  trea tm en t of PTFE. W ithout d iscussing  th e  deta ils7^, Figure 5 rep resen ts  
the  C ls  spectrum  of a  NH3-p lasm a-treated  PTFE sam ple. This spectrum  is
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evidently m ore com plex th a n  th a t of a  virgin PTFE which con ta in s  only one 
com ponent aris ing  from the  CF2 u n its  a t 292.5  eV. As can  be seen, additional 
con tribu tions ap p ear a t low binding energies, w hich can  be associated  partly 
w ith defluorination p rocess (e.g. d istingu ishab le  signals a t  ab o u t 291 and  288  
eV) and  partly  w ith n itrida tion  (intense signal a t abou t 286.1 eV). The peak a t 
286.1 eV is assignab le  both  to am ine  (C-N) and  alcoholic (C-OH) functionalities. 
The la tte r  functionality  would resu lt from the reaction of free rad icals  created  on 
the  polym er surface w ith the  residual oxygenated species p resen t in the  reactor. 
R eturn ing  now to Figure 4, it can also be observed th a t exposure  of PTFE to a  N2 
p lasm a does no t lead to an  in tense  low binding energy "composite" band  
containing, in particu la r, a  su b s ta n tia l con tribu tion  of C-N functionalities. 
Clearly, these re su lts  ind icate th a t incorporation of nitrogen on the  PTFE surface 
w ith NH3 p lasm a is w orthy of fu rth e r detailed investigation.

Figure 5. C ls  spectrum  of a  PTFE sam ple after exposure to NH3 p lasm a 
(treatm ent time = 5 min).

Let u s  consider now th e  effects of th e  sensitization /  activation process 
(two-step operation /  route (a)) on 0 2, N2 or N FL-plasm a-treated PS an d  PTFE 
su b stra te s . The re su lts  obtained by using  th e  one-step  p rocess (route (b)) are no t 
given here  because  of the  difficulties in in te rp re ting  the chem isorp tion  
m echan ism s of the colloidal particles. N evertheless, it should  be noted th a t 
sm aller S n /P d  ratios are  obtained  w hen N2 or NH3 p lasm as a re  used  in stead  of 
0 2 p lasm as. Figure 6 show s the XPS survey spectra  of p lasm a-trea ted  PS 
sam ples after the  sensitization  /  activation p rocess (route (a)).

As can  be seen, the 0 2-p lasm a-trea ted  sam ple (spectrum  PS (2) /  a) 
strongly chem isorbs Sn, an d  to a  lower ex ten t, Pd. On th e  o ther hand , the N2 or 
NH3-p lasm a-treated  sam ples (spectra  PS (3) /  a  an d  PS (4) /  a, respectively) do 
no t adso rb  any  Sn b u t they adso rb  significant concen tra tions of Pd. Clearly, 
these  re su lts  highlight the  selective affinity of tin tow ards oxygen species and , 
m ore im portan t for th e  purpose  of the  p resen t work, th a t  of pallad ium  tow ards 
n itrogenated  species.
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Figure 6. XPS survey spectra  of 0 2 (PS (2) /  a), N2 (PS (3) /  a) o r NH3 (PS (4) /  a) 
p lasm a-trea ted  PS sam ples after sensitization /  activation by using  
the  tw o-step process (route (a), Figure 2).

To confirm  th ese  observations, the  0 2, N2 and  NH3-p lasm a-treated  PS 
sam ples were then  im m ersed in a  sim ple acidic PdCl2 solution (route (c)). As can 
be seen in Figure 7, sam ples previously trea ted  in 0 2 p lasm a do not adsorb  any  
Pd (spectrum  PS (2) /  c). On the o th er h an d , the sam ples on w hich n itrogenated  
species were p lasm a-grafted  show a  particu la r ability for chem isorbing Pd. 
Obviously, an d  irrespective of the p rocess used  (routes (a) or (c )), sam ples only 
degreased  in e thano l do not p resen t any activity tow ards the sensitization  / 
activation (routes (a) or (b)) and  the  d irect activation (route (c)} processes. Briefly, 
Pd chem isorp tion  is very dependen t on the  n a tu re  of functional g roups p resen t or 
created  on the polym er surface.

A sim ilar experim ental approach  w as then  taken  w ith PTFE su b s tra te s . 0 2- 
p lasm a-trea ted  specim ens were no t considered in the d a ta  provided hereafter 
because  such  su b s tra te s  do no t chem ically react with oxygen. Figures 8 and  9 
rep resen t XPS survey spectra  of PTFE sam ples trea ted  by n itrogenated-p lasm a, 
th en  sensitizated  /  activated  by u sin g  the tw o-step process (SnCl2, th e n  PdCl2 
so lu tions /  rou te  (a)) and  after activation using  the  new way (simple PdCl2 
solution /  rou te  (c)), respectively. As can  be seen in Figure 8, the  N2-plasm a- 
trea ted  sam ple (spectrum  PTFE (3) /  a) strongly chem isorbs Sn  and, to a  lower 
extent, Pd. This is in accordance w ith the p resence of a  relatively high oxygen 
am oun t on the  PTFE su b s tra te s  after exposure to N2 p lasm a an d  with the fact 
th a t nitrogen is  incorporated  to a  m uch  lesser ex ten t (see spectrum  PTFE (3) in 
Figure 4). On the  o ther hand , spectrum  PTFE (4) /  a  in Figure 8 relative to the  
NH3-p lasm a-treated  sam ple does show, a s  one m ight expect, a  lower up take  of Sn 
an d  a  h igher concentration  of Pd. Again, the  presence of n itrogenated  g roups 
chem isorbed (see spectrum  PTFE (4) in Figure 4) on PTFE su b s tra te s  strongly 
suppo rt the  form ation of chem ical bonds betw een nitrogen a n d  palladium
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Figure 7. XPS survey spectra  of 0 2 (PS (2) /  c), N2 (PS (3) /  c) or NH3 (PS (4) /  
c), p lasm a trea ted  PS sam ples after activation in a  sim ple dilute 
acidic PdCl2 solution (route (c ), Figure 2).

Figure 8. XPS survey spectra  of N2 (PTFE (3) /  a) and  NH3 (PTFE (4) /  a)
p lasm a-trea ted  PTFE sam ples after sensitiza tion /ac tiva tion  by u sing  
the  tw o-step process (route (a), Figure 2).

species. To confirm  th e  suggested  m echanism , N2 and  N H a-plasm a-treated 
sam ples were also im m ersed in a  sim ple acidic PdCl2 solution (route (c)). As can  
be seen in Figure 9 (spectrum  PTFE (4)/c), Pd is chem isorbed on the PTFE 
surface, w hen the la tte r  h a s  been nitrogen-enriched  via a  NH3-p lasm a trea tm en t 
(see spectrum  PTFE (4) in Figure 4).
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Figure 9. XPS survey sp ec tra  of N2 (PTFE (3) /  c) or NH3 (PTFE (4) /  c) p lasm a- 
trea ted  PTFE sam ples after activation in a  sim ple d ilu te acidic PdCl2 
solution (route (c), Figure 2).

As m entioned above in the section "State-of-the-Art", photochem ically- 
induced  surface m odification of various polym ers h as  recently  stim u la ted  m uch  
in te rest and  m any applications a re  in progress today in various industria l a re a s  
(m icroelectronics, optics, biom edical technology, etc.). In th is field, UV and VUV 
laser rad ia tions  offer a  large poten tial because of their capabilities to 
photodissociate m any m olecules in the  gaseous s ta te  a s  well a s  to b reak  
chem ical bonds a t the  surface of polym er m aterials, an d  such  m echan ism s lead
to the possibility  of grafting new functionalities®®. As a n  exam ple, O koshi and
M urahara® *, M urahara  and  Toyoda®^ using  a n  ArF excim er laser have reported 
how to defluorinate a  PTFE surface and  su b s titu te  F a tom s by CH3 groups from 
irrad iation  in a  gaseous B(CH3)3 a tm osphere . In a  sim ilar way, we have recently
shown®® th a t nitrogen atom s could be grafted on poly(carbonate) (PC) surfaces 
by laser irrad iation  th rough  a n  am m onia a tm osphere . In  ou r w ork, a  Nd:YAG 
laser (5th harm onic, X = 213 nm  ; pu lse  du ra tion  = 16 ps) w as used . E lectroless 
p lating  w as th e n  carried  ou t on the n itrogen-grafted su rfaces by using  the 
simplified rou te  (d) described in Figure 2. It shou ld  be noted  th a t  th is process 
co n sis ts  of an  extension of route (c) w hich involves a  p lasm a  pretrea tm ent.

In the p resen t work, a n  ArF excim er laser (X = 193 nm) w as u sed  to 
functionalize th e  surface of PTFE su b s tra te s  from an  am m onia  atm osphere. In 
th is  case , n itrida tion  (or am ination) is though t to proceed th rough  the direct 
photodissociation of NH3 m olecules and  the  form ation of am ino rad icals in the  
gas phase. It shou ld  be borne in m ind  th a t the energy of ArF excim er laser 
pho tons (6.4 eV) is h igher th a n  th a t  of the  N-H bond (4.03 eV) in am m onia 
m olecules. In com parison, direct photodissociation  is n o t possible in th e  case of a  
n itrogen atm osphere  because  the energy of the N=N bond is 9 .82  eV. Figure 10 
rep resen ts  XPS survey sp ec tra  of a  degreased PTFE sam ple p rio r to an d  after
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laser irrad iation  u n d e r NH3 atm osphere  (spectrum  PTFE (5)). After the  activation 
p rocess via im m ersion of the  trea ted  su b s tra te  in a  sim ple acidic PdCh solution 
(route (d)), m etallization is achieved a s  for NH3 or N2 p lasm a-trea ted  PTFE. As can  
be seen here again , n itrogenated  species a re  grafted on th e  PTFE surface during  
the  laser trea tm en t an d  subsequen tly  Pd is chem isorbed owing to its strong  
affinity tow ards nitrogen.

Figure 10. XPS survey spectra  of a  degreased PTFE sam ple before (PTFE (1)) and  
after (PTFE (5)) a n  ArF excim er laser trea tm en t in a  NH3 a tm osphere  
(treatm ent time: 5 min).

Irrespective of the  m ethod u sed  (routes (a), (b), (c) or (d)) for surface 
activation a n d  sub seq u en t electro less deposition, the adhesion  of the  m etallic 
layer on the polym er su b s tra te  is one of th e  prim ary  concerns for achieving 
stability  and  long term  reliability of the  corresponding  "composite" system . In the 
p resen t case, it is  c lear th a t adhesion  properties of the electro less p lating are  
firstly determ ined  by the  bond streng th  of the  catalytic nuclei to the treated- 
polym er surface. As for any adhera te -adherend  com bination, several techn iques 
are, in principle, available for m easu ring  the  p ractical adhesion®4-87 of the 
specific adhering  system  considered in th is  work. Qualitatively, the adhesion  of 
electro less coatings deposited after p lasm a  or UV-laser p re trea tm en t and  
activation p rocess can  be assessed  a s  good, as  no sam ples using  the 
conventional Scotch tape  te s t failed in ou r investigations. In addition , the  
adhesion  of electro less deposits w as investigated using  a  fragm entation test. 
Specim ens subjected  to th is  te s t were polymer su b s tra te s  c u t in to  a  dog-bone 
shape  and  coated  by the electroless film. In th is  tes t, w hich is  particu larly  well- 
adap ted  to th e  case of th in  an d  slightly deform able films deposited on ductile 
su b s tra te s , the  coated m ateria l is stra ined  in uniaxial tension  an d  the 
developm ent of the  crack  p a tte rn  is observed as a  function of th e  applied
strain^® . As a n  exam ple, Figure 11 rep resen ts  th e  fragm entation  p a tte rn s  
obtained in the  case of a  NH3-p lasm a-treated  PTFE sam ple after deposition of an  
electro less Ni-P coating abou t 500 nm  in th ickness. (A) an d  (B) SEM m icrographs
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are relative to samples prepared by using the conventional two-step process 
(route (a)) and the simplified one-step process (route (c)), respectively. In both 
cases, a distribution of parallel fragments is initiated upon the fragmentation 
operation. As can be seen, the average critical length of fragments is smaller for 
specimens prepared by using the simplified one-step process, which means a 
better adhesion of the coating to the polymer substrate.

Figure 11. SEM micrographs of a fragmentation pattern (Ni-P / PTFE system) 
after application of a 12 % strain. The Ni-P coating is obtained (A) 
after the two-step process (route (a)), (B) after the one-step process 
(route (c), Figure 2).

CONCLUSIONS

Taking advantage of the considerable affinity of palladium for nitrogen, a 
new method for metallizing polymer surfaces through an electroless process has 
been developed. This method is based on the direct surface activation of polymer 
materials using (i) a gas-phase pretreatment through plasma excitation, or UV- 
laser irradiation in nitrogenated atmospheres and (ii) immersion of the so-treated 
samples in an activation bath constituted only of a dilute acidic Pd Cl 2 solution.
In addition, it is noteworthy that the advantage of this simple process goes 
beyond obtaining strong adhesion at the metal-polymer interface since it makes 
possible, (i) the elimination of strong corrosive solutions (chromic and 
sulfochromic acid baths) conventionally used to pretreat polymer surfaces, which 
avoids costs associated with environmental constraints, and (ii) the non-use of 
acidic tin chloride solutions in which chemical reactions may occur (e.g., 
oxidation, hydrolysis, complex formation).

Based on the above considerations, it is, of course, imperative to pursue 
the present work with a view to optimizing the nitridation (amination) of polymer 
surfaces, in particular, by using plasma, or UV-laser process in the NFb 
environment. Indeed, in both treatments, it should be reminded that many 
parameters such as the nature of excitation sources, the geometry of reactors 
and the experimental conditions selected by the operator, crucially influence the 
gas phase and, therefore, the surface chemistry of the treated samples.
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PULSED LASER DEPOSITION OF TiN ON PMMA AND POLYIMIDE: A NOVEL 

ROUTE FOR POLYMER METALLIZATION

R.D. V ispute, J. Narayan, and K. Jagannadham

Department o f  Materials Science and Engineering

North Carolina State U niversity, R aleigh, N C  27695.

W e have developed a novel m ethod for m etallization o f  polym eric 

materials by em ploying a pulsed laser deposition technique. H igh ly  m etallic, 

adherent and hard TiN  film s were deposited using a KrF excim er laser ablation 

o f  high purity, stoichiom etric and hot pressed T iN  target at a base pressure of 

1x10 Torr, and the ablated species were allow ed to condense on the polym eric 

substrate materials. The processing parameters such as the laser fluence, pulse 

repetition rate, substrate-to-target distance, and substrate temperature were 

optim ized for the fabrication o f  high quality m etallic and adherent T iN  film s on 

PM M A  and polyim ide. The film s were characterized by A uger electron 

spectroscopy, Raman spectroscopy, scanning and transm ission electron 

m icroscopies, and four-point-probe electrical resistivity. Auger spectroscopy 

revealed that the film s were close to stoichiom etric T iN . The T iN  film s 

deposited on polyim ide and PM M A  were sm ooth, golden in color, and were 

found to be poly crystalline w ith an average grain size o f  - 1 2  nm. The adhesion  

o f  T iN  film s w as measured by the direct p u ll-o ff method. The film s were h igh ly  

adherent to the polym er substrates as compared to Cu and A u film s deposited  

by sputtering. Four-point- probe electrical resistivity measurements show ed  

characteristic m etallic behavior w ith a low  value o f  resistivity, -3 0 -7 5  ixH -cm , 

at room  temperature. The specific resistivity was found to be a strong function 

o f  deposition temperature and reached the low est value o f  -  15 jiQ -cm  at room  

temperature for epitaxial T iN  film s on Si (100) deposited at 600°C  by pulsed  

laser deposition. W e also present results on the laser etching o f  T iN  film s on 

polym ers and on the developm ent o f  insulator/m etal/polym er m ultilayer 

structures (A lN /T iN /polym er, D L C /T iN /polym er) for m ultichip m odules in 

electronics packaging applications.
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IN T R O D U C T IO N

Polym eric materials such as polyim ides and poly(m ethyl methacrylate) (PM M A ) are 

increasingly being used in advanced m icroelectronics since they have m any desirable properties 

such as light w eight, m oldability , ability to form intricate shapes, corrosion resistance, and 

versatile electronic properties ’ . In this context, m etallization o f  polym ers is an important 

concern in electronic applications because o f  demands for increased packaging density and greater 

reliability3. One o f  the major challenges in building a reliable m etal/polym er structure is the 

adhesion betw een the m etal and the polym er since the long term stability o f  the devices depends 

critically on the adhesion experienced at the m etal-polym er interface and hence this has becom e 

an important technological problem 4. The adhesion between a m etal and a polym er is strongly 

dependent on the specific type o f  polym ers and m etals involved , as w ell as on the deposition  

process under w hich  the interface betw een the tw o is formed. The m ost com m only used elem ents 

for m etallization o f  polym ers are Cu, A l, T i, N i, and Cr, and the m ethods o f  deposition have 

involved  thermal evaporation and sputtering processes3’4. Here w e propose titanium nitride m etal 

layer on polym ers since T iN  film s have unique and desirable properties such as low  electrical 

resistivity, extrem e hardness, and excellent mechanical and thermal properties5. T iN  crystallizes 

in a B1 (N aCl-type) structure, and has com plex interatomic bonding com prising o f  covalent, 

m etallic, and ionic contributions. The low  electrical resistivity is attributed to the contribution  

o f  nine valence electrons from the N  2p and Ti 3d orbitals6. The present interest in T iN  thin  

film s also stem s from their desirable therm odynamical and electrical properties w hich open up 

potential applications in the m icroelectronics industry. For exam ple, recent studies have show n  

that T iN  is the m ost prom ising diffusion barrier material and is being evaluated for use in both  

Si and III-V com pound device technologies in m ultilevel m etallization schem es involv ing  A l
n

and Cu as the second layer . The T iN  film s on polym ers seem  to be technologically  viable for 

m etallization for protective coating applications. The major im pedim ent in the applications of 

these film s on polym eric materials is the high growth temperatures em ployed in m ost com m only  

used chem ical vapor deposition (C V D ) techniques to activate the desired chem ical reactions on 

the substrate to form a film  , and hence the process cannot be em ployed for the polym ers w hich  

have low  softening temperatures, for exam ple, the softening temperatures o f  PM M A  and 

poly im ide are 80°C  and 300°C , respectively. The reactive sputtering technique provides an 

alternative to this problem , and is utilized for T iN  deposition at low  temperatures9,10. However, 

since polym ers are soft and have a low  damage threshold for ion bombardment, this technique 

m ay lead to the degradation o f  surfaces and adversely affect the adhesion o f  the deposited film s.

In this paper, w e report our detailed work on the processing and characterization of 

conducting and adherent T iN  film s deposited by pulsed laser deposition (PL D ) on polyim ide and 

P M M A . W e show  that the PLD  technique is a low  temperature thin film  processing m ethod  

w hich can be w ell adopted for m etallization o f  polym ers at room temperature, in-situ processing, 

and m ultilayer fabrication o f  advanced electronic materials on polym ers.
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EXPE R IM EN T A L

Figure 1. Schem atic o f  the PLD  technique for the fabrication o f  T iN  thin film s on polym ers.

The T iN  film s were deposited inside a stainless steel vacuum system  evacuated by a
n

turbom olecular pump to a base pressure o f  1x10 Torr. A  schem atic diagram o f  the PLD  

cham ber is show n in Fig. 1. Radiation from a KrF excim er laser (k  =  248  nm and T = 25 ns) 

w as used to ablate the stoichiom etric and hot pressed TiN  target w ith an energy density ranging 

from 2 t o lO J /c m  . The target w as irradiated by a laser beam through a quartz w indow  at an 

angle o f  45° to the target surface. The laser induced vaporized material w as then allow ed to  

condense onto the polym er substrates kept at a distance o f  about 5 cm from the target surface. A  

com m ercially available PM M A  and polyim ide (supplied by DuPont) w ere cleaned sequentially in 

an ultrasonic bath o f  soap solution , ethyl alcohol, and isopropyl alcohol before deposition . The 

film s were grown at various laser energy densities, substrates temperatures, and pulse repetition  

rates. The laser beam w as also scanned over target during deposition over an area o f  1 x 1cm to  

achieve uniform film s over 2.5 x 2 .5  cm  area. The m ultilayer structures such as 

A lN /T iN /polym ers and diam ond-like-carbon (D L C )/T iN /polym ers were fabricated in-situ by the 

PLD  m ethod using a rotating target system . Laser deposited T iN  film s were characterized by  

A uger and Raman spectroscopies, plan-view  transm ission electron and scanning electron 

m icroscop ies, electrical resistivity, and x-ray diffraction (X R D ) technique. Auger electron 

spectroscopy w as carried out using a JEOL JAM P 30 microprobe. The primary electron beam  

current w as 0.3 m A  at 10 keV  w ith a beam diameter o f  less than 1 mm . The sam ples were 

sputter etched during analysis using a rastered 3 keV  Ar+ ion beam. Raman spectroscopy was 

carried out using green light (514 .5  nm line) from Ar+ ion laser. The incident light w as made 

grazing along the plane o f  the T iN  film  and the scattered light w as collected in the direction  

normal to the film/substrate interface. The scattered light was dispersed in a one m eter 1704 spex  

m onochrom ator with a resolution o f  0.4  cm "1 and the counts were taken for one m inute at each 

w avelength w ith  a photom ultiplier in photon counting m ode. The film  thickness and 

uniform ity were also verified using a -step  200-T encor Instrument. The adhesion measurements 

w ere carried out using the p u ll-o ff technique em ploying a tensile tester m achine (A T S Inc).
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R E SU L T S A N D  D ISC U SSIO N

Energy Density (J/cm2)

Figure 2. D eposition  rate o f  TiN  film  on PM M A substrate versus laser energy density.

Pulsed laser ablation and deposition o f  T iN  as a function o f  laser fluence w as studied. 

The laser energy density significantly affects the deposition rate, and the particulate em ission  

from the target. Figure 2 show s the average deposition rate o f  T iN  on polym er substrates at
n

room temperature and a base pressure o f  1x10 Torr as a function o f  laser energy density. The 

curve indicates that the deposition rate increases w ith the laser fluence. However, at higher laser 

fluence, the rate o f  ablation is affected by laser absorption in the plasm a plum e. For all laser 

fluences, the T iN  film s w ere golden in color, w hich is a primary characteristic o f  T iN  film s. It
7

should be noted that the ablation and the deposition were carried out at a base pressure o f  1 x  10  

Torr, w ithout a nitrogen partial pressure and at room temperature. In all experim ents, the T iN  

stoichiom etric com position  o f  the target w as maintained due to h ighly nonequilibrium  laser 

ablation process ’ . The highly reactive nature o f  Ti metal species in the plasm a plum e is an 

additional factor for m aintaining the T iN  stoichiom etry. The qualitative information on the 

com position  o f  these film s w as obtained using Auger electron spectroscopy. Figure 3 show s  

typical derivative Auger electron spectrum o f  laser deposited T iN  film  on polyim ide at room  

temperature. The tw o major peaks ex ist in the A ES spectrum o f  TiN: one at 381 eV  and the 

other at 418  eV . The chem ical analysis o f  T iN  using A uger electron spectroscopy is com plicated  

because the principal A uger electron em ission from nitrogen (KL23L23) occurs at an energy (381 

eV ) that overlaps w ith the Ti (L 3M 23M 23) transition at 383 eV . To circum vent this problem , 

the nitrogen content w as characterized by the positive excursion o f  the com bined N  and Ti peaks 

at 382  eV  and the titanium content by the negative excursion o f  the Ti peak at 420  eV , w hich  

essentially  g ives a quantitative analysis o f  T iN 13. The analysis o f  the nitrogen stoichiom etry in 

the film  is facilitated by the fo llow ing procedure. First, the ratios o f  the peak heights 

(T i+ N )/T i, Ti/O , and (T i+ N )/0  are considered to be alm ost independent o f  A uger electron signal 

detection. Second, the nitrogen content in the deposited film  is considered high enough so that a
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Figure 3. A uger electron spectrum o f  TiN  film  deposited at room temperature on polyim ide.

slight change in the (T i+ N ) peak intensity is linear w ith that o f  Ti. The Auger analysis was 

perform ed at the surface as w ell as in the bulk after sputtering T iN  for 3  m inutes to elim inate the 

surface oxide. The oxygen peaks w hich appear after sputtering are a result o f  gettering o f  oxygen  

present in the spectrometer by Ti. The (T i+ N )/T i ratio remained alm ost constant w ith  an 

average value o f  1.926 over the range o f  temperature used in the present work. The observed 

carbon and oxygen  lines are expected due to the atmospheric exposure o f  the sam ples. The Auger 

peak intensities for the T i+N  (381 eV ), Ti (420  eV ), O (503 eV ) and C (270 eV ) in the depth 

profiling experim ent are show n in Fig. 4. This result clearly show s that the T iN  film s of 

uniform com position are form ed on polym ers by laser deposition from stoichiom etric T iN  target
n

at room  temperature and base pressure o f  10 Torr.

The T iN  film s were also characterized by Raman spectroscopy. The scattering in the 

acoustical range is primarily determ ined by the vibrations o f  the Ti ions and that in the optical 

range by the vibrations o f  the N  ions. Thus, the ratio o f  the acoustical to the optical scattering 

in tensities provides a measure o f  the T i:N  ratio or stoichiom etry. The spectrum o f  T iN  

polycrystalline material is characterized by acoustic peaks14 below  370 cm " 1 and optical peaks 

above 500 cm"1. The first order defect induced acoustic and optical phonon peaks were recorded 

for the T iN  film s deposited on PM M A  at room temperature, as show n in F ig. 5. The Raman 

spectrum show s a m ain peak in the range 200-350  cm " 1 w hich  is associated w ith  T i atom  

vibrations in the absence o f  nitrogen. Another peak in the range o f  450-550  cm "1 is associated  

w ith the titanium vacancies in the presence o f  nitrogen ions. These features are sim ilar to that of 

the T iN  target and the film s obtained on (100) Si substrates. Transm ission electron m icroscopy  

(TE M ) studies w ere carried out to investigate the microstructure o f  the T iN  film s. The TEM
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Figure 4. A E S depth profiles o f  TiN film  deposited at room temperature by PLD on 

polyim ide.

Frequency Shift (cm-1)

Figure 5. Raman spectrum o f  laser deposited TiN film  at room temperature on PM M A  

substrate.
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Figure 6 . (a) Bright field  planar TEM  im age o f  T iN  film  deposited at room temperature 

on PM M A. (b) Corresponding SA E D  pattern show ing polycrystallineT iN  film .

micrograph in Fig. 6  (a) show s that the T iN  film s are polycrystalline w ith an average grain size 

o f  12 nm. The corresponding selected area electron diffraction (SA E D ) pattern is show n in Fig. 6 

(b). The SA E D  pattern clearly show s diffraction rings corresponding to (111), (200), (311), 

(400), and (3 31 ) planes o f  T iN . From the electron diffraction pattern, the lattice constant o f  T iN  

w as found to be 0.421 nm w hich is very close  to that o f  stoichiom etric bulk TiN .
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Figure 7. SEM  micrographs o f  the T iN  film s on (a) polyim ide and (b) PM M A  

deposited at room temperature by PLD.

The T iN  film s deposited on PM M A  and polyim ide substrates were exam ined by optical

and scanning electron m icroscopies to study the surface sm oothness o f  the laser deposited film s.

The SEM  m icrographs o f  the 50-60nm  thick TiN  film s deposited on polyim ide and PM M A  at
2 -7room temperature, laser fluence o f 4-5 J/cm and base pressure o f  1x10 Torr, are show n in 

Fig. 7(a) and (b), respectively. The film s were found to be quite sm ooth and uniform. The
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Figure 8 . SEM  micrographs o f  thicker (>100 nm) T iN  film  on PM M A  show ing  

peeling-off o f  the film.

high absorption o f  KrF laser by the TiN  target is responsible for the uniform film s with relatively 

low  density o f  particles. The average particle density in all depositions at 4-5 J/cm 2 was found 

to be less than 5x10  particles/cm  . N o  significant effect o f the pulse repetition rate on the 

surface m orphology was observed, w hich indicates that the film s can be grown at higher rates 

using the PLD technique. W e have noted that as the T iN  film  thickness increased above a 

critical value, the volum e strain accum ulated w hich resulted in the peeling o f  the film . In the case 

o f  T iN  film s on PM M A, peeling o f  the film  was observed above 80-85 nm. The film s peeled off 

as show n in F ig. 8 , w hen the thickness was more than 80-85 nm. W hile in case o f  film s 

deposited on polyim ide, the interfacial bonding is much stronger than for T iN /P M M A  resulting 

in sm ooth surface m orphology w ithout any peeling or cracking o f  the T iN  film s. These results 

are interesting since the adhesion o f  the m etallized coatings on polym ers is an important aspect 

o f  polym er m etallization. It should be noted that the adhesion o f  a film  on a substrate primarily 

depends on the m ethod o f  thin film  deposition (physical state o f  the depositing species), chem ical 

properties o f  the participating materials (interatomic potentials and the nature o f  chemical 

bonding o f  the film  with the substrate), physical characteristics o f  the substrate surface and its 

roughness, and substrate temperature. In our experim ents, the strong adhesion o f  the T iN  film s 

w ith the polym er is expected due to the deposition o f  energetic (typically 20-50  eV ) and excited  

T i-N  radicals. T hese radicals can form strong bonds at the interface by releasing their energies on 

the polym er surfaces at room temperature. To measure the adhesion o f the laser deposited T iN  

film s on polym ers, the direct pull-off m ethod4,15 was em ployed. A  pulling device was
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Figure 9. Optical micrograph o f  the detached area o f  TiN  film  from PM M A substrate 

after the pu ll-off test.

glued onto surface o f  the film  and the bottom o f the substrate. Then the film  w as pulled in the 

perpendicular direction using a tensile testing machine. The area o f  the pulling device w as 4.31  

cm . A  force o f  increasing magnitude w as applied to the surface until the film  w as rem oved and 

the m axim um  force applied w as measured. The area o f  the film detached from the substrate was 

m easured by optical m icroscopy or SEM . The optical micrograph o f  the detached area o f  T iN  

film  from the PM M A  substrate is show n in Fig. 9. The pu ll-o ff forces for the T iN  on 

PM M A  and polyim ide were found to be 1.85 x 107 and 5.61 x 107 Pa, respectively. T hese  

results clearly indicate the strong interfacial bonding o f  T iN  w ith polym er substrates as 

compared to surface m odified polym ers and m etals deposited by thermal evaporation and 

sputtering m eth od s16’19. W e believe that the formation o f  energetic and excited Ti species 

during T iN  laser ablation and the formation o f  a TiC bond at the interface w ith the polym er are 

likely  to be responsible for the good  adhesion o f  the T iN  film s. In fact, the formation o f  T i-C  

bonds at the interface o f  Ti w ith polym ers is reported for thermally evaporated Ti m etal18’19. A  

low  form ation energy and the highly reactive nature o f  Ti are responsible for Ti-C bonding at the 

Ti-polym er interface.


