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©  Plasma-enhanced  magnetron-sputtered  deposi- 
tion  (PMD)  of  materials  is  employed  for  low-tempera- 
ture  deposition  of  hard,  wear-resistant  thin  films, 
such  as  metal  nitrides,  metal  carbides,  and  metal 
carbo-nitrides,  onto  large,  three-dimensional,  irregu- 
larly  shaped  objects  (20)  without  the  requirement  for 
substrate  manipulation.  The  deposition  is  done  by 
using  metal  sputter  targets  (18)  as  the  source  of  the 
metal  and  immersing  the  metal  sputter  targets  (18) 
in  a  plasma  (16)  that  is  random  in  direction  and  fills 
the  deposition  chamber  (12)  by  diffusion.  The  plas- 
ma  (16)  is  generated  from  at  least  two  gases,  the 
first  gas  comprising  an  inert  gas,  such  as  argon,  and 
the  second  gas  comprising  a  nitrogen  source,  such  a 
nitrogen,  and/or  a  carbon  source,  such  as  methane. 
Simultaneous  with  the  deposition,  the  substrate  (20) 
is  bombarded  with  ions  from  the  plasma  (16)  by 
biasing  the  substrate  (20)  negative  with  respect  to 
the  plasma  (16)  to  maintain  the  substrate  tempera- 
ture  and  control  the  film  microstructure.  The  sub- 
strate  (20),  metal  targets,  and  plasma  (16)  are  all 
electrically  decoupled  from  each  other  and  from 
walls  (14)  of  the  deposition  chamber  (12),  so  as  to 
provide  independent  electrical  control  of  each  com- 
ponent.  The  PMD  process  is  applicable  not  only  to 
the  deposition  of  hard  coatings,  but  also  can  be 

applied  to  any  thin  film  process  such  as  for  elec- 
trically  and  thermally  conductive  coatings  and  optical 
coatings,  requiring  simultaneous,  high-flux,  ion-bom- 
bardment  to  control  film  properties. 
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CROSS-REFERENCE  TO  RELATED  APPLICA- 
TION 

The  present  application  is  related  to  application 
Serial  Number  07/  ,  filed  on  even  date 
herewith,  and  entitled  "Surface  Preparation  and  De- 
position  Method  for  Titanium  Nitride  onto  Carbona- 
ceous  Materials"  [PD-92178]. 

BACKGROUND  OF  THE  INVENTION 

1  .  Field  of  the  Invention 

The  present  invention  relates  generally  to  the 
deposition  of  hard  coatings  onto  large-area  sub- 
strates  by  ion-assisted  sputter  deposition,  and, 
more  particularly,  to  improved  method  and  appara- 
tus  related  to  magnetron  sputtering  deposition  with 
simultaneous  high  flux  ion  bombardment  on  the 
surface.  Also  more  particularly,  the  present  inven- 
tion  is  directed  to  the  low-temperature  (̂ 450  °C), 
plasma-ion-assisted,  high-rate  deposition  of  hard 
thin  films  onto  large-area,  three-dimensional,  irregu- 
larly  shaped  objects  without  the  requirement  of 
substrate  manipulation. 

2.  Description  of  Related  Art 

To  form  hard  coatings  at  low  substrate  tem- 
perature,  i.e.,  equal  to  or  less  than  about  450  °C,  a 
thin  film  method  must  satisfy  several  requirements 
simultaneously.  For  example,  the  case  of  deposit- 
ing  a  hard  coating  of  titanium  nitride  onto  a  sub- 
strate  is  now  considered.  The  first  requirement  is 
that  energetic  (several  eV)  atoms,  such  as  titanium, 
must  be  delivered  to  a  substrate  surface  uniformly. 
The  use  of  an  energetic  atom  aids  in  improving  the 
atom  mobility  on  the  substrate  to  nucleate  and 
grow  the  deposited  film  at  low  temperature.  Addi- 
tional  requirements  are  that  the  substrate  surface 
must  be  heated  uniformly  and  that  the  deposited 
film  must  be  simultaneously  subjected  to  a  high- 
flux  (>1  mA/cm2)  of  energetic  (>50  eV)  ion  (e.g., 
argon  ion)  bombardment  sufficient  to  influence  the 
film  microstructure  to  form  a  hard  coating. 

With  ion  bombardment  (>1  mA/cm2,  >50  eV), 
the  hardness  of  the  coating  can  be  increased  by  a 
factor  of  3  times  or  more,  compared  to  the  hard- 
ness  of  a  coating  without  ion  bombardment.  For 
titanium  nitride,  this  corresponds  to  an  increase  in 
the  Vickers  hardness  from  500  Kg/mm2  to  1,500 
Kg/mm2  in  the  presence  of  ion  bombardment. 

Sputtering  is  a  technique  known  to  produce 
energetic  (about  5  eV)  titanium  atoms  for  deposi- 
tion  of  thin  films  onto  surfaces.  Thermally  evap- 
orated  titanium  has  an  energy  of  about  0.1  to  0.2 
eV,  which  is  generally  not  enough  to  provide  suffi- 
cient  energy  for  low  temperature  film  growth.  Ion- 

ized  titanium  has  an  energy  of  about  50  to  100  eV, 
which  is  higher  than  sputtering.  However,  for  de- 
positing  thin  films  uniformly  onto  sharp  corners, 
ionized  atoms  deposit  non-uniformly  because  of 

5  the  non-uniform  electric  fields,  whereas  energetic 
atoms  do  not  respond  to  electric  fields.  Therefore, 
energetic  sputtered  atoms  are  more  suitable  for 
uniform  deposition  at  edges,  corners,  and  flat  sur- 
faces  and  at  lower  temperatures. 

io  For  heating  of  the  substrate,  electron  bombard- 
ment  or  ion  bombardment  are  techniques  known  to 
be  applicable  prior  to  thin-film  deposition.  Also,  ion 
beams  or  plasmas  are  techniques  known  to  provide 
fluxes  of  ions  for  bombarding  substrates  during 

75  thin-film  deposition  and  which  are  sufficient  for 
influencing  the  film  microstructure. 

A  variety  of  techniques  are  used  to  deposit  thin 
films,  such  as  titanium  nitride.  These  include  reac- 
tive  evaporation,  arc  evaporation,  sputter-CVD 

20  (chemical  vapor  deposition),  reactive  magnetron 
sputtering,  unbalanced  magnetron  sputtering,  and 
hollow  cathode  magnetron  sputtering. 

The  leading  process  using  reactive  evaporation 
(RE)  is  disclosed  and  claimed  in  U.S.  Patent 

25  4,197,175,  "Method  and  Apparatus  for  Evaporating 
Materials  in  a  Vacuum  Coating  Plant"  (called  the 
RE  process  herein).  In  this  process,  electrons  are 
extracted  from  a  separate  arc  discharge  chamber 
into  the  process  chamber.  The  electrons  are  used 

30  to  ionize  the  Ar  and  N2  gas  atoms  in  the  process 
chamber  as  well  as  to  evaporate  titanium  metal 
from  a  crucible  and  subsequently  ionize  the  evap- 
orated  titanium  atoms.  The  substrate  samples  are 
first  biased  positively  to  attract  electrons  from  the 

35  arc  discharge  chamber  for  heating  of  the  substrate. 
The  samples  are  then  biased  negatively  to  attract 
Ar+  ions  which  first  sputter-clean  the  substrate  sur- 
face  and  then  bombard  the  film  during  deposition 
to  influence  the  film  microstructure  as  well  as  main- 

40  tain  the  substrate  temperature  during  the  deposi- 
tion. 

There  are  a  number  of  disadvantages  of  the 
foregoing  process.  The  evaporation  of  titanium  and 
the  ion  bombardment  of  the  sample  cannot  be 

45  independently  controlled  since  the  electron  beam 
is  used  both  for  Ar+  and  N2+  plasma  production, 
and  for  evaporation  of  titanium  atoms  from  the 
crucible  and  their  subsequent  ionization.  The 
titanium  is  evaporated  practically  from  a  point 

50  source,  which  limits  the  large-scale  capability  of 
the  process.  Complicated  sample  fixturing  and 
sample  manipulation  involving  rotation  of  the  sam- 
ple  is  required.  Even  with  a  high  degree  of  ioniza- 
tion  of  titanium  from  the  evaporator,  a  high  percent- 

55  age  of  the  titanium  deposited  onto  the  surface  of 
the  substrate  is  comprised  of  neutral  titanium 
atoms.  These  atoms  have  the  characteristic  energy 
of  thermally  evaporated  atoms:  about  0.1  to  0.2  eV. 
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Because  of  this  low  energy,  a  high  substrate  tem- 
perature,  about  500  °C,  is  required  to  deposit  hard 
titanium  nitride  films. 

To  summarize,  in  the  RE  process,  film  growth 
is  conducted  by  argon-ion  bombardment  of  the 
substrate  surface  simultaneously  with  the  film  de- 
position,  sufficient  to  influence  the  film  microstruc- 
ture.  However,  a  high  percentage  (>30%)  of  the 
deposited  titanium  is  in  the  form  of  non-energetic 
(0.1  to  0.2  eV)  titanium  atoms  requiring  high 
(500  °C)  substrate  temperature  for  hard,  thin-film 
growth.  Also,  the  argon-ion  plasma-production  pro- 
cess  is  coupled  to  the  titanium-atom  evaporation 
and  ionization  process,  which  does  not  allow  in- 
dependent  control  of  each  process.  Furthermore, 
since  titanium  atoms  are  supplied  by  a  point  evap- 
oration  source,  complicated  sample  manipulation  is 
required  and  the  capability  of  processing  large 
samples  is  very  limited. 

In  sputter-CVD,  such  as  disclosed  and  claimed 
in  U.S.  Patent  4,992,153,  "Sputter-CVD  Process  for 
at  Least  Partially  Coating  a  Workpiece",  a  magnetic 
field-assisted  sputtering  device  is  used  to  generate 
sputtered  atoms  which  then  deposit  onto  a  sub- 
strate  to  grow  a  hard  film  in  the  presence  of  a 
separate  plasma,  which  may  be  argon.  The  sub- 
strate  is  rotated  and  the  sputter  target  is  held  fixed 
in  position.  While  sputtering  is  suitable  for  large- 
scale  deposition,  there  are  several  limitations  of  the 
sputter-CVD  process.  Principal  among  them  is  the 
fact  that  the  substrate  either  electrically  floats  or  is 
biased  positive  with  respect  to  the  plasma. 

When  the  substrate  is  allowed  to  electrically 
float,  ion  bombardment  from  the  plasma  is  insuffi- 
cient  to  influence  the  film  microstructure.  Any  ion 
bombardment  that  does  occur  cannot  be  controlled 
without  changing  the  plasma  conditions. 

When  the  substrate  is  biased  positive  with  re- 
spect  to  the  plasma,  electrons  from  the  plasma 
bombard  the  substrate  instead  of  ions.  Therefore, 
in  this  operating  mode,  ions  do  not  influence  the 
film  microstructure.  Instead,  electron  heating  is  re- 
lied  upon  for  accomplishing  this. 

Other  limitations  of  the  sputter-CVD  process 
include  the  use  of  only  one  sputter  target  which 
severely  restricts  the  large-scale  processing  capa- 
bility.  To  process  large-scale,  three-dimensional, 
irregularly-shaped  substrates,  substrate  manipula- 
tion  is  required  which  is  cumbersome. 

To  summarize,  in  the  sputter-CVD  process,  film 
growth  occurs  via  energetic  (several  eV)  sputtered 
titanium  atoms;  however,  there  is  no  simultaneous 
ion-bombardment  of  the  substrate  that  is  sufficient 
to  influence  the  film  microstructure  which  is  crucial 
to  growing  hard,  thin  films  at  low  substrate  tem- 
perature.  Instead,  electron  bombardment  heating  is 
relied  upon  to  accomplish  this.  The  sputter-CVD 
process  is  also  restrictive  in  its  capability  to  pro- 

cess  large-scale,  three-dimensional  objects. 
Magnetron  sputtering  is  a  process  that  is  well- 

developed  for  large-scale  deposition  of  thin  films 
and  is  described  by  P.  Martin  and  R.  Netterfield, 

5  "Ion  Assisted  Dielectric  and  Optical  Coatings",  in 
Handbook  of  Ion  Beam  Processing  Technology: 
Principles,  Deposition,  Film  Modification  and  Syn- 
thesis,  edited  by  J.  Cuomo  et  al,  Noyes  Publica- 
tions,  New  Jersey  (1989).  The  sputtered  atoms 

io  reach  the  substrate  surface  with  a  typical  energy  of 
a  few  eV  (=5  eV),  which  makes  the  deposition 
temperature  of  the  film  between  50°  to  100°C 
lower  compared  with  the  reactive  evaporation  tech- 
nique  described  earlier.  However,  it  is  well-known 

is  that  for  low  temperature  (less  than  about  450  °C) 
growth  of  thin  films,  high-flux  (>1  mA/cm2),  ener- 
getic  (>50  eV)  ion-bombardment  is  necessary  for 
forming  hard,  wear-resistant  TiN  films.  Further- 
more,  in  the  conventional  magnetron  sputtering 

20  system,  the  plasma  is  confined  very  near  the  sput- 
tering  target.  Biasing  of  the  substrate  surface  does 
not  allow  enough  ions  to  be  collected  from  the 
magnetron  plasma  to  form  high  quality,  hard  thin 
films. 

25  To  circumvent  this  limitation,  two  techniques 
have  been  developed:  the  unbalanced  magnetron, 
described  by  B.  Window  and  N.  Savvides,  "Unbal- 
anced  DC  Magnetrons  as  Sources  of  High  Ion 
Fluxes",  Journal  of  Vacuum  Science  and  Tech- 

30  nology  A,  Vol.  4,  No.  3,  pp.  453-457  (May-June 
1986);  and  the  hollow  cathode  magnetron  target, 
described  by  J.J.  Cuomo  and  S.M.  Rossnagel, 
"Hollow-Cathode-Enhanced  Magnetron  Sputtering", 
Journal  of  Vacuum  Science  and  Technology  A, 

35  Vol.  4,  No.  3,  pp.  393-396  (May-June  1986). 
In  the  unbalanced  magnetron,  the  magnetic 

field  at  the  magnetron  target  is  adjusted  and  con- 
trolled  so  that  the  magnetic  field  lines  extend  to  the 
substrate  surface.  This  increases  the  plasma  den- 

40  sity  near  the  substrate  surface  to  improve  the  flux 
rate  of  ions  bombarding  the  surface.  However,  use 
of  this  process  has  limitations. 

First,  the  only  source  of  plasma  is  from  the 
magnetron  source  itself.  Therefore,  argon-ion  bom- 

45  bardment  is  coupled  to  the  operation  of  the  mag- 
netron,  even  though  the  magnetic  field  can  be 
varied  independently  to  influence  the  plasma  den- 
sity.  More  importantly,  the  magnetic  field  configura- 
tion  of  the  unbalanced  magnetron  does  not  allow 

50  for  efficient  and  uniform  processing  of  large-scale 
substrates  that  are  three-dimensional  in  shape,  or 
that  are  magnetic.  For  example,  to  treat  a  cast  iron 
(magnetic  material)  substrate  that  is  3-ft  x  3-ft  in 
size,  an  extremely  strong  magnetic  field  must  be 

55  generated  at  the  magnetron  in  order  for  it  to  extend 
over  a  large  distance  from  the  magnetron  and 
envelop  the  large  size  of  the  object.  The  operation 
of  the  unbalanced  magnetron  is  therefore  depen- 

3 
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dent  upon  the  size  and  shape  of  the  substrate  and 
must  be  tailored  differently  for  each  substrate.  Fur- 
thermore,  since  cast  iron  is  magnetic,  this  will  non- 
uniform^  terminate  the  magnetic  field  lines,  ex- 
tending  from  the  magnetron,  resulting  in  a  non- 
uniform  plasma  and  subsequent  treatment  of  the 
substrate  by  plasma-ion  bombardment.  In  this 
case,  the  substrate  size,  shape,  and  type  (magnetic 
vs.  non-magnetic)  will  couple  to  the  plasma  pro- 
duction  process  downstream  of  the  magnetron.  Fi- 
nally,  electron  heating  and  argon-ion  sputter  clean- 
ing  of  the  substrate  surface  cannot  be  performed 
because  the  only  source  of  plasma  is  from  the 
magnetron,  which  necessarily  produces  titanium 
atoms  once  a  plasma  is  established. 

To  summarize,  in  the  unbalanced  magnetron 
process,  film  growth  occurs  via  energetic  (few  eV) 
sputtered  titanium  atoms  and  simultaneously  with 
high-flux,  energetic  ion  bombardment  from  a  plas- 
ma  to  influence  the  film  microstructure.  However, 
the  plasma  production  is  coupled  to  the  magnetic 
field  extending  from  the  magnetron,  not  allowing 
independent  control  of  each  parameter.  In  addition, 
the  process  is  ill-suited  for  treatment  of  large-scale, 
three-dimensional  objects,  and  for  magnetic  materi- 
als,  as  well. 

In  the  hollow  cathode  magnetron  technique, 
some  of  these  limitations  are  alleviated.  The  tech- 
nique  is  based  on  the  use  of  a  triode  discharge  in 
which  an  auxiliary  source  of  electrons  is  coupled  to 
the  magnetron  cathode.  The  hollow  cathode  is  in- 
serted  into  the  fringe  field  of  a  planar  magnetron, 
near  the  front  cathode  surface.  The  hollow  cathode 
is  started  and  biased  sufficiently  below  the  plasma 
potential  of  the  magnetron  so  that  several  amperes 
of  electron  current  can  be  emitted  into  the  mag- 
netron  plasma.  These  electrons  cause  additional 
ionization  of  the  magnetron  plasma  and  allow  the 
operating  pressure  of  the  magnetron  to  be  lowered 
to  the  high  10-5  Torr  range. 

In  this  pressure  range,  the  magnetron  is  com- 
patible  with  the  use  of  a  separate  broad-beam  ion 
gun  of  the  Kaufman  type,  which  requires  operation 
at  relatively  low  pressures.  However,  the  limitation 
of  this  version  of  the  hollow  cathode  magnetron 
technique  is  that  three-dimensional,  irregularly 
shaped  objects  cannot  be  processed  because  of 
the  line-of-sight  directionality  of  the  ion  gun  ion 
beam.  In  addition,  ion  current  densities  in  excess  of 
several  mA/cm2  required  to  influence  the  film 
microstructure  are  limited  using  un-neutralized  ion 
beams  because  of  space-charge  effects.  Finally,  it 
is  important  to  realize  that  the  hollow  cathode  en- 
hances  only  the  efficiency  of  the  magnetron.  It 
does  not  enhance  the  plasma  density  near  the 
substrate  to  aid  in  ion  bombardment  of  the  film 
during  deposition. 

To  summarize,  in  the  hollow  cathode  mag- 
netron  technique,  film  growth  occurs  via  energetic 
(few  eV)  sputtered  titanium  atoms  and  with  simulta- 
neous  argon-ion  bombardment  from  a  separate  ion- 

5  beam  source  to  influence  the  film  microstructure. 
However,  the  technique  is  ill-suited  to  processing 
of  large-scale  objects  because  of  the  line-of-sight 
restriction  of  the  ion  beam  and  the  limitation  to 
obtain  ion  current  densities  of  several  mA/cm2  over 

io  large  areas. 
In  arc  evaporation,  described  by  D.  Sanders, 

"Vacuum  Arc-Based  Processing",  in  Handbook  of 
Plasma  Processing  Technology:  Fundamentals, 
Etching,  Deposition,  and  Surface  Interactions,  S.M. 

is  Rossnagel  et  al,  eds.,  Noyes  Publications,  New 
Jersey  (1990),  use  is  made  of  a  Ti  plate  that  is 
operated  at  cathode  potential.  No  external  plasma 
is  required  to  produce  Ti  atoms.  Instead,  a  vacuum 
cathodic-arc  is  created  between  the  Ti  plate  and  an 

20  anode  surface  that  forms  an  arc  spot  on  the  cath- 
ode.  The  arc  spot  produces  an  intense  Ti  plasma. 
This  arc  spot  moves  around  on  the  Ti  plate.  Ti 
atoms,  ions,  and  Ti  clusters  consisting  of  macro- 
particles  of  Ti  atoms  are  evaporated  from  the  arc 

25  spots.  When  deposited  onto  the  substrate  surface, 
the  clusters  can  make  the  surface  rough  and  leave 
weak  spots  in  the  coating.  In  the  arc  evaporation 
process,  an  additional  restriction  is  that  high  depo- 
sition  rates  are  limited.  The  reason  for  this  is  that 

30  when  the  arc-evaporation  power  increases,  the 
titanium  cluster  evaporation  rate  increases,  which 
severely  degrades  the  film  quality.  This  is  in  con- 
trast  to  sputtering  of  titanium,  where  an  increase  in 
sputter  power  continuously  increases  the  sputter 

35  rate  of  titanium. 
Arc  evaporation  has  a  high  degree  of  ionization 

of  Ti.  However,  like  the  reactive  evaporation  pro- 
cess,  the  residual  neutral  Ti  atoms  produced  during 
arc-evaporation  dominate  the  film  quality,  requiring 

40  a  high  substrate  temperature  compared  to  mag- 
netron  sputtering.  For  high  deposition  rates,  a  low 
substrate  temperature  is  difficult  to  maintain  be- 
cause  of  the  additional  substrate  heating  that  is 
generated  when  energetic  (50  to  100  eV)  titanium 

45  ions  deposit  onto  a  substrate. 
In  arc  evaporation,  electron  heating  and  Ar+-ion 

sputter  cleaning  are  not  possible  because  there  is 
no  Ar+  ion  plasma  produced.  In  addition,  sputter 
cleaning  of  the  substrate  surface  prior  to  deposition 

50  of  the  film  is  not  possible  because  the  production 
of  the  vacuum  arc  is  coupled  to  the  production  of 
titanium.  Once  an  arc  is  struck,  titanium  is  pro- 
duced  from  the  arc  and  deposited  onto  the  sub- 
strate.  No  argon  plasma  is  produced  separately 

55  from  this  arc  process. 
To  summarize,  in  the  arc  evaporation  tech- 

nique,  film  growth  is  dominated  by  non-energetic 
(0.2  eV)  thermal  titanium  atoms  despite  the  produc- 

4 
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tion  of  energetic  (ionized)  titanium  ions  from  the 
arc  evaporation  process.  Simultaneous  argon-ion 
bombardment  of  the  substrate  to  influence  film 
microstructure  is  absent. 

Thus,  there  remains  a  need  for  apparatus  and 
a  method  for  depositing  hard,  thin  films  at  relatively 
low  temperature  and  high  rate  onto  large-scale, 
three-dimensional,  irregularly  shaped  objects  with- 
out  the  need  for  substrate  manipulation. 

SUMMARY  OF  THE  INVENTION 

In  accordance  with  the  invention,  a  novel  ap- 
paratus  and  method  are  provided  for  depositing 
metal  compounds  selected  from  the  group  consist- 
ing  of  nitrides,  carbides,  and  carbo-nitrides  onto 
substrates.  The  apparatus  and  method  are  particu- 
larly  advantageous  in  depositing  hard  films  of  such 
compounds  onto  three-dimensional,  irregularly 
shaped,  large  objects  and  at  low  temperatures.  The 
technique,  called  herein  plasma-enhanced  mag- 
netron-sputtered  deposition,  or  PMD,  is  a  thin  film 
technique  that  combines  three  techniques  into  one. 
These  techniques  are:  (1)  use  of  magnetron  sputter 
sources  to  provide  energetic  titanium  atoms  depos- 
ited  uniformly  over  a  substrate;  (2)  use  of  a  sepa- 
rate  plasma,  in  which  the  sputter  targets  are  im- 
mersed,  to  provide  the  ion  bombardment  neces- 
sary  to  influence  the  film  microstructure;  and  (3) 
use  of  plasma  to  provide  large-scale,  uniform  treat- 
ment  of  three-dimensional,  irregularly  shaped  ob- 
jects. 

The  apparatus  of  the  invention  comprises: 
(a)  a  chamber  defined  by  walls  and  provided 
with  means  for  evacuation  thereof,  means  for 
introducing  gases  thereinto,  and  magnetic 
means  for  generating  a  surface  magnetic  field  at 
the  walls  of  the  chamber; 
(b)  means  within  the  chamber  for  supporting  a 
substrate  on  which  the  metal  compound  is  to  be 
deposited,  the  means  being  electrically  isolated 
from  the  walls  of  the  chamber; 
(c)  at  least  one  planar  magnetron  sputter  target 
source  comprising  the  metal  component  of  the 
metal  compound  and  operatively  associated  with 
the  substrate,  the  source  being  electrically  iso- 
lated  from  the  walls  of  the  chamber,  the  source 
capable  of  being  oriented  with  respect  to  the 
substrate  for  the  production  of  substantially  uni- 
form  films; 
(d)  activation  means  for  turning  the  target  source 
on  and  off,  the  activation  means  being  elec- 
trically  isolated  from  the  walls  of  the  chamber; 
(e)  means  for  creating  a  plasma  from  gases,  one 
of  the  gases  comprising  an  inert  gas  and  at 
least  one  other  gas  including  at  least  one  ele- 
ment  selected  from  the  group  consisting  of  ni- 
trogen  and  carbon,  the  plasma  containing  posi- 

tive  ions  and  electrons  from  the  gases,  the  plas- 
ma  being  random  in  direction  and  filling  the 
chamber  by  diffusion  to  allow  treatment  of  three- 
dimensional,  irregularly  shaped  substrates,  the 

5  means  for  creating  the  plasma  positioned  with 
respect  to  the  planar  magnetron  sputter  target 
source  so  as  to  immerse  the  source  in  the 
plasma,  the  means  for  creating  the  plasma  be- 
ing  electrically  isolated  from  the  walls  of  the 

io  chamber,  the  surface  magnetic  field  for  minimiz- 
ing  loss  of  plasma  within  the  chamber;  and 
(f)  means  for  biasing  the  substrate  either  posi- 
tive  or  negative  with  respect  to  the  plasma,  the 
biasing  means  being  electrically  isolated  from 

is  the  walls  of  the  chamber. 
The  method  of  the  invention  comprises  the 

steps  of: 
(a)  heating  the  substrate  to  a  chosen  tempera- 
ture; 

20  (b)  depositing  the  coating  of  the  metal  com- 
pound  onto  the  surface  of  the  substrate  by  sput- 
tering  the  metal  from  the  magnetron  sputtering 
source  in  the  presence  of  the  plasma  while 
maintaining  the  temperature  of  said  substrate  at 

25  said  chosen  temperature;  and 
(c)  simultaneous  with  the  deposition,  bombard- 
ing  the  substrate  with  inert  gas  ions  from  the 
plasma  to  maintain  the  substrate  temperature 
and  control  the  deposited  film  microstructure. 

30  In  PMD,  at  least  one  magnetron  sputter  target 
is  used  to  produce  energetic  (several  eV)  metal 
atoms.  While  one  such  target  may  be  employed  in 
the  practice  of  the  invention  for  depositing  the 
metal  compound  onto  small  substrates,  the  use  of 

35  multiple  magnetron  sputter  targets  permits  deposi- 
tion  of  the  metal  compound  onto  large  substrates. 
The  ability  to  orient  the  sputter  target  with  respect 
to  the  substrate  aids  in  achieving  uniform  deposi- 
tion  of  the  metal  compound  onto  three-dimensional, 

40  irregularly  shaped  objects.  Additionally,  the  sputter 
targets  are  immersed  in  a  dense  plasma,  which 
allows  substantially  uniform  ion  bombardment  of 
the  irregular  objects,  simultaneous  with  substan- 
tially  uniform  deposition.  The  plasma  comprises 

45  both  the  inert  gas  and  the  reactive  gas,  such  as 
one  capable  of  generating  nitrogen  and/or  carbon 
ions.  The  plasma  production  process  is  indepen- 
dent  of  the  sputtered-atom  production  process.  Be- 
cause  of  this,  the  plasma  can  perform  several 

50  simultaneous  functions.  The  plasma  electrons  can 
assist  in  improving  the  efficiency  of  the  magnetron 
targets.  They  also  can  aid  in  ionizing  the  sputtered 
metal  atoms.  The  plasma  also  provides  a  high  flux 
(»1  mA/cm2)  of  ions  for  bombardment  of  the  de- 

55  posited  film  simultaneous  with  the  titanium  deposi- 
tion  process.  In  so  doing,  thin  films  can  be  depos- 
ited  at  low  temperature  onto  three-dimensional,  ir- 
regularly  shaped  objects  without  substrate  manipu- 

5 
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lation.  In  the  PMD  process  of  the  invention,  the 
magnetron  sputter  targets  and  plasma  are  isolated 
(independent  and  decoupled)  from  one  another  to 
allow  independent  control  or  influence  in  the  growth 
of  the  thin  film. 

The  plasma  in  the  PMD  process  of  the  inven- 
tion  is  partially  ionized  (>10%  ion-to-neutral  frac- 
tion)  and  random  in  direction.  Once  the  plasma  is 
generated,  it  fills  the  process  chamber  by  diffusion, 
resulting  in  a  random  ion  flux  that  allows  three- 
dimensional,  irregularly  shaped  objects  to  be  envel- 
oped,  and  the  plasma  can  conform  to  all  of  the 
surface  features  of  the  object.  The  plasma  is  con- 
fined  in  the  process  chamber  using  permanent 
magnets  arranged  in  rings  along  the  wall  of  the 
chamber.  By  maintaining  a  high  periodicity  of  the 
number  of  magnet  rings,  the  magnetic  field  is  con- 
fined  to  close  proximity  of  the  walls  of  the  cham- 
ber.  The  volume  of  the  chamber  is  therefore  devoid 
of  magnetic  fields  to  prevent  non-uniform  process- 
ing  of  substrates. 

The  following  advantages  are  obtained  by  the 
method  and  apparatus  of  the  invention: 

1.  Lower  substrate  temperature  due  to  the  high 
kinetic  energy  (few  eV)  of  the  deposited  metal. 
That  is,  hard  metal  compound  films  may  be 
deposited  at  temperatures  less  than  about 
450  •  C. 
2.  Large-scale  processing  capability  without 
sample  manipulation. 
3.  High  deposition  rate  of  the  film.  That  is, 
deposition  rates  on  the  order  of  at  least  8  u.m/hr 
are  readily  achieved;  this  is  to  be  compared  to 
the  prior  art  arc-evaporation,  RE,  and  sputter- 
CVD  processes,  which  give  2  to  3  u.m/hr.  It  is 
possible  to  obtain  up  to  30  u.m/hr  by  the  method 
of  the  invention;  the  only  limiting  aspect  appears 
to  be  power  to  the  metal  target  source  and  the 
plasma. 

By  using  an  intense  plasma  that  is  used  si- 
multaneously  with,  and  generated  separately  from, 
the  sputter  sources,  the  following  additional  advan- 
tages  apply: 

4.  Improved  adhesion  due  to  the  sputter  clean- 
ing  of  the  substrate  surface  and  high  flux  ion 
bombardment  during  the  initial  deposition. 
5.  Improved  film  quality  due  to  the  high  flux  ion 
bombardment  during  the  deposition. 
6.  High  ion  flux  rate  that  is  uniform  over  large 
areas  due  to  the  intense  and  uniform  plasma. 
7.  Electron  heating  of  the  substrate  surface. 
The  PMD  process  of  the  invention  given  above 

is  directed  to  the  deposition  of  hard  wear  coatings. 
However,  it  may  be  employed  in  any  thin  film 
process  involving  the  deposition  of  thin  films  with 
simultaneous  high  flux  ion  bombardment  of  the  film 
to  influence  the  film  microstructure.  Examples  in- 
clude  optical  coatings  and  electrically  and  ther- 

mally  conductive  coatings. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

5  FIG.  1  is  a  schematic  drawing  of  the  apparatus 
of  the  invention; 
FIG.  2  is  a  schematic  drawing  of  another  em- 
bodiment  of  the  apparatus  of  the  invention; 
FIG.  3  is  a  schematic  drawing  of  yet  another 

io  embodiment  of  the  apparatus  of  the  invention; 
FIG.  4  is  a  comparative  plot  of  the  total  number 
of  locations  having  measurable  wear  of  greater 
than  or  equal  to  1  mil  (0.0025  cm)  for  cast  iron 
blocks  provided  with  a  titanium  nitride  coating 

is  using  the  surface  treatment  process  of  this  in- 
vention  and  a  special  surface  treatment  tech- 
nique  (removal  of  graphite)  described  in  related 
patent  application  Serial  No.  07/  , 
filed  concurrently  herewith  [PD-92178]  and  for 

20  cast  iron  blocks  devoid  of  such  coating  and 
process;  and 
FIG.  5,  on  coordinates  of  amount  of  coating 
removed  and  cumulative  cycles,  is  a  plot  of  the 
amount  of  wear  (removal  of  titanium  nitride  coat- 

25  ing)  as  a  function  of  the  number  of  abrasion 
cycles  for  cast  iron  blocks  treated  in  accordance 
with  the  invention  compared  with  cast  iron 
blocks  treated  by  the  prior  art  RE  process. 

30  DESCRIPTION  OF  THE  PREFERRED  EMBODI- 
MENTS 

The  plasma-enhanced  magnetron-sputtered  de- 
position  (PMD)  of  the  invention  is  a  thin  film  depo- 

35  sition  process  that  eliminates  the  restrictions  of 
reactive  evaporation,  arc  evaporation,  the  unbal- 
anced  magnetron,  and  the  hollow  cathode  mag- 
netron  deposition  processes.  PMD  allows  large- 
scale  deposition  of  thin  films  onto  three-dimen- 

40  sional,  irregularly  shaped  objects  at  low  tempera- 
ture.  It  also  does  not  require  sample  manipulation. 

FIG.  1  shows  a  schematic  diagram  of  the  PMD 
apparatus  10  of  the  invention,  comprising  a  cham- 
ber  12  defined  by  walls  14,  showing  the  various 

45  species  generated  in  a  plasma  16  and  resulting 
from  sputtering  of  metal  source  targets  18.  As 
shown  in  FIG.  1,  use  is  made  of  multiple  planar 
magnetron  sputter  target  sources  18  to  produce 
energetic  (several  eV)  metal,  here,  titanium,  atoms. 

50  The  sputter-targets  18  can  be  oriented  indepen- 
dently,  depending  on  the  size  and  shape  of  the 
substrate  20  being  coated.  For  depositing  on  small 
substrates  20,  one  target  18  may  be  used;  how- 
ever,  preferably,  multiple  targets  are  employed  to 

55  obtain  uniform  coating  on  large  substrates.  Use  is 
also  made  of  a  plasma  16,  rather  than  an  ion-beam 
source,  to  allow  large-scale,  conformal  treatment  of 
three-dimensional,  irregularly  shaped  objects  20. 

6 
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The  following  description  is  presented  in  terms 
of  depositing  thin  films  of  titanium  nitride  onto 
surfaces  20a  of  substrates  20.  However,  the  inven- 
tion  is  not  to  be  construed  as  so  limited,  and  may 
be  used  to  deposit  other  nitrides,  carbides,  and 
carbo-nitrides;  examples  of  other  films  deposited  in 
accordance  with  the  teachings  of  the  invention  in- 
clude  titanium  carbo-nitride,  titanium-aluminum 
nitride,  silicon  nitride,  chromium  nitride,  hafnium 
nitride,  silicon  carbide,  titanium  carbide,  and  tung- 
sten  carbide. 

To  accomplish  the  deposition  of  films  of 
titanium  nitride,  the  magnetron  sputter  targets  18 
are  immersed  in  a  plasma  16  consisting  of  Ar+  and 
N2+  ions,  and  electrons.  Operation  of  the  sputter 
targets  18  is  independent  of  this  plasma  16,  allow- 
ing  independent  control  of  the  titanium-atom  pro- 
duction  and  deposition  onto  the  substrate  20,  ar- 
gon-ion  production  and  bombardment  of  the  sub- 
strate,  and  electron  bombardment  of  the  substrate. 
The  sputter  targets  18  are  energized  by  bias 
means  22,  which  are  controlled  by  means  (not 
shown).  Also,  the  sputter  targets  18  are  movable, 
by  means  (not  shown),  in  order  to  permit  orienta- 
tion  of  the  targets  with  respect  to  the  substrate  20, 
as  described  more  fully  below. 

During  sputtering,  the  titanium  targets  18  are 
biased  at  a  power  level  ranging  from  about  400  V 
and  2.5  A  to  1.5  KV  and  0.5  A,  typically  at  a 
voltage  of  about  600  V  and  1.5  A  for  a  2  inch 
diameter  titanium  target.  Other  metals  may  require 
more  power,  but  determination  of  the  appropriate 
power  level  may  be  found  in  the  technical  litera- 
ture. 

The  substrate  20  is  mounted  on  a  substrate 
support  24,  which  is  isolated  from  the  walls  14  by 
insulating  feed-through  26,  which  provides  elec- 
trical  insulation  of  the  substrate  from  the  walls.  The 
substrate  20  can  be  biased  with  respect  to  the 
plasma  by  bias  means  28  to  any  polarity  and  to 
any  voltage,  independent  of  these  three  processes. 
In  the  PMD  process  of  the  invention,  the  sputtered- 
atom  production  process  can  be  controlled  and 
optimized  to  provide  high  Ti  flux  rates  independent 
of  the  plasma-ion  bombardment  of  the  substrate  20 
that  is  used  to  influence  the  film  microstructure. 

As  indicated  above,  the  position  of  the  sputter 
targets  18  can  be  adjusted;  this  is  to  provide  uni- 
form  deposition  of  titanium  over  the  substrate  sur- 
face  20a.  This  is  in  contrast  to  the  prior  art  sputter- 
CVD  process,  where  the  sputter  target  is  fixed  in 
position  and  the  substrate  is  manipulated.  For  de- 
position  onto  large-scale  (3-ft  x  3-ft  x  0.5-ft),  heavy 
objects  (3,000  lbs)  such  as  foundry  tools  and  pat- 
terns,  it  is  far  easier  to  manipulate  the  sputter 
targets  18  than  the  substrate  20. 

By  immersing  the  sputter  targets  18  in  the 
plasma  16,  the  sputtered  titanium  may  be  ionized 

by  the  plasma  before  reaching  the  substrate  sur- 
face  20a.  This  can  be  used  to  aid  in  influencing  the 
relative  fraction  of  sputtered  titanium  atoms  and 
ionized  titanium  ions  that  deposit  on  the  substrate 

5  surface  20a.  In  addition,  this  influences  the  energy 
of  deposition  of  titanium  onto  the  substrate  20,  and 
aids  in  the  uniformity  of  the  deposited  titanium  as 
well.  Immersion  of  the  sputter  targets  18  in  the 
plasma  16  eliminates  the  restrictions  of  the  prior  art 

io  hollow-cathode  magnetron  technique.  Namely,  a 
higher  ion  flux  (»1  mA/cm2)  for  bombarding  the 
substrate  is  possible  from  the  space-charge-neu- 
tralized  plasma  compared  to  the  un-neutralized 
pure  ion-beam  used  in  conjunction  with  the  hollow 

is  cathode  magnetron.  In  addition,  the  line-of-sight 
restriction  of  the  ion  beam  is  eliminated,  since  the 
plasma  16  can  uniformly  envelop  a  three-dimen- 
sional  irregularly  shaped  object  20.  Simultaneous 
with  these  advantages,  the  presence  of  the  plasma 

20  16  also  accomplishes  a  function  of  the  hollow  cath- 
ode  magnetron  technique;  i.e.,  lowering  the  pres- 
sure  at  which  the  magnetron  targets  18  operate. 
Finally,  the  plasma  16  helps  improve  the  efficiency 
of  the  sputter  targets  18  by  providing  additional 

25  electrons  for  ionizing  argon  for  sputtering,  and  the 
plasma  also  provides  additional  argon  ions  for  sput- 
tering  the  targets.  Additionally,  in  the  hollow  cath- 
ode  magnetron,  there  are  restrictions  in  the  location 
of  the  hollow  cathode  with  respect  to  the  magnetic 

30  field  lines  emanating  from  the  magnetron  to  ensure 
that  electrons  are  injected  properly  into  the  mag- 
netron  plasma.  This  requirement  is  eliminated  in 
the  PMD  technique  of  the  invention,  since  neutral- 
ized  plasma,  not  just  electrons,  can  diffuse  across 

35  the  magnetic  field  lines  of  the  magnetron  to  allow 
greater  efficiency  improvement. 

The  PMD  process  is  flexible  and  advantageous 
in  the  manner  in  which  a  thin  film  can  be  deposited 
compared  to  all  other  techniques.  In  the  PMD  pro- 

40  cess,  the  plasma  16  in  which  the  sputter  targets  18 
are  immersed  is  ON  at  all  times;  during  substrate 
heating,  thin  film  deposition,  and  possibly  during 
phases  of  substrate  cooling.  Biasing  of  the  sub- 
strate  20  can  be  accomplished  using  either  DC,  for 

45  continuous  and  uniform  film  deposition,  or  using 
pulses  for  tailored  thin  film  deposition.  The  use  of 
pulses  is  also  advantageous  for  thin  film  deposition 
onto  non-conducting  substrates. 

The  plasma-enhanced  magnetron-sputtered  de- 
50  position  apparatus  10  of  the  invention  is  a  closed 

system,  comprising  the  chamber  12  defined  by 
walls  14  which  surround  the  plasma  16,  the  sputter 
targets  18,  and  the  substrate  20.  Inlet  means  30 
are  provided  for  introducing  an  inert  gas,  which 

55  forms  a  component  of  the  plasma  16.  Inlet  means 
32  are  also  provided  for  introducing  a  gas  that  is 
used  in  the  production  of  the  deposited  film.  Outlet 
means  34  are  used  to  evacuate  the  chamber  12. 

7 
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The  inert  gas  employed  in  the  plasma  16  may 
comprise  any  of  the  inert  gases,  such  as  argon, 
neon,  and  xenon.  Preferably,  argon  is  employed  in 
the  practice  of  the  invention. 

The  reactive  gas  employed  in  the  plasma  16 
depends  on  the  metal  alloy  film  to  be  deposited. 
For  metal  nitrides,  nitrogen  is  advantageously  em- 
ployed  as  the  reactive  gas.  However,  other  nitro- 
gen-containing  gases  may  also  be  used,  such  as 
N20  and  ammonia.  For  metal  carbides,  a  carbon- 
containing  gas,  such  as  methane,  ethane,  benzene, 
or  carbon  dioxide,  is  employed.  For  metal  carbo- 
nitrides,  a  mixture  of  a  nitrogen-containing  gas  and 
a  carbon-containing  gas  is  employed. 

The  vapor  pressure  of  the  inert  gas,  e.g.,  ar- 
gon,  ranges  from  about  5x1  0_+  to  5x1  0-3  Torr,  and 
typically  is  about  2x1  0-3  Torr.  The  vapor  pressure 
of  the  reactive  gas,  e.g.,  nitrogen,  ranges  from 
about  2x1  0_+  to  2x1  0-3  Torr,  and  typically  is  about 
8x1  0-+  Torr. 

It  is  important  that  the  plasma  16  that  is  cre- 
ated  be  random  in  ion  motion,  not  directed,  so  that 
three-dimensional  objects  20  can  be  uniformly  pro- 
cessed  and  coated.  This  is  accomplished  by  using 
a  surface-magnetic  field  configuration,  provided  by 
magnets  36,  to  limit  the  magnetic  field  used  to 
confine  the  plasma  16  within  the  process  chamber 
12.  By  so  doing,  the  volume  of  the  plasma  is  free 
of  magnetic  fields,  allowing  random  ion  motion  and 
allowing  the  plasma  16  to  fill  the  chamber  12  by 
diffusion  instead  of  directed  motion.  The  magnetic 
field  configuration  is  accomplished  using  perma- 
nent  magnets  36  along  the  walls  14  of  the  chamber 
12.  Consequently,  volume  magnetic  fields  do  not 
exist  such  as  those  that  extend  to  the  substrate  20 
as  in  the  prior  art  unbalanced  magnetron  process. 
Therefore,  unlike  the  unbalanced  magnetron  tech- 
nology,  the  PMD  process  of  the  invention  can  treat 
magnetic  materials  such  as  cast  iron.  Without  vol- 
ume  magnetic  fields,  PMD  does  not  have  the  plas- 
ma  non-uniformity  problems  when  treating  mag- 
netic  materials. 

The  magnets  are  in  the  form  of  magnet  rings 
36,  which  are  placed  around  the  perimeter  of  the 
walls  14  of  the  vacuum  chamber  12  to  aid  in 
confining  the  plasma  16  and  in  improving  the  effi- 
ciency  of  operation  of  the  plasma  at  low  pressure. 

A  filament  40  provides  electrons  for  creating 
the  plasma  16.  A  discharge  power  supply  42  is 
used  to  initiate  and  sustain  the  plasma  16  and  a 
filament  power  supply  43  is  used  to  heat  or  en- 
ergize  the  filament  40.  The  plasma  16  can  be 
created  either  by  a  filament  40  inside  the  deposi- 
tion  chamber  12,  or  it  can  be  created  by  operating 
a  remote  plasma  source,  or  sources,  with  ionization 
means  other  than  a  filament  as  shown  in  FIG.  2. 
The  use  of  remote  plasma  sources  is  described  in 
patent  applications  Serial  No.  07/758,405,  filed  Au- 

gust  30,  1991,  and  Serial  No.  07/749,013,  filed 
August  23,  1991,  and  assigned  to  the  same  as- 
signee  as  the  present  application. 

The  filament  40  is  operated  at  a  voltage  rang- 
5  ing  from  about  10  to  40  V  and  at  a  current  ranging 

from  about  15  to  50  A,  typically  at  a  voltage  of 
about  20  V  and  a  current  of  about  30  A.  This 
results  in  discharge  conditions  of  the  plasma  16  at 
a  voltage  of  about  50  to  200  V  and  a  current  of 

io  about  5  to  40  A,  typically  at  a  voltage  of  about  100 
V  and  a  current  of  about  30  A. 

The  orientation  and  position  of  the  sputter  tar- 
gets  18  may  be  allowed  to  be  controlled  in  the 
apparatus  10.  As  an  example,  as  shown  in  FIG.  1, 

is  the  sputter  targets  18  can  be  oriented  to  view  the 
substrate  20  and  deposit  directly  onto  it.  In  this 
orientation,  sputtered  titanium  atoms,  and  ionized 
titanium  atoms  that  get  created  by  way  of  the  main 
plasma  16,  are  incident  onto  the  substrate  20.  In 

20  this  configuration,  the  substrate  20  has  a  mixture  of 
titanium  (or  metal)  atoms  and  ions  deposited  onto 
it.  It  is  important  to  have  control  over  this  type  of 
mixture.  By  independently  varying  the  density  of 
the  plasma  16,  more  and  more  ions  can  be  created 

25  so  that  the  relative  fraction  of  titanium  ions  and 
atoms  deposited  onto  the  substrate  20  can  be 
controlled.  This  is  important  in  controlling  film 
thickness  and  microstructure  when  depositing  onto 
sharp  edges,  corners,  and  flat  surfaces. 

30  In  FIG.  3,  the  sputter  targets  18  are  oriented  so 
that  they  cannot  view  the  substrate  20.  The  targets 
18  point  upward  so  that  no  titanium  atoms  can  be 
deposited  directly  onto  the  substrate  20.  In  this 
mode  of  operation,  the  sputtered  titanium  atoms 

35  are  ionized  in  the  plasma  16  before  reaching  the 
vacuum  chamber  walls  14.  Once  the  titanium  is 
ionized,  it  can  then  be  influenced  by  the  electric 
fields  of  the  plasma  16  and  drift  back  randomly 
toward  the  substrate  20.  In  this  manner,  then,  the 

40  substrate  20  is  provided  with  a  pure  titanium  ion 
flux  with  essentially  no  neutral  atoms,  and  the 
sputter  targets  18  thus  provide  the  titanium  atoms 
for  ionization  only.  This  capability  to  provide  pure 
titanium  ions  is  important  in  instances  where  more 

45  control  of  titanium  energy  is  desired,  since  a  bias 
placed  onto  the  substrate  20  with  respect  to  the 
plasma  16  will  influence  the  deposition  energy  of 
the  titanium  ions. 

The  substrate  20,  metal  targets  18,  and  plasma 
50  16  are  all  electrically  decoupled  from  each  other 

and  from  the  walls  14  of  the  deposition  chamber, 
so  as  to  provide  independent  electrical  control  of 
each  component.  The  substrate  20  is  isolated  from 
the  plasma  16  and  from  the  chamber  walls  14  by 

55  using  an  insulated  feedthrough  26  for  supporting 
the  substrate.  The  plasma  16  is  isolated  from  the 
vacuum  chamber  wall  14  by  using  an  anode  liner 
44  as  shown  in  FIG.  1.  This  allows  the  plasma  16 
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as  a  whole  to  be  biased  positive  or  negative  with 
respect  to  the  other  elements  of  the  system. 

PMD  deposition  typically  involves  the  following 
steps.  First,  the  substrate  20  is  heated  and  cleaned 
prior  to  deposition.  In  PMD,  heating  can  be  accom- 
plished  by  biasing  the  substrate  20  positive  or 
negative,  with  bias  means  24,  to  bombard  the 
substrate  surface  20a  with  either  positive  ions  or 
electrons  from  the  plasma.  During  this  time,  the 
sputter  targets  18  are  turned  OFF.  The  ability  to 
choose  between  ion  or  electron  bombardment  is 
advantageous  for  heating  materials  which  are  sput- 
ter-sensitive  such  as  cast  iron.  Ions  cannot  be  used 
for  heating  sputter-sensitive  materials;  however, 
electrons  can.  If  the  substrate  20  is  not  sputter- 
sensitive,  then  high  energy  ion  bombardment  can 
be  used  to  sputter  clean  the  surface  20a  as  well  as 
perform  surface  heating. 

The  substrate  20  may  be  biased  during  elec- 
tron  bombardment  to  a  voltage  ranging  from  about 
20  to  100  V  and  a  current  ranging  from  about  5  to 
60  A,  typically  to  a  voltage  of  about  40  V  and  a 
current  of  about  20  A.  For  ion  bombardment,  the 
substrate  20  may  be  biased  to  a  voltage  ranging 
from  about  40  to  1,000  V  and  a  current  ranging 
from  about  1  A  to  10  mA,  typically  to  a  voltage  of 
about  100  V  and  a  current  of  about  1  A. 

The  substrate  20  is  heated  to  a  temperature 
ranging  from  about  300  °  to  500  °  C,  typically  about 
430  •  C. 

The  time  of  heating,  using  electron  bombard- 
ment,  ranges  from  about  10  to  30  minutes,  and 
typically  is  about  20  minutes.  For  ion  bombard- 
ment,  the  time  of  heating  ranges  from  about  30  to 
60  minutes,  and  typically  is  about  40  minutes. 
These  will  vary  depending  on  the  substrate  size 
using  a  bombardment  power  density  of  1  to  4 
W/cm2. 

Cleaning  of  the  substrate  20  may  be  done  by 
physical  sputtering,  as  described  above,  or  by 
chemical  reaction,  such  as  by  use  of  a  separate, 
hydrogen-ion  bombardment  with  minimal  sputter- 
ing.  For  example,  this  can  serve  to  remove  car- 
bonaceous  material,  e.g.,  graphite,  from  high  car- 
bon-containing  iron,  and  to  remove  surface  oxides. 
The  hydrogen-ion  bombardment  process  is  de- 
scribed  in  co-pending  application  Serial  No. 
07/  ,  filed  concurrently  herewith  [PD- 
92178]. 

Once  the  heating  and/or  cleaning  is  completed, 
titanium  deposition  is  initiated.  The  magnetron 
sputter  targets  18  are  turned  ON,  employing  means 
22,  and  the  substrate  20  is  biased  negatively  to 
control  the  Ar+-ion  bombardment  energy.  This  is 
done  independent  of  the  operation  of  the  mag- 
netron  sputter  targets  18  but  simultaneous  with 
their  operation.  In  this  manner,  the  PMD  process 
decouples  the  magnetron  plasma  production  from 

the  substrate  ion-bombardment,  which  is  a  limita- 
tion  of  the  prior  art  unbalanced  magnetron  tech- 
nique. 

In  the  PMD  system  of  the  invention,  the  major- 
5  ity  of  the  titanium  flux  is  in  the  form  of  sputtered 

titanium  atoms  (about  90%)  and  the  ionized 
titanium  atom  flux  is  about  10%.  However,  it  is 
possible  to  tailor  this  ratio  by  adjusting  the  plasma 
density  (the  number  density  of  electrons  and  ions 

io  in  the  plasma)  and  the  power  of  the  operation  of 
the  sputter  targets  18.  While  the  prior  art  RE  pro- 
cess  can  also  provide  adjustment  of  the  ratio  of 
atoms  to  ions,  it  should  be  noted  that  the  RE 
process  is  limited  to  producing  non-energetic  (0.1 

is  to  0.2  eV)  thermal  titanium  atoms,  and  cannot 
produce  energetic  (few  eV)  sputtered  atoms. 

The  PMD  deposition  rate  is  at  least  about  1 
M.m/hr,  with  rates  of  about  8  u.m/hr  routinely  achiev- 
able.  Deposition  rates  on  the  order  of  about  30 

20  u.m/hr  can  be  achieved  by  increasing  the  size  of 
the  sputter  target  18.  At  these  rates,  the  time  of 
deposition  depends  on  the  film  thickness  desired. 
In  general,  deposition  times  range  from  about  0.5 
to  5  hrs,  and  typically  about  1  hr. 

25  The  PMD  process  of  the  invention  has  been 
used  to  deposit  hard,  wear-resistant  coatings  of  TiN 
onto  three-dimensional,  irregularly  shaped  objects 
called  blocks,  that  are  used  in  foundry  applications. 
The  blocks  variously  comprised  cast  iron,  stainless 

30  steel  304,  and  D-2  steel.  To  date,  foundry  wear 
tests  have  demonstrated  that  PMD-deposited  TiN 
is  superior  to  both  the  reactive  evaporation  and 
arc-evaporation  processes  of  the  prior  art  in  with- 
standing  sand-abrasion  wear. 

35 
EXAMPLES 

Example  1  . 

40  The  process  of  the  invention  was  successful  in 
reducing  the  wear  of  untreated  cast  iron  blocks 
subjected  to  sand-abrasion  wear  in  the  manufactur- 
ing  environment  of  a  foundry  plant.  A  total  of  five 
cast  iron  blocks  were  treated  with  various  pro- 

45  cesses  for  comparison  with  five  untreated  blocks. 
One  of  the  blocks  was  treated  in  accordance  with 
the  process  of  the  invention  and  used  in  compari- 
son  with  four  untreated  blocks.  In  the  treatment  in 
accordance  with  the  invention,  the  following  steps 

50  were  done: 
(a)  the  surface  of  the  cast  iron  substrate  was 
cleaned  with  hydrogen  ions  in  a  hydrogen  plas- 
ma  at  a  density  on  the  order  of  1010  hydrogen 
ions/cm3  for  1  hour;  the  energy  of  the  hydrogen 

55  ions  was  100  volts  (the  hydrogen  removed  the 
surface  graphite  in  accordance  with  the  process 
disclosed  in  co-pending  application  Serial  No. 
07/  [PD-92178]); 

9 
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(b)  the  substrate  was  then  heated  to  a  tempera- 
ture  of  about  400  °C  with  electrons  generated 
from  an  argon-ion  plasma  by  biasing  the  sub- 
strate  positive  with  respect  to  the  plasma;  the 
energy  of  the  argon  plasma  was  40  volts;  and 
(c)  a  titanium  nitride  film  was  deposited  in  the 
presence  of  an  argon-ion  plasma  over  the 
course  of  1  hour;  the  energy  of  the  argon  ions 
was  100  volts. 

To  conduct  the  sand-abrasion  wear  experiment, 
the  blocks  were  mounted  onto  a  crankshaft  pattern. 
A  similar  crankshaft  pattern  was  used  to  mount  four 
untreated  cast  iron  blocks  for  wear  comparison. 

A  total  of  4,000  cycles  of  sand  compaction  was 
accumulated  by  the  foundry  plant  to  provide  a 
preliminary  evaluation  of  the  wear  resistance  of  the 
titanium  nitride-treated  cast  iron  blocks.  At  the 
completion  of  the  4,000  cycles,  the  amount  of  wear 
of  each  block  (treated  and  untreated)  was  deter- 
mined  on  the  basis  of  dimensional  measurements 
at  various  locations  of  the  surface  of  each  block. 
The  coordinate  measuring  machine  (CMM)  used  to 
measure  the  amount  of  wear  at  each  point  had  an 
accuracy  of  ±1  mil  (±0.0025  cm).  Therefore,  wear 
measurements  of  each  block  could  only  be  made  if 
more  than  1  mil  of  wear  was  experienced. 

FIG.  4  compares  the  total  number  of  locations 
having  measurable  wear,  that  is,  wear  greater  than 
or  equal  to  1  mil.  For  each  untreated  block,  there 
were  between  10  and  30  locations  having  this 
measurable  wear.  For  the  cast  iron  block  treated  in 
accordance  with  the  invention,  there  was  no  mea- 
surable  wear. 

Example  2. 

Comparison  was  next  made  between  a  cast 
iron  block  coated  with  titanium  nitride  in  accor- 
dance  with  the  invention  and  a  cast  iron  block 
coated  with  titanium  nitride  coated  by  the  process 
disclosed  in  U.S.  Patent  4,197,175,  supra,  also 
called  the  RE  process.  For  the  block  coated  by  the 
RE  process,  measurable  wear  was  recorded  for  2 
locations  at  the  completion  of  the  wear  test.  This  is 
in  contrast  to  the  process  of  the  invention,  which 
resulted  in  no  measurable  wear  for  any  location. 

In  addition  to  wear  determined  by  dimensional 
change,  color  change  is  an  additional  indicator. 
When  the  gray-colored  base  metal  shows  through, 
this  is  an  indication  that  the  gold-colored  titanium 
nitride  coating  has  been  worn  through.  This  type  of 
visual  monitor  of  the  wear  process  was  verified 
during  the  wear  test. 

FIG.  5  shows  a  comparison  of  the  wear  of  cast 
iron  blocks  treated  in  accordance  with  the  invention 
(Curve  46)  and  the  RE  process  (Curve  48),  based 
on  visual  observation  of  the  coating  color  during 
the  wear  test.  The  top  of  the  graph  represents  a 

virgin  coating,  prior  to  beginning  the  wear  test.  The 
bottom  of  the  graph  represents  total  removal  of  the 
coating. 

The  data  shown  in  FIG.  5  indicates  that  the 
5  block  treated  in  accordance  with  the  invention  was 

about  two  times  better  in  wear  resistance  than  the 
RE  process. 

Example  3. 
10 

A  coating  of  6  urn  TiN  was  deposited  onto  304 
stainless  steel  blocks  by  the  process  of  the  inven- 
tion  and  by  the  arc-evaporation  process.  In  the 
latter  case,  100%  wear  through  the  coating  was 

is  observed  after  6,490  cycles.  In  the  former  case, 
100%  wear  through  the  coating  was  observed  after 
1  1  ,229  cycles,  indicating  that  the  coating  deposited 
by  the  process  of  the  invention  lasted  nearly  twice 
as  long. 

20 
Example  4. 

A  coating  of  6  urn  TiN  was  deposited  onto  D2 
steel  blocks.  After  15,000  cycles  of  wear  evalu- 

25  ation,  no  significant  wear  was  observed. 
Thus,  there  has  been  disclosed  a  method  and 

apparatus  for  depositing  metal  alloys  onto  the  sur- 
face  of  substrates,  particularly  three-dimensional, 
irregularly-shaped  substrates.  Several  changes  and 

30  modifications  of  an  obvious  nature  may  be  made, 
which  will  be  readily  apparent  to  those  skilled  in 
this  art,  and  all  such  changes  and  modifications  are 
considered  to  fall  within  the  scope  of  the  invention, 
as  defined  by  the  appended  claims. 

35 
Claims 

1.  Apparatus  (10)  for  depositing  a  metal  com- 
pound  selected  from  the  group  consisting  of 

40  nitrides  and  carbides  onto  a  substrate  (20) 
comprising: 

(a)  a  chamber  (12)  defined  by  walls  (14) 
and  provided  with  means  (34)  for  evacuation 
thereof,  means  (30,  32)  for  introducing  gas- 

45  es  thereinto,  and  magnetic  means  (36)  for 
generating  a  surface  magnetic  field  at  said 
walls  (14)  of  said  chamber  (12); 
(b)  means  (24,  26)  within  said  chamber  (12) 
for  supporting  a  substrate  (20)  on  which 

50  said  metal  alloy  is  to  be  deposited,  said 
means  (24,  26)  electrically  isolated  from 
said  walls  (14)  of  said  chamber  (12); 
(c)  at  least  one  planar  magnetron  sputter 
target  source  (18)  comprising  the  metal 

55  component  of  said  metal  compound  and 
operatively  associated  with  said  substrate 
(20),  said  at  least  one  source  (18)  elec- 
trically  isolated  from  said  walls  (14)  of  said 

10 
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chamber  (12),  said  at  least  one  source  (18) 
capable  of  being  oriented  with  respect  to 
said  substrate  (20); 
(d)  activation  means  (22)  for  turning  said 
target  sources  (18)  on  and  off,  said  activa-  5 
tion  means  (22)  being  electrically  isolated 
from  said  walls  (14)  of  said  chamber  (12); 
(e)  means  (40,  42,  43)  for  creating  a  plasma 
(16)  from  said  at  least  two  gases,  one  of 
said  gases  comprising  an  inert  gas  and  at  10 
least  one  other  gas  including  at  least  one 
element  selected  from  the  group  consisting 
of  nitrogen  and  carbon,  said  plasma  (16) 
containing  positive  ions  and  electrons  from 
said  gases,  said  plasma  (16)  filling  said  is 
chamber  (12)  by  diffusion  and  being  ran- 
dom  in  direction  to  allow  treatment  of  three- 
dimensional,  irregularly  shaped  substrates 
(20),  said  means  (40,  42,  43)  for  creating 
said  plasma  positioned  with  respect  to  said  20 
at  least  one  planar  magnetron  sputter  target 
source  (18)  so  as  to  immerse  said  sources 
(18)  in  said  plasma  (16),  said  means  (40, 
42,  43)  for  creating  said  plasma  (16)  being 
electrically  isolated  from  said  walls  (14)  of  25 
said  chamber  (12),  said  surface  magnetic 
field  minimizing  loss  of  said  plasma  (16) 
within  said  chamber  (12);  and 
(f)  means  (28)  for  biasing  said  substrate 
(20)  either  positive  or  negative  with  respect  30 
to  said  plasma  (16),  said  biasing  means  (28) 
being  electrically  isolated  from  said  walls 
(14)  of  said  chamber  (12). 

2.  The  apparatus  (10)  of  Claim  1  wherein  said  35 
means  (28)  for  biasing  said  substrate  (20)  is 
independently  either  DC  continuous  or  pulsed. 

3.  The  apparatus  (10)  of  Claim  1  or  Claim  2 
further  including  means  (22)  for  biasing  said  40 
target  source  (18)  either  positive  or  negative 
with  respect  to  said  substrate  (20),  said  means 
(22)  for  biasing  said  target  (18)  being  indepen- 
dently  either  DC  continuous  or  pulsed. 

45 
4.  The  apparatus  (10)  of  any  of  Claims  1  through 

3  further  including  means  (42)  for  biasing  said 
plasma  (16)  either  positive  or  negative  with 
respect  to  said  substrate  (20),  said  means  (42) 
for  biasing  said  plasma  (16)  being  indepen-  so 
dently  either  DC  continuous  or  pulsed. 

5.  The  apparatus  (10)  of  any  of  Claims  1  through 
4  including  means  (44)  for  electrically  isolating 
said  plasma  (16)  from  said  walls  (14)  of  said  55 
chamber  (12). 

6.  The  apparatus  (10)  of  any  of  Claims  1  through 
5  wherein  said  inert  gas  consists  essentially  of 
a  gas  selected  from  the  group  consisting  of 
argon,  neon,  and  xenon. 

7.  The  apparatus  (10)  of  any  of  Claims  1  through 
6  wherein  said  plasma  (16)  is  confined  within 
said  chamber  (12)  by  permanent  magnet  rings 
(36)  arranged  in  periodicity  along  said  walls 
(14)  of  said  chamber  (12). 

8.  A  process  for  depositing  in  the  apparatus  (10) 
of  any  of  Claims  1  through  7  a  hard  coating  of 
said  metal  compound  onto  a  surface  (20a)  of 
said  substrate  material  (20),  comprising  the 
steps  of  : 

(a)  heating  said  substrate  (20)  to  a  chosen 
temperature; 
(b)  depositing  said  coating  of  said  metal 
compound  onto  said  surface  (20a)  of  said 
substrate  (20)  by  sputtering  a  metal  from 
said  magnetron  sputtering  source  (18)  in  the 
presence  of  said  plasma  (16);  and 
(c)  simultaneous  with  said  deposition,  bom- 
barding  said  substrate  (20)  with  inert  gas 
ions  from  said  plasma  (16)  to  maintain  said 
temperature  of  said  substrate  (20)  and  to 
control  the  microstructure  of  said  coating. 

9.  The  process  of  Claim  8  wherein  said  metal 
compound  is  selected  from  the  group  consist- 
ing  of  metal  nitrides,  metal  carbides,  and  metal 
carbo-nitrides. 

10.  The  process  of  Claim  9  wherein  said  metal 
nitride  is  selected  from  the  group  consisting  of 
titanium  nitride,  titanium-aluminum  nitride, 
chromium  nitride,  and  hafnium  nitride  and  said 
at  least  one  reactive  gas  is  selected  from  the 
group  consisting  of  nitrogen,  N20,  and  ammo- 
nia,  wherein  said  metal  carbide  is  selected 
from  the  group  consisting  of  titanium  carbide, 
silicon  carbide,  and  tungsten  carbide  and  said 
at  least  one  reactive  gas  is  selected  from  the 
group  consisting  of  methane,  ethane,  benzene, 
and  carbon  dioxide,  and  wherein  said  metal 
carbo-nitride  consists  essentially  of  titanium 
carbo-nitride. 
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