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This  invention  relates  to  the  field  of  thin  film  de- 
position,  and  is  particularly  related  to  physical  vapor 
deposition  of  solid  materials  in  connection  with  the 
fabrication  of  semiconductor  integrated  circuits. 

Deposition  of  a  metallization  layer,  typically  of 
aluminum,  is  a  common  processing  step  in  the  fabri- 
cation  of  very  large  scale  integrated  (VLSI)  circuits  on 
semiconductor  substrates  or  wafers.  Usually,  a  large 
number  of  discreet  devices,  sometimes  referred  to  as 
integrated  circuit  "chips",  are  formed  on  a  single  wa- 
fer.  Metal  layers  are  typically  used  as  device  intercon- 
nects  which  are  deposited  only  after  a  complex  de- 
vice  structure  has  already  been  formed  on  the  wafer. 
Frequently,  it  is  also  desired  to  fill  small  holes,  known 
as  vias,  with  metallization  to  provide  electrical  con- 
nection  between  device  layers;  and/or  to  fill  narrow 
grooves  in  such  devices. 

Presently,  the  most  common  method  of  deposit- 
ing  thin  films  of  aluminum  or  other  metallization  layers 
is  by  the  well  known  process  of  sputtering,  a  form  of 
physical  vapor  deposition.  In  a  sputtering  system,  a 
plasma  of  an  inert  gas  at  relatively  low  pressure,  typ- 
ically  argon,  is  created  in  the  vicinity  of  a  target  cath- 
ode  made  of  the  material  to  be  deposited.  Ions  from 
the  plasma  strike  the  target  cathode  causing  atoms 
of  the  target  material  to  be  ejected.  These  atoms  trav- 
el  through  the  sputtering  chamber  and  are  deposited 
onto  the  semiconductor  substrate.  In  so-called  mag- 
netron  sputtering  systems  a  magnetic  field  is  created 
in  the  vicinity  of  the  target  to  confine  the  electrons  and 
intensify  the  plasma,  thereby  increasing  the  efficien- 
cy  of  the  sputter  source.  In  modern  commercial  sput- 
tering  systems  substantially  all  of  the  atoms  released 
from  target  remain  neutral  i.e.  approximately  98%  or 
greater  are  unionized  as  they  travel  through  the  sput- 
ter  chamber  to  the  substrate.  Also,  the  vast  majority 
of  the  2%  of  ionized  target  ions  which  may  be  formed 
would  usually  be  confined  by  the  fields  along  with  the 
electrons  and  would  not  reach  the  substrate. 

An  ongoing  trend  in  semiconductor  device  design 
is  towards  ever-smaller  device  geometries,  such  that 
the  vias  and  grooves  that  must  be  filled  with  metal  are 
now  frequently  less  than  a  micron  in  width.  This  has 
presented  a  problem  in  connection  with  sputtering.  It 
is  generally  understood  that  atoms  ejected  from  the 
surface  of  a  sputter  target  leave  at  a  variety  of  angles 
and  that,  at  the  vacuum  levels  typically  employed  in 
sputtering  systems,  the  mean-free-path  of  the  eject- 
ed  metal  atoms  is  small  in  comparison  to  the  distance 
between  the  target  and  the  substrate,  so  that  random- 
izing  collisions  occur.  Thus,  the  metal  target  atoms 
are  incident  on  the  substrate  over  a  wide  range  of  an- 
gles,  generally  conforming  to  a  cosine  distribution. 

On  the  other  hand,  when  filling  a  via  or  groove  of 
very  small  width,  it  is  important  that  it  be  filled  from 
the  bottom  up.  If  there  is  significant  deposition  on  the 
side  walls  of  the  via  or  groove  before  the  bottom  is  fil- 
led,  then  these  side  layers  will  block  atoms  from 

reaching  the  bottom  with  the  result  that  good  electri- 
cal  connection  will  not  be  made.  It  should  be  apparent 
that  significant  side  wall  deposition  will  occur  in  the 
case  where  sputtered  atoms  can  arrive  at  the  wafer 

5  at  angles  defined  by  a  cosine  distribution. 
Accordingly,  it  has  been  a  goal  of  manufacturers 

of  sputtering  systems  to  provide  means  for  imparting 
greater  directionality  to  the  ejected  target  atoms 
which  reach  the  wafer.  Ideally,  for  filling  vias  and 

10  grooves,  sputtered  atoms  should  arrive  at  an  angle 
which  is  normal  to  the  plane  of  the  wafer. 

A  variety  of  approaches  have  been  tried  to  impart 
greater  directionality  to  the  sputtered  atoms  reaching 
the  substrate.  One  approach  is  to  increase  the  dis- 

15  tance  between  the  sputter  source  and  the  substrate. 
Ignoring,  for  the  moment,  the  effects  of  gas  scatter- 
ing,  if  the  distance  is  relatively  large  in  comparison  to 
the  diameters  of  the  source  and  of  the  substrate,  only 
those  atoms  which  start  out  travelling  at  an  angle 

20  close  to  an  angle  normal  to  the  substrate  will  reach 
the  substrate.  This  follows  from  the  geometry  of  the 
arrangement.  It  should  be  apparent,  however,  that  us- 
ing  this  approach  any  improvement  in  directionality 
comes  at  a  cost  in  system  efficiency.  While  the  geom- 

25  etry  selects  only  those  atoms  with  the  proper  angle 
of  departure  from  the  target,  any  other  atoms  ejected 
from  the  target  are  wasted  with  the  consequence  of 
very  poor  target  utilization  and  a  slow  deposition  rate. 
Economically,  a  key  factor  in  modern  commercial 

30  semiconductor  fabrication  is  the  need  for  increased 
system  "throughput."  Thus,  an  approach  which  in- 
creases  deposition  time  is  economically  unaccept- 
able. 

Another  known  method  of  imparting  greater  di- 
35  rectionality  to  the  atoms  reaching  the  wafer  surface 

is  to  install  a  collimating  filter  between  the  source  and 
the  substrate.  Such  a  filter  might  comprise  a  network 
of  elongate  cell-like  structures,  each  cell  having  an 
axis  perpendicular  to  the  surface  of  the  substrate. 

40  Atoms  travelling  approximately  perpendicular  to  the 
substrate  surface  travel  though  the  cells  unimpeded. 
Atoms  travelling  at  an  acute  angle  are  intercepted  by 
a  wall  of  one  of  the  cells  and  captured.  This  approach, 
while  providing  good  directionality,  is  also  inefficient 

45  since  much  of  the  target  material  is  wasted  and  builds 
up  on  the  cell  walls.  The  build  up  of  material  can  lead 
to  the  undesired  increase  in  the  number  of  particu- 
lates  in  the  system,  making  it  necessary  to  replace  or 
clean  the  collimator  frequently.  Nonetheless,  this  ap- 

50  proach  is  an  improvement  over  the  approach  of  the 
preceding  paragraph  insofar  as  it  allows  for  a  more 
compact  system. 

As  noted  above,  even  if  directionality  is  attained 
using  either  of  the  above  methods,  gas  scattering  re- 

55  introduces  randomness  in  the  travel  angles  of  the  tar- 
get  atoms.  (This  is  less  of  a  factor  with  respect  to  the 
collimation  system  because  the  overall  path  length  is 
shorter  and  the  mouths  of  the  cells  may  be  placed 
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close  to  the  wafer  surface.)  It  is  difficult  to  reduce  gas 
pressure,  and  thereby  increase  the  mean-free-path 
of  the  ejected  atoms,  without  greatly  diminishing  the 
plasma  density  and  the  deposition  rate.  As  noted 
above,  slow  deposition  rates  are  unacceptable  to 
commercial  semiconductor  device  manufacturers  be- 
cause  of  the  consequent  decrease  in  system  through- 
put. 

Another  solution  which  would  provide  directional- 
ity  to  the  metal  to  be  deposited  would  be  some  form 
of  ion  plating  using  an  ion  beam  such  as  used  in  ion 
implantation.  Ion  trajectories  can  be  controlled  using 
known  magnetic  or  electrostatic  focussing  techni- 
ques  so  that  the  ions  may  be  directed  normal  to  the 
surface  of  the  wafer.  However,  the  deposition  rate 
would  continue  to  be  a  problem  if  one  were  to  use  typ- 
ical  ion  implantation  beams,  because  space  charge 
effects  in  these  machines  would  prevent  the  use  of  a 
beam  with  sufficient  flux  to  provide  an  acceptable  de- 
position  rate. 

Another  approach  to  improving  the  ability  of  a 
sputter  source  to  fill  grooves  and  vias  has  been  to  ap- 
ply  an  rf  bias  to  the  wafer  substrate,  thereby  causing 
a  negative  charge  to  build  up  in  a  known  manner.  This 
negative  charge  causes  gas  ions  in  the  sputter  cham- 
ber  to  bombard  the  wafer  imparting  a  degree  of  sur- 
face  mobility  to  the  deposited  aluminum  atoms  caus- 
ing  them  to  spread  out  along  the  surface.  While  this 
approach  has  been  useful,  it  is  limited  by  the  fact  the 
energy  of  the  ions  striking  the  substrate  must  be  be- 
low  a  level  which  will  cause  damage  to  the  partially 
fabricated  devices  present  on  the  substrate. 

The  present  invention  provides  improved  appara- 
tus  as  set  out  in  any  one  of  claims  1,  14  and  17. 

Examples  of  the  invention  will  now  be  described 
with  reference  to  the  accompanying  drawings  in 
which: 

FIG.  1A  is  a  schematic  of  a  null-field  magnetron. 
FIG.  1B  is  a  digitized  image  of  an  extracted  plas- 

ma  beam  showing  how  the  plasma  can  only  stream 
from  the  center  of  the  null-field  magnetron. 

FIG.  1C  is  a  cross-sectional  view  of  an  embodi- 
ment  using  a  high  intensity  magnetron  sputter  source 
as  a  plasma  forming  means. 

FIG.  2  is  a  plan  view  of  an  alternative  target  cath- 
ode. 

FIG.  3  is  a  cross-sectional  view  of  the  embodi- 
ment  of  FIG.  2,  taken  along  view  lines  3-3. 

FIG.  4  a  plan  view  of  a  target  cathode  in  accor- 
dance  with  another  embodiment  of  the  present  inven- 
tion. 

FIG.  5  is  a  cross-sectional  view  of  the  embodi- 
ment  of  FIG.  4,  taken  along  view  lines  5-5. 

FIG.  6  is  a  cross-sectional  view  of  yet  anotherem- 
bodimentof  the  present  invention  comprising  a  micro- 
wave  source  to  further  energize  the  plasma. 

FIG.  1  A  is  a  schematic  cross  section  of  the  inven- 
tive  null-field  magnetron  which  illustrates  the  princi- 

ples  and  advantages  of  our  invention.  By  providing  a 
magnetic  field  having  a  magnetic  null  region  1  at  the 
opening  of  container  2,  we  are  able  to  trap  and  retain 
ions  and  electrons  inside  the  container  2  except  for 

5  those  particles  which  have  entered  into  the  null  region 
at  the  lower  edge  6  of  the  region  3  with  axial  velocity 
and  very  little  radial  velocity.  Ions  and  electrons 
which  have  primarily  axially  velocity  are  able  to  leave 
the  container  along  the  axis  at  the  upper  edge  of  the 

10  region.  Other  particles  are  reflected  back  and  re- 
tained  in  the  container. 

In  addition,  the  arrangement  of  the  permanent 
magnet  4,  4'  as  shown  in  FIG.  1  A  provides  magnetic 
field  lines  inside  of  container  2  which  loops  around  so 

15  that  the  magnetic  field  lines  are  parallel  to  the  surfac- 
es  of  5  and  5'  and  cause  trapping  of  the  electrons  and 
ions  in  the  vicinity  of  the  container  walls  5  and  5'  as 
in  standard  sputter  magnetron  fashion. 

In  the  configuration  of  our  invention,  the  width 
20  and  depth  of  the  container  are  on  the  same  order  di- 

mensionally.  This  configuration  provides  a  high  prob- 
ability  thatsputtered  neutral  target  atoms  which  leave 
surface  5  or  5'  will  be  either  ionized  by  the  highly  in- 
tense  plasma  or  will  be  redeposited  on  the  opposite 

25  wall  and  then  resputtered  back  toward  wall  5.  Assum- 
ing  cylindrical  symmetry  for  the  FIG.  1  A  schematic,  a 
single  electromagnet  would  not  be  able  to  satisfy  the 
two  requirements  for  the  magnetic  field  provided  by 
magnet  4  -  4'.  A  single  electromagnet  could  not  pro- 

30  vide  the  magnetic  null  field  region.  A  plurality  of  elec- 
tromagnets  could  be  arranged  to  satisfy  these  re- 
quirements,  but  we  prefer  a  single  toroidal  magnet  4 
for  the  cup-like  plasma  container  2  or  a  bar  type  mag- 
nets  4  and  4'  for  the  configuration  where  the  plasma 

35  container  2  is  a  groove. 
FIG.  1B  is  derived  from  a  photograph  which 

clearly  illustrates  that  the  plasma  streams  from  only 
the  central  region  10  of  a  cylindrical  cathode  contain- 
er  having  a  null-field  magnet  according  to  our  inven- 

40  tion.  Obviously,  the  plasma  is  excited  sufficiently  to 
provide  the  optical  radiation  shown  in  FIG.  1B  which 
illustrates  the  operative  mechanism  of  our  magnetron 
invention  in  which  plasma  only  leaves  the  confine- 
ment  container  along  the  axis.  The  shape  of  the  mag- 

45  netic  field  providing  the  field  null  acts  as  a  "mirror" 
that  reflects  most  of  the  charged  particles,  i.e.  elec- 
trons  to  sustain  a  high  density  plasma  within  the  hol- 
low  cathode.  A  magnetic  mirror  has  a  loss-cone  that 
allows  a  small  fraction  of  the  electrons  to  escape 

so  through  the  magnetic  null  to  the  outside  world.  To 
maintain  charge  balance,  positive  ions  will  be  drag- 
ged  along  with  the  electrons  by  ambipolar  diffusion. 
As  a  result,  a  beam  of  ionized  target  ions  is  developed 
and  emitted  from  the  center  of  the  opening  of  the  hol- 

55  low  confining  container. 
There  are  several  distinct  advantages  of  using  a 

magnetic  mirror  to  extract  the  plasma.  Once  the  elec- 
trons  leave  the  discharge  region,  the  null  mirror  iso- 

3 
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lates  the  electrons  in  the  plasma  and  prevents  them 
beam  from  coupling  with  the  electrons  inside  the  hol- 
low  cathode.  Therefore,  the  exiting  plasma  beam  can 
be  manipulated  or  biased  without  affecting  the  dis- 
charge  characteristics  to  the  cathode.  By  isolating  the 
extracted  plasma  from  the  discharge,  the  confining 
null-field  magnetron  cathode  is  far  more  flexible  than 
most  other  plasma  sources.  Another  valuable  proper- 
ty  is  the  quality  of  the  plasma  beam.  To  escape 
through  the  loss-cone  of  a  mirror,  the  magnetic  mo- 
ment  of  the  escaped  electrons  has  to  be  smaller  than 
the  mirror  ratio  of  the  mirror.  As  a  result,  the  trans- 
verse  velocity  of  the  plasma  beam  is  very  small.  This 
allows  the  plasma  beam  to  be  steered,  focused  or  ex- 
panded  using  small  magnetic  or  electric  fields. 

For  a  one  dimensional  model  of  our  confining 
cathode, 

Vionize  =  ne  Ve  CT  Tn 
where: 
ne  is  average  electron  density 
Ve  is  electron  velocity 
ct  is  total  ionization  cross-section  by  electron  im- 

pact 
Tn  is  mean  lifetime  of  the  neutral  before  redepo- 

sition. 
and  Vionize  is  the  average  number  of  ionization  colli- 
sions  had  by  a  neutral  atom  by  electron  impact  in  the 
confining  cathode  of  our  invention. 

The  franciton  of  sputtered  neutrals  or  the  ioniza- 
tion  efficiency  is  given  by  f  =  1  -  exp  (-  Vionize). 

It  can  be  shown  that  Vionize  is  proportional  to  ne 
and  to  the  width  W  of  the  confinement  cathode  since 
Tn  is  proportional  to  W.  Electron  density  increases 
with  power  applied,  however,  powerwould  be  propor- 
tional  to  W3  but  cooling  capability  is  proportional  to 
surface  area  or  W2.  Accordingly,  the  electron  density 
cannot  be  increased  indefinitely  by  increasing  W 
since  at  some  dimension  the  cathode  temperature 
would  exceed  its  mechanical  stability/melting  point. 
This  suggests  that  increased  plasma  can  be  obtained 
by  increasing  the  cathode  size  in  the  direction  per- 
pendicular  to  its  width  while  maintaining  W  at  an  ef- 
ficient  cooling  configuration,  i.e.  making  a  trench. 

Electron  temperature  in  a  confining  cathode 
structure  is  inversely  proportional  to  its  operating 
pressure.  When  the  electron  temperature  is  higher 
than  the  ionization  energy  of  the  atom,  it  can  be 
shown  that 

\/  =  w  m  -JMK  ^k 
"ionization  '"c  m̂ax  '  '  2 

where  amax  is  ionization  cross  section  at  the  opti- 
mum  electron  energy 
Mn  is  mass  of  atom 
W  is  width  of  containment 
m  is  mass  of  electron 
X|  is  En/Kte 

En  is  average  energy  of  sputtered  neutral 
Te  is  electron  temperature 
E|  is  ionization  energy  of  the  neutral 

For  an  aluminum  confining  cathode  of  cylindrical 
5  design  with  W  =  1.9  cm  and  a  length  of  2.5  cm  at  3 

KW  measured  input  power,  we  determined  the  Ne 
near  the  waist  of  the  plasma  beam  to  be  near  1013 
cm-3.  The  electron  temperature  at  0.27  Pa  was  8  eV. 
With  these  parameters  and  En  =  5.985  eV,  Vionize  was 

10  computed  to  be  0.795.  This  corresponds  to  an  ioniza- 
tion  efficiency  Eff.  =  54.8%. 

We  believe  this  calculation  is  conservative  but  it 
is  in  sharp  contrast  to  the  2%  target  ionization  eff  ica- 
cy  for  prior  art  sputter  magnetrons.  It  is  also  noted  that 

15  due  to  the  geometry,  most  of  un-ionized  target  atoms 
are  captured  by  redeposition  on  the  opposite  wall  and 
only  an  extremely  small  percentage  of  neutral  atoms 
can  reach  a  substrate  by  line  of  sight  deposition.  This 
implies  that  ionized  metal  in  the  extracted  plasma 

20  beam  can  be  as  high  as  90%. 
The  term  "plasma  potential"  means  a  voltage 

which  arises  due  to  the  different  mass  of  ions  and 
electrons  in  the  plasma.  Because  electrons  move 
much  faster  and  leak  off  and  are  more  readily  cap- 

25  tured,  the  plasma  develops  a  positive  potential,  the 
terms  "sheath  potential"  defines  the  voltage  level  be- 
tween  a  particular  surface  and  the  plasma.  The 
sheath  potential  can  be  any  value  because  it  can  be 
determined  by  an  external  biasing  power  supply  or  it 

30  could  be  the  potential  which  arises  if  a  surface  is  al- 
lowed  to  float.  It  has  been  determined  that  the  plasma 
potential  on  the  cathode  container  side  of  the  null 
point  6,  in  region  1  is  at  a  somewhat  higher  positive 
potential  than  the  plasma  potential  in  extracted  re- 

35  gion  11  outside  of  the  null  point  6.  Accordingly,  the 
plasma  beam  which  extends  out  toward  the  substrate 
130  (Fig.  1C)  has  a  positive  plasma  potential  and  so 
long  as  the  substrate  is  more  negative  than  the  plas- 
ma  potential  in  viscosity,  positive  ions  will  be  a  at- 

40  tracted  from  the  plasma  to  the  substrate. 
FIG.  1C  is  a  cross-sectional  view  of  a  high- 

intensity  magnetron  sputter  source  110  of  a  type 
which  is  useful  in  conjunction  with  the  present  appa- 
ratus.  The  sputter  source  110  consists  of  a  cathode 

45  120  having  a  hollow,  generally  cup-like  portion  123 
comprising  a  planar  bottom  124  of  diameter  bottom 
124  W  and  a  cylindrical  wall  125  of  height  L.  Cathode 
120  also  has  an  annular  planar  upper  surface  127. 
Cathode  120  serves  as  a  sputter  target  and  is,  there- 

50  fore,  made  of  a  material,  such  as  aluminum,  which  is 
to  be  deposited  onto  a  substrate  130.  As  will  be  de- 
scribed  in  further  detail  below,  the  plasma  formed  in 
the  sputter  source  is  concentrated  within  the  hollow 
cup-like  portion  123  of  cathode  120,  and,  as  a  con- 

55  sequence,  most  of  the  sputtering  will  occur  from  with- 
in  cup-like  portion  123.  W  is  preferred  to  be  less  that 
2.5  cm  and  less  than  L.  This  configuration  confines 
the  sputtered  atoms  for  a  more  intense  plasma.  The 

4 
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region  of  most  intense  plasma  discharge  is  indicated 
by  the  reference  numeral  170,  however,  it  should  be 
understood  that  the  plasma  extends  beyond  the 
shaded  area  170  of  greatest  intensity  as  described 
below.  Only  a  relatively  small  amount  of  material  is 
sputtered  from  upper  surface  127.  Accordingly,  as 
shown  in  FIG.  1C,  the  Cup-like  cathode  portion  123 
may  be  fabricated  as  a  separate  piece  from  planar 
cathode  portion  127  so  that  it  can  be  separately  re- 
placed  after  it  is  eroded  to  a  useful  end-of-life. 
Indeed,  since  most  of  the  erosion  will  be  of  cylindrical 
wall  portion  125,  that  piece  of  cathode  120  may  be 
fabricated  separately  from  cathode  bottom  124  pro- 
vided  that  good  thermal  contact  with  the  cooling 
means  is  maintained  as  described  below.  In  FIG.  1C 
cylindrical  wall  portion  125  is  shown  as  a  separate  in- 
sert  within  cathode  cup  123.  Gas  inlet  128  is  located 
within  cathode  cup  123  to  allow  introduction  of  an  in- 
ert  gas,  such  as  argon,  which  is  used  to  form  a  plas- 
ma. 

Substrate  130  may  be  a  semiconductor  wafer, 
typically  made  of  pure,  single-crystal  silicon,  which 
has  already  gone  through  various  processing  steps 
whereby  a  number  of  layers  of  a  VLSI  circuit  have 
been  formed.  In  the  interest  of  clarity,  in  FIG.  1C  sub- 
strate  130  and  the  distance  between  the  substrate 
and  the  sputtering  source  110  are  not  to  scale.  Depos- 
ition  of  a  metal  layer  over  the  partially  formed  devices 
on  the  wafer  surface  is  a  well-known  step  in  the  fab- 
rication  of  VLSI  circuits  or  "chips".  Frequently,  it  is 
necessary  to  deposit  metal  deep  within  a  via  or 
groove  on  the  wafer  surface  to  provide  an  electrical 
connection.  However,  while  the  present  invention  is 
described  in  terms  of  depositing  a  metallic  layer  onto 
a  semiconductor  substrate,  it  is  not  intended  to  be  lim- 
ited  to  thatapplication.  It  will  be  apparent  to  those  skil- 
led  in  the  art  that  the  present  apparatus  is  equally  ad- 
vantageous  for  deposition  onto  other  types  of  sub- 
strates. 

An  anode  140,  typically  held  at  ground  potential, 
is  used  to  create  a  potential  difference  in  respect  to 
the  target  cathode  120,  which  may  be  held  at  several 
hundreds  volts  negative.  At  the  gas  pressures  typical- 
ly  used,  and  in  view  of  the  geometry  shown,  a  voltage 
between  -400v  and  -500v  may  be  used. 

Stacked  annular  magnets  150,  151  and  152  cre- 
ate  a  novel  fringing  magnetic  field  having  field  lines 
1  55  that  loop  through  the  side  wall  125  of  cathode  cup 
portion  123  but  which  also  form  a  magnetic  null-field 
region  immediately  above  the  open  portion  of  the 
cathode.  These  field  lines  form  a  magnetic  cusp 
which  helps  concentrate  and  confine  the  plasma, 
thereby  sustaining  the  discharge.  Use  of  looping  mag- 
net  fields  to  confine  a  plasma  near  a  target,  per  se  is 
well  known  in  the  art  of  sputtering. 

High  intensity  sputter  source  110  also  includes  a 
water  cooling  system  for  preventing  overheating  of 
target  cathode  120.  Such  overheating  could  lead  to 

catastrophic  failure  of  the  system.  As  described  be- 
low,  the  present  apparatus  employs  a  plasma  power 
density  substantially  greater  than  that  used  in  priorart 
sputtering  systems.  Thus,  the  need  for  efficient  cath- 

5  ode  cooling  is  even  greater  than  with  known  sputter- 
ing  systems. 

Water,  or  other  suitable  coolant  fluid,  enters-the 
cooling  system  via  input  conduit  160,  and  leaves  the 
system  via  output  conduit  1  63.  Between  the  input  and 

10  output  conduits  is  a  heat  exchanger  1  67,  which  is  de- 
signed  to  produce  turbulence  in  the  cooling  fluid, 
thereby  enhancing  the  cooling  eff  iciency.  A  separate 
water  cooling  jacket  180,  comprising  conduit  185, 
may  also  be  included  to  further  control  the  tempera- 

15  ture  of  the  source  110.  Means  for  circulating  the  cool- 
ant  fluid  are  well  known  to  those  skilled  in  the  art  and 
need  not  be  discussed  further.  An  additional  cooling 
jacket  (not  shown)  may  be  used  to  surround  cylindri- 
cal  wall  portion  125  which  is  subject  to  the  greatest 

20  heating.  As  the  sputter  source  is  operated,  thermal 
expansion  of  cylindrical  target  portion  125  causes  the 
wall  to  come  into  firm  contact  with  the  surrounding 
cooling  jacket,  ensuring  that  adequate  thermal  con- 
tact  is  maintained. 

25  The  overall  source  110  further  comprises  a  cylin- 
drical  outer  wall  190  and  annular  bottom  wall  191 
which  are  held  at  ground  (;'.e.,  anode)  potential.  Insu- 
lators  195  and  196  electrically  isolate  the  anode  140 
from  the  cathode  120.  Cylindrical  inner  wall  192, 

30  which  is  coaxial  with  and  spaced  closely  to  cylindrical 
outer  wall  190,  and  annular  inner  bottom  wall  193, 
which  is  parallel  to  and  spaced  closely  to  outer  bottom 
wall  191,  are  at  held  at  cathode  potential  and  serve 
as  screens  to  suppress  parasitic  discharges.  The 

35  overall  source  110  is  designed  to  be  operated  within 
a  vacuum  chamber,  not  shown.  It  should  be  apparent 
to  those  skilled  in  the  art  that  a  source,  like  that  shown 
in  FIG.  1C,  can  readily  be  constructed,  in  which  only 
the  front  portion,  i.e.,  the  portion  facing  wafer  130,  is 

40  within  the  vacuum  chamber.  With  proper  sealing,  the 
backside  of  the  source  can  be  held  at  atmospheric 
pressure.  Such  a  configuration  offers  many  advan- 
tages. 

Generally,  the  magnetron  sputter  source  of  the 
45  present  invention  operates  similarly,  in  many  re- 

spects,  to  a  normal  sputtering  source  of  the  type 
which  is  known  in  the  prior  art.  A  vacuum  chamber 
(not  shown)  is  pumped  down  to  a  sufficiently  low 
pressure,  which  may  be,  for  example,  10"3  Pa  or  less. 

so  A  small  quantity  of  an  inert  gas,  such  as  argon,  is  in- 
troduced  into  the  vacuum  chamber  raising  the  pres- 
sure  in  the  chamber  to  0.1-0.6  Pa,  for  example.  In  our 
preferred  embodiment,  argon  is  introduced  directly 
into  the  cathode  cup  via  inlet  128  so  that  it  is  present 

55  in  greatest  concentration  where  the  plasma  dis- 
charge  is  to  be  initiated.  By  introducing  the  plasma 
gas  directly  into  the  cathode  cup  it  is  possible  to  lower 
the  overall  system  operating  pressure.  A  plasma  dis- 

5 
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charge  is  then  created,  in  a  known  manner,  by  apply- 
ing  a  high  negative  voltage  on  target  cathode,  as  de- 
scribed  above.  The  plasma  170  is  concentrated  by 
the  magnetic  field  lines  155  primarily  into  an  area  ad- 
jacent  to  a  surface  of  target  cathode  120.  Gas  ions  are 
formed  in  the  plasma  and  strike  the  surface  of  the 
sputter  target  causing  neutral  atoms  of  the  target  ma- 
terial,  typically  a  metal  such  as  aluminum,  to  be  eject- 
ed  from  the  surface  of  the  target.  Generally  speaking, 
the  direction  of  travel  of  an  ejected  atom  may  be  in 
any  random  direction. 

Since  the  sputtered  atoms  of  a  typical  prior  art 
sputtering  device  are  neutral,  their  trajectories  are  not 
influenced  by  the  standard  magnetic  or  electrostatic 
means  which  can  be  used  to  control  the  trajectories 
of  ions  and  electrons.  Moreover,  due  to  the  pressure 
ranges  normally  used  in  sputtering  systems,  the 
mean-free-path  of  an  ejected  atom  is  relatively  short 
in  comparison  to  the  distance  between  the  target 
cathode  and  the  substrate.  This  leads  to  gas  scatter- 
ing,  further  randomizing  the  direction  of  travel  of  the 
metal  atoms  as  they  move  from  the  target  cathode  to 
the  substrate.  In  view  of  these  facts,  prior  art  sputter- 
ing  sources  are  unable  to  impart  a  high  degree  of  di- 
rectionality  to  the  metal  atoms  incident  on  the  surface 
of  the  substrate.  As  noted  above,  the  angle  of  inci- 
dence  of  the  atoms  deposited  on  the  substrate  gen- 
erally  conforms  to  a  cosine  distribution.  As  is  also  de- 
scribed  above,  the  prior  known  means  of  improving 
the  directionality  of  the  sputtered  atoms  have  not 
proved  to  be  either  efficient  or  practical. 

As  device  geometries  shrink,  the  inability  to  pro- 
vide  a  sputter  source  with  high  efficiency  and  which 
provides  satisfactory  directionality  is  beginning  to  be- 
come  a  limiting  factor  in  the  utility  of  sputtering  as  a 
method  of  depositing  metal  in  narrow  grooves  or  vias. 
The  present  apparatus  is  intended  to  overcome  the 
limitations  of  the  prior  art. 

One  distinguishing  feature  of  the  present  appara- 
tus  is  in  its  use  of  a  plasma  which  is  sufficiently  in- 
tense  to  cause  ionization  of  not  only  the  gas  atoms, 
but  also  of  a  large  number  of  atoms  of  the  material  to 
be  deposited.  As  used  herein,  the  term  high  intensity 
plasma  should  be  understood  to  mean  a  plasma 
which  is  sufficiently  intense  to  cause  a  substantial 
number  of  the  atoms  of  the  material  being  sputtered 
to  ionize.  The  intensity  of  a  plasma  is  directly  related 
to  plasma  density.  It  is  estimated  that  the  maximum- 

plasma  density  of  a  prior  art  magnetron  sputter 
source  is  about  1012  particles/cc.  The  high  intensity 
plasma  of  the  present  invention  should,  preferably, 
have  a  density  an  order  of  magnitude  greater  than 
this,  i.e.,  about  1013  particles/cc  or  even  greater  in  the 
area  of  greatest  intensity. 

As  explained  below,  it  is  believed  that  at  least 
some  of  the  benefit  of  the  present  apparatus  with  re- 
spect  to  metallization  of  a  silicon  substrate  can  be  re- 
alized  where  the  percentage  of  ions  of  the  sputtered 

material  being  deposited  is  as  low  as  approximately 
ten  percent.  It  is  understood  that  prior  art  magnetion 
sputter  source  provided  approximately  1%  or  less  of 
the  sputtered  material  in  ion  form.  There  are  other 

5  uses  for  an  ion  source  of  this  invention,  which  may 
benefit  when  less  than  10%  ions  are  provided  in  the 
beam.  Accordingly,  the  term  a  substantial  number  in 
connection  with  wafer  metallization,  when  used  in  ref- 
erence  to  the  number  of  metal  atoms  that  are  ionized, 

10  should  be  understood  to  mean  approximately  ten  per- 
cent  or  more.  Preferably,  the  number  of  atoms  of  tar- 
get  material  that  become  ionized  should  be  much 
greater  than  this  minimal  amount. 

The  mechanism  whereby  metal  atoms  are  ion- 
15  ized  is  well  known  and  need  not  be  explained  in  detail. 

Simply  put,  the  metal  atoms  become  ionized  by  the 
same  mechanism  that  causes  ionization  of  the  gas 
atoms,  i.e.,  the  atoms  lose  one  or  more  electrons 
when  struck  by  a  sufficiently  energetic  particle.  Since 

20  the  ionization  potential  of  aluminum  is  approximately 
6  electron  volts  (ev),  it  is  not  difficult  to  create  alumi- 
num  ions  within  the  plasma.  Nonetheless,  due  to  the 
low  intensity  of  the  plasma  in  prior  art  sputtering  sys- 
tems,  and  in  view  of  the  geometry  of  such  systems, 

25  wherein  neutral  atoms  of  target  material  are  likely  to 
travel  only  a  short  distance  through  the  plasma,  it  is 
believed  that  less  than  one  percent  of  these  neutral 
atoms  typically  become  ionized  in  known  prior  art  sys- 
tems. 

30  A  high  intensity  plasma  is  needed  to  create  a  suf- 
ficient  number  of  metal  ions  to  provide  an  acceptable 
deposition  rate.  Depending  on  the  target  material, 
once  a  sufficient  number  of  metal  atoms  become  ion- 
ized,  they  may  be  able  to  support  the  plasma  alone, 

35  i.e.,  argon  would  no  longer  be  needed  to  maintain  the 
plasma  or  to  cause  sputtering  of  target  material.  Thus, 
it  is  within  the  scope  of  the  present  invention  to  use  a 
flow  of  argon  or  other  inert  gas  only  for  the  purpose 
of  initiating  the  plasma;  the  gas  flow  may  then  be 

40  stopped  once  the  plasma  is  initiated  and  stabilized. 
In  order  to  form  a  high-intensity  plasma  it  is  nec- 

essary  to  create  an  intense  magnetic  field  in  a  small 
region  and  to  have  a  sufficiently  high  power  input  into 
that  region.  In  order  to  do  this  efficiently,  a  hollow 

45  cup-shaped  cathode  120,  as  shown  in  FIG.  1C,  is 
used  in  one  embodiment.  This  shape  of  cathode  is 
highly  suitable  for  creating  a  concentrated  plasma, 
since  it  facilitates  the  creation  of  an  intense  confining 
magnetic  field  within  the  "cup"  by  use  of  surrounding 

so  permanent  magnets  150,  151,  152.  Although  perma- 
nent  magnets  are  shown  and  preferred,  it  will  be  read- 
ily  apparent  to  those  skilled  in  the  art  that  a  plurality 
of  electromagnets  could  be  arranged  to  provide  a  null 
region  and  a  looping  field  .  Likewise,  while  a  plurality 

55  of  stacked  magnets  are  shown,  it  would  be  obvious  to 
substitute  a  single  permanent  magnet  therefor.  In  ad- 
dition,  the  geometry  of  the  cup  where  L  is  slightly  larg- 
er  than  W  and  where  W  is  on  the  order  of  2.5  cm  in- 

6 
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creases  the  likelihood  that  a  neutral  atom  released 
from  the  target  will  be  present  within  the  intense  plas- 
ma  long  enough  to  be  ionized. 

The  plasma  discharge  is  also  intensified  by  in- 
creasing  the  power  delivered  to  the  plasma.  As  is  well 
known  to  those  skilled  in  the  art,  the  power  delivered 
to  the  plasma  is  primarily  a  function  of  the  current. 
The  voltage  used  to  create  the  plasma  tends  to  re- 
main  fairly  constant  for  a  given  pressure  and  geome- 
try.  Stated  equivalently,  a  slight  increase  in  voltage 
will  result  in  a  marked  increase  in  current  through  the 
plasma.  In  an  embodiment  of  the  present  invention  a 
power  level  of  two  kilowatts  is  used.  Given  that  the 
power  is  mostly  concentrated  into  an  area  less  than 
one  inch  in  diameter,  this  power  level  provides  a  pow- 
er  density  which  is  far  greater  than,  by  approximately 
an  order  of  magnitude,  that  used  in  known  prior  art 
sputtering  systems. 

Creating  metal  ions  in  sufficient  numbers  is  only 
part  of  the  solution.  Once  ions  are  created,  the  prior 
art  could  not  directionally  extract  them  from  the  plas- 
ma  in  sufficient  numbers  for  deposition.  Thus,  an- 
other  distinguishing  feature  of  the  present  apparatus 
is  that  it  includes  means  for  bringing  the  plasma  into 
"contact"  with  the  face  of  the  wafer.  As  described  ear- 
lier,  the  magnetic  null  region  creates  a  magnetic  cusp 
which  permits  ions  and  electrons  to  leak  out  of  the 
plasma  container  in  a  beam.  When  the  beam  is 
brought  into  contact  with  the  face  of  a  substrate,  such 
as  a  wafer,  the  plasma  naturally  forms  a  very  thin  low- 
voltage  sheath  between  the  plasma  and  the  wafer 
surface.  (In  fact,  due  to  this  sheath  the  plasma  does 
not  actually  "touch"  the  wafer  surface.  Thus,  when  we 
speak  of  the  plasma  "contacting"  the  wafer,  it  should 
be  understood  that  this  means  bringing  the  plasma 
close  enough  to  the  surface  of  the  wafer  so  as  to 
cause  the  creation  of  a  sheath.)  When  the  wafer  is  al- 
lowed  to  "float"  electrically,  this  thin  sheath,  which 
may  typically  be  approximately  10  thick,  has  a  po- 
tential  in  the  range  of  tens  of  volts,  with  the  wafer  sur- 
face  naturally  becoming  negative  in  respect  to  the  ad- 
jacent  plasma  boundary.  It  will  be  understood  by 
those  skilled  in  the  art  that  the  thickness  of  the  sheath 
and  the  potential  across  it  are  related  to  the  plasma 
density. 

The  creation  of  a  sheath  between  a  plasma  and 
a  solid  surface  is  a  known  phenomenon.  While  a  de- 
tailed  understanding  of  this  phenomenon  is  not  nec- 
essary  to  practice  the  present  invention,  and  is  be- 
yond  the  scope  of  this  disclosure,  in  simple  terms  the 
mechanism  whereby  a  potential  is  created  can  be 
thought  of  as  being  related  to  the  difference  in  the  ve- 
locities  between  the  negative  electrons  and  the  pos- 
itive  ions  which  make  up  the  plasma.  Overall,  the 
plasma  is  electrically  neutral  so  that  the  net  charge  of 
electrons  offsets  the  net  charge  of  the  ions.  Assuming 
the  ions  each  have  a  single  positive  charge,  the  num- 
bers  of  electrons  and  ions  will  also  be  the  same.  In 

any  one  region  the  temperature  of  plasma  will  be  lo- 
cally  constant.  An  electron,  being  much  less  massive 
than  an  ion,  will  have  a  far  greater  average  velocity 
at  a  given  temperature  than  the  ion.  This  much  great- 

5  er  velocity  translates  into  greater  mobility.  Thus,  at 
the  edge  of  the  plasma  adjacent  the  surface  of  the 
substrate,  electrons  migrate  much  more  quickly  to  the 
surface  of  the  substrate  causing  the  build-up  of  a 
negative  charge.  After  a  short  time,  the  negative 

10  charge  on  the  substrate  builds  to  the  point  that  elec- 
trons  approaching  the  surface  of  the  substrate  are  re- 
pelled  and  positive  ions  are  attracted.  An  equilibrium 
condition  is  reached  when  the  net  flow  of  electrons, 
which  is  opposed  by  the  charge  build-up,  is  equal  to 

15  the  net  flow  of  ions,  which  is  enhanced  by  the  charge 
build-up.  At  this  point,  although  there  is  a  continuous 
flux  of  electrons  and  ions  incident  on  the  surface  of 
the  substrate,  there  is  no  further  net  transfer  of 
charge.  Asteady-state  potential  difference,  of  the  or- 

20  der  of  tens  of  volts,  thereafter  exists  between  the 
plasma  edge  and  the  substrate  surface. 

The  present  invention  can  employ  the  properties 
of  this  plasma  sheath  to  cause  directional  deposition 
of  metal  ions.  Metal  ions  in  the  plasma,  being  positive- 

25  ly  charged  are  attracted  and  accelerated  toward  the 
negatively  charged  wafer  surface.  The  potential  gra- 
dient  across  the  plasma  sheath  is  normal  to  the  sur- 
face  of  the  wafer.  The  ion  velocities  in  the  plasma,  be- 
ing  temperature  related,  are  relatively  low  in  compar- 

30  ison  to  the  velocity  caused  by  the  potential  gradient. 
Typically,  the  thermal  energy  of  the  ions  will  be,  on 
average,  a  few  electron  volts.  On  the  other  hand,  the 
kinetic  energy  imparted  to  the  ions  as  they  are  accel- 
erated  across  the  sheath  will  be  of  the  order  of  tens 

35  of  electron  volts.  Thus,  when  they  reach  the  wafer 
surface  after  being  accelerated  across  the  sheath, 
the  ions  are  generally  travelling  at  an  angle  which  is 
close  to  normal.  Accordingly,  by  using  this  technique 
it  is  possible  to  impart  a  high  degree  of  directionality 

40  to  the  ions  deposited  as  a  film,  thereby  addressing 
the  problem  of  filling  deep  vias  and  thin  grooves.  In 
view  of  the  fact  that  the  plasma  leaks  out  of  the  cath- 
ode  cup  configuration  in  an  axially  directed  beam, 
which  exhibits  a  waist  as  it  passes  through  the  null  re- 

45  gion,  the  beam  is  essentially  decoupled  from  the  plas- 
ma  in  the  container.  Accordingly,  the  beam  is  able  to 
be  steered  and  scanned  by  standard  electrostatic  and 
electromagnetic  techniques  without  disrupting  the 
plasma  in  the  container. 

so  As  described  above,  ions  which  traverse  the 
sheath  and  are  deposited  on  the  wafer  are  neutral- 
ized  by  electrons  from  the  plasma.  Since  there  is  no 
net  charge  transfer  to  the  wafer  when  the  wafer  is 
floating,  the  potential  gradient  across  the  sheath  re- 

55  mains  constant  throughout  the  deposition  process. 
To  this  point  the  potential  across  the  plasma 

sheath  has  been  discussed  in  the  context  of  a  wafer 
which  was  allowed  to  "float"  electrically.  By  applying 

7 
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an  rf  bias  to  the  wafer,  for  example,  at  a  frequency  of 
13.5  MHz,  it  is  possible  to  control  the  sheath  voltage 
independently  of  the  plasma  density.  A  higher  voltage 
than  the  sheath  voltage  may  also  be  desired,  for  ex- 
ample,  for  the  reasons  described  below. 

It  should  be  understood  that  not  all  the  metal 
atoms  ejected  from  the  surface  of  the  sputter  target 
need  be  ionized.  Thus,  neutral  atoms  will  be  present 
in  the  plasma  and  will  be  deposited  on  the  wafer  sur- 
face  in  a  conventional  manner.  The  ratio  of  neutral 
atoms  deposited  to  ions  deposited  will  be  a  function 
of  the  geometry  of  the  system  and  the  intensity  of  the 
plasma.  However,  even  if  only  a  relatively  small  pro- 
portion,  e.g.,  10%,  of  the  deposited  material  is  due  to 
ions  having  the  desired  directionality,  the  improve- 
ment  in  filling  vias  and  grooves  is  a  significant  ad- 
vance  over  the  prior  art.  Moreover,  it  is  believed  that 
the  relatively  much  more  energetic  ions  striking  the 
wafer  surface  impart  surface  mobility  to  the  neutral 
atoms  causing  them  to  spread  out  along  the  surface, 
thereby  enhancing  the  ability  to  fill  vias  and  grooves 
with  the  neutral  atoms.  This  later  phenomenon  may 
be  significant  in  determining,  as  a  practical  matter, 
the  optimal  level  of  ionization  of  the  neutral  atoms  of 
the  material  to  be  deposited.  The  optimal  degree  of 
ionization,  has  not  been  determined.  However,  it  is 
unlikely  that  the  optimum  is  one  hundred  percent  ion- 
ization.  At  some  point,  further  increasing  the  percen- 
tage  of  ionization,  which  is  costly  in  terms  of  power 
consumption  and  cooling  requirements,  may  not  yield 
any  better  results  in  filling  vias  and  grooves. 

While  the  ions  deposited  in  accordance  with  the 
present  apparatus  are  much  more  energetic  than 
neutral  atoms  deposited  in  accordance  with  prior  art 
sputtering  techniques,  they  are  not  so  energetic  as  to 
cause  damage  to  the  substrate.  In  particular  ions  hav- 
ing  an  energy  of  less  than  approximately  100  ev  will 
not  cause  damage  to  the  wafer.  This  damage-causing 
energy  level  is  well  above  the  energy  of  metal  ions  de- 
posited  in  accordance  with  the  present  apparatus. 

Magnetic  field  lines  155  from  magnets  150,  151 
and  1  52  also  loop  upwardly  above  the  top  of  upper  an- 
nular  cathode  portion  127  filling  the  space  between 
the  anode  and  the  wafer  except  in  the  null  region.  It 
should  be  understood  that  the  intensity  of  the  plasma 
will  be  greatest  within  the  cathode  cup.  In  particular, 
the  plasma  will  be  most  intense  in  a  doughnut-shaped 
region  adjacent  cup  wall  125.  As  noted  above,  the 
density  of  the  plasma  adjacent  the  substrate  will  be 
less  than  the  density  in  cathode  cup.  It  is  estimated 
that  the  plasma  density  near  the  substrate  may  be  an 
order  of  magnitude  lower. 

In  the  basic  embodiment  of  the  present  invention, 
as  shown  in  FIG.  1C,  the  diameter  of  the  cylindrical 
hollow  cathode  portion  123  may  be  less  than  2.5  cm 
in  diameter.  This  is  significantly  less  than  the  diame- 
ter  of  a  typical  semiconductor  wafer,  which  may  be  as 
large  as  20  cm. 

The  specifications  for  most  modern  semiconduc- 
tor  processes  require  that  a  deposition  source  ach- 
ieve  a  very  high  degree  of  "uniformity."  The  term  uni- 
formity  as  used  in  this  context  refers  to  a  requirement 

5  that  the  thickness  of  the  deposited  layer  at  different 
points  on  the  surface  of  the  wafer  be  the  same  within 
a  small  tolerance.  The  deposition  rate  at  a  region  of 
the  substrate  will  generally  be  a  function  of  the  den- 
sity  of  the  plasma  adjacent  to  that  region.  According- 

10  ly,  uniformity  requires  that  the  plasma  density  be 
nearly  the  same  over  the  entire  surface  of  the  sub- 
strate. 

In  view  of  the  size  difference  between  the  cath- 
ode  of  the  FIG.  1C  embodiment  of  the  present  inven- 

15  tion  and  the  size  of  a  wafer,  if  the  wafer  is  placed  too 
close  to  the  cathode  the  uniformity  of  the  deposited 
layer  will  be  poor.  The  density  of  the  plasma  in  contact 
with  the  wafer,  and  hence  the  population  of  metal  ions 
attracted  to  the  wafer,  will  be  greater  near  the  center 

20  than  at  the  edges  of  the  wafer.  Moreover,  as  descri- 
bed  above,  there  will  continue  to  be  deposition  of  neu- 
tral  metal  atoms  from  the  sputter  target  and  these, 
too,  will  be  more  concentrated  near  the  center  of  the 
wafer  due  to  the  geometry  of  the  arrangement. 

25  One  way  to  improve  uniformity  would  be  to  place 
the  wafer  at  a  substantial  distance  from  the  cathode. 
However,  as  the  distance  is  increased  the  efficiency 
of  deposition,  both  in  terms  of  deposition  rate  and  tar- 
get  material  utilization,  decreases.  Another  way  to  im- 

30  prove  uniformity  would  be  to  use  a  specially  config- 
ured  magnetic  field  to  cause  the  plasma  originating 
from  a  relatively  small  source  to  spread  out  evenly 
over  the  entire  surface  of  the  wafer.  Ideally,  the  mag- 
netic  field  should  be  normal  to  the  surface  of  the  wa- 

35  fer  since  it  has  an  effect  on  the  trajectories  of  the  ions 
being  deposited  on  the  surface.  It  is  believed  that  it 
would  be  difficult  to  design  a  magnet  configuration 
which  would  cause  the  plasma  to  spread  out  while,  at 
the  same  time,  having  field  lines  perpendicular  to  the 

40  wafer  surface. 
Annular  anode  140  is  isolated  from  cathode  120 

by  insulation  disks  195  and  cylindrical  insulator  196. 
The  anode  has  a  shield  lip  on  its  inner  edge  nearest 
the  plasma  container.  The  lip  is  intended  to  reduce  the 

45  line  of  sight  and  shield  the  insulator  195  on  its  inner 
periphery  from  being  coated  with  sputtered  metal  to 
avoid  shorting. 

FIGS.  2  and  3  show  a  cathode  structure  in  accor- 
dance  with  another  embodiment  of  the  present  inven- 

50  tion  which  improves  the  deposition  uniformity  without 
need  to  sacrifice  efficiency.  The  embodiment  of 
FIGS.  2  and  3  has  the  added  advantage  of  providing 
a  much  larger  target  which,  therefore,  is  capable  of 
delivering  a  far  greater  amount  of  material  before  it  is 

55  eroded  to  end-of-life.  In  this  embodiment  the  cathode 
220  comprises  a  planar  top  portion  227  and  an  annu- 
lar  grooved  portion  223  having  inner  and  outer  annu- 
lar  side  walls  225  and  226,  respectively,  and  an  an- 

8 
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nular  bottom  224.  As  shown  in  FIG.  3,  annular  mag- 
nets  350  and  351  surround  inner  and  outer  walls  225, 
226  of  the  groove,  respectively.  Also  as  shown  in  FIG. 
3,  the  bottom  of  cathode  groove  224  may  include  a 
channel  360  for  circulating  cooling  water.  This  cooling 
water  channel  may  also  include  means,  not  shown,  for 
inducing  turbulent  flow  to  improve  heat  exchange  ef- 
ficiency.  In  this  embodiment,  the  plasma  is  most  in- 
tense  within  the  groove,  and  most  of  the  material  that 
is  to  be  deposited  is  removed  from  within  the  groove. 
Since  erosion  will  be  greatest  within  cathode  groove 
portion  223,  this  portion  of  the  cathode  may  be  sep- 
arately  fabricated  and  mounted  so  that  it  may  be  re- 
placed  without  the  need  to  replace  planar  cathode 
portions  227  which  are  not  subject  to  much  erosion. 

The  magnetic  field  produced  by  annular  magnets 
350  and  351  is  such  that  an  intense  magnetic  field 
355,  which  loops  through  the  side  walls  of  the  groove, 
is  formed.  When  a  discharge  is  started,  this  magnetic 
field  concentrates  a  high  intensity  plasma  370  within 
the  groove.  As  shown,  both  magnets  have  the  same 
magnetic  pole  adjacent  to  cathode  planar  portion 
227.  Accordingly,  the  magnetic  field  lines  loop  up- 
wardly  above  each  of  the  magnets  toward  the  wafer 
(not  shown)  causing  the  plasma  to  spread  out  and 
contact  the  wafer.  The  magnets  also  produce  a  null 
region  adjacent  to  the  opening  of  the  plasma  confin- 
ing  groove  as  described  earlier,  providing  the  same 
extraction  mechanism  for  the  groove  as  described 
earlier  for  the  hollow  container. 

As  in  the  embodiment  of  FIG.  1C,  in  order  to  cre- 
ate  a  plasma  of  sufficient  intensity,  the  distance  W 
between  the  walls  of  the  groove  is  substantially  small- 
erthan  the  diameter  of  a  substrate  wafer  to  be  coated. 
Due  to  the  geometry,  it  can  be  shown  that  a  circular 
source  will  result  in  greatly  improved  uniformity  of  de- 
position  without  the  need  to  position  the  wafer  too 
great  a  distance  from  the  cathode.  Moreover,  using 
this  configuration  it  is  possible  to  increase  the  overall 
power  delivered  to  the  source,  and  thereby  the 
amount  of  material  removed  from  the  target,  without 
increasing  the  power  density  at  any  particular  loca- 
tion.  In  effect  the  power  is  spread  out  over  a  much 
larger  area. 

The  cathode  embodiment  of  FIGS.  4  and  5  is  de- 
signed  to  provide  even  greater  uniformity  than  the 
previously  described  embodiments.  This  embodi- 
ment  is  similar  to  the  embodiment  of  FIGS.  2  and  3, 
but  comprises  a  labyrinth  groove  423  to  allow  a  high 
intensity  plasma  to  be  created  over  a  large  area. 
Again,  the  cathode  420  comprises  a  planar  upper  por- 
tion  427  and  a  labyrinth  groove  portion  423.  In  accor- 
dance  with  the  labyrinth  configuration  of  this  embodi- 
ment,  cathode  420  includes  only  a  single  groove  in 
the  sense  that  all  the  grooves  are  connected  and, 
thus,  only  one  serpentine  high  intensity  plasma  570 
is  created.  The  use  of  a  single  groove  in  the  embodi- 
ment  of  FIGS.  4  and  5  is  deemed  significant  insofar 

as  it  more  difficult  to  sustain  high  intensity  plasmas 
in  a  plurality  of  separate  grooves  in  a  single  system. 
Accordingly,  even  though  it  is  more  difficult  to  con- 
struct,  a  single  groove  labyrinth  is  preferred,  for  ex- 

5  ample,  than  a  plurality  of  separated  concentric  circu- 
lar  grooves.  Again,  the  labyrinth  design  is  able  to  de- 
liver  far  more  target  material  before  reaching  its  use- 
ful  end-of-life  than  either  of  the  previously  described 
embodiments. 

10  The  cathode  embodiment  of  FIGS.  4  and  5  func- 
tions  in  much  the  same  way  as  the  other  cathode 
structures  previously  described,  i.e.,  a  high  intensity 
plasma  is  created  in  the  groove  by  the  fringing  field 
lines  455  of  magnets  550  -  555  and  is  brought  into 

15  contact  with  the  wafer  (not  shown)  above  the  cathode 
by  the  magnetic  field.  Again,  the  overall  area  of  in- 
tense  plasma  is  markedly  increased,  thereby  increas- 
ing  the  overall  power  delivered  to  the  plasma,  without 
the  need  to  increase  local  power  density.  At  these  in- 

20  tensities,  cooling  via  channel  560  is  important  to  pre- 
vent  damage  to  the  structure  by  overheating 

FIG.  6  shows  another  embodiment  of  the  present 
invention  which  uses  microwave  energy  to  even  fur- 
ther  increase  the  number  of  metal  atoms  which  be- 

25  come  ionized  within  the  plasma.  The  microwave  en- 
ergy  further  intensifies  the  plasma.  This  embodiment 
includes  a  hollow  cathode  confinement  container  620 
similar  to  that  described  in  connection  with  FIG.  1. 
The  cathode  620  comprises  a  planar  portion  627,  and 

30  a  cup-shaped  portion  623  including  a  cylindrical  wall 
625  and  a  bottom  624.  Cathode  620  is  surrounded  by 
an  annular  magnet  650  which  produces  field  lines  655 
which  loop  through  cylindrical  wall  625  and  outwardly 
from  planar  cathode  portion  627  toward  a  substrate 

35  6  30.  A  cathode  cooling  system  comprising  an  inlet 
660  and  outlet  663  and  a  heat  exchanger  667  is  pro- 
vided  to  maintain  the  cathode  at  a  controlled  temper- 
ature.  This  configuration  would  be  a  particularly  use- 
ful  in  increasing  the  amount  of  power  to  the  plasma 

40  when  the  cooling  capability  of  a  given  cathode  con- 
tainer  has  been  maximized  since  the  microwave  cav- 
ity  can  be  separately  cooled. 

The  microwave  power  is  delivered  by  a  resonant 
cavity  680  tuned  to  the  frequency  of  a  microwave 

45  source  (not  shown).  The  frequency  of  the  source  may 
conveniently  be  2.45  GHz.  The  rf  energy  is  delivered 
to  cavity  680  via  connector  685.  The  generally  cylin- 
drical  cavity  has  a  central  aperture  which  is  approxi- 
mately  the  same  dimension  as,  and  positioned  to  be 

so  coaxial  with,  cathode  cup  623.  Inner  and  outer  flang- 
es  687  and  688,  respectively,  are  mounted  on  the  per- 
iphery  of  the  apertures  through  the  cavity  to  prevent 
microwave  leakage. 

Again,  in  this  embodiment  the  plasma  670  is 
55  brought  into  contact  with  the  surface  of  the  wafer  630 

by  the  spreading  field  lines  of  magnet  650.  Microwave 
cavity  680  does  not  contribute  to  spreading  the  plas- 
ma  but,  rather,  merely  intensifies  the  plasma  by  caus- 

9 
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ing  greater  ionization  in  the  region  of  the  null  of  the 
metal  atoms  released  from  the  target  cathode  620. 

Claims 

1  .  A  sputter  magnetron  comprising: 
a.  high  intensity  plasma  inducing  means,  said 
high  intensity  plasma  inducing  means  includ- 
ing, 

i)  a  sputter  cathode,  said  sputter  cathode 
being  a  particle  confining  container  having 
walls  and  one  open  side  to  permit  extrac- 
tion  of  ions  from  said  container,  said  walls 
having  an  inner  surface  being  of  a  select- 
ed  target  material,  said  sputter  cathode  in- 
cluding  means  to  apply  a  voltage  to  said 
sputter  cathode; 
ii)  means  to  provide  and  maintain  elec- 
trons  in  said  particle  confining  container; 
iii)  magnetic  field  generating  means  for 
providing  a  null  magnetic  field  value  at  a 
region  adjacent  to  said  open  side  of  said 
sputter  cathode  container  and  for  provid- 
ing  magneticf  ield  lines  which  loop  through 
said  sputter  cathode  walls  thereby  provid- 
ing  forces,  in  operation,  for  retaining  said 
electrons  adjacent  to  at  least  a  portion  of 
said  sputter  cathode  walls;  and 

b.  ion  extraction  means  wherein  said  null 
magnetic  field  value  region  comprises  a  por- 
tion  of  said  extaction  means  said  ion  extrac- 
tion  means  for  cooperating,  in  operation,  with 
ions  near  said  null  value  region  to  induce 
those  said  ions  to  exit  said  cathode  container 
and  to  follow  a  path  determined  by  said  ion  ex- 
tractions  means. 

2.  The  sputter  magnetron  of  claim  1  whereby  said 
ion  extraction  means  includes; 

a.  in  operation,  a  plasma,  said  plasma  being 
within  said  sputter  cathode,  wherein  said 
plasma  reaches  a  steady  state  condition  and 
wherein  said  plasma  in  said  sputter  cathode 
has  a  first  positive  plasma  potential  as  a  result 
of  electron  leakage  from  said  plasma; 
b.  means  to  establish  an  electric  field  sheath 
potential  between  said  plasma  and  a  first  sur- 
face  remote  from  said  container,  said  electric 
field  sheath  potential  being  of  a  polarity  to  at- 
tract  positive  ions  from  said  plasma  to  said 
first  surface,  and  wherein  said  plasma  in  the 
region  of  said  first  surface  remote  from  said 
container  has  a  second  plasma  potential,  said 
second  plasma  potential  being  less  positive 
than  said  first  positive  potential. 

3.  The  sputter  magnetron  of  claim  2  wherein  said 

first  remote  surface  is  a  semiconductor  wafer  to 
be  plated  with  positive  metal  ions  from  said  plas- 
ma. 

5  4.  The  sputter  magnetron  of  claim  3  wherein  said 
electric  field  sheath  potential  between  said  plas- 
ma  and  said  semiconductor  substrate  is  more 
negative  than  said  second  plasma  potential. 

10  5.  The  sputter  magnetron  of  claim  2  including; 
means  for  further  increasing  the  concen- 

tration  of  ions  of  the  material  of  said  sputter  cath- 
ode  in  said  sputter  cathode  container,  said 
means  for  further  increasing  the  concentration  of 

15  ions  in  said  sputter  cathode  container  being 
means  for  causing  an  electromagnetic  wave  in- 
teraction  with  said  plasma  which  provides  energy 
to  said  plasma  and  decreases  the  mean  free  path 
of  neutral  atoms  of  said  sputter  cathode  material 

20  after  said  neutral  atoms  have  been  knocked  off 
the  surface  of  said  cathode  by  ion  bombardment 
from  said  plasma. 

6.  Apparatus  as  claimed  in  claim  5  including  an 
25  electromagnetic  wave  transmission  means  to  in- 

troduce  said  electromagnetic  wave  energy  to  the 
vicinity  of  said  plasma. 

7.  Apparatus  as  claimed  in  claim  6  wherein  said  vi- 
30  cinity  of  said  plasma  encompasses  said  null  re- 

gion. 

8.  Apparatus  as  claimed  in  any  one  of  claims  1  to  7 
wherein  said  high  intensity  plasma  is  at  least  1  013 

35  particles/cc. 

9.  Apparatus  as  claimed  in  any  one  of  claims  1  to  8 
wherein,  in  operation,  said  high  intensity  plasma 
contains  a  percentage  of  ions  of  said  target  ma- 

40  terial  greater  than  2.0  per  cent. 

10.  Apparatus  as  claimed  in  any  one  of  claims  1  to  9 
comprising  means  to  support  a  semiconductor 
substrate  to  be  plated  to  receive  said  target  ions 

45  exiting  said  cathode  containerfrom  near  said  null 
value  region. 

11.  Apparatus  as  claimed  in  any  one  of  claims  1  to  10 
further  comprising  gas  port  means,  said  gas  port 

so  means  being  an  aperture  through  a  wall  of  said 
sputter  cathode  confining  container,  said  aper- 
ture  being  in  a  wall  portion  remote  from  said  open 
side  for  passage  of  a  plasma  initiating  gas  into 
said  container  thereby  permitting  lower  operating 

55  pressure. 

12.  Apparatus  as  claimed  in  any  one  of  claims  1  to  11 
further  comprising  input  and  output  fluid  conduits 

10 
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for  conducting  coolant  fluid  arranged  in  a  heat  ex- 
change  relationship  with  said  cathode  confining 
container. 

13.  Apparatus  as  claimed  in  claim  12  wherein  said 
fluid  conduits  are  connected  to  a  turbulence  pro- 
ducing  heat  exchanger. 

14.  Apparatus  for  directing  ions  of  a  target  material  to 
a  workpiece,  comprising  means  for  supporting  a 
workpiece  at  a  position  with  a  surface  in  a  given 
orientation; 

means  for  generating  a  high  intensity  plas- 
ma  on  the  order  of  1013  particles/cc  containing  a 
percentage  of  ions  of  a  said  target  material  great- 
er  than  2.0  percent; 

means  for  causing  said  plasma  to  contact 
a  workpiece  in  said  position,  whereby  ions  of  the 
target  material  to  be  deposited  present  in  said 
plasma  are  directed  towards  said  workpiece  pos- 
ition  at  an  angle  which  is  generally  normal  to  a 
workpiece  surface  in  said  given  orientation; 

magnetic  field  producing  means; 
said  means  for  generating  a  high  intensity 

plasma  comprising  magnetron  sputter  source 
means,  including  a  target  cathode  comprising 
said  material  to  be  deposited  on  said  workpiece, 
said  target  cathode  comprising  a  plasma  confin- 
ing  container  having  opposed  plasma  confining 
walls  and  one  open  side,  opposed  plasma  confin- 
ing  walls  being  separated  by  a  small  distance  W 
on  the  order  of  2.5  cm  and  wherein  said  magnetic 
field  producing  means  provides  magnetic  flux 
lines  which  are  primarily  parallel  to  said  opposed 
confining  walls  and  wherein  said  magnetic  field 
producing  means  further  provides  a  magnetic 
null  region  near  said  one  open  side. 

15.  Apparatus  as  claimed  in  claim  14  wherein  said 
plasma  confining  container  comprises  a  groove. 

16.  Apparatus  as  claimed  in  any  one  of  claims  1  to  13 
wherein  said  particle  confining  container  com- 
prises  a  groove  having  a  width  W  at  most  2.5  cm. 

17.  Apparatus  for  depositing  a  thin  film  on  a  planar 
substrate  in  a  vacuum  chamber  comprising: 

high  intensity  magnetron  sputter  source 
means  including  a  target  cathode  made  from  a 
material  to  be  deposited  for  producing  a  plasma 
comprising  a  greater  than  substantial  number  of 
ions  of  said  target  cathode; 

magnetic  field  producing  means  for  creat- 
ing  a  magnetic  field  between  said  cathode  and 
said  substrate,  said  magnetic  field  having  a  mag- 
netic  null  region; 

whereby  said  target  cathode  has  a  gener- 
ally  planar  face  and  a  groove  portion  having  op- 

posing  walls  from  which  material  to  be  deposited 
is  sputtered,  wherein  the  plasma  density  is  great- 
est  within  said  groove  portion  and  wherein  said 
opposing  walls  of  said  groove  portion  are  sepa- 

5  rated  by  a  distance  on  the  order  of  2.5  cm;  and 
wherein  atoms  of  said  target  cathode  be- 

ing  directed  toward  said  planar  substrate  have  a 
substantial,  at  ten  (10)  percent,  of  ionized  atoms 
of  said  target  cathode. 

10 
1  8.  Apparatus  of  any  one  of  claims  1  5  to  1  7  wherein 

said  particle  confining  container  comprises  a 
plurality  of  grooves. 

15  19.  Apparatus  as  claimed  in  claim  18  wherein  said 
grooves  are  interconnected  so  that  only  one  si- 
multaneous  continuous  plasma  loop  exists,  in  op- 
eration. 

20  20.  Apparatus  as  claimed  in  any  one  of  claims  15  to 
17  wherein  said  groove  forms  an  annulus. 

21.  Apparatus  as  claimed  in  any  one  of  claims  15  to 
17  wherein  said  groove  forms  a  labyrinth. 

25 
22.  Apparatus  as  claimed  in  any  one  of  claims  1  to  14 

wherein  said  particle  confining  container  is  cup 
shaped  having  a  diameter  W  at  most  2.5  cm. 

30  23.  Apparatus  as  claimed  in  any  one  of  claims  1  to  22 
further  comprising  means  for  cooling  said  target 
cathode. 

24.  Apparatus  as  claimed  in  any  one  of  claims  1  to  23 
35  comprising  an  anode,  said  anode  being  spaced 

from  and  electrically  isolated  from  said  sputter 
cathode  by  isolation  means;  and 

means  to  shield  said  insulation  means 
from  being  plated  by  sputtered  cathode  material 

40  by  blocking  the  line  of  sight  from  said  sputtered 
cathode  to  said  insulator  to  prevent  shorting  the 
cathode  to  the  anode. 

45 
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