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(57)  System  and  method  for  controlling  the  thick- 
ness  profile  of  deposited  thin  film  layers  over 
three-dimensional  topography  are  disclosed, 
wherein  low  pressure  chemical  vapor  deposi- 
tion  conditions  are  employed  with  the  reactant 
beam  collimated  and  chosen  to  impinge  at  a 
specific  angle  onto  the  surface,  such  that  the 
reactive  sticking  coefficient  Sr  with  the  deposi- 
tion  surface  is  <1.  The  primary  modification  in 
conventional  LPCVD  reactor  design  that  is 
needed  to  accomplish  directional  LPCVD  in 
accordance  with  the  invention  is  the  addition  to 
the  reactor  (1)  of  a  reactant  collimator  (10) 
which  tailors  the  angular  distribution  of  inci- 
dent  species  (11)  to  the  surface  on  which  reac- 
tant  is  to  be  deposited,  such  as  the  surface  of  a 
semiconductor  wafer  (12).  In  a  preferred  embo- 
diment,  the  collimator  (10)  is  a  plate  perforated 
by  a  pattern  of  apertures  or  nozzles  (13)  through 
which  the  reactant  gas  (14)  flows.  Each  such 
nozzle  is  designed  to  cause  the  reactant  to 
produce  a  collimated  gas  beam  after  heaving 
the  collimator,  and  may  simply  be  a  hole  or 
capillary  with  realtively  high  aspect  ratio,  e.g. 
length/width  =  2.0  or  more.  In  an  alternate 
embodiment,  the  collimator  may  consist  of  a 
structure  normally  referred  to  as  a  showerhead, 
which  is  commonly  utilized  in  CVD  process 
equipment  to  achieve  uniform  impingement 
density  across  the  wafer  and  which  may  be 
adapted  for  use  in  accordance  with  the  inven- 
tion.  Compared  with  conventional  approaches, 
the  system  and  method  permit  new  shapes  of 
the  deposited  thin  film  layer  to  be  achieved  over 
topography  (such  as  trenches),  including  (i) 
tapered  rather  than  re-entrant  shapes  (i.e., 
thicker  at  bottom  rather  than  at  top),  (ii)  enh- 
anced  sidewall  and/or  bottom  coverage  of 
trench  structures  (cf.  the  top  surface),  (iii)  void- 
less,  seamless  filling  of  trench  or  via  structures 

even  at  high  aspect  ratio  (depth/width),  and  (iv) 
asymmetric  sidewall  coverage. 
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The  present  invention  relates  to  semiconductor 
fabrication,  and  particularly  to  a  system  and  method 
for  controlling  the  thickness  distribution  of  chemically 
deposited  thin  film  layers  over  three-dimensional  to- 
pography  on  the  scale  of  0.1  -1  0  urn,  such  dimensions 
being  characteristic  of  features  used  in  semiconduc- 
tor  devices. 

More  specifically,  the  invention  relates  to  the 
challenges  presented  by  the  surface  of  a  semicon- 
ductor  which,  before  the  deposition,  contains  trench 
or  via  structures  protruding  down  into  the  surface  and 
having  for  example  rectangular  (trench)  or  circular 
(via)  shapes  as  viewed  from  above.  The  two  shapes 
will  be  referred  to  interchangeably  throughout  this  de- 
scription.  The  lateral  dimension  of  such  structures  is 
hereafter  referred  to  as  the  width  of  the  trench  or  via; 
the  vertical  dimension  of  such  structures  is  referred 
to  as  the  depth.  The  aspect  ratio  AR  of  the  trench  or 
via  is  the  ratio  of  depth  to  width.  The  invention  is  di- 
rected  to  providing  a  process  that  offers  the  capability 
of  controlling  deposited  layer  profiles  oversuch  three- 
dimensional  trench  or  via  structures,  and  particularly 
the  ablility  to  choose  how  the  thickness  of  the  depos- 
ited  layer  varies  with  position  along  the  surface  of  the 
trench  bottom  or  sidewall  surface,  as  well  as  with  re- 
spect  to  the  thickness  deposited  on  the  top  surface 
next  to  the  trench. 

The  geometry  of  a  trench  and  of  a  deposited 
overlayer  structure  is  depicted  schematically  in  Figs. 
1(a)  and  1(b),  respectively.  In  Fig.  1(a)  a  semiconduc- 
tor  substrate  with  a  three-dimensional  trench  or  via 
structure  having  a  depth  d  and  width  w  is  shown  in 
cross-section,  while  a  thin  film  overlayer  on  the  top, 
sidewall,  and  bottom  surfaces  is  illustrated  in  Fig.  1  (b) 
with  thickness  dimensions  tt,  ts.,  and  tb  respectively. 
The  step  coverage  SC  is  conventionally  defined  as 
the  ratio  of  sidewall  to  top  coverage,  i.e.,  SC  =  ts  tt 

Overlayer  deposition  processes  provide  differing 
degrees  of  conformality  as  indicated  in  Figs.  2(a)  and 
2(b),  which  schematically  show  the  conformality  of 
deposited  layers  on  trench  structures  of  different 
ARs.  In  Fig.  2(a),  where  AR-1.0,  the  sidewall  cover- 
age  is  nearly  equal  to  the  top  coverage,  and  conse- 
quently  conformality  is  very  good.  In  Fig.  2(b)  the 
higher  aspect  ratio  AR»1.0  causes  sidewall  cover- 
age  to  be  smaller  with  increasing  depth  into  the 
trench,  and  the  resulting  conformality  is  poor.  The 
high  conformality  coverage  of  Fig.  2(a)  is  typically 
that  achieved  with  chemical  deposition  mechanisms. 
The  poor  conformality  of  Fig.  2(b)  is  more  commonly 
found  with  physical  deposition  techniques  in  which 
the  impinging  flux  on  the  feature  surface  is  limited  by 
geometrical  shadowing.  In  many  -  if  not  most  -  cases, 
conformal  coverage  is  desired.  For  example,  if  the  de- 
posited  layer  is  a  dielectric  used  to  electrically  isolate 
a  material  subsequently  put  into  the  trench  over  the 
dielectric,  thinner  regions  on  the  sidewall  would  rep- 
resent  a  serious  yield  and  reliability  detractor. 

Typically,  the  sidewall  coverage  will  not  be  uni- 
form  along  its  height.  Such  variations  are  illustrated  in 
Figs.  3(a)  and  (b),  which  respectively  show  (a)  ta- 
pered  and  (b)  re-entrant  sidewall  profiles  of  deposited 

5  thin  films  or  layers  of  finite  conformality.  The  tapered 
shape  has  thicker  sidewall  coverage  toward  the  bot- 
tom  of  the  sidewall  than  toward  the  top,  while  the  sit- 
uation  is  reversed  for  the  re-entrant  shape.  Generally 
speaking  the  tapered  shape  is  more  desireable  than 

10  the  re-entrant,  because  the  overhang  of  deposited 
material  near  the  top  of  the  trench  shadows  the  re- 
gion  below,  and  the  consequences  of  subsequent  de- 
position  can  be  ill-defined.  With  tapered  or  re-entrant 
shapes,  the  step  coverage  may  need  to  be  defined 

15  more  precisely,  but  one  can  refer  to  it  simply  in  terms 
of  the  average  sidewall  coverage. 

When  the  deposited  film  is  employed  to  com- 
pletely  fill  the  trench  structure,  as  shown  in  Fig.  4, 
three  different  results  can  emerge  as  illustrated  by 

20  cases  (a),  (b),  and  (c).  In  case  (a)  the  deposited  ma- 
terial  fills  the  trench  without  leaving  a  seam  or  void. 
In  case  (b)  a  seam  is  shown,  arising  from  the  point 
where  the  sidewall  layers  merge  during  deposition.  In 
case  (c)  a  void  is  depicted,  which  can  readily  arise  if 

25  the  deposition  produces  re-entrant  profiles  at  earlier 
stages  of  the  filling  process.  For  integrity  and  reliabil- 
ity  in  microelectronic  structures,  case  (a)  is  ideal.  The 
cases  of  remaining  seams  (b)  and  voids  (c)  are  unde- 
sireable,  since  chemicals  or  materials  may  be  present 

30  in  the  seam  or  void  to  corrode  or  degrade  the  struc- 
ture.  Furthermore,  voids  are  rarely  hermetically 
sealed,  so  subsequent  exposure  to  chemicals  or  ma- 
terials  deposition  can  alter  the  material  structure  sub- 
stantially. 

35  Deposition  onto  trench  and  via  structures  is  com- 
monly  practiced  at  several  stages  in  the  fabrication  of 
semiconductor  devices  and  interconnections.  Most 
often  the  objective  is  to  provide  rather  highly  confor- 
mal  films  or  void-free  (and  possibly  seam-free)  filling. 

40  The  problem  and  challenge  presented  is  that  of  in- 
creasing  aspect  ratio  trench  structures,  consistent 
with  the  trend  toward  higher  lateral  device  density. 

Low  pressure  chemical  vapor  deposition 
(LPCVD)  is  widely  used  to  achieve  conformal  depos- 

45  ition  of  microelectronic  films  over  topography.  Physi- 
cal  vapor  deposition  techniques  (evaporation,  sput- 
ter-deposition)  are  typically  limited  to  low  AR  (<2) 
since  they  involve  relatively  collimated  or  directional 
impinging  beams  with  sticking  coefficients  sr  =1. 

so  LPCVD  processes  offer  much  better  conformality  a 
filling  properties  for  several  reasons. 
First,  the  reactive  species  in  the  gas  phase  exhibit 
isotropic  impingement  properties,  so  that  they  can 
impinge  on  sidewalls  substantially. 

55  Second,  the  chemical  processes  involved  provide  in- 
termediate  species,  some  of  which  may  be  mobile  on 
the  surface  and  thereby  may  migrate  to  sidewalls  and 
bottom  trench  surfaces. 
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Third,  the  reaction  probability  of  chemical  reactants 
hitting  the  surface  may  be  <1.0,  in  contrast  to  the 
case  of  physical  vapor  deposition,  so  that  some  spe- 
cies  bounce  off  the  surface  to  impinge  on  neighboring 
surfaces  in  the  trench  from  different  angles,  a  phe- 
nomenon  called  redeposition.  Indeed,  conformal  de- 
position  can  be  achieved  with  very  high  AR  (~40),  as 
has  been  found  with  CVD  Si3N4.  deposition  for  triple- 
layer  dielectrics  in  dynamic  RAM  trench  capacitors,  or 
with  the  subsequent  filling  of  high  AR  trenches  with 
polycrystalline  Si  films  by  CVD.  The  important  distinc- 
tion  is  that  CVD  processes  involve  isotropic  impinge- 
ment  of  reactant  species  together  with  reactive  stick- 
ing  coefficients  sr  (i.e.,  reaction  probabilities)  which 
are  ess  than  unity. 

Current  CVD  processes  have  important  limita- 
tions.  With  higher  integration  levels  or  higher  perfor- 
mance  structures,  higher  aspect  ratios  are  required, 
stretching  the  ability  of  known  CVD  processes.  Re- 
entrant  profiles,  seams,  and  voids  all  endanger  the 
manufacturability  of  the  semiconductor  product  due 
to  yield  and  reliability  problems.  Where  higher  growth 
temperatures  improve  conformality  or  profiles,  other 
properties  of  the  3-D  structure  may  be  degraded 
(e.g.,  abrupt  doping  profiles  due  to  diffusion).  Alterna- 
tively,  lower  reaction  probabilities  ("reactive  sticking 
coefficient")  for  well-chosen  CVD  chemistries  can 
yield  higher  conformality,  butthroughput  is  degraded, 
making  the  approach  less  competitive.  Thus,  conven- 
tional  CVD  processes  may  not  be  capable  of  achiev- 
ing  the  3-D  profiles  and  filling  characteristics  needed 
for  next-generation  technologies. 

Accordingly,  it  is  an  object  of  the  present  inven- 
tion  to  provide  a  means  by  which  deposition  profiles 
in  trench  or  via  structures  can  be  improved,  whether 
thin  layers  or  trench  filling  are  being  produced.  Fur- 
thermore,  it  is  an  object  of  the  invention  to  enable  the 
fabrication  of  three-dimensional  shapes  or  profiles  of 
the  deposited  thin  film  layer  which  are  not  possible 
using  conventional  chemical  vapor  deposition  or 
physical  vapor  deposition  as  currently  known  and 
practiced. 

More  specifically,  it  is  intended  to  make  possible 
the  deposition  of  thin  films  into  trenches  or  vias  such 
that  high  conformality  is  achieved,  and  that  tapered 
profiles  of  the  deposited  overlayer  may  be  realized. 
In  addition,  it  is  an  object  of  the  invention  to  provide 
a  means  to  achieve  complete  filling  of  trench  or  via 
structures  by  the  thin  film  deposited  material  such 
that  voids  and  seams  are  not  incorporated  or  formed 
in  the  material.  These  objects  are  critical  to  the  ad- 
vance  of  semiconductor  device  and  interconnection 
technology.  Finally,  it  would  be  of  potential  benefit  to 
be  able  to  coat  one  sidewall  with  a  higher  coverage 
than  that  on  the  opposite  sidewall,  in  order  to  provide 
flexibility  for  the  fabrication  of  novel  device  struc- 
tures. 

The  present  invention,  involves  directional  low 

pressure  chemical  vapor  deposition  (DLPCVD),  and 
particularly  a  system  or  apparatus  and  method  for 
providing  considerably  greater  flexibility  and  efficien- 
cy  in  fabricating  desired  film  profiles  over  3-dimen- 

5  sional  topography.  The  invention  exploits  the  non- 
unity  sticking  property  (reactive  sticking  coefficient 
sr<1.0)  of  CVD  chemicals  to  deposit  materials  over 
microscopic  surface  features  to  achieve  precise  de- 
position,  e.g.,  in  via  filling. 

10  Figs.  5(a)  and  5(b)  show  the  scattering  properties 
obtainable  by  using  a  directional  CVD  (sr<1.0)  beam 
at  a  specified  angle  to  a  trench  structure,  here  at  nor- 
mal  incidence  in  Fig.  5(a)  and  at  oblique  incidence  in 
Fig.  5(b).  New  reactant  trajectories  are  generated  by 

15  reflected  species,  which  then  impinge  on  different 
portions  and  at  different  angles  over  the  3-dimen- 
sional  microscopic  topography.  The  invention  exploits 
and  combines  three  key  factors,  i.e,  a  low  pressure  re- 
actor,  CVD  reactants,  and  directional  beam  deposi- 

20  tion.  More  particularly, 
1  .  Low  pressures  are  used  (~  1  -  1  0  torr  or  less)  so 
that  the  mean  free  path  in  the  gas  phase  is  long 
as  compared  to  dimensions  that  are  characteris- 
tic  of  the  microfeatures  being  fabricated.  This  as- 

25  sures  that  gas  phase  scattering  within  the  trench 
is  negligible,  and  therefore  that  the  distribution  of 
incident  directions  of  reactant  onto  the  trench  fea- 
ture  is  maintained  until  scattering  or  reaction  oc- 
cur  on  the  surfaces  of  the  trench. 

30  2.  CVD  reactants  are  employed,  so  that  the  reac- 
tive  sticking  coefficient  of  impinging  species  is 
sr<1  .0.  As  shown  in  Figs.  5(a)  and  5(b)  significant 
fractions  of  reactant  are  scattered  and  contribute 
to  new  impingement  angles  and  positions  on  the 

35  3-dimensional  structure.  The  constraint  on  srdis- 
tinguishes  the  approach  from  any  based  on  phys- 
ical  vapor  deposition,  where  sr=  1.0  typically.  De- 
pending  on  the  chemistry  of  the  process,  volatile 
reaction  products  from  the  initial  surface  interac- 

40  tion  may  lead  to  deposition  of  species  on  t  he  side- 
walls  as  well  (although  the  material  properties 
may  be  different). 
3.  The  supply  of  CVD  reactants  to  the  surface  is 
delivered  as  a  directional  beam.  Such  a  beam  can 

45  be  made  by  passing  the  precursor  gases  through 
a  capillary  array,  for  example.  By  choosing  the 
reactant  angle  of  incidence  to  the  macroscopic 
target  surface,  considerable  variation  in  film  mor- 
phology  can  be  achieved.  A  process  using  a  di- 

50  rectional  CVD  beam  represents  a  fundamentally 
different  instrumentality  from  conventional  CVD, 
wherein  an  isotropic  distribution  of  incident  an- 
gles  is  expected  to  first  order  and  many  unique 
consequences  achievable  with  the  present  in- 

55  vention  are  precluded. 
Figs.  1(a)  and  1(b)  are  schematic  diagrams  of  a 

vertical  cross-section  of  a  three-dimensional  trench 
or  via  structure  prior  to  and  after  the  deposition  of  a 
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thin  film  over  its  surface. 
Figs.  2(a)  and  2(b)  are  schematic  diagrams  illus- 

trating  different  conformalities  of  deposited  layers  on 
trench  structures  of  the  type  shown  in  Figs.  1(a)  and 
1(b)  but  with  different  aspect  ratios,  i.e.,  AR-1.0  in  5 
Fig.2(a)  and  a  higher  aspect  ratio  AR»1.0  in  Fig. 
2(b). 

Figs.  3(a)  and  3(b)  illustrate  tapered  (a)  and  re- 
entrant  (b)  shapes  for  deposited  layers  of  finite  con- 
formality.  10 

Fig.  4  illustrates  characteristic  CVD  filling  proper- 
ties,  including  (a)  ideal  (i.e.,  seamless  and  voidless), 
(b)  seam  remaining,  and  (c)  void  remaining. 

Figs.  5(a)  and  5(b)  show  the  scattering  properties 
obtained  by  using  a  directional  CVD  (sr<1.0)  beam  in  15 
accordance  with  the  invention  at  a  specified  angle  to 
a  trench  structure,  at  normal  incidence  in  Fig.  5(a) 
and  at  oblique  incidence  in  Fig.  5(b). 

Fig.  6  is  a  schematic  diagram  of  a  reactor  config- 
uration  for  producing  a  directional  low  pressure  CVD  20 
beam  in  accordance  with  the  invention,  showing  the 
beam  in  the  case  of  normal  incidence. 

Figs.  7(a)  through  7(d)  show  the  effect  of  differ- 
ing  degrees  of  collimation  of  the  beam  of  the  invention 
on  the  initial  deposition  profile  for  trench  features  of  25 
unity  aspect  ratio,  for  (a)  perfect  collimation,  (b)  +30°, 
(c)  +60°,  and  (d)  no  collimation. 

Figs.  8(a)  and  8(b)  show  deposited  profiles  for 
trench  structures  with  aspect  ratios  of  unity  (a)  and  20 
(b),  calculated  for  various  sticking  coefficients  for  30 
CVD  reactant  flux  normal  to  the  macroscopic  sur- 
face. 

Fig.  9  shows  deposited  profiles  for  trench  struc- 
tures  with  aspect  ratio  unity,  calculated  at  various 
sticking  coefficients  for  CVD  reactant  flux  oblique  to  35 
the  macroscopic  surface  (at  45°  angle  of  incidence). 

The  present  invention  is  embodied  in  a  system  or 
apparatus  and  method  for  controlling  the  thickness 
profile  of  deposited  thin  film  layers  over  three- 
dimensional  topography,  wherein  low  pressure  chem-  40 
ical  vapor  deposition  (LPCVD)  conditions  are  em- 
ployed  with  a  reactant  beam  that  is  collimated  and 
chosen  to  impinge  at  a  specific  angle  onto  the  depos- 
ition  surface.  As  compared  with  conventional  ap- 
proaches,  the  invention  permits  new  shapes  of  the  45 
deposited  thin  film  layer  to  be  achieved  over  varying 
topography,  such  as  trenches,  which  shapes  include, 
for  example,  (i)  tapered  ratherthan  re-entrant  shapes 
(i.e.,  thicker  at  the  bottom  rather  than  at  the  top),  (ii) 
enhanced  sidewall  and/or  bottom  coverage  of  trench  50 
structures  (cf.  the  top  surface),  (iii)  voidless,  seam- 
less  filling  of  trench  or  via  structures  even  at  high  as- 
pect  ratio  (depth/width),  and  (iv)  asymmetric  sidewall 
coverage. 

As  shown  in  Fig.  6,  the  primary  modification  in  55 
conventional  LPCVD  reactor  design  needed  to  ac- 
complish  directional  LPCVD  in  accordance  with  the 
invention  is  the  addition  to  the  reactor  1  of  a  reactant 

collimator  10  which  tailors  the  angular  distribution  of 
incident  species  11  to  the  surface  on  which  reactant 
is  to  be  deposited,  such  as  the  surface  of  a  semicon- 
ductor  wafer  12.  In  a  preferred  embodiment,  the  col- 
limator  10  is  a  plate  perforated  by  a  pattern  of  aper- 
tures  or  nozzles  13  through  which  the  reactant  gas  14 
flows.  Each  such  nozzle  is  designed  to  cause  the  re- 
actant  to  produce  a  collimated  gas  beam  after  leaving 
the  collimator,  and  may  simply  be  a  hole  or  capillary 
with  relatively  high  aspect  ratio,  e.g.,  length/width  = 
2.0  or  more. 

In  an  alternate  embodiment,  the  collimator  may 
consist  of  a  structure  normally  referred  to  as  a  show- 
erhead,  which  is  commonly  utilized  in  CVD  process 
equipment  to  achieve  uniform  impingement  density 
across  the  wafer  and  which  may  be  adapted  for  use 
in  accordance  with  the  invention. 

Those  skilled  in  the  art  will  recognize  that  other, 
and  more  sophisticated  nozzle  designs  may  be  used 
to  achieve  more  effective  collimation  of  the  incident 
CVD  reactant  beam.  These  may  include,  for  example, 
holes  combined  with  smaller-diameter  apertures,  ta- 
pered  holes,  etc.  Designs  intended  for  application  in 
collimated  sputter  deposition  may  be  found  suitable 
for  DLPCVD. 

It  is  also  contemplated,  as  indicated  in  Fig.  6,  that 
other  sources  20  of  gaseous  species  from  other  por- 
tions  of  the  process  reactor  1  may  provide  isotropic  or 
directional  impingement  on  the  deposition  surface. 
These  sources  may  include  the  use  of  multiple  colli- 
mated  beams,  multiple  collimators,  or  a  distributed  ar- 
ray  of  collimators  utilizing  the  same  or  different  gas- 
es. 

Additionally,  the  chosen  embodiment  may  in- 
clude  the  capability  of  preheating  the  collimator  or 
showerhead  section,  which  feature  can  be  accom- 
plished  by  a  number  of  well-known  techniques.  The 
primary  objective  is  a  technique  that  will  prevent  ex- 
cessive  condensation,  reaction,  orfilm  buildup  on  the 
nozzles  so  that  the  collimator  will  not  need  frequent 
reconditioning  or  cleaning.  This  feature  will  also  make 
a  reactant,  which  does  not  pass  through  a  nozzle  and 
is  reflected  or  desorbed  primarily  upstream  of  the 
nozzle,  available  for  a  second  try,  so  that  the  reactant 
will  be  efficiently  used.  Further,  collimator  heating  will 
cause  some  heating  of  the  reactant  gas,  which  may 
enhance  the  deposition  rate  or  otherwise  improve  the 
process  itself. 

Calculations  simulating  molecular  ballistics  of  the 
impingement  and  scattering  of  a  chemical  beam  of  a 
modest  degree  of  collimation  demonstrate  that  the 
process  advantages  of  DLPCVD  can  be  achieved 
with  even  a  modest  degree  of  collimation  of  the  inci- 
dent  beam.  This  is  shown  in  Figs.  7(a)  through  7(d), 
which  depict  (a)  perfect  collimation,  (b)  +30°,  (c)  +60°, 
and  (d)  no  collimation.  Clearly,  tapered  sidewall  pro- 
files  are  achieved  fora  broad  range  of  sr  with  +30°  col- 
limation,  as  well  as  for  +60°  collimation,  if  sr  is  small. 

4 
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This  means  that  collimator  design  requirements  are 
relaxed.  Higher  degrees  of  collimation  are  needed  for 
higher  aspect  ratio  trench  and  via  structures. 

For  some  (not  all)  chemical  systems,  sr  decreas- 
es  as  the  surface  reaction  leads  to  surface  products 
or  intermediates  which  cover  the  surface  and  may  ef- 
fectively  passivate  the  surface  against  adsorption  of 
further  reactant  molecules  impinging  from  the  beam. 
Then  sr  would  appear  to  decrease  to  zero  as  the  re- 
action  proceeds.  For  such  cases  the  reaction  should 
be  carried  out  under  conditions  of  temperature  and 
pressure  such  that  the  steady-state  surface  coverage 
of  intermediate  species  is  low  compared  to  full  or  sat- 
uration  coverage.  This  is  typically  achievable  by  op- 
eration  at  higher  temperatures  so  that  neither  surface 
reaction  steps  or  product  desorption  are  rate-limiting, 
thus  assuring  that  the  growth  rate  of  the  deposited 
film  and  its  three-dimensional  profile  are  determined 
by  the  directionality  of  the  impinging  beam. 

Two  examples  serve  to  demonstrate  the  kinds  of 
3-D  shape  modification  that  can  be  achieved  using 
the  present  invention.  These  modifications  will  be  de- 
scribed  by  modeling  calculations  which  assume  uni- 
directional  incoming  flux  distribution  and  diffuse  sur- 
face  scattering,  and  calculate  continuous  stages  of 
the  deposition  profile  on  3-D  trench  features. 

The  first  example,  shown  in  Figs.  8(a)  and  8(b), 
illustrates  the  unique  trench  filling  capability  which 
can  be  obtained  for  normal  incidence  reactant  flux. 
Fig.  8(a)  shows  deposited  profiles  for  trench  struc- 
tures  with  aspect  ratios  of  unity,  and  Fig.  8(b)  shows 
the  same  for  aspect  ratios  of  20,  both  calculated  for 
various  sticking  coefficients  for  CVD  reactant  flux 
normal  to  the  macroscopic  surface.  Note  that  for  sr 
<1.0  the  coverage  is  greater  at  the  bottom  portion  of 
the  sidewall  than  at  the  top,  and  that  the  trench  bot- 
tom  coverage  is  greater  than  that  on  the  top  surface. 
With  sr  =  1.0  (physical  vapor  deposition),  the  depos- 
ited  amount  is  identical  on  the  top  surface  and  on  the 
trench  bottom,  with  no  deposition  occurring  on  the 
sidewalls  of  the  trench.  With  lower  srtwo  important 
effects  are  evident. 
First,  the  sidewalls  are  not  only  covered  due  to  sr<1  .0, 
but  the  coverage  at  the  bottom  portion  of  the  sidewall 
is  greater  than  that  at  the  top  of  the  sidewall. 
This  result  is  opposite  from  what  would  normally  oc- 
cur  with  an  isotropic  (non-directional)  reactant  beam. 
The  greater  coverage  near  the  sidewall  bottom  is 
caused  by  its  closer  proximity  to  the  trench  bottom, 
where  reflected  reactant  within  the  trench  originates. 
Second,  the  coverage  on  the  trench  bottom  exceeds 
that  on  the  top  surface  of  the  wafer.  Again,  this  is  not 
only  a  consequence  of  sr  <1  .0,  but  of  the  directional 
impingement  of  CVD  reactants:  reflected  species 
from  the  top  surface  essentially  leave  the  system, 
while  those  reflected  at  the  trench  bottom  can  be 
again  reflected  at  the  trench  sidewalls,  thus  providing 
a  channel  to  bring  them  finally  to  the  trench  bottom 

again. 
Consequently,  normal  incidence  reactant  impinge- 
ment  using  directional  low  pressure  CVD  offers  the 
following  advantages: 

5  •  The  capability  of  producing  trench,  via,  and 
sidewall  coverage  with  tapered  profile,  i.e., 
higher  sidewall  coverage  at  the  bottom  than  at 
the  top  of  the  trench  sidewall; 

•  The  reduced  tendency  for  seam  and/or  void 
10  formation  in  trench/via  filling  applications  due 

to  tapered  sidewall  deposition  shape; 
•  The  enhanced  ability  to  cover  and/or  fill  re-en- 

trant  trenches/vias,  i.e.,  lower  sidewall  cover- 
age  at  the  bottom  of  the  trench  sidewall; 

15  •  The  ability  to  cover  the  trench/via  bottom  and 
the  bottom  region  of  the  sidewall  preferentially; 

•  Improved  trench  fill  at  low  temperatures,  since 
higher  surface  mobility  may  not  be  needed  to 
distribute  the  deposit  to  bottom  regions  of 

20  trench/via  structures; 
•  The  capability  of  providing  higher  coverage  at 

the  trench/via  bottom  than  at  the  top  surface, 
which  may  be  useful  for  enhanced  planariza- 
tion  schemes; 

25  •  The  ability  to  employ  lower  sr  chemistries  at 
given  deposition  rates  for  filling  applications, 
since  the  directional  beam  enhances  the  por- 
tion  which  reaches  the  bottom  of  the  trench. 

A  second  example,  shown  in  Fig.  9,  is  that  of  ob- 
30  lique  angle  directional  CVD.  Fig.  9  shows  deposited 

profiles  for  trench  structures  with  aspect  ratios  of  uni- 
ty,  calculated  at  various  sticking  coefficients  for  CVD 
reactant  flux  oblique  to  the  macroscopic  surface  (at 
45°  angle  of  incidence).  Note  that  the  sidewall  cover- 

35  age  is  asymmetric,  resulting  from  preferential  im- 
pingement  from  one  side,  which  is  effective  in  produc- 
ing  asymmetry.  The  amount  deposited  on  the  side- 
wall  facing  the  beam  source  exceeds  that  on  those 
shadowed  to  the  beam  source,  and  the  vertical  de- 

40  pendence  of  sidewall  coverage  depends  on  the  spe- 
cific  aspect  ratio  of  the  trench  and  angle  of  impinge- 
ment  of  the  beam  onto  the  macroscopic  wafer  sur- 
face.  The  former  result  opens  the  possibility  of  distin- 
guishing  some  sidewalls  from  others,  especially  since 

45  isotropic  dry  or  wet  etching  backofthe  deposited  film 
can  be  used  to  completely  remove  the  deposited  film 
from  the  shadowed  sidewall  but  leave  a  substantial 
thickness  on  the  facing  sidewall.  If  it  is  desired  to  pro- 
duce  thicker  layers  on  sidewalls  facing  other  direc- 

50  tions,  or  on  all  sidewalls,  this  may  be  accomplished 
either  through  multiple  beam  sources,  or  more  simply 
by  rotating  the  wafer.  Thus,  oblique  incidence  reac- 
tant  impingement  using  directional  low  pressure  CVD 
offers  the  following  advantages: 

55  •  The  capability  of  producing  deposits  (com- 
bined  with  etch-back)  on  a  subset  of  sidewalls 
facing  the  beam  source; 

•  The  capability  of  producing  deposits  primarily 

5 
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on  the  top  portion  of  sidewalls  (near  glancing 
incidence  of  beam  to  macroscopic  surface) 

These  advantages  can  be  combined  with  other 
processes  (isotropic  deposition,  isotropic  or  aniso- 
tropic  etching,  etc.)  to  fabricate  a  broader  array  of 
structural  characteristics.  It  is  contemplated  that  the 
invention  may  be  used  to  prevent  "worm-hole"  forma- 
tion  in  tungsten  CVD  deposition  on  silicon,  i.e.,  the  en- 
croachment  of  the  silicon  substrate  during  deposition. 

The  process  of  the  invention  broadly  incorporates 
the  following  features: 

•  using  a  gaseous  beam  to  produce  material  de- 
position  on  a  surface; 

•  collimation  of  the  impinging  beam,  such  that 
the  beam  flux  is  directional  ratherthan  isotrop- 
ic; 

•  arranging  a  specific  angle  of  incidence  of  the 
beam  onto  the  surface; 

•  choosing  of  the  beam  species  such  that  its  re- 
action  probability  with  the  surface  is  less  than 
100%;  and 

•  using  a  low  pressure  environment  for  the  proc- 
ess,  such  that  beam  directionality  is  main- 
tained  on  a  length  scale  up  to  and  including  the 
dimension  between  the  collimating  means  and 
the  surface  where  deposition  is  to  take  place. 

In  any  particular  embodiment  of  the  invention  the 
collimation  of  the  beam  may  be  in  the  range  of  ap- 
proximately  +60°  or  less.  The  angle  of  incidence  of  the 
beam  onto  the  surface  may  be  0°,  i.e.,  normal  inci- 
dence  or  some  oblique  angle  between  0  and  90°.  The 
beam  species  may  be  those  utilized  in  chemical  vapor 
deposition  processes,  such  as  silanes  and  chlorosi- 
lanes,  organometallic  and  organosilicon  species, 
metal  fluorides,  dopant  precursors,  known  precursors 
for  chemical  vapor  deposition,  or  other  volatile  spe- 
cies.  More  particularly,  the  beam  species  may  be  si- 
lane,  higher  silanes,  chlorosilanes,  B2H6,  PH3,  or 
AsH3,  tetraethylorthosiloxane  (commonly  known  as 
TEOS)  and  related  species,  WF6,  TiCI4,  NH3,  N2,  02, 
03,  or  H20,  and  combinations  thereof. 

The  process  environment  for  the  beam  and  sur- 
face  should  be  such  that  the  total  pressure  is  less 
than  or  equal  to  133.3  Pa  (1  torr),  and  preferably  in 
the  range  from  about  0.01  33  Pa  (0.1  millitorr)  to  60  Pa 
(500  millitorr).  The  process  parameters  may  be  chos- 
en  from  among  typical  CVD  conditions  of  pressure 
and  temperature,  favoring  higher  temperatures  and 
lower  pressures  to  assure  that  the  reactive  sticking 
probability  maintains  its  value  as  deposition  pro- 
ceeds,  so  that  the  deposited  profile  reflects  the  direc- 
tional  characteristics  of  the  impinging  beam.  For  ex- 
ample,  the  surface  temperature  may  be  in  the  range 
from  about  room  temperature  to  1100°C,  and  prefer- 
ably  in  the  range  from  about  250  to  750°C. 

The  appropriate  pressure  and  temperature  condi- 
tions  may  first  be  established  and  then  appropriate 
gas  flow  conditions  initiated,  after  which  the  surface 

or  wafer  may  be  introduced  into  the  deposition  zone 
of  the  reactor.  The  reactor  may  consist  of  a  single-wa- 
fer  reactor  for  chemical  vapor  deposition  processes, 
or  plasma-enhanced  chemical  vapor  deposition  proc- 

5  esses,  as  practiced  commercially,  modified  to  ach- 
ieve  directionality  of  the  impinging  beam  on  the  sur- 
face,  such  as  by  a  showerhead  arrangement  as 
shown  in  Fig.  6.  Other  gases  may  be  added  to  the  gas 
stream  delivered  to  the  collimator,  which  other  gases 

10  may  be  either  reactive  species  (such  as  CVD  precur- 
sors)  or  inert  carrier  species  (such  as  helium,  argon, 
nitrogen,  or  hydrogen).  Other  gaseous  species  from 
other  portions  of  the  process  reactor  may  provide  iso- 
tropic  or  directional  impingement  on  the  surface;  this 

15  feature  could  include  the  use  of  multiple  collimated 
beams,  multiple  collimators,  or  a  distributed  array  of 
collimators  utilizing  the  same  or  different  gases. 

The  invention  is  clearly  distinguishable  from  sev- 
eral  other  processing  approaches: 

20  •  DLPCVD  differs  distinctly  from  conventional 
low  pressure  CVD  in  its  use  of  a  directional  im- 
pinging  reactant  beam.  In  comparison  with  at- 
mospheric  pressure  CVD  (APCVD),  it  has  the 
additional  distinction  of  a  different  pressure  re- 

25  gime  (molecular  flow). 
•  DLPCVD  also  differs  from  gas  source  molecu- 

lar  beam  epitaxy  (or  metallo-organic  molecular 
beam  epitaxy),  MBE,  in  the  fact  that  DLPCVD 
employs  pressure  regimes  and  reactor  con- 

30  struction  only  slightly  modified  from  those  for 
CVD.  This  means  that  deposition  rates  acces- 
sible  with  DLPCVD  will  be  substantially  above 
those  of  MBE.  Finally,  DLPCVD  utilizes  a  spe- 
cific  beam  collimation  technique  (e.g.,  capillar- 

35  ies),  while  MBE  typically  employs  large  source- 
to-wafer  distance  to  effect  collimation. 

•  DLPCVD  differs  from  all  physical  vapor  depos- 
ition  techniques  (evaporation,  sputter-deposi- 
tion,  and  molecular  beam  epitaxy)  in  that  the 

40  reaction  probability  for  gas  species  impinging 
on  the  deposition  surface  is  generally  less  than 
unity  or  100%,  i.e.,  the  reactive  sticking  coef- 
ficient  sr<1  .0. 

While  the  invention  has  been  described  with  ref- 
45  erence  to  preferred  embodiments  thereof,  it  will  be 

understood  by  those  skilled  in  the  art  that  various 
changes  in  form  and  details  may  be  made  without  de- 
parting  from  the  teaching  and  scope  of  the  invention. 

50 
Claims 

1.  A  system  for  controlling  the  thickness  profile  of 
deposited  thin  film  layers  over  three-dimensional 

55  topography,  comprising: 
means  for  providing  a  gaseous  reactant 

beam  to  produce  material  deposition  on  a  sur- 
face; 

6 
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means  forcollimating  said  beam,  such  that 
the  beam  flux  is  directional  rather  than  isotropic; 

means  for  arranging  a  specific  angle  of  in- 
cidence  of  said  beam  onto  the  surface; 

means  for  providing  a  beam  species  such 
that  the  reaction  probability  of  said  beam  with  the 
surface  is  less  than  100%; 

means  for  producing  a  low  pressure  envir- 
onmentforsaid  beam  and  said  surface,  such  that 
beam  directionality  is  maintained  on  a  length 
scale  up  to  and  including  the  dimension  between 
said  collimating  means  and  said  surface  where 
deposition  is  to  take  place. 

2.  A  system  as  in  claim  1  wherein  said  collimating 
means  causes  the  collimation  of  said  beam  to  be 
approximately  +60°  or  less. 

3.  A  system  as  in  claim  1  wherein  said  collimating 
means  comprises  means  for  passing  said  beam 
through  a  set  of  apertures  designed  to  achieve  di- 
rectionality  of  the  beam  to  produce  collimation. 

4.  Asystem  as  in  claim  3  wherein  said  beam  passing 
means  comprises  a  set  of  nozzles. 

5.  A  system  as  in  claim  1  wherein  said  means  for 
providing  a  beam  species  comprises  means  for 
adding  at  least  one  of  reactive  species  and  inert 
carrier  species  to  said  beam. 

6.  A  system  as  in  claim  1  wherein  said  means  for 
providing  a  beam  species  provides  beam  species 
selected  from  the  group  consisting  of  silanes  and 
chlorosilanes,  organometallic  and  organosilicon 
species,  metal  fluorides,  dopant  precursors, 
known  precursors  for  chemical  vapor  deposition, 
other  volatile  species,  and  combinations  thereof. 

7.  A  system  as  in  claim  1  wherein  said  means  for 
providing  a  beam  species  provides  beam  species 
selected  from  the  group  consisting  of  silane,  high- 
er  silanes,  chlorosilanes,  B2H6,  PH3,  or  AsH3,  tet- 
raethylorthosiloxane  (commonly  known  as 
TEOS)  and  related  species,  WF6,  TiCI4,  NH3,  N2, 
02,  03,  H20,  and  combinations  thereof. 

8.  A  system  as  in  claim  1  wherein  said  collimating 
means  comprises  means  for  directing  said  beam 
onto  said  surface  with  an  angle  of  incidence  of  0°. 

9.  A  system  as  in  claim  1  wherein  said  collimating 
means  comprises  means  for  directing  said  beam 
onto  said  surface  with  an  oblique  angle  of  inci- 
dence  between  0  and  90°. 

10.  A  system  as  in  claim  1  wherein  said  means  for 
producing  a  low  pressure  environment  for  said 

beam  comprises  means  for  producing  a  total 
pressure  of  less  than  or  equal  to  1  torr. 

11.  A  system  as  in  claim  1  wherein  said  means  for 
5  producing  a  low  pressure  environment  for  said 

beam  comprises  means  for  producing  a  total 
pressure  in  the  range  from  about  0.1  millitorr  to 
500  millitorr. 

10  12.  A  system  as  in  claim  1  wherein  said  means  for 
producing  a  low  pressure  environment  for  said 
beam  comprises  means  for  producing  a  surface 
temperature  in  the  range  from  room  temperature 
to  1100°C. 

15 
13.  A  system  as  in  claim  1  wherein  said  means  for 

producing  a  low  pressure  environment  for  said 
beam  comprises  means  for  producing  a  surface 
temperature  in  the  range  from  about  250  to 

20  750°C. 

14.  Asystem  as  in  claim  1  further  comprising  means 
for  adding  another  gaseous  species  to  said  low 
pressure  environment,  to  provide  additional  iso- 

25  tropic  or  directional  impingement  on  said  surface. 

15.  Asystem  as  in  claim  1  further  comprising  means 
for  heating  said  collimating  means. 

30  16.  A  method  for  controlling  the  thickness  profile  of 
deposited  thin  film  layers  over  three-dimensional 
topography,  comprising  the  steps  of: 
providing  a  gaseous  reactant  beam  to  produce 
material  deposition  on  a  surface; 

35  collimating  said  beam,  such  that  the  beam  flux  is 
directional  rather  than  isotropic; 
arranging  a  specific  angle  of  incidence  of  said 
beam  onto  the  surface; 
providing  a  beam  species  such  that  the  reaction 

40  probability  of  said  beam  with  the  surface  is  less 
than  100%;  and 
producing  a  low  pressure  environment  for  said 
beam  and  said  surface,  such  that  beam  direction- 
ality  is  maintained  on  a  length  scale  up  to  and  in- 

45  eluding  the  dimension  between  said  collimating 
means  and  said  surface  where  deposition  is  to 
take  place. 

17.  A  method  as  in  claim  16  wherein  the  collimation 
so  of  said  beam  is  approximately  +60°  or  less. 

18.  A  method  as  in  claim  16  wherein  said  collimating 
step  comprises  passing  said  beam  through  a  set 
of  apertures  designed  to  achieve  directionality  of 

55  the  beam  to  produce  collimation. 

19.  Amethod  as  in  claim  17  wherein  said  beam  pass- 
ing  step  comprises  a  passing  through  a  set  of 

7 
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nozzles. 

20.  A  method  as  in  claim  16  wherein  said  beam  spe- 
cies  comprises  at  least  one  of  reactive  species 
and  inert  carrier  species. 

21.  A  method  as  in  claim  16  wherein  said  beam  spe- 
cies  is  selected  from  the  group  consisting  of  si- 
lanes  and  chlorosilanes,  organometallic  and  or- 
ganosilicon  species,  metal  fluorides,  dopant  pre- 
cursors,  known  precursors  for  chemical  vapor  de- 
position,  othervolatile  species,  and  combinations 
thereof. 

22.  A  method  as  in  claim  16  wherein  said  beam  spe- 
cies  is  selected  from  the  group  consisting  of  si- 
lane,  higher  silanes,  chlorosilanes,  B2H6,  PH3,  or 
AsH3,  tetraethylorthosiloxane  (commonly  known 
as  TEOS)  and  related  species,  WF6,  TiCI4,  NH3, 
N2,  02,  03,  H20,  and  combinations  thereof. 

23.  A  method  as  in  claim  16  wherein  said  collimating 
step  comprises  directing  said  beam  onto  said  sur- 
face  with  an  angle  of  incidence  of  0°. 

24.  A  method  as  in  claim  16  wherein  said  collimating 
step  comprises  directing  said  beam  onto  said  sur- 
face  with  an  oblique  angle  of  incidence  between 
0  and  90°. 

25.  A  method  as  in  claim  16  wherein  said  producing 
a  low  pressure  environment  step  comprises  the 
step  of  producing  a  total  pressure  of  less  than  or 
equal  to  133  Pa. 

26.  A  method  as  in  claim  16  wherein  said  producing 
a  low  pressure  environment  step  comprises  the 
step  of  producing  a  total  pressure  in  the  range 
from  about  0,0133  Pa  to  60  Pa. 

27.  A  method  as  in  claim  16  wherein  said  producing 
a  low  pressure  environment  step  comprises  the 
step  of  producing  a  surface  temperature  in  the 
range  from  room  temperature  to  1100°C. 

28.  A  method  as  in  claim  16  wherein  said  producing 
a  low  pressure  environment  step  comprises  the 
step  of  producing  a  surface  temperature  in  the 
range  from  about  250  to  750°C. 

29.  A  method  as  in  claim  16  further  comprising  the 
step  of  adding  another  gaseous  species  to  said 
low  pressure  environment,  to  provide  additional 
isotropic  or  directional  impingement  on  said  sur- 
face. 

30.  A  method  as  in  claim  16  wherein  said  collimating 
step  comprises  the  step  of  heating  said  beam. 

31.  A  method  as  in  claim  16  further  comprising  the 
step  of  choosing  parameters,  among  typical  CVD 
conditions  of  pressure  and  temperature,  which  fa- 
vor  higher  temperatures  and  lower  pressures  to 

5  assure  that  said  reaction  sticking  probability 
maintains  its  value  as  deposition  proceeds,  so 
that  the  deposited  profile  reflects  the  directional 
characteristics  of  the  impinging  beam. 

10  32.  A  method  as  in  claim  31  further  comprising  the 
steps  of  establishing  selected  pressure  and  tem- 
perature  conditions,  and  then  initiating  selected 
gas  flow  conditions. 

15  33.  A  method  as  in  claim  31  further  comprising  the 
steps  of  establishing  selected  pressure,  temper- 
ature,  and  gas  flow  conditions,  and  then  introduc- 
ing  the  surface  to  the  deposition  zone  of  the  re- 
actor. 

20 
34.  In  a  low  pressure  chemical  vapor  deposition 

(LPCVD)  process,  the  method  of  controlling  the 
deposition  of  the  reactants  on  a  three- 
dimensional  deposition  surface  to  fabricate  de- 

25  sired  film  profiles  over  three-dimensional  topog- 
raphy  by  the  steps  of: 

1)  collimating  and  directing  the  reactants  as  a 
beam  onto  said  deposition  surface;  and 
2)  selecting  the  reactants  such  that  the  reac- 

30  tive  sticking  coefficient  sr  with  said  deposition 
surface  is  <1. 

35.  A  method  as  in  claim  34  wherein  said  collimating 
and  directing  step  comprises  the  step  of  heating 

35  said  beam. 

36.  A  method  as  in  claim  34  further  comprising  the 
step  of  choosing  parameters,  among  typical  CVD 
conditions  of  pressure  and  temperature,  which  fa- 

40  vor  higher  temperatures  and  lower  pressures  to 
assure  that  said  reactive  sticking  coefficient 
maintains  its  value  as  deposition  proceeds,  so 
that  the  deposited  profile  reflects  the  directional 
characteristics  of  the  impinging  beam. 

45 
37.  A  method  as  in  claim  36  further  comprising  the 

steps  of  establishing  selected  pressure  and  tem- 
perature  conditions,  and  then  initiating  selected 
reactant  flow  conditions. 

50 
38.  A  method  as  in  claim  36  further  comprising  the 

steps  of  establishing  selected  pressure,  temper- 
ature,  and  reactant  flow  conditions,  and  then  in- 
troducing  said  deposition  surface  to  the  process. 

8 
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