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©  Micromachined  differential  pressure  transducers  and  method  of  producing  the  same. 
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©  Microminiature  pressure  transducers  are  formed 
on  semiconductor  substrates  such  as  silicon  and 
include  a  membrane  which  spans  a  cavity  over  the 
substrate,  with  the  membrane  being  mounted  to  and 
sealed  to  the  substrate  at  the  peripheral  edges  of  the 
membrane.  The  bottom  of  the  cavity  forms  an  over- 
pressure  stop  to  prevent  over  deflections  of  the 
membrane  toward  the  substrate.  An  overpressure 
stop  formed  as  a  bridge  of  a  material  such  as  nickel 
extends  above  the  membrane  and  is  spaced  there- 
from  to  allow  the  membrane  to  deflect  freely  under 
normal  pressure  situations  but  prevent  over  deflec- 
tions.  The  thickness  of  the  polysilicon  membrane 
and  the  spacing  between  the  membrane  and  the 
overpressure  stops  is  preferably  in  the  range  of  10 
micrometers  or  less,  and  typically  in  the  range  of 
one  micrometer.  The  overpressure  stop  bridge  is 
formed  utilizing  deep  X-ray  lithography  to  form  a 
well-defined  bridge  structure.  The  gap  between  the 
membrane  and  the  bottom  surface  of  the  bridge  is 
established  with  a  sacrificial  layer,  such  as  a 
polyimide  film,  which  dissolves  in  a  solvent.  The 
transducer  is  formed  utilizing  processing  techniques 
which  do  not  affect  the  performance  of  the  mem- 
brane  as  a  pressure  sensor  and  which  allow  the 

substrate  to  have  further  micromechanical  or 
microelectronic  devices  formed  thereon. 
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FIELD  OF  THE  INVENTION 

This  invention  pertains  generally  to  the  field  of 
semiconductor  and  micromechanical  devices  and 
processing  techniques  therefor,  and  particularly  to 
microminiature  differential  pressure  transducers. 

BACKGROUND  OF  THE  INVENTION 

Sensors  are  devices  which  typically  convert 
physical  variables  which  are  to  be  measured  to 
electronic  signals  which  become  part  of  a  control 
system.  They  consist  of  two  parts:  the  sensor 
structure  and  the  package  which  protects  the  de- 
vice  from  environments  which  are  often  hostile. 

Size  reductions  in  the  sensor  structure  are 
nearly  always  beneficial.  They  allow  cost  reduc- 
tions  via  batch  fabrication  techniques  which  are 
borrowed  from  microelectronics,  and  are  now  being 
carried  out  at  sufficiently  small  sizes  that  the  pro- 
duction  of  such  devices  can  appropriately  be  re- 
ferred  to  by  the  term  micromechanics.  Micro- 
mechanical  sensors  or  microsensors  can  some- 
times  be  combined  with  cofabricated  microelec- 
tronics  to  yield  performance  improvements,  and 
can  result  in  structures  which  are  identified  as 
smart  sensors.  Microminiaturization  can  expand 
sensor  application  areas.  This  is  exemplified  by 
physical  sensors  for  biological  systems.  Blood 
pressure  and  blood  gas  analysis  devices  must  be 
small  to  be  effective. 

The  fabrication  techniques  which  are  most  di- 
rectly  available  for  microsensor  fabrication  have 
their  origins  in  microelectronics.  The  central  dif- 
ficulty  which  one  experiences  with  such  techniques 
is  based  on  the  fact  that  sensors  are  fundamentally 
three-dimensional  structures  whereas  integrated 
circuit  construction  is  based  on  planar  processing 
which  is,  of  course,  two-dimensional.  Presently, 
nearly  all  microsensor  construction  techniques  are 
adaptations  of  planar  integrated  circuit  processing 
with  modest  three-dimensional  extensions.  Thus,  in 
wafer  to  wafer  bonded  sensors,  IC  processing  is 
combined  with  silicon  bulk  machining  and  wafer  to 
wafer  bonding  to  achieve  microsensor  production. 
In  surface  micromachining,  planar  processing  and 
lateral  etching  are  combined  to  achieve  the  neces- 
sary  three-dimensionality.  However,  three-dimen- 
sional  fabrication  and  non-silicon  technologies  are 
becoming  more  important  for  microsensor  develop- 
ment. 

Pressure  transducers  are  the  most  used  and 
therefore  the  best  understood  sensors.  They  fall 
into  two  classes:  relative  or  differential  devices,  and 
absolute  transducers.  The  absolute  sensor  has 
been  more  actively  investigated  for  micro- 
miniaturization  via  surface  micromachining.  See,  for 
example,  U.S.  patents  4,744,863  and  4,853,669  to 

Guckel,  et  al.,  for  a  discussion  of  such  sensors  and 
sealing  techniques  to  produce  absolute  sensors. 

Production  of  a  sealed  cavity  or  "pill  box" 
sensor  requires  vacuum  sealing  and  electronic 

5  sensing  of  the  device.  Pill  box  behavior  and  elec- 
tronic  sensing  together  contribute  to  device  perfor- 
mance.  Thus,  very  small  deformations  of  a  me- 
chanically  stiff  diaphragm  or  membrane  are  accept- 
able  if  the  sensing  scheme  is  sufficiently  sensitive. 

io  An  overpressure  stop  which  is  either  provided  by 
the  device  or  the  package  is  necessary  because 
increasing  pressures  cause  increasing  deflections 
and  will  eventually  lead  to  pill  box  failure. 

Polycrystalline  silicon  (polysilicon)  can  be  used 
75  as  the  deformable  membrane,  as  described  in  the 

foregoing  patents  and  in  U.S.  patent  4,897,360,  the 
disclosure  of  which  is  incorporated  herein  by  refer- 
ence.  A  typical  polysilicon  diaphragm  film  will  be 
able  to  support  a  maximum  strain  of  about  1.5% 

20  before  it  fractures.  It  will  also  have  a  built-in  strain 
field.  This  strain  level  must  either  be  controllable 
and  therefore  becomes  a  part  of  the  design  pro- 
cess,  or  the  film  must  have  the  property  that  pro- 
cessing  techniques  exist  which  cause  the  built-in 

25  strain  to  disappear.  For  the  case  of  an  absolute 
pressure  transducer  as  exemplified  in  U.S.  patents 
4,744,863  and  4,853,669,  if  it  is  assumed  that  the 
transducer  is  square,  the  maximum  pressure  range 
is  defined  by  a  diaphragm  deflection  at  the  center 

30  of  the  diaphragm  which  is  equal  to  the  cavity  depth 
under  the  diaphragm.  The  deflection  of  the  dia- 
phragm  under  pressure  induces  diaphragm  strain. 
The  strain  field  maximizes  at  the  clamped  edge 
midway  between  the  corners.  This  strain  value  can- 

35  not  exceed  the  maximum  allowed  strain  for  the 
diaphragm  material,  thus  defining  and  limiting  the 

pressure  range  of  the  sensor.  A  pressure  trans- 
ducer  requires  a  sensing  mechanism.  Piezoresis- 
tive  and  capacitive  techniques  form  the  most  direct 

40  approaches.  Piezoresistive  sensing  is  the  most  di- 
rectly  implemented  technique  and  profits  from  the 
availability  of  polysilicon  which  can  be  used  to 
produce  excellent,  stable  and  dielectrically  isolated 
sensing  structures.  Such  structures  can  be  formed 

45  by  covering  the  polysilicon  diaphragm  with  a  sili- 
con  nitride  layer,  a  patterned  and  doped  polysilicon 
layer,  and  a  protective  nitride  layer.  The  issue 
becomes  then  one  of  performance  evaluation  for 
particular  resistor  doping  levels  and  resistor  place- 

so  ments. 
Polysilicon  resistors  are  quite  different  from 

diffused  silicon  resistors.  The  piezoresistive  effect 
in  these  devices  is  roughly  a  factor  of  five  smaller 
than  that  of  a  well  designed  single  crystal  coun- 

55  terpart.  Longitudinal  gage  factors  are  typically 
slightly  above  20  and  transverse  gage  factors  are 
near  -8.  The  temperature  coefficient  of  resistance 
can  be  positive  or  negative  and  can  be  close  to 
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zero.  The  noise  figure  for  these  devices  involves 
only  thermal  noise,  which  is  normally  only  found  to 
be  true  for  very  good  metal  film  resistors.  Poly- 
silicon  resistors  are  dielectrically  isolated  which  al- 
lows  for  higher  temperature  applications  because 
junction  leakage  currents  are  absent. 

The  placement  issue  for  these  devices  is  again 
quite  different  than  for  single  crystal  resistor  place- 
ment.  The  general  rule  is  simply  to  locate  the 
resistors  in  the  maximum  stress  regions  on  the 
diaphragm.  This  would  imply  longitudinal  sections 
which  enter  the  diaphragm  at  the  support  midway 
between  corners.  There  is,  however,  a  problem. 
Diaphragm  sizes  will  typically  be  less  than  100 
micrometers  on  a  side.  The  resistors  will  therefore 
be  quite  small,  with  typical  line  widths  of  4  microm- 
eters.  Thus,  alignment  tolerances  as  well  as  line 
width  shifts  during  polysilicon  etching  must  be  con- 
sidered.  A  full  transducer  may  use  four  devices  in 
a  bridge  configuration,  with  two  resistors  which  are 
pressure  sensitive  and  two  resistors  which  are  in- 
sensitive  to  pressure  because  their  pill  box  oxide 
has  not  been  removed.  With  this  configuration,  the 
half-active  full  bridge,  the  maximum  output  in  mil- 
livolt  per  volt  of  bridge  excitation  can  be  calculated 
at  the  touch-down  pressure. 

The  difficulties  of  piezoresistive  sensing  can  be 
removed  by  changing  the  sensing  technique  or  by 
converting  the  device  from  an  absolute  pressure 
sensor  to  a  differential  transducer.  Both  approaches 
are  receiving  detailed  attention.  In  the  first  case  the 
piezoresistor  can  be  replaced  by  a  new  type  of 
force  sensor:  the  vacuum  sealed  resonating  beam. 
It  is  essentially  a  pill  box  which  contains  a  doubly 
clamped  free  standing  beam  which  can  be  excited 
electrostatically.  The  transduction  mechanism  is 
axially  applied  force  to  frequency.  Its  very  high 
sensitivity  allows  for  simpler  and  more  precise 
measurements.  The  draw-back  is  found  in  the  in- 
creased  complexity  of  the  necessary  construction 
techniques.  The  device  becomes  expensive  and  is 
of  primary  use  where  low  pressure  precision  mea- 
surements  are  required. 

SUMMARY  OF  THE  INVENTION 

In  accordance  with  the  present  invention, 
microminiature  pressure  transducers  are  formed  on 
semiconductor  substrates,  for  example,  single  cry- 
stal  silicon  substrates,  to  allow  measurement  of  the 
differential  pressure  across  the  substrate.  The  pres- 
sure  transducer  includes  a  membrane,  preferably 
formed  of  polysilicon,  which  spans  a  cavity  over 
the  substrate,  with  the  membrane  being  mounted 
to  and  sealed  to  the  top  side  of  the  substrate  at  the 
peripheral  edges  of  the  membrane.  The  bottom  of 
the  cavity  forms  an  overpressure  stop  to  prevent 
overdeflections  of  the  membrane  in  a  direction 

toward  the  substrate.  Channels  extend  through  the 
substrate  from  a  remote  location  such  as  the  bot- 
tom  side  opposite  the  pressure  transducer  to  com- 
munication  with  the  cavity.  This  allows  the  mem- 

5  brane  to  deflect  away  from  the  substrate  when  the 
pressure  on  the  bottom  side  of  the  substrate  ex- 
ceeds  the  pressure  on  the  top  side  of  the  sub- 
strate.  An  overpressure  stop  formed  as  a  bridge 
extends  across  the  membrane  and  is  spaced  there- 

io  from  to  allow  the  membrane  to  deflect  under  nor- 
mal  pressure  situations  but  to  prevent  overdeflec- 
tions  and  consequent  failure  of  the  membrane.  The 
overpressure  stop  is  preferably  formed  of  a  rela- 
tively  strong  structural  material,  for  example,  elec- 

15  troplated  nickel,  so  that  it  will  be  able  to  resist  the 
pressure  applied  by  the  deflected  membrane  in 
contact  with  the  overpressure  stop. 

The  overpressure  stop  bridge  is  formed  utiliz- 
ing  processing  techniques  which  are  consistent 

20  with  and  do  not  affect  the  production  of  the  pres- 
sure  sensor  membrane  or  its  physical  characteris- 
tics  or  the  ability  to  form  microelectronic  devices 
on  the  substrate.  The  bottom  surface  of  the  bridge 
facing  the  membrane  is  formed  to  be  very  smooth 

25  and  uniform,  so  that  the  contact  surface  of  the 
bridge  is  uniformly  spaced  from  the  membrane. 
The  smoothness  of  the  bottom  surface  of  the 
bridge  avoids  premature  contact  of  a  portion  of  the 
deflected  membrane  with  a  high  point  on  the  bot- 

30  torn  surface  of  the  bridge  and  possible  localized 
strains  or  rupture  which  may  occur  if  a  sharp 
surface  of  the  bridge  comes  in  contact  with  the 
membrane.  The  spacing  between  the  bridge  and 
the  membrane  must  nonetheless  be  relatively 

35  small,  typically  in  the  range  of  10  micrometers  or 
less,  and  often  must  be  in  the  range  of  one  mi- 
crometer,  and  this  uniform  spacing  must  be  main- 
tained  over  the  span  of  the  membrane,  which  may 
extend  from  a  few  micrometers  to  several  hundred 

40  micrometers.  The  gap  between  the  membrane  and 
the  overpressure  stop  is  chosen  to  allow  free  de- 
flection  of  the  membrane  under  normal  pressure 
conditions  and  contact  of  the  membrane  with  the 
stop  under  overpressure  conditions  below  a  level  at 

45  which  the  membrane  would  rupture. 
The  differential  pressure  transducer  of  the 

present  invention  is  preferably  fabricated  utilizing 
polysilicon  membranes  formed  on  silicon  sub- 
strates  in  accordance  with  established  processing 

50  procedures.  The  peripheral  areas  of  the  membrane 
are  mounted  to  and  sealed  to  the  substrate  so  that 
the  ambient  atmosphere  on  the  top  side  of  the 
substrate  cannot  flow  into  the  cavity  beneath  the 
membrane.  However,  the  cavity  itself  is  not  vacu- 

55  urn  sealed  but  rather  is  in  communication  through 
channels  in  the  substrate  to  the  atmosphere  at  a 
position  remote  from  the  cavity  and  membrane, 
such  as  on  the  bottom  side  of  the  substrate.  These 

3 
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channels  may  be  formed,  for  example,  by  etching 
through  the  substrate  to  the  cavity  from  the  bottom 
side. 

The  overpressure  stop  bridge  is  preferably  fab- 
ricated  utilizing  deep  X-ray  lithography.  The  gap 
between  the  membrane  and  the  bottom  surface  of 
the  bridge  is  established  with  a  sacrificial  layer, 
which  may  consist  of  a  polyimide  film  which  dis- 
solves  in  a  solvent  such  as  polymethyl 
methacrylate  developer.  The  form  of  the  sacrificial 
layer  is  accomplished  by  standard  patterning  tech- 
niques.  A  plating  base  is  then  applied  to  the  sacrifi- 
cial  layer  and  the  adjoining  areas  of  the  substrate. 
This  plating  base  may  comprise  an  unpatterned 
thin  film  of  titanium  which  is  followed  by  a  deposi- 
tion  of  a  thin  film  of  nickel.  The  entire  top  substrate 
surface  is  then  covered  by  a  thick  layer  of  X-ray 
photoresist  casting  material,  for  example,  cross- 
linked  PMMA.  The  X-ray  mask  which  defines  the 
areas  which  are  to  be  plated  is  then  optically 
aligned  and  clamped  in  an  X-ray  exposure  fixture, 
with  exposure  followed  by  developing  which  re- 
moves  the  X-ray  exposed  PMMA  to  the  plating 
base  to  define  a  mold  area.  The  bridge  material,  for 
example,  nickel,  is  then  deposited  (for  example,  by 
electroplating)  into  the  mold  area  to  thicknesses 
which  are  slightly  less  than  the  PMMA  thickness. 
All  remaining  PMMA  is  then  removed,  the  plating 
base  is  next  removed,  and  the  sacrificial  layer  is 
removed  as  a  final  step. 

The  membrane  of  the  differential  pressure  sen- 
sor  may  have  piezoresistive  polysilicon  resistors 
formed  therein  for  deflection  sensing.  These  resis- 
tors  are  preferably  covered  with  silicon  nitride 
which  acts  as  an  insulator  and  surface  passivation 
barrier.  Because  of  this  barrier  layer,  the  mem- 
brane  may  then  be  covered  with  a  thin  layer  of 
metal  which  can  be  used  to  form  one  plate  of  a 
capacitor,  with  the  conductive  overpressure  stop 
bridge  forming  the  second  plate  of  the  capacitor. 
This  capacitor  will  change  in  capacitance  with  de- 
flections  of  the  membrane,  thereby  with  changes  in 
pressure,  and  thus  can  be  utilized  to  produce  a 
pressure  measurement  signal  which  can  be  cor- 
related  with  the  signal  provided  from  the 
piezoresistors,  providing  a  redundant,  self-corre- 
lated  sensing  system.  Furthermore,  if  a  DC  voltage 
is  applied  between  the  metal  plate  of  the  mem- 
brane  and  the  overpressure  stop  bridge,  the  mem- 
brane  can  be  deflected  a  selected  amount.  Thus, 
proper  application  of  DC  voltages  can  be  used  to 
drive  the  membrane  to  a  desired  zero  deflection 
position  in  the  presence  of  a  particular  pressure 
across  the  membrane.  In  this  manner,  auto-zeroing 
can  be  implemented  for  precision  application  pur- 
poses. 

The  differential  pressure  sensor  of  the  present 
invention  allows  pressure  measurements  down  to 

very  low  pressures,  while  achieving  high  precision 
at  these  low  pressure  ranges.  Because  of  the  sen- 
sitivity  involved,  the  pressure  sensor  may  be  uti- 
lized  as,  for  example,  a  microphone  which  re- 

5  sponds  to  rapidly  varying  low  level  pressure  waves. 
By  utilization  of  conductive  metal  on  the  facing 
surfaces  of  both  the  membrane  and  the  overpres- 
sure  stop,  the  contact  of  these  two  surfaces  at  an 
overpressure  condition  effectively  closes  a  switch 

io  so  that  a  current  can  be  passed  between  the  two 
surfaces  in  contact,  thereby  providing  a  pressure 
sensitive  switch.  Several  of  the  differential  pressure 
transducers  of  the  present  invention  designed  for 
measuring  different  pressure  ranges  can  be  com- 

15  bined  on  the  same  chip,  thereby  providing  an  auto- 
ranging  sensor  which  may  be  combined  with  elec- 
tronics  to  produce  a  smart  sensor. 

Further  objects,  features  and  advantages  of  the 
invention  will  be  apparent  from  the  following  de- 

20  tailed  description  when  taken  in  conjunction  with 
the  accompanying  drawings. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

25  In  the  drawings: 
Fig.  1  is  a  schematic  perspective  view  of  the 
differential  pressure  transducer  of  the  present 
invention  on  a  substrate. 
Fig.  2  is  a  simplified  cross-sectional  view 

30  through  the  differential  pressure  transducer  of 
Fig.  1. 
Fig.  3  is  a  simplified  cross  sectional  view  of  a 
structure  formed  during  the  production  of  the 
differential  pressure  transducer  of  Figs.  1  and  2 

35  having  a  membrane  formed  on  a  substrate. 
Fig.  4  is  an  exemplary  resistor  layout  for  sens- 
ing  deflections  of  the  membrane  of  Fig.  3. 
Figs.  5-10  are  schematic  cross-sectional  views 
of  a  membrane  formed  on  a  substrate  as  in  Fig. 

40  3  showing  the  subsequent  steps  of  formation  of 
the  overpressure  stop  bridge. 
Fig.  11  is  a  top  plan  view  of  the  bridge  formed 
on  the  substrate  at  the  step  shown  in  Fig.  9. 

45  DETAILED  DESCRIPTION  OF  THE  INVENTION 

With  reference  to  the  drawings,  a  differential 
pressure  transducer  in  accordance  with  the  present 
invention  is  shown  generally  at  20  in  Fig.  1  moun- 

50  ted  on  and  formed  with  a  substrate  21  which  may 
of  a  semiconductor  material,  preferably  single  cry- 
stal  silicon.  The  substrate  21  has  a  top  side  22  and 
a  bottom  side  23,  and  may  be  sealed  in  an  enclos- 
ing  structure  (not  shown)  so  that  the  ambient  at- 

55  mosphere  facing  the  top  side  22  of  the  substrate  is 
sealed  off  from  the  atmosphere  facing  the  bottom 
side  23  of  the  substrate.  The  substrate  21  is  prefer- 
ably  sufficiently  thick  (the  dimensions  of  the  sub- 

4 
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strate  relative  to  the  transducer  structure  above  the 
substrate  are  shown  exaggeratedly  small  in  Fig.  1) 
so  that  the  substrate  21  itself  does  not  substantially 
deflect  due  to  changes  of  pressure  across  the 
substrate. 

The  transducer  structure  20  includes  a  defor- 
mable  membrane  25  formed  on  the  top  side  22  of 
the  substrate  and  which  deflects  with  the  difference 
in  pressure  between  the  top  side  22  and  bottom 
side  23  of  the  substrate.  An  overpressure  stop 
bridge  27  is  formed  on  the  top  surface  22  of  the 
substrate  having  base  sections  28  which  mount  to 
the  substrate  at  positions  to  either  side  of  the 
membrane  25  and  a  bridge  member  30  which 
spans  over  and  is  spaced  above  the  top  surface  31 
of  the  membrane.  The  bottom  surface  32  of  the 
bridge  27  is  spaced  slightly  above  the  membrane 
25  a  distance  sufficient  to  allow  the  membrane  to 
deflect  under  ordinary  pressures  but  which  allows 
the  membrane  to  contact  and  be  stopped  from 
further  deflection  by  the  bridge  member  upon  over 
pressures  which,  if  unopposed,  would  rupture  the 
membrane. 

A  cross-sectional  view  through  the  differential 
pressure  transducer  is  shown  in  Fig.  2.  As  illus- 
trated  therein,  a  cavity  35  is  formed  in  the  sub- 
strate  21  below  the  membrane  and  has  a  bottom 
36  which  is  spaced  downwardly  from  the  bottom 
surface  37  of  the  membrane.  Again,  for  purposes 
of  illustration,  the  relative  dimensions  of  the  struc- 
tures  are  shown  greatly  exaggerated  in  Fig.  2,  it 
being  understood  that  the  lateral  dimensions  of  the 
membrane  and  the  cavity  would  be  much  larger 
with  respect  the  spacing  between  the  membrane 
and  the  bottom  of  the  cavity  36  as  well  as  the 
spacing  between  the  membrane  and  the  bottom 
surface  32  of  the  bridge.  The  bottom  surface  36  of 
the  cavity  provides  a  stop  member  to  stop  deflec- 
tions  of  the  membrane  downwardly  toward  the  sub- 
strate,  as  the  bottom  surface  32  of  the  bridge 
provides  a  stop  member  against  deflections  of  the 
membrane  upwardly  away  from  the  substrate. 

To  provide  communication  between  the  cavity 
35  and  the  ambient  atmosphere  facing  the  bottom 
side  23  of  the  substrate,  a  flow  channel  or  a 
plurality  of  channels  39  are  formed  in  the  substrate 
extending  from  the  bottom  surface  23  to  the  cavity, 
preferably  to  lateral  shallow  extensions  42  of  the 
cavity  which  extend  away  from  the  deeper  central 
portion  of  the  cavity  defined  by  the  bottom  surface 
36.  It  is  generally  preferred  to  have  the  flow  chan- 
nels  39  extend  to  the  lateral  flow  channel  exten- 
sions  42  of  the  cavity  rather  than  to  the  deeper 
portion  of  the  cavity  itself.  Bringing  the  flow  chan- 
nels  into  the  bottom  surface  36  of  the  cavity  could, 
under  some  circumstances,  compromise  the  effec- 
tiveness  of  the  bottom  surface  of  cavity  36  as  a 
pressure  stop,  as  by  weakening  the  structural 

strength  of  the  area  of  the  substrate  beneath  the 
cavity  bottom  surface  36.  Alternatively,  flow  chan- 
nels  may  be  extended  laterally  in  the  substrate  to 
open  at  a  remote  position  on  the  top  surface  22  of 

5  the  substrate  where  such  channels  may  be  con- 
nected  to  conduits  (not  shown)  which  communicate 
with  an  ambient  isolated  from  the  ambient  atmo- 
sphere  over  the  membrane. 

The  present  invention  is  adapted  for  construc- 
io  tion  as  a  micromechanical  device.  In  micromechan- 

ical  devices,  the  spacing  between  the  membrane 
25  and  the  bottom  surface  32  of  the  bridge  30  and 
between  the  membrane  and  the  bottom  surface  36 
of  the  cavity,  which  is  the  maximum  allowable 

is  deflection  of  the  membrane,  will  generally  be  less 
than  10  micrometers  and  typically  less  than  1 
micrometer.  The  thickness  of  the  bridge  span  30  of 
the  overpressure  stop  bridge  27  will  be  relatively 
thick  compared  to  this  dimension.  For  example, 

20  where  electroplated  nickel  is  utilized  as  the  material 
of  the  bridge  27,  the  thickness  of  the  bridge  sec- 
tion  may  be  several  hundred  micrometers,  e.g., 
300  micrometers. 

The  substrate  is  desirably  formed  of  a  single 
25  crystal  silicon  wafer  of  the  type  conventionally  used 

in  microelectronic  processing.  The  membrane  25 
can  be  formed  by  various  processing  techniques.  A 
preferred  technique  for  formation  of  polysilicon 
membranes  is  set  forth  in  United  States  Patents 

30  4,744,863  and  4,853,669  by  Guckel,  et  al.,  and  by 
the  polysilicon  processing  techniques  set  forth  in 
U.S.  Patent  4,897,360,  the  disclosures  of  which  are 
incorporated  herein  by  reference.  The  processing 
conditions  to  create  the  polysilicon  membrane  may 

35  be  substantially  as  set  forth  in  the  first  two  patents 
with  the  exception  that  the  cavity  35  is  not  vacuum 
sealed  but  rather  is  vented  to  the  atmosphere 
through  the  channels  39.  Although  the  cavity  36  is 
shown  as  being  formed  completely  in  the  substrate 

40  21,  the  cavity  could  be  formed  above  the  surface 
22  of  the  substrate  by  forming  the  polysilicon 
membrane  in  a  manner  in  which  it  extends  above 
the  substrate;  in  either  case,  the  membrane  31  is 
sealed  to  the  surface  22  of  the  substrate,  with 

45  intervening  material  as  appropriate,  at  the  periph- 
eral  portions  44  of  the  membrane. 

Following  the  processing  techniques  in  the 
foregoing  referenced  patents,  an  initial  structure  is 
formed  thereon  composed  of  the  substrate  21  with 

50  the  polysilicon  membrane  25  thereon  as  shown  in 
Fig.  3.  For  purposes  of  illustration,  the  channels  39 
are  shown  as  pyramidal  channels  in  Fig.  3  ,  which 
are  the  type  of  channels  that  would  be  formed  by 
preferential  etching  of  the  single  crystal  silicon  of 

55  the  substrate  21  starting  from  the  bottom  surface 
23  of  the  substrate.  The  etching  is  terminated  when 
the  channels  39  break  through  into  the  shallow 
extension  portions  42  of  the  cavity  35.  In  forming 

5 
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the  polysilicon  membrane,  the  area  of  the  cavity 
may  be  filled  with  an  setchable  material,  such  as 
silicon  dioxide,  and  the  polysililcon  layer  is  then 
formed  thereon  as  described  in  the  foregoing  pat- 
ents.  The  peripheral  poritions  of  the  polysilicon  will 
be  deposited  on  the  seal  around  the  membrane. 
The  channels  39  may  then  be  etched  until  the 
channels  reach  the  silicon  dioxide.  A  silicon  dioxide 
etchant  is  then  applied  to  etch  out  the  silicon 
dioxide  to  form  the  cavity  without  affecting  the 
single  crystal  or  polysilicon  material.  It  should  be 
noted  that  the  cavity  35  will  typically  be  square  or 
rectangular  in  shape,  and  the  shallow  extensions  42 
forming  flow  channels  may  also  be  square  or  rec- 
tangular  in  their  outer  periphery.  Etching  through 
the  silicon  substrate  to  provide  the  openings  39 
shown  in  Fig.  3  may  carried  out  using  conventional 
etching  techniques  which  are  well  known,  for  exam- 
ple,  as  shown  in  U.S.  Patents  4,203,138  and 
4,234,361. 

To  provide  sensing  of  the  deflections  of  the 
membrane  25,  polysilicon  piezoresistors  48  may  be 
formed  on  the  top  surface  of  the  membrane  25,  as 
shown  in  Fig.  4.  Formation  of  such  resistors  is 
described  in  U.S.  Patents  4,744,863  and  4,853,669. 
Preferably,  the  four  resistors  48  are  connected 
together  to  form  a  single  resistor  by  metal  intercon- 
nection  strips  50  which  terminate  at  terminal  sec- 
tions  51.  With  diaphragm  sizes  typically  less  than 
one  hundred  micrometers  on  a  side,  the  resistors 
48  will  often  be  quite  small,  with  typical  line  widths 
of  4  micrometers.  To  avoid  problems  that  may 
occur  with  line  width  shifts  during  polysilicon  etch- 
ing,  the  resistors  may  be  interconnected  as  shown 
in  Fig.  4  so  that  there  is  one  resistor  per  diaphragm 
membrane.  Such  a  layout  is  reasonably  insensitive 
to  alignment  errors.  A  full  transducer  can  utilize 
four  devices  and  a  bridge  configuration,  with  two 
resistors  being  pressure  sensitive  and  two  which 
are  not  sensitive  to  pressure. 

Of  particular  significance  in  the  present  inven- 
tion  is  the  formation  of  the  overpressure  stop 
bridge  27  which  allows  the  present  invention  to 
function  as  a  differential  pressure  transducer  by 
providing  an  overpressure  stop  for  deflections  of 
the  membrane  away  from  the  substrate.  This  over- 
pressure  stop  is  formed  in  a  manner  which  is 
consistent  with  the  prior  production  of  the  defor- 
mable  membrane  on  the  silicon  substrate  as  well 
as  with  subsequent  processing  that  may  be  desired 
on  the  substrate  for  the  formation  of  other  micro- 
mechanical  or  microelectronic  devices. 

The  following  summarizes  the  formation  of  the 
overpressure  stop  bridge.  Production  of  this  bridge 
is  preferably  carried  out  utilizing  deep  X-ray  lithog- 
raphy.  Such  techniques  are  generally  described  in 
the  articles  by  H.  Guckel,  et  al.,  "Deep  X-Ray  and 
UV  Lithographies  for  Micromechanics,"  1990  IEEE 

Solid  State  Sensor  and  Actuator  Workshop  Digest, 
Hilton  Head,  S.C.,  USA,  June  4-7,  1990  and  W. 
Ehrfeld,  et  al.,  "LIGA  Process:  Sensor  Construction 
Techniques  via  X-Ray  Lithography,"  Technical  Di- 

5  gest,  IEEE  Solid-State  Sensor  and  Actuator  Work- 
shop,  1988,  pp.  1-4.  The  gap  between  the  top  of 
the  membrane  25  and  the  bottom  of  what  is  to  be 
the  overpressure  stop  is  established  with  a  sacrifi- 
cial  layer,  which  may  be  formed,  for  example,  of 

io  polysilicon  removable  with  a  hydrazine  enchant  or 
a  dissolvable  polyimide  film  which  can  be  removed 
by  a  solvent  such  as  a  polymethyl  methacrylate 
(PMMA)  developer.  The  patterning  of  the  sacrificial 
layer  is  carried  out  utilizing  standard  patterning 

is  techniques.  The  next  step  is  that  of  applying  a 
plating  base.  This  may  be  an  unpatterned  film  of 
titanium  which  is  followed  by  a  nickel  deposition. 
The  entire  substrate  is  next  covered  by  a  thick 
layer,  for  example  100  micrometers,  of  photoresist 

20  casting  layer  which  may  be  cast,  cross-linked 
PMMA.  The  X-ray  mask  which  defines  the  areas 
which  are  to  be  plated  is  next  optically  aligned  and 
clamped  in  an  X-ray  exposure  fixture.  X-ray  expo- 
sure,  preferably  by  synchrotron  radiation,  is  fol- 

25  lowed  by  developing  which  removes  the  exposed 
PMMA  casting  layer  down  to  the  plating  base  to 
define  a  mold  area.  Electroplating  of  the  bridge 
material,  for  example,  nickel,  follows  to  create  a 
bridge  in  the  mold  area  of  a  thickness  which  is 

30  slightly  less  than  the  PMMA  thickness.  Typical 
thicknesses  are  100  micrometers  and  greater.  All 
remaining  PMMA  is  then  removed.  The  plating 
base  is  next  removed  and  the  sacrificial  layer  is 
removed  as  the  final  step. 

35  The  following  is  a  detailed  description  of  the 
bridge  formation  process  with  reference  to  the  illus- 
trative  views  of  Figs.  5-10. 

Steps  1  and  2,  Fig.  5: 
40 

Apply  sacrificial  layer: 
-  spin  APX-K1  adhesion  promoter  (from  Brewer 

Science,  Inc.,  Rolla,  MO)  at  3krpm  for  30 
seconds,  and  bake  on  hotplate  at  130°C  for 

45  30  seconds,  then 
-  spin  PiRL  (I)  (polyimide  release  layer  formu- 

lated  for  0.8m.  at  3500  rpm  from  Brewer  Sci- 
ence,  Inc.,  Rolla,  MO)  at  3.5krpm  for  60  sec- 
onds,  and  bake  on  hotplate  at  100±1  °C  for  2 

50  minutes  and  immediately  thereafter  on  a  sec- 
ond  hotplate  at  21  0±1  °C  for  1  minute.  Sec- 
ond  bake  temperature  is  critical  as  it  deter- 
mines  etch  rate  during  patterning  and  etch 
rate  during  the  eventual  removal  of  the  pat- 

55  terned  sacrificial  layer. 
Pattern  sacrificial  layer  53: 

-  spin  Shipley  1400-27  positive  photoresist  54 
at  5krpm  for  30  seconds,  prebake  in  oven  at 

6 
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90  °C  for  30  minutes, 
-  expose  overpressure  stop  pattern  with  optical 

mask  55  into  photoresist, 
-  develop  pattern  in  photoresist  and  subse- 

quently  in  PiRL  using  two  baths  of  Shipley 
MF-321  positive  photoresist  developer:  de- 
velop  in  first  bath  for  60  seconds  to  develop 
the  photoresist  and  an  additional  3-4  minutes 
in  second  bath  to  remove  the  opened  regions 
of  PiRL.  Follow  with  a  10  minute  Dl 
(deionized)  water  rinse. 

Steps  3  and  4,  Fig.  6: 

Prepare  substrate  wafers  21  for  plating  base 
deposition: 

-  perform  O2  plasma  descum  for  4  minutes. 
The  following  parameters  pertain  to  a  Plasma 
Therm  PK  1241  RIE/plasma  etcher: 

25  seem  O2,  pmin  =  10  mT  (milliTorr), 
Poperate  =  30  mT,  100  W, 

-  remove  photoresist  by  immersing  wafers  in 
VLSI  grade  acetone  for  3  minutes,  follow  with 
rinse  in  Dl  water  for  10  minutes, 

-  perform  second  O2  plasma  descum  with 
above  parameters  for  1  minute, 

-  treat  wafers  with  50:1  HF  (hydrofluoric  acid) 
dip  for  30  seconds,  rinse  with  Dl  water  for  5 
minutes  and  load  directly  into  vacuum  sys- 
tem  for  sputtering. 

Sputter  plating  base  50: 

A  Ti/Ni  plating  base  is  used:  150A  Ti  followed 
by  300A  Ni. 

Steps  5,  6  and  7,  Fig.  7: 

Prepare  wafers  for  PMMA  casting: 
Immediately  after  unloading  substrates  from 

the  vacuum  system,  an  adhesion  promoter  and  a 
layer  of  linear  polymer  is  spun  on  the  plating  base: 

-  the  adhesion  promoter  is  prepared  for  each 
run  4.5  hours  prior  to  application  and  consists 
of  the  following: 
95+1  ml  MeOH  (methyl  alcohol) 
5.0+0.1  ml  H20 
0.10+0.01  ml  TMPMA  (3-Trimethoxysilyl)  pro- 
pyl 
methacrylate,  Aldrich  #  23,579-2), 

-  flood  wafer  with  adhesion  promoter  and  spin 
at  2.0  krpm  for  40  seconds, 

-  follow  by  spinning  KTI  9%,  496K  PMMA  at 
8.0  krpm  for  60  seconds, 

-  anneal  in  programmable  oven  under  2.0  1pm 
(liters  per  minute)  N2  using  the  following  cy- 
cle 
1  0  C/min.  ramp  up  to  1  80  0  C, 

hold  1.0  hours  at  180°C, 
-1  0  C/min.  ramp  down  to  room  temperature. 

Cast  PMMA  57: 
5 

Casting  is  performed  using  two  premixed  solu- 
tions: 

Solution  I: 
10 

35  wt.  %  PMMA  -  medium  molecular  weight  - 
Aldrich  #18,224-9 
61  wt.  %  MMA  (methy  methacrylate)  -  Aldrich 
#M5,590-9 

15  2  wt.  %  EGDA  -  Ethylene  glycol  dimethacrylate  - 
Aldrich  #33,568-1 
2  wt.  %  DMA  -  N,N-Dimethylaniline  -  Aldrich 
#D1  4,575-0 

20  Solution  II:  35  wt.  %  PMMA 
62  wt.  %  MMA 
2  wt.  %  EGDA 
1  wt.  %  BPO  -  Benzoyl  peroxide  -  Aldrich  #17,998- 
1 

25 
The  inhibitor  in  the  MMA  is  removed  using  a 

disposable  inhibitor  removing  column  (Aldrich 
#30,631-2).  The  35  wt.  %  PMMA  must  first  be 
dissolved  in  the  MMA  (~1  week). 

30  Solutions  I  and  II  are  mixed  to  form  a  "syrup" 
just  prior  to  casting  using  a  vacuum-mixer.  The 
PMMA  syrup  is  applied  to  the  wafer  which  is  then 
put  in  a  casting  fixture  to  press  the  PMMA  to  the 
desired  thickness.  The  samples  remain  under 

35  clamping  for  48  hours  and  then  are  annealed  in  a 
programmable  oven  under  2  1pm  N2  as  follows: 
20  0  C/hour  ramp  up  to  1  1  0  0  C, 
hold  at  110°  C  for  1  hour, 
-5  0  C/hour  ramp  down  to  room  temperature. 

40  Align  X-ray  mask  58  and  expose  with  synch- 
rotron  radiation: 

The  substrates  are  aligned  to  the  correspond- 
ing  X-ray  mask  58  with  a  pattern  to  define  the 
PMMA/nickel,  using  a  Karl  Suss  double  sided  alig- 

45  ner.  A  silicon  nitride  X-ray  mask  with  the  plating 
base  removed  after  gold  plating  is  used  as  it  is 
optically  transparent  and  the  substrate  may  readily 
be  viewed  through  the  SiN  membrane  regions. 
Once  the  X-ray  mask  58  is  aligned  to  the  sacrificial 

50  layer  on  the  substrate  they  are  clamped  together  in 
the  alignment  fixture  and  brought  to  the  synch- 
rotron  for  exposure. 

Synchrotron  exposure  conditions  (UW-Madison 
Aladin  synchrotron)  are, 

55  -  at  1GeV,  20  Torr  He,  275  urn  Be  filter,  ex- 
pose  for  a  dose  of  3.5kJ/cm3  at  the  bottom  of 
the  PMMA. 

7 



13 EP  0  490  486  A2 14 

Steps  8,  9  and  10,  Fig.  8: 

Develop  PMMA  57: 
The  development  sequence  includes  a  devel- 

oper  bath  and  two  rinse  baths  and  consists  of: 
developer: 
60%  vol.  2-(2-Butoxyethoxy)  ethanol 
20%  vol.  Tetrahydro  -1-4  Oxazin  (Morpholine) 
5%  2-Aminoethanol  (Ethanolamine) 
15%  Dl  water 
first  rinse: 
80%  2-(2-Butoxyethoxy)  ethanol 
20%  Water 
second  rinse: 
100  %  Water 

The  development  sequence  for  100u.m  PMMA 
exposed  as  in  step  7  is: 

a)  develop  in  developer  bath  at  35.0±0.5°C  for 
25  minutes  with  agitation, 
b)  rinse  in  first  rinse  bath  at  35.0+0.5  °C  for  20 
minutes  with  agitation, 
c)  rinse  in  second  rinse  bath  at  35.0±0.5°  C  for  5 
minutes  with  agitation. 

Prepare  substrates  for  nickel  electroplating  59: 
-  the  substrates  must  be  dried  thoroughly  with 

nitrogen  and  then  descummed  with  an  oxy- 
gen  plasma  under  the  following  conditions: 

02  =25SCCm,  pmin  =  10mT,  Poperate  =  30 
mT,  50  W  plasma,  etched  in  a  cycle  of  15 
seconds  on/45  seconds  off  for  a  total  on-time 
of  90  seconds, 

-  precede  nickel  plating  with  an  HCI  treatment: 
5%  by  vol.  for  15  minutes. 

Electroplate  nickel  59: 
-  electroplating  takes  place  in  a  nickel  sul- 

famate  bath  at  52  °  C  with  the  following  con- 
ditions: 

plate  nickel  at  20mA/cm2  for  first  five 
microns  then  ramp  to  50  mA/cm2  for  the  rest 
of  the  deposition, 

rinse  with  Dl  water  for  10  minutes, 

Steps  11  and  12,  Fig.  9: 

Remove  field  PMMA  57: 

-  blanket  synchrotron  expose  using  same  con- 
ditions  as  step  7, 

-  develop  PMMA  using  same  cycle  as  in  step 
8. 

Remove  plating  base  56: 
The  plating  base  56  must  be  removed  in  the 

unplated  regions  to  allow  access  to  the  sacrificial 
layer.  The  following  steps  are  used: 

-  etch  nickel  in  5%  by  vol.  HCI  for  40  minutes, 
-  etch  titanium  in  200:1  HF  for  5  minutes. 

Step  13,  Fig.  10: 

Etch  sacrificial  layer  53: 
The  PiRL  sacrificial  layer  53  may  be  removed 

using  an  alkaline  solution,  for  example,  positive 
photoresist  developer.  Ammonium  hydroxide  is 

5  found  to  work  well  with  a  lateral  etch  rate  at  room 
temperature  of  about  10u.m/hour. 

Fig.  11  shows  a  top  view  of  the  structure  as  in 
Fig.  9  before  the  sacrificial  layer  53  is  removed.  As 
shown  in  Fig.  11,  the  sacrificial  layer  53  extends 

io  outwardly  from  the  two  open  ends  of  the  bridge  27 
between  the  base  areas  28  of  the  bridge. 

Because  the  polysilicon  resistors  48  are  prefer- 
ably  covered  with  a  layer  of  silicon  nitride  which 
acts  as  an  insulator  and  surface  passivation  barrier, 

is  a  thin  layer  of  metal  (e.g.,  a  layer  60  of  aluminum 
as  shown  in  Figs.  1  and  2)  can  be  formed  on  the 
top  surface  31  of  the  membrane  without  degrading 
the  performance  of  either  the  membrane  or  the 
resistors.  A  lead  line  61  can  be  formed  from  the 

20  conducting  layer  60  to  a  position  on  the  substrate 
away  from  the  sensor  to  allow  external  electrical 
connection  to  the  conducting  layer  60.  The  layer  60 
forms  one  plate  of  a  capacitor  with  the  other  plate 
being  formed  by  the  metal  overpressure  stop 

25  bridge  27.  This  capacitor  will  change  in  capaci- 
tance  as  the  membrane  25  deflects  toward  and 
away  from  the  bridge.  The  change  in  pressure  as 
measured  by  the  change  in  capacitance  should 
correlate  with  the  measured  change  in  pressure 

30  obtained  from  the  piezoresistors.  By  providing 
electrical  circuitry  which  compares  the  measure- 
ments  obtained  from  the  two  separate  types  of 
sensing  devices,  it  is  possible  to  verify  that  ac- 
curate  readings  of  pressure  are  being  obtained  and 

35  that  neither  the  capacitive  sensing  or  the 
piezoresistive  sensing  has  failed. 

Furthermore,  if  a  DC  voltage  is  applied  be- 
tween  the  plate  defined  by  the  layer  60  and  the 
bridge  27,  the  membrane  25  can  be  deflected  up 

40  by  virtue  of  the  electrostatic  force  imposed  on  the 
membrane.  In  addition,  by  insulating  the  bridge  60 
and  the  membrane  25  from  the  substrate  21  and 
by  doping  the  substrate  under  the  cavity  floor  36 
such  that  it  is  conductive,  a  capacitor  can  be 

45  formed  between  the  conductive  substrate  under  the 
bottom  of  the  cavity  and  the  metal  plate  60.  A  DC 
voltage  applied  to  this  capacitor  will  draw  the  mem- 
brane  toward  the  cavity  floor.  Thus,  by  applying 
appropriate  DC  voltages  between  the  bridge  and 

50  the  metal  layer  60  or  between  the  substrate  under 
the  cavity  floor  36  and  the  metal  layer  60,  or  both, 
the  membrane  60  can  be  driven  to  a  desired  zero 
deflection  position  in  the  presence  of  a  selected 
differential  pressure  across  the  membrane.  In  this 

55  way,  auto-zeroing  can  be  implemented  where  pre- 
cision  low  pressure  measurements  are  required. 

Because  of  the  high  sensitivity  and  ability  to 
sense  relatively  low  differential  pressure  changes, 

8 
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the  pressure  transducer  of  the  present  invention 
can  serve  as  a  microphone.  In  such  an  application, 
the  bridge  27  is  preferably  perforated  with  a  series 
of  holes  65,  shown  in  part  in  Fig.  1,  which  serve  to 
transmit  the  sound  pressure  to  the  membrane  and 
also  effectively  serve  as  an  acoustic  filter  to  pro- 
vide  a  desired  frequency  response.  Because  the 
pressure  transducer  of  the  present  invention  is 
formed  on  a  silicon  or  other  semiconductor  sub- 
strate  on  which  microelectronic  devices  may  also 
be  formed,  appropriate  electronics  such  as  input 
amplifiers  can  be  formed  right  on  the  substrate 
adjacent  to  the  pressure  transducer  microphone, 
thereby  minimizing  electrical  noise  that  may  be 
introduced  by  long  lead  lines  from  the  microphone 
to  the  amplifiers. 

For  measurements  of  a  broad  range  of  pres- 
sures,  several  pressure  transducers  in  accordance 
with  the  present  invention  can  be  formed  on  the 
same  chip,  each  transducer  being  selected  to  have 
a  different  range  of  pressures  to  which  it  best 
responds.  Appropriate  electronics  can  be  incor- 
porated  into  the  same  chip  as  that  on  which  the 
transducers  are  formed  so  that  the  signal  from  the 
proper  transducer  for  the  pressure  being  applied 
will  automatically  be  selected  by  the  transducer 
measurement  circuitry. 

It  is  understood  that  the  invention  is  not  con- 
fined  to  the  particular  construction  and  embodi- 
ments  set  forth  herein,  but  embraces  such  modi- 
fied  forms  thereof  as  come  within  the  scope  of  the 
following  claims. 

Claims 

1.  A  micromachined  differential  pressure  trans- 
ducer  comprising: 

(a)  a  substrate  having  top  and  bottom  sides; 
(b)  a  deformable  membrane  mounted  to  and 
sealed  at  its  peripheral  edges  to  the  top  of 
the  substrate  and  spaced  from  the  substrate 
at  its  central  portion  to  define  a  cavity  which 
is  sealed  between  the  membrane  and  the 
substrate,  the  bottom  of  the  cavity  in  the 
substrate  being  spaced  from  the  membrane 
to  allow  normal  deflections  of  the  mem- 
brane  but  providing  an  overpressure  stop 
for  membrane  deflection  toward  the  sub- 
strate  to  prevent  damage  to  the  membrane; 
(c)  at  least  one  channel  leading  from  a 
remote  position  in  the  substrate  to  the  cav- 
ity  to  provide  communication  therefrom  to 
the  cavity; 
(d)  an  overpressure  stop  mounted  to  the  top 
of  the  substrate  and  having  a  bridge  portion 
spanning  the  membrane  and  spaced  there- 
from  to  allow  normal  deflections  of  the 
membrane  while  providing  an  overpressure 

stop  to  prevent  displacements  of  the  mem- 
brane  away  from  the  substrate  which  would 
damage  the  membrane,  the  spacing  be- 
tween  the  overpressure  stop  bridge  and  the 

5  membrane  and  between  the  membrane  and 
the  bottom  of  the  cavity  being  less  than 
about  10  micrometers;  and 
(e)  means  for  sensing  the  deflections  of  the 
membrane. 

10 
2.  The  transducer  of  Claim  1  wherein  the  sub- 

strate  is  formed  of  single  crystal  silicon. 

3.  The  transducer  of  claim  1  or  2,  wherein  the 
is  membrane  is  formed  of  polycrystalline  silicon. 

4.  The  transducer  of  claim  1  ,  2  or  3,  wherein  the 
overpressure  stop  bridge  is  formed  of  a  con- 
ductive  metal,  preferably  electroplated  nickel. 

20 
5.  The  transducer  of  claim  4,  including  a  layer  of 

conductive  metal  on  the  top  surface  of  the 
membrane  facing  the  overpressure  stop  bridge 
such  that  the  layer  of  metal  on  the  membrane 

25  and  the  bridge  form  two  plates  of  a  capacitor 
to  provide  the  means  for  sensing  the  deflec- 
tions  of  the  membrane  by  changes  in  capaci- 
tance  of  such  capacitor. 

30  6.  The  transducer  of  any  preceding  claim, 
wherein  the  cavity  is  defined  as  an  indentation 
in  the  substrate. 

7.  The  transducer  of  claim  6,  wherein  the  indenta- 
35  tion  has  a  deep  central  portion  and  shallow 

peripheral  portions,  and  wherein  the  channel  in 
the  substrate  is  in  communication  with  the 
shallower  peripheral  portions  of  the  cavity. 

40  8.  The  transducer  of  any  preceding  claim, 
wherein  the  channels  are  formed  to  extend 
from  the  bottom  side  of  the  substrate  through 
the  substrate  to  communication  with  the  cavity. 

45  9.  The  transducer  of  claim  1,  wherein  the  bridge 
is  formed  of  a  conductive  metal  and  further 
including  a  layer  of  conductive  metal  formed 
on  the  top  surface  of  the  membrane  facing  the 
bridge  such  that  a  capacitor  is  formed  between 

50  the  metal  layer  on  the  membrane  and  the 
bridge  to  provide  the  means  for  sensing  de- 
flections  of  the  membrane  by  changes  in  ca- 
pacitance  of  such  capacitor. 

55  10.  The  transducer  of  any  preceding  claim,  includ- 
ing  piezoresistive  resistors  formed  on  the  poly- 
silicon  membrane  to  provide  means  for  sens- 
ing  the  deflections  in  the  membrane  by 

9 
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changes  in  the  resistance  of  such  resistors. 

11.  The  transducer  of  claim  10,  when  appendant  to 
claim  5,  wherein  the  measurements  of  mem- 
brane  displacements  made  by  the  change  in 
capacitance  and  by  the  change  in  resistance  of 
the  piezoresistors  can  be  correlated  with  each 
other. 

12.  The  transducer  of  any  preceding  claim, 
wherein  the  membrane  has  a  thickness  in  the 
range  of  10  micrometers  or  less. 

13.  The  transducer  of  claim  12,  wherein  the  mem- 
brane  has  a  thickness  of  approximately  1  mi- 
crometer. 

14.  A  method  of  making  a  micromachined  differen- 
tial  pressure  transducer  comprising  the  steps 
of: 

(a)  forming  a  deformable  polysilicon  mem- 
brane  over  a  cavity  between  the  membrane 
and  a  substrate,  the  membrane  being  seal- 
ed  to  the  top  side  of  the  substrate  at  periph- 
eral  portions  of  the  membrane  to  seal  off 
the  top  surface  of  the  membrane  from  the 
cavity; 
(b)  forming  at  least  one  channel  in  the  sub- 
strate  or  membrane  extending  from  a  posi- 
tion  remote  to  the  cavity  into  communica- 
tion  with  the  cavity; 
(c)  forming  a  spacer  release  layer  of  har- 
denable  material  over  the  membrane  and 
adjacent  to  the  surface  of  the  membrane 
which  can  be  dissolved  in  a  liquid  which 
does  not  affect  the  diaphragm  or  the  sub- 
strate; 
(d)  applying  a  plating  base  over  the  spacer 
release  layer  and  adjacent  substrate,  the 
plating  base  being  formed  of  a  metal; 
(e)  forming  a  layer  of  casting  material  over 
the  plating  base  to  at  least  the  desired 
thickness  of  an  overpressure  stop  bridge 
which  is  to  span  over  the  deformable  mem- 
brane,  the  deposited  casting  material  being 
susceptible  to  X-rays  such  that  the  material 
exposed  to  X-rays  can  be  dissolved  in  a 
selected  solvent; 
(f)  exposing  the  casting  material  to  X-rays  in 
a  desired  pattern  around  and  including  the 
area  of  the  deformable  membrane; 
(g)  removing  the  casting  material  with  the 
solvent  in  those  areas  which  have  been 
exposed  to  X-rays  while  leaving  the  remain- 
ing  casting  material  to  define  a  mold  area 
over  the  diaphragm  and  surrounding  areas; 
(h)  depositing  a  solid  metal  into  the  mold 
area; 

(i)  removing  the  remaining  casting  material; 
(j)  removing  the  spacer  release  layer  ma- 
terial  to  leave  the  deposited  metal  as  a 
bridge  extending  across  the  space  above 

5  the  deformable  membrane. 

15.  The  method  of  claim  14,  wherein  the  step  of 
forming  at  least  one  channel  is  carried  out  by 
etching  a  channel  in  the  substrate  from  the 

io  back  side  of  the  substrate  into  communication 
with  the  cavity. 

16.  The  method  of  claim  14  or  15,  wherein  the 
step  of  depositing  a  solid  material  comprises 

is  electroplating  a  metal  into  the  mould  area. 

17.  A  method  of  making  a  micromachined  struc- 
ture  comprising  the  steps  of: 

(a)  forming  a  sacrificial  release  layer  of  ma- 
20  terial  on  the  surface  of  a  substrate,  the 

material  of  the  sacrificial  release  layer  being 
dissolvable  in  a  liquid  which  does  not  affect 
the  substrate; 
(b)  applying  a  plating  base  at  least  over  the 

25  sacrificial  release  layer,  the  plating  base  be- 
ing  formed  of  a  metal; 
(c)  forming  a  layer  of  casting  material  over 
the  plating  base  to  at  least  the  desired 
thickness  of  a  structure  to  be  formed,  the 

30  deposited  casting  material  being  suscept- 
ible  to  X-rays  such  that  the  casting  material 
exposed  to  X-rays  can  be  dissolved  in  a 
selected  developer  solvent; 
(d)  exposing  the  casting  material  to  X-rays 

35  in  a  desired  pattern  including  at  least  a  part 
of  the  area  of  the  plating  base; 
(e)  removing  the  casting  material  with  the 
developer  solvent  in  those  areas  which  have 
been  exposed  to  X-rays  while  leaving  the 

40  remaining  casting  material  to  define  a  mold 
area  over  the  plating  base; 
(f)  depositing  a  solid  metal  into  the  mold 
area  onto  the  plating  base  by  electroplating; 
(g)  removing  the  remaining  casting  material; 

45  (h)  removing  the  plating  base  in  regions 
where  solid  metal  has  not  been  deposited  to 
allow  access  to  the  sacrificial  release  layer; 
(i)  removing  the  sacrificial  release  layer  ma- 
terial  to  leave  the  deposited  metal  on  the 

50  plating  base  free  of  the  substrate  where  the 
sacrificial  release  layer  has  been  removed. 

18.  The  method  of  claim  17,  wherein  the  plating 
base  is  applied  at  least  over  a  portion  of  the 

55  substrate  as  well  as  over  the  sacrificial  release 
layer  such  that  when  the  sacrificial  release 
layer  is  removed,  a  portion  of  the  deposited 
metal  remains  on  the  plating  base  attached  to 

10 



19  EP  0  490  486  A2  20 

the  substrate. 

19.  The  method  of  any  one  of  claims  14  to  18, 
wherein  the  sacrificial  release  layer  is  formed 
of  polyimide.  5 

20.  The  method  of  any  one  of  claims  14  to  19, 
wherein  the  plating  base  includes  a  thin  layer 
of  titanium  and  a  thin  layer  of  nickel. 

10 
21.  The  method  of  any  one  of  claims  14  to  20, 

wherein  the  casting  material  is  polymethyl 
methacrylate,  preferably  cross-linked  poly- 
methyl  methacrylate. 

15 
22.  The  method  of  any  one  of  claims  14  to  21, 

wherein  the  metal  which  is  plated  is  nickel. 

23.  The  method  of  any  one  of  claims  14  to  22, 
wherein  the  release  layer  is  deposited  to  a  20 
thickness  of  10  micrometers  or  less. 

24.  The  method  of  claim  23,  wherein  the  release 
layer  is  deposited  to  a  thickness  of  approxi- 
mately  1  micrometer.  25 

25.  The  method  of  any  one  of  claims  14  to  24, 
wherein  the  step  of  exposing  the  casting  ma- 
terial  to  X-rays  is  carried  out  by  exposing  the 
casting  material  to  synchrontron  radiation.  30 
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