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©  Ferroelectric  capacitor  and  method  for  forming  local  interconnection. 
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©  Problems  arise  when  connecting  the  bottom 
plate  of  a  ferroelectric  capacitor  to  the  source  of  its 
associated  access  transistor  during  the  fabrication  of 
an  ultra  large  scale  integrated  memory  circuit.  The 
temperature  and  ambient  of  certain  steps  of  the 
fabrication  process  adversely  affects  ohmic  prop- 
erties  of  the  connection.  To  overcome  these  prob- 
lems,  an  insulative  layer  is  formed  between  the 
bottom  plate  of  a  ferroelectric  capacitor  and  its  asso- 
ciated  transistor.  The  insulative  layer  separates  the 
source  from  the  bottom  electrode,  and  subsequent 
high  temperature  swings  during  the  remainder  of  the 
fabrication  process  do  not  produce  any  direct  con- 
nection  between  the  source  and  the  bottom  plate. 
After  the  memory  circuits  have  been  fabricated  on 
the  semiconductor  wafer,  a  voltage  is  applied  across 
the  ferroelectric  capacitor  and  the  insulative  layer, 
preferably  during  a  wafer  probe.  The  magnitude  of 
the  applied  voltage  is  selected  to  breakdown  the 
insulative  layer,  but  does  not  damage  the  ferroelec- 
tric  layer.  As  a  result,  a  good  ohmic  contact  is 
produced  between  the  bottom  plate  and  the  source 
of  its  associated  transistor. 
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This  invention  relates  generally  to  semiconduc- 
tor  memories,  such  as  random  access  memories, 
and,  more  particularly,  to  a  ferroelectric  capacitor 
fabricated  on  a  semiconductor  wafer  and  a  method 
for  making  same. 

The  use  of  semiconductor  memories  has 
grown  dramatically  since  the  1970's.  An  ideal  semi- 
conductor  memory  would  include  desirable  fea- 
tures  such  as:  low  cost  per  memory  cell,  high  cell 
density,  short  access  time,  random  access  read 
and  write  cycles,  low  power  consumption,  non- 
volatility,  reliable  operation  over  a  wide  temperature 
range,  and  a  high  degree  of  radiation  hardness. 
While  many  types  of  semiconductor  memories  ex- 
hibit  superior  characteristics  in  one  or  more  of 
these  areas,  no  semiconductor  memory  is  superior 
in  every  area. 

For  instance,  read  only  memories  (ROMs)  are 
nonvolatile  since  they  retain  data  even  when  they 
are  not  being  powered.  However,  ROMs  are  typi- 
cally  preprogrammed  and  new  data  cannot  be  writ- 
ten  into  them.  Programmable  ROMs  (PROMs)  may 
be  programmed  by  users,  but  they  cannot  be 
erased.  Some  types  of  ROMs  can  be  programmed 
and  erased  with  limited  success.  For  instance, 
erasable  PROMs  (EPROMs)  may  be  programmed 
electronically,  but  they  must  be  exposed  to  ul- 
traviolet  light  to  erase  the  memory  cells.  Unfortu- 
nately,  the  exposure  to  the  ultraviolet  light  erases 
all  of  the  memory  cells.  The  memory  cells  of  an 
electrically  erasable  PROM  (EEPROM)  may  be 
read  and  written  electronically.  Unfortunately,  these 
memories  are  expensive,  display  a  limited  read 
and  write  endurance,  and  have  relatively  slow  write 
access  times. 

Many  random  access  memories  (RAMs)  are 
currently  available.  However,  RAMs  are  volatile, 
and,  thus,  depend  on  external  power  to  maintain 
the  information  stored  in  the  memory.  Dynamic 
random  access  memories  (DRAMs),  for  instance, 
store  information  in  the  form  of  electrical  charges 
on  capacitors.  Since  each  memory  cell  requires 
only  one  transistor  and  only  one  capacitor,  many 
memory  cells  may  be  fabricated  in  a  relatively 
small  chip  area.  Static  random  access  memories 
(SRAMs),  on  the  other  hand,  utilize  a  transistor 
latch  having  at  least  two  transistors  in  order  to 
retain  information  in  each  memory  cell.  While 
SRAMs  require  little  power,  they  consume  a  large 
amount  of  chip  area  relative  to  DRAMs. 

Although  they  are  volatile,  random  access 
memories  display  many  of  the  previously  listed 
preferred  features  such  as  low  cost,  high  density, 
short  access  times,  and  random  access  read  and 
write  cycles.  Therefore,  computer  designers  prefer 
to  store  as  much  usable  information  as  possible  in 
RAMs,  as  opposed  to  other  types  of  semiconductor 
memories  or  disk-type  storage  devices.  As  com- 

puters  have  become  faster  and  more  complex,  the 
demand  for  high  density  RAMs  has  dramatically 
increased.  Since  DRAMs  inherently  require  the 
smallest  cell  size,  many  memory  manufacturers 

5  have  turned  their  efforts  toward  packing  as  many 
DRAM  cells  as  possible  onto  a  chip. 

Conventional  DRAMs  use  silicon  dioxide  ca- 
pacitors  as  storage  capacitors.  However,  the  limited 
charge  density  of  the  silicon  dioxide  capacitors 

io  prohibits  further  size  reductions.  Therefore,  com- 
plex,  three-dimensional  processes  have  been  used 
to  maintain  the  size  of  the  silicon  dioxide  capaci- 
tors  while  conserving  chip  area.  For  instance,  a 
three-dimensional  capacitor  is  formed  by  folding 

75  the  capacitor  into  a  trench  or  by  stacking  the 
capacitors  to  achieve  adequate  charge  storage 
within  an  acceptable  cell  size.  Since  fabricating 
three-dimensional  capacitors  is  much  more  expen- 
sive  than  fabricating  planar  capacitors,  the  resulting 

20  DRAMs  are  more  expensive. 
In  an  effort  to  overcome  these  deficiencies, 

designers  have  replaced  the  silicon  dioxide  capaci- 
tors  of  a  conventional  DRAM  with  ferroelectric  thin- 
film  capacitors.  See  H.  Bogert,  Research  News- 

25  letter,  Dataquest  Inc.  (1988).  Ferroelectric  capaci- 
tors  display  an  effective  dielectric  constant  of  about 
1000  to  1500,  as  compared  to  a  relatively  low 
dielectric  constant  of  about  4  to  7  for  silicon  diox- 
ide  capacitors.  Assuming  equal  thickness  of  dielec- 

30  trie  layers,  the  result  of  this  increase  in  the  dielec- 
tric  constant  is  that  the  capacitance  of  the  fer- 
roelectric  capacitor  is  approximately  250  times  that 
of  a  silicon  dioxide  capacitor.  However,  typically 
the  thickness  of  a  ferroelectric  dielectric  layer  is 

35  approximately  100-300  nanometers,  and  the  thick- 
ness  of  a  silicon  dioxide  dielectric  layer  is  approxi- 
mately  10-30  nanometers.  Therefore,  the  capaci- 
tance  of  a  typical  ferroelectric  capacitor  is  approxi- 
mately  25-30  times  that  of  a  typical  silicon  dioxide 

40  capacitor.  As  a  result,  much  smaller  ferroelectric 
capacitors  may  be  used  in  place  of  the  silicon 
dioxide  capacitors.  The  smaller  ferroelectric  capaci- 
tors  can  be  fabricated  using  a  planar  process  in- 
stead  of  the  three-dimensional  process  used  to 

45  manufacture  high  density  silicon  dioxide  capacitors. 
In  addition  to  its  ability  to  store  a  sufficient 

charge  in  a  smaller  area,  a  ferroelectric  capacitor 
permanently  retains  charge  after  application  of  a 
voltage.  The  permanent  charge  originates  from  a 

50  net  ionic  displacement  within  the  individual  cells  of 
the  ferroelectric  material.  Typically,  a  ferroelectric 
cell  takes  the  form  of  a  crystal  where  atoms  within 
the  crystal  change  position  in  an  electric  field  and 
retain  this  shift  even  after  the  electric  field  is  re- 

55  moved.  Since  electronic  circuits  can  read  and  write 
these  crystals  into  one  of  two  permanent  states 
and  then  sense  these  states,  ferroelectric  capaci- 
tors  are  suitable  for  binary  number  storage  where 
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one  crystal  state  represents  a  binary  one,  and  the 
other  crystal  state  represents  a  binary  zero. 

Many  ferroelectric  materials  exhibit  the  same 
atomic  structure  as  a  regular  perovskite  crystal.  A 
unit  cell  of  a  perovskite  crystal  has  a  general 
chemical  formula  of  ABO3,  where  A  is  a  large 
cation  and  B  is  a  small  cation.  A  perovskite  crystal 
has  a  central  metallic  ion  that  is  displaced  into  one 
of  two  positions  along  the  axis  of  an  applied  elec- 
tric  field  to  create  an  electric  dipole.  The  central  ion 
remains  polarized  until  an  electric  field  is  again 
applied  to  reverse  it. 

In  a  thin-film  ferroelectric  capacitor,  the  individ- 
ual  crystals  or  cells  interact  to  produce  domains 
within  the  material  in  response  to  a  voltage  being 
applied  across  the  material.  The  voltage  produces 
an  electric  field  across  the  ferroelectric  material 
and  causes  compensating  charge  to  move  through 
the  material  to  the  plates  of  the  capacitor.  After  the 
voltage  is  removed,  the  majority  of  the  domains 
remain  polarized  in  the  direction  of  the  applied 
electric  field,  and  compensating  charge  remains  on 
the  plates  of  the  ferroelectric  capacitor  to  maintain 
the  polarization. 

If  a  voltage  is  applied  to  the  ferroelectric  ca- 
pacitor  in  the  same  direction  as  the  previously 
applied  voltage,  some  of  the  minority  of  domains, 
i.e.,  the  remanent  domains,  polarize  in  the  same 
direction  as  the  majority  of  domains.  Thus,  only  a 
small  amount  of  compensating  charge  flows  onto 
the  capacitor  plates.  However,  if  the  field  is  applied 
in  the  opposite  direction,  many  domains  switch 
their  polarization.  Therefore,  a  greater  amount  of 
charge  flows  onto  the  capacitor.  For  a  more  de- 
tailed  discussion  of  ferroelectrics,  see  L.  Cross  &  K. 
Hardtl,  Encyclopedia  of  Semiconductor  Technol- 
ogy,  pp.  234-64,  (Grayson,  Martin  ed.  1985). 

To  form  a  ferroelectric  capacitor  as  part  of  an 
integrated  circuit  semiconductor  chip,  a  film  of  fer- 
roelectric  material,  usually  less  than  a  micrometer 
in  thickness,  is  sandwiched  between  two  metal 
electrodes.  When  properly  deposited  and  annealed, 
the  ferroelectric  material  exhibits  the  same  atomic 
structure  as  the  previously  discussed  perovskite 
crystal.  Platinum  is  typically  used  for  the  elec- 
trodes,  but  the  choice  of  the  metal  depends  on  the 
electrical  qualities  that  best  compliment  the  se- 
lected  ferroelectric  material.  For  instance,  the  struc- 
ture  of  the  metal  must  promote  the  formation  of  the 
proper  ferroelectric  phase. 

Deposition  of  the  ferroelectrics  must  be  pre- 
cisely  controlled  or  the  resulting  crystal  structure 
will  not  be  uniform.  Molecular-beam  epitaxy  and 
radio  frequency  sputtering  have  been  used  to  ap- 
ply  the  ferroelectric  material  with  some  success. 
However,  difficulty  arises  in  forming  the  intercon- 
nection  between  the  bottom  plate  of  the  ferroelec- 
tric  capacitor  and  the  diffused  region,  e.g.,  the 

source  or  the  drain,  of  the  access  transistor.  Once 
the  appropriate  material  of  the  capacitor  plates  is 
selected,  the  bottom  plate  is  formed  by  depositing 
the  metal  onto  the  diffused  region  of  the  silicon 

5  wafer.  The  temperature  is  then  raised  briefly  to 
about  650  0  C  to  ensure  that  the  metal  adheres  well 
to  the  silicon. 

Next,  the  ferroelectric  material  is  deposited 
onto  the  bottom  plate.  Typically,  the  ferroelectric 

10  material  is  deposited  at  room  temperature.  Then, 
the  ferroelectric  material  is  annealed  in  the  pres- 
ence  of  oxygen  by  raising  the  temperature  to  be- 
tween  500°  and  700°  C.  At  this  temperature,  the 
material  is  in  a  paraelectric  phase,  but,  as  the 

15  material  cools,  it  enters  the  perovskite 
(ferroelectric)  phase  and  becomes  randomly  po- 
larized.  The  presence  of  oxygen  during  the  anneal 
is  important  otherwise  the  proper  ferroelectric 
phase  will  not  form  due  to  oxygen  deficiency  in  the 

20  layer. 
However,  if  the  bottom  plate  is  made  from 

Platinum  or  a  standard  barrier  metal,  such  as  TiN, 
TiW  or  RU2O3,  it  will  be  adversely  affected,  particu- 
larly  in  the  presence  of  oxygen,  by  the  high  tem- 

25  peratures  required  to  form  the  perovskite  phase  in 
the  ferroelectric  material.  During  deposition  of  the 
ferroelectric  material,  the  metal  of  the  bottom  plate 
interdiffuses  with  the  diffused  region  of  silicon  so 
that  a  good  ohmic  contact,  e.g.,  less  than  about 

30  100  ohms,  cannot  be  achieved  without  destroying 
the  integrity  of  the  structure  and  the  switching 
properties  of  the  ferroelectric  capacitor. 

The  present  invention  is  directed  to  overcom- 
ing  or  at  least  minimizing  one  or  more  of  the 

35  problems  mentioned  above. 
In  accordance  with  one  aspect  of  the  present 

invention,  there  is  provided  a  semiconductor  mem- 
ory  cell  that  includes  an  access  transistor.  The 
drain  of  the  access  transistor  is  connected  to  an 

40  associated  bit  line,  and  the  gate  of  the  access 
transistor  is  connected  to  an  associated  word  line. 
The  top  plate  of  a  ferroelectric  storage  capacitor  is 
connected  to  a  plate  line.  An  insulative  layer  is 
disposed  between  the  source  of  the  access  transis- 

45  tor  and  the  bottom  plate  of  the  capacitor  so  that  the 
source  is  separated  from  the  bottom  plate. 

Preferably,  the  insulative  layer  has  a  first  pre- 
determined  breakdown  voltage,  and  the  layer  of 
ferroelectric  material  has  a  second  preselected 

50  breakdown  voltage  which  is  greater  than  the  first 
preselected  breakdown  voltage.  Typically,  this  cor- 
responds  to  the  insulative  layer  being  thinner  than 
the  ferroelectric  layer.  Therefore,  application  of  a 
voltage  having  a  magnitude  greater  than  the  first 

55  preselected  breakdown  voltage  and  less  than  the 
second  preselected  breakdown  voltage  between 
the  source  and  the  top  plate  of  the  capacitor 
breaks  down  the  layer  of  insulative  material  and 
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substantially  connects  the  bottom  plate  to  the 
source  of  the  access  transistor. 

In  accordance  with  another  aspect  of  the 
present  invention,  there  is  provided  a  method  for 
fabricating  a  semiconductor  memory  cell.  First,  an 
access  transistor  having  a  source,  a  drain,  and  a 
gate  is  formed.  Second,  a  layer  of  insulative  ma- 
terial  is  applied  onto  the  source.  Third,  a  first 
conductive  layer  is  formed  over  the  insulative  layer. 
Fourth,  a  layer  of  ferroelectric  material  is  applied 
onto  the  first  conductive  layer.  Fifth,  a  second 
conductive  layer  is  formed  over  the  ferroelectric 
layer. 

To  connect  the  first  conductive  layer,  i.e.,  the 
bottom  plate  of  the  ferroelectric  capacitor,  to  the 
source  of  the  transistor  a  voltage  is  delivered  be- 
tween  the  source  and  the  second  conductive  layer, 
i.e.,  the  top  plate  of  the  ferroelectric  capacitor.  The 
voltage  has  a  magnitude  sufficient  to  breakdown 
the  layer  of  insulative  material  and  insufficient  to 
breakdown  the  layer  of  ferroelectric  material. 

The  foregoing  and  other  advantages  of  the 
invention  will  become  apparent  upon  reading  the 
following  detailed  description  and  upon  reference 
to  the  drawings  in  which: 

Fig.  1  is  a  schematic  illustration  of  a  portion  of  a 
dynamic  random  access  memory  using  ferro- 
electric  capacitors; 
Fig.  2  illustrates  a  unit  cell  of  a  preferred  fer- 
roelectric  material  in  the  form  of  a  perovskite 
crystal  in  a  state  that  represents  a  first  binary 
state; 
Fig.  3  illustrates  the  unit  cell  of  Fig.  2  in  a  state 
that  represents  a  second  binary  state; 
Fig.  4  is  a  graph  illustrating  a  hysteresis  curve 
of  a  ferroelectric  capacitor; 
Fig.  5  is  a  cross-sectional  view  of  a  dynamic 
memory  cell  having  a  ferroelectric  capacitor 
separated  from  its  associated  transistor  by  a  thin 
insulating  layer; 
Fig.  6  is  a  schematic  illustration  of  the  memory 
cell  illustrated  in  Fig.  5; 
Fig.  7  is  a  cross-sectional  illustration  of  a  dy- 
namic  memory  cell  having  a  ferroelectric  capaci- 
tor  interconnected  with  its  associated  transistor; 
Fig.  8  is  a  schematic  illustration  of  the  memory 
cell  illustrated  in  Fig.  7; 
Fig.  9  is  an  alternate  cross-sectional  view  of  a 
dynamic  memory  cell  having  a  ferroelectric  ca- 
pacitor  separated  from  its  associated  transistor 
by  a  thin  insulating  layer;  and 
Fig.  10  is  another  alternate  cross-sectional  view 
of  a  dynamic  memory  cell  having  a  ferroelectric 
capacitor  separated  from  its  associated  transis- 
tor  by  a  thin  insulating  layer. 
While  the  invention  is  susceptible  to  various 

modifications  and  alternative  forms,  specific  em- 
bodiments  have  been  shown  by  way  of  example  in 

the  drawings  and  will  be  described  in  detail  herein. 
However,  it  should  be  understood  that  the  invention 
is  not  intended  to  be  limited  to  the  particular  forms 
disclosed.  Rather,  the  invention  is  to  cover  all 

5  modifications,  equivalents,  and  alternatives  falling 
within  the  spirit  and  scope  of  the  invention  as 
defined  by  the  appended  claims. 

Turning  now  to  the  drawings  and  referring  ini- 
tially  to  Fig.  1,  a  ferroelectric  random  access  mem- 

io  ory  (FERRAM)  10,  which  is  a  semiconductor  dy- 
namic  random  access  memory  using  ferroelectric 
capacitors  as  storage  capacitors,  is  schematically 
illustrated.  While  a  memory  using  ferroelectric  ca- 
pacitors  may  take  a  number  of  forms,  the  structure 

is  and  operation  of  the  FERRAM  10  as  shown  in  Fig. 
1  will  be  briefly  described  so  that  the  reader  may 
attain  a  better  overall  understanding  of  the  present 
invention. 

Each  memory  cell  12  or  12'  of  the  FERRAM  10 
20  includes  an  access  transistor  14  or  14'  and  a 

ferroelectric  storage  capacitor  16  or  16'.  Preferably, 
each  of  the  access  transistors  14  and  14'  are 
metal-oxide  semiconductor  field  effect  transistors, 
more  commonly  referred  to  as  MOSFETs.  As  illus- 

25  trated,  the  drain  of  each  of  the  transistors  14  and 
14'  is  connected  to  a  respective  bit  line  18  or  18'. 
The  gate  of  each  transistor  14  and  14'  is  connected 
to  a  respective  word  line  20  or  21.  The  source  of 
each  transistor  14  or  14'  is  connected  to  the  bot- 

30  torn  electrode  or  plate  22  of  its  respective  fer- 
roelectric  capacitor  16  or  16'.  The  top  electrode  or 
plate  24  of  each  ferroelectric  capacitor  16  or  16'  is 
connected  to  its  respective  plate  line  26  or  27. 
Preferably,  a  sense  amplifier  28  is  connected  be- 

35  tween  each  pair  of  bit  lines  18  and  18'  in  the 
memory  array  of  the  FERRAM  10. 

To  write  to  the  memory  cells  12  and  12'  that 
are  connected  to  the  word  line  20,  for  instance,  a 
decoder  (not  shown)  selectively  produces  a  logical 

40  "1  "  voltage  signal  on  the  word  line  20.  The  high 
voltage  on  the  word  line  20  turns  on  the  access 
transistors  14  and  14'  that  are  connected  to  the 
word  line  20.  Once  turned  on,  the  access  transis- 
tors  14  and  14'  connect  the  associated  ferroelectric 

45  storage  capacitors  16  and  16'  to  their  respective  bit 
lines  18  and  18'.  The  sense  amplifier  28  drives  one 
bit  line  18  to  a  logical  "1"  and  the  other  bit  line  18' 
to  a  logical  "0."  The  plate  line  26  is  then  pulsed  to 
a  logical  "1."  With  the  plate  line  26  at  a  high 

50  voltage  and  the  bit  line  18'  at  a  low  voltage,  the 
direction  of  the  resulting  electric  field  across  the 
ferroelectric  capacitor  16'  writes  a  logical  "0"  into 
that  capacitor.  When  the  plate  line  26  falls  back  to 
a  logical  "0",  the  high  voltage  on  the  bit  line  18 

55  produces  an  electric  field  in  the  opposite  direction 
across  the  ferroelectric  capacitor  16,  and,  thus, 
writes  a  logical  "1  "  onto  that  capacitor. 

To  read  the  binary  information  stored  on  one  of 

4 
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the  capacitors  16  or  16',  the  plate  line  26  is  again 
pulsed  to  a  logical  "1,"  the  bit  lines  18  and  18'  are 
allowed  to  float,  and  the  sense  amplifier  28  is 
turned  off.  Since  the  information  stored  in  the  fer- 
roelectric  capacitor  16  is  opposite  the  information 
stored  in  the  other  ferroelectric  capacitor  16',  a 
voltage  differential  is  produced  between  the  bit 
lines  18  and  18'.  When  the  sense  amplifier  28  turns 
on,  it  drives  the  high  going  bit  line  18  to  the 
positive  voltage,  e.g.,  Vdd,  and  the  other  bit  line  18' 
to  ground.  Not  only  does  this  operation  sense  the 
information  stored  in  one  of  these  selected  mem- 
ory  cells  12  and  12',  it  also  restores  both  ferroelec- 
tric  capacitors  16  and  16'  to  their  original  states  (if 
the  plate  line  26  is  pulsed  again  to  a  logical  "0"). 

Referring  additionally  to  Figs.  2  and  3,  a  unit 
cell  30  of  the  ferroelectric  material  that  comprises 
the  dielectric  of  the  ferroelectric  capacitors  16  and 
16'  is  illustrated.  Preferably,  a  ferroelectric  material 
that  exhibits  a  perovskite  crystalline  structure 
(chemical  formula  ABO3)  is  used,  such  as  lead 
zircronate  titanate  (PZT),  lanthanum-doped  PZT 
(PLZT),  or  lithium  niobate  (LiNb03).  The  A  atoms 
32  are  large  cations  situated  at  the  corners  of  the 
unit  cell  30,  and  the  oxygen  atoms  34  are  situated 
at  the  face  centers  of  the  unit  cell  30.  The  B  atom 
36  is  a  small  cation  that  is  located  near  the  center 
of  the  unit  cell  30  and  bonded  to  the  six  oxygen 
atoms  34.  In  PZT,  the  A  atoms  32  are  lead  and  the 
B  atom  36  is  titanium  or  zirconium. 

The  B  atom  36  may  be  displaced  into  one  of 
two  positions  along  the  axis  of  an  applied  electric 
field  to  create  an  electric  dipole.  This  polarization  is 
relatively  permanent  until  another  electric  field  re- 
verses  it.  For  example,  if  an  electric  field  is  applied 
to  the  unit  cell  30  in  the  direction  of  arrow  38,  the  B 
atom  36  is  displaced  upwardly,  as  illustrated  in  Fig. 
2.  Alternatively,  when  an  electric  field  is  applied 
across  the  unit  cell  30  in  the  direction  of  the  arrow 
40,  the  B  atom  36  is  displaced  downwardly,  as 
illustrated  in  Fig.  3. 

A  ferroelectric  thin-film  memory  capacitor  16 
and  16'  exhibits  a  characteristic  hysteresis  curve 
which  describes  the  amount  of  charge  the  device 
stores  as  a  function  of  the  applied  voltage.  A  typi- 
cal  hysteresis  curve  is  illustrated  in  Fig.  4  as  a 
function  of  charge  density  versus  applied  voltage. 
The  coercive  voltages  Vc  and  -Vc  represent  the 
digital  switching  threshold  of  the  capacitor  16  and 
16'.  For  memory  applications,  it  is  desirable  that 
the  two  coercive  voltage  points  Vc  and  -Vc  be 
symmetrical  about  zero  volts  between  -2.5  volts 
and  +2.5  volts,  so  that  the  memory  can  operate 
from  standard  semiconductor  memory  power  sup- 
ply  voltages,  which  are  typically  -5  volts  to  +5 
volts.  Typically,  the  switched  charge  of  a  ferroelec- 
tric  capacitor  16  and  16'  is  greater  than  20  micro- 
coulombs  per  square  centimeter,  which  is  an  order 

of  magnitude  higher  than  the  1.7  microcoulombs 
per  square  centimeter  that  is  typical  of  current 
DRAM  capacitors.  For  a  PZT  thin  film  capacitor, 
the  typical  switching  threshold  is  about  1  to  2  volts, 

5  so  it  is  compatible  with  a  5  volt  power  supply. 
Nonvolatile  operation  results  from  stable  polariza- 
tion  states  X  and  Y  that  exist  at  the  top  and  bottom 
of  the  loops,  respectively. 

The  permanent  charge  storage  of  a  ferroelec- 
10  trie  capacitor  16  results  from  a  net  ionic  displace- 

ment  of  the  unit  cells  in  the  ferroelectric  capacitor 
material  that  results  from  the  application  of  voltage 
across  the  ferroelectric  capacitor  16  or  16'.  When 
voltage  is  applied  across  a  ferroelectric  capacitor 

15  16  or  16',  the  individual  unit  cells  30  constructively 
interact  to  produce  polarized  domains  within  the 
material.  After  the  voltage  is  removed,  the  majority 
of  the  domains  remain  polarized  in  the  direction  of 
the  applied  electric  field,  as  previously  described  in 

20  regard  to  Figs.  2  and  3.  Therefore,  compensating 
charge  remains  on  the  plates  of  the  capacitor  16  to 
maintain  this  polarization. 

When  the  polarization  of  a  ferroelectric  capaci- 
tor  16  switches,  the  switched  charge  represents  the 

25  majority  of  the  unit  cells  30  that  switch  in  response 
to  an  applied  voltage,  and  the  unswitched  charge 
represents  the  remaining  unit  cells  30  that  do  not 
switch  in  response  to  the  applied  voltage.  For  ex- 
ample,  if  the  capacitor  16  is  in  the  stable  polariza- 

30  tion  state  Y(0)  and  a  positive  voltage  greater  than 
the  coercive  voltage  is  impressed  across  the  ca- 
pacitor  16,  then  the  capacitor  conducts  current 
along  curve  42  and  the  charge  density  increases  to 
point  Y(1).  When  the  voltage  returns  to  zero,  the 

35  charge  density  decreases  slightly  along  curve  44  to 
point  X(0).  If  another  positive  voltage  is  impressed 
across  the  capacitor  16,  the  charge  density 
changes  little  since  there  is  little  unswitched 
charge.  However,  if  a  negative  voltage  greater  than 

40  the  negative  coercive  voltage  is  impressed  across 
the  capacitor  16,  current  flows  through  the  capaci- 
tor  16  and  the  charge  density  decreases  to  point  X- 
(1).  When  the  negative  voltage  returns  to  zero,  the 
charge  density  increases  slightly  along  curve  42  to 

45  point  Y(0). 
When  the  plate  line  26  or  27  is  pulsed  to  read 

the  contents  of  a  memory  cell  12  or  12',  the 
change  in  charge  on  the  bit  lines  18  and  18' 
depends  on  the  previous  state  of  polarization  of  the 

50  ferroelectric  capacitor  16  or  16'.  As  previously  de- 
scribed  with  respect  to  Fig.  1,  to  read  information 
stored  in  a  ferroelectric  capacitor  16,  a  positive 
voltage  pulse  having  a  magnitude  greater  than  the 
coercive  voltage  is  applied.  If  little  current  flows 

55  through  the  capacitor  16  then  the  capacitor  is  in 
state  X(0),  which  may  correspond  to  a  binary  one. 
On  the  other  hand,  if  a  substantial  amount  of  cur- 
rent  flows  through  the  capacitor  16  then  the  capaci- 

5 
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tor  was  in  state  Y(0),  which  may  correspond  to  a 
binary  zero.  Thus,  after  even  extended  periods 
without  power,  the  ferroelectric  capacitors  16  and 
16'  can  be  pulsed  to  determine  the  last  logical 
state  stored  in  the  capacitor  16  or  16'.  Therefore, 
not  only  do  the  ferroelectric  capacitors  16  and  16' 
provide  increased  charge  density  to  allow  the  use 
of  smaller  capacitors  in  ultra  large  scale  integration 
memory  circuits,  but  they  also  provide  nonvolatile 
charge  storage. 

The  surface  of  a  typical  integrated  circuit  mem- 
ory  is  a  maze  of  p-type  and  n-type  regions  that 
must  be  contacted  and  interconnected.  It  is  impor- 
tant  that  such  contacts  and  interconnections  be 
ohmic,  with  minimal  resistance  and  no  tendency  to 
rectify  signals.  During  the  metallization  step  in  the 
fabrication  process,  the  various  regions  of  each 
circuit  element  are  contacted  and  proper  intercon- 
nection  of  the  circuit  elements  is  made.  Aluminum 
is  commonly  used  for  metallization  since  it  adheres 
well  to  silicon  and  to  silicon  dioxide  if  the  tempera- 
ture  is  raised  briefly  to  about  400  °  to  450  °  C  after 
deposition.  However,  platinum  is  the  best  choice  of 
the  bottom  electrode  for  a  ferroelectric  capacitor, 
because  platinum  allows  good  crystal  growth  for 
the  PZT  ferroelectric  material.  Unfortunately,  plati- 
num  forms  a  Schottky  barrier  when  applied  to  a 
silicon  semiconductor,  and  tends  to  rectify  signals 
passing  across  the  metal-semiconductor  junction. 

Referring  now  to  Fig.  5,  a  cross-sectional  view 
of  a  memory  cell  12  is  illustrated.  For  an  n-channel 
MOSFET,  a  p-type  silicon  wafer  50  is  used.  To 
fabricate  the  access  transistor  14,  an  oxide  layer  51 
is  grown  on  the  p-type  wafer  50  and  polysilicon  53 
is  deposited  thereon.  Portions  of  the  oxide  51  and 
polysilicon  53  are  etched  away,  and  the  source  52 
and  the  drain  54  of  the  transistor  14  are  formed  by 
diffusing  an  impurity  in  column  V  of  the  periodic 
table,  such  as  phosphorus,  arsenic  or  antimony, 
into  the  exposed  portions  of  the  wafer  50.  Silicon 
dioxide  is  again  deposited  onto  the  wafer  50,  and 
windows  for  the  contact  holes  56  and  58  are 
masked  and  etched. 

To  fabricate  the  ferroelectric  capacitor  16  or 
16',  a  layer  of  an  insulative  material  60  is  deposited 
in  the  contact  hole  56  on  the  source  52.  Preferably, 
the  insulative  layer  60  is  either  silicon  dioxide 
(Si02),  a  nitride  layer  (SiN),  or  an  amorphous  sili- 
con  layer.  Any  appropriate  deposition  method  may 
be  used,  such  as  thermal  growth  or  CVD  deposi- 
tion.  Preferably,  the  thickness  of  the  insulative  layer 
60  is  approximately  100  angstroms  (10  nano- 
meters). 

A  conductive  layer,  which  forms  the  bottom 
plate  22,  is  deposited  on  top  of  the  insulative  layer 
60.  Preferably,  the  bottom  plate  22  is  platinum  and 
deposited  by  sputtering.  The  ambient  temperature 
is  briefly  raised  to  about  650  °  C  to  insure  proper 

adhesion  between  the  bottom  plate  22  and  the 
source  52. 

Next,  a  thin  film  62  of  the  ferroelectric  material 
is  deposited  or  grown  on  the  bottom  electrode  22. 

5  Preferably,  the  ferroelectric  material  is  PZT  and 
deposited  using  sol-gel  processing  or  radio  fre- 
quency  sputtering.  Advantageously,  the  thickness 
of  the  ferroelectric  film  62  is  at  least  an  order  of 
magnitude  greater  than  the  thickness  of  the  in- 

io  sulative  layer  60.  For  example,  if  the  thickness  of 
the  insulative  layer  60  is  approximately  100  ang- 
stroms,  the  thickness  of  the  ferroelectric  film  is 
approximately  1000  to  2000  angstroms.  The  fer- 
roelectric  film  62  is  deposited  at  room  temperature. 

is  Then,  the  ferroelectric  film  is  annealed  at  a  rela- 
tively  high  temperature  of  approximately  500°  to 
700°  C,  and  then  cooled  so  that  the  unit  cells  form 
perovskite  crystals.  However,  this  high  temperature 
does  not  cause  the  bottom  plate  22  to  interdiffuse 

20  with  the  silicon  source  52  because  the  insulative 
material  60  is  disposed  therebetween. 

The  top  plate  24  is  then  deposited  onto  the 
ferroelectric  layer  62  in  much  the  same  manner  as 
the  bottom  electrode  22  was  deposited  onto  the 

25  insulative  layer  60.  Again,  the  ambient  temperature 
is  briefly  raised  to  about  650  °C.  This  annealing 
step  insures  proper  phase  formation  of  the  fer- 
roelectric  material  and  proper  adhesion  between 
the  top  plate  24  and  the  ferroelectric  film  62. 

30  After  processing  is  completed  and  before  for- 
ming  the  local  interconnect  between  the  bottom 
electrode  22  and  the  source  52,  the  structure  of  the 
memory  cell  12  resembles  that  described  in  Fig.  5. 
Fig.  6  illustrates  the  equivalent  circuit  of  the  mem- 

35  ory  cell  12  before  the  local  interconnect  is  formed. 
The  insulative  layer  60,  which  is  disposed  between 
the  source  52  of  the  access  transistor  14  and  the 
bottom  plate  22,  electrically  appears  as  a  capacitor 
70  in  series  with  the  ferroelectric  capacitor  16. 

40  Although  the  areas  of  the  capacitors  22  and  70  are 
substantially  equal,  the  thicknesses  of  the  two  lay- 
ers  60  and  62  are  approximately  20  to  1:  approxi- 
mately  2,000  angstroms  for  the  ferroelectric  layer 
62  and  approximately  100  angstroms  for  the  in- 

45  sulative  layer  60.  The  dielectric  constants  are  about 
250  to  1:  approximately  1,000  for  the  ferroelectric 
capacitor  16  and  approximately  4  for  the  series 
capacitor  70.  Therefore,  the  capacitance  of  the 
ferroelectric  capacitor  16  is  approximately  twelve 

50  times  that  of  the  capacitance  of  the  series  capaci- 
tor  70. 

Given  the  different  capacitances,  when  a  volt- 
age  is  applied  across  the  series  combination  of  the 
capacitor  70  and  the  capacitor  16,  less  than  10%  of 

55  the  voltage  will  drop  across  the  capacitor  16.  To 
form  the  interconnect  between  the  bottom  plate  22 
and  the  source  52,  a  predetermined  voltage  is 
applied  across  the  capacitor  70  and  the  ferroelec- 

6 
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trie  capacitor  16.  The  predetermined  voltage  should 
be  sufficient  to  exceed  the  breakdown  voltage  of 
the  insulative  layer  60  in  the  capacitor  70  without 
damaging  the  ferroelectric  layer  62  in  the  capacitor 
16.  Preferably,  the  interconnection  is  formed  during 
a  wafer  probe,  which  is  a  functional  testing  of  the 
memory  device  in  wafer  form,  by  applying  the 
predetermined  voltage  to  the  bit  lines  18  and  18' 
while  the  appropriate  word  lines  are  at  a  logical 
"1."  Alternatively,  the  interconnect  may  be  formed 
by  applying  the  predetermined  voltage  to  many 
capacitors  by  operating  the  memory  in  a  parallel 
mode  where  several  bit  and  word  lines  are  ac- 
tivated  at  once. 

Fig.  7  illustrates  a  cross-sectional  view  of  a 
memory  cell  12  after  the  local  interconnect  has 
been  formed  between  the  bottom  plate  22  of  the 
ferroelectric  capacitor  16  and  the  source  52  of  the 
access  transistor  14.  Fig.  8  illustrates  an  equivalent 
circuit  diagram  of  a  memory  cell  12  after  the  local 
interconnect  has  been  formed.  Since  the  insulative 
layer  60  has  been  effectively  destroyed  by  the 
application  of  the  predetermined  voltage  in  excess 
of  its  breakdown  voltage,  Fig.  7  shows  the  bottom 
plate  22  as  being  interconnected  with  the  source 
region  52.  The  destroyed  insulative  layer  60  pro- 
vides  an  ohmic  contact  between  the  bottom  plate 
22  and  the  source  52.  This  small  resistance  is 
illustrated  in  Fig.  8  as  a  resistor  72  that  is  con- 
nected  in  series  between  the  source  52  of  the 
access  transistor  1  4  and  the  bottom  plate  22  of  the 
ferroelectric  capacitor  16.  The  value  of  the  resistor 
72  is  typically  only  a  few  ohms,  and  certainly  less 
than  100  ohms.  Specifically,  the  value  of  the  resis- 
tor  22  will  not  adversely  impact  the  performance  of 
the  memory  cell  12.  Since  there  are  no  high  tem- 
perature  steps  required  after  the  formation  of  the 
local  interconnect  by  the  application  of  the  pre- 
determined  voltage,  the  interconnection  between 
the  bottom  plate  22  and  the  silicon  source  52  will 
be  highly  reliable. 

The  previously  described  method  for  forming  a 
ferroelectric  capacitor  can  also  be  utilized  where 
the  ferroelectric  capacitor  is  formed  directly  on  a 
polysilicon  line.  Referring  now  to  Fig.  9,  an  al- 
ternate  cross-sectional  view  of  the  memory  cell  12 
is  illustrated.  For  an  n-channel  MOSFET,  a  p-type 
silicon  wafer  80  is  used.  To  fabricate  the  access 
transistor  14,  an  oxide  layer  is  grown  on  the  p-type 
wafer  80  and  polysilicon  is  deposited  thereon.  Por- 
tions  of  the  oxide  and  polysilicon  are  etched  away 
to  leave  a  polysilicon  gate  82.  The  polysilicon  gate 
82  also  functions  as  the  word  line  20.  The  source 
84  and  the  drain  86  of  the  transistor  14  are  formed 
by  diffusing  an  impurity  in  column  V  of  the  periodic 
table,  such  as  phosphorus,  arsenic  or  antimony, 
into  the  exposed  portions  of  the  wafer  80. 

Silicon  dioxide  88  is  again  deposited  onto  the 

wafer  80,  and  windows  for  the  contact  holes  90  and 
92  are  masked  and  etched.  A  layer  of  polysilicon 
94  is  deposited  over  a  portion  of  the  oxide  layer  88 
and  over  the  contact  hole  92.  The  polysilicon  layer 

5  94  forms  the  bit  line  18.  A  layer  of  silicon  dioxide 
96  is  deposited  over  the  polysilicon  line  94  as  an 
insulative  layer.  Again,  the  contact  hole  90  is 
etched,  and  a  layer  of  polysilicon  98  is  deposited 
over  the  contact  hole  90.  The  layer  of  polysilicon 

io  98  will  form  the  connection  between  the  source  84 
of  the  access  transistor  14  and  the  bottom  elec- 
trode  22  of  the  storage  capacitor  16. 

To  fabricate  the  ferroelectric  capacitor  16  or 
16',  a  layer  of  an  insulative  material  100  is  depos- 

15  ited  onto  the  polysilicon  layer  98.  Preferably,  the 
insulative  layer  100  is  either  silicon  dioxide  (SiCfe), 
a  nitride  layer  (SiN),  or  an  amorphous  silicon  layer. 
Any  appropriate  deposition  method  may  be  used, 
such  as  thermal  growth  or  CVD  deposition.  Prefer- 

20  ably,  the  thickness  of  the  insulative  layer  100  is 
approximately  100  angstroms  (10  nanometers). 

A  conductive  layer  102,  which  forms  the  bot- 
tom  plate  22,  is  deposited  on  top  of  the  insulative 
layer  100.  Preferably,  the  bottom  plate  22  is  plati- 

25  num  and  deposited  by  sputtering.  The  ambient 
temperature  is  briefly  raised  to  about  650  °  C  to 
insure  proper  adhesion  between  the  bottom  plate 
22  and  the  insulative  layer  100. 

Next,  a  thin  film  104  of  the  ferroelectric  ma- 
30  terial  is  deposited  or  grown  on  the  bottom  elec- 

trode  22.  Preferably,  the  ferroelectric  material  is 
PZT  and  deposited  using  sol-gel  processing  or 
radio  frequency  sputtering.  Advantageously,  the 
thickness  of  the  ferroelectric  film  104  is  at  least  an 

35  order  of  magnitude  greater  than  the  thickness  of 
the  insulative  layer  100,  as  described  in  reference 
to  Fig.  5.  The  ferroelectric  film  104  is  deposited  at 
room  temperature.  Then,  the  ferroelectric  film  104 
is  annealed  at  a  relatively  high  temperature  of 

40  approximately  500  °  to  700  °  C,  and  then  cooled  so 
that  the  unit  cells  form  perovskite  crystals.  How- 
ever,  this  high  temperature  does  not  cause  the 
bottom  plate  22  to  interdiffuse  with  the  polysilicon 
layer  98  because  the  insulative  material  100  is 

45  disposed  therebetween. 
A  second  conductive  layer  106,  which  forms 

the  top  plate  24  of  the  storage  capacitor  16,  is  then 
deposited  onto  the  ferroelectric  layer  104  in  much 
the  same  manner  as  the  bottom  electrode  22  was 

50  deposited  onto  the  insulative  layer  100.  Again,  the 
ambient  temperature  is  briefly  raised  to  about 
650  °C.  This  annealing  step  insures  proper  phase 
formation  of  the  ferroelectric  material  and  proper 
adhesion  between  the  top  plate  24  and  the  fer- 

55  roelectric  layer  104. 
Optionally,  a  second  insulative  layer  108  may 

be  deposited  over  the  top  plate  24.  Then,  a  final 
layer  of  polysilicon  110  is  deposited  over  the  entire 

7 
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memory  cell.  The  polysilicon  layer  110  connects 
the  top  plate  24  to  the  plate  line  26. 

After  processing  is  completed  and  before  for- 
ming  the  local  interconnect  between  the  bottom 
electrode  22  and  the  polysilicon  layer  98,  the 
equivalent  circuit  of  the  memory  cell  12  is  the 
same  as  that  illustrated  in  Fig.  6.  The  insulative 
layer  100,  which  is  disposed  between  the  poly- 
silicon  layer  98  and  the  bottom  plate  22,  electrically 
appears  as  a  capacitor  70  in  series  with  the  fer- 
roelectric  capacitor  16.  Although  the  areas  of  the 
capacitors  22  and  70  are  substantially  equal,  the 
thicknesses  of  the  two  layers  104  and  100  are 
approximately  20  to  1:  approximately  2,000  ang- 
stroms  for  the  ferroelectric  layer  104  and  approxi- 
mately  100  angstroms  for  the  insulative  layer  100. 
Therefore,  when  a  predetermined  voltage  is  applied 
across  the  capacitor  16,  as  previously  discussed, 
the  insulative  layer  100  (and  the  insulative  layer 
108,  if  present)  will  breakdown.  Thus,  the  bottom 
plate  22  becomes  interconnected  with  the  poly- 
silicon  layer  98  which  is  connected  to  the  source 
region  84. 

This  method  for  forming  a  ferroelectric  capaci- 
tor  can  also  be  utilized  where  the  ferroelectric 
capacitor  is  formed  as  a  stacked  capacitor  in  a 
memory  cell  12  having  a  diffused  bit  line.  Referring 
now  to  Fig.  10,  another  alternate  cross-sectional 
view  of  the  memory  cell  12  is  illustrated.  For  an  n- 
channel  MOSFET,  a  p-type  silicon  wafer  120  is 
used.  To  fabricate  the  access  transistor  14,  a  gate 
oxide  layer  122  is  grown  on  the  p-type  wafer  120 
and  polysilicon  is  deposited  thereon.  Portions  of 
the  oxide  and  polysilicon  are  etched  away  to  leave 
a  polysilicon  gate  124.  The  polysilicon  gate  124 
also  functions  as  the  word  line  20.  The  source  126 
and  the  drain  128  of  the  transistor  14  are  formed 
by  diffusing  an  impurity  in  column  V  of  the  periodic 
table,  such  as  phosphorus,  arsenic  or  antimony, 
into  the  exposed  portions  of  the  wafer  120. 

In  this  memory  cell  configuration,  the  drain  128 
of  the  transistor  14  functions  as  the  diffused  bit  line 
18.  Therefore,  an  intermediate  layer  of  silicon  diox- 
ide  130  is  deposited  onto  the  wafer  120,  and  a 
single  window  for  the  contact  hole  130  is  masked 
and  etched.  Polysilicon  132  is  then  deposited  over 
the  contact  hole  130.  The  polysilicon  132  will  form 
the  local  interconnect  between  the  source  126  and 
the  bottom  plate  22. 

Using  a  series  of  masking  and  etching  steps, 
the  ferroelectric  capacitor  16  is  formed.  A  layer  of 
an  insulative  material  134  is  deposited  onto  the 
polysilicon  132.  Preferably,  the  insulative  layer  134 
is  either  silicon  dioxide  (SiCfe),  a  nitride  layer  (SiN), 
or  an  amorphous  silicon  layer.  Any  appropriate 
deposition  method  may  be  used,  such  as  thermal 
growth  or  CVD  deposition.  Preferably,  the  thickness 
of  the  insulative  layer  134  is  approximately  100 

angstroms  (10  nanometers). 
A  conductive  layer  136,  which  forms  the  bot- 

tom  plate  22,  is  deposited  on  top  of  the  insulative 
layer  134.  Preferably,  the  bottom  plate  22  is  plati- 

5  num  and  deposited  by  sputtering.  The  ambient 
temperature  is  briefly  raised  to  about  650  °  C  to 
insure  proper  adhesion  between  the  bottom  plate 
22  and  the  insulative  layer  134. 

Next,  a  thin  film  138  of  ferroelectric  material  is 
io  deposited  or  grown  on  the  bottom  plate  22.  Ad- 

vantageously,  the  thickness  of  the  ferroelectric  film 
138  is  at  least  an  order  of  magnitude  greater  than 
the  thickness  of  the  insulative  layer  134,  as  de- 
scribed  in  reference  to  Figs.  5  and  9.  The  fer- 

15  roelectric  film  138  is  deposited  at  room  tempera- 
ture,  and,  then,  annealed  at  a  relatively  high  tem- 
perature  of  approximately  500°  to  700°  C.  Upon 
cooling  the  unit  cells  of  the  ferroelectric  material 
form  perovskite  crystals.  However,  this  high  tem- 

20  perature  does  not  cause  the  bottom  plate  22  to 
interdiffuse  with  the  polysilicon  132  because  the 
insulative  material  134  is  disposed  therebetween. 

A  second  conductive  layer  140,  which  forms 
the  top  plate  24  of  the  storage  capacitor  16,  is  then 

25  deposited  onto  the  ferroelectric  layer  138  in  much 
the  same  manner  as  the  first  conductive  layer  136, 
which  forms  the  bottom  electrode  22,  was  depos- 
ited  onto  the  insulative  layer  134.  Again,  the  am- 
bient  temperature  is  briefly  raised  to  about  650  °  C. 

30  This  annealing  step  insures  proper  phase  formation 
of  the  ferroelectric  material  and  proper  adhesion 
between  the  top  plate  24  and  the  ferroelectric  layer 
138. 

After  processing  is  completed  and  before  for- 
35  ming  the  local  interconnect  between  the  bottom 

electrode  22  and  the  polysilicon  132,  the  equivalent 
circuit  of  the  memory  cell  12  is  the  same  as  that 
illustrated  in  Fig.  6.  The  insulative  layer  134,  which 
is  disposed  between  the  polysilicon  132  and  the 

40  bottom  plate  22,  electrically  appears  as  a  capacitor 
70  in  series  with  the  ferroelectric  capacitor  16. 
Although  the  areas  of  the  capacitors  22  and  70  are 
substantially  equal,  the  thicknesses  of  the  two  lay- 
ers  138  and  134  are  approximately  20  to  1:  ap- 

45  proximately  2,000  angstroms  for  the  ferroelectric 
layer  138  and  approximately  100  angstroms  for  the 
insulative  layer  134.  Therefore,  when  a  predeter- 
mined  voltage  is  applied  across  the  capacitor  16, 
as  previously  discussed,  the  insulative  layer  134 

50  will  breakdown.  Thus,  the  bottom  plate  22  becomes 
interconnected  with  the  polysilicon  132  which  is 
connected  to  the  source  region  126. 

While  the  present  invention  was  described  with 
reference  to  a  dynamic  random  access  memory 

55  using  n-channel  field  effect  transistors,  it  should  be 
readily  apparent  that  the  ultra  large  scale  integra- 
tion  of  other  types  of  semiconductor  circuits  using 
other  types  of  transistors  may  benefit  by  the  meth- 

8 



15 EP  0  490  240  A2 16 

od  for  forming  a  ferroelectric  capacitor  disclosed 
herein. 

Claims 

1.  A  semiconductor  memory  cell,  comprising: 

a  transistor  having  at  least  one  diffused 
region,  said  transistor  being  adapted  to  be 
coupled  to  an  associated  bit  line  and  an  asso- 
ciated  word  line; 

a  storage  capacitor  having  a  bottom  elec- 
trode  and  a  top  electrode,  said  top  electrode 
being  separated  from  said  bottom  electrode  by 
a  layer  of  ferroelectric  material  disposed  there- 
between,  and  said  top  electrode  being  adapted 
to  be  coupled  to  a  plate  line;  and 

an  insulative  layer  disposed  between  said 
diffused  region  and  said  bottom  electrode,  said 
insulative  layer  separating  said  diffused  region 
from  said  bottom  electrode. 

2.  The  memory  cell,  as  set  forth  in  claim  1, 
wherein  said  insulative  layer  has  a  first  pre- 
determined  breakdown  voltage,  and  said  layer 
of  ferroelectric  material  has  a  second  preselec- 
ted  breakdown  voltage,  said  second  preselec- 
ted  breakdown  voltage  being  greater  than  said 
first  preselected  breakdown  voltage. 

3.  The  memory  cell,  as  set  forth  in  claim  1, 
wherein  said  insulative  layer  has  a  first 
preselected  thickness,  and  said  layer  of  fer- 
roelectric  material  has  a  second  preselected 
thickness,  said  second  preselected  thickness 
being  greater  than  said  first  preselected  thick- 
ness. 

4.  The  memory  cell,  as  set  forth  in  claim  3, 
wherein  said  first  preselected  thickness  cor- 
responds  to  a  first  preselected  breakdown  volt- 
age  and  said  second  preselected  thickness 
corresponds  to  a  second  preselected  break- 
down  voltage,  said  second  preselected  break- 
down  voltage  being  greater  than  said  first 
preselected  breakdown  voltage. 

5.  The  memory  cell,  as  set  forth  in  claim  3, 
wherein  said  second  preselected  thickness  is 
in  the  range  of  5  to  50  times  thicker  than  said 
first  preselected  thickness. 

6.  The  memory  cell,  as  set  forth  in  claim  5, 
wherein  said  first  preselected  thickness  is 
about  100  angstroms  and  said  second 
preselected  thickness  is  about  2000  angstr- 

oms. 

7.  The  memory  cell,  as  set  forth  in  claim  1, 
wherein  said  insulative  material  has  a  first  di- 

5  electric  constant,  and  said  ferroelectric  material 
has  a  second  dielectric  constant,  said  second 
dielectric  constant  being  greater  than  said  first 
dielectric  constant. 

io  8.  The  memory  cell,  as  set  forth  in  claim  7, 
wherein  said  second  dielectric  constant  is  at 
least  two  orders  of  magnitude  greater  than  said 
first  dielectric  constant. 

is  9.  The  memory  cell,  as  set  forth  in  claim  8, 
wherein  said  first  dielectric  constant  is  about  4 
and  said  second  dielectric  constant  is  about 
1000. 

20  10.  The  memory  cell,  as  set  forth  in  claim  1, 
wherein  said  ferroelectric  material  is  selected 
from  a  group  consisting  of  lead  zircronate 
titanate,  lanthanum-doped  lead  zircronate 
titanate,  or  lithium  niobate. 

25 
11.  The  memory  cell,  as  set  forth  in  claim  1, 

wherein  said  insulative  layer  is  adapted  to  pro- 
vide  an  ohmic  contact  between  said  diffused 
region  and  said  bottom  electrode  in  response 

30  to  a  preselected  voltage  being  delivered 
across  said  insulative  layer. 

12.  A  semiconductor  memory  cell,  comprising: 

35  an  access  transistor  having  a  drain,  a 
source  and  a  gate,  said  drain  being  adapted  to 
be  coupled  to  an  associated  bit  line  and  said 
gate  being  adapted  to  be  coupled  to  an  asso- 
ciated  word  line; 

40 
a  ferroelectric  storage  capacitor  having  a 

conductive  bottom  plate  and  a  conductive  top 
plate,  said  top  plate  being  spaced  a  first 
preselected  distance  from  said  bottom  plate 

45  and  being  connected  to  said  bottom  plate  by  a 
layer  of  ferroelectric  material  disposed  there- 
between,  said  top  plate  being  adapted  to  be 
coupled  to  a  plate  line  and  said  bottom  plate 
being  spaced  from  said  source  by  a  second 

50  preselected  distance;  and 

a  layer  of  insulative  material  being  dis- 
posed  between  said  source  and  said  bottom 
plate  and  connecting  said  source  to  said  bot- 

55  torn  plate. 

13.  The  memory  cell,  as  set  forth  in  claim  12, 
wherein  said  insulative  material  has  a  first  pre- 
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determined  breakdown  voltage,  and  said  fer- 
roelectric  material  has  a  second  preselected 
breakdown  voltage,  said  second  preselected 
breakdown  voltage  being  greater  than  said  first 
preselected  breakdown  voltage. 

14.  The  memory  cell,  as  set  forth  in  claim  13, 
wherein  said  layer  of  insulative  material  is 
adapted  for  breaking  down  and  substantially 
connecting  said  bottom  plate  to  said  source  in 
response  to  an  application  of  a  voltage  having 
a  magnitude  greater  than  said  first  preselected 
breakdown  voltage  and  less  than  said  second 
preselected  breakdown  voltage  between  said 
source  and  said  top  plate. 

15.  The  memory  cell,  as  set  forth  in  claim  12, 
wherein  said  insulative  layer  has  a  first 
preselected  thickness,  and  said  layer  of  fer- 
roelectric  material  has  a  second  preselected 
thickness,  said  second  preselected  thickness 
being  greater  than  said  first  preselected  thick- 
ness. 

and  said  second  dielectric  constant  is  about 
1000. 

22.  The  memory  cell,  as  set  forth  in  claim  12, 
5  wherein  said  ferroelectric  material  is  selected 

from  a  group  consisting  of  lead  zircronate 
titanate,  lanthanum-doped  lead  zircronate 
titanate,  or  lithium  niobate. 

io  23.  The  memory  cell,  as  set  forth  in  claim  12, 
wherein  said  insulative  layer  is  adapted  to  pro- 
vide  an  ohmic  contact  between  said  source 
and  said  bottom  plate  in  response  to  a 
preselected  voltage  being  delivered  across 

is  said  insulative  layer. 

24.  A  semiconductor  memory  cell,  comprising: 

a  MOSFET  access  transistor  having  a 
20  drain,  a  source,  and  a  gate,  said  drain  being 

connected  to  an  associated  bit  line  and  said 
gate  being  connected  to  an  associated  word 
line; 

16.  The  memory  cell,  as  set  forth  in  claim  15,  25 
wherein  said  first  preselected  thickness  cor- 
responds  to  a  first  preselected  breakdown  volt- 
age  and  said  second  preselected  thickness 
corresponds  to  a  second  preselected  break- 
down  voltage,  said  second  preselected  break-  30 
down  voltage  being  greater  than  said  first 
preselected  breakdown  voltage. 

17.  The  memory  cell,  as  set  forth  in  claim  15, 
wherein  said  second  preselected  thickness  is  35 
about  an  order  of  magnitude  thicker  than  said 
first  preselected  thickness. 

18.  The  memory  cell,  as  set  forth  in  claim  17, 
wherein  said  first  preselected  thickness  is  40 
about  100  angstroms  and  said  second 
preselected  thickness  is  about  2000  angstr- 
oms. 

19.  The  memory  cell,  as  set  forth  in  claim  12,  45 
wherein  said  insulative  material  has  a  first  di- 
electric  constant,  and  said  ferroelectric  material 
has  a  second  dielectric  constant,  said  second 
dielectric  constant  being  greater  than  said  first 
dielectric  constant.  50 

20.  The  memory  cell,  as  set  forth  in  claim  19, 
wherein  said  second  dielectric  constant  is  at 
least  two  orders  of  magnitude  greater  than  said 
first  dielectric  constant.  55 

21.  The  memory  cell,  as  set  forth  in  claim  20, 
wherein  said  first  dielectric  constant  is  about  4 

a  ferroelectric  storage  capacitor  having  a 
conductive  top  plate  having  a  top  and  bottom 
surface,  the  top  surface  of  said  top  plate  being 
connected  to  a  plate  line,  and  a  conductive 
bottom  plate  having  a  top  and  bottom  surface, 
the  bottom  surface  of  said  top  plate  being 
spaced  a  first  preselected  distance  from  the 
top  surface  of  said  bottom  plate  and  the  bot- 
tom  surface  of  said  bottom  plate  being  spaced 
from  said  source  by  a  second  preselected 
distance,  the  bottom  surface  of  said  top  plate 
being  connected  to  the  top  surface  of  said 
bottom  plate  by  a  layer  of  ferroelectric  material 
disposed  therebetween,  said  ferroelectric  layer 
having  a  thickness  substantially  equal  to  said 
first  preselected  distance;  and 

an  insulative  layer  being  disposed  between 
said  source  and  the  bottom  surface  of  said 
bottom  plate  and  connecting  said  source  to  the 
bottom  surface  of  said  bottom  plate,  said  in- 
sulative  layer  having  a  thickness  substantially 
equal  to  said  second  preselected  distance,  the 
relative  thicknesses  of  said  ferroelectric  layer 
and  of  said  insulative  layer  being  selected  to 
provide  breakdown  of  only  said  insulative  layer 
in  response  to  a  voltage  having  a  predeter- 
mined  magnitude  applied  between  said  plate 
line  and  said  bit  line. 

25.  A  method  of  fabricating  a  memory  cell  on  a 
semiconductor  wafer,  comprising  the  steps  of: 

(a)  forming  an  access  transistor  having  a 
source,  a  drain,  and  a  gate; 
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(b)  applying  a  layer  of  insulative  material 
onto  said  source; 
(c)  forming  a  first  conductive  layer  over  said 
insulative  layer; 
(d)  applying  a  layer  of  ferroelectric  material 
onto  said  first  conductive  layer;  and 
(e)  forming  a  second  conductive  layer  over 
said  ferroelectric  layer. 

26.  The  method,  as  set  forth  in  claim  25,  wherein 
step  (b)  comprises  the  step  of  applying  a  first 
preselected  thickness  of  said  insulative  ma- 
terial  onto  said  source. 

27.  The  method,  as  set  forth  in  claim  26,  wherein 
step  (d)  comprises  the  step  of  applying  a  sec- 
ond  preselected  thickness  of  said  ferroelectric 
material  onto  said  first  conductive  layer,  said 
second  preselected  thickness  being  greater 
than  said  first  preselected  thickness. 

28.  The  method,  as  set  forth  in  claim  25,  further 
comprising  the  step  of: 

delivering  a  voltage  between  said  source 
and  said  second  conductive  layer,  said  voltage 
having  a  magnitude  sufficient  to  breakdown 
said  layer  of  insulative  material  and  insufficient 
to  breakdown  said  layer  of  ferroelectric  ma- 
terial. 

29.  A  method  of  fabricating  a  memory  cell  on  a 
semiconductor  wafer,  comprising  the  steps  of: 

forming  an  access  transistor  having  a 
source,  a  drain,  and  a  gate; 

applying  a  layer  of  insulative  material  hav- 
ing  a  first  preselected  breakdown  voltage  onto 
said  source; 

depositing  a  first  conductive  layer  onto 
said  insulative  layer; 

applying  a  layer  of  ferroelectric  material 
having  a  second  preselected  breakdown  volt- 
age  onto  said  first  conductive  layer,  said  sec- 
ond  preselected  breakdown  voltage  being 
greater  than  said  first  preselected  breakdown 
voltage; 

depositing  a  second  conductive  layer  onto 
said  ferroelectric  layer;  and 

delivering  a  voltage  between  said  source 
and  said  second  conductive  layer,  said  voltage 
having  a  magnitude  greater  than  said  first 
preselected  breakdown  voltage  and  less  than 

said  second  preselected  breakdown  voltage. 

30.  A  method  of  fabricating  a  memory  cell  on  a 
semiconductor  wafer,  comprising  the  steps  of: 

5 
forming  an  access  transistor  having  a 

source,  a  drain,  and  a  gate; 

applying  an  insulative  layer  having  a  first 
io  preselected  thickness  corresponding  to  a  first 

preselected  breakdown  voltage  onto  said 
source; 

depositing  a  first  conductive  layer  onto 
is  said  insulative  layer; 

applying  a  ferroelectric  layer  having  a  sec- 
ond  preselected  thickness  corresponding  to  a 
second  preselected  breakdown  voltage  onto 

20  said  first  conductive  layer,  said  second 
preselected  breakdown  voltage  being  greater 
than  said  first  preselected  breakdown  voltage; 

depositing  a  second  conductive  layer  onto 
25  said  ferroelectric  layer;  and 

delivering  a  voltage  between  said  source 
and  said  second  conductive  layer,  said  voltage 
having  a  magnitude  greater  than  said  first 

30  preselected  breakdown  voltage  and  less  than 
said  second  preselected  breakdown  voltage. 

31.  A  method  of  fabricating  a  memory  cell,  com- 
prising  the  steps  of: 

35 
depositing  silicon  dioxide  onto  a  semicon- 

ductor  wafer; 

removing  selected  portions  of  said  silicon 
40  dioxide  to  uncover  selected  portions  of  said 

semiconductor  wafer; 

diffusing  impurities  into  said  uncovered  se- 
lected  portions  of  said  semiconductor  wafer  to 

45  form  a  source  and  a  drain  of  a  transistor; 

applying  an  insulative  layer  having  a  first 
preselected  thickness  corresponding  to  a  first 
preselected  breakdown  voltage  onto  said 

50  source; 

depositing  a  first  conductive  layer  onto 
said  insulative  layer; 

55  applying  a  ferroelectric  layer  having  a  sec- 
ond  preselected  thickness  corresponding  to  a 
second  preselected  breakdown  voltage  onto 
said  first  metallic  layer,  said  second  preselec- 

11 
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ted  breakdown  voltage  being  greater  than  said 
first  preselected  breakdown  voltage;  and 

depositing  a  second  conductive  layer  onto 
said  ferroelectric  layer. 

32.  The  method,  as  set  forth  in  claim  31,  further 
comprising  the  step  of: 

delivering  a  voltage  between  said  source 
and  said  second  conductive  layer,  said  voltage 
having  a  magnitude  greater  than  said  first 
preselected  breakdown  voltage  and  less  than 
said  second  preselected  breakdown  voltage. 

33.  A  semiconductor  memory  cell,  comprising: 

a  transistor  having  at  least  one  diffused 
region,  said  transistor  being  adapted  to  be 
coupled  to  an  associated  bit  line  and  an  asso- 
ciated  word  line; 

a  polysilicon  layer  disposed  on  said  dif- 
fused  region; 

a  storage  capacitor  having  a  bottom  elec- 
trode  and  a  top  electrode,  said  top  electrode 
being  separated  from  said  bottom  electrode  by 
a  layer  of  ferroelectric  material  disposed  there- 
between,  and  said  top  electrode  being  adapted 
to  be  coupled  to  a  plate  line;  and 

an  insulative  layer  disposed  between  said 
polysilicon  layer  and  said  bottom  electrode, 
said  insulative  layer  separating  said  polysilicon 
layer  from  said  bottom  electrode. 

34.  The  memory  cell,  as  set  forth  in  claim  33, 
wherein  said  insulative  layer  has  a  first  pre- 
determined  breakdown  voltage,  and  said  layer 
of  ferroelectric  material  has  a  second  preselec- 
ted  breakdown  voltage,  said  second  preselec- 
ted  breakdown  voltage  being  greater  than  said 
first  preselected  breakdown  voltage. 

35.  The  memory  cell,  as  set  forth  in  claim  33, 
wherein  said  insulative  layer  has  a  first 
preselected  thickness,  and  said  layer  of  fer- 
roelectric  material  has  a  second  preselected 
thickness,  said  second  preselected  thickness 
being  greater  than  said  first  preselected  thick- 
ness. 

36.  The  memory  cell,  as  set  forth  in  claim  35, 
wherein  said  first  preselected  thickness  cor- 
responds  to  a  first  preselected  breakdown  volt- 
age  and  said  second  preselected  thickness 
corresponds  to  a  second  preselected  break- 

down  voltage,  said  second  preselected  break- 
down  voltage  being  greater  than  said  first 
preselected  breakdown  voltage. 

5  37.  The  memory  cell,  as  set  forth  in  claim  35, 
wherein  said  second  preselected  thickness  is 
in  the  range  of  5  to  50  times  thicker  than  said 
first  preselected  thickness. 

io  38.  The  memory  cell,  as  set  forth  in  claim  37, 
wherein  said  first  preselected  thickness  is 
about  100  angstroms  and  said  second 
preselected  thickness  is  about  2000  angstr- 
oms. 

15 
39.  The  memory  cell,  as  set  forth  in  claim  33, 

wherein  said  insulative  material  has  a  first  di- 
electric  constant,  and  said  ferroelectric  material 
has  a  second  dielectric  constant,  said  second 

20  dielectric  constant  being  greater  than  said  first 
dielectric  constant. 

40.  The  memory  cell,  as  set  forth  in  claim  39, 
wherein  said  second  dielectric  constant  is  at 

25  least  two  orders  of  magnitude  greater  than  said 
first  dielectric  constant. 

41.  The  memory  cell,  as  set  forth  in  claim  40, 
wherein  said  first  dielectric  constant  is  about  4 

30  and  said  second  dielectric  constant  is  about 
1000. 

42.  The  memory  cell,  as  set  forth  in  claim  33, 
wherein  said  ferroelectric  material  is  selected 

35  from  a  group  consisting  of  lead  zircronate 
titanate,  lanthanum-doped  lead  zircronate 
titanate,  or  lithium  niobate. 

43.  The  memory  cell,  as  set  forth  in  claim  33, 
40  wherein  said  insulative  layer  is  adapted  to  pro- 

vide  an  ohmic  contact  between  said  polysilicon 
layer  and  said  bottom  electrode  in  response  to 
a  preselected  voltage  being  delivered  across 
said  insulative  layer. 

45 
44.  A  semiconductor  memory  cell,  comprising: 

an  access  transistor  having  a  drain,  a 
source  and  a  gate,  said  drain  being  adapted  to 

50  be  coupled  to  an  associated  bit  line  and  said 
gate  being  adapted  to  be  coupled  to  an  asso- 
ciated  word  line; 

a  polysilicon  layer  disposed  on  said 
55  source; 

a  ferroelectric  storage  capacitor  having  a 
conductive  bottom  plate  and  a  conductive  top 
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plate,  said  top  plate  being  spaced  a  first 
preselected  distance  from  said  bottom  plate 
and  being  connected  to  said  bottom  plate  by  a 
layer  of  ferroelectric  material  disposed  there- 
between,  said  top  plate  being  adapted  to  be  5 
coupled  to  a  plate  line  and  said  bottom  plate 
being  spaced  from  said  polysilicon  layer  by  a 
second  preselected  distance;  and 

a  layer  of  insulative  material  being  dis-  10 
posed  between  said  polysilicon  layer  and  said 
bottom  plate  and  connecting  said  polysilicon 
layer  to  said  bottom  plate. 

least  two  orders  of  magnitude  greater  than  said 
first  dielectric  constant. 

51.  The  memory  cell,  as  set  forth  in  claim  50, 
wherein  said  first  dielectric  constant  is  about  4 
and  said  second  dielectric  constant  is  about 
1000. 

52.  The  memory  cell,  as  set  forth  in  claim  44, 
wherein  said  ferroelectric  material  is  selected 
from  a  group  consisting  of  lead  zircronate 
titanate,  lanthanum-doped  lead  zircronate 
titanate,  or  lithium  niobate. 

45.  The  memory  cell,  as  set  forth  in  claim  44,  15 
wherein  said  insulative  material  has  a  first  pre- 
determined  breakdown  voltage,  and  said  fer- 
roelectric  material  has  a  second  preselected 
breakdown  voltage,  said  second  preselected 
breakdown  voltage  being  greater  than  said  first  20 
preselected  breakdown  voltage. 

46.  The  memory  cell,  as  set  forth  in  claim  45, 
wherein  said  layer  of  insulative  material  is 
adapted  for  breaking  down  and  substantially  25 
connecting  said  bottom  plate  to  said  poly- 
silicon  layer  in  response  to  an  application  of  a 
voltage  having  a  magnitude  greater  than  said 
first  preselected  breakdown  voltage  and  less 
than  said  second  preselected  breakdown  volt-  30 
age  between  said  source  and  said  top  plate. 

47.  The  memory  cell,  as  set  forth  in  claim  44, 
wherein  said  insulative  layer  has  a  first 
preselected  thickness,  and  said  layer  of  fer- 
roelectric  material  has  a  second  preselected 
thickness,  said  second  preselected  thickness 
being  greater  than  said  first  preselected  thick- 
ness. 

48.  The  memory  cell,  as  set  forth  in  claim  47, 
wherein  said  first  preselected  thickness  cor- 
responds  to  a  first  preselected  breakdown  volt- 
age  and  said  second  preselected  thickness 
corresponds  to  a  second  preselected  break- 
down  voltage,  said  second  preselected  break- 
down  voltage  being  greater  than  said  first 
preselected  breakdown  voltage. 

49.  The  memory  cell,  as  set  forth  in  claim  44, 
wherein  said  insulative  material  has  a  first  di- 
electric  constant,  and  said  ferroelectric  material 
has  a  second  dielectric  constant,  said  second 
dielectric  constant  being  greater  than  said  first 
dielectric  constant. 

50.  The  memory  cell,  as  set  forth  in  claim  49, 
wherein  said  second  dielectric  constant  is  at 

15  53.  A  method  of  fabricating  a  memory  cell  on  a 
semiconductor  wafer,  comprising  the  steps  of: 

(a)  forming  an  access  transistor  having  a 
source,  a  drain,  and  a  gate; 
(b)  depositing  a  layer  of  polysilicon  onto 

20  said  source; 
(c)  applying  a  layer  of  insulative  material 
onto  said  polysilicon  layer; 
(d)  forming  a  first  conductive  layer  over  said 
insulative  layer; 

25  (e)  applying  a  layer  of  ferroelectric  material 
onto  said  first  conductive  layer;  and 
(f)  forming  a  second  conductive  layer  over 
said  ferroelectric  layer. 

30  54.  The  method,  as  set  forth  in  claim  53,  wherein 
step  (c)  comprises  the  step  of  applying  a  first 
preselected  thickness  of  said  insulative  ma- 
terial  onto  said  polysilicon  layer. 

35  55.  The  method,  as  set  forth  in  claim  54,  wherein 
step  (e)  comprises  the  step  of  applying  a  sec- 
ond  preselected  thickness  of  said  ferroelectric 
material  onto  said  first  conductive  layer,  said 
second  preselected  thickness  being  greater 

40  than  said  first  preselected  thickness. 

56.  The  method,  as  set  forth  in  claim  53,  further 
comprising  the  step  of: 

(g)  delivering  a  voltage  between  said  source 
45  and  said  second  conductive  layer,  said  volt- 

age  having  a  magnitude  sufficient  to  break- 
down  said  layer  of  insulative  material  and 
insufficient  to  breakdown  said  layer  of  fer- 
roelectric  material. 

50 
57.  A  method  of  fabricating  a  memory  cell  on  a 

semiconductor  wafer,  comprising  the  steps  of: 

forming  an  access  transistor  having  a 
55  source,  a  drain,  and  a  gate; 

depositing  a  layer  of  polysilicon  onto  said 
source; 
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applying  a  layer  of  insulative  material  hav- 
ing  a  first  preselected  breakdown  voltage  onto 
said  polysilicon  layer; 

depositing  a  first  conductive  layer  onto 
said  insulative  layer; 

applying  a  layer  of  ferroelectric  material 
having  a  second  preselected  breakdown  volt- 
age  onto  said  first  conductive  layer,  said  sec- 
ond  preselected  breakdown  voltage  being 
greater  than  said  first  preselected  breakdown 
voltage; 

depositing  a  second  conductive  layer  onto 
said  ferroelectric  layer;  and 

delivering  a  voltage  between  said  source 
and  said  second  conductive  layer,  said  voltage 
having  a  magnitude  greater  than  said  first 
preselected  breakdown  voltage  and  less  than 
said  second  preselected  breakdown  voltage. 

58.  A  method  of  fabricating  a  memory  cell  on  a 
semiconductor  wafer,  comprising  the  steps  of: 

forming  an  access  transistor  having  a 
source,  a  drain,  and  a  gate; 

depositing  a  layer  of  polysilicon  onto  said 
source; 

applying  an  insulative  layer  having  a  first 
preselected  thickness  corresponding  to  a  first 
preselected  breakdown  voltage  onto  said  poly- 
silicon  layer; 

depositing  a  first  conductive  layer  onto 
said  insulative  layer; 

applying  a  ferroelectric  layer  having  a  sec- 
ond  preselected  thickness  corresponding  to  a 
second  preselected  breakdown  voltage  onto 
said  first  conductive  layer,  said  second 
preselected  breakdown  voltage  being  greater 
than  said  first  preselected  breakdown  voltage; 

depositing  a  second  conductive  layer  onto 
said  ferroelectric  layer;  and 

delivering  a  voltage  between  said  source 
and  said  second  conductive  layer,  said  voltage 
having  a  magnitude  greater  than  said  first 
preselected  breakdown  voltage  and  less  than 
said  second  preselected  breakdown  voltage. 
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