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©  Electrically-programmable  low-impedance  anti-fuse  element 

©  Electrically-programmable  low-impedance  anti- 
fuses  are  disclosed  having  capacitor-like  structure 
with  very  low  leakage  before  programming  and  a  low 
resistance  after  programming.  The  electrically-prog- 
rammable  low-impedance  anti-fuses  of  the  present 
invention  include  a  first  conductive  electrode  which 
may  be  formed  as  a  diffusion  region  in  a  semicon- 
ductor  substrate  or  may  be  formed  from  a  semicon- 
ductor  material,  such  as  polysilicon,  located  above 
and  insulated  from  the  substrate.  A  dielectric  layer, 

2   which,  in  a  preferred  embodiment  includes  a  first 
" layer   of  silicon  dioxide,  a  second  layer  of  silicon 
00  nitride  and  a  third  layer  of  silicon  dioxide,  is  dis- 
^   posed  over  the  first  electrode.  A  second  electrode  is 

formed  over  the  dielectric  layer  from  a  semiconduc- 
POtor  material  such  as  polysilicon,  or  a  metal  having  a 
jjj  barrier  metal  underneath.  At  least  one  of  the  two 

electrodes  of  each  anti-fuse  is  highly-doped  or  im- 
©  planted  with  arsenic  such  that  high  concentrations  of 
^arsenic  exist  at  the  interface  between  the  electrode 
LUand  the  dielectric  layer.  This  arsenic  will  combine 

with  other  material  and  flow  into  the  anti-fuse  fila- 
ment  after  programmed  to  form  a  low  resistance 

controllable  anti-fuse  link.  Circuitry  is  provided  which 
allows  the  anti-fuse  of  the  present  invention  to  be 
programmed  by  application  of  a  suitable  program- 
ming  voltage  to  input-output  pins  of  the  integrated 
circuit  containing  the  anti-fuse.  Where  more  than  one 
anti-fuse  is  to  be  programmed  using  the  program- 
ming  voltage  applied  at  the  input-output  terminals, 
other  additional  input-output  terminals  may  serve  as 
address  inputs  to  specify  the  anti-fuse  to  be  pro- 
grammed. 

in  another  embodiment  of  the  present  invention 
a  programmable  read-only  memory  array  comprised 

-  of  memory  cells  including  a  anti-fuse  in  combination 
with  a  single  transistor.  X-address  and  Y-address 
decoder  circuits  are  provided  to  both  program  and 
read  the  contents  of  any  selected  memory  cell  in  the 
array. 
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ELECTRICALLY-PROGRAMMABLE  LOW-IMPEDANCE  ANTI-FUSE  ELEMENT 

1  .  Field  of  the  Invention 

The  present  invention  relates  to  the  field  of 
integrated  electronic  circuit  technology.  More  par- 
ticularly,  the  invention  relates  to  a  reliable  and 
manufacturable  capacitor-like,  electrically-program- 
mable  interconnect  device  to  be  used  in  integrated 
circuits. 

2.  The  Prior  Art 

Integrated  electronic  circuits  are  usually  made 
with  all  internal  connections  set  during  the  manu- 
facturing  process.  However,  because  of  high  devel- 
opment  costs,  long  lead  times,  and  high  manufac- 
turing  tooling  costs  of  such  circuits,  users  often 
desire  circuits  which  can  be  configured  or  pro- 
grammed  in  the  field.  Such  circuits  are  called  prog- 
rammable  circuits  and  they  usually  contain  prog- 
rammable  links.  Programmable  links  are  electrical 
interconnects  which  are  either  broken  or  created  at 
selected  electronic  nodes  by  the  user  after  the 
integrated  device  has  been  fabricated  and  pack- 
aged  in  order  to  activate  or  deactivate  respectfully 
the  selected  electronic  nodes. 

Programmable  links  have  been  used  exten- 
sively  in  programmable  read  only  memory  devices 
(PROMs).  Probably  the  most  common  form  of  pro- 
grammable  link  is  a  fusible  link.  When  a  user 
receives  a  PROM  device  from  a  manufacturer,  it 
usually  consists  of  an  X-Y  matrix  or  lattice  of  con- 
ductors  or  semiconductors.  At  each  cross-over 
point  of  the  lattice  a  conducting  link,  called  a  fus- 
ible  link,  connects  a  transistor  or  other  electronic 
node  to  this  lattice  network.  The  PROM  is  pro- 
grammed  by  blowing  the  fusible  links  to  selected 
nodes  and  creating  an  open  circuit.  The  combina- 
tion  of  blown  and  unblown  links  represents  a  digital 
bit  pattern  of  ones  and  zeros  signifying  data  which 
the  user  wishes  to  store  in  the  PROM.  , 

Such  fusible  link  PROM  systems  present  cer- 
tain  disadvantages.  For  instance,  because  of  the 
nature  of  the  conducting  material  in  the  link,  rela- 
tively  high  voltage  and  high  current  levels  are 
needed  during  programming  to  guarantee  the  com- 
plete  blowing  of  the  fusible  links.  Since  the  link  is 
usually  conductive,  it  needs  large  amounts  of  pow- 
er  dissipation  to  blow  it.  Also,  the  shape  and  size  of 
the  fusible  link  must  be  precise  so  that  the  link  will 
function  effectively  as  a  conductor  if  it  is  not  blown 
and  will  be  a  completely  open  circuit  if  it  is  blown. 
Therefore,  very  critical  photolithographic  steps  and 
controlled  etch  techniques  are  required  during  the 
manufacturing  process  of  fusible  link  PROMs.  Fi- 

nally,  a  large  gap  must  be  blown  in  the  link  in  order 
to  prevent  it  from  later  becoming  closed  through 
the  accumulation  of  the  conducting  material  near 
the  blown  gap.  Fusible  link  memory  cells  are  rela- 

5  tively  large  in  order  to  accommodate  the  link  and 
its  associated  selection  transistor  and,  therefore, 
fusible  link  PROM  systems  have  high  manufactur- 
ing  and  material  costs  and  take  up  large  amounts 
of  chip  real  estate  space. 

w  In  recent  years,  a  second  type  of  program- 
mable  links,  called  anti-fuse  links,  have  been  devel- 
oped  for  use  in  integrated  circuit  applications.  In- 
stead  of  the  programming  mechanism  causing  an 
open  circuit  as  is  the  case  with  fusible  links,  the 

75  programming  mechanism  in  anti-fuse  circuits  cre- 
ates  a  short  circuit  or  relatively  low  resistance  link. 
Anti-fuse  links  consist  of  two  conductor  and/or 
semiconductor  materials  having  some  kind  of  a 
dielectric  or  insulating  material  between  them.  Dur- 

20  ing  programming,  the  dielectric  at  selected  points 
in  between  the  conductive  materials  is  broken 
down  by  predetermined  applied  voltages,  thereby 
electrically  connecting  the  conducting  or  semicon- 
ducting  materials  together. 

25  Various  materials  have  been  suggested  for  the 
both  the  conducting  layers  and  the  dielectric  or 
insulating  layer.  Some  of  the  suggested  dielectric 
materials  require  a  relatively  high  current  and  volt- 
age  during  programming,  require  complex  manu- 

30  facturing  techniques  and  have  low  reliability  during 
programming  because  it  is  difficult  to  control  the 
reproducibility  of  the  conductive  state  due  to  the 
nature  of  the  crystalline  structures  of  the  materials 
involved.  In  addition,  the  programming  process  re- 

35  suits  in  a  link  having  a  finite  resistance  in  the  order 
of  several  hundred  to  several  thousand  ohms.  This 
characteristic  of  the  known  anti-fuse  elements  ren- 
ders  them  relatively  unsuitable  for  use  in  high 
speed  circuits. 

40  Some  of  the  proposed  dielectric  insulators  are 
doped  amorphous  silicon  alloys,  polycrystalline  re- 
sistors,  oxides,  titanates  of  transition  metals,  oxides 
of  silicon,  aluminum  oxide  and  cadmium  sulfide. 
The  problems  with  approaches  utilizing  these  ma- 

45  terials,  have  been  related  to  the  need  of  a  high 
current  and  voltage  to  program  or  the  difficulty  to 
repeatably  manufacture  and  control  their  reliability 
in  both  the  on  and  off  states.  Materials  such  as 
cadmium  sulfide,  aluminum  oxide  and  titanate 

so  present  complicated  technological  problems  be- 
cause  they  are  difficult  to  integrate  into  standard 
semiconductor  processing. 

Examples  of  known  anti-fuse  elements  are 
found  in  the  prior  art  using  various  insulating  ma- 
terials.  Reference  is  made  to:  U.S.  Patent  No. 

2 
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3,423,646  which  uses  aluminum  oxide,  cadmium 
sulfide;  U.S.  Patent  No.  3,634,929  which  uses  sin- 
gle  film  of  AI2O3,  Si02,  and  Si3N*;  U.S.  Patent  No. 
4,322,822  which  uses  Si02;  U.S.  Patent  No. 
4,488,262  which  uses  oxide  or  titanate  of  a  transi- 
tion  metal;  U.S.  Patent  No.  4,499,557  which  uses 
doped  amorphous  silicon  alloy;  U.S.  Patent  No. 
4,502,208  which  uses  Si02;  U.S.  Patent  No. 
4,507,757  which  uses  Si02;  U.S.  Patent  No. 
4,543,594  which  uses  Si02. 

Most  of  the  above  patents  either  describe  com- 
plicated  technologies  or  need  high  breakdown  vol- 
tages  and  currents,  and  or  are  difficult  to  manufac- 
ture  or  do  not  meet  the  reliability  requirements  of 
state-of-the-art  integrated  circuits  in  both  the  on 
and  off  states.  The  prior  art  does  not  disclose  the 
creation  of  controllable-radius  conductive  filaments 
with  low  resistance  after  programming  or  the  need 
of  specific  electrode  material  or  composition  which 
would  flow  into  the  dielectric  and  create  the  re- 
quired  filament. 

Other  problems  associated  with  existing  anti- 
fuse  links  include  large  memory  cells,  and  complex 
manufacturing  processes  for  the  unblown  anti-fuse 
elements. 

OBJECTS  AND  ADVANTAGES 

An  object  of  the  present  invention  is  to  provide 
an  electrically-programmable  low-impedance  inter- 
connect  element. 

Another  object  of  the  present  invention  is  to 
provide  an  electrically-programmable  interconnect 
element  which  may  be  programmed  with  suffi- 
ciently  iow  voltages  and  currents  compatible  with 
state-of-the-art  semiconductor  technology,  resulting 
in  a  low  impedance  in  the  on-state. 

Another  object  of  the  present  invention  is  to 
provide  an  electrically-programmable  interconnect 
element  which  is  manufacturable  using  standard 
semiconductor  processing  and  has  high  reliability 
in  both  the  on  and  off  states. 

Yet  another  object  of  the  present  invention  is  to 
provide  a  reliable,  electrically-programmable  inter- 
connect  element,  a  plurality  of  which  may  be  dis- 
posed  in  an  integrated  circuit  for  making  selectable 
low-impedance  interconnections. 

Advantages  associated  with  the  present  inven- 
tion  in  some  or  all  of  its  embodiments  include  an 
interconnect  which  can  be  made  with  standard 
semiconductor  manufacturing  techniques,  having  a 
small  size,  a  high  reading  current  after  program- 
ming,  may  be  fabricated  using  manufacturing  pro- 
cess  with  a  minimal  number  of  steps,  and  having  a 
controlled  radius  interconnect  filament  through  the 
dielectric  after  programming  resulting  in  a  re- 

peatably  manufacturable  controlled  low  resistance 
link  after  programming.  Furthermore,  the  present 
invention  is  characterized  by  high  reliability  in  both 
the  programmed  and  unprogrammed  state.  Other 

5  and  further  advantages  of  the  present  invention  will 
appear  hereinafter. 

SUMMARY  OF  THE  INVENTION 
70 

An  electrically-programmable  anti-fuse,  having 
a  low  impedance  after  programming,  is  disclosed. 
It  consists  of  a  capacitor-like  structure  having  a  first 

75  electrode  and  a  second  electrode  with  a  dielectric 
layer  disposed  therebetween,  characterized  by  a 
high  impedance  and  very  low  leakage  current  be- 
fore  programming  and  a  low-resistance  after  pro- 
gramming.  A  plurality  of  such  anti-fuses  may  be 

20  disposed  in  a  semiconductor  integrated  circuit,  and 
may  be  selectively  blown  to  create  low-impedance 
interconnects  at  selected  locations  within  the  in- 
tegrated  circuit.  The  anti-fuses  may  be  blown  either 
before  or  after  packaging  of  the  integrated  circuit 

25  die. 
In  accordance  with  the  present  invention,  it  is 

contemplated  that  a  plurality  of  such  anti-fuses  is 
disposed  in  an  integrated  circuit,  having  means, 
such  as  contacts,  polysilicon  and  metal  lines,  or 

30  combinations  of  the  foregoing,  for  applying  a  pro- 
gramming  voltage  between  the  two  electrodes  of 
selected  anti-fuses,  from  a  signal  originating  at 
input/output  (I/O)  pads  of  the  completed  integrated 
circuit,  for  the  purpose  of  creating  a  controlled- 

35  radius  conductive  filament  through  the  dielectric 
layer  and  for  connecting  the  anti-fuse  of  other 
circuitry. 

The  low  impedance  anti-fuse  element  of  the  . 
present  invention  includes  a  dielectric  between  two 

40  conductive  electrodes  formed  of  an  arsenic-con- 
taining  material  which  will  form  the  filament,  such 
as  arsenic-doped  silicon  or  polysilicon.  In  a  pre- 
ferred  embodiment,  the  first  electrode  may  be 
made  of  a  high  electromigration  immunity  material 

45  and  may  be  formed  from  either  a  diffusion  region, 
heavily  doped  with  arsenic,  to  provide  for  material 
which  will  form  the  filament,  in  a  semiconductor 
substrate,  polysilicon  heavily  doped  with  arsenic  to 
provide  the  material  which  will  form  the  filament,  or 

50  single  crystal  silicon  heavily  doped  with  arsenic  to 
provide  the  material  which  will  form  the  filament. 

The  polysilicon  may  have  a  metal  layer  adja- 
cent  to  it,  on  the  side  opposite  to  the  side  interfac- 
ing  with  the  dielectric  layer.  Those  of  ordinary  skill 

55  in  the  art  will  recognize  that  the  metal  may  be  any 
substance  used  to  provide  interconnect  in  inte- 
grated  circuits  or  is  used  as  a  diffusion  barrier.  In 
addition,  it  is  believed  that  combinations  of  the 

3 
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above  materials  will  function  in  the  present  inven- 
tion. 

The  second  electrode  may  be  formed  of  a 
conductor  material  such  as  a  polysilicon  layer 
heavily  doped  with  arsenic  to  provide  an  arsenic- 
;ontaining  material  which  will  be  the  material  which 
will  form  the  filament,  an  aluminum  layer  or  an 
aluminum  alloy  layer.  In  other  embodiments,  lower 
alectromigration  immunity  materials  may  be  used 
as  long  as  the  current  passed  through  the  low 
impedance  anti-fuse  after  programming  is  appro- 
priately  limited  to  assure  proper  lifetime. 

In  a  preferred  embodiment  wherein  the  two 
electrodes  are  silicon  or  polysilicon  layers  heavily 
doped  with  arsenic,  the  concentration  of  the  arsenic 
dopant  should  be  highest  at  the  interfaces  between 
each  of  the  electrode  and  the  dielectric  layer,  since 
this  will  provide  a  large  concentration  of  arsenic 
atoms  which  will  flow  to  form  the  arsenic-containing 
filament. 

The  dielectric  layer  between  the  two  electrodes 
may  be  either  a  single  layer  or  a  composite,  and  is 
such  that  when  it  is  disrupted  by  a  high  electric 
field,  it  will  facilitate  the  flow  of  arsenic  material 
comprising  one  or  both  of  the  two  electrodes  to 
produce  a  controlled-radius  conductive  filament 
during  its  breakdown.  A  "controlled-radius"  filament 
refers  to  the  fact  that  approximately  the  same  ra- 
dius  may  be  repeatably  achieved  from  instance  to 
instance  if  the  same  programming  parameters  are 
employed  on  substantially  identical  structures. 
Such  a  dielectric  requires  a  low  amount  of  charge 
fluence  to  breakdown  at  the  higher  programming 
voltage  with  practically-used  voltages  and  currents 
in  integrated  circuits.  It  also  has  a  large  enough 
charge  fluence  to  breakdown  at  normal  operating 
voltages  to  be  a  reliable  circuit  element  during 
operation  in  its  unprogrammed  state. 

After  the  formation  of  the  filament,  and  during 
its  formation,  arsenic  will  flow  from  both  electrodes 
and  heavily  dope  the  filament  material  with  arsenic 
atoms.  This  will  reduce  the  filament  resistance  and 
make  its  value  more  controllable. 

During  programming,  as  the  applied  voltage 
reaches  the  dielectric  breakdown  value,  a  localized 
weak  spot  in  the  dielectric  starts  to  carry  most  of 
the  leaking  current  and  heats  up,  which,  in  turn, 
increases  the  leakage  current.  A  thermal  runaway 
condition  develops  which  results  in  localized  heat- 
ing  and  melting  of  the  dielectric  and  adjacent  elec- 
trode  material  which  includes  arsenic.  The  arsenic- 
containing  conductive  material  will  flow  from  one  of 
the  two  electrodes  and  form  a  conductive  filament 
shorting  both  electrodes.  The  thickness  of  the  elec- 
trodes  should  be  sufficient  not  to  cause  any  dis- 
continuity  or  pits  during  the  filament  formation.  The 
surface  concentration  and  amount  of  arsenic  should 
be  sufficient  to  obtain  the  required  low  impedance 

filament.  The  final  radius  of  the  filament  depends 
on  the  composition  and  thickness  of  the  dielectric, 
the  electrode  conductive  material  melting  tempera- 
ture,  the  amount  of  arsenic  in  the  electrode,  and 

5  the  energy  dissipated  during  programming. 
Lower  final  resistance  of  this  element  after  its 

programming  can  be  obtained  with  a  larger  radius 
and  a  lower  resistivity  of  the  formed  filament  by 
addition  of  large  quantities  of  arsenic  atoms  in  the 

io  electrodes  at  the  electrode-  dielectric  interface  and 
a  lower  spreading  resistance  of  both  electrodes.  A 
larger  filament  radius  and  higher  electromigration 
immunity  of  the  arsenic-containing  conductive  elec- 
trode  material  or  composition  which  flows  to  form 

75  the  filament  result  in  higher  current  carrying  capac- 
ity  of  the  programmed  element  without  the  poten- 
tial  for  creating  a  later  open  circuit  due  to  elec- 
tromigration.  As  the  current  which  is  applied  across 
a  filament  increases,  the  larger  the  filament  gets 

20  and  the  material  which  flows  from  both  electrodes 
into  the  filament  contains  more  arsenic  thus  lower- 
ing  the  anti-fuse  resistance  and  preventing  the 
electromigration  of  the  filament. 

In  a  preferred  embodiment,  one  of  the  conduc- 
25  tors,  the  top  electrode,  is  formed  of  heavily  doped 

polysilicon  or  is  a  sandwich  of  said  polysilicon  and 
a  metal  above  it.  The  polysilicon  layer  should  be 
heavily  doped  with  arsenic,  preferably  to  a  con- 
centration  of  between  approximately  1x1  019  and 

30  IxlO22  atoms/cm3.  Larger  arsenic  dopant  concen- 
trations  result  in  lower  filament  resistances. 

The  other  conductor,  the  lower  electrode,  is 
formed  of  heavily  doped  diffusion  region  in  a  sub- 
strate  or  a  well.  This  diffusion  should  be,  prefer- 

35  ably,  heavily  doped  with  arsenic  to  a  concentration 
in  the  range  of  that  of  the  top  electrode.  The 
arsenic  doping  profile  should  be  such  that  the 
heaviest  concentration  of  arsenic  is  present  at  the 
interfaces  between  the  electrodes  and  the  dielec- 

40  trie. 
The  dielectric  in  one  presently-preferred  em- 

bodiment  is  a  three-layer  sandwich  formed  of  a 
bottom  oxide  layer  of  20A-50A,  a  central  silicon 
nitride  (SisN*)  layer  of  40A-100A,  and  a  top  oxide 

45  layer  of  OA  to  50A.  In  alternate  preferred  embodi- 
ments,  the  dielectric  may  be  either  a  single  layer  of 
silicon  dioxide,  having  a  thickness  of  between  ap- 
proximately  60  and  150  angstroms,  or  a  single 
layer  of  silicon  nitride,  SiaN*.,  having  a  thickness  of 

so  between  approximately  60  and  200  angstroms. 
The  low  impedance  anti-fuse  element  in  the 

preferred  embodiment  is  programmed  by  applying 
a  current-controlled  voltage  source  across  the  two 
electrodes.  The  composition  of  the  composite  di- 

ss  electric  is  such  that  the  structure  provides  an  on- 
resistance  of  less  than  300  ohms  after  program- 
ming  and  an  off-resistance  of  more  than  100 
Mohms  before  programming.  The  structure  re- 

4 
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quires  a  programming  pulse  of  magnitude  less  than 
30  volts,  a  time  duration  of  less  than  100  msec 
whiie  supplying  a  current  of  less  than  10  mA.  The 
size  of  the  conductive  filament  is  a  function  of  the 
voltage  and  current  of  the  programming  pulse  and 
the  composition  of  the  composite  dielectric  struc- 
ture.  The  resistance  of  the  conductive  filament  is  a 
function  of  the  duration,  voltage  and  current  of  the 
programming  pulse  and  the  amount  of  arsenic  at 
the  interfaces. 

In  a  second  and  third  embodiment  of  the  low 
impedance  anti-fuse  element,  the  first  and  second 
electrodes  may  be  formed  from  polysilicon  lines 
doped  with  arsenic.  This  facilitates  the  interconnect 
between  two  conductors  without  using  the  silicon 
substrate  as  a  path.  Hence,  the  substrate  can  be 
used  for  active  devices  independent  of  the  anti- 
fuses  in  the  integrated  circuit. 

Those  of  ordinary  skill  in  the  art  will  recognize 
that  the  technology  of  this  invention  is  compatible 
with  and  may  be  applied  to  any  semiconductor 
structure  or  process  to  provide  user-selectable  in- 
terconnections. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

FIG.  1  is  a  cross-section  of  a  first  preferred 
embodiment  of  both  a  programmed  and  an  unprog- 
rammed  low  impedance  anti-fuse  element  of  the 
present  invention,  wherein  the  first  electrode  is  a 
diffusion  region  in  a  semiconductor  substrate  ma- 
terial  and  the  second  electrode  is  a  polysilicon 
layer. 

FIG.  2  is  a  cross-section  of  a  second  pre- 
ferred  embodiment  of  both  a  programmed  and  an 
unprogrammed  low  impedance  anti-fuse  element 
according  to  the  present  invention  wherein  both 
electrodes  of  each  anti-fuse  are  polysilicon  layers 
above  and  insulated  from  the  substrate. 

FIG.  3  is  a  cross-section  of  an  alternative 
embodiment  of  both  a  programmed  and  an  unprog- 
rammed  low  impedance  anti-fuse  element  accord- 
ing  to  the  present  invention,  wherein  the  first  elec- 
trode  for  each  anti-fuse  is  a  polysilicon  electrode 
above  and  insulated  from  the  substrate  and  the 
second  electrode  for  each  anti-fuse  is  a  metal  layer 
over  a  barrier  metal  layer  covering  the  dielectric 
layer. 

FIG.  4  is  a  schematic  diagram  illustrating 
how  the  electrically-programmable  low-impedance 
anti-fuse  of  the  present  invention  may  be  pro- 
grammed  using  the  external  input/output  pins  of 
the  integrated  circuit  in  which  it  is  contained. 

FIG.  5a  is  a  circuit  diagram  showing  an 
application  of  the  electrically  programmable  low- 
impedance  anti-fuse  of  the  present  invention  as  a 
read-only-memory. 

5  FIG.  5b  is  a  schematic  showing  a  first  al- 
ternate  embodiment  for  a  cell  of  a  read-only-mem- 
ory  constructed  using  the  electrically-programma- 
ble  low-impedance  anti-fuse  of  the  present  inven- 
tion. 

w  FIG.  5c  is  a  second  alternate  embodiment  of 
a  cell  of  a  read-only-memory  constructed  using  the 
electrically-programmable  low-impedance  anti-fuse 
of  the  present  invention. 

FIG.  6  is  a  semiconductor  profile  drawing 
is  showing  a  cross-section  of  a  memory  cell  from  the 

array  of  FIG.  5a. 

DETAILED  DESCRIPTION  OF  THE  PREFERRED 
so  EMBODIMENT 

Referring  first  to  FIG.  1,  a  preferred  embodi- 
ment  of  the  present  invention  is  fabricated  on  a 

25  semiconductor  substrate  10.  Those  of  ordinary  skill 
in  the  art  will  readily  recognize  that  substrate  10 
may  in  fact  be  a  well  region  of  one  conductivity 
type  fabricated  in  a  semiconductor  substrate  of 
opposite  conductivity  type  as  is  common  in  a 

30  CMOS  process  or  a  heavily  doped  contact  point 
having  the  same  polarity  as  substrate  10.  In  the 
embodiment  of  FIG.  1,  the  first  electrode  12a  and 
12b  of  unprogrammed  anti-fuse  13  and  pro- 
grammed  anti-fuse  15,  respectively,  are  formed  of 

35  a  heavily-doped  diffusion  area  in  substrate  10.  First 
electrodes  12a  and  12b  may,  for  example  be  ion- 
implanted  to  a  concentration  of  from  approximately 
1x1019  to  1x1022  atom/cm3  with  arsenic  at  an  en- 

•  ergy  of  from  approximately  30  to  120  KeV,  prefer- 
40  ably  50  KeV.  Although  ion  implantation  is  presently 

preferred,  those  of  ordinary  skill  in  the  art  will 
realize  that  first  electrodes  12a  and  12b  may  be 
placed  in  substrate  1  0  by  any  of  the  known  meth- 
ods  for  creating  such  regions.  Other  diffusion  re- 

45  gions  may  exist  in  the  semiconductor  substrate  for 
the  purposes  of  forming  active  devices  and/or  pro- 
viding  means  by  which  a  programming  voltage  can 
be  supplied  to  the  anti-fuse,  as  well  as  to  connect  it 
to  the  other  circuit  elements. 

50  Preferably,  the  doping  profile  of  the  arsenic 
dopant  in  first  electrodes  12a  and  12b  will  be  such 
that  the  heaviest  concentration  will  be  at  the  upper 
surface  of  first  electrodes  12a  and  12b,  the  surface 
which  will  form  the  interface  between  first  electrode 

55  12  and  the  adjacent  dielectric  layer.  Such  a  profile 
is  sometimes  referred  to  as  "arsenic  pileup"  and 
may  be  achieved  by  known  methods,  such  as 
those  set  forth  in  the  article  "The  Diffusion  of  lon- 
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implanted  arsenic  in  Silicon,"  Richard  B.  Fair  and 
Joseph  C.C.  Tsai,  J.  Electrochemical  Society, 
Solid-State  Science  and  Technology,  December 
1975,  Vol.  122,  No.  12,  pp.  1689-96,  which  is 
axpressly  incorporated  herein  by  reference. 

Next,  a  dielectric  layer  is  formed  over  first 
3lectrodes  12a  and  12b.  In  the  embodiment  illus- 
trated  in  FIG.  1,  the  dielectric  layer  14  is  a  com- 
posite  layer  comprising  a  first  oxide  layer  16  and  a 
second  silicon  nitride  layer  18.  A  third  oxide  layer 
20  may  also  be  employed.  The  dielectric  layer  14 
may  also  be  formed  of  a  single  insulator  material 
such  as  a  layer  of  thermally-grown  SiC>2,  having  a 
thickness  of  from  approximately  50  to  150  ang- 
stroms,  or  Si3N4.,  having  a  thickness  of  from  ap- 
proximately  60  to  200  angstroms. 

In  the  embodiment  of  FIG.  1,  first  oxide  layer 
16  is  preferably  thermally  grown  in  a  dry  O2/N2 
ambient  at  a  temperature  of  between  approximately 
850°  C  and  950  °C.  Second  silicon  nitride  layer  18 
is  preferably  formed  using  LPCVD  nitride  tech- 
niques  at  a  temperature  of  between  approximately 
650  'C  and  750°  C.  Third  oxide  layer  20  is  prefer- 
ably  thermally  grown  Si02,  in  a  dry  O2  ambient^at 
a  temperature  of  between  approximately  850  °  C 
and  950  °C.  Those  of  ordinary  skill  in  the  art,  will, 
however,  realize  that  other  common  semiconductor 
fabrication  techniques  may  be  employed  to  form 
the  composite  dielectric  layer  14,  as  well  as  the 
single  layer  dielectrics  of  the  alternate  preferred 
embodiments. 

In  a  presently-preferred  embodiment,  the  thick- 
ness  of  the  first  oxide  layer  16  of  the  dielectric  14 
may  be  from  approximately  20  to  50  angstroms. 
The  thickness  of  the  second  silicon  nitride  layer 
may  by  from  approximately  40  to  100  angstroms. 
The  thickness  of  the  third  oxide  layer  18  may  be 
from  approximately  0  to  50  angstroms.  The  relative 
thickness  of  these  layers  contribute  to  a  reliable 
low  impedance  anti-fuse  and  facilitate  the  formation 
of  a  controlled  filament  of  desired  radius  and  con- 
ductivity  as  will  be  disclosed  further  herein. 

Second  electrodes  22a  and  22b  preferably 
formed  from  a  heavily  doped  polysilicon  layer.  The 
polysilicon  layer  may  be  formed  in  a  conventional 
manner  by  LPCVD  decomposition  of  silane  and  is 
doped  with  POCI3  resulting  in  a  sheet  resistance  of 
approximately  10  to  100  ohms/square  to  provide  a 
low  resistance  of  the  electrode  component  of  the 
total  anti-fuse  resistance  after  programming. 

The  polysilicon  layer  should  also  be  heavily 
doped  or  implanted  with  arsenic  to  a  concentration 
of  from  approximately  1x1019  to  1x1022  atoms/cm3 
and  may  be  5x1  021  atoms/cm3  in  a  preferred  em- 
bodiment  at  the  interface  of  second  electrodes  22a 
and  22b  and  dielectric  layer  14.  This  doping  profile 
may  be  achieved  by  an  additional  ion  implant  or 
arsenic  in  the  polysilicon  layer  at  an  energy  of  from 

30  to  100  KeV,  preferably  70  Kev,  depending  on 
the  thickness  of  second  electrodes  22a  and  22b 
followed  by  a  thermal  drive  in  step  which  may  be 
performed  at  a  temperature  of  between  approxi- 

s  mately  800  °C  and  1100°C  for  a  period  of  from 
approximately  15  minutes  to  3  hours  preferably  at 
950  'C  for  3  hours. 

The  thickness  of  the  polysilicon  may  be  from 
approximately  500  to  10,000  angstroms,  and  may 

10  be  approximately  4500  angstroms  in  a  preferred 
embodiment.  Second  electrodes  22a  and  22b  are 
defined  by  standard  masking  and  etching  steps 
from  the  polysilicon  layer.  Other  portions  of  poly- 
silicon  layer  22  may  be  defined,  if  desired,  to 

15  provide  a  means  for  applying  a  programming  volt- 
age  to  the  anti-fuse,  as  well  as  to  connect  it  to 
other  circuit  elements. 

The  second  electrodes  22a  and  22b  may  also 
include  a  conductive  metal  layer  of  aluminum  ap- 

20  proximately  5,000  to  15,000  angstroms  on  top  of 
the  polysilicon  layer,  formed  using  conventional 
processing  steps. 

After  second  electrodes  22a  and  22b  are 
formed  for  anti-fuses  13  and  15,  an  insulating  layer 

25  24  is  placed  over  the  surface  of  the  wafer.  Contact 
holes  are  then  etched  in  insulating  layer  24  and 
contacts  26,  28,  30,  and  32  are  formed.  Contact  26 
makes  electrical  contact  with  lower  electrode  12a 
of  anti-fuse  13,  and  contact  28  makes  electrical 

30  contact  with  second  electrode  22a  of  anti-fuse  13. 
Contact  30  makes  electrical  contact  with  second 
electrode  22b  of  anti-fuse  15  and  contact  32  makes 
electrical  contact  with  lower  electrode  12b  of  anti- 
fuse  15. 

35  Those  of  ordinary  skill  in  the  art  will  recognize 
that  contacts  26,  28,  30  and  32  are  usually  formed 
at  the  same  time  as  one  of  the  metal  interconnect 
layers  of  the  integrated  circuit.  The  portions  of 
these  contacts  shown  lying  above  insulating  layer 

40  24  in  FIG.  1  represent  cross-sections  of  such  a 
metal  interconnect  layer.  After  patterning,  portions 
of  such  a  layer  may  be  used  to  provide  a  means  to 
supply  a  programming  voltage  to  the  anti-fuse,  as 
well  as  to  connect  it  to  other  circuit  elements. 

45  Anti-fuse  15  is  shown  programmed  in  FIG.  1a, 
and  has  a  controlled-radius  filament  34  formed  in 
dielectric  layer  14.  Filament  34  is  in  electrical  con- 
tact  with  first  electrode  12b  and  second  electrode 
22b.  Controlled-radius  filament  34  is  formed  by 

50  applying  a  controlled-current  programming  voltage 
source  between  contact  30  and  32. 

The  low  impedance  anti-fuse  element  of  the 
embodiment  of  FIG.  1  may  be  programmed  by 
applying  a  current-controlled  voltage  source  across 

55  the  two  electrodes  via  means  which  may  include 
diffusion  regions  in  the  substrate,  polysilicon  lines, 
metal  lines,  combinations  of  the  foregoing.  The 
structure  of  the  anti-fuse  of  this  embodiment  is 
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such  that  an  on-resistance  of  less  than  300  ohms 
after  programming  and  an  off-resistance  of  more 
than  100  MOhms  before  programming  is  achieved. 

A  programming  pulse  of  magnitude  less  than 
30  volts  is  required  for  a  time  duration  of  less  than 
100  msec  at  a  current  of  less  than  10  mA.  The  size 
of  the  conductive  filament  is  a  function  of  the 
programming  pulse  and  of  the  composition  of  the 
dielectric  layer  14,  and  its  effective  radius  is  in  the 
range  of  from  .02  microns  to  0.2  microns. 

As  an  example,  a  low  impedance  anti-fuse  ele- 
ment  having  an  arsenic  N-diffusion  of  1x1021 
atoms/cm3  lower  electrode,  a  4500  Angstrom  poly- 
silicon  upper  electrode  heavily  doped  with  5x1  021 
atoms/cm3  or  arsenic,  having  a  sheet  resistance  of 
18  ohms/square,  and  a  dielectric  consisting  of  a 
first  layer  of  approximately  40  angstroms  of  Silicon 
dioxide  (SiG-2),  a  second  layer  of  approximately  70 
angstroms  of  silicon  nitride  (SisN*),  and  a  third 
layer  of  approximately  15  angstroms  of  SiC-2  will 
produce  a  filament  having  an  effective  radius  of 
approximately  0.05  microns  if  programmed  with  a 
pulse  of  approximately  1  8v  and  a  current  of  1  .0  mA 
for  100  msec  of  duration.  It  has  been  found  that  the 
resulting  filament  resistance  is  less  than  40  ohms. 
For  the  same  18V  programming  voltage  and  100 
msec  of  programming  time  a  current  of  0.2mA  and 
10mA  will  produce  a  filament  with  effective  radius 
from  0.04  microns  to  0.2  microns. 

The  results  obtained  in  the  foregoing  example 
will  be  more  easily  understood  by  considering  that 
the  anti-fuse  structure  on  a  test  chip  used  to  obtain 
the  results  included  a  parasitic  capacitance  of  ap- 
proximately  10  pF.  The  discharging  of  this  parasitic 
capacitance  contributes  to  the  current  flow  through 
the  anti-fuse  as  the  conductive  filament  begins  to 
form,  and  those  of  ordinary  skill  in  the  art  will 
realize  that  the  size  of  this  parasitic  capacitance 
will  affect  the  programming  parameters. 

Depending  on  the  geometry  of  the  application, 
an  anti-fuse  of  the  present  invention  may  typically 
have  a  parasitic  capacitance  of  anywhere  from  0.1 
to  5pF.  If  the  anti-fuse  is  assumed  to  have  a 
parasitic  capacitance  of  approximately  0.1  pF,  then 
a  programming  voltage  of  18  volts  appfied  from  a 
duration  of  100  msec  at  a  current  of  from  1.0mA  to 
1  0mA  will  produce  radii  of  from  approximately  .004 
microns  to  0.02  microns.  At  a  current  of  10mA,  a 
radius  of  approximately  0.02  microns  will  be  pro- 
duced  and  a  filament  resistance  of  approximately 
40  ohms  will  result.  The  total  resistance  of  the 
programmed  anti-fuse,  including  the  spreading  re- 
sistance  of  the  electrodes,  will  be  approximately 
300  ohms. 

Referring  now  to  FIGS.  2,  and  3,  other 
presently-preferred  embodiments  of  the  low  imped- 
ance  anti-fuse  are  disclosed  wherein  the  two  elec- 
trodes  are  above  the  substrate.  These  embodi- 

ments  facilitate  the  interconnect  between  two  con- 
ductors  without  using  the  silicon  substrate  as  a 
path.  Hence,  in  the  embodiments  of  FIGS.  2  and  3, 
the  substrate  can  be  used  for  active  devices  which 

s  are  electrically  isolated  from  the  anti-fuses. 
Referring  first  to  FIG.  2,  both  a  programmed 

and  an  unprogrammed  low  impedance  anti-fuse 
element  36  and  38  respectively  to  a  presently- 
preferred  embodiment  of  the  present  invention  are 

10  depicted,  fabricated  on  semiconductor  substrate 
40,  which  has  been  covered  with  a  layer  of  insulat- 
ing  material  42,  such  as  silicon  dioxide.  Insulating 
layer  42  serves  to  isolate  the  anti-fuses  from  the 
substrate. 

75  After  insulating  layer  42  has  been  placed  on 
the  surface  of  semiconductor  substrate  40,  prefer- 
ably  by  thermal  oxidation  of  the  substrate  material, 
as  is  well-known  in  the  art,  the  regions  in  which  the 
anti-fuses  are  to  be  placed  are  defined.  Field  oxide 

20  regions  44  are  grown  using  well-known  techniques. 
Field  oxide  regions  44  serve  to  isolate  each  anti- 
fuse  from  other  circuit  elements  on  the  integrated 
circuit. 

A  first  polysilicon  layer  46  is  next  formed  over 
25  field  oxide  regions  44  and  insulating  layer  42  by 

the  standard  technique  of  LPCVD  decomposition  of 
silane  at  950  °  C  to  a  thickness  of  from  approxi- 
mately  500  to  10,000  angstroms.  Polysilicon  layer 
46  forms  the  first  electrodes  46a  and  46b  for  the 

30  unprogrammed  and  programmed  anti-fuse  ele- 
ments  36  and  38,  respectively. 

Dielectric  layer  48  is  formed  over  first  elec- 
trodes  46a  and  46b  after  they  have  been  defined 
by  appropriate  masking  and  etching  steps  well- 

35  known  in  the  art.  Dielectric  layer  48  may  be  any  of 
the  single  layer  or  composite  dielectric  structures 
disclosed  with  respect  to  the  embodiment  of  FIG. 
1. 

A  second  polysilicon  layer,  having  a  thickness 
40  of  between  approximately  500  to  10,000  Angstrom, 

is  next  deposited  over  the  surface  of  the  wafer. 
Second  electrodes  50a  and  50b  are  formed  for  the 
unprogrammed  and  programmed  anti-fuses  36  and 
38,  respectively,  by  conventional  masking  and 

45  etching  steps.  Those  of  ordinary  skill  in  the  art  will 
readily  recognize  that  first  electrodes  46a  and  46b 
and/or  second  electrodes  50a  and  50b  could  be 
made  from  a  single  unbroken  piece  of  polysilicon, 
i.e.,  the  etching  steps  to  separate  them  could  be 

so  eliminated,  if  it  is  desired  that  they  be  electrically 
connected  in  common. 

Next,  an  insulating  layer  52  is  formed  over  the 
surface  of  the  wafer,  and  contact  holes  are  etched 
using  well-known  conventional  processing  steps. 

55  Electrical  contact  is  made  to  the  unprogrammed 
anti-fuse  in  the  usual  manner  by  contacts  54  and 
56  and  to  the  programmed  anti-fuse  by  contacts  58 
and  60.  Contacts  54,  56,58,  and  60  ,  shown  having 
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portions  above  the  surface  of  insulating  layer  52  to 
represent  the  metal  lines  of  which  they  are  an 
integral  part,  comprise  means  to  supply  a  program- 
ming  voltage  to  anti-fuses.  Those  of  ordinary  skill 
in  the  art  will  readily  comprehend  the  numerous 
available  means  available  to  make  contact  to  elec- 
trodes  46a,  46b,  50a  and  50b  for  the  purpose  of 
supplying  programming  voltage  to  anti-fuses  36 
and  38  and  to  connect  them  to  other  circuit  ele- 
ments  in  the  integrated  circuit. 

As  with  the  embodiment  disclosed  with  respect 
to  FIG.  1,  numerous  means  may  be  used  to  pro- 
vide  a  programming  voltage  between  the  two  elec- 
trodes  and  for  connecting  the  anti-fuse  to  other 
circuit  elements.  These  means  include  diffusion 
regions  in  the  substrate  connected  to  one  or  both 
of  the  electrodes  by  contacts,  polysilicon  lines, 
metal  lines,  or  combinations  of  the  foregoing  and 
their  equivalents. 

Programmed  anti-fuse  38  is  shown  after  pro- 
gramming  in  FIG.  2  to  include  a  controlled-radius 
conductive  filament  62,  which  electrically  connects 
first  electrode  46b  and  second  electrode  50b.  This 
filament  62  has  been  created  by  applying  a 
controlled-current  voltage  source  between  contacts 
58  and  60,  which  causes  dielectric  layer  40  to 
rupture.  As  in  the  embodiment  of  FIG.  1,  both  the 
first  and  second  anti-fuse  electrodes  are  heavily 
doped  with  arsenic  at  the  interface  between  the 
electrode  and  dielectric  layer  48,  resulting  in  a  total 
anti-fuse  resistance  of  less  than  300  ohms. 

Referring  now  to  FIG.  3,  a  presently-preferred 
embodiment  of  the  present  invention  is  disclosed 
showing  a  programmed  and  an  unprogrammed 
anti-fuse  70,  and  72  respectively,  constructed  on 
semiconductor  substrate  40  on  which  an  insulating 
layer  42  has  been  formed.  As  in  the  embodiment 
of  FIG.  2  field  oxide  regions  44  isolate  anti-fuses  70 
and  72  from  each  other  and  from  other  circuit 
elements  on  the  integrated  circuit.  A  first  poly- 
silicon  layer  is  formed  on  the  surface  of  the  semi- 
conductor  wafer  to  a  thickness  of  between  500  to 
10,000  angstroms,  preferably  approximately  4,500 
angstroms,  and  is  defined  by  conventional  masking 
and  etching  steps  to  form  a  lower  electrodes  74a 
and  74b  of  anti-fuses  70  and  72  respectively.  A 
dielectric  layer  is  then  formed  over  the  surface  of 
polysilicon  layers  74a  and74b,  and  conventional 
masking  and  etching  steps  are  used  to  define 
dielectric  layers  76a  and  76b.  Barrier  metal  layer 
78  is  then  formed  over  dielectric  layers  76a  and 
76b,  using  conventional  techniques.  Barrier  metal 
layer  78  may  be  formed  from  any  of  the  metals 
conventionally  used  as  barrier  metal  layers  in  semi- 
conductor  structures. 

After  the  barrier  metal  has  been  formed  on  the 
surface  of  the  semiconductor  wafer,  it  is  defined 
using  conventional  masking  and  etching  steps  to 

form  78a  and  78b,  associated  with  anti-fuses  70 
and  72  respectively.  A  metal  layer  is  then  depos- 
ited  over  the  surface  of  the  semiconductor  wafer. 
Suitable  conventional  masking  and  etching  steps 

s  are  used  to  define  upper  electrodes  80a  and  80b  of 
anti-fuses  70  and  72  respectively.  An  insulating 
layer  82  is  then  placed  over  the  surface  of  the 
semiconductor  wafer  and  contact  holes  are  etched 
in  it  for  the  purpose  of  making  contact  to  the 

io  structures  below.  Contacts  are  then  formed  on  the 
surface  of  the  insulating  layer  82.  Contact  84  forms 
an  electrical  connection  to  metal  layers  78a  the  top 
electrode  of  anti-fuse  70.  Contact  86  provides  an 
electrical  connection  to  polysilicon  first  electrode 

75  74a  of  anti-fuse  70.  Contact  88  forms  an  electrical 
connection  to  polysilicon  first  electrode  74b  of  anti- 
fuse  72,  and  contact  90  forms  an  electrical  connec- 
tion  to  metal  top  electrode  78b  of  anti-fuse  72. 

As  with  the  embodiments  of  FIGS.  1  and  2, 
20  means  are  provided  for  supplying  programming 

voltage  to  the  two  electrodes,  as  well  as  for  con- 
necting  the  anti-fuse  to  other  circuit  elements. 

Anti-fuse  72  is  shown  in  FIG.3  as  programmed; 
controlled-radius  filament  92  is  shown  connecting 

25  first  electrode  74b  and  barrier  metal  layer  78b. 
Controlled-radius  filament  92  is  formed  by  applying 
a  controlled-current  programming  voltage  source 
between  contacts  88  and  90. 

One  of  the  advantages  of  the  low-impedance 
30  anti-fuse  of  the  present  invention  is  that  it  may  be 

programmed  after  the  integrated  circuit  in  which  it 
is  incorporated  has  been  packaged.  Thus  unlike 
certain  other  programming  techniques  such  as  la- 
ser  programming,  which  require  that  the  integrated 

35  circuit  be  in  unpackaged  state,  programming  of  the 
anti-fuses  of  the  present  invention  may  be  accom- 
plished  by  the  user  after  purchasing  the  circuit 
from  a  manufacturer. 

Referring  now  to  FIG.4,  apparatus  for  program- 
40  ming  the  electrically-programmable  low-impedance 

anti-fuses  of  the  present  invention  is  disclosed. 
Those  of  ordinary  skill  in  the  art  will  readily  under- 
stand  that  such  circuitry  may  be  disposed  on  the 
integrated  chip  along  with  functional  circuitry  with 

45  which  the  anti-fuse  is  to  be  associated. 
FIG.  4  shows  eight  anti-fuses  100,  102,  104, 

106,  108,  110,  112,  and  114.  Each  of  the  anti-fuses 
is  connected  at  one  end  to  X  decoder  116.  The 
other  end  of  each  of  the  anti-fuses  is  connected  to 

so  Y  decoder  118.  In  the  present  example  both  X 
decoder  116  and  Y  decoder  118  may  be  a  three 
line  to  eight  line  multiplexer.  Both  X  decoder  116 
and  Y  decoder  118  are  driven  by  three  address 
inputs  120,  122,  and  124,  which  may  be  I/O  pins 

55  on  the  integrated  circuit. 
In  addition  to  the  address  inputs  to  the  X 

decoder  116  and  Y  decoder  118,  a  source  of  Vpp 
may  be  connected  to  either  of  the  X  or  Y  decoders 
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via  I/O  pin  126.  In  FIG.  6,  the  Vpp  I/O  pin  is  shown 
connected  to  Y  decoder  118.  A  program  control 
line  is  connected  to  an  I/O  pin  128.  The  function  of 
the  program  control  line  is  to  activate  the  X  and  Y 
decoders  only  when  the  programming  function  is 
desired  to  be  implemented. 

Those  of  ordinary  skill  in  the  art  will  readily 
recognize  that  X  decoder  116  and  Y  decoder  118 
function  only  during  the  time  when  selected  ones 
of  anti-fuses  100,  102  104,  106,  108,  110,  112,  and 
114  are  programmed.  At  all  other  times  the  X 
decoder  116  and  Y  decoder  118  present  an  ideal 
infinite  impedance  and  may  be  thought  of  as  not 
connected  to  the  anti-fuses. 

During  the  times  other  than  programming  the 
anti-fuses  are  connected  to  functional  circuits  on 
the  integrated  chip  in  a  manner  dictated  by  the 
intended  function  of  the  anti-fuse.  A  functional  cir- 
cuit  130  is  shown  in  block  form  having  two  of  its 
nodes  connected  across  anti-fuse  100.  Although 
not  shown,  those  of  ordinary  skill  in  the  art  will 
readily  recognize  that  other  functional  circuits  like 
130  are  connected  across  the  other  anti-fuses  on 
the  integrated  circuit. 

In  order  to  program  the  anti-fuses  of  the 
present  invention,  an  appropriate  signal  is  placed 
on  I/O  pin  128  to  indicate  that  programming  is 
desired.  This  activates  the  X  decoder  and  Y  decod- 
ers  in  a  manner  such  that  when  the  desired  ad- 
dress  combination  is  placed  on  I/O  pins  120,  122, 
and  124  and  a  programming  voltage  pulse  Vpp  is 
applied  to  Vpp  input  126,  the  selected  anti-fuse  is 
programmed.  In  the  present  example,  Vpp  input  I/O 
pin  126  is  shown  connected  to  the  Y  decoder.  In 
this  embodiment,  when  a  anti-fuse  is  desired  to  be 
programmed  Vpp  appears  on  the  selected  output 
line  of  the  Y  decoder  and  the  selected  line  of  the  X 
decoder  corresponding  to  the  same  anti-fuse  is 
driven  to  ground,  thus  placing  the  programming 
voltage  Vpp  directly  across  the  anti-fuse  desired  to 
be  programmed.  Those  of  ordinary  skill  in  the  art 
will  readily  recognize  that  because  at  this  time  a 
high  voltage  is  placed  across  the  anti-fuse  the 
circuitry  is  functional  circuitry  130  must  be  pro- 
tected  from  the  high  voltage,  either  by  being  fab- 
ricated  from  high  voltage  devices,  or  by  being 
isolated  by  isolation  devices  which  would  also  be 
driven  from  the  program  signal  appearing  on  I/O 
pin  128. 

The  electrically-programmable  low-impedance 
anti-fuse  of  the  present  invention  may  be  used  in 
numerous  integrated  circuit  applications,  in  addition 
to  its  application  as  a  programmable  interconnect 
element  in  an  integrated  circuit.  The  electrically- 
programmable  low-impedance  anti-fuse  of  the 
present  invention  may  be  used  to  form  a  memory 
cell  for  a  user  programmable  read-only-memory 
(PROM).  A  PROM  array  constructed  of  memory 

cells  utilizing  the  present  invention  has  distinct 
advantages  over  conventional  floating  gate  EPR- 
OMS.  These  advantages  include  a  read-current 
after  programming  which  is  higher  than  an  EPROM 

5  for  a  cell  of  equal  area.  Furthermore,  an  PROM  cell 
according  to  the  present  invention  has  no  sensitiv- 
ity  to  radiation,  and  forms  a  permanent  hard  con- 
nection  to  store  the  data,  i.e.,  the  information  stored 
therein  cannot  leak  away  like  information  stored  on 

io  a  floating  gate  device. 
The  memory  cell  of  the  present  invention  is  a 

fast  device  and  may  have  an  access  time  of  as 
little  as  35  nano  seconds. 

Referring  first  to  FIG.  5a,  a  4  x  4  array  of 
75  memory  cells  configured  according  to  the  present 

invention  is  shown.  A  memory  cell  exists  at  each 
intersection  of  one  of  bit  lines  150,  152,  154,  and 
156,  with  one  of  word  lines  158,  160,  162,  and  164. 
Each  memory  cell  consists  of  an  N-channel  transis- 

20  tor  166a-p  and  an  electrically-programmable  low- 
impedance  anti-fuse  168a-p  connected  in  series. 
For  example,  in  FIG.  5a  one  end  of  anti-fuse  168a 
is  connected  to  bit  line  150.  The  other  end  of  anti- 
fuse  168a  is  connected  to  the  drain  of  N-channel 

25  transistor  166a.  The  source  of  N-channel  transistor 
166a  is  connected  to  ground.  The  gate  of  N-chan- 
nel  transistor  166a  is  connected  to  word  line  158. 
N-channel  transistors  166b-p  and  anti-fuses  168b-p 
are  connected  to  the  other  word  lines  and  bit  lines 

30  in  a  similar  manner,  as  illustrated  in  FIG.  5a. 
To  sense  the  condition  of  any  memory  cell  in 

the  array  of  FIG.  5a,  the  word  line  to  which  that 
memory  cell  is  connected  is  raised  to  a  voltage 
sufficient  to  turn  on  the  gate  of  the  N-channel 

35  transistor  to  which  it  is  connected.  The  voltage  on 
the  bit  line  to  which  the  cell  is  connected  is  then 
sensed.  If  the  anti-fuse  has  been  programmed,  the 
corresponding  bit  line  will  be  pulled  to  ground 
when  the  corresponding  word  line  is  activated. 

40  For  example,  assume  anti-fuse  168  has  been 
programmed,  and  is  thus  a  short  circuit.  When 
word  line  158  is  brought  high,  N-channel  transistor 
166a  will  turn  on  and  pull  bit  line  150  to  ground. 

The  bit  lines  and  word  lines  are  accessed  via 
45  X-address  decoder  170  and  y-address  decoder 

172.  X-address  decoder  and  X-address  inputs  174 
and  176  and  output  178.  Which  may  be  I/O  pins  on 
the  semiconductor  package  containing  the  array.  Y- 
address  decoder  has  inputs  180  and  182,  which 

so  may  be  I/O  pins  on  the  semiconductor  package 
containing  the  array.  By  applying  a  unique  two-bit 
address  to  Y-address  inputs  180  and  182,  one  of 
word  lines  158,  160,  162,  or  164  is  activated  and 
has  a  high  voltage  on  it.  As  will  be  appreciated  by 

55  those  of  ordinary  skill  in  the  art,  Y-address  decoder 
172  may  be  a  conventional  multiplexer  or  other 
addressing  means  known  in  the  art. 

When  one  of  work  lines  158,  160,  162,  or  164 
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have  been  activated,  a  unique  combination  of  data 
on  X-address  inputs  174  and  176,  will  connect 
either  bit  line  150,  152,  154,  or  156  to  output  178. 
As  those  of  ordinary  skill  in  the  art  will  appreciate, 
X-address  decoder  170  may  be  a  conventional  In- 
line  to  one  line  demultiplexer  or  other  functionally 
equivalent  decoder  known  in  the  art. 

To  program,  any  one  of  the  memory  cells  in  the 
array  of  FIG.  5a,  the  word  line  associated  with  that 
memory  cell  is  brought  to  the  programming  voltage 
Vpp,  which  is  applied  to  the  Y-address  decoder 
172  via  an  I/O  pin  184.  The  programming  voltage 
Vpp  is  also  placed  on  the  bit  line  associated  with 
that  memory  cell  via  I/O  pin  184  through  X-decoder 
170.  The  Vpp  voltage  on  I/O  pin  184  will  only  be 
applied  through  the  X  and  Y  decoders  if  the  signal 
on  PGM  I/O  pin  186  is  active.  Those  of  ordinary 
skill  in  the  art  will  recognize  that  X-decoder  170 
and  Y-decoder  172  should  be  configured  from  de- 
vices  capable  of  handling  the  Vpp  voltage.  As  an 
example  of  programming  the  array,  if  the  program- 
ming  voltage  Vpp  is  placed  on  bit  line  150  and 
word  line  158,  N-channel  device  166a  will  turn  on 
thus  programming  anti-fuse  168a. 

As  those  of  ordinary  skill  in  the  art  will  appre- 
ciate  from  FIG.  5a,  other  cell  configurations  are 
possible.  FIG.  5b  illustrates  an  embodiment  where 
the  drain  of  N-channel  transistor  1  66a  is  connected 
to  bit  line  150,  its  gate  is  connected  to  word  line 
1  58  and  its  source  is  connected  to  one  end  of  anti- 
fuse  168a.  The  other  end  of  anti-fuse  168a  is 
connected  to  ground. 

Referring  now  to  FIG.  5c,  an  embodiment  of  a 
memory  cell  according  to  the  present  in  invention 
utilizing  an  NPN  transistor  is  disclosed.  NPN  tran- 
sistor  188  is  shown  having  its  base  connected  to 
word  line  158  its  emitter  connected  to  ground  and 
its  collector  connected  to  one  end  of  anti-fuse 
168a.  The  other  end  of  anti-fuse  168a  is  connected 
to  bit  line  150.  Those  of  ordinary  skill  in  the  art  will 
realize  that  a  lateral  or  vertical  transistor  could  be 
employed,  and  further  that  the  circuit  of  FIG.  5c 
could  easily  be  implemented  as  an  emitter  follower 
with  the  anti-fuse  on  the  emitter  end  of  NPN  tran- 
sistor  188.  Those  of  ordinary  skill  in  the  art  will  also 
recognize  that  P-channel  devices  or  PNP  transis- 
tors  could  be  utilized  in  the  present  invention. 

Referring  now  to  FIG.  6,  a  semiconductor  pro- 
file  drawing  showing  a  cross-section  of  a  memory 
cell  of  FIG.  5a  according  to  the  present  invention  is 
shown.  From  FIG.  6a  it  can  be  seen  that  the 
memory  cell  is  small  and  compact,  taking  up  the 
space  of  only  a  single  transistor  device. 

The  memory  cell  200  is  shown  constructed  on 
P-type  semiconductor  substrate  202  into  which  N  + 
diffusion  regions  204  and  206  have  been  made. 
Diffusion  region  204  serves  as  the  source  of  the  N- 
channel  transistor  166  of  FIG.  5a.  The  diffusion 

region  206  forms  the  drain  region  of  N-channel 
transistor  166a,  as  well  as  one  end  of  anti-fuse 
168a. 

First  level  polysilicon  region  208  forms  the  gate 
5  of  N-channel  transistor  166a.  Those  of  ordinary  skill 

in  the  art  will  realize  that  polysilicon  strip  208  may 
form  the  gates  for  transistors  166a,  166e,  166i,  and 
166m  as  well  as  word  line  158  in  the  embodiment 
of  FIG.  5a  as  is  conventional  in  memory  arrays. 

70  Insulating  regions  210  are  present  as  is  cus- 
tomary  in  MOS  structures.  Contact  holes  are  made 
in  insulating  layer  210  at  areas  212  and  214.  A 
conductive  contact  placed  in  area  212  serves  to 
connect  source  of  the  N-channel  transistor  to 

75  ground.  In  the  contact  hole  at  region  214,  dielectric 
layer  216  for  the  electrically-programmable  low- 
impedance  anti-fuse  is  formed.  Second  level  poly- 
silicon  layer  218  is  formed  over  dielectric  layer 
216.  Those  of  ordinary  skill  in  the  art  will  realize 

20  that  polysilicon  layer  218  may  form  the  other  end 
of  anti-fuses  168a,  168b,  168c,  168d,  and  bit  line 
150. 

Preferred  embodiments  of  the  present  inven- 
tion  have  been  disclosed.  In  the  foregoing  descrip- 

25  tion,  various  specific  details  are  set  forth  such  as 
thicknesses,  concentrations  and  processing  details 
in  order  to  provide  a  thorough  understanding  of  the 
presently-preferred  embodiments.  It  will  be  obvious 
to  one  skilled  in  the  art,  however,  that  the  present 

30  invention  may  be  practiced  without  these  specific 
details  and  that  the  scope  of  the  present  invention 
is  to  be  limited  only  by  the  appended  claims. 

35  Claims 

1.  An  electrically-programmable,  low-imped- 
ance  anti-fuse  element  disposed  in  an  integrated 
circuit,  including:  a  p-type  semiconductor  substrate, 

40  a  first  electrode  comprising  a  diffusion  region  in 
said  substrate,  a  dielectric  layer  over  said  diffusion 
region,  and  a  second  electrode  over  said  dielectric 
layer,  wherein  said  first  and/or  said  second  elec- 
trodes  is  heavily  doped  with  arsenic  such  that  a 

45  high  concentration  of  arsenic  atoms  exist  at  the 
interface  between  said  dielectric  layer  and  said 
electrode. 

2.  The  electrically-programmable,  low-imped- 
ance  anti-fuse  element  of  claim  1  ,  wherein  the  first 

so  electrode  comprises  an  n-type  diffusion  region  in  a 
p-type  semiconductor  substrate. 

3.  An  electrically-programmable,  low-imped- 
ance  anti-fuse  element,  including:  a  semiconductor 
substrate,  an  insulating  layer  over  said  semicon- 

55  ductor  substrate,  a  first  electrode  formed  from  a 
conducting  material,  over  said  insulating  layer,  a 
dielectric  layer  over  said  first  electrode,  and  a 
second  electrode  over  said  dielectric  layer,  wherein 
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at  least  one  of  said  first  and  second  electrodes  is 
heavily  doped  with  arsenic  such  that  a  high  con- 
centration  of  arsenic  atoms  exists  at  the  interface 
between  said  dielectric  layer  and  said  electrode. 

4.  The  electrically-programmable,  low-imped- 
ance  anti-fuse  element  of  claim  1  ,  2  or  3,  wherein 
said  second  electrode  includes  a  layer  of  poly- 
silicon  having  a  thickness  of  from  500  to  10  000 
angstroms. 

5.  The  electrically-programmable,  low-imped- 
ance  anti-fuse  element  of  claim  4,  wherein  said 
layer  of  polysilicon  is  heavily  doped  with  arsenic 
such  that  a  high  concentration  of  arsenic  exists  at 
the  interface  between  said  second  electrode  and 
said  dielectric  layer. 

6.  The  electrically-programmable,  low-imped- 
ance  anti-fuse  element  of  any  preceding  claim, 
wherein  the  arsenic  doping  level  in  said  polysilicon 
is  from  1  x  1019  to  1  x  1022  atoms/cm3. 

7.  The  electrically-programmable,  low-imped- 
ance  anti-fuse  element  of  any  preceding  claim, 
wherein  said  dielectric  layer  includes  a  first  silicon 
dioxide  portion  and  a  second  silicon  nitride  portion 
over  said  first  silicon  dioxide  portion. 

8.  The  electrically-programmable,  low-imped- 
ance  anti-fuse  element  of  claim  7,  wherein  said  first 
silicon  dioxide  portion  has  a  thickness  of  from  20  to 
50  angstroms,  and  said  second  silicon  nitride  por- 
tion  has  a  thickness  of  from  40  to  100  angstroms. 

9.  The  electrically-programmable,  low-imped- 
ance  anti-fuse  element  of  claim  7  or  8,  wherein 
said  dielectric  layer  further  includes  a  third  silicon 
dioxide  portion  over  said  second  silicon  nitride  por- 
tion,  said  third  silicon  dioxide  portion  preferably 
having  a  thickness  of  from  0  to  50  angstroms. 

10.  The  electrically-programmable,  low-imped- 
ance  anti-fuse  element  of  any  one  of  claims  1  to  6, 
wherein  said  dielectric  layer  includes  a  layer  of 
silicon  dioxide  having  a  thickness  of  from  60  to  1  50 
angstroms. 

11.  The  electrically-programmable,  low-imped- 
ance  anti-fuse  element  of  any  one  of  claims  1  to  6, 
wherein  said  dielectric  layer  includes  a  layer  of 
silicon  nitride  having  a  thickness  of  from  60  to  200 
angstroms. 

12.  The  electrically-programmable,  low-imped- 
ance  anti-fuse  element  of  any  preceding  claim, 
further  including  means  for  applying  a  program- 
ming  voltage  to  said  first  and  second  electrodes 
from  input/output  pins  of  said  integrated  circuit. 

13.  A  semiconductor  structure  disposed  in  an 
integrated  circuit,  including  a  plurality  of 
electrically-programmable,  low-impedance  anti- 
fuses,  each  of  said  anti-fuses  comprising  an  anti- 
fuse  element  in  accordance  with  any  preceding 
claim,  at  least  one  of  said  electrically-program- 
mable,  !ow-impedance  anti-fuse  elements  including 

a  controlled-radius  electrically-conductive  filament 
in  said  dielectric  layer  electrically  connecting  said 
first  and  second  electrodes. 

14.  The  semiconductor  structure  of  claim  13, 
5  wherein  said  controlled-radius  filament  has  a  resis- 

tance  of  less  than  300  ohms. 
1  5.  The  semiconductor  structure  of  claim  1  3  or 

14,  further  including:  means  for  applying  a  pro- 
gramming  voltage  to  said  first  and  second  elec- 

ro  trades  of  selected  ones  of  said  anti-fuses  from 
input/output  pins  of  said  integrated  circuit. 

16.  A  user-programmable  read-only-memory 
array,  including:  a  plurality  of  bit  lines,  a  plurality  of 
word  lines,  forming  intersections  with  bit  lines,  a 

75  plurality  of  memory  cells,  one  of  said  memory  cells 
located  at  each  of  said  intersections,  each  of  said 
memory  cells  including  an  electrically-programma- 
ble,  low-impedance  anti-fuse  element  according  to 
any  one  of  claims  1  to  11,  a  transistor  having  a 

20  source,  a  drain,  and  a  gate,  one  end  of  said  anti- 
fuse  element  being  connected  to  the  one  of  said  bit 
lines  associated  with  said  intersection,  the  other 
end  of  said  anti-fuse  being  connected  to  the  drain 
of  said  transistor,  the  source  of  said  transistor 

25  being  connected  to  a  fixed  voltage  potential,  and 
the  gate  of  said  transistor  being  connected  to  the 
one  of  said  word  lines  associated  with  said  inter- 
section,  a  Y-address  decoder  having  a  plurality  of 
address  inputs,  and  a  set  of  outputs,  each  of  said 

30  outputs  corresponding  to  one  of  said  word  lines  in 
said  array,  said  Y-address  decoder  operating  to 
activate  only  one  of  said  word  lines  for  unique 
combination  of  data  on  said  address  inputs,  an  X- 
address  decoder,  having  a  plurality  of  address  in- 

35  puts,  a  set  of  outputs,  and  a  data  output  each  one 
of  said  outputs  connected  to  one  of  said  bit  lines, 
such  that  only  one  of  said  bit  lines  is  connected  to 
said  data  output  when  a  unique  combination  of 
data  appears  on  said  address  inputs,  means  for 

40  applying  a  programming  voltage  to  a  selected  one 
of  said  bit  lines  at  a  selected  time,  and  means  for 
applying  said  programming  voltage  to  a  selected 
one  of  said  word  lines  at  said  selected  time. 
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FIGURE  2. 
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