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©  ESD  protection  for  inputs  requiring  operation  beyond  supply  voltages. 
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©  A  circuit  utilizable  for  protecting  an  integrated 
circuit  feature  from  electrostatic  discharge  is  dis- 
closed.  A  first  bipolar  transistor  (Q10)  has  its  emitter 
connected  to  the  IC  feature  and  its  collector  con- 
nected  to  ground.  A  second  bipolar  transistor  (Q20) 
has  its  emitter  connected  to  the  IC  feature  and  its 
collector  connected  to  its  base  and  to  the  base  of 
the  first  bipolar  transistor.  A  field  effect  transistor 
(M10)  has  its  gate  and  drain  connected  to  the  IC 
feature  and  its  body  connected  to  its  source  and  to 
the  collector  and  base  of  the  second  bipolar  transis- 
tor  and  to  the  base  of  the  first  bipolar  transistor.  A 
diode  (D10)  has  its  cathode  connected  to  the  body 
and  the  source  of  the  field  effect  transistor  and  to 
the  collector  and  base  of  the  second  bipolar  transis- 
tor  and  to  the  base  of  the  first  bipolar  transistor. 
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FIELD  OF  THE  INVENTION 

The  present  invention  relates  generally  to  pro- 
tection  circuits  and,  more  specifically,  to  circuitry 
which  protects  against  electrostatic  discharge 
(ESD)  in  an  integrated  circuit. 

BACKGROUND 

Electrostatic  discharge  (ESD)  in  semiconductor 
integrated  circuits  (IC's)  is  a  well-known  problem. 
The  inadvertent  presence  of  a  sudden  voltage 
spike  in  an  IC  can  cause  physical  destruction  of  IC 
features.  For  example,  ESD-induced  spikes  can 
rupture  the  thin  gate  oxide  of  a  field  effect  transis- 
tor  (FET),  or  simply  degrade  the  p-n  junction  of  a 
semiconductor  device,  effectively  destroying  prop- 
er  IC  operation. 

There  are  three  basic  models  for  simulating  the 
effects  of  ESD  events  on  semiconductor  devices: 
the  human  body  model,  the  machine  model,  and 
the  charged  device  model.  These  models  can  be 
used  to  construct  testers  to  quantify  the  resistance 
of  devices  to  ESD  events,  and  to  model  the  effec- 
tiveness  of  a  proposed  ESD  protection  circuit  using 
standard  circuit  simulation  techniques. 

The  human  body  model  is  intended  to  simulate 
the  effect  of  human  handling  on  semiconductor 
devices.  In  Figure  1,  the  capacitance  C1  simulates 
the  capacitance  of  the  human  body  and  is  gen- 
erally  chosen  to  be  100  pf.  The  resistance  R1 
simulates  the  series  resistance  of  the  human  body 
and  is  usually  modeled  as  1.5  KO.  The  capacitor 
C1  is  charged  to  an  initial  voltage  V1  and  then 
discharged  into  the  device  under  test  (DUT).  De- 
vices  which  can  withstand  precharge  voltages  on 
the  order  of  2  to  3  Kev  are  considered  acceptable 
by  industry  standards.  A  widely  followed  standard 
for  testing  according  to  the  human  body  model  is 
presented  in  MIL-STD-883C,  notice  8,  method 
3015.7,  "Electrical  Discharge  Sensitivity  Test" 
(1989). 

The  machine  model  or  "zero  ohms"  model 
utilizes  the  circuit  of  Figure  1,  except  that  C1  is 
200  pf  and  R1  approximates  "zero  ohms."  In  a 
practical  construction,  R1  is  in  the  range  of  20  to 
40  ohms.  The  discharge  time  constant  of  the  ma- 
chine  model  is  much  less  than  the  human  body 
model,  and  parasitic  circuit  components  have  more 
influence  over  the  maximum  current  and  voltage 
seen  by  the  DUT  during  the  discharge.  A  device 
that  can  withstand  400  volts  is  considered  accept- 
able  by  industry  standards.  This  model  is  com- 
monly  used  in  Japan  and  is  covered  in  EIAJ  stan- 
dards  of  the  Electronic  Industries  association  of 
Japan,,  IC-121  Book  2  (1988). 

The  charged  device  model  is  used  to  simulate 
the  ESD  failure  mechanisms  associated  with  ma- 

chine  handling  during  the  packaging  and  test  of 
semiconductor  devices.  According  to  this  model, 
an  IC  package  is  charged  to  a  potential  (100  volts 
to  2000  volts)  by  triboelectricity  or  by  the  presence 

5  of  large  electric  fields.  Then,  the  device  is  dis- 
charged  to  ground  via  any  of  the  device  pins.  The 
charging  is  normally  done  via  the  substrate  pin  and 
the  discharge  is  initiated  by  touching  a  device  pin 
with  a  grounded  low  inductance  probe.  The  time 

io  constant  for  this  discharge  process  is  less  than  150 
ps,  and  the  discharged  energy  depends  on  the 
package  capacitance. 

A  conventional  input  protection  network  is  illus- 
trated  in  Figure  2.  When  the  polarity  of  the  ESD 

75  stress  is  negative  with  respect  to  ground,  diode  D2 
becomes  forward  biased.  As  long  as  the  diode 
series  resistance  is  low  enough,  voltages  seen  by 
the  circuit  remain  low  enough  to  minimize  on  chip 
power  dissipation  and  protect  the  CMOS  gate  ox- 

20  ide.  For  example,  the  human  body  model  charged 
to  3  KeV  corresponds  to  an  instantaneous  current 
of  2  amps.  Therefore,  the  diode  series  resistance 
should  be  no  more  than  4  ohms  in  order  to  keep 
total  voltage  seen  by  the  circuit  to  8  volts,  cor- 

25  responding  to  the  worst  case  breakdown  for  a  10 
nm  gate  oxide  typical  of  a  0.5  urn  CMOS  process. 

When  the  ESD  stress  is  positive  with  respect 
to  ground,  there  are  two  possibilities  for  current 
flow.  First,  diode  D2  charges  up  until  it  reaches 

30  reverse  breakdown,  at  which  point  the  rise  in  volt- 
age  at  the  input  tends  to  be  clamped.  Unfortu- 
nately,  the  reverse  breakdown  for  D2  may  be  high- 
er  than  the  gate  oxide  breakdown,  thus  allowing 
voltages  damaging  to  input  or  output  device  buffers 

35  to  pass.  Second,  diode  D1  becomes  forward  bi- 
ased  and  begins  to  charge  up  Vcc  until  some 
breakdown  mechanism  on  the  die,  such  as  para- 
sitic  field  turn-on,  gate  oxide  breakdown,  or 
latchup,  clamps  the  rise  in  Vcc.  It  is  this  mecha- 

40  nism  that  causes  failures  internal  to  the  die  during 
ESD  stress. 

A  problem  with  conventional  ESD  solutions  is 
that  many  IC's  require  inputs  to  be  at  voltage  levels 
well  above  the  positive  supply  voltage  or  below 

45  ground  potential.  The  conventional  solutions  clamp 
the  input  voltage  at  a  diode  drop  above  Vcc  or 
below  ground.  Clearly  this  is  unacceptable  when 
the  magnitude  of  the  input  voltage  is  above  Vcc  or 
below  ground.  Thus,  it  is  desirable  to  have  an  ESD 

50  protection  circuit  that  is  able  to  dissipate  ESD 
stress  from  such  inputs. 

SUMMARY  OF  THE  INVENTION 

55  An  integrated  circuit  device  utilizable  for  pro- 
tecting  an  integrated  circuit  feature  from  damage 
due  to  electrostatic  discharge  is  disclosed.  A  first 
bipolar  transistor  has  its  emitter  connected  to  the 
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IC  feature  and  its  collector  connected  to  ground.  A 
second  bipolar  transistor  has  its  emitter  connected 
to  the  IC  feature  and  its  collector  connected  to  its 
base  and  to  the  base  of  the  first  bipolar  transistor. 
A  field  effect  transistor  has  its  gate  and  drain 
connected  to  the  IC  feature  and  its  body  connected 
to  its  source  and  to  the  collector  and  base  of  the 
second  bipolar  transistor  and  to  the  base  of  the 
first  bipolar  transistor.  A  diode  has  its  cathode 
connected  to  the  body  and  source  of  the  field 
effect  transistor  and  to  the  collector  and  base  of 
the  second  bipolar  transistor  and  to  the  base  of  the 
first  bipolar  transistor. 

In  the  preferred  construction  of  the  device,  a  P 
type  substrate  has  a  first  well  of  N  type  material 
formed  in  a  portion  of  the  substrate.  A  second  well 
of  P+  type  material  is  formed  in  a  central  portion 
of  the  first  well.  A  third  well  of  P+  type  material  is 
formed  in  the  first  well  and  surrounds  the  second 
well.  The  third  well  is  separated  from  the  second 
well  by  a  portion  of  the  first  well.  A  fourth  well  of 
N  +  type  material  is  formed  in  the  interface  be- 
tween  the  first  well  and  the  substrate  and  sur- 
rounds  the  third  well.  The  fourth  well  is  separated 
from  the  third  well  by  a  portion  of  the  first  well.  A 
fifth  well  of  P+  type  material  is  formed  in  the 
substrate  and  surrounds  the  fourth  well.  The  fifth 
well  is  separated  from  the  fourth  well  by  a  portion 
of  the  substrate. 

An  oxide  layer  overlies  the  substrate,  including 
the  first  through  fifth  wells.  A  first  interconnect  is 
located  within  the  oxide  layer  and  contacts  the  fifth 
well.  A  second  interconnect  is  located  within  the 
oxide  layer  and  contacts  the  third  and  the  fourth 
wells.  A  third  interconnect  is  located  within  the 
oxide  layer  and  contacts  the  second  well.  A  fourth 
interconnect  overlies  the  oxide  layer  and  contacts 
the  third  interconnect. 

The  second  well  forms  the  emitter  region  for 
the  first  bipolar  transistor.  The  first  well  and  the 
fourth  well  form  the  base  region  for  the  first  bipolar 
transistor.  The  fifth  well  and  the  substrate  form  the 
collector  region  for  the  first  bipolar  transistor.  The 
second  well  forms  the  emitter  region  for  the  sec- 
ond  bipolar  transistor.  The  first  well  and  the  fourth 
well  form  the  base  region  for  the  second  bipolar 
transistor.  The  third  well  forms  the  collector  region 
for  the  second  bipolar  transistor.  The  second  well 
forms  the  drain  region  for  the  field  effect  transistor. 
The  third  well  forms  the  source  region  for  the  field 
effect  transistor.  The  third  interconnect  forms  the 
gate  for  the  field  effect  transistor.  The  fourth  well 
forms  the  cathode  for  the  diode.  The  substrate 
forms  the  anode  for  the  diode. 

A  better  understanding  of  the  features  and  ad- 
vantages  of  the  present  invention  will  be  obtained 
by  reference  to  the  following  detailed  description  of 
the  invention  and  accompanying  drawings  which 

set  forth  an  illustrative  embodiment  in  which  the 
principles  of  the  invention  are  utilized. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 
5 

Figure  1  is  a  circuit  schematic  for  an  ESD 
testing  technique. 

Figure  2  is  a  circuit  schematic  of  a  conven- 
tional  ESD  protection  circuit. 

io  Figure  3  is  a  side  plan  sectional  view  of  a 
semiconductor  device  fabricated  in  accordance 
with  the  present  invention  taken  across  section  3-3 
of  Figure  4. 

Figure  4  is  a  top  plan  view  of  a  semiconductor 
is  device  taken  across  section  4-4  of  Figure  3. 

Figure  5  is  a  circuit  schematic  diagram  of  the 
device  of  Figure  3. 

DETAILED  DESCRIPTION  OF  THE  INVENTION 
20 

Referring  now  to  Figure  3,  a  sectional  portion 
of  a  semiconductor  integrated  circuit  having  a  P 
substrate  10  is  illustrated.  An  N  well  12  is  formed 
relatively  deep  into  the  substrate  10  to  a  depth  of 

25  approximately  3.5  microns.  A  first  P+  well  14  is 
formed  in  a  central  portion  of  the  deep  N  well  12  to 
a  depth  of  approximately  0.4  microns.  A  second 
P+  well  16  is  also  formed  in  a  central  portion  of 
the  deep  N  well  12  to  a  depth  of  approximately  0.4 

30  microns.  An  N+  well  18  is  formed  on  the  vertical 
interface  between  the  deep  N  well  12  and  the 
substrate  10  to  a  depth  of  approximately  0.4 
microns.  A  third  P+  well  20  is  formed  in  the 
substrate  10  to  a  depth  of  approximately  0.4 

35  microns. 
An  oxide  layer  22  insulates  the  active  regions 

of  the  device  and  is  formed  in  two  deposition  steps 
with  a  first  metal  layer  24  being  formed  between 
the  two  oxide  depositions.  Metal  interconnect  24a 

40  contacts  the  first  P+  well  14.  Metal  interconnect 
24b  contacts  both  the  second  P+  well  16  and  the 
N+  well  18.  Metal  interconnect  24c  contacts  the 
third  P  +  well  20.  A  second  metal  layer  26  overlies 
the  oxide  layer  22  and  contacts  interconnect  24a. 

45  The  second  metal  layer  26  is  the  input  contact. 
A  plan  view  of  the  device  is  taken  across 

section  4-4  and  is  illustrated  in  Figure  4.  Further,  it 
is  noted  that  the  view  of  Figure  3  is  taken  across 
the  section  3-3  of  Figure  4. 

50  It  can  be  seen  in  Figure  4  that  the  P+  well  16 
surrounds  the  P+  well  14  but  is  separated  there- 
from  by  the  N  well  12.  Further,  the  N+  well  18 
surrounds  the  P+  well  16  but  is  separated  there- 
from  by  the  N  well  12.  Note  that  the  N  well  12 

55  overlaps  the  N+  well  18,  as  shown  by  cross  hatch- 
ing  in  the  Figure.  Finally,  the  P+  well  20  surrounds 
the  N+  well  18  but  is  separated  therefrom  by  the 
substrate  10. 

3 



5 EP  0  587  212  A2 6 

The  corresponding  circuit  diagram  is  illustrated 
in  Figure  5.  In  order  to  realize  the  PNP  bipolar 
transistor  Q10,  the  P+  well  14  is  the  emitter,  the 
N+  well  18  and  n  well  12  form  the  base,  and  the 
P+  well  20  and  the  substrate  10  form  the  collector. 
In  order  to  realize  the  PNP  bipolar  transistor  Q20, 
the  P+  well  14  is  the  emitter,  the  N+  well  18  and 
n  well  12  form  the  base,  and  the  P+  well  16  is  the 
collector.  Note  that  the  base  of  transistor  Q20  (N  + 
well  18)  is  electrically  connected  to  the  collector 
(P+  well  16)  of  transistor  Q20  by  metal  intercon- 
nect  24b,  and  both  the  base  and  collector  are 
floating.  MOSFET  M10  is  realized  by  using  P  + 
well  14  as  the  drain;  the  source  of  MOSFET  10  is 
realized  through  P+  well  16,  and  its  gate  cor- 
responds  to  metal  interconnect  24a.  The  junction 
between  the  N+  well  18  in  conjunction  with  the  n 
well  12  and  the  P  substrate  10  corresponds  to  the 
diode  D10. 

When  a  positive-going  ESD  pulse  hits  the  IC 
input  as  realized  by  metal  layer  26,  the  P+  well  14 
forward  biases  into  the  N  well  12.  However,  since 
the  N  well  12  is  floating,  the  voltage  therein  will  rise 
until  the  junction  between  N+  well  18  and  the  P 
substrate  10  breaks  down,  thereby  conducting  the 
ESD  pulse  to  the  P  substrate  10  (ground). 

The  positive  ESD  pulse  on  the  P  channel  metal 
gate  24a  causes  the  N  well  12  to  be  in  accumula- 
tion  in  the  channel  region  of  MOSFET  M10  be- 
tween  P+  well  16  and  P+  well  14,  thus  reducing 
the  parasitic  resistance  of  the  device.  However, 
since  the  N  well  12  is  broken  down  into  the  sub- 
strate,  the  heat  dissipating  area  is  relatively  large, 
namely  the  entire  area  of  the  N  well  12. 

When  a  negative-going  ESD  pulse  hits,  the  P 
substrate  10  and  the  N  well  12  become  forward 
biased.  Then,  the  junction  between  the  N  well  12 
and  the  P+  well  14,  which  is  tied  to  the  input  26, 
breaks  down.  However,  in  this  case  the  heat  dis- 
sipating  area  is  small,  namely  the  area  of  P+  well 
14,  therefore  parasitic  resistance  must  be  mini- 
mized.  This  is  accomplished  via  the  metal  gate 
MOSFET  M10. 

When  the  metal  gate  input  26  drops  below 
ground  by  about  15  volts,  the  MOSFET  M10  turns 
on.  This  causes  the  N  well  12  to  be  inverted, 
thereby  forming  a  conductive  channel  between  the 
P+  well  14  (drain)  and  the  P+  well  16  (source). 
This  reduces  the  resistance  of  the  N  well  12, 
effectively  bypassing  the  N  well  12.  Reduction  of 
resistance  to  the  input  reduces  heat  dissipation  in 
the  structure.  Also,  the  MOSFET  M10  increases 
input  capacitance,  thereby  tending  to  lower  the 
peak  voltage  internal  to  the  device.  This  structure 
has  worked  particularly  well  in  the  zero  ohm  model. 

It  should  be  understood  that  the  invention  is 
not  intended  to  be  limited  by  the  specifics  of  the 
above-described  embodiment,  but  rather  defined 

by  the  accompanying  claims. 

Claims 

5  1.  A  circuit  utilizable  for  protecting  an  integrated 
circuit  feature  from  damage  due  to  a  power 
spike,  comprising: 
a  first  bipolar  transistor  (Q10)  having  its  emitter 
connected  to  the  IC  feature  and  its  collector 

io  connected  to  ground; 
a  second  bipolar  transistor  (Q20)  having  its 
emitter  connected  to  the  IC  feature  and  its 
collector  connected  to  its  base  and  to  the  base 
of  the  first  bipolar  transistor; 

is  a  field  effect  transistor  (M10)  having  its  gate 
and  drain  connected  to  the  IC  feature  and  its 
body  connected  to  its  source  and  to  the  collec- 
tor  and  base  of  the  second  bipolar  transistor 
and  to  the  base  of  the  first  bipolar  transistor; 

20  and 
a  diode  (D10)  having  its  cathode  connected  to 
the  body  and  the  source  of  the  field  effect 
transistor  and  to  the  collector  and  base  of  the 
second  bipolar  transistor  and  to  the  base  of  the 

25  first  bipolar  transistor. 

2.  A  circuit  according  to  claim  1  ,  wherein  the  first 
and  second  bipolar  transistors  are  PNP  bipolar 
transistors,  and  wherein  the  field  effect  transis- 

30  tor  is  a  P  channel  MOSSFET. 

3.  A  circuit  according  to  claim  1  and  comprising: 
a  substrate  of  first  conductivity-type  material; 
a  first  well  of  second  conductivity-type  material 

35  formed  in  a  portion  of  the  substrate; 
a  second  well  of  first  conductivity-type  material 
formed  in  a  central  portion  of  the  first  well; 
a  third  well  of  first  conductivity-type  material 
formed  in  the  first  well  and  surrounding  the 

40  second  well  but  separated  therefrom  by  a  por- 
tion  of  the  first  well; 
a  fourth  well  of  second  conductivity-type  ma- 
terial  formed  in  an  interface  between  the  first 
well  and  the  substrate  and  surrounding  the 

45  third  well  but  separated  therefrom  by  a  portion 
of  the  first  well; 
a  fifth  well  of  first  conductivity-type  material 
formed  in  the  substrate  and  surrounding  the 
fourth  well  but  separated  therefrom  by  a  por- 

50  tion  of  the  substrate; 
an  oxide  layer  overlying  the  substrate  and  the 
first  through  fifth  wells; 
a  first  interconnect  formed  within  the  oxide 
layer  and  in  electrical  contact  with  the  fifth 

55  well; 
a  second  interconnect  formed  within  the  oxide 
layer  and  in  electrical  contact  with  the  third 
and  the  fourth  well; 

4 
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a  third  interconnect  formed  within  the  oxide 
layer  and  in  electrical  contact  with  the  second 
well;  and 
a  fourth  interconnect  overlying  the  oxide  layer 
and  in  electrical  contact  with  the  third  intercon-  5 
nect,  wherein  the  second  well  forms  an  emitter 
region  for  the  first  bipolar  transistor  (Q10),  the 
first  well  and  the  fourth  well  form  a  base  region 
for  the  first  bipolar  transistor,  the  fifth  well  and 
the  substrate  form  a  collector  region  for  the  10 
first  bipolar  transistor,  the  second  well  forms 
an  emitter  region  for  the  second  bipolar  tran- 
sistor  (Q20),  the  first  well  and  the  fourth  well 
form  a  base  region  for  the  second  bipolar 
transistor,  the  third  well  forms  a  collector  re-  is 
gion  for  the  second  bipolar  transistor,  the  sec- 
ond  well  forms  a  drain  region  for  the  field 
effect  transistor  (M10),  the  third  well  forms  a 
source  region  for  the  field  effect  transistor,  the 
third  interconnect  forms  a  gate  for  the  field  20 
effect  transistor,  the  fourth  well  forms  a  cath- 
ode  for  the  diode  (D10),  and  the  substrate 
forms  the  anode  for  the  diode. 

4.  A  semiconductor  device  utilizable  for  protect-  25 
ing  an  integrated  circuit  feature  from  electro- 
static  discharge,  comprising: 
a  substrate  of  P  type  material; 
a  first  well  of  N  type  material  formed  in  a 
portion  of  the  substrate;  30 
a  second  well  of  P  +  type  material  formed  in  a 
central  portion  of  the  N  type  well; 
a  third  well  of  P  +  type  material  formed  in  the 
first  well  and  surrounding  the  second  well  and 
separated  therefrom  by  a  portion  of  the  first  35 
well; 
a  fourth  well  of  N  +  type  material  formed  in  an 
interface  between  the  first  well  and  the  sub- 
strate  and  surrounding  the  third  well  and  sepa- 
rated  therefrom  by  a  portion  of  the  first  well;  40 
a  fifth  well  of  P+  type  material  formed  in  the 
substrate  and  surrounding  the  fourth  well  and 
separated  therefrom  by  a  portion  of  the  sub- 
strate; 
a  dielectric  layer  overlying  the  substrate  and  45 
the  first  through  fifth  wells; 
a  first  interconnect  within  the  dielectric  layer 
and  contacting  the  fifth  well; 
a  second  interconnect  within  the  dielectric  lay- 
er  and  contacting  both  the  fourth  well  and  the  so 
third  well; 
a  third  interconnect  within  the  dielectric  layer 
and  contacting  the  second  well;  and 
a  fourth  interconnect  overlying  the  dielectric 
layer  and  contacting  the  third  interconnect,  55 
wherein  the  second  well  forms  an  emitter  re- 
gion  for  a  first  bipolar  transistor  (Q10),  the  first 
well  and  the  fourth  well  form  a  base  region  for 

the  first  bipolar  transistor,  the  fifth  well  and  the 
substrate  form  a  collector  region  for  the  first 
bipolar  transistor,  the  second  well  forms  an 
emitter  region  for  a  second  bipolar  transistor 
(Q20),  the  first  well  and  the  fourth  well  form  a 
base  region  for  the  second  bipolar  transistor, 
the  third  well  forms  a  collector  region  for  the 
second  bipolar  transistor,  the  second  well 
forms  a  drain  region  for  a  field  effect  transistor 
(M10),  the  third  well  forms  a  source  region  for 
the  field  effect  transistor,  the  third  interconnect 
forms  a  gate  for  the  field  effect  transistor,  the 
fourth  well  forms  a  cathode  for  a  diode  (D10), 
and  the  substrate  forms  an  anode  for  the  di- 
ode,  whereby  a  power  spike  is  dissipated  by 
the  device. 
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