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Description 

The  field  of  the  invention  is  that  of  nonvolatile 
integrated  circuit  memories.  In  particular,  the  field 
is  that  of  a  nonvolatile  memory  cell  designed  for 
improved  reliability  features. 

Background  Art 

U.S.  Patent  4,510,584,  issued  to  Leuschner, 
Guterman,  Proebsting  and  Dias,  assigned  to  the 
assignee  hereof,  discloses  an  improved  nonvolatile 
memory  storage  cell  and  associated  circuitry.  A 
problem  associated  with  single  nonvolatile  storage 
nodes  of  the  tunnel  oxide  type  is  that  of  obtaining  a 
sufficiently  low  Fowler-Nordheim  current  through 
the  tunnel  oxide  in  order  to  avoid  deleterious 
strains  on  the  very  thin  layer  of  tunnel  oxide.  The 
reason  for  this  concern  is  that  trapped  electrons  in 
the  oxide  distort  the  electric  field  and  a  sufficiently 
great  distortion  can  cause  a  filed  so  high  that  the 
oxide  is  ruptured. 

For  greater  reliability  of  nonvolatile  storage 
cells,  it  is  desirable  to  have  a  low  storage  voltage 
sufficient  for  sensing  and  margin  requirement;  to 
provide  an  increase  in  the  storage  over  a  period  of 
time  to  compensate  for  trapped  electrons  within  the 
tunnel  oxide;  and  to  avoid  high  current  surges  by 
maintaining  sufficiently  low  constant  currents  dur- 
ing  the  storage  cycle,  which  eliminate  high  field 
gradients  resulting  from  a  sudden  change  in  volt- 
age. 

In  the  prior  art,  it  has  been  necessary  to  com- 
pensate  for  process  variations  during  manufacture 
by  storing  excess  charge  on  the  floating  gate  of  the 
Fowler-Nordheim  element.  This  excess  charge  puts 
unnecessary  strain  on  the  tunnel  oxide,  eventually 
leaking  off  the  nonvolatile  storage  element. 

Prior  art  storage  cells  also  typically  require  a 
high  voltage  regulator  which  is  difficult  to  have 
track  with  the  nonvolatile  element  on  an  integrated 
circuit  chip,  a  timer  (perhaps  with  an  external  ca- 
pacitor),  and  a  large  charge  pump  in  order  to 
produce  the  excess  voltage  that  is  required  for 
reliable  storage. 

Summary  of  the  Invention 

The  invention  is  defined  as  indicated  in  claim 
1.  It  relates  to  an  improved  nonvolatile  memory 
having  an  adaptive  system  to  regulate  the  charging 
current  supplied  to  store  data  on  nonvolatile  stor- 
age  nodes  in  order  to  provide  acceptably  low  strain 
on  the  tunnel  oxide  and  to  compensate  for  process 
variations  and  change  in  the  Fowler-Nordheim  tun- 
nel  oxide  transport  characteristics  caused  by  elec- 
tron  trapping  over  time. 

A  feature  of  the  invention  is  the  use  of  circuitry 

providing  signals  indicating  the  maximum  and  mini- 
mum  of  voltages  on  the  floating  gates  of  the  two 
complementary  storage  nodes. 

5  Brief  Description  of  Drawings 

Figure  1  illustrates  a  prior  art  nonvolatile  stor- 
age  node. 

Figure  2  illustrates  a  complementary  non- 
70  volatile  storage  cell  employed  by  the  invention. 

Figure  3  illustrates  an  improved  version  of 
complementary  nonvolatile  storage  cell  according 
to  fig.  2. 

Figure  4  illustrates  a  block  diagram  of  an  adap- 
15  tive  charging  system  according  to  the  invention  for 

storing  data  in  nonvolatile  storage  cells. 
Figures  5a  and  5b  illustrate  details  of  the  sys- 

tem  of  Figure  4. 
Figure  6  illustrates  details  of  a  charge  pump 

20  and  current  regulator  used  in  the  system  of  Figure 
4. 

Best  Mode  for  Carrying  Out  the  Invention 

25  Referring  now  to  Figure  1,  a  prior  art  non- 
volatile  storage  cell  using  Fowler-Nordheim  tunnel- 
ing  is  illustrated  in  which  nonvolatile  node  10  is  the 
floating  gate  of  sense  transistor  11  so  that  sense 
transistor  11  will  be  on  or  off  when  node  10  is 

30  positive  or  negative  in  charge.  Charge  will  flow  to 
and  from  node  10  through  the  Fowler-Nordheim 
tunneling  elements  14  and  15,  indicated  by  con- 
ventional  symbols.  It  it  is  desired  to  store  a  positive 
charge  on  node  10,  so  that  transistor  11  is  turned 

35  on  during  the  recall  operation,  then  high  voltage 
line  31  will  be  increased  in  voltage  to  a  sufficiently 
high  voltage,  conventionally  about  20  or  25  volts, 
while  node  16  is  maintained  at  a  low  voltage.  The 
low  voltage  connection  is  effected  by  turning  on 

40  transistor  20  through  line  105,  which  is  connected 
to  any  conventional  volatile  storage  cell,  illustra- 
tively  a  conventional  6  transistor  static  RAM  cell. 
Line  104  is  the  complementary  connection  to  the 
storage  cell.  When  node  16  is  low,  close  to  ground, 

45  and  line  31  is  high,  node  10,  the  gate  of  transistor 
11,  will  rise  to  a  voltage  which  will  be  determined 
approximately  by  the  relative  capacitance  in  the 
capacitive  divider  formed  by  the  dominant  coupling 
capacitor  13  connected  between  node  16  and  node 

50  10  and  the  capacitance  of  the  Fowler-Nordheim 
element  14.  The  cell  is  designed  so  that  capacitor 
13  has  approximately  10  times  the  capacitance  of 
the  tunnel  oxide  layer  which  is  the  element  14, 
thereby  coupling  the  floating  node  10  closely  to 

55  node  16.  As  line  31  rises  in  voltage,  electrons  will 
be  pulled  off  floating  gate  10  by  tunneling  through 
the  oxide  layer  of  element  14  in  the  well  known 
Fowler-Nordheim  process.  The  result  will  be  a  net 
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positive  charge  on  floating  gate  10,  as  is  required. 
If  it  is  desired  to  turn  transistor  11  off,  floating 

gate  10  must  have  a  net  negative  charge.  In  this 
case  node  16  is  connected  to  high  voltage  line  31 
by  turning  transistor  18  on  and  transistor  20  off. 
Line  104  will  then  be  high,  turning  on  transistors 
134  and  18.  Line  105  will  be  low,  turning  off  tran- 
sistor  135  and  transistor  20.  By  virtue  of  conven- 
tional  precharge  and  capacitive  bootstrapping  of 
capacitor  19  using  conventional  circuitry  that  is 
omitted  from  the  drawing,  node  16  will  rise  in 
voltage  to  the  level  of  line  31.  Node  10  will  rise  in 
voltage  because  of  coupling  provided  by  capacitor 
31.  Electrons  will  therefore  be  pulled  from  ground 
through  the  thin  oxide  of  element  15  on  to  the  gate 
of  transistor  11,  canceling  out  any  positive  charge 
that  may  be  there  from  a  previous  store  cycle  and 
leaving  the  gate  with  a  net  negative  charge. 

At  the  end  of  a  storage  operation,  line  31  is 
returned  to  ground  and  the  state  of  transistor  1  1  is 
determined  by  the  net  charge  on  floating  gate  10. 
When  it  is  desired  to  recall  the  data  stored  in  the 
storage  node,  a  recall  signal  turns  on  transistor  17, 
exposing  the  output  line  22  to  the  state  of  sense 
transistor  11  (on  or  off  as  the  case  may  be).  Line 
22  may  be  connected  back  to  the  volatile  storage 
cell. 

This  particular  storage  node  is  described  fur- 
ther  in  U.S.  Patent  4,510,584,  but  many  other  non- 
volatile  storage  nodes  are  known  in  the  art. 

As  was  mentioned  before,  the  nonvolatile  stor- 
age  cell  will  be  connected  through  lines  104  and 
105  to  any  conventional  volatile  static  RAM  storage 
cell.  Conventionally,  a  volatile  storage  cell  is  de- 
signed  with  a  built-in  imbalance,  so  that  when  pow- 
er  is  first  turned  on  the  cell  is  in  a  preset  state. 
When  it  is  desired  to  recall  data  from  the  non- 
volatile  cell,  it  may  be  necessary  to  overcome  this 
preset  state  and  impose  the  state  of  the  volatile 
cell.  There  is,  thus,  a  minimum  requirement  on  the 
nonvolatile  cell  -  that  it  be  able  to  overcome  the 
default  state  of  the  volatile  cell.  In  particular,  tran- 
sistor  1  1  must  be  turned  on  sufficiently  hard  when 
necessary  so  that  enough  current  passes  through 
transistor  11  and  recall  transistor  17  to  overcome 
any  resistance  given  by  the  opposite  state  in  the 
volatile  cell. 

For  conventional  parameters  of  nonvolatile 
cells,  this  requirement  implies  that  a  minimum 
stored  voltage  on  the  floating  gate  10  to  provide  a 
reliable  recall  is  between  at  least  two  and  three 
volts.  Since  there  will  be  variations  in  the  process- 
ing  of  integrated  circuits,  it  will  be  necessary,  for  a 
production  memory,  that  the  circuit  be  designed  so 
that  the  worst  case  voltage  on  floating  gate  10  will 
be  in  the  range  of  two  or  three  volts.  This  require- 
ment,  in  turn,  imposes  corresponding  constraints 
on  the  voltage  on  line  31  in  order  to  insure  that  a 

sufficient  charge  is  deposited  on  node  10  in  all 
cases. 

Referring  now  to  Figure  2,  the  circuit  shown 
has  a  much  more  reliable  form  of  data  recall  than 

5  the  circuit  of  Figure  1  .  In  this  circuit,  there  are  two 
nonvolatile  storage  nodes,  each  similar  to  that  of 
Figure  1,  which  are  connected  in  complementary 
fashion  and  modified  slightly.  The  same  lines  104 
and  105  go  to  any  conventional  static  RAM  based 

io  volatile  storage  cell.  Two  storage  nodes  are  in- 
dicated  on  the  left  and  right  of  the  figure,  in  which 
circuit  elements  having  the  same  function  as  those 
in  Figure  1  are  indicated  by  a  corresponding  nu- 
meral.  On  the  left  side,  nonvolatile  floating  gate  110 

is  is  connected  to  coupling  capacitor  113  and  Fowler- 
Nordheim  elements  114  and  115,  all  of  which  have 
the  same  function  as  their  counterparts  in  Figure  1  . 
The  sense  transistor  1  1  1  is  now  a  depletion  transis- 
tor,  not  an  enhancement  transistor,  for  reasons  that 

20  will  be  described  below.  Node  116  is  connected 
either  to  ground  through  transistor  112  or  to  a  high 
voltage  line  131  through  transistor  118,  as  was  the 
case  in  Figure  1.  Capacitor  119  provides  the  same 
bootstrapping  function  for  transistor  118  that  ca- 

25  pacitor  19  provided  in  the  circuit  of  Figure  1.  Tran- 
sistors  102  serve  to  isolate  the  two  nodes.  Recall 
transistor  117  is  controlled  by  recall  line  133,  also 
as  in  Figure  1.  The  right-hand  circuit  uses  the 
same  reference  numeral  for  complementary  circuit 

30  elements. 
A  basic  advantage  of  using  a  complementary 

system  such  as  that  disclosed  in  Figure  2  is  that 
process  variations  are  totally  compensated  by  the 
complementary  arrangement,  so  that  is  not  neces- 

35  sary  to  provide  most  of  the  safety  margins  that 
were  necessary  with  a  single  storage  node.  In 
particular,  in  order  to  recall  data  from  a  nonvolatile 
cell  to  the  counterpart  volatile  cell,  all  that  is  neces- 
sary  is  that  one  of  transistors  1  1  1  be  turned  on  to  a 

40  greater  degree  than  the  other.  The  prior  art  require- 
ment  of  a  minimum  floating  gate  voltage  differential 
between  complementary  data  states  of  two  to  three 
volts  has  disappeared.  Furthermore  because  of  the 
active  nature  of  the  recall,  the  nonvolatile  cell  of 

45  Figure  2  may  be  coupled  to  any  volatile  storage 
cell  such  as  a  pair  of  cross-coupled  inverters  like 
the  conventional  six  transistor  static  RAM  cell,  a 
NOR-gate  latch,  a  NAND-gate  latch,  or  a  master- 
slave  flip-flop. 

50  There  is  a  further  difference  between  the  in- 
dividual  halves  of  Figure  2  and  the  circuit  of  Figure 
1,  in  that  the  sense  transistor  is  now  a  depletion 
transistor,  so  that  there  is  no  threshold  voltage 
requirement.  This  feature  is  not  necessary,  but  it 

55  eliminates  any  dead  zone  of  positive  floating  gate 
voltage  which  would  exist  from  zero  volts  to  a 
threshold  voltage,  VT,  of  an  enhancement  transistor, 
and  which  would  have  to  be  overcome  for  the 
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positive  or  conducting  floating  gate  data  state.  Con- 
sequently,  the  absence  of  a  dead  zone  produces  a 
corresponding  reduction  on  the  high  voltage  level 
that  would  otherwise  have  to  be  placed  on  line  131 
in  order  to  store  data. 

In  a  particular  case,  for  tunnel  oxide  thickness 
of  50  Angstroms  and  typical  control  gate  (nodes 
116  and  126)  to  floating  gate  (nodes  110  and  120) 
capacitance  ratios  of  .8,  a  reasonable  value  of 
maximum  voltage  on  line  131  is  10  volts.  With  the 
maximum  voltage  differential  across  either  tunnel- 
ing  element  clamped  to  about  5.5  volts  by  high 
Fowler-Nordheim  tunneling  conduction,  this  will  re- 
sult  in  a  net  voltage  of  +2.5v  and  -2.5  volts  on  the 
positively  and  negatively  charged  floating  gate,  re- 
spectively,  once  line  131  is  returned  to  0  volts.  In  a 
single  nonvolatile  storage  node,  that  2.5  volt  stor- 
age  level  may  be  barely  sufficient  to  ensure  proper 
data  sensing,  depending  on  the  details  of  the  cur- 
rent  magnitudes  required  from  the  nonvolatile  ele- 
ment  to  overcome  the  volatile  element  and  insure 
proper  recall.  In  the  case  of  the  circuit  of  Figure  2, 
a  voltage  of  +2.5  volts  and  -2.5v  nodes  110  and 
120  respectively  results  in  a  net  difference  of  5 
volts  in  the  degree  of  which  transistors  111  are 
turned  on.  Both  will  be  turned  on  but  one  will  have 
5  volts  more  of  turn-on,  thus  there  will  be  a  consid- 
erable  difference  in  the  driving  force  of  the  recall. 

It  will  be  evident  to  those  skilled  in  the  art  that 
this  nonvolatile  storage  cell  is  quite  large  and  thus 
the  applications  of  this  cell  for  use  in  primary 
storage  will  be  limited  to  those  cases  in  which  only 
a  relatively  small  number  of  bits  need  to  be  stored. 
As  will  be  described  below,  there  is  a  further  ap- 
plication  of  this  cell  -  namely,  as  a  reference  cell  in 
an  array  of  single  storage  nodes. 

Referring  now  to  Figure  3,  the  circuit  shown 
there  is  the  same  as  Figure  2  with  the  addition  of 
an  extra  five  transistors  in  the  center  of  the  dia- 
gram.  The  complementary  nonvolatile  storage 
nodes  are  as  before,  but  additional  circuitry  is 
provided  to  produce  on  lines  143  and  153  the 
minimum  and  maximum  voltage  on  the  two  non- 
volatile  nodes,  respectively. 

The  maximum  voltage  is  provided  by  the  par- 
allel  transistors  151  which  are  connected  to  nodes 
110  and  120  respectively.  Current  flows  from  line 
131  through  each  of  transistors  151  and  out  line 
153.  Since  transistors  151  function  as  diodes,  the 
voltage  on  line  153  will  be  the  greater  of  the 
voltages  on  nodes  110  and  120. 

Transistors  141  and  141'  are  connected  in  se- 
ries  to  line  143.  An  EN  signal  on  transistor  142  is 
only  used  to  precharge  node  147  between  transis- 
tors  141  and  141'  to  ground  just  prior  to  store. 
Because  of  the  series  connection,  the  voltage  on 
line  143  will  be  limited  by  the  lesser  of  the  two 
voltages  stored  on  nodes  110  and  120  thereby 

providing  a  minimum  voltage.  These  two  signals 
tracking  the  two  voltages  on  the  nonvolatile  storage 
nodes  will  be  used,  as  described  below,  in  an 
adaptive  circuit  that  controls  the  termination  of 

5  charging  circuit  to  the  nonvolatile  storage  nodes  to 
promote  enhanced  reliability  and  to  make  use  of  a 
simplified  charging  circuit. 

Because  of  the  exponential  time  dependence 
of  this  process,  the  voltage  on  a  nonvolatile  Fowler- 

io  Nordheim  storage  node  (as  for  example  on  10  of 
Figure  1)  approaches  an  asymptotic  value  at  which 
the  voltages  on  both  nodes  110  and  120  will  be 
equal;  i.e.  the  voltages  on  lines  143  and  153  will  be 
equal.  In  operation,  the  charging  process  will  be 

is  stopped  when  the  difference  between  the  maxi- 
mum  and  minimum  voltages  reaches  a  certain  val- 
ue  that  will  be  chosen  in  order  to  provide  a  com- 
promise  between  speedy  charging  time  with  ac- 
companying  minimum  stress  and  reliable  sensing. 

20  One  feature  of  the  invention  is  a  system  that 
produces  a  voltage  on  line  131  that  is  a  linear  ramp 
as  a  function  of  time,  thus  producing  for  a  given 
transported  charge  in  a  given  time  the  minimum 
strain  on  the  thin  tunnel  oxides  of  the  nonvolatile 

25  storage  elements.  This  linear  ramp  is  produced  by 
a  novel  combination  of  a  charge  pump  oscillator 
having  two  complementary  outputs  and  exhibiting 
essentially  no  flat  spots  on  the  sawtooth,  output 
configuration,  with  a  charge  pump  which  is  regu- 

30  lated  by  a  slew  rate  regulator  that  controls  the 
current  flowing  into  high  voltage  line  131.  The 
charging  process  is  terminated  when  a  reference 
circuit,  which  may  be  a  single  complementary  stor- 
age  cell  as  disclosed  in  Figure  3,  produces  a 

35  maximum  and  minimum  voltage  on  lines  143  and 
153  that  are  within  a  predetermined  margin  of  each 
other. 

Referring  now  to  Figure  4,  the  storage  process 
is  initiated  by  signals  on  lines  store  and  store,  270 

40  and  271  respectively,  which  comes  from  external 
logic.  These  signals  trigger  flip-flop  160,  which  is 
illustratively  a  perfectly  symmetrical  master-slave 
T-flip-flop.  Flip-flop  160,  in  turn,  initiates  the  rever- 
sal  of  state  in  circuit  101  which  is  illustratively  the 

45  complementary  nonvolatile  storage  cell  of  Figure  3. 
Lines  143  and  153  of  the  nonvolatile  storage  cell 
pass  to  comparator  circuit  170  which  changes  state 
when  the  voltages  on  lines  143  and  153  are  suffi- 
ciently  close.  The  output  of  comparator  170  is 

50  connected  to  the  reset  input  of  flip-flop  180.  Flip- 
flop  180  is  another  master-slave  flip-flop  with  rest, 
which  is  constructed  with  a  built-in  bias  so  that  it  is 
turned  on  in  a  preset  configuration  in  which  the 
output  Q,  line  182,  is  at  low  voltage  and  Q,  on  line 

55  813,  is  at  high  voltage.  Initially,  transistors  184  are 
all  turned  on  by  line  183,  discharging  lines  153, 
143  and  131  to  ground  at  the  initial  turn-on  of  the 
system.  When  the  store  signal  is  received,  the  Q 

4 
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output  of  flip-flop  180  goes  high,  enabling  oscillator 
210,  which  causes  the  voltage  on  line  131  to  rise, 
simultaneously,  the  Q  output  goes  low,  cutting  off 
transistors  184  and  allowing  nodes  131,  143  and 
153  to  rise.  When  the  floating  gate  voltages  in 
reference  circuit  101  rise  sufficiently  so  that  the 
voltages  on  lines  143  and  153  are  within  a  preset 
magnitude  on  each  other,  comparator  170  resets 
flip-flop  180  which  in  turn  disables  oscillator  210 
and  stops  the  voltage  ramp,  discharging  lines  131, 
143  and  153  through  transistors  184.  The  advan- 
tage  of  this  process  is  that  the  value  of  the  high 
voltage  on  line  131  and  the  time  required  to  reach 
that  high  voltage  will  adapt  to  variations  in  process- 
ing  (e.g.  tunnel  oxide  variation)  and  to  changes  in 
tunnel  oxide  characteristics  with  storage  history.  As 
time  goes  on,  some  electrons  will  be  trapped  within 
the  tunnel  oxide  causing  the  voltage  to  be  less 
effective,  but  reference  cell  101  will  automatically 
compensate  for  that. 

In  an  application  in  which  a  large  number  of 
bits  are  to  be  stored  in  nonvolatile  memory,  there 
may  be  insufficient  room  on-chip  to  be  able  to 
have  all  the  bits  shadowed  by  a  complementary 
cell  like  that  of  Figure  3.  In  that  case,  an  array  cell 
similar  to  that  of  Figure  1  may  be  used  and  the 
reference  cell  101  may  be  the  complementary  cell 
of  Figure  3.  Many  of  the  advantages  of  the  inven- 
tion  will  be  retained,  since  cell  101  will  track  vari- 
ations  in  processing  and  data  storage  cycling  his- 
tory  that  apply  to  the  single  node  storage  cells 
within  the  array. 

A  particular  application  may  involve  a  suffi- 
ciently  small  number  of  bits  so  that  the  reference 
cell  101  may  be  replaced  by  an  analog  AND  and 
OR  of  the  minimum  and  maximum  of  all  the  stor- 
age  bits.  In  that  case,  the  storage  voltage  on  line 
131  will  be  controlled  by  the  worst  case  actual 
storage  bit  in  the  array.  This  situation  is  imple- 
mented  by  having  the  voltage  on  line  153  be  the 
wired  OR  of  all  the  parallel  source  follower  transis- 
tors  within  the  separate  complementary  storage 
nodes  in  the  array  and  the  voltage  on  line  143 
would  be  the  series  combination  of  the  other 
source  followers.  In  that  case,  the  circuit  of  Figure 
3  would  be  modified  so  that  the  transistors  in  the 
minimum  voltage  chain  are  connected  serially  one 
to  another. 

The  use  of  the  adaptive  storage  loop  of  Figure 
4  results  in  a  number  of  improvements  for  an 
integrated  circuit.  For  example,  there  will  be  no 
need  for  a  high  voltage  regulator  on  the  chip  or  off 
the  chip.  Also  there  will  be  no  need  for  a  timer  to 
control  the  length  of  application  of  the  storage 
voltage.  The  circuit  tracks  and  compensates  for 
tunnel  oxide  variations  created  during  the  process- 
ing  steps.  It  also  compensates  for  electron  trapping 
efects  during  the  life  of  the  chip.  It  minimizes  the 

transport  of  charge  through  the  tunnel  oxide,  while 
ensuring  proper  charge  storage  margins,  making  it 
no  longer  necessary  to  store  an  excess  charge  in 
order  to  compensate  for  processing  variations  and 

5  thus  improving  the  lifetime  and  reliability  of  the 
chip. 

The  source  of  the  store  signals  will  not  be 
discussed  in  this  application  as  they  are  not  part  of 
the  invention.  Conventionally,  a  nonvolatile  memory 

io  integrated  circuit  will  need  a  recall  signal  when  the 
power  is  first  turned  on  in  order  to  set  the  volatile 
memories  to  the  data  stored  in  nonvolatile  memory. 
It  will  also  need  a  store  signal  determined  by  the 
system  logic,  such  as  a  signal  generated  in  re- 

15  sponse  to  a  power  failure.  Circuitry  providing  these 
signals  is  conventional  and  is  not  needed  for  an 
explanation  of  the  invention.  Similarly,  the  symmet- 
ric  flip-flop  160  and  the  biased  flip-flop  180  are 
conventional  and  those  skilled  in  the  art  will  readily 

20  be  able  to  implement  them.  The  comparator  circuit 
170  is  also  conventional  and  will  not  be  explained 
in  the  application. 

Charge  pump  oscillator  210  must  meet  dif- 
ferent  requirements  than  do  usual  charge  pump 

25  oscillators  in  the  prior  art.  For  this  application,  the 
requirement  of  the  voltage  on  line  131  is  not  so 
much  that  it  supply  voltage  but  rather  that  is  supply 
a  constant  current  coming  from  a  high  voltage 
source,  to  avoid  overstressing  Fowler-Nordheim 

30  tunneling  oxides.  This  requirement  is  reflected  in  a 
requirement  on  the  oscillator  that  the  charge  pump 
produce  as  smooth  as  possible  a  current  flow  over 
a  wide  voltage  range.  Since  the  output  current  of  a 
charge  pump  is  proportional  to  the  rate  of  change 

35  of  voltage  in  time,  the  oscillator  output  waveform 
should  be  a  complementary  sawtooth.  For  high 
charge  pump  efficiency,  the  sawtooth  peak  should 
be  as  close  as  possible  to  VCC  and  for  the  lowest 
output  impedance  of  the  charge  pump,  the  oscilla- 

40  tor  frequency  should  be  maximized,  i.e.  there 
should  be  no  flat  portion  in  the  sawtooth  waveform; 
but  rather  is  should  drop  immediately  as  soon  as  it 
reaches  the  maximum  value.  Such  a  waveform  is 
provided  by  the  circuits  of  Figures  5a  and  5b,  in 

45  which  an  RS-latch,  which  is  basically  two  cross- 
coupled  NOR-gates,  is  enabled  by  a  signal  on  line 
182  of  Figure  4  and  produces  complementary  out- 
puts  on  lines  209  and  208  to  a  pair  of  symmetric 
buffer  circuits  212  which  are  shown  in  Figure  5b. 

50  When  one  of  buffer  circuits  212  reaches  an  output 
voltage  which  is  within  a  preset  value  of  VCC, 
comparator  213  changes  state,  resetting  the  RS- 
latch  and  switching  to  the  other  phase  of  the 
sawtooth.  The  particular  embodiment  illustrated 

55  uses  a  value  of  0.1  volt  for  the  margin  between  the 
sawtooth  peak  and  VCC.  Those  skilled  in  the  art 
will  readily  be  able  to  choose  a  peak  value  that  is 
suited  to  their  own  system.  The  outputs  on  lines 

5 
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215  and  215  are  a  pair  of  complementary  sawtooth 
signals,  in  which  one  phase  is  dropping  from  the 
peak  to  ground  as  the  other  phase  passes  a  transi- 
tion  threshold  voltage.  The  first  phase  then  remains 
at  ground  until  the  second  phase  reaches  its  peak 
in  turn. 

The  buffer  circuits  212  which  produce  the  two 
output  phases  drive  charge  pump  240  which 
presents  a  capacitive  load.  A  danger  in  this  situ- 
ation  is  that  the  output  circuit  of  the  buffer  can 
have  very  large  current  surges  as  it  changes  state. 
Unless  precautions  are  taken,  the  current  spikes 
which  result  could  produce  a  disastrous  surge  in 
current  on  lines  131  that  could  destroy  the  tunnel 
oxide.  The  particular  configuration  of  buffer  212 
shown  in  Figure  5b  avoids  this  danger.  In  Figure 
5b,  lines  208  and  209  are  the  inputs  from  latch 
211.  When  line  208  is  low  and  209  is  high,  the 
circuit  212  shown  will  be  generating  the  sawtooth 
ramp  (and  the  other  phase  will  be  at  ground).  In 
that  case,  transistor  230  will  be  turned  off  by  line 
208  so  that  the  output  node  215  will  be  controlled 
by  the  pair  of  pull  up  transistors,  depletion  transis- 
tor  228  and  enhancement  transistor  229.  The  signal 
to  transistor  228,  which  is  a  small  to  medium 
depletion  transistor,  is  controlled  by  two  series 
connected  inverters  221  and  225.  Inverter  221, 
consisting  of  transistors  222  and  223,  responds  to 
the  positive  voltage  on  line  209  to  control  the  gate 
of  transistor  227  in  the  second  inverter.  The  in- 
verter  is  enabled  by  a  control  signal  on  line  214,  to 
the  gate  of  transistor  224. 

The  output  from  the  second  inverter  is  taken 
from  the  source  of  transistor  226  and  controls  the 
gate  of  transistor  228.  The  size  ratios  of  the  transis- 
tors  within  inverters  221  and  225  are  controlled  as 
is  known  to  those  skilled  in  the  art  in  order  to  have 
a  relatively  slow  response  to  a  positive  going  input 
and  a  fast  response  to  a  negative  going  input.  The 
combination  of  load  capacitance,  which  will  be  dif- 
ferent  for  different  systems,  the  output  natural  pull 
up  transistor;  the  output  depletion  pull  up  transistor 
and  the  relatively  weak  pull-up  obtained  from  the 
inverters  determines  the  shape  and  rise  time  of  the 
output  phase.  Those  skilled  in  the  art  will  readily  be 
able  to  taper  the  rise  shape  of  the  sawtooth  by 
adjusting  these  parameters  in  order  to  produce  a 
high  degree  of  linearity.  The  two  complementary 
sawtooth  wave  forms  <£i  and  4>2,  on  lines  215  and 
216  respectively,  enter  charge  pump  240,  as  is 
shown  in  Figure  6,  charge  pump  240  is  a  multi- 
stage  charge  pump  having  modules  253  which 
comprise  a  pair  of  capacitor-transistor  and  diode 
configured  combinations  triggered  by  an  alternation 
by  the  phases  in  lines  215  and  216.  These  stages 
253  are  repeated  as  determined  by  the  system 
requirements  in  order  to  produce  the  required  volt- 
age.  In  this  system,  there  are  fourteen  stages 

which  results  in  a  theoretical  peak  voltage  that  is 
well  in  excess  of  system  requirements.  The  reason 
for  having  higher  voltage  capability  than  needed  by 
the  nonvolatile  element  is  that  it  is  desired  to  have 

5  the  output  impedance  of  the  charge  pump  deter- 
mine  the  load  current,  rather  than  the  load  imped- 
ance.  This  is  because  the  load  will  vary  depending 
upon  the  number  of  nonvolatile  cells  that  are  to  be 
switched  at  any  particular  time.  If  there  is  no 

io  change  in  the  nonvolatile  data,  then  no  cells  will 
need  to  change  state  and  the  load  will  be  very 
different  from  that  when  a  large  number  of  cells 
have  to  be  switched.  The  input  of  circuit  240  has  a 
different  feature  in  that  the  two  diode  configured 

is  transistors  242  in  the  two  halves  251  and  252  of 
the  charge  pump  are  connected  in  parallel  with 
transistors  243  each  of  the  charge  pump.  The 
reason  for  this  is  to  improve  the  voltage  efficiency 
of  first  stage  by  eliminating  the  first  step  enhance- 

20  ment  threshold  drop. 
The  output  of  charge  pump  240  goes  on  lines 

255  to  an  RC  filter  comprising  capacitor  256  and 
current  limiting  series  transistor  257  and  then 
passes  to  the  slew  rate  regulator  circuit  260.  This 

25  regulator  is  a  combination  of  series  and  shunt 
regulator  in  which  the  series  control  is  provided  by 
transistor  262  and  the  shunt  is  provided  by  divert- 
ing  current  to  ground  through  the  chain  comprising 
of  transistors  271  ,  270,  269,  263  and  268.  The  two 

30  regulators,  series  and  shunt,  comprise  a  feedback 
loop  circuit  in  which  the  voltage  on  node  267 
depends  on  the  rate  of  change  of  voltage  on  line 
255  through  the  coupling  of  capacitor  265  to  node 
267.  Transistor  266  is  effectively  a  current  sink  so 

35  that  the  voltage  on  node  267  changes  through  the 
coupling  of  capacitor  265  and  controls  the  turn-on 
of  transistor  263.  Thus,  a  greater  or  lesser  amount 
of  current  will  drain  from  node  255  down  to  ground 
through  this  chain  of  transistors,  depending  on  the 

40  rate  of  change  of  voltage  on  the  output  of  the 
charge  pump.  The  change  in  gain  of  transistor  263 
will,  in  turn,  be  reflected  by  a  change  in  voltage  on 
the  node  between  transistors  269  and  270.  This 
voltage  in  turn  controls  the  gain  of  transistor  262. 

45  Thus,  a  change  in  voltage  on  the  output  will  control 
the  impedance  of  transistor  262  and  thus  the  cur- 
rent  flowing  through  it.  The  output  transistor  272 
serves  to  decouple  the  purely  capacitive  load  of 
line  131  from  the  regulator  circuit. 

50  The  adaptive  system  shown  in  Figure  4  may 
be  used  in  whole  or  in  part,  the  advantages  of  the 
various  parts  being  summarized  below.  The  feed- 
back  complementary  sawtooth  oscillator  produces 
optimization  of  the  charge  pump  clock  phases  and 

55  a  corresponding  minimization  of  the  ripple  in  the 
high  voltage  output  current  that  is  independent  of 
the  supply  voltage  and  the  changing  load  capaci- 
tance.  The  complementary  charge  pump  (full  wave 

6 
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rectified)  with  the  output  filter  also  produces  a 
reduction  of  the  ripple  in  the  output  current  and  a 
lowering  of  the  output  impedance  that  is  equivalent 
to  doubling  the  clock  frequency  of  a  non-com- 
plemented  charge  pump  (half-wave  rectified)  but  is 
achieved  without  the  difficulty  of  producing  a  high- 
er  frequency  clock.  The  slew  rate  regulator  -  a 
combined  series/shunt  regulator  -  produces  a  con- 
stant  current  over  varying  voltage  that  reduces  the 
stress  on  the  tunnel  oxide  to  a  minimum  and  re- 
sults  in  a  corresponding  improvement  in  the  life- 
time  of  the  chip. 

The  adaptive  programming  loop  produces  a 
self-timed  high  voltage  ramp  that  eliminates  the 
need  for  a  timer  either  on-chip  or  off-chip  to  control 
the  length  of  application  of  the  tunneling  high  volt- 
age.  A  second  advantage  is  that  the  stress  free 
voltage  will  be  applied  in  the  minimum  time.  A  third 
advantage  is  that  the  minimum  voltage  will  be 
applied  because  there  is  not  a  need  to  compensate 
for  processing  variations  since  the  system  is  adap- 
tive.  Also,  the  circuit  compensates  as  a  function  of 
time  and  use  for  trapped  electrons;  additionally,  the 
system  adapts  for  different  tunnel  oxides. 

Claims 

1.  A  nonvolatile  memory  circuit  comprising  an 
array  of  nonvolatile  memory  elements; 

means  (104,  105)  for  applying  data  to  said 
array  of  nonvolatile  memory  elements;  and 
means  for  applying  high  voltage  to  selected 
terminals  of  said  nonvolatile  memory  elements, 
thereby  storing  said  data  applied  to  said  array 
of  nonvolatile  memory  elements 

characterised  in  that  said  means  for  apply- 
ing  high  voltage  (HV.131)  comprises  at  least 
one  dual  node  floating  gate  nonvolatile  mem- 
ory  cell  (101)  having  first  and  second  floating 
gates  representing  first  and  second  nodes 
(110,120),  the  first  node  (110)  being  charged 
complimentary  to  the  second  node  (120); 

a  maximum  voltage  terminal  (153); 
a  minimum  voltage  terminal  (143); 
said  maximum  voltage  terminal  (153)  car- 

rying  the  greater  of  the  voltages  of  said  first 
and  second  modes,  and  the  minimum  voltage 
terminal  (143)  carrying  the  smaller  of  the  vol- 
tages  of  said  first  and  second  nodes; 

comparison  means  (170)  for  comparing 
said  maximum  and  minimum  voltages; 

means  (180)  for  terminating  the  application 
of  high  voltage  to  said  selected  terminals  in 
response  to  a  signal  from  said  comparison 
means  (170)  indicating  a  voltage  difference 
between  the  voltages  at  said  maximum  and 
minimum  voltage  terminals  (153,143)  less  than 
a  predetermined  cut  off  value;  and 

means  (160,270,271)  for  reversing  the 
states  of  said  first  and  second  floating  gates 
upon  initiating  and  storing  into  said  array  of 
nonvolatile  memory  elements  (Fig.  4). 

5 
2.  A  nonvolatile  memory  circuit  according  to 

claim  1  ,  further  characterised  in  that: 
said  means  for  applying  high  voltage  fur- 

ther  comprises  charge  pump  means,  controlled 
io  by  said  comparison  means,  for  generating  cur- 

rent  from  a  charge  pump  output  terminal  at 
said  high  voltage  and  current  regulator  means 
connected  to  said  charge  pump  output  termi- 
nal  for  limiting  the  magnitude  of  current  flowing 

is  from  said  charge  pump. 

3.  A  nonvolatile  memory  circuit  according  to 
claim  1,  further  characterised  in  that  said 
means  for  applying  high  voltage  (HV.131)  com- 

20  prises  one  dual  node  floating  gate  nonvolatile 
memory  cell  forming  a  reference  memory  ele- 
ment  connected  to  said  comparison  means 
and  controlling  said  high  voltage. 

25  4.  A  nonvolatile  memory  circuit  according  to 
claim  1,  further  characterised  in  that  each  of 
said  nonvolatile  memory  elements  of  said  ar- 
ray  comprises  a  dual  node  floating  gate  non- 
volatile  memory  cell  having  first  and  second 

30  floating  gates  representing  first  and  second 
nodes,  the  first  node  (110)  being  charged  com- 
plementary  to  the  second  node  (120),  and  hav- 
ing  a  maximum  voltage  terminal  and  a  mini- 
mum  voltage  terminal,  the  maximum  voltage 

35  terminal  carrying  the  greater  of  the  voltages  of 
said  first  and  second  nodes  and  the  minimum 
voltage  terminal  carrying  the  smaller  of  the 
voltages  of  said  first  and  second  nodes  where- 
by  at  least  two  sets  of  said  maximum  and 

40  minimum  voltage  terminals  being  intercon- 
nected  to  provide  the  highest  maximum  volt- 
age  and  the  lowest  minimum  voltage  of  said 
maximum  and  minimum  voltage  terminals. 

45  Revendications 

1.  Circuit  de  memoire  non-volatile  comprenant  un 
reseau  d'elements  memoire  non-volatils  ;  des 
moyens  (104,  105)  pour  appliquer  des  don- 

50  nees  au  reseau  d'elements  memoire  nonvola- 
tils  ;  et  des  moyens  pour  appliquer  une  tension 
haute  a  des  bornes  choisies  des  elements 
memoire  non-volatils,  memorisant  ainsi  des 
donnees  appliquees  au  reseau  d'elements  me- 

55  moire  nonvolatils, 
caracterise  en  ce  que  les  moyens  pour 

appliquer  la  tension  haute  (HV,  131)  compren- 
nent  au  moins  une  cellule  memoire  non-volatile 

7 



13 EP  0  217  718  B1 14 

a  grille  flottante  a  noeud  double  (101)  ayant 
des  premiere  et  seconde  grilles  flottantes  re- 
presentant  des  premier  et  second  noeuds 
(110,  120),  le  premier  noeud  (110)  etant  char- 
ge  de  fagon  complementaire  du  second  noeud  5 
(120)  ; 

une  borne  de  tension  maximum  (153)  ; 
une  borne  de  tension  minimum  (143)  ; 
la  borne  de  tension  maximum  (153)  sup- 

portant  la  plus  grande  des  tensions  des  pre-  10 
mier  et  second  noeuds  et  la  borne  de  tension 
minimum  (143)  supportant  la  plus  petite  des 
tensions  des  premier  et  second  noeuds  ; 

des  moyens  de  comparaison  (170)  pour 
comparer  les  tensions  maximum  et  minimum  ;  is 

des  moyens  (180)  pour  arreter  I'application 
de  la  tension  haute  aux  bornes  selectionnees 
en  reponse  a  un  signal  en  provenance  des 
moyens  de  comparaison  (170)  indiquant  une 
difference  de  tension  entre  les  tensions  sur  les  20 
bornes  de  tension  maximum  et  minimum  (153, 
143)  inferieure  a  une  valeur  de  coupure  prede- 
termined  ;  et 

des  moyens  (160,  270,  271)  pour  inverser 
les  etats  des  premiere  et  seconde  grilles  flot-  25 
tantes  a  la  suite  de  ('initialisation  d'une  memo- 
risation  dans  le  reseau  d'elements  memoire 
non-volatils  (figure  4). 

Circuit  de  memoire  non-volatile  selon  la  reven-  30 
dication  1  ,  caracterise  en  outre  en  ce  que  : 

les  moyens  pour  appliquer  la  tension  hau- 
te  comprennent  en  outre  des  moyens  de  pom- 
pe  de  charge  commandes  par  les  moyens  de 
comparaison  pour  produire  un  courant  a  partir  35 
d'une  borne  de  sortie  de  la  pompe  de  charge 
a  ladite  tension  haute  et  des  moyens  de  regu- 
lateur  de  courant  connected  a  la  borne  de 
sortie  de  la  pompe  de  charge  pour  limiter 
I'amplitude  du  courant  circulant  a  partir  de  la  40 
pompe  de  charge. 

Circuit  de  memoire  non-volatile  selon  la  reven- 
dication  1,  caracterise  en  outre  en  ce  que  les 
moyens  pour  appliquer  la  tension  haute  (HV,  45 
131)  comprennent  une  cellule  memoire  nonvo- 
latile  a  grille  flottante  a  noeud  double  formant 
un  element  de  memoire  de  reference  connecte 
aux  moyens  de  comparaison  et  commandant 
la  haute  tension.  so 

Circuit  de  memoire  non-volatile  selon  la  reven- 
dication  1,  caracterise  en  outre  en  ce  que 
chacun  des  elements  memoire  non-volatils  du 
reseau  comprend  une  cellule  memoire  non-  55 
volatile  a  grille  flottante  a  noeud  double  ayant 
des  premiere  et  seconde  grilles  representant 
des  premier  et  second  noeuds,  le  premier 

noeud  (110)  etant  charge  de  fagon  comple- 
mentaire  au  second  noeud  (120)  et  ayant  une 
borne  de  tension  maximum  et  une  borne  de 
tension  minimum,  la  borne  de  tension  maxi- 
mum  portant  la  plus  haute  des  tensions  des 
premier  et  second  noeuds  et  la  borne  de  ten- 
sion  minimum  portant  la  plus  petite  des  ten- 
sions  des  premier  et  second  noeuds,  d'ou  il 
resulte  qu'au  moins  deux  ensembles  des  bor- 
nes  de  tension  maximum  et  minimum  sont 
interconnected  pour  fournir  la  tension  maxi- 
mum  la  plus  haute  et  la  tension  minimum  la 
plus  basse  parmi  les  bornes  de  tension  maxi- 
mum  et  minimum. 

Patentanspruche 

1.  Nichtfluchtiger  Speicherschaltkreis  mit  einer 
Anordnung  von  nichtfluchtigen  Speicherele- 
menten; 
Mittel  (104,  105),  urn  Daten  an  die  Anordnung 
von  nichtfluchtigen  Speicherelemente  anzule- 
gen;  und  eine  Einrichtung,  urn  eine  hohe  Span- 
nung  an  ausgewahlte  Anschlusse  der  nicht- 
fluchtigen  Speicherelemente  anzulegen,  wobei 
die  Daten,  die  an  die  Anordnung  von  nicht- 
fluchtigen  Speicherelementen  angelegt  sind, 
gespeichert  werden, 
dadurch  gekennzeichnet,  da/S  die  Einrichtung 
zur  Anlegung  der  hohen  Spannung  (HV,  131) 
mindestens  ein  nicht  geerdetes  Gate  einer 
nichtfluchtigen  Speicherzelle  (101)  mit  zwei 
Knoten,  mit  ersten  und  zweiten  nicht  geerdeten 
Gates,  die  erste  und  zweite  Knoten  (110,  120) 
darstellen,  umfa/St,  wobei  der  erste  Knoten 
(110)  komplementar  zu  dem  zweiten  Knoten 
(120)  geladen  ist; 
ein  Maximum-Spannungsanschlu/S  (153); 
ein  Minimum-Spannungsanschlu/S  (143); 
wobei  der  Maximum-Spannungsanschlu/S  (153) 
die  gro/Sere  der  Spannungen  des  ersten  und 
des  zweiten  Knotens  tragt,  und  der  Minimum- 
Spannungsanschlu/S  (143)  die  kleinere  der 
Spannungen  des  ersten  und  zweiten  Knotens 
tragt; 
eine  Vergleichereinrichtung  (170),  urn  die  ma- 
ximale  und  die  minimale  Spannung  zu  verglei- 
chen; 
eine  Einrichtung  (180),  urn  in  Abhangigkeit  zu 
einem  Signal  von  der  Vergleichereinrichtung 
(170),  die  eine  Spannungsdifferenz  zwischen 
den  Spannungen  an  dem  Maximum-  und 
Minimum-Spannungsanschlu/S  (153,  143)  an- 
zeigt,  die  geringer  ist  als  ein  vorbestimmter 
Ausschaltwert,  das  Anlegen  hoher  Spannung 
an  die  ausgewahlten  Anschlusse  zu  beenden; 
und 
Einrichtung  (160,  270,  271),  urn  die  Zustande 
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der  ersten  und  zweiten  nicht  geerdeten  Gates 
zu  empfangen,  urn  hierauf  irgendwelche  Spei- 
cherungen  in  die  Anordnung  von  nichtfluchti- 
gen  Speicherelementen  (Fig.  4)  einzuleiten. 

5 
2.  Nichtfluchtiger  Speicherschaltkreis  nach  An- 

spruch  1,  dadurch  gekennzeichnet,  da/S  die 
Einrichtung  zum  Anlegen  hoher  Spannung  zu- 
satzlich  eine  Aufladungseinrichtung  aufweist, 
die  durch  die  Vergleichereinrichtung  gesteuert  10 
ist,  urn  Strom  von  einem  Aufladungs-Aus- 
gangsanschlu/S  an  der  Hochspannungs-  und 
Stromreglereinrichtung,  die  mit  dem 
Aufladungs-Ausgangsanschlu/S  verbunden  ist, 
urn  die  Gro/Se  des  Stromflusses  durch  die  Auf-  is 
ladungseinrichtung  zu  begrenzen,  zu  erzeugen. 

3.  Nichtfluchtiger  Speicherschaltkreis  nach  An- 
spruch  1,  dadurch  gekennzeichnet,  da/S  die 
Einrichtung  zum  Anlegen  hoher  Spannung  (HV,  20 
131)  ein  nicht  geerdetes  Gate  einer  nichtfluch- 
tigen  Speicherzelle  mit  zwei  Knoten  aufweist, 
das  ein  Referenz-Speicherelement  bildet,  das 
mit  der  Vergleichereinrichtung  verbunden  ist 
und  die  hohe  Spannung  steuert.  25 

4.  Nichtfluchtiger  Speicherschaltkreis  nach  An- 
spruch  1  ,  dadurch  gekennzeichnet,  da/S  jedes 
der  nichtfluchtigen  Speicherelemente  der  An- 
ordnung  ein  nicht  geerdetes  Gate  einer  nicht-  30 
fluchtigen  Speicherzelle  mit  zwei  Knoten,  die 
erste  und  zweite  nicht  geerdete  Gates,  die 
erste  und  zweite  Knoten  darstellen,  wobei  der 
erste  Knoten  (110)  komplementar  zu  dem 
zweiten  Knoten  (120)  geladen  ist,  und  einen  35 
Maximum-Spannungsanschlu/S  und  einen 
Minimum-Spannungsanschlu/S,  wobei  der 
Maximum-Spannungsanschlu/S  die  gro/Sere  der 
Spannungen  des  ersten  und  zweiten  Knotens 
aufnimmt  und  der  Minimum-Spannungsan-  40 
schlu/S  die  kleinere  der  Spannungen  des  ersten 
und  zweiten  Knotens  aufnimmt,  aufweist,  wobei 
mindestens  zwei  Gruppen  der  Maximum-  und 
Minimum-Spannungsanschlusse  miteinander 
verbunden  sind,  urn  die  hochste  Maximalspan-  45 
nung  und  die  niedrigste  Minimalspannung  der 
Maximal-  und  Minimal-Spannungsanschlusse 
zur  Verfugung  zu  stellen. 
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