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ABSTRACT

The device and process of this invention provide for elimi-
nating reading errors caused by over-erased cells by apply-
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KOtECHR .eecaeenrcamrecnsismnaesrenneas 365/182 the floating gates is controlled by applying a biasing voltage
Daniele et al. ...oveiviieninns. 365/189 to one of the source/drain regions of the cells. The biasing
TACKIE  vevviierrernansenvsorrasornamntasnns 365/185 Vﬂltage CDﬂtrCI‘].S the energy level Of the programming field
NAZANU ..ocoinmiaerieertnenrranisannaennn 362”89 pulses such that only enough charge is transferred to the
GUAZET wocvrerrransacnmamsacommsssnsse 565/9. floating gates to cause the threshold voltages of the cells to
Cranford, Jr. et al. ..ccorinrccnnnee. 357/23 .. :
COOK €t Al wreerecerreesrrsensacnsenn. 365185  have positive values less than that of a predetermined
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HOLR veerveesireersenvessnsasseeesraenenans 370/ 104 32 Claims, 2 Drawing Sheets
24 204
ERASE DATA Vhs Vss I AT
CONTROL IN Ve l Vsen ‘L vbb ouT
PO S S S S 1
| READ/ | COLUMN DECODER /5
o) vg 7 -1.
/6 /97 1A Y9 TS 19 74
. 1 T 1
—M — —= =
- 7] |
i oI e 18 AU Wpe B
= R A A 1
:Dﬂ ] " l #5 F
ce— — f
i‘ﬁi‘% . P I
w 0§ ] ] B
L O N = _.;
12— 1 /0



Re. 36,210

Sheet 1 of 2

May 11, 1999

U.S. Patent

/ 014
Lcﬁ I /1~
T T o | .
_ H % v/ =
| = ) 3
_ wm\ =
| _ | || _
0/ o/t or) |
i q / H :
- ﬂ —. .m,\
1T B
6/ LI~ 61 A 6l o T
4300930 NWN109 w%m@_
@h@qoa % qgA H\, U3S A mH> 29A QE‘Q ._o“mmh%mw
PO >

SSA
39
SYA
2IA
d A



U.S. Patent May 11, 1999 Sheet 2 of 2 Re. 36,210

-
al
e
ST &
gy O
3= ;
> -
ol vee Vip
F/QZU
. ¢ [DE FD
Y | " K
e , _ L
853 LT
E:ﬁg — N
€0 O Vimin Vimax ¥¢¢ Vi
> b
Fig 2b
ya G
= |
=P
it
IO D
S S
5‘%5 0 Vee Vi
>—O



Re. 36,210

1

CIRCUIT AND METHOD FOR ERASING
EEPROM MEMORY ARRAYS TO PREVENT
OVER-ERASED CELLS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

BACKGROUND OF THE INVENTION

This invention relates to nonvolatile memory arrays, such
as electrically-erasable, electrically-programmable, read-
only-memories (EEPROMS) of the single-transistor type
and to eliminating errors that occur in reading EEPROM cell
arrays having over-erased cells.

In particular, the invention relates to avoiding or elimi-
nating read errors resulting from over-erasing the floating-
gate conductors of nonvolatile memory arrays. An
EEPROM cell is over-erased when an excessive number of
electrons is removed from its floating gate during an erasing
operation. The source-drain path of an over-erased
EEPROM cell is conductive with the control gate and the
source or drain at the same electric potential.

EEPROM arrays include floating-gate memory cells
arranged in rows and columns. The floating gate of a
programmed memory cell is charged with electrons, and the
electrons in turn render the source-drain path under the
charged floating gate nonconductive when a chosen word-
line select voltage is applied to the control gate. The
nonconductive state is read as a “zero” bit. The floating gate
of a non-programmed cell is positively charged, is neutrally
charged, or is slightly negatively charged, such that the
source-drain path under the non-programmed floating gate 1s
conductive when the same chosen wordline select voltage 1s
applied to the control gate. The conductive state is read as a
“one” bit. |

Each column and row of an EEPROM array may contain
thousands of cells. The sources of each cell in a column are
connected to a bitline (source-column line). The drains of
each cell in a column are connected to a separate bithne
(drain-column line). The control gates of each cell in a row
are connected to a wordline. Prior to first programming, or
perhaps after erasure by ultraviolet light, the source-drain
paths of the cells begin to conduct at a uniform control-gate
threshold voltage Vt because the floating gates are neutrally
charged (having neither an excess of electrons nor a defi-
ciency of electrons). The initial uniform threshold voltage Vit
may be, for example, +2.5 volts between control gate and
source. The initial uniform threshold voltage Vi may be
adjusted by appropriately doping the channel regions of the
cells during manufacture.

After programming, the source-drain paths of the pro-
erammed cells have control-gate threshold voltages Vt dis-
tributed over a range between +6 volts to +9 volts, for
example. The distribution of threshold voltages Vt among
individual cells is caused by processing variations, including
variations in the tunnel oxide thicknesses, the areas of
tunneling regions and in the coupling ratios of the control-
gate voltages to the floating gates, as well as variations in the
programming voltages applied to individual cells.

After electrical erasure of the cells, the threshold voltages
Vt of the erased cells may, for example, be distributed

over a range from perhaps +0.5 to 2.5 volts with the
majority of the cells having erased threshold voltages Vt
near +1.5 volts, the range depending on the localized varia-
tions in the tunnel oxide thickness, the areas of tunneling
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regions, the capacitive coupling ratios between wordlines
and floating gates, and the strengths of the erasing pulses.
Using a lower-strength erasing pulses, the range may be
from perhaps +1.5 to +3.5 volts with the majority of the cells
having erased threshold voltages Vt near 2.5 volts. With
higher-strength erasing pulses applied, the distnibution may
range from perhaps —0.5 to +1.5 volts with the majority of
cells having erased threshold voltages Vt near +0.5 volt.
Cells with erased threshold voltages Vit less than that set
during the manufacturing process have deficiencies of elec-
trons (or have net positive charges) on the floating gates. The
excess of positive charges on the floating gates causes the
channel regions under such gates to be enhanced with
electrons.

In general, the extent of channel doping, the programming
pulse strength, the erasing pulse strength and other factors
are chosen such that the source-drain path of a cell will
either be conductive or non-conductive when applying a
chosen wordline select voltage to the control gate. The select
voltage must have a value somewhere between the highest
erased-threshold-voltage value of erased cells and the lowest
programmed-threshold-voltage value of the programmed
cells. In many memory arrays, the channel doping,
programming/erasing voltages and other factors are chosen
such that the wordline select voltage is equal to the available
chip supply voltage Vcc, which may be +5 volts. With +5
volt applied to the control gate, the source-drain paths of all
of the properly erased cells are conductive only if those cells
have threshold voltages Vt below the +5 volt select voltage.
Similarly, the source-drain paths of all of the properly
programmed cells are non-conductive only if those cells
have threshold voltages Vt greater than the +5 volt select
voltage. To guarantee that the correct state of a cell is sensed
with a reasonable speed, even with a noisy chip supply
voltage Vcc and with other typical fluctuations in drain
bitline voltage, all of the threshold voltages Vt of erased
cells should be considerably less than +5 volts, perhaps less
than +3.5 volts, and all of the threshold voltages Vt of
programmed cells should be considerably greater than +5

volts, perhaps greater than +6.0 volts.

One of the problems associated with EEPROMs of the
type without split gates is the difficulty of reading memory
arrays after some of the cells have been over-erased, becom-
ing depletion-mode devices. Because the channel regions of
the over-erased cells are in connected in parallel with all of
the source-drain paths of other cells in a column, maccura-
cies during reading operation may occur where the stored
data in those columns is short-circuited by the over-erased
cells. At least some of the over-erased cells may be conduc-
tive because the excessive positive charge on the floating
gates causes the channel regions to invert from P-type to
N-type.

The problems of over-erasure may be avoided by con-
structing cells with pass gates, or split gates, in which the
channel between source and drain comprises two series
sections, one section having the control gate separated from
the channel region by the gate dielectric, the second region
having the floating gate separated from the channel region
by the gate dielectric. However, such memory cells require
more area on a silicon chip than do cells without split gates.

The problem of over-erasure may also be minimized by
performing multiple erasing operations, each operation
increasing the erasing energy applied to the floating gate.
Between each operation, the threshold voltages Vt of all of
the cells may be checked to see that a given maximum
threshold voltage Vt is not exceeded. However, that proce-
dure does not provide correction for any cells that may be
over-erased.
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Alternatively, a similar procedure may be used to check
between increased-energy erasing pulses to determine that
the minimum erased threshold voltage Vt does not become
less than some value greater than zero. However, this does
not always guarantee that the highest erased threshold
voltage Vit is low enough and, therefore, some of the cells
may remain programmed. The highest erased threshold
voltage Vit will determine the speed at which the memory
will operate.

The circutt and method of U.S. Patent Apphication Ser.
No. 07/367,597, filed June 19, 1989, and also assigned to
‘Texas Instruments Incorporated, relate to normal erasure of
the cells of a memory array followed by application of

relatively low-energy pre-conditioning pulses to the cells
prior to reprogramming the array. The low-energy pulses
may tend to program and/or erase the cells, depending on the
which 15 needed to distribute the threshold voltages between
0 volts and the select wordline voltage. The circuit and
method of U.S. Patent Application Ser. No. (07/509,532, filed
Apr. 16, 1990 and also assigned to Texas Instruments
Incorporated, relate to erasure of the cells of a memory array
through alternate application of relatively high-energy pro-
gramming and erasing pulses, followed by alternate appli-
cation of alternate programming and erasing pulses with
decreasing energy levels.

In the alternative, the negative-voltage method of U.S.
Patent Application Ser. No. 07/437,553, filed Nov. 17, 1989
and also assigned to Texas Instruments Incorporated may be
used to eliminate the adverse effects of over-erasure of
memory cells. However, use of a negative voltage applied to
wordlines requires special driver circuitry.

As vyet another alternative for eliminating over-erasure
errors, the channel regions of the EEPROM cells may have
increased doping and the read voltages may be increased as
described 1n U.S. Patent Application Ser. No. 07/437,553,
filed Nov. 16, 1989 and also assigned to Texas Instruments
Incorporated.

There ts a need for an alternative circuit and procedure
that permit an EEPROM array to be read without the need
for special driver circuitry, while at the same time permitting
minimume-size memory cells without split gates. The circuit
and procedure should eliminate errors caused by cells with
excessively high or low threshold voltages Vit caused by
conventional erasing methods.

SUMMARY OF THE INVENTION

The circuit and process of this invention provide for
eliminating reading errors caused by over-grased cells by
applving flash-erasing pulses between the control gates and
the source/drain regions of all of the cells of an EEPROM
array, the flash-erasing pulses having sufficient energy to
cause all of the cells of the array to be over-erased.
Subsequently, flash-programming pulses are applied
between the control gates and biased source/drain regions of
all of the cells, the flash-programming pulses applied to the
control gates have the same energy level as programming
pulses used to program individual cells. However, the
source/drain regions of the cells are biased at a voltage level
that limits the charge transier to the floating gates of the cells
such that, after the flash-programmung operation, the cells
have a range of positive threshold voltages Vt below the
select voltage used for read operations.

The circuit and process of this invention do not require
that the threshold voltages Vt of the cells be monitored
during the erase sequence of erase/program operations.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features of this invention are set forth in the
appended claims. The invention, its features, and its advan-
tages are described below 1n conjunction with the following
drawings:

10

15

30

35

40

45

30

33

60

63

4

FIG. 1 15 a representation of an array of memory cells and
associated circuitry according to this invention.

FIG. 2(a) illustrates an example distribution of threshold
voltages of an array of memory cells after manufacture or
atter ultraviolet-type of erasure and betore programniing and
tllustrates an example distribution of threshold voltages after
programming.

FIG. 2(b) illustrates example distributions of threshold
voltages of the array of memory cells after erasure.

FIG. 2(c) illustrates example distributions of threshold
voltages of an array of memory cells of this invention after
being erased by a flash-erasing operation at relatively high-
energy-level and after a flash-programming operation at
relatively low energy-level

DETAILED DESCRIPTION OF THE SPECIFIC
EMBODIMENT

Referring to FIG. 1, an example array of memory cells,
which 1s an integral part of a memory chip, is shown tor the
purpose of illustrating use of the circuit of this mvention.
Each cell 1s a floating-gate transistor 14 having a source 11,
a drain 12, a floating gate 13 and a control gate 14. A control
terminal of each of the control gates 14 in a row of cells 1
is connected to a wordline 18, and each of the wordlines 15
1s connected to a wordline decoder 16. A source terminal of
each of the sources 11 1n a column of cells 10 is connected
to a source-column line 17, and each of the source-column
lines 17 i1s connected lo a column decoder 18. A drain
terminal of each of the drains 12 in a column of cells 10 is
connected to a drain-column line 19, and each of the

drain-column lines 19 is connected to the column decoder
18.

In a write or program mode, the wordline decoder 16 may
function, in response to wordline address signals on lines 20r
and to a signal from read/write control circuit 21, to place a
preselected first programming voltage Vpp (approx. +16 to
+18 volts) on a selected wordline 15, including a selected
control gate conductor 14. Column decoder 18, in response
to signals on lines 20d and to a signal from read/write
control circuit 21, may function to place a preselected
second programming voltage (reference potential Vss or
ground, or a non-positive voltage) on selected source-
column line 17, which includes a selected source 11 region,
The preselected second programming voltage Vss must
differ sufficiently from the first preselected programming
voltage Vpp that excess electrons will migrate, perhaps by
Fowler-Nordheim tunneling, to the selected floating-gate
conductor 13 and, as a result, program that selected floating-
gate conductor 13. Column decoder 18 may optionally, mn
response to signals on lines 20d and to a signal from
read/write control 21, place a third preselected voltage Vhs
(approx. +7 volts above Vss) on deselected source-column
lines 17, including deselected source 11 regions within the
array, to prevent a disturb of programmed floating-gate
conductors associated with the deselected source 11 regions.
The wordline decoder 16 may optonally, in response to
wordline address signals on lines 20r and to a signal from
read/write control 21, place a fourth preselected voltage,
which may also be Vhs (approx. +7 volts), on deselected
wordhines 15, including deselected control-gate conductors
14. The fourth preselected voltage should be sufficiently
close to the second programming voltage that the floating-
gate conductors 13 associated with the deselected wordlines
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15 will not be programmed as a result, but should be
sufficiently high that stress will be reduced across any
tunneling windows of cells 10 in deselected wordlines 13,
thereby avoiding de-programming of pre-programmed cells
10. The third and fourth preselected voltages should be
placed on the respective electrodes before both first and
second preselected programming voltages Vpp and Vss are
both placed on their respective electrodes. The first pro-
gramming voltage Vpp may be placed on the control-gate
conductors 14 in a gradual manner so as to reduce voltage-
induced stress on the selected cell 10. The drain-column
lines 19 may be left floating. The floating gate 13 of the
selected cell 10 is charged with electrons during
programming, and the electrons in turn render the source-
drain path under the floating gate 13 of the selected cell 19
non-conductive, a state which is read as a “zero” bit.
Deselected cells 10 have source-drain paths under the float-

ing gate 13 that remain conductive, and those cells 1 are -

read as ‘“‘one” bits.

During a prior-art-type flash-erase mode, the column
decoder 18 functions to apply a positive voltage Vcc

(approx. +5 volts) to all the source-column lines 17. The :

column decoder 18 functions to leave all drain-column lines
19 floating. The wordline decoder 16 functions to apply a
high negative voltage Vee (approx. —I1 volts) to all the
wordlines 15. The excess electrons are removed from the
floating gates 13 of programmed cells 10. Selective erasing
may be accomplished by changing Vee to perhaps —5 volts
and by applying voltage Vcc to the selected wordline 15
while perhaps +10 volts is applied to the deselected word-
lines 15 and the selected source-column line 17. Ground or
reference voltage Vss is applied to the deselected source-
column lines 17. Other applied voltages are the same as
those of the flash-erase example.

In the read mode, the wordline decoder 16 functions, in
response to wordline address signals on lines 20r and to a
signal from read/write control circuit 21, to apply a prese-
lected positive voltage Vec (approx. +3 to +5 volts) to the
selected wordline 15 (and the selected control gate 14), and
to apply a low voltage (ground or Vss) to deselected
wordlines 15, The column decoder 18 functions, in response
to column address signals on lines 20d, to apply a prese-
lected positive voltage Vsen (approx. +1 to +1.5 volts) to the
selected drain-column line 19. The column decoder 18 also
functions to connect all source-column lines 17 to ground
(or Vss). The conductive or nonconductive state of the cell
10 connected to the selected drain-column line 19 and the
selected wordline 15 is detected by a sense amphifier (not
shown) connected to the DATA OQUT terminal.

As is well-known, the source 11 regions and the drain 12
regions of the memory cells 1# may be interchanged for the
various modes of operation. For example, Fowler-Nordheim
tunneling for programming and/or erasing may take place
between a drain 12 region and a floating-gate conductor 13,
or between a source 11 region and a floating-gate conductor
13. Voltages applied to the source 11 and drain 12 regions in
the read example above are interchangeable. Therefore, the
terms “source” and “drain” as used herein are considered
interchangeable for each mode of operation.

For convenience, a table of read, write and prior-art erase
voltages is given in the TABLE I below:
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TABLE 1
M
Erase
Read Write Selected Flash
Selecied Wordline -5V 618 V -5V -1V
Deselected Wordlines ov TV 10V (Nonce)
Selected Source Line 1Y OV 10V 5V
Deselected Source Lines Float TV 0V (None)
Drain Lines I-1.5 YV Float Float Float

The cells 10 of FIG. 1 are presumed to be of the type that
does not include a split gate, or a pass gate. The cells 10 of
FIG. 1 are shown connected with separate source-column
lines 17 for each column of sources 11 and with separate
drain-column lines 19 for each column of drains 12,
although this invention applies equally to cells 10 that are
arranged in columns having common bitlines 17 and/or 19.

The source-drain paths of each cell 10 in a column are
connected in parallel. Because of the parallel connection, a
conductive cell 10 in a column will short-circuit all of the
other cells 10 in that column. In particular, if one of the cells
10 in a column is sufficiently over-erased, the channel region
of that cell 10 will be inverted from P-type to N-type
material by positive charges on floating gate 13, and the
source-drain path of cell 10 will be conductive. A column of
cells 10 that is short-circuited by one or more over-erased
cells 10 is difficult, perhaps impossible, to read if the cell 10
is constructed without a pass gate.

Application of pulsed programming voltages or currents
to selected cells 10 causes pulsed programming electric
fields in the insulated region between the floating gate 13
and the substrate of the selected memory cells 10 of the
EEPROM array, the electric fields being adjacent at least an
area of floating gate 13 and being directed away from that
area of each of the floating gates 13. As illustrated by curve
A of FIG. 2(a), the cells 10 of an array have, in general, a
fairly uniform initial threshold voltage Vts prior to program-
ming of those cells 10. The initial threshold voltage Vts is set
during manufacture by doping the channel region of the cell
10 with an impurity of conductivity-type (P-type or N-type),
usnally opposite that used to dope the source 11 and drain 12
regions. The initial threshold voltage Vts in floating-gate-
type memory cells 10 is usually in the range of one half of
the wordline-select voltage Vcc applied to the control gate
during read operations. The wordline select voltage Vce 18
often the chip supply voltage. For example, initial threshold
voltages Vt of available cells 10 may range from +1.5 to
+3.5 volts where Vcc is 5 volts,

After application of pulsed programming voltages/
currents, as illustrated by curve B of FIG. 2(a), selected cells
10 have distributed threshold voltages Vt above a munimum
programmed-threshold voltage Vtp, the distribution being
caused by random processing variations. The value of Vtp in
may be, for example, one volt above wordline select voltage
Vce (one volt above the supply voltage). Some of the cells
10 may have localized thinner dielectrics, perhaps resulting
from a process that is location-dependent. Other cells 10
may have smaller-area channel regions, perhaps because of
variations in masking size. The programmed threshold volt-
age Vt distribution B is illustrated as a Gaussian or bell-
shaped distribution in FIG. 2(a), although actual distribu-
tions have a variety of shapes depending on particular types
of processing variations.

Curve C of FIG. 2(b) illustrates an erased threshold
voltage Vt distribution in which, according to known
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procedures, the cells 10 are tested between application of
pulsed erasing voltages/currents of different energy levels
until all of the cells 10 have threshold voltages Vt below a
prescribed maximum threshold voltage Vtmax, which 1s less
than the select voltage Vcc. As illustrated by the negative
threshold voltages Vit of Curve C, a disadvantage of the
known method is that some of the cells 10 may be over-
erased in order to achieve the maximum threshold voltage
limitation, Vtmax. Those over-erased cells 10 will short-
circuit the connected source-column and drain-column lines
17 and 19, causing erroneous reading of the programmed
cells 10 sharing the columns in which over-erased cells 19
are located.

Curve D of FIG. 2(b) illustrates a type of erased threshold
voltage Vit distribution in which cells 10 are tested between
application of pulsed erasing voltages/currents of different
energy levels until all of the cells 10 have threshold voltages
Vi above a prescribed minimum threshold voltage Vtmin. As
tllustrated by Curve D, a disadvantage of this method 1s that
some of the cells 10 may have threshold voltages Vt that
exceed the select voltage Vcc. Those cells 10 will be read as
programmed cells.

Curve E of FIG. 2(b) illustrates an extreme type of erased
threshold voltage Vt distribution in which some of the cells

10 are over-erased and in which some of the cells 10 remain -

programmed.

In accordance with this invention the cells 10 are prepared
for individual programming by subjecting the array to a
flash-erase operation, then a fiash-program operation. Col-
umn decoder 18 and wordline decoder 16, 1n response to
signals from erase control circuit 22 cause the cells 10 to be
flash-erased, then and flash-programmed. Erase control cir-
cuit 22 causes pulsed electric fields adjacent a surface of
each of the floating gates of the memory cells 10 of the
EEPROM array, the electric fields directed toward or away
from that surtace of each floating gate. Erase control circuit
22 1nitially causes relatively high-energy-level erasing
pulsed electric fields adjacent each floating gate 13. Then
erase control circuit 22 causes relatively low-energy pro-
cramming pulsed electric fields adjacent each fioating gate
13. The pulsed voltage applied to the control gates 14 of the
cells 10 is equal to the same programming voltage Vpp used
to program individual cells 10. However, erase control

circuit 22 causes a bias voltage Vbb so be applied to the
sources 11, or the drains 12, of the cells 10. The voltage Vbb
decreases the voltage between the floating gate and the
source 11/drain 12, thereby decreasing the energy-level of
the pulsed flash programming electric field and, therefore,
decreasing the amount of charge transterred between the
floating gate 13 and the source 11/drain 12 during applica-
tion of the flash-programming voltages. By properly select-
ing Vbb, each cell 10 will have a positive threshold voltage
Vt that has the same polarity as the predetermined wordhne
select voltage (which may be Vcc), or read voltage and that
1s less than that read voltage. An example distribution of the
threshold voltages Vit after the flash-erasing operation is
shown as bell-shaped curve F in FIG. 2(¢). An example
distribution of the threshold voltages Vt after the subsequent
flash-programming operation is shown bell-shaped curves G
in FIG. 2(¢). The actual distmbutions will not necessanly
have that shape.

If tunnel-erase-type memory cells 10 are designed to be
flash-erased, but not over-erased, using erasing voltages in
the range of 10 to IS5 volts as in the TABLE I above, then
erasing pulses in the range of 16 to 22 volts, for example,
should be used to over-erase the cells 10 in accordance with
this invention, assuming that the pulse length of the voltages
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1s the same 1n both cases. If the voltage of the electrical
energy pulses normally used to tunnel-program individual
cells 10 or the array 1s in the range of 15 to 20 volts, the bias
voltage Vbb may be, for example, in the range of 3 to 4 volts,
assuming again that the pulse length of the voltages is the
same 1n both cases.

As 15 also well-known, a fraction of the electrical pulse
energy applied between each control gate 14 of and each
source 11 or drain 12 of cells 10 is coupled to the floating
gates 13.

The relative energy levels of the erasing sequence pulses
may be controlled by current-limiting circuitry, by impulse-
length-timing circuitry, or by other means of controlling
energy-related product of voltage, current and time. Such
circuitry 1s well-known in the art. For example, if the pulse
lengths of the electrical programming and erasing pulses
remain the same during the erasing sequence, the product of
the voltage and current may be controlled to decrease the
pulse energies with each program/erase cycle. Stmilarly, 1f
the voltage or current of the electrical programming and
erasing pulses remain the same during the erasing sequence,
the length of the electric pulses may be shortened to decrease
the pulse energies with each program/erase cycle. In fact, the
relative energy levels of the pulses may be decreased by
controlling the product of pulse voltage, pulse current and
pulse length to decrease the pulse energies with each flash-
program/tlash-erase cycle.

After the cells 10 have been erased according to this
invention, individual cells 10 may be programmed., The
threshold voltages Vt of the programmed cells 10 will again
be distributed over a range such as that illustrated by curve
B of FIG. 2(a).

While the examples shown in this description relate to cell
10 structures using Fowler-Nordheim tunneling for
programming, the concept 1s equally valid for cell 1¢
structures using channel-hot-electron or similar-type pro-
gramming. In fact, the concept of this invention is applicable
to all known nonvolatile memory arrays having floating-gate
cells 10 that are programmable and erasable using electric
field pulses.

Use of the circuit and procedure of this invention is
straightforward. The type of cell structure and the charging/
discharging structure for the floating gate must be chosen.
The 1nsulator, oxide or other type, to 1solate the surfaces of
the floating gate from other conducting surfaces must be
chosen. If a tunneling-type structure 15 used for charging
and/or discharging the floating gate, then sufficient voltage
must be applhied across the tunnel to cause the oxide or other
isulator to breakdown. The voltage across the tunnel may
be a fraction of the voitage applied between the control
electrode and the source/drain path. The fraction at the start
of the pulse may be determiuned from capacitance ratios. The
breakdown will occur at a point where the electric field
strength 15 highest. The relationship between voltage apphed
to a control electrode and the highest electric field may
sometimes be calculated or derived trom a handbook, may
sometimes be found in literature (e.g., textured oxide
surfaces), and may sometimes be derived from test struc-
tures. If hot-carrier programming and/or erasing 1s used,
stmilar procedures apply to design of the structure and
circuitry. Whether using tunneling, hot-carrier, or any other
method, a test-cell structure may be formed on an integrated
circuit chip prior to final design of programming and erasing
circuitry, the cell structure tested on that chip using probes
to determine the programming and erasing voltages neces-
sary for operation, the circuitry then designed to provide
those voltages for the manufactured memory array.
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For example, nine floating-gate-type memory cells 10
with tunneling windows on the source 11 side were found to
have manufactured voltage thresholds ranging from 1.01
volts to 1.07 volts. The nine cells 10 were on a test substrate
and, using probes, were over-erased to have the same
threshold voltages Vt of —8.30 volts. The cells 10 were then
programmed with the source 11 biased at 4 volts, resulting
in threshold voltages Vt ranging from 0.76 volts to 1.39
volts, well below the read voltage of 3.0 volts. The cells 10
were subsequently programmed without the bias voltage,
resulting in threshold voltages ranging from 3.94 volts to
5.03 volts, well above the read voltage of 3.0 volts.

As is well-known, the programming and erasing pulses
may be ramped to minimize damage to the floating gate
insulation.

While this invention has been described with respect to an
illustrative embodiment, this description is not intended to
be construed in a limiting sense. Upon reference to this
description, various modifications of the 1illustrative
embodiment, as well as other embodiments of the invention,
will be apparent to persons skilled in the art. It 18 contem-
plated that the appended claims will cover any such modi-
hications or embodiments that fall within the scope of the
invention.

[ claim:

1. A method for erasing a memory cell having at least one
control terminal, a floating gate, a source terminal and a
drain terminal, said memory cell programmable and erasable
by applying electrical energy between said control terminal
and at least one of said source and drain terminals to cause
programming and erasing pulsed electric fields adjacent said
floating gate, said memory cell readable using a preselected
read voltage applied between said control terminal and at
least one of said source terminal and said drain terminal, the
method comprising:

initially applying an erasing electrical energy pulse hav-

ing a first energy-level between said control terminal
and said at least one of said source and drain terminals
of said cell; and

then applying a programing electrical energy pulse having
a second energy-level between said control terminal
and said at least one of said source and drain terminals
of said cell;

wherein said first energy level of said erasing electrical
energy pulse 1s suthcient to cause said cell to have a
threshold voltage of opposite polarity to said prese-
lected read voltage; and

wherein said second energy level of said programming
electrical energy pulse 1s such that said cell has a
threshold voltage of the same polarity as said read
voltage but that 15 less than said read voltage.

2. The method of claim 1, wherein said programming
electrical energy pulse causes a pulsed electric field directed
away from said floating gate, and wherein said erasing
electrical energy pulse causes a pulsed electric field directed
toward said floating gate,

3. The method of claim 1, wherein said control terminal
1s connected to a wordline, wherein said source terminal 1s
connected to a source-column line, wherein said drain
terminal 1s connected to a drain-column line, and wherein
said programming and erasing electrical energy pulses are
caused by pulsed programming voltages and pulsed erasing
voltages applied between said wordline and at least one of
said source-column line and said drain-column line.

4. The method of claim 1, wherein said control terminal
is connected to a wordhine, wherein said source terminal is
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connected to a source-column line, wherein said drain
terminal is connected to a drain-column line, wherein said
programming and erasing electrical energy pulses are caused
by pulsed programming voltages and pulsed erasing volt-
ages applied between said wordline and at least one of said
source-column line and said drain-column line; and wherein
said second energy-level of said programming electrical
energy pulse is controlled by applying a bias voltage to at
least one of a said source-column line or a said drain-column
line.

5. The method of claim 1, wherein said control terminal
is connected to a wordline, wherein said source terminal 1s
connected to a source-column line, wherein said drain
terminal is connected to a drain-column line, wherein said
second and first energy-levels of said programming and
erasing electrical energy pulses are caused by pulsed pro-
gramming currents and pulsed erasing currents applied
between said wordline and at least one of said source-
column line and said drain-column line,

6. The method of claim 1, wherein said control terminal
is connected to a wordline, wherein said source terminal 1s
connected to a source-column line, wherein said drain
terminal is connected to a drain-column line, wherein said
second and first energy-levels of said programming and
erasing electrical energy pulses are related to the length of
electrical programming and erasing pulses applied between
said wordline and at least one of said source-column line and
said drain-column line,

7. A non-volatile memory array, comprising:

memory cells arranged in rows and columns, each said
memory cell having a source-drain path between first
and second terminals and having a control-gate termi-
nal;

a source-column line connected to each said first terminal
of each said memory cell 1n a said column;

a drain-column line connected to each said second termi-
nal of each said memory cell 1n a said column;

a wordline connected to each said control-gate terminal of
each said memory cell in a said row;

each said memory cell having a floating-gate conductor
insulated from said source-drain path and from said
control gate, said floating-gate conductor being pro-
grammable and erasable by programming and erasing
electrical energy pulses applied between said control
pate and at least one of said first and said second

terminals;

a column decoder connected to said source-column lines
and said drain-column lines and a wordline decoder
connected to said wordlines for providing said pro-
gramming and erasing electrical energy pulses to said
memory cells via said wordlines and at least one of said
source-column lines and said drain-column lines; and

an erase control circuit for causing said column decoder
and said wordline decoder to provide said program-
ming and erasing electrical energy pulses to sad
memory cells via said wordlines and at least one of said
source-column lines and said drain-column lines, said
control circuit causing said erasing electrical energy
pulses having a sufficiently high energy-level to cause
at least one of said floating gates initially to be over-
erased, said control circuit subsequently causing said
column decoder and said wordline decoder to provide
said programming electrical energy pulses to [said
cells] cell having said at least one of said floating gates
via said wordlines and at least one of said source-
column lines and said drain-column lines, such that
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said cell has a positive threshold voltage less than a
predetermined positive wordline select voltage.

8. The array of claim 7, wherein said energy-level of said
programming and erasing electrical energy pulses 1s con-
trolled by varying voltages applied to said wordlines and at
least one of said source-column lines and said drain-column
lines.

9. The array of claim 7, wherein said column decoder also
provides a predetermined bias voltage to at least one of said
source-column lines and drain-column lines, wherein said
erase control circuit also causes said bias voltage to be
applied to at least one of said source-column lines and said
drain-column lines, and wherein said predetermined bias
voltage has a value that causes said cells to have positive
threshold voltages less than a predetermined positive word-
line select voltage.

10. The array of claim 7, wherein said energy-level of said
programming and erasing electrical energy pulses 18 con-
trolled by varying currents applied to said wordlines and at
least one of said source-column lines and said drain-column
hines.

11. The array of claim 7, wherein said energy-level of said
programming and erasing electrical energy pulses is con-
trolled by varying the length of electrical pulses applied to
said wordlines and at least one of said source-column lines
and said drain-column lines.

12. A method of erasing a memory-cell array prior to
programming said array, each said memory cell including a
floating gate, each said memory cell characterized by a
positive read voltage, the method compnsing:

initially applying erasing electrical energy pulses to said

cells of said memory cell array, said erasing electrical
energy pulses having a energy-level sufficient to cause
feach} ar least one said memory cell of said array to
have a negative threshold voltage;

then applying programming electrical energy pulses to
said cells of said memory cell array, said programming
electrical energy pulses having an energy-level sufhi-
cient to cause [each] said ar least one cell of said array
to have a positive threshold voltage less than said read
voltage of said array.
13. The method of claim 12, wherein said array includes
a plurality of wordlines, source-column lines and drain-
column lines; wherein each said memory cell has a terminal
connected to a said wordline, has a terminal connected to a
said source-column line, and has a terminal connected 1o a
said drain-column line; wherein pulsed programming and
erasing voltages are applied between said wordlines of said
memory array and at least one of said source-column lines
and said drain-column lines of said memory array electrical
energy pulses.
14. The method of claim 12, wherein said array includes
a plurality of wordlines, source-column lines and drain-
column lines; wherein each said memory cell has a terminal
connected to a said wordline, has a terminal connected to a
said source-column line, and has a terminal connected to a
said drain-column line; wherein pulsed programming and
erasing currents are applied between said wordlines of said
memory array and at least one of said source-column lines
and said drain-column lines of said memory array to form
said pulsed programming and erasing electrical energy
pulses.
15. The method of claim 12, wherein said array includes
a plurality of word lines, source-column lines and drain-
column lines; wherein each said memory cell has a terminal
connected to a said wordline, has a terminal connected to a
said source-column line, and has a terminal connected to a
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said drain-column line; wherein variable-length program-
ming and erasing electric pulses are applied between said
wordlines of said memory array and at least one of said
source-column lines and said drain-column lines of said
memory array; and wherein said energy-level of said pro-
gramming and erasing electrical energy pulses 1s related to
the length of said variable-length programming and erasing
electric pulses.

16. The method of claim 12, wherein said erasing e¢lec-
trical energy pulses cause pulsed electric fields directed
toward said floating gates and wherein said programming
electrical energy pulses cause pulsed electric fields directed
away from said floating gates.

17. A method for erasing a memory cell having at least
one control terminal, a floating gate, a source terminal and
a drain terminal, said memory cell programmable and
erasable by applying electrical energy between said control
terminal and at least one of said source and drain terminals
to cause programming and erasing pulsed electric fields
adjacent said floating gate, said memory cell readable using
a preselected read voltage applied between said control
terminal and at least one of said source terminal and said
drain terminal, the method comprising:

initially applying an erasing electrical energy pulse hav-

ing a first energy-level between said control terminal
and said at least one of said source and drain terminals
of said cell; and

then applving a programming electrical energy pulse

having a second energy-level between said control
terminal and said at least one of said source and drain
rerminals of said cell;
wherein said first energy level of said erasing electrical
energy pulse is sufficient to cause said cell to have a
threshold voltage less than a first voltage; and

wherein said second energy level of said programming
electrical energy pulse is such that said cell has a
threshold voltage greater than said first voltage and
less than said read voltage.

18. The method of claim 17, wherein said first voltage is
zero volts.

19. A method for erasing a memory cell having at least
one control terminal, a floating gate, a source terminal and
a drain terminal, said memory cell programmable and
erasable by applying electrical energy between said control
terminal and at least one of said source and drain terminals
to cause programming and erasing pulsed electric fields
adjacent said floating gate, said memory cell readable using
a preselected read voltage applied between said control
terminal and at least one of said source terminal and said
drain terminal, the method comprising:

initially applying an erasing electrical energy pulse hav-
ing a first energy-level between said control terminal
and said at least one of said source and drain terminals

of said cell; and

then applying a programming electrical energy pulse
having a second energy-level between said control
terminal and said at least one of said source and drain
terminals of said cell;

wherein said first energy level of said erasing electrical
energy pulse is sufficient to cause said cell 1o have a
threshold voltage representing a more energetically
erased condition than that of a first voltage, said first
voltage representing an erased condition relative to the
read voltage; and

wherein said second energy level of said programming
electrical energy pulse is such that said cell has a
threshold voliage between said first voltage and said
read voltage.
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20. The method of claim 19, wherein said first voltage is
zero volts,

21. A method of erasing a floating-gate memory cell
having a preselected read voltage, comprising the steps of:

erasing the memory cell such that the cell has an initial
threshold voltage less than a first voltage; and

programming the memory cell such that the cell has a
final threshold voltage greater than the first voltage and
less than the preselected read voltage.

22. The method of claim 21, wherein the first voltage is

zero volts.

23. A method of erasing a floating-gate memory cell

having a preselected read voltage, comprising the steps of:

erasing the memory cell such that the cell has an initial
threshold voltage representing a more energetically
erased condition than that of a first voltage, said first
voliage representing an erased condition relative to the
read voltage; and

programming the memory cell such that the cell has a
final threshold voltage between the first voltage and the
preselected read voliage.

24. The method of claim 23, wherein the first voltage 1s

zero volis.

25. A memory device readable using a preselecied read

voltage, comprising:

d Source,

a drain separated from said source by a source-drain
path;

a control gate insulated from said source-drain path;

a floating gate insulated from said source-drain path and
said control gate;

a column decoder coupled to said source and drain to
apply programming and erasing voltages;

a wordline decoder coupled to said control gate to apply
programming and erasing voltages to said control
gate; and

an erase control circuit coupled to said column decoder
and wordline decoder, said control circuit controlling
said column decoder and wordline decoder initially to
generate erasing voltages sufficient to result in an
initial threshold voltage less than a first voltage, and
subsequently to generate programming voltages suffi-
cient to result in a final threshold voltage less than the
read voltage.

26. The memory device of claim 25, wherein said final
threshold voltage resulting from said programming voltages
is greater than said first voltage.

27. The memory device of claim 26, wherein said first
voltage is zero volts.

28. A memory device readable using a preselected read
voltage, comprising:
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a drain separated from said source by a source-drain
path,
a control gate insulated from said source-drain path;

a floating gate insulated from said source-drain path and
said control gate, said floating-gate being program-
mable and erasable by programming and erasing elec-
trical energy pulses applied berween said control gate
and at least one of said source and drain;

a column decoder commected to said source and drain and
a wordline decoder connected to said control gate to
provide said programming and erasing electrical
energy pulses; and

an erase control circuit operable to cause said column

decoder and said wordline decoder to provide said
programming and erasing electrical energy pulses,
said control circuit causing said erasing electrical
energy pulses to have a sufficiently high energy-level to
result in an initial threshold voltage less than a first
voltage, said control circuit subsequently causing said
column decoder and said wordline decoder to provide
said programming electrical energy pulses sufficient 1o
result in a final threshold voltage less than the read
voftage.

29. The memory device of claim 28, wherein said final
threshold voltage resulting from said programming electri-
cal energy pulses is greater than said first voltage.

30. The memory device of claim 29, wherein said first
voltage is zero volts,

31. A memory device readable using a preselected read
voltage, comprising:

a source;

a drain separated from said source by a source-drain
path;

a control gate insulated from said source-drain path;

a floating gate insulated from said source-drain path and
said control gate;

a first decoder coupled to said source and drain to apply
programming and erasing voltages;

a second decoder coupled to said control gate to apply
programming and erasing voltages to said control
gate; and |

an erase control circuit coupled to said column decoder
and wordline decoder, said control circuit controlling
said column decoder and wordline decoder nitially to
generate erasing voltages sufficient to result in an
initial threshold voltage less than a first voltage, and
subsequently to generate programming voltages suffi-
cient to result in a final threshold voltage greater than
said first voltage and less than the read voltage.

32. The memory device of claim 31, wherein said first

voltage is zero volts.



	Front Page
	Drawings
	Specification
	Claims

