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(57) ABSTRACT 

A method of applying voltages to a memory cell, such as a 
P-channel EEPROM cell, and in particular to applying 
voltages to the cell during an erase operation of the cell is 
described. The method recognizes that during an erase, 
memory cells sharing deselected Word lines are susceptible 
to a type of program disturb Which is subtle and gradually 
causes corruption and loss of data over many programming 
cycles. The method of the present invention applies a 
voltage to deselected Word lines, Which is loWer in magni 
tude than a programming voltage. This reduces the rate at 
Which program disturb occurs, markedly increasing the 
number of programming cycles to Which the deselected cells 
may be subjected before becoming susceptible to loss of 
data. The endurance of the memory array is thus signi? 
cantly extended. 
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METHOD FOR MINIMIZING PROGRAM 
DISTURB IN A MEMORY CELL 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to an improved 
method for erasing and Writing information in an electrically 
alterable memory, and more particularly to a method of 
erasing and Writing information in an electrically erasable 
programmable read only memory (“EEPROM”). 

[0002] We have discovered a unique solution to the “pro 
gram disturb” problem in memory cells such as those in 
current P-channel EEPROM structures. Program disturb 
occurs When there is a Write or erase to a selected group of 
cells in an aray, and the state or content of other, non 
selected cells, Which is supposed to be left unchanged, is 
unintentionally changed. The program disturb of such other, 
non-selected cells may not occur as a result of one program 
ming cycle. The unWanted change may occur incrementally 
and gradually over many (even millions of) programming 
cycles. The program disturb problem can be quite subtle and 
dif?cult to observe, but can be severely limiting for some 
applications of the cell. 

[0003] We use the nomenclature for electrical operations 
performed upon an array of memory cells in a slightly 
different manner than typically occurs. We use here the term 
“Write” to refer to an operation of placing electrons onto a 
?oating gate. We use the term “erase” to refer to an operation 
of removing electrons from a ?oating gate. The term “pro 
gram” as used here refers to one cycle of cell programming, 
Which includes a Write operation and an erase operation. 

[0004] This invention represents an improvement upon the 
structure and operation described in the folloWing patents: 
US. Pat. No. 5,790,455, “LoW Voltage Single Supply 
CMOS Electrically Erasable Read-Only Memory;” US. Pat. 
No. 5,986,931, “LoW Voltage Single CMOS Electrically 
Erasable Read-Only Memory;” and in the folloWing patent 
applications: US. patent application having Ser. No. 09/262, 
675, and entitled “Independently Programmable Memory 
Segments Within a PMOS Electrically Erasable Program 
mable Read Only Memory Array Achieved by N-Well Sepa 
ration and Method Therefor,” Filed Mar. 19, 1999; and US. 
Patent Application ?led concurrently hereWith, and entitled 
“Improved Programming Method for a Memory Cell”, both 
applications assigned to the same assignee as the present 
application. Based on these tWo patents and applications, the 
folloWing summariZes the overall structure of an EEPROM 
memory array and the voltages applied to it during the Write 
and erase operations. 

[0005] The program disturb problem occurs because 
groups of cells share a number of common connections, 
including: a bit line, a Word line, a source line, and an 
N-Well. HoWever, cells need to share these connections in 
order to make the memory array compact and to reduce the 
number of signal lines routed into it. So, an understanding of 
the structure and operation of a current memory array is 
useful for understanding hoW the disturb problem arises and 
hoW the present invention addresses this problem. 

[0006] FIG. 1 is a circuit schematic diagram of a p-chan 
nel memory cell, Which Will be referred to as the PEEC cell 
(p-channel EEPROM Cell). FIG. 2 is a schematic cross 
section diagram of the PEEC cell, along the channel of the 
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FIG. 1 device and in a direction parallel to the bit line. By 
comparing FIGS. 1 and 2, a correspondence can be seen 
betWeen the various symbolic representations of the cell 
components in FIG. 1 With their physical embodiment in the 
cross-section of FIG. 2. For eXample, the source and drain 
of the cell are represented by simple lines on either side of 
the Word line in FIG. 1 and these are actually p-type 
diffusions in an n-Well shared by many memory cells as 
depicted in FIG. 2. In fact, each source and drain diffusion 
is actually shared by tWo adjacent cells. The “fragments” of 
poly 2 to the left and right of the poly 2 Word line of the cell 
in the center of the diagram indicate this. In FIG. 1, it can 
be seen that there are four terminals to the cell: (1) the poly 
2 Word line that is shared by a roW of cells, (2) the source 
that is connected to the metal source line, (3) the drain that 
is connected to the metal bit line, and (4) the N-Well body 
that is a region of n-type silicon shared by several columns 
of cells. Physically, the metal bit line and source line run 
parallel to each other in pairs doWn each column of the array. 
Each column of cells has one bit line and one source line. 

[0007] In FIG. 2, the cross-section is along and through 
the bit line so the metal line is visible in the cross-section. 
The metal source line and its contact to the source p+ region 
is not visible in FIG. 2 because it is parallel to the bit line 
and out of the plane of the paper. FIG. 1 also indicates Where 
voltages are applied to the PEEC cell to program or read the 
cell information. These voltages are labeled VBL (the voltage 
on the bit line), VNW (the voltage on the shared N-Well 
region), VSRC (the voltage on the source line), and VWL (the 
voltage on the Word line). 

[0008] FIG. 3 is a schematic diagram of a portion of a 
large memory array. An N-Well region is depicted as a 
dashed line boX surrounding a large group of memory cells. 
In the ?gure, tWo N-Wells, labeled N-Well #0 and N-Well #1, 
are shoWn. N-Well #0 contains eight complete columns of 
cells. N-Well #1 Would normally also contain eight columns 
of cells, but only 4 columns are shoWn due to space 
limitations in the ?gure. Eight columns are shoWn as being 
contained in one N-Well because this is the typical siZe of a 
“byte” or “Word” of information. One “byte” or “Word” 
Would actually be the number of cells along the intersection 
of one Word line With the number of columns in one N-Well. 
Thus, one N-Well contains many bytes or Words, corre 
sponding to the many Word lines that cross the N-Well. 
HoWever, any number of columns could be contained in a 
single N-Well (i.e. the “byte” or “Word” siZe could be 14, 16, 
32, or any number desired for the product). Also, there could 
be any number of N-Well segments in the large array. Only 
tWo are shoWn because this is suf?cient for the present 
description. 

[0009] In FIG. 3, only the top four and last tWo roWs of 
cells (Word lines) are shoWn due to space limitations. In this 
?gure, it is assumed that there are n+1 Word lines, numbered 
from 0 through n. The number n could be only a feW, or it 
could be hundreds or thousands. The schematic diagram for 
one PEEC cell that appears in FIG. 1 can be seen repeated 
many times in the array depicted in FIG. 3. Cells in the same 
column share a bit line, a source line, and the N-Well (note 
the three parallel lines running doWn each column). Cells in 
the same roW share a Word line (note the single horiZontal 
line running along each roW). All cells in the array are 
identi?ed individually by the notation, MXJ, Where X=the 
roW number and y=the column number. 
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[0010] At the bottom of each column, the last transistor is 
not a PEEC cell, but a source select transistor, denoted by the 
notation QXJ, Where Z=the N-Well number and y=the col 
umn number. The source select transistor is, as taught in the 
prior art patents, used at the bottom of each column to 
separate the column source lines during the erase operation. 
OtherWise the undesirable condition of having the program 
ming high voltage signal shorted to ground could occur. The 
source select transistor must be turned on to read a cell and 
off during the erase part of a programming cycle. This is 
accomplished by the line running left to right Which con 
nects all of the source select transistor gates, and has the 
voltage label at its terminus, V561. When the source select 
transistor is turned on, it connects the voltage, Vm, Which is 
connected to all the source select transistors to the source 
lines. The voltages applied to the N-Wells are labeled, VNWO 
and VNW1. The voltages applied to the Word lines are 
labeled, VWLO, VWL1, . . . ,VWLn. The voltages applied to the 
bit lines are labeled, VBLO, VBLl, and so on. Many com 
mercial products, such as “byte-selectable” or “full-fea 
tured” EEPROM memories, select and program only one 
byte of cells at a time, leaving all other bytes in the array 
unaltered. 

[0011] In the memory cells described above, the Write 
operation places electrons onto the ?oating gate of the 
memory cells being Written. This causes a shift in the 
memory transistor threshold voltage to a loW negative or 
perhaps a positive value. The merged select transistor in the 
cell prevents the overall cell threshold from becoming a 
positive value, however. The result of the Write operation is 
that a cell becomes conductive during a subsequent read 
operation. 

[0012] FIG. 4 is a schematic diagram corresponding to 
that of FIG. 3, but With the voltages that Would be applied 
to execute a “Write” operation of the target byte of cells 
enclosed by the bold rectangle. After executing the “Write” 
the cells in the target byte Would be placed into the con 
ductive state during a subsequent read operation. All other 
bytes of cells in the array, termed “deselected” bytes, are 
intended to be left unaltered, the electronic charge stored on 
their ?oating gates being unchanged. The N-Well of the byte 
to be Written, N-Well #0 in the eXample shoWn in the ?gure, 
is set at 0V and the N-Wells of all other bytes Which are 
deselected (unselected and not to be changed) are set at the 
programming voltage, Vpp. Vpp is the “high voltage” used 
in programming operations and typically lies in the range of 
12 to 20V. The Word line of the byte to be Written is set at 
Vpp, and all unselected bytes have their Word lines set at 0V. 
All bit lines are set to 0V. The source select line has 
VSe1>=0V and the source line has VSIC=OV. The source select 
transistors are all p-channel enhancement devices, meaning 
that they must have a gate-source voltage, Vgs, Which is 
more negative than the threshold voltage, Vtp, of the device 
in order for their channels to be on ,i.e., conduct. The voltage 
conditions applied in the Write 20 operation cause the source 
select transistors of the selected byte (Q0)O through Q07) to 
be nonconductive or off. Thus all of the source lines in the 
selected N-Well (#0) are ?oating. The source select transis 
tors in the unselected N-Wells may be on or off, depending 
upon the eXact value of V561. In any case, it is not critical 
Whether these source select transistors are on or off and 
Whether the source lines are ?oating or connected to 0V. The 
results for the Write operation Will be the same. 
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[0013] Since the memory cells and source select transis 
tors in the deselected N-Wells share the signal lines running 
horiZontally in the array (eg the Word lines) With the cells 
in the selected N-Well (in FIG. 4, N-Well #0), they must have 
their voltages set so as not to cause a change in the stored 
charge on the deselected or unselected memory cells. The 
Word line voltage of the byte that is being Written is at Vpp 
With the selected N-Well at 0V in order to cause electrons to 
tunnel through the thin dielectric layer betWeen the N-Well 
and ?oating gate. This requires all deselected N-Wells to 
have Vpp applied to them to avoid also Writing the cells 
along the same Word line (e.g. cells MO)8 through MO)11 in 
FIG. 4). The deselected Word lines have 0V applied to them 
over the selected N-Well to avoid Writing the unselected 
cells. For cells in the deselected N-Wells that receive Vpp, 
these same Word lines have 0V. Thus the bit lines of the cells 
in the deselected N-Wells must have 0V applied to them to 
avoid changing the charge on their ?oating gates. An 
eXample of one such cell is M18. Its N-Well is at Vpp and 
its Word line is at 0V, causing the cell channel to be in 
inversion. With the bit line of this cell set to 0V, hoWever, the 
inversion layer of charge present in the cell channel under 
the ?oating gate is also set to 0V since it is connected 
electrically to the bit line via the drain p-type diffused 
region. Thus the potential difference applied betWeen the 
Word line and inversion layer under the ?oating gate is 0V, 
and no inadvertent programming should occur. 

[0014] The erase operation removes electrons from the 
?oating gates of the cells being erased, giving them a high 
negative threshold voltage and causing them to be in the 
non-conductive state When read. FIG. 5 is a schematic 
diagram corresponding to FIG. 3, but With voltages applied 
for an erase operation. As With FIG. 4, a target byte is 
enclosed in a bold line rectangle. Unlike the Write operation 
in Which all cells in the target byte are set to the same 
predetermined state, the erase operation only erases cells in 
the target byte that are desired to be in the nonconductive 
state. The erase operation leaves the other cells in the target 
byte in the conductive state. This alloWs impressing a “bit 
pattern” into the byte of cells, With some in the binary “0” 
state and some in the binary “1” state. As noted above, a 
programming cycle includes Writing all of the cells to a 
predetermined state (e.g., a conductive state) and then selec 
tively erasing some of the cells to a non-conductive state, 
leaving the others unchanged. Only cells With their bit lines 
set to Vpp in the erase operation Will be erased, those With 
bit lines set to 0V Will be left in the Written state. In the 
eXample shoWn in FIG. 5, only cells MO)O and MO)2 Will be 
erased in the target byte. The target byte has its N-Well set 
at Vpp and its Word line set at 0V. Deselected Word lines are 
set at Vpp and VSe1=Vpp, so that all source select transistors 
are off and all source lines are disconnected from Vm. 
Comparing FIGS. 4 and 5, it can be seen that the deselected 
N-Wells (N-Well #1) and their associated bit lines have the 
same voltages applied in the erase operation as in the Write 
operation. The main difference these deselected cells see is 
a reversal of the Word line voltages With the Word line of the 
target byte set to 0V instead of Vpp and the deselected Word 
lines set to Vpp instead of 0V. The same approach to 
preventing unWanted erasing of the cells in these deselected 
N-Wells as for a Write operation applies to the erase opera 
tion as Well. It should be noted that all of the above is 
discussed in US. Pat. No. 5,986,931 (in particular, FIG. 21, 
table 8 and teXt column 22 of the patent). That Patent does 



US 2002/0006059 A1 

not disclose the voltages applied to the deselected N-Wells 
(for example, N-Well #1 in FIG. 4) and the bit lines 
contained Within them. 

[0015] The read operation involves applying only loW 
voltages to the array to detect Which memory cells are 
conductive and Which are non-conductive. The details of 
reading the cell are Well knoWn and not important for an 
understanding of the present invention. 

SUMMARY OF THE INVENTION 

[0016] It is an object of the present invention to provide a 
method of operating a memory cell to reduce the instance of 
program disturb. 

[0017] It is another object of the present invention to 
provide a method of operating a memory to reduce the 
instance of program disturb that does not depend upon 
changing the siZe of a memory cell. 

[0018] To achieve the above and other objects, the present 
invention provides a method of operating a memory includ 
ing ?rst and second groups of memory cells. Cells of the ?rst 
group being formed in a ?rst semiconductor region, includ 
ing a target set of cells operatively coupled to a ?rst Word 
line and to respective ?rst bit lines, and other cells of the ?rst 
group operatively coupled to respective ones of the ?rst bit 
lines and to respective ones of the remaining Word lines. 
Cells of the second group being formed in a second semi 
conductor region, including a set of cells operatively 
coupled to the ?rst Word line and to respective second bit 
lines, and other cells of the second group operatively 
coupled to respective ones of the second bit lines and to 
respective ones of the remaining Word lines. The method 
comprises applying a ?rst voltage to the ?rst Word line; 
applying a second voltage to the ?rst semiconductor region; 
applying selected voltages to the ?rst bit lines; applying a 
fourth voltage to the second semiconductor region; and 
applying a ?fth voltage to the remaining Word lines. During 
a ?rst time, the ?rst and fourth voltages are substantially the 
same, and the second and the selected voltages are substan 
tially the same, and the ?fth voltage is also substantially the 
same as the second voltage. During a second time the second 
and fourth voltages are substantially the same and different 
from the ?rst voltage, the ?fth voltage is selected from the 
range of the ?rst voltage to the second voltage, and the 
selected voltages being selected from the range of the ?rst 
voltage and the second voltage. 

[0019] To achieve the above and other objects, the present 
invention further provides a method of erasing memory cells 
formed in a semiconductor region. A ?rst group of the cells 
operatively coupled to a ?rst Word line and to respective ?rst 
bit lines, and other cells of the ?rst group operatively 
coupled to respective ones of the ?rst bit lines and to 
respective ones of the remaining Word lines. Cells of a 
second group of memory cells operatively coupled to the 
?rst Word line and to respective second bit lines, and other 
cells of the second group operatively coupled to respective 
ones of the second bit lines and to respective ones of the 
remaining Word lines. The method comprises applying a ?rst 
voltage to the Word line; applying a second voltage to the 
semiconductor region; applying selected voltages to the ?rst 
bit lines; applying a fourth voltage to the second bit lines; 
and applying a ?fth voltage to the remaining Word lines. The 
?rst and second voltages are different, the fourth and ?fth 
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voltages selected from the range of the ?rst voltage to the 
second voltage, and the selected voltages being selected 
from the second and fourth voltages. 

[0020] To achieve the above and other objects, the present 
invention provides a method of providing particular voltages 
to a memory cell, such as an EEPROM cell, during an erase 
operation of a memory cell. In a preferred embodiment of 
the invention, a p-channel EEPROM cell is Written and 
erased by FoWler-Nordheim tunneling through a thin tunnel 
dielectric. The prior art teaches that deselected Word lines 
during an erase operation receive a programming voltage, 
Vpp. Under these conditions, the memory cells sharing the 
deselected Word lines are susceptible to a type of program 
disturb Which is subtle and gradually causes corruption and 
loss of data over many programming cycles. The present 
invention recogniZes this disturb mechanism and applies a 
deselected Word line bias, VWLd, Which is loWer in magni 
tude than Vpp. This has the effect of reducing the rate at 
Which the program disturb occurs, markedly increasing the 
number of programming cycles to Which the deselected cells 
may be subjected before becoming susceptible to loss of 
data. The endurance of the memory array is thus signi? 
cantly extended. 

[0021] The present invention can be applied to many types 
of memories, and in particular those memories that store 
information by storing charges in a cell transistor. As an 
eXample of an embodiment of the present invention, the 
folloWing discusses the present invention in vieW of an 
illustrative structure of an EEPROM. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 is a circuit schematic diagram of a p-chan 
nel memory cell. 

[0023] FIG. 2 is a schematic cross-section diagram of the 
PEEC cell, along the channel of the FIG. 1 device and in a 
direction parallel to the bit line. 

[0024] FIG. 3 is schematic diagram of a portion of a large 
memory array. 

[0025] FIG. 4 is a schematic diagram corresponding to 
FIG. 3, but With the “Write” voltages applied to a selected 
group of cells enclosed by the bold rectangle. 

[0026] FIG. 5 is a schematic diagram corresponding to 
FIG. 3, but With the “erase” voltages. 

[0027] FIG. 6 is a cross-sectional vieW of one of the cells, 
M18, M19, Mmo, or M1)11 in FIG. 5. 
[0028] FIG. 7 is a band diagram illustrating the sequence 
of events leading up to an energetic electron arriving at the 
silicon-tunnel dielectric interface. 

[0029] FIG. 8 is a band diagram schematically illustrating 
the concept of a population of electrons arriving at the 
silicon-tunnel dielectric interface With a distribution of ener 
gies. 
[0030] FIG. 9 is a schematic diagram corresponding to 
FIG. 5, but With the application of a voltage, VWLd, during 
an erase operation. 

[0031] FIGS. 10(a), 11(a), 12(a), and 13(a) are cross 
sectional vieWs of a cell along a deselected Word line similar 
to FIG. 6, but With the different combinations of ?oating 
gate charge and VBL. 
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[0032] FIGS. 10(b), 11(b), 12(b), and 13(b) are band 
diagrams respectively corresponding to FIGS. 10(a), 11(a), 
12(a), and 13(a) vieWed through the ?oating gate region of 
the channel and perpendicular to the surface (section A-B in 
the ?gures). 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0033] Program disturb is the unintentional alteration of 
charge on the ?oating gate of a cell Which is not in the target 
byte being programmed during the programming cycle. 
Program disturb can occur during the Write or erase opera 
tions and may occur incrementally, requiring many pro 
gramming cycles before the threshold voltage of the cell is 
shifted enough to read a different binary state than originally 
programmed. While it is not obvious even to those experi 
enced in the ?eld of the invention, program disturb can take 
place With the erase conditions applied in FIG. 5. 

[0034] FIG. 5 schematically shoWs the voltages applied to 
the cells for an erase operation. An example of a cell Which 
is affected by the program disturb mechanism is M1)8 in the 
?gure. This cell has the N-Well and Word line both set to Vpp 
and the bit line set to 0V. 

[0035] FIG. 6 is a cross-sectional vieW of the cell ML8 
shoWn in FIG. 5, With the set of applied voltages listed 
above. In the ?gure, the metallurgical junction boundary 
(solid line) is shoWn as are the limits of the depletion region 
(dashed lines) Which extends into both the P+ side of the 
junction and the N-Well side of the junction. As one of 
ordinary skill in the art of semiconductor device physics can 
appreciate, the depletion region extends much further into 
the N-Well side of the p-n junction, than the P+ side due to 
the typically much loWer doping concentration in the N-Well 
versus the P+ regions that form the drain and source. It is 
assumed in the ?gure that the cell under examination is in 
the erased charge state With a net positive charge on the 
?oating gate in this example. This is symboliZed With the 
roW of “+” signs on the ?oating gate. The actual potential of 
the ?oating gate is a function of the net charge on it and the 
potentials of the N-Well and Word line Which couple their 
potentials to it capacitively. If there Were Zero net charge on 
the ?oating gate and both the N-Well and Word line are at 
Vpp as shoWn in the ?gure, then the ?oating gate potential 
Would also be approximately at Vpp. Since there is assumed 
a net positive charge on the ?oating gate, hoWever, the 
?oating gate potential is at some value greater than Vpp. For 
an erased cell the potential due to charge on the ?oating gate 
Would typically lie in the range of +2V to +6V. Thus, the 
actual potential of the ?oating gate With the applied voltages 
shoWn in the ?gure Would lie in the range of Vpp+2V to 
Vpp+6V. Even though the same voltage is placed on both the 
N-Well beloW the ?oating gate and the Word line surround 
ing it, there is an electric ?eld across the tunnel dielectric 
betWeen the ?oating gate and N-Well. The direction of the 
electric ?eld is such as to cause electrons to be attracted to 
the N-Well surface under the ?oating gate. HoWever, the 
?eld is not large enough to cause the normal FoWler 
Nordheim tunneling of electrons across the tunnel dielectric 
and onto the ?oating gate as is used in the Write operation. 
This lack of tunneling is true as long as the conduction 
electrons in the N-Well have energies near the conduction 
energy band in the N-Well. If a portion of the conduction 
band electron population is given suf?cient energy above the 
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conduction band energy level, though, some electrons may 
have enough energy to surmount the energy barrier betWeen 
the conduction bands of the silicon N-Well and the tunnel 
dielectric. If the tunnel dielectric Were SiO2, this barrier 
height Would be approximately 3.2 eV. Having surmounted 
the energy barrier, these energetic or “hot” electrons are then 
able to make their Way through the tunnel dielectric and onto 
the ?oating gate. They Would then begin to compensate the 
positive charge initially present on the ?oating gate. If 
enough electrons surmount the energy barrier and collect on 
the ?oating gate over time, then the charge state of the 
memory cell Will change, during a subsequent read, from the 
non-conductive erased state to the conductive Written state, 
resulting in a loss or corruption of the stored data. 

[0036] As noted above, if electrons With energy suf? 
ciently greater than the silicon conduction band energy Were 
present in the N-Well near the ?oating gate, they could 
surmount the tunnel dielectric barrier and change the charge 
on the ?oating gate. Attention is noW focused on hoW these 
energetic electrons could be created in the N-Well. Those 
With ordinary skill in the art of semiconductor device 
physics knoW that there are a number of mechanisms by 
Which electron-hole pairs (ehp) can be created in a reverse 
biased P-N junction depletion region. The most important 
mechanisms are: (1) thermal generation, (2) impact ioniZa 
tion, (3) band-to-band tunneling, and (4) optical excitation. 
It is reasonable to eliminate optical excitation as an impor 
tant mechanism for the present discussion because in the 
EEPROM products of interest in this invention, light is 
typically shielded out by the packaging materials used to 
surround the chip. 

[0037] FIG. 6 schematically illustrates the creation of 
electron-hole pairs in the drain junction depletion region 
With the electrons and holes represented by a circle With a 
“—” sign and “+” sign, respectively. Electron-hole pairs may 
be created by any of the three mechanisms described above. 
In this cell, there is no channel current ?oWing during either 
Write or erase, so the energetic or “hot” electrons are not 
generated by impact ioniZation due to any kind of channel 
current, as in common ?ash EEPROM cells. The energetic 
electrons are only those generated in the simple reverse 
biased p-n junction by the mechanisms described above. 
Once created, the holes are sWept toWard the p-side of the 
junction and the electrons toWard the n-side by the electric 
?eld in the depletion region. The holes enter the neutral 
region of the P+ drain junction and ?oW out the drain contact 
(arroW labeled 1). The vast majority of electrons enter the 
neutral region of the N-Well and ?oW out the N-Well contact 
(arroW labeled 2). Some of the electrons Which enter the 
neutral N-Well region are attracted toWard the surface by the 
positively charged ?oating gate or have their momentum 
directed toWard the surface by elastic collisions With lattice 
sites or Coulombic scattering events With ioniZed dopant 
atoms (arroW labeled 3). The population of electrons that 
arrive at the silicon-tunnel dielectric interface do not all have 
the same energy. As electrons generated in the depletion 
region gain energy due to acceleration by the electric ?eld, 
they undergo scattering events that cause them to lose some 
of the energy gained. Statistically, some electrons Will lose 
more energy than others. Thus, it can be appreciated that 
there is a distribution of energies among the electrons 
entering the neutral N-Well from the depletion region With 
many having insuf?cient energy to surmount the barrier at 
the interface. There Will be some, hoWever, that do have 
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sufficient energy to surmount the barrier and add their charge 
to the ?oating gate (arroW labeled 4). 

[0038] Referring to FIGS. 5 and 9, it Will be clearly 
understood by those skilled in the art that the program 
disturb problem can also occur in a case in Which all 
memory cells are placed in a single semiconductor region, 
such as a single N-Well region. As depicted in FIGS. 5 and 
9, there Would be only one semiconductor region, such as 
N-Well #0 containing all cells of the memory. As an 
example, cells M08. . . MO)11 Would all be in the same 
semiconductor region With Mop-MO], such as a common 
N-Well. In such a case, hoWever, program disturb only 
occurs during an erase operation, not during a Write opera 
tion. This is because during a Write operation the only Word 
line set to Vpp is that for the roW being Written. In the erase 
operation, the Word lines of all deselected (i.e., non-selected) 
roWs are set to Vpp. Without employing the present inven 
tion, program disturb can occur in the cells of these roWs. 
Applying the present invention to these roWs minimiZes 
program disturb from occurring during an erase operation. 

[0039] FIGS. 7 and 8 are energy band diagrams that 
illustrate the process of electrons gaining energy in the 
depletion region and surmounting the energy barrier. FIG. 7 
illustrates the sequence of events leading up to an energetic 
electron arriving at the silicon-tunnel dielectric interface. 
First, an ehp is created in the depletion region. The electron 
is sWept to the right by the electric ?eld present in the 
depletion region and gains energy. As it traverses the deple 
tion region, it undergoes scattering events and gives up some 
of its energy. It eventually reaches the edge of the depletion 
region and enters the neutral N-Well With still some energy 
above the conduction band. FIG. 8 is a band diagram 
schematically illustrating the concept of a population of 
electrons arriving at the silicon-tunnel dielectric interface 
With a distribution of energies. The small inset graph of 
electron density versus energy placed level With the N-Well 
conduction band illustrates the concept that there is a small 
“tail” in the distribution With large enough energy to sur 
mount the barrier. Since there is a positive charge on the 
?oating gate in the erased cell, it represents a potential Well 
on the diagram and the positive charge also loWers the 
barrier of the tunnel dielectric at the top Which aids electrons 
by a small amount. TWo electrons are shoWn surmounting 
the barrier, one that has enough energy to completely go 
over the top and one near the top With enough energy to 
tunnel through the barrier aided by the electric ?eld from the 
positive charge. 

[0040] Given the above mechanisms for generating a 
population of energetic electrons near the ?oating gate, the 
present invention seeks to inhibit as many of these electrons 
from reaching the ?oating gate as possible. With VNW=Vpp, 
this is accomplished by applying a voltage, VWLA, Which is 
more negative than Vpp to the deselected Word lines during 
the erase operation. The practical range of VWLd is from 
Vpp-1V to Vpp-6V (factors affecting this range are dis 
cussed beloW). This reduces the attractive potential of the 
?oating gate. In some cases, in fact, the ?oating gate 
potential may be reduced suf?ciently to set up an electric 
?eld that repels electrons from the surface. In both cases, 
program disturb of the cell is reduced. 

[0041] FIG. 9 is a schematic diagram corresponding to 
FIG. 5, but With the application of VWLd to deselected Word 
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lines instead of Vpp as in prior art structures. The bit lines 
of cells in the target byte Which are not to be erased are set 
to VBLd as in the above-noted copending US. Patent Appli 
cation ?led concurrently hereWith, and entitled “Improved 
Programming Method for a Memory Cell, both application 
assigned to the same assignee as the present application. The 
bit lines of cells in the target byte to be erased are set to Vpp. 

[0042] For an erase operation, there are four possible 
terminal voltage and ?oating gate potential combinations for 
cells sharing a deselected Word line. The four possible 
conditions arise because, prior to the erase operation, a 
particular cell along the deselected Word line may be in 
either the erased (positive charge on the ?oating gate) or in 
Written (negative charge on the ?oating gate) state. In 
addition, the bit lines of the cells may be receiving either 
VBL=Vpp or VBL in the range of 0 to VBLd. These tWo bit 
line voltage possibilities eXist because the bit lines of cells 
along the selected Word line that are to be erased have 
VBL=Vpp, While the bit lines of cells that are not to be erased 
have VBL=0V (see FIG. 5), as in the prior art; or have a 
small positive voltage, VBL=VBL¢ Which is in the range of 
2V-8V, as taught by the above-noted copending US. Patent 
Application ?led concurrently hereWith, and entitled 
“Improved Programming Method for a Memory Cell”, both 
applications assigned to the same assignee as the present 
application 

[0043] FIGS. 10(a), 11(a), 12(a), and 13(a) are cross 
sectional vieWs of a cell along a deselected Word line similar 
to FIG. 6, but With the different combinations of ?oating 
gate charge and VBL. FIGS. 10(b), 11(b), 12(b), and 13(b) 
are band diagrams respectively corresponding to FIGS. 
10(a), 11(a), 12(a), and 13(a) vieWed through the ?oating 
gate region of the channel and perpendicular to the surface 
(section A-B in the ?gures). FIGS. 10 and 11 illustrate the 
case of VBL=Vpp for positive or negative ?oating gate 
charge, respectively. FIGS. 12 and 13 illustrate the case of 
VBL=VBLd for positive and negative ?oating gate charge, 
respectively. 

[0044] FIGS. 10(a) and 10(b) are cross-sectional vieWs of 
a cell on a deselected Word line With Vpp applied to the bit 
line. An eXample of such a cell Would be cell MLO in FIG. 
9. FIG. 10(a) shoWs an inversion layer in the select gate 
portions of the channel. This is because VWLd is assumed to 
be suf?ciently loWer in voltage than VNW=VPP that the 
threshold voltage of the select gate portion of the channel is 
exceeded. Since the threshold voltage of the select gate is 
typically in a range around —1V, this means that VWLd 
should preferably be 1V or more beloW Vpp. The N-Well 
region under the ?oating gate, hoWever, may be in accumu 
lation, depletion, or inversion, depending upon the doping 
concentration in the N-Well underneath the ?oating gate, the 
amount of positive charge on the ?oating gate, the gate 
coupling ratio, and VWLd. In FIGS. 10(a) and 10(b), it is 
assumed that the surface is slightly depleted. 

[0045] The difference betWeen the FIG. 10(b) band dia 
gram and that of FIG. 8 result from FIG. 8 being repre 
sentative of the prior art With deselected Word lines at 
VWL=Vpp, and FIG. 10(b) being representative of an 
embodiment of the present invention With deselected Word 
lines at VWL= WLd. The more negative potential applied to 
the Word line in FIG. 10(b) capacitively couples to the 
?oating gate, raising its electron potential so as to compen 
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sate the attractive potential of the positive charge stored. It 
can be readily understood by one skilled in the art that With 
the N-Well depleted near the surface, as in FIG. 10(b), there 
is an energy barrier to electrons in the neutral N-Well. The 
electric ?eld in the tunnel dielectric is also reversed so that 
it inhibits electron transport across this insulating barrier. 
Thus, the probability that an energetic electron injected into 
the N-Well or created in the depletion region underneath the 
gate can surmount the tunnel dielectric and be collected on 
the ?oating gate is greatly reduced. Even if the surface of the 
N-Well Was in accumulation instead of depletion, the electric 
?eld in the tunnel dielectric Would still be reduced compared 
to that in FIG. 8. 

[0046] FIGS. 11(a) and 11(b) illustrate the same condi 
tions as in FIGS. 10(a) and 10(b), except that there is noW 
negative charge stored on the ?oating gate. This causes the 
potential of the poly 1 ?oating gate to be more negative, 
raising its energy on the band diagram of FIG. 11(b) above 
that shoWn in FIG. 10(b). This serves to repel energetic 
electrons injected into the neutral N-Well or depletion region 
under the ?oating gate even more than the case of FIG. 
10(b). In FIG. 11(a), the N-Well surface underneath the poly 
1 ?oating gate is inverted. This is expected since there is a 
negative stored charge and the Word line is more negative 
than the N-Well. This inversion layer is connected to the P+ 
drain region, Which is connected to the bit line that is being 
held at a potential Vpp. Thus, the surface potential for holes 
is pinned and the quasi-Fermi level of holes at the surface, 
EFP, is indicated in FIG. 11(b). 

[0047] FIGS. 11(a) and 11(b) shoW that energetic elec 
trons injected into the N-Well are repelled even more than 
those in FIGS. 10(a) and 10(b), thus reducing the program 
disturb even more for cells in this condition. FIGS. 11 (a) 
and 11 (b) also indicate that there is a loWer limit on VWLd 
beloW Which another disturb phenomena can occur. In FIG. 
11 (b), there is a large electric ?eld in the tunnel dielectric 
directed so as to aid removal of electrons from the ?oating 
gate. This is due to the negative charge on the ?oating gate, 
but also to VWLd being more negative than VNW=Vpp, 
Which further increases the electric ?eld across the tunnel 
dielectric. This raises a possibility that electrons Will be lost 
from the ?oating gate by tunneling through the tunnel 
dielectric. The electric ?eld required at Which a large amount 
of normal FoWler-Nordheim tunneling current begins to 
?oW is approximately 1><107 V/cm. This Would be, for 
example, 10V across a 100-Angstrom-thick tunnel dielec 
tric. If there Was Zero stored charge on the ?oating gate and 
the gate coupling ratio of the cell Was 0.8, the potential 
difference betWeen the surface of the N-Well and the Word 
line Would need to be VWLd=Vpp—12.5V. If there is stored 
negative charge on the ?oating gate, the electric ?eld Will be 
larger, so the potential difference betWeen N-Well surface 
and Word line Will need to be even less just to maintain an 
electric ?eld of 1><107 V/cm. The needed reduction in 
potential difference depends upon the amount of stored 
negative charge, but typically Would lie in the range of 2 to 
6V. So, in the example given, the potential difference noW 
lies in the range of VWLd=Vpp—6.5V to Vpp-10.5V. Beyond 
these considerations and With many programming cycles, 
the cells in deselected Word lines Will undergo many cycles 
of this electric ?eld stress, Which add to form a cumulative 
stress time. The electric ?eld alloWed across the tunnel 
dielectric for this period of time must be loW enough that the 
?oating gate is not gradually discharged of electrons over the 
stress time. It is knoWn to those skilled in the art that tunnel 
dielectrics that have been subjected to many programming 
cycles tend to exhibit increased current leakage at loW 
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electric ?elds. This is due to the Stress-Induced Leakage 
Current (SILC) effect Widely reported in the published 
literature. Ultimately, this effect sets the upper limit on the 
electric ?eld that the tunnel dielectric can be exposed to over 
the stress time before the ?oating gate loses enough elec 
trons to cause program disturb of the cell. SILC can vary 
Widely, depending upon the processing conditions used in 
the technology and the nature of the programming voltage 
signals. So, SILC should be characteriZed for the individual 
technology to Which the present invention is being applied. 
A practical upper limit is VWLd=Vpp—6V. 

[0048] FIG. 12(a) is a cross-sectional vieW of a cell along 
a deselected Word line similar to FIG. 10(a), but With a 
different combination. FIG. 12(b) is a band diagram corre 
sponding to FIG. 12(a) vieWed through the ?oating gate 
region of the channel and perpendicular to the surface 
(section A-B in the ?gure). FIGS. 12(a) and 12(b) illustrate 
a cell on a deselected Word line With VBLd applied to the bit 
line. An example of such a cell Would be cell ML1 in FIG. 
9. FIGS. 12(a) and 12(b) shoW the case of positive charge on 
the ?oating gate. It can be seen again that the select gate 
portion of the channel is inverted. If the portion of the 
channel under the ?oating gate is depleted, then the band 
diagram Would be the same as in FIG. 10(b) and the same 
discussion as for that ?gure Would apply. If We assume that 
this channel region is instead inverted, then the band dia 
gram in FIG. 12(b) applies. The inversion layer under the 
poly 1 ?oating gate is connected to the bit line and this is 
held at a potential, VBLA, Which is in the range of 2 to 8V 
above ground and much loWer than the N-Well Which is held 
at VNW=Vpp. This causes a large amount of band bending 
in the N-Well near the surface With the surface quasi-Fermi 
level for holes, EFP, pinned at VBLA. This band bending 
imposes an even larger potential energy barrier to electrons 
in the N-Well than that in FIGS. 10(b) or 11(b). Also, any ehp 
created in the surface depletion region Would have the 
electrons sWept aWay from the surface to the neutral N-Well 
by the large electric ?eld in the depletion region. Thus, cells 
in this condition are even less likely to be disturbed than 
those in the conditions of FIGS. 10 or 11. 

[0049] FIGS. 13(a) and 13(b) illustrate the same condi 
tions as in FIGS. 12(a) and 12(b), except that the charge on 
the ?oating gate is negative. Since there is an inversion layer 
under the ?oating gate Which is again connected to the bit 
line voltage, VBLd, this situation has the same consequences 
as the conditions in FIGS. 12(a) and 12(b). The negative 
?oating gate charge simply increases the electric ?eld in the 
interpoly dielectric and decreases the electric ?eld in the 
tunnel dielectric. The interpoly dielectric is a much thicker 
insulating layer than the tunnel dielectric, and if it is a good 
quality insulator, as should be used in non-volatile memory 
technologies, it Will be able to retain the stored electron 
charge. 
[0050] In summary, the present invention reduces program 
disturb in EEPROM cells such as described in the above 
noted prior art patents and patent applications. The applica 
tion of a deselected Word line bias, VWLd, Which is suf? 
ciently beloW the programming voltage, Vpp, applied to the 
N-Well acts to retard accumulation of energetic electrons 
generated in the reverse-biased source and drain p-n junc 
tions. This reduces the gradual program disturb of the 
information stored on an erased cell, thus extending the 
number of programming cycles the memory can sustain. 

1. A method of operating a memory including ?rst and 
second groups of memory cells, cells of the ?rst group 
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formed in a ?rst semiconductor region, including a target set 
of cells operatively coupled to a ?rst Word line and to 
respective ?rst bit lines, and other cells operatively coupled 
to respective ones of the ?rst bit lines and to respective ones 
of the remaining Word lines, cells of the second group 
formed in a second semiconductor region, including a set of 
cells operatively coupled to the ?rst Word line and to 
respective second bit lines, and other cells operatively 
coupled to respective ones of the second bit lines and to 
respective ones of the remaining Word lines, the method 
comprising: 

applying a ?rst voltage to the ?rst Word line; 

applying a second voltage to the ?rst semiconductor 
region; 

applying selected voltages to the ?rst bit lines; 

applying a fourth voltage to the second semiconductor 
region; 

applying a ?fth voltage to the remaining Word lines; 

Wherein during a ?rst time, the ?rst and fourth voltages 
are substantially the same, and the second and the 
selected voltages are substantially the same, and the 
?fth voltage is substantially the same as the second 
voltage, and 

Wherein during a second time the second and fourth 
voltages are substantially the same and different from 
the ?rst voltage, the ?fth voltage is selected from the 
range of the ?rst voltage to the second voltage, and the 
selected voltages being selected from the range of the 
?rst voltage and the second voltage. 

2. A method of operating a memory according to claim 1, 
Wherein during the ?rst time, the ?rst voltage is greater than 
the second voltage. 

3. A method of operating a memory according to claim 1, 
Wherein during the second time, ?rst voltage is less than the 
second voltage. 

4. A method of operating a memory according to claim 1, 
Wherein the ?rst and second times occur during program 
ming of the memory. 

5. A method of operating a memory according to claim 1, 
further comprising: 

applying a siXth voltage to the second bit lines during the 
?rst and second times, Wherein the siXth voltage is 
selected from the range of the ?rst voltage to the second 
voltage. 

6. A method of operating a memory according to claim 5, 
Wherein during the ?rst time, the ?rst voltage is greater than 
the second voltage. 

7. A method of operating a memory according to claim 5, 
Wherein during the second time, ?rst voltage is less than the 
second voltage. 

8. A method of operating a memory according to claim 5, 
Wherein the ?rst and second times occur during program 
ming of the memory. 

9. A method of erasing memory cells in a memory 
including at least ?rst and second groups of cells, cells of the 
?rst group formed in a ?rst semiconductor region, including 
a target set of cells operatively coupled to a ?rst Word line 
and to respective ?rst bit lines, and other cells operatively 
coupled to respective ones of the ?rst bit lines and to 
respective ones of the remaining Word lines, cells of the 
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second group formed in a second semiconductor region, 
including a set of cells operatively coupled to the ?rst Word 
line and to respective second bit lines, and other cells 
operatively coupled to respective ones of the second bit lines 
and to respective ones of the remaining Word lines, the 
method comprising: 

applying a ?rst voltage to the ?rst Word line; 

applying a second voltage to the ?rst semiconductor 
region; 

applying selected voltages to the ?rst bit lines; 

applying a fourth voltage to the second semiconductor 
region; 

applying a ?fth voltage to the remaining Word lines; 

Wherein the second and fourth voltages are substantially 
the same and different from the ?rst voltage, the ?fth 
voltage is selected from the range of the ?rst voltage to 
the second voltage, and the selected voltages being 
selected from the range of the ?rst voltage to the second 
voltage. 

10. A method of erasing memory cells in a memory 
according to claim 9, Wherein the ?rst voltage is less than the 
second voltage. 

11. A method of erasing memory cells in a memory 
according to claim 10, Wherein the second voltage is posi 
tive. 

12. A method of operating a memory according to claim 
10, further comprising: 

applying a siXth voltage to the second bit lines, Wherein 
the siXth voltage is selected from the range of the ?rst 
voltage to the second voltage. 

13. A method of erasing memory cells formed in a 
semiconductor region, a ?rst group of the cells operatively 
coupled to a ?rst Word line and to respective ?rst bit lines, 
and other cells of the ?rst group operatively coupled to 
respective ones of the ?rst bit lines and to respective ones of 
the remaining Word lines, the method comprising: 

applying a ?rst voltage to the Word line; 

applying a second voltage to the semiconductor region; 

applying selected voltages to the ?rst bit lines; 

applying a fourth voltage to the remaining Word lines; 

Wherein the ?rst and second voltages are different, the 
fourth voltage selected from the range of the ?rst 
voltage to the second voltage, and the selected voltages 
being selected from the ?rst and second voltages. 

14. A method of erasing a ?rst group of memory cells in 
a memory according to claim 17, Wherein the ?rst voltage is 
less than the second voltage. 

15. A method of erasing a ?rst group of memory cells in 
a memory according to claim 18, Wherein the second voltage 
is positive. 

16. A method of erasing memory cells in a memory 
according to claim 17, further comprising: 

applying a ?fth voltage as one of the selected voltages to 
the ?rst bit lines, Wherein the ?fth voltage is selected 
from the range of the ?rst voltage to the second voltage. 

* * * * * 


