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NON-VOLATILE SEMICONDUCTOR MEMORY 
DEVICE 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to a non-volatile 
semiconductor memory device Which erases data of memory 
cells all at once, and particularly, for an NOR type ?ash 
memory, a non-volatile semiconductor memory device in 
Which data of the memory cells is over-erased so as to give 
rise to problems. 

[0003] 2. Description of Related Art Including Informa 
tion Disclosed Under 37 CFR 1.97 And 37 CFR 1.98 

[0004] Recently, a ?ash memory is mainly used as a 
non-volatile semiconductor memory device in Which data 
can be electrically Written into and erased from the memory 
cell. The ?ash memory can erase data of the memory cells 
all at once for each block (Which is also called a “sector”) 
composed of memory cells of all or a part of a memory cell 
array. 

[0005] In a ?ash memory, electrons are injected into a 
?oating gate of the memory cell in order to Write into the 
memory cell or are extracted from the ?oating gate of the 
memory cell in order to erase from the memory cell. Since 
a threshold voltage of the memory cell is varied depending 
on the amount of electric charge accumulated in the ?oating 
gate, using this property, When electrons are injected into the 
?oating gate and the threshold voltage reaches a high level 
(Writing state) for example, this condition corresponds to a 
logic value of “0”. On the other hand, When electrons are 
extracted from the ?oating gate and the threshold voltage 
reaches a loW level (erasing state) for example, this condi 
tion corresponds to a logic value of “1”. 

[0006] HoWever, the erasing speed depends on each 
memory cell because of the variation in the quality such as 
the thickness of the oxide ?lm of the transistors composing 
the memory cells, or minor defects. Even if the data of the 
memory cells is erased using the same method, the threshold 
voltages of every memory cell are not uniform and the 
threshold voltage has a predetermined distribution in vieW of 
the memory cells as a Whole. If batch erasing is performed 
until reaching the threshold voltage for the memory cells 
having a sloW erasing speed, the batch erasing Will be 
excessively performed for the memory cells having a fast 
erasing speed. A memory cell in Which data is over-erased is 
called “a memory cell having deep depletion” or “a memory 
cell having a depletion defect”. Such memory cells in Which 
data is over-erased generate various problems; therefore, it 
is required that the presence of these memory cells be 
completely eliminated. 

[0007] A ?ash memory utiliZing a countermeasure for 
memory cells having deep depletion is disclosed in, for 
example, Japanese Unexamined Patent Application No. Hei 
8-106793 (hereinafter, referred to as JP 8-106793). In this 
application, erasing the data of the memory cell in an erasure 
block is performed as folloWs. A memory cell having a loW 
threshold voltage, logic value “1”, is detected and is Written 
until reaching a high threshold voltage, logic value “0”, so 
that every memory cell in the erasure block has a high 
threshold voltage, logic value “0”. Next, the data of all 
memory cells in the erasure block is erased all at once so that 
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each memory cell has a logic value “1”. The data of the 
memory cells is erased so that the upper limit of the 
threshold voltage of each memory cell is the predetermined 
“erase verify voltage”. 

[0008] As described above, When the batch erasing is 
performed, memory cells having deep depletion are gener 
ated in Which the threshold voltage is negative due to the 
variations in the erasing speeds of each memory cell. The 
voltage of a Word line applied to a control gate of the 
memory cell is set to “0 V”, and memory cells having deep 
depletion are detected and reWritten so as not to be in 
depletion. Because it is not knoWn Which memory cells 
connected to a digit line (Which is also referred to a bit line, 
a data line, or the like) have deep depletion, the reWrite is 
performed for each digit line and not for each memory cell. 

[0009] Therefore, shalloW Writing is performed in every 
memory cell connected to the digit line, verifying is per 
formed to detect Whether depletion is not in the digit line, 
and shalloW reWriting is repeated until the data of memory 
cells in the digit line having deep depletion is completely 
erased. The voltage of the Word line is set to “1.2 V” and 
reWriting and verifying are performed for each memory cell, 
in the same Way that “0 V” is applied to the Word line, in 
order to reWrite memory cells having latent deep depletion. 

[0010] HoWever, in the ?ash memory disclosed in the 
above-mentioned document JP 8-106793, the folloWing 
problems arises. 

[0011] FIG. 8 shoWs graphs explaining this problem, and 
shoWs the threshold voltage distribution for memory cells as 
a Whole in the erasure block. The X-axes shoW the number 
of memory cells N for each threshold voltage, and the Y-axes 
shoW the threshold voltages Vtm of the memory cells. The 
graph on the left in FIG. 8 shoWs the actual distributions of 
the threshold voltage. The distribution indicated by a refer 
ence letter D1 shoWs memory cells having deep depletion, 
and the distribution indicated by a reference letter D2 shoWs 
normally erased memory cells having no depletion. 

[0012] Furthermore, the graph in the center of FIG. 8 
shoWs the apparent distributions of the threshold voltage. 
The distribution of normally erased memory cells indicated 
by a reference letter D3 seems to be at loWer position than 
distribution D2 shoWn in the graph on the left. This is caused 
by the existence of memory cells having deep depletion 
shoWn in distribution D1. The Will be explained as folloWs. 
FIG. 9 is a partial diagrammatic vieW of a ?ash memory. A 
digit line 100 is one of the digit lines composing the memory 
cell array. Asense ampli?er 101 senses a memory data of the 
memory cell connected to digit line 100 by comparing an 
amount of electric current of a current Id passing through 
digit line 100 With an amount of electric current of a 
predetermined reference electric current. 

[0013] Furthermore, each of the memory cells 102 to 104 
is a part of the memory cells connected to the digit line 100. 
Word lines 105 to 107 are signal lines for selecting these 
memory cells 102 to 104. Electric currents Ic1 to Ic3 are 
currents passed betWeen the drain sources of memory cells 
102 to 104, respectively. Memory cells 102 and 103 are in 
a Writing state and memory cell 104 is a memory cell having 
deep depletion. To determine the threshold voltage of 
memory cell 102, a predetermined voltage is applied to Word 
line 105, and Word lines 106 and 107 and other Word lines 
(not shoWn) are set to “0V”. 
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[0014] In contrast, if memory cell 104 is not a memory cell 
having deep depletion, as long as the above predetermined 
voltage applied to Word line 105 does not reach the threshold 
voltage of memory cell 102, memory cell 102 Will remain 
OFF and the amount of electric current Ic1 is approximately 
“0”. Since electric current is not applied to Word lines other 
than Word line 105, the amounts of electric current Ic2 and 
Ic3 are approximately “0”. Therefore, the amount of electric 
current Id becomes approximately “0”. On the other hand, 
When the predetermined voltage applied to Word line 105 is 
equal to or greater than the threshold voltage of memory cell 
102, memory cell 102 turns ON. Subsequently, electric 
current Ic1, depending on the characteristics of memory cell 
102, flows, and electric current Id equals electric current Ic1 
since the amounts of electric currents Ic2 and Ic3 are “0”. 
Therefore, sense ampli?er 101 senses the amount of electric 
current Id to determine Whether the threshold voltage of 
memory cell 102 is equal to or greater than the predeter 
mined voltage. 

[0015] HoWever, if memory cell 104 is a memory cell 
having deep depletion, for example, When memory cell 102 
is read, even if the actual data stored in each memory cell is 
“0”, an error reading may occur as if the data stored in the 
memory cell Was “1”. Since the threshold voltage of 
memory cell 104 having deep depletion is less than “0 V”, 
a considerable amount of electric current Ic3 ?oWs even if 
the voltage to be applied to Word line 107 is “0 V”. 
Therefore, When memory cell 102 is chosen, the amount of 
electric current Id is the sum of electric currents Ic1 and Ic3. 

[0016] Memory cells 102, 103, and the like Which are 
connected to the digit lines and are identical to the memory 
cells in Which data is over-erased, are read, such that the 
amount of electric current Id apparently increases. If the 
voltages applied to the control gates of the memory cells are 
the same, the amount of the electric current passing through 
each memory cell increases as the threshold voltage of the 
memory cell decreases. Therefore, an apparent increase in 
the amount of electric current Id is equivalent to an apparent 
decrease in the threshold voltage of memory cell 102. 
Similarly, this occurs in other memory cells; therefore, the 
threshold voltage distributions of all memory cells of the 
erasure block, as mentioned above, seem to be distributions 
Which are as a Whole at a loWer position than the positions 
of the actual distributions. 

[0017] If the additional amount of electric current Ic3 is 
large, the amount of electric current Id exceeds the amount 
of the reference electric current. Therefore, a problem arises 
Wherein memory cell 102 actually has a data value of “0” 
Which speci?es a high threshold voltage but memory cell 
102 apparently has a data value of “1”Which speci?es a loW 
threshold voltage. To prevent such an error reading, the 
memory cell having deep depletion is reWritten to eliminate 
the over-erase condition and restore the normal erase con 

dition. HoWever, in conventional ?ash memory, further 
problems arises in the reWriting process as folloWs. 

[0018] If the threshold voltage distribution is apparently at 
a loW position due to memory cells having deep depletion, 
When memory cells having a threshold voltage Whose level 
is equal to or greater than a “reWrite determination level” as 
shoWn in FIG. 8 are reWritten, memory cells of the distri 
bution D3 having a threshold voltage Whose level is less than 
the reWrite determination level are normally erased. There 
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fore, the reWrite is not required. HoWever, in actuality, 
memory cells having a threshold voltage Whose level is less 
than the reWrite determination level are reWritten. Since the 
reWrite for the memory cells cannot be performed simulta 
neously With the erasure, the reWrite is performed per each 
memory cell unit. Therefore, for reWriting of the memory 
cells in Which reWriting is not actually required, the process 
time for the erasure process as a Whole increases. 

[0019] Furthermore, When the reWrite is performed for the 
distribution shoWn in the center of FIG. 8, threshold voltage 
distributions D1 and D3 of the memory cells become the 
distributions D4 and D5 shoWn on the right in FIG. 8. In the 
erasing operation, the threshold voltages of all the memory 
cells of the erasure blocks need to be equal to or less than an 
“erase determination level” (shoWn on the right in FIG. 8). 
The threshold voltage of distribution D5 increases above the 
“erase determination level”. In order to be equal to or less 
than the “erase determination level” for the memory cells of 
distribution D5, the erasure needs to be performed again. 
Therefore, the process time for the erasure process as a 
Whole further increases. If memory cells having deep deple 
tion are generated due to the erasure again, the reWrite is 
required again. Depending on the conditions, there is a 
possibility that the erasure and the reWrite may be repeated 
endlessly. 

[0020] Moreover, if there are memory cells having deep 
depletion, the distribution of the threshold voltage is, as a 
Whole, extended as shoWn in the distributions D4 and D5. 
Therefore, When the verify Which detects Whether the thresh 
old voltage of the memory cell during the reWrite is equal to 
or greater than the “reWrite determination level” is per 
formed, a problem arises Wherein read margin may not 
sufficiently remain. Therefore, memory cells having deep 
depletion are removed beforehand, and the Width of the 
threshold voltage distribution is reduced to leave suf?cient 
read margins. 

[0021] Additionally, in order to obtain transistors With 
pressure drop resistance, loW electric poWer consumption, 
and high speed, due to miniaturiZation, are ?ned in recent 
years, various semiconductor devices comprising a non 
volatile semiconductor memory have been changing to 
devices having a loW poWer-supply voltage operation. The 
threshold voltage of the memory cells needs to be decreased 
and the threshold voltage distribution of the memory cells 
needs to be narroW at the same time in order to achieve loW 
poWer-supply voltage operation. HoWever, since the original 
threshold voltage distribution of the memory cells is deter 
mined according to the manufacturing process, it is not easy 
to make improvements by decreasing the threshold voltage 
in the manufacturing process. Therefore, it is describe that 
circuit operations, such as the erasing operation, be 
improved Without modifying the manufacturing process in 
order to essentially narroW the threshold voltage distribu 
tion. 

BRIEF SUMMARY OF THE INVENTION 

[0022] In light of the above problems, the object of the 
present invention is to provide a non-volatile semiconductor 
memory in Which unnecessary reWrites are not performed 
even When there are memory cells having deep depletion, 
and in Which the process time for the erasure process as a 
Whole is not increased by increasing the number of reWrites. 
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Furthermore, another object of the present invention is to 
provide a non-volatile semiconductor memory in Which a 
sufficient read margin is remains and the memory is suitable 
for loW poWer-supply voltage operation by narroWing the 
Width of the threshold voltage distribution of the memory 
cells as much as possible. 

[0023] To solve the above-mentioned problems, a ?rst 
aspect of the present invention is a non-volatile semicon 
ductor memory comprising a non-volatile memory cell 
Which is capable of being Written to and totally erased 
electrically and in Which a threshold voltage distribution of 
the memory cell is affected by memory cells in Which data 
is over-erased, Wherein the memory is provided With: a ?rst 
erasing means for totally erasing erasable memory cells, a 
?rst reWriting means for reWriting memory cells in Which 
data is over-erased by totally erasing While simultaneously 
verifying each memory cell, a second erasing means for 
erasing memory cells Which Were not erased up to a desired 
erase determination level after the ?rst reWrite, and a second 
reWriting means for reWriting memory cells Which Were not 
reWritten up to a desired reWrite determination level While 
simultaneously verifying each memory cell after the second 
erase. 

[0024] A second aspect of the present invention is a 
non-volatile semiconductor memory comprising a non-vola 
tile memory cell Which is capable of being Written to and 
totally erased electrically and in Which a threshold voltage 
distribution of the memory cell is affected by the memory 
cell in Which data is over-erased, Wherein the memory is 
provided With: a ?rst erasing means for totally erasing 
erasable memory cells up to a ?rst erase determination level 
Which is higher than a desired erase determination level, a 
?rst reWriting means for reWriting memory cells in Which 
data is over-erased by totally erasing up to a ?rst reWrite 
determination level loWer than a desired reWrite determina 
tion level While simultaneously verifying for each memory 
cell, a second erasing means for erasing memory cells Which 
Were not erased up to the desired erase determination level 
after the ?rst reWrite, and a second reWriting means for 
reWriting memory cells Which Were not reWritten up to the 
desired reWrite determination level While simultaneously 
verifying each memory cell after the second erase. 

[0025] According to the ?rst and second aspects of the 
present invention, if the threshold voltage distribution seems 
to be in a loWer position oWing to the memory cells in Which 
data is over-erased, memory cells Which do not need to be 
reWritten are not reWritten. Only the memory cells to be 
reWritten are reWritten and excessive reWrites do not occur, 
therefore, the process time for the total erasure process can 
be shortened in comparison to the conventional process 
time. Furthermore, since the Width of the threshold voltage 
distribution can be narroWed more than the conventional 
Width of a threshold voltage distribution, suf?cient read 
margins remain and a non-volatile semiconductor memory 
Which is suitable for loW poWer-supply voltage operation 
can be obtained With no additional manufacturing processes 
or the like. 

[0026] A third aspect of the present invention is a non 
volatile semiconductor memory according to the second 
aspect, Wherein the ?rst erase determination level may be set 
higher than the desired erase determination level for an 
amount of increased voltage When the threshold voltage of 
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the memory cells not erased excessively increases during 
reWriting by the ?rst reWriting means. 

[0027] Furthermore, in the second aspect of the present 
invention, data in the memory cells is erased up to the ?rst 
erase determination level Which is higher than the desired 
erase determination level When data in the memory cells is 
totally erased. According to the third aspect of the present 
invention, to perform this erasure, as shoWn in the third 
aspect of the present invention, for eXample, for the case 
Where the amount of increased voltage When the threshold 
voltage of the memory cells in Which data is not over-erased 
increases by reWriting the memory cells in Which data is 
over-erased, the ?rst erase determination level may be set 
higher than the desired erase determination level. Accord 
ingly, the memory cells having a threshold voltage betWeen 
the desired erase determination level and the ?rst erase 
determination level can be totally reWritten When the second 
reWrite is performed. 

[0028] A fourth aspect of the present invention is a non 
volatile semiconductor memory comprising a non-volatile 
memory cell Which is capable of being Written to and totally 
erased electrically and in Which a threshold voltage distri 
bution of the memory cell is effected by memory cells in 
Which data is over-erased, Wherein the memory is provided 
With: an erasing means for totally erasing erasable memory 
cells up to a desired erase determination level, a ?rst 
reWriting means for reWriting memory cells in Which data is 
over-erased by totally erasing up to a ?rst reWrite determi 
nation level loWer than a desired reWrite determination level 
While simultaneously verifying each memory cell, and a 
second reWriting means for reWriting memory cells not 
reWritten up to the desired reWrite determination level While 
verifying for each memory cell after the ?rst reWrite. 

[0029] According to the fourth aspect of the present inven 
tion, the effects of the ?rst and second aspects can be 
obtained as Well, and the erasure may be performed once. 
Therefore, the control for erasing can be simpli?ed and the 
process time for the total erasure process can be shortened 
in comparison to the conventional process time. 

[0030] A ?fth aspect of the present invention is a non 
volatile semiconductor memory according to any one of the 
second to fourth aspects, Wherein the ?rst reWrite determi 
nation level may be set loWer than the desired reWrite 
determination level for an amount of increased voltage When 
the threshold voltage of the memory cells in Which data is 
not over-erased increases during reWriting by the ?rst reWrit 
ing means. 

[0031] Furthermore, according to the second and fourth 
aspects of the present invention, the ?rst reWrite is per 
formed up to the reWrite determination level Which is loWer 
than the desired reWrite determination level. To perform this 
reWriting, as shoWn in the ?fth aspect of the present inven 
tion, for eXample, When the amount of increased voltage 
When the threshold voltage of the memory cells in Which 
data is not over-erased increases by reWriting the memory 
cells in Which data is over-erased, the ?rst reWrite determi 
nation level may be set loWer than the desired reWrite 
determination level used When the ?rst erase is performed. 
Therefore, there is no effect such as that the threshold 
voltage distribution seems to decrease due to the memory 
cells in Which data is over-erased and only the memory cells 
to be reWritten are reWritten. 
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[0032] A sixth aspect of the present invention is a non 
volatile semiconductor memory according to any one of the 
?rst to ?fth aspects, Wherein a reWrite control voltage to be 
applied to the memory cells When the ?rst reWrite determi 
nation means is performed is higher than a reWrite control 
voltage to be applied to the memory cells When the second 
reWrite determination means is performed. 

[0033] According to the siXth aspect of the present inven 
tion, the reWrite control voltage Which is applied to the 
memory cell for the ?rst reWrite is higher than the reWrite 
control voltage for the second reWrite. Therefore, the num 
ber of times for Writing When the memory cells having deep 
depletion are reWritten by the ?rst reWrite can be decreased, 
and the erase current for the reWriting can be reduced. 

[0034] A seventh aspect of the present invention is a 
non-volatile semiconductor memory according to any one of 
the ?rst to siXth aspects, Wherein a read control voltage for 
verifying to be applied to the memory cells When verifying 
While reWriting is higher than a read control voltage to be 
applied during normal reading by the ?rst reWriting means 
or the second reWriting means. 

[0035] According to the seventh aspect of the present 
invention, When verifying is performed in the ?rst reWriting, 
the read control voltage Which is applied to the memory cells 
is higher than the read control voltage When normally 
reading. Therefore, the amount of current Which ?oWs in the 
memory cells for verifying can be increased. As a result, the 
effect of the leakage current ?oWing into the memory cells 
in Which data be over-erased can be almost ignored, and the 
memory cells Which are in the depletion state and require 
reWriting can be more accurately determined. 

[0036] A eighth aspect of the present invention is a non 
volatile semiconductor memory according to any one of the 
?rst to seventh aspects, Wherein the ?rst reWriting means or 
the second reWriting means detects, for each digit line, 
Whether there are memory cells in Which data is over-erased 
in the digit line for reWriting, and veri?es and reWrites the 
digit line for each memory cell only When the there are 
memory cells in Which data is over-erased. 

[0037] According to the eighth aspect of the present 
invention, after detecting Whether there are memory cells in 
the digit line in Which data is over-erased, the digit line is 
veri?ed and reWritten for each memory cell. For digit lines 
Which are not connected to the memory cells in Which data 
is over-erased, it is not necessary to determine Whether a 
reWrite for each memory cell is required. Therefore, the time 
for the process can be reduced. 

[0038] A ninth aspect of the present invention is a non 
volatile semiconductor memory according to any one of the 
?rst to eighth aspects, Wherein the ?rst reWriting means or 
the second reWriting means reWrites the memory cells Which 
are to be reWritten to the mean of the threshold voltage 
distribution of the memory cells in Which data is not 
over-erased. 

[0039] According to the ninth aspect of the present inven 
tion, the data of the memory cells for reWriting is reWritten 
around the mean value of the threshold voltage distribution 
of the memory cells in Which data is not over-erased. As a 
result, the threshold voltage distribution can have a peak 
voltage and keep its shape. Furthermore, When the second 
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erase operation is performed, the probability that data of the 
memory cells is in the depletion state can be decreased. 

[0040] A tenth aspect of the present invention is a non 
volatile semiconductor memory comprising a non-volatile 
memory cell Which is capable of being Written to and totally 
erased electrically and in Which a threshold voltage distri 
bution of the memory cell is affected by data in memory 
cells in Which data is over-erased, Wherein only the memory 
cells in Which data is over-erased are detected in memory 
cells for erasure and reWritten to a desired threshold voltage, 
and then further reWritten to a desired threshold voltage 
distribution. 

[0041] According to the tenth aspect of the present inven 
tion, only memory cells in Which data is over-erased are 
detected, are reWritten up to the predetermined threshold 
voltage distribution, and further, are reWritten up to the 
desired threshold voltage distribution. As a result, the effects 
of the ?rst and second aspects can be obtained as Well. 

[0042] An eleventh aspect of the present invention is a 
non-volatile semiconductor memory comprising a non-vola 
tile memory cell Which is capable of being Written to and 
totally erased electrically and in Which a threshold voltage 
distribution of the memory cell is affected by data in 
memory cells in Which data is over-erased, Wherein a 
threshold voltage distribution of memory cells for erasure, 
Which seems to be at loWer position oWing to the memory 
cells in Which data is over-erased is restored to an actual 
threshold voltage distribution and then reWritten to a desired 
threshold voltage distribution. 

[0043] According to the eleventh aspect of the present 
invention, the threshold voltage distribution Which seems to 
be at loWer position oWing to the memory cells in Which data 
is over-erased is restored to the actual threshold voltage 
distribution and then reWritten up to the desired threshold 
voltage distribution. As a result, the effects of the ?rst and 
second aspects can be obtained as Well. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING 

[0044] FIG. 1 is a block diagram shoWing a ?ash memory 
according to the ?rst aspect of the present invention. 

[0045] FIG. 2 is a diagram explaining an erase operation 
of the ?ash memory and a transition state of the threshold 
voltage distribution of the memory cells for erasure accord 
ing to the ?rst aspect of the present invention. 

[0046] FIG. 3 is a characteristic diagram shoWing the 
relationships betWeen a voltage of a control gate and source 
for a memory cell, and a drain current for each state of a 
reference cell and a memory cell (Write state, erase state, and 
over-erase state). 

[0047] FIG. 4 is a diagram explaining an apparent thresh 
old voltage distribution of every memory cell in an erasure 
block. 

[0048] FIG. 5 is a ?oWchart shoWing the steps of the erase 
operation of the ?ash memory according to the ?rst aspect 
of the present invention. 

[0049] FIG. 6 is a ?oWchart shoWing the steps of the 
reWrite operation in the erase operation of the ?ash memory 
according to the ?rst aspect of the present invention. 
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[0050] FIG. 7 is a ?owchart showing the steps of the 
rewrite operation in the erase operation of the ?ash memory 
according to the second aspect of the present invention. 

[0051] FIG. 8 is a graph explaining an erase operation of 
a conventional ?ash memory and a transition state of a 
threshold voltage distribution of memory cells for erasure. 

[0052] FIG. 9 is a diagram explaining the increase of an 
amount of current ?owing in a digit line by memory cells 
having deep depletion. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Basic Concepts 

[0053] Embodiments of the present invention will be 
eXplained with reference to the ?gures as follows. First, a 
technical concept which is the basis of an erasure process 
according to the present invention will be eXplained with 
reference to FIG. 2. As an eXample of a non-volatile 
semiconductor memory device, a ?ash memory is given. 
Furthermore, in FIG. 2, the same reference letters are used 
with regard to the distributions as are used in FIG. 8. 

[0054] In the present invention, an erasure process for the 
erasure block is divided into two steps, that is, a “?rst step” 
and a “second step” as mentioned later, and performed. In 
each step, erasing and rewriting are performed. The rewrite 
determination level and the erase determination level are set 
for each step. The “rewrite determination level” referred to 
indicates a level at which a rewrite is performed when the 
threshold voltage of memory cells having deep depletion is 
lower than this level in order to put the threshold voltage 
equal to or above this rewrite determination level. On the 
other hand, the “erase determination level” indicates a level 
so as to make the threshold voltage equal to or less than the 
erase determination level by erasing the memory cells 
having a threshold voltage higher than the erase determina 
tion level. 

[0055] In the document JP 8-106793 mentioned above, it 
is determined whether a “deplete verifying voltage”, which 
corresponds to the rewrite determination level of the present 
invention, is simply applied to the word line and rewritten. 
On the other hand, in the embodiment of the present 
invention mentioned later, the rewrite determination level is 
not simply applied to the word line. That is to say, the rewrite 
determination level of the embodiment of the present inven 
tion indicates an intermediate value of the threshold voltage 
between the memory cell which is to be rewritten and the 
memory cell which is not to be rewritten. 

[0056] The graph on the left in FIG. 2 simply shows an 
overlap of distributions D1 to D3 of FIG. 8. The graph in the 
center of FIG. 2 shows an operation when the ?rst step is 
performed. The graph on the right in FIG. 2 shows an 
operation when the second step is performed. The threshold 
voltage distribution of the erasure block is erased so as to be 
between “rewrite determination level 2” and “erase deter 
mination level 2”. 

[0057] In the ?rst step, using “erase determination level 1” 
which is higher than “erase determination level 2”, it is 
determined whether the erasing of the erasure block has 
been completed (hereinafter, this determination will be 
called “erase/verify”). Subsequently, it is determined 
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whether rewriting of the block for erasure has been com 
pleted (hereinafter, this determination will be called 
“rewrite/verify”). Then, in consideration of the fact that the 
threshold voltage is apparently at a lower position due to 
memory cells having deep depletion, rewriting and verifying 
are performed using “rewrite determination level 1” which 
is set lower than “rewrite determination level 2”. 

[0058] Through the process of this ?rst step, only memory 
cells in which data is over-erased can be rewritten within the 
threshold voltage distribution of the memory cell in which 
data is normally erased. As a result, distribution D1 is erased 
from the distribution having a wide width composed of 
distributions D1 and D6 shown in the graph at the center of 
FIG. 2 resulting in a distribution having a narrow width. 
Since memory cells having deep depletion are completely 
erased by the rewrite/verify, the phenomenon in which the 
threshold voltage distribution seems to be at a lower position 
is avoided and the actual distribution appears. The distribu 
tion having a narrow width, as mentioned above is higher 
than the threshold voltage distribution before rewriting as 
shown by the distribution D7 in the graph at the center of 
FIG. 2. When memory cells having deep depletion are 
rewritten by the ?rst step, rewriting is performed so as to 
achieve the mean of distribution D6 (or around the peak of 
D6) as a target so that the threshold voltage distribution of 
the memory cell can have the shape like that shown in 
distribution D7 of FIG. 2. 

[0059] In the second step, erasing and rewriting are per 
formed using the desired determination level. That is, the 
erase/verify of the ?rst step is performed as well using “erase 
determination level 2”, so that the threshold voltage distri 
bution is determined as shown by distribution D8 in the 
graph on the right of FIG. 2. Subsequently, to erase the 
memory cells in which data is slightly over-erased (herein 
after, this memory cell will be called a “memory cell having 
shallow depletion”) by the erase/verify, the rewrite/verify of 
the ?rst step is performed as well using “rewrite determi 
nation level 2”. 

[0060] Therefore, in the second step, with regard to the 
memory cells having a higher threshold voltage than the 
upper limit of the desired threshold voltage distribution, 
further erasing is performed so that the threshold voltage is 
lower than the upper limit. With regard to memory cells 
having a lower threshold voltage than the lower limit of the 
desired threshold voltage distribution, rewriting is per 
formed so that the threshold voltage is within the desired 
threshold voltage distribution. Accordingly, the threshold 
voltage distribution of the erasure block can be kept within 
the desired threshold voltage distribution. 

[0061] In the document JP 8-106793 mentioned above, 
every memory cell connected to one digit line is rewritten 
and veri?ed when the ?rst rewrite/verify is performed. If the 
memory cells are connected to the same digit line when the 
memory cells which are to be rewritten and the memory cells 
which are not to be rewritten are miXed, the memory cells 
which are not to be rewritten will be rewritten. Therefore, 
the threshold voltage distribution increases as a whole. On 
the other hand, in the present invention, since the rewrite/ 
verify is performed for each memory cell in both the ?rst and 
second steps, only memory cells which are to be rewritten 
can be rewritten. 

[0062] “Rewrite determination level 1” used in the ?rst 
step is lower than “rewrite determination level 2” used in the 
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second step. This is because the threshold voltage distribu 
tion decreases due to memory cells having deep depletion as 
mentioned above, so that the memory cells Which are not to 
be reWritten may actually be reWritten. Furthermore, “erase 
determination level 1” used in the ?rst step is higher than 
“erase determination level 2” used in the second step. This 
is because the threshold voltage distribution Which is appar 
ently at a loWer position due to the memory cells having 
deep depletion increases above the actual threshold voltage 
distribution “erase determination level 1”, so that the 
memory cells having a threshold voltage betWeen “erase 
determination level 2” and “erase determination level 1” are 
reWritten by the erase/verify in the second step. 

[0063] The voltage difference betWeen “erase determina 
tion level 1” and “erase determination level 2” and the 
voltage difference betWeen “reWrite determination level 1” 
and “reWrite determination level 2” are each given by AV. 
The value AV is de?ned as the voltage difference betWeen 
the upper value of the threshold voltage in the apparent 
distribution (“error Vtm” in FIG. 4) and the upper value of 
the threshold voltage in the actual distribution (“actual Vtm” 
in FIG. 4) as shoWn in FIG. 4. Of course, it may be dif?cult 
to measure the actual threshold voltage in the distribution. 
Therefore, the ratio of the memory cells having deep deple 
tion in the memory cell array is calculated by a simulation 
and the degree of shift of the threshold voltage distribution 
by the memory cells having deep depletion is calculated in 
order to determine the value AV. 

[0064] Furthermore, in the present invention, a voltage 
applied to the Word line is greater than the voltage of the 
Word line Which is used in a normal read When the reWrite/ 
verify is performed. The reason Will be explained With 
reference to FIG. 3 as folloWs. In FIG. 3, the X-axis 
represents a voltage betWeen gate and source VGS applied to 
the memory cell betWeen the control gate and the source, 
and the Y-axis represents a drain current Id. Reference letter 
C1 indicates the VGS-Id characteristic of the Write cell in the 
Write state; reference letter C2 indicates the VGS-Id charac 
teristic of a reference cell 6 (see FIG. 1); reference letter C3 
indicates the VGS-Id characteristic of the erase cell in the 
normal erase state; and reference letter C4 indicates the 
VGS-Id characteristic of the memory cell having deep deple 
tion. According to FIG. 3, these are characteriZed by expo 
nential shapes. Characteristic C2 shoWs the characteristic of 
the reference cell When normally reading, and the threshold 
voltage is situated betWeen characteristic C1 and character 
istic C3 so as to distinguish the Write cell and the erase cell. 

[0065] To perform the reWriting only for memory cells 
having deep depletion, it is suf?cient that the memory cells 
having deep depletion and the memory cells in Which data 
is normally erased are distinguished. It is suf?cient that the 
amount of the current Iref passing through reference cell 6 
is situated betWeen characteristic C3 and characteristic C4. 
For example, the voltage betWeen gate and source VGS of the 
memory cells, as Well as the voltage When normally reading, 
is set to 5 V, for example. As a result, the amount of current 
passing through the memory cell in Which data is normally 
erased and the memory cell having deep depletion is 
obtained, by characteristics C3 and C4 corresponding to the 
voltage betWeen gate and source VGS, to be I3a and I4a, 
respectively. Therefore, for example, When the amount of 
current Ira passes through the reference cell 6, the voltage 
betWeen gate and source VGS applied to the control gate of 
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the reference cell 6 is set to the voltage VREFQ. Moreover, the 
amount of current is given by to Iref=Ira When 5V is applied 
to the voltage betWeen gate and source VGS by controlling 
the threshold voltage of reference cell 6. 

[0066] As mentioned above, even if the voltage is not 
applied to the control gate (the voltage betWeen gate and 
source VGS=0) in the memory cell having deep depletion, 
the amount of current corresponding to the amount of 
current Idep shoWn in FIG. 3 passes through the memory 
cell. Therefore, if the memory cell having deep depletion, 
for example, only one memory cell, is connected to the digit 
line comprising the memory cells in Which data is normally 
erased, the amount of current (corresponding to Id shoWn in 
FIG. 9) passing through the digit line When memory cells 
are selected in Which data is normally erased is I3a+Idep. 

[0067] If the amount of current I3a+Idep is greater than the 
amount of current Ira, the memory cells in Which data is 
normally erased and the memory cells having deep depletion 
cannot be distinguished because of the memory cell having 
deep depletion Which is connected to the digit line as 
mentioned above. That is, if voltage VGS betWeen gate and 
source is loW, such as 5 V, the effect of the memory cells 
having deep depletion cannot be ignored because the pro 
portion of the amount of current Idep is greater than the 
amount of current I3a. When the memory cells having deep 
depletion are multi-connected to the same digit line, each 
amount of current is remarkably affected by the memory 
cells having deep depletion. 

[0068] On the other hand, if voltage VGS betWeen gate and 
source is set to be larger than 5 V, for example, VVER, each 
amount of current passing through memory cells in Which 
data is normally erased and memory cells having deep 
depletion is I3b by characteristic C3 and I4b by character 
istic C4, respectively. Therefore, the amount of current 
passing through the above-mentioned digit line is I3b+Idep. 
Furthermore, since the amount of current betWeen amounts 
of current I3b and I4b, for example, Irb, passes through the 
reference cell 6, voltage VGS betWeen gate and source in the 
reference cell 6 is set to VREFD or the threshold voltage of the 
reference cell 6 is adjusted so as to pass the amount of 
current Irb by voltage VVER. 

[0069] As mentioned above, since the VGS-Id character 
istics are like an exponential function (second-degree func 
tion), the value of I4b-I3b is remarkably greater than the 
value of I4a-I3a. In FIG. 3, the value of I4b-I3b is several 
times the value of I4a-I3a; hoWever, in actuality, the differ 
ence of them is even larger. In the reWrite/verify in the ?rst 
step, the voltage VGS betWeen gate and source is set equal to 
or greater than the voltage VVER, so that the amount of 
current Idep passing through the memory cells having deep 
depletion can be suf?ciently loW in comparison With the 
amount of current passing through the erase cell or over 
erase cell. Practically, the effect of the memory cells having 
deep depletion can be ignored. Since there is no possibility 
that the amount of current I3b+Idep is greater than the 
amount of current Irb, the memory cells in Which data is 
normally erased and the memory cells in Which data is 
over-erased can be accurately distinguished. 

[0070] In the reWrite/verify in the second step, since the 
memory cells having deep depletion are removed in the ?rst 
step, the problem such that each memory cell cannot be 
distinguished does not occur even if a voltage of approxi 
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mately 5 V is applied to voltage VGS between gate and 
source of memory cell as is done in the normal read. 
Therefore, the voltage applied to the Word line and the 
voltage applied to the control gate of reference cell 6 may be 
decreased depending on the voltage VGS betWeen gate and 
source. Furthermore, the voltage VGS betWeen gate and 
source may be given by voltage VVER. In the second step, 
since the reWrite/verify is performed for the memory cells 
having shalloW depletion Which have greater threshold volt 
ages than the memory cells having deep depletion, its 
characteristic is closer to characteristic C3 than character 
istic C4. Therefore, the amount of current Iref may be 
decreased by setting voltage VGS betWeen gate and source of 
reference cell 6 so as to be loWer than voltage VREFD or the 
threshold voltage of reference cell 6 may be adjusted. 

[0071] As mentioned above, since the memory cells hav 
ing deep depletion are reWritten ?rst and then the memory 
cells having shalloW depletion are reWritten, the problem 
Wherein the threshold voltage distribution is apparently loW 
does not occur at the time When the memory cells having 
shalloW depletion is reWritten. Therefore, unnecessary 
reWrites do not occur, and the process time for the total 
erasure process can be shortened in comparison to the 
conventional process time. Furthermore, the threshold volt 
age distribution can be narroWer than the conventional 
distribution, so that a sufficient read margin can be obtained 
and a ?ash memory, Which is suitable for loW poWer-supply 
voltage operation, can be obtained Without an improvement 
of the manufacturing method. Moreover, When data of the 
memory cells is erased up to “erase determination level 1”, 
over-erased memory cells are reWritten. Therefore, the num 
ber of memory cells can be remarkably decreased, and as a 
result, the necessary time for erasing can be remarkably 
reduced. 

First Embodiment 

[0072] (1) Explanation of the Structure 

[0073] Next, a structure of the ?ash memory Will be 
concretely explained in order to actualiZe the above-men 
tioned concepts. 

[0074] FIG. 1 is a block diagram shoWing a ?ash memory 
according to the embodiment. A ?ash memory in Which 
memory cells are connected to the digit line in parallel, 
Which is called an NOR-type ?ash memory, is illustrated in 
FIG. 1. In FIG. 1, a memory cell array 1 is composed of 
nine memory cells 2-11 to 2-13, 2-21 to 2-23, and 2-31 to 
2-33 Which are situated like a matrix. Each memory cell is 
situated at cross points of the Word lines WL1 to WL3 and 
the digit lines DL1 to DL3, respectively. 

[0075] For convenience, memory cell array 1 is composed 
of 3 roWs><3 columns; hoWever, memory cell array 1 is 
actually composed of many roWs (Word lines) and many 
columns (digit lines) as a matter of course. Furthermore, 
each memory cell has the same structure as the memory cells 
adopted in general ?ash memory, and is provided With a 
source terminal and a drain terminal, and further, a control 
gate having a laminate gate structure, and a ?oating gate. 
Each memory cell has a Well Which is commonly used for a 
predetermined block as an erase unit, and a poWer supply 
from a Well bias circuit (not shoWn) is applied into this 
common Well. Moreover, the control gate of each memory 
cell array is connected to the corresponding Word line, and 
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the drain terminal is connected to the corresponding digit 
line. The source terminal of each memory cell is connected 
to a ground electric potential via a sWitch (not shoWn). When 
data of the memory cells is erased, this sWitch is turned OFF 
and the source terminal is in an open state. 

[0076] Address buffer 2 buffers and outputs an address 
ADR Which is provided from outside the ?ash memory or an 
address provided by a sequence controller (described 
beloW). These addresses are composed of a roW address and 
a column address; the above-mentioned Word lines WL1 to 
WL3 correspond to the roW addresses respectively, and the 
digit lines DL1 to DI3 correspond to the column addresses 
respectively. 
[0077] RoW decoder driver 3 decodes the roW address part 
in the address Which is input by address buffer 2, and one of 
the Word lines WL1 to WL3 Which is speci?ed in the roW 
address is activated. Then, the voltage input by a high 
voltage generation circuit 11 or a high-voltage generation 
circuit 12 (both Will be described beloW) is applied to the 
selected Word line by operating roW decoder driver 3. 

[0078] Column decoder sWitch 4 decodes the column 
address part in the address Which is input by address buffer 
2, and one of the digit lines selected from the digit lines DL1 
to DL3 according to the result of the decoded column 
address part is connected to a sense ampli?er 5. Then, the 
amount of current passing through the digit line selected by 
column decoder sWitch 4 and the amount of current Iref, 
Which is a standard amount of current passing through 
reference cell 6, are compared by operating sense ampli?er 
5. Furthermore, holding data of the memory cell selected by 
the address ADR is then output as a sense result. 

[0079] As mentioned above, Word lines WL1 to WL3 are 
determined so as to be applied a voltage of approximately 5 
V betWeen the gate and the source of the memory cell during 
a normal read. If the memory cell is a Write cell (logic value 
0), the threshold voltage is high, and then, current hardly 
passes into the memory cell even if a voltage of approxi 
mately 5 V is applied betWeen the gate and the source of the 
memory cell. On the other hand, if the memory cell is an 
erase cell (logic value 1), the threshold voltage is loW, and 
then, current passes into the memory cell by applying a 
voltage of approximately 5V betWeen the gate and the 
source of the memory cell. For example, if a normal read 
from the memory cell is performed, the characteristic of 
reference cell 6 is determined to be characteristic C2 of FIG. 
3, and the amount of current obtained from characteristic C2 
is set to the amount of current Iref passing through reference 
cell 6 When VGS=5 V is applied betWeen the gate and the 
source. Accordingly, if the amount of current passing 
through the digit line is equal to or greater than the amount 
of current Iref, data in the memory cell is “0”, and further, 
if the amount of current is loWer than Iref, data in the 
memory cell is “1”. 

[0080] Output data from sense ampli?er 5 is buffered and 
output to an external device using a data output buffer (not 
shoWn) in the same Way as is done in a general ?ash 
memory. HoWever, an explanation for this operation is not 
needed for the present invention, so the data output buffer is 
not shoWn in particular. Furthermore, only one sense ampli 
?er is shoWn in FIG. 1 in order to simplify the ?gure; 
hoWever, in actuality, a number of sense ampli?ers for a bit 
Width of data (for example, 8 bits) is provided, Wherein the 
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data is simultaneously input and output between the sense 
ampli?er and an external device. 

[0081] Next, each memory cell of reference cell 6 has a 
structure of each memory cell as mentioned above as Well. 
As the voltage is supplied to the control gate from a 
high-voltage generation circuit 13, the amount of current Iref 
of the drain current is controlled. The circuit structure 
necessary to apply the amount of current Iref to sense 
ampli?er 5 is not limited to the structure using reference cell 
6, and a structure using constant current circuit or the like 
may also be used. Data input buffer 7 performs buffering of 
data “DATA” Which is supplied from outside the ?ash 
memory and then outputs the data. The data DATA Which is 
applied to the buffer can be data to be reWritten to the 
memory cell itself, data for specifying a command to the 
?ash memory, and the like. 

[0082] In order to control accesses of the ?ash memory, a 
control buffer 8 performs buffering to various control signals 
Which are input from outside and then control signals are 
output. The input signals are the same as those used in 
general ?ash memory, such as a chip enable signal (CE), an 
output enable signal (OE), a Write enable signal (WE), and 
the like, as Well as a reset signal and the like, and are input 
into the control buffer 8. Acommand decoder 9 incorporates 
and decodes addresses and data Which are supplied from 
address buffer 2 at the timing indicated by a control signal 
supplied from the control buffer 8. Furthermore, command 
types speci?ed by this decoding and parameters are sent to 
the sequence controller 10. The parameters can be block 
addresses and block length for data Which is erased per each 
block, and the like. 

[0083] Next, sequence controller 10 is a central part con 
trolling operations With regard to the erase/verify and the 
Write/verify by controlling high-voltage generation circuits 
11 to 13 based on command types and parameter output from 
command decoder 9, and the sense results Which are sup 
plied from sense ampli?er 5. Details of the functions of 
sequence controller 10 Will be explained later and are not 
explained in detail here. 

[0084] Furthermore, high-voltage generation circuit 11 
supplies the voltage Which is to be applied to the Word line 
by the reWrite/verify in the ?rst step to roW decoder driver 
3. Similarly, high-voltage generation circuit 12 supplies the 
voltage Which is to be to applied to the Word line by the 
reWrite/verify in the second step to roW decoder driver 3. On 
the other hand, high-voltage generation circuit 13 generates 
the voltage Which is to be applied to the control gate of 
reference cell 6 in the reWrite/verify in the ?rst and second 
steps. As an example of the concrete structure of high 
voltage generation circuits 11 to 13, a plurality of resistive 
elements are arranged in series betWeen a poWer-supply 
potential and a ground potential and then resistive-divided 
so as to generate and supply a desired voltage according to 
the position in a connection node of adjacent resistive 
elements. 

[0085] (2) Explanation of the Operation 

[0086] 1. Input of the erase command 

[0087] The erase operation in the ?ash memory compris 
ing the above-mentioned structure Will be explained as 
folloWs With reference to the timing chart shoWn in FIG. 5 

Jun. 28, 2001 

[0088] At ?rst, according to the combination of each level 
of the chip enable signal (CE), the output enable signal (OE), 
and the Writing enable signal (WE), and the combination of 
the value of address ADR and the value of data DATA, the 
erase command is speci?ed from the outside of the ?ash 
memory. When only a speci?c block is to be erased, the 
erasable block is speci?ed using the address ADR. Then, 
command decoder 9 recogniZes the erase command as 
speci?ed by incorporating the above-mentioned signals 
from address buffer 2, data input buffer 7, and control buffer 
8 and address ADR and data DATA, and further, command 
decoder 9 sends the commend type With its parameters to 
sequence controller 10. Sequence controller 10 starts the 
sequence of the erase operation therein according to the 
erase command’s type and its parameters. Furthermore, 
When the erase is performed per each block, sequence 
controller 10 generates an erase start address and the erase 
termination address of the erasable block for the roW and the 
column, and these addresses are stored in a register. More 
over, in the present embodiment, it is presumed that the 
memory cell connected to digit lines DL2 and DL3 is 
speci?ed as the erasable block. 

[0089] 2. PreWrite 
[0090] Next, sequence controller 10 is performed a pre 
Write so that all memory cells in the erasable block is in 
preWrite (step S1). That is, since there are both memory cells 
in Write state and in erase state in memory cell array 1 When 
the erase command is speci?ed, these erasable memory cells 
are in Write state by performing the Write to the erasable 
memory cells. Since the preWrite itself does not relate to the 
main subject matter of the present invention directly and its 
detailed operation is similar to a reWrite operation (see FIG. 
6) Which Will be explained later, the preWrite Will be 
explained after explaining the reWrite operation. 
[0091] 3. The ?rst erase/verify 
[0092] Sequence controller 10 is performed the ?rst erase/ 
verify by shifting “the ?rst step” of FIG. 5. Since the 
sequence controller controls the high-voltage generation 
circuit, the Well bias circuit, column decoder sWitch 4, and 
a sWitch (not shoWn), the high-voltage generation circuit 
generates a gate voltage for erase, for example, —10 V, to be 
applied to the Word line and supplies roW decoder driver 3. 
RoW decoder driver 3 supplies the gate voltage for erase 
Which is supplied by the high-voltage generation circuit 11 
to each Word line for each erasable block (the Word lines 
WL1 to WL3 in this embodiment). 
[0093] Furthermore, the Well bias circuit supplies an eras 
able Well voltage, for example, 7 V, to a common Well for 
each erasable block. Moreover, an inner sWitch in column 
decoder sWitch 4 is turned OFF, so that each drain terminal 
of each memory cell in memory cell array 1 is in open state. 
Then, each source terminal of each memory cell is also in 
open state by turning OFF the sWitch (not shoWn). As a 
result, all memory cells in the erasable block 2-12, 2-13, 
2-22, 2-23, 2-32, and 2-33 are erased as Well as the con 
ventional ?ash memory (step S2). As Well as conventional 
?ash memory, since the erase operation in the step S2 is 
repeated intermittently the erase per predetermined time so 
as to be gradually proceeded, it is con?rmed Whether all 
memory cells in the erasable block are in erase state by 
performing the verify after the erase per predetermined time. 

[0094] Concretely, it is con?rmed Whether the threshold 
voltages of each memory cell in the erasable block is equal 
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to or lower than the “erase determination level 1” by the 
verify as mentioned above (step S3). Sequence controller 10 
updates the roW address part and the column address part of 
the address supplying to address buffer 2 Within the erasable 
block and simultaneously, the memory cells are selected in 
order. Sequence controller 10 operates to the selected 
memory cells as folloWs. 

[0095] Since sequence controller 10 controls high-voltage 
generation circuits 11 and 13, high-voltage generation cir 
cuit 11 generates the Word line voltage Which is equal to the 
“erase determination level 1” and supplies the Word line 
voltage to roW decoder driver 3. High-voltage generation 
circuit 13 supplies the voltage to the control gate of refer 
ence cell 6 so as to pass through the amount of current Iref 
in reference cell 6. The amount of current Iref is set a little 
greater than the total amount of current passing through the 
memory cells having deep depletion. As a result, the thresh 
old voltage of the memory cells Which are connected to the 
Word line to the roW address supplied from address buffer 2 
is equal to or loWer than the “erase determination level 1”, 
so that memory cells are turned ON and current having the 
amount of current depending on the above-mentioned Word 
line voltage to the digit line. 

[0096] In contrast, since the memory cells are turned OFF 
if the threshold voltage of the memory cells is higher than 
the “erase determination level 1”, current does not pass 
through the digit line connected to the selected memory 
cells. Of course, if the memory cells connected to the same 
digit line comprises the memory cell having deep depletion, 
current passes through the digit line for the amount of 
current Which passes through these memory cells. On the 
other hand, column decoder sWitch 4 connects the digit line 
to sense ampli?er 5, Wherein the digit line is corresponding 
to the column address supplied by address buffer 2. Sense 
ampli?er 5 send the comparison result of the amount of 
current passing through this digit line and the amount of 
current Iref to sequence controller 10. 

[0097] Sequence controller 10 determines threshold volt 
age of the selected memory cells reaches the “erase deter 
mination level 1” if the amount of current of the digit line is 
equal to or greater than the amount of current Iref, and 
thereafter, the verify is performed about neW memory cells. 
In contrast, if the amount of current passing through the digit 
line is loWer than the amount of current Iref, there are 
memory cells Which are not suf?ciently erased (“Fail” in 
step S3). Therefore, the sequence controller 10 repeats the 
above-mentioned step S2 and S3. Since all memory cells in 
the erasable block reaches the “erase determination level 1” 
by this repeat, the apparent threshold voltage distribution of 
these memory cells is indicated as the distributions D1 and 
D6 of the graph in the center of FIG. 2. 

[0098] 4. The ?rst reWrite/verify 

[0099] Subsequently, sequence controller 10 performs the 
?rst reWrite/verify (step S4 and S5 in FIG. 5). Sequence 
controller 10 performs the verify (step S4) using the “reWrite 
determination level 1”. If the reWrite is not terminated 
(“Fail” in step S4), sequence controller 10 repeats step S4 
and S5 to terminate the reWrite (“Pass” in step 4). These 
process Will be explained in detail With reference to FIG. 6 
as folloWs. 

[0100] XStart and XEnd shoWn in FIG. 6 mean the erase 
start address at roW side and the erase termination address, 
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respectively. YStart and YEnd shoWn in FIG. 6 mean the 
erase start address at column side and the erase termination 
address, respectively. As mentioned above, since data of the 
digit lines DL2 and DL3 is erased, XStart, XEnd, YStart, 
and YEnd are determined “1”, “3”, “2”, “3”, respectively in 
sequence controller 10. Furthermore, each Xadd and Yadd 
shoWn in FIG. 6 means the roW address and the column 
address of the memory cell for the reWrite/verify at each 
process. Tcyc means the number of reWrite operating in each 
reWrite process. Retry Max means the maximum alloWable 
value of the number of reWrite operating. These Sadd, Yadd, 
Tcyc, and Retry Max are remained in the register in the 
sequence controller 10. 

[0101] At ?rst, sequence controller 10 initialiZes Yadd to 
YStart (=“2”) (step S21) and simultaneously, sequence con 
troller 10 initialiZes Xadd to XStart (=“1”) (step S22). The 
address composed of Xadd and Yadd is supplied to address 
buffer 2 and the memory cells for the reWrite/verify are 
speci?ed. Next, sequence controller 10 initialiZes Tcyc to 
“1” (step S23) and thereafter, the verify is performed (step 
S24). Sequence controller 10 commands high-voltage gen 
eration circuit 11 so as to perform the verify, so that the 
high-voltage generation circuit 11 generates the Word line 
voltage greater than the voltage generated When normally 
reading and roW decoder driver 3 applies the Word line 
voltage to the Word line WL1 Which corresponds to the value 
of XStart “1”. 

[0102] Accordingly, the voltage betWeen the gate and the 
source of each memory cell connected to the Word line WL1 
is, for example, the voltage VVER shoWn in FIG. 3. Simul 
taneously, since sequence controller 10 commands high 
voltage generation circuit 13, high-voltage generation circuit 
13 generates the voltage (for example, the voltage VREFb 
shoWn in FIG. 3) so as to be the amount of current (for 
example, the amount of the current Iref shoWn in FIG. 3) so 
that the amount of current Iref is equal to the “reWrite 
determination level 1”. Subsequently, the verify operation is 
performed in a similar process explained in the erase/verify 
and the sense results With regard to the memory cell 2-12 
speci?ed by Xadd and Yadd are sent to sequence controller 
10 from sense ampli?er 5. 

[0103] According to the sense results, since the memory 
cell is in deep depletion state if the threshold voltage of the 
memory cell is loWer than the “reWrite determination level 
1” (“Fail” in step S24), sequence controller 10 performs the 
reWrite to the memory cell 2-12 and threshold voltage of the 
memory cell 2-12 is increased (step S25). The reWrite itself 
is the same as the reWrite performed in the conventional 
?ash memory. For example, the control gate, the drain 
terminal, and the source terminal of the memory cell for 
reWrite are applied the voltages “12 V”, “7 V”, and “0 V”, 
respectively and are Written for each predetermined time. 

[0104] After reWriting one cycle, sequence controller 10 
observes the number of the reWrite, and then, hoWever, Tcyc 
is “1”, that is, Tcyc does not reach Retry Max (“No” in step 
S26). For the next verify, sequence controller 10 increases 
Tcyc for the increment “1” (step S27) and the verify/reWrite 
is repeated again. Steps S24 to S27 are repeated until the 
threshold voltage of the memory cell 2-12 being greater than 
the “reWrite determination level 1” (“Pass” in step S24) and 
sequence controller 10 performs the reWrite/verify about the 
next memory cell. 
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[0105] Sequence controller 10 determines Whether Xadd 
(=1) coincides With XEnd (= 3), accordingly, sequence 
controller 10 observes Whether there remains the memory 
cell for Which the reWrite/verify is not performed for each 
digit line indicated YStart (=2). In this case, since both do 
not coincide (“No” in step S29), sequence controller 10 
increases Xadd for the increment “1” (step S30) and per 
forms the reWrite/verify about the next memory cell 2-22 
(steps S23 to S30). 

[0106] If Tcyc reaches Retry Max by repeating steps S24 
to S27, Tcyc Will not be equal to or higher than the “reWrite 
determination level 1” by further repeating of the reWrite. 
Therefore, sequence controller 10 performs an abnormal 
termination (step S28). Steps S23 to S30 are repeated until 
the reWrite/verify is terminated about each memory cell 
connected to the digit line DL2 (“Yes” in step S29). 
Sequence controller 10 performs the reWrite/verify about 
neW digit line DL3. 

[0107] To perform the reWrite/verify about neW digit line 
DL3, sequence controller 10 determines Whether Yadd (=2) 
coincides With YEnd (=3), accordingly, sequence controller 
10 observes Whether there is the digit line for Which the 
reWrite/verify is not performed. In this case, since both do 
not coincide (“No” in step S31), sequence controller 10 
increases Yadd for the increment “1” (step S32) and per 
forms the reWrite/verify about each erasable memory cells 
connected to the digit line DL3 (steps S22 to S31). Steps S22 
to S31 are repeated until the reWrite/verify is terminated 
about each erasable digit line (“Yes” in step S31). Sequence 
controller 10 proceeds the second step (see FIG. 5). 

[0108] 5. The second erase/verify 

[0109] In the erase/verify in the second step (step S6 and 
S7), except the “erase determination level 2” is used instead 
of the “erase determination level 1” used in the ?rst step, the 
erase/verify of the second step is the same as that of the ?rst 
step. When the second erase/verify is terminated (“Pass” in 
step S7), the threshold voltage distribution of the erasable 
block is the distribution D8 in the graph on the right in FIG. 
2 and the upper limit of the threshold voltage is equal to or 
loWer than the voltage of the “erase determination level 2” 
as a desired value. 

[0110] 6. The second reWrite/verify 

[0111] When the second erase/verify is performed, the 
memory cells having the threshold voltage being loWer than 
the voltage of the “reWrite determination level 2” as shoWn 
in the distribution D8 in FIG. 2 may generate. Sequence 
controller 10 performs the reWrite/verify as Well as that of 
the ?rst step using the “reWrite determination level 2” 
instead of the “reWrite determination level 1” used in the ?rst 
step (steps S8 and S9). 

[0112] The “reWrite determination level 2” is set so as to 
be AV higher than the “reWrite determination level 1”. 
Therefore, if the voltage VVER, Which is the same voltage 
used in the ?rst reWrite/verify, is applied to the Word line, the 
amount of current to be ?oWed to the reference cell 6 is 
loWer than the amount of current Irb shoWn in FIG. 2. 
Accordingly, the voltage to be applied to the control gate of 
the reference cell 6 is loWer than the voltage VVERb. When 
the second reWrite/verify is terminated (“Pass” in step S8), 
the threshold voltage distribution of the memory cell is 
betWeen the “reWrite determination level 2” and the “erase 
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determination level 2” as desired and the erase operation is 
terminated about every memory cell in the erasable block. 

[0113] Furthermore, the above-mentioned preliminary 
Write operation differs from the reWrite operation in the 
folloWing point. In step S24 of FIG. 6, the “reWrite deter 
mination level 1” or the “reWrite determination level 2” is 
used. HoWever, When the preliminary Write operation is 
performed, the characteristic of reference cell 6 is speci?ed 
as, for example, characteristic C2 of FIG. 3, in order to 
distinguish “0” and “1” and the same voltage, for example, 
5 V, is applied to selected Word line and the reference cell 6. 
Sequence controller 10 determines data stored in the 
memory cell is in either the erase cell or the Write cell. If data 
is in the erase cell, the Write is performed for each prede 
termined time and steps S24 to S27 are repeated until the 
threshold voltage of the Write cell. 

The Second Embodiment 

[0114] In the second embodiment, the process performed 
When there is no memory cell having deep depletion in the 
memory cells connected to the same digit line is accelerated 
more than the process in the ?rst embodiment. The structure 
of the ?ash memory itself according to this embodiment is 
the same structure according to the ?rst embodiment (FIG. 
1) and the total operation is similar to that of the ?rst 
embodiment (FIG. 5). HoWever, steps of control by 
sequence controller 10 differs from the ?rst embodiment. 
FIG. 7 is a How chart illustrating steps of reWrite according 
to the present embodiment and the difference betWeen FIG. 
6 and FIG. 7 is shoWn as folloWs. 

[0115] The determination Whether or not there is at least 
one memory cell having deep depletion in the erasable digit 
line can be obtained by verifying once. In the present 
embodiment, Whether or not there is the memory cell having 
deep depletion is pre-detected (step S21 a) before the 
reWrite/verify is performed for each memory cell connected 
to the digit line (steps S22 to S30). In order to verify for this 
detection, the amount of current Iref Which ?oWs to the 
reference cell 6 is set to approximately “0” and simulta 
neously, the voltage is not applied the Word lines WL1 to 
WL3. Furthermore, if current passes through the erasable 
digit line, it is judged that there is at least one memory cell 
having deep depletion. If current does not passes through the 
erasable digit line, it is judged that there is no memory cell 
having deep depletion. 
[0116] When there is no memory cell having deep deple 
tion, sequence controller 10 performs the reWrite/verify 
about neW digit line by proceeding the process to the step 
S31. On the other hand, When there is the memory cell 
having deep depletion, sequence controller 10 performs the 
reWrite/verify for each memory cell by proceeding the 
process to the step S22 as Well as the ?rst embodiment. As 
mentioned above, in the present embodiment, With regard to 
the digit line containing no memory cell having deep deple 
tion, it is unnecessary that the verify is performed for each 
erasable memory cell connected to the digit line as the ?rst 
embodiment. Therefore, total process time required in the 
erasing process can be shortened. 

Modi?ed Example 

[0117] (1) In the above-mentioned embodiments, each 2 
types of the reWrite determination levels and the erase 






