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FIG. 12
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FIG. 19
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NON-VOLATILE SEMICONDUCTOR
MEMORY DEVICE INCLUDING
APPLICATION OF DIFFERENT VOLTAGES
TO MEMORY CELLS BASED ON THEIR
PROXIMITY TO A SELECTED MEMORY
CELL

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

Morve than one reissue application has been filed for the
reissue of U.S. Pat. No. 7,916,547. These applications are
the present application, application Ser. No. 15/848,772 and
application Ser. No. 13/852,792. The present application is

a reissue continuation of application Ser. No. 15/848,772,
filed Dec. 20, 2017, now RE48,244, which is a reissue

continuation of application Ser. No. 13/852,792, filed Marv.
28, 2013, now RE46,749, which is a reissue of U.S. Pat. No.
7,916,547.

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s based on and claims the benefit of
priority from the prior Japanese Patent Application No.

2007-239089, filed on Sep. 14, 2007, the entire contents of
which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a non-volatile semiconductor
memory device with a floating gate type memory cell[of a
floating gate type], and specifically relates to a method of
controlling read/write of a NAND-type flash memory.

2. Description of the Related Art

A currently manufactured NAND-type flash memory has
floating gate type [of] memory cells, wherein write and erase
[of which] operations are performed with electron-injection
and electron-releasing [of] ar the respective floating gates
(FGs). [Controlling] By controlling the electron injection
quantity in a floating gate, it is [able] possible to set multiple
threshold voltage states (i.e., data states). In practice, [it has
been achieved] such a NAND-type flash memory that stores
tour level data (1.e., stores two bits per cell).

[What becomes problematic when] Problems occur as the
NAND-type flash memory 1s more highly integrated and
stores more data bits per cell[is]; creating an interference
noise between floating gates. This interference effect 1s
defined as follows: assuming that a memory cell Cell_A 1s
written, and then adjacent memory cell Cell_B 1s written,
FG potential of Cell_A 1s mfluenced by the change of FG
potential of Cell_B[to be changed], so that the threshold
distribution appears to be widened.

There has been proposed a write control scheme [prefer-
able] for [making] /essening the interference between
memory cells [less] (refer to, for example, JP-A-2005-
243205). In this write control scheme, [it is not used such}
an upper page write mode that [brings straight] increases the
lowermost level of four levels to the uppermost level is not
used. As a result, the interference noise between cells will be
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2

reduced. Additionally, in the write control scheme, word
lines are basically selected 1n order from the source line side,

and word line selecting orders of the lower page write and
the upper page write are [suitably] combined [so as] to
reduce the [influence] interference between cells.

However, as [the highly] kigher integration of the NAND-
type flash memories progresses, [there is possibility that] it
becomes more difficult to avoid the terference noise
between adjacent cells.

SUMMARY OF THE INVENTION

According to an aspect of the present invention, [there is
provided] a method for controlling a non-volatile semicon-
ductor memory device having a NAND string, in which
multiple memory cells are connected in series, [including]
includes a read procedure performed for a selected memory
cell in the NAND string on the condition that the selected
memory cell 1s applied with a selected voltage while unse-
lected memory cells are driven to be turned on without
regard to cell data thereof, wherein

a first read pass voltage 1s applied to unselected memory
cells except an adjacent and unselected memory cell dis-
posed adjacent to the selected memory cell, the adjacent and
unselected memory cell [being completed in] completing
data write later than the selected memory cell, and a second
read pass voltage higher than the first read pass voltage 1s
applied to the adjacent and unselected memory cell 1n the
read procedure.

According to another aspect of the present invention,
[there is provided] a method for controlling a non-volatile
semiconductor memory device having a NAND string, in
which multiple memory cells are connected 1n series,
[including] includes a write-verifying procedure performed
for a selected memory cell in the NAND string on the
condition that the selected memory cell 1s applied with a
write-verifying voltage and unselected memory cells are
driven to be turned on without regard to cell data thereof;
and a normal read procedure is performed for a selected
memory cell in the NAND string on the condition that the
selected memory cell 1s applied with a read voltage and
unselected memory cells are driven to be turned on without
regard to cell data thereof, wherein

in the write-veritying procedure, a first read pass voltage
1s applied to unselected memory cells except two adjacent
and unselected memory cells disposed adjacent to the
selected memory cell; a second read pass voltage higher than
the first read pass voltage 1s applied to one cell of the two
adjacent and unselected memory cells, the one cell having
been written previously [to] as the selected memory cell;
and a third read pass voltage lower than the first read pass
voltage 1s applied to the other cell, which 1s written later than
the selected memory cell, and

in the normal read procedure, the first read pass voltage 1s
applied to the unselected memory cells except the two
adjacent and unselected memory cells; the second read pass
voltage higher than the first read pass voltage 1s applied to
one cell of the two adjacent and unselected memory cells,
the one cell having been written previously [to] as the
selected memory cell; and a fourth read pass voltage 1s
applied to the other cell, which has been written later than
the selected memory cell, the level of the fourth read pass
voltage being selected [in level] in accordance with the
cell’s threshold shift amount.

According to still another aspect of the present invention,
[there is provided] a method for controlling a non-volatile
semiconductor memory device having a NAND string, in
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which multiple memory cells are connected 1n series,
[including] includes a write-verifying procedure performed
for a selected memory cell in the NAND string on the
condition that the selected memory cell 1s applied with a
write-veritying voltage and unselected memory cells are
driven to be turned on without regard to cell data thereof;
and a normal read procedure is performed for a selected
memory cell in the NAND string on the condition that the
selected memory cell 1s applied with a read voltage and
unselected memory cells are driven to be turned on without
regard to cell data thereof, wherein

in the write-veritying procedure, a first read pass voltage
1s applied to unselected memory cells except adjacent and
unselected memory cells adjacent to the selected memory
cell; a second read pass voltage lower than the first read pass
voltage 1s applied to one of the adjacent and unselected
memory cells, which 1s written later than the selected
memory cell, and

in the normal read procedure, the first read pass voltage 1s
applied to the unselected memory cells except the adjacent
and unselected memory cells disposed adjacent to the
selected memory cell; a third read pass voltage 1s applied to
one of the adjacent and unselected memory cells, which has
been written later than the selected memory cell, the level of
the third read voltage being selected [in level] in accordance
with the cell’s threshold shift amount, the maximum [vale]
value of which 1s higher than the first read pass voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a configuration of a NAND-type tlash

memory in accordance with an embodiment of the present
invention.
FIG. 2 1s a diagram for explaining the data write order in

the cell array 1n the flash memory.
FIG. 3 shows the sense unit of the flash memory.

FI1G. 4 shows the 4-level data threshold distribution of the

flash memory.

FIG. 5 shows the conventional bias relationship in the
NAND string at a write-verily time and a normal read time.

FIG. 6 shows the cell threshold distribution at a normal
upper page write-verily time.

FIG. 7 shows the cell threshold distribution at a normal

read time.

FIG. 8 shows the capacitive coupling state in the sectional
view of the NAND string.

FI1G. 9 shows the bias relationship in the NAND string at
a write-verily time and a normal read time in the first mode
of this embodiment.

FI1G. 10 shows the threshold distribution at the upper page
write-verily time in the first mode with reference to FIG. 6.

FIG. 11 shows the threshold distribution at the normal
read time 1n the first mode with reference to FIG. 7.

FIG. 12 shows read operation wavelorms in the first
mode.

FIG. 13 shows the bias relationship 1n the NAND string,
at a write-verily time and a normal read time 1n the second
mode of this embodiment.

FI1G. 14 shows the threshold distribution at the upper page
write-verily time 1n the second mode with reference to FIG.
6.

FIG. 15 shows the threshold distribution at the normal
read time 1n the second mode with reference to FIG. 7.

FI1G. 16 shows the threshold distribution at the upper page
write-verily time 1n the third mode with reference to FIG. 6.
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FIG. 17 shows the threshold distribution at the normal
read time 1n the third mode in case written data in the

adjacent and unselected cell 1s A- or C-level with reference
to FIG. 7.

FIG. 18 shows the threshold distribution at the normal
read time in the third mode in case written data 1n the
adjacent and unselected cell 1s E- or B-level with reference
to FIG. 7.

FIG. 19 1s a diagram for explaining the correction read
operation 1n the third mode.

FIG. 20 1s a diagram for explaining the data processing
the correction read operation 1n the third mode.

FIG. 21 shows another embodiment applied to a digital
still camera.

FIG. 22 shows the internal configuration of the digital still
camera.

FIGS. 23A to 23] show other electric devices to which the

embodiment 1s applied.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1

[lustrative embodiments of this invention will be
explained with reference to the accompanying drawings
below.

Basic Configuration and Basic Write-control Scheme

FIG. 1 shows the whole configuration of a NAND-type
flash memory in accordance with an embodiment. NAND
cell unit (1.e., NAND string) 100, which 1s a basic unmit of the
NAND-type flash memory, has plural memory cells MCO-
MC31 connected 1n series and two select gate transistors
SG1 and SG2 disposed at the both ends.

One end of NAND cell unit 100 1s coupled to bit line BLL
via the select gate transistor SG1; and the other end is
coupled to common source line CELSRC via the select gate
transistor SG2.

One memory cell has N-type source and drain diffusion
layers formed on a P-well formed on a silicon substrate, and
a stacked gate structure with a floating gate and a control
gate stacked above the channel region defined by the source
and drain layers. [Changing] By changing the charge amount
held 1n the floating gate by a write or erase operation, the
threshold voltage of the cell 1s changed, so that one bit per
cell or multiple bits per cell will be stored.

Control gates of the memory cells MC0-MC31 1n the
NAND cell unit 100 are coupled to different word lines
WLO0-WL31, respectively; and gates of the select gate tran-
sistors SG1 and SG2 are coupled to select gate lines SGD
and SGS, respectively.

A set of NAND cell units 100, which shares word lines
WLO0-WL31 and select gate lines SGD and SGS, constitutes
a block 101 serving as a data erase unit. Usually, as shown
in the drawing, plural blocks are arranged in the bit line
direction.

The various operations of the NAND-type flash memory
are achieved together with command 1nputs. For example, 1n
a write mode, data load command 1s mput via input/output
circuit 1 to be latched 1n command register 2; then write
destination address 1s input via input/output circuit (I/O
bufler) 1 to be latched in address register 3; write data 1s
input via mput/output circuit 1 to be loaded 1n sense ampli-
fier circuit (serving as write circuit) 30; and write executing
command 1s 1nput via mput/output circuit 1 to be latched 1n
command register 2. As a result, the write operation will start
automatically in the chip.

That 1s, by the write executing command being input,
sequence control circuit 4 starts to execute. This sequence
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control circuit 4 executes the following controls: voltage
controlling necessary for data writing; timing controlling of
write pulse applications and verify-reading operations; and
repeat-controlling of the write pulse applications and verily-
read operations until a desirable write operation 1s com-
pleted.

High voltage generation circuit 5 generates under the
condition of the sequence control circuit 4 write voltage
Vpgm, write pass voltage Vpass, read pass voltage Vread
and other high voltages (boosted voltages) necessary for
row-signal driving circuit 20, page buller control circuit 6
and the like.

Row-signal driving circuit 20 has: CG decoder/drivers 24,
the number of which 1s equal to that of word lines 1n a
NAND cell unit; SGD driver 22 for controlling the drain side
select gate line SGD; SGS driver 23 for controlling the
source side select gate line SGS; and VRDEC driver 21 for
outputting boosted supply voltage VRDEC used 1n the block
decoder. These drivers 21-24 are shared by plural blocks 101
in the memory cell array 102.

It is required [of] for the NAND-type flash memory to [be
used] use plural voltages applied to plural word lines in a
selected NAND cell unit. Therefore, page addresses used for
selecting word lines 1 the NAND cell unit in the row
address will be mput to the respective CG decoder/drivers
24.

Disposed at the word line end of each block 1n the
memory cell array 102 is a [narrow sensed] row decoder 10,
which has a block selecting function. Row decoder 10 has
block decoder 11 for receiving the block address sent from
address register 3 and decoding 1t, and transferring transistor
array 12, the common gate of which 1s driven by the outputs
of block decoder 11, for transierring voltages necessary for
write, erase and read to the word lines and the select gate
lines. Block decoder 11 includes a level shift circuit for
outputting a required voltage to the common gate TG of the
transistor array 12.

[One] First ends of the transfer transistor array 12 are
coupled to the respective drivers 21-24 while [the] other
second ends are coupled to word lines and select gate lines
in the memory cell array 102. For example, at a write pulse
application time, 1t 1s in need of applying a write voltage
Vpgm (about 20V) is needed to be applied to a selected
word line. At this time, applied to the common gate TG 1s
Vpgm+Vt (Vt; threshold voltage of the transfer transistor
12), which 1s supplied from VRDEC driver 21.

In the NAND-type flash memory, FN tunneling current 1s
used for writing and erasing cells. Specifically in the writing
mode, a lot of memory cells may be written simultaneously
because a necessary current for shifting cell’s threshold 1s
very small[as different], which differs from a NOR-type flash
memory. Therefore, a page length, which 1s defined as a
collectively processing unit 1n a write mode or read mode,
will be set to be as large as 2 kByte or 4 kByte. Sense
amplifier circuit (1.e., page bufler) 30 includes sense amps 31
with the same number as the page length.

Column decoder 7 decodes, for example at a write data
loading time, column address sent from address register 3,
and couples the mput/output circuit 1 to selected sense amps
PB, thereby [making] causing write data for the respective
column addresses to be loaded 1n the sense amplifier circuit
30. In a read mode, read data stored in a lump 1n the sense
amplifier circuit 30 are output to input/output circuit 1 as
sequentially selected 1n accordance with a column address.

FIG. 2 shows such an example that an even numbered bit
line BLe and the adjacent odd numbered bit line BLo
[shares] skare a sense amp PB. At a write time or a read time,

10

15

20

25

30

35

40

45

50

55

60

65

6

the even numbered bit line BLe or the odd numbered bit line
BLo 1s selected 1n accordance with selecting signals BLSe
and BLSo to be coupled to sense amp PB. At this time,
unselected bit lines serve as shield lines, so that the inter-
ference between adjacent bit lines will be suppressed.
BLCRL 1s a certain voltage to be applied to unselected bit
lines. To shield selected bit lines 1 a read operation or
write-verily operation, for example, Vss 1s applied to unse-
lected bit lines via transistors driven by BIASe and BIASo.

In [case of] this sense amplifier scheme, memory cells
selected by a word line and all even-numbered bit lines
constitute a page (even page) to be read or written simul-
taneously while memory cells selected by a word line and all
odd-numbered bit lines constitute another page (odd page) to
be read or written simultaneously.

FIG. 3 shows the detailed example of the sense amp (PB)
31. Latch circuit L1 1s selectively coupled to data lines 10
and I0OB by column select signal CSL output from the
column decoder, and coupled to sense node TDC via transier
transistor 32c. In this example, latch L1 serves as a cache in
the page buller, or serves as data storage circuit used for
achieving multi-level data storage such as 2-bit per cell.

Another latch circuit L2 1s coupled to the sense node TDC
via transfer transistor 33, and coupled to operational circuit
34 via transier transistor 34a. The operational circuit 34
including transistors 34a, 34b and 34c¢ may execute some
operations for the sense node TDC 1n accordance with the
potential of gate node DDC of transistor 34b. For example,
setting drain voltage VPRE of transistor 34b at OV when
DDC 1s “H”, and turning on transistor 34¢, the potential of
node TDC will be changed 1n accordance with data at DDC.

Transistor 35 is a bit line precharging transistor. Transistor
37 is Jone] used for coupling a bit line to the sense node
TDC. This transistor 37 serves for amplifying a small bit line
amplitude in accordance with gate voltage control thereof at

a read time, and serves for coupling the latch circuit to the
bit line at a write time.

Transistors 38a and 38b are high breakdown voltage
[ones] transistors, which serve for not only [shutting] gern-
erating an erase voltage of about 20V to be applied to bit
lines but also selecting the even and odd bit lines BLe and
BLo.

FIG. 4 1s a diagram for explaining the principle of writing,
four-level data (two-bits per cell data) in this embodiment.
Four-level data are referred to as level “E”, level “A”, level
“B” and level “C” 1n order from the lower side of the cell’s
threshold voltage. Level “E” 1s a negative threshold voltage
state obtained by a collective block erase. [It is shown in]
FIG. 4 shows a data bit assignment example of assigning the
lower page (LP) bit and upper page (UP) bit to the respective
data levels.

In the lower page (LP) write (or program), cells of level
“E” are selectively set up to have a medium level “LM™, that
1s set between levels “A” and “B”. After the LP write, the
upper page (UP) write 1s performed. In the upper page write,
level “A” write from level “E” and level “B” or “C” write
from level “LM” are performed simultaneously.

The lower limit values of the threshold voltages of levels
“LM”, “A”, “B” and “C” are defined by verilying voltages
VLv, Vav, Vbv and Vcv, respectively, used at the respective
write-verily times.

The basic data write order (word line selection order) in
this embodiment 1s shown 1n FIG. 2. Here, “L” and “U”
designate the lower page (LP) and upper page (UP), respec-
tively while numerals shown at the side of L/U designate the
write order.
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That 1s, assuming that cells in the NAND string are
written 1n order from the source line side, first, the lower
page, L: @, of word line WL 0 on the even numbered bit line
BLe side 1s written; then, the lower page, L:@, of word line
WLO0 on the odd numbered bit line BLo side 1s written.
Following [it] that, the lower page, L:(3), of word line WI.1
on the even numbered bit line BlLe side 1s written; and then,
the lower page, L:@,, of word line WLO on the odd
numbered bit line BLo side 1s written. Next, the upper page,
U:@, of word line WL0 on the even numbered bit line BLe
side 1s written; and then, the upper page, L:@, of word line
WLO on the odd numbered bit line BLo side 1s written.

Successively, [go] going to word line WL2, and the lower
page, L:®j on the even numbered bit line BLe side 1s
written; and then, the lower page, L:j of word line WL.2
on the odd numbered bit line BLo side 1s written. Following
[it] that, [go] going back to word line WL1, and the upper
page. U:(9), on Ble 1s written; and then the upper page,
U:, of the word line WL1 on the odd bit line BLo side
1s written. Hereinafter, the same write operation will be
repeated.

[Data] With data writing in accordance with the above-
described order, 1t becomes possible to prevent the adjacent
cell from being written into C level from E level after having
decided a noticed cell’s threshold at either one of A to C
levels. The threshold change of the adjacent cell of the
noticed cell after writing [it] will be suppressed to be about
a half (1.e., E—=A, LM—C) in comparison with the change
from E level to C level, and resulting 1n that the interference
ellect of cells 1s reduced 1n half.

Subject to be Solved

Although the basic configuration and basic write control
scheme have been explained above, [there are remained]
problems remain to be solved, which will be explained in
detail below.

FIG. 5 shows a bias relationship 1n the NAND string at a
write-verily read time or a normal read time. To explain the
problem brietly, here 1s shown an example of the NAND
string, 1n which eight memory cells MC0-MC7 are used.

When memory cell MC2 1s selected, the selected word
line WL2 1s applied with select voltage Vsel while unse-
lected word lines WLO0-1 and WL3-7 (i.e., unselected
memory cells) are applied with read pass voltage Vread that
1s necessary to turn on cells without regard to cell data. The
select voltage Vsel 1s either one selected from verily volt-
ages VLv, Vav, Vbv and Vcv, which are selected 1n accor-
dance with write levels, at a write-verily time, or either one
selected from read voltages Var, Vbr and Vcr set between the
respective data levels at a normal read time.

FIG. 6 shows the memory cells’ situations 1n the range of
word lines WLn-WLn+2 at a write-verily time aiter the
upper page writing of A level mto a cell selected on word
line WLn. When upper page write 1s performed for a
memory cell on the word line WLn, memory cells on data
write for the word lines WLn-1 and WLn-2 have been
completed [in data write] to be set at either one of E to C
levels. The memory cell on the word line WLn+1 1s set 1n the
lower page write state (LM level) or the E level state in
accordance with the write order explained with reference to
FIG. 2. The memory cell on the adjacent word line WLn+2
1s set 1n the E level state (1.e., erase state).

Notice here the C level of the memory cell on the word
line WLn-1, which has already been written. The cell
threshold distribution becomes “b1” shown by a solid line
when there is [not influenced by the] no influence of inter-
ference between floating gates, while 1t becomes “b2”
shown by a dotted line when there is [influenced by it]
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influence of interference. With respect to word line WLn+1,
distribution “c1” shown by a solid line 1s obtained without
the mterference while distribution “c2” shown by a dotted
line 1s obtained with the interference.

Note here that unselected word lines WLn-1 and WLn+1
disposed adjacent to the selected word line WLn are difler-
ent [in condition] from the remaining unselected word lines
with respect to the interference effect between adjacent cells.
That 1s, each of the remaining word lines and the selected
word lines 1s sandwiched by word lines with Vread applied.
By contrast, with respect to word lines WLn-1 and WLn+1,
one of word lines adjacent to them [are] is set at Vread while
the other [are] is set at Vav.

As a result, the memory cells on the unselected word lines
WLn-1 and WLn+1, one of the two adjacent word lines of
cach of which 1s low 1n potential, have an apparently higher
threshold state than those on the remaining unselected word
lines because of a large interference of adjacent cells. This
will be explained with reference to FIG. 8.

FIG. 8 shows capacitive coupling situations of the floating
gate FGn of a memory cell MCn 1n a NAND string, which
allect the tloating gate potential. That 1s, FGn 1s coupled to
the control gate (i.e., word line WLn) stacked thereabove via
capacitance C2, and coupled to the channel via capacitance
C1. Basically, floating gate potential control and channel
potential control are achieved by the capacitance coupling
ratio of these capacitances C1 and C2.

On the other hand, as the cell size 1s shrunk, the floating,
gate FGn of the noticed cell 1s strongly coupled to adjacent
floating gates and adjacent word lines with capacitances C3
and C4, respectively.

Under the capacitive coupling situations, when word line
WLn+1 1s applied with the read pass voltage Vread and word
line WLn 1s applied with a read voltage lower than the read
pass voltage, the tloating gate FGn+1 under the word line
WLn+1 becomes lower in potential than the case where
FGn+1 1s directly controlled by the word line WLn+1 with
Vread applied. The reason 1s as follows: a first capacitive
coupling effect, in which the potential of FGn+1 1s reduced
from word line WLn via the floating gate FGn+1 (1.e., via
capacitance C2 and C3), and a second capacitive coupling
ellect, 1n which the potential of FGn+1 1s reduced from word
line WLn directly, are overlapped, so that the floating gate
FGn+1 1s not suiliciently increased 1n potential with Vread.

Explaining that in other words, the memory cell under [a]
an unselected word line adjacent to the selected word line
becomes apparently high in threshold. As shown in FIG. 6,
the memory cell set at LM level under the unselected word
line WLn+1 [has apparently] appears to have distribution
“c3” shown by a dash line while the memory cell set at C
level under the word line WLn-1 [has apparently] appears
to have distribution “b3” shown by a dash line.

As a result, as shown 1n FIG. 6, the relationship between
on-margin dVon_2a against Vread of a cell under the unse-
lected word line WLn-1 and on-margin dvVon_1a of another
cell under the unselected word line WLn-1 becomes as
follows: dVon_1a>dVon_2a.

Next, FIG. 7 shows cell threshold states 1n the range of
word lines WLn-2 to WLn+2 when the cell data (A level) of
the word line WLn 1s read after writing all memory cells.
Here 1s shown that all memory cells have threshold distri-
butions shifted in the positive direction (shown by dotted
lines) from the predetermined threshold states (shown by
solid lines) due to the interference of adjacent cells.

[1t will be guessed that] Here we consider the C-level cell
under the word line WLn-1 becomes to have distribution
“b3” shown by dash line [as] similar to that in the case
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shown 1n FIG. 6 when the read voltage of the word line WLn
1s set at about A level. By contrast, C-level cell under the
word lime WLn+1 appears to have distribution *“c3” as
shown by a dash line due to the interference of cells under
the selected word line WLn with the read voltage applied.

The threshold voltage change of the A level cell under the
selected word line WLn will be explained as follows: 1n
[reception of the result] tie case that distributions “cl1” to
“c3” of LM levels of cells under the word line WLn+1
shown 1n FIG. 6 are shifted to distributions “c1” to “c3” of
C level cells under the word line WLn+1 shown in FIG. 7,
data distribution “al” shown by a solid line 1s shifted to
distribution “a2” shown by a dotted line due to the interfer-
ence between tloating gates FG. In addition to this, the cell
threshold distribution of the unselected word line WLn+1
[becomes apparently] appears to have distribution “c3”.
Assuming that the increase of the on-resistance influences
the cell current Icell of the memory cell at the cell threshold
setting time, the distribution of the cell to be written 1nto the
A level under the word line WLn will be further shifted in
the positive direction as shown by “a3”.

The effect of expanding the post-write data threshold
distributions due to the on-margins of unselected cells
against the read pass voltage 1s referred to as a “back pattern
noise”. In general, 1n such a cell that 1s easily written 1n a
NAND string, the back pattern noise appears large. That 1s,
the nearer to the cell source line, the larger the back pattern
noise appears. However, when the interference between
cells becomes large due to the cell minmiaturization, 1t
becomes diflicult to 1gnore the interference even if 1t 1s due
to one cell, and the interference influence appears as a result
of the reduction of on-margin.

The above-described influence on the threshold voltage of
the adjacent cell due to the selected word line will be
explained together with [a] detailed [numerous example}
examples with reference to the coupling capacitances shown
in FIG. 8. Assuming that the select voltage of the selected
word line 1s Vsel, and unselected word line voltage 1s Vread,
the apparent threshold voltage shift AVt of a memory cell
under the adjacent and unselected word line due to the word

line voltage difference AVwl(=Vread-Vsel) will be
expressed by the following expression Exp. 1.
AVI={(C4+C3-Cr/C2}AVWI [Exp. 1]

where, Cr=C2/Call (Call 1s the total capacitance value of
FGn).

By use of the following [numerous] example of: (C4+
C3- Cr)/C2 =0.066; and AVwl=4.5v (Vread=3.5V, Vsel=1V)
as used in the conventlonal NAND-type flash memory,
AVt=0.3V 1s obtained. In other words, the diflerence
between threshold distributions “c2” and “c3” in FIG. 7
becomes 0.3V.

Next, by use of the following [numerous] example of:
(C4+C3-Cr)/C2=0.13; and AVwl=4.5v as obtained 1n case
the interference between cells becomes large due to the cell
minmiaturization, AAVt=0.59V 1s obtained. In other words,
the difference between threshold distributions “c2” and “c3”
in FIG. 7 becomes 0.59V. “c2” 1s the upper limit of the
threshold distribution of unselected cells apart from the
selected cell by a distance of two cells or more. As the
interference between cells becomes larger, as shown by the
distribution *““c3”, the upper limit of the threshold voltage
distribution of the adjacent and unselected cells becomes
higher.

Conventionally, the read pass voltage Vread 1s set at about
5.5V, and the upper limit of the distribution *“c2” 1s set at
about 4V. In the NAND-type flash memory belonging to a
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generation, in which the design rule 1s larger than 56 nm, the
difference between the distributions “c2” and “c3” 1s about
0.3V, so that the back pattern noise due to the unselected
cells adjacent to the selected cell 1s not problematic. How-
ever, 1 such a generation that the design rule 1s 56 nm or
less, as explained 1n the calculation example, the difference
between distributions “c2” and “c3”, 1.e., the threshold
voltage difference, becomes about 0.6V. As a result, when
estimating the device with the same read pass voltage and
the upper limit of the threshold voltage, the back pattern
noise becomes more apparent [remarkably].

The condition [of] that the above-described effect starts to
be apparent as the back pattern noise [is in] results from the
fact that the difference between the read pass voltage and the
upper limit of the distribution “c3”, 1.e., on-margin dVon_3a
of the unselected cell as shown 1n FIG. 7, 1s about 1V or less.
This fact has been obtained [as] v an experimental result.

First R/’W Scheme 1n the Embodiment

FIG. 9 shows a word line voltage applying state set 1n a
NAND string at a write-verily time and a normal read time
in a first read/write (R/W) scheme 1n accordance with this
embodiment 1n comparison with that shown 1n FIG. 3. FIG.
10 shows cells’ threshold states of word lines adjacent to a
selected word line WLn at the upper page write-verity time
of the selected word line WLn, and FIG. 11 shows the cell’s
threshold state of the selected word line WLn at a read time
after writing all cells 1n comparison with those shown 1n
FIGS. 6 and 7, respectively.

As shown in these FIGS. 9, 10 and 11, [a] a» unselected
word line WLn+1 adjacent to the selected word line WLn on
the bit line side (1.e., on the side of a cell to be written later
than the selected cell) 1s applied with read pass voltage
Vread2 hlgher than the read pass voltage Vread applied to
the remaining unselected word lines at the write-verily time
and the read time.

Vread?2 is an adjusted voltage [such as to be able to] trat
can cancel the apparent threshold increase of the unselected
cell under the adjacent and unselected word line WLn+1 due
to the read voltage of the selected word line WLn. If
Vread2-Vread is too large, in [a] an unselected word line,
[the] both adjacent word lines of which are applied with
Vread, the on-margin against Vread is reduced, [and] result-
ing in that the back pattern noise due to word lines WLn+
2~WLm becomes large. Therelore, it 1s desired to set Vread2
at such a level [that is able] to suppress the influence in the
memory cells under word line WLn+1.

FIG. 12 shows operation wavelorms at the write-verily
time and the read time. Select voltage Vsel applied to the
selected word line WLn 1s etther one of verily voltages VLv,
Vav, Vbv and Vcv at the write-verily time, and either one of
read voltages Var, Vbr and Vcr at the read time.

Applied to the adjacent and unselected word line WLn+1
on the bit line side of the selected word line WLn 1s a pass
voltage Vread2 higher than Vread applied to the remaining
unselected word lines. As a result, the increase of the back
pattern noise due to the selected word line voltage will be
suppressed.

The operation will be explained below 1n accordance with
the sense unit configuration shown in FIG. 3. A timing r0,
select voltage Vel 1s applied to the selected word line WLn;
Vread2 1s applied to the adjacent and unselected word line
WLn+1; Vread 1s applied to the remaining unselected word
lines; and Vsg 1s applied to the select gate line SGD for
turning on the select gate transistor. At the same time, the bit
lines are precharged for data reading.

For example, when even numbered bit lines Ble are
subjected to data read, these are set at “H”, and Vpre+Vt 1s
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applied to BLCLAMP, so that the even numbered bit lines,
BLe, are precharged. Odd numbered bit lines, BLo, are set
as Vss, and serve as shield lines.

After the word lines and bit lines have been set at certain
levels, respectively, [stop] the bit line precharge operation is 5
stopped at timing rl, and [raise] simultaneously the select
gate line SGS on the source line side is raised to turn on the
select gate transistor SG2, thereby discharging the bit lines
in accordance with data of selected cells. If the threshold
voltage of a selected cell 1s lower than the select voltage (1.e., 10
data “17), the bit line 1s discharged while 11 not so (i.e., data
“0”), the bit line 1s not discharged.

Prior to data sensing, sense node TDC 1s precharged at
timing r2. Then, clamping transistor 1s turned on at timing,
r3, thereby coupling the bit line to the sense node TDC. 15
Assuming that the sense level 1s Vsen set between “0” and
“1”, BLCLAMP 1s applied with Vsen+Vt, which [is able to]
can turn on transistor 37 when bit line level 1s Vsen. Since
bit line capacitance 1s suthiciently larger than the capacitance
of the sense node TDC, the bit line potential change with a 20
small amplitude will be amplified at the sense node TDC.

Although, after timing r4, the write-verily operation and
the normal read operation [has] Zave a slight difference, data
at the sense node after sensing, or data after certain opera-
tional processing at the sense node TDC, 1s stored 1n latch 25
1. Finally, after discharging word lines and bit lines at
timing rS, the write-verily operation or the normal read
operation ends.

[Introducing] By introducing the above-described read
pass voltage Vread2, the on-resistance increase of the cell 30
under the unselected word line WLn+1 1s suppressed, and
the threshold voltage shift of the selected cell under the
selected word line 1s suppressed. Explaining #2at in detail, as
explained with reference to FIG. 7, 1f the on-resistance of the
cells under the unselected word line 1s increased, the cell 35
threshold to be written to A-level will be shifted in the
positive direction as shown by distribution “a3”.

By contrast, according to this embodiment, as shown in
FI1G. 11, the threshold shift amount from “a2” to “a3” of the
selected cell becomes less. As explained 1in the above- 40
described analyzing results, this effect becomes [remarkable
in a generation, the] significant when a write design rule Jof
which] is 56 nm or less.

Second R/W Scheme 1n the Embodiment

FIG. 13 shows a word line voltage applying state set in a 45
NAND string at a write-verity time and a read time 1n a
second read/write (R/W) scheme in accordance with this
embodiment in comparison with those shown 1n FIGS. 5 and
9. FIG. 14 shows cells’ threshold states of word lines
adjacent to a selected word line WLn at the upper page 50
write-verily time of the selected word line WLn, and FI1G. 15
shows the cell’s threshold state of the selected word line
WL at a read time after writing all cells 1n comparison with
those shown i FIGS. 6, 10 and 7, 11, respectively.

This second R/W scheme 1s different from the first R/'W 55
scheme 1n the following fact: 1n this second R/W scheme, as
shown 1n FIG. 13, not only the adjacent and unselected word
line WLn+1 on the bit line side of the selected word line
WLn but also the adjacent and unselected word line WLn-1
on the source line side of the selected word line WLn are 60
applied with read pass voltage Vread2 higher than Vread
applied to the remaiming unselected word lines.

Vread2 is an adjusted voltage [such as to be able to] that
can cancel the apparent threshold increase of the unselected
cell under the adjacent and unselected word lines WLn+1 65
and WLn-1 due to the read voltage of the selected word line
WLn. If Vread2-Vread is too large, in [a] ar unselected
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word line, the both adjacent word lines of which are applied
with Vread, the on-margin against Vread is reduced, [and]
resulting in [that] the back pattern noise due to word lines
WLn+2~WLm [becomes] becoming large. Therefore, it is
desired to set Vread2 at such a level [that is able] to suppress
the [influence] interference in the memory cells under word
line WLn+1.

According to this second R/W scheme, in addition to the
effect obtained in the first R/W scheme, [it will be provided]
the [following] effect [that the] of reduction of cell current
Icell of the whole NAND string due to [the] reduction of
on-margin of the cell under the word line WLn-1 1s sup-
pressed is realized.

Third R/W Scheme in the Embodiment

FIG. 16 shows cells’ threshold states of word lines
adjacent to a selected word line WLn at an upper page
write-verily time of the selected word line WLn 1n com-
parison with those shown i FIGS. 6, 10 and 14. FIGS. 17
and 18 show the cell’s threshold states of the selected word
line WLn at a read time after writing all cells 1n comparison
with those shown i FIGS. 7, 11 and 15, respectively.

Note here that F1G. 17 1s a case that A- or C-level has been
written 1nto a cell on the unselected word line WLn+1 (1.e.,
such a case that the threshold shift amount due to the upper
page writing 1s large); and FIG. 18 1s another case that E- or
B-level has been written into the cell on the unselected word
line WLn+1 (1.e., such a case that the threshold shift amount
due to the upper page writing 1s small).

[As different] Differently from the second R/W scheme,
applied to the adjacent and unselected word line WLn+1 on
the bit line side 1s read pass voltage Vread3 lower than Vread
applied to the remaining word lines. [As similar] Similarly
to the second R/W scheme, applied to the adjacent and
unselected word line WLn-1 on the source line side 1s read
pass voltage Vread2 higher than Vread applied to the
remaining word lines.

The cell under the adjacent and unselected word line
WLn+1 on the bit line side is set [in] az LM level at this
stage, so that [it may be obtained] a sufficiently low on-
resistance with Vread3 lower than Vread can be obtained.
Therefore, it is permitted to use [such] the pass voltage
Vread3. [The] With the adjacent and unselected word line
WNn-1 on the source line side being applied with Vread2,
it becomes possible to secure a large on-margin dVon_1c 1n
case of C-level cell.

By contrast, in the normal read operation for the selected
word line WLn after having written all cells, the adjacent
and unselected word line WLn+1 on the bit line side is
applied with such a read pass voltage that 1s changed 1n
accordance with cell data as follows.

That 1s, 1n case the cell data of word line WLn+1 1s A- or
C-level, as shown 1 FIG. 17, read pass voltage Vread2
higher than that of the verity time 1s used. As a result, 1t
becomes possible to secure a large on-margin dVon_2c even
if the data of the cell on the word line WLn+1 1s C-level.

In case the cell data of word line WLn+1 1s E- or B-level
with a small threshold shift amount, as shown 1n FIG. 18, the
same read pass voltage Vread3 as that of the verily time 1s
used. As a result, it becomes possible to secure a large
on-margin for the cell on the word line WLn+1.

To [make] establish the read condition for the selected
word line after all data have been written different in
accordance with the write data 1n the adjacent and unse-
lected word line WLn+1, 1t 1s required to refer to the data of
the word line WLn+1 when word line WLn 1s selected. For
this purpose, [perform] data read of word line WLn+1 is
performed prior to data read of word line WLn, and [store]
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the data is stored in the sense amplifier/data latch. For
example, cell data of word line WLn+1 1s A- or C-level,
reference data “0” 1s latched while cell data 1s E- or B-level,
reference data “1” 1s latched.

Data read for the word line WLn 1s performed with two
cycles with conditions shown in FIGS. 17 and 18, and [it
will be judged] judgment for each bit line is made as follows:
in case the reference data held 1n the sense amplifier/data
latch 1s “17, data read with the condition of FIG. 17 1is
selected to be eflective, while if the reference data 1s “0”,
data read with the condition of FIG. 18 is selected to be
cllective.

The correcting read operation in this embodiment in
accordance with the adjacent cell’s data will be explained 1n
detail with reference to FIGS. 19 and 20.

FIG. 19 shows the word line voltages at two read cycles,
Readl and Read2, and how cells celll~cell3 are corrected
and read with respect to data level A and B to be distin-
guished by the lower page read with read voltage Vbr. The
dotted lines of data A-level and B-level designate that these
appear to be higher in threshold due to the interference
between cells.

“celll” 1s a memory cell to be read as an on-cell, which
1s not mntluenced by the interference between cells. “cell2”
1s a memory cell, the threshold voltage of which 1s shifted
due to the interference between cells, and 1t 1s corrected 1n
the read operation to be read as an on-cell (cell on the lower
side). “cell3” is a memory cell|, the] with a threshold voltage
[of which is] higher than those of “celll” and “cell2”.

In the write-verily operation, the selected voltage Vsel
applied to the selected word line WLn 1s the verifying
voltage while pass voltage Vread3 (<Vread) 1s applied to the
unselected word line WLn+1.

In this embodiment, prior to starting the read operation for
the selected word line WLn, data of the unselected word line
WLn+1 1s read and stored. This operation 1s performed
automatically by the controller when word line WLn 1s
selected 1n the read operation. In this read operation of the
unselected word line WLn+1, in case E-level or B-level 1s
mudged, “H” 1s set at node PDC while A-level or C-level 1s
judged, “L” is set at the node PDC. [The] As the sense unit
has a certain number of data nodes and an arithmetic
processing function, the above-described data read may be
casily performed. The detailed explanation 1s omitted.

Next, the read operation for the selected word line WLn
will be explained as follows: 1n the lower page read opera-
tion, as shown in FIG. 19, read operation Readl and read
operation Read2 are successively performed. In the read
operation Readl, selected voltage applied to the selected
word line WLn 1s set at Vbr, that 1s used for distinguishing,
A-level from B-level, and pass voltage Vread3 (<Vread) 1s
applied to the unselected word line WLn+1. In the read
operation Read2, the selected word line WLn 1s applied with
the same read voltage Vbr while the unselected word line
WLn+1 1s applied with pass voltage Vread.

In the case of threshold distributions and data bit assign-
ment shown in FIG. 4, [it is able to judge] the lower page
(LP) data can be judged only with the read operation with
the read voltage Vbr applied to the selected word line WLn.

In case the adjacent cell’s data on the word line WLn+1
1s E- or B-level, the interference from the adjacent cell to the
selected cell 1s small, the threshold voltage of the selected
cell on the word line WLn 1s hardly changed from the
write-verified state. Therefore, in case the adjacent cell 1s in
this state, data will be obtained 1n the read operation Readl
with the pass voltage of word line WLn+1 set at Vread3, that
is the same as [one] at the write-verify time.

10

15

20

25

30

35

40

45

50

55

60

65

14

By contrast, in case the adjacent cell’s data on the word
line WLn+1 1s A- or C-level, the threshold voltage of the
selected cell appears to be increased due to the interference
between floating gates FG. Therefore, 1n the read operation
Read2, the pass voltage of the word line WLn+1 1s set at
Vread2 higher than Vread3, so that the interference eflect
will be cancelled.

[1t has already been provided the] T%e idea for canceling
the mterference eflect of the floating gate type of memory
cells with selection of the read condition of the selected cell
has been raised (e.g., refer to U.S. Pat. No. 5,867,429, or
JP-A-2004-32866). However, this 1dea 1s for adjusting the
read condition of the selected cell itself mfluenced by the
interference eflect between floating gates, and the vanations
of the interference effects within the memory cells are not
considered.

By contrast, in this embodiment, the read pass voltage
applied to the adjacent and unselected word line WLn+1 1s
selected 1n accordance with t2e data written state in the
unselected cell, thereby canceling the interference between
cells. The operation principle will be explained 1n detail
below.

The interference eflect between cells described here 1s
defined as follows: when writing an adjacent cell after
writing a [noticed] selected noted cell, FG potential of the
adjacent cell 1s reduced to be lower than that of the selected
cell, thereby resulting in that FG potential of the [noticed]
selected cell also 1s reduced due to capacitive coupling, and
the threshold voltage of the [noticed] selected cell appears to
be high. This 1s an interference eflect obtained wvia the
coupling capacitance C3 shown 1n FIG. 8.

Therefore, 1n case the adjacent cell 1s written, 1t 1s desired
to restore the FG potential of the adjacent cell in accordance
with the written level into the same state as that obtained
when the [noticed] selected cell is written. However, when
the adjacent word line 1s changed in potential to achieve this,
such interference will be obtained that the [noticed] selected
cell 1s directly influenced from the adjacent word line via
coupling capacitance C4 shown 1n FIG. 8.

In this embodiment, 1n consideration of the both of an
interference function based on the serial-connected capaci-
tance, C2+C3, of the adjacent cells and another interference
function based on the coupling capacitance C4, the read
operation 1s corrected. As a result, 1t becomes possible to
strongly reduce the vaniations. This point will be explained
in detail below.

When the adjacent and unselected word line WLn+1 1s
changed 1n potential by AVwl, the threshold voltage change
AVt 1s obtained as expressed in the following expression
Exp. 2 obtained by transforming the above-described Exp. 1.

AVWI={C2/(C4+C3-Cr)}AVt [Exp. 2]

In Exp. 2, AVtis the threshold voltage change amount due
to the 1nterference cllect. Rewriting 1t into another threshold
shift amount AVt_swing due to data writing 1n the adjacent
and unselected cell, the following Exp. 3 1s obtained.

AVwI={C2/(C4+C3-Cr)}AVt_swing [Exp. 3]

A detailed [numerous] example is as follows. Assuming

that the coethicient of AVt_swing 1s defined as: C3-Cr/(C4+
C3-Cr)=0.41; and assuming that AVt_swing 1s about 3V as

defined by the cell data change from E-level to A-level,
AVwI=1.24V 1s obtained.

As explained above, by increasing the potential of word

line WLn+1 by 1.24V, 1t becomes possible to cancel the
interference eflect due to the threshold shift amount, 3V, of

the adjacent cell.




US RES0,025 E

15

Further, to make the influence of the back pattern noise on
the word line WLn+1 due to the selected word line WLn, as
explained with reference to FIG. 7, less, the interference

dif

cllect between FGs will be cancelled by use of the potential

‘erence between Vread2 and Vread3. Additionally, the 5

relationship of Vread2>vread suppresses the influence of
[that] the back pattern noise [increases] increasing between

adj

acent cells due to the selected word line voltage.

A setting example of pass voltage Vread2 is as follows.

Since, as shown in the calculation example, the threshold

10

voltage of the adjacent cell appears to be shifted with an

order of 0.3V or 0.6V, keeping constant the di

‘erence

between Vread2 and Vread3, Vread2 should be set at a
voltage higher than Vread by 0.3V or 0.6V,

FIG. 20 shows a data processing example, in which the

15

data threshold is corrected and [read] reading is executed in
accordance with the above-described principle, with steps,
Stepl~StepS, and the data changes at the respective nodes.

In

cell2, cell3) are expressed by the form of (L, L, H).

FIG. 20, data corresponding to three cell states (celll,
20

At Stepl, prior to the read operation of the selected word

line WLn, data read for correcting data 1s performed for
word line WLn+1, and read data 1s latched at node PDC. At

Step2, Readl shown in FIG. 19 1s performed, the bit line

potential a

‘ected with cell data 1s temporally held at node 25

TDC. The bit line potential at Step2 1s shown as LHH. This

designates the following situations: threshold of “celll” 1s
lower than Vbr, and the bit line 1s discharged to be low (L);
threshold of “cell2” 1s higher than Vbr, and the bit line

becomes high (H); and threshold of “cell3” 1s higher than

30

Vbr, and the bit line becomes high (H).

At Step3, data at node PDC 1s transferred to node DDC,
and the product of data at TDC by mverted data at DDC 1s
obtained. This 1s achieved 1n the operation circuit 34 1n the

sense amplifier shown 1n FIG. 3 1n such a way that VPRE 1s

set

35
to be 0V, and transistor 34 1s turned on by REG="H".

That 1s, 1if DDC="H”, TDC 1s discharged to be “L”. IT
DDC=*1", TDC 1s not discharged, and keeps the last data

level as 1t 1s. This operation result 1s transferred to and held

at node PDC.

40

At Stepd, [this being] which is a read step, Read2, shown
in FIG. 19, the bit line potential 1s stored 1n node TDC. At
this time, pass voltage of the adjacent and unselected word

line WLn+1 1s set at Vread2. Theretore, as shown 1n FIG. 19,

the threshold voltages of celll~cell3 appear to be lowered.

45

The amounts of the threshold reduction correspond to the
interterence effects between cells to be cancelled.

Theretore, the threshold of “cell2” 1n Readl and that of
“celll” 1n Read2 become substantially equal to each other.

Latched data of (celll, cell2, cell3) at node TDC are (L, L,

50

H).
Next, at StepS, data previously latched at node PDC 1s

transierred to node DDC, and an addition operation of data
at node TDC and data at node DDC 1s performed at node

TDC. Explaining tkat in detail, in the operation circuit 34 1n

55

FIG. 3, Vdd+Vin (Vin 1s threshold voltage of an NMOS
transistor) 1s applied to REG; and VPRE is raised up to Vdd
from OV.

As a result, 1if DDC="H", TDC 1s forced to be “H” due to

a bootstrap operation. If DDC="L", the last TDC data will

60

be kept as 1t 1s. The operation result at TDC 1s transferred to
node PDC, and latched as the lower page data.

Therefore, according to this operation, in case “L” 1s
initially stored at node PDC 1n the sense amplifier, finally

latched data at the node PDC 1s read data in Readl, while in
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case “H” 1s mmitially stored at node PDC, read data in Read2
1s finally latched at the node PDC.
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As described above, data read with threshold correction
may be performed for the respective bit lines, 1.e., for the
respective selected cells, which are coupled to a selected
word line to be simultaneously read.

The sense amplifier configuration and the operational
function are not limited to those shown 1n FIG. 3, and may
be achieved with other circuit configurations. What 1s shown
in this embodiment 1s: sensed data 1n a case where unse-
lected word line WLn+1 1s low and 1n another case where
WLn+1 1s high may be selected for each bit 1n a continuous
read operation.

As another embodying mode in this embodiment, 1t 1s
possible to correct the interference eflect between cells at
multiple steps, 1.e., two or more steps. This 1s, for example,
achieved by disposing another operational circuit between
node N1 (PDC) and TDC 1n the sense amplifier shown in
FIG. 3. Further, disposing one or more latch circuits 1n
addition to latches L1 and L2, additional operational func-

tions will be achieved.
Fourth R/W Scheme in the Embodiment

So far, [it has been explained such] a case has beer
explained that the write order 1s selected to make the
interference between adjacent cells as small as possible. By
contrast, 1in case word lines are selected 1n order from the
source line side, and the lower page write and the upper page
write are completed for each selected word line, each cell’s
threshold will be shifted due to the interference between
adjacent cells after writing.

However, 1n the above-described case, by precisely con-
trolling the read pass voltage applied to the unselected word
lines WLn+1 disposed adjacent to the selected word line
WLn on the bit line side 1n accordance with cell data, the
influence of the interterence between cells will be reduced.

In detail, [as] similar to the third R/W scheme explained
above, the read pass voltage of the adjacent and unselected
word line at a write-verity time 1s set to be lower than the
read pass voltage, Vread, applied to the remaining unse-
lected word lines. After data writing for WLn+1, the read
pass voltage applied to the unselected word line WLn+1 at
a read time for the selected word line WLn 1s optimized 1n
accordance with [which] 7%ze level [is] of cell data in E, A, B
and C levels.

As a result, the influence of the interference between cells
will be reduced.

In the third R/W scheme, the read pass voltage applied to
the unselected word line WLn-1 1s set to be Vread2, higher
than Vread. According to the explanation for the first R/'W
scheme, 1t 1s not necessary to set the unselected word line
WLn-1 at Vread2. Using Vread in place of Vread2, [it will
be expected] the same operation and effect as described
above can be realized.

In the above-described embodiment, the operation control
example has been explained for a four-level data storage
scheme (1.e., 2 biats/cell). However, this mnvention 1s 1 a
method for controlling [a] arz unselected word line disposed
adjacent to a selected word line, and 1s not limited to the
four-level storage scheme. That 1s, this imnvention may be
adapted to other memory devices of a binary data storage
scheme (1 bit/cell), an eight-level storage scheme (3 bits/
cell) and other multi-level data storage schemes.

Application Devices

As an embodiment, an electric card using the non-volatile
semiconductor memory devices according to the above-
described embodiment of the present invention and an
electric device using the card will be described [bellow]
below.
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FIG. 21 shows an electric card according to this embodi-
ment and an arrangement of an electric device using this
card. This electric device 1s a digital still camera 1001 as an
example of a portable electric [devices] device. The electric
card 1s a memory card 61 used as a recording medium of the
digital still camera 1001. The memory card 61 1incorporates
an IC package PK1 1n which the non-volatile semiconductor
memory device or the memory system according to the
above-described embodiments 1s integrated or encapsulated.

The case of the digital still camera 1001 accommodates a
card slot 1002 and a circuit board (not shown) connected to
this card slot 1002. The memory card 61 i1s detachably
inserted 1n the card slot 1002 of the digital still camera 1001.
When inserted in the slot 1002, the memory card 61 1is
clectrically connected to electric circuits of the circuit board.

If this electric card 1s a non-contact type IC card, it 1s
clectrically connected to the electric circuits on the circuit
board by radio signals when inserted 1n or approached to the
card slot 1002.

FIG. 22 shows a basic arrangement of the digital still
camera. Light from an object 1s converged by a lens 1003
and 1nput to an 1image pickup device 1004. The image pickup
device 1004 i1s, for example, a CMOS sensor and photo-
clectrically converts the input light to output, for example,
an analog signal. This analog signal 1s amplified by an
analog amplifier (AMP), and converted into a digital signal
by an A/D converter (A/D). The converted signal 1s input to
a camera signal processing circuit 1005 where the signal 1s
subjected to automatic exposure control (AE), automatic
white balance control (AWB), color separation, and the like,
and converted 1nto a luminance signal and color difference
signals.

To monitor the 1image, the output signal from the camera
processing circuit 1005 1s mput to a video signal processing,
circuit 1006 and converted into a video signal. The system
of the video signal 1s, e.g., NTSC (National Television
System Committee). The video signal 1s mput to a display
1008 attached to the digital still camera 1001 via a display
signal processing circuit 1007. The display 1008 1s, e.g., a
liquid crystal monitor.

The video signal 1s supplied to a video output terminal
1010 via a video driver 1009. An image picked up by the
digital still camera 1001 can be output to an 1mage apparatus
such as a television set via the video output terminal 1010.
This allows the pickup 1mage to be displayed on an image
apparatus other than the display 1008. A microcomputer
1011 controls the image pickup device 1004, analog ampli-
fier (AMP), A/D converter (A/D), and camera signal pro-
cessing circuit 1005.

To capture an 1mage, an operator presses an operation
button such as a shutter button 1012. In response to this, the
microcomputer 1011 controls a memory controller 1013 to
write the output signal from the camera signal processing
circuit 1005 into a video memory 1014 as a [flame] frame
image. The [flame] frame image written in the video
memory 1014 1s compressed on the basis of a predetermined
compression format by a compressing/stretching circuit
1015. The compressed 1mage 1s recorded, via a card inter-
tace 1016, on the memory card 61 inserted in the card slot.

To reproduce a recorded 1mage, an 1mage recorded on the
memory card 61 1s read out via the card interface 1016,
[stretched] decompressed by the [compressing/stretching]
compressing/decompressing circuit 1015, and written into
the video memory 1014. The written 1mage i1s mput to the
video signal processing circuit 1006 and displayed on the
display 1008 or another 1mage apparatus in the same manner
as when 1mage 1s monitored.
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In this arrangement, mounted on the circuit board 1000
are the card slot 1002, image pickup device 1004, analog
amplifier (AMP), A/D converter (A/D), camera signal pro-
cessing circuit 1005, video signal processing circuit 1006,
display signal processing circuit 1007, video driver 1009,
microcomputer 1011, memory controller 1013, wvideo
memory 1014, compressing/stretching circuit 1015, and
card interface 1016.

The card slot 1002 need not be mounted on the circuit
board 1000, and can also be connected to the circuit board
1000 by a connector cable or the like.

A power circuit 1017 1s also mounted on the circuit board
1000. The power circuit 1017 receives power from an
external power source or battery and generates an internal
power source voltage used inside the digital still camera
1001. For example, a DC-DC converter can be used as the
power circuit 1017. The internal power source voltage 1s
supplied to the respective circuits described above, and to a
strobe 1018 and the display 1008.

As described above, the electric card according to this
embodiment can be used 1n portable electric devices such as
the digital still camera explained above. However, the elec-
tric card can also be used 1n various apparatus such as shown
in FIGS. 23A to 23], as well as 1n portable electric devices.
That 1s, the electric card can also be used 1n a video camera
shown 1n FIG. 23A, a television set shown 1n FIG. 23B, an
audio apparatus shown m FIG. 23C, a game apparatus
shown 1n FIG. 23D, an electric musical instrument shown 1n
FIG. 23E, a cell phone shown in FIG. 23F, a personal
computer shown 1 FIG. 23G, a personal digital assistant
(PDA) shown 1n FIG. 23H, a voice recorder shown 1n FIG.
231, and a PC card shown in FIG. 23J.

This invention 1s not limited to the above-described
embodiments. It will be understood by those skilled 1n the
art that various changes in form and detail may be made
without departing from the spirit, scope, and teaching of the
invention.

What 1s claimed 1s:

[1. A method for controlling a non-volatile semiconductor
memory device having a NAND string, in which multiple
memory cells are connected 1n series, comprising:

a read procedure performed for a selected memory cell 1n
the NAND string on the condition that the selected
memory cell 1s applied with a selected voltage while
unselected memory cells are driven to be turned on
without regard to cell data thereof, wherein

a 1irst read pass voltage and a second read pass voltage
higher than the first read pass voltage are generated by
a voltage generation circuit, and wherein

the first read pass voltage generated by the voltage
generation circuit 1s applied to unselected memory cells
except adjacent and unselected memory cells disposed
adjacent to the selected memory cell, and the second
read pass voltage generated by the voltage generation
circuit 1s applied to at least one of the adjacent and
unselected memory cells in the read procedure.]

[2. The method according to claim 1, wherein

the second read pass voltage 1s applied to the adjacent and
unselected memory cell being completed 1n data write
later than the selected memory cell.]

[3. The method according to claim 1, wherein

the read procedure 1s a normal read procedure for reading
data of the selected memory cell after data writing.]

[4. The method according to claim 1, wherein

the read procedure 1s a write-verily read procedure for
verity-reading data of the selected memory cell 1n a
data write mode.]
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[5. The method according to claim 3, wherein

in the normal read procedure, the second read pass voltage
1s applied to one cell 1n two adjacent and unselected
memory cells disposed adjacent to the selected memory
cell, the one cell having been written previously to the
selected memory cell, and a third pass voltage 1s
applied to the other cell in the two adjacent and
unselected memory cells, the other cell having been
written later than the selected memory cell, the third
read pass voltage being selected 1n level 1n accordance
with the cell’s threshold shift amount.}

[6. The method according to claim 5, wherein

the third read pass voltage 1s set to be lower than the first
read pass voltage i1n case the cell’s threshold shift
amount 1s less than a certain level while the third read
pass voltage 1s set to be equal to the second read pass
voltage 1 case the cell’s threshold shift amount 1s
greater than the certain level.}

[7. The method according to claim 5, wherein

the normal read procedure includes:

a first read operation performed for reading data of the
other cell previously to reading data of the selected
memory cell when 1t 1s selected; and

a second read operation performed for reading data of the
selected memory cell on the condition that the third
read pass voltage 1s selected 1n level with reference to
the read data of the first read operation.}

[8. The method according to claim 1, wherein

the memory cell stores four-level data defined by data
level E, A, B and C (where, E<A<B<(C), data level E
being defined as an erase state with a negative cell
threshold while data levels A, B and C are defined as
write states with positive cell threshold voltages, and

a data write procedure includes: a lower page write mode

for selectively writing the memory cells with data level

E to have a medium level LM set between data level A
and B; and an upper page write mode for selectively
writing the memory cells with data level E and data
level LM to have data level A and data level B or C,
respectively, and

in the data write procedure, the memory cells in the
NAND string are selected from a source line side 1n
such an order that a first memory cell 1s written 1n a
lower page write mode; a second memory cell adjacent
to the first memory cell disposed adjacent to the first
memory cell on a bit line side 1s written 1n the succes-
sive lower page write mode; and then the first memory
cell is written in an upper page write mode.]

[9. A method for controlling a non-volatile semiconductor

memory device having a NAND string, in which multiple
memory cells are connected 1n series, comprising:

a write-veritying procedure performed for a selected
memory cell in the NAND string on the condition that
the selected memory cell 1s apphied with a write-
veritying voltage and unselected memory cells are
driven to be turned on without regard to cell data
thereof; and

a normal read procedure performed for a selected memory
cell 1n the NAND string on the condition that the
selected memory cell 1s applied with a read voltage and
unselected memory cells are driven to be turned on
without regard to cell data thereof, wherein

in the write-verifying procedure, a first read pass voltage
1s applied to unselected memory cells except two
adjacent and unselected memory cells disposed adja-
cent to the selected memory cell; a second read pass
voltage higher than the first read pass voltage 1s applied
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to one cell of the two adjacent and unselected memory
cells, the one cell having been written previously to the
selected memory cell; and a third read pass voltage
lower than the first read pass voltage 1s applied to the
other cell, which 1s written later than the selected
memory cell, and

in the normal read procedure, the first read pass voltage 1s
applied to the unselected memory cells except the two
adjacent and unselected memory cells; the second read
pass voltage higher than the first read pass voltage 1s
applied to one cell of the two adjacent and unselected
memory cells, the one cell having been written previ-
ously to the selected memory cell; and a fourth read
pass voltage 1s applied to the other cell, which has been
written later than the selected memory cell, the fourth

read pass voltage being selected 1n level 1n accordance
with the cell’s threshold shift amount.}

[10. The method according to claim 9, wherein

the fourth read pass voltage 1s set to be lower than the first
read pass voltage i1n case the cell’s threshold shift
amount 1s less than a certain level while the fourth read
pass voltage 1s set to be equal to the second read pass
voltage 1n case the cell’s threshold shift amount 1s
greater than the certain level.}

[11. The method according to claim 10, wherein

the normal read procedure includes:

a first read operation performed for reading data of the
other cell previously to reading data of the selected
memory cell when 1t 1s selected; and

a second read operation performed for reading data of the
selected memory cell on the condition that the fourth
read pass voltage 1s selected 1n level with reference to
the read data of the first read operation.]

[12. The method according to claim 9, wherein

the memory cell stores four-level data defined by data
level E, A, B and C (where, E<A<B<(C), data level E
being defined as an erase state with a negative cell
threshold while data levels A, B and C are defined as
write states with positive cell threshold voltages, and

a data write procedure includes: a lower page write mode

for selectively writing the memory cells with data level

E to have a medium level LM set between data level A
and B; and an upper page write mode for selectively
writing the memory cells with data level E and data
level LM to have data level A and data level B or C,
respectively, and

in the data write procedure, the memory cells 1n the
NAND string are selected from a source line side 1n
such an order that a first memory cell 1s written in a
lower page write mode; a second memory cell adjacent
to the first memory cell disposed adjacent to the first
memory cell on a bit line side 1s written 1n a successive
lower page write mode; and then the first memory cell
is written in an upper page write mode.}

[13. A method for controlling a non-volatile semiconduc-

tor memory device having a NAND string, in which multiple
memory cells are connected 1n series, comprising:

a write-veritying procedure performed for a selected
memory cell in the NAND string on the condition that
the selected memory cell 1s applied with a write-
verilying voltage and unselected memory cells are
driven to be turned on without regard to cell data
thereot; and

a normal read procedure performed for a selected memory
cell 1n the NAND string on the condition that the
selected memory cell 1s applied with a read voltage and



US RES0,025 E

21

unselected memory cells are driven to be turned on
without regard to cell data thereof, wherein
in the write-verifying procedure, a first read pass voltage
1s applied to unselected memory cells except adjacent
and unselected memory cells adjacent to the selected
memory cell; a second read pass voltage lower than the
first read pass voltage 1s applied to one of the adjacent
and unselected memory cells, which 1s written later
than the selected memory cell, and

in the normal read procedure, the first read pass voltage 1s
applied to the unselected memory cells except the
adjacent and unselected memory cells disposed adja-
cent to the selected memory cell; a third read pass
voltage 1s applied to one of the adjacent and unselected
memory cells, which has been written later than the
selected memory cell, the third read voltage being
selected 1n level 1 accordance with the cell’s threshold
shift amount, the maximum vale of which 1s higher than
the first read pass voltage.}

[14. The method according to claim 13, wherein

the memory cell stores four-level data defined by data

level E, A, B and C (where, E<A<B<(C), data level E

being defined as an erase state with a negative cell

threshold while data levels A, B and C are defined as
write states with positive cell threshold voltages, and
a data write procedure includes: a lower page write mode
for selectively writing the memory cells with data level
E to have a medium level LM set between data level A
and B; and an upper page write mode for selectively
writing the memory cells with data level E and data
level LM to have data level A and data level B or C,
respectively, and

in the data write procedure, the memory cells 1n the
NAND string are selected from a source line side in
such an order that a first memory cell 1s written 1n a
lower page write mode; a second memory cell adjacent
to the first memory cell disposed adjacent to the first
memory cell on a bit line side 1s written 1n a successive
lower page write mode; and then the first memory cell
is written in an upper page write mode.}

[15. A method for controlling a non-volatile semiconduc-
tor memory device having a NAND string, in which multiple
memory cells are connected 1n series, comprising:

a write-verilying procedure performed for a selected
memory cell in the NAND string on the condition that
the selected memory cell 1s applied with a write-
verilying voltage and unselected memory cells are
driven to be turned on without regard to cell data
thereof; and

a normal read procedure performed for a selected memory
cell 1n the NAND string on the condition that the
selected memory cell 1s applied with a read voltage and
unselected memory cells are driven to be turned on
without regard to cell data thereof, wherein

in the write-veritying procedure, a first read pass voltage
1s applied to unselected memory cells except adjacent
and unselected memory cells adjacent to the selected
memory cell; a second read pass voltage lower than the
first read pass voltage 1s applied to one of the adjacent
and unselected memory cells, which 1s written later
than the selected memory cell, and

in the normal read procedure, the first read pass voltage 1s
applied to the unselected memory cells except the
adjacent and unselected memory cells disposed adja-
cent to the selected memory cell; a third read pass
voltage 1s applied to one of the adjacent and unselected
memory cells, which has been written later than the

10

15

20

25

30

35

40

45

50

55

60

65

22

selected memory cell, the third read voltage being
selected 1n level 1n accordance with the cell data, the
maximum value of which 1s higher than the first read
pass voltage.]

[16. The method according to claim 15, wherein

the memory cell stores multi-level data defined as a cell
threshold voltage, and

in a data write procedure, the memory cells 1n the NAND
strings are selected 1n order from a source line side, and
the multi-level data writing are completed for each
selected memory cell }

17. A non-volatile semiconductor memory device com-

prising:

a plurality of NAND strings each comprising a plurality
of memory cells connected in series, wherein the NAND
strings are coupled to word lines and bit lines,

a plurality of page buffer circuits configured to read data
of the bit lines in a read procedure; and

a high voltage generation circuit configured to generate a
first vead voltage and a second vead voltage supplied to
the word lines, wherein

the second read voltage is set to be higher than the first
read voltage; and

the first read voltage is applied to at least two of first
unselected word lines except second unselected word
lines disposed adjacent to a selected word line, and the
second read voltage is applied to the second unselected
word lines in the read procedure; and

the first and second read voltages are sufficient to turn on
unselected memory cells in the NAND string without
regard to data of the unselected memory cells.

18. The non-volatile semiconductor memory device of
claim 17, wherein each of the page buffer circuits is coupled
to at least two of the bit lines.

19. The non-volatile semiconductor memory device of
claim 17, wherein the first read voltage and the second read
voltage are predetermined to be equal to or more than 4.5V
in the read procedure.

20. The non-volatile semiconductor memory device of
claim 17, wherein the first vead voltage is set to be higher
than the second read voltage by equal to or more than about
0.6V,

21. The non-volatile semiconductor memory device of
claim 17, wherein the first read voltage is set to be higher
than the second read voltage by equal to ov movre than 0.3V.

22. The non-volatile semiconductor memory device of
claim 17, wherein:

the high voltage generation circuit includes at least one
voltage boost circuit; and

the voltage boost circuit is configured to boost a voltage
necessary for the rvead procedure and output the first
read voltage or the second read voltage.

23. The non-volatile semiconductor memory device of

claim 17, wherein:

the memory device stores single-bit data; and

a difference between the first vead voltage and the second
read voltage is divected to be a predetermined voltage
level without regard to the data stored by the memory
cells.

24. The non-volatile semiconductor memory device of
claim 17, wherein the second read voltage is set to be higher
than the first read voltage by a fixed voltage amount based
on a capacitive coupling relationship among a selected
memory cell having the selected word line and the unse-
lected memory cells adjacent to the selected memory cell.

25. A non-volatile semiconductor memory device com-

prising:
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a plurality of NAND strings each comprising a plurality
of memory cells connected in series, wherein the NAND
strings arve coupled to word lines and bit lines;

a plurality of page buffer circuits configured to read data
of the bit lines in a read procedure; and 5

a high voltage generation circuit configured to generate a
first vead voltage, a second vead voltage and a third
read voltage supplied to the word lines, wherein

the first and second read voltages ave set to be higher than

the thivd read voltage; 10
the second and thivd read voltages are diffevent from each
other;
the second rvead voltage is higher than the first read
voltage;

the first read voltage is applied to at least two of first 15
unselected word lines except second unselected word
lines disposed adjacent to a selected word line, and the
second and thivd read voltages are respectively applied
to the second unselected word lines in the read proce-
dure; and 20

the first, second and thivd vead voltages are sufficient to
turn on unselected memory cells in the NAND string
without vegard to data of the unselected memory cells.

26. The non-volatile semiconductor memory device of
claim 25, wherein the memory cells have dimensions accovd- 25
ing to a design rule of 56 nm or less.

27. A non-volatile semiconductor memory device com-
prising:

a plurality of NAND strings each comprising a plurality
of memory cells connected in servies, wherein the NAND 30
strings ave coupled to word lines and bit lines;

a plurality of page buffer circuits configured to rvead data
of the bit lines in a read procedure; and

a high voltage generation circuit configured to generate a
first vead voltage and a second vead voltage supplied to 35
the word lines, wherein

the memory cells comprise first, second, thivd and fourth
successively higher memory levels having rvespective
first, second, thivd and fourth threshold voltage distvi-
butions, 40

a first memory cell corresponding to at least one of
unselected word lines is written to the fourth memory
level,

a selected memory cell in a first NAND string is applied
with a select voltage in the rvead procedure. 45

the second read voltage is applied to a first unselected
memory cell immediately adjacent to the selected
memory cell in the first NAND string in the read
procedure,

the first vead voltage is applied to second unselected 50
memory cells not immediately adjacent to the selected
memory cell in the first NAND string in the read
procedure, and

the second read voltage is set to be higher than the first
read voltage by an amount based upon a desived rvead 55
margin between the second read voltage and an upper
[imit of the fourth threshold distribution of the first
memory cell.

28. The non-volatile semiconductor memory device of
claim 27, wherein the memory cells have dimensions accovd- 60
ing to a design rule of 56 nm or less.

29. The non-volatile semiconductor memory device of
claim 27, wherein the second vead voltage is applied to a
second memory cell immediately adjacent to the selected
memory cell in the first NAND string in the read procedure. 65

30. A non-volatile semiconductor memory device com-

prising:

24
a plurality of NAND strings each comprising a plurality

of memory cells connected in sevies and formed in a
surface of a semiconductor portion,

word lines vespectively connected to each of the memory
cells in each NAND string;

a first selection transistor respectively connected to a first

end of each of the NAND strings;
a second selection transistor vespectively connected to a

second end of each of the NAND strings;

a bit line respectively comnected to each of the first
selection transistors;

a source line connected to each of the second selection
transistors;

a first selection line connected to each first selection
transistor;

a second selection line connected to each second selection
transistor;

a plurality of page buffer circuits configured to read data
of the bit lines in a read procedure; and

a high voltage generation circuit configured to generate a
first vead voltage and a second vead voltage supplied to
the word lines, wherein

the second selection tramsistor is connected to a select
gate having a first gate length in a divection perpen-
dicular to a channel divection;

each of the word lines has a second gate length in the
dirvection smaller than the first gate length;

each of the word lines comprises a first laver of conduc-
tive material having a dimension in a dirvection per-
pendicular to the surface of the semiconductor portion;

each of the gates of the second selection transistors
comprises a second layer of conductive material having
the dimension in the divection perpendicular to the
surface of the semiconductor portion;

the second read voltage is set to be higher than the first
read voltage;

the second read voltage is set to be higher than the first
read voltage;

the first vead voltage is applied to at least two of first
unselected word lines except second unselected word
lines disposed adjacent to a selected word line, and the
second read voltage is applied to the second unselected
word lines in the read procedure; and

the first and second vead voltages are sufficient to turn on
unselected memory cells in the NAND string without
regard to data of the unselected memory cells.

31. The non-volatile semiconductor memory device of

claim 30, wherein the first vead voltage is set to be higher
than the second read voltage by equal to or movre than about

0.6V.

32. The non-volatile semiconductor memory device of

claim 30, wherein the first vead voltage is set to be higher
than the second read voltage by equal to or morve than 0.3V.

33. The non-volatile semiconductor memory device of

claim 30, wherein the memory cells have dimensions accord-
ing to a design rule of 56 nm or less.

34. A non-volatile semiconductor memory device com-

prising:

a plurality of NAND strings each comprising a plurality
of memory cells connected in series, wherein the NAND
strings ave coupled to word lines and bit lines;

a plurality of page buffer circuits configured to read data
of the bit lines in a read procedure; and

a high voltage generation circuit configured to generate a
first vead voltage and a second vead voltage supplied to
the word lines, wherein
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the second read voltage is set to be higher than the first

read voltage,
the first vead voltage is applied to at least two of first
unselected word lines except second unselected word
lines disposed adjacent to a selected word line, and the 5
second read voltage is applied to the second unselected
word lines in the read procedure;
the first and second read voltages are sufficient to turn on
unselected memory cells in the NAND string without
regard to data of the unselected memory cells, and 10

the memory cells have dimensions according to a design
rule of 56 nm or less.

35. The non-volatile semiconductor memory device of
claim 34, wherein the first vead voltage is set to be higher
than the second read voltage by equal to or more than about 15
0.6V

36. The non-volatile semiconductor memory device of
claim 34, wherein the first vead voltage is set to be higher
than the second read voltage by equal to ov move than 0.3V.

37. The non-volatile memory device of claim 17, wherein 20
the second read voltage is applied to memory cells, of the
plurality of memory cells, coupled to the second unselected
word lines disposed adjacent to the selected word line being
completed in data write later than one of the memory cells,

of the plurality of memory cells, coupled to the selected word 25
line.

26
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