(19) United States

12 Reissued Patent
Yoshida et al.

(10) Patent Number:
45) Date of Reissued Patent:

USOORE44350E

US RE44.,350 E
Jul. 9, 2013

(54) NONVOLATILE SEMICONDUCTOR
MEMORY INCLUDING MULTI-THRESHOLD
VOLTAGE MEMORY CELLS INCLUDING
VOLTAGE RANGES INDICATING EITHER AN
ERASE STATE OR A TWO OR MORE
PROGRAM STATE

(75) Inventors: Keiichi Yoshida, Tokyo (JP); Shooji

Kubono, Ome (JP)
(73)

Assignee: Renesas Electronics Corporation,

Kanagawa (JP)
(21) 12/794,905

(22) Filed:

Appl. No.:

Jun. 7, 2010
Related U.S. Patent Documents

Reissue of:
(64) Patent No.:
Issued:

Appl. No.:
Filed:

U.S. Applications:

(63) Continuation of application No. 09/984,833, filed on
Oct. 31, 2001, now abandoned, which 1s a continuation
of application No. 09/679,867/, filed on Oct. 5, 2000,
now Pat. No. 6,320,785, which 1s a continuation of
application No. 09/342,223, filed on Jun. 29, 1999,
now Pat. No. 6,525,960, which 1s a continuation of
application No. 08/890,396, filed on Jul. 9, 1997, now
Pat. No. 5,959,8R82.

0,906,952
Jun. 14, 2005

10/394,050
Mar. 24, 2003

(52) U.S.CL
USPC 365/185.03; 365/185.01; 365/185.22:

365/185.29; 365/191; 365/233.1

(38) Field of Classification Search
USPC 365/185.03, 185.01, 185.22, 185.29,
365/191, 233, 189.011

See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

4,435,786 A 3/1984 Tickle
4,707,809 A * 11/1987 Ando

(Continued)

FOREIGN PATENT DOCUMENTS

59-121696 7/1984
62-6493 1/1987

(Continued)
OTHER PUBLICATIONS

IEEE International Solid-State Circuits Conference, “A 3.3V 128 Mb
Multi-Level NAND Flash Memory for Mass Storage Applications”,
T. Jung, et al., Feb. 8, 1996, (7 pp.).

*************************** 365/154
365/189.05

ttttttttttttttttttttttt

JP
JP

(Continued)

Primary Examiner — Vanthu Nguyen

(74) Attorney, Agent, or Firm — Antonell1, Terry, Stout &
Kraus, LLP.

(57) ABSTRACT

In a nonvolatile semiconductor memory device wherein a
plurality of threshold voltages are set so as to store multi-

(30) Foreign Application Priority Data valued 1nformation 1n one memory cell, data 1s first written
into the memory cell whose threshold voltage 1s the lowest as
Jul. 10, 1996 (JP) i, 8-1808359 a written state from the erase level, and data 1s successivel
; ; Y
written into memory cells whose threshold voltages are
GI1IC 11/34 (2006.01)
G11C 16/04 (2006.01) 4 Claims, 11 Drawing Sheets
INITIAL STATE WRITE #1
.o b
CHANGE IN Z 1" % LI |
v 3 o AN
DISTRIBUTION | 4 2! ) [\
sov YD | vwistsv Vih
5V
i }bﬁn}“u) (1) lﬂ::n}h'Eui]rl:i:"i*x1}’:}[‘[11n
M Ywgiz
MEMORY BIAS
sserre | v fE R lE [T R R |
o1 ©0) {10} {11 ©1) (o) (1) (1)
WHITE DATA o 00 10 11 01 00 10 11
MEMORY DATA[ 11 11 11 11 4] 11 " 11
IDISTURBAMCE | - - - — 1) 1 [ 1
WRITE #2 WRITE #3
& S
CHANGE IN g ‘01U’ g 10’ 1"
Vih
DISTRIBUTION | (& i {\m T ﬁ' ﬁ ﬂﬁ-
‘JHV2=2.5V Vmﬁ::!:.w
&Y 2V l
Nt hﬂ{ﬂ}bdr{ﬁ} m{ﬂi}%ﬂﬂ]wﬂ}}b"{l‘lj
o)
i
ST R AT |
o) ©0) (10) (11} o1} {00} (10 (11)
i'WFHTE DATA 01 00 10 11 01 00 10 i
MEMORY DATAl 01 L) 11 H 01 D0 10 11}
DISTURBANCE | 1 [ 0 | 2 | 2 | 2 | 1 3




US RE44,350 E

Page 2
U.S. PATENT DOCUMENTS 5,761,150 A * 6/1998 Yukutake etal. ............. 365/233
4.860.258 A /1989 Fruhaufet al. .oovvvovvnn., 365/194 0,708,188 A 0/1998 Park etal. .......oooooo.. 305/185.03
. 5,768,191 A 6/1998 Choietal. ..oooovvvvii.. 365/185.22
4,964,079 A 10/1990 DevVIN oovvvevrevrererrronnn, 365/168 -
. 5,768,193 A 6/1998 Leeetal. ovvvevvvvii., 365/185.25
5,022,001 A 6/1991 Kowalski et al. ........ 365/185.25 .
5,796,652 A 8/1998 Takeshimaetal. ...... 365/185.03
5,163,021 A 11/1992 Mehrotraetal. ............ 365/185 -
5825600 A 10/1998 Saitoh ......ccocovvevvn..! 365/185.22
5,200,920 A 4/1993 Norman et al. ooovvvvivii! 365/185
5,864,569 A 1/1999 Roohparvar ............. 365/185.09
5,218,569 A 6/1993 Banks ..ooooovvvoiviiiin, 365/185.21
5,870,218 A 2/1999 Jyouno et al. ........... 365/185.03
5365486 A 11/1994 Schreck ..ooooocovevvevenn., 365/222 .
| 5,880,698 A 3/1999 Miwa et al. .ooveevvn.. 365/185.03
5,440,505 A 8/1995 Fazioetal. ovvevvvovoiiinn, 365/45 5 -
| 5,960,458 A 0/1999 Kametani
5,450,363 A 9/1995 Christopherson et al. .... 365/205 6 166.950 A 12/2000 Yamada et al 165/185.03
5,487,036 A 1/1996 Akaogietal. ... 365/189.09 et o |
5,539,688 A 7/1996 Ywetal. ... 365/185.14 FOREIGN PATENT DOCUMENTS
5,544,099 A 8/1996 HATA wvvvevoereoroeni, 365/185.19 __
5,555,204 A 9/1996 FEndohetal. ........... 365/189.01 JP 1-134793 5/1989
5.566,125 A * 10/1996 Fazioetal. ..o, 365/45 JP 3-59886 3/1991
5570315 A 10/1996 Tanakaetal. ............ 365/185.22 JP 4-57294 2/1992
5,602,789 A 2/1997 Endoh et al. ..oocovvvviiii.. 365/201 JP 4-238196 8/1992
5.615,153 A 3/1997 Yiuetal., .ooovveviiin. 365/185.19 JP 7-93979 4/1995
5621682 A 4/1997 Tanzawaetal. ......... 365/185.03 JP 9-091971 ) 971995
5,625,500 A * 4/1997 Choietal. ..ooovo...... 365/185.17 JP 08087876 A 4/1996
5,652,719 A 7/1997 Tanakaetal. ............ 365/185.17
5675537 A 10/1997 Billetal. ............... 365/185.22 OTHER PUBLICATIONS
2,677,865 A 1071997 ‘Takahashietal. ............ 365/185 1994 Symposium on VLSI Circuits Digest of Technical Papers,
5677869 A 10/1997 Fazioetal. .............. 365/185.03 o . . .
5687 114 A 11/1997 Khan 165/185.03 High-Speed Programming and Program—Verify Methods Suitable
5:694:357 A 12/1997 MOTIL wovvvvoeoeveeien, 365/185.03 for Low-Voltage Flash Memories”, T. Tanaka, et al., pp. 61-62.
5,748,533 A 5/1998 Dunlap etal. ........... 365/185.19 IEEE Journal of Solid-State Circuits, vol. 31, No. 11, “A117 mm?
5,751,634 A 5/1998 Ttoh ... ... 365/185.17 3.3-V Only 128-Mb Multilevel NAND Flash Memory for Mass Stor-
5,754,469 A 5/1998 Hungetal. .............. 365/185.03 age Applications”, T. Jung, et al., Nov. 1996, pp. 1575-1583.
5.754.475 A 5/1998 Billetal. ..ooovveviin.. 365/185.25
5,757,699 A 5/1998 Takeshima et al. ...... 365/185.24 * cited by examiner



U.S. Patent Jul. 9, 2013 Sheet 1 of 11 US RE44,350 E

_ NITAL STATE | WRTE #1
23 >—
O o ) rs cz) £d .’
CHANGE IN | & 11 Z (01" _____ 11
DIE S 3
DISTRIBUTION | 12 0 {\ [\
L ; L. : J )
sov VI Vwvi=15V Vih
b2 b3 b2 b3 b4
1) | (1) 1) 01 1) | (11) | (14
MEMORY BIAS ( il ( 11v ) {(11) ( ) [(11)
CONDITIONS -
(01) (00) (10) (11) (01) (00) (10) (11)
WRITE DATA | 01 | 00 11| ot

wandy

MEMORY DATA| 11 B
DISTURBANCE | - | - | -

WRITE #2 WRITE #3

“or’, '11

FREQUENCY
FHEQUEN CY

CHANGE IN “oo" 2
DISTH'BUTION ;'l “ ; 'I ‘l'l,l "|‘|I

va3—3 3V
5V 5V
bi b2 b3 b4 bi b2 b3 b4

MEMORY BiAS | vwgz= |©1 |00 (1) (I} yon. (0N 100) 110) ) (1)
CONDITIONS |- 105V [ | Ziov T T v

(01) (00) (10) (11) (01) (00) (10) (11)

WRITE DATA “m
MEMORY DATA 00 | 11 | 11 | o1
DISTURBANCE | 1 | 0 |




U.S. Patent Jul. 9, 2013 Sheet 2 of 11 US RE44,350 E

DL11 DL21

DATA LINE|  «ceeerrnnnent.

oLT SLT
DL12 DL22



US RE44,350 E

110 AHOW3W 178
/T
UM
|44 .
A\
: USS y
- 8...51._ _uoﬁ_- 1R0 T
-
% 2P0 : 1as
R o [
Z N 2aaQ -aly no om_ 0 97wl /
NG N1S ’
Y :o..on_ﬂ 60 10 EN
—_ - o ® S njm
S g EPOJ|-N"vSH OON  SSA /DA
= 20
= C
= R
’ ¢dD |- N"0d
.’ ]
3 N1Q 471S 200 m. mu \ h\
ON i\
DDA

U.S. Patent



US RE44,350 E

(1°0) O/}
(8'2) O/ a \

(S'7) O /1
d1d __ e
a2~ E .

| LYW AHON3A -___
153 I 1 R 4 !

01 —~_| 1V AHOW3IW -__—
BCL ™ b oo BRI

w

Sheet 4 of 11

Jul. 9, 2013

¢¢ LINM ¢ 1IN
NOISH3ANOD V1vQ  H344ng 1NN

v Ol

U.S. Patent



US RE44,350 E

vivg Q13H
ONZL12 - H1801Z YLva Q13H HLy- 1S
X X ) CH=BX 8-S X ¥=|; (ulgla

- XX 2h=6X8=GX v 1) [u]g
S C XX D G ) U]
= ™ T DA

Uy TT S

300 / .

= g 9A
- IM/
&
E ._._MU.@/ (8250 X 80 X 20 X }Q }—{2PPEX IPpe){ W03 — O/

E&m@@% VLVQ 3LBM 18I oocequgqy ONVIWOD

d0103S 3L1IHM 31IHM

U.S. Patent



U.S. Patent Jul. 9, 2013 Sheet 6 of 11 US RE44.350 E

INPUT WRITE COMMAND. ADDRESSES FlIG. 6
AND DATA

g1—_| TRANSFER WRITE DATA TO REGISTERS
1-3

INPUT WRITE START COMMAND

g SlﬂVWHITE WORD POTENTIAL AT Vwgi =

S3

54—~ WRITE #1
WRITE “01”
NG

PASS

55— TRANSFER WRITE DATA FROM REGISTER
2 TO REGISTER 1

36-—_| SET WRITE WORD POTENTIAL AT Vwg2 =
~10.5V

S7 WRITE “00”

S8~ WRITE #2
G @

PASS

Sg TRANSFER WRITE DATA FROM REGISTER
3 TO REGISTER 1

10— SET WRITE WORD POTENTIAL AT Vwg3 =

1oV
WRITE “10”
s12~{ WRITE #3 Sl
NG

PASS
END




US RE44,350 E

Son IS NS
\ SSA 1S 418
O0A
N 200
N VSH

Sheet 7o0f 11

NO 4l
] -
A 9 u N Od
SSA N+ e10

BN 6pou

Jul. 9, 2013

.0, V1VQ H34SNVHL
<+ VIVQ HIJSNYHL

U.S. Patent




US RE44,350 E

Sheet 8 of 11

Jul. 9, 2013

U.S. Patent

vivQ 3LHM ONV viva QY3¥ VY1VO
~~ AUOW3IN N3IIMIS8 NOSIHVANOD = =— AHOW3W 3 HIISNVHL YivQ —-

19ovd 1 Sovai 0}

Gone © o © OWe @

g 9l



US RE44,350 E

Sheet 9 of 11

Jul. 9, 2013

U.S. Patent

1421

W - DRIVER

ey

| ~—115 3 030-A S

W - DRIVER

SSA
LNJHI0L |
AONYONNQ3Y JOA
N = 114 = = I
& =)
Z 1Q |
it A e 6¢
a2
Lo RS ===_
cr Tl mm.m.ﬁm T H33dng| | .,
S > W mnvn“w. _ ==.__.l ._.:&:o:bmz_—
= T 9 EHR3IS| M wmna) ),
_ | < mmwmmm H _______..l. UnaLngN
= = 1SS .42 ”m...l_l_____:l H333N8} | 5,
Ex 5l ammmn“"“._..ﬁ:m“n LNdLNO/LNNI
g7 1vi mwrmmm %Hmmmm".._._.:i H344N81 ¢ )
225! I-I._ﬂ.,mlg.nmmur __l 1N41N0/LNdNI
illﬁuzo_mmmiooImmmmmm"mmmmw. g3d3181 § 5
._mwow0| e e e e — E.«Q! T A d1N0O/LNANI
Illuum___“,___::.m H344N8 O/
LINOHID Emm_uﬁ_. T 1NdLNO/LNGN
H  NOISID3G YW ”mmu““““ﬂ_____.l B38| | 4
o N =3 dN}
: . ﬁﬂlﬁgj______i DA,
= o m | — T ....__,- r..___:l LNd1NOILNdN L
u 28 \ mm i m ,______ T
_ s e ||_
vV-~1YW Ol a cmu S —————F A
S = _
i wcw._ Hillin rh_:om_o J0HINOOH wmo
™ h1 32 LINOHIO L0/ LNN) + 20
HOLYHINID 9§33 "
1a il %0012 IYNDIS TOHINOOF4 3D

S3Y Q G\m



U.S. Patent Jul. 9, 2013 Sheet 10 of 11 US RE44.350 E

Fi1G. 10

SELECTION /NON -
SELECTION =- 11V/Vcc

SELECTION/NON- gy
ca SELECTION=5V/O0V o v
@

FG

— -

G et AP

ELECTRON EMISSION
(SELECTED CELL)  pyel

psub
FIG. 11
SELECTION / NON -
SELECTION = 12V / OV
—~ 4V
CG -4V oY

FG

-4\ C
O
A ALY S v 3 37

ELECTRON INJECTION
(SELECTED WORD LINE )

pwell
——e psub




U.S. Patent Jul. 9, 2013

Sheet 11 of 11

US RE44,350 E

F1G. 12 prior arT

INITIAL STATE
S>—
O 44 e
CHANGE IN | & 11
Vih &
DISTRIBUTION | W
L
4ov
b2 b3 b4
1) A 1o @t
MEMORY BIAS ( T AR
CONDITIONS
(01) (oo ) (10) (11)
WRITE DATA
MEMORY DATA
DISTURBANCE

Vih
DISTRIBUTION

>
O
pZa
Lis
-
S
Ll
oC
L.

bt b2 b3

MEMORY BIAS
CONDITIONS

I(OO)ltoo ,(10 {(n)

(01) (00) (10) (11)

WRITE DATA

MEMORY DATA
DISTURBANCE

WRITE #1

FREQUENCY

5V. 6V &5V
bi b2 b3 b4

vwgt= L019) [(10) [ (10) [(11)
~ 11V d%?d%?dé? IE—

(01) (00) (10) (1)

FREQUENCY

bi

|01) (00) 1(10) (11)

(01) (00) (10) (11)




US RE44,350 E

1

NONVOLATILE SEMICONDUCTOR
MEMORY INCLUDING MULTI-THRESHOLD
VOLTAGE MEMORY CELLS INCLUDING
VOLTAGE RANGES INDICATING EITHER AN
ERASE STATE OR A TWO OR MORE
PROGRAM STATE

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.

CROSS-REFERENCE 10 RELATED REISSUE
APPLICATIONS

Morve than one reissue application has been filed for the
reissue of U.S. Pat. No. 6,906,952, The reissue applications
are application numbers Serv. No. 12/794,905 (the present
divisional reissue application), filed Jun. 7, 2010, and Ser. No.
11/812,099 (the parent application), both of which are reis-
sues of U.S. Pat. No. 6,906,952,

This application 1s a continuation of U.S. application Ser.
No. 09/984,833 now abandoned, filed Oct. 31, 2001, which,
in turn 1s a continuation of U.S. application Ser. No. 09/679,
867, filed Oct. 5, 2000, now U.S. Pat. No. 6,320,785; which 1s
a continuation of U.S. application Ser. No. 09/342,223, filed
Jun. 29, 1999, now U.S. Pat. No. 6,525,960:; and which, in
turn, 1s a continuation of U.S. application Ser. No. 08/890,
396, filed Jul. 9, 1997, and now U.S. Pat. No. 5,959,882; and
the entire disclosures of which are incorporated herein by
reference.

BACKGROUND OF THE INVENTION

The present invention relates to a semiconductor memory
device, and to a technique which i1s particularly effective
when applied to a memory system for multivalued informa-
tion 1n a nonvolatile semiconductor memory device. By way
of example, the technique 1s effective when utilized for a
nonvolatile memory device (hereinafter referred to stmply as
a flash memory) 1n which a plurality of pieces of stored
information can be electrically erased all at once.

In a flash memory, nonvolatile memory elements each hav-
ing a control gate and a floating gate are used as memory cells,
and each memory cell can be constructed of a single transis-
tor. In such a flash memory, when a write operation 1s
executed, as 1illustrated in FIG. 10, the drain region of the
nonvolatile memory element 1s set at, for example, about 5V
(volts), while a word line with the control gate CG connected
thereto 1s set at, for example, about —11 V, whereby electric
charges are extracted from the floating gate FG by means of a
tunnel current so as to render the threshold voltage of the
memory element low (logical value “0”). When an erase
operation 1s executed, as illustrated in FI1G. 11, a well region,
the drain region and a source region are set at about —4 V, by
way of example, while the control gate CG 1s set at a high
voltage, such as 12 V, whereby negative charges are mjected
into the floating gate FG by the generation of a tunnel current
so as to render the threshold voltage high (logical value “17).
Thus, data of 1 (one) bit 1s stored 1n one memory cell.

There has been proposed the concept of a so-called “mul-
tivalued” memory wherein data of 2 or more bits 1s stored in
one memory cell for the purpose of enlarging the memory
capacity. An 1nvention concerning such a multivalued

memory 1s disclosed 1n, for example, PCT/IP95/02260.
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2
SUMMARY OF THE INVENTION

In the multivalued memory disclosed in PCT/TP95/02260,
data 1s written in three stages, as shown in FIG. 12. More
specifically, from the starting point of an erase level (thresh-
old voltage of about 5 V), a memory cell whose threshold
voltage 1s nearest to the erase level 1s first subjected to a write
operation, and memory cells whose threshold voltages are
tarther from the erase level are thereatiter subjected to a write
operation. This 1s intended to shorten the time period taken to
write multivalued data. In a write operation 1n a flash memory,
however, a high voltage 1s applied not only to the control gate
of the selected memory cell, but also to the control gates of
nonselected memory cells which are coupled with a word line
common to that of the selected memory cell. As 1s known,
accordingly, each of the nonselected memory cells 1s brought
into a weak written (disturbed) state, so that the threshold
voltage thereof may fluctuate to change stored data. This
phenomenon 1s known as word line disturbance.

Besides, the iventors have found that the memory cell
whose threshold voltage 1s nearer to the erase level 1s more
susceptible to the fluctuation of the threshold voltage attrib-
uted to the word line disturbance, than the memory cell whose
threshold voltage i1s farther. It 1s considered that this 1s
because the initial threshold voltage of each memory cell at
the time of manufacture of a memory chip 1s much lower than
the erase level, and the memory cells have a tendency of
reverting to their imitial threshold voltage when subjected to a
disturbance.

However, it has been found that the data writing system
disclosed 1n PCT/JP95/02260 1s subject to a problem 1n that
the tluctuations of the threshold voltages attributed to word
line disturbance are great because the write operation 1s per-
formed from the memory cell of a threshold voltage nearest to
the erase level, as compared to the memory cells having more
distant threshold voltages. More specifically, the data writing
method, as shown in FIG. 12, has a drawback in that the
memory cell (of data “01””) having a threshold voltage (lower
than 1.5 V) farthest from the erase level does not undergo
word line disturbance even once, whereas the memory cell (of
data “10”) having a threshold voltage (about 3.2 V) nearest to
the erase level, being most susceptible to the word line dis-
turbance, undergoes the disturbance twice on the average.

Further, 1t has been found that the data writing method
disclosed in PCT/JP95/02260 has a drawback 1n that, since a
write pulse 1s fed to all the memory cells whose threshold
voltages are to be shifted 1n the write operation of the first
stage, the peak current 1n the write operation increases and the
average power consumption also increases.

An object of the present invention 1s to provide a multi-
valued memory type nonvolatile semiconductor memory
device wherein the fluctuations in the threshold voltages of
memory cells attributed to word line disturbance can be mini-
mized.

Another object of the present invention i1s to provide a
nonvolatile semiconductor memory device whose peak cur-
rent and average power consumption in a write operation can
be decreased.

The above and other objects and novel features of the
present nvention will become more apparent from the
description of this specification taken in conjunction with the
accompanying drawings.

A typical aspect of the present invention will be brietly
outlined below.

In a nonvolatile semiconductor memory device wherein a
plurality of threshold voltages are determined so as to store
multivalued information in one memory cell, data 1s first
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written into a memory cell whose threshold voltage 1s the
farthest from the erase level, and data is thereafter written into
memory cells whose threshold voltages are nearer to the erase
level, 1n succession. In other words, with the erase level used
as a written state, data 1s first written into a memory cell
having the lowest threshold voltage, and data 1s thereafter
successively written into memory cells having higher thresh-
old voltages.

Thus, the number of word line disturbances which affect
the memory cell having a threshold voltage nearest to the
erase level and being most influenced by word line distur-
bance can be decreased, and the fluctuation of the threshold
voltages attributed to word line disturbance can be mini-
mized.

Moreover, owing to this feature, the number of data lines
which must be precharged by one writing operation and the
total number of data lines which must be precharged from the
start of a write operation to the end thereof can be made
smaller than conventional, thereby to reduce the peak current
and average power consumption in a write operation.

.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an explanatory diagram showing the outline of a
data writing method for a multivalued tlash memory accord-
ing to the present invention;

FIG. 2 1s a circuit diagram showing an example of the
construction of a memory array of a multivalued flash
memory according to the present invention;

FI1G. 3 1s a circuit diagram showing practical examples of a
sense latch circuit (SLT) and a data latch circuit (DLT);

FI1G. 4 15 a logic circuit diagram showing an embodiment of
a data conversion circuit according to the present invention,
which converts write data of 2 bits into quaternary data;

FIG. 5 1s a ttiming chart showing the data input timings of
the write operation of the multivalued tflash memory of the
embodiment;

FIG. 6 1s a flowchart showing the write procedure of the
multivalued flash memory of the embodiment;

FIG. 7 1s a timing chart showing the signal timings in
transierring data from the data latch circuit (DLT) to the sense
latch circuit (SLT);

FIG. 8 1s a timing chart showing the timings of the practical
procedure of the detection of an erratic bit;

FI1G. 9 1s a schematic block diagram showing the whole of
the embodiment of the multivalued flash memory according,
to the present invention;

FIG. 10 1s a schematic diagram showing the structure of a
memory cell for use 1n the flash memory of the embodiment,
and the voltage state 1n data writing operation of the memory
cell;

FIG. 11 1s a schematic diagram showing the voltage state of
the erasing operation of the memory cell for use 1n the tlash
memory of the embodiment; and

FI1G. 12 15 an explanatory diagram showing the outline of a
data writing method for a multivalued flash memory accord-
ing to a prior application.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Now, various embodiments of the present invention will be
described with reference to the drawings 1n relation to the
case where the mvention 1s applied to a flash memory which
1s capable of storing a quaternary value in one memory cell.

FIG. 1 1llustrates the data writing sequence of a flash
memory in one embodiment of the present invention. In this
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4

embodiment, all the memory cells thereof are brought into the
threshold voltage region (the threshold voltages are at least 4
V and the stored data 1s “11”) of the erase level prior to the
writing operation. Subsequently, as shown 1n FIG. 1, data 1s
written 1to the memory cell (stored data 1s “01””) whose
threshold voltage region (the threshold voltage 1s higher than
0V and not higher than 1.4 V) 1s the farthest (lowest) from the
crase level. Thereatter, the data 1s written into the memory cell
(stored data 1s “00” whose threshold voltage region (the
threshold voltage 1s not lower than 1.6 V and not hugher than
2.4 V) 1s the second farthest (second lowest) from the erase
level. Lastly, the data 1s written 1nto the memory cell (stored
data 1s “10””) whose threshold voltage region (the threshold
voltage 1s not lower than 2.6 V and not higher than 3.2 V) 1s
the nearest to the erase level.

Thus, the number of word line disturbances affecting the
memory cell (the stored data 1s *“01””), whose threshold volt-
age region 1s the farthest from the erase level and 1s little
alfected by the word line disturbance, becomes 2, but the
number of the word line disturbances affecting the memory
cell (the stored data “107"), whose threshold voltage region 1s
the nearest to the erase level and 1s most affected by the word
line disturbance, can be reduced to zero. Accordingly, com-
pared with the method shown 1 FIG. 12 1n which data 1s
written from the memory cell nearest to the erase level, the
method of this embodiment can suppress to smaller values the
fluctuation of the threshold voltages attributed to word line
disturbance.

FIG. 2 illustrates a practical example of a memory array 10,
which will be explained later with reference to FIG. 9. The
memory array 10 of this embodiment comprises two memory
mats, one (the upper one) of which 1s illustrated 1n FIG. 2. As
seen from the drawing, each memory mat comprises memory
cell columns MCC disposed in the row direction (in the
direction of word lines WL) and 1n the column direction (in
the direction of data lines DL), and each of which includes n
parallelly-connected memory cells (MOSFETSs, each having
a floating gate) MC1-MCn that are arrayed 1n the column
direction and that have their sources and drains connected 1n
common. In each memory cell column MCC, the drains and
sources of the n memory cells MC1-MCn are respectively
connected to a common local drain line LDL formed of a
diffused layer and to a common local source line LSL formed
of a diffused layer. The local drain line LDL 1s connected
through a switching MOSFET Qs1 to the data line DL which
1s formed of a metallic interconnection layer made of, for
example, aluminum. The local source line LSL 1s connected
through a switching MOSFET (s2 to a common source line
CSL, which also 1s formed of a metallic interconnection layer
made of, for example, aluminum, and which 1s fed with the
ground potential or a negative voltage.

Those of the plurality of memory cell columns MCC which
are disposed 1n the word line direction are formed within the
same well region WELL on a semiconductor substrate. In the
data erasing operation of the flash memory, the negative volt-
age of, e.g., -4 V 1s applied to the well region, and a voltage
of, e.g., 12 V 1s applied to the word lines associated with the
common well region, whereby the all-at-a-time erasure of the
flash memory 1s realized. By the way, in the data erasing
operation, all the switching MOSFETs Qsl and (Qs2 formed
in the common well region are brought into ON states so as to
apply the negative voltage ol —4 V to the sources and drains of
the memory cells.

On the other hand, 1n the data writing operation of the flash
memory, a negative voltage of, e.g., —11 V 1s applied to the
word line to which a selected one of the memory cells 1s
connected, the data line DL corresponding to the selected




US RE44,350 E

S

memory cell 1s set at a potential of, e.g., 5V, and the switching,
MOSFET Qsl1 on the local drain line LDL to which the
selected memory cell 1s connected 1s brought into an ON state
so as to apply the voltage of 5 V to the drain of the selected
memory cell. In this case, however, the switching MOSFET
(Qs2 on the pertinent local source line LSL 1s held 1n an OFF
state. Further, in the data reading operation of the flash
memory, a voltage of, e.g., 1.5V, 2.5V or 3.3V 1s applied to
the word line to which the selected memory cell 1s connected,
the data line DL corresponding to the selected memory cell 1s
precharged to a potential of, e.g., 1 V, and the switching
MOSFET Qsl on the local drain line LDL to which the
selected memory cell 1s connected 1s brought into the ON
state. At this time, the switching MOSFET Qs2 on the local
source line LSL 1s brought into the ON state and the ground
potential of OV 1s applied thereto.

Connected to one end of each data line DL (on the center
side of the memory array) 1s a sense latch circuit ST which
detects the level of the data line in the read operation and
which impresses a potential corresponding to write data in the
write operation, while the other end of each data line DL 1s
connected to a data latch circuit DLT which holds the write
data and read data. Since the memory array of this embodi-
ment 1s configured of two mats, a memory mat similar to the
one described above 1s also arranged on the opposite side to
the sense latch circuits ST, that 1s, on the bottom side of the
drawing, and respective data lines DL 1n the lower memory
mat are connected to the other mnput/output terminals of the
corresponding sense latch circuits SLT 1n the upper memory
mat.

FIG. 3 illustrates examples of the specific circuits of the
sense latch circuit SLT and the data latch circuit DLT. Since
the circuit of the memory array 1s symmetric with respect to
the sense latch circuits SLT, a part of the circuit 1n relation to
only one data line DL included 1n one memory mat 1s shown.
In addition, only one of the memory cell columns MCC
connected to the data line DL 1s shown for convenience, but
actually the plurality of memory cell columns MCC are con-
nected. As shown 1n the drawing, the sense latch circuit SLT
includes a flip-flop circuit FF1 1n which the input/output
terminals of two CMOS (complementary MOS) 1nverters
cach consisting of a P-channel MOSFET and an N-channel
MOSFET are cross-coupled to each other. One end of the data
line DLa within one memory mat 1s connected to one mput/
output node Na of the sense latch circuit SLT through a data
transfer MOSFET Qtl. Similarly, one end of the data line
DLb within the other memory mat 1s connected to the other

input/output node Nb of the sense latch circuit SLT through a
data transter MOSFET Qt1".

Further, discharging MOSFET's Qd1 and Qd1' are respec-
tively connected to the mnput/output nodes Na and Nb of the
sense latch circuit SLT, and a discharging MOSFET Qd2 1s
connected also to the other end of the data line DLa. The
precharging MOSFETs Qpl and Qp2 are connected to each
data line DL, and one Qpl of them 1s connected through
another MOSFET Qcl to a terminal which 1s fed with a
supply voltage Vcc or the ground potential Vss. Write data
can be mput from a data conversion circuit, which will be
described later, to the mput/output nodes Na and Nb of the
sense latch circuit SLT through a common nput/output line
not shown.

Similarly to the sense latch circuit SLT, the data latch
circuit DL'T includes a tlip-tflop circuit FF2 in which the
input/output terminals of two CMOS 1nverters each consist-
ing ol a P-channel MOSFET and an N-channel MOSFET are
cross-coupled to each other. The data line DLa within the
memory mat 1s connected to one input/output node N¢ of the
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data latch circuit DLT through a data transter MOSFET Qt2.
A discharging MOSFET Qd3 1s connected to the input/output
node Nc of the data latch c1rcu1t DLT, and MOSFETs Qp3 and
(Qc2 which are turned on/ofl, depending upon the level of a
precharge signal PC_U and the potential of the mput/output
node Nc, are connected 1n series between the data line DlLa
and the supply voltage Vcc.

Further, the write data can be input from the data conver-
s10n circuit, which will be described later, to the input/output
node Nc of the data latch circuit DLT through the common
input/output line not shown. Although not depicted 1n FI1G. 3,
the data latch circuit DLT constructed of a tlip-tlop circuit for
holding the write data transmitted from the data conversion
circuit 1s arranged also at the other end of the data line DLb
which 1s connected to the input/output node Nb of the sense
latch circuit SLT.

FI1G. 4 1llustrates the data conversion circuits 20, by which
externally mputted data to be stored 1s converted nto multi-
valued data to be stored 1n the memory cells, and the relations
of the data conversion circuits 20 with a sense latch array 11
and data latch arrays 12a and 12b, which are included 1n the
memory array 10. Each data conversion circuit 20 1s consti-
tuted by an input butfer unit 21 and a data conversion unit 22,
and data of 8 bits can be mnput in parallel 1n pairs o1 2 bits. One
set of an mput butier unit 21 and a data conversion unit 22 1s
shown 1n detail in FIG. 4, and will be described below.

The input buffer unit 21 of one data conversion circuit 20
includes two clocked inverters INV1 and INV?2, and two latch
circuits L'T1 and L'T2. The data conversion unit 22 includes
iverters INV11 and INV12, which are respectively con-
nected to the relevant latch circuits L'T1 and L'T2, three NAND
gate circuits G1, G2 and G3, which receive the outputs of the
two mverters INV11 and INV12 and the outputs of the latch
circuits I'I1 and LT2 as mput signals, inverters INV21,
INV22 and INV23, which invert the outputs of the respective
gate circuits G1, G2 and G3, and transter gates TG1, TG2 and
TG3, which are made up of MOSFETs connected to the
respective inverters TG1, TG2 and TG3. Thus, the input data
of 2 bits 1s converted into data of 3 bits, and data of 3 bitsx4
1s outputted as a whole.

Table 1 below shows an example of data conversion by the
data conversion circuit 20.

TABLE 1
Write Data /OO TO1 DLUJ[l1] SL[1] DLDJ1]
01 0 1 0 1 0
00 0 0 1 0 0
10 1 0 0 0 1
11 1 1 0 0 0

As listed 1n Table 1, write data ““01” 1s converted into 3-bit
data 0107, write data “00”’ 1s converted 1into 3-bit data “100”,
write data “10”into 3-bit data “001”, and write data “11’1s
converted into 3-bit data “000”. After the conversion, the data
1s written 1nto only the memory cell which corresponds to the
bit corresponding to “1”, and no data 1s written into the
memory cells which correspond to the bits corresponding to
“0”.

Data of 3 bits, obtained by converting two bits out of the 8
bits of the write data, which 1s received by the data conversion
circuit 20 and supplied through the external terminals I/O 0
and I/O 1, are respectively transierred to and held in the first
latch circuits (DLU1, SLL1 and DLD1) of the data latch arrays
12a and 12b which are arranged at both ends of the memory
array 10 (at the top and bottom of FIG. 4) and the sense latch
array 11 which 1s arranged at the center of the memory array
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10. Data of 3 bits, obtained by converting two bits of the 8-bit
write data supplied through the external terminals I/O 2 and
I/0 3, are respectively transferred to and held 1n the second
latch circuits (DLU2, SL2 and DLD2) of the data latch arrays
12a and 12b of the memory array 10 and the sense latch array
11 thereof.

Similarly to the above, 3-bit data, obtained by converting
the two bits of the 8-bit write data supplied through the
external terminals /O 4 and I/O §, are respectively transferred
to and held in the third latch circuits (DLU3, SL.3 and DLD3)
of the data latch arrays 12a and 12b and the sense latch array
11. Also, 3-bit data, obtained by converting the two bits of the
8-bit supplied through the external terminals I/O 6 and I/O 7,
are respectively transferred to and held in the fourth latch
circuits of the data latch arrays 12a and 12b and the sense
latch array 11. The 8-bit write data subsequently input are
respectively converted by the data conversion circuits 20, and
the resulting 3-bit data are respectively transierred to and held
in the fifth-eighth latch circuits of the data latch arrays 12a
and 12b and the sense latch array 11.

When all the write data has been stored in all the latch
circuits of the data latch arrays 12a and 12b and the sense
latch array 11 by repeating the operations described above, a
control circuit which will be described later, and which 1s
included in the memory, starts a write sequence 1n which the
data held 1n the sense latch array 11 1s first written, the data
held 1n the data latch array 12a 1s subsequently written, and
the data held 1n the data latch array 12b 1s thereaiter written.
Incidentally, the control circuit 1s so constructed as to perform
controls in compliance with commands which are mnput from,
¢.g., a CPU outside the flash memory.

FI1G. 5 illustrates the timings of a data writing operation. As
seen from the chart, in the data writing operation, a write
command commanding the control circuit to write data 1s first
input, and the addresses (sector addresses) add1 and add2 of
the word lines to which the memory cells where the data 1s
written are coupled are subsequently input. The write com-
mand and the addresses are inputted in synchronism with the
trailing edge of the pulse of a write enable signal/ WE. In this
case, the command and the addresses are distinguished by a
control signal (command data enable signal )/)CDE which 1s
simultaneously input. More specifically, the low level of the
signal/CDE indicates that the command or data 1s being imput,
while the high level thereof signifies that the addresses are
being mput.

The addresses add1 and add2 are followed by the first write
data D1 of 8 bits to be stored 1n one sector (the memory cells
connected to one word line), and the 8-bit data D1 1s recerved
by the four input buifer units 21 1n synchronism with a clock
SC. Subsequently, the transier gates TG1-TG3 are turned on
by a gate control signal YG after the data conversion by the
data conversion circuits 20, and the write data of 3 bitsx4 are
successively transferred to and held 1n the data latch arrays
12a and 12b and the sense latch array 11. Thereafiter, the input
write data D2, D3, ..., D528 recerved 1in units of eight bits are
sequentially converted and the resulting data 1s stored 1n the
sense latch array 11 and the data latch arrays 12a and 12b.
When the transfer of the write data for one sector ends, a write
start command for starting the write operation 1s iput from
outside the flash memory and 1s received, and the command 1s
decoded to execute the write sequence. Thus, the data for one
sector 1s simultaneously written.

Inthe memory array 10, the memory elements connected to
the data lines where the data stored 1n the sense latch array 11
and the data latch arrays 12a and 12b are “1” are subjected to
a write operation, 1n other words, to impression of write
pulses. In this way, the threshold voltages of the individual
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memory elements are shifted as shown 1n FIG. 1, and quater-
nary data can be written into one memory cell. FIG. 6 1llus-
trates the write control procedure.

Referring to FIG. 6, after a write command, write sector
addresses and write data are inputted, and, at the first step S1
(write data are transierred to latches 1-3), the data converted
by the data conversion circuit 20 1s transierred to the sense
latch array 11 and the data latch arrays 12a and 12b. The
second and later steps S2, . . . are a control sequence which 1s
started by the mput of the write start command.

In the control sequence, first, each word line selected by
decoding the write address already recerved 1s set at a poten-

tial of, e.g., =11 V (step S2). Sumultaneously, the transier

MOSFETs Qtl on the data lines are turned on, and the data
lines having the data “1” are set at a potential of, e.g., SV 1n
accordance with data held 1n the sense latch array 11 at this
time, thereby to write the data. Subsequently, the data lines
are precharged to a potential of, e.g., 1 V, and the selected
word line 1s set at a voltage of, e.g., 1.5V, thereby to read the
data for verification. At this time, the data read out of each
memory cell, in which the write operation 1s performed nor-
mally, to the sense latch array 11 changes to “0”. It1s therefore
judged whether or not all the data held in the sense latch array
11 are “0” (step S3). When the data *“1” remains at any bit of
the sense latch array 11, only the memory cells having under-
gone the write operation are subjected to a write operation
again by the use of the data held 1n the sense latch array 11
(step S4).

When, as a result of the vernification judgment, all the data
of the sense latch array 11 have become “0”, the write opera-
tion proceeds to the step S5, at which data held 1n the data
latch array 12a 1s transierred to the sense latch array 11. Then,
the selected word line 1s set at a potential of, e.g., -10.5V
which 1s somewhat lower than that at the step S2 (step S6).
Subsequently, the transterred data i1s written on the basis of
the data held in the sense latch array 11. Thereatter, the data
1s read for verification by setting the selected word line at a
voltage of, e.g., 2.5V, to judge whether or not all the data held
in the sense latch array 11 1s “0” (step S7). When the data “1”
remains at any bit of the sense latch array 11, only the memory
cells not having undergone the write operation are subjected
to the write operation again by the use of the data held 1n the
sense latch array 11 (step S8).

When, as a result of the vernification judgment, all the data
of the sense latch array 11 have become “0”, the write opera-
tion proceeds to the step S9, at which data held 1n the data
latch array 12b 1s transferred to the sense latch array 11. Then,
the selected word line 1s set at a potential of, e.g., -10V which
1s still somewhat lower than that at the step S6 (step S10).
Subsequently, the transterred data i1s written on the basis of
the data held in the sense latch array 11. Thereatter, the data
1s read for verification by setting the selected word line at a
voltage of, e.g., 3.3 V, to judge whether or not all the data held
in the sense latch array 11 are “0” (step S11) When the data
“1” remains at any bit of the sense latch array 11, only the
memory cells not having undergone the write operation are
subjected to the write operation again by the use of the data
held 1n the sense latch array 11 on (step S12).

By executing the steps described, data i1s written 1n the
memory cells, from the one whose threshold voltage 1s in the
lowest threshold region from the erase level as a write state,
and successively the ones whose threshold voltages are
higher, after which the write operation 1s ended. Thus, the
number of word line disturbances aifecting the memory cell
whose threshold voltage region 1s the nearest to the erase level
(that 1s, the memory cell whose threshold voltage region 1s the
highest as a write state) can be reduced to minimize the
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fluctuation of the threshold voltages of the memory cells
attributed to word line disturbances. Moreover, in the
embodiment, the absolute values of the voltages of the write
word line are gradually decreased as —11V, -10.5V and -10
V. Therelore, the amount of disturbance occurring in one
write operation lowers gradually, so that the fluctuation of the
threshold voltages can be further decreased. However, the
widths of the write pulses may be gradually narrowed instead
of gradually lowering the write voltages. The input operation
of the addresses and data and the data write operation may be
started according to an external control signal, without utiliz-
ing the command.

Next, a specific example of a method for transferring the
data from the data latch arrays 12a and 12b to the sense latch
array 11 at the steps S5 and S9 1n FIG. 6 will now be described
with reference to the circuit diagram of FIG. 3 and the timing,
chart of FIG. 7.

(1) First, the power supply voltage of the PMOS side of the
sense latch circuit SLT 1s set at the ground potential Vss to
bring this sense latch circuit SLT 1nto 1ts inactive state, and
a reset pulse RSA_CU 1s impressed on the gate of the
discharging MOSFET Qd1, thereby to extract electric
charges at the node Na.

(2) The gate control signal PC_U {for the precharging MOS-

FET Qp3 of the data latch circuit DLT 1s brought to a high
level so as to precharge the data line DLa up to a voltage
(Vce-Vith) by the use of the data held in the data latch
circuit DLT.

(3) A gate control signal TR_U for the transter MOSFET (Qt2
of the data latch circuit DLT 1s brought to a high level so as
to Turther precharge the data line DLa up to the voltage Vcc
by the use of the data held 1n the data latch circuit DLT.

(4) A gate control signal TR_CU for the transter MOSFET
Qtl on the sense latch circuit SLT side 1s brought to a high
level so as to transier the level of the data line DLa to the
node Na.

(5) The supply voltage Vcc 1s fed to the PMOS side of the
sense latch circuit SLT to bring this sense latch circuit SLT
into an active state, thereby to definitely fix the potential of
the node Na, 1n other words, the data held in this circuit

SLT.
(6) Subsequently, the gate control signal TR_CU for the
transter MOSFET Qtl 1s brought to a low level to turn off
this MOSFET Qtl, and a gate control signal DDC_U for
the discharging MOSFET (Qd2 at the other end of the data
line DLa 1s brought to a hugh level, thereby to discharge the
potential of the data line DLa down to the ground potential

Vss.

The operations as stated above are performed simulta-
neously for all the data lines, whereby the data transfer from
the data latch arrays 12a and 12b to the sense latch array 11
can be effected.

Further, in the memory array of the above construction, a
so-called erratic bit can be detected by a method described
below, and 1n the case of the flash memory of this embodi-
ment, a sequence for detecting an erratic bit and then correct-
ing the detected erratic bit 1s provided. Here, the erratic bit 1s
a bit 1n which data 1s written erroneously because the thresh-
old voltage of a memory cell, among the memory cells on
which the same write pulse has been impressed, has suddenly
lowered excessively on account of an unknown cause. More
specifically, 1t 1s empirically known that, in spite of the
impression of a write pulse for establishing a threshold volt-
age corresponding to data “00” or a write pulse for establish-
ing a threshold voltage corresponding to data “107, the
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threshold voltage occasionally lowers excessively and a
memory cell which has a threshold voltage corresponding to
data “01” 1s created.

In this embodiment, therefore, the erratic bit 1s detected by

a method 1n which, 1n writing data into the memory cells

corresponding to the data “00”” and the data “107, the write

data 1s left 1n the data latch circuits, and that, after having
written data, the written data being read out 1s fed to the sense
latch circuits so as to compare 1t with the write data on the data
lines. Specific steps for such detection will now be described

with reference to FIG. 3 and FIG. 8.

(1) After having written data, each data line DLa1s selectively
precharged to a level of, e.g., 1.0V by using the write data
held 1n the data latch circuit DLT. That 1s, only the data line
connected to the data latch circuit which holds the data “1”
therein 1s precharged. Incidentally, each data line DLb of
the mat on the opposite side 1s precharged to 0.5 V on this
occasion.

(2) The word line to which the memory cells subjected to the
write operation are connected 1s set at a read level lower
than a target threshold voltage, whereupon written data 1s
read. On this occasion, the memory cell which has under-
gone a normal write operation 1s 1n an OFF status, so that
the associated data line remains unchanged at the pre-
charge potential. In contrast, the memory cell of the erratic
bit becomes 1nto an ON state, so that the associated data
line 1s discharged.

(3) The transter MOSFETs Qt1 on the data lines are turned on
so as to detect the levels of these data lines by the sense
latch circuits SLT.

(4) The power supply voltage Vcce 1s fed to the sense latch
circuits ST so as to amplity the detected data line levels.

(5) The discharging MOSFETs (Qd2 on the data lines are
turned on so as to discharge all the data lines.

(6) Using the write data held 1n each data latch circuit DLT,
the data line DLa 1s selectively precharged to the level of,
¢.g., 1.0 V again. The data line DLb of the mat on the
opposite side 1s precharged to 0.5 V.

(7) The MOSFET Qcl 1s selectively turned on by using the
data held in each sense latch circuit SLT, and the power
supply terminal corresponding thereto 1s set at the ground
potential Vss, whereby the data line DLa 1s selectively
discharged. In this case, the transter MOSFET Qt1 on each
data line 1s 1n an OFF state. Thus, the data line, to which the
memory cell which has undergone a normal write opera-
tion 1s connected, 1s discharged, whereas the data line to
which the memory cell having an erratic bit 1s connected 1s
not discharged.

(8) The power supply voltage Vcc of each sense latch circuit
SL.T 1s cut off, and the discharging MOSFET (d1 1s turned
on, thereby to reset the sense latch circuit SLT.

(9) The transter MOSFET Qt1 on each data line 1s turned on
so as to detect the level of the data line by the sense latch
circuit SL'T. The discharging MOSFET Qd1 1s turned off.

(10) The power supply voltage Vcc 1s fed to each sense latch
circuit SL'T so as to amplily the detected data line level.
Owing to the steps described, the data “1” 1s held 1n each

sense latch circuit ST to which the memory cell having an
erratic bit 1s connected. Accordingly, whether or not the data
“1” remains 1n the sense latch circuit SLT 1s checked by a
write/erase judging circuit 33, which will be described later
(refer to F1G. 9), whereby the occurrence of the erratic bit can
be detected and reported to the outside by erecting an error
flag. Moreover, the erratic bit 1s brought 1nto an erased state,
and data 1s written into the pertinent memory cell again by the
use of the data remaiming in the sense latch circuit SLT,
whereby erroneous data can be corrected.
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By the way, since the erratic bit 1s due to the phenomenon
in which the threshold voltage lowers excessively, the data of
the memory cell of the lowest threshold voltage does not
become erroneous 1n the read operation even 1n the case of an
erratic bit being developed during the write operation. The
reason therefor 1s that, when the lowest read level (1.7 V) 1s
applied to the corresponding word line, the memory cell of
the erratic bit enters 1nto an ON state similarly to a memory
cell which has undergone anormal write operation. Assuming
that the threshold voltage of the erratic bit has become lower
than OV, the read data of the pertinent memory cell becomes
“1” by activating the sense latch circuit SLT with the word
line held at 0 V, because this memory cell 1s held 1n an ON
state. Therefore, even when the write data does not remain,
the erratic bit can be detected. In the embodiment, the write
operation of the memory cell of the lowest threshold voltage
1s first performed. Therefore, even when the write data used 1n
the first write operation has been lost from the sense latch
circuit, there 1s no obstruction 1n detecting the erratic bit.

Next, an ordinary readout operation will be described, 1n
which the data of each memory cell 1s outputted to the outside
of the flash memory through external terminals. Data 1s read
by a method 1n which, with the word line WL activated, the
potentials of the control gates of the memory cells are
changed in three stages (to intermediate voltages between the
threshold voltages) as 1n the verification operation described
betore, a voltage of 1 V 1s applied to the drain of the selected
memory cell through the data line DL, and the local source
line LSL 1s connected to the ground point. The memory cell
whose threshold voltage 1s lower than the level of the word
line 1s brought into an ON state, so that the data line to which
this memory cell 1s connected 1s discharged to the ground
potential. In contrast, the memory cell whose threshold volt-
age 1s higher than the level of the word line 1s brought into an
OFF state, so that the data line to which this memory cell 1s
connected 1s left intact at 1 V. The resulting potential of the
data line 1s detected by the sense latch circuit SLT or the data
latch circuit DT, whereby primary read data is obtained.

More specifically, when the read operation has been
started, the level of a selected word line 1s first set at 3.5V so
as to read data out of a selected memory cell and to hold the
read data 1n the data latch array 12a. Subsequently, the level of
the selected word line 1s set at 2.7 V so as to read data out of
the selected memory cell and to hold the read data in the data
latch array 12b. Lastly, the level of the selected word line 1s set
at 1.7V so as to read data out of the selected memory cell and
to hold the read data 1n the sense latch array 11. In this way,
three sorts of data are successively read out of the 1dentical
memory cell and held in the data latch arrays 12a and 12b and
the sense latch array 11 by changing the word line level in the
three stages. Therelore, the same read data as the written data
can be restored 1 units of two bits by subjecting the data read
to a logic operation for inverse conversion.

Table 2 below shows the stored data of the memory cell, the
primary read data to be held 1n the latches, and the read data
after the iverse conversion.

TABLE 2
Memory  First Read Second Read  Third Read  Read  Data
Data Vwr=35V Vwr=27V Vwr=17V [JO0 TOl
01 0 0 0 0 1
00 0 0 ] 0 0
10 0 1 1 1
11 1 1 1 1
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Incidentally, although the inverse conversion may be per-
formed by disposing circuits for the logic operation 1n the data
conversion circuit 20, 1t can also be executed by a method 1n
which the wired logic (OR or exclusive OR) of the data held
in the data latch arrays 12a and 12b and the sense latch array
11 1s taken using the data lines laid 1n the memory array 10.
The read operation 1s executed upon receiving a command
which instructs the control circuit 32 to read data. FIG. 9
illustrates an example of the construction of the whole mul-
tivalued flash memory 1 in which the memory array 10, data
conversion circuit 20 and control circuit 32 are provided on an
identical semiconductor chip together with the peripheral
circuits of this memory 1.

Although not especially restricted thereto, the flash
memory 1 of this embodiment comprises a command decoder
31 which decodes a command given through external termi-
nals I/O from, e.g., an external CPU, and a control circuit
(sequencer) 32 which successively generates and outputs
control signals for the various internal circuits of the memory
1 in order that processes corresponding to a command may be
executed on the basis of the results of decoding by the com-
mand decoder 31. Thus, the tlash memory 1 1s so designed
that, when the command 1s given, 1t 1s decoded so as to
automatically execute the corresponding processes. The con-
trol circuit 32 1s constructed of, e.g., a ROM (read-only
memory) in which a series ol microinstructions required to
execute the command are stored, similarly to the control unit
of a CPU of a microprogram system. The microprogram 1s
started by a method 1n which the command decoder 31 gen-
erates the first address of the microinstructions corresponding
to the command and gives them to the control circuit 32.

In FI1G. 9, circuit portions which are designated by the same
symbols as 1 FIG. 4 designate circuits having the same
functions. More specifically, numeral 10 designates the
memory array which 1s configured of two memory mats
MAT-A and MAT-B, and numeral 20 designates a data con-
version circuit by which write data, which has been inputted
from the outside, 1s converted into four-valued data for every
unit of two bits. Numeral 11 designates the sense latch array
for holding the converted write data and read data therein,
while symbols 12a and 12b denote the data latch arrays.

The memory array 10 includes address decoders 13a and
13b of an X-system which decode address signals and then
select word lines corresponding to the respective memory
mats MAT-A and MAT-B, and word drive circuits 14a and
14b by which a predetermined voltage generated by and fed
from an internal voltage generator circuit 37, which will be
described later, 1s fed to one selected word line WL 1n each of
the respective memory mats MAT-A and MAT-B 1n accor-
dance with the results of the decoding by the corresponding
decoders 13a and 13b. Although not especially restricted
thereto, the memory array 10 of this embodiment has word
drive circuits 14a and 14b arranged on both sides and at the
center of the respective memory mats MAT-A and MAT-B.
Although not shown in FIG. 2 nor FIG. 3, address decoder
circuits of the Y-system and column switches, which are
selectively turned on/off by the address decoder circuits so as
to transier the output data of the data conversion circuit 20 to
the corresponding sense latches, are constructed unitarily
with the sense latch array 11. InFI1G. 9, the Y-system decoder
circuit, column switches and sense latch circuits are illus-
trated as one functional block Y-DEC&SLT.

In addition to the circuits described above, the multivalued
flash memory 1 of this embodiment includes the following
circuits: a write/erase decision circuit 33 which functions to
perform a write or erase operation to judge 1f the write or erase
of data has ended, on the basis of the data of the sense latch
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array 11, and to inform the control circuit 32 of the result of
this judgment so as to end a write sequence or erase sequence;
a clock generator circuit 34 which generates timing clock
signals necessary for the internal operations of the memory 1,
and feeds the signals to the corresponding circuits in the
memory 1; a status & test circuit 35 which has the function of
generating and outputting a ready/busy signal R/B reflecting
the internal status of the memory 1 and representing whether
or not an external access 1s possible, to the outside of the
memory 1, and the function of testing the internal circuits of
the memory 1; a main amplifier circuit 36, which amplifies
signals read out of the memory array 10; an internal voltage
generator circuit 37 fed with the power supply voltage Vec
(3.3 V) and the ground potential Vss through power supply
terminals; input/output builer circuits 39, which receive
address signals, write data signals and commands externally
inputted through the external terminals I/0 and then feed the
signals and commands to the predetermined circuits inside
the memory 1, and output read data signals outside the
memory 1; a control signal input buffer & nput/output con-
trol circuit 38, which receives control signals inputted from
outside and then feeds them to the control circuit 32 and other
predetermined circuits inside the memory 1, and controls the
input/output butler circuits 39; an address control circuit 40;
and a redundancy circuit 41 for replacement with an auxiliary
memory row when a defective bit 1s present in the memory
array 10.

In the flash memory 1 of this embodiment, the external
terminals (pins) I/O are shared by the address signals, write
data signals and command inputs. The input/output buifer
circuits 39 therelore receive these input signals 1n distinction
from one another in accordance with control signals from the
control signal input butfer & mput/output control circuit 38,
and then feed the signals to the predetermined internal cir-
cuits. The internal voltage generator circuit 37 includes a
reference power supply circuit which generates reference
voltages, such as a substrate potential, an internal power
supply circuit, which 1s constructed of a charge pump etc. and
which generates voltages required within the chip, such as a
write voltage, an erase voltage, a read voltage and a verily
voltage, from the basis of the externally fed power supply
voltage Vcc, a power supply voltage switch circuit which
selects a desired voltage from among the generated voltages
in accordance with the operating status of the memory 1 and

then feeds the selected voltage to the memory array 10, and a
power supply control circuit which controls these circuits.

The address control circuit 40 includes an address counter
ACNT, which recerves the address signals externally inputted
and then counts them up, an address generator AGEN, which
automatically updates the Y-addresses 1n a data transferring
operation and automatically generates X-addresses 1in a data
erasing operation etc., and a remedy circuit which compares
an mput address with a defective address and which changes-
over a selected memory row or column when the addresses
have agreed with each other.

The control signals which are input from the external CPU
or the like to the flash memory 1 of this embodiment include,
for example, a reset signal RES, a chip selection signal CE, a
write control signal WE, an output control signal OF, a com-
mand enable signal CDE representing 1f an mnput signal 1s a
command, a data input or an address input, and a system clock
SC.

Incidentally, as an external device for controlling the mul-
tivalued flash memory 1 of the above embodiment, any device
which can facilitate an address generating function and a
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command generating function, such as a general-purpose
microcomputer LSI (large-scale integrated circuit), can be
adopted.

As thus far described, 1n the above embodiment, 1n a non-
volatile semiconductor memory device wherein a plurality of
threshold voltages are set so as to store multivalued informa-
tion 1n one memory cell, data is first written into the memory
cell whose threshold voltage 1s the farthest from the erase
level (that 1s, whose threshold voltage 1s the lowest as the
written state), and data 1s successively written mnto memory
cells whose threshold voltages are higher. It 1s therefore pos-
sible to reduce the number of word line disturbances atfecting,
the memory cell whose threshold voltage 1s the nearest to the
erase level and which 1s most susceptible to the word line
disturbance. Accordingly, the embodiment brings forth the
eifect that the fluctuation of the threshold voltage attributed to
the word line disturbance can be minimized.

Write methods of the prior art have a problem 1n that a write
pulse 1s impressed on all memory cells to shift their threshold
voltages, 1n the write operation of the first stage, so that the
peak current in the write operation increases and the average
power consumption increases. In contrast, in the embodi-
ment, write pulses may be impressed on the memory cells of
all different target threshold voltages. Therefore, the number
of data lines which must be precharged by one writing opera-
tion and the total number of data lines which must be pre-
charged from the start of a write operation to the end thereof
can be made smaller than that of the prior-art. Accordingly,
the embodiment brings forth the effect that the peak current
and average power consumption of the write operations can
be reduced.

Moreover, 1n the embodiment, the voltage of the write
word line 1s controlled so that the absolute value thereof may
decrease gradually in accordance with the target threshold
voltage. Therefore, the amount of disturbance will lower
gradually 1n one write operation, so that the fluctuation of the
threshold voltages can be further reduced.

Furthermore, in the embodiment, the memory array 1s con-
figured of the two mats, the data line 1n each mat 1s connected
to 1ts input/output terminal, the sense latch circuits capable of
holding one bit out of 3-bit data converted by the data con-
version circuit are arranged between the two mats, the data
latch circuits capable of holding another bit out of the 3-bit
data converted by the data conversion circuit are arranged
outside the mats, and data 1s transferred through the data lines
between the data latch circuits and the sense latch circuits.
The embodiment therefore brings about the effects that any
register for holding therein data resulting from the conversion
need not be disposed on the data conversion circuit side, and
the detection of an erratic bit 1s easily realized.

While the mvention made by the mventors has been spe-
cifically described above 1n conjunction with an embodiment,
it 1s needless to say that the present invention 1s not restricted
to the foregoing embodiment, and 1t can be variously altered
within a scope not departing from the purport thereof. For
example, 1 the embodiment, the threshold voltages of
memory cells are set at four levels so as to store quaternary
data 1n one memory cell, however the present invention 1s also
applicable to a nonvolatile memory 1n which the threshold
voltages of memory cells are set at three levels or at five or
more levels.

Besides, 1n the embodiment, the conversion shown in Table
1 1s executed as one example of the method which converts
2-bit data imto quaternary data. However, the conversion
method 1s not restricted to the one shown 1n Table 1, and 1t
may be any method as long as the data includes bits 17 at
different positions. Also, the operation for the inverse conver-
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s10n of data 1s not restricted to that of Table 2, and any 1nverse
conversion may be adopted as long as 1t can restore the origi-
nal 2-bit data.

Further, the method for writing data into individual
memory cells 1s not restricted to the method of the embodi-
ment 1n which, after the threshold voltages of the memory
cells have been heightened once by an erase operation, they
are lowered by write pulses, and it may be, e.g., a method 1n
which the threshold voltages are heightened by write pulses.
In the embodiment, the memory cell which corresponds to the
sense latch circuit holding data “1” therein 1s subjected to a
write operation so as to change the threshold voltage thereot,
but the memory cell which corresponds to the sense latch
circuit holding data “0” therein may be subjected to a write
operation so as to change the threshold voltage thereof.

Still further, in the embodiment, the memory array 1s con-
figured of two mats. However, the present invention 1s not
restricted to this, and the invention 1s also applicable to a case
where the memory array 1s divided into an even number of
mats and a case where it 1s constructed of a single mat. In
cases where the memory array 1s constructed of a single mat,
it 1s possible to adopt a method 1n which data converted by the
data conversion circuit 1s divided into two parts and the parts
are transierred separately.

In the foregoing, the invention made by the iventors has
been applied to an all-at-once erasable flash memory as the
field of application of the invention. However, the present
invention 1s not restricted to the exemplified case, but it can be
extensively utilized for general nonvolatile memory devices
which employ FAMOS memory elements and also for semi-
conductor devices which include memory cells having a plu-
rality of threshold voltages. In addition, there 1s a flash
memory of the NOR type wherein “erase” 1s defined as bring-
ing a threshold voltage into the lowest state, while “write” 1s
defined as heightening the threshold voltage from the erased
state. When the reduction of the influence of word line dis-
turbance 1n write operation 1s considered in the multivalued
flash memory of the NOR type, the data writing operation 1s
desirably executed for the second-lowest threshold voltage of
the erased status, and subsequently for the third-lowest
threshold voltage, successively executing a write operation
for higher threshold voltages 1n this manner.

An effect which 1s achieved by a typical aspect of the
present invention will be briefly described as follows.

The present mvention can realize a nonvolatile semicon-
ductor memory device which 1s capable of minimizing the
fluctuation of the threshold voltages of memory cells attrib-
uted to word line disturbance, and of which the peak current
and average power consumption ol write operation can be
reduced.

What we claim 1s:

[1. A nonvolatile memory apparatus comprising:

a central processing unit; and

a nonvolatile memory,

wherein said central processing unit 1s capable of output-
ting a plurality of commands, an address, a write enable
signal, a clock signal and data,

wherein said commands includes a program command,
wherein said nonvolatile memory comprises a plurality
of word lines and a plurality of memory cells each of
which has a threshold voltage within one of a plurality of
threshold voltage distributions,

wherein one of said threshold voltage distributions 1s
assigned to an erase state and others of said threshold
voltage distributions are assigned to program states,
respectively,
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wherein said nonvolatile memory receives said commands
and said address during an enable state of said write
enable signal and receives said data in response to said
clock signal during a disable state of said write enable
signal, and

wherein 1n an operation of said program command, said

nonvolatile memory controls selection of one word line
according to said address received from said central
processing unit and brings said threshold voltage of
memory cells coupled to said selected word line from the
erase state threshold voltage distribution to one of pro-
gram state threshold voltage distributions corresponding
to data to be stored 1n respective ones of said memory
cells.]

[2. A nonvolatile memory apparatus according to claim 1,
wherein said central processing unit 1s capable of outputting
said commands during an enable state of a command enable
signal and 1s capable of outputting said address during a
disable state of said command enable signal.]

[3. A nonvolatile memory apparatus according to claim 2,

wherein each of said memory cells 1s capable of storing a

two bit data.}

[4. A nonvolatile memory apparatus according to claim 3,

wherein said nonvolatile memory brings said threshold

voltage of memory cells to be within that one of the
program state threshold voltage distributions having the
lowest voltage, firstly.]

[5. A nonvolatile memory apparatus according to claim 4,

wherein said erase state 1s assigned to that one of said
threshold voltage distributions having the highest volt-
age.]

[6. A nonvolatile memory apparatus according to claim 2,

wherein said nonvolatile memory brings said threshold
voltage of memory cells to be within that one of the
program state threshold voltage distributions having the
lowest voltage, firstly.}

[7. A nonvolatile memory apparatus according to claim 6,

wherein said erase state 1s assigned to that one of said
threshold voltage distributions having the highest volt-
age.]

[8. A nonvolatile memory apparatus comprising:

a central processing unit; and

a nonvolatile memory,

wherein said central processing unit 1s capable of output-
ting a plurality of commands, an address, a write enable
signal, a clock signal and data,

wherein said commands includes a program command,

wherein said nonvolatile memory comprises a plurality of

I/O terminals, a plurality of word lines and a plurality of

memory cells each of which has a threshold voltage

within a plurality of threshold voltage distributions,

wherein one of said threshold voltage distributions 1is
assigned to an erase state and others of said threshold
voltage distributions are assigned to program states,
respectively,

wherein said nonvolatile memory receives said commands,
sald address and said data via said I/O terminals,
receives said commands and said address 1n response to
a first state of said write enable signal and receives said
data 1n response to said clock signal in a second state of
said write enable signal,

wherein 1 an operation of said program command, said
nonvolatile memory controls selection of one word line
according to said address received from said central
processing unit and brings said threshold voltage of
memory cells coupled to said selected word line from the

erase state threshold voltage distribution to one of pro-
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gram state threshold voltage distributions corresponding
to data to be stored 1n respective ones of said memory

cells.]

[9. A nonvolatile memory apparatus according to claim 8,

wherein said central processing unit 1s capable of output-
ting said commands during an enable state of a com-
mand enable signal and 1s capable of outputting said
address during a disable state of said command enable
signal.]

[10. A nonvolatile memory apparatus according to claim 9,

wherein each of said memory cells 1s capable of storing a
two bit data.]

[11. A nonvolatile memory apparatus according to claim

10,

wherein said nonvolatile memory brings said threshold
voltage of memory cells to be within that one of the
program state threshold voltage distributions having the

lowest voltage, firstly ]

[12. A nonvolatile memory apparatus according to claim

11,

wherein said erase state 1s assigned to that one of said
threshold voltage distributions having the highest volt-
age.]

[13. A nonvolatile memory apparatus according to claim 9,

wherein said nonvolatile memory brings said threshold
voltage of memory cells to be within that one of the
program state threshold voltage distributions having the
lowest voltage, firstly ]

[14. A nonvolatile memory apparatus according to claim

13,
wherein said erase state 1s assigned to that one of said

threshold voltage distributions having the highest volt-

age.]
[15. A nonvolatile memory apparatus according to claim 1,
wherein said central processing unit 1s provided on a semi-
conductor substrate different from a semiconductor sub-
strate on which said nonvolatile memory is provided.}
[16. A nonvolatile memory apparatus according to claim 1,
wherein said central processing unit 1s included 1n a large-
scale integration circuit (LSI), and

wherein said LSI 1s coupled with terminals of said non-
volatile memory.]

[17. A nonvolatile memory apparatus according to claim 8,

wherein said central processing unit 1s provided on a semi-
conductor substrate different from a semiconductor sub-
strate on which said nonvolatile memory is provided.}

[18. A nonvolatile memory apparatus according to claim

17,

wherein said central processing unit 1s a component 1n a
large-scale integration circuit (LSI), said LSI includes
connections with the I/0O terminals of said nonvolatile
memory. ]

[19. A nonvolatile memory apparatus according to claim 8,

wherein said central processing unit 1s included 1n a large-
scale integration circuit (LSI), and

wherein said LSI 1s coupled with terminals of said non-
volatile memory.]

[20. A nonvolatile memory apparatus according to claim 1,

wherein said program command and said address com-
mence 1n synchronism with a same pulse edge of suc-
cessive pulses of said write enable signal, respectively.}

[21. A nonvolatile memory apparatus according to claim 2,

wherein the enable state and the disable state of said com-
mand enable signal commence simultaneously with the
program command and the data address, respectively.}
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[22. A nonvolatile memory apparatus according to claim 8,

wherein said program command and said address com-
mence 1n synchromism with a same pulse edge of suc-
cessive pulses of said write enable signal, respectively.}

[23. A nonvolatile memory apparatus according to claim 9,

wherein the enable state and disable state of said command
enable signal commence simultaneously with the pro-
gram command and the data address, respectively.]

24. A nonvolatile semiconductor memory comprising:

a plurality of nonvolatile memory cells, each of which has
a control gate and a floating gate, and is capable of
stoving data corresponding to a difference of a threshold

voltage thereof,

a plurality of word lines, each of which couples with cor-
responding nonvolatile memory cells;

a plurality of data lines, each of which couples with corre-
sponding nonvolatile memory cells; and

a plurality of latch cirvcuits, each of which couples with a
corresponding data line,

wherein each of the nonvolatile memory cells is adapted to
set the threshold voltage thereof into one of a voltage
range indicating an evase state and voltage vanges indi-
cating two or more program states,

wherein in a program operation, the threshold voltage of a
nonvolatile memory cell is shifted to a first voltage range
indicating a first program state, the voltage range of
which is the closest to the voltage vange indicating the
erase state, and, afterwards, the threshold voltage of the
nonvolatile memory cell to be set to a second voltage
range is shifted to the second voltage vange indicating a
second program state, the voltage range of which is
farther than that of the first voltage vange from the
voltage rvange indicating the evase state,

wherein in a verify operation in response to the program
operation, with regard to the nonvolatile memory cell to
be set to have the threshold voltage thereof in the first
voltage range, it is verified whether the threshold voltage
thereof is over a near limit of the first voltage range from
the voltage rvange indicating the ervase state and it is
verified whether the threshold voltage thereof does not
go over a far limit of the first voltage range from the
voltage range indicating the erase state, and with regard
to the nonvolatile memory cell to be set to have the
threshold voltage theveof in the second voltage range, it
is verified whether the threshold voltage thereof is over
a near limit of the second voltage range from the voltage
range indicating the evase state and it is verified whether
the threshold voltage theveof does not go over a far limit
of the second voltage range from the voltage vange indi-
cating the evase state,

wherein there is a thivd voltage range indicating a third
program state in the voltage vanges indicating the pro-
gram states,

wherein the thivd voltage vange indicating the third pro-
gram state is farther than the second voltage range
indicating the second program state from the voltage
range indicating the evase state,

wherein in the verify operation, with regard to the nonvola-
tile memory cell to be set to have the threshold voltage
thereof in the thivd voltage vange, it is verified whether
the threshold voltage theveof is over a near limit of the
thivd voltage range from the voltage vange indicating the
erase state and it is not verified whether the threshold
voltage thereof does not go over the far limit of the thivd
voltage range from the voltage range indicating the
erase state,
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wherein a second read voltage for discviminating between
the second voltage vange and the thivd voltage range is
between the far limit of the second voltage range and the

near limit of the third voltage range,

whevrein in the verify operation, the threshold voltage of
each of the nonvolatile memory cells coupled to one
word line is checked by supplyving a verify voltage to the
one word line, and

wherein in the program operation, the threshold voltage of
the nonvolatile memory cell to be set to the thivd voltage
range is shifted to the thivd voltage range before the
threshold voltage of the nonvolatile memory cell to be set
to the second voltage range is shifted to a second voltage
range.

25. A nonvolatile semiconductor memory accorvding to

claim 24,

whevrein the program operation is finished when the thresh-
old voltage of the nonvolatile memory cell to be set to the
first voltage range is over the near limit of the first
voltage range or the threshold voltage of the nonvolatile
memory cell to be set to the second voltage range is over
the near limit of the second voltage range, and then

wherein the verify operation is performed in ovder that the
threshold voltage of the nonvolatile memory cell to be set
to the first voltage range is over or not the far limit of the
first voltage range or the threshold voltage of the non-
volatile memory cell to be set to the second voltage
range is over or not the far limit of the second voltage
range.

26. A nonvolatile semiconductor memory accorvding to

claim 25,

whevrein the memory is adapted to issue a signal to outside
Jor notifyving an occurvence that the threshold voltage of
the nonvolatile memory cell to be set to the first voltage
range is over the far limit of the first voltage range or the
threshold voltage of the nonvolatile memory cell to be set
to the second voltage range is over the far limit of the
second voltage range.

27. A nonvolatile memory apparatus comprising:

a semiconductor cirvcuit; and

the nonvolatile semiconductor memory comprising a plu-
rality of nonvolatile memory cells, each of which has a
control gate and a floating gate, and is capable of stor-
ing data corresponding to a difference of a threshold
voltage thereof,

a plurality of word lines, each of which couples with cor-
responding nonvolatile memory cells;

a plurality of data lines, each of which couples with corre-
sponding nonvolatile memory cells; and

a plurality of latch circuits, each of which couples with a
corresponding data line,

wherein each of the nonvolatile memory cells is adapted to
set the threshold voltage thereof into one of a voltage
range indicating an evase state and voltage vanges indi-
cating two or more program states,

whevrein in a program operation, the threshold voltage of a
nonvolatile memory cell is shifted to a first voltage range
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which is the closest to the voltage range indicating the
erase state, and, afterwards, the threshold voltage of the
nonvolatile memory cell to be set to a second voltage
range is shifted to the second voltage range indicating a
second program state, the voltage range of which is
Jarther than that of the first voltage range from the
voltage vange indicating the evase state,

wherein in a verify operation in response to the program
operation, with regard to the nonvolatile memory cell to
be set to have the threshold voltage thereof in the first
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voltage vange, it is verified whether the threshold voltage
thereof is over a near limit of the first voltage range from

the voltage range indicating the ervase state and it is
verified whether the threshold voltage thereof does not

go over a far limit of the first voltage range from the
voltage range indicating the erase state, and with regard
to the nonvolatile memory cell to be set to have the
threshold voltage thereof in the second voltage range, it
is verified whether the threshold voltage thereof is over
a near limit of the second voltage range from the voltage
range indicating the evase state and it is verified whether
the threshold voltage theveof does not go over a far limit
of the second voltage vange from the voltage range indi-
cating the evase state,

wherein theve is a third voltage range indicating a third
program state in the voltage vanges indicating the pro-
gram states,

wherein the third voltage rvange indicating the third pro-
gram state is farther than the second voltage range
indicating the second program state from the voltage
range indicating the erase state,

wherein in the verify operation, with vegard to the nonvola-
tile memory cell to be set to have the threshold voltage
thereof in the thivd voltage vange, it is verified whether
the threshold voltage theveof is over a near limit of the
thivd voltage range from the voltage range indicating the
erase state and it is not verified whether the threshold
voltage thereof does not go over the far limit of the thivd
voltage range from the voltage range indicating the
erase staile,

wherein a second read voltage for discriminating between
the second voltage range and the thivd voltage range is
between the far limit of the second voltage range and the
near limit of the thivd voltage range,

wherein in the verify operation, the threshold voltage of
each of the nonvolatile memory cells coupled to one
word line is checked by supplyving a verify voltage to the
one word line, and

wherein in the program operation, the threshold voltage of
the nonvolatile memory cell to be set to the thivd voltage
range is shifted to the third voltage range before the
threshold voltage of the nonvolatile memory cell to be set
to the second voltage range is shifted to a second voltage
range,

wherein the program operation is finished when the thresh-
old voltage of the nonvolatile memory cell to be set to the
first voltage range is over the near limit of the first
voltage range or the threshold voltage of the nonvolatile
memory cell to be set to the second voltage vange is over
the near limit of the second voltage vange, and then

wherein the verify operation is performed in ovder that the
threshold voltage of the nonvolatile memory cell to be set
to the first voltage range is over or not the far limit of the
first voltage vange or the threshold voltage of the non-
volatile memory cell to be set to the second voltage
range is over or not the far limit of the second voltage
range,

wherein the memory is adapted to issue a signal to outside
Jor notifving an occurrence that the threshold voltage of
the nonvolatile memory cell to be set to the first voltage
range is over the far limit of the first voltage vange or the
threshold voltage of the nonvolatile memory cell to be set
to the second voltage range is over the far limit of the
second voltage range, and

wherein the semiconductor circuit is adapted to issue a
predetermined control signal, an address signal, and a

data signal to the nonvolatile semiconductor memory.
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