a2 United States Patent

Nii et al.

US009672900B2

US 9,672,900 B2
Jun. 6, 2017

(10) Patent No.:
45) Date of Patent:

(54) SEMICONDUCTOR MEMORY DEVICE FOR
STABLY READING AND WRITING DATA

(71) Applicant: Renesas Electronics Corporation,
Koutou-ku, Tokyo (JP)

(72) Inventors: Koji Nii, Tokyo (JP); Shigeki
Ohbayashi, Tokyo (JP); Yasumasa
Tsukamoto, Tokyo (JP); Makoto
Yabuuchi, Tokyo (JP)

(73) Assignee: RENESAS ELECTRONICS
CORPORATION, Koutou-Ku, Tokyo
(P

(*) Notice: Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

(21) Appl. No.: 15/052,188

(22) TFiled:  Feb. 24, 2016

(65) Prior Publication Data
US 2016/0172023 Al Jun. 16, 2016

Related U.S. Application Data

(60) Continuation of application No. 14/263,307, filed on
Apr. 28, 2014, now Pat. No. 9,299,418, which is a

(Continued)
(30) Foreign Application Priority Data
Aug. 2, 2005 (JP) oo 2005-224258
May 23, 2006 (IP) cccovvverrerrecrecicnen 2006-143014
(51) Imt.CL
G1IC 11/419 (2006.01)
G1IC 5/06 (2006.01)
(Continued)
(52) US. CL
CPC ....cccee. G1IC 11/419 (2013.01); G1IC 5/06

(2013.01); G1IC 5/14 (2013.01); GLIC 11/417
(2013.01); G1IC 8/08 (2013.01)

(58) Field of Classification Search
CPC ... G11C 11/417; G11C 11/419; G11C 5/06;
G11C 5/14; G11C 8/08
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

4,780,847 A
5,010,521 A

10/1988 Ito
4/1991 Matsui

(Continued)

FOREIGN PATENT DOCUMENTS

Jp 58019791 2/1983
Jp 02-302994 A 12/1990
(Continued)

OTHER PUBLICATIONS

Notice of Grounds of Rejection mailed Nov. 8, 2011 in correspond-
ing JP Application No. 2006-143014, and English-language trans-
lation, 8 pps.

(Continued)

Primary Examiner — Vanthu Nguyen
(74) Attorney, Agent, or Firm — Buchanan Ingersoll &
Rooney PC

(57) ABSTRACT

In a semiconductor memory device, static memory cells are
arranged in rows and columns, word lines correspond to
respective memory cell rows, and word line drivers drive
correspond to word lines. Cell power supply lines corre-
spond to respective memory cell columns and are coupled to
cell power supply nodes of a memory cell in a corresponding
column. Down power supply lines are arranged correspond-
ing to respective memory cell columns, maintained at
ground voltage in data reading and rendered electrically
floating in data writing. Write assist elements are arranged
corresponding to the cell power supply lines, and according
to a write column instruction signal for stopping supply of
a cell power supply voltage to the cell power supply line in
a selected column, and for coupling the cell power supply

(Continued)

COUT AS ATY

Tz

« fd NUMBER



US 9,672,900 B2
Page 2

line arranged corresponding to the selected column at least
to the down power supply line on the corresponding column.

3 Claims, 42 Drawing Sheets

Related U.S. Application Data

division of application No. 13/325,945, filed on Dec.
14, 2011, now Pat. No. 8,743,645, which is a division
of application No. 12/457,936, filed on Jun. 25, 2009,
now Pat. No. 8,098,533, which is a division of
application No. 11/492,031, filed on Jul. 25, 2006,
now Pat. No. 7,570,525.

(51) Imt.CL
GI1IC 5/14 (2006.01)
GI1IC 11417 (2006.01)
G1IC 8/08 (2006.01)
(56) References Cited

U.S. PATENT DOCUMENTS

5,070,482 A * 12/1991 Miyaji ..ccocverrnenn G11C 11/419
365/154

5,159,571 A 10/1992 Tto et al.

6,088,286 A 7/2000 Yamauchi et al.

6,147,898 A 11/2000 Yamada

6,191,983 Bl 2/2001 Kitsukawa et al.

6,222,780 Bl 4/2001 Takahashi

6,333,877 B1  12/2001 Nagaoka et al.

6,426,914 Bl 7/2002 Denmard et al.

6,512,705 Bl 1/2003 Koelling et al.

6,549,453 B2* 4/2003 Wong ....c.cccccoeenne. GI11C 11/412
365/154

6,603,334 Bl 8/2003 Takahashi

6,781,870 Bl 8/2004 Kushida

6,819,621 B2  11/2004 Koelling et al.

6,836,179 B2  12/2004 Mizuno et al.

6,873,562 B2 3/2005 Koelling et al.

6,914,848 B2 7/2005 Jamshidi et al.

6,934,209 B2 8/2005 Marr

6,982,914 B2 1/2006 Ohsuki et al.

7,079,426 B2* 7/2006 Zhang ................ GI11C 11/413

365/189.02
7,085,175 B2 8/2006 Remington et al.
7,113,421 B2 9/2006 Maeda et al.

7,236,396 B2 6/2007 Houston et al.

7,289,354 B2* 10/2007 Houston ............... GI11C 11/413
365/154

7,502,275 B2 3/2009 Nii et al.

7,643,357 B2 1/2010 Braceras

2002/0196058 Al
2004/0125644 Al

12/2002 Takahashi
7/2004 Komatsuzaki

FOREIGN PATENT DOCUMENTS

JP 2000-341103 A 12/2000
JP 2005-038557 2/2005
KR 2001-0092074 10/2001

OTHER PUBLICATIONS

K. Zhang et al., A3-GHz 70Mb SRAM in 65nm CMOS Technology
with Integrated Column-Based Dynamic Power Supply, ISSCC
2005, Digest of Technical Papers, Feb. 2005, pp. 474-475, 611.
M. Yamaoka et al, Low-Power Embedded SRAM Modules With
Expanded Margins for Writing, ISSCC 2005, Digest of Technical
Papers, Feb. 2005, pp. 480-481, 611.

Office Action dated Oct. 17, 2012 issued in a corresponding Korean
Patent Application and English-language translation, 6 pages.
Office Action dated Nov. 27, 2012 issued in corresponding Japanese
Divisional Application No. 2011-273333 and Eglish-language
translation, 6 pages.

Office Action dated Nov. 27, 2012 issued in corresponding Japanese
Divisional Application No. 2011-273336 and English-language
translation, 6 pages.

Korean Office Action (Grounds for Rejection) dated Apr. 11, 2013,
issued in corresponding Korean Patent Application No. 10-2013-
0017195, and English language translation od Office Action, 7
pages.

Office Action (Grounds for Rejection) issued on Jul. 8, 2013, by
Korean Patent Office in corresponding Korean Patent Application
No. 10-2013-0066631, and an English Translation of the Office
Action, 5 pages.

Office Action (Grounds for Rejection) issued on Jul. 24, 2013, by
the Taiwanese Patent Office in corresponding Taiwanese Patent
Application No. 95127453, and an English Translation of the Office
Action, 17 pages.

Kouichi Kanda, “Low-Power High-Speed Circuit Design for VLSI
Memory Systems” Submitted to the Department of Electronic
Engineering in partial fulfillment of the requirements for the degree
of Doctor of Philosophy at the University of Tokoyo, Dec. 26, 2002,
137 pages.

* cited by examiner



U.S. Patent Jun. 6, 2017 Sheet 1 of 42 US 9,672,900 B2

/’8
ARRAY POWER SUPPLY CIRCUIT

20
7 Vo ~BG - BQ
| ® 1 IsLLoAD BLLOAD| | |
“{/ } | WL |
L HMG Hme -
| WDRO | | !
P L WL 1 -
L+ MG - MO H i
N i 1
S VGDRT : ; /f" z
oW | - pVL PVL| |
DECODER| | o , R . 5
¥ “ “ i
A
! L iBLO| /BLO BLm| /Blm ;
] ;E —— Wi - §
RA bﬁ g g ; §- ‘3;\4{:'3 % 4 MO ;
E‘e’ Rzlg ! |
)
2 A

7 COLUMN SELECT CIRCUIT 4

[ y

MAIN CONTROL WRITE | READ e

CIRCUIT cirourr |0 [‘ CIRGUIT

Ll l

AD  WE CE D DO




U.S. Patent Jun. 6, 2017 Sheet 2 of 42 US 9,672,900 B2

FIG.2
WL

FIG.3
VDD
THRESHOLD VOLTAGE
__ CHARAGTERISTICS SIMILAR
~—pqio ~ TO THOSE OF PQT AND PQ2
VDD
~—PQ1
~ WL
WS = .
~10
—[~Naio
Vo1



U.S. Patent Jun. 6, 2017 Sheet 3 of 42 US 9,672,900 B2

FIG.4A

WL ¥ e e VDDV 1
/ L A

FIG4B Vv

~
~
S

IMPROVED SNM ==~




U.S. Patent Jun. 6, 2017 Sheet 4 of 42 US 9,672,900 B2

A St VDD~-Vihp2
WL J q \
YA \_\,\__.. Vthp2 <Vihpt

FIG.5B

IMPROVING EFFECT




U.S. Patent Jun. 6, 2017 Sheet 5 of 42 US 9,672,900 B2

FIG.6

SAME Vi ’/if iE{ Vﬁ?@?ﬁ A%iD MF’URETY}
CHARACTERISTICS
i 4 ‘\WLA NTATION GONDITIONS /




US 9,672,900 B2

Sheet 6 of 42

Jun. 6, 2017

U.S. Patent

0a 1a 30 am av
L R
g LOOHID | [ b LnOHIO | Lnoud |
Qv ERREIY TOHLNOD NIV
K
M
T LINOYID LOT T3S NNNTTOD ‘ z
YO { ]
Mad |
Ty o s
T S IR
: Wi/ jwrlg o/ jog ! AM ;
EAI I A~ : Muammmmﬁs
L/ Q| AGM c
L DN e H OW ¢ b | V\w H
T M T T ;
I oyl G
; T 0IM - S
. R S
avot g avot g e |
P08 oa~ W |
0 e .
LINOUIO AlddnNS HaMOd AVNEY b

L9014



US 9,672,900 B2

Sheet 7 of 42

Jun. 6, 2017

U.S. Patent

F1G.8
WS
WDV —

FIG.9

~ WL

VDD
b

NQZO T § Rﬁ



U.S. Patent Jun. 6, 2017 Sheet 8 of 42 US 9,672,900 B2

FIG.10A
Y e VDD
‘TILARGE POTENTIAL LOWERING
WL ' L (LOW Vthn)
OV ] ——
FIG.10B

LARGE SNM /\\

IMPROVING EFFECT




U.S. Patent Jun. 6, 2017 Sheet 9 of 42 US 9,672,900 B2

FIGTTA

| 2V wmmmemme e % ~~~~~~~~~~~~~~~~~~ VDD

" i B SMALL POTENTIAL
- f LOWERING (HIGH Vthn)
oV

FIG. 118

V

SMALL SNM
IMPROVING EFFECT




U.S. Patent Jun. 6, 2017 Sheet 10 of 42 US 9,672,900 B2

FIG.12
READ OPERATION WRITE OPERATION |
WDD mmmrmemsomes R prssee sy o !
WL j oD LOWERS | | fg \
T POTENTIAL ; / ;
./ commesponDING 1/ i
| Tovim L |
gL, T”“““‘“"“‘*w | \ ;
/BL * E N\ !
| | i !
5 zj E / :
ND1, \ ! NORMAL WRITE |
i | NORMAL READ (1OLD); ) \ E
ND2 - Y 3 {(INVERT) %
FIG.13
WDV
WORD WL
LINE -
DRIVER LVDD i ;
P :
| |
; [mgwmzt
Mwm%;:\'%
FIG.14
WDV
"
worD | | B
LINE r i

DRIVER
Phla é’: Rn




U.S. Patent Jun. 6, 2017 Sheet 11 of 42 US 9,672,900 B2

SAME Vihn CHARACTERISTICS
SIMILAR LAYOUT AND W/L



US 9,672,900 B2

Sheet 12 of 42

Jun. 6, 2017

U.S. Patent

g O R 5 ad N
= =
90V $00 5OV H
ON ) \ T te! FHIT Zov 1Oy
IR ggA \ aa / coo- 81 SSA \m/> SSA
S 730 j/, - Y,
00— | & M08 4o, TR A" voo-F BT | V[ -100
¥O.L- e : A W :
ALE N, s N vo 1 L - Z
B R N - L . . i . I
{ - AN 1 :
L - R ea0 1 HIARIA INTT
e e e iy T ) oEOoMOL
yAD— e N I - ~£D1 | :
2 VON|/ \ 7% ) ] . ;
H N N . \mmm m\\wco s | R N S
1 N - A AR N A
EAA-T \\\% [Sa%R Naww.\v\\g %W\ 1ON N>J\\ \w rimr MA% LAD
3030~ g/ £O0 \QQ\/ T o . \
7OV . - EINA
TiEM-d | TIEM-N TIAM-d X
|
A



US 9,672,900 B2

Sheet 13 of 42

Jun. 6, 2017

FIG.17

U.S. Patent

T

S S e ;;§4.
t
; T — U
: =
" i T
= =
N\ MMﬂu
1id = I
Q - T4
0. 2 o=
N e = z=
H i m.mw !//.
i T -
4 uUs R - RSN
m & VY

i
i
§
i
i
H
i
1
i
i
H
4
i
i
i
i
T
H
t
i
}
i
1
1
t
i
R e el
]
¥
i
i
i
H
i
H
3
;
i
1
i
;
1
i
¥
i
H
i
i
1
i
H

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o
: ; 5
o e I e o . =
. . t ¢ prd
T T8 [ es 2
1 : L o
m . _ 2 LEE S
: powel l L4 Faccs B O P <L
: w - : g z
: Y : i oo
m | &g S
.................. N R x e
g T
1 H
2 |
e N T
T =t 3 ocd § e — N
) = o = 5 o 0 &



US 9,672,900 B2

Sheet 14 of 42

Jun. 6, 2017

U.S. Patent

)
¥
. LINOHID
$22
@) 300030 MO0
§ v
158 neg
AY
IM
T , |
xaﬂc 1 05
M a | vgs Hd n,am ad\ A | giig 4W
Gl -+~ [GW] | &ﬁ@mw - [on] -~ o] m M \
MW »M i wﬂse ema q@ H \k@i&
SIS - LFIMS orMS p—- 7
u - *
©oo . ey a
Lo} |9 . EO e UT LINOYIO
R 3 3 300030
HTIMS - LITMS MOM
H00ch & TN 1003 4
ELIEEER oz N w
SIMS wigw <
, g~ « ] 4 .
DED N80 oMED @0z
61914



US 9,672,900 B2

Sheet 15 of 42

VDD

Jun. 6, 2017

FIG.20

U.S. Patent

mt.t.
O
Li]
- 2
(93]
= t qu
P b
25 2%
- AL, ~ P,
i 1]
2 i
11111111111111111 3
m m “ .
..i....ii,mv ! . 1 L
J-L M faaad X 3
~, W2 3 1 Ly
& i o] e i
G S e =
= ] W g C -
i s ﬁxa) (73] m;-...w N“%nl.ll
M P
B — m Na =5
N [0 LLF
S o
B =z SZ
%
e N}
m m v R /x.wr -
RN Ko t
4 ./f MHW i ﬂv...i..\\n..\\ T ..:....I./f[.\“«‘ :\\\\AHMM\%A
g B T e S -
: i
; B
" S WS S SR S S I w ........... U
: od L % o e S wd § oot sy
: M = o W ~ 0 = 5 m N~
= 5 = }
o 3 = & 3¢ 3 =% 38
= , i
'
‘!if/f.D
[95]




US 9,672,900 B2

Sheet 16 of 42

Jun. 6, 2017

U.S. Patent

L

OWE
ﬁ

ZUN

ANOAVTYOLSISNYHL FNVS

4

w.%ﬁwy m

//. s M

4 LON W i
W | m Nl
" M Zld  Lid
: “ -
m?w.\\

46 Ol



U.S. Patent Jun. 6, 2017 Sheet 17 of 42 US 9,672,900 B2

FI1G.23

OV b e

TIME

F1G.24

~Wh

FLOATING FLOATING
- -
&P;F? PT2




US 9,672,900 B2

Sheet 18 of 42

Jun. 6, 2017

U.S. Patent

oW
yLLO
| E1Sd
[ ERIY Py
BlSd | | LLAW ) 21D \ \
v V qan )z [ o ) 1Y Vel
PIEYS ssa | aan) SRV [aa /- \ seA )
ZON NSNS il 810-
SANITIER NS AN -LIYA i S
SO &M\\ \ tm ~ i BN TN~ ps
t g S } ’ ! i wx\\n g > ,M,_\
110 _w f A /M IO~ BR
TS A W SN
v ! AY i ] o
N2 ) NZZZAZZ77773 g1 1 vLG T EN
NE\/\W.w\a I zins AN it/
pi ; i ; m 4 ”
o2t w0, | { W
110719/ QA+ SSA ¥Sd anp
[ :
PON ﬁm%m ; IDN
TEM-d P TIEM-N ¢ CTIEM-d TTEM-d |

TIEM-N TTEM-d

G¢ Ol



U.S. Patent Jun. 6, 2017 Sheet 19 of 42 US 9,672,900 B2

FI1G.26
P-WELL:  N-WELL , P-WELL
M3 1
FLOATING ! / VDD gt i VS s
OTi- 7 E =1 ps4
SN sc2 | PS4 _vag
P52 U SN by ! LIRS
NN )| VAN
Vo === A TN A N - M3
y V20 (WL
# A Y ey A
L R
VAT o114 \ 5 { ST NN N |L-eTe
/ oS ! PPN :Trf“:-~-\
/vss b /vmui \FLOATING ™
/ } ! | MM32
AR | AR3  CT4
RS1
DMC
F1G.27
WL
VDD
-
CT4~
B
//
N
DT5~_ .. P4 L pTs
: S .

RS
T LﬂT ““r“iff NT4

i P52 pé‘i l
CTat—X7 N R oTs %Z’"'G'?ﬁ

VS5 FLOATING FLOATING V55

DMOC



U.S. Patent Jun. 6, 2017 Sheet 20 of 42 US 9,672,900 B2
FIG.28
NG zv:*:\ VoD
____________ A PR
b XH
: E“NVPQ?? VDD
T
Rt LEVEL
i N ! T — L.SF0
g Nw | shiFTer| T H5F
| | -—<:§[1~;~Pczss
b OXH e ml 8\ WLO
P XM .| : g -
b XL VDD \ \
: |~ NQ30 | MO
| VR e B g
3 VGO ! LEVEL |, em |
e —srFrer| T S0
¢ . . ~ WG
WDKO DPLO~~ :
| |
XH 1 WORD LINE f Wik
XM —— DECODER/ :
X\ ~] DRIVER Vo oTwe
WDKK~
VDD
~\‘E}~
| XHW[ L-DPGI VDD
2 : A
LEVEL L ep
sHiFTER| ~ OT0
KH -~ WORD LINE ~ _WLO
XM = DECODER/ \ S o
Xt =i DRIVER VoD \‘ Fve |
WoKo - b ’i
- ppL~—~ T b WG
| -
XH = WORD LINE / WLk
XM —— DEGODER/ 711
XL ——A DRIVER - MC
WDKK~



U.S. Patent Jun. 6, 2017 Sheet 21 of 42 US 9,672,900 B2

F1(G.29
VoD \{%p
pPQt—— |p-1-d| —DpPQ2
{ }/DPL
NNDE
s DNQ2 .
ND7-—o /Lm_..s & L o~ NDY
oNaz | S T onos
M BNG! LSF
\V4
FIG.30

XH, XM, XL | N \




US 9,672,900 B2

Sheet 22 of 42

Jun. 6, 2017

U.S. Patent

®
-

oW] © wACs
. r
HIMS~

3

®
x

IOW} - x%mwﬁ

RS ffwwug =
( T , FAGIIN
st . o EsT H C EsT~
LOMI + 0451~ 0451 H 0457~] :
(O] s(+nA0s OW! 1(1+DAGSS E 0(I+DACS
™ R W TR L -
HMS” LT WS L] oS L "
- N ~ : {
qidas~] | HTIMA L1745 ~ 0171das ACRA
Hodas—~{ ] iodas~_ ] otodas~{ ]
{OW HACQS m@w LAGS oW} grﬁmwv
CTTAMS Wgw S LOIMS rwm orims” !
# & H 1
— CIMIA - . A
HST~ s1~ |+ s~
ODMI- 0487~ M 0481~ ¢ oas1~] :
Al sorass oW 10AGSS SW]  oonas
L [t . n . wssw; _V‘M
ows” ] DISE=y WS’ 7| [iEaooad
qtgas— | O 107das o0ldas—~ | 1 /H3AMT
! - [Ba0sH m
L] — OAGMIN
H0DAGS- Lopdas” A 009das” A '
. ) 4S8 . \ L 158 058
IFO INEO 080
LDl



U.S. Patent Jun. 6, 2017 Sheet 23 of 42 US 9,672,900 B2

FI1G.32
Bt /BL . 5/8
w< ) : ‘\} : :
/R
/ 77 12}
AR WELL POTENTIAL
1 SUPPLY PORTION -
E:
MO et o
e 1]
==
7
// TS
Wa : /,: \\L ~D\PL
. DPL DPLB C
(16 ~6AWL) ROW
¢~ |DECODER
MO %% = S
GG "“}
TS
/: 77" 4 \>
/ / Sy s
7 V \
AP WELL POTENTIAL
] SUPPLY PORTION
. i ﬂir'---i i
7 e
-
s "// t ¥ h "( S
- SAME | 1 } 56 o
TRANSISTOR ARRANGEMENT

50 52

—



U.S. Patent Jun. 6, 2017 Sheet 24 of 42 US 9,672,900 B2

F1G.33
VDD
WL
Jb—mw-csf
\\ /
NQ30 | NQ3T
NQ33~_ | 1 Naa
a0 ] ND30 | ND31w .
i
L
V\\ Q32 WV
DL A NG3T NQ3ZY | o
58
FIG.34
:DPLO
/?3@40
Wi <
r—ii
NGAO




U.S. Patent Jun. 6, 2017 Sheet 25 of 42
FIG.35
Y
A
sy P-WELL N-WELL ©P-WELL
| /BL
, VS5 YDD /646 | (FLOATING)
i & s (I I e R | e | et
g | / 65b | i
; i’///??/,g’/{// 8 §l/// L 3/ N7
§ [ ; ;
g r-g B2 i s"ﬁ“g};s f2d 2\84d
oda (183all ! Lol i
WL?%’% L2 6Zai P jReeen B0
L , ' [
4 QI Y . e B
640 ,é,_ ) :GE i H\ké 1 f;ﬁfgg
o P B4e— L
60a—" ; i ™
&7 BL VoD \ vss  \
(FLOATING) 60q 50d (MC)
FIG.36
Y
} __________ oy P-WELL | N-WELL ¢ P-WELL
sl i | /BL
VS5 gﬂ | VDD gpq 1 (FLOATING)
; | ( 8 — G4f
728 ANR S [ SR WL
N 70b 720 | 728 “70g || L4 64d
T0a -~ - — %~ 72h
: ; 1 -
Toh j i\ Do 721
0o B4c ! P NT70e B4g
Bl — N A
nnnnnnn e : iR TRy 70
BL :
(FLOATING) VSS  Nph

US 9,672,900 B2



US 9,672,900 B2

Sheet 26 of 42

Jun. 6, 2017

U.S. Patent

FIG.37

R

£
&
Do T
mua WM.. e / w..n”m, [oe]
S § L :::::: (L S———— Y
Yo hmlr..éwisf..t;m ~ I m\m\u
' i [
t 4 :
//M 1 v m‘m. mm LI\V o
JUUI S S B 7 SR I WO G o ! T ad
i bo? \Nr X ¥
I Az \\m 0
e unm Gx i I
L S SO A AN H b
A P = [
v .%.,‘h.w A ,..M@
-y F ! H ~
b RN rn b ~
201 maumk el el Sl S
R [ 3 H T : L
o ; S A
i H
i O -0 E N N T L
e e R s St et o
f 1 : { i L i i
R A
! 1 1 M §
VoL ¢~ .w\sirljm
L R §
! AN T S
FRSU: RO NN U SV SR S | 1
ET o T T AN T
[ SRy & S : A i
Df Pt H P
[ I T ! s } 1 =
> o Tt i 5 i . Nw..\..ﬂu?
{ 3 i N s
WM "nggﬂigg.ﬂaziwszii‘s\m. F
MM i 3 h 7 3 3 N 1
% ».“ 1 1 i 1 s
.JIFI.r!..L H e H H ] i
Colo PR vl
e N T O
H i k3
.mn\”.w.mimgmlixamiégwisl.w.{i.w‘)r{!ii,m‘:wm
ot B H ks >
< i1 H H HE “i;,sxm.m
g : !
o : t T S A
a : T 5 I
n..TLI.L.isi.LEi.!!LElI.I—!LEE
o w [ Tyt [
: i t H I m i
O ¢ N
e A
i 1 i
T —f b
is b M Lo
S~ ! 3 i i i s i ¢35
D | o b L8
\!me At [ : t ¢ o«
[ s mﬁ : § s
oo ....m P R, SUNR 4
rr.:..T!..w ,E..w.:..i..uww | I :
: [€a]
ma%\m., Wi e 9]
e EN nmlnm ma.mu“ v
2l
N

: 3RD METAL INTERGCONNECTIONS
B0a - 80c ARE THE SAME AS

THOSE IN MEMORY ©

ELLS



US 9,672,900 B2

Sheet 27 of 42

Jun. 6, 2017

U.S. Patent

Oa g 30 =AM av
i m vy
o] LINOHID L o oMo | LnoMo |
avay JLIUM TOHINOD NIV | ©
X
i
- LNoHI0 103738 NWN109 2
,,,,,,,,, A S v
§ :
: L= mw\W -1 “J e
! w AL
wrigy | wig
: o ¥30003G |_|
YA~ Vitd—) MOY
m & ot O ke B
; 7 LA by ;
Qd g | 1 AQM
! L& Mwww;mr -] @4 DN e .Jm. ¢ w m,\\ !
W T 0IM ] P :
m TR
! avot1a avol g e
pa-’ og- |
R ;a T aan
. UNOHIS A1ddns 7 50 T iaouis onisnray
HAMOd AVHHY 1SISSY JLMM  le—3IM  |IOVLITIOA INIT GHOM b— 001 8614



U.S. Patent Jun. 6, 2017 Sheet 28 of 42 US 9,672,900 B2

FIG.38A

BL /BL
WLO
. . { . .
RO IS B ﬂiiw""hn,tjii
H{ DTfa"’% Trb D"‘Vc ; 1 i
i sk
AT | AT i%fi\}iiu ATy AT
PARALLEL | PARAL U:L PARALLEL
MG
Wit

I o

-'—E‘;

1

1

1

. !

e
L,

{

i

T

R

,...F
L

i

t
-

p)

-

!
; i : L
i ! H ’
[TV S | 4
i -t P
i 7 7

e SE N SR 1
; %E‘F “ﬂf i | MG

- D

F— WDV

‘ Win

; ! . .

; r"""‘m ““"“"”::5“"”""';ﬁ.::f"""? }' §

g E i lb—é g__;;;r ‘%L; i - MC‘ iy

1; ) i .......... ._“J“,ﬁu»““.,~lnfih?~}
3 0
. LSM SM<O> 8M<’§>J

SMG

FI1G.39B m;L

—— !
SM [T = SAME LAYOUT AS ATy
™ . ™
{&;ﬁféﬁd D>> {L;)T L;;L\ L;L"} DTrDTra.DTrb.DTre)
UATr UATY UATr

k IN NUMBER



US 9,672,900 B2

Sheet 29 of 42

Jun. 6, 2017

U.S. Patent

L W
: - [+ ]EmM EN W
ais ] e
. 144 774 mw: L m
\ -
£ID b LD =L
F1 4 Jd
0d0 9om 00 eOW
)
M ZON LON_—t—$—F—11_ZON LON | SALVN
| U y i 1] pawt _Th 1 czf NO~U3NHNL 40
JE || Lo EONI| | MIGWAN S13S DWS
Al LI L LT x.
LT N@M ‘MS EM,. ETHeDd %& .“ v ACHM
m . =¥ G P W INENERE ]
0 0 HA — J i W HA wzﬂ Ad—1  NMOG-TINd NEYNIe
o SRSV I».lw ffffff 'Mi.l ‘»K.Aﬂ ............... e LTI .«1 P P MZMKM >Q%{vy
o IETERE QHOM )
R Qd—~ NMOT-TINd ARG
; ] e ANIT
wﬁkﬂ M 3%{& . ,NM.RL.WMA\D »&NLP{J“ anmmls..s . GHOM
e S S A A R S 7 s WA_.J :
- ’ ‘ i =R IsC
.& LTI A i
L gaama | e g1~ | N Raama At m M ij
N 919/ . \ ad AGM— |
Ly | GOARY Sady - eg/ | eaay— SAHY ~
wxf



US 9,672,900 B2

Sheet 30 of 42

Jun. 6, 2017

U.S. Patent

FIG.41

WRITE CYGLE

READ CYCLE

i

BL

P

FIG.42

3

VOLTAGE

1.0 {ns)

4.5

0.0

FIG.43

Ean ]
o
| —
i
=
©$
e 2N
Rl
L.
Yomandd.
ol e
oD
1 {3
(.T -

COLUMN

DECODE
CIRCUIT

{
i

CA w?’:

H



US 9,672,900 B2

e MM s TTHMd
28t a0€1
H

3

I

- A

Sheet 31 of 42

oAl

Jun. 6, 2017

U.S. Patent

3 :
3
> 1
)
.4,

e
g

\\\\w\\ \\\\w\\\

fh g e SR
S i &)

4.

o
el

v
e el
S
Oy
2 Al
{
Torha
- NOLLOZMIG
NAATO0
ST DEtts
\M.&\«.M\\ n\a\\\\\ ' \ 3t \’r
A NOLLOZHIC “
S,
A Mo

Yy Ol



U.S. Patent Jun. 6, 2017 Sheet 32 of 42 US 9,672,900 B2

" 7 b
s , ¥
y . i <
. # s sy
N
\
~
7 7 A
g L -’ ¥ s .
’ . e
et - 7 e <F
- 7 ’ b
PR aRd . z ‘y -~ oy
i 2 P gre v Y
LA N %4 e
" ¢ PR L A Pk
R T A A 4
23 A S
., ’/{/‘r g%
2 -
- .
- o, - 4
a s 3 I
s 4 - T
’ ’ 4 o

Y

s E(\‘j
e 7 e
d Lot 032
N AR
~ g,_‘/, Contetin.l
¥ A i A ’
N v Pt iy
ISR72 BVt W A e 2 ;
’7/ e ‘L

Ve

e N \f‘ a
L ‘ RGP bR ¢ Py
5 ,//,:/ j” /; p ,;/ :,/,;f,; 25 : z,),(; e
A s A 2 7 g I
RS R A b R S # g
z S R R R V) Li{s ‘ s
P /i/ /,‘ ot "/,/"’/ ,/,,/// I A////J,«
K i S
RY 08 R
RS
YV EL i
CRER- W% 1]
/,o NN o Liom
A NSNS TN ,gf‘:%fs =
2715 NN oo ©2 i v 3
. L 7 2t SN b L
AP o s 3t
E - =
S I el TS WSS TR 0
BRI D WA Sy [t /i".:f
2 [ RS SNy A Ve R
g //,’“//,/ Trdela Ny
’ . X
e M LA A B v e
s 7, olrends ’/’?/:‘/
o A
Eu‘:‘ 2R OV
' el bt N
1.3..>; SRS
) SRS £
7 <r
NSRS \ .
M os o I \ fas]
‘ 4 ' gy 7 # L Ll
P SV L I X P AP A 71 &
VA PR O A S A Y A o 4 A4
el e, ’ A ’ an 4
PR SRR RS AR A R A A R U #3 ” A0
» ¥z - 4 s o
SR O s e f/’,«, e I % ” A
RS AN 2 PR e
I Y =
gy fd. Ny
;;»,.im [ 4 A A A
4 g | {75 T , DS 3 4
N B e oV R O S Tt I VR BN -
A L2 H N Fei1 ~ B 7 B
~ 4 Fo e B s A E ka LA N 34 ;
:’ . "i i - 4 o 4 -
- -
SN
3 A E Vg ‘e 7 &T
e “ R4 e
e [Za ,}x/:/ ”!’( S $
= [ 45 L5 Al ’ o2
’ , N a5 TR S ’ ey
T
o ZAR I NSNS s
BEEN )

DIRECTION 2boos

ROW
r‘i‘"
¥
GOLUMN
DIRECTION

FIG.45



U.S. Patent Jun. 6, 2017 Sheet 33 of 42 US 9,672,900 B2

D ol
Phe e s
sid ™
i e
N
\ Rl
N
N
N
> @
o
o3
-

e

4
LS OPI IS & :
//,’/,.‘.’//, e kP 9 7|
P 0N Mg s , %
LS AR 1 &
A 2ele ” |
Tl T ¢ %
. N
A
P { :\ /
> ¥
s SRty
‘o //:/,»g./
s v
T : ¥
e #
S -
By ’
,;z ” ’
a4 s
;r pe
A
o »\\
e N
L £
o N
7, '/ T Eaed
, NN
o N
W . o jas]
S
/j
N
LA 7
l‘:/
s
£
7"; s
% ] 3 S
- = .
]
3 7 urd £
’ £ e ’ ; o
5 A B I , 9
< Koot . A
o i,f’z/,«'.f/' 4 y - o
" /t// T 4 P
N
.

SM2—
TMT—

. ROW
@, DIRECTION

FIG.46
COLUMN
DIRECTION



30v1 4opl a0yl POyl o0yl qopi
} | SAYY L SAY

US 9,672,900 B2

] ] HY

\

R

)

Sheet 34 of 42

Jun. 6, 2017

S

A

NOLLOEHIT

7,
7

NINTTIOD

EA

U.S. Patent

S AN NN SRR ) NoHoaIa WM,
A A A RN



U.S. Patent Jun. 6, 2017 Sheet 35 of 42 US 9,672,900 B2

FI1G.48
CBL |
L7
Wi o— [NG3|

5 ?

! -

INGQT ]

T RN R ;

o]
/ arvs  { ARWD [ /BL
130h 1322 130e



U.S. Patent

d
|
£
[
e
e
S
==
Ty
&)

CONDITIONS AS

ACCESS

/

Jun. 6, 2017

Sheet 36 of 42

US 9,672,900 B2

,',vt 3 Ny T
N N
"« “
\ N

N\
- NS
~ RN
. AT :.\\\\\\\
AR ARY
SO
SENAY
2RSS
_)\\\‘\‘x
AR
RN
) \xkvﬁ,'\
B AN
,»::,.J' S N
o DERN
s AN
»').
‘
"
g
45
S
e
Ay
s N
AN
Ny
RS
N
‘\\‘:\\\
\\\‘\\\\
.‘:\\“\
COFA N
« NN
ARURIAES
\,“."‘ N
'\\\"-xx"‘\
SES A
WO O
N
N

e
5
s
.
5
>
H

R
~
\\\;Z\:\
N N
\\ N
N N
VN
3w - N
< «w NS e
N RN T o NN
[E] He SN
< Ko hand RN L3
N « (NN
b \.f-c A SIS >
S i 62
o Rl s
. P,
CE e ﬁ
s S
s W
&~ " N g
= N4
s AR
i N
e }“\V
N
o
5
NN

= ROW DIRECTION
“

FIG.49




9 9

.

,
eyt He-
SN
',f,-j*",f/

¢

i,’!{’//
A ¥

v,
e ks 2
R 7. . V

o ¢ y »

Pt -
[ Rd ‘ -
Er A "}"
77 s 2
N T 7
v N 2
SHCRI N 4 L .
A g s ’
e '//,»‘ " L /
Ay " s (R4
ORI I ey 100 7
ey U /’/,’ ; ;
T ! & e Z
3 “;/‘
i,"
4
/ ’/r,
Dt

o

"

7 _8
A /!'/ }
A " e ” :
.//{j,- AP W A
v v o
/. RN o L P S Ok 7, Pt : o
L Pt s ARy sl i
Pl O A 1’/1’/"".1/1/ z
A A0 R O i %
./‘:/ [ SR /j"/’//-’// g //
: S v ;
# -
! - ot
e PIASEN "
y Jeiin 7
2 ’,",ff iy
s
f,f.r,"‘x/
Mty 5:2 /
7ot -
ISR 4 /
e {4
e
At
25
’( f,"

vy
B I TRy - 37
::;’ /"//’;/z 7
AN
/ 20,7 : :
/f ’ f,’,w"f
’/"l et % :
o 20 ’
" AN )

=

o

RN
~
|
160

"
Y s
> 7

s i A

’ P LR e W R

‘////"" Ean P s

. ’ 2 e ’

# LAt 5 f‘/!

R N e . 7%

/ 7 e
; ‘) 7t
et 7 A
a4 !

i
£

AN
S

ACTIVE REGION 1582

el
7
E.{')-M/
<
s /> b T :f
i :
o t/’/’:/’ R B N
2,000 A ;
“ ; s
2 ; /,’,'f'// el
7 & 4 ‘3W
&6 / v P
. . { /,/‘.v’f;’ / {;j
BRI o
Yo Gl L =
s
’
z

NECEENN
H
NN

L
.
.
kT
Pl
0
P
ons - o
/,’///’ L v
. ,//,’/ /
Ll e A
,:z,’/;/ =
s
sl b
: \ br}
g / )
i ]
/ P
A S 12 e
- ~',’/,’, [
4 4 1 :
2 S I A e il
‘ L P LS (2]
’ R s 4 e :
I %4 iy ’
Y
te »—-s.
/// Z:
et
’
x(//’//
et
PR
s
e
o
4
"/,"'//
!"/,3’
PR
1oy
14,0704

TION

e
LLd

~

COLUMN

D1t



US 9,672,900 B2

Sheet 38 of 42

Jun. 6, 2017

U.S. Patent

. DS  <oms
i e i s e (e d

é { / \ /..z//////;/// M,,M../, N J.N,Virw/.,.u;..«”,
7 . PN R
g 3 = "
- N

7

; R \\\ - f/ o . e ‘e
. ~ Y L7 g R/
g . - K iy ~ .z e . .,.f z.i.x i )
L o - “ o - “ ., \\\
3 A N Gw b - s

Y |

oo L S
Ik e

N

TF

s

",
=

N
s,

V

NN N Y| sTEo
v | AHOWINW
e W7 | 40 LvHL
, Sz | Y JNYS

A

5 7
L

7 0 7 0 \ 77 ™ nowomdia

NIWATOD

M OaO,sO OOy g
NOLLOZEIO MOY =
LGOI



US 9,672,900 B2

Sheet 39 of 42

Jun. 6, 2017

U.S. Patent

SEA WS SSA <I>WS SSA <O>WS
oLl y i ¥ oLl ¥

AN AN L I N A T T
RN T T e e R
A ,//M .. R N N

R

%)

PR g

NOLLOZHIG
3 N0

L2222 oioaa |

MOY
¢GOMd

ol s £ /. /
NN




US 9,672,900 B2

Sheet 40 of 42

Jun. 6, 2017

U.S. Patent

G4LV ONVY BLLY SY LNOAVT 3A0HL3T 13
ALVO 3WVS FHL 3AVYH 80 ~ 00Y

\\\\\ ]
g 14 T 308} |oq0Ly 5091 BOL1
& M ¥ w | e i
%] / N Cied »
] ¥ H 1@
t i
. .
TIm ﬂm@m mem“mf jf Z0u
- A ‘ .
oy %mTt f 1Oy
S——— * ! ,
{ { i
FOW T ﬂm@m m@mfj ﬁ 0oy
_ B |
Pt
NS SSA SIS SSA

€GOl



U.S. Patent

Jun. 6, 2017 Sheet 41 of 42 US 9,672,900 B2
FIG.54
nato Y
E th#\ R
: |~ P32
: XM—i_/ H
o , | JLEVEL | aen
NGO P sHIFTER| "5
; \, —d| —Pa30
XH ----- l! */\\ /WE.&
i XM""‘ rm—— lt y A
¢ XL i b
; o Ej»i»» NQ30 | LMC
| A |
| VGo ; JLEVEL | .
T s stuFTER| ™ ST l ‘
{ — WG
VDKO DPLD J
‘ |
X1~ WORD LINE | WLk
XM~ DEGODER/ J! : :
XL —— DRIVER Voo TG
WKk~
VDD
-
i XHT T ¥ .
: [ DPG .
' x—{ S L ! .
LEVEL | ap
shFrer| ST
XH = WORD LINE ~ WLO
XM~ DECODER/ N
KL - DRIVER \ MO
WDKO - ; §
g LE s SN
DPLi -~ L= J“”’ WGl
I ]
XH = WORD LINE f WLk
XM ~—| DECODER/ N S et
X[~ DRIVER \/ MG |

WDKK~



U.S. Patent Jun. 6, 2017 Sheet 42 of 42 US 9,672,900 B2

FIG.55A FIG.55B
Ve Dils i DPLs
Wé%}ﬂ e
i RQ10 ﬁﬂ}v RQ11
{UATr) (UATH
77 777

FI1G.56
VD
i Rp . PO32

—- DPLI

:; Rn; LSFN

ND10 ——e 747
"L’Lda{g-umso

s WL




US 9,672,900 B2

1
SEMICONDUCTOR MEMORY DEVICE FOR
STABLY READING AND WRITING DATA

RELATED APPLICATION

This application is a continuation of U.S. application Ser.
No. 14/263,307, filed Apr. 28, 2014, which is a is a divi-
sional of U.S. application Ser. No. 13/325,945, filed Dec. 14,
2011, which is a divisional of U.S. application Ser. No.
12/457,936, filed Jun. 25, 2009, which is a divisional of U.S.
application Ser. No. 11/492,031, filed Jul. 25, 2006, and
which claims priority to Japanese Application No. 2006-
143014, filed May 23, 2006, and Japanese Application
2005-224258, filed Aug. 2, 2005, the contents of which are
herein incorporated in their entirety by reference.

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to a semiconductor memory
device, and particularly to a construction of a static semi-
conductor memory device that can stably write and read data
even under an operation condition of a low voltage.

Description of the Background Art

When transistor elements are miniaturized according to
progress of miniaturization technology, voltage scaling
according to the miniaturization is required from the view-
point of reliability and power consumption of the elements.
However, the miniaturization increases an influence on
fluctuations in manufacturing parameters, so that a threshold
voltage of transistors (insulated gate field effect transistor)
forming memory cells is greatly varied, and an operation
margin thereof lowers. Consequently, the semiconductor
memory device cannot stably and reliably write and read
data with a low power supply voltage.

Various constructions have been proposed for the purpose
of stably writing and reading data even with a low power
supply voltage.

A literature 1 (K. Zhang et al., “A 3-GHz 70 Mb SRAM
in 65 nm CMOS Technology with Integrated Column-Based
Dynamic Power Supply,” ISSCC 2005, Digest of Technical
Papers, February 2005, pp. 474-475) discloses a construc-
tion in which a level of a memory cell power supply voltage
is changed according to reading and writing of data for
improving a static noise margin SNM and a write margin.

In Literature 1, a memory cell power supply voltage is
controlled on a column-by-column basis, or in units of
columns of memory cells. In a data write operation, the
memory cell power supply voltage in a selected column is
set to a low voltage of (VCC—LO), and the cell power
supply voltages for the unselected columns are set to a
slightly high voltage of (VCC—HI) similar to that in a read
operation so that a static noise margin in the read operation
is improved, and a write margin is ensured.

Aliterature 2 (M. Yamaoka et al., “Low-Power Embedded
SRAM Modules with Expanded Margins for Writing,”
ISSCC 2005, Digest of Technical Papers, February 2005, pp.
480-481) discloses a construction in which a memory cell
power supply line in a selected column is set to a floating
state in a data write operation, and the memory cell power
supply lines in the other, unselected columns are kept at a
predetermined voltage level similarly to that in a read
operation. In Literature 2, a dummy bit line is employed for
producing a word line deactivation timing signal WOFF
according to a dummy bit line potential, and a word line
driver is deactivated to drive a selected word line to an
unselected state according to the dummy line potential.
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In the construction disclosed in Literature 2, a discharging
transistor setting a ground voltage level is provided for each
word line separately from the word line driver. This dis-
charging transistor is kept off in a standby state. When the
selected word line is to be driven to an inactive state, the
discharging transistor drives rapidly the word line to the
unselected state with its large current driving power. After
the word line is driven to the unselected state, the power
supply to this word line driver is cut off so that a gate
potential of the discharging transistor attains the L level
according to the driver power supply voltage, and the
discharging transistor is turned non-conductive.

A prior art reference 1 (Japanese Patent Laying-Open No.
2005-038557) discloses a construction in which a word line
driver is formed using a level conversion circuit, and a
selected word line is driven with an amplitude different from
that of the memory cell power supply voltage. Prior Art
Reference 1 also intends to improve write and read margins
even when a threshold voltage of the memory cell transistor
is varied, by converting the potential of the selected word
line.

In the construction disclosed in Literature 1, the level of
the memory cell power supply voltage is switched and
controlled in units of memory cell columns, or on a column-
by-column basis. Therefore, two kinds of voltages are
required for the memory cell power supply voltage, which
results in a problem that a power supply circuit becomes
complicated for implementing the two-power-supply con-
struction.

Although the memory cell power supply voltage can be
switched, the switching voltage levels are fixed potentials
produced by an internal power supply circuit. Therefore,
even when variations occur in threshold voltage of the
memory cell transistor due to fluctuations in process param-
eters, the switching voltage level does not change in close
linkage with such variations, so that it is difficult to com-
pensate for the changes in threshold voltage, and it is
difficult to ensure reliably the write and read margins when
changes occur in electric characteristics of the memory cell
transistors such as threshold voltages.

In the construction disclosed in Literature 2, the memory
cell power supply line in the selected column is set to the
floating state in the data writing, and thereby the power
supply voltage of the memory cells in the writing column, or
write target column is lowered for insuring the write margin.
In Literature 2, improvement of the write margin and
reduction of the power consumption is discussed, but no
consideration is given to the improvement of the read margin
in the case where threshold voltages of the memory cell
transistors are varied.

In the construction disclosed in Prior Art Reference 1, the
memory cell transistor is formed using a Thin Film Tran-
sistor (TFT), and the level conversion circuit changes the
potential amplitude of a selected word line for improving the
write and read margins even when variations occur in
threshold voltage of the memory cell transistors. Specifi-
cally, in Prior Art Reference 1, when the data writing is to
be performed, the selected word line is driven to a potential
level higher than the memory cell power supply potential,
and a current driving power of the access transistors of the
memory cell is increased so that fast writing is performed,
and the write margin is ensured. In data reading, the selected
word line is driven to a voltage level lower than a high-side
power supply voltage of the memory cell. Thereby, the gate
potential of the access transistors of the memory cell is
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lowered to lower their current driving power so that the
static noise margin is ensured to prevent data destruction in
the data read operation.

In the construction disclosed in the Prior Art Reference 1,
however, the operation power supply voltage of the level
conversion circuit is supplied separately and independently
from the memory cell power supply voltage, and the shifted
voltage level by the level conversion circuit is fixed and is
not affected by the threshold voltage of the memory cell. In
the Prior Art Reference 1, the power supply for the level shift
must be arranged independently of and separately from the
circuitry of the memory cell power supply, which compli-
cates the construction of the power supply related circuitry.
The potential of the selected word line is fixed, and therefore
cannot flexibly follow the variations in threshold voltage of
the memory cell transistors.

In the data write operation, the selected word line is
driven to the level higher than that of the memory cell power
supply, and no consideration is given to the stability of data
of unselected memory cells that are connected to the
selected row in the data writing.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a semi-
conductor memory device which allows stable reading and
writing of data even with a low power supply voltage with
a simple circuit construction.

Another object of the present invention is to provide a
semiconductor memory device that adjusts a selected word
line potential while flexibly following a threshold voltage of
a memory cell transistor, and thereby can ensure write and
read margins even with a low power supply voltage.

A semiconductor memory device according to a first
aspect of the present invention includes a plurality of static
memory cells arranged in rows and columns; a plurality of
word lines, arranged corresponding to the respective
memory cell rows, each connected to the memory cells in a
corresponding row; and a plurality of word line drivers,
arranged corresponding to the word lines, each for driving a
corresponding word line to the selected state according to a
word line select signal. Each word line driver includes a
level shift element for shifting a voltage level of a driver
power supply node to a voltage level lower than a voltage
level of the driver power supply node. Each of the word line
drivers drives the corresponding word line to the shifted
voltage level of the voltage level of the driver power supply
node by the level shift element when the corresponding
word line is selected.

A semiconductor memory device according to a second
aspect of the present invention includes a plurality of static
memory cells arranged in rows and columns; a plurality of
word lines, arranged corresponding to the respective
memory cell rows, each connected to the memory cells in a
corresponding row; a plurality of word line drivers arranged
corresponding to the word lines, each for driving a corre-
sponding word line to a selected state according to a word
line select signal; and a plurality of pull-down elements
arranged corresponding to the respective word lines, each
for lowering a voltage level of a corresponding word line
when the corresponding word line is selected.

A semiconductor memory device according to a third
aspect of the invention includes a plurality of static memory
cells, arranged in rows and columns, each including an
access transistor and a drive transistor storing data; a plu-
rality of word lines, arranged corresponding to the respective
memory cell rows, each connected to the access transistors
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of the memory cells in a corresponding row; a plurality of
word line drivers arranged corresponding to the word lines,
each for driving a corresponding word line to a selected state
according to a word line select signal; a plurality of active
regions separated from each other, each continuously
extending in a memory cell column direction so as to cross
each of the word lines, and each electrically coupled to each
of the word lines at a crossing point; and a plurality of
replica gate electrodes arranged for each of the active
regions with a same pitch and a same layout as gate
electrodes of the access transistors in the memory cell
column direction. These replica gate electrodes are aligned
in the row and column directions, and each word line is
coupled to the corresponding active region at a first side in
the column direction of each of the replica gate electrodes.

The semiconductor memory device according to the third
aspect of the invention further includes a plurality of control
signal lines continuously extending in the column direction
s0 as to cross each of the replica gate electrodes, electrically
coupled to the replica gates in the corresponding columns,
and each transmitting a control signal to the replica gate
electrodes in the corresponding column; and a plurality of
cell ground lines electrically coupled to the respective
replica gate electrodes in each of the active regions at second
sides opposite to the first sides in the column direction, and
each for transmitting a ground voltage.

A semiconductor memory device according to a fourth
aspect of the invention includes a plurality of static memory
cells arranged in rows and columns; a plurality of word
lines, arranged corresponding to the respective memory cell
rows, each connected to the memory cells in a corresponding
row; a plurality of word line drivers arranged corresponding
to the word lines, each for driving a corresponding word line
to a selected state according to a word line select signal; a
plurality of cell power supply lines, arranged corresponding
to the respective memory cell columns, each coupled to the
cell power supply nodes of the memory cells in a corre-
sponding column; a plurality of down power supply lines
arranged corresponding to the respective memory cell col-
umns, maintained at the ground voltage level in a data read
operation and turning into a floating state in a data write
operation; and a plurality of write assist elements arranged
corresponding to the cell power supply lines, respectively,
and according to a write column instruction signal, for
stopping supply of the cell power supply voltage to the cell
power supply line on the selected column, and for coupling
the cell power supply line arranged corresponding to the
selected column to the down power supply line in at least the
corresponding column.

A semiconductor memory device according to a fifth
aspect of the invention includes a plurality of static memory
cells arranged in rows and columns; a plurality of word
lines, arranged corresponding to the respective memory cell
rows, each connected to the memory cells in the correspond-
ing row; a plurality of word line drivers arranged corre-
sponding to the word lines, each for driving a corresponding
word line to the selected state when a corresponding word
line is addressed; a plurality of driver precharge circuits,
arranged corresponding to groups each including a prede-
termined number of word lines among the plurality of word
lines, each for supplying a voltage at a first voltage level to
word line drivers in the corresponding word line group when
a word line in a corresponding word line group is selected;
and a plurality of level shift circuits arranged corresponding
to the respective driver precharge circuits, each for shifting



US 9,672,900 B2

5

the voltage at the first voltage level provided from the
corresponding driver precharge circuit to a lower voltage
level.

In the semiconductor memory device according to the first
aspect, the level shift element included in the word line
driver is used to shift the level of the driver power supply
voltage for transmitting the level-shifted voltage to the
selected word line. Therefore, the potential of the selected
word line can be low in the read operation, and the conduc-
tance of the access transistor of the memory cell is small so
that the static noise margin in the read operation is improved,
and the device can stably read data.

Since only the level shift element is used, and a power
supply dedicated for level shifting is not required, so that the
power supply construction can be simple. A level conversion
circuit is not employed for converting the voltage on the
selected word line, which suppresses increase in layout area
of the word line drivers.

In the semiconductor memory device according to the
second aspect, each word line is connected to the pull-down
element, and the potential of the selected word line can be
lowered below the power supply voltage of the word line
driver. Therefore, the static noise margin of the memory cell
can be improved similarly to the semiconductor memory
device according to the first aspect.

Since only the pull-down elements are used, a dedicated
power supply for changing the voltage on the select word
line is not required, which simplifies the power supply
construction.

Each word line is simply connected to the pull-down
element, and a level changing circuit for changing the
voltage level of the selected word line is not required, which
suppresses increase in layout area of the word line drivers.

In the semiconductor memory device according to the
third aspect, the pull-down elements connected to the
respective word lines are arranged with the same gate
electrode pitch as the access transistors of the memory cells.
The replica gate electrodes of the pull-down transistors are
aligned in the row and column directions. As compared with
a construction using dummy cells, the pull-down transistor
elements can be arranged more efficiently. Further, by turn-
ing on a required number of pull-down transistors, the
selected word line potential can be set to an optimum level
so that the static noise margin in the read operation can be
improved, and data can be stably read out.

In the semiconductor memory device according to the
fourth aspect, the write assist element is used for electrically
coupling the cell power supply line in the selected column
to the down power supply line and thereby lowering the
level cell power supply line. Therefore, the driving power of
the load transistors in the memory cell decreases, but the
driving power of the access transistor does not change, and
is the same as that in the read operation so that the write
margin can be increased without impairing the read margin,
and the fast writing can be achieved. The cell power supply
line and the down power supply line are electrically con-
nected, and through the movement of electric charges, a
voltage level of the cell power supply line is rapidly
changed. Further, the voltage level of the cell power supply
line is set to an intermediate voltage level through capaci-
tance division, and the write margin can be optimized.

In the semiconductor memory device according to a fifth
aspect of the invention, the level shift circuit for pull-down
is connected to the driver power supply line transmitting a
voltage to the word line driver, and therefore the potential of
the selected word line can be lowered via the word line
driver. Accordingly, the static noise margin of the memory
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cells can be improved in the read operation, similarly to the
semiconductor memory device according to the first aspect.

Further, the power supply voltage of the word line driver
is simply configured to be pulled down, and a power supply
for changing the voltage on the selected word line is not
required so that the power supply construction can be
simple. The level shift circuit is arranged for being shared
among the plurality of word line drivers so that it is possible
to reduce the number of level shifting elements and to
suppress the increase in array area.

The foregoing and other objects, features, aspects and
advantages of the present invention will become more
apparent from the following detailed description of the
present invention when taken in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically shows a whole construction of a
semiconductor memory device according to a first embodi-
ment of the invention.

FIG. 2 shows an electrically equivalent circuit of a
memory cell shown in FIG. 1.

FIG. 3 schematically shows a construction of a word line
driver shown in FIG. 1.

FIGS. 4A and 4B illustrate an operation of the word line
driver shown in FIG. 3 and a static noise margin of the
memory cell.

FIGS. 5A and 5B illustrate changes that occur in voltage
of the selected word line and static noise margin of the
memory cell when an absolute value of a threshold voltage
of a memory cell transistor is made small.

FIG. 6 shows a modification of a word line driver accord-
ing to the first embodiment of the invention.

FIG. 7 schematically shows a whole construction of a
semiconductor memory device according to a second
embodiment of the invention.

FIG. 8 shows, by way of example, constructions of a word
line driver and a pull-down element shown in FIG. 7.

FIG. 9 shows an electrically equivalent circuit at the time
of word line selection in the second embodiment of the
invention.

FIGS. 10A and 10B schematically illustrate changes that
occur in voltage level of the selected word line and static
noise margin when the absolute value of threshold voltage of
the memory cell transistor is large in the second embodiment
of the invention.

FIGS. 11 A and 11B schematically show the selected word
line voltage and improvement of the static noise margin that
are achieved when the absolute value of threshold voltage of
the memory cell transistor is large in the second embodiment
of the invention.

FIG. 12 is a signal waveform diagram representing volt-
age changes on main nodes of the semiconductor memory
device of the second embodiment of the invention.

FIG. 13 shows a construction of a level shift element of
a modification of the second embodiment of the invention.

FIG. 14 shows an effect of a position of the pull-down
element in the second embodiment of the invention.

FIG. 15 schematically shows a modification of the pull-
down element in the second embodiment of the invention.

FIG. 16 schematically shows a planar layout of the
pull-down element and the memory cell in the second
embodiment of the invention.

FIG. 17 schematically shows a construction of a word line
driver and a pull-down element according to a third embodi-
ment of the invention.
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FIG. 18 is a signal waveform diagram representing opera-
tions of the word line driver and pull-down elements shown
in FIG. 17.

FIG. 19 schematically shows a construction of a memory
cell array according to a fourth embodiment of the invention.

FIG. 20 shows, by way of example, constructions of a
word line driver and a pull-down element shown in FIG. 19.

FIG. 21 is a signal waveform diagram representing opera-
tions of a sub-word line driver and the pull-down element
shown in FIG. 20.

FIG. 22 shows a modification of a pull-down element of
a fifth embodiment of the invention.

FIG. 23 illustrates changes in voltage level of a selected
word line depending on changes in threshold voltage of the
pull-down element shown in FIG. 22.

FIG. 24 shows a construction of a pull-down element of
a modification of the fifth embodiment of the invention.

FIG. 25 schematically shows a planar layout of the
pull-down element shown in FIG. 24.

FIG. 26 schematically shows a planar layout of a pull-
down element of a second modification of the fifth embodi-
ment of the invention.

FIG. 27 shows an electrically equivalent circuit of the
pull-down element shown in FIG. 26.

FIG. 28 schematically shows constructions of an array
and a word line selecting portion of a semiconductor
memory device according to a sixth embodiment of the
invention.

FIG. 29 shows, by way of example, a construction of a
level shifter shown in FIG. 28.

FIG. 30 is a signal waveform diagram representing an
operation for word line selection of the construction shown
in FIG. 28.

FIG. 31 schematically shows a construction of an array of
a modification of the sixth embodiment of the invention.

FIG. 32 schematically shows constructions of an array
and a word line drive portion of a second modification of the
sixth embodiment of the invention.

FIG. 33 shows a construction of a word line voltage
adjusting circuit shown in FIG. 32.

FIG. 34 schematically shows a construction of a word line
driver shown in FIG. 32.

FIG. 35 shows a planar layout of a word line voltage
adjusting circuit shown in FIG. 33.

FIG. 36 shows an interconnection line layout in a layer
above the planar layout shown in FIG. 35.

FIG. 37 shows an interconnection line layout in a layer
above the interconnection line layout shown in FIG. 36.

FIG. 38 schematically shows a whole construction of a
semiconductor memory device according to a seventh
embodiment of the invention.

FIGS. 39A and 39B show a specific construction of a
pull-down element of the semiconductor memory device
shown in FIG. 38.

FIG. 40 shows a construction of a main portion of a
semiconductor memory device shown in FIG. 38.

FIG. 41 is a signal waveform diagram representing an
operation of the semiconductor memory device shown in
FIG. 38.

FIG. 42 represents, on an enlarged scale, signal wave-
forms in a region I shown in FIG. 41.

FIG. 43 shows an example of a construction of a portion
generating a control signal shown in FIG. 40.

FIG. 44 shows a planar layout of active regions of
memory cells and first metal interconnection lines according
to a seventh embodiment of the invention.
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FIG. 45 shows a layout of second metal interconnection
lines in a layer above the interconnection line layout shown
in FIG. 40.

FIG. 46 shows a layout of third metal interconnection
lines in a layer above the planar layout shown in FIG. 45.

FIG. 47 shows a layout of fourth metal interconnection
lines in a layer above the interconnection line layout shown
in FIG. 46.

FIG. 48 shows an electrically equivalent circuit of a
memory cell in the interconnection line layouts shown
FIGS. 44-47.

FIG. 49 shows a planar layout of active regions of
pull-down elements and first metal interconnection lines
according to a seventh embodiment of the invention.

FIG. 50 shows a planar layout of second metal intercon-
nection lines in a layer above the interconnection line layout
shown in FIG. 49.

FIG. 51 shows a planar layout of third metal intercon-
nection lines in a layer above the planar layout shown in
FIG. 50.

FIG. 52 shows a planar layout of fourth metal intercon-
nection lines in a layer above the planar layout shown in
FIG. 51.

FIG. 53 shows an electrically equivalent circuit of the
pull-down element in the interconnection line layout shown
in FIGS. 49-52.

FIG. 54 shows a construction of a main portion of a
semiconductor memory device according to an eighth
embodiment of the invention.

FIGS. 55A and 55B show specific constructions of a level
shifter shown in FIG. 54.

FIG. 56 shows an electrically equivalent circuit of a word
line driver power supply portion in a data read operation of
the semiconductor memory device shown in FIG. 54.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

First Embodiment

FIG. 1 schematically shows a whole construction of a
semiconductor memory device according to a first embodi-
ment of the invention. In FIG. 1, a semiconductor memory
device includes a memory cell array 1 having memory cells
MC arranged in rows and columns. In memory cell array 1,
memory cells MC are arranged in (n+1) rows and (m+1)
columns.

Word lines WL0-WLn are arranged corresponding to the
rows of memory cells MC, respectively, and memory cells
MC in each row are connected to the word line in the
corresponding row. Bit line pairs BLO and /BL.O-BL.m and
/BLm are arranged corresponding to the columns of memory
cells MC, respectively. As will be described later in detail,
memory cell MC is a static memory cell, and complemen-
tary data are transmitted to complementary bit line pair BLi
and /BLi (i=0-m).

Bit line load (BL load) BQ is provided corresponding to
each of bit line pairs BLO and /BL0-BLm and /BLm. In a
data reading operation, bit line load BQ pulls up a potential
of the corresponding bit line, and supplies a column current
for reading memory cell data.

For driving an addressed word line in memory cell array
1 to the selected state, there are provided a row decoder 2 for
producing a row select signal according to a row address
signal RA, and a word line drive circuit 3 for driving the
selected word line to the selected state according to the row
select signal received from row decoder 2. Row decoder 2
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receives a power supply voltage VDD as an operation power
supply voltage, and decodes internal row address signal RA
to produce a row select signal.

Word line drive circuit 3 includes word line drivers
WDRO0-WDRn arranged corresponding to word lines WL0-
WLn, for driving the corresponding word lines to the
selected state according to the row select signal received
from row decoder 2, respectively. Each of word line drivers
WDRO0-WDRn receives power supply voltage VDD as the
operation power supply voltage, and performs level shifting
(stepping down) of power supply voltage VDD to transmit
the level-shifted voltage onto the corresponding word line
when the corresponding word line is selected. Operations
and effects of level shifting down of the word line select
voltage will be described later in detail.

The semiconductor memory device further includes a
column select circuit 4 that selects the bit line pair corre-
sponding to a selected column according to an internal
column address signal CA, a write circuit 5 that transmits the
write data to the bit line pair corresponding to the column
selected by column select circuit 4 in data writing, a read
circuit 6 that produces read data by sensing and amplifying
the data supplied from the bit line pair corresponding to the
column selected by column select circuit 4 in data reading,
and a main control circuit 7 that produces internal row
address signal RA, internal column address signal CA and
control signals required for various operations according to
an address signal AD, a write instruction signal WE and a
chip enable signal CE that are externally applied. Main
control circuit 7 produces a word line activation timing
signal and a column select timing signal to define operation
timing and an operation sequence of row decoder 2 and
column select circuit 4.

Write circuit 5 includes an input buffer and a write drive
circuit, and produces internal write data according to exter-
nally applied write data DI in data writing. Read circuit 6
includes a sense amplifier circuit and an output buffer. In
data reading, the output buffer further performs buffering on
internal data sensed and amplified by the sense amplifier
circuit, to produces external read data DO.

Write circuit 5 and read circuit 6 may write and read data
of a multi-bit width, or memory cell array 1 may be
configured to correspond to one bit of input/output data, and
each of write and read circuits 5 and 6 performs input or
output of one bit of data. For writing and reading the
multiple bits of data, memory cell array 1, write circuit 5 and
read circuit 6 shown in FIG. 1 are arranged corresponding to
each data bit.

An array power supply circuit 8 supplies an array power
supply voltage to a high-side power supply node of memory
cell MC via a cell power supply line PVL. Cell power supply
lines PVL shown in FIG. 1 are divided corresponding to the
memory cell columns, respectively. However, such a con-
struction may be employed that array power supply circuit
8 supplies the array power supply voltage commonly to
these cell power supply lines PVL, and cell power supply
lines PVL are arranged in a mesh-like form to be mutually
connected in the row and column directions.

In this and subsequent embodiments, the array power
supply voltage of array power supply circuit 8 is set to the
same voltage level as power supply voltage VDD supplied
to word line driver WDR. However, the present invention
can be applied to the case where the array power supply
voltage and the power supply voltage supplied to the word
line drive circuit are at different voltage levels, respectively.
Array power supply circuit 8 may be provided individually
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and separately from a circuit supplying the power supply
voltage to peripheral circuits such as word line drive circuit
3.

FIG. 2 shows an example of a construction of memory
cell MC shown in FIG. 1. In FIG. 2, memory cell MC has
a construction of a full-CMOS single-port SRAM cell.
Memory cell MC has a P-channel MOS transistor (insulated
gate field effect transistor) PQ1 that is connected between a
high-side power supply node VH and a storage node ND1,
and has a gate connected to a storage node ND2; an
N-channel MOS transistor NQ1 that is connected between
storage node ND1 and a low-side power supply node VL,
and has a gate connected to storage node ND2; a P-channel
MOS transistor PQ2 that is connected between high-side
power supply node VH and storage node ND2, and has a
gate connected to storage node ND1; an N-channel MOS
transistor NQ2 that is connected between storage node ND2
and low-side power supply node VL, and has a gate con-
nected to storage node ND1; and N-channel MOS transistors
NQ3 and NQ4 that couple storage nodes ND1 and ND2 to
bit lines BL and /BL according to the voltage on word line
WL, respectively.

Word line WL is any of word lines WL0O-WLn shown in
FIG. 1, and bit line pair BL. and /BL is any of bit line pairs
BL0 and /BL0-BLn and /BLn shown in FIG. 1.

In the construction of memory cell MC shown in FIG. 2,
MOS transistors PQ1 and NQ1 form a CMOS inverter, and
MOS ftransistors PQ2 and NQ2 form a CMOS inverter.
These inverters have inputs and outputs cross-coupled, to
form an inverter latch (flip-flop). Storage nodes ND1 and
ND2 hold complementary data. Margins in the operations of
reading and writing data depend on a data holding capability
of this inverter latch.

FIG. 3 shows an example of constructions of word line
drivers WDRO-WDRn shown in FIG. 1. Since word line
drivers WDRO-WDRn have the same construction, FIG. 3
shows word line driver WDR as a representative of these
word line drivers.

In FIG. 3, word line driver WDR includes an inverter 10
receiving a word line select signal (decode signal) WS from
row decoder 2, and a word line drive stage 12 driving word
line WL to the selected state according to the output signal
of inverter 10. Inverter 10 receives power supply voltage
VDD as an operation power supply voltage, and inverts
word line select signal WS.

Word line drive stage 12 includes a P-channel MOS
transistor PQ10 connected at a first conduction node (i.e., a
source node) to a node receiving power supply voltage
VDD, a P-channel MOS transistor PQ11 connected between
MOS transistor PQ10 and word line WL and receiving an
output signal of inverter 10 at a gate thereof, and an
N-channel MOS transistor NQ11 connected between word
line WL and the reference potential node (which is at a
ground potential level, and will be referred to as a “ground
node” hereinafter) and receiving the output signal of inverter
10 at a gate thereof.

MOS transistor PQ10 has a gate and a drain connected
together, and operates in a diode mode to lower power
supply voltage VDD by an absolute value Vthp of its
threshold voltage. Owing to lowering of the threshold volt-
age of the MOS transistor of one stage, the following
operations can be performed even when power supply
voltage VDD is as low as 1.2 V, for example. Word line drive
stage 12 operates to lower reliably the voltage on the
selected word line, and excessive lowering of the voltage on
the selective word line is prevented to execute reliably the
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reading and writing of data while maintaining the access
transistors of the memory cell conductive.

The threshold voltage of MOS transistor PQ10 has char-
acteristics similar to those of the P-channel MOS transistors
(PQ1 and PQ2) of the memory cell, and changes closely in
linkage with fluctuations in threshold voltage of the load
transistors (P-channel MOS transistors PQ1 and PQ2) of
memory cell MC. When word line WL is selected, it is
driven to the level of voltage (VDD-Vthp), and the actual
voltage level thereof changes closely in linkage with fluc-
tuations in threshold voltage of the load transistors of the
memory cell.

FIG. 4A illustrates a voltage level of selected word line
WL in the case where the load transistors (P-channel MOS
transistors PQ1 and PQ2) of the memory cell have a thresh-
old voltage large in absolute value, Vthp. FIG. 4A represents
a signal waveform of word line WL in the case where power
supply voltage VDD is 1.2 V.

FIG. 4B represents transmission characteristics of the
memory cell in the case where the load transistors of the
memory cell have the threshold voltage of absolute value
Vthp of a large value Vthpl. These transmission character-
istics are input/output transmission characteristics of two
CMOS inverters forming the memory cell. In FIG. 4B,
curves ND1 and ND2 of solid lines represent transmission
characteristics of storage nodes ND1 and ND2 that are
exhibited when the selected word line WL is at the level of
power supply voltage VDD. Static noise margin SNM is
represented by a diagonal of a square of a solid line located
between curves ND1 and ND2.

When absolute value Vthp1 of the threshold voltage of the
load transistors (PQ1 and PQ2) in the memory cell increases,
the input logical threshold of the inverter in the memory cell
shifts upward, and the current driving power of the load
transistor decreases. With the current driving power of the
access transistors (NQ3 and NQ4) the output node of one
inverter is discharged more strongly, and the held data is
more likely to be destructed. Therefore, the data holding
characteristics deteriorate, and the width between transmis-
sion curves ND1 and ND2 represented by solid lines, i.e.,
static noise margin SNM becomes small.

In this case, the absolute value of the threshold voltage of
P-channel MOS transistor PQ10 arranged for level shifting
in word line driver WDR increases with absolute value
Vthpl of the threshold voltage of the memory cell load
transistor, and the voltage level of selected word line WL
lowers (as indicated by voltage (VDD-Vthpl) in FIG. 4A. In
this case, therefore, the conductance of the access transistors
decreases, to suppress the rising of the L level voltage of the
storage node in the memory cell. Also, as represented by
curves ND2A and ND1A of broken lines in FIG. 4B, the
transmission characteristic curves expand into a lower left
region. Thereby, static noise margin SNM increases as
represented by a diagonal of a square of a broken line, and
the read margin is improved.

In the write characteristics of the data, the stability of the
data holding characteristics of the memory cell is small
when absolute value Vthp of the threshold voltage of the
load transistor in the memory cell takes large value Vthpl,
and the write characteristics are improved. In the write
operation, therefore, even when the voltage level of selected
word line WL is set to a voltage level lower than the voltage
VDD, an influence on the write characteristics is suppressed
because the write margin is large. Thus, fast writing can be
achieved.

FIG. 5A shows changes that occur in potential of the
selected word line when the load transistors in the memory
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cell have the threshold voltage of a small absolute value.
FIG. 5B shows input/output transmission characteristics
exhibited when the load transistor in the memory cell has the
threshold voltage of a small absolute value.

In FIG. 5A, it is assumed that the load transistors in the
memory cell have the threshold voltage of an absolute value
Vthp2 smaller than the absolute value Vthp1 of the threshold
voltage as described above. In this case, in the word line
driver, the threshold voltage Vthp of diode-connected MOS
transistor PQ10 for the level lowering likewise takes a value
corresponding to the voltage Vthp2, and the selected word
line WL attains the voltage level corresponding to voltage of
(VDD-Vthp2).

As shown in FIG. 5B, when the threshold voltage of the
load transistor in the memory cell is small in absolute value,
and the word line WL is driven to the VDD level, static noise
margin SNM is sufficiently large as represented by curves
ND1 and ND2 of solid lines, and the read margin is ensured.
The current supplying capability of the load transistor is
improved, and charging of the storage node at the L. level to
the H level via the access transistor is suppressed. In the
memory cell, the load transistors compensate for discharg-
ing by the drive transistors (NQ1 and NQ2) due to rise of the
potential of the storage node, and the inverter latch of the
memory cell stably holds the data. Therefore, the read
margin is ensured as already described.

In this state, when the voltage level of selected word line
WL lowers to the voltage of (VDD-Vthp2), the conductance
of the access transistors slightly lowers, and the character-
istics curves expands into the lower left region with respect
to curves ND1 and ND2 of solid lines as represented by
curves ND2B and ND1B of broken lines in FIG. 5B. Thus,
static noise margin SNM is slightly improved.

Therefore, by employing the word line driver configured
such that the threshold voltage of diode-connected P-chan-
nel MOS transistor PQ10 changes closely in linkage with the
threshold voltage of the load transistor in the memory cell,
the voltage level of the selected word line shifts to a lower
side when absolute value Vthp of the threshold voltage of
the load transistor in the memory cell shifts to a higher side.
Conversely, when the absolute value of the threshold voltage
of the load transistor in the memory cell shifts to a lower
side, the voltage level of the selected word line shifts to a
higher side. Therefore, when the absolute value of the
threshold voltage of the load transistor in the memory cell
shifts to a higher side to decrease static noise margin SNM,
the voltage level of the selected word line lowers corre-
spondingly, and the lowering width thereof increases so that
the static noise margin SNM is improved. When absolute
value Vthp of the threshold voltage of the load transistor in
the memory cell shifts to a lower side, static noise margin
SNM sufficiently increases, and improvement of the static
margin more than needed is not required. In this case, the
voltage level of the selected word line lowers to a small
extent (voltage Vthp2), and the voltage level of selected
word line WL lowers only to a level slightly lower than
power supply voltage VDD.

When absolute value Vthp of the threshold voltage of the
load transistors in the memory cell is low, the memory cell
has large data holding characteristics, and there is tendency
that data writing is difficult. In this case, however, the
voltage level of the selected word line is set to a higher
voltage level so that the current driving power of the access
transistors is large, and the write margin is improved.

Therefore, the voltage level of the selected word line can
be automatically adjusted according to the fluctuations in
threshold voltage of the load transistor in the memory cell.
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When the read margin is small, the voltage level of the
selected word line is set low to improve static noise margin
SNM. When the read margin is large, the voltage level of the
selected word line is adjusted not to lower excessively, and
the voltage level of the selected word line can be set to
increase the write margin. Thus, it is possible to achieve the
static semiconductor memory device that can operate more
stably by automatically correcting the voltage level of the
selected word line with respect to variations in threshold
voltage of the load transistors in the memory cell.

The load transistors PQ1 and PQ2 of the memory cell and
the level-shifting MOS transistors of the word line driver are
merely required to have the threshold voltage characteristics
varied substantially in linkage, and are not required to have
completely the same threshold voltage characteristics.

FIG. 6 shows an example of a construction of level-
shifting transistor PQ10 in word line drive stage 12 included
in the word line driver. In FIG. 6, level-shifting MOS
transistor PQ10 includes a plurality of diode-connected unit
P-channel MOS transistors PU0-PUk connected in parallel.
Each of unit MOS transistors PU0-PUk has the same or
substantially the same threshold voltage (Vth) characteris-
tics as load transistors PQ1 and PQ2 included in memory
cell MC. Specifically, a size (a ratio W/L of a channel width
W to a channel length L) of each of unit transistors PU0-PUk
is nearly 0.5 to 5 times larger than that of load transistors
PQ1 and PQ2. Preferably, the above size is set to 0.8 to 2
times larger than that of load transistor PQ1 or PQ2. Ideally,
the unit transistor has the same size as load transistors PQ1
and PQ2 (the gate width is the same where these the gate
length is the same). When the size differs by one order of
magnitude, it can be considered that a deviation occurs in
linkage relationship of the electric characteristics between
the load transistor and the level-shifting unit transistor (i.e.,
in linkage relationship of fluctuations in threshold voltage),
and the influence of fluctuations in threshold voltage of the
load transistor cannot be accurately reflected in the voltage
on the selected word line. However, when the size differs by
0.5 to 5 times between the transistors, the correspondence or
linkage relationship can be substantially ensured between
the electric characteristics of the MOS transistors, and the
fluctuations in threshold voltage of the load transistor in
memory cell MC can be accurately reflected in the unit
P-channel MOS transistor. Accordingly, the fluctuations in
threshold voltage of the memory cell load transistor can be
reflected in the threshold voltage of level-shift MOS tran-
sistor PQ10.

The size ratio of the unit transistor to the load transistor
is preferably in a range from 0.8 to 2 for the following
reason. In manufacturing steps, variations by about up to
10% is allowed with variations in manufacturing parameter,
mask alignment and others taken into account. Therefore,
the size ratio (the gate width when the gate length is the
same) may be 0.9 so that the lower limit is set to 0.8,
allowing for a margin of 10%. As compared with the case
where the gate width is large, there is a tendency that large
fluctuations occur in threshold voltage when the gate width
is small. It can be considered that the linkage relationship
with respect to the fluctuations in threshold voltage of the
load transistors becomes small when the ratio of the gate
width (size) of the load transistor exceeds two, although the
linkage relationship is specifically affected by the specific
gate width. Therefore, the size not exceeding two times is
preferable.

Since the drive current quantity of word line drive stage
12 is set depending on the driving speed of the word line, the
number of the unit P-channel MOS transistors forming level
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shift element PQ10 is appropriately determined depending
on the quantity of the required word line drive current.

Unit transistors PU0-PUk are made the same in pattern
layout and impurity implantation conditions as load transis-
tors PQ1 and PQ2. This can further improve the linkage
relationship between the threshold voltage characteristics of
level-shift MOS transistor PQ10 and the threshold voltage
characteristics of load transistors PQ1 and PQ2, and the
voltage level of the selected word line attained by the
level-shifting MOS transistor PQ10 can be accurately
adjusted according to the fluctuations in threshold voltage of
load transistors PQ1 and PQ2 so that the voltage level of the
selected word line can be accurately corrected according to
the fluctuations in threshold voltage of the load transistors.
Thus, the operation margin can be improved over a wide
range with respect to the variations in power supply voltage,
temperature conditions and process.

When the plurality of unit P-channel MOS transistors
PUO0-PUk are used as level-shifting transistor PQ10, there is
a possibility that each element is randomly subject to
variations such as fluctuations of the impurity concentration
or variations in edge form of the layout or others. However,
by connecting a plurality of transistors in parallel to form the
level-shifting transistor, the random variations can be aver-
aged to cancel the random variations. By utilizing the
transistors of substantially the same size as load transistors
PQ1 and PQ2 of the memory cells (preferably, transistors of
the size between the equal size (0.8 time) and about doubled
size (or of the size in a range from 0.5 to 5 times) and
achieving the same electric characteristics), it is possible to
average the characteristic variations of unit P-channel MOS
transistors PUO-PUk even when transistors of small sizes are
used, and the voltage level of selected word line WL can be
accurately corrected according to the variations in threshold
voltage of load transistors PQ1 and PQ2 of memory cell
MC.

According to the first embodiment of the invention, as
described above, the level-shifting element is used to lower
the voltage level of the selected word line, and the read
characteristics and write characteristics can be stably main-
tained against the threshold voltage variations of the load
transistors of the memory cells. In particular, by using the
transistor having the same threshold voltage characteristics
as the load transistors of the memory cell, the voltage level
of the selected word line can be automatically corrected
while accurately reflecting the variations in the load tran-
sistor of the memory cell.

The level-shifting element is simply used to shift the level
of the driver power supply voltage and to transmit the
level-shifted voltage to the selected word line, and the power
supply related circuitry is the same as the conventional
power circuitry so that complication of the construction of
the power supply circuits can be prevented.

In the construction shown in FIG. 3, each word line driver
WDR is provided with diode-connected P-channel MOS
transistor PQ10 for level shifting. However, P-channel MOS
transistor PQ10 for level shifting may shared among word
line drivers WDR0O-WDRn.

Second Embodiment

FIG. 7 schematically shows a whole construction of a
semiconductor memory device according to a second
embodiment of the invention. The semiconductor memory
device shown in FIG. 7 differs in the following constructions
from the semiconductor memory device shown in FIG. 1.
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Word line drive circuit 3 includes word line drivers WDV
provided corresponding to word lines WL0O-WLn, respec-
tively. Word line driver WDV does not have a level shifting
function. Word line drivers WDV receive power supply
voltage VDD as the operation power supply voltage, and
drive a selected word line among word lines WL0O-WLn to
the level of power supply voltage VDD according to the
word line select signal applied from row decoder 2.

Pull-down elements PD are arranged for word lines
WLO0-WLn, respectively. Pull-down element PD forms a
resistance-dividing circuit together with a charging P-chan-
nel MOS transistor (PQ15) included in word line driver
WDV and will be described later with reference to FIG. 8,
and performs the resistance division to set the voltage level
of the selected word line to a voltage level intermediate
between the levels of power supply voltage VDD and the
ground voltage.

Other constructions of the semiconductor memory device
shown in FIG. 7 are the same as those of the semiconductor
memory device shown in FIG. 1. Corresponding portions are
allotted with the same reference numerals, and description
thereof is not repeated.

In this second embodiment of the invention, the voltage
level of the selected word line is at the divided voltage level
through resistance-division of power supply voltage VDD,
and is lower than power supply voltage VDD so that the read
and write margins can be maintained regardless of fluctua-
tions in threshold voltage of the transistor of the memory
cells, similarly to the first embodiment.

FIG. 8 shows an example of constructions of word line
driver WDV and pull-down element PD shown in FIG. 7. In
FIG. 8, word line driver WDV includes inverter 10 receiving
word line select signal WS from row decoder 2, and P- and
N-channel MOS transistors PQ15 and NQI15 forming a
CMOS inverter that inverts the output signal of inverter 10
and drives word line WL.

When word line WL is selected, word line select signal
WS is at the H level, and thereby the output signal of inverter
10 is at the L level so that P-channel MOS transistor PQ15
is turned on to transmit power supply voltage VDD from the
power supply node to word line WL.

Pull-down element PD includes an N-channel MOS tran-
sistor NQ20 operating in a resistance mode. MOS transistor
NQ20 has a gate and a drain connected to word line WL, and
has a source coupled, e.g., to a ground node.

Therefore, when word line WL is selected, the on-resis-
tance of MOS transistor PQ15 and the on-resistance of MOS
transistor NQ20 form a resistance-dividing circuit, and word
line WL is set to the voltage level corresponding to the
division ratio thereof.

Pull-down transistor NQ20 is arranged in the memory cell
array, and has threshold voltage characteristics similar to
those of drive transistors NQ1 and NQ2 in a memory cell.
When the threshold voltages of memory cell drive transis-
tors NQ1 and NQ2 lower, the threshold voltage of pull-down
transistor NQ20 likewise lowers to increase its driving
current quantity, and the on-resistance equivalently lowers.
In this case, the voltage level of the selected word line
lowers correspondingly.

FIG. 9 shows electrically equivalent circuits of word line
driver WDV and pull-down element PD when word line WL
is selected. When word line WL is selected, an on-resistance
Rp provided by MOS transistor PQ15 is connected between
the power supply node and word line WL, and an on-
resistance Rn provided by MOS transistor NQ20 is con-
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nected between word line WL and the ground node. There-
fore, the voltage level of word line WL is represented by
VDD-Ro/(Rp+Pn).

FIG. 10A shows voltage changes of the selected word line
that occur when threshold voltages Vthn of drive transistors
(NQ1 and NQ2) of the memory cell are low. FIG. 10B
represents input/output transmission characteristics exhib-
ited when the threshold voltages of memory cell drive
transistors NQ1 and NQ2 are low. When threshold voltages
Vthn of memory cell drive transistors NQ1 and NQ2 are
low, the threshold voltage of N-channel MOS transistor
NQ20 of pull-down element PD likewise lowers to increase
its current driving power, and the conductance equivalently
increases. Thus, on-resistance Rn lowers. Therefore, a volt-
age VWL of the selected word line is expressed by the
following equation:

VWL=VDD/(1+(Rp/Rn)).

Therefore, when on-resistance Rn of MOS transistor
NQ20 becomes small, the voltage dividing ratio becomes
small, and the voltage level of selected word line voltage
VWL lowers (the voltage drop quantity increases), assuming
that on-resistance Rn of MOS transistor PQ15 is constant
(i.e., assuming that fluctuation in threshold voltage of the
transistor of the word line driver is less closely in linkage
with that of memory cell transistors, and is much smaller
than those of the memory cell transistors).

When the threshold voltages of drive transistors NQ1 and
NQ2 of the memory cell are low, the potential of the storage
node on the H side in the memory cell can be readily
discharged so that a width between the voltage transmission
characteristics of nodes ND1 and ND2 becomes narrow as
represented by curves ND1 and ND2 of solid lines in FIG.
10B, and static noise margin SNM becomes small. In this
case, the voltage level of word line WL is significantly
lowered to decrease the conductance of the access transis-
tors. This increases the resistance between the bit lines and
storage nodes ND1 and ND2 in the memory cell, and rising
of the potentials of storage nodes ND1 and ND2 is sup-
pressed (i.e., pull-up of the storage node by the access
transistor becomes weak at the time of word line selection).

Accordingly, the discharge starts quickly in response to a
small change in voltage level of the storage node as repre-
sented by curves ND2C and ND1C, and the voltage trans-
mission characteristic curves expand to the lower left region
of curves ND1 and ND2 so that the width of the input/output
transmission characteristics becomes wide, and static noise
margin SNM increases. Accordingly, even when the thresh-
old voltage of the drive transistor in the memory cell lowers
greatly, the word line potential lowers greatly correspond-
ingly, and the conductance of the access transistor is made
small, so that the data reading can be stably performed with
a large read margin.

FIG. 11A represents voltage changes of selected word line
WL that occur when threshold voltages Vthn of drive
transistors NQ1 and NQ2 of the memory cell are high. FIG.
11B represents the input/output transmission characteristics
exhibited when the threshold voltages of the drive transistors
of the memory cell are low.

When threshold voltages Vthn of drive transistors NQ1
and NQ2 of the memory cell are large, the current driving
capabilities are small, and the on-resistances thercof are
large. Therefore, the on-resistance of N-channel MOS tran-
sistor NQ20 of pull-down element PD becomes large
according to the foregoing equation, and selected word line
WL attains a high voltage level that is lowered a little from
the power supply voltage.
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As shown in FIG. 11B, when threshold voltages Vthn of
drive transistors NQ1 and NQ2 of the memory cell are high,
the held potential level (i.e., H level) does not change even
when the L level potential of the storage node among the
internal nodes rises up, and accordingly, static noise margin
SNM is kept large. When the voltage level of selected word
line WL is lower than power supply voltage VDD, the
conductance of the access transistor is made smaller corre-
sponding to the voltage drop amount, and the static noise
margin is slightly improved. When threshold voltage Vthn
of the drive transistor in the memory cell shifts to a higher
side, static noise margin SNM becomes sufficiently large,
and excessive improvement is not necessary. In this case, the
voltage on the selected word line lowers to only a small
extent, and the voltage level of the selected word line lowers
only a little from power supply voltage VDD.

In the case where threshold voltage Vthn of the drive
transistor in the memory cell is low, the write margin is
inherently large so that no problem arises even when the
select voltage of the word line is set to a lower voltage level.
When threshold voltage Vthn of the drive transistors in the
memory cell shifts to a higher side, the voltage level of the
selected word line shifts to a high side, and thus shifts to
improve the write margin.

FIG. 12 represents the voltage changes of the bit line and
storage node during data writing and reading in the second
embodiment of the present invention.

In the data reading, when word line WL is to be driven to
the selected state, pull-down element PD sets the selected
word line voltage level below power supply voltage VDD.
According to the driving of word line WL to the selected
state, bit lines BL. and /BL are coupled to storage nodes ND1
and ND2 of the selected memory cell, respectively, and the
voltage levels thereof change according to the storage data
of the selected memory cell. The voltage of storage node
ND1 or ND2 holding the L level data in the memory cell
rises due to a column current flowing through the bit line. In
this case, however, pull-down element PD sets the voltage
level of selected word line WL according to the threshold
voltage of the drive transistors (NQ1 and NQ2), and the
conductance of the access transistor is adjusted to ensure
sufficiently the static noise margin SNM of the memory cell,
so that the data can be read stably, and the data destruction
does not occur.

In the data write operation, pull-down element PD like-
wise lowers the voltage level of word line WL. In this case,
one of bit lines BL. and /BL is driven to the L. level according
to the write data. The voltage level of the selected word line
is set according to threshold voltage Vthn of the drive
transistor in the memory cell so that the write margin is
sufficiently insured, and accurate and fast writing of data can
be performed.

The operation waveforms represented in FIG. 12 can be
applied to the first embodiment. In this case, in place of the
voltage drop of the word line voltage by pull-down element
PD, the level shift transistor (PQ10) of the word line driver
performs the level adjustment of the word line voltage
according to the threshold voltage of the load transistor.

As described above, the pull-down element can adjust the
voltage level of the selected word line according to the
fluctuations in threshold voltage of the drive transistor in the
memory cell. Specifically, when the read margin is small
(when the threshold voltage of the drive transistor in the
memory cell is low), the voltage level of the selected word
line is kept low to improve static noise margin SNM.
Conversely, when the read margin is large (when the thresh-
old voltage of the drive transistor in the memory cell is
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high), excessive lowering of the voltage level of the selected
word line is prevented, and thereby fast writing is achieved.
Thereby, the voltage level of the selected word line is
automatically corrected against the variations in threshold
voltage of the drive transistor in the memory cell, and
correspondingly the write and read margins of the memory
cell are corrected so that further stable operations of writing
and reading data can be performed fast. This word line
voltage adjusting operation can also be performed for the
write margin such that correction is effected on the varia-
tions in threshold voltage of the memory cell drive transistor
(i.e., variations in write margin) due to process fluctuations.

[First Modification]

FIG. 13 shows a modification of the pull-down element
according to the second embodiment of the invention. In the
construction shown in FIG. 13, pull-down element PD is
formed of an N-channel MOS transistor NQ21 receiving
power supply voltage VDD on its gate. MOS transistor
NQ21 has a drain connected to word line WL and a source
coupled to the ground node. Word line WL is driven by word
line driver WDV, of which construction is substantially the
same as that shown in FIG. 8.

In pull-down element PD shown in FIG. 13, MOS tran-
sistor NQ21 receives power supply voltage VDD on its gate,
and is normally kept on to pull down the potential of word
line WL by its channel resistance. Therefore, in the operation
of driving the word line to the selected state, MOS transistor
NQ21 is turned on before the potential of word line WL rises
to or above threshold voltage Vthn of pull-down transistor
NQ21, and the pull-down operation can start to function at
an early time point.

The on-resistance of this MOS transistor NQ21 changes
closely with the threshold voltage of the drive transistor in
the memory cell, and increases (i.e., the current drive power
decreases) as the threshold voltage of the memory cell drive
transistor increases. Therefore, by using the construction
shown in FIG. 13, the voltage level of selected word line WL
can be adjusted according to the fluctuations in threshold
voltage of memory cell drive transistors (NQ1 and NQ2),
similarly to the foregoing construction shown in FIG. 8.

[Second Modification]

FIG. 14 schematically shows a construction of a second
modification of the semiconductor memory device accord-
ing to the second embodiment of the invention. FIG. 14
shows a pull-down element PDa arranged near word line
driver WDV as well as a pull-down element PDb arranged
at an end remote from word line driver WDV. One of
pull-down elements PDa and PDb is used.

When pull-down element PDa is arranged near word line
driver WDV, the voltage level of word line WL is set to the
voltage level of (VDD-Run/(Rp+Rn)) without an influence of
a line resistance Rwl of the word line. Therefore, the
potential of word line WL can be set according to the value
of on-resistance Rn of pull-down element PDa.

When pull-down element PDb having an on-resistance Rn
is used, a voltage VWL1 on an end of word line WL near
word line driver WDV is expressed by the following equa-
tion:

VWL1=VDD-(Rwi+Rn)/(Rp+Rwi+Rn).

A voltage VWL2 on the remote end of word line WL
farther away from the word line driver is expressed by the
following equation:

VWL2=VDD—Rn/(Rp+Rwil+Rn).

Therefore, word line resistance Rwl affects the potential
of word line WL, and makes it difficult to adjust accurately
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the select voltage level of word line WL according to
on-resistance Rn of pull-down element PDb. Therefore, it
becomes difficult to adjust the voltage level of word line WL
according to the threshold voltage fluctuations of the drive
transistor in the memory cell. For correcting the select
voltage level of word line WL according to the fluctuations
in threshold voltage of the drive transistor in the memory
cell, therefore, it is preferable to arrange pull-down element
PD as near to word line driver WDV as possible, i.e.,
between the word line driver and the nearest memory cell,
similarly to pull-down element PDa shown in FIG. 14.

When word line resistance Rwl is small and affects the
resistance division ratio of pull-down element PD only to a
small extent, pull-down element PDb at the remote end of
the word line may be used. Both pull-down elements PDa
and PDb may be used.

Pull-down element PDa may have either a construction of
MOS transistor NQ20 shown in FIG. 8 or MOS transistor
NQ21 normally receiving power supply voltage VDD on its
gate as shown in FIG. 13.

[Third Modification]

FIG. 15 shows a construction of a third modification of
the second embodiment of the invention. FIG. 15 shows
pull-down element PD and memory cell MC. Pull-down
element PD includes a plurality of unit N-channel MOS
transistors NUO-NUk connected in parallel. Gates of these
N-channel MOS transistors NU0-NUk are connected to
word line WL, or commonly receives power supply voltage
VDD. Unit N-channel MOS transistors NU0-NUk have the
same threshold voltage conditions as drive transistors NQ1
and NQ2 in memory cell MC. Thus, the impurity implan-
tation conditions, layouts or sizes (ratio, W/ of channel
width W to channel length L) of the channel regions of unit
N-channel MOS transistors NU0-NUk are set as similar to
those of drive transistors NQ1 and NQ2 in the memory cell
as possible. Therefore, these drive transistors NQ1 and NQ2
as well as unit N-channel MOS transistors NUO-NUk are
formed in the same manufacturing steps. This enhances the
linkage relationship with variations in characteristic of drive
transistors NQ1 and NQ2 in memory cell MC, so that the
select voltage level of word line WL can be corrected
according to the variations in threshold voltage of memory
cell drive transistors NQ1 and NQ2, and the operation
margin can be improved over a wide range against variations
in power supply voltage, operation temperature conditions
and process.

A resistance division ratio of the on-resistance (Rp) of the
P-channel MOS transistor for charging in word line driver
WDV and the resistance value (resistance value Rn) of
pull-down element PD is usually determined such that the
select voltage level of word line WL may lower about 100
mV-200 mV.

Since the plurality of unit N-channel MOS transistors
NUO-NUk are used as pull-down element PD, there is a
possibility that each element is affected by random varia-
tions such as fluctuation of the impurity concentration of
each element or variations in edge form in the layout or
others. However, by connecting the plurality of transistors in
parallel to form pull-down element PD, these random varia-
tions can be averaged to cancel the random variations. The
transistors of substantially the same size (transistors having
the size between the equal size and about doubled size, and
achieving the same electric characteristics) are used as drive
transistors NQ1 and NQ2 in memory cell MC are utilized as
the unit transistors. Thereby, even in the construction using
the transistors of the small size, the select voltage level of
word line WL can be accurately corrected according to the
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variations in threshold voltage of drive transistors NQ1 and
NQ2 in memory cell MC by averaging the characteristic
variations of unit N-channel MOS transistors NU0-NUk.

The number of unit N-channel MOS transistors NUO-
NUk is optimized to achieve the optimum resistance divi-
sion ratio according to the resistance value of on-resistance
Rp of the P-channel MOS transistor for charging (i.e.,
charging P-channel MOS transistor) in word line driver
WDV.

In pull-down element PD having the plurality of N-chan-
nel MOS transistors connected in parallel, it may be con-
sidered that the on-resistance is smaller than the combined
resistance provided by the parallel connection. However, the
voltage level of word line WL is set by the current driving
power of the charging transistor included in word line driver
WDV and the combined current driving power of unit
N-channel MOS transistors NU0-NUk included in pull-
down element PD. Therefore, the select voltage level of
word line WL can be adjusted by adjusting the number of
unit N-channel MOS transistors NUO-NUk included in
pull-down element PD, and correspondingly the select volt-
age level can be adjusted or corrected according to the
fluctuations in threshold voltage of drive transistors NQ1
and NQ2 in memory cell MC.

[Fourth Modification]

FIG. 16 shows a construction of a fourth modification of
the second embodiment of the invention. FIG. 16 shows a
planar layout of pull-down element PD and memory cell
MC. In FIG. 16, memory cell MC includes active regions
AC4 and ACS5 formed at an N-well region as well as active
regions AC3 and AC6 that are formed at P-well regions on
the opposite side of the N-well region, respectively. Load
transistors (PQ1 and PQ2) are formed at active regions AC4
and ACS5, respectively. Drive and access transistors NQ1 and
NQ3 (or NQ2 and NQ4) are formed at respective active
regions AC3 and AC6.

Active region AC3 has a narrow region of a length W2 in
an X direction and a wide region of a length W3 in the X
direction longer than length W2. A polycrystalline silicon
interconnection line line TG2 extends in the X direction
across the narrow region of active region AC3. A polycrys-
talline silicon interconnection line TG3 extends in the X
direction across the wide region. A contact CC3 for electrical
connection to bit line BL is formed at an end in the X
direction of the narrow region of active region AC3, and a
contact CC6 for receiving a ground voltage VSS is arranged
at an end in the X direction of the wide region. A contact
CV3 electrically connected to a first metal interconnection
line FM1 is formed at active region AC3, and is located
between polycrystalline silicon interconnection line lines
TG2 and TG3. First metal interconnection line FM1 extends
in the X direction to active region AC4.

A contact CC7 for receiving power supply voltage VDD
is formed at an end in the X direction of active region AC4,
and a shared contact SCT1 is formed at the other end. Shared
contact SCT1 has one end coupled to active region AC4, and
the other end thereof'is connected to a polycrystalline silicon
interconnection line TG4 extending in the X direction across
active regions AC5 and AC6. Therefore, shared contact
SCT1 has both the functions as a contact and an intermediate
connection interconnection line. Shared contact SCT1 is
also connected electrically to metal interconnection line
FM1 in an upper layer. Metal interconnection line FM1
connects impurity regions (drains) of the load transistors,
drive transistor (NQ1) and access transistor (NQ3) to the
storage node.
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A shared contact SCT2 is formed at one end in the X
direction of active region AC5, and is connected to poly-
crystalline silicon interconnection line TG3. Shared contact
SCT2 is also connected electrically to active region ACS,
and is connected to a metal interconnection line FM?2
extending in the X direction. A contact CC4 for receiving
power supply voltage VDD is formed at the other end of
active region AC5. A polycrystalline silicon interconnection
line TG4 extending in the X direction across active region
ACS5 forms the gate of the load transistor.

A contact CCS5 coupled to the ground voltage is formed at
an end in the X direction of the wide region in active region
AC6, and polycrystalline silicon interconnection line TG4
extends in the X direction across active region AC6. This
polycrystalline silicon interconnection line TG4 forms a gate
of drive transistor NQ2. The other end of the wide region
thereof is connected to metal interconnection line FM2 via
a contact CV4.

A polycrystalline silicon interconnection line TGS
extends in the X direction across the narrow region of active
region AC6, and a contact CC8 is formed at the end of this
narrow region for electrical connection to complementary
bit line /BL.

A metal interconnection line SM1 that extends in the X
direction across memory cell MC and is parallel to metal
interconnection line lines FM1 and FM2 is formed in a layer
above these metal interconnection line lines FM1 and FM2.
Metal interconnection line SM1 forms word line WL, con-
tinuously extends in the X direction, is coupled to the word
line driver and is also coupled to pull-down element PD.
Metal interconnection line SM1 is coupled at its portion
protruding in the Y direction to polycrystalline silicon inter-
connection line TGS via a via/contact VV3, and is coupled
at its portion protruding in a -Y direction to polycrystalline
silicon interconnection line TG2 via a via/contact VV2.

Owing to the connection by metal interconnection line
SM1 forming the word line, the gates of the access transis-
tors are connected to the word line. Each of active regions
AC3 and AC6 has the wide and narrow regions formed, and
has the memory cell drive transistor and the access transistor
formed therein. The width in the X direction of each of
active regions AC3 and AC6 corresponds to gate width W of
the transistor. Therefore, length W1 corresponds to the gate
width of the access transistor, and length W3 corresponds to
the gate width of the drive transistor. Usually, gate width W3
of the drive transistor is set to a value 0.5 to 5 times
(preferably, 0.8 to 2.0 times) larger than gate width W1 of
the access transistor from the viewpoint of ensuring the
static noise margin of the memory cell,

Pull-down element PD is formed at active regions AC1
and AC2 which are spaced from each other and each of
which has a rectangular form extending in the Y direction.
These active regions AC1 and AC2 are formed in the P-well
region. In the structure shown FIG. 16, the P-well of
memory cell MC extends to the region for forming pull-
down element PD, and memory cell MC and pull-down
element PD share the P-well (because memory cell MC is
adjacent to pull-down element PD). However, the P-wells
separate from each other may be arranged for memory cell
MC and for pull-down element PD, respectively.

Contacts CC1 and CC2 for receiving ground voltage VSS
are formed at the lower ends in the Y direction of active
regions AC1 and AC2, and vias/contacts CV1 and CV2 are
formed at the other ends, respectively. These vias/contacts
CV1 and CV2 are coupled to a metal interconnection line
FM3. A metal interconnection line SM1 forming word line
WL extends in the X direction across active regions AC1 and
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AC2, and is connected at its portion protruding in the Y
direction to a via/contact VVA. A via VV1 is formed for a
polycrystalline silicon interconnection line TG1, and con-
nects polycrystalline silicon interconnection line TG1 to
metal interconnection line SM1. Thereby, such a construc-
tion is achieved in each of active regions AC1 and AC2 that
the gate and drain of the transistor of pull-down element PD
are connected to the word line.

A width W0 in the X direction of active regions AC1 and
AC2 is between widths W1 and W3 of the memory cell
transistors. The gate of transistor in memory cell MC
extends in the same direction (X direction) as the gate of the
transistor of pull-down element PD. By arranging these
gates of the transistors parallel to each other, it is possible to
exert the same edge effect in photolithography, and varia-
tions in transistor form can be suppressed. Also, it is possible
to suppress occurrence of a difference in impurity implan-
tation that may occur due to shapes of the gates in the
impurity implanting process, and the difference in transistor
characteristic can be suppressed. Thus, the transistor char-
acteristics of pull-down element PD can be set substantially
equal to the transistor characteristics of the memory cell
(i.e., linkage relationship can be achieved in variation in
transistor characteristics between the pull-down element and
the memory cell transistor), and the voltage level of the
selected word line can be set accurately according to the
variations in threshold voltage of the transistor in the
memory cell.

In the foregoing description, the transistor that can follow
the fluctuations in characteristic of the drive transistor in the
memory cell is used for adjusting the voltage level of the
selected word line. However, the pull-down element may be
formed of the transistors following the variations in thresh-
old voltage of the access transistor in the memory cell.

Specifically, when the threshold voltage of the access
transistor in the memory cell lowers, the current driving
power of the access transistor increases, and the static noise
margin of the memory cell lowers. Thus, the voltage on the
selected word line lowers to cause lowering of the conduc-
tance of the access transistor and lowering of the current
driving power, so that the reduction of the static noise
margin is suppressed, and the read margin is improved. As
for the data writing, when the threshold voltage of the access
transistor is low, the write margin is ensured so that the write
margin is sufficiently ensured even when the word line
voltage lowers.

When the threshold voltage of the access transistor
increases, the current driving power of the access transistor
lowers and the static noise margin is substantially insured. In
this case, the threshold voltage of the pull-down element
rises, and suppresses the voltage lowering of the selected
word line so that excessive lowering of the selected word
line voltage is suppressed. In the write operation, the write
margin lowers according to the lowering of the current
driving amount of the access transistor, but the amount of the
voltage lowering of the selected word line is small, so that
the deterioration of the write margin is suppressed, and fast
writing is achieved.

The transistors forming the pull-down element may be
configured to have the same electric characteristics as the
drive transistors (NQ1 and NQ2) of the memory cell by
employing the same impurity implantation conditions, lay-
outs, sizes and others, whereby the on-resistance (equivalent
on-resistance) of the pull-down element can be adjusted
while accurately following the fluctuations in threshold
voltage of the drive transistor in the memory cell, and the
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automatic correction of the voltage level of selected word
line WL can be performed accurately.

Specifically, the size (a ratio of the channel length over the
channel width, or the channel width when the channel length
is the same with each other) of the unit channel MOS
transistor shown in FIG. 16 may have the size in a range of
the size 0.5 to 5 times, preferably about 0.8 to about 2 times
larger than the size of memory cell drive transistors NQ1 and
NQ2 or access transistors NQ3 and NQ4. This is because it
can be consider that, by employing the unit N-channel MOS
transistor having the size close to the size (a ratio between
the gate width and the gate length) of the access transistor
and/or drive transistor, these transistors can have similar
behavior of the electric characteristics such as threshold
voltage fluctuations. When the size differs by one order of
magnitude, it is considered that the linkage relationship in
electric characteristic between the unit transistor and the
access and/or drive transistor is small, and/or it becomes
difficult to reflect the fluctuations in electric characteristic of
the drive transistor in the pull-down element via the unit
transistor,

Ideally, it is most preferable that the transistors have the
same size (gate width), but the manufacturing steps are
usually adjusted such that the variations in figure parameter
of the transistors fall within the range of about 10% of
variations. Even a normal manufacturing process may pro-
duce a pull-down unit transistor having a size 0.9 time larger
than that of the memory cell transistor, and thus the lower
limit of the size is set to be 0.8 time larger that of memory
cell transistor taking the margin into account. In this case,
the correspondence in fluctuation of threshold voltage can be
ensured between the transistor of the memory cell and the
pull-down transistor, and the selected word line voltage can
be set to suppress accurately the fluctuations in threshold
voltage of the memory cell transistor.

As compared with the case where the gate width is large,
there is a tendency that the threshold voltage fluctuates
greatly when the gate width is small. It can be considered
that, when the gate width (size) of the pull-down unit
transistor exceeds a doubled gate width (size) of the access
transistor and/or drive transistor in the memory cell, the
influence of the fluctuations in threshold voltage of the
memory cell transistor is less reflected in the unit transistor,
although this reflection degree specifically depends on the
gate widths of the access transistors and drive transistors.
Therefore, the upper limit of the size ratio is preferably two.

When the memory cell access transistor and the drive
transistor have the equal gate lengths, the unit transistor of
the pull-down element may have the gate width between the
gate widths of the access transistors and drive transistors. In
view of the static noise margin, drive transistors (NQ1 and
NQ2) have gate widths larger than those of access transistors
(NQ3 and NQ4) in many cases (assuming that the gate
lengths are the same), and the pull-down unit transistor may
have the gate width (size) between the gate widths of these
access and drive transistors. In this case, the size (gate
width) of the pull-down transistor is close to the sizes (gate
widths) of the access and drive transistors, and the voltage
of the selected word line can be set while reflecting the
fluctuations in threshold voltage of the access transistors
and/or drive transistors.

According to the second embodiment of the invention, as
described above, the pull-down element is connected to the
word line, and rising of the word line voltage level is
suppressed so that the read margin can be stably ensured
without an influence of variations in threshold voltage even
with a low power supply voltage.
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Third Embodiment

FIG. 17 shows a construction of pull-down element PD
according to a third embodiment of the invention. In FIG.
17, pull-down element PD includes an N-channel MOS
transistor NQ25 that is connected between a word line and
the ground node, and receives a complementary write
instruction signal /WE at a gate thereof. Word line driver
WDV has the same construction as word line driver WDV
shown in FIG. 8. Corresponding portions are allotted with
the same reference numerals, and description thereof is not
repeated.

Main control circuit 7 shown in FIG. 7 produces a
complementary write instruction signal /WE, and the whole
construction of a semiconductor memory device of the third
embodiment of the invention is the same as that shown in
FIG. 7.

Complementary write instruction signal /WE is produced
from write instruction signal WE, and attains the H and L
levels in the data read mode and the data write mode,
respectively.

FIG. 18 represents signal waveforms appearing on main
nodes of the construction using the pull-down element PD
shown in FIG. 17 in the read and write operations. In the data
read operation, complementary write instruction signal /WE
is set to the H level, and N-channel MOS transistor NQ25 in
pull-down element PD is turned on. Selected word line WL
is driven to the voltage level determined by the ratio between
the on-resistance of P-channel MOS transistor PQ15 in the
drive stage of word line driver WDV and the on-resistance
of pulling-down N-channel MOS transistor NQ25. When the
voltage on word line WL is low, the read margin (static noise
margin SNM) is sufficiently ensured and the data is stably
held even when the potentials of bit lines BL. and /BL, shown
in FIG. 7 change according to the storage data of the
memory cell and a column current (bit line current) raises
the voltage level of internal storage nodes ND1 and ND2,
and the data reading can be performed without destructing
the data. In this read operation, the margin is ensured
similarly to the first and second embodiments.

In the data writing, complementary write instruction
signal /WE is set to the L level, and N-channel MOS
transistor NQ25 for pull-down is turned off. In this case,
charging P-channel MOS transistor PQ15 in word line driver
WDV drives the selected word line WL to the level of power
supply voltage VDD. Therefore, the voltage level of word
line WL rises in the data write operation, and the write
margin increases so that the data writing can be performed
fast.

In the data writing, the pull-down operation by pull-down
element PD stops, and the word line voltage level in the data
write operation can be set to the power supply voltage level
so that it is possible to prevent deterioration of the margin in
the write operation and occurrence of failure in data writing.
Thus, in both data reading and data writing, data can be
stably read and written without an influence of the variations
in threshold voltage of the memory cell, while ensuring a
sufficient margin.

In pull-down element PD shown in FIG. 17, MOS tran-
sistor NQQ25 has the same electric characteristics as the drive
transistors (NQ1 and NQ2) in the memory cell, and is
configured to satisfy the same conditions as pull-down MOS
transistors NQ20 and NQ21 in the second embodiment
already described.

According to the third embodiment of the present inven-
tion, as described above, the pull-down element is config-
ured to stop the pull-down function in the data write mode,
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and can suppress lowering of the voltage level of the
selected word line in the data write operation. In addition,
the voltage level of the selected word line can be lowered in
the data read operation so that sufficient margins can be
ensured for reading and writing of data, and the data can be
read and written stably.

The pull-down element may have the same construction
as the pull-down element in the second embodiment already
described. The gate of the pull-down transistor element is
coupled to the control signal transmission line instead of the
word line or the power supply voltage.

Fourth Embodiment

FIG. 19 schematically shows a construction of a main
portion of a semiconductor memory device according to a
fourth embodiment of the invention. In FIG. 19, memory
cell array 1 is divided into a plurality of column blocks
CBKO0-CBKk. In each of column blocks CBK0-CBKk,
memory cells MC are arranged in rows and columns, and
sub-word lines are arranged corresponding to the memory
cell rows. In FIG. 19, column block CBKO includes sub-
word lines SWL00, SWL10, . . . and SWLj0 arranged
corresponding to memory cell rows, respectively, and col-
umn block CBK1 includes sub-word lines SWL01, SWL11,
... and SWIL1 arranged corresponding to the memory cell
rows, respectively. In column block CBKk, sub-word lines
SWLO& SWL1E, . . . and SWLjk are arranged corresponding
to the memory cell rows, respectively.

Main word lines MWL0, MWLI1, . . . and MWL are
provided commonly to the memory cell rows of these
column blocks CBK0-CBKk. Main word lines MWLO0-
MWL, are driven to a selected state according to the row
select signal applied from row decode circuit 20 (corre-
sponding to the row decoder in FIG. 1).

Sub-word line drivers SD00-SDjk are arranged corre-
sponding to sub-word lines SWLO00-SWLjk, respectively.
Sub-word line driver SDih (i=0, 1, ...,j,h=0,1,...,k)
drives corresponding sub-word line SWLih to the selected
state according to the signal potential on corresponding main
word line MWLi and a block select signal BSh.

A block decode circuit 22 included in column select
circuit 4 shown in FIG. 1 produces block select signals
BS0-BSk according to column address signal CA, and the
block select signal designating a column block including the
selected column is driven to the selected state (H level).

Pull-down elements PD00-PDjk are arranged correspond-
ing to sub-word lines SWL00-SWLjk, respectively. These
pull-down elements PD00-PDjk are each formed of an
N-channel MOS transistor (NQ25), respectively. Among
pull-down elements PD00-PDjk, according to column block
select signals BS0-BSk and write instruction signal WE, the
pull-down elements in the selected column block are set to
the off state in the data write operation. Specifically, pull-
down control gates G0-Gk are arranged corresponding to
column blocks CBKO0-CBKK, respectively. Pull-down con-
trol gates G0-Gk receive block select signals BS0-BSk at
their first inputs, respectively, and receives write instruction
signal WE at their second inputs. Each of pull-down control
gates G0-Gk produces a signal at the L. level when a
corresponding block select signal BSi is at the H level
indicative of the selected state and write instruction signal
WE is at the H level indicative of the write mode.

Pull-down control gate G0 applies its output signal com-
monly to the control gates of pull-down elements PD00,
PDO1, . . . and PD0j in column block CBKO, and pull-down
control gate G1 applies its output signal commonly to the
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control gates of pull-down elements PD01, PD11, . . . and
PDj1 in column block CBK1. Pull-down control gate Gk
applies its output signal commonly to the control gates of
pull-down elements PD04-PDjk in column block CBKk.

In the data read operation, write instruction signal WE is
at the L level, the output signals of pull-down control gates
G0-Gk are at the H level and pull-down elements PD00-
PDjk are conductive regardless of the state of block select
signals BS0-BSk. When write instruction signal WE is at the
H level, pull-down control gates G0-Gk operate as inverters,
and pull-down control gate Gi corresponding to the selected
column block produces the output signal at the L level so
that the pull-down elements in the selected column block is
turned off. In the other, unselected column blocks, the block
select signals are at the L level indicative of the unselected
state, so that the corresponding pull-down control gates
produce the output signals at the H level, and the pull-down
elements maintain the conductive state to keep the corre-
sponding sub-word lines at the ground voltage level (sub-
word lines in the unselected blocks are in the unselected
state).

FIG. 20 shows constructions of the sub-word line driver
and the pull-down element shown in FIG. 19. FIG. 20
representatively shows sub-word line driver SD and pull-
down element PD arranged corresponding to one sub-word
line SWL.

In FIG. 20, sub-word line driver SD includes an NAND
circuit 25 receiving a signal on corresponding main word
line MWL and column block select signal BS (BS0-BSk),
and P-channel MOS transistor PQ15 and N-channel MOS
transistor NQ15 that form a CMOS inverter inverting the
output signal of NAND circuit 25.

Pull-down element PD is formed of N-channel MOS
transistor NQ25 receiving, on its gate, a signal /(BE-WE)
from the corresponding pull-down control gate.

As shown in FIG. 20, when sub-word line driver SD
drives the corresponding sub-word line SWL to the H level,
both MOS transistors PQ15 and NQ25 are turned on, and
sub-word line SWL maintains the voltage level determined
by the ratio between the on-resistances of these MOS
transistors PQ15 and NQ25.

FIG. 21 represents signal waveforms appearing on main
nodes during data writing in the semiconductor memory
device according to the fourth embodiment of the invention.
Referring to the signal waveform diagram of FIG. 21,
description will now be given on the data writing operation
of the constructions shown in FIGS. 19 and 20.

In the data write operation, write instruction signal WE is
set to the H level. According to the externally applied
column address signal (CA), block select signal BS for a
column block including the selected column is driven to the
selected state, and block select signals BS for the unselected
blocks maintain the unselected state.

In the unselected block, as shown in FIG. 19, even when
corresponding main word line MWL is driven to the selected
state, sub-word line driver SD generates the output signal at
the L-level, and sub-word line SWL maintains the ground
voltage level. In the memory cell, therefore, the access
transistor maintains the off state, and bit lines BL and /BL
(not shown in FIG. 19) maintain the precharge voltage level.
Storage nodes ND1 and ND2 among internal nodes of the
memory cell in the unselected column block are maintained
at the potential levels of corresponding storage nodes, and
the voltage levels thereof do not change.

In the selected column block, column block select signal
BS is “1” (H level), and sub-word line driver SD drives
corresponding sub-word line SWL to the selected state
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according to the corresponding main word line MWL (one
of main word lines MWL0O-MWL,j). In this selected column
block, pull-down control gate (one of gates GiG0-GiGk)
produces the output signal at the L level to turn off pull-
down element PD. Therefore, charging P-channel MOS
transistor PQ15 (the transistor for charging) included in
sub-word line driver SD charges selected sub-word line
SWL to the level of power supply voltage VDD. In the data
write operation, therefore, the write margin is sufficiently
ensured, and the voltage levels of storage nodes ND1 and
ND2 in the memory cell can be rapidly set according to the
write potentials appearing on bit lines BL. and /BL, so that
data can be written fast.

In the unselected memory cell, the voltage level of the
corresponding sub-word line is in the unselected state, and
deterioration of the reading is prevented in the unselected
memory cells even when the write margin increases, and
stable data writing can be achieved. The number of the
memory cells connected to one sub-word line is made as
small as possible, and data access (write/read) is made in
parallel on the memory cells connected to the one sub-word
line. Thus, it is possible to avoid the problem of deterioration
of the static noise margin of the unselected memory cells in
the data write operation, and the data can be written and read
stably.

In the data read operation, write instruction signal WE is
at the L level, and the output signals of pull-down control
gates G0-Gli are at the H level independently of column
block select signal BS. Therefore, all pull-down elements
PD (PD00-PDjk) are in an on-state, and the voltage level of
the selected sub-word line is set to the voltage level accord-
ing to the ratio between the on-resistances of MOS transis-
tors PQ15 and NQ25. Thus, the voltage level of the selected
sub-word line is adjusted according to the threshold voltage
characteristics of the drive transistors in the memory cell.
When the threshold voltage of the drive transistors in the
memory cell is high, the voltage level of the sub-word line
and the on-resistance of the pull-down element become
high. In this state, static noise margin SNM is sufficiently
ensured, and therefore, the voltage level of the sub-word line
is made high. When the threshold voltage of the memory cell
drive transistor is low, a drive power of a drain current Ids
thereof increases, and static noise margin SNM lowers. In
this case, the voltage level of the selected sub-word line
lowers (the on-resistance of the pull-down element
decreases), and the static noise margin is improved (by
adjusting the driving current amount of the access transis-
tor).

The pull-down control gate may be formed of the pull-
down element used in the second embodiment.

According to the fourth embodiment of the invention, as
described above, the memory cell array is divided into a
plurality of column blocks, and writing and reading of the
data are performed in the selected column block. In an
unselected column block, sub-word lines are kept inactive
(in the unselected state), and it is possible to prevent the data
destruction due to deterioration of the static noise margin of
the memory cells in the unselected column. Thus, even when
the columns are large in number, the reading and writing can
be performed with stable margins against variation in thresh-
old voltage of the memory cells.

Fifth Embodiment

FIG. 22 shows a construction of a main portion of a
semiconductor memory device according to a fifth embodi-
ment of the invention. FIG. 22 shows a construction of a
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portion related to one word line WL. Word line driver WDV
selectively drives word line WL to a selected or unselected
state. The word line driver WDV includes P- and N-channel
MOS transistors PQ15 and NQ15 forming the CMOS
inverter in the drive stage.

Memory cells MC and a dummy cell DMC are connected
to word line WL. Memory cell MC includes P-channel MOS
transistors PQ1 and PQ2 as well as N-channel MOS tran-
sistors NQ1 and NQ2 forming a flip-flop, and further
includes access transistors NQ3 and NQ4 coupling storage
nodes ND1 and ND2 to bit lines BL. and /BL, respectively
according to the potential on word line WL.

Dummy cell DMC includes P-channel MOS transistors
PT1 and PT2 corresponding to P-channel MOS transistors
PQ1 and PQ2 of memory cell MC, respectively, N-channel
MOS transistors NT1 and NT2 corresponding to N-channel
MOS transistors NQ1 and NQ2 of memory cell MC, respec-
tively, and N-channel MOS transistors DT1 and DT2 cor-
responding to access transistors NQ3 and NQ4 in memory
cell MC, respectively.

Memory cell MC and dummy cell DMC are different in
interconnection and connection from each other, but have
the same layout with respect to the internal transistors. In
dummy cell DMC, MOS transistors PT1, PT2, NT1 and
NT2 have the same layout as MOS transistors PQ1, PQ2,
NQ1 and NQ2 in memory cell MC, respectively, and are
formed in the same manner.

In dummy cell DMC, each of N-channel MOS transistors
DT1 and DT2 that correspond to access transistors NQ3 and
NQ4 in memory cell MC, respectively, has a gate and a first
node (drain node) coupled to word line WL, and has a
second node (source node) coupled to the ground node. In
dummy cell DMC, therefore, N-channel MOS transistors
DT1 and DT2 are isolated from nodes DN1 and DN2
corresponding to storage nodes ND1 and ND2 in memory
cell MC, respectively. MOS transistors DT1 and DT2 in
dummy cell DMC have the same layout as access transistors
NQ3 and NQ4 in memory cell MC, and differ from the
access transistors only in the manner of interconnections.
Therefore, MOS transistors DT1 and DT2 in dummy cell
DMC have substantially the same electric characteristics as
access transistors NQ3 and NQ4 in memory cell MC.

In the construction shown in FIG. 22, MOS transistors
DT1 and DT2 of dummy cell DMC function as the pull-
down element. MOS transistors DT1 and DT2 in dummy
cell DMC are located near drive transistors NQ1 and NQ2
in memory cell MC so that similar variations occur in
manufacturing parameters of the memory cells and the
dummy cell, and the variations in electric characteristic
(threshold voltage characteristic) of drive transistors NQ1
and NQ2 in memory cell MC are similar to the variations in
electric characteristic (threshold voltage characteristic) of
pull-down MOS transistors DT1 and DT2 in the dummy
cell. Therefore, the fluctuations in transistor parameters of
the memory cell can be reflected in the threshold voltage of
pull-down transistors DT1 and DT2 in dummy cell DMC,
and thus the voltage level of the selected word line can be
set and corrected closely in linkage with the variations in
threshold voltage of the memory cell.

It is assumed that a ratio of 1:23 is present between
on-resistance Rp of P-channel MOS transistor PQ15 in word
line driver WDV and combined on-resistance Rn of N-chan-
nel MOS ftransistors DT1 and DT2 in dummy cell DMC.
When power supply voltage VDD is 1.2 V, voltage VWL on
word line WL in the selected state can be expressed by the
following equation:
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1.2:23/24=1.15.

Therefore, voltage drop of about 50 mV can be caused on
selected word line WL. These on-resistance Rp and com-
bined on-resistance Rn correspond to the current driving
powers of MOS transistor PQ15 and MOS transistors DT1
and DT2, and a desired voltage ratio can be achieve by
setting channel width W to an appropriate value. For
example, when MOS transistor PQ15 has the on-resistance
Rp of 1.5 KQ, combined on-resistance Rn of N-channel
MOS transistors DT1 and DT2 is 25 KQ. According to this
resistance values, the quantity of the through-current that
flows from the power supply node of word line driver WDV
via word line WL and pull-down MOS transistors DT1 and
DT?2 to the ground node is equal to (1.2/(26.1x10"3) and thus
about 44 pA, where the symbol “"” indicates the power. This
through-current flows through the word line in the selected
row only during the word line select period, which suffi-
ciently suppresses the increase in current consumption.

FIG. 23 schematically shows the potential of word line
WL in the case where transistors DT1 and DT2 in dummy
cell DMC are used as the pull-down element in FIG. 22.
When threshold voltage Vth of drive MOS transistors NQ1
and NQ2 in memory cell MC rises, the threshold voltage of
MOS transistors DT1 and DT2 in dummy cell DMC rises,
and the on-resistance (conductance) rises so that drain
current Ids thereof lowers. In memory cell MC, static noise
margin SNM is improved, but the write characteristics
deteriorate. In this case, the on-resistances of MOS transis-
tors DT1 and DT2 in dummy cell DMC rise, and the voltage
level of selected word line WL rises so that the write margin
of memory cell MC is ensured.

When threshold voltage Vth of drive N-channel MOS
transistors NQ1 and NQ2 in memory cell MC lowers, the
write characteristics of the memory cell are improved, but
static noise margin SNM lowers. In dummy cell DMC,
threshold voltages of MOS transistors DT1 and DT2 like-
wise lower to increase the drain currents thereof, and the
on-resistances lower. In this case, the voltage level of
selected word line WL lowers according to the on-resis-
tances of MOS transistors DT1 and DT2, and deterioration
of static noise margin SNM of memory cell MC is sup-
pressed.

Therefore, by using transistors DT1 and DT2 correspond-
ing to the access transistors in dummy cell DMC as the
pull-down element, it is possible to adjust automatically the
voltage level of the selected word line WL closely in linkage
with the fluctuations in threshold voltage of the drive
transistor in memory cell MC, and the writing and reading
of data can be stably performed.

In dummy cell DMC, the transistor corresponding to the
access transistor in memory cell MC is used as the pull-
down transistor. Therefore, when the influence of the thresh-
old voltage fluctuations of the access transistor in the
memory cell is larger than that of the threshold voltage
fluctuations of the drive transistor, the read margin and write
margin can be ensured by adjusting the voltage on the
selected word line in accordance with and closely in linkage
with the fluctuations in threshold voltage of the access
transistor.

Dummy cell DMC and memory cell MC have the same
layout, and the memory cell in the pull-down transistor and
the corresponding access transistor are arranged with the
same size (the same ratio of the gate width to the gate
length). However, the dummy cell may be configured to
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have the size ratio from 0.8 to 2 similarly to the second
embodiment according to the voltage drop quantity of word
line WL.

Each memory cell row includes one dummy cell DMC
and two pull-down transistors. However, the number of
dummy cell(s) is appropriately determined according to the
voltage lowering quantity of the word line.

[First Modification]

FIG. 24 shows a construction of dummy cell DMC of a
modification of the fifth embodiment of the present inven-
tion. Dummy cell DMC shown in FIG. 24 has the same
components as memory cell MC shown in FIG. 22. Memory
cell MC and dummy cell DMC are the same in transistor
layout, but differ in connection of interconnection lines from
each other. Each of N-channel MOS transistors DT3 and
DT4 that correspond to access transistors NQ3 and NQ4 in
memory cell MC, respectively, is connected at its first node
to word line WL, and is connected at its gate to word line
WL. Second nodes of N-channel MOS transistors DT3 and
DT4 are connected to internal nodes DN1 and DN2, respec-
tively, as well as to the ground node.

MOS transistors PT1, PT2, NT1 and NT2 correspond to
MOS transistors PQ1, PQ2, NQ1 and NQ2 forming the
flip-flop in memory cell MC shown in FIG. 22.

In dummy cell DMC shown in FIG. 24, internal nodes
DN1 and DN2 are coupled to second nodes of MOS tran-
sistors DT3 and DT4, respectively. The high-side power
supply nodes of MOS transistors PT1 and PT2 are main-
tained in the electrically floating state.

In the construction of dummy cell DMC shown in FIG.
24, MOS transistors DT3 and DT4 function as the pull-down
element. Nodes DN1 and DN2 are at the ground voltage
level, and MOS transistors PT1 and PT2 clamp the source
nodes corresponding to the high-side power supply nodes of
MOS transistors PT1 and PT2 at the level of voltage Vthp
(assuming that the absolute values of threshold voltages of
MOS transistors PT1 and PT2 are Vthp).

In the connection construction shown in FIG. 24, the
influence of the variations in threshold voltage of drive
transistors NQ1 and NQ2 in memory cell MC is similarly
exerted on access N-channel MOS transistors NQ3 and NQ4
arranged near them. Thereby, pull-down MOS transistors
DT3 and DT4 in dummy cell DMC exhibit the variations in
threshold voltage similar to those of the drive transistors
NQ1 and NQ2 in memory cell MC, and the voltage level of
word line WL can be set to the voltage level corresponding
to the variations in threshold voltage of memory cell MC.

The transistors corresponding to the access transistors are
used as the pull-down transistors, and the voltage on the
selected word line can be adjusted by reflecting the fluctua-
tions in threshold voltage of the memory cell access tran-
sistors in these pull-down transistors. When the access
transistors and the drive transistors of a memory cell have
the same size (the same ratio of the gate width to the gate
length), the pull-down transistors of the dummy cell can set
the voltage on a selected word line to the level reflecting the
fluctuations in threshold voltage of both the access and drive
transistors.

FIG. 25 schematically shows a planar layout of dummy
cell DMC shown in FIG. 24. FIG. 25 also shows a planar
layout of memory cell MC.

In FIG. 25, dummy cell DMC includes, as transistor
element formation regions, active regions AR2 and AR3
formed in an N-well as well as active regions AR1 and AR4
that are formed at P-well regions on the opposite sides of the
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above N-well, respectively. Each of active regions AR1-
AR4 has a rectangular form having longer sides in the Y
direction.

A contact CT1 and a contact/via VC1 are formed at the
opposite ends of active region ARI1, respectively, and a
contact CT2 is formed in a central region of active region
ARI1.

A first polycrystalline silicon interconnection line PS
extends in the X direction across active regions AR1 and
AR2. A first polycrystalline silicon interconnection line line
PS1 is formed near contact/via VC1, and extends across
active region AR1. A first polycrystalline silicon intercon-
nection line PS3 is formed in the memory cell region, and
extends in the X direction across active regions AR3 and
AR4. A first polycrystalline silicon interconnection line PS4
is arranged near a via/contact VC2 and extends in the X
direction across active region AR4. A first polycrystalline
silicon interconnection line PS2 is coupled to active region
AR3 via a shared contact SC2, and active region AR2 is
coupled to polycrystalline silicon interconnection line PS3
via a shared contact SC1. Each of shared contacts SC1 and
SC2 is formed of a contact portion connected to the active
region and an interconnection line portion continuously
extending to polycrystalline silicon interconnection line PS2
or OS3, and has functions as a contact and an interconnec-
tion line that are achieved by one interconnection layer.

In active region ARI1, a first metal interconnection line
MM1 connects contacts CT1 and CT2 together. First metal
interconnection line MM1 is formed in a layer higher than
polycrystalline silicon interconnection line PS2. Contact
CT1 is coupled to the ground line supplying ground voltage
VSS.

A third metal interconnection line MM3 forming word
line WL extends in the X direction across dummy cell DMC.
Third metal interconnection line MM3 forming word line
WL is coupled to polycrystalline silicon interconnection line
PS1 through a via VA1, and is coupled to active region AR1
through via/contact VC1. Third metal interconnection line
MM3 is coupled to first polycrystalline silicon interconnec-
tion line PS4 through a via VA2, and is coupled to active
region AR4 through via/contact VC2.

In active region AR4, a first metal interconnection line
MM2 connects contact CT5 and CT6 together, and contact
CT6 is coupled to the ground node.

In each of active regions AR1 and AR4, the transistor
corresponding to the drive transistor in the memory cell is
coupled at its source and drain to the ground node, and the
transistor (DT3 or DT4) corresponding to the access tran-
sistor in the memory cell is connected at its gate and drain
to the word line, and is connected at its source to the ground
node.

Third metal interconnection line MM3 is used as a word
line WL3 because the second metal interconnection line is
used for arranging the line transmitting power supply volt-
age VDD in the memory cell.

Contacts CT3 and CT4 in active regions AR2 and AR3 are
not coupled to the power supply line transmitting power
supply voltage VDD, but are kept in the electrically floating
state.

Similarly to dummy cell DMC, memory cell MC
includes, at the N-well, active regions AR12 and AR13 each
having a rectangular form elongated in the Y direction, and
further active regions AR11 and AR14 that are formed in the
P-wells on the opposite sides of the N-well, respectively, and
each of which has a rectangular form elongated in the Y
direction. A polycrystalline silicon interconnection line PS11
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is formed across active region AR11, and is coupled through
a via VA1l to third metal interconnection line MM3 forming
word line WL.

In a central portion of active region AR11, a contact CT18
is coupled to first metal interconnection line M11, which is
coupled to active region AR12 via a shared contact CS11.
Contact CT18 electrically couples first metal interconnec-
tion line MM11 to active region AR11, and thereby imple-
ments a connection of the transistor to the storage node in
the memory cell. A shared contact SC11 is connected to a
polycrystalline silicon interconnection line PS13 that is
located in memory cell MC and extends in the X direction
over active regions AR13 and AR14.

In active region AR12, a contact CT13 for the power
supply node is formed at an end remote from shared contact
SC11. In active region AR13, a contact CT14 receiving the
power supply voltage is formed in a position mirror-sym-
metrical to contact CT13. Active region AR13 is also
provided, at an end region remote from contact CT14, with
a shared contact SC12 connected to a polycrystalline silicon
interconnection line PS12 extending in the X direction and
crossing active regions AR12 and AR11.

Shared contact SC12 is connected to a contact CT19
formed in a central region of active region AR14. Contact
CT19 is electrically connected to a region in active region
AR14, and first metal interconnection line MM12 provides
the connection of the transistors of the other storage node in
the memory cell.

A contact CT15 above active region AR14 is coupled to
bit line /BL, and a contact CT16 formed at a position remote
from contact CT15 is coupled to the ground line transmitting
ground voltage VSS.

A polycrystalline silicon interconnection line PS14
extending in the X direction across active region AR14 is
arranged for active region AR14, and is connected through
a via VA12 to third metal interconnection line MM3 forming
the word line.

In the layout shown in FIG. 25, MOS transistor DT1 in
dummy cell DMC is formed in active region AR1, has a gate
formed of polycrystalline silicon interconnection line PS1,
has an impurity region connected to word line WL (third
metal interconnection line MM3) and has a source coupled
to a node receiving ground voltage VSS via contacts CT2
and CT1.

MOS transistor DT4 is formed in active region AR4, has
a gate connected to polycrystalline silicon interconnection
line PS4 and is electrically connected at a first conduction
node to the third metal interconnection line forming word
line WL through via/contact VC2. The source node (second
conduction node) of MOS transistor DT4 is coupled to the
ground node via contacts CT5 and CT6.

In the region for forming memory cell MC, active region
AR11 is used to form access transistor NQ3 and drive
transistor NQ1, and active region AR14 is used to form
access transistor NQ4 and drive transistor NQ2. Shared
contacts SC11 and SC12 correspond to storage nodes ND1
and ND2, respectively.

As shown in FIG. 25, therefore, dummy cell DMC and
memory cell MC have the same layout, and are aligned in
the X direction. In the active regions of dummy cell DMC,
first metal interconnection lines MM1 and MM2 extend in
the Y direction to connect contacts CT1 and CT5 to contacts
CT2 and CT6, respectively. In dummy memory cell DMC,
first metal interconnection lines MM11 and MM1 couple
shared contacts SC11 and SC12 to contacts CT18 and CT19
in active regions AR11 and AR14, respectively.
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First metal interconnection lines MM1, MM2, MM11 and
MM12 are different from each other only in extending
direction, and first metal interconnection lines MM1 and
MM2 of memory cell MC are formed in the same manu-
facturing steps as first metal interconnection lines MM11
and MM12.

Further, in dummy cell DMC, third metal interconnection
line MM3 forming word line WL is connected to via/
contacts VC1 and VC2 corresponding to the contacts con-
nected to bit lines BL and /BL. of memory cell MC. There-
fore, dummy cell DMC and memory cell MC can be formed
in the same manufacturing steps with the same layout. The
transistors in memory cell MC and dummy cell DMC are
arranged in the same arrangement direction, and the same
cell pattern can be arranged repeatedly so that access tran-
sistors DT3 and DT4 in dummy cell DMC can be used to
provide, as the pull-down element for the selected word line
voltage, the transistors having the same electric character-
istics as the memory cell transistors.

Dummy cell DMC has the same layout as memory cell
MC, and the word line voltage pull-down transistors in the
dummy cell can be interconnected to the word line in the
same interconnecting steps as memory cell MC.

In dummy cell DMC, gates of the P- and N-channel MOS
transistors forming the inverter are connected together, but
drain nodes thereof are isolated from each other. The first
metal interconnection line connects contact CT2 to shared
contact SC1, and the first metal interconnection line con-
nects contact CT5 to shared contact SC2. Thereby, the drain
nodes of the P- and N-channel MOS transistors can be
connected to nodes DN1 and DN2 corresponding to the
storage nodes, respectively.

[Second Modification]

FIG. 26 schematically shows a layout of dummy cell
DMC of a second modification of the fifth embodiment of
the invention. The layout of memory cell MC corresponding
to dummy cell DMC shown in FIG. 26 is the same as that
of memory cell MC shown in FIG. 25, and third metal
interconnection line MM3 forming word line WL is shared
between memory cells MC arranged in the row direction.
Therefore, FIG. 26 does not show the layout of the memory
cells. Dummy cell DMC is aligned to the memory cells.

In dummy cell DMC shown in FIG. 26, arrangement of
active regions AR1-AR4 and therefore arrangement of the
transistors are the same as the arrangement of active regions
AR1-AR4 and the arrangement of the transistors shown in
FIG. 25. The interconnection layout of dummy cell DMC
shown in FIG. 26 differs from that of dummy cell DMC
shown in FIG. 25 in the following points:

In active region AR1, a contact/via VC21 arranged
between polycrystalline silicon interconnection lines PS1
and PS2 is not coupled to active region AR1, but is coupled
to third metal interconnection line MM3 forming word line
WL. Third metal interconnection line MM3 is coupled to
polycrystalline silicon interconnection line PS1 through via
VA1. A bit line contact CT21 of active region AR1 is not
coupled to the word line, but is coupled to a node supplying
ground voltage VSS.

Contact CT1 on the other end of active region AR1 is
maintained in the floating state. Contact/via VC21 is coupled
merely to third metal interconnection line MM3 forming the
word line, and shared contact SC1 is isolated from contact/
via VC21.

In active region AR4 within the other P-well, a contact/via
V(22 arranged in a region between polycrystalline silicon
interconnection lines PS4 and PS3 is coupled to third metal
interconnection line MM3, and the impurity region at the
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center of active region AR4 is coupled to word line WL
through contact/via VC22. Third metal interconnection line
MM3 is coupled to polycrystalline silicon interconnection
line PS4 through via VA2. Contact CT5 is isolated from third
metal interconnection line MM3, and is coupled to a node
supplying ground voltage VSS instead of the bit line. In
active region AR4, contact CT6 arranged on the other end is
isolated from the ground voltage supply node, and is main-
tained in the floating state.

Shared contacts SC1 and SC2 formed in active regions
AR2 and AR3 are coupled to polycrystalline silicon inter-
connection lines PS3 and PS2, respectively. Power supply
contact CT3 is electrically connected via a first metal
interconnection line MM31 in the layer above polycrystal-
line silicon interconnection line PS2 to shared contact SC1,
and shared contact SC2 is electrically coupled to power
supply contact CT4 via a first metal interconnection line
MM32.

Other arrangements relating to dummy cell DMC shown
in FIG. 26 are the same as those shown in FIG. 25.
Corresponding portions are allotted with the same reference
numerals, and description thereof is not repeated.

FIG. 27 shows an electrically equivalent circuit of dummy
cell DMC shown in FIG. 26. In FIGS. 26 and 27, N-channel
MOS transistors DT5 and NT3 are formed in active region
ARI1. Contact/via VC21 corresponds to the connection node
(shared impurity region) of MOS transistors DT5 and NT3,
and is electrically coupled to word line WL. A gate of MOS
transistor DT5 is coupled to word line WL through via VAL
The other conduction node of MOS transistor DTS5 receives
ground voltage VSS through contact CT21.

In active region AR2, a P-channel MOS transistor PT3 is
formed, and active region AR3 has a P-channel MOS
transistor PT4 formed therein. Polycrystalline silicon inter-
connection line PS2 forms gates of MOS transistors PT3 and
NT3, and is connected to shared contact SC2. Polycrystal-
line silicon interconnection line PS1 forms gates of MOS
transistors PT4 and NT4, and is coupled to shared contact
SC1. Therefore, the drain nodes of MOS transistors PT3 and
NT3 are isolated from each other, and the drain nodes of
MOS transistors PT4 and NT4 are likewise isolated from
each other. The source nodes of MOS transistors PT3 and
PT4 receive power supply voltage VDD through contacts
CT3 and CT4.

In active region AR4, N-channel MOS transistors NT4
and DT6 are formed therein. The connection node between
MOS transistors NT4 and DT6 is connected to word line WL
through contact/via VC22, and the gate of MOS transistor
DT6 is connected to word line WL. The source node of MOS
transistor DT6 receives ground voltage VSS via contact
CT6. Contact CTS maintains the source node of MOS
transistor NT4 in the floating state.

According to the arrangement of dummy cell DMC
shown in FIG. 27, the voltage level of word line WL can
likewise be pulled down by MOS transistors DT5 and DT6
having the same transistor layout as the drive transistors
arranged near the access transistors 0 in the memory cell.
Although MOS transistors NT3 and NT4 each have the gate
maintained at the level of power supply voltage VDD and
therefore are normally conductive, the source nodes thereof
are in the floating state. Therefore, MOS transistors NT3 and
NT4 do not affect the discharging operation performed by
MOS transistors DTS and DTé6.

MOS transistors PT3 and PT4 have gate, source and drain
nodes connected to the power supply node, and are normally
maintained in the off state. A node in the floating state is not
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present in dummy cell DMC (the source nodes of transistors
NT3 and NT4 are maintained at the word line potential).

Dummy cell DMC may be supplied with ground voltage
VSS instead of power supply voltage VDD. In this case,
MOS transistors NT3 and NT4 can normally be maintained
in the off state so that the parasitic capacitance of the word
line can be reduced, and it is possible to reduce the influence
on driving speed of the word line to the selected state.

Even in the case where the transistors in dummy cell
DMC shown in FIG. 27 are used as the word line pull-down
elements, the same fluctuations occur in parameter of the
N-channel MOS transistors in dummy cell DMC and
memory cell MC in the manufacturing steps, and the word
line WL can be set to the voltage level reflecting the
fluctuations in threshold voltage of drive N-channel MOS
transistors (NQ1 and NQ2) of the memory cell by using
MOS transistors DTS and DT6.

In these first to third modifications, the size ratio between
the transistor in the memory cell (the access and drive
transistors are formed in the same rectangular region, and
have the same gate width) and the pull-down transistor in the
dummy cell may be in a range from 0.5 to 5, and preferably
from 0.8 to 2, similarly to the second embodiment.

According to the fifth embodiment of the invention, as
described above, the transistor in the dummy cell corre-
sponding to the access transistor is used as the pull-down
element for the word line, and the fluctuations in threshold
voltage of the memory cell can be reflected in the dummy
cell aligned to the memory cell and having the same tran-
sistor layout as the memory cell. Thus, a selected word line
can be accurately set to the voltage level reflecting the
variations in threshold voltage of the N-channel MOS tran-
sistors in the memory cell, and the selected word line voltage
can be automatically and precisely corrected to perform
reading and writing of the data in the memory cell.

Sixth Embodiment

FIG. 28 schematically shows a construction of a main
portion of a semiconductor memory device according to a
sixth embodiment of the invention. In FIG. 28, the word
lines are divided into a plurality of word line groups WG0-
WGi each including word lines WLO-WLk. Each of word
lines WL0O-WLk is connected to a plurality of memory cells
MC, but FIG. 28 shows only one of memory cells MC
connected to each word line. Bit lines BL and /BL are
arranged corresponding to each memory cell column, but are
not shown in FIG. 28 for the sake of simplicity.

In each of word line groups WG0-WGi, word line decod-
ers/drivers WDKO0-WDKk are arranged corresponding to
word lines WLO-WLKk, respectively. In each of word line
groups WGO0-WGi, word line decoders/drivers WDKO-
WDKKk each decode row address predecode signals XH, XM
and XL, and drive a corresponding word line to a selected
state when the corresponding word line is to be selected. A
combination of predecode signals XH, XM and XL for each
word line decoder/driver is different from combinations for
the other word line decoders/drivers, and one word line is
designated among the word lines.

Word line decoder/driver WDKUO includes an NAND gate
NGO for decoding predecode signals XH, XM and XL, and
an inverter IVGO for driving the corresponding word line to
the selected state according to an output signal of NAND
gate NGO. Inverter IVGO includes a P-channel MOS tran-
sistor PQ30 and an N-channel MOS transistor NQ30. Other
word line decoders/drivers WDK have the same configura-
tions as word line decoder/driver WDKUO, although these
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word line decoders/drivers WDK receive different combi-
nations of predecode signals XH, XM and XL, respectively.
Therefore, internal configurations of the other word line
decoders/drivers WDK are not shown.

In each of word line groups WG0-WGi, word line decod-
ers/drivers WD0-WDKk commonly receive the operation
power supply voltage via driver power supply lines DPL
(DPL0-DPLi). Driver power supply line precharge circuits
DPGO-DPGi precharge driver power supply lines DPLO-
DPLi to the level of power supply voltage VDD, respec-
tively. Driver power supply line precharge circuit DPGO
includes an NAND gate NG1 for decoding predecode sig-
nals XH and XM, an inverter circuit IVG1 for inverting the
output signal of NAND gate NG1, and a P-channel MOS
transistor PQ32 for transmitting power supply voltage VDD
to a corresponding one of driver power supply lines DPLO-
DPLKk. Driver power supply line precharge circuits DPGO0-
DPGi have the same construction, and therefore the refer-
ence numerals for the components are assigned only to the
components in driver power supply line precharge circuit
DPGO.

The combination of predecode signals XH and XM des-
ignates one of word line groups WG0-WGi. In the selected
word line group, therefore, driver power supply line pre-
charge circuit DPG (one of DPG0-DPGk) becomes inactive
(non-conductive) to stop precharging of corresponding
driver power supply line DPL (one of DPL0-DPLi) to the
level of power supply voltage VDD.

Driver power supply line precharge circuits DPG0-DPGi
are employed for preventing excessive drop of the voltage
levels of driver power supply lines DPLO-DPLk in a long
cycle, i.e., when the successive accesses are made and when
the word line is kept in the selected for a long period of time.

Level shifters LSF0-LSF1 are provided for driver power
supply lines DPLO-DPL, respectively. Level shifters LSF0-
LSF1 clamp the lower limit voltage levels of corresponding
driver power supply lines DPL.O-DPLi at the voltage level of
(VDD-Vthp), respectively.

FIG. 29 shows an example of the constructions of level
shifters LSF0-LSF1. Since level shifters LSF0-LSF1 have
the same construction, FIG. 29 representatively shows only
one of level shifters LSF0-LSF1, and reference character
“LSF” is used for representing the level shifter representa-
tively.

Level shifter LSF includes P-channel MOS transistors
DPQ1 and DPQ2 that are arranged between the power
supply node and a node ND5, and have gates connected to
node NDS5, N-channel MOS transistors DNQ3 and DNQ1
connected in series, and N-channel MOS transistors DNQ4
and DNQ2 connected in series. Nodes ND7 and ND9 are
kept in the electrically floating state, and both the gates of
MOS transistors DNQ1 and DNQ2 are connected to node
NDs5.

MOS transistors DPQ1 and DPQ2 have the threshold
voltages of absolute value of Vthp, and diode-connected
MOS transistors DPQ1 and DPQ2 maintain node NDS5 at the
voltage level of (VDD-Vthp) to keep MOS transistors
DNQ1 and DNQ2 conductive. The connection node
between MOS transistors DNQ3 and DNQ1 is isolated from
node NDS5, and the connection node between MOS transis-
tors DNQ2 and DNQ4 is isolated from node ND5. There-
fore, MOS transistors DNQ1 and DNQ2 maintain the nodes
ND7 and ND9 in the floating state at the ground voltage
level.

This level shifter LSF is the same in transistor layout as
the components in memory cell MC, but is different in
connection manner of interconnection lines. MOS transis-
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tors DPQ1 and DPQ2 exhibit fluctuations in threshold
voltage similar to the fluctuations in threshold voltage of the
load transistor in the memory cell. Therefore, the voltage
(VDD-Vthp) of driver power supply line DPL is maintained
at the voltage level reflecting the fluctuations of threshold
voltage of the load P-channel MOS transistor included in
memory cell MC.

FIG. 30 is a signal waveform diagram representing an
operation of the semiconductor memory device shown in
FIGS. 28 and 29. Referring to FIG. 30, description will now
be given on the operations of the semiconductor memory
device shown in FIGS. 28 and 29.

In an operation signal waveforms shown in FIG. 30, the
semiconductor memory device operates in synchronization
with a clock signal CLK, and the address signal is externally
applied in synchronization with clock signal CLK. Clock
signal CLK may be a clock signal defining an operation
cycle of a processor outside the semiconductor memory
device (in which case the processor supplies the address
signal to the semiconductor memory device in synchroni-
zation with the clock signal), or may be applied from the
external processor to the semiconductor memory device
together with the address signal with clock signal CLK.

When clock signal CLK rises, an externally applied row
address signal is made definite, and a predecoder (not
shown) establishes the states of predecode signals XH, XM
and XL.. It is assumed that word line group WGO is selected.
In this case, the output signal of NAND gate NG1 attains the
L level according to the combination of predecode signals
XH and XM, so that the output signal of inverter IVG1
attains the H level, and MOS transistor PQ32 is turned off.
Accordingly, the precharging of driver power supply line
DPL0 to power supply voltage VDD is completed. When
driver power supply line DPLO is at the level of power
supply voltage VDD, MOS transistors DPQ1 and DPQ2
shown in FIG. 29 are in an off state, and driver power supply
line DPL is rendered floating at the level of power supply
voltage VDD.

The word line decoders/drivers WDKO0-WDKk perform
the decode operation, and the word line decoder/driver
arranged corresponding to the selected word line provides
such an operation according to the predecode signals XH,
XM and XL that the output signal of NAND gate NGO
attains the L level, and accordingly, inverter IVG0 produces
the output signal at the H level. Assuming that word line
WLO is selected, MOS transistor PQ30 in word line decoder/
driver WDKO charges word line WL0. The charging current
of word line WL (WLO0) is supplied from driver power
supply line DPL (DPLO), so that the voltage level of driver
power supply line DPLO0 lowers. When the voltage level of
driver power supply line DPLO lowers, the clamping func-
tion works in level shifters LSF0-LSF1, and MOS transis-
tors DPQ1 and DPQ2 maintain the voltage level of driver
power supply line DPLO at the level of (VDD-Vthp).

When absolute value Vthp of the threshold voltage of the
load transistor included in memory cell MC increases, and
the driving current quantity decreases, the write margin is
improved, and static noise margin SNM deteriorates. In this
case, the voltage clamping level of driver power supply line
DPL is lower than power supply voltage VDD (Vthp is
large), and selected word line WL0 attains the voltage level
lowered more, and the static noise margin of the memory
cell is improved.

When absolute value Vthp of threshold voltage of the load
MOS transistor in memory cell MC is low, the driving
current quantity increases, and the write margin deteriorates
(the data write margin becomes small) although static noise
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margin SNM is improved. In this case, the clamping level of
driver power supply line DPL is equal to voltage of (VDD-
Vithp), so that the extent of voltage lowering is small, and the
voltage level of selected word line WL WLO is close to
power supply voltage VDD so that the write margin is
improved.

Therefore, the voltage level of the selected word line can
be automatically adjusted closely in linkage with the fluc-
tuations in threshold voltage Vth of the load MOS transistor
in the memory cell, and the writing and reading of data can
be performed stably and accurately.

In particular, the transistors having the same transistor
layout as the memory cell are used as the level shifter, and
therefore the voltage level of the word line can be adjusted
accurately in synchronization with or corresponding to the
fluctuations in threshold voltage of the load transistors in the
memory cell.

The number of word lines WL0-WLKk included in each of
word line groups WG0-WGi may be appropriately deter-
mined according to the bit number of the predecode signals.

The number of level shifters LSF coupled to one driver
power supply line is merely required to allow supply of the
current for driving one word line, and is appropriately
determined according to the size of the transistor of the level
shifter.

[First Modification]

FIG. 31 shows a construction of a modification of the
array in the semiconductor memory device of the sixth
embodiment of the invention. In FIG. 31, the word lines are
formed into a hierarchical construction including main word
lines and sub-word lines. The main word lines are divided
into main word line groups MWG each including a plurality
of main word lines. FIG. 31 representatively shows a main
word line group MWGO including main word lines MWLO0-
MWLi as well as main word line group MWGT1 including
main word lines MWLi+1-MWL,j.

Main word line drivers/decoders MWDV0-MWDVi and
MWDVi+1-MWDV] are arranged corresponding to main
word lines MWLO-MWLi and MWLi+1-MWIj, respec-
tively. Main word line drivers/decoders MWDV0-MWDVi,
MWDVi+1-MWDV] drive one main word line to the
selected state.

The memory cell array is divided into column blocks
CBKO0-CBKk. In each column block, sub-word lines SWL
are arranged corresponding to main word lines MWLO0-
WML,. In FIG. 31, sub-word lines SWL00-SWL0% are
arranged corresponding to main word line MWLO, and
sub-word lines SWLi0-SWLik are arranged corresponding
to main word line MWLi. Sub-word lines SWL(i+1)0-SWL
(i+1)k are arranged corresponding to main word line
MWLi+1, and sub-word lines SWILj0-SWLjk are arranged
corresponding to main word line MWLj. Each of sub-word
lines SWL00-SWLjk is connected to memory cells MC in
one row of the corresponding column block.

These sub-word lines SWLO0-SWLjk are provided with
sub-word line drivers SDV00-SDVjk. Each of sub-word line
drivers SDV00-SDVjk responds to column block select
signal BS (BS0-BSk) and the signal potential of a corre-
sponding main word line MWL (one of MWL0-MWL}j), to
drive the corresponding sub-word line to the selected state.

Thus, the sub-word lines are arranged corresponding to
the respective memory cell rows in each of the column
blocks to be designated by block select signals BS0-BSk,
and a sub-word line corresponding to the selected main word
line is driven to the selected state in the selected column
block.
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In each of main word line groups MWG0-MWG1, driver
power supply line precharge circuits SDPG are arranged
corresponding to column blocks CBK0-CBKK, respectively.
For main word line group MWGO in FIG. 31, driver power
supply line precharge circuits SDPGO00-SDPGOL are
arranged corresponding to column blocks CBKO0-CBKk,
respectively. For main word line group MWGI1, driver
power supply line precharge circuits SDPG10-SDPG1% are
arranged corresponding to column blocks CBKO0-CBKk,
respectively. These driver power supply line precharge cir-
cuits SDPG00-SDPG1£ supply the operation power supply
voltage to the sub-word line drivers in the column blocks of
the corresponding main word line groups via sub-word line
driver power supply lines SDPL00-SDPL1%, respectively.

Each of sub-word line driver power supply lines SDPL00-
SDPL1% is connected to level shift elements LSF0-LSF1.

The construction of each of driver power supply line
precharge circuits SDPG00-SDPG1£ has the same construc-
tion as driver power supply line precharge circuits DPGO-
DPGKk, except for that column block select signal BS (BS0-
BSk) is applied together with predecode signals XH and
XM. Main word line drivers/decoders MWDV0-MWDVj
have the same constructions as word line drive decoders/
drivers WDK-WDKk shown in FIG. 28. Main word line
drivers/decoders MWDV0-MWDYVj drive corresponding
main word lines MWL0-MWLj to the selected state accord-
ing to predecode signals XH, XM and XL.

Level shift elements LSF0-LSF1 each are the same in
construction as that shown in FIG. 26 and in transistor layout
as memory cell MC, and each include a diode-connected
P-channel MOS transistor that corresponds to the load
transistor, and is coupled to the corresponding one of driver
power supply lines SDPLO0-SDPL1%.

In the hierarchical word line configuration shown in FIG.
31, the sub-word line is driven to the selected state only in
the column block including the memory cell in a selected
column, and the corresponding word line driver power
supply line precharge circuit and level shifters LSF0-LSF1
shift down the voltage level of the corresponding sub-word
line to the level of (VDD-Vthp). In the unselected column
blocks, all the sub-word lines are in the unselected state, and
the corresponding driver power supply line precharge cir-
cuits DPG maintain the corresponding driver power supply
lines SDPL at the level of power supply voltage VDD. In the
write operation, therefore, a sufficient read margin can be
ensured in the unselected memory cells, and fast data writing
can be performed without causing data destruction in the
unselected memory cells.

It is possible to reduce the number of the memory cells in
a half selected state in which the corresponding word line is
selected and the corresponding bit line is not selected. In the
data write operation, therefore, it is possible to reduce the
possibility that the data destruction occurs due to the read
margin deterioration of the memory cells in the half selected
state.

In the hierarchical word line configuration shown in FIG.
31, the main word line and the sub-word line in each column
block are in one-to-one correspondence relationship. How-
ever, each column block may be configured such that one
main word line corresponds to a plurality of sub-word lines,
and the sub-word line driver drives the corresponding sub-
word line to the selected state according to the predecode
signal (XL) and the signal on the associated main word line.

[Second Modification]

FIG. 32 schematically shows a construction of a memory
array of the second modification of the sixth embodiment of
the invention. In FIG. 32, memory cell array 1 includes a
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normal memory array 50 having memory cells MC arranged
in rows and columns, and a word line voltage adjusting
portion 52 for adjusting the select voltage level of word line
WL. Word line voltage adjusting portion 52 includes word
line voltage adjusting circuits 58 arranged corresponding to
the memory cell rows (word lines), respectively. Each word
line WL is connected to the memory cells in the correspond-
ing row.

Each word line voltage adjusting circuit 58 is aligned to
memory cells MC, and has the same transistor arrangement
as memory cell MC, although the construction thereof will
be described later in detail. By changing internal line con-
nections, word line voltage adjusting circuit 58 can achieve
a function of adjusting the voltage level of the word line.

Corresponding to each word line WL, there is arranged a
word line driver 56 that drives a corresponding word line to
the selected state according to a word line select signal
applied from a row decoder 54. Word lines WL are divided
into groups each including a predetermined number (e.g., in
a range from 16 to 64) of word lines, and driver power
supply lines DPLC are arranged corresponding to word line
groups WG, respectively. Driver power supply line DPLC is
commonly coupled to clamping power supply lines DPLA
and DPLB arranged in the word line voltage adjusting
portion for each word line group WG. Driver power supply
line DPLC and clamping power supply lines DPLA and
DPLB form a loop in each word line group WG, and
supplies the operation power supply voltage to word line
drivers 56 in the corresponding word line group. For
example, clamping power supply lines DPLA and DPLB are
formed of the interconnection lines in the same layer as bit
lines BL. and /BL, and word line voltage adjusting circuit 58
having the same construction (transistor arrangement) as
memory cell MC clamps the voltage of driver power supply
line DPLC at the level of voltage (VDD-Vthp).

Well potential supply portion TAP is arranged between
word line groups WG, and a well bias voltage is supplied to
the well region in which each memory cell MC and word
line voltage adjusting circuit 58 are arranged. Well potential
supply portion TAP supplies the well voltage at a predeter-
mined level to each of N-well regions for forming the
P-channel MOS transistors (load transistors) of memory
cells MC and P-well regions for forming the N-channel
MOS transistors (access transistors and driver transistors).

FIG. 33 shows a construction of a word line voltage
adjusting circuit 58 shown in FIG. 32. In FIG. 33, word line
voltage adjusting circuit 58 includes P-channel MOS tran-
sistor PQ30 that is connected between the power supply
node and clamp power supply line DPLA and has a gate
coupled to clamping power supply lines DPLA and DPLB,
a P-channel MOS transistor PQ31 that is connected between
the power supply node and clamping power supply line
DPLB and has a gate coupled to clamping power supply
lines DPLA and DPLB, an N-channel MOS transistor NQ31
that is connected between a node ND30 and the ground
voltage and has a gate coupled to clamping power supply
lines DPLA and DPLB, an N-channel MOS transistor NQ32
that is connected between a node ND31 and the ground node
and has a gate coupled to clamping power supply lines
DPLA and DPLB, an N-channel MOS transistor NQ33 that
has a first conduction node coupled to node ND30 and has
a gate connected to word line WL, and an N-channel MOS
transistor NQ34 that has a first conduction node connected
to node ND31 and has a gate connected to word line WL.

Second conduction nodes of MOS transistors NQ33 and
NQ34 are maintained in the electrically floating state (open
state). In memory cell MC, the second conduction nodes of
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the transistors corresponding to MOS transistors NQ33 and
NQ34 are coupled to bit lines BL. and /BL, respectively.

The electrically equivalent circuit of memory cell MC is
the same as that of memory cell MC shown in FIG. 2. Word
line voltage adjusting circuit 58 shown in FIG. 33 is aligned
in the row direction to memory cells MC.

In the construction of word line voltage adjusting circuit
58 shown in FIG. 33, MOS transistors PQ30 and PQ31
operate in the diode mode to clamp the lower limit voltage
levels of clamping power supply lines DPLA and DPLB at
the level of voltage (VDD-Vthp), where Vthp represents the
absolute value of the threshold voltage of MOS transistors
PQ30 and PQ31.

MOS transistors NQ31 and NQ32 are normally kept on by
the voltages on clamping power supply lines DPLA and
DPLB, and maintain the nodes ND30 and ND31 at the
ground voltage level, respectively. MOS transistors NQ33
and NQ34 are selectively turned on according to the voltage
level of word line WL. However, the second conduction
nodes corresponding to the nodes coupled to bit lines BL. and
/BL in the memory cell are in the electrically floating state
(open state), nodes ND30 and ND31 are isolated from
clamping power supply lines DPLA and DPLB, and the
on/off states of MOS transistors NQ33 and NQ34 do not
affect the clamped voltage levels of clamping power supply
lines DPLA and DPLB.

Gate capacitances of MOS ftransistors NQ33 and NQ34
serve as the load capacitance of the dummy cell for word
line WL. As shown in FIG. 33, the electrically equivalent
circuit of word line voltage adjusting circuit 58 is the same
in the electrically equivalent circuit, but differs in the
connection of internal interconnection lines of the transistors
in memory cell MC with respect to the arrangement of the
transistors in memory cell MC (see FIG. 2).

The construction of the word line voltage adjusting circuit
shown in FIG. 33 is the same as that of the level shifter
shown in FIG. 29, except for that two clamping power
supply lines DPLA and DPLB are employed.

FIG. 34 shows a construction of word line driver 56
shown in FIG. 32. In FIG. 34, word line driver 56 includes
P-channel MOS transistors PQ40 and NQ40 forming a
CMOS inverter. A source node of MOS transistor PQ40 is
coupled to driver power supply line DPL.C. When word line
WL is selected according to the word line select signal
applied from the row decoder shown in FIG. 32, MOS
transistors PQ40 and NQ40 drive word line WL to the level
of the voltage on driver power supply line DPLC (the level
of the clamped voltage on the clamping power supply line).

Memory cell MC has the same interconnection layout and
the same transistor arrangement as memory cell MC shown
in FIG. 25, and the transistor arrangement of word line
voltage adjusting circuit 58 is the same as that of memory
cell MC. Therefore, the transistor arrangements of memory
cell MC and word line voltage adjusting circuit 58 are
repeated in the row direction. The current supplying power
of the diode-connected clamping transistor in word line
voltage adjusting circuit 58 is the same as the load transistor
in the memory cell. However, the word line voltage adjust-
ing circuit is arranged corresponding to each word line
included in word line group WG, and adjusts the voltage
level of the word line driver power supply line in parallel.
When a word line is selected, therefore, only one word line
is driven to the selected state in the corresponding word line
group, and the selected word line can be driven sufficiently
rapidly to the level of voltage (VDD-Vthp).

The memory cell and the word line voltage adjusting
circuit employ the same transistor arrangement, and the
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following description will be given on the transistor arrange-
ment and interconnection layout of word line voltage adjust-
ing circuit 58. The positional relationship between the
transistors in memory cell MC and the transistors in word
line voltage adjusting circuit 58 is the same as that between
the memory cell and the dummy cell shown in FIG. 25, with
the dummy cell being replaced with word line voltage
adjusting circuit 58.

FIG. 35 shows a layout of the active regions and the first
polycrystalline silicon interconnection lines of word line
voltage adjusting circuit 58. In FIG. 35, word line voltage
adjusting circuit 58 includes active regions 605 and 60c
formed in an N-well, and active regions 60a and 60d formed
in P-wells on the opposite sides of the N-well, respectively.
Each of active regions 60a-604 have a rectangular form
elongated in the Y direction.

A contact 64c¢ for the bit line and a contact 645 for the
ground voltage are formed on the opposite ends in the Y
direction of active region 60a, respectively. A polycrystal-
line silicon interconnection line 62a extends in the X direc-
tion across active region 60a. A word line contact 64a is
formed at one end of polycrystalline silicon interconnection
line 62a.

Active region 604 is provided, at its opposite ends, with
a power supply contact 644 and a shared contact 65a,
respectively. Active region 60c¢ is provided, at its lower end
in the Y direction, with a power supply contact 64e, and is
provided, at an upper region in the Y direction, with a shared
contact 65b6. Shared contact 655 is coupled to a polycrys-
talline silicon interconnection line 625 that extends in the X
direction across active regions 605 and 60a, and polycrys-
talline silicon interconnection line 626 is electrically
coupled to active region 60c.

Shared contact 65a is electrically connected to a poly-
crystalline silicon interconnection line 62¢ that extends in
the X direction across active regions 60c and 60d. In this
manner, active region 605 is electrically connected to poly-
crystalline silicon interconnection line 62c.

Active region 604 is provided, at its opposite ends in the
Y direction, with a bit line contact 64f'and a ground contact
64g, respectively. A polycrystalline silicon interconnection
line 62d extends in the X direction across active region 60d,
and is electrically coupled to word line contact 644 formed
at a boundary region of word line voltage adjusting circuits
58.

The arrangement of transistors and the arrangement of
gates in word line voltage adjusting circuit 58 shown in FIG.
35 are substantially the same as those of memory cell MC,
and the transistor arrangement shown in FIG. 35 is repeated
in the X direction mirror-symmetrically between neighbor-
ing arrangements. Therefore, the arrangements of transistors
and the interconnection lines are the same in the X-direction
arrangement in word line voltage adjusting circuit 58 and in
the Y-direction arrangement in memory cell MC, and word
line voltage adjusting circuit 58 and memory cell MC can be
arranged without affecting the layout pattern of the memory
cells in memory cell array. Since the word line voltage
adjusting circuit 58 and memory cell MC have the same
transistor arrangement, the electric characteristics of the
transistors in memory cell MC can be the same as the
electric characteristics of each in word line voltage adjusting
circuit 58 transistor (manufacturing these transistors and the
interconnection lines under the same conditions).

FIG. 36 schematically shows an interconnection line
layout in a layer above the transistor arrangement intercon-
nection shown in FIG. 35. FIG. 36 shows the layout of the
first metal interconnection lines and vias connected to the
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first metal interconnection lines. In FIG. 36, the same
contacts as those shown in FIG. 35 are allotted with the same
reference numerals, and description thereof is not repeated.

For word line contact 64a arranged in a boundary region
of word line voltage adjusting circuit 58, there is arranged a
first metal interconnection line 70a of a rectangular form
elongated in the Y direction. A via 726 having a portion
overlapping with word line contact 64a is formed on first
metal interconnection line 70a.

A first metal interconnection line 706 of a rectangular
form elongated in the X direction is formed for ground
contact 645 (i.e., contact for grounding). A via 72a for
connection to the ground line is formed at an end of first
metal interconnection line 705.

For contact 64¢ formed in a lower portion of active region
60a shown in FIG. 35, a rectangular-shaped first metal
interconnection line 70c¢ is formed, to provide an interme-
diate layer for the bit line.

A rectangular first metal interconnection line 70d is
formed for power supply contact 644 formed in the N-well
active region (active region 605 in FIG. 35), and a via 72d
overlapping with power supply contact 644 is formed on
first metal interconnection line 70d. A rectangular-shaped
first metal interconnection line 70f is formed for power
supply contact 64e located under the active region in the
N-well, and a via 72e¢ overlapping with contact 64e is
formed in the layer above first metal interconnection line
70f. A first metal interconnection line 70e extending in the
X direction is contacted with shared contacts 65a and 655.
Vias 72¢ and 72f are formed in the layer above first metal
interconnection line 70e.

First metal interconnection line 70e is formed in the same
manufacturing steps as the first metal interconnection lines
employed for connecting the internal storage nodes in the
memory cell (MC). In the memory cell, contacts electrically
connected to active regions 60a and 604 shown in FIG. 35
are arranged instead of vias 72¢ and 72, and shared contacts
65a and 65b are electrically isolated (see FIG. 25).

In word line voltage adjusting circuit 58, as shown in FIG.
36, the nodes corresponding to the storage nodes in the
memory cell are mutually connected by first metal intercon-
nection line 70e in the same layer as the first metal inter-
connection lines employed for the storage node connection
in the memory cell, and the interconnection layout achieving
the diode connection of the load transistors in the memory
cell is provided.

A first metal interconnection line 70g of a rectangular
form is formed for contact 64f, and a first metal intercon-
nection line 70/ of a rectangular form elongated in the X
direction is formed for contact 64g. A via 72g is formed at
an end of first metal interconnection line 70/4. A first metal
interconnection line 70 elongated in the Y direction is
formed for contact 64d, and a via 72k is formed for first
metal interconnection line 70i. Word line voltage adjusting
circuit 58 can have an interconnection line layout point-
symmetrical with respect to the center thereof.

FIG. 37 shows an interconnection layout in a layer above
the interconnection layout shown in FIG. 36. In FIG. 37, vias
corresponding to those in FIG. 36 are allotted with the same
reference numerals, and description thereof is not repeated.

In the interconnection layout shown in FIG. 37, a rect-
angular-shaped second metal interconnection line 74a is
arranged in a layer above via 72a, and is provided with a
second via 76a overlapping with via 72a.

A rectangular second metal interconnection line 745 elon-
gated in the Y direction is arranged for via 725, and a third
via 766 having a portion overlapping with via 724 is
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arranged in a layer above second metal interconnection line
74b. A second metal interconnection line 74¢ extending in
the Y direction is arranged for via 72c¢. Second metal
interconnection line 74¢ forms a clamping power supply line
DPLA, and corresponds to bit line BL in memory cell MC.

A second metal interconnection line 744 extending in the
Y direction is connected to vias 724 and 72e. Second metal
interconnection line 74d transmits power supply voltage
VDD for the memory cells.

A second metal interconnection line 74e extending in the
Y direction is arranged for via 72f. Second metal intercon-
nection line 74e forms clamping power supply line DPLB,
and forms complementary bit line /BL in memory cell MC.

A rectangular-shaped first metal interconnection line 74f
elongated in the Y direction is arranged for via 72/, and a
second via 76¢ having a portion overlapping with via 724 is
arranged above first metal interconnection line 74f. A rect-
angular-shaped second metal interconnection line 74g is
arranged for via 72g. A via 76d overlapping with via 72g is
formed on second metal interconnection line 74g.

Third metal interconnection lines 80a, 805 and 80c¢ each
extending in the X direction are arranged with spaces in
between. Third metal interconnection line 80q is connected
to second metal interconnection line 74a through second/
third via 76a. Third metal interconnection line 805 is
coupled to second metal interconnection lines 74f and 745
through second vias 76c¢ and 765, respectively. Third metal
interconnection line 805 corresponds to word line WL, and
third metal interconnection line 80a corresponds to the
ground line transmitting ground voltage VSS.

Third metal interconnection line 80c¢ is coupled to second
metal interconnection line 74g through via 76d, and trans-
mits ground voltage VSS.

Ground voltage VSS is transmitted to second metal inter-
connection lines 74a and 74g through second/third vias 76a
and 76d, respectively, and accordingly, the ground voltage
and the power supply voltage can be transmitted while
preventing a collision between the ground line and power
supply line 74d transmitting power supply voltage VDD in
the memory cell.

In the structure shown in FIG. 37, the interconnection
layout of memory cell MC is the same as that of word line
voltage adjusting circuit 58, except for that vias 72¢ and 72f
are not employed. Third metal interconnection line 805
forming word line WL, the ground line and third metal
interconnection lines 80a and 80c¢ may be laid out to extend
continuously in the X direction and corresponding to the
memory cell row.

As shown in FIGS. 35-37, therefore, word line voltage
adjusting circuit 58 may be arranged by using the transistor
arrangement in memory cell MC and using substantially the
same interconnection layout as that, and the same transistor
arrangement as memory cell MC can be repeated. Also, the
bit lines and clamping power supply lines are be arranged
with the same interconnection layers and the same intercon-
nection layout. Without adversely affecting the interconnec-
tion layout of the memory cell array, the power supply
voltage of the word line driver can be clamped at the level
of (VDD-Vthp), and the voltage level of the selected word
line can be adjusted according to and closely in linkage with
the fluctuations in threshold voltage of the load transistor in
the memory cell.

Level shifter LSF includes the transistors arranged in the
same layout as memory cell MC. The transistor forming the
level shifter may be configured to have the size ratio in a
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range from 0.8 to 2.0 with respect to the corresponding load
transistor in the memory cell, similarly to the second
embodiment.

As described above, according to the sixth embodiment of
the invention, the word line voltage adjusting circuit or the
level shifter is formed in the same transistor arrangement
and in substantially the same interconnection line layout as
the memory cell is provided for adjusting the voltage level
of the selected word line voltage, and therefore, the word
line voltage adjusting circuit can be arranged efficiently
without adversely affecting the interconnection line layout
of the memory cell array.

The level shifter or the word line voltage adjusting circuit
having the same transistor arrangement as the memory cell
are used, and the selected word line voltage level can be
adjusted by accurately reflecting the word line voltage in the
variations in electric characteristic of the memory cell
transistor closely in linkage with the electric characteristics
of the transistors in the memory cell.

Seventh Embodiment

FIG. 38 schematically shows a whole construction of a
semiconductor memory device according to a seventh
embodiment of the invention. The semiconductor memory
device shown in FIG. 38 differs from the semiconductor
memory device shown in FIG. 7 in the following construc-
tion.

A word line voltage adjusting circuit 100 is arranged for
pull-down elements PD arranged corresponding to respec-
tive word lines WLO-WLn for the purpose of adjusting the
number of the conductive transistors in these pull-down
elements, respectively. As already described in the second
embodiment, pull-down element PD includes a plurality of
transistor elements coupled in parallel to the corresponding
word line. The number of the transistor elements made
conductive is adjusted according to a control signal group
SMG applied for adjusting the static noise margin from word
line voltage adjusting circuit 100. Thereby, the voltage level
of the selected word line in the read operation can be
optimized in the design stage. In the product manufacturing
process, the number of the pull-down transistor elements
made conductive is adjusted to compensate for variations in
characteristic of the memory cell in linkage with the char-
acteristics of the memory cell, and thereby the voltage on the
selected word line is set to the optimum level.

Cell power supply interconnection lines PVLA are
arranged corresponding to the memory cell columns, respec-
tively. A write assist array power supply circuit 108 adjusts
the voltage levels of cell power supply interconnection lines
PVLA in units of columns. Cell power supply interconnec-
tion line PVLA, of which construction will be described
later, includes a cell power supply line transmitting a high-
side power supply voltage VDD to the memory cell and a
down power supply line used for lowering the voltage level
of the cell power supply line.

Write assist array power supply circuit 108 lowers the
voltage level of the cell power supply line (VDD power
supply line) in the selected column according to write
instruction signal WE and a column select signal CSL in the
data write operation, and thereby the operation margin in the
write operation is increased. As already described in relation
with the second embodiment and others, read-assisting
pull-down element PD lowers the voltage level of a selected
word line to decrease the driving power of the access
transistors, and thereby ensures the read margin. In this case,
lowering of the write margin may occur depending on the
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power supply voltage level. For suppressing the decreasing
of write margin, the voltage level of the cell power supply
line (VDD power supply line) is slightly lowered to decrease
the latching capability of memory cell MC, to increase the
write margin. Thereby, fast writing and reading of data can
be reliably and stably performed.

In the memory cell on the selected row and an unselected
column, the voltage level of the cell power supply line
lowers, but a sufficient read margin is ensured because the
access transistor has a small driving power. In the memory
cell on an unselected row and the selected column, the
access transistor is off; and the data can be stably held even
when the high-side cell power supply voltage lowers.

FIGS. 39A and 39B show by way of example the con-
structions of pull-down element PD and word line driver
WDV shown in FIG. 38. In FIG. 39A, word line drivers
WDV are arranged corresponding to word lines WL0-WLn,
respectively, and the corresponding word line is driven to the
selected state according to the word line select signal
(decode signal).

Since word line drivers WDV have the same construction,
reference characters are assigned to the components of word
line driver WDV arranged for word line WL0 in FIG. 39A.
Word line driver WDV includes P-channel MOS transistor
PQ15 for supplying power supply voltage VDD to a corre-
sponding word line (WL0) according to the word line select
signal, and N-channel MOS transistor NQ15 for discharging
the corresponding word line (WL0) to the ground voltage
level according to the word line select signal.

Memory cells MC are arranged corresponding to the
crossings between the bit line pairs BL and /BL and word
lines WLO-WLn, respectively. Memory cells MC have the
same construction, and the construction of memory cell MC
connected to word line WLO is representatively shown.
Memory cell MC includes a flip-flop FF formed of an
inverter latch for storing data, and an access transistors Alr
connecting the internal storage nodes to bit lines BL. and /BL.
in response to the signal on the corresponding word line
(WLO).

Since pull-down elements PD arranged corresponding to
respective word lines WLO-WLn have the same construc-
tions, reference characters are assigned to components of
pull-down element PD provided for word line WL0 in FIG.
39A. Pull-down element PD includes a pull-down transistor
DTra that is selectively made conductive to couple the
corresponding word line to the ground node according to a
pull-down control signal LSM, a pull-down transistor DTrb
that is selectively made conductive to couple the corre-
sponding word line to the ground node according to a
pull-down control signal SM<0>, and a pull-down transistor
DTrc that is selectively made conductive according to a
pull-down control signal SM<1> to couple the correspond-
ing word line (WL0) to the ground node.

Each of pull-down transistors DTra and DTrc is formed of
a parallel connection of transistors (replica transistors) hav-
ing the same threshold voltage characteristics (the same
layout) as access transistor Alr in memory cell MC. In the
example shown in FIG. 39A, each of pull-down transistors
DTra and DTrb is formed of four replica access transistors
ATr, and pull-down transistor DTrc is formed of eight replica
access transistors AlTr.

FIG. 39B shows a construction of pull-down transistor
DTr (one of transistors DTra-DTrc) shown in FIG. 39A. In
FIG. 39B, pull-down transistor DTr (DTra, DTrb or DTrc)
includes a plurality of unit transistors (replica access tran-
sistors) UATr connected in parallel between word line WL
and the ground node. Unit transistors UATr each have the
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same layout as access transistor ATr in memory cell MC, and
are arranged for the word line with the same gate electrode
pitch and the same gate-contact distance as those of access
transistors Alr in memory cell MC. The layout of the
pull-down transistor will be described later.

Unit transistors UAtr of k in number are arranged in
parallel, and are made conductive in parallel according to
control signals SM (LSM, SM<0> and SM<1>). Assuming
that each unit transistor has on-resistance Rn, the combined
on-resistance of k unit transistors UATr is equal to Rn/k.
Therefore, the control signals can set the number of unit
transistors UATr to be made conductive, whereby the resis-
tance ratio to the on-resistance of pull-up transistor PQ15 of
word line driver WDV can be adjusted, so that the selected
word line can be set to the optimum voltage level.

As shown in FIG. 39A, pull-down element PD includes
pull-down transistor DTr formed of the transistors (replica
access transistors) that have the same layout as access
transistors ATr in memory cell MC. Therefore, the transistor
parameters of pull-down element PD such as the threshold
voltage characteristics and the on-resistance can reflect the
variations in transistor parameters of the drive transistors
included in flip-flop FF through access transistors Alr in
memory cell MC. Similarly to the foregoing case where the
pull-down element is formed of the dummy cells in FIG. 22,
therefore, the potential drop quantity of each of word lines
WLO0-WLn can be adjusted according to the degree of
fluctuations in threshold voltage of access transistors ATr in
memory cell MC, so that the decreasing of the static noise
margin of memory cell MC can be suppressed, and the read
margin can be increased.

In particular, control signals LSM, SM<0> and SM<1>
are used for selectively making conductive pull-down tran-
sistors DTra, DTrb and DTrc in pull-down element PD. By
this construction, the combined on-resistance of pull-down
element PD can be minutely and sophisticatedly adjusted. In
the design stage, the dividing ratio of the resistance-dividing
circuit determined by the on-resistance of P-channel MOS
transistor PQ15 included in word line driver WDV and the
combined on-resistance of pull-down element PD can be set
to the optimum value according to the characteristics of
memory cell MC. When starting up the production, the
voltage level of the selected word line is finely adjusted with
these control signals before the manufacturing process is
settled in the manufacturing steps, and thereby the read and
write margins are optimized. In the mass-production stage
where the manufacturing process is established, the word
line voltage level is adjusted according to the margin of the
memory cell, and thereby the product yield can be improved.

Control signals LSM, SM<0> and SM<1> are included in
control signal group SMG applied from word line voltage
adjusting circuit 100 shown in FIG. 38. In the test steps of
the semiconductor memory device, tests are performed on
the characteristics such as read and write margins by suc-
cessively and selectively driving control signals LSM,
SM<0> and SM<1> to the selected state. According to the
result of these tests, control signals LSM, SM<0> and
SM<1> have the potential levels fixed, e.g., by a fuse
program circuit.

Control signal LSM may be configured to be normally to
the selection state as a so-called “default”. When only one
control signal LSM is kept active, and both control signals
SM<0> and SM<I1> are kept in the unselected state, the
resistance value of the pull-down element takes the maxi-
mum value, the potential of the selected word line lowers a
minimum quantity, and memory cell MC has maximum
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static noise margin SNM. As static noise margin SNM
decreases, the number of pull-down unit transistors UATr
kept is increased.

FIG. 40 specifically shows a construction of a main
portion of a semiconductor memory device shown in FIG.
38. FIG. 40 shows memory cells MCa and MCb arranged in
one row and two columns as typical examples of memory
cells MC. Each of word lines WLa-WLc is connected to
memory cells MC. Word line driver WDV and pull-down
element PD are arranged for each of word lines WLa-WLc.
Control signal group SMG shown in FIGS. 39A and 39B
selectively turns on unit transistors (replica access transis-
tors) UATr in pull-down element PD. FIG. 40 does not show
the unit transistors that are kept off. Since the control signals
in control signal group SMG are set to the power supply
voltage level when in selected state, FIG. 40 shows the state
in which the gates of turned-on unit transistors UATr in
pull-down element PD are connected to the power supply
node.

Memory cell MCa is connected to bit lines BLa and /BLa,
and memory cell MCb is coupled to bit lines BLb and /BLb.

Cell power supply interconnection lines PVLA includes
cell power supply lines ARVD (ARVDa and ARVDb) and
down power supply lines DWVD (DWVDa and DWVDb).
Cell ground lines ARVS each extending linearly in the
column direction are arranged for memory cells MCa and
MCb, respectively. Cell ground line ARVS is shared
between two memory cells adjacent to each other in the row
direction. Cell power supply lines ARVDa and ARVDb are
coupled to high-side power supply nodes VH of memory
cells MCa and MCb in the corresponding columns, and have
parasitic capacitances CP0, respectively. Each of down
power supply lines DWVDa and DWVDb likewise has a
parasitic capacitance CP1 caused by its line capacitance.

Down power supply lines DWVDa and DWVDb corre-
sponding to the two columns are commonly connected. Cell
power supply line ARVD is connected to high-side power
supply node VH of the memory cells in the corresponding
column. In the read operation and standby state, down power
supply line DWD is coupled to the ground node, and is not
connected to the memory cells. Therefore, the line capaci-
tance of cell power supply line ARDV is larger than that of
down power supply line DWDV because there is a parasitic
capacitance of the load transistors of the memory cells. For
eliminating this difference in line capacitance to lower the
voltage level of the cell power supply line in the selected
state, a plurality of down power supply lines DVDW are
handled as one group, and are coupled to cell power supply
line ARDV in the selected column.

Write assist array power supply circuit 108 adjusts the
voltage level of the cell power supply line on a column-by-
column basis, or in units of memory cell columns in the data
write operation. Specifically, write assisting array power
supply circuit 108 includes a P-channel MOS transistor
(insulated gate field effect transistor) 110a that is rendered
conductive to couple cell power supply line ARVDa to the
power supply node when a write column instruction signal
WE|n] is unselected, an N-channel MOS transistor 111a that
is rendered conductive to couple cell power supply line
ARVDa to down power supply lines DWVDa and DWVDb
when write column select signal WE[n] is selected, a
P-channel MOS transistor 1106 that is rendered conductive
to couple cell power supply line ARVDDb to the power supply
node when write column instruction signal WE[n+1] is
unselected, an N-channel MOS transistor 1115 that is ren-
dered conductive to couple cell power supply line ARVDb
to down power supply lines DWVDa and DWVDb when
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write column instruction signal WE[n+1] is selected, and an
N-channel MOS transistor 112 that is rendered conductive to
couple down power supply lines DWVDa and DWVDb to
the ground node when a write instruction signal WEZ is
inactive (during standby or in the data read operation).

Write column instruction signals WE[n]| and WE[n+1] are
driven to the selected state (H-level) when the corresponding
memory cell columns (bit lines BLa and /BLa, and BLb and
/BLb) are selected in the data write operation. Write instruc-
tion signal WEZ is set to the L level in the write mode. In
the write mode, therefore, down power supply lines
DWVDa and DWVDb are maintained in the electrically
floating state at the ground voltage level. Cell power supply
line ARVD (ARVDa or ARVDD) in the write column is
connected to down power supply lines DWVDa and
DWVDb. Therefore, through the capacitance division by the
capacitance circuit of parasitic capacitances CP0 and 2-CP1
of charges accumulated on cell power supply line ARDV, the
voltage level of cell power supply line ARVD (ARVDa or
ARVDDb) lowers in the selected column.

FIG. 41 represents the operation of write assist array
power supply circuit 108 shown in FIG. 40.

In the read cycle during which data reading is performed,
word line driver WDV corresponding to a selected row
drives corresponding word line WL to the selected state. In
this operation, pull-down element PD sets the voltage on the
selected word line WL to the level lower than the array
power supply voltage (bit line precharge voltage). When
word line WL is driven to the selected state, access transis-
tors Alr (NQ3 and NQ4) of the memory cell in the corre-
sponding row turns conductive to lower the voltage level of
the bit line (/BL) connected to the storage node storing the
L level data.

In the read cycle, both write column instruction signals
WE|[n] and WE[n+1] are at the L level, and write instruction
signal WEZ is at the H level. In write assist array power
supply circuit 108, therefore, MOS transistors 110a and
1105 are in the on state, and MOS transistors 111a and 1115
are in the off state. Therefore, high-side power supply node
VH of each memory cell is supplied with the cell power
supply voltage via cell power supply line ARVD (ARVDa or
ARVDDb). The access transistor has a small conductance, and
accordingly, the current driving power is small so that the
static noise margin of the memory cell in this selected row
is large, and the data can be stably read.

In the write cycle during which data writing is performed,
write instruction signal WEZ is set to the L level, and MOS
transistor 112 in write assist array power supply circuit 108
is in the off state. Thereby, down power supply lines
DWVDa and DWVDb enter the floating state at the ground
voltage level. The write column instruction signal (WE[n])
for each column is driven to the H level according to the
write instruction signal and the column select signal that is
applied from the column select circuit according to a column
address signal (not shown). Accordingly, MOS transistor
1104 is turned off, and MOS transistor 111a is turned on, so
that cell power supply line ARVDa for memory cell MCa is
isolated from the power supply node, and is electrically
connected to down power supply lines DWVDa and
DWVDb. The charges accumulated in parasitic capacitance
CPO of cell power supply line ARVDa are distributed to
parasitic capacitances CP1 of down power supply lines
DWVDa and DWVDb, and the voltage level of cell power
supply line ARVDa lowers in proportion to the capacitance
ratio between parasitic capacitances CP0 and CP1.

FIG. 41 shows a state in which cell power supply line
ARVDa and down power supply line DWVDa are main-
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tained at different levels, respectively. This is because the
on-resistances of switching MOS transistors 111a and 1115
cause the voltage distribution (gradation). Since parasitic
capacitance CP0 of cell power supply line ARDV is much
greater than parasitic capacitance CP1 of down power
supply line DVDW, the degree of potential drop of cell
power supply line ARVD is sufficiently small even when
these power supply lines ARDV and DWDV are at the same
voltage level, and therefore the data held in an unselected
memory cell is not destructed. When cell power supply line
ARDYV and down power supply line DWDV have the same
potential, a voltage Vs on these lines is expressed by the
following equation:

Vs=CP0O-VDD-(CP0+CP1).

When switching MOS transistors 111¢ and 1115 are
configured to have relatively large on-resistances and cell
power supply line ARDV and down power supply line
DWDV are intentionally set to the different voltage levels,
respectively, lowering of the voltage level of cell power
supply line ARVDa can be reliably suppressed, and it is
possible to inhibit the static noise margin of the unselected
memory cell from lowering to invert the held data.

The lowered voltage of the cell power supply line is
merely required to be at the level that can compensate for the
lowering of the write margin caused by lowering of the
driving power of the access transistor due to lowering of the
voltage level of the selected word line, and can sufficiently
maintain the static noise margin of the unselected memory
cell.

The power supply voltage of cell power supply line
ARVDa is connected to high-side power supply node VH of
memory cell MCa. Therefore, load MOS ftransistors PQ1
and PQ2 have small current driving powers (because the
source voltage lowers to decrease the source to gate voltage
of'the load transistor receiving L. level data on the gate). The
current driving power of access transistors ATr (NQ3 and
NQ4) are the same as that in the data read operation, and
does not change. Therefore, the write margin of memory cell
MCa in the selected column increases, and the storage node
storing the H level data is quickly discharged to the L level
according to the write data. Thus, data can be written fast
into the selected memory cell according to the data trans-
mitted onto bit lines BL and /BL.

When the data writing is completed, the bit line load
circuit restores bit lines BL. and /BL to the array power
supply voltage level, and word line WL is driven to the
unselected state. Then, write column select signal WE[n]
attains the unselected state, and MOS transistor 111a is
turned off, and MOS transistor 110a and 112 are turned on.
Responsively, down power supply lines DWVDa and
DWVDb are driven to the ground voltage level again, and
cell power supply line ARVDa returns to the array power
supply voltage level.

FIG. 42 shows, on an enlarged scale, signal waveforms in
a region I represented by broken line in FIG. 41. In FIG. 42,
the ordinate axis measures the voltage (V), and the abscissa
axis measures the time (ns). As shown in FIG. 42, when
write column select signal WE[n] is driven to the selected
state, the voltage level of cell power supply line ARVD
lowers fast. This is caused not by charging from the power
supply node but merely through movement of charges
between the capacitances. Since the charges move fast
between the conductive lines (power supply lines), the
voltage level of cell power supply line ARVD in the selected
column can be dropped fast. For example, the voltage level
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of the cell power supply line lowers about 100 mV when 0.3
ns elapses after start of the write operation.

Only the movement of charges is caused through the use
of the parasitic capacitances of the down and cell power
supply lines, and it is not necessary to switch the voltage on
this cell power supply line in the write and read operations
through the use of another power supply line, so that the
construction of the power supply circuitry can be made
simple. The movement of charges occurs merely between
the capacitance elements, and a path conducting a through-
current is not present between the cell power supply line and
the ground node in the write cycle, so that the power
consumption can be low.

The voltage level of cell power supply line ARVDa in the
write operation can be adjusted by setting the capacitance
ratio of an appropriate value between parasitic capacitance
CPO0 of cell power supply line ARVD (ARVDa and ARVDDb)
and parasitic capacitance CP1 of down power supply line
DWVD (DWVDa and DWVDb). According to the voltage
level of the selected word line set by the pull-down element,
the voltage level of the cell power supply line in the selected
column is set to an optimum level in the write operation.

In the arrangement shown in FIG. 40, down power supply
lines DWVDa and DWVDb arranged in two columns are
short-circuited or electrically coupled to cell power supply
line ARVD (ARVDa or ARVDb) in the selected column
during the data write operation. However, each down power
supply line may be arranged for four columns depending on
the voltage level of the cell power supply line in the write
operation and the capacitance values of parasitic capaci-
tances CP0 and CP1, and the cell power supply line in the
selected column may be coupled to the corresponding down
power supply line. Further, the cell power supply line in the
selected column may be coupled to one down power supply
line.

FIG. 43 shows an example of a construction of a portion
for generating write instruction signal WEZ and write col-
umn instruction signal WE[n] shown in FIG. 40. In FIG. 43,
an NAND circuit 120 included in main control circuit 7
shown in FIG. 38 generates write instruction signal WEZ.
NAND circuit 120 externally receives write enable signal
WE and chip enable signal CE, and sets write instruction
signal WEZ to the L level indicative of the active state when
both the signals WE and CE are active (H level).

Write column instruction signal WE[n] is produced from
an AND circuit 126 that receives write instruction signal
WEZ applied via an inverter 124 and column select signal
CSL[n] applied from column decode circuit 122. AND
circuit 126 is arranged for each column in the memory cell
array, and produces write column instruction signal WE[i]
for the corresponding column according to column select
signal CSLi in the write operation.

Column decode circuit 122 is included in column select
circuit 4 shown in FIG. 38. When chip enable signal CE is
active, column decode circuit 122 decodes column address
signal CA received from main control circuit 7, and drives
column select signal CSL[n] corresponding to the selected
column to the H level indicative of the selected state.

Write column instruction signal WE[n]| turns active and
attains the H level when write instruction signal WEZ is at
the L level indicating the write mode and column select
signal CSL[n] is at the H level to designate the correspond-
ing column (bit line pair BLa and /BLa).

According to the seventh embodiment of the invention, as
describe above, the pull-down element is formed of a
plurality of unit transistors (replica access transistors) selec-
tively set to the on state according to the control signals. In
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the design stage, therefore, the word line voltage level for
the read operation can be finely adjusted until the word line
voltage level is set to the optimum value, and the word line
voltage level achieving the optimum operation characteris-
tics can be achieved. In the actual mass-production stage, the
number of the replica access transistors to be turned on can
be adjusted in each product according to the variations in
threshold voltage of the memory cells, and thereby the
optimum voltage level can be set.

The write assist array power supply circuit is used, and the
voltage level of the cell power supply line arranged for each
column is lowered by the movement of charges between the
parasitic capacitances caused by the electric coupling to the
down power supply line. Even in the case where the voltage
level of the selected word line is low, the level of the
high-side power supply voltage of the selected memory cell
is rapidly lowered in the data write operation so that the
write margin can be increased. Thereby, it is possible to
provide the semiconductor memory device that can stably
and rapidly write and read the data even with a low power
supply voltage.

In the foregoing description, word lines WL have the
non-hierarchical configuration. However, the word lines
may have a hierarchical word line configuration divided into
main words lines and sub-word lines as already described in
the previous embodiment. Pull-down element PD is
arranged for each sub-word line.

[Layout of Pull-Down Element]

Pull-down element PD arranged for each word line is
implemented by using the replica transistors (having the
same layout and the threshold voltage characteristics as the
access transistors) of the access transistors included in the
memory cell. Since the replica transistors of the access
transistors of the memory cells are arranged, the replica
transistors having the same layout as the access transistors in
the memory cells can be formed through the same manu-
facturing steps as the memory cells, similarly to the case
(fifth embodiment shown in FIG. 22) of using the dummy
cells already described in connection with the foregoing
embodiment. Description will now be given on the layout of
the replica access transistors forming the pull-down ele-
ments and the layout of the memory cells.

FIG. 44 shows a layout of active regions, first metal
interconnection lines and components formed in a memory
cell array. In FIG. 44, N-type active regions 130a-130¢
extend linearly in the column direction with spaces in
between. N-type active regions 130a-130e are formed in
P-well regions. In these N-type active regions 130a-130e,
the access transistors and drive transistors (N-channel MOS
transistors) of memory cells MC are formed.

In the layout of the memory cell array shown in FIG. 44,
the arrangement of memory cells MC that form mirror
images symmetrical with respect to a boundary in between
is repeated in the row and column directions. In FIG. 44,
therefore, reference characters are assigned to the intercon-
nection lines and contacts for memory cell MC for the sake
of simplicity. In the region of memory cell MC, P-type
active regions 132a and 1326 each having a rectangular
form elongated in the column direction are arranged being
staggered and spaced from each other. Load transistors
(P-channel MOS transistors) are formed in P-type active
regions 132a and 1325.

A gate electrode 1334 extends in the row direction across
N-type active region 13056. Gate electrode 133a is electri-
cally connected to first metal interconnection line FM1
through a contact CC1. First metal interconnection line FM1
has a rectangular form elongated in the column direction,
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and is used as an intermediate layer for making contact with
the interconnection line in an upper layer.

Active regions 1305 and 1324 are electrically coupled by
first metal interconnection line FM3 to a contact CC3 and a
shared contact SCTa. Shared contact SCTa is electrically
connected to a gate electrode 1335 extending in the row
direction, and couples active region 132« to gate electrode
133b. Gate electrode 133H extends in the row direction
across active regions 1325 and 132¢, and is arranged in the
region of memory cell MC.

In the boundary region of memory cells MC, first metal
interconnection lines FM2 and FM4 are arranged adjacent to
gate electrodes 133a and 1335, respectively. First metal
interconnection lines FM2 and FM4 are connected to active
regions 1306 and 1326 through contacts CC2 and CC4,
respectively.

Active region 1325 is also coupled to active region 130c
via a first metal interconnection line FM7. First metal
interconnection line FM7 is coupled to impurity region 130¢
through contact CC7, and is coupled to impurity active
region 1325 and a gate electrode 133¢ through shared
contact SCTb. Gate electrode 133c¢ is arranged extending in
the row direction across active regions 132a and 1306 within
in memory cell MC.

First metal interconnection lines FMS and FM6 are
arranged adjacent to gate electrode 133¢. First metal inter-
connection line FMS5 is electrically coupled to impurity
region 1305 through contact CC5, and first metal intercon-
nection line FM6 is coupled to active region 132a through
a contact CC6.

A gate electrode 133d crossing impurity regions 130c¢ and
130d are aligned in the row direction with gate electrode
133¢ with a space in between. Gate electrode 133d is
coupled to a first metal interconnection line FM9 through a
contact CC9.

A first metal interconnection line FM10 is arranged facing
first metal interconnection line FM9 and gate electrode
1334. First metal interconnection line FM10 is electrically
connected to active region 130¢ through a contact CC10, and
is coupled to active region 1305 via a contact (CC).

The above arrangement of memory cell MC is mirror-
symmetrically repeated in the row and column directions,
first metal interconnection lines FM, shared contacts SCT,
P-type active regions 132 and contacts CC are arranged, and
memory cells MC are arranged in rows and columns.

As shown in FIG. 44, all the gate electrodes have rect-
angular forms elongated in the row direction, respectively,
and the gate electrodes and contacts are arranged at equal
pitches in the column direction in active regions 132a-132e.
Therefore, the access transistors and drive transistors can be
arranged in the same pattern, and variations in characteristic
of these transistors can be suppressed.

The active region extends linearly in the column direc-
tion. Therefore, all the interconnection lines and the active
regions are arranged linearly in the layout, which simplifies
the layout of the memory cells, and can eliminate the
influence of the edge effect of the interconnection lines.

FIG. 45 shows a layout of the gate electrodes and the first
metal interconnection lines shown in FIG. 44 as well as
second metal interconnection lines in the upper layer. In
FIG. 45, second metal interconnection lines 134a-134g each
corresponding to the N-type active region and the two
columns of the P-type active regions extend linearly in the
column direction. Second metal interconnection lines 1345
and 1344 arranged corresponding to N-type active regions
1345 and 134¢ in FIG. 44 form bit lines BL and /BL,
respectively, and second metal interconnection line 134c¢
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arranged corresponding to P-type active regions 132a and
1324 in FIG. 44 forms cell power supply line ARVD, and
transmits the cell power supply voltage to the load transis-
tors in memory cells MC in the corresponding column.

In FIG. 45, the interconnection layout for memory cell
MC is repeated mirror-symmetrically in the row and column
directions, so that the reference characters are assigned to
only the interconnection lines of memory cell MC.

In FIG. 45, gate electrodes 133a-133d correspond to gate
electrode interconnection lines 133a-133d shown in FIG. 44,
respectively. First metal interconnection line FM1 provided
for gate electrode interconnection line 1334 is coupled to
second metal interconnection line SM1 through via VV1.
Likewise, first metal interconnection line FMS5 is coupled to
second metal interconnection line SM2 through via VV2.
This second metal interconnection line SM2 is used for
transmitting a cell ground voltage ARVSS.

First metal interconnection line FM2 is electrically
coupled to second metal interconnection line 1345 through
via VV3. Likewise, first metal interconnection line FM4 is
coupled to second metal interconnection line 134 through a
via VV5. First metal interconnection line FM6 is coupled to
second metal interconnection line 134¢ through via VV3.

First metal interconnection line FM8 is coupled to second
metal interconnection line 1344 through a via VV6. Like-
wise, first metal interconnection line FM9 coupled to gate
electrode 1334 is coupled to second metal interconnection
line SM4 through a via VV8.

First metal interconnection line FM10 is coupled to
second metal interconnection line SM3 through a via VV7.
Second metal interconnection line SM3 coupled to via VV3
is used for transmitting the cell ground voltage. These
second metal interconnection lines SM1-SM4 are used as
intermediate layers for making electric contact between the
corresponding first metal interconnection lines and upper
layer interconnection lines.

First metal interconnection lines FM3 and FM7 connect
the transistors to the storage nodes in memory cell MC, and
are not connected to the metal interconnection lines in an
upper layer.

Similarly to the arrangement in memory cell MC, vias
VV, first metal interconnection lines FM and second metal
interconnection lines SM are arranged in the memory cell
array minor-symmetrically aligned in the row and column
directions.

FIG. 46 schematically shows the layout of the second and
third metal interconnection lines in the memory cell array
together with the layout of the gate electrodes. FIG. 46
shows gate electrodes 133a-133d arranged for memory cell
MC.

In FIG. 46, third metal interconnection lines 136a-136¢
extend continuously and linearly in the row direction with
spaces in between. Third metal interconnection lines 136a-
136¢ have minor-symmetrical interconnection layout at con-
nection portions to the access transistors in the column
direction.

In FIG. 46, the reference characters are assigned to the
components of memory cell MC, and are not assigned to
other portions. The above interconnection line layout for
memory cell MC is mirror-symmetrically repeated in the
row and column directions.

In the region of memory cell MC, third metal intercon-
nection line 1365 is coupled through a via VW1 to second
metal interconnection line SM1 coupled to gate electrode
133a. Likewise, third metal interconnection line 1365 is
coupled through a via VW4 to second metal interconnection
line SM4 coupled to gate electrode 1335. Second metal
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interconnection line SM2 is coupled to a third metal inter-
connection line TM1 through a via VW2. In memory cell
MC, second metal interconnection line SM3 arranged at
point-symmetrical portion to second metal interconnection
line SM2 is coupled through a via VW3 to a third metal
interconnection line TM2.

Each of third metal interconnection lines 136a-136¢
forms word line WL, and transmits a row select signal.
Accordingly, each of third metal interconnection lines 136a-
136¢ is electrically coupled at each contact portion to the
gate electrodes of the two access transistors.

FIG. 47 shows the layout of third and fourth metal
interconnection lines in the memory cell array together with
the interconnection layout of the gate electrodes according
to the seventh embodiment of the invention. In FIG. 47, the
gate electrodes in memory cell MC are assigned reference
numerals 133a-133d, respectively. The interconnection lay-
out of memory cell MC is mirror-symmetrically repeated in
the row and column directions.

In FIG. 47, fourth metal interconnection lines 140a-140/
extend linearly in the column direction, and substantially
overlap with the second metal interconnection lines shown
in FIG. 46 in the planar layout. For memory cell MC, fourth
metal interconnection line 1405 is coupled to third metal
interconnection line TM1 through a via VX1. Third metal
interconnection line TM1 is coupled to active region 1305
shown in FIG. 44, and is coupled to a source node of the
drive transistor in the memory cell. Fourth metal intercon-
nection line 14054 is used as cell ground line ARVS trans-
mitting the cell ground voltage.

Fourth metal interconnection line 1404 substantially over-
laps with second metal interconnection line 134¢ shown in
FIG. 46 in the planar layout. Fourth metal interconnection
line 1404 is used as down power supply line DWVD, is not
connected to a component of memory cell MC, and is
selectively and electrically connected to the cell power
supply (see FIG. 45) formed in the lower layer in the data
write operation.

Fourth metal interconnection line 140fis likewise coupled
to third metal interconnection line TM2 through a via VX2
in memory cell MC. As shown in FIG. 44, third metal
interconnection line TM2 is coupled to active region 130c,
and is coupled to the source nodes of the drive transistors in
memory cell MC. Fourth metal interconnection line 140a is
used as cell ground line ARVS.

Fourth metal interconnection lines 140a, 140c, 140e and
140g are not coupled to memory cell MC. These fourth
metal interconnection line 140a, 140c, 140¢ and 140g may
be used, e.g., as signal lines for transmitting control signals
(write column select signal) for adjusting the voltage level of
the cell power supply line or the write instruction signal in
the data write operation. Also, these interconnection lines
may be used as an interconnection line layer transmitting
some other control signals. Further, these may be used
merely as shield lines for the bit lines.

FIG. 48 shows an electrically equivalent circuit of
memory cell MC shown in FIGS. 44-47. In FIG. 48, memory
cell MC includes N-channel MOS transistors NQ3 and NQ1
which are arranged in N-type active region 1305, and form
the access transistor and the drive transistor, respectively.
P-channel MOS transistors PQ1 and PQ2 serving as the load
transistors are formed in P-type active regions 132a and
132b, respectively. N-channel MOS transistors NQ2 and
NQ4 serving as the drive transistor and the access transistor,
respectively, are arranged in N-type active region 130c.

MOS transistor NQ3 has a gate coupled to word line WL,
and is coupled at one conduction nodes to bit line BL. and at
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the other conduction node to drains of MOS transistors NQ1
and PQ1. MOS transistor NQ1 is coupled at its source to cell
ground line ARVS. MOS transistor 132a is coupled at its
source to cell power supply line ARVD.

Gates of these MOS transistors NQ1 and PQ1 are coupled
through the shared contact shown in FIG. 44 and the first
metal interconnection lines to the drains of MOS transistors
PQ2, NQ2 and NQ4. Gates of MOS transistors PQ2 and
NQ2 are coupled to the drains of MOS transistors NQ3,
NQ1 and PQ1. Sources of MOS transistors PQ2 and NQ2
are coupled to cell power supply line ARVD and cell ground
line ARVS, respectively. A source of MOS transistor NQ4 is
coupled to bit line /BL.

Therefore, for memory cells MC, the active region
extending continuously in the column direction is used, and
the cell power supply line and the cell ground line linearly
extend in the column direction. Thus, the voltage levels of
the cell power supply lines can be easily adjusted on a
column-by-column basis, or in units of memory cell col-
umns. In particular, by using the fourth metal interconnec-
tion lines to arrange the down power supply lines DWVD
continuously extending in the column direction, the connec-
tion between the cell power supply lines and the down power
supply lines can be controlled in units of memory cell
columns, and the voltage level of cell power supply lines
ARDV can be easily adjusted in units of memory cell
columns in the write operation.

FIG. 49 shows a planar layout of the unit transistors
(replica access transistors) forming the pull-down elements.
FIG. 49 shows the active regions, gate electrodes and the
voltages on the first interconnection lines.

In FIG. 49, N-type active regions 152 extend linearly in
the column direction with spaces in between. Gate elec-
trodes 150 are arranged in alignment in the row and column
directions. Each gate electrode 150 crosses two active
regions 152. Each gate electrode column is arranged corre-
sponding to two active regions.

Two gate electrodes 150 adjacent to each other in the
column direction are coupled to a first metal interconnection
line 154 through contacts 156a and 1565, respectively. In
active region 152, gate electrodes 150 and first metal inter-
connection lines 155 are arranged alternately to each other.
Each first metal interconnection line 155 is arranged for two
active regions adjacent to each other in the row direction,
and is electrically connected to contacts 1574 and 15756 to
corresponding active regions 152, respectively.

These active regions 152 and gate electrodes 150 are
fabricated in parallel when fabricating N-type active regions
130 and gate electrodes 133 of the memory cells.

A width La in the row direction of active region 152 and
a distance Lb between active regions 152 adjacent in the row
direction are equal to the width and the pitch of the active
regions (130a and 1305) of the access transistors at the
memory cell boundary region shown in FIG. 44. A width L¢
in the column direction of gate electrode 150 is equal to
those of gate electrodes 133 (133a and 1335) shown in FIG.
44, and a pitch Le of gate electrode 150 is equal to the pitch
of'the adjacent access transistors in the memory cells shown
in FIG. 44. Further, distances [.d and Lf between gate
electrode 150 and the adjacent contacts are equal to those in
the access transistors arranged in the memory cell boundary
region shown in FIG. 44. The length of gate electrode 150
in the row direction is equal to the length in the row direction
of gate electrode 133 of the memory cell.

Therefore, the unit transistors (replica access transistors)
of the pull-down elements in FIG. 49 are the same in figure
parameters and layout parameters as the access transistors in
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the memory cells shown in FIG. 44. Active region 152 has
the same impurity concentration as active regions 130a and
1306 shown in FIG. 44. Thereby, the unit transistors (replica
access transistors) of the pull-down element have the same
the electric characteristics as the access transistors in the
memory cell. Thus, the on-resistance of the pull-down
element can be automatically adjusted according to and
closely in linkage with fluctuations in electric characteristics
caused by variations in manufacturing parameters of the
access transistors in the memory cells, and the voltage level
of the selected word line can be set to the optimum value
according to the characteristics of the memory cells.

In each active region 152, the gate electrodes can be
arranged with the equal pitch in the column direction, and
thus the unit transistors for pull-down can be arranged at a
high density. Accordingly, even in the construction having a
plurality of unit transistors arranged for each word line, the
unit transistors for pull-down can be arranged in the memory
cell array while suppressing increase in layout area of the
memory cell array.

FIG. 50 shows a layout of the second metal interconnec-
tion lines of the pull-down elements according to the seventh
embodiment of the invention. FIG. 50 also shows a layout of
gate electrodes 150. In FIG. 50, second metal interconnec-
tion lines 160 extend linearly in the column direction, two
active regions 152 are located between adjacent second
metal interconnection lines 160. Second metal interconnec-
tion line 160 is electrically connected through a via 161 to
first metal interconnection line 154 formed in a lower layer.
Each via 161 is arranged for two gate electrodes 150
adjacent in the column direction. Each via 161 is used for
selecting four transistors laid around concurrently.

A second metal interconnection line 162 is arranged
corresponding to first metal interconnection line 155 elec-
trically connecting adjacent active regions 152. Second
metal interconnection line 162 is connected through a via
163 to first metal interconnection line 155 in a lower layer.
Second metal interconnection lines 160 and 162 are fabri-
cated concurrently in manufacturing of the bit lines and cell
power supply lines of the memory cells.

As shown in FIG. 50, therefore, second metal intercon-
nection lines 160 and 162 make the electric connections to
first metal interconnection lines 154 and 155 isolated from
each other, and vias 161 and 163 for making the electric
connections are aligned in the row directions. Vias 163 are
arranged correspond to first metal interconnection lines 155,
and for the respective rows. Thus, the source of each unit
transistor can be coupled to the ground node.

FIG. 51 shows a layout of third metal interconnection
lines of the pull-down elements according to the seventh
embodiment of the invention. FIG. 51 also shows gate
electrodes 150 and second metal interconnection lines 160
(1604, 1605 and 160c).

In FIG. 51, third metal interconnection lines 165 each
arranged for two gate electrode rows extend continuously in
the row direction. Third metal interconnection lines 165 are
formed in the same steps as the third metal interconnection
lines (1364-136¢) forming the word lines in the memory cell
array, and are coupled thereto. Third metal interconnection
lines 165 are connected to second metal interconnection
lines 162 shown in FIG. 50 through vias 166, respectively.
Second metal interconnection line 162 electrically connects
the adjacent active regions. Therefore, one via 166 connects
the drain regions of the two transistors to third metal
interconnection line 165 forming the corresponding word
line.
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Third metal interconnection lines 165 and 167 are
arranged alternately in the column direction between second
metal interconnection lines 160 (160a-160c). Each third
metal interconnection line 167 is arranged for second metal
interconnection line 162, and is electrically connected to
corresponding second metal interconnection line 162
through a via 168. Third metal interconnection line 167 is
used as a contact for transmitting the cell ground voltage.

Each third metal interconnection line 165 forming word
line WL is arranged for two gate electrodes 150 adjacent in
the column direction. Therefore, third metal interconnection
lines 165 can be arranged at the same interconnection line
pitch Lwl as third metal interconnection lines 136a-136¢
shown in FIG. 46, and the third metal interconnection lines
that continuously and linearly extend to form word lines WL
can be arranged for the unit transistors (replica access
transistors) of the pull-down elements and memory cells.

Second metal interconnection lines 160a, 1605 and 160c¢
transmit the control signals SM<0>, SM<1> and LSM,
respectively.

Each of second metal interconnection lines 160a-160c
selects four unit transistors (replica access transistors) UATr
per one word line. Specifically, it selects in parallel the four
unit transistors (replica access transistors) UATr that are
arranged around (upper, lower, right and left) of the crossing
of third metal interconnection line 165 forming the word line
and second metal interconnection line 160 (160a-160c)
forming the control signal line. By increasing the number of
the control signal lines, it is possible to increase further the
number of the unit transistors that are selected simultane-
ously per word line. FIG. 51 shows an example of the
interconnection layout in which each of control signals
SM<0>, SM<1> and LSM selects four unit transistors
(replica access transistors) UATr per word line. By using a
plurality of gate electrodes arranged in rows and columns,
one contact/via can transmit the select signal to a plurality of
gate electrodes, and one control signal line can select
concurrently a plurality of unit transistors per word line.

FIG. 52 shows a layout of the third and fourth metal
interconnection lines according to the seventh embodiment
of the invention. FIG. 52 also shows the layout of gate
electrodes 150.

In FIG. 52, fourth metal interconnection lines 170 extend-
ing linearly in the column direction are arranged alternately
in the planar layout with second metal interconnection lines
1604-160c in FIG. 51. Fourth metal interconnection line 170
is electrically connected through a via 172 to third metal
interconnection line 167 arranged in the corresponding
column. Fourth metal interconnection line 170 transmits cell
ground voltage VSS. Therefore, vias 166 for third metal
interconnection lines 165 and vias 172 for third metal
interconnection lines 167 are arranged for each fourth metal
interconnection line 170, being aligned and alternately in the
column direction. In the column direction, four unit transis-
tors UATr are arranged for vias 166 and 172. Two unit
transistors (replica access transistors) UATr are arranged
between vias 172 adjacent in the column direction.

Accordingly, the layout of the unit transistors for pull-
down including connections to interconnection lines in the
upper layer can be substantially the same as the layout of the
access transistors of the memory cell, and the replica tran-
sistors of the access transistors of the memory cell can be
accurately formed. Similarly to the layout of the memory
cells, the interconnection lines merely extend linearly in the
row or column direction, which simplifies the layout, and
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allows accurate patterning in the manufacturing process for
manufacturing the replica transistors of the access transistors
of the memory cells.

FIG. 53 shows an electrically equivalent circuit of pull-
down element PD together with electrically equivalent cir-
cuits of memory cells MCa and MCb. FIG. 53 shows
arrangements of two control signal lines SMa and SMb as
well as the unit transistors in pull-down element PD
arranged for word lines WLa and WLbD.

In pull-down element PD shown in FIG. 53, N-channel
MOS transistors RQ0-RQ2 coupled to a common ground
line 170q are aligned in one column, MOS transistors RQ3
and RQ5 are aligned in one column, and MOS transistors
RQ2 and RQ8 are aligned in one column.

Each of MOS transistors RQ0-RQ5 receives on its gate a
control signal SMs via a control signal line 160s. Each of
MOS transistors RQ6-RQ8 receives, on its gate, a control
signal SMt through a control signal line 160z

MOS transistors RQ1, RQ2, RQ4 and RQ5 arranged
between word lines WLa and WLb are coupled to control
signal line 160s through a shared contact and a via, and MOS
transistors RQ7 and RQ8 are coupled to control signal line
1607 through a shared contact and a via. In this case, MOS
transistors RQ1 and RQ2 are coupled to ground line 170a
through a shared contact and a via, and MOS transistors
RQ4, RQ5, RQ7 and RQ8 are coupled to a cell ground line
1706 through a common via and a common contact.

A required number of MOS transistors RQ0-RQ8 are
arranged in rows and columns, and are supplied with cor-
responding control signals.

Control signals SMs and SMt are included in control
signal group SMG. When control signals SMs and SMt are
the same control signal, eight unit transistors can be selected
concurrently per word line.

Memory cell MCa includes access transistors ATaa and
ATab that are turned on according to the signal on word line
WLa, thereby to couple internal flip-flop FF to bit lines BL.
and /BL, respectively. Memory cell MCb includes access
transistors ATba and ATbb that are turned on according to
the signal potential on word line WLb, thereby to couple
flip-flop FF to bit lines BL and /BL, respectively.

MOS transistors RQ0-RQ8 have the same layout in
connection with the gate electrodes as access transistors
ATaa, ATba, ATab and ATbb. Therefore, MOS transistors
RQO0-RQ8 have the same electric characteristics as access
transistors ATaa, ATab, ATba and ATbb. When variations
occur in threshold voltage of memory cells MCa and MCb
due to variations in manufacturing parameters, similar varia-
tions occur in threshold voltage of MOS transistors RQO-
RQ8 due to reflection of similar variations in manufacturing
parameters (e.g., misalignment of mask, and variations in
impurity concentration and others), and the voltage level of
the selected word line can be adjusted according to the
operation characteristics of the memory cells thus deter-
mined.

As described above, the pull-down element is formed of
the replica transistors of the access transistors of the memory
cell. The unit transistors (replica access transistors) of pull-
down element PD are manufactured in the same manufac-
turing steps as the memory cell in manufacturing process of
the memory cells. Thus, the replica access transistors can be
formed with the same layout and under the same gate
electrode conditions as the access transistors of the memory
cells. Even when variations occur in manufacturing param-
eters of the memory cell, the same variations can be reflected
in the replica access transistors. Therefore, a selected word
line can be set to the voltage level reflecting the variations
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in manufacturing parameters. Thus, the read margin can be
ensured, and the writing and reading of data can be stably
performed.

Pull-down element PD does not employ a dummy cell, but
employs only the replica transistors of the access transistors,
so that the arrangement area of pull-down element PD can
be reduced.

In the foregoing description, both pull-down element PD
for improving the read margin and the write assist array
power supply circuit performing write assistance are
employed. Thereby, the write margin can be stably ensured
even in the construction of pulling down the voltage level of
a selected word line. However, the write assist cell power
supply circuit may be solely arranged independently of the
pull-down element. The write margin can be reliably
increased.

Eight Embodiment

FIG. 54 shows a construction of a main portion of a
semiconductor memory device according to an eighth
embodiment of the invention. The semiconductor memory
device shown in FIG. 54 differs from the semiconductor
memory device shown in FIG. 28 in the following construc-
tions. A plurality of level shifters LSFNO, LSFN1, . . . are
arranged corresponding to driver power supply lines DPL0-
DPL.i that are arranged corresponding to word line groups
WGO0-WGi, respectively. Each of level shifters LSFNO,
LSFN1, . .. includes one or more transistors (replica access
transistors UATr) similar to the access transistors in memory
cell MC. The unit transistor in each of level shifters LSFNO,
LSFN1, . . . operates in a resistance mode, and pulls down
the voltage level of the corresponding driver power supply
line (through resistance division).

In driver power supply line precharge circuits DPGO-
DPGi, a P-channel MOS transistor PQ32 is selectively
turned on according to an output signal of an NAND circuit
NG10 receiving upper predecode signals, thereby to couple
corresponding driver power supply line DPL to the power
supply node.

Other constructions of the semiconductor memory device
shown in FIG. 54 are the same as those of the semiconductor
memory device shown in FIG. 28. Corresponding portions
are allotted with the same reference numerals, and descrip-
tion thereof is not repeated.

Each of word line groups WG0-WGi is selected when
corresponding upper predecode signals XH and XM are both
at the H level. Therefore, the driver power supply line
corresponding to a selected word line group is electrically
coupled to the power supply node. For an unselected word
line group, driver power supply line DPL is isolated from the
power supply node, and is maintained at the ground voltage
level by level shifters LSFNO and LSFN1. Thus, it is
possible to prevent flow of a leakage current through the
unselected word line group via the word line drivers, so that
the current consumption can be reduced, and the current
consumption during standby can be reduced.

By arranging the pull-down level shifter for the driver
power supply line, the elements can be reduced in number
as compared with the construction employing the pull-down
element for each word line, and the increase in array area can
be suppressed.

FIGS. 55A and 55B show an example of constructions of
level shifters LSFNO and LSFN1 shown in FIG. 54. In FIG.
55A, each level shifter LSFN (LSFNO or LSFN1) includes
an N-channel MOS ftransistor RQ10 connected between
corresponding driver power supply line DPLs and the
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ground node and having a gate coupled to the power supply
node. MOS transistor RQ10 is formed of the transistor
(replica access transistor) UATr of the same layout as the
access transistor of the memory cell, and reflects the fluc-
tuations in threshold voltage of the access transistor of the
memory cell. The transistor has a gate coupled to the power
supply node, and is normally on, so that it operates as a
resistance element due to its channel resistance (on-resis-
tance).

Level shifter LSFN shown in FIG. 55B includes an
N-channel MOS transistor RQ11 having a gate and a drain
coupled together to corresponding driver power supply line
DPLs, and also having a source coupled to the ground node.
MOS transistor RQ11 has the same layout as the access
transistor of the memory cell, and reflects the fluctuations in
threshold voltage of the N-channel MOS transistor of the
memory cell. MOS transistor RQ11 has the gate and drain
connected with each other, and operates in a resistance mode
to lower the voltage level of corresponding driver power
supply line DPL.

FIG. 56 shows electrical connections of driver power
supply line precharge circuit DPG, level shifter LSFN and
the word line driver for a corresponding driver power supply
line DPL in the selected word line group. In FIG. 56, MOS
transistor PQ32 in the driver power supply line precharge
circuit has an on-resistance Rp. MOS transistor (PQ10 or
PQ11) in the level shifter has an on-resistance Rn. Driver
power supply line DPLi is coupled to word line WL via
MOS transistor PQ30 of the word line driver. A potential
V(ND10) of a source node ND10 (driver power supply line)
of the word line driver transistor is represented by the
following equation:

V(ND10)=VDD-Ru/(Rp+Rn)=VDD/(1+(Rp/Rn)).

When the threshold voltage of the access transistor in the
memory cell increases, the current driving power decreases
and accordingly, the conductance decreases. In this case, the
resistance value of resistance Rn increases. Thus, potential
V(ND10) of source node ND10 of the driver transistor
increases, and the potential on selected word line WL rises.
In the state where the threshold voltage of the access
transistor in the memory cell is high, the current driving
power of the access transistor is small, and the static noise
margin of the memory cell is sufficiently ensured and the
storage data of the memory cell is stably held even when the
potential of the selected word line is high. In this case, the
on-resistance of the MOS transistor in level shifter LSFN is
high, and the excessive drop of the voltage level of the
selected word line can be suppressed.

Conversely, when the threshold voltage of the access
transistor in the memory cell lowers, the current driving
power increases and the conductance increases accordingly.
In this case, the resistance value of resistance Rn lowers.
Accordingly, the potential of source node ND10 of the driver
transistor lowers, and the potential of the selected word line
lowers. The current driving power of the access transistor in
the memory cell transistor decreases, and the static noise
margin of the memory cell increases.

Accordingly, the power supply voltage of the word line
driver is lowered by using the resistance-dividing circuit that
utilizes the on-resistances of MOS transistors PQ32 and
RQ10 (or RQ11). By adjusting on-resistances Rp and Rn of
these transistors, the selected word line can be set to the
optimum voltage level according to the static noise margin
of'the memory cell, and the data can be read stably even with
a low power supply voltage.
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In the data write operation, when the threshold voltage of
the access transistors in the memory cell is low, the write
margin of the memory cell is large, and a sufficient write
margin can be ensured to achieve fast data writing even
when the voltage on the selected word line is low. When the
threshold voltage of the access transistor in the memory cell
is high, the write margin lowers due to lowering of the
voltage level of the selected word line. In this state, however,
lowering of the voltage level of the selected word line is
suppressed in the above state, and the deterioration of the
write margin is suppressed so that fast writing can be
achieved.

In the above description, the replica access transistor is
used for the component transistor of level shifter LSFN.
However, for the level shifter, there may be used the
transistor (replica drive transistor) that has the same layout
as the drive transistor of the memory cell and has charac-
teristics varying closely in linkage with the characteristics of
the drive transistor, in which case a similar effect can be
achieved.

As shown in FIGS. 38 and 39, each level shifter LSFN
may include a plurality of access/driver replica transistors,
which are selectively or fixedly set to the on state by a
control signals or a mask interconnection.

Further, a write assist power supply circuit may be
employed, and may be combined with the level shifter to
adjust the static noise margin and the write margin of the
memory cell.

According to the eighth embodiment of the invention, as
described above, a level shifter for pull-down is arranged for
the driver power supply line, to shift down the voltage of the
driver power supply line corresponding to the selected word
line group. Therefore, the static noise margin and write
margin of the memory cell can be improved without increas-
ing the array area, and it is possible to provide the semi-
conductor memory device that can stably perform fast
reading and writing of data even with a low power supply
voltage.

The invention can be generally applied to the semicon-
ductor memory device having static memory cells, and
particularly can be applied to a static semiconductor
memory device using a low power supply voltage for low
power consumption, whereby the static semiconductor
memory device operating stably with low power consump-
tion can be achieved.

Although the present invention has been described and
illustrated in detail, it is clearly understood that the same is
by way of illustration and example only and is not to be
taken by way of limitation, the spirit and scope of the present
invention being limited only by the terms of the appended
claims.

What is claimed is:

1. A semiconductor device comprising:

a plurality of static memory cells arranged in rows and
columns, each memory cell including access transis-
tors, drive transistors and load transistors and for stor-
ing data therein;

a plurality of word lines, arranged corresponding to the
respective memory cell rows, each coupled to gates of
the access transistors in the corresponding memory
cells in a corresponding memory cell row;

a plurality of word line drivers coupled to the plurality of
word lines, respectively, for driving one of the plurality
of word lines to a selected state according to a word line
select signal;

a plurality of pairs of data lines, arranged corresponding
to the respective memory cell columns, each coupled to
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source-drain paths of the access transistors in the
corresponding memory cells in a corresponding
memory cell column;

a plurality of power supply lines, arranged individually
and corresponding to the respective memory cell col-
umns, each coupled to cell power supply nodes of the
memory cells in a corresponding column;

read assist circuitry for lowering a voltage level of the
corresponding word line arranged corresponding to the
memory cells in a selected row in data reading; and

write assist circuitry for lowering a voltage level of the
corresponding power supply line arranged correspond-
ing to the memory cells in a selected column in data
writing

wherein the read assist circuitry includes pull-down tran-
sistors that have the same layout as the access transis-
tors.

2. A semiconductor device comprising:

a static type memory cell including access transistors,
drive transistors, load transistors and a cell power
supply node;

a word line coupled to gates of the access transistors;

a word line driver having an input coupled to receive a
select signal and an output coupled to the word line to
drive the word line into a selected state according to the
select signal;

a pair of data lines coupled to source-drain paths of the
access transistors;

a power supply line coupled to the cell power supply
node;

read assist circuitry for lowering a voltage level of the
word line in data reading operation; and
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write assist circuitry for lowering a voltage level of the
power supply line in data writing operation,

wherein the read assist circuitry includes pull-down tran-
sistors that have the same layout as the access transis-
tors.

3. A semiconductor device comprising:

a static type memory cell including access transistors,
drive transistors, load transistors, a cell power supply
node and a cell ground node;

a word line coupled to gates of the access transistors;

read assist circuitry coupled to receive a select signal and
for driving the word line into a selected state according
to the select signal in a data reading operation and in a
data writing operation, the read assist circuitry being
lowering a voltage level of the word line in the data
reading operation;

a word line driver having an input coupled to receive a
select signal and an output coupled to the word line to
drive the word line into a selected state according to the
select signal;

a pair of data lines coupled to source-drain paths of the
access transistors;

a power supply line coupled to the cell power supply
node; and

write assist circuitry for lowering a voltage level of the
power supply line in the data writing operation,

wherein the read assist circuitry includes pull-down tran-
sistors that have the same layout as the access transis-
tors.



