US008730738B2

a2 United States Patent 10) Patent No.: US 8,730,738 B2
Oh et al. (45) Date of Patent: May 20, 2014
(54) NONVOLATILE MEMORY DEVICES AND 5,740,107 A 4/1998 Lee
METHODS OF OPERATING NONVOLATILE 2333(5)17‘ : 1;; iggg ghﬁl il
,009, ollmer et al.
MEMORY DEVICES 6,028,788 A 2/2000 Choi et al.
6,285,587 Bl 9/2001 K
(75) Inventors: Eun Chu Oh, Hwaseong-si (KR); Hong 6,650,566 B2 11/2003 Je\gﬁg et al.
Rak Son, Anyang-si (KR); KyoungLae 6,975,542 B2  12/2005 Roohparvar
Cho, Yongin-si (KR); Junjin Kong, 7,064,981 B2 6/2006 Roohparvar
Yongin-si (KR) 7,064,986 B2 6/2006 Leeetal.
7,079,419 B2 7/2006 Roohparvar
7,149,124 B2 12/2006 N i
(73) Assignee: Samsung Electronics Co., Ltd., 7.177,192 B2 2/2007 Ygﬁf;ﬁ,
Suwon-si (KR) 7,292,476 B2 11/2007 Goda et al.
. . Lo . Continued
(*) Notice: Subject to any disclaimer, the term of this (Continued)
patent is extended or adjusted under 35 FOREIGN PATENT DOCUMENTS
U.S.C. 154(b) by 263 days.
Jp 9007383 A 1/1997
(21) Appl. No.: 13/211,743 P 10-032269 A 2/1998
Continued
(22) Filed:  Aug.17,2011 (Continued)
OTHER PUBLICATIONS
(65) Prior Publication Data
US Office Action dated Jan. 15, 2013 for related U.S. Appl. No.
US 2012/0257455 Al Oct. 11, 2012 13/023.934.
(30) Foreign Application Priority Data (Continued)
Apr. 5,2011  (KR) oo 10-2011-0031320 . .
Primary Examiner — Toan Le
(51) Imt.ClL (74) Attorney, Agent, or Firm — Harness, Dickey & Pierce,
G1I1C 1134 (2006.01) PL.C.
G11C 16/06 (2006.01)
(52) US.CL (57) ABSTRACT
USPC ........... 365/185.22; 365/185.17;365/185.18; ) ) o )
365/185.23; 365/189.09 Methods of operating nonvolatile memory devices including
(58) Field of Classification Search a plurality of cell strings each having at least one ground
USPC .. 365/185.22. 185.17. 185.18. 185.23 selection transistor, a plurality of memory cells, and at least
’ ’ 36’5 /1 89.0§ one string selection transistor, the operating methods includ-
See application file for complete search history. ing receiving a command and an address, determining a volt-
age applying time in response to the input command and
(56) References Cited address, and applying a specific voltage to memory cells of

U.S. PATENT DOCUMENTS

5,511,022 A
5,673,223 A

4/1996 Yim et al.
9/1997 Park

cell strings corresponding to the input address during the
determined voltage applying time.

20 Claims, 59 Drawing Sheets

S8

WL

ADDR
Decoder

asL Memory Cell Array

140

BL

Voltage

Control Logic
Generator

Applying Time
Control ler

Reading & Writing Circuit
|- 160

j

ADDR CTRL

DATA

Petitioner Micron Ex-1015, 0001



US 8,730,738 B2
Page 2

(56)

7,403,422
7,403,429
7,408,806
7,417,904
7,450,433
7,489,556
7,518,920
7,529,138
7,532,514
7,551,487
7,551,492
7,566,927
7,606,074
7,633,803
7,668,014
7,724,577
7,778,084
7,813,184
7,859,902
7,888,731
7,933,151
7,936,617
7,983,084
8,013,389
8,023,321
8,149,635
8,169,826
8,189,391
8,228,733
8,243,518
8,467,246
8,570,805
2002/0071311
2005/0006692
2005/0141283
2005/0248991
2006/0140012
2007/0070701
2007/0158736
2007/0159886
2007/0183204
2007/0252201
2007/0297234
2008/0007999
2008/0253183
2008/0279012
2009/0002182
2009/0003075
2009/0021983
2009/0021988
2009/0097309
2009/0122613
2009/0168533
2009/0175081
2009/0180323
2009/0268524
2009/0279359
2010/0124120
2010/0195395
2010/0238732
2011/0063913
2011/0199825
2011/0216603
2011/0238913

U.S. PATENT DOCUMENTS

B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al

References Cited

7/2008
7/2008
8/2008
8/2008
11/2008
2/2009
4/2009
5/2009
5/2009
6/2009
6/2009
7/2009
10/2009
12/2009
2/2010
5/2010
8/2010
10/2010
12/2010
2/2011
4/2011
5/2011
7/2011
9/2011
9/2011
4/2012
5/2012
5/2012
7/2012
8/2012
6/2013
10/2013
6/2002
1/2005
6/2005
11/2005
6/2006
3/2007
7/2007
7/2007
8/2007
11/2007
12/2007
1/2008
10/2008
11/2008
1/2009
1/2009
1/2009
1/2009
4/2009
5/2009
7/2009
7/2009
7/2009
10/2009
11/2009
5/2010
8/2010
9/2010
3/2011
8/2011
9/2011
9/2011

Kim et al.
Chae et al.
Park et al.
Sivero et al.
Wan et al.
Tanzawa
Kang

Park et al.
Cernea et al.

Park etal. ............

Kim

Kim et al.
Wan et al.
Lee

Hwang
Goda et al.
Kim et al.
Kim et al.
Maejima
Kim

Maeda et al.
Sudo
Tokiwa et al.
Oh et al.
Kim

Tee .covvvnnnin

Hishida et al.
Ttagaki et al.
Tokiwa et al.
Oh et al.
Kim et al.
Lee et al.
Jeong et al.
Kim et al.
Lee et al.

Leeetal. ...

Wan et al.
Kim et al.
Arai et al.
Kang

Kim et al.
Kito et al.
Cernea et al.
Park et al.

Mizukami et al.

Lee
Knox et al.

Kimetal. ...

Wan et al.
Hong et al.

Mizukami et al.

Kim et al.
Park et al.
Kim

Park et al.
Maejima
Goda et al.
Park et al.
Jeong et al.
Hishida et al.
Maejima
Han et al.
Han et al.

Kurashige et al.

... 365/185.22

365/189.16

... 365/185.28

... 365/185.19

2012/0099377 Al
2012/0275234 Al
2013/0182502 Al

4/2012 Maejima
11/2012 Leeetal.
7/2013 Cheo et al.

FOREIGN PATENT DOCUMENTS

JP 2002203393 A 7/2002
JP 2005032430 A 2/2005
JP 2005196931 A 7/2005
JP 2007087569 A 4/2007
JP 2007-180389 A 7/2007
JP 2007-184090 A 7/2007
JP 2007-200540 A 8/2007
JP 2007-266143 A 10/2007
JP 2007272952 10/2007
JP 2007-323716 A 12/2007
JP 2008-311650 A 12/2008
JP 2009-026369 2/2009
JP 2009-088446 4/2009
JP 2009124107 6/2009
JP 2009-266281 11/2009
KR 100157342 Bl 7/1998
KR 100390145 6/2002
KR 100688494 A 1/2005
KR 100541819 A 7/2005
KR 1020060129806 A 12/2006
KR 10-0672151 1/2007
KR 100706797 Bl 4/2007
KR 100729359 Bl 6/2007
KR 10-0784862 Bl 7/2007
KR 2007-0078355 A 7/2007
KR 10-2007-0096972 10/2007
KR 100897415 A 11/2007
KR 10-2008-0005765 1/2008
KR 100890016 A 11/2008
KR 2008-0110168 A 12/2008
KR 2009-0002471 A 1/2009
KR 10-0884861 A 2/2009
KR 10-2009-0034776 4/2009
KR 1020090048877 5/2009
KR 10-2009-0072406 7/2009
KR 1020090079037 7/2009
OTHER PUBLICATIONS

US Office Action dated Jan. 15, 2013 for related U.S. Appl. No.
13/028,918.

US Office Action dated Apr. 5, 2013 for related U.S. Appl. No.
13/029,518.

US Office Action dated Mar. 12, 2013 for related U.S. Appl. No.
12/985,695.

Jachoon Jang et al, “Vertical Cell Array using TCAT (Terabit Cell
Array Transistor) Technology for Ultra High Density NAND Flash
Memory”, VLSI Symp. Tech. Dig., pp. 192-193, 2009.

Notice of Allowance dated Oct. 11,2013 in corresponding U.S. Appl.
No. 13/967,455.

Office Action dated Nov. 5, 2013 in corresponding U.S. Appl. No.
14/043,256.

Office Action dated Aug. 30, 2013 in corresponding U.S. Appl. No.
12/985,695.

Office Action dated Nov. 1, 2013 in corresponding U.S. Appl. No.
13/545,588.

US Office Action dated Jul. 31, 2013 for related U.S. Appl. No.
13/545,588.

* cited by examiner

Petitioner Micron Ex-1015, 0002



U.S. Patent May 20, 2014 Sheet 1 of 59 US 8,730,738 B2

Fig. 1

( Start )

Y
Receiving CMD and ADDR ~—S110

Y

Determining voltage applying time —~—S5120

Y

Applying specific voltage to memory cells p~—S130

End

Petitioner Micron Ex-1015, 0003



US 8,730,738 B2

Sheet 2 of 59

May 20, 2014

U.S. Patent

v1vd

110419 BUI11IN g BUlpesy

419

k

\\

Oel 1ay

4aav

¥ad

Aelly |90 Alowsy

J01eJousy
obe) | oA

\x

051

191 1011U0)
094 owi| Bulk|ddy
01607 |041U07)
orl
vy
59 19p023(
) Haay
M
1SS
0cl

Petitioner Micron Ex-1015, 0004



U.S. Patent May 20, 2014 Sheet 3 of 59 US 8,730,738 B2

Fig. 3
110
BLKZz
BLK2 3rd
Direction
BLK1 2nd
Direction
1st
Direction

Petitioner Micron Ex-1015, 0005



US 8,730,738 B2

Sheet 4 of 59

May 20, 2014

U.S. Patent

uo1198.1(Q

1S
4S9

uo110811Q
pug

‘Id

(<)

(<)

AR |

WD SWO EWD  LAD

<«

ng M

o M

o M

Petitioner Micron Ex-1015, 0006



2nd

1st

US 8,730,738 B2

BL

Sheet 5 of 59
Fig. 5

May 20, 2014

U.S. Patent

[
o)
o ~ © o T @ U= DT
L = = 2 = = E&
5 & © S O 9 99
o
\\,010(“’40“0/ o P
G betrrrmhhmmi
TR R z
NN VARN RS MWW AN -
RN -

1

N\
SR R\ TR AﬁAIr”Anm“ﬁ”WW, N
A2 AT HITIRRIIRN
QO
T
/'

é\\w\ww\\w \N’
77 WAL

Tt

N\
NN\
\\N L

R
MR AA'MWy
4 @v&i;-',uv

&
LS

A

112a

Direction
Direction

k

3rd

Direction
Petitioner Micron Ex-1015, 0007

114 115
PL



U.S. Patent May 20, 2014 Sheet 6 of 59 US 8,730,738 B2

Fig. 6

BL

WL Cut WL Cut

CmM8

CM7

CM6

CM5

/
] IL
%

Direction

2nd

Direction

Petitioner Micron Ex-1015, 0008



U.S. Patent May 20, 2014 Sheet 7 of 59 US 8,730,738 B2

Fig. 7
PL CT
/—/% _
114 115
r T_z__ ___g___ ________ 112

117 118 119 117 118 119
116 116
Fig. 8
BLKaf
BL2 BL1
08122 CS|21
CS12 st ////jiifj///
| ‘ Al ssL2
’ \ P - \
SST\/*;h | ; }“J1 e
ALl S we
ooy | A
e G Pl n s
MCE~—12Ylby | | i /
MC4\/1|'\;\IIﬁ| PIAEAP N WL4
1 LT A I I 1 = R //éif/
n AL e il W3
oo 2llg A e
ety 1 AG e b //%CZWLQ
| 2 S | L E— |
WL
Mcw\~/FﬂIﬁ L l4i5 L
I | L I | L
GST-/T€2E: ! pii ////r//aéL
- “~ LT

Petitioner Micron Ex-1015, 0009



U.S. Patent May 20, 2014 Sheet 8 of 59 US 8,730,738 B2

Fig. 9
Program Verify

Selected BL V1 Vpre
Unselected BL V2 GND
Selected SSL Von1 Von2
Unselected SSL Voff1 Voff3
Selected WL Vpgm Vvfy
Unselected WL Vpass Vread
GSL Voff2 Von3

Petitioner Micron Ex-1015, 0010



U.S. Patent May 20, 2014 Sheet 9 of 59 US 8,730,738 B2

Fig. 10

WLE

\

WLS

WL4

WL3

WL2

WL

>PLPPE

Petitioner Micron Ex-1015, 0011



U.S. Patent May 20, 2014 Sheet 10 of 59 US 8,730,738 B2

Fig. 11

( Start )

Y

Receiving program CMD and ADDR —~—S5210

4

Determining voltage applying time of Vpgm p~—S220

Y

Applying Vpgm to memory cells of cell
strings corresponding to ADDR during —~—S5230
voltage applying time

End

Fig. 12

WL Voltage Applying Time
WL6 T6

WS T5(<76)

W4 T4(<T5)

WL3 T3(<T4)

W2 T2(<T3)

WL T1(<T2)

Petitioner Micron Ex-1015, 0012



US 8,730,738 B2

Sheet 11 of 59

May 20, 2014

U.S. Patent

Petitioner Micron Ex-1015, 0013



US 8,730,738 B2

Sheet 12 of 59

May 20, 2014

U.S. Patent

AV

>
-«

e AV

Petitioner Micron Ex-1015, 0014



US 8,730,738 B2

Sheet 13 of 59

May 20, 2014

U.S. Patent

AV

-

Petitioner Micron Ex-1015, 0015



U.S. Patent May 20, 2014 Sheet 14 of 59 US 8,730,738 B2

Fig. 16

WL6
WL group 3 Common Vpgm
WL5

WL4
WL group 2 Common Vpgm
WL3

WL2
WL group 1 Common Vpgm
WL 1

Petitioner Micron Ex-1015, 0016



U.S. Patent May 20, 2014 Sheet 15 of 59 US 8,730,738 B2

BLKa2

| I
| |
I | T ‘ | !
AR S
SST‘/@EI i/;lf.! i(’”El! i,;lf.! ssL1_~W6
o6 —2{lly i/i!f.! i/”g.! i,ilf.: /ZWL5
sl ard bl i
AR ARt
wos—rlbgt gt b e W2
w2zl el n et WL
| | = i 3
MC1~—12Jl4 Eid J/l/ Al - 1 J l/ﬁSL
; C ; =1
st L P L i

\
\\T_ S
\
hS
\

Petitioner Micron Ex-1015, 0017



U.S. Patent May 20, 2014 Sheet 16 of 59 US 8,730,738 B2

Fig. 18

BLKa3

BL2 BL1
CS|22 CS|21
cs12 - Csi g5
! | b |
- SSL2
) P R
| | | | | |
sST—raily :4@ Hf‘{ I S
weo—tsify | 1A ye by r
' | | | 7 | | | WI_5
os—baly L ALy Al
I I | WL4
woa—raly 1A Al
MC3\/:”>}I| : :’”LJ : :,ihd — ’“LJ : 2
| = [ | [ [ [ [ [

WL2
oty Al
o1l | {4 u:g L T GsL2

| v =
w12l Elis 6L
- - CSL

Petitioner Micron Ex-1015, 0018



U.S. Patent May 20, 2014 Sheet 17 of 59 US 8,730,738 B2
Fig. 19
BLKa4
BL2 BL1
2nd Sup—block 2nq\8ub—b|ock
<
. - SSL2
| >// |
~J0 -0 WL4
wi—ralgl Ay
WL3
NC3—2 ’“LJM ; ,iI?/' /“LJM
- - DWL2
DMCZ\~J<ﬂ| ’“/Ji I/AIV1 ’“/Ji
DWL1
oMt —IL, !(’”LJI ,55;4 !r’”LJ!
< 1| ~ WL2
WL
MCT ~—+2{l W’” i ,ii:l/\<' 7’”
P _ L
6ST— = / T 5
CSL

/

1st Suﬁ—block

1st Suﬁ—block

Petitioner Micron Ex-1015, 0019



U.S. Patent

May 20, 2014

Sheet 18 of 59

Fig. 20

US 8,730,738 B2

Erase Erase Verify

BL Float/V4 Vpre/GND

Selected SSL Von4
Float/V5

Unselected SSL Voff4
WL VSS Vvfye
GSL Float/V6 Von5
CsL Float/V7 VSS
Substrate Vers VSS

Fig. 21

( Start )

Y

Receiving Eras

e CMD and ADDR

Y

Determining voltage applying time of Vers

Y

Applying Vers to memory cells of cell
strings corresponding to ADDR during
Voltage Applying Time

End

Petitioner Micron Ex-1015, 0020

——35310

——S5320

—~—S5330



US 8,730,738 B2

Sheet 19 of 59

May 20, 2014

U.S. Patent

Fig. 22

<]
=
[
(@)
[ —
— [a\|
> Ll
— | N |
Q| W | Vv
Q| — | ~—
<C —
Ll
<] —
(@)
(8]
—
o
=
X | X
Q| O
X | O | ©
o | = | =
S e B
Eol o N o]
| > | =
<O | LW | w
)
w | o | +
| w
[Q NI B

Petitioner Micron Ex-1015, 0021



US 8,730,738 B2

Sheet 20 of 59

May 20, 2014

U.S. Patent

AVE
AVE
AVET

[Q\| (9N
Ll Ll
1 |
TTTTTTTTTTTTo T T TTTTTTTTTTTTo T
y_H |||||||||||||||||||||||| y_ ||||||||||||||||||||||||
—— [« —— [
> > > >
1) Ll ~ — n Ll ~ ~—
ofe | = 0 = 10 ol g |- 0 = 10
(5] P (D] s
= = @ T~—1u = = @ T~—10
e 1= — e = —
& & & &
= >S5 =5 =S
w5 D5 w5 w5
T~ — T — s
o O on 2 c O »n 9
[QN] — (V] —

Petitioner Micron Ex-1015, 0022



U.S. Patent May 20, 2014 Sheet 21 of 59 US 8,730,738 B2

Fig. 26
BLKa5
BL1
cs2
ik
" f w”dl SSL2b
| o |
- fi?: :/”LJ.: SsLip ook
A e B ——i 2 :’“J: SSL1g
A el
L el
ST IR ARk
| R | L B .
AP AR IR AR
GSTbv'réglm AL l,iigl Ll
AN v 6L
GSTa\AlféI,IE |1
- il gl

Petitioner Micron Ex-1015, 0023



U.S. Patent May 20, 2014 Sheet 22 of 59 US 8,730,738 B2
Fig. 27
BLKa6
BL2 BL1
S22 cs2t
£S12 | Cs1 L
! " | g |
VAP T o2
A et gl
SSTbV@'ﬁI ST ST
S8Ta—2lly i !Afi;i i
WL 4
woa—syly | Al :4'&):
| | | I | WL3
MCS\/lréllﬁ: :’!ILJ: :,iiﬁ: :/“JI <
W2
MCZ\/‘l’éllﬁ: ;’“H: H’ﬁi :-'H;
WL
o1l ARl
GSTb\/lrél,lljl AL I,iigl AL
| | v I v GSL
GSTa\/il’é{IE |1
- <~ LTSt

Petitioner Micron Ex-1015, 0024



U.S. Patent May 20, 2014 Sheet 23 of 59 US 8,730,738 B2
Fig. 28
BLKa7
BL2 BL1
CS22 CS|21
512 | Cst1 o1
‘ | b |
1 Al SSL2
CZn
s Al T T T S5L1
DWL2
DMCZ\/bHIf\: :’”LJ: :,iidi : -lLJ§
| Co Al e i alh AL“
MCE—2lby | =i
wisi | Al g G
| T Q1= J7
oL AT LT e
Wes =il = Aty e
g 1A Lo b WL
Me2— 2l s :/!"915 — /
DWL1
et — G| Al et LAl
Ll S /ZGSL
GST\/@{I/ | L
- “~ st

Petitioner Micron Ex-1015, 0025



US 8,730,738 B2

Sheet 24 of 59

May 20, 2014

U.S. Patent

Fig. 29

2nd
Direction

BL

PLa

114a 1152

.

,memnooof, \N , N .
s
o) /7 ZAGRTNNN
X /f ey

1st

PLa
3rd
Direction

Direction

Petitioner Micron Ex-1015, 0026



U.S. Patent May 20, 2014 Sheet 25 of 59 US 8,730,738 B2

Fig. 30
PLb PLb
/—/H /—/%
114b 115b 114b 115b
BL
~—320 WL Cut

B CSR
111

114a 1153 CSR 114a 1153
— S
PLa PLa

3rd
Direction

2nd

Direction

Petitioner Micron Ex-1015, 0027



U.S. Patent

Y

May 20, 2014 Sheet 26 of 59
Fig. 31

i Vpgm

We |
| 76 [ VViy
1 1] -
ingm

W5
L T5 | Vvfy
L -
| Vpgn

W4
(T4l Vvl
| [] .
' Vpgm

WL
| T3 | Wiy
| [1 .
ingm

w2 oo
| T2 | Vvly
L1 -
ingm

WL1 :
T Wiy
5 [

US 8,730,738 B2

Petitioner Micron Ex-1015, 0028



US 8,730,738 B2

Sheet 27 of 59

May 20, 2014

U.S. Patent

uo110811Q

—

WO GND  END WO
8O/ 9O/ IO/ CINO

\

-

@

N
\_

D)

-
\

ng M

SE!

<« 1N) 7SS

O
O

()

18|
HSO
uorioseliq
pug
Jax\ﬂ
¢l
HS)
AT

14

L

ﬁ\\/gso L

Petitioner Micron Ex-1015, 0029



U.S. Patent May 20, 2014 Sheet 28 of 59 US 8,730,738 B2

3rd
Direction
PL 2nd
Direction
1st
Direction

Petitioner Micron Ex-1015, 0030



U.S. Patent May 20, 2014 Sheet 29 of 59 US 8,730,738 B2

320

)

T L TTETRIT L LTITIRT L LTI LT
R0 B I LRI LI LA RIS
IR ~— Bl
Retsdelelololetetetototolotolotetetedodotosototetetetedototoletoteteto ot edeletetetedototototetotel!

N

WL Cut sSL Cut WL Cut

2] I [ gy

116

112a— 2 e oW
CSR - CSR
111
114 115 114 115
H/_/ H_/
PL PL
3rd
Direction
2nd
Direction

Petitioner Micron Ex-1015, 0031



U.S. Patent May 20, 2014 Sheet 30 of 59 US 8,730,738 B2

CM2 /CMACME [CM8
CM1 CMIM5  CM7

2nd
Direction

1st
Direction

Petitioner Micron Ex-1015, 0032



U.S. Patent May 20, 2014 Sheet 31 of 59 US 8,730,738 B2

Fig. 36

BL
WL Cut
320
. cM8
/. | CM7
R ZzZZZQ CNG
\ SO
R / —CM5
NN
/ 17
\ 1
11 CM2
M1
\ 1
N7 s
/;.T 111
114 115
—
PL
CSR
114 115 ard
PL Direction

2nd
Direction
181

Direction

Petitioner Micron Ex-1015, 0033



US 8,730,738 B2
320

Sheet 32 of 59
Fig. 37

May 20, 2014

U.S. Patent

—
o

WL Cut

< >
353
WL Cut

1|

116

i
&
12—
%
N\E

3
oo
WL Cut

CSR
111

Petitioner Micron Ex-1015, 0034

PL

114 115

]

CSR

[
114115
PL

CSR



US 8,730,738 B2

Sheet 33 of 59

May 20, 2014

U.S. Patent

uo1109.1qQ

1s]

uo1109011(Q
pug

%)W
d \N/\\

LMD SWO EIND LD

8NO[ SND/ TINO m_\,_o/
- =

ﬂmﬁzo gl

mwO\)Mw | 7\\/Hso M
|

Petitioner Micron Ex-1015, 0035



US 8,730,738 B2

Sheet 34 of 59

May 20, 2014

U.S. Patent

Fig. 39

2nd
Direction
1st
Direction

Petitioner Micron Ex-1015, 0036

PL
3rd
Direction

PL

5
e
,.“n«.w»,,.".“.“.,
NS
SRR
BERES
RSN
et

WL Cut



U.S. Patent May 20, 2014 Sheet 35 of 59 US 8,730,738 B2

Fig. 40
Ja— O]
TN )
] | N up\\
|
i
|
N Y Y SR
\/i N N
|
N 0
w: N N
i |
|
N Y Y -
N T N N
__::}an —— ——
2nd
Direction
1st

Direction

Petitioner Micron Ex-1015, 0037



US 8,730,738 B2

2nd
Direction

1st

Direction

Sheet 36 of 59
Fig. 41

May 20, 2014

U.S. Patent

CMD1b

Y - -
%\N\m%

ARVARNN

3rd
Direction

BL

CMD1a

g O LSAAN

<

Petitioner Micron Ex-1015, 0038



U.S. Patent May 20, 2014 Sheet 37 of 59 US 8,730,738 B2

Fig. 42

BL

——320

I\

114 116 PC 116 114 116 114
H/_/ H/_/

PLU PLD

Petitioner Micron Ex-1015, 0039



U.S. Patent May 20, 2014 Sheet 38 of 59 US 8,730,738 B2

\j

Fig. 43

i Vpgm

Wee |
| T6 | Vufy
RN -
ingm

wes oo
| 15| Wiy
o
' Vpgn

W4
[ T4 Vvfy
| [ .
| Vpgn

WL
T3 vfy
110 .
ingm

wee
|| T2 | Vvfy
11 [ -
i Vpgm

WLt
| T1 | Vviy
; [

Petitioner Micron Ex-1015, 0040



U.S. Patent May 20, 2014 Sheet 39 of 59 US 8,730,738 B2

CSR

@

-
() .

:::::::éﬁ

2nd
Direction

1st
Direction

Petitioner Micron Ex-1015, 0041



U.S. Patent May 20, 2014 Sheet 40 of 59 US 8,730,738 B2

Fig. 45

CM8
CM7
CM6
CM5
CM4
CM3
CM2 CSR
CM1
111
Direction
2nd
Direction
1st
Direction

Petitioner Micron Ex-1015, 0042



U.S. Patent May 20, 2014 Sheet 41 of 59 US 8,730,738 B2

Fig. 46

BL
~-320 SSL Cut

SSL Cut SSL Cut

i\

( Gperi +\_/ C S R

B F

114 115 116
%/—/

PL 3rd
Direction

umsicESESESE SRS

2nd
Direction

Petitioner Micron Ex-1015, 0043



U.S. Patent May 20, 2014 Sheet 42 of 59 US 8,730,738 B2

Fig. 47
BLKf1
BL2 BL1
S22 cs21
£S12 oS s
| | "l SSL2
VT
| | | | | |
SST—2ily; :4@ Mf’”y i 5L
WL6
MC6v{~—>{|ﬁ[ :/”L‘J: Hiﬁu; ; -|H§
| ﬁ| A e b /ZWL5
MCE—12l A T /
T A
T |LJI: I""?I | |ﬁl //WLS
sl A
WL2
oty AT
WL
wor— G AR Lot Ll
| | | | v GSL
GST\/?H;) Y g,glf Y /
7 L
D/\A%Z SF CSL

Petitioner Micron Ex-1015, 0044



U.S. Patent May 20, 2014 Sheet 43 of 59 US 8,730,738 B2

Fig. 48

cM8
CM7
CM6
CM5
CM4
CM3
CM2 CSR
CM1
111
3rd
Direction
2nd
Direction
1st
Direction

Petitioner Micron Ex-1015, 0045



U.S. Patent May 20, 2014 Sheet 44 of 59 US 8,730,738 B2

Fig. 49

BL
SSL Cut SSL Cut +~-320 SSL Cut

G .
“A~—CN7
A~ (N6
A~ CM5
M4
A~—CM3
M2

1 /;j\/CM1
/ i S /*\/ CSR

1N F

114 115 116
%/—/

PL 3rd
Direction

IS ESESESES ISl

2nd
Direction

Petitioner Micron Ex-1015, 0046



U.S. Patent May 20, 2014 Sheet 45 of 59 US 8,730,738 B2

Fig. 50
BLKf2
BL2 BL
322 cs21
cS12 | CS‘H /@/‘/
| | “Ally | 3312
_ ) | l/ o |
| | [ |
SST\/@I :’”qi ;/“{: :’”q: ST
W6
MCG\/léllﬁ Ay e b
st | g ye Ll e
| | | | WL4
MC4\/®I| | | ’”LJ i :,iild — ’”L'J i
W3
c3—+3 H'%; :/iid: i/”Hi
W2
iy A
W1
Ve —T2] I e ,iifl e GSL2
BN Iﬁ' -7 ¥
GT—r2lk A GSL1
L~ [
D/ﬂ% csL

Petitioner Micron Ex-1015, 0047



US 8,730,738 B2

Sheet 46 of 59

May 20, 2014

U.S. Patent

v1vd

}1N0J1Q BUIl1Iy B Bulpesy

10

21607

\\

0ee s

[011U0)

lolelJausy abe] | oA

19]1041U09

\\

VOd

Aelly 189 Alowsp

Ove

59 | sepooag
Haav

Ole

002

08¢

awl| BulA|ddy

T

Haay

\x

0S¢

0ce

1C "SI

Petitioner Micron Ex-1015, 0048



U.S. Patent May 20, 2014 Sheet 47 of 59 US 8,730,738 B2

Fig. 52

( Start )

Y
Receiving CMD and ADDR ~—S410

Y

Determining voltage applying time and

—~—5420
voltage level

Y

Applying specific voltage to memory cells ~—S430

End

Petitioner Micron Ex-1015, 0049



US 8,730,738 B2

Sheet 48 of 59

May 20, 2014

U.S. Patent

Y1vd

11N2J 1) Bull 1y g Bulpesy

\\

0ee a4

Aelly |89 Alowsy

1419
096 1911011009
|oAD] PUE e
oWl BulA|ddy
21607 |0J1U0Y
VO 0ve
) 4
59 18p028(
y daay
M
S

loleJausy
abe] | oA

\x

0S¢

0ce

&G

‘ST

Petitioner Micron Ex-1015, 0050



US 8,730,738 B2

Sheet 49 of 59

May 20, 2014

U.S. Patent

Petitioner Micron Ex-1015, 0051



US 8,730,738 B2

Sheet 50 of 59

May 20, 2014

U.S. Patent

AV

Petitioner Micron Ex-1015, 0052




US 8,730,738 B2

Sheet 51 of 59

May 20, 2014

U.S. Patent

Petitioner Micron Ex-1015, 0053



U.S. Patent May 20, 2014 Sheet 52 of 59 US 8,730,738 B2

Fig. 57

WLE

WL group 3 Common Vpgm3
WL5
WL4

WL group 2 Common Vpgm2
WL3
WL2

WL group 1 Common VYpgm1
WL1

Petitioner Micron Ex-1015, 0054



U.S. Patent May 20, 2014 Sheet 53 of 59 US 8,730,738 B2

Fig. 58

EVpng

Wee
| 16 [ VViy
1 1T .
inng

ws o
H 151 Wiy
o
Vpgn1

w4
(T4 Vufy
| [ 1 .
' Vpgn3

w3
|| T3 | Wty
110 -
inng

wee o
| T2 | Wiy
110 .
inng

WLt
71| Vufy
5 [1] .

Petitioner Micron Ex-1015, 0055



U.S. Patent

May 20, 2014 Sheet 54 of 59
Fig. 99
inng

We |
(| 16 | Vviy
11 -
inng

W5
B Vvty
L -
Vpgn1

wea
[Tl Wiy
: ] .
Vpgn1

WL
T3] wiy
110 .
inng

we o
[ T2 | Wiy
IR -
ingmB

I
| T1 | Vviy
5 []

Y

US 8,730,738 B2

Petitioner Micron Ex-1015, 0056



US 8,730,738 B2

Sheet 55 of 59

May 20, 2014

U.S. Patent

2nd Sub-

block

1st Sub-

block

2nd Sub-

block

I WE

1st Sub-

block

Petitioner Micron Ex-1015, 0057



US 8,730,738 B2

Sheet 56 of 59

May 20, 2014

U.S. Patent

2nd Sub-
block

mm o A
a .

L -

<t Ll

L] —
—

\\\\\ _H -

L

o —1
L

e [ e s

] o

\\\\\ (Nl

—

m_/._L ||||||||||||||||||||||||

= [] N

Ll

\\\\\ 1

............... s I

o _o24 -

— g — -

Petitioner Micron Ex-1015, 0058



U.S. Patent May 20, 2014 Sheet 57 of 59 US 8,730,738 B2

Fig. 63

1200 1100

Nonvolatile
Memory Device

Host<+—{ Controller

Petitioner Micron Ex-1015, 0059



U.S. Patent

2200

Host +—

Controller

May 20, 2014

Fig.

CH1

Sheet 58 of 59 US 8,730,738 B2

64

2000

2100

CH2

Nonvolatile
Memory Chip

CHK

Nonvolatile
Memory Chip

Nonvolatile
Memory Chip

Petitioner Micron Ex-1015, 0060



U.S. Patent May 20, 2014 Sheet 59 of 59 US 8,730,738 B2

Fig. 65
3000
2000
3500
3100 2/200 2100
r—-r———————-= C__'I
| |
B | |
CPU B  CHT | Nonvolatile :
| | Memory Chip |
T |
| . |
| |
2500 Controller : : :
| |
< Hk | Nonvolatile |
RAM : Memory Chip :
| |
| ' |
- - o
?OO ﬁOO
User || | Power
Interface Supply
N

Petitioner Micron Ex-1015, 0061



US 8,730,738 B2

1
NONVOLATILE MEMORY DEVICES AND
METHODS OF OPERATING NONVOLATILE
MEMORY DEVICES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the priority under 35 U.S.C §119,
of Korean Patent Application No. 10-2011-0031320 filed
Apr. 5, 2011, in the Korean Intellectual Property Office
(KIPO), the entire contents of which is incorporated herein by
reference.

BACKGROUND

1. Field

Example embodiments relate to semiconductor memory
devices, and more particularly, to nonvolatile memory
devices and nonvolatile memory device operating methods.

2. Description of the Related Art

A semiconductor memory device is a memory device
which is fabricated using semiconductors such as silicon (Si),
germanium (Ge), gallium arsenide (GaAs), indium phos-
phide (InP), and the like. Semiconductor memory devices are
classified into volatile memory devices and nonvolatile
memory devices.

Volatile memory devices may lose stored contents at
power-off. The volatile memory devices include static RAM
(SRAM), dynamic RAM (DRAM), synchronous DRAM
(SDRAM), and the like. The nonvolatile memory devices
may retain stored contents even at power-off. Nonvolatile
memory devices include read only memory (ROM), pro-
grammable ROM (PROM), electrically programmable ROM
(EPROM), electrically erasable and programmable ROM
(EEPROM), flash memory devices, phase-change RAM
(PRAM), magnetic RAM (MRAM), resistive RAM
(RRAM), ferroelectric RAM (FRAM), and the like. A flash
memory device is roughly classified into NOR type and
NAND type.

A semiconductor memory device with a three-dimensional
array structure has been developed to improve the integration
density of a semiconductor memory device.

SUMMARY

Example embodiments of the inventive concepts may be
directed to providing methods of operating nonvolatile
memory devices which include a plurality of cell strings each
having at least one ground selection transistor, a plurality of
memory cells, and at least one string selection transistor.

In one embodiment, the operating method includes receiv-
ing a command and an address, determining a voltage apply-
ing time in response to the input command and address, and
applying a specific voltage to memory cells of cell strings
corresponding to the input address during the determined
voltage applying time.

According to atleast one example embodiment, if the input
command is a program command, the applying a specific
voltage includes applying a program voltage to memory cells
of cell strings corresponding to the input address during the
determined voltage applying time. According to at least one
example embodiment, the determining a voltage applying
time includes gradually decreasing the voltage applying time
according to a decrease in a word line address of the input
address, the word line address appointing a plurality of word
lines connected with memory cells of the plurality of cell
strings. According to at least one example embodiment, the
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determining a voltage applying time includes gradually
decreasing, increasing, and gradually decreasing the voltage
applying time according to a decrease in a word line address
of the input address, the word line address appointing a plu-
rality of word lines connected with memory cells of the plu-
rality of cell strings.

According to at least one example embodiment, the deter-
mining a voltage applying time includes gradually decreasing
and gradually increasing the voltage applying time according
to a decrease in a word line address of the input address, the
word line address appointing a plurality of word lines con-
nected with memory cells of the plurality of cell strings.
According to at least one example embodiment, each of the
plurality of cell strings includes a pillar contacting the sub-
strate and extending in a direction perpendicular to the sub-
strate, and the determining a voltage applying time includes
gradually decreasing the voltage applying time according to a
decrease in a cross-sectional area of pillars corresponding to
memory cells of the cell strings corresponding to the input
address.

According to at least one example embodiment, the deter-
mining a voltage applying time includes gradually decreasing
the voltage applying time according to a decrease in the
number of memory cells stacked between the substrate and
the memory cells of the cell strings corresponding to the input
address. According to at least one example embodiment, the
determining a voltage applying time includes decreasing,
increasing, and gradually decreasing the voltage applying
time according to a decrease in the number of memory cells
stacked between the substrate and the memory cells of the cell
strings corresponding to the input address.

According to at least one example embodiment, a plurality
of word lines connected with a plurality of memory cells of
the plurality of cell strings is divided into a plurality of word
line groups, and the determining a voltage applying time
includes determining the voltage applying time according to
whether the input address corresponding to one of the plural-
ity of word line groups. According to at least one example
embodiment, the operating method further includes applying
a verify voltage to memory cells of cell strings corresponding
to the input address following the applying a specific voltage
and when a failed memory cell is detected from the memory
cells of cell strings corresponding to the input address, again
applying the specific voltage to the memory cells of cell
strings corresponding to the input address during the deter-
mined voltage applying time.

According to at least one example embodiment, when the
specific voltage is again applied, a level of the specific voltage
increases, and an increment of the specific voltage decreases
according to a decrease in the voltage applying time. Accord-
ing to at least one example embodiment, the voltage applying
time varies, while an interval between a start point of a spe-
cific voltage pulse and a start point of a verify voltage pulse is
constant. According to at least one example embodiment, the
voltage applying time varies, while an interval between an
end point of a specific voltage pulse and a start point of a
verify voltage pulse is constant. According to at least one
example embodiment, when the input command is an erase
command, the applying a specific voltage includes applying
an erase voltage to memory cells of cell strings corresponding
to the input address via the substrate during the determined
voltage applying time.

Still other example embodiments of the inventive concepts
may be directed to providing a nonvolatile memory device
including a memory cell array including a plurality of cell
strings each having at least one ground selection transistor, a
plurality of memory cells, and at least one string selection
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transistor, an address decoder connected to a plurality of
string selection transistors of the plurality of cell strings via a
plurality of string selection lines, to a plurality of memory
cells of the plurality of cell strings via a plurality of word
lines, and to a plurality of ground selection transistors of the
plurality of cell strings via a ground selection line; a reading/
writing circuit connected to the plurality of string selection
transistors of the plurality of cell strings via a plurality of bit
lines; a voltage generator configured to generate a plurality of
voltages, and control logic configured to adjust a voltage
applying time when a specific voltage generated by the volt-
age generator is applied to a plurality of memory cells of the
memory cell array.

A method of operating a nonvolatile memory device
includes receiving a command and an address, determining a
voltage applying time in response to the received command
and address and applying a first voltage to memory cells of
cell strings corresponding to the received address for the
voltage applying time.

A nonvolatile memory includes a memory cell array
including a plurality of cell strings, each of the plurality of cell
strings including at least one ground selection transistor, a
plurality of memory cells, and at least one string selection
transistor, an address decoder connected to a plurality of
string selection transistors of the plurality of cell strings via a
plurality of string selection lines, the address decoder con-
nected to a plurality of memory cells of the plurality of cell
strings via a plurality of word lines, and the address decoder
connected to a plurality of ground selection transistors of the
plurality of cell strings via a ground selection line, a reading/
writing circuit connected to the plurality of string selection
transistors of the plurality of cell strings via a plurality of bit
lines, a voltage generator configured to generate a plurality of
voltages and a controller configured to adjust a voltage apply-
ing time upon applying a voltage generated by the voltage
generator to a plurality of memory cells of the memory cell
array.

A method of operating a three-dimensional (3D) semicon-
ductor array includes applying a first voltage to a first semi-
conductor device of a plurality of semiconductor devices for
a first period of time, each of the plurality of semiconductor
devices including a portion of one vertical channel, the first
period of time based on a width of the portion of the vertical
channel included in the first semiconductor device.

BRIEF DESCRIPTION OF THE FIGURES

Example embodiments will be more clearly understood
from the following brief description taken in conjunction with
the accompanying drawings. FIGS. 1-65 represent non-lim-
iting, example embodiments as described herein.

FIG. 1 is a flowchart illustrating methods of operating
nonvolatile memory devices according to at least one
example embodiment of the inventive concepts;

FIG. 2 is a block diagram illustrating nonvolatile memory
devices according to at least one example embodiment of the
inventive concepts;

FIG. 3 is a diagram illustrating a memory cell array of FIG.
2 according to at least one example embodiment of the inven-
tive concepts;

FIG. 4 is a plan diagram of one of memory blocks in FIG.
3 according to at least one example embodiment of the inven-
tive concepts;

FIG. 5 is a perspective diagram taken along a line V-V' of
FIG. 4 according to at least one example embodiment of the
inventive concepts;
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FIG. 6 is a cross-sectional diagram taken along a line V-V'
of FIG. 4 according to at least one example embodiment of the
inventive concepts;

FIG. 7 is a diagram illustrating a cell transistor of FIG. 6;

FIG. 8 is a circuit diagram illustrating an equivalent circuit
ofapart EC ofthe plan view in FIG. 4 according to at least one
example embodiment of the inventive concepts;

FIG. 9 is a table illustrating voltages supplied to a memory
block at a program operation and a verify operation;

FIG. 10 is a diagram illustrating threshold voltage distri-
butions of memory cells programmed according to the volt-
ages of FIG. 9;

FIG. 11 is a flowchart illustrating program methods
according to at least one example embodiment of the inven-
tive concepts;

FIG. 12 is a table illustrating voltage applying times of a
program voltage associated with respective word lines;

FIG. 13 is a diagram illustrating a program operation of a
nonvolatile memory device according to example embodi-
ments of the inventive concepts;

FIG. 14 is a diagram illustrating a program operation of a
nonvolatile memory device according to other example
embodiments of the inventive concepts;

FIG. 15 is a diagram illustrating a program operation of a
nonvolatile memory device according to still other example
embodiments of the inventive concepts;

FIG. 16 is a table illustrating word line groups according to
at least one example embodiment of the inventive concepts;

FIG. 17 is a circuit diagram illustrating an equivalent cir-
cuit of a part EC of the plan view in FIG. 4 according to other
example embodiments of the inventive concepts;

FIG. 18 is a circuit diagram illustrating an equivalent cir-
cuit of a part EC of the plan view in FIG. 4 according to still
other example embodiments of the inventive concepts;

FIG. 19 is a circuit diagram illustrating an equivalent cir-
cuit of a part EC of the plan view in FIG. 4 according to yet
other example embodiments of the inventive concepts;

FIG. 20 is atable illustrating voltages supplied to a memory
block at an erase operation and an erase-verify operation;

FIG. 21 is a flowchart illustrating erase methods according
to at least one example embodiment of the inventive concepts;

FIG. 22 is a table illustrating a voltage applying time of an
erase voltage according to at least one example embodiment
of the inventive concepts;

FIG. 23 is a diagram illustrating an erase operation of a
nonvolatile memory device according to example embodi-
ments of the inventive concepts;

FIG. 24 is a diagram illustrating an erase operation of a
nonvolatile memory device according to other example
embodiments of the inventive concepts;

FIG. 25 is a diagram illustrating an erase operation of a
nonvolatile memory device according to still other example
embodiments of the inventive concepts;

FIG. 26 is a circuit diagram illustrating an equivalent cir-
cuitof a part EC of'the plan view in FIG. 4 according to further
example embodiments of the inventive concepts;

FIG. 27 is a circuit diagram illustrating an equivalent cir-
cuit of a part EC of the plan view in FIG. 4 according to yet
other example embodiments of the inventive concepts;

FIG. 28 is a circuit diagram illustrating an equivalent cir-
cuit of a part EC of the plan view in FIG. 4 according to yet
still other example embodiments of the inventive concepts;

FIG. 29 is a perspective diagram taken along a line V-V' of
FIG. 4 according to other example embodiments of the inven-
tive concepts;
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FIG. 30 is a cross-sectional diagram taken along a line V-V'
of FIG. 4 according to still other example embodiments of the
inventive concepts;

FIG. 31 is a diagram illustrating voltages supplied to a
memory block of FIGS. 4, 29 and 30 at a program operation;

FIG. 32 is a plan diagram illustrating one of memory
blocks of FIG. 3 according to further example embodiments
of the inventive concepts;

FIG. 33 is a perspective diagram taken along a line
XXXIN-XXXT of FIG. 32;

FIG. 34 is a cross-sectional diagram taken along a line
XXXIN-XXXT of FIG. 32;

FIG. 35 is a plan diagram illustrating a memory block of
FIG. 3 according to still further example embodiments of the
inventive concepts;

FIG. 36 is a perspective diagram taken along a line
XXXVI-XXXVT of FIG. 35;

FIG. 37 is a cross-sectional diagram taken along a line
XXXVI-XXXVT of FIG. 35.

FIG. 38 is a plan diagram illustrating a memory block of
FIG. 3 according to yet still other example embodiments of
the inventive concepts;

FIG. 39 is a perspective diagram taken along a line
XXXIX-XXXIX' of FIG. 38,

FIG. 40 is a plan diagram illustrating a memory block of
FIG. 3 according to still yet other example embodiments of
the inventive concepts;

FIG. 41 is a perspective diagram taken along a line
XXXXI-XXXXT of FIG. 40;

FIG. 42 is a cross-sectional diagram taken along a line
XXXXI-XXXXT of FIG. 40;

FIG. 43 is a diagram illustrating voltages supplied to a
memory block in FIGS. 40-42 at a program operation;

FIG. 44 is a plan diagram illustrating a memory block of
FIG. 3 according to yet still further example embodiment of
the inventive concepts;

FIG. 45 is a perspective diagram taken along a line
XXXXV-XXXXV' of FIG. 44,

FIG. 46 is a cross-sectional diagram taken along a line
XXXXV-XXXXV' of FIG. 44,

FIG. 47 is a circuit diagram illustrating an equivalent cir-
cuit of a part EC of the plan view in FIG. 44 according to at
least one example embodiment of the inventive concepts;

FIG. 48 is a perspective diagram taken along a line XXXX-
VIHI-XXXXVIT of FIG. 44;

FIG. 49 is a cross-sectional diagram taken along a line
XXXXVII-XXXXVIT of FIG. 44,

FIG. 50 is a circuit diagram illustrating an equivalent cir-
cuitofapart EC of the plan view in FIG. 44 according to other
example embodiments of the inventive concepts;

FIG. 51 is a block diagram illustrating nonvolatile memory
devices according to other example embodiments of the
inventive concepts;

FIG. 52 is a flowchart illustrating methods of operating
nonvolatile memory devices according to other example
embodiments of the inventive concepts;

FIG. 53 is a block diagram illustrating nonvolatile memory
devices according to still other example embodiments of the
inventive concepts;

FIG. 54 is a diagram illustrating a program operation of a
nonvolatile memory device according to example embodi-
ments of the inventive concepts;

FIG. 55 is a diagram illustrating a program operation of a
nonvolatile memory device according to other example
embodiments of the inventive concepts;
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FIG. 56 is a diagram illustrating a program operation of a
nonvolatile memory device according to at still other example
embodiments of the inventive concepts;

FIG. 57 is a table illustrating word line groups according to
yet other example embodiments of the inventive concepts;

FIG. 58 is a diagram illustrating a program operation of a
nonvolatile memory device according to yet still other
example embodiments of the inventive concepts;

FIG. 59 is a diagram illustrating a program operation of a
nonvolatile memory device according to still yet other
example embodiments of the inventive concepts;

FIG. 60 is a diagram illustrating an erase operation of a
nonvolatile memory device according to example embodi-
ments of the inventive concepts;

FIG. 61 is a diagram illustrating an erase operation of a
nonvolatile memory device according to other example
embodiments of the inventive concepts;

FIG. 62 is a diagram illustrating an erase operation of a
nonvolatile memory device according to yet other example
embodiments of the inventive concepts;

FIG. 63 is a block diagram illustrating memory systems
according to example embodiments of the inventive concepts;

FIG. 64 is a block diagram illustrating applications of
memory systems in FIG. 63; and

FIG. 65 is a block diagram illustrating computing systems
including memory systems illustrated in FIG. 64.

It should be noted that these figures are intended to illus-
trate the general characteristics of methods, structure and/or
materials utilized in certain example embodiments and to
supplement the written description provided below. These
drawings are not, however, to scale and may not precisely
reflect the precise structural or performance characteristics of
any given embodiment, and should not be interpreted as
defining or limiting the range of values or properties encom-
passed by example embodiments. For example, the relative
thicknesses and positioning of molecules, layers, regions and/
or structural elements may be reduced or exaggerated for
clarity. The use of similar or identical reference numbers in
the various drawings is intended to indicate the presence of a
similar or identical element or feature.

DETAILED DESCRIPTION

Example embodiments will now be described more fully
with reference to the accompanying drawings, in which
example embodiments are shown. Example embodiments
may, however, be embodied in many different forms and
should not be construed as being limited to the embodiments
set forth herein; rather, these embodiments are provided so
that this disclosure will be thorough and complete, and will
fully convey the concept of example embodiments to those of
ordinary skill in the art. In the drawings, the thicknesses of
layers and regions are exaggerated for clarity. Like reference
numerals in the drawings denote like elements, and thus their
description will be omitted.

It will be understood that when an element is referred to as
being “connected” or “coupled” to another element, it can be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
is referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
ments present. Like numbers indicate like elements through-
out. As used herein the term “and/or” includes any and all
combinations of one or more of the associated listed items.
Other words used to describe the relationship between ele-
ments or layers should be interpreted in a like fashion (e.g.,
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“between” versus “directly between,” “adjacent” versus
“directly adjacent,” “on” versus “directly on”).

It will be understood that, although the terms “first”, “sec-
ond”, etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer or section from
another element, component, region, layer or section. Thus, a
first element, component, region, layer or section discussed
below could be termed a second element, component, region,
layer or section without departing from the teachings of
example embodiments.

Spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper” and the like, may be used herein for
ease of description to describe one element or feature’s rela-
tionship to another element(s) or feature(s) as illustrated in
the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if the device in the
figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the exemplary
term “below” can encompass both an orientation of above and
below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of example embodiments. As used herein, the singu-
lar forms “a,” “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises”,
“comprising”, “includes” and/or “including,” if used herein,
specify the presence of stated features, integers, steps, opera-
tions, elements and/or components, but do not preclude the
presence or addition of one or more other features, integers,
steps, operations, elements, components and/or groups
thereof.

Example embodiments are described herein with reference
to cross-sectional illustrations that are schematic illustrations
of idealized embodiments (and intermediate structures) of
example embodiments. As such, variations from the shapes of
the illustrations as a result, for example, of manufacturing
techniques and/or tolerances, are to be expected. Thus,
example embodiments should not be construed as limited to
the particular shapes of regions illustrated herein but are to
include deviations in shapes that result, for example, from
manufacturing. For example, an implanted region illustrated
as a rectangle may have rounded or curved features and/or a
gradient of implant concentration at its edges rather than a
binary change from implanted to non-implanted region. Like-
wise, a buried region formed by implantation may result in
some implantation in the region between the buried region
and the surface through which the implantation takes place.
Thus, the regions illustrated in the figures are schematic in
nature and their shapes are not intended to illustrate the actual
shape of a region of a device and are not intended to limit the
scope of example embodiments.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which example embodiments belong. It will be further under-
stood that terms, such as those defined in commonly-used
dictionaries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art

20

25

30

35

40

45

50

55

60

65

8

and will not be interpreted in an idealized or overly formal
sense unless expressly so defined herein.

The term “selected bit line” or “selected bit lines” may be
used to indicate a bit line or bit lines, connected with a cell
transistor to be programmed or read, among a plurality of bit
lines. The term “unselected bit line” or “unselected bit lines”
may be used to indicate a bit line or bit lines, connected with
a cell transistor to be program-inhibited or read-inhibited,
among a plurality of bit lines.

The term “selected string selection line” may be used to
indicate a string selection line connected with a cell string,
which includes a cell transistor to be programmed or read,
among a plurality of string selection lines. The term “unse-
lected string selection line” or “unselected string selection
lines” may be used to indicate a remaining string selection
line or remaining string selection lines other than the selected
string selection line among a plurality of string selection
lines. The term “selected string selection transistors” may be
used to indicate string selection transistors connected with a
selected string selection line. The term “unselected string
selection transistors” may be used to indicate string selection
transistors connected with an unselected string selection line
or unselected string selection lines.

The term “selected ground selection line” may be used to
indicate a ground selection line connected with a cell string,
which includes a cell transistor to be programmed or read,
among a plurality of ground selection lines. The term “unse-
lected ground selection line” may be used to indicate a
remaining ground selection line or remaining ground selec-
tion lines other than the selected ground selection line among
a plurality of ground selection lines. The term “selected
ground selection transistors” may be used to indicate ground
selection transistors connected with a selected ground selec-
tion line. The term “unselected ground selection transistors”
may be used to indicate ground selection transistors con-
nected with an unselected ground selection line or unselected
ground selection lines.

The term “unselected word line” may be used to indicate a
word line, connected with a cell transistor to be programmed
orread, among a plurality of word lines. The term “unselected
word line” or “unselected word lines” may be used to indicate
a remaining word lines or remaining word lines other than a
selected word line among a plurality of word lines. The term
“selected memory cell” or “selected memory cells” may be
used to designate memory cells to be programmed or read
among a plurality of memory cells. The term “unselected
memory cell” or “unselected memory cells” may be used to
indicate a remaining memory cell or remaining memory cells
other than a selected memory cell or selected memory cells
among a plurality of memory cells.

FIG. 1 is a flowchart illustrating methods of operating
nonvolatile memory devices according to at least one
example embodiment of the inventive concepts. Referring to
FIG. 1, in operation S110, a command CMD and an address
ADDR may be received. The command CMD may be a
program command or an erase command. The address ADDR
may designate memory cells to be programmed or to be
erased. In operation S120, a voltage applying time may be
determined (e.g., a duration for which the voltage is applied).
For example, a voltage applying time may be different
according to the command CMD and the address ADDR
input in operation S110.

In operation S130, a specific voltage may be applied to
memory cells. For example, a voltage corresponding to the
command CMD input in operation S110 may be applied to
memory cells corresponding to the address ADDR input in
operation S110, during the voltage applying time determined
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in operation S120. When the input command CMD is a pro-
gram command, the specific voltage may be a program volt-
age, and memory cells corresponding to the input address
ADDR may be programmed. When the input command CMD
is an erase command, the specific voltage may be an erase
voltage, and memory cells corresponding to the input address
ADDR may be erased.

FIG. 2 is a block diagram illustrating nonvolatile memory
devices according to at least one example embodiment of the
inventive concepts. Referring to FIG. 2, a nonvolatile
memory device 100 may include a memory cell array 110, an
address decoder 120, a reading/writing circuit 130, control
logic 140, and a voltage generator 150. The memory cell array
100 may include a plurality of cell strings which may be
arranged on a substrate in a row direction and a column
direction. Each cell string may include a plurality of memory
cells stacked along a direction perpendicular to the substrate.
Memory cells may be provided on the substrate along rows
and columns, and may be stacked in a direction perpendicular
to the substrate to form a three-dimensional structure. The
memory cell array 110 may include plural memory cells
which store one or more bits of data, respectively.

The address decoder 120 may be coupled with the memory
cell array 110 via word lines WL, string selection lines SSL,
and ground selection lines GSL. The address decoder 120
may be configured to operate responsive to the control of the
control logic 140. The address decoder 120 may receive an
address ADDR from an external device. The address decoder
120 may be configured to decode a row address of the input
address ADDR. The address decoder 120 may be configured
to select a word line corresponding to the decoded row
address among the word lines WL. The address decoder 120
may be configured to select a string selection line and a
ground selection line corresponding to the decoded row
address among the string selection lines SSL and the ground
selection lines GSL.

The address decoder 120 may be configured to decode a
column address among the input address ADDR. The address
decoder 120 may transfer the decoded column address DCA
to the reading/writing circuit 130. According to at least one
example embodiment, although not shown in FIG. 2, the
address decoder 120 may include a row decoder configured to
decode a row address, a column decoder configured to decode
a column address, an address buffer configured to store the
input address ADDR, and the like.

The reading/writing circuit 130 may be coupled with the
memory cell array 110 via the bit lines BL. The reading/
writing circuit 130 may be configured to exchange data with
the external device. The reading/writing circuit 130 may
operate responsive to the control of the control logic 140. The
reading/writing circuit 130 may receive the decoded column
address DCA from the address decoder 120. The reading/
writing circuit 130 may select the bit lines BL. in response to
the decoded column address DCA.

The reading/writing circuit 130 may receive data from the
external device to write it in the memory cell array 110. The
reading/writing circuit 130 may read data from the memory
cell array 110 to output it to the external device. The reading/
writing circuit 130 may read data from a first storage area of
the memory cell array 110 to store it in a second storage area
thereof. The reading/writing circuit 130 may perform a copy-
back operation. Although not shown in FIG. 1, the reading/
writing circuit 130 may include constituent elements such as
a page bufter (or a page register), a column selector circuit, a
data buffer, and the like. The reading/writing circuit 130 may
include constituent elements such as a sense amplifier, a write
driver, a column selector circuit, a data buffer, and the like.
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The control logic 140 may be coupled with the address
decoder 120 and the reading/writing circuit 130. The control
logic 140 may be configured to control an overall operation of
the nonvolatile memory device 100. The control logic 140
may operate responsive to a control signal CTRL input from
the external device. The control signal CTRL may include a
command. The voltage generator 150 may operate according
to the control of the control logic 140. The voltage generator
150 may be configured to generate various voltages used at
the nonvolatile memory device 100. The voltage generator
150 may generate high voltages used at the nonvolatile
memory device 140. Voltages generated from the voltage
generator 150 may be supplied to the address decoder 120 and
the memory cell array 110.

The control logic 140 may include an applying time con-
troller 160. The applying time controller 160 may be config-
ured to determine a voltage applying time of a specific volt-
age. The applying time controller 160 may be configured to
control an applying time of a program or erase voltage
according to the control of the control logic 140. The applying
time controller 160 may be configured to control an applying
time according to an input address ADDR. For example,
when the input address ADDR varies, a voltage applying time
determined by the applying time controller 160 may vary. The
control logic 140 may control the address decoder 120 so as to
supply a specific voltage (e.g., a program voltage) to word
lines WL during an applying time determined by the applying
time controller 160. The control logic 140 may control the
voltage generator 150 so as to supply a specific voltage (e.g.,
an erase voltage) to the memory cell array 110 during an
applying time determined by the applying time controller
160.

The applying time controller 160 may be configured to
determine a voltage applying time in response to an address
ADDR input from the external device. The applying time
controller 160 may be configured to determine a voltage
applying time in response to an address input from the address
decoder 120. For example, the applying time controller 160
may be configured to determine a voltage applying time in
response to a row address decoded by the address decoder
220, a row address, and/or a block address.

FIG. 3 is a diagram illustrating a memory cell array in FI1G.
2 according to at least one example embodiment of the inven-
tive concepts. Referring to FIGS. 2 and 3, amemory cell array
110 may include a plurality of memory blocks BLK1-BLKz,
each of which is formed to have a three-dimensional structure
(or, a vertical structure). For example, each of the memory
blocks BLK1-BLKz may include structures extending along
first to third directions. Although not shown in FIG. 3, each of
the memory blocks BLK1-BLKz may include a plurality of
cell strings extending along the second direction. Although
not shown in FIG. 3, a plurality of cell string may be spaced
apart from one other along the first and third directions.

Cell strings within one memory block may be coupled with
a plurality of bit lines, a plurality of string selection lines, a
plurality of word lines, one or more ground selection lines,
and a common source line. Cell strings in the plurality of
memory blocks BLK1-BLKz may share a plurality of bit
lines. For example, the plurality of bit lines may extend along
the second direction so as to be shared by the plurality of
memory blocks BLK1 to BLKz.

The plurality of memory blocks BLK1-BLKz may be
selected by an address decoder 120 in FIG. 2. For example,
the address decoder 120 may be configured to select a
memory block corresponding to an input address ADDR
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among the plurality of memory blocks BLK1-BLKz. Erasing,
programming, and reading may be made at a selected
memory block.

FIG. 4 is a plan diagram of one of memory blocks in FIG.
3 according to at least one example embodiment of the inven-
tive concepts. FIG. 5 is a perspective diagram taken along a
line V-V' of FIG. 4 according to at least one example embodi-
ment of the inventive concepts. FIG. 6 is a cross-sectional
diagram taken along a line V-V' of FIG. 4 according to at least
one example embodiment of the inventive concepts.

Referring to FIGS. 4-6, three-dimensional structures
extending along first to third directions may be provided. A
substrate 111 may be provided. The substrate 111 may be a
well having a first conductivity type, for example. The sub-
strate 111 may be a p-well in which the Group III element
such as Boron May be injected. The substrate 111 may be a
pocket p-well which may be provided within an n-well.
Below, it may be assumed that the substrate 111 may be a
p-well (or, a pocket p-well). However, the substrate 111 may
not be limited to p-type.

A plurality of common source regions CSR extending
along the first direction may be provided in the substrate 111.
The common source regions CSR may be spaced apart from
one another along the second direction. The common source
regions CSR may be connected in common to form a common
source line. The common source regions CSR may have a
second conductivity type different from that of the substrate
111. For example, the common source regions CSR may be
an n-type. Below, it may be assumed that the common source
regions CSR may be the n-type. However, the common source
regions CSR may not be limited to the n-type.

Between two adjacent regions of the common source
regions CSR, a plurality of insulation materials 112 and 112a
may be provided sequentially on the substrate 111 along the
third direction (e.g., a direction perpendicular to the substrate
111). The insulation materials 112 and 112a may be spaced
apart along the third direction. The insulation materials 112
and 112a may extend along the first direction. For example,
the insulation materials 112 and 112a¢ may include an insula-
tion material such as a semiconductor oxide film. A thickness
of the insulation material 112a contacting with the substrate
111 may be thinner than those of other insulation materials
112.

Between two adjacent regions of the common source
regions CSR, a plurality of pillars PL. may be arranged
sequentially along the first direction so as to penetrate the
plurality of insulation materials 112 and 112a along the sec-
ond direction. For example, the pillars PL. may contact the
substrate 111 through the insulation materials 112 and 112a.

The pillars PL. between two adjacent common source
regions may be spaced apart along the first direction. The
pillars PL. may be disposed in line along the first direction.
Each of the pillars PL. may include a channel film 114 and an
inner material 115 within the channel film 114.

The channel films 114 may include a semiconductor mate-
rial (e.g., silicon) having a first conductivity type. For
example, the channel films 114 may include a semiconductor
material (e.g., silicon) having the same type as the substrate
111. The channel films 114 may include intrinsic semicon-
ductor being a nonconductor. The inner materials 115 may
include an insulation material. For example, the inner mate-
rials 115 may include an insulation material such as silicon
oxide. The inner materials 115 may include an air gap.

Between two adjacent regions of the common source
regions CSR, information storage films 116 may be provided
on exposed surfaces of the insulation materials 112 and 112«
and the pillars PL. The information storage films 116 may
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store information by trapping and/or discharging charges.
Between two adjacent common source regions and between
the insulation materials 112 and 1124, conductive materials
CM1-CM8 may be provided on exposed surfaces of the infor-
mation storage films 116. The conductive materials CM1-
CM8 may extend along the first direction. The conductive
materials CM1-CM8 on the common source regions CSR
may be separated by word line cuts. The common source
regions CSR may be exposed by the word line cuts. The word
line cuts may extend along the first direction.

For example, the conductive materials CM1-CM8 may
include a metallic conductive material. The conductive mate-
rials CM1-CM8 may include a nonmetallic conductive mate-
rial (e.g., polysilicon). Information storage films 116 pro-
vided on an upper surface of an insulation material placed at
the uppermost layer among the insulation materials 112 and
112a may be removed. Information storage films provided at
sides opposite to the pillars PL. among sides of the insulation
materials 112 and 1124 may be removed. A plurality of drains
320 may be on the plurality of pillars PL, respectively. The
drains 320 may include a semiconductor material (e.g., sili-
con) having the second conductivity type, for example. The
drains 320 may include an n-type semiconductor material
(e.g., silicon). Below, it may be assumed that the drains 320
include n-type silicon. However, the prevent invention may
not be limited thereto. The drains 320 may be extended to the
upside of the channel films 114 of the pillars PL.

Bit lines BL extending in the second direction may be
provided on the drains 320 so as to be spaced apart from one
another along the first direction. The bit lines BL may be
coupled with the drains 320. In this example embodiment, the
drains 320 and the bit lines BL. may be connected via contact
plugs (not shown). The bit lines BL. may include a metallic
conductive material. The bit lines Bl may include a nonme-
tallic conductive material (e.g., polysilicon).

Below, the conductive materials CM1-CM8 may have a
first height to an eighth height according to a distance from
the substrate 111. The plurality of pillars PL. may form a
plurality of cell strings together with the information storage
films 116 and the plurality of conductive materials CM1-
CMS8. Each of the pillars PL. may form a cell string with an
information storage film 116 and an adjacent conductive
material.

The pillars PL. may be on the substrate 111 along row and
column directions. The eighth conductive materials CM8
may constitute rows. Pillars connected with the same conduc-
tive material among the eighth conductive materials CM8
may constitute one row. The bit lines BL. may constitute
columns. Pillars connected with the same bit line among the
bit lines BL. may constitute a column. The pillars PL. may
constitute a plurality of strings arranged along row and col-
umn directions together with the information storage films
116 and the plurality of conductive materials CM1-CMS8.
Each cell string may include a plurality of cell transistors CT
stacked in a direction perpendicular to the substrate 111.

FIG. 7 is a diagram illustrating a cell transistor of FIG. 6.
Referring to FIGS. 4-7, cell transistors CT may include con-
ductive materials CM1-CMS8, pillars PL, and information
storage films 116 between the conductive materials CM1-
CMS8 and the pillars PL.

The information storage films 116 may extend to upper
surfaces and lower surfaces of the conductive materials CM1-
CMS8 from regions between the conductive materials CM1-
CMS8 and the pillars PL. Each of the information storage films
116 may include first to third sub insulation films 117, 118,
and 119. In the cell transistors CT, the channel films 114 of the
pillars PL. may include the same p-type silicon as the substrate
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111 but are not limited thereto. The channel films 114 may act
as bodies of cell transistors CT. The channel films 114 may be
in a direction perpendicular to the substrate 111. The channel
films 114 of the pillars PL. may act as a vertical body. Vertical
channels may be formed in the channel films 114.

The first sub insulation films 117 adjacent to the pillars PL.
may act as tunneling insulation films of the cell transistors
CT. For example, the first sub insulation films 117 may
include a thermal oxide film, respectively. The first sub insu-
lation films 117 may include a silicon oxide film, respectively.
The second sub insulation films 118 may act as charge storage
films of the cell transistors CT. For example, the second sub
insulation films 118 may act as a charge trap film, respec-
tively. For example, the second sub insulation films 118 may
include a nitride film and/or a metal oxide film, respectively.

The third sub insulation films 119 adjacent to the conduc-
tive materials CM1-CM8 may act as blocking insulation films
of the cell transistors CT. According to at least one example
embodiment, the third sub insulation films 119 may be a
single layer or multiple layers. The third sub insulation films
119 may be a high dielectric film (e.g., an aluminum oxide
film, a hafnium oxide film, etc.) having a dielectric constant
greater than those of the first and second sub insulation films
117 and 118. The third sub insulation films 119 may include
a silicon oxide film, respectively. According to at least one
example embodiment, the first to third sub insulation films
117-119 may constitute ONA (oxide-nitride-aluminum-ox-
ide) and/or ONO (oxide-nitride-oxide).

The plurality of conductive materials CM1-CM8 may act
as a gate (or a control gate), respectively. The plurality of
conductive materials CM1-CM8 acting as gates (or control
gates), the third sub insulation films 119 acting as block
insulation films, the second sub insulation films 118 acting as
charge storage films, the first sub insulation films 117 acting
as tunneling insulation films, and the channel films 114 acting
as vertical bodies may operate as cell transistors CT stacked
in a direction perpendicular to the substrate 111. The cell
transistors CT may be a charge trap type cell transistor.

The cell transistors CT may be used for different purposes
according to height. For example, among the cell transistors
CT, cell transistors having at least one height and placed at an
upper portion may be used as string selection transistors.
String selection transistors may be configured to perform
switching operations between cell strings and bit lines.
Among the cell transistors CT, cell transistors having at least
one height and placed at a lower portion may be used as
ground selection transistors. Ground selection transistors
may be configured to perform switching operations between
cell strings and a common source line formed of common
source regions. Cell transistors between cell transistors used
as string and ground selection transistors may be used as
memory cells and dummy memory cells.

The conductive materials CM1-CM8 may extend along the
first direction to be connected with the plurality of pillars PL.
The conductive materials CM1-CM8 may constitute conduc-
tive lines interconnecting cell transistors CT of the pillars PL.
According to at least one example embodiment, the conduc-
tive materials CM1-CM8 may be used as a string selection
line SSL,, a ground selection line GSL, a word line WL, and/or
a dummy word line DWL according to height. Conductive
lines interconnecting cell transistors used as string selection
transistors SST may be used as string selection lines SSL.
Conductive lines interconnecting cell transistors used as
ground selection transistors GST may be used as ground
selection lines GSL. Conductive lines interconnecting cell
transistors used as memory cells may be used as word lines.
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Conductive lines interconnecting cell transistors used as
dummy memory cells may be used as dummy word lines.

FIG. 8 is a circuit diagram illustrating an equivalent circuit
ofapart EC ofthe plan view in FIG. 4 according to at least one
example embodiment of the inventive concepts. Referring to
FIGS. 4-8, cell strings CS11, CS12, CS21, and CS22 may be
between bit lines BL1 and BL2 and a common source line
CSL. Cell strings CS11 and CS21 may be connected between
a first bit line BL1 and the common source line CSL, and cell
strings CS12 and CS22 may be connected between a second
bit line BL2 and the common source line CSL.

Common source regions CSR may be connected in com-
mon to form a common source line CSL. The cell strings
CS11, CS12, CS21, and CS22 may correspond to four pillars
of'a part EC of a plane view in FIG. 4. The four pillars may
constitute four cell strings CS11, CS12, CS21, and CS22
together with conductive materials CM1-CM8 and informa-
tion storage films 116.

According to at least one example embodiment, the first
conductive materials CM1 may constitute ground selection
transistors GST with the information storage films 116 and
the pillars PL. The first conductive materials CM1 may form
a ground selection line GSL. The first conductive materials
CM1 may be interconnected to form a ground selection line
CSL. The second to seventh conductive materials CM2-CM7
may constitute first to sixth memory cells MC1-MC6 with the
information storage films 116 and the pillars PL.. The second
to seventh conductive materials CM2-CM7 may be used as
first to sixth word lines WL1-WL6. The second conductive
material CM2 may be interconnected to form the first word
line WL1. The third conductive material CM3 may be inter-
connected to form the second word line WL2. The fourth
conductive material CM4 may be interconnected to form the
third word line WL3. The fifth conductive material CM5 may
be interconnected to form the fourth word line WL4. The
sixth conductive material CM6 may be interconnected to
form the fifth word line WL5. The seventh conductive mate-
rial CM7 may be interconnected to form the sixth word line
WLE6.

The eighth conductive materials CM8 may constitute
string selection transistors SST with the information storage
films 116 and the pillars PL. The eighth conductive materials
CM8 may form string selection lines SSL.1 and SST.2.

Memory cells of the same height may be connected in
common with one word line. When a word line of a specific
height is supplied with a voltage, a voltage may be applied to
all cell strings CS11, CS12, CS21, and CS22. Cell strings in
different rows may be connected with different string selec-
tion lines SSL.1 and SSL.2. The cell strings CS11, CS12,
CS21, and CS22 may be selected or unselected by selecting or
unselecting the string selection lines SSI.1 and SSL.2.

For example, cell strings (CS11 and CS12) or (CS21 and
(CS22) connected with an unselected string selection line
SSL1 or SSL.2 may be electrically separated from the bit lines
BL1 and BL2. Cell strings (CS21 and CS22) or (CS11 and
CS12) connected with a selected string selection line SSL.2 or
SSL1 may be electrically connected with the bit lines BL.1
and BL2. The cell strings CS11, CS12, CS21, and CS22 may
be connected with the bit lines BL.1 and BL.2 by a column unit.
The cell strings CS11 and CS21 may be connected with the bit
line BL1, and the cell strings CS12 and CS22 may be con-
nected with the bit line BL2. The cell strings CS11, CS12,
CS21, and CS22 may be selected and unselected by a column
unit by selecting and unselecting the bit lines BL.1 and BL2.

FIG. 9 is a table illustrating voltages supplied to a memory
block at a program operation and a verify operation. Refer-
ring to FIGS. 8 and 9, at programming, a first voltage V1 may
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be applied to a selected bit line, and a second voltage V2 may
be applied to an unselected bit line. The first voltage V1 may
be a ground voltage VSS, and the second voltage V2 may be
a power supply voltage VCC. A first turn-on voltage Vonl
may be applied to a selected string selection line and a first
turn-off voltage Voff1 may be applied to an unselected string
selection line. The first turn-on voltage Vonl may be a power
supply voltage VCC. The first turn-off voltage Voffl may be
a ground voltage VSS. A program voltage Vpgm may be
supplied to a selected word line and a pass voltage Vpass may
be supplied to unselected word lines. A second turn-off volt-
age Voft2 may be applied to a ground selection line GSL. The
second turn-oft voltage Voff2 may be a ground voltage VSS.

At a verify, a pre-charge voltage Vpre may be applied to a
selected bit line and an unselected bit line may be grounded.
For example, the selected bit line may be a bit line connected
with program-failed memory cells, and the unselected bit line
may be a bit line connected with program-passed memory
cells. A second turn-on voltage Von2 may be supplied to a
selected string selection line. The second turn-on voltage
Von2 may be a non-selection read voltage Vread. A third
turn-off voltage Votf3 may be supplied to an unselected string
selection line. The third turn-oft voltage Voff3 may be a
ground voltage VSS. A verification voltage Vvfy may be
applied to a selected word line. The non-selection read volt-
age Vread may be supplied to unselected word lines. A third
turn-on voltage Von3 may be supplied to a ground selection
line GSL. The third turn-on voltage Von3 may be the non-
selection read voltage Vread.

As illustrated in FIGS. 4-8, cross-sectional areas of pillars
PL may vary according to a distance from a substrate 111. For
example, as a distance from the substrate 111 decreases,
cross-sectional areas of the pillars PL. may decrease. An elec-
tric field may be generated when a program voltage Vpgm is
applied to one of conductive materials CM1-CM8. The elec-
tric field thus generated may be applied to portions of pillars
PL at the same height. The electric field may be distributed to
first to third sub insulation films 117-119 of the pillars PL.
The electric field distributed to the first sub insulation films
117 may cause Fowler-Nordheim tunneling. This means that
memory cells may be programmed due to the electric field
distributed to the first sub insulation films 117.

The electric field generated by the program voltage Vpgm
may be distributed according to capacitances of the first to
third sub insulation films 117-119. As widths of the pillars PL,
decrease, a ratio of an area of the first sub insulation film 117
to an area of the third sub insulation film 119 may decrease.
As the area ratio decreases, a ratio of a capacitance of the first
sub insulation film 117 to a capacitance of the third sub
insulation film 119 may decrease. As the capacitance ratio
decreases, a ratio of an electric field distributed to the first
insulation film 117 may increase. When a cross-sectional area
of a pillar decreases, the efficiency of the Fowler-Nordheim
tunneling may increase. A program speed of memory cells
may increase.

FIG. 10 is a diagram illustrating threshold voltage distri-
butions of memory cells programmed according to the volt-
ages in FIG. 9. In FIG. 10, there are illustrated, for purposes
of example, threshold voltage distributions of memory cells
MC in word lines WL1-WL6. The closer to a substrate 111,
the narrower a width of a pillar PL. may be. This means that a
program speed of memory cells MC may gradually increase
as a word line becomes close to the substrate 111. As illus-
trated in FIG. 10, the closer to the substrate 111, the wider a
tail portion of a threshold voltage distribution may be. This
means that a threshold voltage distribution may be widened.
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FIG. 11 is a flowchart illustrating program methods
according to at least one example embodiment of the inven-
tive concepts. Referring to FIGS. 2, 8, and 11, in operation
S210, a program command CMD and an address ADDR may
be received. In operation S220, a voltage applying time of a
program voltage Vpgm may be determined.

An applying time controller 160 may reduce a voltage
applying time of the program voltage Vpgm when a program
speed increases, when an electric field applied to a memory
cell to be programmed increases in strength, and when a
tunneling current of a memory cell to be programmed
increases. For example, the applying time controller 160 may
determine a voltage applying time according to widths of
pillars PL. of memory cells MC corresponding to the input
address ADDR. The applying time controller 160 may reduce
a voltage applying time of the program voltage Vpgm when
widths of pillars PL, decrease.

In one cell string, if a distance from a substrate 111
increases, an address for selecting a word line may increase in
value. The applying time controller 160 may reduce a voltage
applying time of the program voltage Vpgm when a word line
address of the input address ADDR decreases.

In one cell string, if a distance from a substrate 111
increases, an address for selecting a word line may decrease
in value. The applying time controller 160 may reduce a
voltage applying time of the program voltage Vpgm when a
word line address of the input address ADDR increases.

The applying time controller 160 may determine a voltage
applying time according to the number of memory cells MC
stacked between the substrate 111 and a memory cell MC
corresponding to the input address ADDR.

As the number of memory cells MC stacked between the
substrate 111 and a memory cell MC corresponding to the
input address ADDR decreases, a voltage applying time of the
program voltage Vpgm may decrease under the control of the
applying time controller 160. The applying time controller
160 may determine a voltage applying time based upon a
predetermined table. The applying time controller 160 may
adjust a voltage applying time adaptively according to a pro-
gram result.

In operation S230, during the determined voltage applying
time, the program voltage Vpgm may be applied to memory
cells MC of cell strings corresponding to the input address
ADDR. A voltage applying time of the program voltage
Vpgm may be determined according to cross-sectional areas
of pillars PL. corresponding to memory cells MC to be pro-
grammed. Different program speeds of the word lines WL1-
WL6 may be compensated by adjusting a voltage applying
time of the program voltage Vpgm. This may enable a thresh-
old voltage distribution of memory cells to be improved.
Reliability of a nonvolatile memory device 100 may be
improved.

FIG. 12 is a table illustrating voltage applying times of a
program voltage associated with respective word lines. Refer-
ring to FIGS. 8 and 12, a voltage applying time corresponding
to a sixth word line WL6 may be a time T6. If an input
command is a program command and an input address ADDR
indicates the sixth word line WL 6, an applying time controller
160 may decide/select the time T6 as the voltage applying
time.

A voltage applying time corresponding to a fifth word line
WL5 may be atime T5. The time T5 may be less than the time
Té6. A voltage applying time corresponding to a fourth word
line WL4 may be a time T4. The time T4 may be less than the
time T5. A voltage applying time corresponding to a third
word line WL.3 may be a time T3. The time T3 may be less
than the time T4. A voltage applying time corresponding to a
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second word line WL.2 may be a time T2. The time T2 may be
less than the time T3. A voltage applying time corresponding
to a first word line WL1 may be a time T1. The time T1 may
be less than the time T2.

As illustrated in FIGS. 5 and 6, in the event that a pillar
width gradually decreases, the efficiency of the Fowler-Nor-
dheim tunneling may be in inverse proportion to a distance
from a substrate 111. As a distance from a substrate 111
decreases, the efficiency of the Fowler-Nordheim tunneling
may increase. As a distance from a substrate 111 decreases, a
voltage applying time of the program voltage Vpgm may
decrease. It may be possible to level program speeds of
memory cells within one cell string.

FIG. 13 is a diagram illustrating a program operation of a
nonvolatile memory device according to example embodi-
ments of the inventive concepts. As illustrated in FIG. 13, a
program operation may be executed under the condition that
a voltage applying time varies according a location of a
selected word line. Waveforms corresponding to a first word
line WL1 may indicate voltages applied to the first word line
WL1 when the first word line WL1 is selected. Waveforms
corresponding to each of second to sixth word lines WL2-
WL6 may indicate voltages applied to each of the second to
sixth word lines WL2-WL6 when each of the second to sixth
word lines WL2-WL6 may be selected.

At programming, a verification voltage Vviy may be
applied following supplying of a program voltage Vpgm.
Consecutive applying of the program and verification volt-
ages Vpgm and Vviy may form a program loop. At a first
program loop L1, a program voltage Vpgm and a verification
voltage Vviy may be consecutively applied to a selected one
of the first to sixth word lines WL1-WL6.

The program voltage Vpgm may be applied to the first
word line WL1 as the selected word line during a time T1
being a voltage applying time. The program voltage Vpgm
may be applied to the second word line WL2 as the selected
word line during a time T2 being a voltage applying time. The
program voltage Vpgm may be applied to the third word line
WL3 as the selected word line during a time T3 being a
voltage applying time. The program voltage Vpgm may be
applied to the fourth word line WL 4 as the selected word line
during a time T4 being a voltage applying time. The program
voltage Vpgm may be applied to the fifth word line WL5 as
the selected word line during a time T5 being a voltage apply-
ing time. The program voltage Vpgm may be applied to the
sixth word line WL6 as the selected word line during a time
T6 being a voltage applying time.

In case of the first to sixth word lines WL1-WL6, a time
taken to execute one program loop may be the same. Although
voltage applying times about the word lines WL.1-WL6 vary,
a time between applying of the program voltage Vpgm to a
specific word line and applying of the program voltage Vpgm
of'a next program loop (or, an interval between a start point of
a program voltage pulse and a start point of a verify voltage
pulse) may be identical. Second to fifth program loops [.2-1.5
may be executed. A level of the program voltage Vpgm may
increase gradually at iteration of program loops. A program
operation may be performed according to an incremental step
pulse programming (ISPP) manner. An increment of the pro-
gram voltage Vpgm may be AV.

According to at least one example embodiment, the pro-
gram voltage Vpgm applied to a word line may decrease by
AV at iteration of program loops.

FIG. 14 is a diagram illustrating a program operation of a
nonvolatile memory device according to other example
embodiments of the inventive concepts. As illustrated in FIG.
14, a program operation may be executed under the condition
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that a voltage applying time varies according a location of a
selected word line. Waveforms corresponding to each of first
to sixth word lines WL.1-WL6 may indicate voltages applied
to each of the first to sixth word lines WL1-WL6 when each
of the first to sixth word lines WL1-WL6 may be selected.

Although voltage applying times with respect to word lines
WL1-WL6 vary, a time between discharging of a program
voltage Vpgm and applying of a verification voltage Vviy (or,
an interval between an end point of a program voltage pulse
and a start point of a verify voltage pulse) may be constant. A
time taken to execute a program loop may vary according to
voltage applying times about the word lines WL1-WL6. A
voltage applying time T1 corresponding to the first word line
WL1 may be less than that of T6 corresponding to the sixth
word line WL6. A time taken to execute a program loop about
WL1 may be less than that taken to execute a program loop
about WL6.

The number of program loops about the first to sixth word
lines WL1-WL6 may be identical to one another. Program-
ming of memory cells connected with the first word line WL1
may be completed in a shorter period of time as compared
with that connected with the sixth word line WL6.

The program voltage Vpgm may increase gradually at
iteration of program loops L1 to 5. The program voltage
Vpgm may increase by AV atiteration of program loops L1 to
Ls5.

FIG. 15 is a diagram illustrating a program operation of a
nonvolatile memory device according to still other example
embodiments of the inventive concepts. As illustrated in FIG.
15, a program operation may be executed under the condition
that a voltage applying time varies according to a location of
a selected word line. Waveforms corresponding to each of
first to sixth word lines WL1-WL6 may indicate voltages
applied to each of the first to sixth word lines WL1-WL6
when each of the first to sixth word lines WL1-WL6 are
selected.

Although voltage applying times about word lines WL1-
WL6 vary, a time between discharging of a program voltage
Vpgm and applying of a verification voltage Vvfy (or, an
interval between an end point of a program voltage pulse and
a start point of a verify voltage pulse) may be constant. A time
taken to execute a program loop may vary according to volt-
age applying times about the word lines WL.1-WL6. A volt-
age applying time T1 corresponding to the first word line
WL1 may be shorter than that T6 corresponding to the sixth
word line WL6. A time taken to execute a program loop about
the word line WL.1 may be shorter than that about the word
line WL6.

A specific response time may be allowed until a program
command is assigned to a nonvolatile memory device 100 and
a program operation is completed. If times taken to execute
program loops are different according to the word lines WL1-
WL6, the number of program loops capable of being executed
during the specific response time may be different according
to the word lines WL1-WL6. For example, a maximum pro-
gram loop number of the first word line WL.1 may be more
than that of the sixth word line WL6. If a maximum program
loop number increases, an increment of a program voltage
Vpgm may decrease. This means that a threshold voltage
distribution of programmed memory cells MC may be
improved. A greater number of program loops at a smaller
voltage increment may result in finer programming than
fewer loops with larger voltage increments.

In connection with the first word line WL1, first to seventh
program loops L.1-1.7 are illustrated in FIG. 15. A program
voltage Vpgm applied to the first word line WL 1 may increase
by AV1 at iteration of program loops.
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First to sixth program loops L.1-L.6 are illustrated in con-
nection with the second word line WL2. A program voltage
Vpgm applied to the second word line WL2 may increase
AV2 at iteration of program loops. The voltage increment
AV2 may be greater than AV1. A maximum number of pro-
gram loops of the second word line WL.2 may be less than that
of'the first word line WL1. In connection with the third word
line WL3, first to fifth program loops L.1-L5 are illustrated in
FIG. 15. A program voltage Vpgm applied to the third word
line WL3 may increase by AV3 at iteration of program loops.
A voltage increment AV3 may be greater than AV2. A maxi-
mum number of program loops of the third word line WL3
may be less than that of the second word line WL2.

In connection with the fourth word line WL4, first to fifth
program loops L1-L.5 are illustrated in FIG. 15. A program
voltage Vpgm applied to the fourth word line WL4 may
increase by AV4 at iteration of program loops. A voltage
increment AV4 may be greater than AV3. A maximum num-
ber of program loops of the fourth word line WL4 may be less
than that of the third word line WL3. First to fifth program
loops L.1-L5 are illustrated in connection with the fitth word
line WL5. A program voltage Vpgm applied to the fifth word
line WL5 may increase by AVS5 at iteration of program loops.
A voltage increment AV5 may be greater than AV4. A maxi-
mum number of program loops of the fifth word line WL5
may be less than that of the fourth word line WL 4.

In connection with the sixth word line WL6, first to fifth
program loops L1-L.5 are illustrated in FIG. 15. A program
voltage Vpgm applied to the sixth word line WL6 may
increase by AVé6 at iteration of program loops. A voltage
increment AV6 may be greater than AV5. A maximum num-
ber of program loops of the sixth word line WL6 may be less
than that of the fifth word line WL5.

An applying time controller 160 may judge whether to
adjust a voltage applying time of a program voltage Vpgm
according to an input address ADDR. For example, if the
input address ADDR indicates a least significant bit (LSB),
the applying time controller 160 may not adjust a voltage
applying time. If the input address ADDR indicates an upper
bit of a least significant bit, for example, a central significant
bit (CSB) or a most significant bit (MSB), the applying time
controller 160 may adjust a voltage applying time. When the
input address ADDR indicates a specific program state of the
CSB or MSB, the applying time controller 160 may judge
whether to adjust a voltage applying time.

FIG. 16 is a table illustrating word line groups according to
at least one example embodiment of the inventive concepts.
The first to sixth word lines WL.1-WL6 may be classified into
a plurality of word line groups. A voltage applying time of a
program time Vpgm may be varied according to a plurality of
word line groups. An example of word line groups is illus-
trated in FIG. 16.

Referring to FIGS. 8 and 16, first and second word lines
WL1 and WL2 may constitute a first word line group. The
same program voltage Vpgm may be applied to the first and
second word lines WL1 and WL2 of the first word line group.
For example, program voltages having the same level, the
same voltage applying time, the same increment, and the
same program loop number may be applied to the first and
second word lines WL1 and WL 2. Third and fourth word lines
WL3 and WL4 may constitute a second word line group. The
same program voltage Vpgm may be applied to the third and
fourth word lines WL3 and WL4 of the second word line
group. Fifth and sixth word lines WL5 and WL6 may consti-
tute a third word line group. The same program voltage Vpgm
may be applied to the fifth and sixth word lines WL5 and WL 6
of the third word line group.
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FIG. 17 is a circuit diagram illustrating an equivalent cir-
cuit of a part EC of the plan view in FIG. 4 according to other
example embodiments of the inventive concepts. An equiva-
lent circuit BLKa2 in FIG. 17 may be different from the
equivalent circuit BLKal of FIG. 8 in that lateral transistors
LTR may be illustrated in each cell string.

Referring to FIGS. 4, 7, and 17, lateral transistors LTR in
each cell string may be connected between a ground selection
transistor GST and a common source line CSL. Gates of the
lateral transistors LTR in each cell string may be connected to
a ground selection line GSL together with a gate (or, a control
gate) of a ground selection transistor GST.

Channel films 114 may operate as vertical bodies of first
conductive materials CM1. The first conductive materials
CM1 may constitute vertical transistors together with the
channel films 114. The first conductive materials CM1 may
constitute ground selection transistors GST adjacent to a sub-
strate 111 together with the channel films 114. Information
storage films 116 may be provided between the substrate 111
and the first conductive materials CM1. The substrate 111
may act as a horizontal body of the first conductive materials
CML1. The first conductive materials CM1 may be the vertical
transistors LTR together with the substrate 111.

When a voltage is applied to the first conductive materials
CML1, an electric field may be forced between the first con-
ductive materials CM1 and the channel films 114. The electric
field may induce formation of the channels at the channel
films 114. When a voltage is applied to the first conductive
materials CM1, an electric field may be forced between the
first conductive materials CM1 and the substrate 111. The
electric field may induce channels at the substrate 111. Chan-
nels formed at the substrate 111 may be coupled with com-
mon source regions CSR and the channel films 114. When a
voltage is applied to the ground selection line GSL, the
ground selection transistors GST and the lateral transistors
LTR may be turned on. This may facilitate connection of cell
strings CS11, CS12, CS21, and CS22 with a common source
line CSL.

FIG. 18 is a circuit diagram illustrating an equivalent cir-
cuit of a part EC of the plan view in FIG. 4 according to still
other example embodiments of the inventive concepts. An
equivalent circuit BLKa3 in FIG. 18 may be different from
the equivalent circuit BLKal of FIG. 8 in that ground selec-
tion transistors GST may be connected with first and second
ground selection lines GSL.1 and GSL.2. Referring to FIGS. 4,
7 and 18, first conductive materials CM1 may constitute the
first and second ground selection lines GSL.1 and GSL2.

Memory cells may be programmed in the same manner as
described with reference to FIGS. 11-16. When memory cells
MC are programmed, the same voltage may be applied to the
first and second ground selection lines GSL.1 and GSL2. A
turn-off voltage Voft may be applied to the first and second
ground selection lines GSL.1 and GSL2. As described with
reference to FIG. 17, lateral transistors LTR can be provided
to the equivalent circuit BL.Ka3.

FIG. 19 is a circuit diagram illustrating an equivalent cir-
cuit of a part EC of the plan view in FIG. 4 according to yet
other example embodiments of the inventive concepts.
According to at least one example embodiment, in an equiva-
lent circuit BLLKa3, second and third conductive materials
CM2 and CM3 may constitute first and second memory cells
MC1 and MC2, which may be used as a first sub block. Sixth
and seventh conductive materials CM6 and CM7 may con-
stitute third and fourth memory cells MC3 and MC4, which
may be used as a second sub block. Fourth and fifth conduc-
tive materials CM4 and CM5 may constitute first and second
dummy memory cells DMC1 and DMC2 between the first
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and second sub blocks. The first and second sub blocks may
be programmed, read, and erased independently from each
other.

Memory cells may be programmed in the same manner as
described with reference to FIGS. 11-16. As described with
reference to FIG. 17, lateral transistors LTR may be provided
to the equivalent circuit BLKa4. As described with reference
to FIG. 18, a plurality of ground selection lines may be pro-
vided to the equivalent circuit BLKa4.

FIG. 20 is a table illustrating voltages supplied to a memory
block at an erase operation and an erase-verify operation.
Referring to FIGS. 4-7, 19, and 20, at an erase operation, bit
lines BL.1 and BL.2 may be floated or supplied with a voltage
V4. String selection lines SSL.1 and SSI.2 may be floated or
supplied with a voltage V5. A ground voltage VSS may be
applied to word lines WL1-WL6, and a ground selection line
GSL may be floated or supplied with a voltage V6. A common
source line CSL may be floated or supplied with a voltage V7,
and an erase voltage Vers may be supplied to a substrate 111.

At an erase-verify operation, a pre-charge voltage Vpre
may be applied to a selected bit line, and a ground voltage
GND may be applied to an unselected bit line. For example,
the selected bit line may be a bit line connected with erase-
failed memory cells, and the unselected bit line may be a bit
line connected with erase-passed memory cells. A turn-on
voltage Vond4 may be supplied to a selected string selection
line. The turn-on voltage Vond may be a non-selection read
voltage Vread. A turn-off voltage Voff4 may be supplied to an
unselected string selection line. The turn-off voltage Voff4
may be a ground voltage VSS. An erase-verify voltage Vviye
may be provided to word lines WL1-WL6, respectively. A
turn-on voltage Von5 may be supplied to a ground selection
line GSL. The turn-on voltage Von5 may be the non-selection
read voltage Vread. A common source line CSL and a sub-
strate 111 may be grounded.

The erase voltage Vers may be supplied to channel films
114 of pillars PL via the substrate 111. The erase voltage Vers
supplied to the channel films 114 may generate an electric
field. The electric field thus generated may be distributed to
first to third sub insulation films 117-119. The electric field
distributed to the first sub insulation film 117 may cause the
Fowler-Nordheim tunneling. Memory cells MC may be
erased by the electric field distributed to the first sub insula-
tion film 117.

A cross-sectional area of a pillar PL. corresponding to a first
sub block may be different from that corresponding to a
second sub block. For example, a cross-sectional area of a
pillar PL corresponding to the first sub block may be less than
that corresponding to the second sub block. As a cross-sec-
tional area of a pillar decreases, a ratio of the electric field
distributed to the first sub insulation film 117 may increase.
The Fowler-Nordheim tunneling may be generated well
according to a decrease in a pillar area. This means that an
erasing efficiency may be improved. Because a cross-sec-
tional area of a pillar PL corresponding to the first sub block
may be different from that corresponding to the second sub
block, an erasing efficiency of the first sub block may be
different from that of the second sub block. If the same erase
voltage Vers is applied to the first and second sub blocks, a tail
portion of a threshold voltage distribution of erased memory
cells MC may occur.

FIG. 21 is a flowchart illustrating erase methods according
to atleast one example embodiment of the inventive concepts.
Referring to FIGS. 2, 19 and 21, in operation S310, an erase
command CMD and an address ADDR may be received. In
operation S320, a voltage applying time of an erase voltage
Vers may be determined. For example, an applying time
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controller 160 may determine a voltage applying time accord-
ing to widths of pillars PL, of memory cells corresponding to
the input address ADDR. In each cell string, a sub block
address may increase when a distance from a substrate 111
increases.

The applying time controller 160 may determine a voltage
applying time according to a sub block address of the input
address ADDR. The applying time controller 160 may deter-
mine a voltage applying time according to the number of sub
blocks stacked between a sub block corresponding to the
input address ADDR and the substrate 111. In operation
S330, during the determined voltage applying time, an erase
voltage Vers may be applied to memory cells MC of a sub
block corresponding to the input address ADDR.

An erase voltage applying time may be determined accord-
ing to cross-sectional areas of pillars PL corresponding to
memory cells MC to be erased. Different erase speeds of sub
blocks may be compensated by adjusting a voltage applying
time of'the erase voltage Vers. This may facilitate an improved
threshold voltage distribution of memory cells. Reliability of
a nonvolatile memory device 100 may be improved.

FIG. 22 is a table illustrating a voltage applying time of an
erase voltage according to at least one example embodiment
of the inventive concepts. Referring to FIGS. 19 and 22, a
second sub block may be erased during an erase time TE2 as
a voltage applying time. A first sub block may be erased
during an erase time TE1 as a voltage applying time. The
erase time TE1 may be less than the erase time TE2. In the
event that a pillar width gradually decreases as illustrated in
FIGS. 5 and 6, as a distance from a substrate 111 decreases, a
Fowler-Nordheim tunneling efficiency of memory cells MC
may increase. It may be possible to level erase speeds of
memory cells MC in each cell string by increasing/decreasing
a voltage applying time of an erase voltage Vers according to
an increase/decrease in a distance from the substrate 111.

According to at least one example embodiment, an incre-
ment of an erase voltage Vers applied to a sub block may
decrease at iteration of erase loops.

FIG. 23 is a diagram illustrating an erase operation of a
nonvolatile memory device according to example embodi-
ments of the inventive concepts. As illustrated in FIG. 23, an
erase operation may be executed under the condition that a
voltage applying time varies according to sub blocks. Wave-
forms corresponding to a first sub block may indicate voltages
applied to memory cells MC of the first sub block when the
first sub block is selected. Waveforms corresponding to a
second sub block may indicate voltages applied to memory
cells MC of the second sub block when the second sub block
is selected.

At erasing, applying of an erase-verify voltage Vvfye may
follow applying of an erase voltage Vers. Consecutive apply-
ing of the erase voltage Vers and the erase-verify voltage
Vviye may constitute an erase loop. At a first erase loop LE1,
the erase voltage Vers may be applied to the first and second
sub blocks, and then an erase-verify voltage Vviye may be
applied thereto. The first sub block may be supplied with the
erase voltage Vers during a first erase time TE1 as a voltage
applying time, and the second sub block may be supplied with
the erase voltage Vers during a second erase time TE2 as a
voltage applying time.

In connection with the first and second sub blocks, a time
taken to execute one erase loop may be identical. Although a
voltage applying time varies according to sub blocks, an
interval between start points of erase voltage pulses of two
consecutive erase loops may be identical. Second to fifth
erase loops LE2-LES may be executed. The erase voltage
Vers may increase gradually by an increment AVE atiteration
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of erase loops. An erase operation may be performed accord-
ing to an incremental step pulse erasing (ISPE) manner.

FIG. 24 is a diagram illustrating an erase operation of a
nonvolatile memory device according to other example
embodiments of the inventive concepts. As illustrated in FIG.
24, an erase operation may be executed under the condition
that a voltage applying time varies according to sub blocks.
Waveforms corresponding to each of first and second sub
blocks may indicate voltages applied to memory cells MC of
each of the first and second sub blocks when each of the first
and second sub blocks is selected. Although a voltage apply-
ing time varies according to sub blocks, an interval between
an end point of an erase voltage pulse and a start point of an
erase-verify voltage pulse in each erase loop may be identical.

A time taken to execute an erase loop may vary according
to sub blocks, by varying voltage applying times. A voltage
applying time corresponding to the first sub block may be less
than that corresponding to the second sub block. An erase
loop time of the first sub block may be shorter than that of the
second sub block.

An erase loop number of the first sub block may be iden-
tical to that of the second sub block. Memory cells MC in the
first erase block may be erased quicker as compared with
memory cells MC in the second erase block. The erase volt-
age Vers may increase gradually by an increment AVE at
iteration of erase loops LE1-LES.

FIG. 25 is a diagram illustrating an erase operation of a
nonvolatile memory device according to still other example
embodiments of the inventive concepts. As illustrated in FIG.
25, an erase operation may be executed under the condition
that a voltage applying time varies according to sub blocks.
Waveforms corresponding to each of first and second sub
blocks may indicate voltages applied to memory cells MC of
each of the first and second sub blocks when each of the first
and second sub blocks is selected.

Although a voltage applying time varies according to sub
blocks, an interval between an erase voltage pulse and an
erase-verify voltage pulse in each erase loop may be identical.
A time taken to execute an erase loop may vary according to
sub blocks, by variations of voltage applying times. A voltage
applying time corresponding to the first sub block may be less
than that corresponding to the second sub block. An erase
loop time of the first sub block may be less than that of the
second sub block.

A specific response time may be allowed until an erase
command may be assigned to a nonvolatile memory device
100 and an erase operation is completed. If times taken to
execute erase loops are different according to sub blocks, the
number of erase loops capable of being executed during the
specific response time may be different according to the sub
blocks. For example, a maximum erase loop number of the
first sub block may be more than that of the second sub block.
If a maximum erase loop number increases, an increment of
an erase voltage Vers may decrease. A threshold voltage dis-
tribution of erased memory cells MC may be improved.

In connection with the first sub block, first to seventh erase
loops LE1-LE7 are illustrated in FIG. 25. An erase voltage
Vers applied to the first sub block may increase by AVE1L. In
connection with the second sub block, first to fifth erase loops
LE1-LES are illustrated in FIG. 25. An erase voltage Vers
applied to the second sub block may increase by AVE2. The
increment AVE2 may be greater than the increment AVEL. A
maximum erase loop number of the second sub block may be
less than that of the first sub block.

FIG. 26 is a circuit diagram illustrating an equivalent cir-
cuitofapart EC ofthe plan view in FIG. 4 according to further
example embodiments of the inventive concepts. Referring to
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FIGS. 4,7 and 26, first and second conductive materials CM1
and CM2 may constitute ground selection transistors GSTa
and GSTb having first and second heights. Seventh and eighth
conductive materials CM7 and CM8 may constitute string
selection transistors SSTa and SSTb having seventh and
eighth heights. Third to sixth conductive materials CM3-
CM6 may constitute first to fourth memory cells MC1-MC4.

The first and second conductive materials CM1 and CM2
may be connected in common to form a ground selection line
GSL. The first conductive material CM1 may be connected in
common to form a ground selection line having a first height.
The second conductive material CM2 may be connected in
common to form a ground selection line having a second
height. Similar to an equivalent circuit BLKa2 described with
reference to FIG. 17, lateral transistors LTR may be provided
to the equivalent circuit BLKa5 (not shown). Similar to an
equivalent circuit BL.LKa3 described with reference to FIG.
18, cell strings CS11 and CS12 may be connected with one
ground selection line, and cell strings CS21 and CS22 may be
connected with another ground selection line. Similar to an
equivalent circuit BL.LKa4 described with reference to FIG.
19, memory cells MC may constitute a plurality of sub blocks.

The cell strings CS11 and CS12 may be connected with
two ground selection lines having the first and second heights
and including the first and second conductive materials CM1
and CM2. The cell strings CS21 and CS22 may be connected
with two ground selection lines having the first and second
heights. Conductive materials each corresponding to at least
three heights can form ground selection transistors.

The cell strings CS11 and CS12 may be connected with
two string selection lines SS[.1a and SSL.15 having the sev-
enth and eighth heights and including the seventh and eighth
conductive materials CM7 and CM8. The cell strings CS21
and CS22 may be connected with two string selection lines
SSIL.2a and SSL.25 having the seventh and eighth heights and
formed by the seventh and eighth conductive materials CM7
and CM8. Conductive materials each corresponding to at
least three heights may form string selection transistors.

Memory cells MC may be programmed according to at
least one of the methods described with reference to FIGS.
11-16. Memory cells MC may be erased according to at least
one of the methods described with reference to FIGS. 21-25.

FIG. 27 is a circuit diagram illustrating an equivalent cir-
cuit of a part EC of the plan view in FIG. 4 according to yet
other example embodiments of the inventive concepts. An
equivalent circuit BLKa6 in FIG. 27 may be different from
BLKa5 of FIG. 26 in that string selection transistors SSTa and
SSTb may share a string selection line. String selection tran-
sistors SSTa and SSTb in cell strings CS11 and CS12 may be
connected in common to a first string selection line SSI.1, and
string selection transistors SSTa and SSTb in cell strings
CS21 and CS22 may be connected in common to a second
string selection line SSL.2. Similar to an equivalent circuit
BLKa2 described with reference to FIG. 17, lateral transistors
LTR may be provided to the equivalent circuit BL.Ka5.

Similar to an equivalent circuit BLLKa3 described with
reference to FIG. 18, cell strings CS11 and CS12 may be
connected with one ground selection line, and cell strings
CS21 and CS22 may be connected with another ground selec-
tion line. Similar to an equivalent circuit BLKa4 described
with reference to FIG. 19, memory cells MC may constitute a
plurality of sub blocks. Memory cells MC may be pro-
grammed according to at least one method described with
reference to FIGS. 11-16. Memory cells MC may be erased
according to at least one method described with reference to
FIGS. 21-25.
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FIG. 28 is a circuit diagram illustrating an equivalent cir-
cuit of a part EC of the plan view in FIG. 4 according to yet
still other example embodiments of the inventive concepts.
Referring to FIGS. 4, 7 and 28, second conductive materials
CM2 may constitute first dummy memory cells DMC1 and
first dummy word lines DWL1, and seventh conductive mate-
rials CM7 may constitute second dummy memory cells
DMC2 and second dummy word lines DWL2. Conductive
materials corresponding to one or more heights may consti-
tute dummy memory cells disposed between memory cells
and a ground selection transistor GST. Conductive materials
corresponding to one or more heights may constitute dummy
memory cells disposed between memory cells and a string
selection transistor SST. Dummy memory cells may be adja-
cent to any one of the ground and string selection transistors
GST and SST.

Similar to an equivalent circuit BL.LKa2 described with
reference to FIG. 17, lateral transistors LTR may be provided
to the equivalent circuit BLKa7. Similar to an equivalent
circuit BLKa3 described with reference to FIG. 18, cell
strings CS11 and CS12 may be connected with one ground
selection line, and cell strings CS21 and CS22 may be con-
nected with another ground selection line. Similar to an
equivalent circuit BLLKa4 described with reference to FIG.
19, memory cells MC may constitute a plurality of sub blocks.
Memory cells MC may be programmed according to at least
one method described with reference to FIGS. 11-16.
Memory cells MC may be erased according to at least one
method described with reference to FIGS. 21-25.

FIG. 29 is a perspective diagram taken along a line V-V' of
FIG. 4 according to other example embodiments of the inven-
tive concepts. FIG. 30 is a cross-sectional diagram taken
along a line V-V' of FIG. 4 according to still other example
embodiments of the inventive concepts. Referring to FIGS. 4,
29 and 30, lower pillars PLa and upper pillars PLb may be
stacked in a direction perpendicular to a substrate 111. The
lower pillars PLa may penetrate insulation films 112 and 112«
along a third direction to contact the substrate 111. Each of the
lower pillars PLa may include a lower channel film 114a and
a lower inner material 115a. The lower channel films 114a
may include a semiconductor material or an intrinsic semi-
conductor having the same conductivity type as the substrate
111. The lower channel films 1144 may act as vertical bodies
of first to fourth conductive materials CM1-CM4, respec-
tively. The lower inner materials 1154 may include an insu-
lation material.

The upper pillars PLb may be provided on the lower pillars
PLa, respectively. The upper pillars PLb may penetrate the
insulation films 112 along a third direction to contact with
upper surfaces of the lower pillars PLa. Each of the upper
pillars PLb may include an upper channel film 1145 and an
upper inner material 1155. The upper channel films 1145 may
include a semiconductor material or an intrinsic semiconduc-
tor having the same conductivity type as the substrate 111.
The upper channel films 11456 may act as vertical bodies of
fifth to eighth conductive materials CM5-CM8, respectively.
The upper inner materials 1156 may include an insulation
material.

The lower channel films 1144 and the upper channel films
1145 may be connected to act as a vertical body. For example,
semiconductor pads SP may be provided on the lower pillars
PLa, respectively. The semiconductor pads SP may include a
semiconductor material or an intrinsic semiconductor having
the same conductivity type as the lower channel films 114a.
The lower channel films 114a and the upper channel films
1145 may be interconnected via the semiconductor pads SP.
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According to at least one example embodiment, among the
first to eighth conductive materials CM1-CM8, conductive
materials adjacent to the semiconductor pads SP may consti-
tute dummy word lines and dummy memory cells. For
example, the fourth conductive material CM4, the fifth con-
ductive material CMS5, or the fourth and fifth conductive
materials CM4 and CM5 may constitute dummy word lines
and dummy memory cells. An equivalent circuit of a memory
block described with reference to FIGS. 4, 29 and 30 may be
identical to an equivalent BLKal described with reference to
FIG. 8.

FIG. 31 is a diagram illustrating voltages supplied to a
memory block in FIGS. 4, 29, and 30 at a program operation.
In FIG. 31, waveforms corresponding to each of first to sixth
word lines WL1-WL6 may indicate voltages applied to each
of the first to sixth word lines WL1-WL6 when each of the
first to sixth word lines WL1-WL6 is selected. In FIG. 31,
there is illustrated one program loop with respect to each
word line as an example.

As illustrated in FIGS. 29 and 30, as a distance from a
substrate 111 decreases, a cross-sectional area of pillars PLa
and PLb may gradually decrease, increase, and gradually
decrease. An applying time controller 160 may control an
applying time of a program voltage Vpgm according to cross-
sectional areas of pillars PLa and PLb. For example, as a
distance between a word line and the substrate 111 becomes
close, the applying time controller 160 may gradually
decrease, increase, and gradually decrease a voltage applying
time of the program voltage Vpgm.

A program voltage Vpgm may be supplied to a sixth word
line WL6 during a time T6 as a voltage applying time. The
program voltage Vpgm may be supplied to a fifth word line
WLS5 during a time T5 as a voltage applying time. The time T5
may be less than the time T6. The program voltage Vpgm may
be supplied to a fourth word line WL4 during a time T4 as a
voltage applying time. The time T4 may be less than the time
T5. The program voltage Vpgm may be supplied to a third
word line WL3 during a time T3 as a voltage applying time.
The program voltage Vpgm may be supplied to a second word
line WL2 during a time T2 as a voltage applying time. The
program voltage Vpgm may be supplied to a first word line
WL1 during a time T1 as a voltage applying time.

A voltage applying time of the first word line WL.1 may be
identical to that of the fourth word line WL4, a voltage apply-
ing time of the second word line WL2 may be identical to that
of'the fifth word line WL5, and a voltage applying time of the
third word line WL.3 may be identical to that of the sixth word
line WL6. The voltage applying times may satisfy, for
example, T1=T4<T2=T5<T3=T6. As described with refer-
ence to FIG. 14, a program loop time may be differentiated
according to word lines. As described with reference to FIG.
15, an increment of a program voltage Vpgm may be differ-
entiated according to word lines.

FIG. 32 is a plan diagram illustrating one of memory
blocks of FIG. 3 according to further example embodiments
of the inventive concepts. FIG. 33 is a perspective diagram
taken along a line XXXIII-XXXIII' of FIG. 32. FIG. 34 is a
cross-sectional diagram taken along a line XXXIII-XXXITIT'
of FIG. 32. As compared with a memory block BLKa
described with reference to FIGS. 4-7, a string selection line
cut SSL. Cut and a word line cut WL Cut extending along a
first direction may be provided in turn in a second direction.
Common source regions CSR may be provided at a substrate
111 exposed by the word line cuts WL Cut.

Pillars PLL may be in two lines along the first direction
between two adjacent common source regions CSR, that is,
two adjacent word line cuts WL Cut. The string selection line
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cut SSL Cut may be formed between two lines of pillars PL.
The string selection line cut SSI Cut may separate eighth
conductive lines CM8 constituting string selection transistors
SST. When conductive lines of two or more heights constitute
string selection transistors SST, the string selection line cut
SSL Cut may separate conductive materials of two or more
heights.

According to at least one example embodiment, pillars PL,
may be lower pillars and upper pillars as described in FIGS.
29 and 30. A part EC of a plan diagram in FIG. 32 may
correspond to one of above-described equivalent circuits
BLKal-BLKa7. Memory cells MC may be programmed
according to at least one method described with reference to
FIGS. 11-16 or FIG. 31. Memory cells MC may be erased
according to at least one method described with reference to
FIGS. 21-25.

FIG. 35 is a plan diagram illustrating a memory block of
FIG. 3 according to still further example embodiments of the
inventive concepts. FIG. 36 is a perspective diagram taken
along a line XXXVI-XXXVTI' of FIG. 35. FIG. 37 is a cross-
sectional diagram taken along a line XXXVI-XXXVT' of FIG.
35. As compared with a memory block BLKa described in
FIGS. 4-7, pillars provided between adjacent common source
regions may be disposed in a zigzag pattern along a first
direction.

As described with respect to FIGS. 29 and 30, pillars PL
may be lower pillars and upper pillars. As described in FIGS.
32 to 34, a string selection line cut SSL Cut may be provided.
One line of pillars disposed in a zigzag shape along the first
direction may be provided between word line and string
selection line cuts WL Cut and SSL Cut which may be adja-
cent to each other. A part EC of the plan diagram in FIG. 35
may correspond to one of above-described equivalent circuits
BLKal-BLKa7. Memory cells MC may be programmed
according to at least one method described with reference to
FIGS. 11-16 or FIG. 31. Memory cells MC may be erased
according to at least one method described with reference to
FIGS. 21-25.

FIG. 38 is a plan diagram illustrating a memory block of
FIG. 3 according to yet still other example embodiments of
the inventive concepts. FIG. 39 is a perspective diagram taken
along a line XXXIX-XXXIX' of FIG. 38. A cross-sectional
diagram taken along a line XXXIX-XXXIX" in FIG. 38 may
be identical to that in FIG. 6, and description thereof may be
omitted. As compared with a memory block BL.Ka described
in FIGS. 4-6, a memory block may include square pillars PL.
Insulation materials IM may be provided between pillars PL,
disposed in a line along a first direction between adjacent
common source regions CSR. The insulation materials IM
may extend along a third direction so as to contact with a
substrate 111.

Each of the pillars PL. may include a channel film 114 and
an inner material 115. For example, the channel film 114 may
be provided on two sides adjacent to conductive materials
CM1-CM8 among four sides of a corresponding pillar, and
not surrounding the corresponding pillar. A channel film on
one side of each pillar may constitute a cell string together
with conductive materials CM1-CM8 and information stor-
age films 116. A channel film on the other side of each pillar
may constitute another cell string together with conductive
materials CM1-CM8 and information storage films 116. One
pillar may be used to form two cell strings.

As described in FIGS. 29 and 30, pillars PL. may be formed
of'lower pillars and upper pillars. As described in FIGS. 32 to
34, a string selection line cut SSL Cut may be provided. As
described in FIGS. 35 to 37, pillars PL. may be disposed in a
zigzag pattern along the first direction. A part EC of a plane
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diagram in FIG. 38 may correspond to one of above-de-
scribed equivalent circuits BLLKal-BLKa7. Memory cells
MC may be programmed according to at least one method
described with reference to FIGS. 110-16 or FIG. 31.
Memory cells MC may be erased according to at least one
method described with reference to FIGS. 21-25.

FIG. 40 is a plan diagram illustrating a memory block of
FIG. 3 according to still yet other example embodiments of
the inventive concepts. FIG. 41 is a perspective diagram taken
along a line XXXXI-XXXXTI' of FIG. 40. FIG. 42 is a cross-
sectional diagram taken along a line XXXXI-XXXXT' of FIG.
40. Referring to FIGS. 40 to 42, first to eighth upper conduc-
tive materials CMU1-CMUS8 extending along a first direction
may be provided on a substrate 111. The first to fourth upper
conductive materials CMU1-CMU4 may be stacked in a
direction perpendicular to the substrate 111 and spaced apart
from one another in a direction perpendicular to the substrate
111. The fifth to eighth upper conductive materials CMUS5-
CMUS8 may be stacked in a direction perpendicular to the
substrate 111 and spaced apart from one another in a direction
perpendicular to the substrate 111. A group of the first to
fourth upper conductive materials CMU1-CMU4 may be
spaced apart from a group of the fifth to eighth upper conduc-
tive materials CMUS5-CMUS along a second direction.

Lower conductive materials CMDl1a and CMD15 and
CMD2-CMD4 extending along the first direction may be
provided between the first to fourth upper conductive mate-
rials CMU1-CMU4 and the fifth to eighth upper conductive
materials CMUS5-CMUS. The lower conductive materials
CMD2-CMD4 may be stacked in a direction perpendicular to
the substrate 111 and spaced apart from one another in a
direction perpendicular to the substrate 111. The lower con-
ductive materials CMD1a and CMD15 may be spaced apart
along the second direction.

A plurality of upper pillars PLU may be configured to
penetrate the first to fourth upper conductive materials
CMU1-CMU4 or the fifth to eighth upper conductive mate-
rials CMUS5-CMUS in a direction perpendicular to the sub-
strate 111. The upper pillars PL.U may contact the substrate
111. In the first upper conductive materials CMU1, upper
pillars may be disposed in a line along the first direction and
spaced apart along the first direction. In the eighth upper
conductive materials CMUS, upper pillars may be disposed in
line along the first direction and spaced apart along the first
direction.

Each of the upper pillars PLU may include information
storage film 116 and a channel film 114. The information
storage film 116 may store information by trapping and/or
discharging charges. The information storage film 116 may
include a tunneling insulation film, a charge trap film, and a
blocking insulation film. The channel films 114 may act as
vertical bodies of the upper pillars PLLU. The channel films
114 may include an intrinsic semiconductor, respectively.
The channel films 114 may include semiconductor having the
same conductivity type (e.g., p-type) as the substrate 111.

A plurality of lower pillars PLD may be formed. The plu-
rality of lower pillars PLD may penetrate the lower conduc-
tive materials CMD2-CMD4 and the lower conductive mate-
rial CMD1a or CMD15 in a direction perpendicular to the
substrate 111 so as to contact the substrate 111. In the lower
conductive materials CMD1a, lower pillars may be disposed
in line along the first direction and spaced apart along the first
direction. In the lower conductive materials CMD15, lower
pillars may be disposed in line along the first direction and
spaced apart along the first direction. Each of the lower pillars
PLD may include information storage film 116 and a channel
film 114. The information storage film 116 may store infor-
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mation by trapping and/or discharging charges. The informa-
tion storage film 116 may include a tunneling insulation film,
a charge trap film and a blocking insulation film.

The channel films 114 may act as vertical bodies of the
lower pillars PLD. The channel films 114 may include an
intrinsic semiconductor, respectively. The channel films 114
may include semiconductor having the same conductivity
type (e.g., p-type) as the substrate 111.

A plurality of pipeline contacts PC may be provided at the
substrate 111. The pipeline contacts PC may extend in a bit
line direction so as to connect lower surfaces of upper pillars
PLU formed at the first upper conductive material CMU1
with lower surfaces of lower pillars PLD formed at the lower
conductive material CMD1a. The pipeline contacts PC may
extend in a bit line direction so as to connect lower surfaces of
upper pillars PLU formed at the eighth upper conductive
material CMUS8 with lower surfaces of lower pillars PLD
formed at the lower conductive material CMD15.

According to atleast one example embodiment, each of the
pipeline contacts PC may include a channel film 114 and
information storage film 116. The channel films 114 of the
pipeline contacts PC may interconnect the channel films 114
of'the upper pillars PLU and channel films of the lower pillars
PLD. The information storage films 116 of the pipeline con-
tacts PC may interconnect the information storage films 116
of'the upper pillars PLU and the information storage films 116
of the lower pillars PLD.

A common source region CSR extending along the first
direction may be provided on the lower pillars PLD. The
common source region CSR may extend along the first direc-
tion so as to be connected with the plurality of lower pillars
PLD. The common source region CSR may form a common
source line CSL. The common source region CSR may
include a metallic material. The common source region CSR
may have a conductivity type different from the substrate 111.
Drains 320 may be provided on the upper pillars PLU. The
drains 320 may include a semiconductor material having a
conductivity type (e.g., n-type) different from the substrate
111. Bit lines Bl may be on the drains 320. The bit lines BL.
may be spaced apart along the first direction. The bit lines BL,
may extend along the second direction so as to be connected
with the drains 320.

According to at least one example embodiment, the bit
lines BL. and the drains 320 may be connected via contact
plugs, and the common source region CSR and the lower
pillars PL.D may be connected via contact plugs.

One cell string may include a lower pillar and an upper
pillar connected to each other via one pipeline contact.

As described in FIGS. 35 to 37, the upper pillars PLU and
the lower pillars PLLD may be disposed in a zigzag pattern
along the first direction. A part EC of the plan diagram in FIG.
40 may correspond to one of above-described equivalent
circuits BLKal-BLKa7. Memory cells MC may be erased
according to a method described with reference to FIGS.
21-25.

FIG. 43 is a diagram illustrating voltages supplied to a
memory block in FIGS. 40-42 at a program operation. In FIG.
43, waveforms corresponding to each of first to sixth word
lines WL1-WL6 may indicate voltages applied to each of the
first to sixth word lines WL1-WL6 when each of the first to
sixth word lines WL1-WL6 is selected. In FIG. 43, one pro-
gram loop may be illustrated with respect to each word line.
In FIG. 43, the first, second, and third word lines WL1, WL2,
and WL3 may correspond to lower conductive materials
CMD2, CMD3, and CMD4, respectively. The fourth, fifth,
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and sixth word lines WL4, WL5, and WL6 may correspond to
upper conductive materials CMU1/5, CMU2/6, and CMU3/
7, respectively.

As illustrated in FIGS. 41 and 42, as a distance from a
substrate 111 decreases, a cross-sectional area of pillars PLU
and PLD may gradually decrease. As a distance from the
common source line CSL decreases, a cross-sectional area of
pillars PL.U and PLD may gradually decrease and then gradu-
ally increase. An applying time controller 160 may control an
applying time of a program voltage Vpgm according to a
cross-sectional area of pillars PLU and PLD. For example, as
a distance between a word line and the substrate 111
decreases, the applying time controller 160 may gradually
decrease a voltage applying time of the program voltage
Vpgm. Based upon a distance between a word line and the
common source line CSL, the applying time controller 160
may gradually decrease a voltage applying time of the pro-
gram voltage Vpgm and then gradually increase it.

A program voltage Vpgm may be supplied to a sixth word
line WL6 during a time T6 as a voltage applying time. The
program voltage Vpgm may be supplied to a fifth word line
WLS5 during a time T5 as a voltage applying time. The time T5
may be less than the time T6. The program voltage Vpgm may
be supplied to a fourth word line WL4 during a time T4 as a
voltage applying time. The time T4 may be less than the time
T5. The program voltage Vpgm may be supplied to a third
word line WL3 during a time T3 as a voltage applying time.
The program voltage Vpgm may be supplied to a second word
line WL2 during a time T2 as a voltage applying time. The
program voltage Vpgm may be supplied to a first word line
WL1 during a time T1 as a voltage applying time.

A voltage applying time of the first word line WL.1 may be
identical to that of the sixth word line WL6, a voltage apply-
ing time of the second word line WL2 may be identical to that
of'the fifth word line WL5, and a voltage applying time of the
third word line WL3 may be identical to that of the fourth
word line WL6. The voltage applying times may satisfy, for
example, T1=T6<T2=T5<T3=T4. As described with refer-
ence to FIG. 14, a program loop time may be differentiated
according to word lines. As described with reference to FIG.
15, an increment of a program voltage Vpgm may differenti-
ate according to word lines.

FIG. 44 is a plan diagram illustrating a memory block of
FIG. 3 according to yet still further example embodiment of
the inventive concepts. FIG. 45 is a perspective diagram taken
along a line XXXXV-XXXXV' of FIG. 44. FIG. 46 is a
cross-sectional diagram taken along a line XXXXV-
XXXXV' of FIG. 44. Referring to FIGS. 44-46, a common
source region CSR may be formed at a substrate 111. The
common source region CSR may be formed of one doping
region, for example. The common source region CSR may
constitute a common source line CSL.

First to eighth conductive materials CM1-CM8 may be
formed on the common source region CSR. The first to eighth
conductive materials CM1-CM8 may be stacked in a direc-
tion perpendicular to the substrate 111 and spaced apart in a
direction perpendicular to the substrate 111. Among the first
to eighth conductive materials CM1-CMS8, conductive mate-
rials constituting string selection transistors SST may be
separated by string selection line cuts SSL. Cut. The string
selection line cuts SSL. Cut may extend along the first direc-
tion and be spaced apart along a second direction. Remaining
conductive materials (not used for the string selection tran-
sistors) may be formed on the common source region CSR to
have a plate shape extending along the first and second direc-
tions.
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For example, the first to seventh conductive lines CM1-
CMT7 may have a plate shape, and the eighth conductive
materials CM8 may be separated by the string selection line
cuts SSL, Cut. The eighth conductive materials CM8 may
extend along the first direction and spaced apart along the
second direction. A plurality of pillars PL. may be provided to
penetrate the first to eighth conductive materials CM1-CM8
in a direction perpendicular to the substrate 111 and to contact
with the substrate 111. In one of the eighth conductive mate-
rials CMS8, pillars PL. may be provided in line along the first
direction. Each of the pillars PL may include an information
storage film 116, a channel film 114, and an inner material
115.

The information storage films 116 may store information
by trapping and/or discharging charges. The information stor-
age films 116 may include a tunneling insulation film, a
charge trap film and a blocking insulation film. The channel
films 114 may act as vertical bodies of the pillars PL. The
channel films 114 may include intrinsic semiconductor. The
channel films 114 may include a semiconductor material
(e.g., silicon) having the same type as the substrate 111. The
inner materials 115 may include an insulation material and/or
air gap. As described in FIGS. 29 and 30, pillars PL. may be
formed of upper pillars and lower pillars. As described in
FIGS. 35-37, pillars PL. may be disposed in a zigzag pattern
along the first direction.

FIG. 47 is a circuit diagram illustrating an equivalent cir-
cuit of a part EC of the plan view in FIG. 44 according to at
least one example embodiment of the inventive concepts.
Referring to FIGS. 44-47, a common source region CSR may
be formed between pillars PL and a substrate 111. Channels
films 114 may be p-type, and the common source region CSR
may be n-type. A portion corresponding to ground selection
transistors GST among the channel films 114 may be p-type,
and the common source region CSR may be n-type. The
channel film 114 and the common source region CSR may
form a PN junction.

Diodes D may be between cell strings CS11, CS12, CS21,
and CS22 formed of pillars PL. and a common source line
formed of the common source region CSR. An equivalent
circuit BLKf1 in FIG. 47 may be identical to that in FIG. 8
except that the diodes D may be provided therein. The equiva-
lent circuit BLKfl may be applied with above-described
equivalent circuits BLKa2-B[LKa7. Memory cells MC may
be programmed according to at least one method described
with respect to FIGS. 11-16 or FIG. 31.

FIG. 48 is a perspective diagram taken along a line XXXX-
VIII-XXXXVIIT' of FIG. 44. FIG. 49 is a cross-sectional
diagram taken along a line XXXXVIII-XXXXVIII' of FIG.
44. Referring to FIGS. 44, 48 and 49, among first to eighth
conductive materials CM1-CM8, conductive materials con-
stituting ground selection transistors GST may extend along
afirstdirection and spaced apart along a second direction. The
conductive materials constituting ground selection transistors
GST may have the same structure as conductive materials
constituting string selection transistors SST. For example, the
first conductive materials CM1 may have the same structure
as the eighth conductive materials CM8.

FIG. 50 is a circuit diagram illustrating an equivalent cir-
cuitofapart EC of the plan view in FIG. 44 according to other
example embodiments of the inventive concepts. Referring to
FIGS. 44, 48 and 50, diodes D may be between cell strings
CS11, CS12, CS21, and CS22 and a common source line
CSL. Ground selection transistors GST may be connected
with a plurality of ground selection lines GSL.1 and GSL2.
For example, ground selection transistors of the cell strings
CS11 and CS12 may be connected with a first ground selec-
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tion line GSL1, and ground selection transistors of the cell
strings CS21 and CS22 may be connected with a second
ground selection line GSL2. The equivalent circuit BLKf2
may be applied with above-described equivalent circuits
BLKa2-BL.Ka7. Memory cells MC may be programmed
according to at least one method described with respect to
FIGS. 11-16 or FIG. 31.

FIG. 51 is a block diagram illustrating nonvolatile memory
devices according to other example embodiments of the
inventive concepts. Referring to FIG. 51, a nonvolatile
memory device 200 may include a memory cell array 210, an
address decoder 220, a reading/writing circuit 230, control
logic 240 and a voltage generator 250. A nonvolatile memory
device 200 in FIG. 51 may be different from that in FIG. 2 in
that an applying time controller 260 may be included within
the voltage generator 250. The voltage generator 250 may
output a program voltage Vpgm or an erase voltage Vers
during a voltage applying time determined by the applying
time controller 260.

The applying time controller 260 may determine a voltage
applying time in response to an address ADDR input from an
external device. The applying time controller 260 may be
determine a voltage applying time in response to an address
input from the address decoder 220. For example, the apply-
ing time controller 260 may determine a row address decoded
by the address decoder 220, a row address, or a block address.

FIG. 52 is a flowchart illustrating methods of operating
nonvolatile memory devices according to other example
embodiments of the inventive concepts. Referring to FIG. 52,
in operation S410, a command CMD and an address ADDR
may be received. The command CMD may be a program
command and/or an erase command. The address ADDR may
indicate memory cells to be programmed and/or memory
cells to be erased. In operation S420, a voltage applying time
and a voltage level may be determined. For example, a voltage
applying time and a voltage level may be determined accord-
ing to the command CMD and the address ADDR input in
operation S410.

In operation S430, a specific voltage may be applied to
memory cells. For example, during the determined voltage
applying time, a voltage having the determined voltage level
may be applied to memory cells corresponding to the input
address ADDR in response to the input command CMD.
When the input command CMD is a program command, the
specific voltage may be a program voltage, and memory cells
corresponding to the input address ADDR may be pro-
grammed. When the input command CMD is an erase com-
mand, the specific voltage may be an erase voltage, and
memory cells corresponding to the input address ADDR may
be erased.

FIG. 53 is a block diagram illustrating nonvolatile memory
devices according to still other example embodiments of the
inventive concepts. Referring to FIG. 53, a nonvolatile
memory device 300 may include a memory cell array 310, an
address decoder 320, a reading/writing circuit 330, control
logic 340 and a voltage generator 350.

The nonvolatile memory device 300 in FIG. 53 may be
identical to that in FIG. 1 except that the control logic 340
may include an applying time and level controller 360, and
description thereof may be omitted. The applying time and
level controller 360 may determine a voltage applying time
and a voltage level of a specific voltage. The applying time
and level controller 360 may control an applying time and a
level of a program or erase voltage according to the control of
the control logic 340.

The applying time and level controller 360 may decrease a
voltage applying time and a voltage level of a program volt-
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age Vpgm, for example, when a program speed increases,
when the strength of an electric field forced to a memory cell
to be programmed increases, when a tunneling current of a
memory cell to be programmed increases, when widths of
pillars PL. decrease, when a word line address of an input
address ADDR decreases or increases, and when the number
of memory cells MC stacked between a substrate 111 and
memory cells MC corresponding to an input address ADDR
decreases.

FIG. 54 is a diagram illustrating a program operation of a
nonvolatile memory device according to example embodi-
ments of the inventive concepts. As illustrated in FIG. 54, a
program operation may be executed under the condition that
a voltage applying time and a level may vary according to a
location of a selected word line. As compared with FIG. 13,
program voltages Vpgml-Vpgmé having different levels
may be applied to word lines WL1-WL6.

A level of a program voltage Vpgm may decrease, for
example, when a program speed increases, when the strength
of'an electric field forced to a memory cell to be programmed
increases, when a tunneling current of a memory cell to be
programmed increases, when widths of pillars PL. decrease,
when a word line address of an input address ADDR
decreases or increases, and when the number of memory cells
MC stacked between a substrate 111 and memory cells MC
corresponding to an input address ADDR decreases.
Although a voltage applying time and a level of the program
voltage Vpgm may vary, a time taken to execute one program
loop, that is, an interval between start points of program and
verify voltage pulses may be constant.

FIG. 55 is a diagram illustrating a program operation of a
nonvolatile memory device according to other example
embodiments of the inventive concepts. As illustrated in FIG.
55, a program operation may be executed under the condition
that a voltage applying time and a voltage level vary accord-
ing a location of a selected word line. As compared with FIG.
14, program voltages Vpgm1-Vpgm6 having different levels
may be applied to word lines WL1-WL6. A level and a volt-
age applying time of a program voltage Vpgm may decrease,
for example, when a program speed increases, when the
strength of an electric field forced to a memory cell to be
programmed increases, when a tunneling current of a
memory cell to be programmed increases, when widths of
pillars PL. decrease, when a word line address of an input
address ADDR decreases or increases, and when the number
of memory cells MC stacked between a substrate 111 and
memory cells MC corresponding to an input address ADDR
decreases. As a voltage applying time and a level of the
program voltage Vpgm vary, a time taken to execute one
program loop may vary. For example, an interval between an
end point of a program voltage pulse and a start point of a
verify voltage pulse may be constant.

FIG. 56 is a diagram illustrating a program operation of a
nonvolatile memory device according to at still other example
embodiments of the inventive concepts. As illustrated in FIG.
56, a program operation may be executed under the condition
that a voltage applying time and a voltage level may vary
according a location of a selected word line. As compared
with FIG. 15, program voltages Vpgm1-Vpgm6 having dif-
ferent levels may be applied to word lines WL1-WL6. An
increment, an applying time, and a level of a program voltage
Vpgm may decrease, for example, when a program speed
increases, when the strength of an electric field forced to a
memory cell to be programmed increases, when a tunneling
current of a memory cell to be programmed increases, when
widths of pillars PL. decrease, when a word line address of an
input address ADDR decreases or increases, and when the
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number of memory cells MC stacked between a substrate 111
and memory cells MC corresponding to an input address
ADDR decreases. As an applying time and a level of the
program voltage Vpgm vary, a program loop number may
vary. For example, when a time taken to execute one program
loop decreases, the number of program loops may increase.

FIG. 57 is a table illustrating word line groups according to
yet other example embodiments of the inventive concepts. As
compared with FIG. 16, different program voltages (e.g.,
Vpgml-Vpgm3) may be applied to word line groups. An
applying time and a level of a program voltage may decrease,
for example, when a program speed increases, when the
strength of an electric field forced to a memory cell to be
programmed increases, when a tunneling current of a
memory cell to be programmed increases, when widths of
pillars PL. decrease, when a word line address of an input
address ADDR decreases or increases, and when the number
of memory cells MC stacked between a substrate 111 and
memory cells MC corresponding to an input address ADDR
decreases.

FIG. 58 is a diagram illustrating a program operation of a
nonvolatile memory device according to yet still other
example embodiments of the inventive concepts. As illus-
trated in FIG. 58, a program operation may be executed under
the condition that a voltage applying time and a voltage level
vary. As compared with FIG. 31, program voltages Vpgm1-
Vpgm3 having different levels may be applied to word lines
WL1-WL6.

An applying time and a voltage level of a program voltage

may decrease, for example, when a program speed increases,
when the strength of an electric field forced to a memory cell
to be programmed increases, when a tunneling current of a
memory cell to be programmed increases, when widths of
pillars PLa and PLb decrease, when a word line address of an
input address ADDR decreases or increases, and when the
number of memory cells MC stacked between a substrate 111
and memory cells MC corresponding to an input address
ADDR decreases.
As an applying time and a level of a program voltage vary, a
program loop time and a program loop number may vary. For
example, as a time taken to execute one program loop
decreases, the number of program loops may increase.

FIG. 59 is a diagram illustrating a program operation of a
nonvolatile memory device according to still yet other
example embodiments of the inventive concepts. As illus-
trated in FIG. 59, a program operation may be executed under
the condition that a voltage applying time and a level vary. As
compared with FIG. 43, program voltages Vpgm1-Vpgm3
having different levels may be applied to word lines WL1-
WL6. An applying time and a level of a program voltage may
decrease, for example, when a program speed increases,
when the strength of an electric field forced to a memory cell
to be programmed increases, when a tunneling current of a
memory cell to be programmed increases, when widths of
pillars PLU and PLD decrease, when a word line address of an
input address ADDR decreases or increases, and when the
number of memory cells MC stacked between a substrate 111
and memory cells MC corresponding to an input address
ADDR decreases.

As an applying time and a level of a program voltage vary,
a program loop time and the number of program loops may
vary. For example, as a time taken to execute one program
loop decreases, a number of program loops may increase.

FIG. 60 is a diagram illustrating an erase operation of a
nonvolatile memory device according to example embodi-
ments of the inventive concepts. As illustrated in FIG. 60, an
erase operation may be executed under the condition that a
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voltage applying time and a level of an erase voltage vary. As
compared with FIG. 43, erase voltages Vers1 and Vers2 hav-
ing different levels may be applied to sub blocks. An applying
time and a level of an erase voltage may decrease, for
example, when an erase speed increases, when the strength of
an electric field forced to a memory cell to be erased
increases, when a tunneling current of a memory cell to be
erased increases, when widths of pillars PLU and PLD
decrease, when a word line address of an input address ADDR
decreases or increases, and when the number of memory cells
MC stacked between a substrate 111 and memory cells MC
corresponding to an input address ADDR decreases.

FIG. 61 is a diagram illustrating an erase operation of a
nonvolatile memory device according to other example
embodiments of the inventive concepts. As illustrated in FIG.
61, an erase operation may be executed under the condition
that a voltage applying time and a level of an erase voltage
vary. As compared with FIG. 24, erase voltages Versl and
Vers2 having different levels may be applied to sub blocks. An
applying time and a level of an erase voltage may decrease,
for example, when an erase speed increases, when the
strength of an electric field forced to a memory cell to be
erased increases, when a tunneling current of a memory cell
to be erased increases, when widths of pillars PL. decrease,
when a word line address of an input address ADDR
decreases or increases, and when the number of memory cells
MC stacked between a substrate 111 and memory cells MC
corresponding to an input address ADDR decreases. As an
applying time and a level of an erase voltage vary, atime taken
to execute one erase loop may vary. For example, an internal
between an end point of an erase voltage pulse and a start
point of an erase-verify voltage pulse may be constant.

FIG. 62 is a diagram illustrating an erase operation of a
nonvolatile memory device according to yet other example
embodiments of the inventive concepts. As illustrated in FIG.
62, an erase operation may be executed under the condition
that a voltage applying time and a voltage level of an erase
voltage vary. As compared with FIG. 25, erase voltages Vers1
and Vers2 having different voltage levels may be applied to
sub blocks. An applying time and a level of an erase voltage
may decrease, for example, an erase speed increases, when
the strength of an electric field forced to a memory cell to be
erased increases, when a tunneling current of a memory cell
to be erased increases, when widths of pillars PL. decrease,
when a word line address of an input address ADDR
decreases or increases, and when the number of memory cells
MC stacked between a substrate 111 and memory cells MC
corresponding to an input address ADDR decreases. As an
applying time and a level of an erase voltage vary, a number
of erase loops may vary. For example, as a time taken to
execute one erase loop decreases, the number of erase loops
may increase.

FIG. 63 is a block diagram illustrating memory systems
according to example embodiments of the inventive concepts.
Referring to FIG. 63, a memory system 1000 may include a
nonvolatile memory device 1100 and a controller 1200. The
nonvolatile memory device 1100 may have the same structure
as one of nonvolatile memory devices 100, 200, and 300
according to example embodiments described with respect to
FIGS. 1-62. The nonvolatile memory device 1100 may
include a plurality of cell strings CS11, CS12, CS21 and
CS22 provided on a substrate 111. Each of the cell strings
CS11, CS12, CS21 and CS22 may include a plurality of cell
transistors CT stacked in a direction perpendicular to the
substrate 111. The nonvolatile memory device 1100 may
control a voltage applying time of a specific voltage and/or a
voltage applying time and a voltage level, according to input
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command and address. The specific voltage may be a program
voltage Vpgm and/or an erase voltage Vers.

The controller 1200 may be coupled with a host Host and
the nonvolatile memory device 1100. The controller 1200
may be configured to access the nonvolatile memory device
1100 in response to a request from the host Host. The con-
troller 1200 may be configured to control read, program,
erase, and background operations of the nonvolatile memory
portion 1100, for example. The controller 1200 may be con-
figured to provide an interface between the nonvolatile
memory portion 1100 and the host. The controller 1200 may
be configured to drive firmware for controlling the nonvola-
tile memory portion 1100.

The controller 1200 may be configured to provide a control
signals CTRL and an address ADDR to the nonvolatile
memory portion 1100. The nonvolatile memory portion 1100
may perform read, program, and erase operations according
to the control signal CTRL and the address ADDR provided
from the controller 1200. The controller 1200 may further
include a RAM, a processing unit, a host interface and a
memory interface. The RAM may be used as at least one of a
working memory of the processing unit, a cache memory
between the nonvolatile memory portion 1100 and the host
Host and/or a buffer memory between the nonvolatile
memory portion 1100 and the host Host. The processing unit
may control an overall operation of the controller 1200.

The host interface may include the protocol for executing
data exchange between the host Host and the controller 1200.
For example, the host interface may communicate with an
external device (e.g., the host Host) via at least one of various
protocols (e.g., a USB (Universal Serial Bus) protocol, an
MMC (multimedia card) protocol, a PCI (peripheral compo-
nent interconnection) protocol, a PCI-E (PCI-express) proto-
col, an ATA (Advanced Technology Attachment) protocol, a
Serial-ATA protocol, a Parallel-ATA protocol, a SCSI (small
computer small interface) protocol, an ESDI (enhanced small
disk interface) protocol, and/or an IDE (Integrated Drive
Electronics) protocol). The memory interface may interface
with the nonvolatile memory device 1100. The memory inter-
face may include a NAND interface or a NOR interface.

The memory system 1000 may further include an ECC
block. The ECC block may be configured to detect and correct
an error of data read from the nonvolatile memory device
1100 using ECC. The ECC block may be provided as an
element of the controller 1200 and/or as an element of the
nonvolatile memory device 1100. The controller 1200 and the
nonvolatile memory device 1100 may be integrated into a
single semiconductor device. The controller 1200 and the
nonvolatile memory device 1100 may be integrated into a
single semiconductor device to be, for example, a memory
card. For example, the controller 1200 and the nonvolatile
memory device 1100 may be integrated into a single semi-
conductor device to be, for example, a PC (PCMCIA) card, a
CF card, an SM (or, SMC) card, a memory stick, a multimedia
card (MMC, RS-MMC, MMCmicro), a security card (SD,
miniSD, microSD, SDHC), a universal flash storage (UFS)
device, and/or the like.

The controller 1200 and the nonvolatile memory device
1100 may be integrated into a single semiconductor device to
form a solid state drive (SSD). The SSD may include a storage
device configured to store data in a semiconductor memory. If
the memory system 1000 is used as the SSD, it may be
possible to remarkably improve an operating speed of a host
Host coupled with the memory system 1000.

According to some example embodiments, the memory
system 1000 may be used as, for example, a computer, por-
table computer, Ultra Mobile PC (UMPC), workstation, net-
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book, PDA, web tablet, wireless phone, mobile phone, smart
phone, e-book, PMP (portable multimedia player), digital
camera, digital audio recorder/player, digital picture/video
recorder/player, portable game machine, navigation system,
black box, 3-dimensional television, a device capable of
transmitting and receiving information at a wireless circum-
stance, one of various electronic devices constituting home
network, one of various electronic devices constituting com-
puter network, one of various electronic devices constituting
telematics network, RFID, and/or one of various electronic
devices constituting a computing system.

A nonvolatile memory device 1100 or a memory system
1000 may be packed by various types of packages, for
example, PoP(Package on Package), Ball grid arrays(BGAs),
Chip scale packages(CSPs), Plastic Leaded Chip Carrier
(PLCC), Plastic Dual In-Line Package(PDI2P), Die in Waftle
Pack, Die in Wafer Form, Chip On Board(COB), Ceramic
Dual In-Line Package(CERDIP), Plastic Metric Quad Flat
Pack(MQFP), Thin Quad Flatpack(TQFP), Small Outline
(SOIC), Shrink Small Outline Package(SSOP), Thin Small
Outline(TSOP), Thin Quad Flatpack(TQFP), System In
Package(SIP), Multi Chip Package(MCP), Wafer-level Fab-
ricated Package(WFP), Wafer-Level Processed Stack Pack-
age(WSP), and/or the like.

FIG. 64 is a block diagram illustrating applications of
memory systems in FIG. 63. Referring to FIG. 64, a memory
system 2000 may include a nonvolatile memory device 2100
and a controller 2200. The nonvolatile memory device 2100
may include a plurality of nonvolatile memory chips, which
may be classified into a plurality of groups. Nonvolatile
memory chips in each group may communicate with the
controller 2200 via a common channel. In FIG. 64, an
example may be illustrated in which a plurality of memory
chips communicate with the controller 2200 via K channels
CH1 to CHk.

Each of the nonvolatile memory chips may have the same
structure as one of nonvolatile memory devices 100, 200, and
300 according to example embodiments described with
respect to FIGS. 1-62. Each nonvolatile memory chip may
include a plurality of cell strings CS11, CS12, CS21 and
CS22 provided on a substrate 111. Each of the cell strings
CS11, CS12, CS21 and CS22 may include a plurality of cell
transistors CT stacked in a direction perpendicular to the
substrate 111. Each nonvolatile memory chip may control a
voltage applying time of a specific voltage and/or a voltage
applying time and a voltage level thereof, according to input
command and address. The specific voltage may be a program
voltage Vpgm and/or an erase voltage Vers.

As illustrated in FIG. 64, one channel may be connected
with a plurality of nonvolatile memory chips. However, the
memory system 2000 may be modified such that one channel
is connected with one nonvolatile memory chip.

65 is a block diagram illustrating computing systems
including memory systems illustrated in FIG. 64. Referringto
FIG. 65, a computing system 3000 may include a CPU 3100,
a RAM 3200, a user interface 3300, a power supply 3400 and
a memory system 2000.

The memory system 2000 may be electrically connected
with the CPU 3100, the RAM 3200, the user interface 3300
and the power supply 3400. Data provided via the user inter-
face 3300 and/or processed by the CPU 3100 may be stored in
the memory system 2000.

As illustrated in FIG. 65, a nonvolatile memory device
2100 may be connected with a system bus 3500 via a control-
ler 2200. The nonvolatile memory device 2100 may be con-
nected directly with the system bus 3500. The memory sys-
tem 2000 in FIG. 65 may be a memory system described in
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FIG. 64. However, the memory system 2000 may be replaced
with a memory system 1000 in FIG. 63. The computing
system 3000 may be configured to include all memory sys-
tems 1000 and 2000 described in FIGS. 63 and 64.

As understood from the above description, as a cross-
sectional area of a pillar varies, a voltage applying time and/or
a voltage level of program and erase voltages may vary.
Because a threshold voltage distribution of memory cells
becomes narrow, the reliability may be improved.

While example embodiments have been particularly
shown and described, it will be understood by one of ordinary
skill in the art that variations in form and detail may be made
therein without departing from the spirit and scope of the
claims.

What is claimed is:

1. A method of operating a nonvolatile memory device, the
method comprising:

receiving a command and an address;

determining a voltage applying duration in response to the

received command and address; and

applying a first voltage to memory cells of a plurality of cell

strings corresponding to the received address for the
voltage applying duration,

each of the plurality of cell strings including a pillar

extending in a direction perpendicular to a substrate.

2. The operating method of claim 1, wherein:

the received command is a program command; and

the applying a first voltage includes applying a program

voltage to the memory cells for the voltage applying
duration.

3. The operating method of claim 2, wherein the determin-
ing a voltage applying duration comprises:

determining the voltage applying duration based on a word

line address of the received address such that a lower a
value of the word line address a shorter the voltage
applying duration, and

the word line address is associated with a plurality of word

lines connected to memory cells of the plurality of cell
strings.

4. The operating method of claim 2, wherein the determin-
ing a voltage applying duration includes determining the
voltage applying duration based on a word line address of the
received address such that, in first and second ranges of word
line addresses, a lower a value of the word line address a
shorter the voltage applying duration, address values of the
second range being greater than address values of the first
range, a voltage applying duration corresponding to at least
one address of the first range being greater than a voltage
applying duration corresponding to at least one address of the
second range, and

each of the word line addresses is associated with a plural-

ity of word lines connected to memory cells of the plu-
rality of cell strings.

5. The operating method of claim 2, wherein the determin-
ing a voltage applying duration includes determining the
voltage applying duration based on a word line address of the
received address such that,

in a first range of addresses, a lower a value of the word line

address a greater the voltage applying duration,

in a second range of addresses, a lower a value of a word

line address a shorter the voltage applying duration,
address values of the second range being greater than
address values of the first range, and

each of the word line addresses is associated with a plural-

ity of word lines connected to memory cells of the plu-
rality of cell strings.
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6. The operating method of claim 2, wherein:

the determining a voltage applying duration includes deter-
mining the voltage applying duration based on cross-
sectional areas of portions of the pillars corresponding to
memory cells addressed by the received address, such
that a smaller the cross-sectional areas a lower the volt-
age applying duration.

7. The operating method of claim 2, wherein the determin-
ing a voltage applying duration includes determining the
voltage applying duration such that a lower a number of
memory cells stacked between the substrate and at least one
memory cell of the memory cells corresponding to the
received address, a lower the voltage applying duration.

8. The operating method of claim 2, wherein the determin-
ing a voltage applying duration includes determining the
voltage applying duration such that, within first and second
groups of the memory cells, the lower a number of memory
cells stacked between the substrate and at least one memory
cell of the memory cells corresponding to the received
address, the lower the voltage applying duration, the memory
cells of the first group being farther from the substrate than the
memory cells of the second group, a voltage applying dura-
tion corresponding to at least one of the memory cells in the
first group being less than a voltage applying duration of at
least one of the memory cells in the second group.

9. The operating method of claim 2, wherein:

a plurality of word lines connected with a plurality of
memory cells of the plurality of cell strings are divided
into a plurality of word line groups; and

the determining a voltage applying duration includes deter-
mining the voltage applying duration based on which of
the plurality of word line groups corresponds to the
received address.

10. The operating method of claim 1, further comprising:

applying a verify voltage to the memory cells; and

applying a second voltage to the memory cells for the
voltage applying duration upon detecting during the
applying a verify voltage that at least one memory cell of
the memory cells is not programmed.

11. The operating method of claim 10, wherein the apply-
ing a second voltage includes applying a voltage level that is
greater than a voltage level of the first voltage,

a voltage difference between the first and second voltages
corresponds to a length of the voltage applying duration,
and

a smaller the length, a lower the voltage difference.

12. The operating method of claim 10, wherein:

the determining a voltage applying duration includes deter-
mining a voltage applying duration corresponding to a
first memory cell that is different from a voltage apply-
ing duration corresponding to a second memory cell;
and

an interval between a start point of a voltage pulse and a
start point of a verify voltage pulse applied to the first
memory cell is same as an interval between a start point
of a voltage pulse and a start point of a verify voltage
pulse applied to the second memory cell.

13. The operating method of claim 10, wherein:

the determining a voltage applying duration includes deter-
mining a voltage applying duration corresponding to a
first memory cell that is different from a voltage apply-
ing duration corresponding to a second memory cell;
and

an interval between an end point of a voltage pulse and a
start point of a verify voltage pulse applied to the first
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memory cell is the same as an interval between an end
point of a voltage pulse and a start point of a verify
voltage pulse applied to the second memory cell.

14. The operating method of claim 1, wherein:

the received command is an erase command; and

the applying a first voltage includes applying an erase
voltage to the memory cells via the substrate for the
voltage applying duration.

15. A nonvolatile memory device, comprising:

a memory cell array including a plurality of cell strings,
each of the plurality of cell strings including a plurality
of memory cells stacked vertically on each other in a
direction perpendicular to a substrate between at least
one string selection transistor and at least one ground
selection transistor;

an address decoder connected to a plurality of string selec-
tion transistors of the plurality of cell strings via a plu-
rality of string selection lines, the address decoder con-
nected to a plurality of memory cells of the plurality of
cell strings via a plurality of word lines, and the address
decoder connected to a plurality of ground selection
transistors of the plurality of cell strings via a ground
selection line;

areading/writing circuit connected to the plurality of string
selection transistors of the plurality of cell strings via a
plurality of bit lines;

a voltage generator configured to generate a plurality of
voltages; and

a controller configured to adjust a voltage applying dura-
tion upon applying a voltage generated by the voltage
generator to a plurality of memory cells of the memory
cell array.

16. A method of operating a three-dimensional (3D) semi-

conductor array, the method comprising:

applying a first voltage to a first semiconductor array of a
plurality of semiconductor arrays for a first period of
time, each of the plurality of semiconductor arrays
including a portion of one vertical channel, the first
period of time based on a width of the portion of the
vertical channel included in the first semiconductor
array, wherein the vertical channel is perpendicular to a
substrate.

17. The method of claim 16, further comprising:

applying a second voltage to a second semiconductor array
of the plurality of semiconductor arrays for a second
period of time, the second period of time based on a
width of the portion of the vertical channel included in
the second semiconductor array, the second period of
time being different from the first period of time.

18. The method of claim 17, wherein:

a width of the vertical channel increases as a function of
distance from an end of the vertical channel;

the second semiconductor array is farther from the end of
the vertical channel than the first semiconductor array;
and

the second period of time is greater than the first period of
time.

19. The method of claim 18, wherein the first and second

voltages are a same voltage.

20. A method of operating a memory system, comprising:

applying the method of claim 16 to a non-volatile memory
using a controller.

#* #* #* #* #*

Petitioner Micron Ex-1015, 0081





