USOORE45871E
(19) United States
12 Relissued Patent (10) Patent Number: US RE45.871 E
Lal et al. 45) Date of Reissued Patent: Jan. 26, 2016
(54) SELECTED WORD LINE DEPENDENT (56) References Cited
SELECT GATE VOLTAGE DURING U.S. PATENT DOCUMENTS
PROGRAM o
5,608,679 A 3/1997 Mi et al.
6,661,724 B1  12/2003 Snyder et al.
(71) Applicant: SanDisk Technologies Inc., Plano, TX 6,850,441 B2  2/2005 Mokhlesi et al.
(US) 6,972,996 B2* 12/2005 Hosono etal. ........... 365/185.23
6,987,703 B2 1/2006 Tanaka
7,020,017 B2 3/2006 Chen et al.
7,139,192 B1  11/2006 Wong
(72) Inventors: Chun-Hung Lai, Kamakura (IP); 7,292,476 B2  11/2007 Goda et al.
Shinji Sato, Chigasaki (JP); Gerrit Jan ;:32;:3% g% 13/%883 gi(l)(lfalrﬂ:tsg ft al.
Hemink, Yokohama (JP) _
(Continued)
(73) Assignee: SanDisk Technologies Inc., Plano, TX OTHER PUBLICATIONS
US
(US) International Preliminary Report on Patentability dated Oct. 1, 2014,
(21)  Appl. No.: 14/284,163 International Application No. PCT/US2012/066610.

(Continued)

(22) Filed: May 21, 2014
Primary Examiner — Ovidio Escalante

Related U.S. Patent Documents (74) Attorney, Agent, or Firm — Vierra Magen Marcus LLP
Reissue of:

(64) PatentNo.. 8,638,608 (57) ABSTRACT
Issued: Jan. 28, 2014 Methods and devices for operating non-volatile storage are
Appl. No.: 13/430,502 disclosed. One or more programming conditions depend on
Filed: Mar. 26, 2012 the location of the word line that 1s selected for programming,
which may reduce or eliminate program disturb. The voltage
(51) Int. CL. applied to the gate of a select transistor of a NAND string may
G1IC 11734 (2006.01) depend on the location of the selected word line. This could be
GI11C 11/56 (2006.01) either a source side or drain side select transistor. This may
G11C 16/10 (2006.01) prevent or reduce program disturb that could result due to
G11C 16/04 (2006.01) DIBL. This may also prevent or reduce program disturb that
(52) U.S. CL could result due to GIDL. A negative bias may be applied to
CPC GIIC 11/5628 (2013.01); G1IC 16/0483 the gate of a source side select transistor when programming,

_ at least some of the word lines. In one embodiment, progres-
(2013.01); G11C 1610 (2013.01) stvely lower voltages are used for the gate of the drain side

(58) Field of Classification Search select transistor when programming progressively higher
CPC . G11C 11/5628; G11C 16/10; G11C 16/0483  word linos.

USPC s 365/185.17, 185.4
See application file for complete search history. 29 Claims, 28 Drawing Sheets
Vpgm = init value . 810
PC =0

l

Apply Programming Conditions
(including one or more

™ conditions that dependon | 540
location of selected word lina)
varify 822

824
all - verify status? y=3 896
l ol

no ( siatus = pass )

J, 830

( status = fail )

step Vpgm and increment PC |~ 832




US RE45,871 E
Page 2

(56)

7,499,324
7,508,711
7,590,007
7,596,031
7,691,710
7,808,819
7,990,772
8,159,884
8,194,467
8,199,579
8,395,936
8,450,918
8,542,531
8,547,750
8,638,608
2004/0174748
2007/0074194
2007/0211537
2008/0316833
2009/0086542
2009/0257280
2009/0290429
2010/0322005
2011/0199833
2013/0250689

References Cited

U.S. PATENT DOCUMENTS

B2
B2
B2
B2
B2
B2
B2
B2
B2

AN AN A A AN A

1 =

3/2009
3/2009
9/2009
9/2009
4/201
10/201
8/201
4/201
6/201
6/201
3/201
6/201
9/201
10/201
1/201
9/2004
3/2007
9/2007
12/2008
4/2009
10/2009
11/2009
12/2010
8/2011
9/2013

W Wt —=00

LN

Cernea et al.
(Goda
Futatsuyama
Hemink et al.
Mokhlesi et al.
Murin et al.
Damle et al.
Honda
Mikajiri et al.
Shiino et al.
[1 et al.

Ohetal. .................. 365/185.23

Franklin et al.
Yip

[a1 et al.
[Lutze et al.

Hahnetal. .................... 717/150
Park etal. ................ 365/185.22

Fong et al.
Lee et al.
Oh et al.
Dong et al.
Dong et al.

Shim etal. ............... 365/185.23

[.ai et al.

OTHER PUBLICATIONS

Office Action dated Dec. 20, 2013, U.S. Appl. No. 13/430,4944, filed

Mar. 26, 2012, 23 pages.

Response to Office Action dated Mar. 19, 2014, U.S. Appl. No.
13/430,4944, filed Mar. 26, 2012, 10 pages.

Notice of Allowance dated Apr. 4, 2014, U.S. Appl. No. 13/430,4944,
filed Mar. 26, 2012, 8 pages.

Dongyean Oh et al., “Program Disturb Phenomenon by DIBL in
MLC NAND Flash Device”, Non-Volatile Semiconductor Memory
Workshop, May 18, 2008, 2008 International Conference on
Memory Technology and Design, Piscataway, NJ, USA, pp. 5-7, 3
pages.

Kanda K et al., “A 120mm2 16Gb 4-MLC NAND Flash Memory
with 43nm CMOS Technology”, Solid-State Circuits Conference,

Feb. 3, 2008, 2008 ISSCC Digest of Technical Papers, IEEE Inter-
national, Piscataway, NJ, USA, pp. 3 pages.

International Search Report and Written Opinion of the International
Searching Authority dated Feb. 22, 2013, PCT Application No. PCT/
US2012/066611 filed Nov. 27, 2012, 15 pages.

International Search Report and Written Opinion of the International
Searching Authority dated Feb. 22, 2013, PCT Application No. PC'T/
US2012/066610 filed Nov. 27, 2012, 11 pages.

Office Action Restriction dated Oct. 15, 2013, U.S. Appl. No.
13/340,494, filed Mar. 26, 2012, 7 pages.

Response to Office Action Restriction dated Nov. 8, 2013, U.S. Appl.
No. 13/430,494, filed Mar. 26, 2012, 10 pages.

* cited by examiner



U.S. Patent Jan. 26, 2016 Sheet 1 of 28 US RE45,871 E

Fig. 1A Fig. 1B

N Bit line
' rain
L ‘ select 120CG . - 126
120CG ate — o oo
.'- 100FG 100CG.
100CG N oo

l////i Wes —
102CG
-/////- WL2 —— H—
-'= ~104FG 104CG._ ]
104CG |~ ——104
] |
T [ 060G, '
______________ +—106CG I —106
I |
~4—122CG SGS [ —122
-.. Source '

] - select /‘ . ,—w128
; | 128
“. gate Source



U.S. Patent Jan. 26, 2016 Sheet 2 of 28 US RE45,871 E

320 34§v 360
Drain 321 341 361
select gates ;
i .
3062
SGD - - - - — e
WL3 — — — Lo
364
WLZ2 = = — I
—~—365
WLT @ — — — — — e —
WL —— — — _—
Source 5 :
select gates

SGS ——m—— ¢ — — — — — — e ___

Source



U.S. Patent

NAND
string, 400

Veource,

4072 / 404

WL
SGS| =

431

Jan. 26, 2016

\

406 408 410 412 414 416 418 420 422 424 l

403 T ngql VPASSJ VF‘AEﬂl
L ot

L1

430

Substrate, 480 }

VF’ASS

l VPASSl Vpﬁml V:.Abagl Vpgggl VF‘AEE)

CLE

=

array p-well region, 492

array n-well region, 494

n-type substrate region, 490

Fig. 3

Sheet 3 of 28

L

WL

N

V1Y

US RE45,871 EE

Vg
426

!

SGD

432




U.S. Patent Jan. 26, 2016 Sheet 4 of 28 US RE45,871 E

r I - L] i L

rvirs el v e e ol iy

220

| Power
| Control
| 220

MEMORY ARRAY

200

| Siate
| Machine
| 222

ROW DECODER 240A
ROW DECODER 2408

234

Controlier
244




U.S. Patent Jan. 26, 2016 Sheet 5 of 28 US RE45,871 E

200

block

BLO BL1 BLZ2 BL3 BL4 BLS BLX

SOurce



U.S. Patent Jan. 26, 2016 Sheet 6 of 28 US RE45,871 E

300 bit line
580
I"" ““““““““““““““““““““ |
| core o . |
, 582 070 |
l |
| |
: sense Circuitry :
I |
I |
N R |
572
, R |
, |
! |
N |
‘ Frocessor |
State | ' - |
MaChlne : 593 ____________________________ I — ﬁ 592 :
a |
| ' 5 |
t Data Latches | |
t ] l
i |
| _ |
* /0 Interf 5 I
| 596 erace |
! common ' |
17 mmmmmmmmmmmmmmmmmmmm |
580
520

F1g. ob | Data



A

US RE45,871 EE

Sheet 7 of 28

N

Jan. 26, 2016

9,

U.S. Patent

A

g9 bi

OIN =i AN U4A QA e4A

OAM A 3M T GM DA M

¥
- t 1 i ¥ )
’ 4 +
+ T " " i ! " ] L3 N ] n
* * " r ] i b n s M L] r
+ * i i ] r
* L ) f + . » ]
* M H ' b ' . ' ' ’
f * ' . ' . ' ' M b ' »
¥ * i 1 ! L 1 i b ] ¥

v9 bi4

VA

VIA

VA |

\ aseig |

SIEN,
AlOLIdW

10 #

Sije9
AJOWiaw

10 #



U.S. Patent Jan. 26, 2016 Sheet 8 of 28 US RE45,871 E

# of

storage

elements | ~N 702 706

VA L ivvB . Vin
VIA VrBi VrC:
Vval VvbL Vvel
758

e T TR\

Vpass IR il IR § I IR ..... § U -

Vverify—ﬂ....m Flg 7B



U.S. Patent Jan. 26, 2016 Sheet 9 of 28 US RE45,871 E

Vpgm = init value 810
PC=20

Apply Programming Conditions
(including one or more

conditions that depend on - 820

location of selected word line)

es
__all - venily status? = Y
T~ - 826
I

828




U.S. Patent Jan. 26, 2016 Sheet 10 of 28 US RE45,871 E

I Bit lines Prtharge l Program l Discharge
& Boosting (6)

M @ 3)i@) | (5)

(A) SGS

Vsgs

(B) SGD

Vpass

CG
unsek

(C)
Cr:aannei Boot?ng

@) Y-

sel

Charénel Boosting: enabled
VBL_inhibit B ' =
—~. BL '
(E)inhihit

VBL QPW

BL
F) opw

BL | §
(G) pgm i VBL_Select f

VCeiI_Souroe\E
(H) CELSRC P e —

Fig. 9



U.S. Patent Jan. 26, 2016 Sheet 11 of 28 US RE45,871 E

-r-A
| . 1001(1
failures - ( )\ |

1001(2)

Program Puise Width

FIG. 10



U.S. Patent Jan. 26, 2016 Sheet 12 of 28 US RE45,871 E

A-state

width | 1101

Program Pulse Width FIG 11A

B_State Cliff for
middle WLs

L=
'lll-u*_
" e,

Vith Dist. | Cliff for
Width | edge Wis

ey "l'H'I-'I-.. e

B T R O Py e I LR LR

L1102(0)

Program Puise Width F I G . 1 1 B

C-state  (stor
~ middle WLs

Vth Dist. hhhhh T # | —1103(b)
Width | e T T -1103(c)

Cliff for
edge WLs

v

LTI

+:b‘.hl

*"‘!!..

F--«-.r'.‘_.‘l..
ru.‘_q-.'
"ll.-.
'.‘-.'“.."l---.. fram e rEEerearmemmemdand BB Fl‘-‘*'“‘_.'..,..‘...i.lll'llr---.n----.-u...,.‘l"I."
- . llilou..__'“.'_

.. LI T

- o,

" e

,,,,,,,,,,,,,,,,,, =1 103(d)

Program Pulse Width FIG. 11C



U.S. Patent Jan. 26, 2016 Sheet 13 of 28 US RE45,871 E

Program
Loop

[ ] b . oy
e r 4
‘ [ 4 ] H
Tl e
ll. b
lunullilurnuﬂllu““" " £y e T [re—
lllll
h r &
RaEg » i
aEy .
MG ]

T 1201(f
1 201(a)

Program Puise Width

FIG. 12



U.S. Patent Jan. 26, 2016 Sheet 14 of 28 US RE45,871 E

Average Vth of
each segment

. _...ﬁ.‘ﬂ: - .._..m. --‘1 - N L -*.',_______f“f_qﬂ*‘--_..__#_.*'i?)o'l(a)
--------------- ~1301(b)
N T s R
Fi G 1 3 A Physical WL Segement
Average Vih of
each segment
.......... '-"'--'....“‘ T e N e -- - ,..-1301(8)
“1301(b)

——

Physical WL S t
F-IGII 1 3B ySica egemen



U.S. Patent Jan. 26, 2016 Sheet 15 of 28 US RE45,871 E

1400

Apply a programming voltage 1o a selected word line thathasa | 1409
duration that depends on the width of the selected word line

Fig. 14

1500

Apply a programming signal having first pulse widin to lowest - 1502
word line
|

Apply a programming signal o middie word line having a second

pulse width that is longer than the first pulse width 1504
_
Apply a programming signal to highest word line having a third | 1506
puise width that is shorter than the second pulse width
1600
Determine width of program pulse for selected word line 1602

Apply a programming signal with that width t{o selected word line 1604

Viore word lines? >

Fig. 16



U.S. Patent Jan. 26, 2016 Sheet 16 of 28 US RE45,871 E

1700
Program each word line in a block ~— 1702
Determine the number of program loops it takes to complete | 1704

programming of each word line

Determine a pulse width pattern for programming word lines in

other blocks

Fig. 17

1900

Apply a voltage to a diffusion region of select transistor of at least | 1902
one NAND string that depends on location of selected word line

Apply program voltage to selected word line while applying the — 1904
voltage to the diffusion region



vgl b4

US RE45,871 EE

O6p elesqng

__________________________________________________ N L O1

abe)es;

Sheet 17 of 28

2 = s s

@N.—w.\ll‘ | d Dmvm\.f d&@> d Wm.w.m\/ dww.ﬁ.&\/ dmw{&\/ d_amunm\f dm.m..q.n_\/ dmw{n_\/ dmw{n_\./ d@@i&\/ d n_mw> d _._wh.ww\/

LIBHNTT8A - 21 ey ey 02y 8lv 9y viv Zlvy Oy 80V  so¥ 90p 2 TN

)

14817

Jan. 26, 2016

R 00V

‘buis gNVN
pajosjasun

U.S. Patent



U.S. Patent Jan. 26, 2016 Sheet 18 of 28 US RE45,871 E

Unselected
NAND siring,
400
Veew sre 406 _\ 407 408 410
404" D

Substrate, 490

Unselected
/- NAND string,

400
<424

Ve INHiBIT

VSGS :.::.:- | 426

E-Fela

432

Substrate, 490



U.S. Patent Jan. 26, 2016 Sheet 19 of 28 US RE45,871 E

Vcel sic
Vcel src 1
Vcel src 2
Vecel src 3
WL
WLO WLx WLy

2000
Apply a voltage to common source line that depends on location
5 ‘ 2002
; of selected word line

— 2004

Fig. 20B



U.S. Patent Jan. 26, 2016 Sheet 20 of 28 US RE45,871 E

VDbl inhibit
Vbl inhibit 1
Vbl inhibit 2
Vbl inhibit 3
WLO VWhm Win WL
Vbl inhibit
Vbl inhibit B
Vbl inhibit. A

WL



U.S. Patent Jan. 26, 2016 Sheet 21 of 28 US RE45,871 E

Vbl_inhibit

| Vbi_inhibit_1

Vbl inhibit 2

Vbl inhibit 4

Vbl inhibit 3

WLO WLm WLn WLp WL

FIG. 21C

Linselected
NAND string,

404 400 \ 426

v£OURCE 406 408 410 412 414 416 418 420 422 424 vdd{,}m]

VH)‘ VPSSl VPES) V‘C’l VD"“’) Vps&l VP“Q Vpssl Vasl Vsal |
S U, 7 1 7 . WO

...... b —r—r——r— | . . . . . . . . . . . . . . . . . . .

Programmed

area of
channel, 450 Erased area of

channel, 460
| Substrate, 490

FIG. 21D



U.S. Patent Jan. 26, 2016 Sheet 22 of 28 US RE45,871 E

2100

| Apply a voltage to bit line of unselected NAND strings that _
| . : 2102
; depends on location of selected word line

Apply program voltage to selected word line while applying the 2104

voltage to the bit line of unselected NAND sirings

Fig. 21k

Apply a voltage 1o gate of source side select transistor that
. ‘ ; 2202
depends on location of selected word line

Apply program vollage to selected word hne while applying the

2204
voltage 1o the gate of source side select transistor
Fig. 22A
2500
Apply a voltage to gale of select transistor that depends on
. ; — 2502
location of selected word line
Apply program voitage to selected word line while applying the 5504

voltage to the gate of select transistor

Fig. 25




U.S. Patent Jan. 26, 2016 Sheet 23 of 28 US RE45,871 E

VsQs

Vsgs 1

vsgd 1



U.S. Patent Jan. 26, 2016 Sheet 24 of 28 US RE45,871 E

Apply a voltage to gate of drain side select transistor that depends |

on location of selected word line -2302

Apply program voltage to selected word line while applying the | 2304
voltage to the gate of drain side select transistor 3

Fig. 23A

tage to bit ine associated with selected NAND strings | 5445
that depends on location of selected word line

Option ption B
2404(a) A 2404(b)

Apply normal voltage to bit lines
associated with unseiected NAND
Strings

5 Apply a voltage to bit lines

| associated with unselected NAND
| strings that depends on location of
5 selected word line

o~

Option C Option D
g _2406(a) T~ /,__,/2406(b)

Apply normal voitage to bit lines
associated with NAND strings in

Apply a voltage to bit lines

associated with NAND strings in
slow program mode (QPW) that
depends on location of selected
word line

stow program mode (QPW)

Apply program voltage to selected word line while applying the 9408

voltage to the bit lines

Fig. 24




U.S. Patent Jan. 26, 2016 Sheet 25 of 28 US RE45,871 E

Vsgs
Vsgs 1
Vsgs 3
Vsgs 2
WLO Wl.a WLb WL
Vsgd
Vsgd 1
Vsgd 2
Vsgd 3
WLO WLe WL WL

FIG. 268



U.S. Patent Jan. 26, 2016 Sheet 26 of 28 US RE45,871 E

Current

increasing
Vds

Voltage

Current

Vth Roltoff /' increasing

R
/ / ,/ Vds
S

g T
"'"_-f__“ ‘E-_..‘-_?:‘ ey :m :::th“':--r-ﬂi‘-?frf | — — ———




U.S. Patent

Fail Bit Count

Fail
Bit
Count

Jan. 26, 2016 Sheet 27 of 28 US RE45.871 E
2801
Lower cliff U Ris
St 2802
. | 2803
_ . ;
e T e re— ;
---------- HMH“#———_ ._h.m__.,,___#__-" ____/2804
Voltage
‘ Lower - /
\ Higher
edge WLs edge WLs /
\ |
\ /
\ /
\ 1
\ /
\ !
\ I
\ 1
\ —

Vsgd

FIG. 29



US RE45,871 EE

Sheet 28 of 28

Jan. 26, 2016

U.S. Patent

- ... .I. ‘-. I. T J

FF —_.l..”.l-I.-_.-l...I_.ivlll.l...l -
Dl ol
. 5
" __._,__.._-_._l..__.___.._-_.._....-n.-__.,_._ e,
L .-.l.l.-ﬁlll.-l_ L] L Y
[ l1.l__.llllll.l -
[ 4 -.l

...I.I...!i.”. Pl
s
Lllll.”l_.!.-l

i i
II._.I.-lI-.-_.”II.... Ll o .

* y a

mloel Sel el Cel el W W N W W W W W W OE Y W WY MW A W W

Ato X
FBC
Vsgd3

Higher WLs —»

FI1G. 30A wL

!

WOW N W W W W W W W W W W W W W W W

"y

FIG. 30B wu

T ]

Higher WLS ————p



US RE45,871 E

1

SELECTED WORD LINE DEPENDENT
SELECT GATE VOLTAGE DURING
PROGRAM

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough indi-

cates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

BACKGROUND

The present disclosure relates to non-volatile storage.

Semiconductor memory has become increasingly popular
for use 1n various electronic devices. For example, non-vola-
tile semiconductor memory 1s used in cellular telephones,
digital cameras, personal digital assistants, mobile comput-
ing devices, non-mobile computing devices and other
devices. Electrically Frasable Programmable Read Only
Memory (EEPROM) and flash memory are among the most
popular non-volatile semiconductor memories. With flash
memory, also a type of EEPROM, the contents of the whole
memory array, or of a portion of the memory, can be erased in
one step, 1n contrast to the traditional, full-featured
EEPROM.

Both the traditional EEPROM and the flash memory utilize
a floating gate that 1s positioned above and insulated from a
channel region 1n a semiconductor substrate. The floating
gate 1s positioned between the drain and source diffusion
regions. A control gate 1s provided over and 1nsulated from
the floating gate. The threshold voltage (V ;) of the transistor
thus formed 1s controlled by the amount of charge that 1s
retained on the tloating gate. That 1s, the minimum amount of
voltage that must be applied to the control gate before the
transistor 1s turned on to permit conduction between 1ts drain
and source 1s controlled by the level of charge on the tloating
gate.

In a NAND architecture, memory cells are arranged as
NAND strings. A NAND string includes memory cells (each
including a floating gate) connected 1n series over a substrate.
At each end of the NAND string there 1s a select transistor
(also referred to as a select gate). One of the select transistors
(source side select transistor) connects/disconnects the
NAND string to a source line that 1s common to a large group
of NAND strings. Each NAND string 1s associated with one
bit line. The other select transistor (drain side select transis-
tor) connects/disconnects its NAND string to a bit line. In one
approach, a memory cell on a NAND string may be read by
applying a voltage to 1ts control gate and sensing a signal on
the bit line.

Typically, a program voltage V .-, , applied to the control
gate during a program operation 1s applied as a series of
pulses that increase 1n magnitude as programming,
progresses. In one possible approach, the magnitude of the
pulses 1s increased with each successive pulse by a predeter-
mined step size, e.g., 0.2-0.4 V. V., can be applied to the
control gates of flash memory cells. In the periods between
the program pulses, verily operations are carried out. That 1s,
the programming level of each element of a group of cells
being programmed 1n parallel 1s read between successive
programming pulses to determine whether 1t 1s equal to or
greater than a verity level to which the element 1s being
programmed.

After a given memory cell on the word line selected for
programming reaches its itended threshold voltage, pro-
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gramming may be mnhibited for that memory cell. In one
approach, programming 1s mhibited by applying an inhibat
voltage to the bit line associated with the NAND string. The
voltage applied to the gate of the drain side select transistor
should be low enough to keep the transistor off, such that the
channel of an inhibited NAND string may float. Likewise, the
voltage applied to the gate of the source side select transistor
should be low enough to keep the transistor off, such that the
channel of an inhibited NAND string may float. Also, a volt-
age 1s applied to control gates of unselected memory cells,
which boosts the voltage in the channel region of the memory
cells on mhibited NAND strings. This boosted channel volt-
age helps to reduce or eliminate program disturb.

However, 1t 1s possible for the channel voltage of the inhib-
ited NAND strings to drop, which can result in program
disturb. One possible reason for the drop 1n channel voltage 1s
leakage of current from a boosted channel. For example, the
current could leak across the channel of either select transis-
tor.

One type of leakage 1s due to punch-through conduction
across a select transistor. Punch-through conduction may
occur due to the difference 1n the drain to source voltage
across the channel of a select gate transistor. As memory
arrays continue to scale down 1n size, the channel length of
select gate transistors 1s getting shorter. Therefore, short
channel effects such as punch-through conduction may
become more problematic.

Another type of leakage from the channel of inhibited
NAND strings may arise due to drain induced barrier lower-
ing (DIBL). DIBL may cause the V ., of the select transistors
to drop. Ifthe V., 0f a select transistor of an inhibited NAND
string 1s lowered enough, 1t may turn on, at least weakly. If
this happens, then current may leak from the boosted channel
across the channel of the select transistor, thereby discharging
the voltage of the NAND string channel. Consequently, pro-
gram disturb could occur.

Gate induced drain leakage (GIDL) 1s another problem that
may cause program disturb. GIDL refers to charge carriers
leaking 1nto the channel from a select transistor as a result of
a voltage applied to the gate of one of the select transistors.
These charge carriers (e.g., electrons) may be accelerated 1n
an E-field 1n the channel of the NAND string. Program disturb
may result due to hot carrier injection of the electrons from
the channel to a floating gate of a memory cell.

It 1s desirable to prevent or reduce program disturb, which

may arise from a variety of causes including, but not limited
to, punch-through conduction, DIBL, and GIDL.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a top view of a NAND string.

FIG. 1B 1s an equivalent circuit diagram of the NAND
string of FIG. 1A.

FIG. 2 1s a circuit diagram depicting three NAND strings.

FIG. 3 depicts a cross-sectional view of a NAND string,
formed on a substrate.

FIG. 4 illustrates a non-volatile storage device.

FIG. 5A depicts an exemplary structure of memory cell
array.

FIG. 5B 1s a block diagram of an individual sense block.

FIG. 6 A depicts an example set of Vt distributions.

FIG. 6B depicts an example set of Vt distributions.
FIG. 7A depicts an example set of threshold voltage dis-

tributions for a four-state memory device in which each stor-

age element stores two bits of data.
FIG. 7B shows a series of program pulses that may be used

to program a distribution of FIG. 7A.
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FIG. 8 1s a flowchart describing one embodiment of a
programming process.

FIGS. 9(A)-9(H) are timing diagrams 1llustrating voltages
during program operations, according to one embodiment.

FIG. 10 1s a graph that shows Erase-to-A failures versus
program pulse width for selected word lines 1n various posi-
tions along a NAND string.

FIG. 11A, FIG. 11B, and FIG. 11C show example graphs
of Vth distribution widths versus program pulse widths.

FI1G. 12 shows a graph of program loop count versus pro-
gram pulse width.

FIGS. 13A and 13B are graphs that show word lines RC

dependence

FI1G. 14 1s a flowchart of one embodiment of a process of
programming non-volatile storage using a programming volt-
age having a pulse width that depends on the width of the
selected word line.

FIG. 15 1s a flowchart of one embodiment of a process of
programming non-volatile storage using a programming volt-
age having a pulse width that depends on the location of the
selected word line.

FI1G. 16 1s a flowchart of one embodiment of a process of
programming non-volatile storage that involves determining
a width of a program pulse.

FI1G. 17 1s a tlowchart of a process of determining suitable
pulse widths for programming signals for word lines, depend-
ing on their position.

FIG. 18 A shows a boosted NAND string having SGS leak-
age current and SGD leakage current.

FIG. 18B shows a portion of the NAND string near the SGS
transistor to shows GIDL effect.

FIG. 18C shows a portion of the NAND string near the
SGD transistor to shows GIDL efiect.

FI1G. 19 1s a flowchart of one embodiment of programming,
non-volatile storage that may counteract punch-through leak-
age.

FIG. 20A shows relative values for Vcel src versus word
lines 1n accordance with one embodiment.

FIG. 20B depicts a tlowchart of one embodiment of a
process ol programming non-volatile storage in which the

voltage applied to the common source line depends on the
location of the selected word line.

FIG. 21 A shows inhibited bit line voltage versus word line
for one embodiment.

FI1G. 21B shows inhibited bit line voltage versus word line
for one embodiment.

FI1G. 21C shows 1nhibited bit line voltage versus word line
for one embodiment.

FI1G. 21D shows an inhibited NAND string with a boosting,
scheme referred to as Erase Area Self Boosting (EASB).

FIG. 21E depicts a flowchart of one embodiment of a
process of programming non-volatile storage 1n which a bit
line voltage depends on the selected word line.

FIG. 22A depicts a flowchart of one embodiment of a
process of programming non-volatile storage 1n which the
magnitude of the voltage SGS depends on the location of the
selected word line.

FI1G. 22B shows voltage applied to a gate of a source side
select transistor versus word line for one embodiment.

FIG. 23A depicts a flowchart of one embodiment of a
process ol programming non-volatile storage in which the
magnitude of the voltage SGD depends on the location of the
selected word line.

FIG. 23B shows voltage applied to a gate of a drain side
select transistor versus word line for one embodiment.
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FIG. 24 depicts a flowchart of one embodiment of a process
of programming non-volatile storage 1 which a voltage

applied to bit lines depends on the location of the selected
word line.

FI1G. 25 depicts a tlowchart of one embodiment of a process
of programming non-volatile storage in which the voltage
applied to a gate of a select transistor depends on the location
of the selected word line.

FIG. 26 A shows relative values for Vsgs versus word lines
in accordance with one embodiment.

FIG. 26B shows relative values for Vsgd versus word lines
in accordance with one embodiment.

FIG. 27A and FIG. 27B shows possible effects of DIBL on
the Vth of SGS transistors.

FIG. 28 shows a possible Vsgd window.

FI1G. 29 shows possible word line dependence of the lower-
cliff and upper-cliff of Vsgd window.

FIG. 30A and FIG. 30B show possible failure bit count
versus word line.

DETAILED DESCRIPTION

The present disclosure provides methods and devices for
operating non-volatile storage. In some embodiments, one or
more programming conditions depend on the location of the
word line that 1s selected for programming. Applying selected
word line dependent program conditions may reduce or
climinate program disturb.

A word line may be considered to be an “edge word line” or
a “middle word line.” An “edge word line” 1s defined herein as
those within “n”” word lines of the lowest or highest word line
that1s used to store user or system data. At least the lowest and
highest word lines used to store user or system data are
considered to be edge word lines. There may be one or more
edge word lines at each end ofa NAND string. The word lines
that are considered to be edge word lines are not necessarily
fixed for a given memory array. Rather, the particular context
may determine whether a word line 1s considered to be an
edge word line. A “middle word line” 1s defined herein as any
word line that 1s used to store user or system data other than
edge word lines.

In one embodiment, the width (or duration) of a program-
ming pulse depends on the word line that 1s selected for
programming. In one embodiment, the duration of a program-
ming pulse depends on a physical characteristic of the
selected word line, such as 1ts width. In one embodiment, the
duration of a programming pulse depends on the location of
the selected word line on a NAND string. As one example, a
shorter pulse width may be used for the programming signal
when programming edge word lines.

In one embodiment, the voltage applied to a common
source line depends on the location of the word line that 1s
selected for programming. This may prevent or reduce punch-
through conduction, which may depend on the location of the
selected word line. In one embodiment, the voltage applied to
the common source line 1s higher for lower selected word
lines than the voltage used for higher selected word lines.

In one embodiment, the voltage applied to bit lines of
unselected NAND strings depends on the location of the word
line that 1s selected for programming. This may prevent or
reduce punch-through conduction, which may depend on the
location of the selected word line. In one embodiment, the
voltage applied to bit lines associated with unselected NAND
strings 1s higher for lower selected word lines than the voltage
used for higher selected word lines. In one embodiment, a
higher voltage 1s used when programming edge word lines
that are near the drain end of the NAND string.
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In one embodiment, the voltage applied to the gate of a
select transistor of a NAND string depends on the location of
the word line that 1s selected for programming. This could be
either a source side or drain side select transistor. This may
prevent or reduce program disturb that could result due to
DIBL. In one embodiment, a negative bias 1s applied to the
gate of a source side select transistor when programming at
least some of the word lines. In one embodiment, progres-
stvely lower voltages are used for the gate of the drain side
select transistor when programming progressively higher
word lines.

In one embodiment, the voltage applied to the gate of a
source side select transistor depends on the location of the
word line that 1s selected for programming. This may prevent
or reduce GIDL, which may depend on the location of the
selected word line. In one embodiment, the voltage applied to
the gate of a drain side select transistor depends on the loca-
tion of the word line that 1s selected for programming. This
may prevent or reduce GIDL, which may depend on the
location of the selected word line. In one embodiment, a
higher voltage 1s applied to the gate of a select transistor when
the selected word line 1s an edge word line near that select
transistor.

In one embodiment, the voltage applied to one or more bit
lines depends on the location of the word line that 1s selected
for programming. This may turther help to prevent or reduce
program disturb associated with GIDL. In one embodiment,
the voltage applied to one or more bit lines associated with
selected NAND strings depends on the location of the word
line that 1s selected for programming. In one embodiment, the
voltage applied to one or more bit lines associated with unse-
lected NAND strings depends on the location of the word line
that 1s selected for programming. In one embodiment, the
voltage applied to one or more bit lines associated with
NAND strings 1n a slow programming mode depends on the
location of the word line that 1s selected for programming.

One example of a memory system suitable for implement-
ing embodiments uses a NAND flash memory structure,
which includes arranging multiple transistors in series
between two select gates. The transistors in series and the
select gates are referred to as a NAND string. FIG. 1A 1satop
view showing one NAND string. FIG. 1B 1s an equivalent
circuit thereof. The NAND string depicted 1in FIGS. 1A and
1B includes four transistors, 100, 102, 104 and 106, 1n series
and sandwiched between a first select gate 120 and a second
select gate 122. Select gate 120 gates the NAND string con-
nection to bit line 126. Select gate 122 gates the NAND string,
connection to source line 128. Select gate 120 1s controlled by
applying the appropriate voltages to control gate 120CG.
Select gate 122 1s controlled by applying the appropriate
voltages to control gate 122CG. Each of the transistors 100,
102, 104 and 106 has a control gate and a floating gate.
Transistor 100 has control gate 100CG and floating gate
100FG. Transistor 102 includes control gate 102CG and
floating gate 102FG. Transistor 104 includes control gate
104CG and floating gate 104FG. Transistor 106 includes a
control gate 106CG and floating gate 106FG. Control gate
100CG 1s connected to (or 1s) word line WL3, control gate
102CG 1s connected to word line WL2, control gate 104CG 1s
connected to word line WL1, and control gate 106CG 1s
connected to word line WLO. In one embodiment, transistors
100,102, 104 and 106 are each storage elements, also referred
to as memory cells. In other embodiments, the storage ele-
ments may include multiple transistors or may be different
than that depicted in FIGS. 1A and 1B. Select gate 120 1s
connected to select line SGD. Select gate 122 1s connected to
select line SGS. In one embodiment, select gates 120 and 122
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are each implemented with a “select transistor.” Thus, select
gate 120 may be referred to as a “drain side select transistor,”
(or SGD transistor) and select gate 122 may be referred to as
a “source side select transistor” (or SGS transistor).

FIG. 2 1s a circuit diagram depicting three NAND strings.
A typical architecture for a flash memory system using a
NAND structure will include several NAND strings. For
example, three NAND strings 320, 340 and 360 are shown 1n
a memory array having many more NAND strings. Each of
the NAND strings includes two select gates and four storage
clements. While four storage elements are illustrated for sim-
plicity, modern NAND strings can have thirty-two, sixty-four,
or more storage elements, for instance.

For example, NAND string 320 includes select gates 322
and 327, and storage elements 323-326, NAND string 340
includes select gates 342 and 347, and storage elements 343-
346, NAND string 360 includes select gates 362 and 367, and
storage elements 363-366. Each NAND string 1s connected to
the source line by 1ts select gates (e.g., select gates 327, 347 or
367). A selection line SGS 1s used to control the source side
select gates. In one embodiment, the various NAND strings
320, 340 and 360 are connected to respective bit lines 321,
341 and 361, by select transistors. In one embodiment, the
select transistors are 1n the select gates 322, 342, 362, etc. In
one embodiment, the select transistors form the select gates
322, 342, 362. These select transistors are controlled by a
drain select line SGD. In other embodiments, the select lines
do not necessarily need to be 1n common among the NAND
strings; that 1s, different select lines can be provided for
different NAND strings. Word line WL3 1s connected to the
control gates for storage elements 323, 343 and 363. Word
line WL2 1s connected to the control gates for storage ele-
ments 324, 344 and 364. Word line WL1 1s connected to the
control gates for storage elements 325, 345 and 365. Word
line WLO 1s connected to the control gates for storage ele-
ments 326, 346 and 366. As can be seen, each bit line and the
respective NAND string comprise the columns of the array or
set of storage elements. The word lines (WL3, WL2, WL 1 and
WLO) comprise the rows of the array or set. Fach word line
connects the control gates of each storage element 1n the row.
Or, the control gates may be provided by the word lines
themselves. For example, word line WL2 provides the control
gates for storage elements 324, 344 and 364. In practice, there
can be thousands of storage elements on a word line.

Each storage element can store data. For example, when
storing one bit of digital data, the range of possible threshold
voltages (V ,,,) of the storage element 1s divided into two
ranges which are assigned logical data “1” and “0.” In one
example of a NAND type tlash memory, the V ., 1s negative
alter the storage element 1s erased, and defined as logic “1.”
The V., alter a program operation 1s positive and defined as
logic “0.” When the V -, 1s negative and a read 1s attempted,
the storage element will turn on to 1ndicate logic “1” 1s being
stored. When the V., 1s positive and a read operation 1s
attempted, the storage element will not turn on, which 1ndi-
cates that logic “0” 1s stored. A storage element can also store
multiple levels of information, for example, multiple bits of
digital data. In this case, therange otV ., value 1s divided into
the number of levels of data. For example, 1f four levels of
information are stored, there will be four V -, ranges assigned
to the data values 117, “107, “01”, and “00.” In one example
of a NAND type memory, the V ., after an erase operation 1s
negative and defined as “11”. Positive V .., values are used for
the states of 107, “01”, and “00.” The specific relationship
between the data programmed 1nto the storage element and
the threshold voltage ranges of the element depends upon the
data encoding scheme adopted for the storage elements. For
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example, U.S. Pat. Nos. 6,222,762 and 7,237,074, both of
which are incorporated herein by reference 1n their entirety,
describe various data encoding schemes for multi-state flash
storage elements.

Relevant examples of NAND type flash memories and their
operation are provided 1n U.S. Pat. Nos. 5,386,422; 5,570,
315; 5,774,397, 6,046,935, 6,456,528; and 6,522,580, each
of which 1s incorporated herein by reference.

When programming a flash storage element, a program
voltage 1s applied to the control gate of the storage element,
and the bit line associated with the storage element 1is
grounded. Flectrons from the channel are injected into the
tfloating gate. When electrons accumulate 1n the floating gate,
the tloating gate becomes negatively charged and the V., of
the storage element 1s raised. To apply the program voltage to
the control gate of the storage element being programmed,
that program voltage 1s applied on the appropriate word line.
As discussed above, one storage element 1 each of the
NAND strings share the same word line. For example, when
programming storage element 324 of FIG. 2, the program
voltage will also be applied to the control gates of storage
clements 344 and 364.

FIG. 3 depicts a cross-sectional view of a NAND string
formed on a substrate. The view 1s simplified and not to scale.
The NAND string 400 includes a source-side select gate (or
SGS transistor) 406, a drain-side select gate (or SGD transis-
tor) 424, and eight storage elements 408, 410, 412, 414, 416,
418, 420 and 422, formed on a substrate 490. A number of
source/drain regions, one example of which 1s source drain/
region 430, are provided on either side of each storage ele-
ment. In one embodiment, the substrate 490 employs a triple-
well technology which includes an array p-well region 492
within an array n-well region 494, which in turn 1s within a
p-type substrate region 496. The NAND string and 1ts non-
volatile storage elements can be formed, at least in part, on the
array p-well region 492.

AvoltageV .5~z 18 provided to a source line contact 404.
The source line contact has an electrical connection to the
diffusion region 431 of SGS transistor 406. A bit line voltage
V., 1s supplied to bit line contact 426, which 1s 1n electrical
contact with the diffusion region 432 of SGD transistor 424.
Note that diffusion region 431 may be referred to herein as a
source. Note that diffusion region 432 may be referred to
herein as a drain; however, 1t will be understood that under
some conditions (such as when the voltage of the channel of
the NAND string 1s boosted) the diffusion region 432 may be
at a lower voltage than the terminal on the other side of the
channel of the SGD transistor 424. Voltages, such as body
bias voltages, can also be applied to the array p-well region
492 via a terminal 402 and/or to the array n-well region 494
via a terminal 403.

During a program operation, a control gate voltage V .-, .18
provided on a selected word line, 1 this example, WL3,
which 1s associated with storage element 414. Further, recall

that the control gate of a storage element may be provided as
a portion of the word line. For example, WLO, WL1, WL2,

WL3, WL4, WL5, WL6 and WL/ can extend via the control
gates of storage elements 408, 410, 412, 414, 416, 418, 420
and 422, respectively. A pass voltage, V .. 1s applied to the
remaining word lines associated with NAND string 400, in
one possible boosting scheme. V.. and V., are applied to
the select gates 406 and 424, respectively.

FIG. 4 1llustrates a non-volatile storage device 210 that
may 1nclude one or more memory die or chips 212. Memory
die 212 includes an array (two-dimensional or three dimen-
sional) of memory cells 200, control circuitry 220, and read/
write circuits 230A and 230B. In one embodiment, access to
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the memory array 200 by the various peripheral circuits 1s
implemented 1n a symmetric fashion, on opposite sides of the
array, so that the densities of access lines and circuitry on each
side are reduced by half. The read/write circuits 230A and
230B 1include multiple sense blocks 300 which allow a page
of memory cells to be read or programmed 1n parallel. The

memory array 200 1s addressable by word lines via row
decoders 240A and 240B and by bit lines via column decod-

ers 242 A and 242B. In a typical embodiment, a controller 244
1s included 1n the same memory device 210 (e.g., a removable
storage card or package) as the one or more memory die 212.
Commands and data are transferred between the host and
controller 244 via lines 232 and between the controller and
the one or more memory die 212 via lines 234. One 1imple-
mentation can include multiple chips 212.

Control circuitry 220 cooperates with the read/write cir-
cuits 230A and 230B to perform memory operations on the
memory array 200. The control circuitry 220 includes a state
machine 222, an on-chip address decoder 224 and a power
control module 226. The state machine 222 provides chip-
level control of memory operations. The on-chip address

decoder 224 provides an address interface to convert between
the address that 1s used by the host or a memory controller to
the hardware address used by the decoders 240A, 2408,

242 A, and 242B. The power control module 226 controls the
power and voltages supplied to the word lines and bit lines
during memory operations. In one embodiment, power con-
trol module 226 includes one or more charge pumps that can
create voltages larger than the supply voltage.

In one embodiment, one or any combination of control
circuitry 220, power control circuit 226, decoder circuit 224,
state machine circuit 222, decoder circuit 242A, decoder
circuit 242B, decoder circuit 240A, decoder circuit 2408,
read/write circuits 230A, read/write circuits 230B, and/or
controller 244 can be referred to as one or more managing
circuits.

FIG. 5A depicts an example structure of memory cell array
200. In one embodiment, the array of memory cells 1s divided
into M blocks of memory cells. As 1s common for flash
EEPROM systems, the block 1s the unit of erase. That 1s, each
block contains the minimum number of memory cells that are
erased together. Each block 1s typically divided into a number
of pages. A page 1s a unit of programming. One or more pages
of data are typically stored in one row of memory cells. A
page can store one or more sectors. A sector includes user data
and overhead data. Overhead data typically includes an Error
Correction Code (ECC) that has been calculated from the user
data of the sector. A portion of the controller (described
below) calculates the ECC when data 1s being programmed
into the array, and also checks 1t when data 1s being read from
the array. In one embodiment, the controller 244 1s able to
correct a certain number of misreads, based on the ECC.

Alternatively, the ECCs and/or other overhead data are
stored 1n different pages, or even different blocks, than the
user data to which they pertain. A sector of user data 1s
typically 512 bytes, corresponding to the size of a sector in
magnetic disk drives. A large number of pages form a block,
anywhere from 8 pages, for example, up to 32, 64, 128 or
more pages. Different sized blocks and arrangements can also
be used.

In another embodiment, the bit lines are divided into odd
bit lines and even bit lines. In an odd/even bit line architec-
ture, memory cells along a common word line and connected
to the odd bit lines are programmed at one time, while
memory cells along a common word line and connected to
even bit lines are programmed at another time.
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FIG. SA shows more details of block 1 of memory array
200. Block 1 1includes X+1 bit lines and X+1 NAND strings.

Block 1 also includes 64 data word lines (WLO-WL63), 2
dummy word lines (WL_dO and WL _d1), a drain side select
line (SGD) and a source side select line (SGS). One terminal
of each NAND string 1s connected to a corresponding bit line
via a drain select gate (connected to select line SGD), and
another terminal 1s connected to the source line via a source
select gate (connected to select line SGS). Because there are
sixty four data word lines and two dummy word lines, each
NAND string includes sixty four data memory cells and two
dummy memory cells. In other embodiments, the NAND
strings can have more or fewer than 64 data memory cells and
two dummy memory cells. Data memory cells can store user
or system data. Dummy memory cells are typically not used
to store user or system data. Some embodiments do not
include dummy memory cells.

FI1G. 5B 1s ablock diagram of an individual sense block 300
partitioned 1nto a core portion, referred to as a sense module
580, and a common portion 590. In one embodiment, there
will be a separate sense module 580 for each bit line and one
common portion 390 for a set of multiple sense modules 580.
In one example, a sense block will include one common
portion 590 and eight sense modules 580. Each of the sense
modules 1 a group will communicate with the associated
common portion via a data bus 572. For further details, refer
to U.S. Patent Application Publication 2006/0140007, which
1s incorporated herein by reference in 1ts entirety.

Sense module 580 comprises sense circuitry 370 that deter-
mines whether a conduction current 1n a connected bit line 1s
above or below a predetermined threshold level. In some
embodiments, sense module 580 includes a circuit commonly
referred to as a sense amplifier. Sense module 580 also
includes a bit line latch 582 that 1s used to set a voltage
condition on the connected bit line. For example, a predeter-
mined state latched in bit line latch 382 will result in the
connected bit line being pulled to a state designating program

inhibit (e.g., V,,,).

Common portion 590 comprises a processor 592, a set of

data latches 394 and an I/O Interface 596 coupled between the

set of data latches 594 and data bus 520. Processor 592 per-
forms computations. For example, one of 1ts functions 1s to
determine the data stored 1n the sensed memory cell and store
the determined data 1n the set of data latches. The set of data
latches 594 1s used to store data bits determined by processor
592 during a read operation. Data latches 594 may also be
used to store data bits imported from the data bus 520 during,
a program operation. The imported data bits represent write

data meant to be programmed into the memory. I/O interface
596 provides an interface between data latches 594 and the

data bus 520.
During read or sensing, the operation of the system 1s under

different control gate voltages to the addressed cell. As 1t steps
through the various predefined control gate voltages corre-
sponding to the various memory states supported by the
memory, the sense module 580 may trip at one of these
voltages and an output will be provided from sense module
580 to processor 592 via bus 572. At that point, processor 592
determines the resultant memory state by consideration of the
tripping event(s) of the sense module and the information
about the applied control gate voltage from the state machine
via input lines 593. It then computes a binary encoding for the
memory state and stores the resultant data bits into data
latches 594. In another embodiment of the core portion, bit
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line latch 582 serves double duty, both as a latch for latching
the output of the sense module 580 and also as a bit line latch
as described above.

It 1s anticipated that some implementations will include
multiple processors 592. In one embodiment, each processor
592 will include an output line (not depicted i FIG. 5) such
that each of the output lines 1s wired-OR’d together. In some
embodiments, the output lines are inverted prior to being
connected to the wired-OR line. This configuration enables a
quick determination during the program verification process
of when the programming process has completed because the
state machine receiving the wired-OR line can determine
when all bits being programmed have reached the desired
level. For example, when each bit has reached 1ts desired
level, a logic zero for that bit will be sent to the wired-OR line
(or a data one 1s mverted). When all bits output a data O (or a
data one 1mverted), then the state machine knows to terminate
the programming process. In embodiments where each pro-
cessor communicates with eight sense modules, the state
machine may (in some embodiments) need to read the wired-
OR line eight times, or logic 1s added to processor 592 to
accumulate the results of the associated bit lines such that the
state machine need only read the wired-OR line one time.

During program or verily, the data to be programmed 1s
stored 1n the set of data latches 394 from the data bus 520. The
program operation, under the control of the state machine,
comprises a series ol programming voltage pulses (with
increasing magnitudes) applied to the control gates of the
addressed memory cells. Each programming pulse 1s fol-
lowed by a verity process to determine 11 the memory cell has
been programmed to the desired state. Processor 592 moni-
tors the verified memory state relative to the desired memory
state. When the two are 1in agreement, processor 392 sets the
bit line latch 582 so as to cause the bit line to be pulled to a
state designating program inhibit. This nhibits the cell
coupled to the bit line from further programming even if 1t 1s
subjected to programming pulses on 1ts control gate. In other
embodiments the processor initially loads the bit line latch
582 and the sense circuitry sets 1t to an inhibit value during the
verily process. In one embodiment, the magnitude of the
inhibit value depends on the location of the selected word
line.

Data latch stack 5394 contains a stack of data latches corre-
sponding to the sense module. In one embodiment, there are
3-5 (or another number) data latches per sense module 580. In
one embodiment, the latches are each one bit. In some 1mple-
mentations (but not required), the data latches are 1mple-
mented as a shift register so that the parallel data stored
therein 1s converted to serial data for data bus 520, and vice
versa. In one embodiment, all the data latches corresponding
to the read/write block of M memory cells can be linked
together to form a block shiit register so that a block of data
can be input or output by serial transfer. In particular, the bank
of read/write modules 1s adapted so that each of its set of data
latches will shift data 1in to or out of the data bus 1n sequence
as 11 they are part of a shift register for the entire read/write
block.

Additional information about the read operations and sense
amplifiers can be found in (1) U.S. Pat. No. 7,196,931, “Non-
Volatile Memory And Method With Reduced Source Line
Bias FErrors,”; (2) U.S. Pat. No. 7,023,736, “Non-Volatile
Memory And Method with Improved Sensing,”; (3) U.S. Pat.
No. 7,046,568, “Memory Sensing Circuit and Method for
Low Voltage Operation; (4) U.S. Pat. No. 7,196,928, “Com-
pensating for Coupling During Read Operations of Non-
Volatile Memory,” and (5) U.S. Pat. No. 7,327,619, “Refer-
ence Sense Amplifier For Non-Volatile Memory™. All five of
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the immediately above-listed patent documents are incorpo-
rated herein by reference 1n their entirety.

At the end of a successiul programming process (with
verification), the threshold voltages of the memory cells
should be within one or more distributions of threshold volt-
ages for programmed memory cells or within a distribution of
threshold voltages for erased memory cells, as appropnate.
FIG. 6 A illustrates example Vt distributions corresponding to
data states for the memory cell array when each memory cell
stores three bits of data. Other embodiment, however, may
use more or fewer than three bits of data per memory cell.
FIG. 6 A shows eight Vt distributions corresponding to an
Erase state and programmed states A-G. In one embodiment,
the threshold voltages 1n the Frase state are negative and the
threshold voltages in the programmed states A-G are positive.

However, the threshold voltages 1n one or more of pro-
grammed states A-G may be negative. Thus, 1n one embodi-
ment, at least VrA i1s negative. Other voltages such as VVA,
VB, VvB, etc., may also be negative.

Between each of the data states are read reference voltages
used for reading data from memory cells. For example, FIG.
6 A shows read reference voltage Vr A between the erase state
and the A-state, and VrB between the A-state and B-state. By
testing whether the threshold voltage of a given memory cell
1s above or below the respective read reference voltages, the
system can determine what state the memory cell 1s 1n.

At or near the lower edge of each programmed state are
verily reference voltages. For example, FIG. 6 A shows VVA
for the A-state and VvB for the B-state. When programming
memory cells to a given state, the system will test whether
those memory cells have a threshold voltage greater than or
equal to the verily reference voltage.

FIG. 6B 1llustrates that Vt distributions can partially over-
lap since the error correction algorithm can handle a certain
percentage of cells that are 1n error. Note that 1n some embodi-
ments, at one point 1n time the threshold voltage distribution
may resemble FIG. 6 A and at another time the threshold
voltage distributions may overlap, as in FIG. 6B. For
example, just after programming, the threshold voltage dis-
tribution may resemble FIG. 6A. However, over time, the
threshold voltages of memory cells may shiit, such that there
may be overlap.

Also note that contrary to the equal spacing/width of the
depicted threshold voltage distributions, various distributions
may have different widths/spacings 1n order to accommodate
varying amounts of susceptibility to data retention loss.

In some embodiments, a “verity low™ and a “verify high”
reference voltage 1s used. FIG. 7A depicts an example set of
threshold voltage distributions for a four-state memory
device 1n which each storage element stores two bits of data.
A first threshold voltage distribution 700 1s provided for
crased (Erased-state) storage elements. Three threshold volt-
age distributions 702, 704 and 706 represent programmed
states A, B and C, respectively. In one embodiment, the
threshold voltages in the Erased-state are negative, and the
threshold voltages 1n the A-, B- and C-states are positive.

Read reference voltages, VrA, VrB and VrC, are also pro-
vided for reading data from storage clements. By testing
whether the threshold voltage of a given storage element 1s
above or below VrA, VrB and VrC, the system can determine
the state, e.g., the storage element 1s 1n.

Further, verily reference voltages, VVA, VvB, and VvC are
provided. When programming storage eclements to the
A-state, B-state or C-state, the system will test whether those
storage elements have a threshold voltage greater than or
equal to VVA, VvB or VvC, respectively. In one embodiment,
“verity low” reference voltages, Vval., VvbL, and VvcL are
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provided. Similar “verity low” reference voltages could also
be used 1n embodiments with a different number of states.

In full sequence programming, storage elements can be
programmed from the Erased-state directly to any of the
programmed states A, B or C. For example, a population of
storage elements to be programmed may first be erased so that
all storage elements in the population are in the Erased-state.
A series of program pulses such as depicted in FI1G. 7B 1s used
to program storage elements directly into the A-, B- and
C-states. While some storage elements are being pro-
grammed from the Frased-state to the A-state, other storage
clements are being programmed from the Erased-state to the
B-state and/or from the Erased-state to the C-state. Note that
using a full sequence programming 1s not required.

One example of a slow programming mode uses low (ofi-
set) and high (target) verity levels for one or more data states.
For example, VvalL and VVvA are offset and target verily
levels, respectively, for the A-state, and VvbL and VvB are
offset and target verity levels, respectively, for the B-state.
During programming, when the threshold voltage of a storage
clement which 1s being programmed to the A-state as a target
state (e.g., an A-state storage element) exceeds Vval, its
programming speed 1s slowed, such as by raising the bit line
voltage to a level, e.g., 0.6-0.8 V, which 1s between a nominal
program or non-inhibit level, e.g., 0V and a full inhibit level,
e.g., 2-3 V. The middle value may be referred to as a quick
pass write (QPW) value. This provides greater accuracy by
avoiding large step increases in threshold voltage. In some
embodiments, values for one or more of the nominal program
value, QPW value, and/or the inhibit value depend on the
location of the word line that 1s selected for programming.

When the threshold voltage reaches Vv A, the storage ele-
ment 1s locked out from further programming. Similarly,
when the threshold voltage of a B-state storage element
exceeds VvbL, its programming speed 1s slowed, and when
the threshold voltage reaches VvB, the storage element 1s
locked out from further programming. In one approach, a
slow programming mode 1s not used for the highest state since
some overshoot 1s typically acceptable. Instead, the slow
programming mode can be used for the programmed states,
above the erased state, and below the highest state.

Moreover, 1n the example programming techniques dis-
cussed, the threshold voltage of a storage element 1s raised as
it 1s programmed to a target data state. However, program-
ming techniques can be used in which the threshold voltage of
a storage element 1s lowered as it 1s programmed to a target
data state. Programming techniques which measure storage
clement current can be used as well. The concepts herein can
be adapted to different programming techmques.

FIG. 7B depicts a series of program and verily pulses
which are applied to a selected word line during a program-
ming operation. A programming operation may 1mclude mul-
tiple programming iterations, where each iteration applies
one or more program pulses (voltages) followed by one or
more verily voltages, to a selected word line. In one possible
approach, the program voltages are stepped up 1n successive
iterations. Moreover, the program voltages may include a first
portion which has a pass voltage (Vpass) level, e.g., 6-8 V,
tollowed by a second portion at aprogram level, e.g., 12-25V.
For example, first, second, third and fourth program pulses
752, 754, 756 and 758 have program voltages of Vpgml,
Vpgm?2, Vpgm3 and Vpgm4, respectively, and so forth. A set
of one or more verily voltages may be provided after each
program pulse. In some embodiments, there may be two or
more verily pulses between the program pulses. For example,
one pulse might be used to verily the A-state and the B-state,
a second may be used to verily the C-state and a D-state, etc.
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In some cases, one or more 1nitial program pulses are not
tollowed by verify pulses because 1t 1s not expected that any
storage elements have reached the lowest program state (e.g.,
A-state). Subsequently, program iterations may use verily
pulses for the A-state, followed by program iterations which
use verily pulses for the A- and B-states, followed by program
iterations which use verity pulses for the B- and C-states, for
instance.

FIG. 8 1s a flowchart describing one embodiment of a
programming process, which includes one or more verifica-
tion steps. In one embodiment, the process 1s used to program
memory cells on a selected word line. In one embodiment, the
process 1s used to program every memory cell on the selected
word line. In one embodiment, the process 1s used to program
every other memory cell (e.g., odd/even programming) on the
selected word line.

In step 810, the program voltage (Vpgm) 1s set to an nitial
value. In one embodiment, the magnitude of the program
voltage depends on which word line 1s selected for program-
ming. In one embodiment, the mitial magnitude of Vpgm 1s
lower when programming an edge word line. Also, 1n step
810, a program counter (PC) 1s initialized to zero.

In step 820, programming conditions are applied. One or
more of the programming conditions may depend on the
location of which word line 1s selected for programming. FIG.
9, to be discussed below, shows some examples of program-
ming conditions that may be applied during step 820.

Applying the programming conditions includes applying a
programming signal (e.g., voltage pulse) to a selected word
line. In one embodiment, the width of the voltage pulse
depends on the location of the selected word line on the
NAND string. In one embodiment, the voltage pulse has a
shorter width when an edge word line 1s selected for program-
ming than when one of the middle word lines 1s selected.

Step 820 may also include applying an appropriate voltage
to bit lines. In one embodiment, a first voltage (e.g., a low
voltage) 1s applied to bit lines associated with NAND strings
having a memory cell presently undergoing normal (or fast)
programming, a second voltage (e.g., a medium voltage) 1s
applied to bit lines associated with NAND strings having a
memory cell presently undergoing slow programming, and a
third voltage (e.g., a high voltage) 1s applied to bit lines
associated with NAND strings having a memory cell pres-
ently inhibited from or locked out from further programming.
In one embodiment, the magnitude of the first voltage
depends on the location of the selected word line along the
NAND string. In one embodiment, the magnitude of the
second voltage depends on the location of the selected word
line along the NAND string. In one embodiment, the magni-
tude of the third voltage depends on the location of the
selected word line along the NAND string.

Step 820 may also include applying an appropriate voltage
to a common source line. In one embodiment, the magnitude
of the voltage to a common source line depends on the loca-
tion of the selected word line along the NAND string. Note
that the common source line may be 1n electrical contact with
diffusion regions 431 of SGS transistors 406. Thus, 1n one
embodiment, the magnitude of the voltage applied to the
(source) diffusion region 431 of an SGS transistor 406
depends on the location of the selected word line along the
NAND string.

Step 820 may also include applying an appropriate voltage
to a gate of a select gate of a NAND string. Stated another
way, step 820 may include applying an appropriate voltage to
select line of a NAND string. The select gate may be for either
a SGS transistor 406 or a SGD transistor 424. Thus, the select
line may be either a source side select line (e.g., SGS) or a
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drain side select line (e.g., SGD). In one embodiment, the
magnitude of the voltage to the gate of a select transistor of a
NAND string depends on the location of the selected word
line along the NAND string. In other words, the magnitude of
the voltage to a select line (SGS and/or SGG) of a NAND
string depends on the location of the selected word line along
the NAND string.

Applying the program conditions in step 820 may also
include applying a pass voltage to unselected word lines. The
magnitude of the pass voltage for each unselected word line
may depend on which boosting scheme 1s being used. A
variety ol boosting schemes including, but not limited to,
seli-boosting (SB), local seli-boosting (LSB), and erase area
seli-boosting (EASB) may be used. As 1s known to those of
ordinary skill in the art, the magnitude of the pass voltage may
be different for different unselected word lines. Also, the
magnitude of the pass voltage for a grven unselected word line
may depend on the relative location of that unselected word
line to the word line that 1s selected for programming. The
pass voltage may help to reduce program disturb by boosting
the voltage of the channel below the memory cell. Applying
programming conditions that depend on the location of the
selected word line may prevent or reduce leakage of the
boosted channel potential. Therefore, program disturb may
be prevented or reduced.

In step 822, a verification process 1s performed. In one
embodiment, the wverification 1S a concurrent coarse/fine
verily. Referring to FIG. 7A, as one example, some memory
cells that are being programmed to the A-state are verified
using the Vval. level, and others that are being programmed to
the A-state are verified using the Vva level. During the initial
programming steps in which the memory cell’s threshold 1s
well below the final level (Vva), course programming may be
applied. However, after the memory cell’s threshold voltage
reaches Vval, fine programming may be used. Thus, some
memory cells are verified for coarse programming, whereas
other memory cells are verified for fine programming. Note
that when a particular memory cell has been verified as being
programmed to its intended state, 1t may be locked out from
turther programming. Note that using coarse/fine programs-
ming 1s not required. In one embodiment, the intermediate
verily levels (e.g., Vval., VvbL, etc.) are not used.

In step 824, it 1s determined whether all or almost all of the
memory cells have verified that their threshold voltages are at
the final target voltage for that memory cell. IT so, the pro-
gramming process 1s completed successtully (status=pass) 1in
step 826. 11 all or almost all of the memory cells are not
verified to have reached their final target levels, then 1t 1s
determined whether the program counter (PC) 1s less than a
maximum value such as 20. If the program counter (PC) 1s not
less than max (step 828), then the program process has failed
(step 830). If the program counter (PC) 1s less than a maxi-
mum value (e.g., 20), then the program counter (PC) 1s incre-
mented by one and the program voltage 1s stepped up to the
next pulse 1 step 832. Subsequent to step 832, the process
loops back to step 820 and the next program pulse 1s applied
to the memory cells.

FIGS. 9(A)-9(H) are timing diagrams illustrating voltages
during program operations, according to one embodiment.
The timing diagram depicts one embodiment of program-
ming conditions that are applied during step 820 of process
800. In various embodiments, one or more of the program-
ming conditions depends on the location of the selected word
line. In some embodiments, the magnitude of a voltage
depends on the location of the selected word line. In one
embodiment, the duration of the program voltage depends on
the location of the selected word line.
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The voltages shown are applied to various select lines,
word lines, bit lines, and the common source line of the
memory array, for NAND strings under fast programming,
slow programming, and program inhibition. The program
operation can be grouped into a Bit Lines Precharge Phase, a
Program Phase and a Discharge Phase.

Bit Lines Precharge Phase: During phase (1), the SGS
transistors 406 are turned oif by SGS being at Vsgs (FIG.
9(A)) while the SGD transistors 424 are turned on by SGD
going high to Vsg (FIG. 9(B)), thereby allowing a bit line to
access a NAND string. In one embodiment, the magnitude of
Vsgs depends on the location of the selected word line. In one
embodiment, the magnitude of Vsgs 1s higher when lower
word lines are being programmed to prevent or reduce GIDL.
In one embodiment, the magnitude of Vsgs 1s negative when
middle word lines or higher word lines are being programmed
to prevent or reduce program disturb associated with DIBL.

During phase (2), the bit line voltage of a program-inhib-
ited NAND string 1s allowed to rise to a predetermined volt-
age given by VBL_inhibit (FIG. 9(E)). When the bit line
voltage of the program-inhibited NAND string rises to
VBL_inhibit, the program-inhibited NAND string will float
when the gate voltage on the SGD transistor 424 drops to
V_SGD. In one embodiment, the voltage VBL_inhibit
depends on which word line 1s selected for programming.

At the same time, the bit line voltage of a programming
NAND string 1s either pulled down to VBL_Select or main-
tained at VBL_Select if already there (FIG. 9((G)). In one
embodiment, the voltage VBL_Select depends on which
word line 1s selected for programming.

Also during phase (2), the bit line voltage of NAND strings
that are undergoing slow programming 1s set to an nterme-
diate voltage given by VBL_QPW (FIG. 9(F)). The voltage
VBL_QPW 1s between VBL_Select and VBL_inhibit. The
voltage VBL_QPW allows the selected memory cell to pro-
gram, but at a slower rate than 11 VBL_Select were used. In
one embodiment, the voltage VBL_QPW depends on which
word line 1s selected for programming.

Also during phase (2), the voltage on the common source
line 1s set to voltage given by V_Cell_Source (FIG. 9(H)). In
one embodiment, the voltage V_Cell_Source depends on
which word line 1s selected for programming.

During phase (3), the drain select line (SGD) connecting to
the SGD transistors 424 of NAND strings has 1ts voltage
lowered to V_SGD. In one embodiment, this will float only
those program-inhibited NAND strings where their bit line
voltage 1s comparable to V_SGD, since their SGD transistors
424 are turned off (FIGS. 9(B) & 9(FE)). As for the NAND
strings containing a memory cell to be programmed, their
SGD transistors 424 will not be turned off relative to the bit
line voltage (e.g., near OV) at their drain. In one embodiment,
the voltage V_SGD depends on which word line 1s selected
for programming.

In one embodiment, the voltage V_SGD depends on the
location of the selected word line 1n order to prevent or elimi-
nate effects of DIBL. For example, the SGD transistors 424 of
unselected NAND strings may be kept off despite their Vth
being lowered by DIBL. In one embodiment, the magmitude
ol V_SGD 1s lower for higher selected word lines, which may
keep the SGD transistors 424 turned oil despite possible
DIBL.

In one embodiment, the magnitude of V_SGD depends on
the location of the selected word line 1n order to prevent or
climinate el

ects of GIDL. For example, the magnitude of
V_SGD may be higher when the selected word line 1s near the
SGD transistors 424 (relative to when the selected word line
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1s a middle word line, for example). This increase in V_SGD
may prevent leakage of charge from the boosted channel due
to GIDL.

During phase (4), the memory cells in a NAND string not
being programmed have their control gate voltage set to
VPASS (FIG. 9(C)). Also, the memory cell being pro-
grammed may have its control gate voltage set to VPASS
(F1G. 9(D)). Since a program-inhibited NAND string 1s float-

ing, the VPASS applied to the control gates of the memory
cells boosts up the voltages of their channels. For the sake of
discussion, the entire NAND string may be considered to
have a channel. Thus, 1t may be stated that VPASS boosts the
channel voltage of the NAND string. VPASS may be set to
some ntermediate voltage (e.g., ~10V) relative to Vpgm
(e.g., ~15-24V). Depending on the boosting scheme being
used, the value of VPASS is not required to be the same for
cach unselected word line.

Program Phase: During phase (5), a programming voltage
Vpgm is applied to the control gate of a memory cell selected
for programming (FIG. 9(D)). This may be achieved by
applying Vpgm to the selected word line. The memory cells
under program inhibition (e.g., with boosted channels) will
not be programmed. The memory cells under programming
will be programmed. Note that Vpgm may also contribute to
channel boosting. Applying program conditions that depend
on which word line 1s selected may prevent or substantially
reduce the boosted channel voltage from reducing during the
program phase.

In one embodiment, the duration of the program pulse
(e.g., duration of phase 5) depends on the location of the
selected word line. This may help to reduce or eliminate
program disturb.

In the Discharge Phase: During phase (6), the various con-
trol lines and bit lines are allowed to discharge.

Any combination of the selected word line dependent sig-
nals discussed in connection with FIG. 9 may be used
together when programming non-volatile storage.

Selected Word Line Dependent Programming,
Voltage Pulse Width

In one embodiment, the width (or duration) of a program-
ming pulse depends on the location of the word line that 1s
selected for programming. As one example, a shorter width
may be used when programming edge word lines. Using a
shorter width for the programming pulse for edge word lines
may reduce program disturb on those word lines. If the pro-
gramming pulse used for other word lines 1s too short, then a
problem such as poor programming for the far end of the word
line may occur.

Each word line does not necessarily have the same physical
characteristics. For example, some word lines may be wider
than others. As a specific example, edge word lines may be
wider than other word lines. A possible reason for this 1s due
to limitations of the lithography process used to form the
word lines. There may also be differences in doping profiles
used 1n the substrate near edge word lines compared to other
word lines. Differences in physical characteristics (not nec-
essarily those physical characteristics just mentioned) may
result in different optimum widths for programming voltages.

In one embodiment, the pulse width for each selected word
line 1s such that Er-A failures are minimized, or at least close
to the minimum. FIG. 10 1s a graph that shows Er-to-A fail-
ures versus program pulse width for selected word lines 1n
various positions along a NAND string. Referring to FIG. 10,
for any given word line there may be an optimum program
pulse width to reduce Er-A failures. Curve 1001(1) 1s for edge
word lines, whereas curve 1001(2) 1s for middle word lines.
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As the programming pulse width 1s made shorter, the Er-A
tailures may be reduced up to a point. However, at some point,
the Er-A failures may become greater as the program pulse
width 1s further reduced. Also note that the optimum pulse
width for edge word lines may be shorter than for middle
word lines.

A possible reason for higher Er-A fails when the program
pulse width 1s too short 1s that a higher magnitude of program
voltage may be needed to complete the programming of the
word line. Needing to use a higher magnitude program volt-
age can increase program disturb, which counters the benefi-
cial effect of a shorter program pulse width.

In one embodiment, a program pulse width 1s determined
tor each word line position based on how many program loops
it takes to complete programming each word line. This may

help to reduce failures due to problems such as program
disturb.

In one embodiment, the program pulse width depends on
the selected word line. In one embodiment, the program pulse
width depends on the width of the selected word line. In one
embodiment, a shorter program pulse width 1s used for edge
word lines. In one embodiment, a program pulse width 1s
determined for each word line position based on the number
of program loops it takes to complete programming each
word line. Prior to discussing various program processes in
which the program pulse width depends on the selected word
line, some word line dependent characteristics will be dis-
cussed.

FIGS. 11A, 11B, and 11C show example graphs of Vth
distribution widths versus program pulse widths. FIG. 11A 1s
for the A-state, F1G. 11B 1s for the B-state, and FIG. 11C 1s for
the C-state. Each graph shows two example curves for edge

word lines and two examples for “middle word lines.” In FIG.
11A, 1101(a) 1s for the lowest edge word line, 1101(b) and

1101(c) are middle word lines, 1101(d) 1s the highest edge
word line. In FIG. 11B, 1102(a) 1s for the lowest edge word
line, 1102(b) and 1102(¢) are for middle word lines, 1102(d)
1s for the highest edge word line. In FIG. 11C, line 1103(a) 1s
for the lowest edge word line, 1103(b) and 1103(c) are for
middle word lines, 1103(d) 1s for the highest edge word line.
The middle word lines may be about 1n the midpoint of the
NAND string.

These graphs 1n FIGS. 11B and 11C show that the Vth
distribution may become wider with shorter programming
pulse width for all word lines, at least for the B- and C-states.
The Vth distribution width for the A-state might not depend
on program pulse width as heavily as 1t does for other data
states, although for some devices and programming processes
this may be a possibility.

Referring to FIGS. 11 A-11C, the edge word lines may have
a tighter Vth distribution for a given pulse width than the
middle word lines. Also, the “cliff”” may occur at a lower
program pulse width for the edge word lines than for the
middle word lines (see FIGS. 11B and 11C). The cliff refers
to the point at which the Vth distribution widening begins to
increase rapidly with shorter program pulse width. Since the
cliff may be lower for the edge word lines (at least for some
data states), the edge word lines may be more tolerant to
shorter program pulse widths.

FIG. 12 shows a graph of program loop count versus pro-

gram pulse width. The graph shows two curves for edge word
lines (1201(a), 1201(1)) and four curves for middle word lines

(1201(b), 1201(c), 1201(d), 1201(e)). These edge word lines
may be WLO and WL63, as one example. However, there may
be more or fewer word lines. The middle word lines may be

WL1, WL32, WL33, and WL62. Thus, 1n this example, there
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1s one edge word line at each end of the NAND string. As
noted earlier, 1n some contexts there may be more than one
edge word line at each and of the NAND string. The number
of program loops may increase with decreasing program
pulse width. Note that the edge word lines may program faster
than the middle word lines across all program pulse widths. In
one embodiment, to achieve the same program loop (program
performance) for edge WLs and middle WLs, a shorter pro-
gram pulse width may be used on edge WLs.

FIGS. 13A and 13B are graphs that show word lines RC
dependence. FIG. 13A 1s for a relatively long program pulse

width. FIG. 13B 1s for a relatively moderate program pulse
width. Curves 1301(a) and 1301(b) are for edge word lines.
Curves 1301(c) and 1301(d) are for middle word lines. Each
curve 1301(a)-1301(d) shows the average Vth of memory
cells at different points along the selected word line. In this
example, each word line may be programmed pulse by pulse
without verity. The memory cells may be grouped into seg-
ments, based on physical location. For example, memory
cells may be grouped into 72 segments (segments 0-71) for
purposes of analysis. The Vth for each memory cell in a given
segment may be averaged to produce an average Vth for that
segment. The Vth difference between segment 0 and segment
71 may be a measure of RC delay along the word line.

Note that when the program pulse width 1s shorter (FIG.
13B), the middle word lines 1301(c), 1301(d) show a signifi-
cant drop 1n Vth for the higher segments. This may be due to
significant RC delay when programming the middle word
lines. However, the edge word lines 1301(a), 1301(b) do not
show as much of a drop 1n Vth for higher segments. This may
be due to there being less RC delay for edge word lines. Word
line width may affect RC delay. As one example, edge word
lines may be wider, thus having less RC delay. For some
devices, even word lines and odd word lines have different
widths. Therefore, even and odd word lines may have ditier-
ent RC delay.

Reterring now to FIG. 13A, neither the edge 1301(a), 1301
(b) nor the middle word lines 1301(c), 1301(d) show as much
of a drop 1n Vth for the higher segments. As noted, the pro-
gram pulse width 1s longer in this case. Therefore, the RC
delay along the word line may not be as important since the
pulse width 1s longer.

Characteristics of the lithographic process used to form the
word lines may determine the width of word lines. For
example, the intent may be to form all word lines with the
same width, edge word lines may end up wider than middle
word lines. A possible reason for this 1s that the edge word
lines are near select lines, which may be intended to be
significantly wider than word lines. For some lithographic
processes when parallel lines are formed, the process may
work best 1f the lines are of the same width. However, since an
edge word line 1s located between relatively narrow middle
word lines and a relatively wide selected line, the edge word
line may end up larger than middle word lines.

In view of the difference 1n RC delay for different word
lines, programming 1n accordance with one embodiment uses
shorter program pulse widths for word lines having less RC
delay. In one embodiment, edge word lines have less RC
delay than middle word lines. For some devices, the word
lines with less RC delay may be otherwise. One factor 1n
having less RC delay may be the width of word lines. How-
ever, there may be other factors.

FI1G. 14 1s atlowchart of one embodiment of a process 1400
ol programming non-volatile storage. In step 1402, a pro-
gramming voltage 1s applied to a selected word line that has a
duration that depends on the width of the selected word line.
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The duration of the program voltage may be defined as a
program voltage pulse width. Process 1400 may be used to
implement a portion of step 820 from FIG. 8. Specifically,
applying a program voltage to a selected word line 1s one of
the program conditions of step 820. Referring to FIG. 9(D),
step 1402 1s one embodiment of applying Vpgm during the
program phase. Thus, the time duration of phase (5) depends
on the selected word line, in one embodiment. Various other
signals depicted 1n FIG. 9 may also be applied during process
1400. Zero or more ol these signals may have 1ts value depend
on the selected word line.

Step 820 may be performed multiple times to program the
selected word line. In one embodiment, the same program
pulse width 1s used for each program loop when program-
ming the selected word line. However, the program pulse
width could be changed with the number of program loops.

In one embodiment, a shorter pulse width 1s used 1n step
1402 for wider word lines (and wider for more narrow word
lines). In one embodiment, edge word lines are wider than
middle word lines. Thus, a shorter program pulse width may
be used for edge word lines than for middle word lines.

FI1G. 151s a flowchart of one embodiment of a process 1500
of programming non-volatile storage. Process 1500 describes
programming a lowest word line, a middle word line, and a
highest word line. By alowest word line, 1t 1s meant the lowest
word line for which user or system data 1s stored. There may
also be one or more dummy word lines 1n between the lowest
word line and the source side select line. Likewise, by a
highest word line, 1t 1s meant the highest word line for which
user or system data 1s stored. There may also be one or more
dummy word lines in between the highest word line and the
drain side select line. The lowest and highest word lines may
be referred to as “edge” word lines. For memory devices in
which the edge word lines are wider than the middle word
lines, process 1500 1s one implementation of step 1402 from
process 1400.

Process 1500 describes programming signals that are
applied to three different word lines for the same point 1n the
programming process when different word lines are selected
for programming. As noted, the programming process has a
number of program loops (or steps). By the same point 1t 1s
meant the loop (or program step). This could be the 1nitial
program loop or some other program loop.

In step 1502, a programming signal having a first pulse
width 1s applied to alowest word line. Referring to FIG. 2, this
may be applied to WLO. Referring to FIG. 3, this may be
applied to WLO. Referring to FIG. 5A, this may be applied to
WLO. Step 1502 1s one embodiment of step 820 from process
800. In one embodiment, step 1502 1s for the first program
pulse that 1s applied to the lowest word line (e.g., first iteration
of process 800). Referring to FIG. 9(D), step 1502 1s one
embodiment of applying Vpgm during the program phase.

There 1s a dashed line between step 1502 and 1504 to
indicate that other programming signals may be applied to the
lowest word line to complete 1ts programing before proceed-
ing on to program the middle word line. In step 1504, a
programming signal having a second pulse width 1s applied to
a middle word line. In one embodiment, the programming
signal 1s applied to any word line between the lowest and
highest word lines. However, there may be more than one
edge word line at each end of the string of memory cells (e.g.,
NAND string). For example, there might be two or three edge
word lines at each end. Thus, the middle word line 1s not
necessarlly any word line between the lowest and highest
word lines. The second pulse width 1s longer than the first
pulse width. In one embodiment, step 1504 1s for the first
program pulse that 1s applied to the middle word line (e.g.,
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first 1teration of process 800). Referring to FIG. 9(D), step
1504 1s one embodiment of applying Vpgm during the pro-
gram phase.

In step 1506, a programming signal having a third pulse
width 1s applied to a “highest” word line. Again, the dashed
line between steps 1504 and 1506 indicates that other pro-
gramming signals may be applied to the middle word line to
complete 1ts programming prior to going on to program the
highest word line. Also, note that numerous middle word lines
may be programmed. The highest word line may be the word
line that 1s closest to the SGD transistor 424, and that 1s used
to store user or system data. Referring to FIG. 2, this may be
applied to WL3. Referring to FIG. 3, this may be applied to
WL7. Referring to FIG. 5A, this may be applied to WL63.
The third pulse width 1s shorter than the second pulse width.
The third pulse width may be the same, shorter than, or longer
than the first pulse width. In one embodiment, step 1306 1s for
the first program pulse that 1s applied to the highest word line
(e.g., first 1teration of process 800). Referring to FIG. 9(D),
step 1506 1s one embodiment of applying Vpgm during the
program phase. Various other signals depicted 1n FIG. 9 may
also be applied during process 1300. Zero or more of these
signals may have its value depend on the selected word line.

Thus, 1n one embodiment, process 1500 includes applying,
a programming signal for a given program loop having a
shorter pulse width when either the lowest word line or the
highest word line 1s selected for programming than the pulse
width used to program at least one other word line of the
plurality of word lines.

For some devices, the lowest word line and the highest
word line may be wider than middle word lines. In this case,
process 1500 may be used to implement step 1402. In other
words, process 1500 may result in applying a program volt-
age whose duration depends on the width of the selected word
line. One possible reason for the edge word lines being wider
than others 1s due to the lithographic process used to form the
word lines. For some devices, the select lines (e.g., SGD and
SGS 1 FIG. 5A) are wider than the word lines. For some
lithographic processes, this may result 1n edge word lines
printing somewhat wider than other word lines. Note that for
other lithographic processes other word lines could be wider.

FIG. 16 1s a flowchart of one embodiment of a process 1600
of programming non-volatile storage that involves determin-
ing a width of a program pulse. Referring to F1G. 9, process
1600 may be used to determine the time duration of the
program phase.

In step 1602, a width of a program pulse for the selected
word line 1s determined. In one embodiment, this determina-
tion 1s made by accessing a table. FIG. 17 shows details of one
embodiment of a process 1700 for determining a width for a
particular word line. Process 1700 may be used to create the
table accessed 1n step 1602.

In step 1604, a programmuing signal with the width (or time
duration) determined 1n step 1602 1s applied to the selected
word line. Step 1604 may be repeated until all memory cells
on the selected word line are programmed. Various other
signals depicted in FIG. 9 may also be applied during process
1600. Zero or more of these signals may have its value depend
on the selected word line.

If there are more word lines to program, then process 1600
returns to step 1402. In one embodiment, word lines in a block
are programming sequentially from lowest to highest. How-
ever, word lines may be programmed 1n any order.

FIG. 17 1s a tlowchart of a process 1700 of determining
suitable pulse widths for programming signals for word lines,
depending on their position. The process 1700 may be per-
formed on a sample block, with the results being used to
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program other blocks. The sample block may be in the same
storage device as the other blocks, but this 1s not required.

Some storage devices have more than one memory die. In this
case, the sample block may be on the same memory die or
another memory die.

In step 1702, each word line 1n the sample block 1s pro-
grammed. A process such as the one 1n FIG. 8 may be used to
program each word line. In one embodiment, the starting
voltage (Vpgm) may be the same for each word line. As one
example, for the first program loop, the pulse 752 depicted 1n
FIG. 7B may be applied separately to each word lines when 1t
1s the word line selected for programming. For the second
program loop, the pulse 754 may be applied. Pulse 756 may
be applied for the third loop, pulse 738 for the fourth loop. For
additional loops, the pulse magnitude may be increased fur-
ther. This allows for each word line to receive the same
programming voltage (magnitude and duration) for each pro-
gram loop. Note that the same pulse width may be used such
that each word line receives similar programming voltages.
Also note that 1t 1s not required to use the sequence of pulses
as depicted in FIG. 7B. For example, the voltage magnitude 1s
not required to increase with each program loop.

In step 1704, the number of program loops that 1t took to
complete programming each word line 1s determined. Refer-
ring back to FIG. 8, recall that the program voltage may be
incremented with each loop (although increasing Vpgm each
loop 1s not required). Thus, one alternative 1s to determine the
final program voltage for each word line. Stated another way,
for some programming processes, determining the final pro-
gram voltage may be the equivalent of determining the num-
ber of program loops.

In step 1706, a pulse width pattern for programming word
lines 1n other blocks 1s determined. By a pulse width pattern
it 1s meant a pulse width for a word line selected for program-
ming at each position. For example, a table may be con-
structed with an entry for each word line and a suitable pulse
width. However, 1t 1s not required that the table has a unique
entry for each word line. In one embodiment, word lines are
grouped 1into zones, with each word line 1n the zone having the
same pulse width. These zones may be physically contiguous
word lines. Any number of zones may be used. One zone may
have a different number of word lines than another zone. In
one embodiment, the table has a zone for edge word lines and
a zone for all middle word lines. In one embodiment, the table
has one zone for edge word lines near the SGS transistor 406
and one zone for edge word lines near the SGD transistor 424
(and one or more zones for middle word lines). In one

embodiment, the table formed 1s process 1700 1s used 1n step
1602 of FIG. 16.

Selected Word Line Dependent Select Gate
Diffusion Region Voltage

One problem that may occur when programming NAND
strings 1s leakage of current from a boosted channel. This
current leakage can reduce the boosted channel potential of
inhibited NAND strings. Therefore, program disturb may
occur. FIG. 18A shows a NAND string that 1s inhibited from
programming. A voltage V_BL _Inhibit 1s applied to the bit
line contact 426. A boosting voltage Vpass 1s applied to
control gates of unselected memory cells. A program voltage
Vpgm 1s applied to the control gate of the selected memory
cell. V...and V., are applied to the SGS transistor 406 and
the SGD transistor 424, respectively. In this example, a volt-
age Vegp 1s applied to gates of dummy memory cells. This
voltage may help to reduce GIDL. Note that neither the
dummy memory cells, nor applying Vgp to the dummy
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memory cells 1s a requirement. However, even 1f a voltage
Vep 1s applied to the dummy memory cells, there still may be
GIDL, as discussed below.

FIG. 18 A shows a boosted NAND string having SGS leak-
age current and SGD leakage current. FIG. 18A shows an
SGS leakage current that may occur across the channel of the
SGS transistor 406, and an SGD leakage current that may
occur across the channel of the SGD transistor 424. This
leakage current may be due, at least 1n part, to punch-through
conduction. One factor 1n this leakage current 1s the magni-
tude of the boosted channel potential relative to the source
431 or drain 432 of the select transistors 406, 424. For
example, for SGS transistor 406, the boosted channel poten-
tial may be a higher voltage than the voltage applied to the
source line contact 404. Also, the boosted channel potential
may be higher than the bit line voltage, Vbl_inhibit, that 1s
applied to bit line contact 426.

Another possible factor 1n current leakage 1s the channel
length of the SGS and SGD transistors 406, 424. As memory
devices continue to scale down, it 1s desirable to reduce the
length of the gate of the SGS and SGD transistors 406, 424.
However, reducing the length of the gate can increase the
leakage current for inhibited NAND strings during program-
ming. As noted, one factor in the increased leakage current
may be punch-through conduction.

In one embodiment, the magnitude of the voltage that 1s
applied to a terminal of an SGS or SGD select transistor 406,
424 of a NAND string depends on the location of the word
line that 1s selected for programming. In one embodiment, the
terminal 1s either a source 431 or a drain 432. In one embodi-
ment, the magnitude of the voltage applied to the bit line
depends on the location of the word line selected for program-
ming. The bit line may be 1n electrical contact with the drain
432 of an SGD transistor 424. In one embodiment, the mag-
nitude of the voltage applied to the common source line
depends on the location of the word line selected for program-
ming. The common source line may be 1n electrical contact
with the sources 431 of SGS transistors 406 of NAND strings.

Applying a selected word line dependent voltage to a
source 431 or drain 432 of, respectively, an SGS or SGD
select transistor 406, 424 may reduce or eliminate punch-
through current leakage. For example, this may eliminate
current from leaking from a boosted channel of a NAND
string across the channel of an SGS or SGD select transistor
406, 424 at the end of the NAND string. Reducing or elimi-
nating the punch-through leakage helps to keep the channel
potential boosted. Therefore, program disturb may be
reduced or eliminated.

FIG. 191s atlowchart of a process 1900 of one embodiment
of programming non-volatile storage that may counteract
punch-through leakage. In process 1900 the magnitude of the
voltage that 1s applied to a diffusion region 431, 432 of at least
one of the select transistors 406, 424, depends on the location
of the selected word line. Process 1900 may reduce or elimi-
nate punch-through conduction, which may reduce or elimi-
nate program disturb. Process 1900 may be used to program
memory cells of NAND strings each having a first select
transistor at a first end and a second select transistor at a
second end. Process 1900 1s one embodiment of applying
program conditions as mdicated in step 820 of process 800.

In step 1902, voltage 1s applied to a diffusion region 431,
432 of a select transistor 406, 424 of at least one of the NAND
strings. Note that the diffusion region 431, 432 1s on the
opposite of the select transistor 406, 406 as the NAND string
channel. The magnitude of the voltage applied to the diffusion
region 431, 432 depends on the location of a selected word
line on the NAND strings. In one embodiment, the voltage 1s
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applied to a contact to a NAND string. The contact may be a
bitline contact 426 or a source line contact 404. When applied
to a bitline, the voltage 1s applied to bitlines associated with
NAND strings that are not selected for programming, 1n one
embodiment. In one embodiment, the voltage 1s first applied
during a bit line pre-charge and boosting phase (see FI1G. 9).
In one embodiment, the voltage continues to be applied dur-
Ing a program phase.

In one embodiment, the voltage 1s applied to the bit line (or
bit line contact 426) associated with inhibited (or unselected)
NAND strings. Stated another way, the voltage 1s applied to
the (drain) diffusion region 432 of SGD transistors 424 of
inhibited NAND string. Referring to FIG. 9(E), the value of
VBL_1inhibit 1s selected based on which word line 1s being
programmed, 1n one embodiment of step 1902.

In one embodiment of step 1902, the voltage 1s applied to
the (source) diffusion region 431 of an SGS transistor 406. In
one embodiment, the voltage 1s applied to the common source
line (or source contact 404) associated with the NAND
strings. Referring to FIG. 9(H), the value of Vcell_src 1s
selected based on which word line 1s being programmed, 1n
one embodiment of step 1902.

In step 1904, a program voltage 1s applied to the selected
word line while applying the voltage to the diffusion region of
the select transistor 406, 424. Referring to FIG. 9(D), Vpgm
may be applied to the selected word line during the program
phase.

FIG. 20A shows relative values for Vcel src versus word
lines 1n accordance with one embodiment. As noted, Vcel_src
may be applied to the common source line during a program
operation (see FIG. 9(H), for example). In this embodiment,
word lines are divided into three zones. In general, there may
be two or more zones. In this embodiment, Vcel src has the
highest magnitude for the lowest word lines (e.g., WLO to
WLx-1). There may be one or more word lines 1n this first
zone. In this embodiment, Vcel_src has a medium magnitude
tor the middle word lines (e.g., WLx to WLy-1). There may
be one or more word lines 1n this second zone. In this embodi-
ment, Vcel_src has the lowest magnitude for the highest word
lines (e.g., WLy to the highest WL). There may be one or more
word lines 1n this third zone.

Referring again to FIG. 18A, using a higher voltage for
Vcel_src for the lowest word lines may reduce SGS leakage
current. Recall that F1IG. 18A 1s for an inhibited NAND string
with a boosted channel. Typically, Vcel_src 1s lower 1n mag-
nitude than the channel potential of a boosted NAND string.
Theretfore, there may be a sigmificant voltage from NAND
channel to the diffusion region 431 of the SGS transistor 406.
Thus, there may be a significant voltage across the channel of
the SGS transistor 406. Stated another way, there 1s a signifi-
cant Vds voltage for the SGS transistor 406. Consequently,
there may be a significant E-field across the channel of the
SGS transistor 406.

Increasing the magnitude of Vcel_src reduces this Vds
voltage for the SGS transistor 406. In other words, the E-field
across the SGS transistor 406 may be reduced. Consequently,
the SGS leakage current may be reduced. In turn, this means
that the channel boosting may be improved. For example, the
voltage of the boosted channel may be better maintained
because the SGS leakage current may be reduced. Therelore,
program disturb may be reduced or eliminated.

However, increasing the magnitude of Vcel_src may 1tself
cause problems. One possible problem 1s the risk of junction
stress for the source line contact which may cause undesired
junction leakage. Another undesired leakage path may occur
during programming. NAND strings that have a memory cell
currently being programmed may have a channel voltage of
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about 0V, or some other voltage that 1s significantly lower
than the boosted channel voltage of inhibited NAND strings.
If the value of Vcel_src 1s allowed to go too high, then there
could possibly be some current leakage from the common
source line 1to the channels of NAND strings undergoing,
programming. This current leakage could be significant and
may lead to undesirable power consumption.

Another factor to consider i1s that the magnitude of the
boosted channel voltage may depend on which word line 1s
being programmed. For example, the channel may boostto a
higher potential when lower word lines are selected. In one
embodiment, word lines are programmed in general from
lowest word line to highest (note that 1t 1s not required to
strictly follow this sequence). Thus, when the lower word
lines are being programmed, drain side memory cells are still
in the erase state. A memory cell that 1s erased may be more
elfective at boosting the channel voltage than a memory cell
that 1s programmed to a higher data state.

Thus, when the lowest word lines are being programmed,
the channel might boost to a higher voltage. This higher
channel voltage could result 1n punch through conduction of
the SGS transistor 406, 1f the value of Vcel src were not
increased. However, the embodiment depicted in FIG. 20A
uses a higher Vcel_src when programming lower word lines.
Therefore, SGS leakage current may be reduced or elimi-
nated.

However, the embodiment depicted in FIG. 20A uses a
lower Vcel_src when programming the highest word lines.
For some boosting schemes, the channel voltage might not be
that high (at least at the source end) when programming the
highest word lines. Therefore, the value of Vcel_src may not
need to be raised for this case to prevent punch through
conduction at the SGS transistor 406. By not using a higher
Vcel_src, the risk of current leaking from the common source
line to the channels of selected NAND strings may be
avoided.

The embodiment depicted in FIG. 20A also shows amiddle
zone for word lines 1n the middle. There may be word lines 1n
the middle for which the amount of channel boosting (at least
at the source end) 1s not quite as high as the case for the lowest
word lines, but high enough such that SGS leakage current 1s
a significant problem. For these middle word lines, using the
middle value for Vcel_src may reduce or eliminate SGS leak-
age current, while putting less stress on the source contact
junction. Thus, less (or no) current leaks from the common
source line to the channels of selected NAND strings.

As noted above, there may be any number of zones of
different values for Vcel src. In one embodiment, the value of
Vcel_src decreases for zones having higher word lines.

FIG. 20B depicts a flowchart of one embodiment of a
process 2000 of programming non-volatile storage. Process
2000 1s one embodiment of process 1900. In step 2002, a
voltage that depends on the location of the word line that 1s
selected for programming 1s applied to the common source
line. Referring to FI1G. 9(H), the value of Vcell_src 1s selected
based on the location of the word line being programmed, 1n
one embodiment.

In one embodiment, step 2002 includes applying a first
voltage to a source line contact 404 11 the selected word line 1s
in a {irst group of one or more word lines, and applying a
second voltage to the source line contact 404 i1 the selected
word line 1s 1n a second group of the word lines. Referring to
FIG. 20A, the first group of word lines (e.g., WLO to WLx-1)
1s closer to the SGS transistor 406 than the second group of
word lines (e.g., WLx to WLy-1 or WLy to the highest word
line), in one embodiment. The first voltage (e.g., Vcel_src__ 1)
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1s greater than the second voltage (e.g., Vcel_src_ 2 or
Vcel_src_ 3), in one embodiment.

In step 2004, a program voltage 1s applied to the selected
word line while applying the voltage to the common source
line. Referring to FIG. 9(D), the voltage Vpgm may be °
applied to the select word line during the program phase.
Various other signals depicted 1n FIG. 9 may also be applied
during process 2000. Zero or more of these signals may have
its value depend on the location of the selected word line.

In one embodiment, the voltage applied to bit lines asso-
ciated with NAND strings that are not selected for program-
ming depends on the location of the selected word line. FIG.
21A shows relative values for Vbl inhibit versus word lines
in accordance with one embodiment. Vbl_inhibit may be
applied to the bit line of unselected NAND strings during a
program operation (see FIG. 9(E), for example). In this
embodiment, word lines are divided into three zones. In gen-
cral, there may be two or more zones. In this embodiment,
Vbl_inhibit has the highest magnitude for the lowest word 20
lines (e.g., WLO to WLm-1). There may be one or more word
lines 1n this first zone. In this embodiment, Vbl 1nhibit has a
medium magnitude for the middle word lines (e.g., WLm to
WLn-1). There may be one or more word lines 1n this second
zone. In this embodiment, Vbl_inhibit has the lowest magni- 25
tude for the highest word lines (e.g., WLn to the highest WL).
There may be one or more word lines 1n this third zone.

Referring againto FI1G. 18 A, typically, Vbl_inhibitis lower
in magnitude than the channel potential of a boosted NAND
string. Therefore, there may be a significant voltage across the
channel of the SGD transistor 424. Stated another way, there
may be a significant voltage between the NAND channel near
the SGD transistor 424 and the diffusion region 432. There-
fore, there 1s a significant Vds for the SGD transistor 424.
Note that since the boosted NAND channel voltage may be
greater than Vbl_inhibit, the diffusion region 432 could be
considered to be the source side of the SGD transistor 424 1n
this context. As a result of the Vds, may be a significant

E-field across the channel of the SGD transistor 424. This 49
E-field may lead to SGD leakage current from the NAND
channel to the diffusion region 432.

Increasing the magnitude of Vbl_inhibitmay reduce Vds of
the SGD transistor 424. In other words, the E-field across the
channel of the SGD transistor 424 may be reduced. Conse- 45
quently, the SGD leakage current may be reduced. In turn,
this means that the channel boosting may be improved. For
example, the voltage of the boosted channel may be better
maintained because the SGD leakage current may be reduced.
Therefore, program disturb may be reduced or eliminated.

However, increasing the magnitude of Vbl_inhibit may
itsell cause problems. One possible problem i1s the risk of
junction stress for the bit line contact which may cause
increased junction leakage. Another undesired effect of using
a higher Vbl_inhibit 1s increased power consumption during
the precharging of the bitlines at the beginming of the pro-
gramming. As the bitline-to-bitline capacitance 1s not negli-
gible, a significant amount of power may be consumed during
precharging; theretore, as low as possible Vbl_inhibit may be
desired.

As previously discussed, when the lowest word lines are
being programmed, the channel might boost to a higher volt-

age. This igher channel voltage could resultin SGD leakage,
if the value of Vbl_inhibit were low enough to allow punch 65
through conduction. However, the embodiment depicted in

FIG. 21A uses a higher Vbl_inhibit for the lower word lines.
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Therefore, SGD leakage may be reduced. Note that if punch
through conduction 1s a problem with middle or upper word
lines, then a higher Vbl_inhibit could be used when those
word lines are programmed.

On the other hand, the embodiment depicted 1n FIG. 21A
uses a lower Vbl_inhibit for the highest word lines. For some
boosting schemes, the channel voltage might not be that high
(atleast at the drain end) when programming the highest word
lines. Therefore, the value of Vbl i1nhibit does not need to be
raised for this case to avoid punch through conduction.

The embodiment depicted in FIG. 21 A also shows amiddle
zone for word lines 1n the middle. There may be word lines 1n
the middle for which the amount of channel boosting (at least
at the drain end) 1s not quite as high as the case for the lowest
word lines, but high enough such that SGD leakage 1s a
significant problem. For these middle word lines, using the
middle value for Vbl 1nhibit reduces or eliminated SGD leak-
age, while putting less stress on the bit line contact junction
and also reducing power consumption during precharging.

As noted above, there may be any number of zones of
different values for Vbl inhibit. In one embodiment, the
value of Vbl_inhibit decreases for zones having higher word
lines.

FIG. 21B shows relative values for Vbl inhibit versus word
lines 1n accordance with one embodiment. Vbl_inhibit may
be applied to the bit line of unselected NAND strings during
a program operation (see FIG. 9(E), for example). In this
embodiment, word lines are divided into two zones. In gen-
eral, there may be two or more zones. In this embodiment,
Vbl_inhibit has the highest magnitude (Vbl_inhibit_B) for
the highest word lines (e.g., WLp to the highest word line).
There may be one or more word lines 1n this zone. In this
embodiment, Vbl_inhibit has lower magnitude (Vbl_in-
hibit_A) for at least some of the word lines below this. In this
example, all word lines between WLO and WLp-1 have the
voltage (Vbl_inhibit_A). However, a scheme such as
depicted 1n FIG. 21 A might be used for these lower word
lines. FIG. 21C shows one such example.

FIG. 21D shows an inhibited NAND string with a boosting,
scheme referred to as Erase Area Self Boosting (EASB). FIG.
21D depicts a cross-sectional view of an unselected NAND
string showing programmed and erased areas with erased area
seli-boosting (EASB). The view 1s simplified and not to scale.
During programming, V »,,1s provided on a selected word
line, 1n this case, WL5, which 1s associated with a selected
storage element 418.

In one example boosting scheme, when storage element
418 1s the selected storage element, a relatively low voltage,
V;oms €.8., 4V, 15 applied to a neighboring source-side word
line (WL3), while an 1solation voltage, V., €.g2., 0-2.5V, 1s
applied to another source-side word line (WL2), referred to as
an 1solation word line and V ,, . 1s applied to the remaining
word lines associated with NAND string 400 (1.e., WLO,
WL1,WL4, WL6 and WL7). V. ..1s applied to the select gate
406 and V .-, 1s applied to the select gate 424.

Assuming programming ol storage clements along the
NAND string 400 progresses from storage element 408 to
storage element 422, when storage elements associated with
WL5 1n other NAND strings are being programmed, storage
clements 408-416 will already have been programmed, and
storage elements 420 and 422 will not yet have been pro-
grammed. Note that storage element 418 1s not programmed
when the NAND string 400 1s inhibited, in this example, even
though a program voltage 1s applied on WL5. Thus, all or
some ol storage elements 408-416 will have electrons pro-
grammed into and stored 1n their respective floating gates, and
storage elements 420 and 422 can be erased or partially pro-
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grammed, depending on the programming mode. For
example, the storage elements 420 and 422 may be partially
programmed when they have been previously programmed in
the first step of a two-step programming technique.

With the EASB boosting mode, V., 1s applied to one or
more source-side neighbors of the selected word line and 1s
suificiently low to 1solate programmed and erased channel
areas 1n the substrate, at some point after boosting is initiated.
That 1s, a channel area 450 of the substrate on a source-side of
the unselected NAND string 400 1s 1solated from a channel
area 460 on a drain-side of the unselected NAND string 400.
The source side can also be considered to be a programmed
side since most or all of the associated storage elements have
been programmed, while the drain side can also be considered
to be an unprogrammed side since the associated storage
clements have not yet been programmed. Further, the channel
area 450 1s a {irst boosted region of the substrate 490 which 1s
boosted by the application otV ,..on WLO and WL 1, while
the channel area 460 15 a second boosted region of the sub-
strate 490 which 1s boosted mainly by the application of
Ve, on WLS and V,, .. on WL4, WL6 and WL7. Since
V - dominates and also because precharging 1s more effi-
cient for erased memory cells, the erased area 460 will expe-
rience relatively higher boosting than the programmed area
450. Moreover, the channel boosting may be provided for a
time period before V .-, (1s applied, at which time the channel
arcas 450 and 460 are similarly boosted.

As programming progresses to the highest word lines, the
erased area of the channel 460 will consist of fewer memory
cells having Vpass applied to their gates. However, there will
always be one with Vpgm applied. Since Vpgm 1s a higher
voltage than Vpass, the average voltage applied to the gates of
memory cells 1 the erased area may increase as higher word
lines are programmed. This may increase the boosted channel
potential. It 1s possible that the channel can boost up to a
suificiently high voltage such that punch through conduction
occurs (e.g., SGD leakage).

Referring again to FIG. 21B, in one embodiment, the bit
line voltage for mhibited NAND strings 1s increased with
higher word lines. This may prevent or reduce punch through
conduction. This may be used when EASB 1s used, but may
also be used for other boosting modes.

FIG. 21E depicts a flowchart of one embodiment of a
process 2100 of programming non-volatile storage 1n which a
bit line voltage depends on the selected word line. Process
2100 1s one embodiment of process 1900. In step 2102, a
voltage 1s applied to bit lines of unselected NAND strings.
The voltage depends on the location of the word line that 1s
selected for programming. Referring to FIG. 9(E), the voltage
VBL_inhibit may be applied. In one embodiment, this 1s first
applied during a bit line pre-charge and boosting phase. The
voltage may be maintained during a program phase.

In one embodiment, step 2102 includes applying a first
voltage to a bit line contact 426 if the selected word line 1s 1n
a first group of one or more word lines, and applying a second
Veltage to the bit line contact 426 1if the selected word line 1s
in a second group of the word lines. Referring to FIG. 21A,
the first group of word lines (e.g., WLO-WLm-1)) 1s closer to
the SGS transistor 406 than the second group of word lines
(e.g., WLmM to WLn-1 or WLn to the highest word line), 1n
one embodiment. The first voltage (e.g., Vbl_inhibit 1) 1s
greater than the second voltage (e.g., Vbl_inhibit_ 2 or
Vbl_inhibit_ 3), 1n one embodiment.

In one embodiment, step 2102 includes applying a first
voltage to bit lines of unselected NAND strings 11 the selected
word line 1s 1n a first group of one or more word lines, and
applying a second voltage to the bit lines of the unselected

10

15

20

25

30

35

40

45

50

55

60

65

28

NAND strings 11 the selected word line 1s 1n a second group of
one or more word lines. In this embodiment, the first group 1s

closer to the SGD transistor 424, and the first voltage is
greater in magnitude than the second voltage. Referring to
FIG. 21B, the first group of word lines (e.g., WLp to the
highest word line) 1s closer to the drain select transistor 424
than the second group of word lines (e.g., WLOto WLp-1), 1n
one embodiment. The first voltage (e.g., Vbl_inhibit_B) is
greater than the second voltage (e.g., Vbl_inhibit_A), 1n one
embodiment.

In step 2104, a program voltage 1s applied to the selected
word line while applying the voltage to the bit lines of unse-
lected NAND strings. Reterring to FIG. 9(D), the voltage
Vpgm may be applied.

Various other signals depicted in FIG. 9 may also be
applied during process 2100. Zero or more of these signals
may have 1ts value depend on the selected word line. In one
embodiment, step 2102 of process 2100 1s performed together
with step 2002 of process 2000. Thus, the magnitude of the
voltage applied to both the common source line and the bit
lines associated with unselected NAND strings depend on the
location of the word line selected for programming, in one
embodiment.

GIDL Protect

Another possible problem that may occur to inhibited
NAND strings during programming 1s GIDL. Referring now
to FIG. 18B, GIDL may occur due to relatively low voltage to
the gate of a SGS transistor 406. F1G. 18B shows a portion of
the NAND strmg near the SGS transistor 406. Electrons may
be generated in roughly the area depicted by the dashed
region labeled “GIDL.” There may be an Flectric Field in
which the electrons may be accelerated towards the channels
of the memory cells. Some of these electrons may be injected
into a tloating gate of a memory cell that has a program
voltage applied to 1ts control gate via hot carrier injection. In
some cases, electron injection in the floating gate of a
memory cell may occur even when a relatively low voltage,
such as Vpass, 1s applied to 1ts control gate. These additional
clectrons may increase the Vth of the memory cell further
than desired, thus creating program disturb. Note that this
problem could affect memory cells that have been pro-
grammed to any data state, as well as those intended to stay
erased.

As mentioned above, a GIDL protect voltage Vgp may be
applied to the gate of a dummy memory cell. This voltage
could be somewhat less than Vpass. Using a lower voltage
than Vpass to the dummy may reduce the E-field both close to
the SGS transistor and in the channel area 1 between SGS
and the word lines, which may reduce both GIDL and the
lateral electric field that 1s responsible for creating the hot
clectrons. However, this may not entirely eliminate GIDL or
the GIDL induced hot electron injection. It 1s not required that
there be a dummy memory cell 407 or that Vgp be applied to
the memory cell closest to the select transistor.

In one embodiment, the voltage that 1s applied to the gate of
the SGS transistor 406 during programming depends on the
position of the selected word line. This may help to reduce or
climinate program disturb due to GIDL. For some program-
ming schemes, GIDL induced program disturb for the SGS
transistor 406 may be most problematic for lower word lines.
In one embodiment, VSGS 1s increased when programming
lower word lines to reduce GIDL. Theretore, GIDL induced
hot electron injection may be reduced or eliminated for the
lower word lines. Consequently, program disturb 1s reduced
or eliminated.
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GIDL may also be a problem on the drain side of the
NAND string, as depicted 1n FIG. 18C. Referring now to FIG.
18C, GIDL may occur due to relatively low voltage to the gate
of an SGD transistor 424. FIG. 18C shows a portion of the
NAND string near the SGD transistor 424. In one embodi-
ment, the voltage that 1s applied to the gate of the SGD
transistor 424 during programming depends on the position
of the selected word line. In one embodiment, VSGD 1s
increased when programming the highest word lines (relative
to those just below this) to reduce GIDL. This may help to
reduce or eliminate program disturb due to GIDL at the drain
side.

FIG. 22A depicts a flowchart of one embodiment of a
process 2200 of programming non-volatile storage. Process
2200 1s one embodiment of step 820 of process 800. In step
2202, a voltage 1s applied to a gate of an SGS transistor 406.
The voltage depends on the location of the word line that 1s
selected for programming. Referring to FIG. 9(A), the mag-
nitude of the voltage SGS depends on the selected word line
in one embodiment. In one embodiment, SGS 1s held at this
voltage during both a bit line pre-charge (and boosting) phase
and a program phase.

In one embodiment, Vsgs might be raised about 0.5V to
prevent or reduce effects of GIDL. Vsgs could be raised by
more or less than 0.5V to prevent or reduce eflects of GIDL.
Referring to FIG. 22B, for edge word lines from WLO to
WLp-1,Vsgs_ 1 1shigherthan Vsgs_ 2 for higher word lines
(WLp to the highest word line). There may be one or more of
the edge word lines near the SGS transistor 406 for which the
higher voltage 1s applied to prevent or reduce etffects of GIDL.

In some embodiments, Vsgs does not have the same value
for all of the higher word lines. In such embodiments, the
value o1 Vsgs for the edge word line(s) near the SGS transistor
406 1s higher than the value of Vsgs for the lowest middle
word line. For example, Vsgs 1s higher for WLO than for WL1,
such that effects of GIDL are reduced or prevented.

In one embodiment of step 2202, one of a plurality of
different voltages could be applied to the gate of the SGS
transistor 406, depending on the location of the selected word
line. A highest voltage of the plurality of different voltages 1s
applied to the gate when the selected word line 1s closest to the
SGS transistor 406, in one embodiment. This may help to
prevent or reduce effects of GIDL. A relatively high voltage
may be applied to the gate when the selected word line 1s an
edge word line near the SGS transistor 406. There may be one,
two, three, or more edge word lines 1n this case.

In step 2204, a program voltage 1s applied to the selected
word line while applying the voltage to the gate of the SGS
transistor 406. Referring to FI1G. 9(D), Vpgm may be applied
to the selected word line during the program phase.

Various other signals depicted i FIG. 9 may also be
applied during process 2200. Zero or more of these signals
may have 1ts value depend on the selected word line. In one
embodiment, step 2202 of process 2200 1s performed together
with step 1902 of process 1900. Thus, the magnitude of the
voltage applied to both the gate of the SGS transistor 406 and
the diffusion region 431, 432 of one of the select transistors
406, 424 depend on the location of the word line selected for
programming, in one embodiment.

Referring again to FIG. 18C, GIDL may also occur on the
drain side of the NAND string. For some programming
schemes GIDL induced program disturb for the SGD transis-
tor 424 may be most problematic for higher word lines. In one
embodiment, VSGS 1s increased to reduce GIDL. Therefore,
GIDL 1induced hot electron injection may be reduced or elimi-
nated for the higher word lines. Consequently, program dis-
turb 1s reduced or eliminated.
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FIG. 23A depicts a flowchart of one embodiment of a
process 2300 of programming non-volatile storage. Process
2300 1s one embodiment of step 820 of process 800. In step
2302, a voltage 1s applied to a gate of a SGD transistor 424.
The voltage depends on the location of the word line that 1s
selected for programming. Referring to FIG. 9(B), the mag-
nitude of the voltage on the drain select line SGD depends on
the selected word line 1n one embodiment. Note that the
voltage on SGD might be altered during the program opera-
tion, as 1n the embodiment of FIG. 9(B). In one embodiment,
the value o1 V_SGD during the program phase depends on the
location of the selected word line. In one embodiment, the
value of V_SG during the bit line precharge and boosting
phase depends on the location of the selected word line.

In one embodiment, V_sgd might be raised about 0.5V for
edge word lines to prevent GIDL. Referring to FIG. 23B, for
edge word lines from WLq to the highest word line, Vsgd_ 2
1s higher than Vsgs__ 1. There may be one or more of the edge
word lines near the SGD transistor 424 for which the higher
voltage 1s applied to prevent or reduce effects of GIDL.

In some embodiments, Vsgd does not have the same value
for all of the lower word lines. In such embodiments, the value
of Vsgd for the edge word line(s) near the SGD transistor 424
1s higher than the value of Vsgd for the highest middle word
line. For example, Vsgd 1s higher when programming WL63
than for WL62, such that effects of GIDL associated with the
SGD transistor 424 are reduced or prevented.

In step 2304, a program voltage 1s applied to the selected
word line while applying the voltage to the bit lines of unse-
lected NAND strings. Referring to FIG. 9(D), Vpgm may be
applied to the selected word line during the program phase.

Various other signals depicted in FIG. 9 may also be
applied during process 2300. Zero or more of these signals
may have its value depend on the selected word line.

To further reduce the risk of GIDL, during programming,
with a higher value for V_SGS and/or V_SGD, all or some of
the bitline biases can also be increased. This may help to make
sure that the SGS transistor 406 and/or to maintain suificient
margins V_SGD. In one embodiment, the increase 1n the bit
line biases are about the same as the 1increase 1n the biases to
SGS and SGD. However, the increase 1n the bit line biases
could be slightly less or slightly more than the increase 1n the
biases to SGS and SGD. FIG. 24 depicts a flowchart of one
embodiment of a process 2400 of programming non-volatile
storage. Process 2400 1s one embodiment of step 820 of
process 800.

In step 2402, a voltage 1s applied to bit lines associated with
NAND strings that are selected for programming. The voltage
depends on the location of the word line that 1s selected for
programming. In one embodiment, a higher voltage 1s applied
to the selected bit lines when applying a higher voltage to the
SGS transistors 406. For example, this 1s used when program-
ming the lower edge word lines. This may help to ensure that
the SGS transistors are cut off. In one embodiment, a higher
voltage 1s applied to the selected bit lines when applying a
higher voltage to the SGD transistors 424. For example, this
1s used when programming the higher edge word lines.

Retferring to FIG. 9(G), the magnitude of the voltage
VBL_select depends on the selected word line 1n one embodi-
ment. In one embodiment, the voltage may first be applied at
about the same time that the unselected bit lines are first
charges (e.g., at the start of phase 2 1n FIG. 9). The voltage
may be maintained during the program phase.

In one embodiment, the voltage VBL_select may be about
OV for a “normal” situation when the higher voltage 1s not
used for V_sgs or V_sgd. However, VBL_select may be
raised by about the same amount as the increase in V_sgs or
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V_sgd, in one embodiment. Note that the increase in
VBL_select could be shightly less or slightly more than the
increase to V_sgs or V_sgd. As one example, VBL_select 1s
increased by about 0.5V for when edge word lines are
selected for programming. For example, VBL_select could
be about 0.5V for edge word lines and about OV for middle
word lines.

Process 2400 describes an Option A in which biases for
unselected bit lines depend on the location of the selected
word line and Option B 1s which they do not. In optional step
2404a, a voltage that depends on the location of the word line
that 1s selected for programming 1s applied to bit lines asso-
ciated with NAND strings that are not selected for program-
ming (also referred to as inhibited NAND strings). Referring,
to FIG. 9(E), the magnitude of the voltage VBL_inhibit
depends on the selected word line, in one embodiment.

In optional step 2404b, the voltage applied to bit lines
associated with NAND strings that are not selected for pro-
gramming does not depend on the location of the word line
selected for programming. Referring to FI1G. 9(E), the mag-
nitude of the voltage VBL_inhibit may be independent of the
selected word line.

In one embodiment, the voltage VBL_1nhibit may be about
2.2V for a “normal” situation when the higher voltage 1s not
used for V_sgs or V_sgd. However, VBL_inhibit may be
raised by about the same amount as the increase 1 V_sgs or
V_sgd, in one embodiment. Note that the increase in VBL_in-
hibit could be slightly less or slightly more than the increase
to V_sgsor V_sgd. As one example, VBL_inhibit is increased
by about 0.5V for when edge word lines are selected for
programming. For example, VBL _inhibit could be about
2.7V for edge word lines and about 2.2V for middle word
lines (assuming an increase of about 0.5V for V_sgd).

Using the higher value for VBL _inhibit along with the
higher value for V_sgs may help to maintain the V_sgd mar-
gins. Note that 1f the V_sgd margin 1s adequate then increas-
ing VBL,_inhibit may not be needed. Therefore, VBL_inhibit
1s not necessarily increased when increasing V_sgd for the
upper edge word lines.

Process 2400 describes an Option C in which biases for bit
lines associated with NAND strings 1in a slow programming
mode depend on the location of the selected word line and
Option D 1s which they do not. In optional step 2406a, a
voltage that depends on the location of the word line that 1s
selected for programming 1s applied to bit lines associated
with NAND strings that are selected for slow programming.
Slow programming may also be referred to as “quick pass
write” (QPW). Referring to FIG. 9(F), the magnitude of the
voltage VBL,_QPW depends on the selected word line 1n one
embodiment.

In optional step 2406b, the voltage applied to bit lines
associated with NAND strings that are not selected for slow
programming does not depend on the location of the word line
selected for programming. Referring to FIG. 9(F), the mag-
nitude of the voltage VBL_QPW may be independent of the
selected word line. Note that any combination of steps 2404
and 2406 may be performed. That 1s, option A may be used
with option C or option D. Likewise, option B may be used
with option C or option D.

In one embodiment, the voltage VBL_QPW may be about
0.7V for a “normal” situation when the higher voltage 1s not
usedforV_sgsorV_sgd. However, VBL_QPW may beraised
by about the same amount as the increase 1 V_sgs or V_sgd,
in one embodiment. Note that the increase n VBL_QPW
could be slightly less or slightly more than the increase to
V_sgsorV_sgd. As one example, VBL_QPW 1s increased by
about 0.5V for when edge word lines are selected for pro-
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gramming. For example, VBL_QPW could be about 1.2V for
edge word lines and about 0.7V for middle word lines (assum-

ing an increase of about 0.5V for V_sgs and/or V_sgd).

In step 2404, a program voltage 1s applied to the selected
word line while applying the voltage from step 2402 to the bit
lines of selected NAND strings (as well as whatever voltage 1s
applied to other bit lines in steps 2404 and 2406). Referring to
FIG. 9(D), Vpgm may be applied to the selected word line
during the program phase.

Various other signals depicted in FIG. 9 may also be
applied during process 2300. Zero or more of these signals
may have 1ts value depend on the selected word line. In one

embodiment, process 2400 1s performed with process 2200
and 2300.

Selected Word Line Dependent Select Gate Voltage

In one embodiment, the voltage applied to the gate of a
select transistor 406, 424 of a NAND string depends on the
location of the word line selected for programming. This may
climinate or mitigate effects caused by drain induced barrier
lowering (DIBL). If DIBL occurs, it may lower the Vth of a
select transistor 406, 424. If this happens, a select transistor
406, 424 that should be off may turn on, at least weakly,
wherein charge may leak from a boosted channel of an 1nhib-
ited NAND string. Applying a selected word line dependent
voltage to the gate of a select transistor 406, 424 may keep the
transistor oif, thereby preventing charge leakage from a
boosted channel. Therefore, program disturb may be reduced
or eliminated. The voltage applied to the gate of the select
transistor 406, 424 may also reduce or eliminate other effects,
such as GIDL.

In one embodiment, the voltage whose magnitude depends
on the selected word line 1s applied to the gate of an SGS
transistor 406. In one embodiment, a negative voltage 1s
applied to the gate of the SGS transistor 406 for at least some
positions of the selected word line. For example, a negative
voltage may be applied to the gate of the SGS transistor 406
when the selected word line 1s a middle word line or an edge
word line near the SGD transistor 424. This may prevent
charge leakage from a boosted channel that could occur as a
result of DIBL. However, a voltage with a greater magnitude
may be applied to the gate of the SGS transistor 406 when the
selected word line 1s an edge word line near the SGS transistor
406. This may prevent or reduce effects of GIDL. Therefore,
program disturb may be reduced or eliminated.

In one embodiment, the voltage whose magnitude depends
on the selected word line 1s applied to the gate of a SGD
transistor 424. The voltage may be selected to prevent charge
leakage from a boosted channel that could otherwise occur as
a result of DIBL.

For some boosting schemes, the channel capacitance 1s
smaller for higher word lines. Therefore, when higher word
lines are selected for programming, the voltage of the boosted
channel may drop faster for a given leakage current. In one
embodiment, a lower magnitude voltage 1s used for the gate of
the SGD transistor 424 when the selected word line 1s closer
to SGD transistor 424. In other words, the voltage may
decrease with increasing word lines. This may help compen-
sate for the smaller channel capacitance when programming
higher word lines (e.g., those closer to the SGD transistor
424).

FI1G. 25 depicts a tlowchart of one embodiment of a process
2500 of programming non-volatile storage 1n which the volt-
age applied to a gate of a select transistor depends on the
location of the selected word line. Process 2500 1s one
embodiment of step 820 of process 800. In step 2502, a
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voltage 1s applied to a gate of a select transistor 406, 424. The
voltage depends on the location of the word line that 1s
selected for programming. In one embodiment, a selected
word line dependent voltage 1s applied to the gate of an SGS
transistor 406. In one embodiment, a selected word line
dependent voltage 1s applied to the gate of an SGD transistor
424.

Referring to FIG. 9(A), the magnitude of the voltage,
V_sgs, to the source side select line SGS depends on the
selected word line 1n one embodiment. In one embodiment,
SGS 1s held at this voltage during at least a program phase. In
one embodiment, the value for the Vsgs 1s selected to mitigate
the effects of DIBL. In one embodiment, a negative value 1s
used for Vsgs when the selected word line 1s a middle word
line or an edge word line near the SGD transistor 424. This
may prevent or reduce charge leakage of boosted channels
that might otherwise occur due to increase 1n Vth of the source
side select transistor due to DIBL. In one embodiment, a
higher voltage 1s used when the selected word line 1s an edge
word line near the SGS transistor 406. In one embodiment,
V_SGS may be about 0V to prevent GIDL when program-
ming an edge word line near the SGS transistor 406. F1IG. 26 A
shows one example of values for V_sgs for step 2502.

Referring to FIG. 9(B), the magnitude of the voltage to the
drain side select line SGD depends on the selected word line
in one embodiment. In one embodiment, the value for
V_SGD during program phase depends on the location of the
selected word line. In one embodiment, the value for V_SG
during the bit line precharge and boosting phase depends on
the location of the selected word line. In one embodiment, the
value for the Vsgd 1s selected to mitigate the effects of DIBL.
In one embodiment, lower values are used for Vsgd for higher
word lines (see FIG. 26B as one example).

In step 2504, a program voltage 1s applied to the selected
word line while applying the voltage to the bit lines of unse-
lected NAND strings. Referring to FIG. 9(D), Vpgm may be
applied to the selected word line during the program phase.
Thus, 1n one embodiment, process 2500 includes applying a
control voltage to the source side select line (SGS) while
applying the program voltage, wherein the control voltage
has a magnitude that depends on the location of the selected
word line. In one embodiment, process 23500 includes apply-
ing a control voltage to the drain side select line (SGD) while
applying the program voltage, wherein the control voltage
has a magnitude that depends on the location of the selected
word line.

Various other signals depicted i FIG. 9 may also be
applied during process 2500. Zero or more of these signals
may have 1ts value depend on the selected word line. In one
embodiment, step 2502 of process 2500 1s performed together
with steps 2404-2406 of process 2400 (which may provide
protection for effects of GIDL). Thus, the magnitude of the
voltage applied to both the gate of at least one select transistor
406 and/or 424 and at least the selected bit lines (and option-
ally the unselected bit lines and bit lines for slow program-
ming NAND strings) depend on the location of the word line
selected for programming, 1n one embodiment.

FIG. 26 A shows relative values for Vsgs versus word lines
in accordance with one embodiment. As noted, Vsgs may be
applied to SGS during a program operation (see FIG. 9(A),
for example). This may provide a voltage to the gates of SGS
transistors 406. In this embodiment, word lines are divided
into three zones. In general, there may be two or more zones.
In this embodiment, Vsgs has the highest magnitude (Vsgs_
1) for the lowest word lines (e.g., WLO-WLa). There may be
one or more word lines 1n this first zone (which may be
referred to as edge word lines). In one embodiment, the value
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of Vsgs__ 1 1s about OV for the edge word lines near the SGS
transistor 406. More generally, Vsgs_ 1 1s a higher magnmitude
that at least Vsgs_ 2, in one embodiment. This may help to
prevent or reduce elfects associated with GIDL. Mitigating
clfects of GIDL has been discussed above.

In one embodiment, Vsgs has a negative value for word
lines other than edge word lines near the SGS transistor 406.
In other words, a negative voltage may be applied to the gate
of the SGS transistor 406 11 the selected word line 1s a middle
word line or an edge word line near the SGD transistor 424. In
one embodiment, Vsgs_ 2 and Vsgs_ 3 are negative. Using a
negative voltage may prevent or reduce program disturb that
might otherwise occur as a result of DIBL.

However, as noted above, to prevent or mitigate effects of
GIDL a voltage (e.g., Vsgs_ 1) that 1s greater than the nega-
tive voltage Vsgs_ 2 may be applied to the gate of the SGS
transistor 406 11 the selected word line 1s an edge word line
near the source side select transistor 406 (Vsgs_ 1 could be
about 0V, but a higher or lower voltage could be used).

In one embodiment, the magnitude of Vsgs 1s lower (e.g.,
more negative) for middle word lines (e.g., WLa to WLb-1)
than for edge word lines near the SGD transistor 424 (e.g.,
WLb to the highest word line). In this example, the value for
Vsgs_ 2 1s shown as being lower than Vsgs_ 3. However, this
1s not a requirement. Instead Vsgs_ 3 could be the same value
or lower than Vsgs_ 2.

In one embodiment, the value for Vsgs_ 2 1s between about
—0.5V to about -1.0V. In one embodiment, the value for
Vsgs_ 3 1s between about -0.5V to about —-1.0V. However,
note that the value could be lower or higher for each case. In
one embodiment, the value for Vsgs 2 1s between about
—0.5V to about -1.0V. In one embodiment, the value for
Vsgs_ 1 1s about OV; however, 1t could be lower or higher.

FIG. 26B shows relative values for Vsgd versus word lines
in accordance with one embodiment. As noted, Vsgd may be
applied to SGD during a program operation (see FI1G. 9(B),
for example). This may provide a voltage to the gates of SGD
transistors 424. In this embodiment, word lines are divided
into three zones. In general, there may be two or more zones.
In this embodiment, Vsgd has the highest magnitude (Vsgs_
1) for the lowest word lines (e.g., WLO to WLe-1). There may
be one or more word lines 1n this first zone (which may be
referred to as edge word lines).

In one embodiment, the magnitude of Vsgd 1s progres-
stvely lower for word lines 1n higher zones. In this example,
Vsgd_ 2 1s lower than Vsgd_ 1. Likewise, Vsgd_ 3 1s lower
than Vsgd_ 3. In other words, the voltage applied to the gate
of the SGD transistor 424 may be lower 11 the selected word
line 1s closer to the SGD transistor 424.

In one embodiment, the value for Vsgd_ 1 1s about 1.6V.
Voltages for Vsgd_ 2 and Vsgd_ 3 may be even lower. Note
that when programming higher word lines the capacitance of
the boosted channel may be smaller, at least for some boost-
ing schemes. Thus, using even lower voltages for higher
selected word lines may better minimize boosted charge leak-
age.

When a memory cell 1s ihibited from programming, its
channel may be boosted up to a high potential (e.g., 4V to 9V
depending on the data-pattern on the neighboring cells). Also,
the channel potential may depend on which word line 1s
selected for programming. Moreover, the channel potential
could vary from one end of the NAND string to the other,
depending on the boosting mode. For example, FIG. 21D
shows an EASB mode 1n which the channel potential for
lower word lines 1s relatively low when a higher word line 1s
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selected for programming. Therefore, the boosted channel
voltage may depend on which word line 1s selected for pro-
gramming.

During one embodiment of programming, the CELSRC
may be at a relatively low voltage (e.g., OV to 2V). As noted,
channels of inhibited NAND strings may be at a significantly
higher voltage. Thus for boosted channels, a Vds may exist
across the SGS transistor 242. I the Vds 1s high enough, 1t
may lower the Vth of the SGS transistor 406 dueto DIBL. The

lower Vth can cause the SGS transistor 406 to turn on, which
may cause boost potential leakage through the SGS transistor
406, resulting in program disturb. This phenomenon may
become even worse as the size of memory arrays continue to
scale downwards due to further scaled SGS transistor 406.

As noted, the boosted channel potential may depend on
which word line 1s being programmed, at least for some
boosting schemes. For some boosting schemes the channel
potential at the source end of the NAND string 1s greater when
lower word lines are being programmed. Thus, this DIBL
induced problem could be worse when programming lower
word lines. It may also be worse for middle word lines than
for edge word lines near the SGD transistor 424. Referring
back to FIG. 26A, Vsgs could be higher for the higher word
lines (compared to middle word lines) 1n view of the forego-
ing. However, as noted above, GIDL may also be a problem
when programming edge word lines near the SGS transistor
406. Therefore, a higher voltage may be used when program-
ming those edge word lines (relative to the lowest middle
word lines) to combat effects of GIDL.

FI1G. 27A and FI1G. 27B shows possible effects of DIBL on
the Vth of SGS transistors 406. Each show the Vth roll off due
to DIBL. Each curve shows current versus Vgs for a different

value of Vds. The label “increasing Vds” indicates which
curves have the higher Vds. In FIG. 27A, the curve for the

highest Vds has significant Vth rolloff. FIG. 27B 1s for a
transistor with a smaller channel width. In this case, two of the
curves show significant Vth roll off. Therefore, the Vth roll off
problem may become more severe with further scaling of
memory arrays.

For NAND operation, the bias, Vsgd, on the SGD transistor
424 may have an optimum range under which it should be
operated for normal program and inhibit operation. If Vsgd 1s
too high or too low, 1t can lead to certain 1ssues that can either
cause problems with inhibiting or programming the cells,
leading to higher failure bit count (FBC). Therefore, there
may be a Vsgd-window which dictates the values o1 Vsgd bias
under which the SGD transistor 424 should be operated
within.

A possible Vsgd window for 1s shown 1n FIG. 28. The
window shows an upper cliff and a lower cliff. Possible
mechanisms governing the upper and lower cliffs of the Vsgd

window are described below. Curve 2801 1s for Er-x fails.
Curve 2802 1s for A-x fails. Curve 2803 1s for B-x fails. Curve

2804 1s for C-x fails.

First, the Vsgd window upper-clitf mechanism will be dis-
cussed. This cliff may be related to boost leakage through the
SGD transistor 424 leading to Er to X fails (“X” refers to any
state above Erase). To inhibit a memory cell from program-
ming, its channel should be boosted to a high enough poten-
tial to prevent electrons from moving from the channel to the
floating gate. So that the boost potential does not leak away
through the SGD transistor 424, Vsgd should be low enough
to ensure that the SGD transistor 424 1s oif for boosted chan-
nels. I Vsgd 1s too high, then the SGD transistor 424 will turn
on and lead to boost potential leakage through the SGD tran-
sistor 424. This could cause program disturb leading to E—=A
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fails and eventually A—B, B—C fails, 1 Vsgd 1s further
raised. Thus 1n practice, the upper-clitl of Vsgd window may
be determined by E—X {fails.

Now, the Vsgd window lower-cliff mechanism will be dis-
cussed. The Vsgd window lower-cliff mechanism may be
related to QPW over-programming (OP) on memory cells in
QPW mode leading to A—X, B—=X {fails. In one embodi-
ment, a memory cell that 1s in QPW mode has 1ts associated
bitline biased to VBL_QPW. So that the full VBL_QPW 1s
passed through the SGD transistor 424 into the NAND chain,
the SGD transistor 424 should stay on. If Vsgd 1s too low, this
can cause the SGD transistor 424 to be weakly off, which may
cause the channels under QPW to get weakly boosted. A
weakly boosted channel may slow down the program speed
for the associated memory cells.

Now, consider a situation under which such a memory cell
on BLn 1s programming slowly while 1ts neighboring chan-
nels (BLn-1/BLn+1) are also programming or are in QPW
mode.

Assuming that NAND strings n—-1 and n+1 (heremafter,
BLn-1 /n+1) are either programming or slow programming,
then those channels may be at about OV or 0.9V. Assume that
on program Pulse #N one or both of the BLn-1/n+1 cells
reach their target level. Then, on Pulse #N+1, these BLn—1/
n+1 may be biased to an mhibit voltage and their channels
will be boosted up to Vboost.

Due to this sudden change 1n BLn-1/n+1 channel’s state
from a lower voltage to a high voltage (e.g., Vboost), the SGD
transistor 424 on BLn can suddenly now turn on due to the
impact of neighbor bitlines and 1ts channel. When the BLn-
1/n+1 channels are boosted, the SGD transistors may be OFF,
the drain-side of their SGD transistors 424 may be at about
Vdd, and the source-side of their SGD transistors 424 may be
at Vboost. The drain and source of the SGD transistor 424 on
BLn—-1/n+1 can act as side gates to the SGD transistor 424 on
BLn, which may turn on the channel under the SGD transistor
424 for BLn. This may cause the channel potential on BLn to
suddenly change from weakly boosted to VBL_QPW, which
may suddenly increase the program speed for those memory
cells. This increase 1n programming speed could lead to a
large Vth increase, thereby resulting 1n over-programming
(OP) failures. Assuming that the A-state and B-state use the
QPW mode, this could specifically lead to A—=B and B—C
failures (otherwise referred to as QPW-OP fails).

Next, the selected word line dependence of the Vsgd win-
dow will be discussed. FIG. 29 shows a schematic of the
difference between Vsgd window for higher edge WLs and
lower edge WLs for one possible memory device. For higher
edge WLs, the Vsgd window 1s shifted down as compared to
the lower edge WLs. Thus, for such amemory device, in order
to be at the optimum Vsgd value (center of Vsgd window)
during program for lower WLs, a higher Vsgd bias may
suitable to use, while for higher WLs a lower Vsgd bias
should be used. Other memory devices may have other char-
acteristics.

First, the upper clitf will be discussed. As explained earlier,
the upper-cliff of Vsgd-window may be due to boost leakage
from the channel through the SGD transistor 424, leading to
E—X fails. When programming lower WLs (e.g., WLn), all
higher drain-side WLs (WLn+2 and higher) may be 1n the
crased state, depending on the programming scheme used.
Thus, the channels of memory cells associated with the word
lines on the drain side of the NAND string may be fully
connected with the channel of the memory cell associated
with WLn. Also, the boosting potential underneath the erased
cells may be higher than that underneath programmed cells
(higher Vth cells may have lesser boost potential than lower
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Vth cells under the same Vpass). The net result 1s that while
programming lower WLs, the boosted channel potential may
be higher and the boosted channel capacitance may be larger.
On the other hand, for higher WLs programming, the boost
potential may be lower and the channel capacitance may be
smaller.

At Vsgd-window upper-cliff, the boost leakage can be
envisioned as a charged capacitor (channel 1n this case) leak-
ing away during the program-time. The potential for a smaller
capacitor leaks away much faster than that for a larger capaci-
tor. Thus, for higher WLs, the leakage of the boost potential
within the program-time may be larger than for lower WLs,
and hence the upper-Vsgd margin may be smaller. For the
same reason, at a given higher Vsgd value, higher WLs may
have a greater FBC than lower WLs (see FIG. 29).

Next, the lower cliff will be discussed. As explained earlier,
the lower-cliff of Vsgd-window may be due to QPW-OP on
the cells under QPW mode. The QPW-OP for a given NAND
string may occur when 1ts neighboring NAND strings chan-
nels suddenly switch from program to inhibit which may
result i 1ts SGD transistor 424 suddenly turning on due to
high potential on the drain and source side of the SGD tran-
sistors 424 of neighbor NAND strings. The drain and source
side of the neighbor SGD transistors 424 may act as side gates
tor SGD transistor 424 on NAND string n. The net impact of
this phenomena may be dependent on the net potential swing,

that occurs on the drain/source of BL.n-1/n+1 SGD transis-
tors 424. Once the BL.n-1/n+1 are inhibited, drain-side of

their SGD transistors 424 may be fixed at Vbl_inhibit, and the
source side may be at Vboost. Thus, 1 Vboost 1s high, then
more cells may be impacted by QPW-OP. As mentioned
above, the boost potential (Vboost) may be larger during
lower WLs programming. Thus, the QPW-OP 1ssue may
impact lower WLs more than the higher WLs, and hence
lower-WLs may have smaller margin on lower-side of Vsgd
window. For the same reason, at lower Vsgd values, lower
WLs tend to have more FBC (see FI1G. 29).

Thus the lower-clift and upper-clitf of Vsgd window tend
to have opposite WL-dependence as shown 1n FIG. 29. The
Vsgd window for higher WLs may be shifted lower as com-
pared to lower WLs. Therefore, 1n one embodiment, the over-
all Vsgd window 1s maximized by using a lower Vsgd when
programming higher WLs, and a higher Vsgd when program-
ming lower WLs. FIG. 26B shows one embodiment of such a
scheme. As noted, there may be any number of “zones,” each

of which may contain any number of word lines.
FIGS. 30A and 30B show Fail Bit Count (FBC) versus

word line for different values of Vsgd. FIG. 30A shows A to
X fails for lower values of Vsgd. Vsgdl 1s the very lowest
tollowed by Vsgd2 and Vsgd3. FIG. 30B shows E to X fails
for higher values of Vsgd. Vsgd6 1s the very highest with
VsgdS and Vsgd4 being lower in magnitude. All Vsgd in FIG.
30B are significantly higher than each of the Vsgd 1in FIG.
30A.

As shown 1n FIG. 30A, the lower-cliff of Vsgd window
may be dominated by A—X fails. FIG. 30B shows that the
upper-cliff 1s dominated by E—=X fails. FIG. 30A shows that
tor the lower-cliff, lower WLs a have smaller margin. FIG.
30B shows that for the upper-clitt, higher WLs have a smaller
margin. Therefore, 1n one embodiment, a lower Vsgd value 1s
used during higher WLs programming and higher Vsgd value
1s used during lower WLs programming, in order to maximize
the net Vsgd window width.

Note that the highest word line may have an exceptionally
high FBC. Thus, 1n one embodiment, a unique low Vsgd value
tor the highest WL 1s used. In other words, the value for Vsgd
when programming the highest word line 1s lower than for any
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other word line, 1n one embodiment. In one embodiment, a
umque low Vsgd value 1s used for the highest edge word lines,
such as the highest two, three, or more word lines.

One embodiment includes a method of operating non-
volatile storage, comprising applying a programming voltage
to a selected word line that has a duration that depends on the
width of the selected word line.

One embodiment includes a non-volatile storage device,
comprising a plurality of non-volatile storage elements
arranged as NAND strings, a plurality of word lines associ-
ated with the plurality of non-volatile storage elements, and
Oone or more managing circuits i communication with the
plurality of word lines. The one or more managing circuits
apply a programming voltage to a selected word line of the
plurality of word lines. The programming voltage has a dura-
tion that depends on the width of the selected word line.

One embodiment includes a method of operating non-
volatile storage, comprising programming non-volatile stor-
age clements associated with a plurality of word lines. The
non-volatile storage elements are arranged as a plurality of
NAND strings. The plurality of word lines are arranged from
lowest to highest from a first end to a second end of the
plurality of NAND strings. The programming includes apply-
ing a programming signal for a given program loop having a
shorter pulse width when either the lowest word line or the
highest word line 1s selected for programming than the pulse
width used to program at least one other word line of the
plurality of word lines.

One embodiment includes a non-volatile storage device,
comprising a plurality of non-volatile storage eclements
arranged as NAND strings, a plurality of word lines associ-
ated with the plurality of non-volatile storage elements, and
one or more managing circuits i communication with the
plurality of word lines. The word lines are arranged from
lowest to highest from a first end to a second end of the
plurality of NAND strings. The one or more managing cir-
cuits program the plurality of non-volatile storage elements
using a program signal having a pulse width. The one or more
managing circuits apply a programming signal for a given
program loop having a shorter pulse width when either the
lowest or highest word line 1s selected for programming than
the pulse width used to program at least one other word line.

One embodiment includes a method of operating non-
volatile storage, comprising the following. Non-volatile stor-
age elements associated with a plurality of word lines 1n a first
block are programmed. The non-volatile storage elements are
arranged as a plurality of NAND strings each having a {first
end and a second end, each of the word lines having a position
between the first end and the second end. A final program
voltage or a number of program loops that 1t takes to complete
the programming of each of the word lines 1n the first block 1s
determined. A pulse width duration i1s determined for each
position of the word lines based on the final program voltage
or the number of program loops. Word lines in other blocks
are programmed using the pulse width duration that was
determined for each position.

One embodiment includes a method of operating non-
volatile storage having a plurality of NAND strings. Each
NAND string may include a plurality of non-volatile storage
elements above a channel, a first select transistor at a first end
of the NAND string, and a second select transistor at a second
end of the NAND string. The first and second select transis-
tors each may have a diffusion region on the opposite side of
the select transistor from the channel region. The method
comprises applying a voltage to the diffusion region of at least
one of the first select transistors. The NAND strings are
associated with a plurality of word lines. The magnitude of
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the voltage applied to the diffusion region depends on the
location of a selected word line on the plurality of NAND
strings. The method also includes applying a program voltage
to the selected word line while applying the voltage to the
diffusion region.

One embodiment includes a non-volatile storage device
comprising a plurality of NAND strings, a plurality of word
lines associated with the plurality of NAND strings, and one
Or more managing circuits 1n communication with the plural-
ity of non-volatile NAND strings, and the plurality of word
lines. Each NAND string has a plurality of non-volatile stor-
age elements over a channel, a first select transistor at a first
end of the NAND string, and a second select transistor at a
second end of the NAND string. The first and second select
transistors each have a diffusion region on the opposite side of
the select transistor from the channel of the NAND string. The
one or more managing circuits apply a voltage to the diffusion
region of at least one of the first select transistors. The mag-
nitude of the voltage applied to the diffusion region depends
on the location of a selected word line on the plurality of
NAND strings. The one or more managing circuits apply a
program voltage to the selected word line while applying the
voltage to the diffusion region of at least one of the first select
transistors.

One embodiment includes a method of operating non-
volatile storage having a plurality of NAND strings associ-
ated with a plurality of word lines. Each of the plurality of
NAND strings are associated with a first contact at a first end
of a gtven NAND string and a second contact at a second end
of a given NAND string. The method comprises applying a
voltage that depends on the location of a selected word line of
the plurality of word lines to the first contact associated with
at least unselected NAND strings of the plurality of NAND
strings; and applying a program voltage to the selected word
line while applying the voltage.

One embodiment includes a non-volatile storage device,
comprising a plurality of NAND strings, each of the NAND
strings have a plurality of non-volatile storage elements, a
drain side select transistor, and a source side select transistor;
a plurality of word lines associated with the plurality of
NAND strings; a common source line coupled to the source
side select transistors of the NAND strings; a plurality of bat
lines, each of the bit lines 1s coupled to the drain side select
transistor associated with one of the NAND strings; and one
Or more managing circuits 1n communication with the plural-
ity of NAND strings, the plurality of word lines, the common
source line, and the plurality of bit lines. The one or more
managing circuits apply a first voltage that depends on the
location of a selected word line of the plurality of word lines
to erther the bit lines associated with the drain side select
transistors of inhibited NAND strings or the source line asso-
ciated with the source side select transistors. The one or more
managing circuits apply a program voltage to the selected
word line while applying the first voltage.

One embodiment includes a method of operating non-
volatile storage having a plurality of NAND strings and a
plurality of word lines associated with the plurality of NAND
strings. The method comprises applying a voltage to a com-
mon source line having a magnitude that depends on the
location of a selected word line on the plurality of NAND
strings; and applying a program voltage to the selected word
line while applying the voltage to the common source line.

One embodiment includes a method of operating non-
volatile storage that includes a plurality of NAND strings and
a plurality of word lines. The NAND strings each have a {irst
select transistor at a first end of the NAND string and a second
select transistor at a second end of the NAND string. The
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method comprises applying a voltage to a gate of the first
select transistor of a first of the plurality of NAND strings that
has a magnitude that depends on the location of a selected
word line of the plurality of word lines; and applying a pro-
gram voltage to the selected word line while applying the
voltage to the gate of the first select transistor.

One embodiment includes a non-volatile storage device,
comprising a plurality of non-volatile NAND strings, each
NAND string having a plurality of non-volatile storage ele-
ments and a first select transistor at a first end of the NAND
string and a second select transistor at a second end of the
NAND string, each of the first and second select transistor
having a gate; a plurality of word lines associated with the
plurality of NAND strings; a first select line coupled to the
gates of the first select transistors; a second select line coupled
to the gates of the second select transistors; and one or more
managing circuits i communication with the plurality of
NAND strings, the plurality of word lines, the first select line,
and the second select line. The one or more managing circuits
apply a program voltage to a selected word line of the plural-
ity of word lines. The one or more managing circuits apply a
voltage to the first select line while applying the program
voltage. The voltage applied to the first select line has a
magnitude that depends on the location of the selected word
line.

One embodiment includes a method of operating non-
volatile storage, comprising programming non-volatile stor-
age elements arranged as NAND strings. The NAND strings
are associated with a plurality of word lines, a drain side select
line, and a source side select line. Each NAND string has a
drain side select transistor coupled to the drain side select line
and a source side select transistor coupled to the source side
select line. The programming includes applying a program
voltage to a selected word line of the plurality of word lines,
and applying a control voltage to either the drain side select
line or the source side select line while applying the program
voltage. The control voltage has a magnitude that depends on
the location of the selected word line on the plurality of
NAND strings.

The foregoing detailed description has been presented for
purposes of illustration and description. It 1s not intended to
be exhaustive or to limit embodiments to the precise form
disclosed. Many modifications and variations are possible 1n
light of the above teaching. The described embodiments were
chosen 1n order to best explain principles and practical appli-
cation, to thereby enable others skilled 1n the art to best utilize
the various embodiments and with various modifications as
are suited to the particular use contemplated. It 1s intended
that the scope be defined by the claims appended hereto.

We claim:

1. A method of operating non-volatile storage that includes
a plurality of NAND strings and a plurality of word lines, the
NAND strings each having a source side select transistor at a
first end of the NAND string and a drain side select transistor
at a second end of the NAND string, the method comprising:

applying a voltage to a gate of the source side select tran-

sistor of a first of the plurality of NAND strings that has
a magnitude that depends on the location of a selected
word line of the plurality of word lines; and

applying a program voltage to the selected word line while

applying the voltage to the gate of the source side select
transistor.

2. The method of claim 1, wherein the applying a voltage to
a gate of the source side select transistor includes applying a
negative voltage to the gate of the source side select transistor.

3. The method of claim 1, wherein the applying a voltage to
a gate of the source side select transistor includes applying
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one of a plurality of different voltages to the gate of the source
side select transistor, a highest voltage of the plurality of
different voltages 1s applied when the selected word line 1s
closest to the source side select transistor.

4. The method of claim 1, wherein the applying a voltage to
a gate of the source side select transistor mncludes:

applying a negative voltage to the gate of the source side
select transistor if the selected word line 1s a middle
word line or an edge word line near the drain side select
transistor; and

applying a voltage that 1s greater than the negative voltage
to the gate of the source side select transistor it the
selected word line 1s an edge word line near the source
side select transistor.

5. The method of claim 1, further comprising;

applying a voltage to a gate of the drain side select transis-
tor of the first NAND string that has a magnitude that
depends on the location of the selected word line while
applying the program voltage to the selected word line,
including

applying a lower voltage to the gate of the drain side select
transistor 11 the selected word line 1s closer to the drain side
select transistor.

6. The method of claim 1, further comprising:

applying a voltage to a gate of the drain side select transis-
tor of the first NAND string that has a magnitude that
depends on the location of the selected word line while
applying the program voltage to the selected word line,
including

applying one of a plurality of different voltages to the gate of
the drain side select transistor, a highest voltage of the plu-
rality of different voltages 1s applied when the selected word
line 1s closest to the drain side select transistor.

7. The method of claim 1, wherein each of the NAND
strmgs 1s associated with a bat hne turther comprising apply-
ing a voltage to the bit lines associated with selected NAND
strings of the plurality of NAND strings that depends on the
location of the selected word line while applying the program
voltage.

8. The method of claim 7, wherein the applying a voltage to
the bit lines associated with the selected NAND strings
includes:

applying a first bit line voltage that depends on the position
of the selected word line to the bit lines associated with
NAND strings that are selected for programming while
applying the program voltage.

9. The method of claim 8, further comprising;

applying a second bit line voltage to the bit lines associated
with NAND strings that are selected for slower program-
ming while applying the program voltage, the second bit
line voltage depends on the position of the selected word
line; and

applying a third bit line voltage to the bit lines of unselected
NAND strings while applying the program voltage, the
third bit line voltage depends on the position of the
selected word line.

10. A non-volatile storage device, comprising:

a plurality of non-volatile NAND strings, each NAND
string having a plurality of non-volatile storage elements
and a source side select transistor at a first end of the
NAND string and a drain side select transistor at a sec-
ond end of the NAND string, each of the source and
second drain select transistors having a gate;

a plurality of bit lines associated with the plurality of
NAND strings;

a plurality of word lines associated with the plurality of
NAND strings;

10

15

20

25

30

35

40

45

50

55

60

65

42

a first select line coupled to the gates of the source select

transistors:

a second select line coupled to the gates of the drain select

transistors; and

one or more managing circuits in communication with the

plurality of NAND strings, the plurality of word lines,
the plurality of bit lines, the first select line, and the
second select line, the one or more managing circuits
apply a program voltage to a selected word line of the
plurality of word lines, the one or more managing cir-
cuits apply a voltage to the first select line while apply-
ing the program voltage, the voltage applied to the first
select line has a magnitude that depends on the location
of the selected word line.

11. The non-volatile storage device of claim 10, wherein
the one or more managing circuits applying a negative voltage
to the first select line while applying the program voltage.

12. The non-volatile storage device of claim 10, wherein
the one or more managing circuits apply a plurality of ditter-
ent voltages to the first select line depending on the position of
the selected word line, a highest voltage of the plurality of
different voltages 1s applied to the first select line when the
selected word line 1s closest to the first select line.

13. The non-volatile storage device of claim 10, wherein
the one or more managing circuits apply a negative voltage to
the first select line 11 the selected word line 1s a middle word
line or an edge word line near the second select line, the one
Or more managing circuits apply a voltage that 1s greater than
the negative voltage to the first select line 11 the selected word
line 1s an edge word line near the first select line.

14. The non-volatile storage device of claim 10, wherein
the one or more managing circuits apply a voltage to the
second select line while applying the program voltage to the
selected word line that has a magnitude that depends on the
location of the selected word line, the one or more managing
circuits apply a lower voltage to the second select line while
applying the program voltage i the selected word line 1s
closer to the second select line.

15. The non-volatile storage device of claim 10, wherein
the one or more managing circuits apply a voltage to the
second select line while applying the program voltage to the
selected word line that has a magnitude that depends on the
location of the selected word line, the one or more managing
circuits, the one or more managing circuits apply one of a
plurality of different voltages to the second select line while
applying the program voltage, a highest voltage of the plural-
ity of diflerent voltages 1s applied 11 the selected word line 1s
closest to the second select line.

16. The non-volatile storage device of claim 10, wherein
the one or more managing circuits apply a voltage to the bit
lines associated with selected NAND strings of the plurality
of NAND strings that depends on the location of the selected
word line while applying the program voltage.

17. The non-volatile storage device of claim 10, wherein
the one or more managing circuits apply a first bit line voltage
that depends on the position of the selected word line to bit
lines associated with NAND strings that are selected for pro-
gramming while applying the program voltage.

18. The non-volatile storage device of claim 17, wherein
the one or more managing circuits apply a second bit line
voltage to the bit lines associated with NAND strings that are
selected for slower programming while applying the program
voltage, the second bit line voltage depends on the position of
the selected word line, the one or more managing circuits
apply a third bit line voltage to the bit lines of unselected
NAND strings while applying the program voltage and the
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voltage to the first select line, the third bit line voltage
depends on the position of the selected word line.

19. A method of operating non-volatile storage that
includes a plurality of NAND strings and a plurality of word
lines, the NAND strings each having a source side select
transistor at a first end of the NAND string and a drain side
select transistor at a second end of the NAND string, the
method comprising:

applying an inhibit voltage to a bit line associated with a
first NAND string of the plurality of NAND strings;

applying a voltage to a gate of the drain side select transis-
tor of the first NAND string that has a magnitude that
depends on the location of a selected word line of the
plurality of word lines, including applying a higher volt-
age to the gate of the drain side select transistor 1t the
selected word line 1s closer to the drain side select tran-
sistor to keep the drain side select transistor off; and

applying a program voltage to the selected word line while
applying the voltage to the gate of the drain side select
transistor.

20. A non-volatile storage device, comprising:

a plurality of non-volatile NAND strings, each NAND
string having a plurality of non-volatile storage elements
and a source side select transistor at a first end of the
NAND string and a drain side select transistor at a sec-
ond end of the NAND string, each of the source and
drain select transistors having a gate;

a plurality of word lines associated with the plurality of
NAND strings;

a plurality of bit lines, each of the NAND strings 1s asso-
ciated with one of the bit lines;

a first select line coupled to the gates of the source select
transistors:

a second select line coupled to the gates of the drain select
transistors; and

one or more managing circuits in communication with the
plurality of word lines, the first select line, the second
select line, and the plurality of bit lines, the one or more
managing circuits apply an inhibit voltage to a first bit
line associated with a first NAND string of the plurality
of NAND strings, the one or more managing circuits
apply a voltage to a gate of the drain side select transistor
of the first NAND string that has a magnitude that
depends on the location of a selected word line of the
plurality of word lines, including applying a higher volt-
age to the gate of the drain side select transistor 11 the
selected word line 1s closer to the drain side select tran-
sistor to keep the drain side select transistor off, the one
Oor more managing circuits apply a program voltage to
the selected word line while applying the voltage to the
gate of the drain side select transistor.
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21. A method of operating non-volatile storage that
includes a plurality of NAND strings and a plurality of word
lines, the NAND strings each having a source side select
transistor at a first end of the NAND string and a drain side
select transistor at a second end of the NAND string, the
method comprising:
applying an 1mnhibit voltage to a bit line associated with a
first NAND string of the plurality of NAND strings;

applying a voltage to a gate of the drain side select transis-
tor of the first NAND string that has a magnitude that
depends on the location of a selected word line of the
plurality of word lines to prevent DIBL; and

applying a program voltage to the selected word line while

applying the voltage to the gate of the drain side select
transistor.

22. The method of claim 21, wherein applying a voltage to
a gate of the drain side select transistor includes:

applying a voltage to the drain side select transistor when

programming the highest word line that 1s lower 1n mag-
nitude from the voltage applied to the drain side select
transistor when programming any other word line.

23. The method of claim 1, further comprising:

applying an inhibit voltage to a first bit line that 1s associ-

ated with the first NAND string while applying the pro-
gram voltage.

24. The non-volatile storage device of claim 10, wherein
the one or more managing circuits apply an inhibit voltage to
a first bit line associated with an unselected NAND string
while applying the program voltage.

25. The method of claim I, wherein:

the plurality of NAND strings are arranged in a three-

dimensional memory structure.

26. The non-volatile storage device of claim 10, wherein:

the plurality of NAND strings are arranged in a three-
dimensional memory structure.

27. The method of claim 19, wherein.:

the non-volatile storage comprises a three-dimensional
memory array, the three-dimensional memory arrvay
comprises the plurality of NAND strings.

28. The non-volatile storage device of claim 20, wherein:

the non-volatile storage device comprises a three-dimen-
sional memory array, the three-dimensional memory
array comprises the plurality of non-volatile NAND
Strings.

29. The method of claim 21, wherein:

the non-volatile storage comprises a three-dimensional
memory array, the three-dimensional memory arrvay
comprises the plurality of NAND strings.
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