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H 4 2 bS] Alti7E EEidtel whet, A A, AR IEY, Hd
olf, A& F AFat o o7HA AbEelA dEE wEAe] Fe7)
sl S7r e vk 1L FellAE, dolHE ZIE A 1 =
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T 229 IOIE (floating gate) A =& AR W= FdA wRE =
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% 11 AE TeiA 2] HE WX 2712 93 Uy 9 =-akel (WL)
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1) Si0 and sac.SiN 2) Trench formation 3) Memory hole

deposition and fill formation
Si0
Sac. SiN )
Si0 Hole

4) BLK/CT/TNL and 5) Sac. SiN removal
channel formation and CG metal fill
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(a) High program Low erase (b)
voltage voltage

Localized
electrons
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7k AHE 7EA A QARE ISPP E&o] Yolx= wio] EAET) o]+
Eo wH At r 27 Fzo] ojFoige W 249 W]l (main)

st Apo]
H

2 o]oH uLz\g }‘— ‘—/\«1 ;ﬂ_ﬁ_

o?:
= o
2
.
ol
o2
12
1o
Hl
I
2
rO
4
)
F_>i

ol o]d AFEAM = 7] A3k FY (initial charge injection)©.= CTN
ol AaE Ao mm Aol ¥ Mt o]t 9 (sub-threshold swing, S.S.)
]

71% shalh [12], [13].

A= A w2 array oA 8] 227] F22 ofefje} o] o] Folxit,



@) ba (b) Blem  Blm

i e
/ . . . WL 1 l{: lI::|

=
WL 2 fl
~

WL
WL3

: U U
”ﬂ m’j
, GSL
= GSL 'JI }j
ol i P i . P | >
v,

v + + v _
e
Vg =GND Vg =

9 18 (@) 3AY W= ZYA] array 9 57T 3|2 2 [17]. (b) 57t = w
Wl 2] FAfell Ao ASH 7F WA b 2 A7) Bl Al ad, o)
A Qe 227]-91 7] (program-inhibit) Aol T [9].

I% 18 3 A HE ZHA] R F7F 32 mdo|ty 54 A9
AAE AAAE= 240 AEH-AE 2kl (string-select line, SSL), H]E-g}el
(bit-line, BL), 1231 Y =-2}<l (word-line, WL)2] F4o]m 7] Ezlo] o] F
oAA = Al dFsts A=-klel 7] Hefo] Q7bdTh ¥ 1.8(b)= 1H
1.8@)° 3 2tg 37 ndo] o W 7] AFsko]l Hek ¢l7b WAl S ypebdith
o]714 227] B (target) 419l WL 2 o 227] <t Vpem 7F A7FE W, L A
E-gplell= A A (Veass)Ol A7FETE 7 718 HIE-gl FollA, 9%
HE-gele] sidsts 4 2203 stux & uf, 9% nv]E-2do= GND
NS E JI7Feta YA (LE8%) HE-gRlol+ ¢

tf o]€ A =W GND 7} ¢17FE B]E-gFele] SSL & AAA Hol AQd EdA

o] YA A7k FaL, Vee 7F Q17bEl BIE-2RQ1E) SSL 2 XAl Hol Ad=
HIE-gpl3t aAa-epql o HorRy uyHw, AE Zeldo] OF Veass =
F28 #o) o] Ax-B A" (self-boositng)o] 2} $Ht.



CG
(a) Control Gate (b) FN Tunneling

Blocking Oxide
Storage Layer (Nitride) @ ¢ | |=====

}/Tunnel Oxide
i e

P-Well Substrate

Source P-Well Substrate Drain Tunnel Layer
Storage Layer (ONO)
‘ (Nitride)
B

] 22+ whH (SONOS). (b) SONOS ] 7]
o]o] 134 [18], [19].

o

~ =
(o)
&
rN
ol
Il
%
£

[
(el

> =
L2

a9 19 & HE ZHA Ry A "elelx 7] FFo] o] FojX| = H A
=S BojFEy 19 1.9@E ¥HbA 9l SONOS %9 A whS yeRyd,
a9 19(b)= AClEe] 7] Aste]l ZtESlE W AE FH WFor 9
YA W= tolo] 7S vebdiTh AE EZrlEo] BHA A" Aol A] Alo]
Eof 2 ko] <7tHd, ME 4 wFor & Aol AYA v
cm o). o] W A AR JgelA, HEE AbsERe] o]

gol7t A2ty meyor Aol Hm, dA SER HEW AsuE A o
g4 Hydy g 4 QA "k ©]Z 2 F-N (Fowler-Nordheim) Eld & o]g} 3o},

o
=

Hu" Sse Huy Ague] gt A74e] 252 o Zrlesl @
2 e

) on (Nt —ng) — enny (1.1)

-8 - : ﬂ 1]|<j1r T



o714 &9 At 8 EH= EfE A UE ()= F-N HEdH dRH
j

J! o B
Jn G AF;, exp [— F_eq] (1.2)

(1.3)

€, = lpexp

21 (1.2)elA, > AEH Hd® Abstet Atole] 57 A A7 (Feg)ol 9

S W=t} o7 A 7 AV|AE vlgy Abster ASH-E W nitride, 18 1

Ex27 atste 3709 FollA Few Fobs WS EolA oA, 3akd

GAA FxoA 2 field-enhancement &5 2 WFJSTE 1211 Foq &= © 2

dolx A A7|FezR Y, A% Y] 5 Wdte] wE S st
%

stE W3S Whgste] dojRn), =Sk 2] (1.3)°] A, Poole-Frenkel W&

= T O

=<
27 AHE5E ] A (retention) EIE EAR Y] 98 HHo] o A,
Z2 2ok W& WAYEES Fo] BlE¥ (pure tunneling)

9l RES ARgstol 54 dolE ef gt A= o el Aot



1 1 | | 1 1 1 In In
0 10% 107 10° 10®° 10* 10® 102 107 10"
Time [s]
(@)

8 | I i | I 1 |
7L Filled: Program | 0O Vg=+/-10V _

Open: Erase v Ve=+-11V
6 o Vg=t-12V
5
4
3
2
1
0

10% 107 10®° 10° 10* 10° 102 10" 10°

Time [s]

(b)

-10 - = A2t &k



T1%] 110 [10]9] 2L Abgahe]

Akl w2 54 dolE-wd 7t

1L, (a)

GAA-CT SONOS 4, (b) GAA-CT TAHOS (TaN-Al,Os—Hf0,-SiO,~Si) 4. [10]

= 3L

(Jix = Jour)

(

0

Jo

o] ok, Blug sl Uk A5
A vh 9k [2009] 2ol

terL
/ S(z)Jo dx — qnioxvBIOX

1 tern
o (./0 i A [S(z)

(Jout)vo/] ‘T'Cl';g oﬂ}ﬂ
obel o}

FrE o
IR N 1A - =

> t
ol ]

Jo
quFcrr,
ety

Wit (7(""thNt.:w
pFery
acVeh Nt ay

dx’ )l dx l‘mm)

(0

=N Vrh€
‘eq |

B

- O3

@

pFerLtery ocvin Ny ay

_Bnoy (1_

Fraox

- f(vTL)) I'mm)
pnFery

<1 — exp (—
agevs

By
(1-e Fore ))
BerL

JL J

T
Injection

19 1.11. [20]01 A4

= A

_L
J.L

F (o)l Aol B ol F

)
Escape

W5 BoyFETh [200004 @S
st e AR AF (i)
nitride 2] A X thof #

|
5

- 11 -



10 15 20 25
Veam (V)
a9 112 (@) [0]9] 27 RO Agste] 2] Ma Adde] WE 4 ol

Blwel 7h u] .

[20]98] 22 Jow = A SR sty AAksks WAolH, [10]e14 ¢ &

9ol Fg, uS RN Jy o] ZelUAE BAT Ju & PHHOR W)
Ak o]l A, TR Fe AL BF 2w Asvtow wAGs o

2= ZFEsk)

1.1.3 Ax—BA¥ |Spp, A Alo] 7HA

S 12 - > _H {l 1_'.]'

'@} ITL



cell in program state

18V

1)

13 113, LukA el =

7)-o1A] Aol AY ERA

cell in program inhibit state
18V

——
—
B ' W

e

T -
& "

e s
. A

——" () N

ZYA] ZApe] 7] FFNA, (a) B A} () 2

H 1. [9].

‘_ Pllsa

i & A EH EadEd i 4
-:— - P - W e

(voltage)
Vrre
Vrme Fec
BLinIl.ibi! Frass Vec -
Frass
GSL
Frass Fpass
\ Focal
WL psetect
Vol
VrraD Frass< \
WI | AN i _
L L iy " (time)
(a)
o & -
13- 2 A=t



| G TR T PRV, S [\, N S P, R /T AT |

14 — E/E/E/E/E/E /E /E /[P3/P2/P1/E/P1/P2PIE -

o f WL 15 «——WLS WL 0 Y
> 12 I ol
o -.\ . -

E 10 [ LSB effect =
'*::_-' 8| #H->t) n
< . A -
g 6f 5
=% 4k al
S - '
: - —
= 2 5 A
Z of -
O oL "
_4 I L L L ( ber A ST T ) L R | |

00 020406 08101214 1.6
Distance from BL (um)

(b)

13 1.14. 3=
9 (b) 7 el

nE r£

I 113 & AWl W= ZYA 220 27] FZroA, B A A7)

A4 Ao QY FdA HlwE Ve 2709 2% 1.8(b)olA, HIE-
2kl z<gto] GND oW Ag Eeldo]
Vee 7F HW o Alg xEldo] oF v g
HH gz dE FHA vlEe AxpeA, HYY Atsiutel] A 4 A
713 Alo]Es) Ald Atolo] xwld zpolo] AL wl#strh wpebA] MY X
BI0] Veass o & AYoz By =, AojEg Ade] XA Aol
A ZAEA 9 (F Veem — Veass), 2271 SF 0] A o] FXA] b=
o]H e e S 27]-oA et FHo)

olg| et M -F-AE A " A7 A = 3 Ad e EHA HENAE
olg¥tt w3 A W= FHA AHES 2 A B Fxek= &y v
(body) Z1®lel] AA oz AAHIGUA 7] wite], AX-FAY AFEeA]

£
O
o
*x

P~

- 14 - , xﬂ {l 1_'_]'| '{fﬂr
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glovt, 118 Li6M)el thebdk 2w go] @ sht @ B Aol wahs
Fe o A AFOoEM AAHNOE Ao B AY ARE AMHE

Aol gle.

8|1} epixo

aH 117.32H9 = FYA] wEe] o] A Abe] IR HAL [26]
Aol 7] F&el o8 £E Aol TS, AE Astel sl ox
g Ao Ad Ul (FE Al YFE W, ol ddE A Afe] 3t
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=
A abol ZHFe] AAk ZolEa A Ate] 74 @e] A WHEI] wEel,

12 A+ g

o A S0 8t



b 1.1 HolA AFg wnpel o], 3 2 U A2 Ax A wAY
Zo|A 227 EZo] o]FoHof wel 3 Y HF-EW d= ZeiA] w9
7] 23 fBEE ohekst Bl mdo] sfdbE o] gkv} [27]—[29]. o2&

BEES 53 2A94E 3 4D AEY WS B vz 2] 54
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oFst WRE EAS WAt wlRe Ao ISPP F& oA ®WEEtes &
gl Hel o]a A% EA, Z-7+4] (Z-interference) [33], 2181 AZE-F
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HEo Wste] mE Y A3 246k, A2 ISPP At FEfel v &

A 4 A=, AFHANE HE YA dre A& 2
o] A Walte] W wEe 54 &Aoot ISPP &2 549

o
| A gl Alo]= AlofA o] HF T2 W3E AT
s
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>
N
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=
n
el
)
offl
)
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P
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A 28 27 T HHE 24EF

EZgA R E 2
theFalA A sojgrh. e I8d REES 2 AlEdo]der A
o] Hgarlols olEgel g, ol MIE mdo] westAl At
e S THAA BRI BE AEUolA (5 549, ISPP)el H4E 7o
AdslA) AU [24], [25], [27], 2 AAI AUAA 2ol mAol
oy« 7] wjitoloth [11], [28], [29].

ek B E=RAE, 3 Al dEe] 7] Sz AFAQA Aol
Hyy, 3 w3 dds nagdozn gusAu, wis] g A7t
oEalA A1 A7 W ERE Agole] Wxe] oFsti: £E HAY Wi
2Eg 2o R ISPP ¢ 2 Bt #E Al EYolddA L HEe
ol 27 BaS xsjstt $Ae, Yy sl (Tox), dah-
(CTN), B2 Absbe (BOX)ol st 1 2 Fold WAL ¥t} o uf,
CTN © =3 #ul ol TOX Wle] Ajtel o3t ¥£3 w3 uejsich Foz

] =z} DC-HB]O]

- SRk



224 2d & |spp REF WHE
BL Y “

B " NG1 G NG2
DSL o— Q
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., O—i 1 o — ——
:l i % FG
Unselected - i 1'
WLs : \ o— o0 G
_________ o_\ N D — Ch m— S \ BV

o e o e o e o e o

~

( S

Selected i O_H E Controlled by Vg

WL T _ Voltage tocu

. A

Unselected _, Voo beceeeae. —

WLs o] H

:l Selected WL
Dum. o—

Unselected WLs

SL ‘_ —
Transient time

SSL o— Veass |- = \\
p! / '

T 2.1 (a) s HIE-El ~EH] 57 SRk (b) ATAIE (G ¢ FG
=5 Ael), EWALE (FG wE ofd), F A ATAE (o] Aol =St
RS B, A BE AGS Aol AY 2aE o]Fold A wd 57}
B2 (c) 271 FAe] Ak A7k B,
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Symbol Physical meaning Unit

N Trapped electron density at acceptor-like trap in cm-3
CTN CTN

Pt Trapped hole density at donor-like trap in CTN | cm3

NTox Trapped electron density at TOX defect cm-2
3. Electron F-N tunneling current density from cha Alem?
nnel

Feq Equivalent E-field at the channel/TOX interface | V/cm
Fn Average E-field in CTN Viecm

v Electron capture cross section for region X with )
Onh X . - cm

: charged state Y (0 or + in this work)

en Electron emission rate in CTN st

I 21T # w=welA AlEdEelA
7t A =E YEd o] ~AERES 19
Adeltt. BL AEHLS AY < o

(drain-selection line, DSL), A&~/ A=
o

Y= sl HIE-ZRl AERS

1.8(b)2] ~EH 3o g3t
9 Hu-gel Ay =gl Ade 2
2}l (source-selection line, SSL), 1%
Hr) 2kl (Dum)o.® o]FolA it ojgA AAW 77 Axte] dfg
7 3EE a9 21(0)°l UESIth o] AAEe £ Hde &
o ddAEo] = MY 229 Veg o g8 AlojHrt FG =& o} 9
E WX AE = BSIM-CMG M7 110 [34] ¢] GEOMOD =3 (%53 A9lE %)
g gzl HAw FG xEol AdE A (Qup) B AE" 7

[

1o

i
rir

O
B

Y

‘

0!
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port el AEE (coupling)= Alolsh= St Vee & ta3 o] 2dd

A},

Qtrap

total

Vi = a6V + 0V, + 0 Vet + Ve + (2.1)

A71A o6, den, one, LEIL anee = ZHZF AlOIE, A€, NG1, NG2 =t
FG =& Afole] AER AFTE YEFAY Quap/Com & EHE Aste] o3
Ve o] W3ts yebdch 17 210 27 53 T A7bEE A=-gkle]
At WstE yepdoh HA AIZE (tem) B 227 AL (Veew)= EFA
AE-gplewk QI7FE M, YA -2l A A (Veass)©l 17HE T
# 21 54 etvlEEo] Aerh Holqlth

=]
N

Modeling methodology

Vv
|VPGM I | Ven I Quap | (Capture cross [ Trapped (_:arrier
sections, o) density

’ (Nerv/Pem/NTox)

o]

FN

_ current
E-field (Feq) density
(Jn)
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2% & =oAe REE HHHES YERATE Veew, AE XA (Va),
wp Ol TISE 2 M, AGTOX AdAe] S7F 2 A7 (Fe)
99 CTN & A71% (Fern) IHebrlEl7 AR o] W, Ry & ZAASHeE

Symbol Tunnellng probablllty
'Line: Linear fitting

[a.u.]

eq

Ec

F

BN :

Substratei Oxide ‘ ‘ N

(a) (b)
718 23.(3) GAA Ao HE g me 9 a3 2 5y 35S A E

A7 A B [10]. () ool WHE Fi—Feq o] #HAL.

1% 23@)F GAA A Hx%

=

o woF (M4) U 3% B B4
FES e AF 2 (IAE dehdth GAA FEeIM REE Fol
wRAonne FAd At AN wE 23

se PN HYY 34 A8 dads 34718 A9 4929

2k
gow 2Absh Hojob @tk webd oldlel Ag Agstel 7 54

. E..(ndr= . E.(r)dr (2.2)
[ VEn(dr=["JE(r) -

25 - A -L-t)) &



203

i Squlw/Ec(r)dr

(2.3)

o) A& ALste] T8 Fg 9] s o121 7HA ro ol wek Fiofl thste] yERH
Zlol 18 239 ok ¥ 2309 HELS AIIA r o widte] 2
(23O ZHE FZFH Fq o #tolH, A2 otge] HA3 ZAME gd Zloltt
[10].

Fg=F-—— (2.4)

TOX & &% BHEY A7 ()T Fq ol 8l AXEn. 28 94 (onx")
gholl whet, 49 AAE 5 dB7F CTN 2 ToX 2 X8 H ojd A&
[10], [35] cIM = 8 dHddS A2 7HY siciAR, 28 @i dAR

A717e o8l Wstett [36]. wEbA ol d maE Ede] wbdsfFolth
\]njq’ Gn,XY'E‘ ]:]"1%3/]’ ] ﬁ] J’%q

= Ah ) I:eq2 ’ eXp(_Bn/Feq) (2.5)

Y
Ohx = Onox 'eXp(_bn,x : Fx) (2.6)

FrhAeR, EfE A T dFe e o @l wEl CTIN 2=4H

27 O 7 =
- 26 - -"x_i 0 L1 % |



= Uy - EXP| — 2.7)

714 vo, my, 123 E; &= ZHZ} attempt-to-escape X E<=, CTN o4 7z}
HY® fa A%, 283 CTN oA Ax dgoziy EF oy~ fis
olmigttt, EF o] &AY Hr]Aeo]l & wl, Poole-Frenkel W E0]
e, ¥, Ef dpdo] AW AV|Ee] 2 Wi, Fo] BEHO
Aok [37]. webA A e REEA SFo] HEH

7] T2 AbgrelA 7)ol i =7] wioll Poole-Frenkel &
Hoh o] BE™”o]l ¥ Adshr] wiolth TOX 9 ZAgtelAel CTN £

donor-like E A2l Flgle] W& BAEGEH, ol I1AS5e E

o]

3l

23 27] B2 o) BE tholo] 13

- 27 - MM =2TH e 3



® Electron
O Hole

: : } Conduction band

Acceptor-like trap

gk Donor-like trap

o o Valence band

(@)

—— Before Nygx OCccupied
------- After Nrpx occupied

N

I\ICTN

<«—Pctnvo | Veeu
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1% 24.(@) CTNOIA LA + Ade e Aol 2=
e dAbe] £3 2 acceptor-like E) Ao WEwkS g ditl (h) A7) B

Aol 7] wel 7Pz tiYe] Huy L FAIsHSIth E3, acceptor-like
E o] uldl donor-like Eg oux] o] 1§ z17] wizel [38], donor-like
Efor R e A¥ WE T3t TS wEbA, AR o] dxke] £
9l acceptor-like Egl oA o] HAA WEHS 1L

9 24(b)= 227 REoA L oyA] ME tolo] IS vERHTE o 7] A]
Fol HEd> CTN 225 E BOX & HYH sk 3o oldS Fste)
[101¢] E3f ®da= 22l FFo]l CTN 9 donor-like E 5]
F7FE A=, 227 4 A AL A7 AH (wel EEEH e
JEfol7] wiiEolth ®E3 ToX 9o 7hedl e Adg ( & )l
AA7Y 28 wH= A% 1338 © 1 [39], [40], TOX defect == donor-like E 3 9]
AAES 7  dva 7Hg el sivskd 27 AbEjel A whE 2 st
7 Arsh7]l fleiAe e sk TOX ok EAsks Zlo] 2 4s]

otk CTN & 27] Z&2 Y% (pewo)®h Nrox= 271 =8 AU (Vino)oll
oafiA Ad HAok 747 Jgle] Wie] gt mEWAgAE o 2ol
Al ke T}

]
Hell x4

e
[-‘N
ol
=5

dnCTN _ ﬁ( Iox

dt q \ Frox +1 /Z]GS'CTN(NCTN_nCTN)‘en”cm (2.8)
Tox T tern
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deTN _ Jn Irox +

B o (2.9)
dt q | Frox + tCTN/Z n,CTN Pcrn
d J. r .
rgtox N E L r Iotx /zj O-n,TOX(NTOX - nTox) (2.10)
Tox — ‘Tox

2z Ak Bzl #dE s Ee okl 29 259 YEhgolt

Ch. TOX1 TOX2 CTN BOX Gate

— trox —— |— oty ——]«— tgox —
4 d(Ntox=nNtox)

Ven [C-cm?] Ve i
. °
® °
a7 25 9% HEACIA TOX/ICTNBOX FolAe sk £ 2 sl F4
o zREol AIAEH (capacitive) =% (CTN & w7 TOX &= wpgkalo =

JA])'

a% 25 & % HABANMEY dst FEE dEbdo TOX 2] A+,
TOX 9] F4lell st 9lom WHst JeEs 7
Nrox A Efi®E A L% nrox THEol W T [q(Ntox - Nrox)] &<
AstE war ok T3 CTN o EsfE dste] A9 A3t (uniform) -3
At FEE 7P 0, acceptor-like Eol] 3@ A} UL (ne) ol A
donor-like EFo] Ex®E AF UE (pern)E W TEFO 59 HeE yur

Atk 7H7hel AahSo] aAel R Agtel AL de zhzte] Aal
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FAoRHE AOlE 7MX 9 AAE A oESE=TH, TOX 4O 7 HE
AClEZA S AHAEAE  Crs, CIN FAHOZHE  AO|EZA Y
A EH A

AGNARAE Co = Urhigon %8 AdARA FAHE o gl
Akl et
24 7] FRNN e AL W3}

4
= oMl AAVA RS (1017 wRE Ao 1Akl b
B2 S FolA GAl Hr, 2ol TOX FelA FHel Eed 7he-A
(Gaussian) g <fo] =AFth= Holvk (71 2.5 & TOXL/TOX2). [10]°l 25}k,
obaf o} & AAl F7lo] wEFHEofok gt

Vioxa() =Vq, 2.12)
VTOXZ(rTOX) :VCTN(rTOX) (2.12)
VCTN(rCTN) :VBOX(rCTN) (2.13)

Veox (fsox) = Ve (2.14)
dV; oy, (1) dV. (1)
gTOXTS—XrZ = CTN% (2.15)
dV.(r) dV,,, (1)
€cTN CCL,N ~ ©BOX Bg;( (2.16)

S TOXUTOX2 AW (r = el sld=E= + e AA =3o] o33
o] F7tEojof st}
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dVTox1(r) _ dVToxz(r) — q(NTOX — nTOX) 2.17)
dr r=r* dr r=r* gTOX |
VTOXl(r*) =VTOX2(r*) (2.18)
Fols WAAS FoA tad} Zol T 4 e ddelAe 54 AT
st #2418 95 5 Slth
1
Frox(r) =-C, " (2.19)
Frox () = —C, 1, Nrox ~Mroor (2.20)
r Eroxl
1 Nerny —
FCTN(r) _ —C2 < q( CTN pCTN) r 2.21)
r 2&c1y
1
Feox () = —C; . (2.22)

sk A Cy, Co, G, 183 a* e Uk o] AAkE T

Cl VG _Vfo,o _Vch n q(nCTN - pCTN) {rTzoxln fern

124 26T\ Fox

_%(rgTN - rTzox)(1+ Z—gCTN In Teox ﬂ + a q(NTOX — nTOX) r (2.23)

Egox  Tern a E10x
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C. = E1ox C, - Ad(Nern — Pern) 2 2o _ A(N1ox = Nrox) " (2.24)
2 = TOX :
EcTn 281y EcTn

c, = froxe e =Perw) (2 2y ANrox —Prod 1+, o

2¢& rTOX &
€Box BOX BOX
& f I & r
a* = ZTOX | ZBOX 4 |y ZTOX TOX |y —CIN (2.26)

€gox  fern r Ecrn Trox

A7IM Ve EHE A37F §ls W EH-ME AgS vt oo ot
A2 [10]0l14 2] Aatel 2o w9l Al FE A4S FG k2O M Ak
ozl AolE7] wel, w8 A WMIE Ve o WstE "] Folof sioh
CTN d3tst TOX Astell 2lst Ve 28] 71oi= 242t v o] Altdtt
C
AVFG(CTN) = _Avth(CTN) ) Cﬂ
total
__ q- (nCTN - pCTN) - (CTN volume) . Che 2.27)
CNG Ctotal
C
AVFG(rOX) = _Avth(I'OX) Cﬂ
total
_ q- (NTOX — nTOX) ) (TOX area) . CNG (2.28)

Cro C

total

e W3FE A (227)7 (2.28)9 gow AArETH Ax AlE#olA Eok
ol whet &b £E Aol A&A oz Ws)stt
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'Symbol: Measurement trau:
Line: SPICEresults Ei
— I3
: t
= N
© | Vino
< N S B2 |
> 2
30U teau 1

V,_..[a.u.]

PGM

% 31 54" IsPP dlolElel, 7MY A v"E B A3} teem = b ©f
7V Arom s ® AeE S

kA Aud FvHES 245t HUE Rd=®
sgsteleh. 4 (22)) FN HEY deeiE e At B,

dstom, Ao 7 AR W Ax tielM ] wiglo] o] (Pen)

FIO _llNI
o,

e

W

o

i)

n

o

ul

3

A= 87zf?q5 G
Bn
872m  D?
= (3.2)

" 3hq

Y 31 S tow o W b A3 98 md A9 Gehach 479
tom t FEH ts = ZAISHG oW oA t®2 AT F A7) AZe] t] ot
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Vo= E3d A7t gle we] Y dgte dekdoh

—— w/ TOX defect
- w/o TOX defect

- w/o TOX defect & CIN trapping.-~

e [a.u.]

F

7~
+

Transient time [a.u.]

_ ()
3‘ " T " T " U)
. | [SPICEresults] _—
®© _ ¢))
— @ tpay =1, n D
~ CTN —
= o
2 )
c S
@O | Pecrn | »
A . —
O <<
E | | | | | C
> Transient time [a.u.]
(b)
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= ¥t 28 2eA A
ol WE Feg o W3 (b) ISPP AIRF 5¢F ERE o] 2= e e ¥
3},

9 32()% to oA thkd 23 elA Fy o WSS YERdYE TOX 4
ol A& W (HAEM A), Fg & S 227] Ak GoelA ozt Frtetd, 1
Apoli= TOX Adre] Ada= AA ApAA fvh TOX A CTN 25
of B A ok Ay (v Aok vluls o, Ele] A
Veem O] S7FET S Feq 78 A8kl H=dl, ©]i= CTN of 235
ok 1% 32(b) te oA = AlZke] meh Rl Ak Win vhehulE o] wg)
= UEHT Veew ©] S7FE, new < S7F8EAL pery = g vebolE
nrox = ISPP 7} €147] del 2£3t57] witel nrox © 9 A% W

7101 FE ISPP 9] ZyHTo] o] Fo] XA Hr}

i b
=Y
D)
2
g
o

Symbol: Measurement tram :t5
Line: SPICEresults ty

V, [a.ul]

9 33.TOX Asto ol Azl X3S wgsA] ZtS we] »d 1y 2y}

S 2] A5 GGA e Ak BT,



0}ol o
TS A=

33 = TOX Ago =9 Ha x3E 18 3HA

| ZafA, 219 3.3

I
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al
9

=
oft
i

o
DES
o

v}

>

Jor
%)
to

o
ke
2=

<]
i)
)

o A, tke 7] Mk oA

(o

U™ A teom
exp= ot 2™ 3.4(a)°l e

ftlo

2
o

= (1) As initial

< error larger,

g FYSVE
N (2) |declines {2

| more quickly t,
" 0.0r------- £
S toow 1
2 L L
Voo [aU]

- 39 -

A2t}

o o] ISPP EE
A= 22X CTN Efjo s
e w ozl Aoltt (ty olA 7HE # wtEs FE ).
ol et} Ay,

o]

‘::-'-lr' '|]|



[SPICE results] Nrox
————
i) (2) saturates
- .
: more quickly
AR
X traw T toau:
° [Hd t
<
0 (1) As initial —
| trapping larger, —_— 1

Transient time [a.u.]
(b)

19 34. () SAE ISPP o8¢t 19 33 ¢ €l wug Azl Apolo] ¢z}
(b) j—xa: 3.1 OHH nTOXQ”l %ﬁr

1% 34()0= 5% ISPP HlolEl9} 19 3.3 oA TOX Agozel Aak &
& aEfehA dgke wo Bl Aih Abo]9] @ AE teew o Wk HERN A
1t} teom ol W2 219 Ao TRE Sy} =3 ojw WAL Zo] )
qE NRAGE AL 3519 2R 27 et 242, % A HESH
oAk o A fadvhs Aotk 2§ 34() 19 31 9] ToX X9
& e 2 AAERE oAl nrox o WMEE YERdY 29 34()°] &
A} BRI GASHA, 27) TOX Ak LEo] F42 (1 2 teew ol A), &5 A
A7F QYA £r= g way ziEe AdE o wad 72 34a)%
34(b) Atol9] old st FAME TOX Aoz AA £3o] 7h54 e 1
AUFelgtes 2& BojE

O, bt

rl

i
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3.3 2d ztvlE W3

— 4 [SPICEresults]
= .
@ ]
= ¢Bn T 1
LL | | @ tpem = t4,Vpgu =max.
[ | | (1-pulse PGM)
— | (b) -
=)
'E' ¢Bn T 1
|—>C

Transient time [a.u.]

(c) 'Symbol: Measurement
Line: SPICE results
(Dash: Modelin [11]

=
S,
S5
[®;, dependence]
| @ tpgu :‘t4
Voo [aU]

T1H 35 EHEH s = WA, T FA 2AVR dojxl detrlE (a)
Feq, (D) Jn. (C) ISPP A 3}

1 & T
-4 - AME-TtH et/



% 35¢ A T A e s 2 WIAAS We 2 A
= ekl 2% 359 35(h) ®s = WIAHES wl, st 7] HA
(G H, single pulse) ZH-E BoIA] = Feq 9F Jn & Altel] whE WSS 242t
Uebdith @ 0] S7185E 4 (3.1) ¥ B2)ZEHE Ao HAda Byo] F7t
34]. 283 IR NS HAaste wEo g WHEA It 1o uE Axf
HastA Ha, 4 A7 fat Qe Ak 23 35
Den 2 WA wo] ISPP B2l A¥E vE L, o] A 9 AFES wErh
oAl s A, ol A wge] polrzh sk, U] Aol ElE® ARE d
FN Bl9®e aA fasA =i, To wet A" dxg 9 Az 288
AVy ol 9FE FA Aok B =FeAs Bxe 99 getv]E o] AR

o]7] 913l Av¥} By AATCZFE dojxl gt [41] & AFESIAAIRE g = F
Ml SHCERE dolxl o] AHEE = Stk 19 3.5(c)ell= [10]¢1A
AbEE e webu) g gk (A= 107 AIVZ By = 215 MV/iem, Ao FA)S A
43 Ay =3 vyl gl

N

(@) 'symbol: Measurement
Line: SPICEresults
(Dash: Modelin [11])

[Nery dependence]
@ toem = t4

[a.u]

PGM

+ 7] by )
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(b)

V, [a.u]

- Symbol: Measurement
Line: SPICEresults .
(Dash: Modelin [11]) .-~

bn,CTN T

[b,crv dependence]
| | @ tpu = ‘t4
Voo [a:U]

-Symbol: Measurement
Line: SPICEresults

[N+ox dependence]

| @ tpeym :‘t4

Voo [2U]
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(d) -Symbol: Measurement
Line: SPICEresults

[Oh0710x" dependence]
| @ tpay :‘t4

[a.u.]

VPGM

a9 3.6. 32t E (@) Nern, (b) baern, (€) Nrox, 2231 (d) cnotox™& R SHAZ o
of dojzl IsSPp e A},

a9 362 AA 28 #Add FebuEE (22 Foll A, Ne, boern, Nrox, L
Y3 orox) e WA S W] 2 AyE vERdY 19 3.6(a)2 3.6(b)
s JE] Netn 2 bnern & H BT O ZHA ISPP 3448 AAZAR] 7&71&
Fv A2 RoFH I E Nen < acceptor-like Esol] & ¥ = A=}
o &3t wedo] W= dEtvlE ot 3] New & 7k AV oF 34
gotA = e, FrHH R 2 EHE A vt Al AFCA FF
7] o

PN
A3 FN EEY AFE 2477 wFelth 19 36@eln b A

&=
N
N

“

kD
o

F3lE = 71875 BHojFr a9 3.6()olE [10]o4 AFEE 2d wletn)
Bl 3k (Nern=6x10°cm?, FAHd o2 TANS 283k Ay 3 HlwEo] Qo)
v E bpern = CTN EFO] 3 w9 =2 W73 o=

= osehugoln, U7} He AelEel fE ¥ HEBL BAAIE

¥ oy 211
- 44 - """\-_E'II LH & :



eletron-heating & ¥}k ¥&do] 9Tt [30]. Wb buernol S7HEF5, 4 37]

dAe] vt 9 AAH, ddAow 9 36.(b)olA e
s A3 Zol ISPP Ale] 7&7]E HAdHAl "ok 19 36.(b)elAE [10]
oMol dAet x3F duAo] AbgE Bl A (bhern = 0 cm/V, HAOE H

A7E ulaLsle] glom, olel st Ashi: etnlE byew & FAHFOEH SHH

o] acceptor-like EZ{o] 27| FAoA FQ3 S 317] wio], NCTN %
brern & #2 B S EES WSA7I= 22 AAAQD A7) dSE DYl
A2l IsPp A IHS JhsskAl stk v)est WO Z donor-like E
onew'e] Fhe A5kl

19 36(c)¢ 36(d)= W 2] At Fods wEV] AsA, BdE vhetr]
B}l Nrox 9F owrox5 W3AZ we] Bdl A3E 747y vepdivy, sheto]
Nrox & %k ®stAIZ wf, 7] &Y A4S dAA alF7] SlsiA et
B peno & b HEFE RISIAIA FAv 3P Nev 3 onen®®l = S7HA
Z e, w2 227] S delA Avn & gtel F7FekAl "k T E Nrox
T TOX AAk ] A s FI7MAAFY] witel, ISPP 242 e E
oocn'E S/HAA W Bk o @ol FrlstAl "tk whebs, TOX Ay -
¥ gerEEs WEA oz w2 2] ok G HA Y dEHS &
T QA Aok
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«—— >
1:PGM
Vpey = Max., E;= min.

Vpeu = Mmax., E;= max.

Vpey = Min., E,= max.

KPICE results] \

Transient time [a.u.]
(a)

E /Cratio (Log scale)

éymbo‘l: Measurement
Line: SPICEresults
(Dash: Modelin [11])

=

V, [a.u]

[E, dependence]
@ tPGM - t4

[a.u]

PGM
(b)

a9 3.7 Y EE WA 7Y, () @Y A= 272 AojZ E/C ratio, (b)
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ISPP A 3},

I4 37w BE SR (A 259 ¥ FRA e £ SE (Y

(2.5)°] ¢-®e] WA ) o] BlES e E

&]

& ERAFE Fol HEEY ArE o FekAa el wet e £271 o
7kt wiEolth, shebulEl B 7 HAY W (8 A), BE SR 2F
S99 vizef x| Al frk Veewm ©] FHAo0laL E 7 Hold (=t A, U=
= 7o) BAIE vk ettt 19 3.7(b)= HetulE E S WA uo]
H Veem ©IA ISPP E¥l A3tE RHojEth sebvlE E 7F AT, Veew ©]
S7Heke] wet WE S5 U FbskA HH, ISPP ] WaAe o w
& Veew o4 BASHA @t whebA, stetelE E s w2 27 Ay A elA]
P g st AL & F oH, Eg YRR =2 27 A
AollA A9 IHE 7|75 & F Us Aolth 19 3.7(b)elA = [10]°]
A AHg-E shebulE ghe] 288 29 Ay (B = 15 eV, JAOZ BA)7} H]
wEo] Uk

o
a1

N

¢

d
_l

=
o

o
[ed

o
o)

o
N}

o
o

Normalized parameter
o
N
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a9 38 18 3.3 oA 3.7 Ao
AeE FHo e 12 B

[e) " Ke)
W=

of AHgE stetele] ghEel gitshd v
W oche ghEe ek,

Group Symbol Physical meaning Unit
Total trap density of acceptor-like t 3
Nern rap in CTN cm
Electron capture cross section for a
0 2
L. Electron | oy ey cceptor-like CTN trap cm
trapping .
into CTN | o . Electron capture cross section for cm?
n0,CTN donor-like CTN trap
Pn.cTN on.ctn dependency on E-field cm/V
Ntox Total trap density of TOX defect cm-2
2. Electron :
trapping ” . Electron capture cross section for cm?
n0, TOX
into TOX TOX defect
b Tox on1ox dependency on E-field cm/V
3. _El_ectron Trap level from conduction band in
emission fr | E; CTN eV
om CTN
3 3.1.ISPP HAE Helo] ALRH I|Y dhepuE o] 7 3 E2 A<l o).
19 3894 = 19 33014 3.7 Atelo] AbgE BE gt E 9] Fhe ]

3.8
wetlon, ALgE e T M 2 = 12
st &2 JeER nE g Aise arbitrary unit © 2 eI AL

31 oA e ISPP M E
aorstolth &

37}/ 1F o

e W el
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3 TOX 29 AAF £38, 781 CTN S ZHE dAAF 3o &gt A

%< CTN o2 X35 [AxsE EdyE 7ol du<

A AN 7] A M2 ISPP 42 e W 7|70 &S Fuh
1+

l:,_
HA 1S TOX 29 AAF 93 ddd A, v 27 A g
X

i
2l
)
ol
ol
£
3

9 Aw} 749 Ao] (19 33 FM)E ol gatel A IFel AE Hel
MEEe) e AR Ao R, WA 1ES CTN o RRE A i
Z3 gaHe, ey E b 52 2o 2] A% ddulel Ispp Mg M
=g A2 AQA Aok

[ecTy dependence] [ro dependence]
‘ — ‘

@

VPGM(max)

1
I
Vpass E E@>
I
| 1

VPGM(max)

1
i

Vpass : @ Con_stant
: bias

eq

J, degrades with
Feqdegradation. |

uuuuuu

wPenlaul J [au] F_[au]V, [au]
Q

---------

endPery [2U] 3 au] Feq [au] VvV, [au]

c Transient'time[a.u.] c Tranienttime[a.u.]
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@ tpem = ta, Vpom = max.

';' ';' (1-pulse PGM)
c %,
E s
> (e) C‘:all‘br‘ate‘dnTO(‘JIeI | > (i) calibratedmodel
0
€.y [A-U.] r,[a.u.]

2% 39, (@) @Y Hx 2719 HeF 2o CTN 9 F-48 e e W3to] &

(b) Feg, (€) Jn, (d) Nnetn 3 pern, L2132 () w8 2] W vpzrix 2, defn]
H oo Wl wE (f) Feq, (9) In, () Nt B pern, LB (i) o8 Ao W3l

N

39 eov ¥ e WIS el ©d Hx A7) T R A
5ot 15 3.9(b) FH 39() 7HA= eow ol EEkH, 11 3.9(f)
39(h) 7M1= ool s atch eev 7F S7FE wloll, Feg, dn, 22]3L FN]0] 0]
s7tete]l AaA o R wF Fgfe] SUkskAl Bk E3 So R g Ald e
A (2 390 7 AL ), M =S
ol WSds HolH, o] she] A7) HAavtew Efio] A A
= s dEhn dsie oM FE9 A8 s ge ARR Aol
g g9 Bdlo]l CTN =4 574 W3t 8l Ad St

=

ANgeor dste £9 A
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— (a) Fixed number <—; Fixed final Vpgy
=
S,
=
O]
[a
> L L L L L L L L : L n L n L n L n L n L n L n L n L n
0 2 4 6 8 1012 1416 0 2 4 6 8 10 12 14 16
ISPP Step ISPP Step
Symbol Measurement ’Symbol Measurement
Line: SPICE results Line: SPICE results
;‘ @ tpem = 14 @ tpem = t4
S,
F
7
Saturating Veem 1 (b) Starting VPGM 1 (d)
PGM [au] PGM [au]
1% 310 (a) ¥3HE = 2g-"A~ 2oy (b) 2] wE ISP 2E AF (c)

Zokste 27 7] A9 Bk () T

&= e,
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Zolth, 1% 3.100c)= 2271 Al
o, 19 3.10(d)= 1o wE Ispp 2E 4
A= 2271 A ZE Sl

wHE ISPP REl A3}

) A%s et
%= YER 2% 3.10(b)
Veem ©] EZ3stHoE B35k

o}

£

o]

Y

rlo

i)

32

PN
T

a
)
Y
rl
2
kit

A

7
2 o

gehd,

2

)

o

o}
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5

o

ZF

4 A

had

o
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A glo] ISPP A&
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RS AR 27194 545 A5l oM, 545
AH&-ato] DSL 7 sSL o -k 54 48kl 3
FagE Ad X' Vg = DSL 3 SSL 9] Ak 54 oF

[21]. °]&= 2% 311 eI

L
il
&Y
127
i)
o
o
il

4
r‘\{i}t
=
iy
[>
i
ot

o

off
o
~
2
M
o
kS

[DSL sweep]
- Symbol: Measuremen

- Symbol: Measurement

> i Line: SPICE o [Line: SPICE @
= @ Fixed Vg, . O  @Fixed Vgeap —
o r. @ ¥ |
0 = >
D D
S O o &
- O -
= »w »
4 o ~ O
o v 3 D
e - e
VDSL [a.u.] [SSL sweep] VDSL [a.u.]
3 Symbol:‘Measureme t rSymbol: Measureme
o | Line: SPICE L @ m |Line: SPICE @
= | @FixedV —~ — | @Fixed Vgeap —_
('5 BL = (-5 =
o - — O ; -
n g n C:SD
oL (@)
o 2 o 2
2| % = ®
& () S = S
i%ﬂ%@mm & R L

Vg, [au] V, [au]

1% 3.11. (a) DSL 2 (b) SSL oA A Ve L A3 Veeap ol WHE HIE-
ol A (lsL) calibration. (c) DSL % (d) SSL ol ] ¥ Vreap 2 TFAESF Vi
of mE HIE-Zl A (Is) calibration.
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(a) Ve

....... -2 M Symbol: Measurement (D)
(1) Vpst :o_| |[ DisL "Line: SPICEresults |
— Y @ toou =14

w/ SSL cut-off

(1) Vos| 1

P — Veem [a ul
| — > [ Calibrated DSL !
| (C - Programmed DSL :
0—| | 1 —_ A Erased DSL
T 1 K 2
(2) Vssi io_” SSU g
\_________éz | Lt
(3) Vs DSL [a u]
1% 312 (a) Ver % VSL4 Vo 220 AolZ Yel= 571 325 Vps o H 3}
of W= (b)ISPP 2E A} 2 (¢) HF FE At

I8 312()F HIE-l A (Ve) 2 AaA-#1l A (Va)e Va 29 A
o]Z HAEE 5UF 3 REE Wol=rh DSL ¥ SSL o sldels EWA A
35S 27 Ve 7 Vs & AlE G o me] Holg AXstA HH, B

S Frh A BHo A9 Vy = =9l Aty A [k
B oz ARt [42]. 1% 3.12(b)= SSL o] ke AEjoll A Vpg o
- ISPP Y AIE HolFEU Vps ©] Wi W& wjol=, DSL > A9 off
El7E Ew zjdo] BL % SL EFEFE nHEY] o] &Y Hste] Wt

_
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AL gtk (34 A). VpsL ©

] Z

7ol whel, 1SPP

a0
I M. TN

A4 3]

S 7kt

A H™ Vs o] T&38] 2 wel vidd 24 A= 54 dlolE e Bt v
(A ). 2% 3.12(c)x= Vost ol WHE ISPP R 8] HF QL (ISPP £ %)
T s depdnh 29 311 o4 I " E (calibrated) DSL ZFF, Hgh 2%
711227% DSL & 7Hdetdth. 3.12(c)e] Ad= HF w8 A F4o] & =
59 wEgow FyPolF = Ao® Yehte, o] DSL o 3" A
A e dwol 42 DSL ARE WaElstAY Be Eas 771 wiEolth
Symbol: Measurement (a) || Symbol: Measurement (c)
"Line: SPICEresults 1rLine: SPICEresults

— | @tpoy =ty DD

> - O

= w/ DSL cut-off o (2) Vg, 1

= | , i
>

— PGM [au] PGM [au]

S |- Calibrated SSL : —=- Calibrated SSL
©, [-@- Programmed SSL I -e- Programmed SSL

c |--Erased SSL v +v,, SSL: —A- Erased SSL

czs - VssL = Vinsst)

c . (b) (d)

.Lt |

Ve, [a.u] vV, [a.ul]

9 313, Vsg ol WS (a) ISPP 2 A3} 1 (b) HE w8 A Ve o W3
of wE (c)ISPP 2 A3} 3l d) HF E* A

19 3.13(a) 2 3.13(b)i= DSL ©] 2t AEjoA] Vss ol wE ISPP 22 A

W= Jebdith Fee 19 3.12(b)¢ 3.12(c)ol A 9 B
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o] E3}E = gho] o7t 9tk SSL o] 3] AAUS Wl Ve = Vs ol 9
SHAl =™ Ve > 3.12(b) 9k 3.12(c)oN A1) Ve Bt ¥ At webA] E3hE =
ghol o ywrolxith 18 3.13(c) 9k 3.13(d):= DSL ©] e Aol vy o uf
T ISPP ¢l A5 HojFErh o] Vot W Vg ol WE ARl @,
ISPP =& ZhAdhe Ve ol whet EstE R ok A& Frhskedl, o Vs
7} Vo ol ARR0 2 AZE 09l 7] wolth 13 3.13(d)ol A9k o), 7+
Adhe Ve o wEt #HEF Y dste] JhsEA S Hell (SSL AAE A
of 4%), &vdt 712715 A s FUEHA "ok (Ve el <8 o

@),

o2

356 & ¢

A3 ZelMe, AR 7] s AHE mdg o] gato] vhekgh dhetv]

B Wgle] mE ISPP AE ClSsith 3 HAR ER 547 #de oo
3 e yhebu]e o] WEle] wE ISP A¥E ettt Wy deuHES
A 374 OFO R YEowA AukEQl ISPP 2149 V)
Ao A2l ISPP H4 7€), =& A
T JdrEES ERFoRA B A]s :
o A8l BElFt [10]9] EHE] Apoli=, & =itollAi= ISPP dHlolE| 2 5-E dhe}
nEE FESTHE Foly ToX A d&Fs stk Zolth dA
U329 3 A H= ZA W= ISPP & AMgEte] 27] F2e WS
o, S oA oA TOX o= Aol EAstHE HellA, & =it
7

jincs
o
12
=2
1o
=
0
o
1H
[-‘>~
N
o
N
=2
o
o%

r]
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A 47 SFYH-AE 72 JE FHYA HR

£ gk =AU [14]-[16]. o1& s AL A BTN HT AEF-A o]
E 7)o MR, ol 7IE el HWEE £o] sl nlE-El
2E"o] HE Zlo] ofd 2 o] AEYOR o] &t wo|th AEF-A0
E dE ZgA 2xE d-o] s £4) sk, 71 453 Fxel vl
ISPP E&o] Stobx 227] H& Alfto] FrbgithE Aolth old AT AyE

2 oled WS HAS] AN FRA A% FUL ol A
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Doping
Concentration
[cm
P 5.000e+19

3.035e+17

1.842e+15

1.116e+13
-3.616e+12
-6.070e+14

.-'I 000e+17

- "

0| () EIectron\
O Hole

(iv)

(d)

: F/H ] H =22 e] 2. (b) Dwe Hor]:O
° 2. (d) ISPP 3ol A1 <] o LA] o
. A 9 D = Z}7Z} acceptor-like E 313} donor- I|ke

99 41 (@) 3 AL 2B E dE =
29 WA, () AW FH ozl vl
= tholojael W A A%
Ede e,

8-t &



Symbol Physical meaning Value

Radius of the oxide filler at
Re . : 15 nm
the semicircular side

tsi Silicon channel thickness 8 nm

toi/tnaltoy | BE-TOX thickness 1.0/2.5/2.5 nm
Charge-trap nitride (CTN)

fern thickness 4nm

Blocking and Aluminum

teox/tao | oxide (BOX/AIO) thickness | 0-9/2:0NM
L Word-line length 22 nm
Lsp Spacer length 22 nm

=5

41 B =R ARl s Aol g@ WA sEEE ek

9 41 2 AT 3 Y AZEACE W ZgA] v
x5 vt o &

ol ge-gkel s xekstt, 9 =-21¢lS silicon monoxide A A A= D 2

ARtE v ofA ek & Aol Tk Dw OF theFd gro] ARE

 Dw WEFOoES] WA vEbdTh 4748 -l

o AE-ERIFE WEoln X & AW

= 4

WLNX = A|ojx]m],
S5 WLIF = dH

=}

A
(forward, F) &=+ % (backward, B) & & stuelt}. o=

oA wh ofERY 2 WA st fE-ilolH, & Aol Bl Al
ojth. TetulE] Re & AMstE Ao wbd FE9] WA ES WERH, Lwe &
L = 220 A =-ghQla} AdojA o] dol& yehdith. 1§ 41(c)= AME
T WO R G S el 3 E s, tor, ta, toz, tern, teox, tao = ZF
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7+ el A4, 01, N1, 02, CTN, BOX, A0 =9 F/|Z veic £3], 9=
g}el Atole] 7] 939 (parasitic region)S ¥ Ao A FQEHA trEold o
Jolr, 714 o] ofd AER E#al 9GS el e (main region)
oz} HEth 19 4ld)= 227] AlEdold FRbe oA W= thojo] 1
A %S dehdeh [43], [44] 714 () B9 Asihe B @ A4
Bl g, (ii) CTN 9] acceptor-like E51 ¥} donor-like E§ o= I} 33 (iii) CTN
ol A=} E%/E4) (iv) CTN Efe g e Az W& 9 gy a3
== 13T Acceptor-like E 13} donor-like Ef1C ¥ 3 T de zhz)
6x10%° cm?, 2x10* cm?o] ™, E oy x| HHES Z}7; 14eV,20eV E A4 3
ATt [38]. O W FHE &M, F 41 o= AlEHo| Ao AMEEHE= 42219
W2 gtepu| el Eo] QokE o] QIth Dw & Q& st AFHor 481
A 2 =FoE 2eel vk E] EF (grain boundary trap)ell 93 &3}
[14], [45] & A&kt

Sr i
4l Dy [nm]:
3l ,
E ol ]
s 1
) f
1L ]
ol ‘ ‘ rood | R

12 14 16 18 20 22 24
[V]

PGM
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a9 42, A2 U2 Dweoll tigk A Ao ISPP 54

% 42 & AE HE Dw ol thst B2 Ao ISPP 54 & HolFHh 13 V
FE] 225 V 7HA] gk 10 V H 919 ISPP EA S B35t A7) A HA
o] S7tEE A8 Fos5vold, dAHoR 20719 227 HAAVF QIybE T
ISPP &2} o] Holli=, Dy ol 43 flo] BE &A9 27] £ AYS> 2V E
g0l Qlth Aol FE At 0.1 pA 9 LI HE-gl AFolN FE9
th 9171 w2 Bk Y A=-gklelE off A (V) O E -2 V 7} Q17EE
Dwi©] 25 nm oA 200 nm &= W38k wfjo] ISPP & &2 HAab FrAasttt, o]est 4
W= ol A+ A¥E [12], [13] F LA Eo

°

4315PP o HE £E A old 29 24

800 ‘ ‘ S
_ 200 (@) Dy, 1 Dy [nm]: |
O ’ 200
O 600- .
K, I 150 |
E 500/ 100 ]
— 400 70 ]
8 300/ 25 |

200 - : .

, (Circular)

100 , | , | , | , | , |

12 14 16 18 20 22 24
[V]

VPGM

- S



200 | -=- Before ISPP ]
O - -e- After ISPP
O 600 -
§ 500 | ISPP operation . ]
E 400 f
" 300 .
P 2004 3 by

100 > (Circular) (b)

D [nm]

T3 43.(3) THFE Dwol ThE B Aol B8 A% o)sh 29 H]a. (b) ISPP
4 A (AAN AR F (8 el T gk ofsh 29

% 43@)%= B A (WLIF)OIA ISPP E&o] whE 2¥ At olst A9
S gkt Dy o tiste] BojFETh Dwe ©] 25 nm 2 ZHS wlol= o2k 200
mV/dec °l|A 300 mV/dec Atol2] zkS 7FA] A 4E Dwi©] 200 nm 2 & wjoll= <F
600 mV/dec 7FA F7bebet. w3k 1% 4.3(b)oll A= Dwe ol wet ISPP A (A A
A ALzEE) e S (kA 90)e] EE St o]sk Ago] 29kE o] Qith Dw ©]

I

Y& F1sH, 1P FH Fol Mk o

73 by I ]
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[Dw. =25 nm]

(b)

[Dy, =150 nm]

B (Vo)

eDensity[cm=]
¥ 1.000e+16
3.162e+15
1.000e+15
3.162e+14
1.000e+14
3.162e+13

{ .1.0009+13

(c) (d)

%Y 44.Dw=25nm < wof] ISPP (a) A3} (b) ¥ Y AR} 3. Dy =150
nm & ol ISPP (c) A} (d) §9 g HdA . g Az $xf A 77}

1 & 1 =)
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Tk B= FA5]

ol2lgh o]fr= ¥ 44 oA Adrgo] Hof Qith Bl Ay 9 Ao 77}
T 9} B & A Holrh e fE-gkele 712t v

7hElo] Qlth WA, 19 4.4(a)9t (b)olA1= Dwe=25nm Q1 &zpell A ZHz}; ISPP
At 5o Qg BIXEZ BHoJFrh ISPP Mol MY Axes F2 e A A4
o] Wl e fAsta k. ol F Y=gl Atele] A st Fid] 7}
7HIA T Y1E-ERle] Vo 7F Ao V1A 9o Rl HAF TEE ATE
4 Q7] wieltt 2y Bl Ale] FE Hdte]l HA FkskA sHW, 28
ARz Qlete] wQl Pl HH-AQl FY Hto] Al =, o2 <l
Wl Jodnct 7| gojo] o w2 v "ok A ol 22 Dw 2l &
of| ] ISPP &2t F<F TH At o]t Aol AA FUFekAl k. 19 4.4(c)
9} (d)ol = Dw=150 nm Q1 Azbo| A Z+2; ISPP A3} $9] Y BES Ho
o & Dw & &Abel A= Vo ol 23 Aloj7F ¥ eFstr] wiZoll ISPP o]l

T 717 @2 Y Ak 23l on] wbdE o] St o512 & Dw gl &

441SPP o mE A Alo] 7HY 4
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>
é 30+ Dw. [Nm] .
Censity nthe z | 150 100 70 25
CTN[cm=] E 20 r B
5.0000+19 >
1.209e+18 <]

2.924e+16
7.071e+14
1.710e+13
4.135e+11
.l 000e+10

(AVth,N)
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_ e
8 > E :A’; Dy, [nm]:
%'(7) o Dw. 1 —25
ccs 2- 70
=353 1) _

ql_) Iil O L L \_‘15\0

0 30 60 90 120 150
Along Dy, direction [nm]

(if)
____________ 0.1 pA

[Small Dy, ]

>

(b)

(i)
I (ii)
————————— L——-  01pA
|
I
; [Large Dy, ]
" Vi

Initial V, ©) TargetVy,
C

I 46. (a) ThSE Dw ol WE EZEH AA 2 FE =gl
A FE2EHAJT (b) 2= Dwe ol 22t () 2 Dwe ol Akl A (i) 22

#7) A A2oh QbE S Wl wagskE BE A 2 () o @ 4

) A B2E B B ALY Aolg wy

T1H 4.6 oA Dw ol wet z-2k4d o] el 7} B sk ool thsho]

%A
S27)el

A

ok 2% 4.6()= THSR Dweell thske] CTN e 223e A e F25

¥ "'-\. _I; ¥
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N9 FAeFE foj Axfo|t}, Bl=

B

o

0|

AL AR Aol

Ao A=

E

-

gé.

b A7)

=
-

o, Z1¥ 4.6(b)<} 4.6(c)°lA]

&7] wi

Al

o
3

Dw. 8 &AfelA ¢

Al
=

4.6(b)}t 4.6(c)1 A, F+ 7N

1] 9

S

of =4

(29 4.6(b)2} 4.6(c)e] =4 (ii)). dHA o=,

Dw © 255 A4 A%d A4 57} o ww, ol

o] B AA Hrh

9

AV 1 [V]

“0 123450122345

9
8
6
4
3
1
0

- 67 -



SR 47, (@ Abel=-al HAle] M@ RAb Bl Gh ek % 52 B R
Aol 9Tk (B) A2 Du ol £ASE (0) D o] &AM B o]
A (Vi) ol whe F0 Ao 5 A% W3t (AVie).

O™ A7) ARol=-A ZhAdel oidt BAF gl A s yERdth o]

g FS
Ao g} HlSzsAl, Bl A (T & BA)e] ¥ 2 2 gor 2] FAo

ojFold w ¥ A BE EANS TEH AY I FIskE A& sl
=€

WL1B 7} &8 Ao] =t} 17 47(0)¢ 4.7(0c)= 42 2+ Dw o &Aks}

Dwi o] Aol A B2l Ao &8 At (Var)ol we 53 A2 &8 st
W3t (AVie)E Ho=th B Dw & A-voll diafl, Ate]l=-4 3H4d 9] k2 Z-
9 R o & Rog vehdd, ik Aloj=.Al 7hAd o) AdAL z-3h
Aol A= dEA et Dweol 25 nm ellA] 70 nm 2 571E ufjol] A}

i

el Aol e8|y Sk ARt oR S AA7]H = Abolo] ATt
S7Fkd = Abolo] ASAE R AEH myts A4t s 19 o),

- 68 - "-:l:" I "Nl-.|- 1_-li [£ 5



(@) Dy, =25nm (b) Dy, =70 nm (c) Dy, = 200 nm
B (Vi)

B (Vin)

(Voff)
Dwi < Dw' Vo)
off

T
T d { ( !
eTrappe DWL < DWL

Densityinthe | eDensity in the

CTN[cm=] channel

9 5.000e+19 M Max. at Vi
1.209e+18
2.924e+16

7.071e+14 (V ff)
1.710e+13 DW|_ T 0
4.135e+11 .
.lDDOe+'IO ) \. Max.-5 Dw. > Dy

;1\2] 4.8. (a) DwL =25 nm, (b) DWL—70 nm, JE].J__ (C) DwL = 200 nm ¢ T'q1°ﬂ ﬂ’ﬁl
AolA el Eaw axe] Bye sk Aol Y A4 BE Due F A
spelel ATl AEY AeE hepar.

% 482 B AoAe] EfE Axp @ 9 oAl Ad dare] i
E HojFr o] 1% Hg Dw o weEt ®istels Dw'e EolEth Dwdl
71> B Ao EfE Axkel o Alo] A dAk Abold] fa AR A

S Aol sl wE Aol QIbE Abstolm, o] w )
Axp AEe] FHogh (b FE)ol FA4E JdoA Fovlst dFrt
ot 7pgekedeh. 1% 48 oA Al 744 Dw ol tial Eb Ao HE
2% 1 volth 2% 48@)°1A Dweol 25 nm & Z-2 ujof], Ao FE
-1V 2 BT g B3k, B CTN o AAlz 23
Aegs gdepslen (29 46), F+ A Atel A7E 7] vl 82 w

Vo 7b 5 Al R e Ach webd 9 A9 A ARk

[

)
[ol
e Ag

2
S L A

S 1o

rk@
N
&
=
o rr

é

- 69 - M1l



A G FoAAXE 7P el IXsA drk

Dwi' AA Dwe €1 25 nm Bt} o] & A& &<l 33ty 19 4.8(b)oll4 Dwe
o] 70 nm 2 SIS o), EFZl CTN o Z3 4 =

d AF7 v g mpgorn 27 Azsit} o] wo] Dy o] d3] A
Al Dw Q! 70 nm Bt o & & F1E = Qith wpHurto® 79 4.8(c)ol A,
Dwe ©] 200 nm = wj-¢- & wlel, 20 CT

a9
ATH Tk, F Al Alolo] Azt HOlA Vel Alo]7F Al okshr] wlifeo] F

Rl A¥ o A Ato] o] Abo] =LAl 3L BRI CTN o] #1735 dzte] 5
2ol vl sk, Dwel WkBElSet T 7 4 glth obA] gl upsl 7ol
EFZl CTN o] A5 = Axke] exbs (59 Y Aol 2ok & o) Dw
of wet Frlekes A Btk v, I¥ 48 o4 &1d
Dwi'> Dw. ©] &7tete wba F7bebAl= ket ol 542 53] & Dw
dE ¥ 2" I PR Dweol A= Wels, Dw o Skl whet A EH=
Azre] sl s 7 A Abe]l AEY At F7keE QRlo] o Ao
Apol =4 7o) ZrAadttl 18y Dw o F wlols, W E Dw o St
et A Abolo] AEY ATt A FolEA 4 W AXEE AR

G TES] FFSIRR Afol=-Al kAol s SRt

0 SEECE



Dwi[nm]:
-o- 25

- /0

- 100
- 150 1
-- 200 |

[V]

thT

7Y 49, FF Dwol thstel, B Ao BE A (Vanl mE T Ae)
B AS olak 29 (5559 Mk

Th5 0%, Afo] =4 2ol ogh ¢k Ao 8 A olet 292 ®ighe|
kel EA e 2% 49% B A Y A (Vanol wE 5 Ao &
g A9k o]st A9 (S.S.e)S ks Dy ol tidte] BolFth Dy ol 2SS we,

e Hgt o8 AYL 00 mV/dec ©|t}. Dw.©] T7F&FE 27] &4

At olst AYL AR Z=718H, Dwe ©] 200 nm 7F H S = ¢k 600 mV/dec

7b A o] A& 1™ 43 oX ek Ao Z2H], ol ¢ F Ao] &7



M= 7] 8 At o]s A9l 300 mVidec X2 ol A A&k Vit ol
upe} FH3] ZAaste] A= 200 mvidec F=7F Ak Dwe ol W 2 FF, =
7] Y Ak olst ~go] F BuE ofe} vy o whet o] g A Eols
Al ¢kErh ISPP 7F B W) 74X] o] [l E] & (400 mV/dec ©]%) #h= frAIskaL
Atk

r s = = N
d&v m Nd 7 b

Pl
?’

1
£

lbﬂn 2
eDens ity [cmj3]
. 1.000e+16
3.162e+15
1.000e+15
| [3.162e+14
1.000e+14

3.162e+13
{ .1.000e+'|3_)

Nt

A
Ay

L e

A}

1 . H 1 1_'_” &



[Dw. =200 nm]

219 4.10. Dwe = 25 nm oA, E}Al A 9] (a) ISPP A3} (b) ISPP & g =2
3 A B 3 Ale) 97 F&F AFolm S f=-gRld £ HSto] <l

7} (0)94‘ (d)“i‘ Dw. =70 nm, (6)9}‘ (f)“f___‘ Dw. =200 nm Oﬂ /\1 94 }\]‘%Eﬂ O]/\d 7551]‘

& ol AHE 1
A3} 59
o] 9tk kA AF
)9l Ver 7 714 ol A AAE wvidow olAgt) webd, i A
o we A ols 29go] Arh B A9 ISP 7t EYF F, AAE FE 8

AL CTN 9] #Q) dolo] Agart B Ax - o] F28) 7] o,

gé
iy
)
_>|i
1o
HU: o
kel
il
i
2
AN
)
o
ok
jg
I
)
[-‘0
rlo
a

ISPP 7} £ u] 72 9 Ao w2 7Y HeF ot A9Ye AT 1
 4.10(c)2t 4.10(d)x= Dwe = 70 nm & wjell ZH2t ISPP H 7 %o Aqd Hate
EE HolFErh ISPP & sH7] Aol 718 FoelA dF TE7F FAAEHE A
& AU Aok ©¥3], ISPP o] F-of Bl CTN o AZs= k= §
Al 718 AR TEE A AT o]y E olFE, Dw = 70 nm 4 W=
ISPP o] %o &1 Ae] ¥ A ot Aol s MdHT mpA o R,

1% 4.10(e) 2} 4.10(f)= Dwe = 200 nm & wjoll -z} ISPP A3} o] g Az}

Moo

02

73 J’—'! L 1_'_” ';j]l_



o] X F HoFH Dw ol wi-¢ 7] wtoll ISPP al7] e 7|8 AF T &
7} zlo] FA ] QUThISPP 7 € F, Bl CTN o= tE Dw 9] 3-F-¢llA
S} mlseeh ko AA7E AAE ol Stk ey o] Aol=
woll AZE dxpEe] v A 7 AR

Kl

- o
A2 7k vk A o= ISPP 7F 2t o Fell s 714
=

Al 4agM =, AEHARIE 729 dE YA v R oA Dw & W3t

98 AN el A=A A o 4% i HHHI} o] Fol Aol

gt



s R o A

HoTE

=
L -

4

=

=

u, ISPP

bl

A5 4

°

I8

o
R

1= Al

o

1
-

Il E
] —

.

e

¥

_]

S
fus

1

=]
=

g

Jari
fi%e)
o
=
el

g

L —
L.

5

°©

il

Al 2 BeM=, 271 &
2wkt

Az

)

ol

_L
ojiy

B

Ui

=

14

+
ofiy
Pt

=
B

e

T
%0

B HEANNY Folg

|

N
.

i

Y FMAIRASY g

<

ot HEHoE, 2

PR

(e}

PN
T

feig
=

i

np

of A1 2] ISPP

0

AO

15

ki3

=0

[e)

bol o

5]

2]

R s

o

ISPP

¥

V2]

Ar

S

v 5Le] 2 5

- 75 -



3 7HA] aso=®

= A

RN

o gl

. =

ol
L
ol
HH

ol

B

ol =38}

=

upR|uko 7 A7)0 A

Ptk

S

S0l E

3z
=

F27h obd 3 AA 2

Ul
=

f

A ol Dw o W3tel] wE o

229319] T}, 25 nm H-E] 200 nm 74

2

45%

Al 4 ZelM=, 7159

210

i
=)

)

Fol ISPP &89 x}olg}

S

<12l Dweell o

H
™

2

Fob, BE3F Dy ©]

3|
T

w3}

100 nm ©]4) 2

FES% (%

+ Dw ©]

2] of| A

Hls] 1

'EEO

ISPP

NJo

- 76 -



[1]

(2]

3]

[4]

5]

(6]

[7]

(8]

3 523

Y. Park, J. Lee, S. S. Cho, G. Jin, and E. Jung, “Scaling and reliability of NAND
flash devices,” in Proc. IEEE IRPS, Jun. 2014, pp. 2E.1.1-2E.1.4.

M. Park, K. Kim, J.-H. Park, and J.-H. Choi, “Direct field effect of neighboring
cell transistor on cell-to-cell interference of NAND flash cell arrays,” IEEE
Electron Device Lett., vol. 30, no. 2, pp. 174-177, Dec. 2008.

J.-D. Lee, S.-H. Hur, and J.-D. Choi, “Effects of floating-gate interference on
NAND Flash memory cell operation,” IEEE Electron Device Lett., vol. 23, no. 5,
pp. 264-266, May 2002.

A. Goda, “3-D NAND Technology Achievements and Future Scaling
Perspectives,” IEEE Trans. Electron Devices, vol. 67, no. 4, pp. 1373-1381, Apr.
2020.

K. Parat and A. Goda, “Scaling Trends in NAND Flash,” in IEDM Tech. Dig.,
2018, pp. 27-30.

S. Lee, C. Kim, M. Kim, S. Joe, J. Jang, S. Kim, K. Lee, J. Kim, J. Park, H.-J. Lee,
M. Kim, S. Lee, S. Lee, J. Bang, D. Shin, H. Jang, D. Lee, N. Kim, J. Jo, J. Park,
S. Park, Y. Rho, Y. Park, H.-J. Kim, C. A. Lee, C. Yu, Y. Kim, M. Kim, K. Kim, S.
Moon, H. Kim, Y. Choi, Y. Ryu, J. Choi, M. Leg, J. Kim, G. S. Choo, J.-D. Lim,
D.-S. Byeon, K. Song, K.-T. Park, and K.-H. Kyung, “A 1Tb 4b/cell
64-stacked-WL 3D NAND flash memory with 12MB/s program throughput,” in
IEEE ISSCC Dig. Tech. Papers, vol. 342, Feb. 2018, pp. 340-342.

H. Tanaka, M. Kido, K. Yahashi, M. Oomura, R. Katsumata, M. Kito, Y.
Fukuzumi, M. Sato, Y. Nagata, Y. Matsuoka, Y. lwata, H. Aochi, and A. Nitayama,
"Bit Cost Scalable Technology with Punch and Plug Process for Ultra High
Density Flash Memory," in VLSI Symp. Tech. Dig., 2007, pp. 14-15.

R. Katsumata, M. Kito, Y. Fukuzumi, M. Kido, H. Tanaka, Y. Komori, M.
Ishiduki, J. Matsunami, T. Fujiwara, Y. Nagata, L. Zhang, Y. Iwata, R. Kirisawa,
H. Aochi, and A. Nitayama, “Pipe-shaped BiCS Flash Memory with 16 Stacked



9]

[10]

[11]

[12]

[13]

[14]

[15]

Layers and Multi-Level-Cell Operation for Ultra High Density Storage Devices,”
in VLSI Symp. Tech. Dig., 2009, pp. 136-137.

R. Micheloni, L. Crippa, and A. Marelli. Inside NAND flash memories. Springer
Science & Business Media, 2010.

S. M. Amoroso, C. M. Compagnoni, A. Mauri, A. Maconi, A. S. Spinelli, and A. L.
Lacaita, “Semi-analytical model for the transient operation of gate-all-around
charge-trap memories,” IEEE Trans. Electron Devices, vol. 58, no. 9, pp.
3116-3123, Sep. 2011.

E. Nowak, M. Bocquet, L. Perniola, G. Ghibaudo, G. Molas, C. Jahan, R. Kies, G.
Reimbold, B. D. Salvo, and F. Boulanger, “New physical model for ultra-scaled
3D nitride-trapping non-volatile memories,” in IEDM Tech. Dig., 2008, pp.
559-562.

N. Kariya, M. Tsuda, T. Kurusu, M. Kondo, K. Nishitani, H. Tokuhira, J.
Shimokawa, Y. Yokota, H. Tanimoto, S. Onoue, Y. Shimada, T. Kato, K. Hosotani,
F. Arai, M. Fujiwara, Y. Uchiyama, and K. Ohuchi, “8-1 A TCAD Study on
Mechanism and Countermeasure for Program Characteristics Degradation of 3D
Semicircular Charge Trap Flash Memory,” in Proc. SISPAD, 2020, pp. 161-164.
M. Fujiwara, T. Morooka, S. Nagashima, T. Kato, N. Fukuda, N. Kariya, T. Ogura,
T. Kurusu, Y. Shimada, T. Ishikawa, Y. Arayashiki, K. Hirayama, Y. Koyama, S.
Kashiyama, W. Cai, Y. Goki, K. Sawa, D. Ikeno, M. Nishikawa, Y. Uchiyama, N.
Ohtani, F. Arai, and M. Kondo, "3D Semicircular Flash Memory Cell: Novel
Split-Gate Technology to Boost Bit Density,” in IEDM Tech. Dig., 2019, pp.
28.1.1-28.1.4.

E. Nowak, J.-H. Kim, H. Kwon, Y.-G. Kim, J. S. Sim, S.-H. Lim, D. S. Kim, K.-H.
Lee, Y.-K. Park, J.-H. Choi, and C. Chung, “Intrinsic Fluctuations in Vertical
NAND Flash Memories”, in VLSI Symp. Tech. Dig., 2012, pp. 21-22.

S.-M. Joe, J.-H. Yi, S.-K. Park, H.-l. Kwon, and J.-H. Lee, “Position-Dependent
Threshold-Voltage Variation by Random Telegraph Noise in NAND Flash
Memory Strings,” IEEE Electron Device Lett., vol. 31, no. 7, pp. 635-637, Jul.
2010.



[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

Y.-T. Oh, K.-B. Kim, S.-H. Shin, H. Sim, N. V. Toan, T. Ono, Y.-H. Song et al.,
“Impact of etch angles on cell characteristics in 3D NAND flash memory,”
Microelectron. J., vol. 79, pp. 1-6, Sep. 2018.

J. Jang, H.-S. Kim, W. Cho, H. Cho, J. Kim, S. I. Shim, Y. Jang, J.-H. Jeong, B.-K.
Son, D. W. Kim, K. Kim, J.-J. Shim, J. S. Lim, K.-H. Kim, S. Y. Yi, J.-Y. Lim, D.
Chung, H.-C. Moon, S. Hwang, J.-W. Lee, Y.-H. Son, U.-I. Chung, and W.-S. Lee,
“Vertical Cell Array Using TCAT (Terabit Cell Array Transistor) Technology for
Ultra High Density NAND Flash Memory,” in VLSI Symp. Tech. Dig., 2009, pp.
192-193.

R. Micheloni. 3D Flash memories. Dordrecht: Springer Netherlands, 2016.

G. Van Den Bosch, Physics and reliability of 2D and 3D SONOS devices, in IEEE
International Memory Workshop (IMW), Tutorial, 18-21 May 2014.

D. Verreck, A. Arreghini, F. Schanovsky, G. Rzepa, Z. Stanojevic, F. Mitterbauer,
C. Kernstock, O. Baumgartner, M. Karner, G. Van den bosch, and M. Rosmeulen,
“Understanding the ISPP Slope in Charge Trap Flash Memory and its Impact on
3-D NAND Scaling,” in IEDM Tech. Dig., 2021, pp. 178-181.

M. Kang and Y. Kim, “Natural local self-boosting effect in 3D NAND flash
memory,” IEEE Electron Device Lett., vol. 38, no. 9, pp. 1236-1239, Sep. 2017.
K.-S. Shim, E-S. Choi, S.-W. Jung, S.-H. Kim, H.-S. Yoo, K.-S. Jeon, H.-S. Joo,
J.-S. Oh, Y.-S. Jang, K.-J. Park, S.-M. Choi, S.-B. Lee, J.-D. Koh, K.-H. Lee, J.-Y.
Lee, S.-H. Oh, S.-H. Pyi, G.-S. Cho, S.-K. Park, J.-W. Kim, S.-K. Lee, and S.-J.
Hong, “Inherent Issues and Challenges of Program Disturbance of 3D NAND
Flash Cell,” in IEEE International Memory Workshop (IMW), 20-23 May 2012.

J. Ko, Y. Yang, J. Kim, C. Lee, Y.-S. Min, J. Chun, M.-S. Kim, and S.-O. Jung,
“Variation-Tolerant WL Driving Scheme for High-Capacity NAND Flash
Memory,” IEEE Trans. VLSI Systems, vol. 27, no. 8, pp. 1828-1839, Aug. 2019.
H.-T. Lue, T.-H. Hsu, S.-Y. Wang, E.-K. Lai, K.-Y. Hsieh, R. Liu, and C.-Y. Lu,
“Study of incremental step pulse programming ISPP and STI edge effect of
BE-SONOS NAND Flash,” in Proc. IRPS, 2008, pp. 693-694.

H.-T. Lue, T.-H. Hsu, Y.-H. Hsiao, S.-C. Lai, E.-K. Lai, S.-P. Hong, M.-T. Wu, F.

- 79 -



[26]

[27]

[28]

[29]

[30]

[31]

[32]

H. Hsu, N. Z. Lien, C.-P. Lu, S.-Y. Wang, J.-Y. Hsieh, L.-W. Yang, T. Yang, K.-C.
Chen, K.-Y. Hsieh, R. Liu, and C.-Y. Lu, “Understanding STI edge fringing field
effect on the scaling of charge trapping (CT) NAND Flash and modeling of
incremental step pulse programming (ISPP),” in IEDM Tech. Dig., 2009, pp.
839-842.

C. M. Compagnoni and A. S. Spinelli, “Reliability of NAND Flash Arrays: A
Review of What the 2-D-t0-3-D Transition Meant,” |IEEE Trans. Electron Devices,
vol. 66, no. 11, pp. 4504-4516, Nov. 2019.

C. Monzio Compagnoni, A. Mauri, S. M. Amoroso, A. Maconi, and A. S. Spinelli,
“Physical modeling for programming of TANOS memories in the
Fowler—Nordheim regime,” IEEE Trans. Electron Devices, vol. 56, no. 9, pp.
2008-2015, Sep. 2009.

A. Padovani, L. Larcher, and P. Pavan, “Compact modeling of TANOS
program/erase operations for SPICE-like circuit simulations,” Microelectron. J.,
vol. 44, no. 1, pp. 50-57, Jan. 2013.

E. Gnani, S. Reggiani, A. Gnudi, G. Baccarani, J. Fu, N. Singh, G. Q. Lo, and D. L.
Kwong, “Modeling of gate-all-around charge trapping SONOS memory cells,”
Solid-State Electron., vol. 54, no. 9, pp. 997-1002, Sep. 2010.

Y.-Y. Chiu, I.-C. Lin, K.-C. Chang, B.-J. Yang, T. Takeshita, M. Yano, and
R. Shirota, “Transconductance Distribution in Program/Erase Cycling of NAND
Flash Memory Devices: a Statistical Investigation,” IEEE Trans. Electron
Devices, vol. 66, no. 3, pp. 1255-1261, Mar. 2019.

N. Choi, H.-J. Kang, J.-H. Bae, B.-G. Park, and J.-H. Lee, “Effect of
nitrogen content in tunneling dielectric on cell properties of 3-D NAND
flash cells,” IEEE Electron Device Lett., vol. 40, no. 5, pp. 702-705, May
2019.

C. Woo, M. Lee, S. Kim, J. Park, G.-B. Choi, M.-S. Seo, K. H. Noh, M.
Kang, and H. Shin, “Modeling of charge loss mechanisms during the short

term retention operation in 3-D NAND flash memories,” in VLSI Symp.

- 80 -



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Tech. Dig., 2019, pp. 214-215.

H.-T. Lue, T.-H. Hsu, Y.-H. Hsiao, S. P. Hong, M. T. Wu, F. H. Hsu, N. Z. Lien,
S.-Y. Wang, J.-Y. Hsieh, L.-W. Yang, T. Yang, K.-C. Chen, K.-Y. Hsieh, and C.-Y.
Lu, “A Highly Scalable 8-Layer 3D Vertical-Gate (VG) TFT NAND Flash Using
Junction-Free Buried Channel BE-SONOS Device,” in VLSI Symp. Tech. Dig.,
2010, pp. 131-132.

M. V. Dunga, C.-H. Lin, A. M. Niknejad, and C. Hu, “BSIM-CMG: A compact
model for multi-gate transistors,” in FinFETs and Other Multi-Gate Transistors.
New York, NY, USA: Springer-Verlag, 2008.

G. Malavena, A. Mannara, A. L. Lacaita, A. S. Spinelli, and C. M. Compagnoni,
“Compact modeling of GIDL-assisted erase in 3-D NAND flash strings,” J.
Comput. Electron., vol. 18, no. 2, pp. 561-568, Jun. 2019.

T. H. Ning, “Electron trapping in SiO» due to electron-beam deposition of
aluminum,” J. Appl. Phys., vol. 49, no. 7, pp. 4077-4082, Jul. 1978.

A. V. Vishnyakov, Y. N. Novikov, V. A. Gritsenko, and K. A. Nasyrov, “The
charge transport mechanism in silicon nitride: Multi-phonon trap ionization,”
Solid-State Electron., vol. 53, no. 3, pp. 251-255, Mar. 2009.

A. Padovani, A. Arreghini, L. Vandelli, L. Larcher, G. V. Bosch, P. Pavan, and J. V.
Houdt, “A comprehensive understanding of the erase of TANOS memories
through charge separation experiments and simulations,” IEEE Trans. Electron
Devices, vol. 58, no. 9, pp. 3147-3155, Sep. 2011.

J.-D. Lee, J.-H. Choi, D. Park, and K. Kim, “Degradation of tunnel oxide by FN
current stress and its effects on data retention characteristics of 90 nm NAND
flash memory cells,” in Proc. 41st Annu. IEEE Int. Rel. Phys. Symp., Mar. 2003,
pp. 497-501.

D. Kang, K. Leeg, S. Seo, S. Kim, J.-S. Lee, D.-S. Bae, D. H. Li, Y. Hwang, and H.
Shin, “Generation dependence of retention characteristics in extremely scaled
NAND flash memory,” IEEE Electron Device Lett., vol. 34, no. 9, pp. 1139-1141,
Sep. 2013.

Y. L. Chiou, J. F. Gambino, and M. Mohammad, “Determination of the



[42]

[43]

[44]

[45]

Fowler—Nordheim tunneling parameters from the Fowler—Nordheim plot,”
Solid-State Electron., vol. 45, no. 10, pp. 1787-1791, Oct. 2001.

J. Jeon, I. H. Park, M. Kang, W. Hahn, K. Choi, S. Yun, G.-Y. Yang, K.-H. Lee,
Y.-K. Park, and C. Chung, “Accurate compact modeling for sub-20-nm NAND
flash cell array simulation using the PSP model,” IEEE Trans. Electron Devices,
vol. 59, no. 12, pp. 3503-3509, Dec. 2012.

TCAD Sentaurus Device User Guide, Version 2015, Synopsys, Mountain View,
CA, USA, Jun. 2015.

M. Kim, S. Kim, and H. Shin, “A Compact Model for ISPP of 3-D Charge-Trap
NAND Flash Memories,” IEEE Trans. Electron Devices, vol. 67, no. 8, pp.
3095-3101, Aug. 2020.

D. Resnati, A. Mannara, G. Nicosia, G. M. Paolucci, P. Tessariol, A. S. Spinelli, A.
L. Lacaita, and C. M. Compagnoni, “Characterization and Modeling of
Temperature Effects in 3-D NAND Flash Arrays Part I: Polysilicon-Induced
Variability,” IEEE Trans. Electron Devices, vol. 65, no. 8, pp. 3199-3206, Aug.
2018.



Abstract

NAND flash memory technology has been continuously developed and its bit density
has improved. Recently, 3-D charge-trap NAND flash memories are replacing the
conventional planar structure or floating gate NAND flash memories. Especially, the
program operation is implemented using incremental step pulse programming (ISPP).
ISPP is the programming method by applying multiple voltage pulses with gradually
increasing amplitudes. It has an advantage in that the variation of the cell threshold
voltages (Vus) can be smaller. Since the channel geometry and the charge storing
mechanism of the 3-D charge-trap NAND flash memories are different from those of the
conventional NAND flash memories, the compact modeling which can describe those
characteristics is becoming necessary.

Thus, in this dissertation, we propose a novel compact modeling of ISPP operation in
3-D charge-trap NAND flash memories. Starting from the model parameters of the
trapped carriers and the E-field equations induced from 1-D Poisson equations, the
threshold voltage shift (AVy) is calculated consequently. Especially, as a solution to
reduce errors at the low program voltage (Veem) region, we include the physics of
electron capture into the tunneling oxide defect and develop our model to be more precise,
compared to the conventional model. The suggested model is applied to the cell model for
the circuit simulation by Simulation Program with Integrated Circuit Emphasis (SPICE).
We verify that our model can precisely reproduce the measured ISPP data. Furthermore,
we investigate the ISPP model results by changing the parameters related to the electron

tunneling, capture, and emission, and we suggest the calibration method using our



compact model. Also, we predict the ISPP results with according to various program
pulse conditions and suggest more efficient ISPP methods.

Meanwhile, various technologies have been applied to the recent NAND flash
memories for the improvement of the bit density. They are such as cell area scaling,
multi-level cell technology, and 3-D integration. However, there are also several side
effects such as the broadened distribution of the cell Vs and the increased cell-to-cell
interference. For a solution of these side effects, split-gate technology which divides a
memory hole into two strings is recently introduced. In this dissertation, we analyze the
ISPP efficiency of the 3-D split-gate NAND flash memories, and we suggest the optimum
design of the split-gate devices in terms of the ISPP efficiency and the cell-to-cell

interferences.

Keywords : 3-D NAND flash memory, compact modeling, incremental step pulse
programming (ISPP), Simulation Program with Integrated Circuit Emphasis (SPICE),
split-gate structure, side-cell interference
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