creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

A d= S| WEZ 9 uA
A9 Lateral Migration M|AY S
o g &4

Analysis of Lateral Migration Mechanism during the
Retention Mode in 3-D NAND Flash Memory

2022d 8¢



39 A= ZHA AR uy B2e)A
Lateral Migration #H|AYE | ot 4

Analysis of Lateral Migration Mechanism during the
Retention Mode in 3-D NAND Flash Memory

AT Bl FYere AEH
20223 8 &

poled A ™A (Q)
49 4_FAFE Q)
g9 43 & @

9 4 93" Q)




x F

@ollol maete] Wl As =9 % (CTLE Agete £4 729 349 W
= EeA PR ASHD Aok FY Y @A L mAER s 334 W

A=A EAEe] RuE Qv I3l E Hdd T T MR e

ofj
=
2

CTL=E <l3l program % word-line (WL)ll #A%¥ Hxl=0o] dst EFH |
A S o R olgste WAYSFC] 7|E 23 B FRelA Rad At
Z5el Hate] #7459l A7 ek

A A JuA B4 S owste ek A5 22 AAY

25 BAHCl WA R NE 1e-tE b W

A9 s 4 S5 S BE As £4 WAURE AEdeR B
sfo] $Ajst Aol Fesith Ash £4/05 mAg Abgste] weE s
WAUEEY EE BAGORA UE T Wuee 4% 59 3o



7}

=

=

o LM HAY

o

F

o] (Lateral Migration, LM) W#AUZS &
4o =Z program ) 7

z%]:

H}

. =

|

PR

target WLOl A&® Ax7p = W
[e;

==
S

)-

&

pas
EoF e WO = program Fell wEt

5

o|J

T3 LM HAY S

Hohe] WAUFeR weld & Sdth

target WL 2] %

3k WL

AA

] A target WLl

o

)l
R

=

Al

L —

LMol 2]

Q1 3]

Foll mebA Db o=

Z= ul
ST =

15}9]

%
L

A
Ao shagrbE AL

]

fiie)
0
o

ojiy

53!
4

/E)]—

]

ke
Ry

Ae ojEA o] 7H

{8

RS

z

it vt

A

;OU

<)

fite)
X

ojiy
g

3t LMol ¢

yzoz 39

25

tol

S

A

B

: 2016-20874

A, Al SiEl o)A, PIE cycle ~E© A
A

[eig
=1



B |
A1ZFA £
T R 1
1.2, A7 WG oo 7
I 9

A 2 3zl = FHA] wRe ] HdA & T Ast
&4 "WAUSE

21. &7 JdAd w2 $9o At &4 WAYSE e 11
2.1.1 De-trapping WA Y S 12
2.1.2 Trap-Assisted Tunneling ™ A U5 =----mmmmmmmmmmmmm oo 15
2.1.3 Interface Trap Recovery MU S --memmmmmmmmmmmm e 18
2.1.4 %71 Lateral Migration AU F  —-emmmmmmmmrmmmeo e 21

22. 7] A 52 T dst &4 WAYEF - 24
2.2.1 De-trapping (Bandgap Engineering) ™A Y& 26
2.2.2 Vertical Redistribution ™7 U & =----eeee 28
2.2.3 ©7] Lateral Migration AU F  —mmmmmmmmmmmme e 30

2.3. A3} EH/ol=5 el



A 3R A7 A 24
3.1 HE ZdA H®
3.2. TCAD AlE#H oS &3 dst &4 HAYSE 2
AT 2 AT

3.2.1 De-trapping WA Y=

3.2.2 Trap-Assisted Tunneling WA Y&

3.2.3 Interface Trap Recovery ™7 U3

3.2.4 Lateral Migration W] F U5 —mmmmmmmmmmee e

33. A7) B B4 A e

34, 8 O

A 4% @7 A9 BA

4.1 A= ZYA w2 @] A FZ e

4.2. Low Progrm Verifiy (PV) levelol| A 7] 2] &lA

R IEL I [ 1 18

4.3. &7] A EA B4

84, & OF e
A 5 A A Eo 93 Lateral Migration WAYZF

51 FElAH 54 F o] 8 P -



(

5.2. o] &2 Aol ust TCAD AlEHo|H A} - 73
al

5.3. 7t 59 g&k& 1173k Lateral Migration

g 80
S T = R — 86

A 6 & Lateral Migration W|AYF] &3t 7+ XA
6.1. W= Z A MR HT] A e 87
6.2. TCAD Al&# ol A& &3k Effective Trapped

Charge S5 -----mm-mmemsemeeceeceeceeeeeeeecee e e 93
6.3. FEIA &2 & 2¥HE M d A 2 - 08
64 & Y e 109
AT A B 112
B B 114
ADStract —---=mmm e e 124
L 126



% 31379 e SAA dmeel 3] dud BALe g3 e £A0)5
vl delule Ag 27

® 3.2 TCAD A Eaol el AHed 7k vAUZe] et 28 vl sdejo

= 42

¥ 5.1 TCAD A EdolAor ALgH 33 W= ZgiA] Wx2eg e % vt
) €] 76

¥ 5.2 TCAD AEeoldoa Ad eeld 54 % CTL re a5
ol5g TAS dF WAURES BelH sl 76

- Vi -



19 A

Al A

a9 1.1 2x9 Bd A ZA] WEY FReA Faste] ofs) @Aste thFd
A= AL 1
a9 1.2 2xkg B oA 3 A= ZHA] W FE ASE s 2
a9 1.3 = ZA] w2 Program3}t 2l F 2o A o] wlolo] A~ A} Pulse
sequnce. 3
a9 1.4 YA 52 T dAste dal EAo] st A Aty W 9 ExE ds
= WMAYFEl 2E Earoll-off A4 4
¥ 1.5 3k PIE cycle ~AEd A7 71zl 20 Hak %9 339 1 Gt dEE
g Aloll A T=125°Cel 452 el AlZbel]l W& AV ®I3E H] 3. 5
a9 1.6 227} 3 2 AEZHA A 2R AlZke] mhE Vi S e 5
a9 1.7 g 58 F BAsE Ve ZAE oS8kl 2489 read Sk AMESE
advanced read scheme®] tj gl tj2k= <l A, 7
A 2%

a¥ 2.1 A7) gHAd T2 T 3T RoF odEE ol JkH deE 4 dAYS
o] oA ME tholoj oo det &4 71E. 12
a¥ 2.2 () W= ZHA] wlEg oA de-trapping HIAYUESS 2Ha7] 3 W= tho)
o] 13, (b) EF X E24 Aol wE de-trapping WA YT H] 1L -mmmmeeeeeeeee- 13

a9 2.3 o AAVE 7FEIA = A5 sl A Ml 4l PFeffect A oisk o

el 1AL 14

Aol gk dieghAQl HAL 14

a9 25 s =2 F 7 ol Efle] E5-5 ol tunnling sk #lA UYL SILC

o] FAAQ RElo] thgh kAl oA thojo] 1. 16
- vii -



% 2.6 De-trapping WlAYF TAT WAYEFS vlus 93 =84 A9 ks

Rl A ME tho]o] 17 Arel Al v, 17
a8 2.7 () A WA T AFe] A AEZ A9 Ni (b) AFs 37 o] F
A4 dAkel AEst g9 Ni (€) 4 annealing ¥, % A ¥ Njp--------mm------ 19
a9 2.8 (a) B A =AM AuF 71#E] olyA M= tolo 1. (b) Ve 23
oA A2 7]¢e] oyA] ME tho]o] 1, 20
¥ 2.9 AREAQI MOSFET AAtellA 574 % 20 min 53 85°C bake AlZFo] Ak 7
B FN AE# A Q17 A 59 v AH. 20
a9 2.10 33k A EeiA wlRE e A1 54 % guld & F9 CTL
o WrAE= M=) Lateral Migration W7 U Zell thak HA} 21

% 2.11 (a) Nitrideel 412 PF emisson, ThAT, 22 1L direct tunnelingel] th3l thekz <l
219, (b) Thermal excitation =2 st ZdH F.ol wWEThAT emisson rate. (C)

Thermal excitation oW #] 2] =2 EHE Eoll wWEThAT emisson rate. -------------------- 23
I¥ 212 33 WE A Wrg] @] fRAd w2 F wAsks dst £
Ol StAV =74 A3} (a) PV3, SIP. (b) PV7, S/P. (c) PV3, C/P. (d) PV7, C/P.-------mmmmmmmmmmmme- 25
I¥ 2.13 3% A= EdA dEe e @] gRAd F2 5 dAske Aok EA01E
HAY Sl tEk oA ME volo] 19 e tigkA el HAR 25
1% 2.14 Tunneling oxideoll BE7} &% thekst CTL AA}FollA] Nitride (SiN) =2 ol A
WAL= 2 Edflo|A o] ] FRlA F2 F de-trapping mechanism., -------------mnn--- 26

2% 2.15 Tunneling oxideo] BE7} %-8-% SONOS Z#tel|lA program &2 25 ©7]
el w2 T e dsk 4. (a) WL 8ES ONOZE #e Rl A (b) WL g
ONO7} #He A A 942 739 27
a9 2.16 PV3el PV7olA ©@7] gldlA F2bol A 2AbEE VR RS UERE At
o Lo W A% (T =25,40,55, 70, 85,100, 12

7 () oldA @ wel &% Nitride =49 E3] WX, () &2 E9 E

&3k Ao CTL Wl AA; #akef tjsh Algeeold A 31
1% 2.18 S/Pol|AErase stateo] wE 7] el A 52k Eeke] AV W3 (a) PV (b)

ey

I
n&‘i >,
L]
(BN
[N
ol
o]
e}
N
[{e)

)
o

- viii -



PV2. (C) PV3 31
1% 2.19 C/PollA|Erase stateo] W& 7] 2Rl T2 &<t Avy W3l (a) PVL. (b)

PV2. (c) PV3 32
a3 2.20 p d2hulE grolupel dEbx]= Characteristic lifetimeoll w2 Weibull Failure
Rate. 34
A 3%

I 3.1 3k W= A gl Bss 22 7HE GV WRlel A& &
H Exd roll-off &4 36
a9 3.2 TCAD AlEd#ol oA AFEE 33 A= ZHjA] W&o 3 9 tulo]
g E 39

1% 3.3 TCAD A Fd= A7) 2ldld 52 52| De-trapping WAYF ot &
AF 2 tunnel oxide Wl 5-2] 2ldlA Alzko] Aol mE EfieE dAxte] w% W3} -----40

1% 3.4 o8] 2% (T =40,55,70,85 100, 722]1L 125 °C)oll A de-trapping WA U S Al

AN

ool Aol &4 e Angh vl 41
1% 3.5 TCADA oA F3d 7] g 52 F2o TAT WAHUSF tunnel oxideo]
E YA 9 tunneling 7 =. 42
a8 3.6 o8] &% (T =40, 55, 70, 85, 100, 22 3L 125 °C)ollA] TAT #WAYUSE A&
oA Aol &4 mdl Azt v, 42

a9 3.7 TCADAOIA &g 27 2dld 52

2 Z 9] Ni recovery HlAYF 93 %
71 ¥4 559 Nite} recombination & A% +4

A7 FE. 44

9 3.8 98] &% (T=40,55,70,85,100, 12 3L 125 °C)°lA] Ni recovery WlAHUZS Al

ool Aol &4 2l Al vl 44
I 3.9 TCADA A &€ program &2 A5 dxpe] 32} 100417 & 7] &
A &4 T 2 LM sizY Sl o) o] 5st dAAEe] . 45
% 3.10 oJ8] &% (T =40, 55, 70, 85, 100, 18] 3L 125 °C)oll Al LM WA UZE Al &
oA Aifel &4 wdl Azt v, 46

19 3.11 o8 2594 PIE cycle 317} 3.0 kel A% &7] gl F& T 2y

- ix -



= Adst &4 g WAYUS 2. @) T=40°C. (b)) T=55°C.(c) T=70°C. (d) T =
85 °C. (e) T =100 °C. (f) T = 125 °C. 48
a9 3.12 A& (40°C)¥} i1 (125°C)°llA P/E cycle 3ol digt 7] gl &=
Z At Ak &4 g WAYS 7). (8) T =40 °C, PIE cycle =05 k. (b) T =
40 °C, P/E cycle = 1.0 k. () T = 40 °C, P/E cycle = 5.0 k. (d) T =125 °C, P/E cycle =05 k. () T
=125 °C, P/E cycle = 1.0 k. (f) T = 125 °C, P/E cycle = 5.0 k. 49
a9 313 Z7] Hud EA4s 9% wAYUSE el AHgE 7 wAYEES
Prmechanismy %k (@) T =40 °C, P/E cycle = 0.5 k. (b) T =40 °C, P/E cycle = 3.0 k. (c) T = 125 °C,

P/E cycle = 0.5 k. (d) T =125 °C, P/E cycle = 3.0 k. 51
a9 3.14 Z7] 2dAd E4S A wWAYUS el A" 4 wMAYUSEES] PE
cycle 2ol W final Vingmechanksim Ak (8) T =40 °C. (b) T = 125 °C. 53
a9 3.15 &7 g F4S fst WAYUSE el AREE 4 wAYUEES] PE
cycle 3ol WS fnechanksimio#k. (@) T =40 °C. (b) T = 125 °C. 54
A 43

I¥ 4.1 (@ @] A 545 28 F3BskA AZ2E bit-line (BL) ~2E 2] =k
Aol 3 2%, (h) WGFMU EEo] A% Agilent BI500A =7 Ao AFEd |V =

% & pulse =3, 58
a9 4.2 ket PV level (1, 3, 5, 183l 7)ol @] dA w2 F
2o 213k AVy. (a) S/P, T =25°C. (b) C/P, T = 25°C. 60
I% 4.3 Pv19 ©7] R FRelA BT Zlow qEHE F o HAYUFY Aol
(@ M= tholoj 2ol A LM HAYUE. (b) W= tho]oj 2ol A LMy HlAYE. (¢) A

A
=4

0%,
ol
-
ol
-

¢

G del A LM HAYF. (d) A dHA A LMy WAY S, 63
I% 4.4 Pv1e] ©7] SR SRl A LS Ao o= U 7HA dAUSo R
walEl WA Ak &4 (a) SIP, T=25°C. (b) C/P, T =25°C. 65
I¥ 4.5 PV1e] ©7] SR SRl A A Ao o= U HA dMAUZO R
Folel W4 @ds &4 (a) S/IP, T=85°C. (b) C/P, T =85°C. 66

I3 4.6 Y &% (T = 25, 40, 55, 70, 85, 100, ~12] 1 115 °C)°| A o} 21 Al7H7HA]

_X-



sy Ae £4 29 (a) LM. (b) LM, 67

I 4.7 theFd &% (T = 25, 40, 55, 70, 85, 100, 2] 115 °C)oll A PV1 level2] 7]
A w4 F sk AA Aok &4 At Rdds 3 dU"E A3 (a) SP (b)
C/P. 69
% 4.8 Tk &% (T = 25, 40, 55, 70, 85, 100, 22| 1. 115 °C)°l| A PV1 levele] w7
A 52 T DAk dA dst E4 REEHS 98 AFEE At E4/ols 2l
F2}u] E . (@) zmechanismey (0) final Vingmechanksim). 70
A 5%
a9 5.1 33k W= ZHA] W EE 9 AlEHo|AANA AFEH erase?} program Al @A~
o] AlZtell whE pulse A7]. 74
1% 5.2 Low Veemoll &3l program¥ 7o B FHOo7 == dal 3. (a) SIP.
(b) C/P. 74
a3 5.3 Al E#ol ¥ program 2 erase 2% CTL W E3E Asl X, (a) program
A% Axpo] B (b)erase A5 HF HIE, 76
19 5.4 TCAD Al E#HoIAE Y 712 Veemoll program &2F 259 g —Vw ABEY}
Al N9 tersell thet erase F2F A% g~V AE 77
a9 55 (@) Yl M Veemd (b) Al 7S] tersell ©idt program 2 A$ = W
(A-A)ell mh& A3} 2. 77
%" 5.6 Veem =17V, T=85°C oA AlE#e]d & CTL WFolA el AJgtel] mh&
o AR Aol & 9 EE A As 78

a9 5.7 5 W (A-A)NA ZHA Az i (@At 9 (b) o] =] AE.----79
I%¥ 5.8 T =85 °CellA C/Pe} SPQI -9 Z+2E Wl 7FA] Veem (17, 18, 19, 18] 3L 20 V)

oA el F2 F LMol o3& WAlshE Ay 80

% 5.9 T =85 °CellA C/ps} sip siedel whel IS = Qe Al 7H4 LM HIAYS

o] ®e A9 F. 82

1% 5.10 U &% (T =25,40,55,70, Z12]aL 85 °C)ollA & el F2F F LAsh=

A dsp &4 mdy Ay 83
- Xi -



a9 5.11 (@) thFs 2% (T = 25, 40, 55, 70, 18] 12 85 °C) ¥ F oA wAYS
_’_‘:q ‘IAOH A]"%‘ %j_ol' {f‘}é]l =2 JE/] Vth(mechamsm) 'A'E]'U] E1 (b) Tmechanism(k) ETH

H Veem® 1718 F IRl WE Ea 85
A6 %

19 6.1 Veew = 20 VOl 1L target WLl V7t QU7FE 31 Ql= 7 -F-oll 4 C/PS} S/ Z-2tol]
A CTLS = gk dhdol A9 target WL 13 A 2] surface T &I, —-mmmmmmmeeem e 89
19 6.2 (@) AlClE dol(Lg) St (b) spacer Ao] (L) #Azxell wE H] A - 90
a9 6.3 ZHA T2 T FASHE LM WAY S o target WLAIA S Vi At
AHAZRE Y LM 93 Vi 57} 091
a¥ 6.4 71E A 2 5 3AsE LM WA Y 93 At &4 Wee AE
A AR LM HAUZ oet dal &4 He. 92
I9 6.5 TCAD Al EdoldolA AFEH 3akd A= ZeA] WRe] 3 9 trfo]a
ahebr] H. 94
I 6.6 () Vingrgeewn)©ll tHEE CTL W AAFe] 5 W3k 914 o4 dpohs 915k Al
glo]d . (b) CTL Wl Aol WE Vineentey) THH] Vingourside)- 96
1% 6.7 TCAD AlEd oAl 23 CTL e = Wak (A-A)S A W HF 9l
a4 659 ratio® T AAFeE A F 2 Neer. (a) C/P. (b) S/P. 97

a9 6.8 ElA A|zre] Ae] mE NPNollA Rl EA15HE AAFS] Nier W18} -- 100
a9 6.9 gElAd A 7ko] Ao wE NPNolA R2o| £A1ak= AAFS] Neew W3} -- 100
19 6.10 el X zro] Ao wpel NPN siElolA wAsls A dAH-S arelsho]
Ask £4/015 2 mdE LMol 23 AV 101

a% 6.11 el A[gte] Ao whel R1o] EA18ks AAF2] Neer W38} (a) C/P. (b) SIP.

102

¥ 6.12 el A[gte] Aol whel R2¢e] EA3HE AR Neew W3} (a) C/P. (b) SIP.

103
19 6.13 s/PollA] A4 A programol] AFEE Veewd W3l wE LMulA Y Fol o3t
A AZF T AV, 104

- Xii -



1% 6.14 C/PollA 215 A eraseo] AFEH terse] W3l WE LMW AY S 23 7
A

Al AIZE 5] AV, 104
13 6.15 C/PAIA 13 A eraseo] AFEE tersoll W A3y AA] feAd F2 F
o] Neerr 1% (a) R2. (b) R1. 107
19 6.16 S/PollA 1 Al programoll AFEE Versoll e H 33 dAbo] 2ldld F=)
%9 Neett 5. () R2. (b) R1. 107
a3 6.17 gElAd Azro] Ao wal C/polA et HA] dAAS welete] As
EQ/015 T4z THE LMo 28 AVy,. 108
a3 6.18 ¥l AlZro] e wel C/pollA wHAEH: 1] S e ste] #s
EA15 g4z TdE LMo 23 AV, 108

I% 6.19 EA Agte] Ao wiEk W= AEFS] of ErkoA dAEs vt
HE (E-P-P =2 P-P-E)ollA 2 74 & A 110

- Xiii -



- Xiv -

A e

SECHRIL hATIOMAL LIMIVERSTY



A1ZdA 2

o9 AFE, AR ARY, AVEE, 7198 AW 5 vhere Hi

X

A grel WE Fot FASA Skl wet vl uy Wzl W E
g WY a4 528 B8 nPA8s AAH] gt [1}5]. 2 A9
P T WS B vne TR &4 Fas AREEA, 19
11 oAzl upe} gro] thebd 1wy TAIEC] wAsts] AAetdi E
WA o 34 mAEZ 24 FAQ oldd BASS IR 94
Mg A% gom AL PN FHoR B Jue 3 Y W=

CG
(1) Cell-to-cell interference

4 (2) Hot-carrier disturbance (GIDL/DIBL) D

(3) Number of electrons
(4) Channel boosting potential ‘ '
(5) PGM/ERS V; window
(6) Reliability window

(7) ArF Photo limitation
(8) IPD thickness limitation

Design Rule Substrate

(a) (b)
9 1122 B3k e FHA vl FRelA FHaslel s wAstE theket
2= A 1)
-1 -

A& gk



Bit Line Selector
. (BLS)

Channel
7 (CH)

Channel
(CH)

Bit Line Selector 1
(BLS) Control Gate %
N (CGs) e Control
~ Gates
(CGs)

Charge Trap

() 2 Channel
(CH) ‘ .
Y L
i Source Line
Selector
(SLS)

a9 12229 B oA 3akd W= EdA wEe Fhx W3} [11].

EQ Ad EAE poly-Si, 181 At AFF (CTL) o= A2+ Nitride
(SisNg) AtstEto] Anbxom ARE-S a1 Qlt} [12]-[16]. 247te] =42 54do=
A3 3 2k HE ZAA = 2 A B3 FxoA HolX] I AR A
2 Aol AlEA Ba Han gln [17]420]. =24 54 2 sl 5
72, CTL & AR&3shs 34k W Z#jAl= vRe] Aol A= Aegyo] A
oy AME Jddy FRE Autrow zZty 9t} o]y s TxF EAHoOF 9
3 3 AF W= ZeAIS] vFE 2 FelA = &

wAE EAA T Y dE ZeA] WE A 'l 22 program &2

erase B4 F vle Ao AgH A4 B JFES 9% woloixzt Azt

- A2ty



i
N
§2
flo
o
fu}
2
>
19
I
_C(L
rlr
offt
,)

lo
i1=)
o
k)
AU
£
2
ol
)
olft
rO
=
td
)
i
2

=
AFE AAEL AxF 7FA2sHA a3 A9 threshold-voltage (Vi)S 7HAAl71th
[21]. wl=g] Aol AdE Hdstgs oW AR 5 FATFF YA 5o
3 270 Yol A God ¢ vk W= EHiA Y] S S8 &2

b
>
10

o Wt FEe £ oSS A FR@ BAlolth webd, ¥4
B W) S8 ae-vks Bk e gu] 8
gk, e ol2d A

LU

O

r13
L

| =
T38| Va7l faste 54 d9=25H F557] witell, Ea”l Arrhenius 22 -&
w22 ok roll-off &= AAS RQITh [22]-[24]. oAl AF5H AAe] 41
< AR S Aot wrskA Eeta & exE AT Ea 9
roll-off 42 WE ZA] WEe e HdAd 52 5 ogst dst &4 HA
Usol EA1E o] wEe Aol el &S opr|Es u|stH, At &A/ol5
R AR T A Aok EARREH A4 dAUSS BYFORA Bk 4
B3 £9e 45T 4 oY
BL BL
Program Retention
ssL Voo ov - Voltage{ > -
Whpn  Viass | ov i i: i E
3 S T .
Whyet  Vpass —| ov —| o |
SL T —
WL, Voo ] ov Vb Ves | :
DSL ; N :
WL, Viass —" ov —| SSL _:‘/:_:\\:,PGM: !
WL, Vpass _" ov _| WLseI. ﬂ i E
—T ov | |\ Yeon !
WL.J_\ i 5
sL sL * ; —
time
<Program> <Retention>
a9 1.3 W= ZPA #1229 Program 3 BRI FZ oA o] wloloj A ZA I} Pulse
sequnce.
-3 -



# of cells

o Measurement o
5 — Arrhenius Model ;
i ] Overestimated
2 =%
After data-retention Er S =
Failure bake \ N =) Z 3 ;
memory cells Initial § F E,, roll-off |
=
AVTH 8 [ AVIII Total =0.2 V
3 & | 3k-cycled @ PV3 (P=0.01)
‘; y 280 30 32 34 36 38 40
= = 1/KT [eV)
O 14 HRA & 5 EAss dsk Al o Al by Wt 9l EAE dat

£ HAYFE 93 Earoll-off A4 [21],[25]

Ea 9] roll-off &7o] WAyghe s B43ta st d= YA &zt 1
S Frle) el dsk £4/015 RS AMgste] guA F 5 ouy
b e 7HA EAlE WAYUFS sk Bl "Ao|th [25]-[30].
Nitride 2 ©]Fo1x CTL-S 22k H TxoM AL8-% floating gate (FG) Xt}

tunneling oxide 2] defect ol E73l] g oz FAE kAl txkeled 4= 9lt),

ol A FA3F BN o] HeE Eetal CTL= AHEdhe 34k Wl

T ZYA HRE = FGE AMEehe 23k B3 T A wRerg 2k
A EAo] Ex ot} 2 Y HE Fx0 JdE ZgA FxRoA Jd B A
AlolE wgko g whgstE Fo3t det &4 WAYSFES  de-trapping,

trap-assisted tunneling (TAT), interface trap (Ni) recovery © = X 315 o] gt} [25]. 3
A e ZHA M E AGet Al 7S] A BE dsk 4 wAAYF
A st Z27lA o7 CTL 2242 AM-H Nitride £4 2 CTL s
z22 540l s MEA Egske A A WEew A Ashrt o] F st
= 5 W3 o]F (Lateral Migration, LM) WA UYFo] wHAstth [17]-[19]. 7]&
Hug fAYSZE F7H o2 At &4 w7y Fo] et o 2] o

ol

rir
ot

o

f
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@3k Cycled (P=0.1), 125°C
 Symbol = Measurement
_Line = Model

3D NAND (PV7)

t

AV [A.U.]

:

2D NAND (PV3)

1
'
|
|
-

1day§ 1mon§ 1yr§ 10yrs§

EPT BT BN EPEPET EEPEPeTr S EEEPEFEE eI B ey |

10" 10' 10 10° 10 10°
Retention Time [hrs]

1% 15. 3kP/Ecycle 2EHA7F 7Fal A 2 34 B 29} 32 £2 x odl
7

CZEZA] A T=125°C 2]

19 1.6.

-9 2Rl Alzke] whE AV W 3F H] L

>'5 3.4- R :
- ef Adaptive
3.21 —o— 2D NAND
] —%— 3D NAN
3-0 T LA L B BN B L BN BN I

Retention Time

2243 32k 2 AEZ Aol Rl AlREe] whE Ve W3} [31].
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ol 3 2 W= ZeA] vneEle gdd 542 2 1Y HH FxET X
oot [31]-[34]. 19 1.5% 160l Xo]xo], Nitride &4 CTL& AH&-3h+ 34

= EHA R elA 2 AlZE diy] 22k 3k dE EFEA 7
TF Vi o ®igteFo] of & A& A3 5 Uk ol sk Afol= kA AF Sk vt
o} o], Aol 437 W (A 2 A AoE wahog @3t ol Al
7HA A MAYEFS 3ad dE ZHA AR B A EA dst &4
HAYSE stz Frhg oz whAsly] wite] 22 AlZE gin] EAEE de)
o] oFol EA F Zlo® Bt wEkA 3 A A= ZHACA FRlA 54
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Vth
— Initial ---'Retention

P14 Upper P15 Lower Vth
@Retention @Retention

Retention time

Counting the number Reliability
of off-cell at R13
R3 R6 R10 R13
P14 R15 S i
Sw
Cm
o w
| Cell Vth [V] % g
il it Select Eow
Change each level with retefition =
different offset voltage case (1~4) Conv. ARC sensing

Y 17 WA B F BASE Ve 24 oS5l 2UE read A AHES

= advanced read scheme | th3t =kl A [35].

1.2 A7 Y&

>~
=

T A7elM s 3A W= S 2 540 g8 HdAd 54 F
A Adsk E4Ae 719k LM HAY STl tE By AAlgE 245 18
Atk 22k Fd AE YA FoAM AREEE FG & 4 Avit oA
gE o] S Wgo g Hdake o]Fo] s ATHA vk Ty 3 A
= Al shue] AEHC Sl wWEY A5 CTL= A2 33t

71 Wizl program &#b & Al AH dx=S dld g4 T 5 0

0
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(e}
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29 o]go] 7tedttt 71 2 2k Hd HT EFYA dEY e guA 57
T T8 RS AoE Hauw FA WEe Al 7FH At &4 wAY
< (de-trapping, TAT, Nicrecovery) [25] E°] 32td W= ZFA] WR AN E 7]
Lol At At EA/ol5 REE wEEAo] s TCAD AlEddE &
sl 247} ASS AFsAt £33 3 A = FHA wEE oA FrHHo®
HATE LM HAYSE Eo &g RdS & mEsA o) gid 2SS 18s
Atk ool st AvE vigo R AA At &AM Fask vl e WAY
= wdE A A 212 sty i A =S vEoew 37 g
Al 2 Fo Bk Fast MAYUSES] 548 AA At & &+

gata FAS APspdry =3 CTL =4 Nitride & AHE-3h= 3 2+ W=
=eAl A s A7) YR el A wAgstE det &

=L
ol

- &
O}
m> T

| AU 28 program/erase (P/E) cycle stress 7} @17} %] k-8 AbEj o] A
de-trapping, vertical redistribution (VR), LM HlAUYFE] W3} &4& dAYA 7=
Ao Hil Y [29]. 3 A HE ZA] W E] & program verify (PV) level
of webA 2dld 5440 2EkA™ 53] PV level ©] 4TS erase 4 5
okl o Eo] M WAY Sl d&F= 7130 [36]. &

=9 g3 e LM WAYSES AEA BYsta 7€ Al 7HA @] At

hatel % Wl 7HH Ash £4 dAUZOR Ul 54

B
it
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N
T
a[N
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o

=2 de-trapping ¥ LM A YEo]™, de-trapping WIAUEFS F5 A 2 214

A= FYA dReel i ATEA A BARY] WEe] B Ay
N 32 WS BAANA AEA SFF] FoF JFS AL LM 1)
AUzl ghal AFske] A2 APFAL LM FAUES @] i Fa
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71E @] gdA & T BAske AoE 4zl Al 7HA wAYF low
PV level oA Aeh Aoz o ds= o] £ JFS e LM dAYUSS
SO 2 PVL level oA &7] gdld &
e AT 1 % 7] 9 @] gHACA FEAHoR JFs VA=
LM HAYF st #4S thekst @9le] wpeba A48ttt 5 FelA]
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A HAYSE

sl &S HAsks Ao®E dHxl tekst dat &4 WAYSFE e &
A E4o] gt olslzk AAHolol Fh W= FelAl wEe Ao A4
A= = tunneling oxide 2} poly-Si &l Y/tunneling oxide ZAl™ el EAjst= E

A
ol oslA] WASH: Aow delA glor], CTLo] AHgE: 34k W= =
24 Wl At CTLe) 9t Edow g 271491 BAS0] wAF.

21 37 JAA B& 39 A% £4 AAUZ
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Nitride

Tunneling Blocking
oxide oxide
% 21 7] a2 S A Zow AqAEE Wl 7 dsk &4 AAY
9] YA M= tholojase Al Hal &4 A%

2.1.1 De-trapping WlAYE

P/E cycleo] ¥HE% = 79, AA=9] tunneling oxide o] E3o] = 4 Qlu E
HE AAES target WL 9] Vi W3} 9 AER AF TAE

[38]-[40]. Tunneling oxide ol E ¥ x5 thermal emisson 2} &7 2 3}A
U =2 27 tunneling ©l] 21314 tunneling oxide 4] de-trap =] =Hg Wk
o7 wAYeA Pk 12oA = tunneling oxide © EF © HAEo] e
A& ANHAE ol A WFor AF detrap 2 F AUvt [38]-[39]. wEtA
de-trapping WIAY S o2 Asl &4 A 0 52 25 LS
Holi Z A3} olyA] (E) #hS Z-=th Tunnling oxide ol E3 ¥ st
percolation path &= A7} §17] wlZof], oz E T glo] de-trap

S12 -



At 28 22@)E W= Z# A dEg oA de-trapping FlIAUES AW sty
sk W= tho]o] 12 o]t} Poole Frenkel (PF) T@lof] 2]3t thermal emisson 3} =
g 93Fo 2 9] tunneling ©] sAlol 2AISEY] de-trapping WAUSS 4O

ATH [39], [41]. 2% 2.2(b)= de-trapping WA US| that Al E#old A=
RoFETh el 7M7ke EASF thermal emisson o &$H Z1 2.t} tunneling
of o3l detrap ©] & &Q1E 5 Sl=vl, tunneling E2 oA FHo] v
<75 o A7) dzolth v A delA Esjo] U5 S tunneling &
o] &2 oA FHe| o 7HAste], MA= o thermal emission o 2] 3]

de-trap ¥ T,

O

do

71

I
ol

o

(a) IPD $i0;

/ \< Thermal emission

1\ .
TN Tunnelin
§ R Tunneling

FG N —
Gate Si Sub

—
(=
N

g
=)

-
©
T

1.6}

- =
(-] o N »
T T T T

e 9o
(-]
T

Trapped Charge Density (x10" cm®)

10° 1o 1o 1o 1o 1o 1o 1o 1o 1o 10° 1o 10 10°
Time (s)

% 2.2.() A= ZHA] W el de-trapping WlAUFS AEstr] s ME o
olo] 13 (b) EF X =4 Azl wE de-trapping WA YS B [39].
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» P-F effect

a9 23 9 %

Insulator

3} 2l PFeffect 2AJol tf 3t

Semiconductor

1% 2.4. Metal-Insulator-Semiconductor ¢f\]#] W= Tho]o] 1

Ao o3k t)ehA el

1

BAF [42].
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2.1.2 Trap Assisted Tunneling WA Y S

PIE cycle &<+2] & A 984 tunneling oxide °f WAIs:E Ef-S
stress-induced leakage current (SILC)Z Y& A =3 F+&F ALS op7| 3
Tunnling oxide & 7F2A| 2+ SILC &= W= ZY A W22 9 tail bit & H3} &
AR15S WA, il 52 o whE Aot 4o 9a] s dFuo]
Al array o FelE WA ZITE [43][46]. Wb SILC o] BAH BE A
e ZAe A= SAS T8 e Fa5 sebvlgo|th TAT
UF2 SILC 7} EAstE 7149 2 Ro= od#fx vk [47]. wEbA, PE

stress 7} 740 zboll A TAT WiAY S @2 WL Agel®e +42 AFE &
7R 717 Wil gRlAd w2 & EAgskE TAT viAYSd did 242 T2
itk TAT HAYUSTS A8 oz e 25 oA A5+, de-trapping ™ AY
TEY 2% EA] YU TAT W7 &2 2 559 448 EffS S8l

Elgeiicinss

a7 25 = W= S R EAskE SILC o thEE diEAel IH
S KoJFr} [43]. PIE cycle ~E @27} tunneling oxide ol A& o wbz} e #
AelA AlelE AR W7t S7Hee) [47]-[50]. ©l2]gk SILC & AE#H A 9
3l Azl oxide Al oJaA LAYt ojefst At EfS] =S W
tunneling = ©F7] gttt SILC 7} Y3FS Wz detHES AEHA A4, 2E
A7t 7bE = B FE= deke] <F, 183 tunneling oxide & A7)
ATt [43]-[46]. ©1213 +AH A F= tunneling oxide 9] F717F ZHAshe] ulelA
AA S7Fste} wEbA tunneling oxide & T T AF AAFS] AFEA ARo]of=
trade off ¥H4|7} Ut}

a9 26E 2118004 AE de-trapping HlAYUZST TAT WHAYUZ Afo] g
2ol S vkl 9ot [51]. 7 WAUSE BT Ad WdFer At &40
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U833 tunneling oxide o] EA]EHE Ele] o&] whAstE FEAo] 9l w

2 <13} Tunneling oxide ° EY 3

emission H P2 FE 2% oEAL HQlY HhH TAT = AHd 559 E
ool Holglomw TAT H7YF g FdAQl oy FHe
de-trapping MIAUFS] AR E4 23 2% JEAE Ut De-trapping ™|
AYF2 tunnling oxide WeollA random &}z A2 © 2 unifom A 2ASH=

REde] TAT = =42l 1A oA e,

Dominant path

%5 ol tunnling 3t HlAYEQ
&

SILC =2 FAAQ nde st tigkal oA trolo 13 [43].
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Detrapping {mmsm mmm)  TAT

i D
! I
H < '
I
Tuninel !
Oxide (’ ~Percolation path
FG

3 7N
-
FG | Tunnel —— FG | Tunnel
Oxide Oxide
Detrapping TAT
Detrapping Bound electron
cooood it Posumiszone Thermal energy  E-field foree
— Additional TAT _
source zone Trap site
[ Room temp. |
FG Tunnel
Oxide Thermal energy E-field force
Escape to FG Q—T_>
Trap site

[ Higher temp. |

1% 2.6. De-trapping WIAUST TAT WlAYFS] vlus $st E2124 f1x9 o=
A9l oA M= tholo] 13 AFefA] o] Blw [51].
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2.1.3 Nit recovery HAUF

P/E cycle Z~E#| 2+ tunnling oxide ¢] bulk &2 EY
YUzl A< tunnling oxide Alo] interface °] EF gk HRAIAIZITH
Fowler-Nordheim (FN) tunnling 257} &2 %9oF 2g]&9] anode o4 A A}-H
T ol B ET [62]. BEE HTY AAFS oxide HOow FUHIL HF
EMNS AL AL tunnling oxide AW Ni = 54 dAbol| 93] A s}
o EYOZRE Zo| detrap 3HA T} [40],[53]-[55]. ol#l st =4S A #
o] w2}, random telegraph noise (RTN) fluctuation [56], I-V curve ] hysteresis [40],

o

MAAZ B of

=

12] 3L subthreshold swing (S.S.) [57]-[58] & °ll ¢lgt Vi fluctuiaton ©] <7}ttt
o]k Nyoll ot A3l= 35l de-trapping & Ni & annealing ol 2]3l] 2]
o7 FEEE FAFS Bk [38][40],[53]. ©1# e Ni & recovery JAl Vi &
S7HA71E 2Rl F stvelm W= ZHjA wWE Y] uld FzfelA WAgs

Al 44 FxolA 7 AYE drke ol e dAkel ¥

Aoy s A 2 g PA etk v AEE ZHelAE ol s
FN A F27F AAA Hol 18 2.7()olA Hole Zlk o] active Ny 5 3
Al o] Aol Ny & Wi oF Dy = 10 cm?%eV?! o]t} 4t3} 7 o] 5o
O] Ny 50l At Axpe} B wo] 17 27(b) o] Wsta ofufe]
Di = ©F 102 cm?eV1 7} © . 44 annealing o] %= 1% 2.7(c)oll A Holx
Nl WE7} 68 ZAaske] Do ko] oF 100 cm2eVvirZE fu 22} o2 gh
Si-H A3he W Ae vz ] AEdA 23iel webA f4A AA
NeE AHEA 3 A1 [59].

o

rSL'

i)
fu
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Tnmn 90T 000

I | | I

o844S ¢ dD o664

o dp S0 dhde e e

A G ddlnassdhdssds
e D,~10"*cm?ev?! ¢ D,~10cm2ev?! e D,~10"%m?ev?!

(a) Silicon Surface (b) Unpassivated SiO,/Si (c) After H-passivation

O™ 27.() AEE mdelA 4 Aol A AeZ kel Nu (b) A3 34 ©]

5 2k dArel Agst R Ni (c) 4 annealing 3, U= 7H44% Ni [60].

19 2.8 2 Ni 8 Vi instabilty Ate] o] #AIE HAwetr] 915 si 7132 oy
A M= tholoj 73S HolFEoh Ny Sie] T dAlo dx] w33k d714
o7 ddste dgdsolth Ny = WM F3HA $1%:9 acceptor-like EH
7 71 o} 9] donor-like EZl O E FAE o] Qlth YA donor-like EZ} Wl
accptor-like E3-2- FAdo|th, 18y}, A YX accptor-like ERRELS 59 A=
= A =31 ¥l donor-like trap = 2] HatE HA ©ot [59]. 1 EE vE A
7 Fermi level AFo]2] Ny -0l A Aae] #5121 Aleo] Hr}. ol
gk o] E Npv Be W= Aol = 4ol dstE Y Ve olMe &< st
£ 9k

O% 29 = FN AEHAVE QUIFEA 942 AdHelA= HolA ¥k
MOSFET ZAFe] IV AH.O] hysteresis Aol FN AE#HA7E A7FE & 35
HE BRAFE a9oln) [40]. 1¥ 2804 At uiel o], Fw A =1
I Ni = F7FHC® 48 HAstE YL Vi ol E 59 dstE ¥7] wwol

]_

B A2 9%0 % o] Fdtil Vps YFHC R o]Fsity IHERE N/
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7} 788k whEl Ny 7F S71ekAl T o2l Al AR Ny deld 52 5 325

AHog 3Ho] Ho| Vy7t dFHO 7 o]FstA gk

® Empty Donor trap : “+~ e Filled Acceptor trap: “—”
D,

/

| /ﬂ it EC EC
Acceptor lik

SO - E, s E,
Donor like O R T T T EF . :p": ______________ - EF
I Ey Ey

oA Al 7]e oy W= vro]o] 17 (b) Vi =
AeA Al 7]3e] ofyx] ME tho]o] 1 [59].

10'3 — T
™. Fresh
_ 10 !’ e A N‘_v—;_,_—,'
< 107 rAl‘ter stress (+) AP
— ” : ) ‘_/,
& 10" rtter 20 min (4 AR s
g ’ 0.7-r er <0 min » // oK After stress (=)
3 3 b Y/
-8 (¢ )
2 107y " After 20 min (-)
O 10"k o
10-11 ; ,.,:/'/
e
-12 " 1
1073 0 1 2

Gate voltage [V]

19 29 AREA Q] MOSFET ZAAbell 4 7% 20 min 5k 85°C bake A|3Fo] |t
ZEE] FN AEH A QI7F A3 9] |-V A H [40].
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2.1.4 7] Lateral Migration WAHYE

olEgt}, oleldt o7t 1% 15 9 1.6 oA K
Al A xR e ZYA] ARl
NeEtk [61] webd el w4 S

_ Gate electrode
M Oxide
M Silicon nitride
Poly silicon
Block oxide
»Charge
S Ee.. trap layer
- cell
(o] » Tunnel
= Sel. oxide
O >,
cell A= Lateral
i1 [& charge
ei.| p4i|g loss
cell| {=

9 210349 W= EdA R FxAl 5
CTL oA @A3l= HA9] Lateral Migration ®l# Y Z o tigk HA} [36].
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A B ol HAskE LM M A Y Fol
ofsf WAsk= AAHe olF s dEAo® yEhd 9ol CTL W] A9
= WE olFel Wigk E8F wAYSFe] ok EEetA e A Al kARt
PF emission [62]-[63]3} thermaly assisted tunnling (ThAT)oll 23t Zlo 2 AW = w
Tt 19 2.11(a)i= PF ¢ ThAT o 23t emisson ZZA|A~E YERU= 17 0]
ok 29 2.11(b) 9k (c)olA Ho]o] ThAT o 37} £yt FH o direct tunneling
7 FP emission ©] Q1= Aow uyehdth Ef ®@ dx= P aE2Ql
emission ZEZAAE F3 AL YOS Z emssion Hi= AEFES HArh 1F
211+ 57 trap level (E) 2 nitride field (Fn)°llA] ThAT 2] Zt}| emission rate 7}
FP emission % direct tunneling 2.tF @3] %2 A& HolFTh ThAT £ FP 9
emission 545 W]wshd, ThAT & A &40 Asta delvyA F571 2

o,
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nitride
Energy conduction N renkel-Foole
band
ThAT
Lateral )
direction trap I al direct
energy trap-to-band

state (E,)
tunneling

(b) (c)

p—
In
Z 1
o 10 B A
"; ] "h\ ! 1I;l
-3 L 2 direet |
= 10 Yy A _-> tunneling %
= 4 .' " f N
; 10-5 . f; ,’ . -"rr
@ ! F-p |/
'E -? . II. rlrr:
s 10 }! '\
=¥ 9 | | m—F =18MViem[ m— [ =1.0eV
- 10/ =F=14MV/icm} e | =120V
.Q 1 F F_=I.U."l-1"lr".-rtm . EFL-’!QV
= -
h

1060 04 0800 04 08
Thermal Energy (eV)

719 2.11. (a) Nitride ©l41 2] PF emisson, ThAT, “12] 3L direct tunneling o tf st of 2k2]

Ql 1% (b) Thermal excitation U= ] &= TdHE F,ol wE ThAT emisson rate. (c)

Thermal excitation U =] 2] &3 & E o w3 ThAT emisson rate [64].
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@PV3, S/IP @PV7, SIP
| Temp.=25,55°C 1 — | Temp.=25,55°C
:i | Measurement i : Measurement
S, 5,
>" >"
< <

@PV3, C/IP @PV7, CIP
[ Temp.=25,55°C 1 F Temp.=25,55°C
— —
s | Measurement ]l = | Measurement
© ol
| = | | = |
= T <)
z 2] |
10° 10* _10° 10° 10" 10° 10" 10° 10° 10* 10° 102 10" 10° 10' 10°

Retention time [s]

9 212,329 A= ZEA] frg e W] gdAd F2 S

Retention time [s]

W AeE el &

915 AV =7 A3} (a) PV3, S/P. (b) PV7, S/P. (c) PV3, C/P. (d) PV7, C/P [29].

Poly-Si
Channel

BE-
Tunneling
Oxide

¥ 213349 WE ZYA vRe o] &) guad s
S AU tE oA W= volo] 13 Ao o

Nitride

Gate

N
Blocking
Oxide

22
0%,
ot
ol
rlr
2,

.
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2.2.1 De-trapping (Bandgap Engineering) #lAYE

3 Y = ZghA v Rl A programlerase 22 EEAS FA7]7]
130 tunneling oxide °ll nitrogen = 7 7}3}+= bandgap engineering (BE) 7]&©] 2]
|53 Qlt} [18]. 7]1<E oxide =WF T4 ¥ tunneling oxide |l H]3] BE-tunnling
oxide = At3}ubo] #o] o3ty o] PE cycle o WO 7 913 WA= EF 9
o] BE-tunnling oxide ¢4 T o] A4 ¥t} BE-tunnling oxide oA A4 ¥ E
PES g oz ¢ EolME Exste] 18 214 9} 215 of| A Ho]Ro] 1
sec ool 7] FElA FZo|HqE detrapping HIAUFl 28] #sr)
detrap = 2 AT = Qok ®vkA F7] gRAd & F HASe
de-trapping MIAUFLS O 2 E
de-trap ¥ Tt

=2
2
s
=X
o,
o
or
)
'_\
o
N
>
7]
T
0
=
=
X
2
0
ol
i
o

BE-SONOS  BE

Small Median Large

1% 2.14. Tunneling oxide | BE 7} 21-§-¥ v}k CTL Z2tell A Nitride (SiN) &4 ]l
A ASE &2 EfloA o] &) Rl 2 5 de-trapping mechanism [18].
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(a) (S1) BE-SONOS (Cut-ONO)
0.0}
0.1}
0.2
0.3}

Cut ONO Device

saturation

AVt (V)

0.4 ® VePgm=16V 0.063msec, Vt ~ 3.4V
05tV Vpam = 16V 0.5msec, Vt ~ 4V
0 Vepem =16V 4msec, Vt~ 4.8V
B e e a——
10-° 104 10 102 10" 10° 101
Retention Time (sec)

(b) (S2) BE-SONOS non-cut ONO
0.0 saturation Non-cut ONO
~ Device
-0.1
S-0.2
il
=>-0.3
<

0.4 F @ vpeMm=16V0.063msec, Vt ~ 3.4V * } é
05 t ¥ VPGM = 16V 0.5msec, Vt ~ 4V
(| VPGM 16V 4msec, Vt ~ 4.8V

105 104 10'3 102 10" 10° 10' '

0.6 bu et

Retention Time (sec)

a2 F S At é*al.(a) WL &) ONO 7} &% A5 (b)) WL &3]
ONO 7} #Ze A1 A ¢ -9 [18].
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2.2.2 Vertical Redistribution H|AYZ

9 210 ol KBl @] 2HAd w2 5] Asks AVe & BIEAEAQ A
TL UlellA 2A838k= VR WAYSF 93t Ast o5
Ao o Zow B et} [29]-[30]. Program 52 %<+ FN tunnling &2 =}
dZHE CTL o dAs0o] ES =1L PF effect ol |3l de-trapping 2} trapping
WHEA 0w wbAlsith, 7 AW, EY] | Axe] Ak F4 CTL 9o 53
ol $1x8kA Pt [65]-[68]. ZEY 11 E& high PV level F71o]A]
program &zto] 218 E 9ol PF effect 7} Bu} A4 Zgstu EH @ A
2kel sk F4lo]l blocking oxide Zell Z7FAA FAEC HdAd sF
blocking oxide Zof ¥ o] AW 3ol F4 o] tunnling oxide 0. & ©]F3}
Al = target WL ©] VB 741715 As S Btk ki, VR AU S
program &2F 25 R3] wE AZF el EAskA Hm dxkAl DC IV =
g Aol oA = Ao B#EHA geth
% 216 & VR WAYE didt 259k PV level & 9FH S HojFE
Holth PV3 el H9-oll, A)A program 52 25 st T4do] CTL 9 F3b
F-o] PAEA T o A= B} blocking oxide ol © 7HAl =] 2
2k % VR WA Y 2% vy o] Wstgo] &57F F7kghel| wet AR
S sk S gk vk PV7 oM s, ALy oA &

Z19] blocking oxide ol 714Al 84 =
level ©] 5718 4%, program & 2ol 238 CTL
st7] Wit Vi W3t AXAINE %o o3t Wistes i or d v

3k

e FAd = 9 [29].

offt
1o,
N
o
N
i,
rﬁ
rlo

_léi

&
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RT

Middle of the
nitride layer

@
P-=25-1 15C

=

© [

SE{ @PV3, SIP :
< VR ]

Retention time [a.u.]

738 2.16.PV3 9} PV7 oA tH7] el Z oA whE= VR RS UERE A
3f &4 g X wE A% (T =25,40,55, 70,85, 100, 12 3L 115 °C) [29].
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2.2.3 ©&7] Lateral Migration HAYF

2.1.4 QoA A70E Lateral Migration WlAY S 7] 2l F2oll A iEwt
ofvel ©7] gl FaelqE sttt 222 dolA Al AFEH A%, 32
W= ZefA] v Rele A ALE-E = Nitride 529 CTL 2 7S E ¥t olyg}
diAow F2 E b A [36]. &) HHA F2FelA = Nitride o] 212

AN LM =AY F o5k dal &4o] dAe)
& E oA A Zlow #AYHL
 Nitride =22 ofu#] e wet =58 B Ues BT 54
Ao sk 1 sec ol REE3h &
ok 19 2.17(b)= 1 sec Weoll 2.15(@)°A Xl &2 E o EF ® HA7F LM
of oal olFd A% CTL Wi A=k 3o sk 1dolty. 19 218 3}
219 & fast IV 574 WHE Abgste] @] 2Rl F&el 9E AV AHE
Z+7} solid pattern (S/P: P-P-P)$} checker-board pattern (C/P: E-P-E)o| 4] H.of =t}
C/P S| A, target WL = A1 &3t %] A5 5 erase ¥ AE|o]al S/P oA =
target WL 2} QI ¢F n+1 7} n-1 A& A 2lgt =] AEFo] X5 erase 7 H|O]
o LM HAYSES & 74 BFgor BAstE dat &4 wAYSE b
3l CTL Wi 5 W& AdA9 71 wWol W=t [36]-[37]. whebA], whef &7
YA T2l LMol EAskA] ekt 19 218 9 2.19 9] 2l ®lA ARt

T AVi O] Zpol= A9 BolA ks Zlojvh. 19 219 o C/P 1 4% CTL
wte] 5 @ AAZE o A7) wieel SP R 22 'l AgEel A AV <]
#ol o A dEdo=w, 7] guAd & F EAAS AVy 7F "] mE
2tolE Kol erase w2l ola AdE H¥ol FFe wraol weh LM HA
yFol 7] gdlAd 8k ofye} @] gldld AR Fa3 e &4
HAYFO ZH EAY S

>
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(@) [ (b)

Ecof SINl  INgi| [Sel| [Nei.
cell cell cell

1
Shallowly 1
?s_trapped :
£ electrons 1
s 1
© 4
-
x.
= Nei. Sel. Nei.
2 cell cell cell
0 : \
35 40 45 50 Lateral charge loss

Energy (eV)
1% 2.17. (@) AlUA dEe] wpel =F¥ Nitride 229 E® UL (b) &2 E9 E
o] JhE-3k A-9-2] CTL W A=k #32e] st AlEdold 43 [36].

(a) (b) (c)
Solid| Solid Solid
015t  @PVi[f @PV2|t @P
=EV3 <= EV3 <=EV3

==EV2 - EV2 o=EV2

;‘u_1m.-0- EV1 =0 EV1 L=0= EV1
s
i

0.0 %0%0 00010 1010 90 10710

Time (sec) Time (sec) Time (sec)

1% 2.18. S/P ©| A Erase state o] w2 w7] 2@l 52 FeH] AV W3} (a) PVL. (b)
PV2. (c) PV3 [36].
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(a)

b)

(C)

= EV3
0= EV2
50.10F% EV1

T.loss I:a'

:"D 05¢

D.ﬂ“%

1% 2.19. C/P ol 4] Erase state o] w}&

PV2. (c) PV3 [36].

Checker

<=EV3
--EV2
=0~ EV1

0100101050 0
Time (sec) Time (sec) Time (sec)

" Checker|]| Checker
0.15+ @PV1 1 @PVv2r @PV3

==EV3
0= EV2
0= EV1

0101010

@7 g T2 5] AV W3t (a) PVLL (b)
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2.3 A3} &A/o]5 B

flizs

= ATelA 3 2k HE FeA MR gud B2 F EA ] wAst
T oohekek Al £4/015 dAUSS esly] flelA dah Edels Rds
Abgerdlth Aal £A/ls mEe AFAs gEdE B dAYES HAbE

=
e dwrx o7 ARE-E = weibull cumulative distribution function (stretched

exponential function) [69]-[72]°ll 71%kstt), webd, dsl £2/0]5 HAYUSS
R v Zo] 2dE T [26].

4
O F Va2 W golth HdA B4 F wAs: A4 Ag)

AV =Vt = 0) =V (1) (1)

T mechanism (k)

1 { ﬁmechansim (k)
— R
A Vth,Total - Z AVth,mechanisn‘l( k) 1- eXp| | ———— (2)
k=1

tR 'E‘ E]Eﬂ}\d 7]2_].'1 Tmechanism(k) T(_)T ?J.' 7H94 Uﬂﬂb}%ﬁ] }\]/\o]'*}l:, ﬁmechanism(k)% @_
Mol gk shetujgolth n & &4 2] digh dst E/o15 WAYS
=5 YEFATE AV = program 52+ 2 59] Vi oA tr WF

N

= E?ﬂé‘]’7] ‘ﬂéH}‘1 ,Bmechanism(k)g %}'8‘ 601’/23]’ 0 j”]’ 1 /\]-O]Q %)\—% ;%T‘:‘E]F [25]

.20 2 weibull cumulative distribution function & g gkell th3dt d<F2] 7H8-S
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Weibull Failure Rate (Hazard)

10
£=10 p=4
8
g o s
g
3
g 4
2 4
p=1
yA =
. = . ' p=0.5
0 1 2 3

Characteristic Life Multiple

1% 220. 8 stetelE gholukel EekA] & Characteristic lifetime ol w2 Weibull Failure
Rate [72].

]_

Ot
r P>

—1—1_]_' ﬂmechanism(k)% d

A WAYFE] variation I A3 91 2™ Brechanismk)
AAGS variation = FHAFTH  ATolA 919 avfE ST 3 A W
= ZgA v gdd w2 T HAlss oY 7hA dsk E4 WAY=E
= 2 18T F Al st HFS TCAD AlE#HoldS &3l Al 3 &olA]
Ase APty AS5H A =1 ARgste] ' 2 7|7k wE
Al E LM AU F g8 e &4 T 545 e)le] IFS e wA
=

g welea BAsgt
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A 3% 27 HJdA 4

31 9= ZYA dme 7] P 52

il
)

=

o 9

nle} 7+o] Arrhenius model

L —
T

1.4 9} 3104 HO]

aH

=
L.

2 529 Ea

3)

A vAYS

].

A oF31 roll-off =

A

&
Ry

BeE JERIT Ea 9 roll-off

i

9

Yol 9
o 9

=
=

& exk

3

b= el Slo1A

58

=
=

AV & Ao A time constant (7)

Eis

Kl

5|
Rl

=

=0

H

il

37}

)

el
o
i
T

o
o

o
¢+
ol

rre)

5
ol

o

B

29 3.1 oA Kool Ea 9 roll-off

bl

A4l

or}. welA 3

LT

W=

<

Aol A8t oluje} 37

ﬁo

o|]
P
s

A ZHA7E

=0
=

A Y

de-trapping, TAT, Ni recovery ]t} [26]. o] €A <

vl Qlt} [25]-[28]. A &s 7]
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Limiting Condition For Separation

A Vth(Nit) <A Vth(De-u'apping) < AVth(TAT) <A Vth(LM)
* AVyen <AVamn

*  Prar < Poe-uapping < 1 * Intyp < Intgp
" Prar<Bwi<1 " Tyi@iasec < 10hrs
* fim <Prar<1 " Tnit < TDe-trapping < LM < TTAT

ﬁDe-u'apping(125°C) = /BDe-n'apping(IOOT) :ﬁDe-u‘appillg(85°C)

,er(125°C) :ﬁMr(100°C) = ﬁMr(85°C) e

E 31348 e SYA R Y] U s S Ak E4/olS B
o sl AlF 4.

S|
F7lete WA o2 A7 = Tt De-trapping ¥+ Ny recovery ]
&4 source & AJZHE] Hoks W TAT 9 LM HIAYS Hoh A
aF &Aool AA Zlojgrta Ak TAT ¢F LM 2 CTL o g=Ae = A
A} = De-trapping ¥} Nit recovery ] soucre 91 2] %= %] &7 tunnling oxide
of trap ¥ A} tunneling oxide 2} poly-Si A'd Alo] interface trap Xt} Ad3]
7] wjstoltt webA, 3 3.1 9 final Vinmechanismy ZHebPE1 Q] Ao 2 Q1 gk 2
Ash= sk source & 712 AF I TAT & LM 9] Zpol= 17 1.5 9
A BRl Apol&E vl 2 AAEHTH am <> metrapping BTHE AL rar EUH

O.N
r_>i
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2 ZloR HAlth CTL 2458 wAauer] s b =49 A9 55
dloF sk TAT wWIAUFEHE 28 LM & CTL ui-ellAvt dAstr] wiof
TAT WAYUSZHT= w27 dge oz A5t} De-trapping "lAYUS
of Bl = CTL o A&¥ AA7} tunnling oxide ol A &% <krct R Wy
2ol am 7Ol mewapping & FHETH F A CE HRITH

olgA HAAH 3 2 W= ZHA HEgIM e At &A/o]5 EHl vt
E A o] AAl =84 S & wrgete] AR HAEAE FRls)
flel TCAD AlEdolds &3 HTS WAtk TCAD AlE#Hold
Synopsys AFS] Sentaurus Al Edlo]A X2 73S ALl WSIATE Al EE
319 AgxE Atgor AA dsh &
/] = &4 24 Az TCAD A&l %
st Zlo® WA I7 31 oA i AlEwEol oA AFE-E 3
HEege] ' Oy grxe] tish skebeE ghso] uhs)
ol t}. Spacer length (Ls)$} target WL length (Lwe) #- el 2382 U9kl W
Sl el A= #he ARESE AlEE ool AREE 2 dsk E4 Y
=9 =97 Sy g 3 32 o Wekgith o] FellA], TCAD A&
A sk 4 wAYS R vis shue WAYSE TCAD A&7
oA AelA Féste] st HlwE XA

i

- 38 -



1% 32.TCAD Al EdH ol AoA AHgH 349 HE ZaA o

Device parameter
L 30 ~ 50 nm
Lg 30 ~50 nm
L 10 nm
7 25 nm
O/N/O 5/5/6nm
Np@) 1015 cm3
NoeL= Nps. | 10 cm™

—
OIN/IO (tos/tyltos)

g2 72 2 o

SESEEE]
Mechanism parameter Value
NT cTL 1x10!% em?
Common Er e 1.EeV
GCTL 1013 em?
NT_tuumal Ox 2 4x10'% em?
De-trapping ET tunmel Ox 1282V
Gtunnel Ox 10 em
TAT ET tunnel Ox 124 eV
Ercm 0.78eV
LM GCTL 1013 cm
No 5x1012 ¢mt
kFo 70 em’/s
Nit Recovery =0 9 9x10°6 cmi/s
Eapr 02eV

3 3.2.TCAD A&

dlojdell A ARg-H
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3.2.1 De-trapping WlAY S

De-trapping WA Y S A 2.1.1 HollA A7E U&& vlF O = TCAD A
Edold AoA g WAYUSEES TS T De-trpping WA Y52 program
2 Z o) & X ¢A tunnling oxide o trap ¥ W x}Eo] el A F2 F de-trap
NS Dol 19 33 oA Ho|o] ARt wet F2 Y o R o
3= WA YZEo) o) Trap density (N)= AVine-rapping ] AT A 91 S %310
A=t o] #2412 TCAD AlEZ ol Aol A program &2 §

H HAA7F TCAD AollAl A Y%= PF 223} nonlocal tunneling 52
= A WY e S FEskY 19 3.4 o4 Kolto] TCAD A&
olAds Fall v ATe} detrapping WIAYSFS FEr] HEiA AHgH A

, tunnel oxide

sf &4 2do] glo] AL dAFTE & = 3l o] Z 2 de-trapping ©| U
St Alstzo] F HAYHNSS HoFET

nitride

L o000 4
l' " ‘ I < After 100hrs >

N 1x107° 5x1016 1x10718
te

[cm-?] o b

1% 33. TCAD AolA Fa8 A7) gleld %2 59 De-trapping WlAYU S ot
HAF 42 tunnel oxide W9 g€l AJgto] Ao mE EfiE dxo] 5= W3}



O exp.- function; —— TCAD;

De-trapping T=125°C
L Temperature |
| =40,55,70,85, AR

100,125°C f oz

AV, [A.U]

| 10° 10° 10°
Retentlon time [hrs]

% 3.4, o8] &% (T =40,55,70,85 100, 221l 125 °C)ollA] de-trapping "l1A Y&
AEHold Ayl &4 md Aygl vy

3.2.2 Trap-Assisted Tnneling HAYZ

[}

CTL ol A&¥ HA&=2 tunnling oxide © trap & =2 o
o A ol&d 4 Stk 11 35 o HAME Z A TCAD A& oA “delA
TAT WAYUSES T8tk o] A-%ol tunneling WlAYEFS 24 tunnling
oxide o =Ast= EHS FallAwt W8t 1 9o v wiAYSES TS

Al b=t} De-trapping ©] 7d-%-¢F o] AVumran®l #e FaLE ko] CTL A
EW g A5 %S AAsA TAT WA YES CTL ¥ tunnling oxide
A= E O 2 9] o]Fo] nonlocal tunnling Zdle] olaflA A== AHAE
6 o] Ho]xo] TCAD Al&#old Aagl TAT wAYF gk A

3
s &4 299 glol BE 2xEA AAFe] Y AAUFE mdo] ¥ &

l
o
T,
o
o
=
flivs
T
=)
o
o
i
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Nie [om™]

1x107°

Nitride trapped
charge

"e © 6 6 I Nitride |
= ) Layer '

Tunneling
Oxide

Dxide .
single trap

1x107%

1o
[
¥
do
)
E

3
=

o

o
i

O exp.- function; —— TCAD;

TAT

Temperature
- =40,55,70,85,
| 100,125°C

i T=125°C

AV, [A.U.]

10° 10° 10 10°
Retention time [hrs]

19 36 el &% (T=40,55,70,85 100, 123 125 °C)ell ] TAT WlAYUZE A&
dold Ayl &4 B Ayl vl
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3.2.3 Nit recovery HAHAYUSF

&

2.1.
a4

w
s

A AN E %] PIEcycleo] €34 A% interface trap> 7] =
P sk A el oJEiA] HoETh o] S WL O] Ve 7

of
N

Moo J

—}

7171 uj
o] WAYF= TCAD Al&Edold dollx &k flaeir Z2 13 oA
A Q4 = = multistate configuration (MSC)-hydrogen transport degradation 5 28 AR-&
SFATE 3% 3.2 of yeklol, %7] Si-H bond density (No), forward <} reverse
reaction rate AT (keo & kro), 2B FAF A I oA (Eaon) S Ni
recovery MIAUSS e8] f1eiA ARgE @hE Plaske] A8 ghe At
3T 1 el g VRS AFEsIith 19 3.7 & TCAD Aol 73
¥ SAeA A7) HhA w27 T a QAT Ne oF Ageto] AAR 3E

1 Qes HolErh o]de AyEsy nizrHE 13 3.8 & TCAD Aol A
Nic recovery WA Y &3] wAysh= Adst &4o] mds FaA #2ld 3t

t 7

o A9 A

=
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Hydrogen Atom
[cm~]

- 1x1014

i 1x10°

1% 3.7.TCAD “gelA &8 7] 'l 52 52 Nirecovery WAL Fol ot =

71 2 5% Nit & recombination & A% 4 X FE.

O exp.- function; —— TCAD;

‘N, recovery

| Temperature .
| =40,55,70,85, T=125°C
| 100,125°C

AV, [AU]

10° 10" 10° 10°
Retention time [hrs]

19 3.8. o8] &% (T =40,55,70,85,100, 22 3L 125 °C)°| 4] Ni recovery HAHUS Al
Heold Aol 4 Bl Aagh vl
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3.2.4 Lateral Migration ©]% HWAYF

LM WAYES &7 2ldld F9ko] TCAD Al E#o]AoA CTL W2 A
2ko] ol A S WFoFwh WSS HAAGHUTE CTL dlF-olA LM
HAYES +38H7] el PF R do] AFEE Utk 713 392 TCAD Al E# 0]

H,

O

A 5o A target WL o] AZ® AxpESo] A7) gl =2 ol = Whgko
29| ool Z TAHNEE HErh 19 310 Y= LM HAYSEE B
< Al 7 MAYUSEES] d3kel o] TCAD Alao]del e st &4t

Aok 4 R Fd9 LM WAYF] FEdol Ao dAgs HoFErh

1x101° 1x1017 1x1079
719 39.TCAD el A &€ program &2 #F x1xbe] E2s} 100 Az F 7] 2
A &2 T 2 LM wzYFel o) o] s3t AAEe] #
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O exp.- function;

LM

Temperature
- =40,55,70,85,
| 100,125°C

AV [A.U]

Retention time [hrs]

7% 310, o8] &% (T =40,55,70,85 100, 78]l 125 °C)ollA LM WAYUZ A&
ol Ayl £A Tl Ayl v,
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33 A7) g 54 &4

3.2 HollX TCAD AlE#olAS S8l A59 i
shebule o] Alg £0e YO 3 Ad WE E
EAo] digt 48 Atk 2.3 Hof|A & iE wiel Zo], gled T3 F
A9 oy dal &4 wAYEZS s} exponential T AEFS wEn
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Z7kst o7 o arEt) [38][39]. TAT = <A tunneling oxide o] &£Ajdl= E
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e oFS ¢S S7HAIZ Z1 o7 Kot} [47][50]. Ni recovery o] 79+
P/E cycle ~E# A7) I7FE A b2 Aol A9 #55A ke [40], PIE
cycle o ojaf g Ny 71 3|55 EAsk= dst &4 w7 YFolth et
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Aot det 49 4= g5 A" ZJor oddd wd LM HAYF9
735 PIE cycle o digt J3FHo] & Al 7HA] WAUSEEYE S o=
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O Measurement; —— De-trapping; —— TAT;

— Total; N, recovery; =— LM;
1.0

(a)  (b) (c)

| T=40°C [ T=55°C [ T=70°C
— [ P=0.1 [ P=0.1 [ P=0.1
= [30k Cycled - 3.0k Cycled - 3.0k Cycled
<05} - .
S5 [ _
<] R L

et ‘ﬁ

10° 10" 10* 10° 10° 10" 10® 10° 10° 10' 10® 10°
Retention time [hrs]

1.0
[ (d) (e) ()
[ T=85°C [ T=100°C [ T=125°C
— [ P=0.1 [ P=0.1 [ P=0.1
= [ 3.0k Cycled | 3.0k Cycled | 3.0k Cyc
L05] - r led

10° 10" 10> 10° 10° 10" 10* 10° 10° 10" 10> 10°

Retention time [hrs]

[
o
w
N
=
2

? 24 PEcycle 57F 3.0k A 7] HeA T2 F HASH
5t &£ thek WAYE el (@) T=40°C. (b)) T=55°C.(c) T=70°C.(d) T =
85 °C. (e) T =100 °C. (f) T = 125 °C.
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1.0

AV, [A.U.]

0 Measurement; —— De-trapping; —— TAT;

— Total; —— N recovery; = LM;
(@) (b) (©)
| T=40°C T=40°C | T=40°C
[ p=0.1 LP=0.1 -P=0.1
0.5k Cycled 1.0k Cycled 5.0k Cycled

10° 10" 10> 10’ 100_101 _102 10° 10° 10" 10> 10°
Retention time [hrs]

1.0
(d) (e) (f)
| T=125°C T=125°C | T=125°C
—_— LP=0.1 LP=0.1 LP=0.1
S 0.5k 1.0k 5.0k
< .5/ Cycled | Cycled [ Cycled
~® '
<] 5
N —— e o

10° 10" 10> 10° 10° 10" 10° 10° 10° 10" 10° 10’

1% 3.12.

Retention time [hrs]

A2 (40°C)2} 11 (125°C)°ll M PIEcycle Sl=rell wigt 7] €A &2

T WA= At =4 dist WAYSE +2].(8) T=40°C,P/Ecycle=05k. (b) T =
40 °C, P/E cycle=1.0k. (c) T=40 °C, P/E cycle=5.0k. (d) T=125°C,P/Ecycle=05k. (e) T

=125 °C, P/E cycle = 1.0 k. (f) T = 125 °C, P/E cycle = 5.0 k.
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19 3113 312+ % 319 Al e upel Faxl dak £4/015 vA
UF9] getulElE AREste] Al il 2 F sk A sk &4
A ZF WA Y So] vheksk &% (T = 40, 55, 70, 85, 100, 12]1l 125 °C)9} o &
P/E cycle 315+ (05k, 1.0k 3.0k, 281l 5.0k oA #aj¥ A= HojFEr} 7z}
T Qbe] A main chip ol SAE AdES e A2 S A

el e 2 sk £ vAUZES] A3 AV E ehath E3 424 A
e 7t MAUZES Gehle 47 249 FgoRA, A4 A% £ o
# 714 Ao 98 ARE nolErh Lwsh Fo4g B e & 9

{0

off LATE AVinow o #E2 AXF S7FEFH 24 WA YF ] contrubution rate
(CR) 9A] Azt %o wefa] Wststth PE cycle 3157F S57Fgol wey,
tunneling oxide %! tunneling oxide ¢} 2 Alo] interface & E o] S7slslaL
g EfE Bde wAYSTEY] ol e vt AA dah &l ¢
< A 71o%E E1E 5 Qlvk 9 312 oA Holo] o]y g P/E cycle
stress o] &gk W}= A2 (T =40 °C)olA KT} 112 (T=125C)olA & &
gk &= vk 1% 3129 (d)-(folx HEbSzol, PIE cycle o] 8157} F71gtkoll
webA Zp wAYFS CRo| AA Wk Aa &<E 4 3tk PIE cycle 3l
7V S ek wAIgle]l LM o] &) ' F& Foll 7R A sk &4
7118t S g1ttt 18y LM ¢ CR 2 & WAYSFEH vl ekSl
= W P/E cycle 357} F7Fgkel wet
o]+ tunnling oxide 2] &3}l S

Foll met S7FsHAINE At Ao s Aol gle LM 2 IS @ v wEo]
t} o] =3 thE tunneling oxide ¢ ¥3}9} #&H U= D -trappmgﬂr i recovery
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= A st AAl Ak Sl Ve &
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0.4

(a) (b)
T=40°C T=40°C
P/E=0.5k P/E=3.0k
=
< 02
Q
0
04
(c) (d)
T=125°C T=125°C
P/E=0.5k P/E=3.0k
>
< 02
Q
0

I De-trapping; I TAT; B8 N, recovery; Il LM;

9 313 7] ' A4S S5 WAYSE EelddA AEE 4 dAYEES
Prmechanismy #k. (@) T =40 °C, P/E cycle = 0.5 k. (b) T =40 °C, P/E cycle = 3.0 k. (c) T =125 °C,
P/E cycle = 0.5 k. (d) T =125 °C, P/E cycle = 3.0 k.

- 51 -



PIE cycle Slroll mhet dat &4 wAUSTS Egsty] gl AH8€ ahetv]
Bl 53 Bl o 24 tunneling oxide & A3leof ol JIS Aoz AAFHE=
Ast &4 wAYSZEZ tis #4o] 7hsatth 19 313 & A& (T = 40 °C)
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0.0
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% 315 A& (T =40°C)3 12L& (T =125 °C)ol A P/E cycle ©] Z7}3ko]
W2 fnechanismiy b HOITTH 3 31 9 A A AUlE nbel o)
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& 2% dolH=yE vl /4 Fad s &2 WAUZS Btk 2 3
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WLseI. ° o_l

WL nsel” te
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Dummy KRR |
SSL cee

CSL

% 41 (a) 7] A S3S AsA FyEtA A4 E bit-line (BL) ~ER 2] =
Fo| 3

Aol 3| 2%, (b)) WGFMU EEo| 22¥ Agilent BI500A =74 AH|oA ALEH |V =

7 & pulse =3 [29].
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ZRlA sz gt AVpgke A e AlZtelA PV3S F HTh o] & Zlo®
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@S/P
| Temp.=25°C

10° 10* 10° 10% 10" 10" 10" 10°
Retention time [sec]
@C/P
— [o]
=
<,
{‘ PV7
P
00} .
Y™ | PR | PR | 2 a aaaaad o 2 apaaad o 2 aaaedd (.P.l
10° 10* 10° 10° 10" 10° 10" 10°

Retention time [sec]

% 4.2, Tk PV level (1,3,5, 283 7)olA @] el F2 F wAst= A}

&40 98k AVy,. (a) SIP, T = 25°C. (b) C/P, T = 25°C.
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o] W Zo] &3] AbgA|A] kil CTL WH-ol ol A& 4 Ut} o]t
ol L @] gEld sAelA JFE 7A= Aoz dEA QT [36] 5
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A st £2do] dAYsT} [36]. Low PV levelol A ko] =2 target WLl A
A A vkE e 2AT AORE oFEH o] Zo] EAZ QLI 7]Ee
A7 HAA7E o] &3} recombination EAA] A fell oJEjAwt & wWEgow
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[ - Symbol (O0) = Measurement

- Line=Model

@PV1, S/IP
Temp.=25°C
=
<
?:] 0.0}
VR (a)
et snimd s st st s asnadtsaed
10° 10" 10° 10° 10" 10° 10" 10
Retention time [sec]
@PV1, C/P
Temp.=25°C
D  |De-
<
3] 0.0}
VR (p)
10° 10* 10° 10° 10"-"'1"3””"1“1'1"-"'1'-0“2

Retention time [sec]

% 44.PV1E] @] HHA FaelA BT Zo R odEE vl 7] HAYFOR
2@ AA Ast &2 (a) SIP, T =25°C. (b) C/P, T =25°C.
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[ - Symbol (O) = Measurement - Line=Model ]

Temp.=85°C total
De-

D
< trappin
3.:‘ /

LM,

VR

(a)

10° 10" 10° 10° 10" 10" 10" 10’
Retention time [sec]

@PV1, C/P total
Temp.=85°C
S5  [De-
< |trappin
> ook LM, i
VR
(b)

sand s
10° 10* 10° 10% 10" 10° 10" 10°
Retention time [sec]

1% 45.PV19] w©7] FHlAd gte A @A o7 oy = v 7] WAYFOE
Balg AA Ast <4 (a) SIP, T =85°C. (b) C/P, T = 85°C.
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1% 467 SPollA ZHzE LM LMye] det E4 BEE w71 AIZ7RA]
st dAZ AFS dS53s EHFUnh PVL level® program$ A= =
Aol QFe thE PV level =l BlalA s8] AR 9k o] Zof vls|A = A
G5l F AR AGEHI LMy o] Zo] target WLOEFE A= HAx}e}
¢k 3] recombination® o] AFetX] 7] wiZoll LMHZF ¢+33] saturation® ol %=
LMS AalA dal £ 71018 Ao g wolttk webA final View 2 %
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[ — 25°C —40°C 55°C —70°C —85°C 100°C —115°C J
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A 53 F Zo 93 Lateral Migration HAYZF

3 29 = ZgAe WEg AL TLC = 9ol QLC 52 % PV level 9]
AREsts] o Qlom 1o wet gud s F dAske st &4 vAYUS
T3t S-S 4 Foll A BT 3 FT 4 oA Kl niel o] Foek As
& wAUES 7] guAd 5 7] gy gol B4 #5 Al
w2l Th2 3 PV level A SE e ghE 225 MR dEtE S
gl st dd 4 g7 gud 53 5

St LM WAYFS] A @)
2 F9o3 X—]o} &= Uﬂﬂq

QQle JEg W] wFo] LM WAUSFS FFHoE 4
Qo WA= LM HAYFAA 543 AR dFHS &

o] Zol A= low PV level ol A4 target WL o] A== AR} Fo] Fhasho
w2 WL oFgloll program 52 o] T = 3] ol Sl el & AR
LM #lAYF 713 &l digt By 2AgE B4 S TCAD A& o=
ol Ak o AelM ol ZE CTL yi-old 2s= LM
HAYF  FFE 7IAL taget WL o Tl AZEHAL e}
recombination &Fell whel LM o &gt 22 o]F5& o] o] JEFo] e
Huh o wEA RS AoR FAEHAL o] HAUSEE VIS At ofsiA
LSS LM oA ekl LMa 2 stk o] &9 CTL Wi As 4
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LMy o] 2leldd 55 2o 758 TCAD AEaolH telA T/l LM o

w3 LM o] thet e Ao 9ddHS TCAD AlE# ol Ao E #Zo]
saglon old fat JFPL s WAUYEoE ool )
HAYFANA E2 k3T

rhN
—
<

52 Zo] £9] A% tidt TCAD A|EF o)A A3}

TCAD Al&d#old el CTL WiHFe o &9 Ass TdsiAH. ]
FolA 22 LM HAYSE §F TCAD AlEdold Ao Faste] e
&2 T sk EAo] MASEE AAEHIAY. 2 ol avlsilel HHA
< WAstE Aot 24 ke dAYUSTE oA sk ARE o
27 4 A YL FE LM o IFS 7AE FHeE Hi HYT
AMetuar e WAYUSFES Hde

a4l = vk [25]-[301,[36]-[37]. W= A~ER A BL current (le)e] UWEAQ]
ANA EAS Wrdsl7] Sl Poisson I drift/diffusion %78 A1 cylindrical
HEA A ANEEST Hgetrt e, CTL UFolA Hatse & W4
S 7337 9siA PF model ©] AFEE T 18 51 & Al E o] A A
ALE-% erase 9 program AW~ 9] AlZRe] wWE pulse F7]E HOIFT erase
voltage (Vers)i= 20 V, pass voltage (Veass)i= 6 V 7} ARSIt} Erase 5 2to]
A3 5 program FZell o8 AFE = Ak oke] wEp Jo] Fo

A4 7] wj o] program F2F A erase E#& FSolt),

Fa

b4

¢
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SL
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2o Al w5l o] AlEg o] oA ALEE erase & program Al A

£ pulse Z7].
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R e & 683
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By
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B

i)

poly-Si Channel

(b)

(a)

(a) SIP.

B
Ak

ol

il program

3]

:_7_%]1 5.2. Low Vpem Oﬂ 9]
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1% 5.2 (@)% ()= 27 S/P 2k C/P o4 low program voltage (Veem)©ll 2] 3l
program ¥ 7-$-°] target WL ¥} 13k o] CTL o #AFE o] Q= deeEs
UEbA 2ol SiP 9l 9= target WL ¥ Q1S A BE T2 Vpgy OF
program = Slth 17 52 oA Ho]xo], zte] 2 low Veem ©l ol3lA] target
WL o A%de dxpe vz o] AT Ao®w ®elth ¥ 51 3 % 52 &
A T2 T o] F3 R Ao AE Aol ko]l LM ol 7=
= B4 98 AREE AlEdolAd Fx 9 =874 B S H g
AT

o
oge

1
Jh
o

Parameters Value

Oxide filler radius (Rs) 25 nm

Channel Thickness (z.) 10 nm

Cell Gate Length (Zwr) 30 nm

Spacer Length (Lse) 30 nm

WL Thickness (fwr) 40 nm

Tunneling oxide (frox) Thickness 5 nm

Charge-trap nitride (fcri) Thickness 5nm

Blocking oxide (fgox) Thickness 6 nm
The number of WLs 10

¥ 51.TCAD AlEd o] AHgd 329 d= ZHA 2] F+x Fehv .

Parameters Value
Electron trap level (from Conduction band) 0.6eV
Hole trap level (from Valance band) 15eV
Effective mass of electron in CTL 0.5m0
Effective mass of hole in CTL 0.5m0
Effective tunneling mass of electron in 5107 0.42mq
Effective tunneling mass of hole in 510z 0.35my

Electron trap density 3.0x10% ¢m?

Hole trap density 3.0x10% cm?

Electron capture cross-section 1.0x101% cm?

Hole capture cross-section 1.0x10-1% em?

3 52 TCAD A&l el e dud 2 & CTL Y- da=2] olF
TEE7] A MAUEES =94 e,
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1% 53()<t (b)= ZH2 TCAD AlEd ol Aol 3 +3ollA] program
erase 54 % CTL uWlo] Eff ¥ AAe} AF9] density & HoleEoh 1§
54 = Ul 70 Veem #F Al 709] erase time (ters)ol 23t Isi—WL voltage (Vi)
ABE BT} o] Fo AFEE Vp = lge= 1 nA = 7|07 3th a9
55@+c 13 53 9 F W (A-A) = wE A4S Veew o <JEA
program ¥ 2% TCAD AlEd o] A CTL o A4H el ¥ 2x&
HolFoh Ao g Y Vegy=17V o2 T2 73w 9o Ay dxe]
FAeol Fol ol Am= &lstt. 19 55(0h)olA Holxo]l 1% 5.5(a)°]

Wl EL teps T WANY Wt ol 2AW 5 USS AT 5 YUk,

A

Trapped Charge
Density [cm™]

. 3x10"°

=
=]
]
@
o
>
)
=
=
@

M

‘ 5.5x1017
.

A . 1x1016

<Programmed> <Erased>
(a) (b)

1% 53. AlEdol A program 2 erase 2¢ CTL W EflE 3} 3. (a) program
AT Ao HE (b)erase AT FFo BIE
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o
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1 ' I 4 1 ' 1 !
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| — Electron — Hole

Vi V]
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1% 56 = T AFAA 2R Algte] wel EF #® [dzpel zho] F 9
H3E Ho]Frh a A HL target WL 2] S oA EHE7LA 2] A9 %o

St b A HE % A -l YT Veeu= 17V QL A 5-oll, g oz we
Zrol Fo] EAEA F ERIE EFoA EAM B 27]ele AAFETE Fo
B2 s FAT 5 oy el ERgle] Fhshel uwhEl, target WL o)
AFE o] Jdu AAELS F WFo T olFse] a AFow Soj2ul 1o
w2l a A He EAE Fe] EEL 5o HAAEF recombination o

AR EEoR FANRTL B fashs 3%e
= 7

Btk b AHE a A v AFS BHolARE b A2 target WL 9]

BEA el F o9 M diEel] AR Solew ARkl a ARG

dUAo® =i e £o % a AF Buk sk ZdlAd Belo] 1 2 Ak

A Aol a o b AR BF 719 22 FAEFor AA w7t 4ads
o

=
gelgr 4= Qth. ¢ A 7S spacer 9 %< AHO R, target WL oA AthE o=
de] "dojx] 9l7] witel o] &2 EASHA & s 11 Algko] A &

A} g APOR Bolet AL FAT & AUk

10°' : ; , .
L| M pointa — Electron (@/VPGM=‘I 7V, T=85 C_
1070} @PoiNtb  —Hole ters=0.1ms;
A point ¢

—

o
-~
3

—_

o
o
o

13 L L L 1 L
10° 10* 10° 107 10" 10° 10
Retention time [sec]
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1% 56.Veem =17V, T=85°C oA AlEd o] @ CTL oA geld Al zlkel] u}

& o] AfelA o] & 9l EfiE A9 As.
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o, o Fol Sl AF LM #AUSF oA At ¥ doz o]t
g AT F qa o]ZE 3 AollA FF3 ube} o] ko] Fo] target
WL S 2FE X = HAFel recombination dFHA] o wEA] o] Fstth=
ASe st O9 57(b)= FdeA kol Fo] EAske A 29
Er o W& o 29 Ass HoFrh 2> & Er oA o &2 A
Algto] F7}gel| wet AQ] o]FekA| %Al target WL S EHE LM of <3|
o]53dk= A9l recombination ko] wWEEA AbEpHE EQlE 4 vk F9
Er 7} WolA &= Aol 2 Er ?l A59 2, o &9 olso] o g
WA sk 2 QIAuE WS Vpgy ©F program ©] Ho] At ow AL ke
AZF7F target WL ol Ag=o] ivtal stofete o 29 shnte= 4
7] wEol target WL & <t o 2= o]FdhA] &1 23|18 LM o 2s)A]

A7} ol Fdh= Weknp e wWhgko 7 o] Fo] ¢ wEA o]%dit)

| B t;=1x103sec -@-tz=1x102sec —Atz=1x10"sec -¥t;=1x10%ec ‘

1021

L T T T L F o 1
& %@qu:;M—17V, T=85°C : :: 5 10" rA_ ;
E 10"k ! : i E E i
S ; i ' L. 415 @E
> 47 I i 1 S 100F f(hole) ]
= 107F | LA | —1 5eV 1
c 5K ! 1 c 107~ t t =
2 10 : ! :: S 107 ]
() 21 f——} () r 1
g 10 ::WI'O : % 10"k @Ethole 1
£ 1019 Residual = 3 —0 75eV 1
G 107k e a 1 G 100 ;
B 10" {1 8 107} (b)1
oy F 1 8 .F 1
T 10" @ 107F @Ejhoie) 1
= r = r —0 SeV 1
E 1 il 2 L Ay 1013 1
20 15 .10 -5 0 5 10 15 20 -20 -15 -10 —5 10 15 20
Position along channel [nm] Position along channel [nm]

1% 57, F W (A-A)OlA Rl AlTte] mhE (a)dAF 2 (b) T =2 A
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53 2o} &9 gL 13 F Lateral Migration HAUE #4]

58 & S/IP 9} CP oA Z+Z; vl 7FA] Veem O program ¥ 7-$-2 @ el
1

T4 F DA dak B4 9 Ave AlEH I ZatE welEth C/P 9
A% sl Agrek g AzE oyl sk &Aoo = s 1

E
=2 g A4 OP G4 B 23 LM AAYFe] o] dae W)

1o

o
o

=)
i

ot} Target WL 2] <133 Alo] program ¥ = ko]l A= 1%
7 =

etk gawt o A A

§2
flo

program 2 7%, target WL = program 3}7] S8l AFEE Veem 3 &2 S
AH&-aF7] waEoll target WL 9] Veem©] ZHaAshs ¢ Q14 Ae] J&FH % 37

7wt

3.0 T T T T T T T T
(@T=85°C

5T'[@ CIP (EPE) 1
2ol |ES/P (PPP)

L= Veeu=20v

z 15k _VPGM:19V

>_,_, ' i VPGM=18V

2 1ol Veeu=17V ]
0.5}
0.0

10° 10* 10° 10% 10" 10° 10' 10* 10° 10°
Retention time [sec]
719 58.T=85°C °lA C/P 9} SIP1 25 242k Ul 7FA] Veem (17, 18,19, 18] 20 V)
A el 52 5 LMol o FAYSHE A,
a9 58 9 AEHeld AdE ol Feld dAvd W Zo] A3}
o|5 EH& Abgsto] dAl Aot E4AE oy WAUSEE stk
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o] & AlE#Ho]MdA CTL WA 2Ast= 212 target WL o #7%
AAEe] & Wgo g olFs: LM wAYZoAN e E3 Qg A9
o= Q3 LM HAYUSZE Mg AlA A4 & wAUFeR Yo

59 & LM HAYFOEFE o] Fo JF Qi A

FS He AAYUFES TS T A 7 dAYUFLE gdd & T
AT AVe 5 WY Adolth. A TCAD AlEdolA
ARE YebdH A2 AL 7 MAYSES Uil de &4 2ot
A2 AAE A4 vAUSEEY FReR el gtelth High Veew O%
program ¥ S/P oA, LM = T 79 WAYUSFOo®E Fg2  Uth Target WL 7}
A Aol el &L TASHA &7l wiiEel A Aol ofF LM 9}

ANEA © Z target WL oA H A= LM F 7HA ] WAYZ o R EelHth o

A5l LM adj.7F | A 2 5 LM ol SfsfiA v A dep EAleo] whA g

SIP oA Veem ©] FrAZel] whel zho] &of target WL 2 Q15 Aol ExjstA
1 LMy S 2AAA L SP oA low Veem©l 2@l program2 7%, LMy, LMag;,
LM A2 dst &4S oItk olw low Veem A1 final Vinemadgy 36> high
Veem 1 A-FHET Zrasked I olfre IR A AdE dAt st
woltk CP Q1 ABFole LMy "IAYUFC] BEE Veem A L] HA]
zho] Fol EAsH7] wjEel e Eojof

SIP o ol Fol EAdte= A8 RERIHAER

AAT LMy = low Veem Q1 7499l
sty o] A=

LMy 7} saturation ¥ ¥ LM ©] =S LMy & 7HE Z7]¢l target WL ©l| 4]
HAE= AAFet 943 recombination o] saturation 7] wEo] <1F A9
WAook Zlowg B 4 gla oo wel A dde] o3 JFH S

o
=
UE = LMagi = LMy 7} saturation ¥ 3 A gho),
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[ - Symbol (1) = TCAD - Line=Model ]

4.0
>~ 20T @T=85°C
< 1.0 FVegy=20V
- S/P

0.0

1.0 1wy fwig
S‘I I a@ﬂmm@a
ral e A
>"05r@T=85°C Total -
< [ V=17V

00 LSP
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10°10*10°10210"10° 10" 10 10° 10 10° 10° 10’
Retention time [sec]
1% 59.T=85°C M C/P o s/p sedell mpef A 5= 9= Al 7k LM WAYS
o e A9
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% 510 5994 #R/E A5 FE MBOE beks 2% (T = 25, 40,
55, 70, Z18]3L 85 °C)ellAl F Al 7FA At &4 EES AREste] TCAD
AlEd ol A¥glel REW s HAoE vE 3 AnE HojFr I

5.8 ¥} 510 oA S/P < AHAfovt FFHoRE WHapgo] wAsS B 4 glu

Veeu © Zadhel wel W=go] AlAs @S udE w, o] Wl

LMy 8 o] a5 &Ad 4 Sl

Symbol ([]) = TCAD Line=Model
= 25°C == 40°C 55°C ==70°C 85°C

ML ———
— 3.0/ @Vpen=20V - @Vpeu=20V
= 50| SIP C/P
?1 1.0

0.0l

4.0
=3
31 1.0

0.0 L

4.0
= 3.0
;L 2.0
<1 1.0

0.0 Lt

A
a0l @Vpey=17V | L@Vpey=17V _
= 20/ S/P “CIP
<1 10}t ; L

0 .

"10°10%10°10%10"10° 10" 107 10° 10* 10° 10° 107 10°10*10°107107 10° 10" 10° 10° 10* 10° 10° 10
Retention time [sec] Retention time [sec]

719 5.10. teFd &% (T =25,40,55,70, “12] 3L 85°C)olA Bl &2 T WA=

A dep =4 wdy At
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1% 5.11(a)% Veew =17V © % target WL ©] program ¥ 3% #€ld 52 &
A= AV oA Al 7HA mAYUEe R #Estr] 98 AREE final
Vinmechanismy SFEFPIE] #h-& Btk SIP Q1 Afollwt S48 AVinumadg)
257} F7kske] wel A sheEd, olf-+i= target WL ¥} Q14 Ao A4H
AAE B 2 2504 o w27 o]53t] uiof target WL I} Q15 A
Atele]l AAZE wh=A FFasky] wEolvh Wb, LMug HWAYSES 2 57F
S7Fghel whebA A A
7ol wWekx] 7] wEel AVauwme =
Bty ol Fo] of2 4 Ax =
el sfE 29l Adglel Ao RS e Eld 51l A
HAUSESY tnechanismy =T-E F=H Veom & A7 W& E, ks UERATH
Eawwy<= high Veem Q1 790l s® 18] X}o]7F ZA| 9 Vegw ©] FrAadhel uwhef
e 7kl Zo)7b A Aste] Veem = 17 V oM = AY 22 #HS 2te AS
g1 = ok ol olfire 4 Aol FAH Ayst o
zko] 7F 7423k 3l 7] wiitolth. Low Veew &% program ¥ -9 Q174 A7} target
WL Atele] & ek dAZE FHasta olRe dF AY 9%y HAAE
olm sttt webA Eaumadys Veem ©1 A Eel webA AXTH Eauwn © $EA
AFe gz o] Fo] EA5H= low Veem O F program ¥ 73-¢-of| vt =7 &}
I% 511()°l = Balo] 1 Ao @& ek WA dor® jdo]| whE
Aol KolA gkt

of o3 dF= 719 A ¢

£
T
s
1o
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100 | I@\'/PGIM='17IV—
09l F—0—0—0—0

08 i H—.—-—H I
02 m SIP e CIP |7

“ — LM - LMH ]
(a) - LMadj.

0.1F .\-\bH |
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Temperature [°C]

AN

final V, [V]

0.70 mSP e CP ||
065} — LMy 1
E 0.60 | -
©

LW o551 §
g ._
0.50 1

0.45 ( ) A T

17 18 19 20

VPGM [V]

19 5.11.(a) tFFSE 2% (T=25,40,5570, 1213 85°C) @ T+ EloA wAYSE
HHE H8 AFEE At =2 DO Vinmechanism) THEFHELL (0) tmechanismg Z-E FF
H Veom 2l 2718} 7 dl"ef W E.
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F3t Veem Z+ 7 7HS] FEl A TCAD Al E#HOIAS Fal HPH
Al EH o] A-g AREato] ko] &2 CTL Wil low Ve
$ target WL o Ag¥ dzk vf2 dof] =4 5
&2 T LM WAYFo] EAskA ¢k xR
recombination =] ¢+ 3] Alebd w74A] o] LM S LMyE F ol 5 3l
sttt Tk SP oA Kol gdlld w2 T st EAo] oF AV
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ABSTRACT

Analysis of Lateral Migration Mechanism
during the Retention Mode in 3-D NAND
Flash Memory

Shinkeun Kim
Department of Electrical and Computer Engineering
College of Engineering

Seoul National University

As the scale-down and integration of conventional 2-D planar NAND Flash memory
reaches the limit, a 3-D vertical NAND Flash Memory structure using a charge trap layer
(CTL) has been adopted. Due to process limitations and costs, the 3-D NAND flash
adopts the poly-Si channel and the structure in which CTL of each NAND cell are
connected with each other. For these reason, new reliability problems that did not occur
in 2-D planar structure have been reported. Among them, a charge loss mechanism is
additionally problematic to the charge loss during the retention mode by which electrons
stored in the word-line (WL) move laterally in the CTL after the program operation due
to CTL shared with each other. Since the various charge loss mechanisms that occur
during the retention mode in NAND Flash memory are mixed, apparent activation energy
(Eaa) extracted by conventional high temperature acceleration evaluation methods fail to
predict the exact lifetime of NAND Flash memory and cause a large error. Therefore, it is

important to separate and analyze the specific charge loss mechanisms, and the separation
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of mechanism using TCAD simulation and charge loss functions enables such analysis.

This thesis analyzed the charge loss mechanism by which electrons stored in WL move
in the lateral direction during the retention mode, which is particularly problematic in 3-D
vertical structure. This analysis is conducted using TCAD simulation and charge loss
functions. 3-D NAND Flash memory has different types of major failure mechanisms that
contribute to charge loss depending on the retention time. In particular, it was confirmed
that the lateral migration (LM) mechanism is affected by the residual holes when
programmed with a low voltage. The LM affected by residual holes could be defined as a
mechanism different from the LM. In addition, it has been confirmed that the LM
mechanism causes not only the charge loss of WL but also the interference phenomenon.
The interference phenomenon depends on the type and amount of charges stored in
adjacent cells. The charge loss by LM could be underestimated or overestimated during
the retention mode. It was also confirmed that the interference phenomenon is related to
the cell pattern dependence. From these results, it was confirmed that the LM mechanism
is affected by various factors. In order to measure the life of a 3D NAND flash memory
more accurately, it was confirmed that an LM mechanism was defined as a charge loss
mechanism by the influence of each factor, and separation from the total charge loss was
required.

Keywords: 3-D NAND Flash memory, lateral migration mechanism, retention,

interference phenomenon, cell pattern dependency, P/E cycle stress
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