US010347654B1

US 10,347,654 B1

a2z United States Patent (10) Patent No.:

Iwai et al. 45) Date of Patent: Jul. 9, 2019
(54) THREE-DIMENSIONAL MEMORY DEVICE (56) References Cited
EMPLOYING DISCRETE BACKSIDE
OPENINGS AND METHODS OF MAKING U.S. PATENT DOCUMENTS
THE SAME
5,915,167 A 6/1999 Leedy
. . 8,878,278 B2  11/2014 Alsmeier et al.
(71)  Applicant: Is,ﬁ;)ITSPIf ([TJE)CHNOLOGIES LLC, 9455267 B2 9/2016 Zhang et al.
’ (Continued)
(72) Inventors: Takaaki Iwai, Yokkaichi (JP); Shuji
Minagawa, Yokkaichi (JP); Hisakazu OTHER PUBLICATIONS
Otoi, Yokkaichi (JP)
U.S. Appl. No. 15/354,067, filed Nov. 17, 2016, SanDisk Technolo-
(73) Assignee: SANDISK TECHNOLOGIES LLC, gies LLC.
Addison, TX (US) (Continued)
(*) Notice:  Subject to any disclaimer, the term of this . .
patent is extended or adjusted under 35 Primary Examiner — Anthony Ho
U.S.C. 154(b) by 0 days. (74) Attorney, Agent, or Firm — The Marbury Law
Group PLLC
(21) Appl. No.: 15/977,212
(22) Filed:  May 11, 2018 7 ABSTRACT
Memory openings and backside openings are formed
(51) Int. CL through an alternating stack of insulating layers and sacri-
HOIL 27/11582 (2017.01) ficial material layers over a substrate. Memory opening fill
HOIL 27/11556 (2017.01) structures are formed in the memory openings, and sacrifi-
gzg: g;ﬁﬁ;% 881;88 cial backside opening ‘ﬁ.ll structures are formed in the
HOIL 27/11519 (2017'01) backside openings. Cavities are formed in volumes of the
HOIL 27/11524 (2017'01) backside openings by removing the sacrificial backside
. ' opening fill structures. Remaining portions of the sacrificial
(52) US.Cl (Continued) material layers are replaced with material portions including
e e electrically conductive layers. Each electrically conductive
CPC ... HOIL 2 7/11582 (2013.01); HOIL 2 7157 layer is formed as a continuous material layer including
(2013‘012); /Zg'glt 5276{135519 )(ZHO;;L(HZ)% /50515L6 holes around the backside openings. Each electrically con-
(2013.01); HOIL 27, /113 65 ’(201301); HOIL ductive .layer ﬁs sing}llated .into a plura.lity of electr@cally
27/11548 (2013.01); HOIL 27/11575 (2013.01) conduct}ve strips by isotropically recessing the.electngally
(58) Field of Classification Search conductive layers around each backside opening. Width-

CPC ... HO1L 27/11582; HO1L 27/11524; HOIL
27/11519; HO1L 27/1157; HO1L
27/11556; HO1L 27/11565; HO1L
27/11575; HOIL 27/11548
See application file for complete search history.

modulated cavities including expanded volumes of the back-
side openings are formed, and are filled with width-modu-
lated insulating wall structures.

12 Claims, 81 Drawing Sheets

:K{{{Kiﬁi”\“\i’\(‘\&'\ 766 i\\“\\“\\“\ NNR

Micron Ex. 1022, p. 1
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Page 2
(51) Imt. CL
HOIL 27/11548 (2017.01)
HOIL 27/11575 (2017.01)
(56) References Cited

U.S. PATENT DOCUMENTS

9,679,906 B2 6/2017 Lu et al.
9,859,363 B2 1/2018 Lu et al.
9,917,093 B2 3/2018 Chu et al.
2013/0126957 Al* 5/2013 Higashitani ...... HOIL 27/11519

257/314
2016/0086969 Al 3/2016 Zhang et al.
2016/0163732 Al1* 6/2016 Lim ... HO1L 27/11582
257/314

2017/0047334 Al 2/2017 Lu et al.
2017/0236896 Al 82017 Lu et al.
2017/0373078 Al 12/2017 Chu et al.
2017/0373087 Al  12/2017 Ito et al.

OTHER PUBLICATIONS

U.S. Appl. No. 15/638,672, filed Jun. 30, 2017, SanDisk Technolo-
gies LLC.

* cited by examiner

Micron Ex. 1022, p. 2
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 1 of 81

Jul. 9,2019

U.S. Patent

V1 9l

A & IRITRITRIT ¢ O P
i L S s, s
FELEEELELELPELLEEELIEE L

0§/

?
R
N
3
R
N
3
"y

ZITTTIITII I

VL9V LTI~y

N. R, " WIRITRSTRITE,
A

e \.«\x\\\\\a\\\.\\x&\%\,\\\o m.u, N

R T e PP Y RV

T T SRR,

IRTRSTRITZ,

& & IRSTR TR ERITRITR SERITIIIZ,
B~ P RN ..“
.\\\x.\»,\\\\\\\.«\\\\x\\\\\\h@‘\\\\.\\\\.\\\\\\\....\\\\\\\\\\.w\\\\\.\»,\\\\\\\\\\\\\\\\\\\\\\.«\\\\k\

P Y e,

g

V8L

N A AR AR
o R

7 " PREL RIS s riris sl

A , 2 p i, VEAAIIELES I ELEREE,
\\\\Hw m N.\.V G2 NH@ m Lo /- \\k«nﬂ{.\\n\\x\\\xux
I ey Vep doee sttt .M.*\...Q\%\\\\..«\\\u\\.._,\.

094

[STSPANNNNNANNNN

001

00¢

Micron v. YMTC
IPR2025-00191

Micron Ex. 1022, p. 3



US 10,347,654 B1

Sheet 2 of 81

Jul. 9,2019

U.S. Patent

%_ xxxxxxxxxxxxxx Jrm— e ]l
I} 1 1.
H I
]
I
! iy
I A
H f
' I
I I
1 {
t
]
I
t
I
t
I
0 !
1 : ]
: 1 I
| . H
" 1 t
| : i
1 1 s
| : L
- 1 I
| H i )
. I v i
| . ] {
. I I i
1 + N !
. t t {
| “ | __
I ELi 0l I
| v I
~ ¥ ¥
) 1. I
: i i
5 H i
U ] 1
| 3
| i
H I
1 I3
H T
| I
I3
; ¢
H ]
| i
i t
. I
] "
t
Vi
t )
] i
I i
3
t
I
£ I}
¥ ] i
I .l
I I
: i
I !
_ It
IIIIIIIIIIII | Ay ———————— S S —————,
001 +

Micron Ex. 1022, p. 4

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

U.S. Patent

o1 Old

11

Micron Ex. 1022, p. 5

YMTC

IPR2025-00191

Micron v.



US 10,347,654 B1

Sheet 4 of 81

Jul. 9,2019

U.S. Patent

Ve Ol

_IV\.VV VIR STRITRITE " o —' Nu\qw TS TSR e TRTRTE, TR TR TR TR T T T TR TR TR IR, IRSTRTRITR, \V\\VV\VV\VV\VW\
R P P P P 2 IR L T L7 PSP EF ISP EF SR EF 52 m N.\\\\\\\\\\\\\\\\\\\\\\\\\\|‘.\\\\\\\\\\\\\\\\\.\.\.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
| bt s ssssissosssss o s s s sssse g s o e iy, SIS PSSP EEEEEEEEE .\\\\\\\\\\\\\\\\\\\\\\\\\\@\\\\\\\\\\\\\\\\\\\.\.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
| FEEEEEEEELE L om N\N.V N,.@.V N\N.V N \\\\\\\.\gw&wduuuﬂul\\\\\\ A L R R R e
LTI A ., 2, s o e P W, 22 PEESIEEE SIS A ARSI SIS IS,
| N .V N s o N N e o (e e 2 w m N{.V mN ,..‘N m N\@ m N‘\\ \\\N .V N..M\%_,mmmhhm\\\\\\\\\ \\\\\N .V N.M\Mkkr\rﬁ\\\\\\\\\\\ .
1t w%u\\\\\.ﬂ. G O M Y S U 2y TR NP AN B i e I v eeee s B e I
£ d g r
§ 8 3 3 2 ey g iyl

%

] i -28/

i

88/

v8.
08/< 98/ 29.

¥8. o7

98/ 88/ v9.L

AN e A A A A AN,
- : fo) il

i
A

|
C0r
|

L A /

~
001} 00¢ 00t

Micron Ex. 1022, p. 6

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 5 of 81

Jul. 9,2019

U.S. Patent

Micron Ex. 1022, p. 7

Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

U.S. Patent

¢ Old

Ex. 1022, p. 8

Micron

YMTC

IPR2025-00191

Micron v.



US 10,347,654 B1

Sheet 7 of 81

Jul. 9,2019

U.S. Patent

9 E

W Prrbrrd e el IS TR TR

TS TSI

|
| IS SIS TSI I T TIE LS

(RERP RN

R FEEREEFIEELIEFTIEETE LS

%

e

LSS EIISIEEEEIII S,

\\\\\\3&33\\\\\ EEIII
EEEIIIREEEIIISEEEIII S5 2 ",

N .V NAWMW\\-\\;\ o N N EEEIIIREEE PP IS EEEIIS S5 2 w m N \.V m N \N m N @ m N \\

o TR TR TR
ST E TSI T I T IE T TE TSI o m N SIS E ST E

98/

T TS TSR IS TSI Oo N

A T E S F I TSI IETIEFTIETIFIIEE IS,

@\\\\\\\\\\\\\\\\\\\.\.\\\.\.\.\.\.\.\.\.\.\.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
SIS SIS T I TSI E I LTI TS

A SIS SIS IS IES,
A N .v N CRLLLLLS IS, FELEE N .v N O el rdey
A e R ey FEE e veee \\\\\.\\\\\\\\\\\\\

|m

—E—— e e — —— ——— —

Micron Ex. 1022, p. 9

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 8 of 81

Jul. 9,2019

U.S. Patent

y Ol

. Errdr et prrrr el Srrdrr s e Errl ey Errdrr e r s ey \noo Nu.\uu.\ud‘\i i

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\.\.\.\\\\\\\\\\\\\\\\\\\\\\\o m N I B F  F  F FFEFEEFF S EE TSI EEEELIEEEFAEE LS

PP P .\\\\\\\\\\\\\\\\\\\\.\\.\.\\\m\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\.\.\.\\\\\.\\.\.\\\\\\\\\\\\\\\\
.\\\\\\\3}“;\

|
w “ CRL PPt PP PP PP R R s P P P G PP P P P PR
Ly B "ty o’ K ” A Crd EEEEEEE LAY EAESE R PP
| N .V N s o N N FEE LS EEELEELLEELLEE LS, \\\\xw m N ‘\.v nl.d: N\N m Nx@ m N,\\ S N .v N A LELLLE AL S N .v N L LRSS LIS
W boes M%*\\\\.“. FELEEELEELEEELEEELEEE S S Y P YR TE) RPE R FEE r\\\\.\u\\\\\\\\\ FEEE e vvceie -M.* EESIRISEELLESIL S,
4! A = d t

H L,

% w | | | -28.

a

1474 797

88/ 98, 88/ 09/

O () o e e e A R, ST WA NN

cel
44"
cEl
44"

0L}
081

L0
(o]
—

r—————

Micron v. YMTC
IPR2025-00191

Micron Ex. 1022, p. 10



US 10,347,654 B1

Sheet 9 of 81

Jul. 9,2019

U.S. Patent

VS Ol

Micron v. YMTC
IPR2025-00191

Micron Ex. 1022, p. 11

LTI T T TR TSR IS ST RS TR AT ST ST TR TSRS T TT LTS IS TR TRITE .\uo o NV
TS T I TSI I I T T TSI IE T EETEET o m N R E ST TSI IETIFTIEFTIELIS, I,
o F TS F I TSI I I I T T T T TSI I E T TE T EEIEET SIS IS @\\\\\\\\\\\\\\\\\.\\.\.\\\.\.\.\.\.\.\.\.\.\.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

ST i \.\.\.\\\\\\\\\\\\\\\\\\\\3\\\\\\%@\\\\\j\\\\\\, P AR TSI I T IS T I IE LI EE 77|

[RER IR FEEREEFIEEIEFIIEETE LS, A " B v [ A SIS SIS SIS,
N .v N iy O N N IS EEFIEELIEEIIEEIE LS, A w m N ,\.v m N ,\N m N\.@ m N,\\ A N .v N I ALLLLLSPEEI I SIS N .v N L LLLGE E L LSS
I el ” g P " T s (e ey

wm ﬂ?g m

Ve e R IR IS FIEEEE TSI EEIE LS, P r A
4]

08/

(o0

e

%

¥8.
98/

881 09/

v8.

S —
o)
[e0)
N~
©
o0
N
o
0
N
<I'| Al
©| ©
NN

ST VA NN

SSNETIISNSANLR SN .

o - 2 ] ”mﬁ ] ,H: i

.mlm ! ﬁﬂm “ EM%BM Emmmmm.mmﬁm_._
e Hed it - - = Mﬂuﬂﬂ“._

= e ] i e v | e e e e e I
g8= i =EEEEERS A || _
ce iE S EEEE il i 5ol
0L 4] i A EE B E L L L
O@—.__ﬂ ly | L] AN gl L] L] "

— —

] |

— —

| |

| |

r
|
|
|
|
|
|
|
|
1
o
o
—
|
|
|
|
[ =
r
|
|
|
|
|
|
|
|
|
|
|
|
|
|
!
o
o
N
|
|
|
|
|
|
|




US 10,347,654 B1

Sheet 10 of 81

Jul. 9,2019

U.S. Patent

000000 MOOOO OOOOOOOOOOOO
000000

Nﬂm ,,,,,,,,,,,,, Y 4 859 —-— S—y — _
| T I ! ] I
100000010 00 ¢ OO0 000 00 O |
| eXexeXexexe! | | | |
10000000 O 0 ) O OO OO0I0 OO0 Olff |
| "000000! | | i i
"&mmmmm%oooo 0000000 Q00O |
! I
looo000 o o olpbo oo oolo olo off |
ner QL0 0 Gk 0--0-0-| D0 - 70 -0-01-0-010- O r-—--1
wrui OO0 00 00, “ _ i !
OO0 10 O O |hb O OO O Ol0 010, Ol |
Amv._‘v;“. O O O_O O_Ox A_U “\w “ “ _
%%&%%%ﬁ@%oooo 000000000000 |
IO O00 0 O 0O () O 0O O 00 00 Ol |
ern QOO0 OO0 ost 08T g | |
1000w Iio O 0 ¢ 000 000000 |
B350 oo dlo oo oolooioo i
| |
7| OO OO OO | | i
4@mmmmm%oooo 00000000000 i
| | |

100000W IO O O 3O OO0 O 00 0l0 O i

| eXeXexexexe) 62} i | |
100000010 0O 0 gJOo 00O O 0}0 0|0 O !

I OO O OCyl ! ! !
1I000C0OUIo OO0 O OO0 O 0I0 00 O |

| eXeXexeXexe} | |

| 2 “

| off |

! I

i

| |
00000010 OO0 ff O OO O 00 0|0
000000 | |
lllll 3]0 ] Rtttk il 10 e enleniaiashaid o Bl 0 101 72

Micron Ex. 1022, p. 12

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 11 of 81

Jul. 9,2019

U.S. Patent

0§ Ol
k\.lﬂﬂ&mw@.ﬁva. xxx\ Jammwmmwuawmmmmmmmmmww
\ ; \\\\\\\\\\\\\\\\
w\\. / «&mmmNmﬂwaﬁmmﬂawmmmmm

~

\\\\wom

/

&mwmmmmm mmmm

| We

Ex. 1022, p. 13
YMTC
IPR2025-00191

Micron v.

Micron



U.S. Patent Jul. 9,2019 Sheet 12 of 81 US 10,347,654 B1

\

R

7z

e
T

§

§

§

§

§

§

]

§

]

T, A

TP ————TTTT B L R B
T T T S

R St
2

i e Qo
T e
e

N

]

Vi

T | A |
et R

o T T
:‘o‘o‘o‘o‘o‘o‘o‘:‘:‘!‘3‘?‘o‘o‘o‘o‘o‘o‘o@‘o‘o""""""‘nﬁ'{?ﬁ:o.o.o e

)

et cbvied
RN

e
RS

bt drseoer G GRRRN 000
T e T
s

R L
i
e e A

FIG. 6A

£
5
£ rrr——
S s e e e
e
AEGEEGESSERS SRR

el l Bt

s ek ik
Rk | R ]
e

%

7

it

&
3
<3
&
<3
)
<3
)
<3
&
<]
o
<
£
5,
£
s

,,,,,,,,,,, T ——————— B L e L L T 0 P 0 P O P 0 P 0 P00 P00 et
s ) B st
s | | SRR Q ‘\\‘% % \

FE

™
o

i
B

B

B e P e e ey

o)

R S

!

oo

\
r?‘\\\
ra\\\\
3
.......... I
...... T T )
e ———— T .\‘\
e, R \

R
R

N\

i R

1< ||||

o

e
=

L

Micron Ex. 1022, p. 14
Micron v. YMTC
IPR2025-00191



U.S. Patent Jul. 9,2019 Sheet 13 of 81 US 10,347,654 B1

e .
s
By

e o
i

s
PR PR KA R PR A At

Z\

K e L L e b
R ]

,,,,, e
- = = e
7
o

TR T T

TR e
sttt ittt

R sty rrreere
stk RN b
— A

TR

T e
e

T
B

TR AT T T
LS R M
SEEES REREEERE R R

...... T TrT——
R T el
R, i | [ i

e Y

FIG. 6B

T e
R R SR R

b T Tt
i

213

R kel
R

R T T T K T
e,

T P P R P P S
e

T
R
sttt

Micron Ex. 1022, p. 15
Micron v. YMTC
IPR2025-00191



U.S. Patent Jul. 9,2019 Sheet 14 of 81 US 10,347,654 B1

et
R

T e
£
R

T —
P e

REhre e, e e e S reverasel
T | e

A e
e e e e s
S e

R
5 R A

T ek Gz
R Ty it D
S ]

T e L A P A
e R i

:Qs ‘qss ??' *#:iisggggzzjjj

kot R
SR

i
T T
D e

NN

Er e
T
e

TR T

. P - srorriY
T T s

B
A

FIG. 6C

R
e

T e
Tl
ey

o e
s

| e et

RS HEEEA

T P PR R R R
i

el

Micron Ex. 1022, p. 16
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 15 of 81

Jul. 9,2019

U.S. Patent

a9 oid

W\V//////////gug/////////////////g///////////////gzg

Micron Ex. 1022, p. 17
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 16 of 81

Jul. 9,2019

U.S. Patent

49 ‘DI
V////V\V\v\vv /w////\vv\vvam\\ ////////////////////V/////////////////VWVVWV\V\WV

& \\&8 §

Micron Ex. 1022, p. 18
Micron v. YMTC
IPR2025-00191



U.S. Patent Jul. 9,2019 Sheet 17 of 81 US 10,347,654 B1

6

48

1

M

————(148) —— ————(148).——,

r—
[
|
oo |
< J| |
[
[
[
L

FIG. 6F

Micron Ex. 1022, p. 19
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 18 of 81

Jul. 9,2019

U.S. Patent

L Ol

T TR, Crclerde Jecd — «ﬂh«u. TR AT, S TR O o N
U bisirissaisisesssss s ss e ot e b 0220082200 505240 \\n\\\\\xo m N. IR R D 18 FELLLEES
| \.\x\\.\\\\.‘\\\x\\\x\\\x\\.\xm ORI O L IRELTELLECLTEIY,
w [T s YOS LEEELIEELIIELIEEE \\\\\\\\iiuuj\\\\\ ERELE SEELIIELIELIFELILES, SHEEEL AL EEEELLSILLIELIISL L LLSEEE
APIRLIEEE LS ESELLELS, e 2 o PRSI EEEE, LS \\x\\\k\\\\\\\\\\\ S,
| PEPLERIEEER LRI LI 7Y \\,\\\w mN. \.VmN. \N m N. @ mN. \\ \x\N.VN. LLLLGS LI EAETEY, \\\\N.V e e ininivin S
e dest A1 ALIRELIESLEELEESEELEELS, AL SIS EE SIS, A e ae \\\xx\\\\\\\\\\\\x

|

|

|

_ 7 0824 98, —_P) c9. 7
NS g/ JEE NN\ NN (7o SRS
|

|

|

88/~ A % ww\.. V1 09/

e e e e ———— ——

RS [ B

L K 1 L

RS §Bef X388 RABE,

- ] 2 e £ -

f a5 Baas & 8 551§

R v § i - 5 o 1 -

B3 168N Mant & ganifng

it damg B o1
g . Qg - -

8 152 X EH3 W 153 ) it m.@—.
v 3 % s 2 1 o

HBE % aa: g %o dng

o X o R - 2 -

B b R fangd B 3538 K ¥

11858 ”“” ”“Hﬁ

Micron v. YMTC
IPR2025-00191

Micron Ex. 1022, p. 20



US 10,347,654 B1

Sheet 19 of 81

Jul. 9,2019

U.S. Patent

894

a4 & Crrfrr b Sty ? I P

|

| e o e g ks
w | WEESEESEES ISR, - S EREEES T ELEES LI PE LA CAERRIrY o
PEPERIEL el \\.\\\\\\\\\h\\h\\\\\\.\\m —\\\\x

_ %\&\l\lﬂ\l\-ﬂ ONN. FELELEL LS L7747 <77
¢ SEAs

St { ERI AT R R R PR RRIILIES

S,

o
Gl
S

S il e P WRELNNLIRIIY,
\\.x\\a...\\\\\\\\.x\\.\_..\\\\.\x\\.\»\\\\.\.\\\\\.~\\\~.\\.\\\x.\\x.\.\\\.\\\.\\\\\\\\\\\\\\\\\xO m N.\\.\\.\\\.\\.x\\\\\\\\\.\\\.x\\\!\.\.x\\\\.\\..\\.ﬁ...\\\»m\\\\x\\\‘\.\\\\\\\\\.\..,.}.\\\\k\.\\\\h
ARSI S EFEEFEFI S, @x\\‘m\\\.\\.«\\b..\.\,,,.\\,x\\\.\\h\\\\\.&~\\,«.\\..h\\\\\k\\\»\\\\.\\\\\.&\\\\\\\\

- PEESTE | LIRS RS PRI AL PRSP
¥

St PR P \.OO by
FIELLI S,

SRS ALEEL I ELELEERELSEERE SRS F LS,
WLESCISEEEEEPEIFELF S
NﬁKNMN*\.\\\\\\M\\.\K\
CIGISEERIE LSS ILY,

i

Micron Ex. 1022, p. 21

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 20 of 81

Jul. 9,2019

U.S. Patent

V6 'Ol

P T TTRS TR TRITE TSRS TR & TR TR TS o~ ST Crrdrr el \ﬂ“\ﬂ“\ﬂﬂ\dﬂhﬂa&q\qa\ﬂﬂgﬂuﬂ-\Q\u\uoo Elrrtrrts o

\,..\.\\x.\\\\\\\\\\\.\.\a.\.\\\\\\\\,\\.\\.x\\\.\\.\\\y~\\\\.\\\.\x.\\\\\\\\\\\\\\\\\\\\.\\\om R T P R R PR R I I A P
B R A R N I I PR Fr e PRI IR IS IS ERE LIS LSS @,.\\\\\x\\\k\\\\\\.x\\\\\\k\\.x\u..\\.\x.\\‘\\u\\\\\\\\\\\\\\\\k\\\\\\k\\\\
HEREEELELE RS sl 8 2 PR .\.\.\&\\\u\wﬂw\-ﬂ%g SEARERES PSSR EE PR A SO FEPER GG EL LR EE P EEELPEEELELEEELE,
LB RS D LT LT EEELTESELE
AILELIELEEPEEIETELEESES

SRS, SRR EEIIS RIS
\\\.QN .V N ALLLEGS L EIE AL,
T s daas

0

: 7
797 \NNANNNAN
V] 09/ U

8.
% 08/1 98/ & a9l
\N\\\\\\\\ Y] LI XN\

88/ WA %

W

f—————————

aE
B

g{

LA O
._7.2
[=]

—

2
ol

Bt Bt 343
tzizizh

%
2

Lo
©
—

QJ
™
—

[T
:

=
3

o
< ™
T 2
TERELBNSNERSMZ NN

QA
<
-

isnEaGmE) Wimens
EEEEEEEERIIN:T]

&
i

] ETEC ETEETEETF TR FT

1
2

mEEEIE IR

EREIZAEIEIEME] MEAENZEENENENEE

BEE
L]
BRE,
-
HE
-
38
-
£
fnd
HEE
-
188
-
8
-
38f
nl
2]

=
g
ZIZIZMEL

FTETFTE FIL

ELFTEE H]|

RENE

THE
TS SR N
1]

i

[

LRGN
ikl

EEEEEE

&
|
| I
| I
[ 1
| I
|
[ i
| I
|
i

21881

D M N5l

Micron v. YMTC
IPR2025-00191

Micron Ex. 1022, p. 22



US 10,347,654 B1

Sheet 21 of 81

Jul. 9,2019

U.S. Patent

NH_F ............. e y) 86914 ~—— g—
| il I { I | |
1000000 o 00 ¢f 010 0/0 0!0 0/0 O
| O O O O O O__ | | I | |
|O0O0O000O 10 OO0 Ol 0O 0OI0O OO OO0 O
000 000! | | | | |
“QWWWWWQOOGO 0000Q00L0O0OOO0
I 1l I I
"mmm%%%%omio Ol0O 0l0 Ol0 0Ol0 O
| | | 1 6L | | |
xﬂmrmwwmv@muﬂY#mYAw+®a o-elol-0-01-0-010--6
wvan| 0.0 00 00 | " | | |
OB 0O 1o 0l0 Db 0l0 0l0 0/0 0/0.0
o] OO 0OI000) _ | | | PN
0D 00M00Q0OH0Q00Q00 000000
ova)!| 2000 OO “ “ “ " “
2m¢m+b\©;®;@0@__oa:@_© O_ Ob_O O_O O_O O
vl OO 0I0 00N Zee ! | 552! g |
100600010 OO0 ¢l 010 0l0 0[O0 0/0 O
S o 0lo doloolo olo oo o
[ | |
sv2| O O OO 00! ! | | | |
4@mmmmm%oooo 000000000000
| I }
000000 !0 00 4/l 0l0 0l0 0!0 O
| cooooo S ol o
1000000 10 00 g0l 0’0l0 010 0}0 ©
| OO0 OCYl “ i | “ “
00000 U 0 010 ¢/0i0 010 010 0]0 ©
o0 B00b60d0 0000600600600
mooooogﬁmﬁo oﬁuoﬁUOiUOﬁvo
|||||| OoF|||.||.|..|Lr|.|||.|.|.||I.I-L...||.|.I.|I||II||OON|||I-|II.|.I|I.||..lllll..l.lul..llllu

Micron Ex. 1022, p. 23

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 22 of 81

Jul. 9,2019

U.S. Patent

A NN

SN

06 ©Old

;ﬂ%éfﬂﬂ%}%

%//%/// -
7 ik 7

Micron Ex. 1022, p. 24
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 23 of 81

Jul. 9,2019

U.S. Patent

VOl "Old

Micron Ex. 1022, p. 25
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 24 of 81

Jul. 9,2019

U.S. Patent

a0l ol
Wuﬂ% I Y

RN

S

3

.
2 i
{23 £3

L E D

S

S

2

5
ki
4

¥ q
7

2 .

kit {3

i =
i

5

II
-]

N
=

2

52
22

S5

SR
T

B

%

1 o
1 3
< 2
22 k4
e fised
# e
b1 i
B F
5 L e
" iy fisstmey ol by pr
3 P B e i s
3 )
& | & ki &
i % il Bl
] ki b i
i it fi il
— ] e B 1 J—
4 El i i
B d ko k4
i 1 I
3 i [ F
) 4 <t E
i i i % b d
= ki I bt Fd A
3 b E B 7 i
SRR frmseeay SEERER faa SERREEH FRREREER pETET frarriy RN
jiied 2 9 ¥ bl g By i
4 bl 4 B it L4 55
] & 4 i 14 2
g ! 4 K ot 3
] L % £ i b b
iz b ki bl £ b et
2 i 4 ] fi:g ) Fied
5 kA i i 4 i
fii0 28 * 5 i
it ted 4 % 3 s
b 5 4 b ki 25
ko . i & ik ]
E: b4 oo b i 24
3 Jo |
5 S k2 i i
] i 1 i
2 ] % [
& e

56
Hheiey

o

£
i ]
14 i
Fe 2
e A

j4 <]
o 5
pid At
¢ (i
piid 2]
£ %
f e
ke 4
i 6
s t:]

I:
E

Micron v. YMTC

Micron Ex. 1022, p. 26

IPR2025-00191



US 10,347,654 B1

Sheet 25 of 81

Jul. 9,2019

U.S. Patent

o01 'Ol
I OO
7

RHNNS 7 |

L .

ol L

N\

S

R

o

%
_

G

A

=
i

i

ey
e
i

2

By
\

3
i

1 2 N:
-] k4 ] "um

et b - ki £ "3
ks

.‘«

i
s
%

G

5
PR
R

4

=

S8
PR
©
[aV)
~
SRS
S
©
(&Y
g
S

i

B

-

oy
D)
e

e

T

o

B

=
- ©
- N
TN

S

=

e
42

izt
R

4

P e

i
&

::
T

s

b

2

e

S

2

i

08t

b b B
E ] fi
: = i
el ] i
B 14

i
k4 3 %
£ E By o
g8 & 2 4
£ b b B i
E2d 5 2 : il
[zt 2] i & 85
bR i T T

¥
]
B

S

7

S

o,

Micron Ex. 1022, p. 27

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 26 of 81

Jul. 9,2019

U.S. Patent

ViI Ol

i i\ﬂu{ﬂﬂ\uﬂ ﬂ\vﬂ\ﬂﬂ\uﬂ

7%
S g5/
88/~ )

TR — . T TR T TR ST T T T T T TR T TR TR \uﬂ\o O Nw &
A \\\\u\\\\x\\\\x\\.\\\\\\\\\\\\\\\x\\x\\\\x\\.\\\\\\\.\\\x\.«\\m\\\\\\w\\\\.‘o m \l PALLLELEEELELEEIELEEELLLE Ll E L L EEELEEEEELE LSRR RS AE 8RS LG L LG L EEF S L
\\\x\\\\x\\\\\\\x\.\\\w\\\\a\\\\.«\\\\.\\\x\.«x\x\m\\\\s\\\\xk\.«\&k\\\\\\\.\\x\\ AL ISR EESEEEEE A mQ\x\..\\\x\x\\x\\\\\\\\\.\\\x\h\\\\x\\ SRR ISR EEEEEELE,
AL LS ) LR LI LIPS REIES PO AT LTSS IR LILEEEPEL,
PO EREIEEEEE I \x\\\ s, o VESLLTEALELELLELE, (s CERLLIALLLEIEIEEIIS,
w m N. \.—u mN.. .\N m N. @ m N; ", \\.\N .V N.ﬂnunk\\\\\\\\\ AL N .V N-.M\.M\i..ﬁnm\\ \.\\\\\\\\\\
et

ANNANN AN NN IS I I I IN EN IS IN TN TN EN TN HEEZAT NN\

PR RESEL I

\\\xx\\\\\\

¥8/
Z 084 98/ "]} 29/ %

V8. AN\ gg, SN 7SV \\\\\\\X

% ] 09/ 7

s

ONANNNANNY

TATIES [ 18518 RN s
T ] L H L L]
HE e E R T
% FTI S e - X —— - -
G i 3 B N REH ] FHE G B
& s X o R - 5 S — -
HEn B B 38 8B
& wrwm X B s S . % o ¢ myd
T ES R s 3 ke o 2 2J¥
L bk [l - - ¥
HsEs 2 § o 1 e e .
T - - I - -

B E EEIESNER

T - S - 10— -

R B o 8 o e 8 s

B a5 80z 1ma i 0E

Lo
<]
—

Micron Ex. 1022, p. 28

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 27 of 81

Jul. 9,2019

U.S. Patent

[ S —

J\ dil Old < Py

(8v2)|

A
©va]

W8veH
(8ve) |

asyet
(8v2)|

neveH
8&
nsveH

8v¢

r-—--——--——-—-——--—-—,f

eYelelelele N C O | .
......
CQ‘..O__O O_.
QOO OO0

000000
0000000 © o_e
00O 00!

§0#$9¢ﬁ0

loeesteio ol I
o000

dD

Ql’

....._.__
leYeYeYaYa)e _0
..Q..‘.__ z€e _
::.3__0 Q10
00 GO0 _
...C.@..O O_.
000000

0

OCOC._.__
00000010 O 0
.CQO._O

00.00<U
elelelele)e)
OB 0000

000000 1o ©! o
oecooo _

ooooee@eofovetee&eoﬁeewee

EQ.@.OQ. VOOOOQOQOOQOOOW

booccfgaeoomooooooooootoo

oooooo_i o_o gloj0’010 010 010 O
00000W !0 010 ¢ ol oo 010 e,o @)
ooeaoo@oocoaoooo@eoaooooo

GMQO“QQO.wQO

| |
SINGNGINES .“. ._.Q

i
Hh 000 000 0o o

I 8o | |
DO 07 O1-0-61-0-01 66

D Q_OO"Q ._. ."\.m.

| |
Q“..".._' ._Q ._
I gog!
| |
O_OO_....,.Q

d ?eeme ?oo_oo

d G".w_m.m.ﬂ..ﬁﬁ
|

O“.O .._. Q_.G

Micron Ex. 1022, p. 29

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 28 of 81

Jul. 9,2019

U.S. Patent

0ce

Ot "Old

I T Y

N
\ \

N\

B3 5 1
b A “ mmm

&

7
%
it

&
@

b
2 -

7
o

5
&
£

ARSI

l .l
3
LB
LB

b E
= N 7 b7
b . fizd 1 ke N
1 B 35 i \\& e \\
3 B o i 4 k3 %
S i e 3
B2 B £ - b b9 o
] - [ ksl e i g i
i [ & i e i
b ksl 55 ) i Esl 44
£ ped k] kg )
£ 551 i i

i

s

2
S

5

=
©
Nl

25

i

e

G

SR

i

-
T

i

e
L5

o

B ey
e

p
%

5!
2
yod :

Micron Ex. 1022, p. 30

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 29 of 81

Jul. 9,2019

U.S. Patent

AN

e el el e P

Zrederd

\.\\.\.\\.x\.\\\\\\\\\\\.\\.\\\.\\..\\.x.\.\\\\.\\\.\\\\\\\\\.....x\.\\\\.\\\\\\\.\\\.\.\.\n\\\\\\\\o m N
e A

|
w “ FELERRELIELIES
|

ANNNANANN
88/~ WA
D

|

|

|

|
-,
|

|

|

|

[

982

EETLIEETETEETERTE TS

grrd PP

Sk LS EL LSS LIS LS AL WAL,

AT IEL L E LSS LILEEY,

b

v8L vﬂﬁf/v\w\z
7

et

ITRITLTTE 7 o d FrEXITE
.\‘.\\.\\.\.\\k\\\\\.\\w\.\\\\\\.\.||\\\..\\u\\\.\\.\\.\.\\\.\\\\\\\\\\\\.\«..\\k\k\\\\\.x\\\\\\\x.\.O o OIS
...u\\%\\\\.\.\.\.\k\.\\\.&\\\\\w\\hm‘.\.\A\\.\.\\k\.\\\\\\\\\.\.\.\A\\\\\\.A...\.w.\\\\\w\\\\\.\\.\\\\\\\\\\\N\\\\\.\\\%\\

= (L L EEL L ELIEELELEEEILEEF PSP L

- FEELLE | FEESLETEEL L ORIy

% 0824 98, —_Y]

AN
QWN . m O@N

AARETEETETELEL B

[aV
—

¥9Z

S
CLr P P

&

o

et A ELEIESETLSEITESAERS,
N .V N. CLLLRY S5 PEL O,

%

78

AN

b e e e e o o o —

£

TETEE_H T

HEE

T

3
2

izizizis

i

EIEIZIZ I M I mmE NNz NE e

q_ COTRTEH ] H R R

B B FL R

Micron Ex. 1022, p. 31

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 30 of 81

Jul. 9,2019

acl

Old

Micron Ex. 1022, p. 32

Micron v. YMTC

IPR2025-00191

U.S. Patent

& Sy R e SRR

r||lILOO_.||.ILPPIL“IIIlh e s -OON.l..I,IIIIIIILIII,IIIr..LII. .I|,..|Qo,,vw|

i



US 10,347,654 B1

Sheet 31 of 81

Jul. 9,2019

U.S. Patent

o¢l 'Ol
A Y

N
aee. \ : y

AN\ .A

N

it

R

R

o

s
£
it

ke

et
S

statel

R

g
5

.
i

27

v

k3 einze Poticio)
b i eiaet
I Et £ 1
= I b
I b 4

-
0|
—
AT
O
0|
—
i,

b =
f o
I 1 & = A
4 b # i i}
b 2 3 4
e IRERRGRGY B (e Eiuedare VT
i 1 5] [ Hif b
] 5 k2] 5 =
i b5
i i 4
: i

1| zge

I

0
i

AT
oy

Micron Ex. 1022, p. 33

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 32 of 81

Jul. 9,2019

U.S. Patent

é)ﬂ%}%}ﬂﬂ%ﬁ% /ﬂﬂﬂr// ;ﬂ//%

.\\\%\\ , ,
orr o /%Q

7 77, 7))

]

Micron v. YMTC
IPR2025-00191

Micron Ex. 1022, p. 34



US 10,347,654 B1

Sheet 33 of 81

Jul. 9,2019

U.S. Patent

del Ol

% 2
§\ §
n

7

%
.{&MM&?A&?A&?)&?}&»}}E

e A

5

5

ST,

7

Micron Ex. 1022, p. 35

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 34 of 81

Jul. 9,2019

U.S. Patent

Micron v. YMTC
IPR2025-00191

o€l Old
A O O

Micron Ex. 1022, p. 36

_

vl e ke

o
4

S
N

5
. 4
)
4
4

s

s

SRR

CE e iaaiE

| |2

RS




US 10,347,654 B1

Sheet 35 of 81

Jul. 9,2019

U.S. Patent

act oid
E@%ﬁ%@%ﬂ%ﬁ/fé

%%/; \

.

b o e s s i s i i e s e e e v e e e ek

Micron Ex. 1022, p. 37

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 36 of 81

Jul. 9,2019

U.S. Patent

d€1 Ol
wW;% m% Aﬂﬂﬂlggj% A../g
. :

Il

-

R R T B

PRSI

T T
AR

Micron Ex. 1022, p. 38

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 37 of 81

Jul. 9,2019

U.S. Patent

ZE 1l
A4l =

A%

vl

0Lt
081

2c24]

éve
cee

444
0L¢

vyl Ol

Erarretrrd P

AXITE, E Err

~t. Crrdrrirrs "? e
.4\.x~Q\\\x\n\\.,.\\.\\\\xK\..\\\.\\.,..\\..s\\.\\u.\\\xﬁ\.\.\\.“.\\\\\\\\\\\\.\\\\\.«\\\\....\\..«\.‘..\\o m N
WELLIREEEEEELELLEA LT ELT SIS SE P LS ELF LS ELES TSI P LS EEP LTSI EETEPEEEEIEr

SESTESLEEELELS

Err ity

Y rIEEEEE OIS LTSS

EEEEEEESEEEES AL
I IE LTSI ELTEE S
I F NP

b

wm\,g

AL

85/ ¥SL'TSL9G LY

g Errrrr by \.o o N.V
R R T N P N P SIS IS
.\.\\\\h«\\\\x\\\\x\\x\n\\.\Nmx\.\\\\n\k,\\\\\\\\\\\\\\\xx\\\..q\\..\\a.\\.\\k\\\\.....\\\\R\\.«.\&\\K\\u\\\\\\
\\\\\\\\§§§ R AR R e

%
88/
NN

ANANANNNAN >
VA 09/, %

SA LI ELEEI L EEEETELLELELEE IS

7%
797 S

/4
O EEZAT NANANANNANANNANNY

Micron Ex. 1022, p. 39

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 38 of 81

Jul. 9,2019

U.S. Patent

arl

Ol

<

Micron Ex. 1022, p. 40

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 39 of 81

Jul. 9,2019

U.S. Patent

ovi 'Ol
A Y

Z
'\

_—

RESHREREORE

LA

Bl

Micron Ex. 1022, p. 41
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 40 of 81

Jul. 9,2019

U.S. Patent

ove

VGl "Old
A Y

7 iy 1
. NN\ I\
W

it Al
W

|5
5

e e A N

A

Micron v. YMTC
IPR2025-00191

Micron Ex. 1022, p. 42



U.S. Patent Jul. 9,2019 Sheet 41 of 81 US 10,347,654 B1

PRI ,?&2%3*‘551'!’:‘::;‘
i

e

5 B 2 i
st & SRR
SR

FIG. 15B

§\ |

i

Micron Ex. 1022, p. 43
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 42 of 81

Jul. 9,2019

U.S. Patent

oSt

7

%

%
kT

0ve

e
oG
w

Old
I Y

&

T

TR

R

T,

o4
5

E

TS
S

%
58

ey
R

i
R

7
__

s

NN\

AN

2000)

Micron Ex. 1022, p. 44
Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 43 of 81

Jul. 9,2019

U.S. Patent

Y9l 'Ol

Crrtr o

Errarrrrdrtrr)

g 2 e
k\x_.\\k\\.\\\¢.k\\\\\%\\&\x.\\.x\\\\n,Q\k\\«\\.\\...,\\.,..\sik\%&\\\\\&\%\.\x\\k\\\\x\n\\.O m N

FELELIESEEEEAS,
rEAAEA AL

Nvaﬁkk

0

NN\
7%

P —
NY :

R
AP SLELILEEESEE IS IS o

98/

S ARAAM AN RANNY [N

Sred g

> 0
qu%//vvuﬁ

7
2

Y

AN

Errrrr el HNSERITE,

S WEEESE L SEEESIELELIELEL L F 5

? 33333“\%‘\\1\30 o RIENIEN
LS ERRETEELESELLLRLES LIS IS FEL LT ELEREELRLISH IR ERESIELLETE LT EXEELERIESE 88, A F TS

.\\..\\\\h\x\\x\u\\\\\\\\\\\\,m‘x\\\\x.\\\.\\,xgs\\\\\.x\\.u\\\\.«\B\\\\.\.\\u\\.x\...\\u\x.\\....\\\\\\\x\..‘.\\\,\\

S EPERERLLE LS EEELELIELELSTLEES LS

-
8/4 98/ — 7 29.L

(797

AEEEEEES IS E LR

A
var/urg
.

[aY

<

wv

L
EEEEEER

agaEREME] S
i

2 Ty
HLHTTE

ElIREENE

4
B
i
T
| |

\““‘“‘wi:iijgi‘gizﬁg‘i?

I

A

RO ARRARSAAA A AL AR ALR?

IEREEEEEERE]

HH/ N RSN
RS w AN & SARE SN2 R 0 % DK OO 5 O S ORY & RN 1 RS - RO 1 S 2 RN DO 2 R 1 RN Y R
i R NN - ) ENA & N A o N MY OO & R 5 [ = SO s RCE & Y RN = 0 » DO AN & RACR & K3

SOOI

N N
ORI
N

e e ——————

L0
[<e]
~—

T

G ETOTraa

5
CODEE AT
z

Micron Ex. 1022, p. 45

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 44 of 81

Jul. 9,2019

U.S. Patent

4 S K...mﬁ:w._.m_:u ,,,,,,,,,, p—
@@@@@@5@@ @@@.@@.@ @_@@
SRR |
000000 10 ®_@ ool eole oo e
CEEEEE) “ | | |
m%%%%@%oooo 0000000000000
1] i
00000 10 00 @“@@_@o_@ @_@@
0 0 6® © Ol | |
@@@%@@ﬁﬂ@l@“ﬂ@- J@d-@\@_ -®- @‘_,@ @4@.@ |
LY @__@ ©0 | cleo oo o oloo
L | | | S
@@O@O@@O@@%oogo 0000000000000
| 1 | 1 |
PO 10 00 ()0 OB e 9 6 86 6
@@@@@@“ Nmmn | Goz! g
@@@@@@_"@ 6 i eooeo o e e e
%@@@@%@@%“_@ ®_@ olooloooolee
| |
CERERE] | | | |
@%%%%%%oooo 0000000 0Q00P0O0
| |
SEEEEER © ©le ¢/ojo i 6l 06 e
0000 00! e | |
LRI @@ 06’00 00 016 &
@@@@@@@@%@ﬁ@ olo dlolcoloole oo o
%%%%%%%oooo omoowoomoomoo
cobebe | ! | | i
@@@@@@@@@ m@®m@@m@ © @

llllll

Micron Ex. 1022, p. 46

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 45 of 81

Jul. 9,2019

U.S. Patent

091 Old
W%ﬂ//ﬂ%/@g

zggé

P o e

RIS

R

/édﬂdr NN

2

\

o
<t

AR

SRERE
M~
—

Micron Ex. 1022, p. 47

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 46 of 81

Jul. 9,2019

U.S. Patent

e Serdrety \Nw\u\.“«\u e i

V.1 Old

AITATILTRITE,

DI RYRET R

I STRITV

TR RN I F ORI LTI
IELEIIELEIETILIELELEFET
FETETETEEFELE SIS
\\\u\\\\\\\x\\\\\\\u\\\

e I,

% 08/4 98/ 7
f/f///& v9/

/1 09/ 7 ‘
NENENTANNNRNNR SIS 7T ANNNNNNNNNNNNNNNNY

%
NS g,
88/~ YA

v8. AN\

AN A NN E R EC IS TSN ENENENENEN

\ﬂﬂ\uﬂa 33\333331\4\0 ONV Oty o
\\x\\\\\\\.«\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\\\\\\.a.\\\\\\\\\\\\n\\\\\\\\\\.\\\\\O m N. A 1 S PSS SIS CESEEELS,
RSOOSR LSRR e it \.\\\x\\\\x\\x\\h\\x\m\.\\\\\w\\\\\x\\\\\\\.\\\h\\ I EEEEEEEEEEEEEEEEEEIEEEEEEEEE
A R
v ) o LSS,
\x\\\m m N .Vm\. NmN.. @ m N. \\. \\\N .V N..Momhumm».\\\\\x\\\
xx\ \\\\x\\\\\\\\.

S LSS LS SIS

ww\.

29/ _ %
ANNANNNNN

L™ T
Jflﬁlr,.flrtrwo _. Ot 89/ AN
AR A S g e e T o o R AR LCRLALN
ﬁ/// S /// x RN 7 BERAR A ] R HHM S % & R i RN i K S N ¥ RN o .(./...m// Ay I3 R & BN S " ] S o R AR
R //a SRR SN S AN S .*P./. Sy o) //m /4/ S S ah S S S S ¥ AR i S S ! S SRR //m/”//././/../..//./////////
1 ] 11} H H
1 —H 2 b1
cel Il L i : ; 0o
s T — u — 1 |
— o 5 5 i - 1 - |
ev1g SiESE SiESS S Si==d ! -
E i | o s I 4 ¢ -y |
Nmﬁ [ |”|| ) — » . T 1 ] Hﬂ“ ~
{90 N e § s ¥ i s H § |
=i e H B [
O/ \EHE A H CHHF 4 _H
Ow F L Y =M - ] 1
. T i
2€2 < [ ) i I g i
5 —  — [ 3 = - |
o e e e 5 s & g ! J—
EveHE8ss S e = EeSE 0o 02t _ 53
4% o £ o g e 1w 3 e 2 HH A !
o e 1 ot ) S g e 1 e ey 2 G S
4 e e e e T T HH 8 _
eve o e e H N .
0/2 T . 3 H HH M B H I
oy f i
| I |
| it !
“ 1l “
;;;;;;;;; 00F ===t e DO- - =

Micron Ex. 1022, p. 48

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 47 of 81

Jul. 9,2019

U.S. Patent

[T B
H
%@@@@@@n@mw@m
00000 0!
60000010 © ©
co0eee e

I

_ ",

[ SRS
B / L

| >

I

,@@@®@@_ i
_@®@@@@_@mw@

2N@®®@@@
ﬁ@@@@@@
@@@@@@=m§
w?&m%%m%=@ @ 4

05
_@@@@@®=@mw@
_ :.J~ § J

| e N 4_ o
r Nid

@ @ @ @ @@.

@@@@@@:

2 ® O
@@@@@@@@@@@@_

@ @_@ @ @ @__

=

OROOO® | @ @ @ v

1

!

i

i

i

“

i
”@@@@@@“@mw@“
i

i AN TS
| ;

i

i

i

|

1

® 00
eve

® @ ©

I ® © O

® @ @

©0©o 00000686
®m%@;@@i@®mw@.
® 00 ©0 ©06 6 0

s £ R
G S T A T B N S S A S S T S W S S
S T S T G A S B O

®

Micron v. YMTC
IPR2025-00191

)

@

........

&)

A T e,

Micron Ex. 1022, p. 49

'===00%-—




US 10,347,654 B1

Sheet 48 of 81

Jul. 9,2019

U.S. Patent

OL1 'Ol
égf%

\\\\

cel

2

FRIRI
1!

EAHTE

AM’I’I/[&'

(Amﬁnfl.r

RARARECO

s '3,\'.'.’ﬁ.‘:ﬁ{{{@!{{{{{{fﬂ!{l{ﬂwlﬂﬂ:(.(lf

R RS

_
|
i
]
]
|

ENES A‘A‘b’%’-}}}‘bﬁ}”}m&?)lr

1
z Sme—————

R

e e ‘&Wazmamlm&)z&&z??z»

P DI SN \‘S&‘w&‘ﬂiﬂi{ﬁ(ﬁ(ﬁ’i’

R

e

!
|
|
1
|
]
|
|
|
|
|
|
|
I
1
I

|
|
“

|
1
1

|
|
|

e e e e e e e e el

Micron Ex. 1022, p. 50
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 49 of 81

Jul. 9,2019

U.S. Patent

v8l Oid

i1 wﬂﬂ\‘\v‘\u\ﬂﬂa\ﬂ@sq\q\qa&\ﬂﬂ

LERERER T Y RIEN)

(o0)

o P B LS S
FERLEFES LGOS EILE LS
FRLEETEEELFELIETELLIESS
FREEEPEELEPEEIETELELEES

G \ﬂ“\ﬂu—\ﬂ“ G
SIS EEEERETFRIET IS \\x\\\\\\.\\\.\\.\\\\\\«~\\\\\.\\\.\\\\\k\\\\\\\\\\\\\\\\\\O m N._ R P R P P TP R I I
SECEILLELOL LR ELERLEL O RSB REEREEEL RO OISO SRR ORI RO I RS LR IR 04 ARSI S EE LS| @ T T R RN R I PRI P I

AT Crererrert Sty .\4\

¥8.

00/

Lo ul\x.\.»m\\ E R (LS ERPEP R R LI EPES
[/ F e ey EAESTESLLEI LTS FESEE HELEELEELE LTSS IES,
s w m N\.V mN. xN m_. N @ m .N.Qx Gt N .V N.ﬁk&mu\\\\\\\\\ SIS N .V Nﬁnﬁnﬁ\x\\x\\x\x\\
SLL AR .\xu..x \..\u.:. eritegpraced Led B (LR Gl s \.\\\.\ \\\\\\\ \\\\\-—%\\\.\\.\\\\K\\

vﬂ.\wv.\l B
PSS

801} AR
e - SR l.l././/./..f./../ .///.//./ H A .// e e g e S A B S
A A (///@// S ] RN SR 2 AR £ N S\ S . e S o BN g RN § SR o R & N AN e 3 AN e
AN § e 1 SAN ¥ S h S S z——,}. / SN 2 AN 1 S A A SN ¥ SR S " A 5 AN 5 AR i RR & R SN D SN N )
. i ] ot b Ld 1 :
E rr [ g s s I
Nm —.\ = - b A f=rd it |
g z = -~ & 11 o |
Rtid% v v e ot a2 § H “
] ¥ wiv i 5 MM L4 | m @ w.
Ct Mg o = - et !
199 14 by el [ i=i wal |
=3 # IR A (23 FETH H | I
¥ - s ks £ R B e v H B HH
O N —.1 L v b ~ i KA h |
» 2 % T R # EREACEE NN 1T
081 % it N _
N N.\ ] H H |
gq= 1 ; i HHHHHHHH— - - e - q
P oy e

HH
§

e T T

H
T
o
N~

3

5

—l
©
<t
Al
Vi
4
]

PEFFIRFIFIE)

&

K320

TN

AR

o

=<

(&N}
L
£
)

T ZCTET

n!il!.!ooTI:;__ ;;;;;;;;;;;;;;; 00g-—-—-—--- -

Micron Ex. 1022, p. 51

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 50 of 81

Jul. 9,2019

U.S. Patent

Micron Ex. 1022, p. 52

Micron v. YMTC

IPR2025-00191



U.S. Patent Jul. 9,2019 Sheet 51 of 81 US 10,347,654 B1

(]

—
oo[l\;co < Y]
i | i ~— O}
=i v=] v} ~— -

;1‘08

FIG. 18C

Micron Ex. 1022, p. 53
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 52 of 81

Jul. 9,2019

U.S. Patent

V61 Ol

g

EEERIELEEEEES,

P

g " e 5 b " E
FOLEEE LRSS ITEELESTTES LTSS LT EL TN LTSS IS EEEETI LR ES A EITELFEPIEES o m Nn USELEELSTEL LI EETIEL LS L FL LS EETEESEEEFEETELE LT TS ES IS TGS ELEEI TS IS,
B e A .A...\.-u\\%\\\\\\K\.\«u\\.\\\a‘.\\.«.\m\\\\\\\.\.\..u\.\«..\\.u,\\\.\\u.v\\\\\\\.\.\.\\\%\\«..\\.-»\\%\\\\.\\\.\.\K\\.\\\.«,\\\.\\\.

[e o)

G AP ESRE L ELP LIS F 85 ki, EITEPS A, R SIS B RS E IR PRSI S LT IESIETEESLE,
e, ", 2 s s, LIRSS I
\h\.\xw m N\V mN..\N m N.x@ m N‘\\ O N N. \.«\\aN.V ;ﬁk\km.*\\x\\\\\\x\\\
SEEI e ot n P g aeee s ‘ 5 RRTRS RRIPNIIY TR
b\ L

. o o, A, IR R - \\.o ON&\\\\\\\

0/¢ ‘ -

|
|
|
|
y |
v z “
_ 7
|
! % |
| :
“ 7 vey % ] 08Z< 938/ 7 c9L 7 “
| NS gg, NNN\ANNN NN [ Ere YA SOONNNNAN _
A T TS SN A N N TEEEZA \NNNNNNNNNNNNNNNY
I SRS SSSSSSSSSSSSIS R
U A N AR S N AR MR ARV
: : _
2E I H_M N o £ %mn__
o O o S : - o : [
o I 8 " Huuadn == = e e _
2€ | e Sl = kbt : = | Got
s = e o o szl |
o/ 1E m .m, : - m&H;LW i Wi k) : m m : : "
s == = s R RTRYRY T
Ao ] | q
‘ - | 1 — - m |
9v2HE8GT Tt ot TG 02 m 0cy | 9
%52 = g R
hml: .. m ,m W@N , g lml .!."I. ............................ L O
e == i i THHHE NN |
|
|
|
|
|

Micron Ex. 1022, p. 54

Micron v. YMTC

IPR2025-00191



U.S. Patent Jul. 9,2019 Sheet 53 of 81 US 10,347,654 B1

o [ve) o [e0]
P~ N~ o
e _l\ ______ o _\ ______ 0 ___________!_:_—_lg
| éﬁ:&s}@; ;;?@%‘fﬁ%%%‘% ‘%??@5%%% §§$%%2&:§§:Eé$§ %&%’%ﬁ& i
| D) @&;‘M‘« b Sanes S TN 05 4 655 0avis S5 savy S N 500 Famet o353 90t 55 oat S TR 055 ot 535 it
et oy QI 2 20 S R S 2 G o A i I S o e A 2 s sl
i, SO SOOI Bl RO |
[« ko P SCH AU GG e e LI L b 74 Lk 3 s 2 , ;
- ss-%et;g_a @i%é:ﬁ}g;»g@:&ﬁ O o otnedd Qs |
CEeedo by doofaded 34 ) eyt Citaary SRty e St e N W ALY AL
KD OOt Gell2ol 0020 ook
B YOt Loaaey oo et |
ookt e b A R boodoosack koo 0 TS0 D D D T,
020 QGROR0 GOS0 GO0 OS0!
15075000 5 QU S G 5 5 0% QE B D o3 S 8 S el 30 QU D et D
RS RSRESEIE) QSR  OERBOS)  Geys
LREOEENY | NESSSNRSOORT Y RGHONIGERME S NSNS OIS OENY  RESSn s s |
H ":g.v*'& s Y e N I s ; il
SREY SEISLTSADSy SRBIDIRIL? GAISAITEY S|
! :*q‘,v 25 Sev i Aot e A 00 A ot % A SR SN SN INEELH |
e SRS kST EEN fSEs A TS JSSAES LIS
VEeestinndsy '-’0‘0!&0’0%‘0’0%{0‘3%’«’0‘ \o5esaesendiede OIssey %‘«v’aﬁ’*zﬁt ittt Sttt I
s o I s s s i (I s s B o (R o () o o e e
110305180 200 N 20,0 et 0 e Q00 0o N 44 3 et QRN 02 135 N B2 200 3%‘02;@":‘ ':%@}4& Kl
IR (ERIEILKGIILY GIRELLIDLAEELY  GEIELLEEULIELD  GRIILRKS
R ISttty (I Sttt ettty (I S s st LRI |
B SOty Sontaty cirtgeny Soaosl
s Qs O G G D s s ]
oTeletilelede, RS L ,y"’ CRITLSN ATttt et totetatels, PR |
HeZE00K o‘,:‘g.q\%‘o‘,'%:%,z. 5 .':‘or’g,t el it IR LS ettt ‘g,«g,m%&& |
1~ oy ' £ £ . T Ze e o ON
: : 3 L K] ?"»:0' ‘:'9" 200 &> Q'¢00¢ <5 ETETT '0 t
! e () SR ‘&@wf:& |
| 3 BRI RIS FERSKOARSIORE SRSt
&) SRTIAXENATIEY LR AEIRLRITD LIRS |
Jisssssce RISKIRSAly  SRkgdiadary ekaialsd | 0
[ rissnsasteses RSB SR RS O
S0 ,&.}*‘ Saateatetetel st et LTI
[ ) PRI AR SRy CEIOOOE |
1ok SR D B G hhse BRI
§ ESSSEE ERLEREL L LR s IR
SRy % 8% ERELERELL |
IS Reerse S RIS psssasd | (O
UK RS ESR 1 =
[ RREAS RELLEREL | L
i s BESIEEEEA |
[ SEREYT Sese
LR IT R S (R 03 B isss B
| / g-r, oo J ftevatiter il
PRIy GRELSEOELS
1 e e et teTetat! ateleteteteteetetet TN
[ RIS RIS |
! 55 SRS SRS
: : PR RIS
i SRR, & TS SR st
|
1
1
|
1
|
|
1
‘ -
I
I
1
a

Micron Ex. 1022, p. 55
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 54 of 81

Jul. 9,2019

U.S. Patent

Q
0

fo2]
M~

(2]
~

.............. 061 Ol «
_ NS T B e S —
ﬁ @%@@%@@%@m ©©0§oo0 60
000000 IO @O [HhO 86 &
L)
000000H0000PO000000C
PO .0 ®O PO 6O © 0
00 610 O ol 02
000006 1666 ©-e/ 9 -6-6
P00 IO OO\ OO 6 O
ClelElEE)E)
©00000B0000{}0000000C
000D 10 © 6 e @80 @9
00RO = o2
P0000D IO O 0 ¢ @ 08 O 6
cobSetleo o6 d e oo 66
Mﬁﬁﬂﬁﬁﬁoooo 0000000C
cocoblo © 0 4o 66 oo
Cobbbb 0z
0RO 10 © 0 § 6 ¢ 0 ©
000 0ecd)
CE000Y |0 © © GO ©8 @ ©
000000,
000000MO0000J0O000000C
coeebolo oo o o6 06
|
0000 0!

o]
wn
Fom— e e e e

Micron Ex. 1022, p. 56
Micron v. YMTC
IPR2025-00191



U.S. Patent Jul. 9,2019 Sheet 55 of 81 US 10,347,654 B1

114
112

[e]]

FIG. 19D

Micron Ex. 1022, p. 57
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 56 of 81

Jul. 9,2019

U.S. Patent

V02 ‘Old.

Micron v. YMTC
IPR2025-00191

Micron Ex. 1022, p. 58

.Iw \ﬂﬂ.\ﬂﬂ.«ﬂ \HW \d \Vﬂ\ﬂu- \Hﬂ\ﬂﬂ\ﬂﬂ \uﬂ\ﬂu-\ﬂﬂ « \ﬂﬂ.\ﬂﬂ\ﬂﬂ .J\ \Qﬂ.\ﬂﬂ \Vu- o o h
L R PR P PRI o m N. \k\\\\\x\\\\\.\.\\\\\.\ A L F LT LS E LRSS LI TEFIET IS EEFTETTELEEEEEES, AELEESE
e P WSS LSS E LIS LIS m e P P N R e

|
w “ AL EEEITPF 7 VELEESILEIREFEES I FE7EE P A N LSS {\-\\.\.\ i N L i L P i i i it i il i diddd
FEFFEP AL PECL LTI ELFEAEA IS jrrrs, i FEEEEE P I E o il EREEPEEEL LIPS
| N.VN e O Yol A s e \%wm N. .VmN.\N mN. wm N.S\ \.ﬁN.V anan\_.m«...&.ﬂ\\\\ weer]l Q@ L [ AN.VN..M\A«W., s BSAi
— ....... .\.\\\b. Gl PP ) VAt cee s 1.\.\\\\ \«\\\\ reslegeece Ay FAFE L \.\.\\\—\\\\\\.\\\. ..m\\\.\ \\\\\\\ \.\\\\-\\\\\«\\\K\.&.\.\.

\\“\ m & . c8L

¥8.
08/ 98/ c9L

88/ 98, 88. 09/

<t

20

I~
<t
O
M~

g

[ ..I.I.....I.....l.llu.....luv..low.hll

ﬂwm 7 ENNSNANNARY

042

|
/xf.?/f,..f/;wo —. e A g B g e e e e | R R
1 RN EERRRRN /f/m PR RECRRRNN 1 RO H/ L & o e B R = o e o ek ek S I L A
R G KRNSO SRR = AN RRNPRIURACH -2 KRN s 1IN O SR AN« N RN RO 3 OB € ¢ PR KR X (R « LN PR T | AN NN
LI T N_ : |
L ° 1T ¥ _
i s 1 4 £ H H
AN o - pyn o :
TAR = =t o R A St H
] O H=H Cal
2 HETE T D e e CHoH ! S91
g b T ¥
OV N o T i e e A o 0 __ !
o1 B S i H B ¥
Ow_- C T = m o @ o ID( mD..D T
VAN . fra . H m [l
¢ Ft H KB H H_H_ I T +g
: g == DEHHN i
9v e EsST oot er Tl e O 02 | i 553
¥ Fery q HH
2ee e O et H
H 9L il H H _..r i
nDII — — xS = : ] et et o el el e et R b B U e 8 O
9ve 3 H il HH
: m il H H BB i H i
[l
|
|
|

I
1 |
00 L. 1 =S |

|
|
|
|
J

b= OO e B0 = === 00P-— -~



U.S. Patent

Jul. 9,2019

Sheet 57 of 81

US 10,347,654 B1

vvvvvvvvvvvvvvvvvvv I — W W ——— oy 1
P o] N 0 s, 5, AR P B, S K i R o o i o ] o e i e e i
R S R R R e
e A MA N AT i Sy ST |
) RRCESD  OREI IRl | QXL |
SN AL S 0 S, P20 3995 200 LoV Iy L P 00 %%
oy Yokodon YodovoN | Rotlod |

B2 ) QRIS | S |
SEXT o B O BT~ REASLHO CHY | KERZEN |
T BRI DY I LD QL 1
Yo Yoo o oG oy | Yoer |
YA oeleiele R S RN e P ]
ST SR (SR RPN )
S G P Y
A LA I TR LI T R
0N EI  BERSRl | BERLs
220 s v“w"’%:‘:’:;* |
o 5 4 g > 5% R FLE A g s
S SO %@%ﬁ%‘?ﬁﬁ?ﬁ:‘ SRR,
Sl W s G e
A A e%eetet e I A R EO N, |
B b Rl
T T R AR e A | R e
St S ta et et tetetete’ Ratatatateretetetetatetataty VREGLSSTT
ot rgf::ﬁ- esssrarersecsst (R sssanrsecoivesessseioes (TR Soustececniess
LK & e&,&f@%ﬁg X9 CEERAPELTID ¢ LR M
SERRIDIRLY  (IIRIILKILLLIRIKY LI | LB
sy ﬁ*‘\«‘o, e N, e ete et etetese? tese? Vennsesensad 1 O
Sia 0 (N 52 0 st 50 Sessce 65 ol QR o 83 asas 40 Seses 900 oo (T o 0 Seses DR
S5 e S S LXARKSGON S0 AN .
s JRIXEL P KR e | s sl
L Sogstetetetes o e | Resssseed | O
RS SRR QIEESD ORSIEAR | ERRS =
SRR CONGhS 5559 SNEIALTESIND -+ (5 § !
b o POTKISSHERNILKY  QRRESIBSESILST | (¥ 3%*‘6: 41 Ll
esssesit! !00%’%*‘»&‘»”%‘4 e platetetels ?‘0’
’*’0’0:‘0“’ NTAe Attt tetateteatytyly %ﬁé‘{»}@é&@%&‘iﬂ!}@» LU Se50508e8eseesesd |
S5 (D R et bt % o (R S R 9085 ) S00oe R SRS !
SRR KSR SIS ) JERTEIEA |
SEOEEP  SEEEIEEIIES (RSLESEICTIT DN LLEEEILES
(S SereTetetateteteteteteteletet et te ettt egseleteteteteteta AIVY
S SRS BRSS!
S R SRR R |
I
@000 B0 B, B |
|
O O O |
1
® m@ @)m @ @ @ ® ® @ !
O o o O ; O o
@ o V0 30 9 03 00|E-
{ 1
000 0O OO0 0 |
L I

Micron Ex. 1022, p. 59
Micron v. YMTC
IPR2025-00191



U.S. Patent Jul. 9,2019 Sheet 58 of 81 US 10,347,654 B1

114
112

76

FIG. 20C

O ——

146
3

Micron Ex. 1022, p. 60
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 59 of 81

Jul. 9,2019

U.S. Patent

Lu

©
© ©
[Ye) M~ 0

o
~

@@@@@@@%@@@

|
DROOO _@m@@_
mﬁ&ﬁﬁ%&oo_o
© 006600l o

000000 = |
000000 10 ©10 {
000600 |
SIS __@ ©10
00000

e
208000

©OB .0
@@@@@@ ““® @_@
SRR XEIEIE)
OOOOOO@OOOO.
@@@@@@@@@@@@“ ® @ @
1l _
@@@@@@

POOOOD 1O ®_@

@OOOO@@OOOOQOOOOOOOOOOOO

®
©
©
o
coboetlo o © g o e el0 0o ©6 ©
o@@@@@_@@@@ oloolo ole oo o
‘ ©

o

©

;,@@@“@@@@@

. i
v®©®®@oooooooo
w@éw®§w@;@@;w@

_ _
® 000 O 8o
© 0066 0o

@;w@_@@f@mf@
ooooooogoooo

Micron Ex. 1022, p. 61
Micron v. YMTC
IPR2025-00191



U.S. Patent Jul. 9,2019 Sheet 60 of 81 US 10,347,654 B1

)
[ . IE \
R s O s (i N B
o R s |
1 1 3 i 1
S s [ s e
— 0/ e e
1 1 g e 1 |
BN i I A R — L-—-J%i .
I I R s S S [/ I
s s [ s Y s B | i‘“ﬁ |
Y s s S s [ s s s [ s [
& R s N s T s 1 s M
o i s s Y = 2

[ o  —

I [

N (A

I S o

[

|

- [ s I

1 |

1 |

| l l

Micron Ex. 1022, p. 62
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 61 of 81

Jul. 9,2019

U.S. Patent

Vic Old

LSS

SN §

PP E LS PIL S

N .v N. \_\kkk..\..\ O N N \\\\.\‘t\\\\\\\\\\\\\\\k\jw\w\n\w m N. \.V m N.I N m N @ m N \ -

SIS EEEEFFEIELISS,

T IESTRIINS AETATRSTE, EEXITDSIESIY e RITIE 3\‘“ FEEE P " IEIII, oo b oeadards
AL, A, \.\\.\ \\\\x\\\o m N SILIEEEEOLIIELEELT LIS \.\lx.\.\.\\\\\.\\\\.\\\\.\\.\.\\.\\\\\\\\\\x\\ RIS ALELEOLES S AAEELE
RS R LSRRI DS RGN EL SO S LS I ISP R PSR ES R R m\\\k\x L SRS PSS S LRI OIS SIS LS ELEEPELES IS
FEEEEIEIEIESSE, RS E LS LR EEE I I TELE \.ﬂw;g\\\.\\ .x\\\\\ \\\\\\\\\\x\.\\\.\.\\ (ST EEE O EE L LIS IEIELE )

HEEE, B S ILI O EE LR L
AR N .v Nﬁh&k\*\\\\\\\\\\\\

ALY A TEIEL
\\\\\n\.\\\\\\\k\\\\

LR R PR % T .Ml—\\\\..\e..\\\.\\\\.\

e ———— — —— =

301 LRSS [N oy NNANNANNNN
RIS o g o ot s s o i S B b S .«|//4/4/f| e | S
7 RN 2 B 6 & ont & REE ; TRRERTRN TR Hﬁ/ R % R K & RN 5 R R R 4 M N i R RO O & & B sefpic | A AR EELRLY
N //a AN N N A .=../ 0N 2 2 5 W A IO & W N A e e & / o i A LR ARIOEERRE,
i¥ +
-y * o ¥ i e e e b a w__“
- 1 - T |
: : e |
@.v —.l g i -4 A e e . A m b “ “
= % 2 A W R Pt = Vs
ARE = = 4 == CHERTT || a9t
Ha - - - HJﬁ A P | 5 | “
@.v —‘I. H( I 1 &Hf 1 & 1 \mm ¥ 2 “ |
3 [ L RIS T2 T i 2 ] |
5 5 =1 -] | |
o ] |
o | : I
.m =] L == T E 1 Ho T
roeo S an Wun_ e = H H |1
9vZ4e =85 =t 8GO 02 | N 553
BTG B A I -3 |
N@N - = H 4 = |
0 o/ S EE e | ||
A-8E= =hE I¥ ~ - H K I S
9ve s ¢ H ] B __
. I H - == S
0L : m il i I 082
LL) T
I [ I |
I I H — I
LB 00T———~~ I 002 e 00—~ == - )

Micron Ex. 1022, p. 63

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 62 of 81

Jul. 9,2019

U.S. Patent

Micron v. YMTC
IPR2025-00191

P
<O

0
2
o
o°
8
‘e

[}

<
e
IO
©
O

o
D)
5

@@@
O o o000 ©

.@_
O
O

N

IPesSRdt KRS Ovesiaress

0 Q0 ®

3
g
%)
@

[{s}
%)

L o 0¢

ol
@ o

®
@
® o

Q
550
@@@@3’) O
® ©

o ®
(6]

%
®
©.
®
Co

@

Micron Ex. 1022, p. 64

<



US 10,347,654 B1

Sheet 63 of 81

Ql¢ Old

P XTLTTS PRI T \uu.\..,\.. gey \uﬂxﬂ.ﬂs " e il s el dy TS TRSTESNY & EXIFRIIRITED oo bl drrde o
SEEEIELLEELEEIEELEES T LI LIRS EELEEETEEIEEIEITELE \\\\\\.\\\x\\\\\\\\\\\xo m N.. R RGPS B B S PG B G S E F R SIS S FAEE I
S SRS DL SRRSO SSRGS RS LS ES RS EL IS EREL IS ES S RO IS OB EN > LSS ES SIS IREELEFEFTES m\\\\\\.x\a AL EEL SISO EL LIRS LR L ORI IS OSSO ESELEELELENS,

PEESEESIELIEES, G P OIS o G Y ARSI AP LSO EEEIEEIEEL LS,

S S RE ARSI LSS, stz e P II P II S ARSI,
N .V N ] O N N. T Q\lw m N, ..v mN \N m N @ m N HLEELGE AP o N N. \x\\xN ‘V N.M\Mkhnnﬁ\\xk\xn\\n\x
...... J{T\\\\\ OIEIELFETILEES IS5 e .Vl.\\\\}x\.\.\.\\\\\ (47 ere \\\\\nx\\\\\\ I,

NNNNN

88/ 98, 09/

P — —— — ——

Micron v. YMTC
IPR2025-00191

Micron Ex. 1022, p. 65

<

Jul. 9,2019

U.S. Patent

NN 2
SN i 2 X A A e s et LIRS LURAN
A DA - ERRRRRRT = T MR- NVERIAVR ., BVRN - | RN R VPPV PRSP R R | A R
N KRN 2 RN <X & (R & RN 4 RANISHIRRN i« RN i UL RO PSRRI ARSI RN, i
. . o
5 ] 1] |
3 W = AT
e L H |
5 i
1L I _
§ v . : T | 8
¥ y 5 i = L
17 " 1| |
= g, » |
- ]
: =i _
-4 I i
= 114 = o |
o % I .
res | ]
o = w h i ol g
LH - Il I ;
= o
N < % M &
1 ] i 1
P ~ e
] M |
5 W -
lL L
A i e

BT
Q
Lo

&

=
Q
Lo
(=N

——

|
I
ROLRLLL ALy

ade)
~

|

l

i

|

|
|
a1



US 10,347,654 B1

Sheet 64 of 81

Jul. 9,2019

U.S. Patent

Micron v. YMTC
IPR2025-00191

Micron Ex. 1022, p. 66

oy alg old -« Py
_ e k\l,-a;l-'-ﬂ ................... By — :
@@@@@@g@@“@"@@n@@@@@ ol “
R L@ ! _
0006000 10 @_@ el oo @@@.@@@. @ sl © |
MR EE] ! ! i |
f@%@ﬁ%%%@@@@v®©®®@00000000“ i
i
OO0 |60 06 @_@@@@_@®@@“ _
DI P e ML AL A S
T -1 -~ & oo e -|dv
e bl m e %> %% @ |l ® |
@@@@@%__@ @_@A DO B 6 00 9 0. ol
CEEEEE] ! | Toe | S i
@Nm%%&%%%oooo;oooooooooooooJ
| |
000000 16 016 () o @@@w @@@.@ @@@@ o
00000 10 610 ¢l ol @ &l @ @_%@_@ ®
S EE] ﬁm @ | & @ @ @88y
|

m%%%%%z@@w@, OO OB OB
|

@ooooe@oooo.oooooooooooo
000 e a0

OO0 | @@@@@_@ﬁ@@@®@
0000 00! Z @
000000 10 00 g/ 6l @L\@ SO 010
0006 .
@@@@@@:@@@@ @.@@.@@o@@
00000 )
OOOOOO@oooo.oooooooooooo

|

|

|

|

|

|

|

|

|

|

|

m
|
g
|

|

m
."|
“
m@@@®®@_%§
%
m
i
“
|

|

|

|

|

|

m
|
XX NEXEXE)]
|

|

|

® | @
@@/@_@

@ @

@@@@@@__®@@ cleo ool eole
000000 CMNC AN N i @W i
llllll ooy _.IIIIIII...I......IIIl...lI-OONllll!llllllll!llllll ———00¥%——




U.S. Patent Jul. 9,2019 Sheet 65 of 81 US 10,347,654 B1

i Y i S s s Y s O S

e S e O O

R e s [ e B

Y e S e [ Y i B

— O, B 0 ]

1§ N s 1

- NF\ I RN — g R —

i S s [ s S A s R

R s S s ms R
) s s [ s s B s [ s
& 1 3 3 S ] %
1 | li (- q%\ .

1 [ 3

1 1 3

[ s R o R N

i1 3

R R

I S o R

- 1 ] [

R —

R —

| | [

Micron Ex. 1022, p. 67
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 66 of 81

Jul. 9,2019

U.S. Patent

1]

oo}
0

r—————\\———————————————————

&
e et sttt Mottt
@
L]
]
@
L]
a
-

Micron v. YMTC
IPR2025-00191

20008 I

20660 e,

ol
20000 |
®0Q© 0 0!
006 |
e 006 90
OO0 006 |
®0®0e o

i
OO0 66 I
2060 Qs
©e6esds |
® 807l
®e e e 63
®00 806l

@ @

Micron Ex. 1022, p. 68



US 10,347,654 B1

Sheet 67 of 81

Jul. 9,2019

U.S. Patent

22 9l

[e0)
R —

o e e e

P Errrrrrr s e

Errrrrdrrs

RS EE,

%
88/~ W

AN

NSNS gg/

AANARNANNANNNNNNNNNNNNNNN

Ll ey
A A Ay O m N
P P PP P

— LS LS LS ERLRELEELIEIS L,
FREFEEEEIEEELELELELELES, e
SRS EETELEEEEES \ﬂ\.\.\w m Nn

FEIEREIEIELESELELELETEY,

A5

st

£

PEEELEES

b
LA TARN NN

SN NNN

7

-
o

L

by~ EErrE e

S

gﬂ»ﬂnﬂuﬂuﬂu}\\\\\\ - G N PP LA
o i ¥ A
VG.L.CGL9G .
Frrsoqe e Pesepecitopeess A0Y
Z

1

P R A ]

\\\N.V N. S AELLLGT LI
WL AL

IR IR IIN IR IIE NI NN TN XTI,
R~ L L s L IR TN AT P RN R R R R
.\\\\\\\\\\\\\\\.\\\.\K\%\.\\\,m\.\.\\.\\\\\\\.\\\\\\\\\\.\h\\\\\\h\\\.\\\\\\\\\\\\R\\\\\\\\\\\%\\\\\\\\

8.

’F

08/9 982 /)
881

¥

7

AANANNNAN

9L

¥9z
092

.

O o N\...\\\\\.\

S ELEIEEEELIEEEIEIEEEE IS EFLEL L,
SELES FEEELEEES L EES L,
.\\\\\N .v N. LR S EEEELEEELE

[ ‘rrrer \..MLC.\\\\VH\

%

s,

%

SAZA ANNNNNNNNNNNNNNNNY

AN

R RS SL TR
A
AR LGSR

SIS IS

e e e e e e ——

9V 15

cel

vl
0L

881

Lo
©
—

881

08}

AN

‘

e
434

TS

r

¢

SRR

042

201 SRS, O A AR OOOOOCNN
f}f.‘lff././lf/whff _ .ff/f////ﬁ////f/f/fff//./rv H llllllllllllllll
o SN AN A ¥ R AN SRR S e
I SN SN S8 ¥ S DN AN R ///.M )—_;..//.//////J.////.////./././/////////..//.i./',.///////.///.//.//.//////////.//.////j..//.//.///
10 i T
: i — |
o 1L H iH 1z
g e ¢ g o T
)
T T 3 a I
I3 1L _
g v - |
= T So b oo = =] |
et ] b E e e 3 |
4 1 T _
; Ea mw_u eyt : _
[ i T |
2 m ] il
"] K
« (E m*\( 1
) J (3 il -
= o
=85 i 2D Gt
3L A

98 m

96

Micron Ex. 1022, p. 69

Micron v. YMTC

IPR2025-00191



Vee Old

Micron Ex. 1022, p. 70

Micron v. YMTC

IPR2025-00191

US 10,347,654 B1

T T~ IR ARSI IS TS TR TS TR P prrrrr et TSRS IS TS TR KQ\.O o NW\ﬂu..uﬂu..ull
\\\\\\.\.\.\.\.\.\.\.\.\.\\.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\o m N.\\\\\\\\\\\\\\\\\\\\\\\\\\I\\\\\\.\.\.\.\.\.\.\.\.\.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\. FEEEIEES,

| ,
| SIS LSS IS EEEESS SIS m\\\\.\\.\..\.\.\.\.\.\.\.\.\...\.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
w | [ SIS E SIS LSS \\\\\\\\\.ﬂﬂﬂﬂﬂ%ﬂi\\\\\ EEESS . FEESIIEEE SIS S AL LSS IEEE LSS IEEEEEII SIS,
\\\\\\\\\\\\\\\\\\\\\\\A —\\\\\ ", 2 " ,\\_ W\\ EEEEIIIEEE IS OIS AEEEESIIAEEEISI IS,
| EESIIEEEEPEILEEELIIIEEE, = w m N\.V m N\N m Nx@ m N,\\ A N .V Nﬁh&k&«\\\\\\\\\ \\\\\N .v Nﬁk&kﬁ.\\\\\\\\\\\\
EESIIEEEE PP IEEELIIIEEE, Frrp g e s S ae e O A e ks iinsiess Il (0P .
z g

b s cee

FEELRESIEESIEES IS,

Sheet 68 of 81

Jul. 9,2019

U.S. Patent

|

|

|

|

| [/,
| 4
|

|

|

88/~ P

\\\\\\\FY
AANANNANNANNANNANNNNNNNNNNS RN

VA 08
-

V8./~F
498/ — Y

ANANNARNNNAN
88/ %

NENENINENINENTARSONNN EEEZATNNNNANNANNNNNNNN

-

Riiiaky

BE E BE R B B e
L T FLEL

[ EETHEEEHEE E T

Al
—

09/ 7

%

o7 ey

#




US 10,347,654 B1

Sheet 69 of 81

Jul. 9,2019

U.S. Patent

Micron v. YMTC
IPR2025-00191

Tl e e e e ot e e e e e et ot o e e o o e o o et et e et J\
| il

ﬁ&mm@&&?voo © 00 0 0{0 0}0 O
|000000 0 00 fp 0 0O 00000

|
|
1000000PO00OIPO000000OO0O00
|
|
|

@mm%%%#omuo O 00 OO0l0 000

! t 631 I _

“hwmwwmmmwmmmYAw;®a AW;Qva;®sm4Aw,@+vaw

Mo ] OOSO0OHO O O }p O 0 0 0 0{0 01Q0
! m__

100000000000 0000000000000

e

00000V 0 OO GO OO0 O 00 00
1}
0000000000 000000000000

“_ “ "
OOOOOOOOOOOOWMO OO OOOO OmO OWO

|

{

|

locedoolilo oo tho 00 000 00 Ol
“ooo@&quﬂ o8t g |
ileYeY=YoYoYoRTo o e O 00 OO0O00 0O
O O CoD OIOh " " “
00000010 0 0 ¢{0 00 0 0j0 00 O}
i [

blo o o dlo 0l 0 Ol %
00000010 OO0 dlo oo 0 0olo 0lo O
SO | | |
Ol

O!

|

o]

|
|
8
[_,OOOOOGAWVOOOO OOOOOOOOOO_OO
|
1
|
1
“
|
|
1
1
1
1
|
1
1
|

Micron Ex. 1022, p. 71



70 of 81 US 10,347,654 B1

Sheet

Jul. 9,2019

U.S. Patent

oE¢ OId

/@// /////VV////////// AN

\\\\§

Ex. 1022, p. 72
YMTC
IPR2025-00191

Micron v.

Micron



US 10,347,654 B1

Sheet 71 of 81

Jul. 9,2019

U.S. Patent

Vg Old

e

crerrererdres

TR TSI

|
m “ FELEEITLIIIES
|

%

R L T

TR

o 4 \.,o o N.V
\\\.«\\.\\\\x.\\\\\\\\k\\\\\k\\\\\\\.\x,\\.x\\x\\\\\\\\\\.\\\\\\\\.\\\\\\\\\.\\\\M\xO m R e~ R P A HAELEAES
ELELEEEEELELLEFELELLESEEEPELELLEEELEPELEEEEEEILLEELEEEELELLEELEIELESEEI 2 )

o AT crelerdrsd rrlertrelss arererlers

R TR R I @x\\\\\\.\\.\\\\\\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\K\\..\\\\\\\\\\x\\\\\\\\

\N\\\\\\\\ Y

88/~ W

8.

S LTI I LTI I I IELEELI IS

N N R R P

v 0844 98/ —_P) 29,

7

NANNNNANN S < VAR ONNNNANNN
A % 88, V4, 09/ %

AANANNANNAN NN T NN IV IN TN AN EN TN ENTNTANNOOON R AT NNNNNNNNNNNNNNNNY

ST WA NSSNANANNNNY

=
g

-

=

L
B

LRI
RN

| ETETFTETETET P |

Micron Ex. 1022, p. 73

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 72 of 81

Jul. 9,2019

U.S. Patent

Micron v. YMTC
IPR2025-00191

Zpy ,t m._wN Old < Py

eYeleleleleN . O | O
......
O....O__O ._.

_S::‘::‘::;T
1
1
1
1
|
1
|
I
1
|
|
|
|
==7
i
i
I
i
|
|1
i
|
:
;
© Ol
© O i
.E
|
;
1
;
.i
© O |
|
I
.:
o |

ﬂ“@%ﬂfjveé wa_co;oo_-o.-c
_ _ _
ywwmwz.so OO TO- DO Q_ -®- 96 ?¢6 |

500000

ﬁ%bbb#oﬁzo.fn wo:oofoa:oomwo
%@bbﬁ%oo@cofo,ocooaoooooto
ﬁ@bbb#oo 00 {) 0l © 0l © 0{C 0]0
(8v2)! 00._000__ Nmm_ ! mmm_ _\w
008000 10 ©10 @..!..!..o.
Wevell 5 0 G0 OI0) | |
Mi[erererére)e _"o o_o 4| of o clie) o_o ©0
‘60000&®0000aeoooooocoooo

\
I
|
mC.C... ...a..’@@.‘..
|
I
|
I
|
I
I
I
|
I
|
|
|
|

&)
&)
©
©
@)
®
@
©
®)
_.._
©
.. ——
©
@)
O
©
©
_..__
©
©
1
&)
©

GD QD

.

0

0@0@0_9_" I Blg |
000000 &) 0_. @ 0_0\0_0 0“0 G“G
OQOCQU _ _ _
Q0000w ! 00630_00_00_000

Q..Q.Q@.QC.Q Q...C.. OQ.O.

.

v._.._. ._..C

===00%-~

Micron Ex. 1022, p. 74



US 10,347,654 B1

Sheet 73 of 81

Jul. 9,2019

U.S. Patent

0ee

ove 'Old
A

NN N

| .
\

N
N

\ D
-

o

i

:
bl
b

5]

F
e
i

SR

i
S
o

S
RN
B

2

o
BRI

R

%
T

HE
S
e,

SR

ik

et
s

s

e
:
B2

s

e
s

SR
T
B

S
o

7

e
S
e

s
£

i

o

o

-

k]

i) ey ey el wrencinan
S B SEAREET e T
i) i
i

22

i
B
3

™
5

i

S
em
R

5

A
_—

5
a
5

5
i

5
S5

4

]

o

R

Micron Ex. 1022, p. 75

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 74 of 81

Jul. 9,2019

U.S. Patent

\ASTAR9]E|

P TR ITILSTEIED Pt ed L

Zerlerie el r ™

..\x.\\\\.\\x.\\\\,\\\.\\\\\\\\\.x.\\\.\\.\.\\\.\\\.\.\\\\‘nx\\\,\\.w\\\\\\\\\\\%\\Nﬁx\\\\\\\o nl.-_a NQ\\«.\\ SIS SIS ERTELESELTF LS IS ERT T TEAIEIEL, EEESELD)
B ‘\\\\«..\\\\.\.\\\\\\x\\\\.\\\\\,m\\\\\\\\\\\\.\\m.\\\\.,\.\\\\\\\\x.\.\.\\\\\\\.\.\.\.\\\\\\\\\\Nx\\\\\\\\\\k\\n
FEEELEIE LS, o R L L e \\\\\\u\\w;uﬂug\\\\\ A R R P P I TR R R RN R NI NI

SEE ERERLLRELEREL LSS

ry N.v N G LL LG AR
LLPANN P SO

AP PEEEEEEEREREEPIEIESS,
\\.a\\N.WuN N AL LR 87 51 P E I P T

0c.

Q0
—

RERELETEEIERELEL LS RELRE,
EEES LS IS LEELEEELEESES

EELLEEE TP ST EE LS LLLELE

L % Z

N 78/~ gp, SN /757 SR
_ 2 .09 2

RRERCITRIRIRIRRRIRISSw N N § S S S ISR RSN 99/ KT

N Q

: 1
RO, R > S ”_4 T e e e R
F 5 R 2 B A ik 7 s £ & B O £ R Lk b i & S & B & B A ]
(RSO - KONt BT8R & 0 = D « ERO R KGR ORH 5 NG JORN o KACH 5 O G = SR R RN RN 68 X AR

A E s

RZRELREEE

1]
[{e]
—

mars
IREEEEEELER

A L L R bl e e s b
T ST A AL L

ul
S

BlREEEEEEELE

08 Hi=
-
8]
=

L1 ]

BRENE

[4¥)

<

N
&l

i
]
]
]
i
]
[
I
I
i
I
i
i
i
i
i
I
I
i
i
I
L]
i}

Micron v. YMTC
IPR2025-00191

Micron Ex. 1022, p. 76



US 10,347,654 B1

Sheet 75 of 81

Jul. 9,2019

U.S. Patent

Micron v. YMTC
IPR2025-00191

@@@@@@z@®@“ @@_@@_@ @.@
I ! !

@@@@@@__@@@ @@@@_@ ole o
OOOOOO@OOOO ooooooogooooo
00000 ! @@_@ @_@@_@@_@@@@

@@@@@@_“ _
@@@@@@;@l@ﬂ@, Ve O-0-01 00160
@@@.@ @_@ ®_@ ®

®

pp————

000
@@@@@@n_@ ©0 | &,
@oo@oe@oooo ooooooooooooo

|
|
|
|
I
_
[
“
|
|
|
I
I
H
I
|
I
|
|
|
H
%@@@@@ © ole
I
4
|
|
[
I
I
|
I
|
I
|
“
|
[
I
I
I
[
|
[
I
I
I
[

T T
!
i
i
i

POOOOY __® ®1© § 96 @"@ @1@ @“@
|
oooooogoooo. @oooooooooo

__ 1 |
@@@@@@@@@@@@.@ @”@ .. @m @ @_ &) @_@ @_@

1

{

i

”@@@@_@ ole o

RIS mmm" I Gzl g !

00000010 Blo ¢ 006l 06 oo o
Seemeo o O | | | |

@@@@@@_"@ ©10 4 © o ®l ® ©/e oo o
@ooooe@oooo.ooooooooooooo
OO0 10 O @ 1o o6 ooo oo ol
coeooo B DO D D

0006 10 @_@ j 0 6’00 010 00 &
0006 e, | | | |

!

O]

i

o

Micron Ex. 1022, p. 77



U.S. Patent

- ————— —
i
T

Jul. 9,2019

Sheet 76 of 81

.

N

R e R

US 10,347,654 B1

Y T

%

\§I Il
.
RS

4
(e
. EXEN
=il

o

R

27
7

7

N

N\

it

FIG. 25C

Micron Ex. 1022, p. 78
Micron v. YMTC
IPR2025-00191



US 10,347,654 B1

Sheet 77 of 81

Jul. 9,2019

U.S. Patent

[¢o]
———_—l

- TXIIIITISTISITIT?
FEEEELLESEELELS S \\\.\\\\\\\\\\\\\\\\%\\\\\\\\\\\\\\\\.«\\\\\\\\\\\\\\\\\\\\\\o m N.
AOELELELESELEL IR ELERE LS LR ERLES IR IS LR LELES ER LS ELLRLELEL I ELI S ER LRI 0SS >

el derde

\\\\x\\\ x\&.\\

%
R CY
88/~ W

’ﬁﬁ’
WA fffffxffwo _.
B N PRI o

S5 ¢ KRS & KA .// s

98/

AETITIIS P EESTOTTTITTITPITYITIIT il

IS IS LA
RIS EIELIEIPEEEEETEE,
AEEP IS E I LT EFIFEEEEE
R R ..\ LA,

B NSNS NN 1Y /uﬂ NENEN

LI BEE AR PEEE L OILE LRI LS 2

ety oo Nw
R R A P b P P G P F B P8 5SS PSS, AIELF IS
S ELEEL IS IS ELELILIES, m\\x\\.\\\\\\\\ A gt

uﬂwmm&mh\mmm mm\.m umwvmw“k%\\\i%

= | P8~
% 08/4 98/ V)
v8L AN\ NN\

SINENENEN ..9..4!/192&

E?

0cL
5

AL PLT L ISR ELEPEPLELELELEE R P
e GELTEELESEESETELI IS,
\\\\xN.vN m.khhh\\n\\\\\.\\ AFIESEE,

EEPE v ever 'S AR A D SIS,

%
.nwwznzu

99/ ?&;//ﬁ/g///

AOOOAON
R R R
R AR N
R

SN ffr/f/f/u ,.,.z ..,./ RCORRN T A e i s S
A B RNk # faa n MERK & TN KRS 1 S 1 S 5 RN ¥ e 4 KR 5 (R (R 0 KBS o n X KOG 3 K 2 B KA
LR 5 SR SRR 4 KKK ...—Tr MERN & DN 4 K s S1 7 KK 7 R ¢ st 4 KN 4 K (R & RRR & SEN & K1 ¢ KA1 K § SRR

] 1 .

—

]

.
L T T T
%

L]
1
1
ELE)
£l

$15]

HHH

0
LD

i

(Ed (('{((Q

L0
<o)
—

;rrr LA LA ELL S

= = H #
2 BT 2 7k i A
M . % ) 2 m - m.\. T D: [T
AN RS W
_ e LR L1 N g
- i -4 [ .5: & — H _
86T St ot er! T EaGH 02 e 0z i __
fom it i RN ! 92
o b RO/ o 1 4 i _
=y e m I;%m: imimimimiwt £ rlw Im.l“ ............................ |Q
g ; H K g q _
I ! 08¢
] }
Il |
|
I _

Micron Ex. 1022, p. 79

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 78 of 81

Jul. 9,2019

U.S. Patent

Micron v. YMTC
IPR2025-00191

©
75}
i
<O

o8]
o
—————— e ———————— e — ——— ——
)
5
55
)
=

@‘8
®@® O
¢ e
3

e e e e O, ————_——————

}
£
QO
&
bo
e ©
N
@
O &

@
@

o e e e e o e e e

®
D

a7
(P 02

®
@O
o
O ®® o O ®

R 4 o

X

%
©
@0

®

é

0 00 00 e
®
D

N
o ®
O
Yo

2
¥
2
2
<
K
g
@@
(&

-
Co

Micron Ex. 1022, p. 80



US 10,347,654 B1

Sheet 79 of 81

Jul. 9,2019

U.S. Patent

[e0)
——

092 "9l

TR TTITRITRITITTETT i  PATRITT TR

., ecders

] /f/m/f./ff/ X 5 XX

ARAS § SEN QRN & AR

SR 7 SUCCRURN | SN

e ers T TR \uu.mo o N..v\U..duﬁ i
a.\\a.\.\.\\\\\\\x.\\\\..\\\\\\.\.\\\\\\.\\.\\\\\\\\.u\\\\\\\.~\\.\\\\\.\\\\\\\\\\\\\\\\\xO m N..\\\\\\\x\\\\\.\\\\\\\\\\\\\l‘.\\\\\.\\\\\\\\\\..\\.\\\\\\\.\\\\\\\\\\.\\\.\\\\\\\\\\\u\. PSSP,
EEEE I IR EEEE TR EEEEPI I LI O EEEIE I P EEFE IS EEETIIRIIIEEIIIPLESIIIEEE 0 .\\\\\\\\\\\\x\\\\\\\\\\\x\@\m\\\\\\\\x\\\\\\\\\\\\\\\\x\x\\\\\\\\\\\\\\\\u\\\\u\\\\\\\\\\\\\\.
FEEEIEREEEEES, — OSSP ER LG EF SRS EEEEFEL IR, .\\\\\x}gﬂ&v\qﬂg\\\n\ A Y 3 P

PESEELE A EIPE RIS PESEE LS, = @, o, . o, A EEESEIERESESI IS EEEES S,
’ SEASIEEILEEEIRSLR ISP, x\....\\w m N,u.vm N. \N .V N.MM.?:RA\\\ EHEILSELS,
AEELELIEEETILENE LI, vy S

s fi{f 4

1) S W

s
RS
AN NN AN
DAL A

1L

—

=

—

88v

o
g e (oo Hg?gi
oIz

98

Micron Ex. 1022, p. 81

Micron v. YMTC

IPR2025-00191



US 10,347,654 B1

Sheet 80 of 81

Jul. 9,2019

U.S. Patent

Micron Ex. 1022, p. 82
Micron v. YMTC
IPR2025-00191

||||||||||||||||||||||||||||| -

@@@@@@""® D | @
QB0 00
@@@@®®=@ ® | @

.P@@@@@@@@@@@
000000 _
PO0000 !0 ©'0

OO0 OO

!

[

|

[

I

I

“

|

I

I

|

|

I

|

H

|

“

| ©08 e oo
T@OOOO%@OOOO
I © 98O ool
0000ed |10 O ©
"@®@®®_®: T |
1
I
I
|
|
I
|
i
|
I
|
|
|
|
I
|
|
I
|
|
|
I
|
|
I
|

000000 10 O
0600000 |

mﬁﬁﬁﬁﬁ@oooo
000 000!
CEEEECE @mw@
CEEEEE)
@@@@@@z@m?@
00005
@@@@@@n@mw@

@@@@@@:\ ........ TAI.I ~
@@@@@@.q@..@ﬂﬁn 3

@@@@@@,_@ @ @ [P

@ ®_ & @ © @ ©
@@®"®@@_@@@_ @

DO 91-8_010 @@@
@ @
@@Z@@ @ @

| oz _\w

oooooooooo

@m@w@@@_@ @_@
® ® @_@ ®_@

—

®

® @

%ﬂﬁ%ﬁ%ﬁoooo oooooooowo
%MM&WW@®m@@ 00 6 006l
i
CEEEEE | @ 0.6 e
llllll oL ..l!I!III!I...!IIIIIII;OONIIIIIIII[!lll!l!ll!l ———Q0V——



US 10,347,654 B1

Sheet 81 of 81

Jul. 9,2019

U.S. Patent

49¢ OId

| SUUUUE S EVEUUU [ FURUH S EUIE S NOUUEL S SUUUU S S

S9¢

G9¢

Micron Ex. 1022, p. 83
Micron v. YMTC
IPR2025-00191



US 10,347,654 Bl

1
THREE-DIMENSIONAL MEMORY DEVICE
EMPLOYING DISCRETE BACKSIDE
OPENINGS AND METHODS OF MAKING
THE SAME

FIELD

The present disclosure relates generally to the field of
semiconductor devices and specifically to a three-dimen-
sional memory device employing discrete backside replace-
ment openings and methods of making the same.

BACKGROUND

Recently, ultra-high-density storage devices employing
three-dimensional (3D) memory stack structures have been
proposed. For example, a 3D NAND stacked memory
device can be formed from an array of an alternating stack
of insulating materials and spacer material layers that are
formed as electrically conductive layers or replaced with
electrically conductive layers over a substrate containing
peripheral devices (e.g., driver/logic circuits). Memory
openings are formed through the alternating stack, and are
filled with memory stack structures, each of which includes
a vertical stack of memory elements and a vertical semi-
conductor channel.

SUMMARY

According to an aspect of the present disclosure, a three-
dimensional semiconductor device comprises an alternating
stack of insulating layers and electrically conductive strips
located over a substrate, a width-modulated insulating wall
structure that laterally extends along a first horizontal direc-
tion and vertically extends through each layer in the alter-
nating stack, and groups of memory stack structures extend-
ing through the alternating stack, wherein each memory
stack structure includes a memory film and a vertical semi-
conductor channel. Each insulating layer is a continuous
perforated insulating layer that laterally extends through the
width-modulated insulating wall structure, and the electri-
cally conductive strips in each vertical level are discrete
strips which are laterally separated from each other by the
width-modulated insulating wall structure.

According to another aspect of the present disclosure, a
method of forming a three-dimensional semiconductor
device is provided, which comprises the steps of: forming an
alternating stack of insulating layers and sacrificial material
layers over a substrate; forming memory openings and
backside openings through the alternating stack; forming
memory opening fill structures in the memory openings and
sacrificial backside opening fill structures in the backside
openings, wherein each memory opening fill structure com-
prises a respective memory film and a respective vertical
semiconductor channel; forming cavities in volumes of the
backside openings by removing the sacrificial backside
opening fill structures; replacing remaining portions of the
sacrificial material layers with material portions including
electrically conductive layers, wherein each electrically con-
ductive layer is formed as a continuous material layer
including holes around the backside openings; singulating
each electrically conductive layer into a plurality of electri-
cally conductive strips by isotropically recessing the elec-
trically conductive layers around each backside opening,
wherein width-modulated cavities including expanded vol-
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umes of the backside openings are formed; and forming
width-modulated insulating wall structures in the width-
modulated cavities.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A s a vertical cross-sectional view of an exemplary
structure after formation of semiconductor devices, lower
level dielectric layers, lower metal interconnect structures,
and in-process source level material layers on a semicon-
ductor substrate according to a first embodiment of the
present disclosure.

FIG. 1B is a top-down view of the exemplary structure of
FIG. 1A. The hinged vertical plane A-A' is the plane of the
vertical cross-sectional view of FIG. 1A.

FIG. 1C is a magnified view of the in-process source level
material layers along the vertical plane C-C' of FIG. 1B.

FIG. 2A is a vertical cross-sectional view of an exemplary
structure after formation of dielectric etch stop material
portions in an upper source-level material layer according to
a first embodiment of the present disclosure.

FIG. 2B is a top-down view of the exemplary structure of
FIG. 2A. The hinged vertical plane A-A' is the plane of the
vertical cross-sectional view of FIG. 2A.

FIG. 2C is a magnified view of the in-process source level
material layers along the vertical plane C-C' of FIG. 2B.

FIG. 3 is a vertical cross-sectional view of the exemplary
structure after formation of a first-tier alternating stack of
first insulting layers and first spacer material layers accord-
ing to an embodiment of the present disclosure.

FIG. 4 is a vertical cross-sectional view of the exemplary
structure after patterning a first-tier staircase region, a first
retro-stepped dielectric material portion, and an inter-tier
dielectric layer according to an embodiment of the present
disclosure.

FIG. 5A is a vertical cross-sectional view of the exem-
plary structure after formation of first-tier memory openings,
first-tier backside openings, and first-tier support openings
according to an embodiment of the present disclosure.

FIG. 5B is a top-down view of the exemplary structure of
FIG. 5A. The hinged vertical plane A-A' corresponds to the
plane of the vertical cross-sectional view of FIG. 5A.

FIG. 5C is a magnified view of the in-process source level
material layers along the vertical plane C-C' of FIG. 5B.

FIGS. 6A-6F illustrate sequential vertical cross-sectional
views of first-tier memory openings and a first-tier backside
opening during formation of sacrificial fill structures accord-
ing to an embodiment of the present disclosure.

FIG. 7 is a vertical cross-sectional view of the exemplary
structure after formation of various sacrificial fill structures
according to an embodiment of the present disclosure.

FIG. 8 is a vertical cross-sectional view of the exemplary
structure after formation of a second-tier alternating stack of
second insulating layers and second spacer material layers,
second stepped surfaces, and a second retro-stepped dielec-
tric material portion according to an embodiment of the
present disclosure.

FIG. 9A is a vertical cross-sectional view of the exem-
plary structure after formation of second-tier memory open-
ings, second-tier backside openings, and second-tier support
openings according to an embodiment of the present disclo-
sure.

FIG. 9B is a horizontal cross-sectional of the exemplary
structure along the horizontal plane B-B' of FIG. 9A. The
hinged vertical plane A-A' corresponds to the plane of the
vertical cross-sectional view of FIG. 9A.
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FIG. 9C is a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' of FIG. 9B.

FIGS. 10A-10C illustrate sequential vertical cross-sec-
tional views of memory openings and a backside opening
during formation of sacrificial fill structures according to an
embodiment of the present disclosure.

FIG. 11A is a vertical cross-sectional view of the exem-
plary structure after formation of a first hard mask layer
according to an embodiment of the present disclosure.

FIG. 11B is a horizontal cross-sectional of the exemplary
structure along the horizontal plane B-B' of FIG. 11A. The
hinged vertical plane A-A' corresponds to the plane of the
vertical cross-sectional view of FIG. 11A.

FIG. 11C is a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' of FIG. 11B.

FIG. 12A is a vertical cross-sectional view of the exem-
plary structure after patterning the first hard mask layer
according to an embodiment of the present disclosure.

FIG. 12B is a top-down of the exemplary structure of FIG.
12A. The hinged vertical plane A-A' corresponds to the
plane of the vertical cross-sectional view of FIG. 12A.

FIG. 12C is a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' of FIG. 12B.

FIGS. 13A-13E illustrate sequential vertical cross-sec-
tional views of memory openings and a backside opening
during formation of memory opening fill structures and a
second hard mask layer according to an embodiment of the
present disclosure.

FIG. 14A is a vertical cross-sectional view of the exem-
plary structure after patterning the second hard mask layer
according to an embodiment of the present disclosure.

FIG. 14B is a top-down of the exemplary structure of FIG.
14A. The hinged vertical plane A-A' corresponds to the
plane of the vertical cross-sectional view of FIG. 14A.

FIG. 14C is a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' of FIG. 14B.

FIGS. 15A-15C illustrate sequential vertical cross-sec-
tional views of memory openings and a backside opening
during formation of a source cavity according to an embodi-
ment of the present disclosure.

FIG. 16A is a vertical cross-sectional view of the exem-
plary structure after formation of a source contact layer
according to an embodiment of the present disclosure.

FIG. 16B is a horizontal cross-sectional of the exemplary
structure along the horizontal plane B-B' of FIG. 16A. The
hinged vertical plane A-A' corresponds to the plane of the
vertical cross-sectional view of FIG. 16A.

FIG. 16C is a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' of FIG. 16B.

FIG. 17A is a vertical cross-sectional view of the exem-
plary structure after formation of backside recesses accord-
ing to an embodiment of the present disclosure.

FIG. 17B is a horizontal cross-sectional of the exemplary
structure along the horizontal plane B-B' of FIG. 17A. The
hinged vertical plane A-A' corresponds to the plane of the
vertical cross-sectional view of FIG. 17A.

FIG. 17C is a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' of FIG. 17B.

FIG. 18A is a vertical cross-sectional view of the exem-
plary structure after formation of electrically conductive
layers according to an embodiment of the present disclosure.

FIG. 18B is a horizontal cross-sectional of the exemplary
structure along the horizontal plane B-B' of FIG. 18A. The
hinged vertical plane A-A' corresponds to the plane of the
vertical cross-sectional view of FIG. 18A.

FIG. 18C is a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' of FIG. 18B.
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FIG. 19A is a vertical cross-sectional view of the exem-
plary structure after formation of electrically conductive
strips by laterally recessing the electrically conductive layers
according to an embodiment of the present disclosure.

FIGS. 19B and 19C are horizontal cross-sectional of the
exemplary structure along the horizontal planes B-B' and
C-C' of FIG. 19A. The hinged vertical plane A-A' corre-
sponds to the plane of the vertical cross-sectional view of
FIG. 19A.

FIG. 19D is a vertical cross-sectional view of the exem-
plary structure along the vertical plane D-D' of FIGS. 19B
and 19C.

FIG. 20A is a vertical cross-sectional view of the exem-
plary structure after formation of width-modulated insulat-
ing wall structures according to an embodiment of the
present disclosure.

FIG. 20B is a horizontal cross-sectional of the exemplary
structure along the horizontal plane B-B' of FIG. 20A. The
hinged vertical plane A-A' corresponds to the plane of the
vertical cross-sectional view of FIG. 20A.

FIG. 20C is a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' of FIG. 20B.

FIG. 20D is a horizontal cross-sectional view of the
exemplary structure along the vertical plane D-D' of FIG.
20A.

FIG. 20E is a vertical cross-sectional view of the exem-
plary structure along the vertical plane E-E' of FIGS. 20B
and 20D.

FIG. 21A is a vertical cross-sectional view of the exem-
plary structure after formation of various contact via struc-
tures according to an embodiment of the present disclosure.

FIG. 21B is a horizontal cross-sectional view of the
exemplary structure along the vertical plane B-B' of FIG.
21A. The hinged vertical plane A-A' corresponds to the
plane of the vertical cross-sectional view of FIG. 21A.

FIG. 21C is a vertical cross-sectional view of the exem-
plary structure along the vertical plane C-C' of FIG. 21B.

FIG. 21D is a horizontal cross-sectional view of the
exemplary structure along the vertical plane D-D' of FIG.
21A.

FIG. 21E is a vertical cross-sectional view of the exem-
plary structure along the vertical plane E-E' of FIGS. 21B
and 21D.

FIG. 21F is a top-down view of the exemplary structure
of FIGS. 21A-21E.

FIG. 22 is a vertical cross-sectional view of the exemplary
structure after formation of upper metal line structures
according to an embodiment of the present disclosure.

FIG. 23A is a vertical cross-sectional view of an alterna-
tive configuration of the exemplary structure at the process-
ing steps of FIGS. 5A, 5B, and 5C according to an embodi-
ment of the present disclosure.

FIG. 23B is a top-down view of the exemplary structure
of FIG. 23A. The hinged vertical plane A-A' corresponds to
the plane of the vertical cross-sectional view of FIG. 23A.

FIG. 23C is a vertical cross-sectional view of the alter-
native embodiment of the exemplary structure along the
vertical plane C-C' of FIG. 23B.

FIG. 24A is a vertical cross-sectional view of the alter-
native configuration of the exemplary structure at the pro-
cessing steps of FIGS. 11A, 11B, and 11C according to an
embodiment of the present disclosure.

FIG. 24B is a horizontal cross-sectional view of the
alternative embodiment of the exemplary structure along the
vertical plane B-B' of FIG. 24A. The hinged vertical plane
A-A' corresponds to the plane of the vertical cross-sectional
view of FIG. 24A.
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FIG. 24C is a vertical cross-sectional view of the alter-
native embodiment of the exemplary structure along the
vertical plane C-C' of FIG. 24B.

FIG. 25A is a vertical cross-sectional view of the alter-
native configuration of the exemplary structure at the pro-
cessing steps of FIGS. 16A, 16B, and 16C according to an
embodiment of the present disclosure.

FIG. 25B is a horizontal cross-sectional view of the
alternative embodiment of the exemplary structure along the

6

tional stress (e.g., the large difference in stress provided
between the x and y directions) on the substrate is reduced
or eliminated.

The embodiments of the present disclosure can be
employed to form various semiconductor devices such as
three-dimensional monolithic memory array devices com-
prising a plurality of NAND memory strings. The drawings
are not drawn to scale. Multiple instances of an element may
be duplicated where a single instance of the element is

vertical plane B-B' of FIG. 25A. The hinged vertical plane 10 illustrated, unless absence of duplication of elements is
A-A' corresponds to the plane of the vertical cross-sectional expressly described or clearly indicated otherwise.
view of FIG. 25A. Ordinals such as “first,” “second,” and “third” are
FIG. 25C is a vertical cross-sectional view of the alter- employed merely to identify similar elements, and different
native embodiment of the exemplary structure along the ordinals may be employed across the specification and the
vertical plane C-C' of FIG. 25B. 15 claims of the instant disclosure. As used herein, a first
FIG. 26A is a vertical cross-sectional view of the alter- element located “on” a second element can be located on the
native configuration of the exemplary structure at the pro- exterior side of a surface of the second element or on the
cessing steps of FIGS. 21A, 21B, and 21C according to an interior side of the second element. As used herein, a first
embodiment of the present disclosure. element is located “directly on” a second element if there
FIG. 26B is a horizontal cross-sectional view of the 20 exista physical contact between a surface of the first element
alternative embodiment of the exemplary structure along the and a surface of the second element. As used herein, an
vertical plane B-B' of FIG. 26A. The hinged vertical plane “in-process” structure or a “transient” structure refers to a
A-A’ corresponds to the plane of the vertical cross-sectional structure that is subsequently modified.
view of FIG. 26A. As used herein, a “layer” refers to a material portion
FIG. 26C is a vertical cross-sectional view of the alter- 25 including a region having a thickness. A layer may extend
native embodiment of the exemplary structure along the  over the entirety of an underlying or overlying structure, or
vertical plane C-C' of FIG. 26B. may have an extent less than the extent of an underlying or
FIG. 26D is a horizontal cross-sectional view of the  overlying structure. Further, a layer may be a region of a
alternative embodiment of the exemplary structure along the homogeneous or inhomogeneous continuous structure that
vertical plane D-D' of FIGS. 26A and 26C. 30 has a thickness less than the thickness of the continuous
FIG. 26E is a vertical cross-sectional view of the alter- structure. For example, a layer may be located between any
native embodiment of the exemplary structure along the pair of horizontal planes between or at a top surface and a
vertical plane E-E' of FIGS. 26B and 26D. bottom surface of the continuous structure. A layer may
extend horizontally, vertically, and/or along a tapered sur-
DETAILED DESCRIPTION 35 face. A substrate may be a layer, may include one or more
layers therein, and/or may have one or more layer thereupon,
An alternating stack of insulating layers and electrically thereabove, and/or therebelow.
conductive layers (e.g., word lines) of a three-dimensional As used herein, a “memory level” or a “memory array
memory device can be formed by providing an in-process level” refers to the level corresponding to a general region
alternating stack of the insulating layers and sacrificial 40 between a first horizontal plane (i.e., a plane parallel to the
material layers, and by forming elongated backside trenches top surface of the substrate) including topmost surfaces of an
that laterally extend along a same horizontal direction. The array of memory elements and a second horizontal plane
sacrificial material layers can be removed by providing an including bottommost surfaces of the array of memory
isotropic etchant into the backside trenches, and the electri- elements. As used herein, a “through-stack” element refers
cally conductive layers can be formed by providing a 45 to an element that vertically extends through a memory
reactant through the backside trenches. Typically, the metal- level.
lic material of the electrically conductive layers generates a As used herein, a “semiconducting material” refers to a
high level of stress, such as a tensile stress, that tends to bend material having electrical conductivity in the range from
the substrate. Because the backside trenches laterally extend 1.0x107¢ S/cm to 1.0x10° S/cm. As used herein, a “semi-
along a same lengthwise horizontal direction and function as 50 conductor material” refers to a material having electrical
stress-relieving buffers along a widthwise horizontal direc- conductivity in the range from 1.0x107° S/cm to 1.0x10°
tion of the backside trenches, distortion of the substrate S/cm in the absence of electrical dopants therein, and is
occurs primarily along the lengthwise horizontal direction of capable of producing a doped material having electrical
the backside trenches. A unidirectional stress can cause conductivity in a range from 1.0 S/cm to 1.0x10° S/cm upon
significant bowing of the substrate, and can significantly 55 suitable doping with an electrical dopant. As used herein, an
decrease the process window for subsequent lithography “electrical dopant” refers to a p-type dopant that adds a hole
steps. to a valence band within a band structure, or an n-type
According to embodiments of the present disclosure a dopant that adds an electron to a conduction band within a
method of more evenly distributing the mechanical stress on band structure. As used herein, a “conductive material”
the substrate during replacement of sacrificial material lay- 60 refers to a material having electrical conductivity greater
ers with electrically conductive layers is provided. In the than 1.0x10° S/cm. As used herein, an “insulating material”
embodiments of the present disclosure, discrete backside or a “dielectric material” refers to a material having elec-
openings are used instead of the elongated backside trenches trical conductivity less than 1.0x107° S/cm. As used herein,
for replacement of the sacrificial material layers with elec- a “heavily doped semiconductor material” refers to a semi-
trically conductive layers (e.g., word lines). Stress generated 65 conductor material that is doped with electrical dopant at a

by the electrically conductive layers is distributed omni-
directionally into the substrate and the amount of unidirec-

sufficiently high atomic concentration to become a conduc-
tive material, i.e., to have electrical conductivity greater than
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1.0x10° S/cm. A “doped semiconductor material” may be a
heavily doped semiconductor material, or may be a semi-
conductor material that includes electrical dopants (i.e.,
p-type dopants and/or n-type dopants) at a concentration that
provides electrical conductivity in the range from 1.0x107¢
S/em to 1.0x10° S/cm. An “intrinsic semiconductor mate-
rial” refers to a semiconductor material that is not doped
with electrical dopants. Thus, a semiconductor material may
be semiconducting or conductive, and may be an intrinsic
semiconductor material or a doped semiconductor material.
A doped semiconductor material can be semiconducting or
conductive depending on the atomic concentration of elec-
trical dopants therein. As used herein, a “metallic material”
refers to a conductive material including at least one metallic
element therein. All measurements for electrical conductivi-
ties are made at the standard condition.

A monolithic three-dimensional memory array is one in
which multiple memory levels are formed above a single
substrate, such as a semiconductor wafer, with no interven-
ing substrates. The term “monolithic” means that layers of
each level of the array are directly deposited on the layers of
each underlying level of the array. In contrast, two dimen-
sional arrays may be formed separately and then packaged
together to form a non-monolithic memory device. For
example, non-monolithic stacked memories have been con-
structed by forming memory levels on separate substrates
and vertically stacking the memory levels, as described in
U.S. Pat. No. 5,915,167 titled “Three-dimensional Structure
Memory.” The substrates may be thinned or removed from
the memory levels before bonding, but as the memory levels
are initially formed over separate substrates, such memories
are not true monolithic three-dimensional memory arrays.
The substrate may include integrated circuits fabricated
thereon, such as driver circuits for a memory device

The various three-dimensional memory devices of the
present disclosure include a monolithic three-dimensional
NAND string memory device, and can be fabricated
employing the various embodiments described herein. The
monolithic three-dimensional NAND string is located in a
monolithic, three-dimensional array of NAND strings
located over the substrate. At least one memory cell in the
first device level of the three-dimensional array of NAND
strings is located over another memory cell in the second
device level of the three-dimensional array of NAND
strings.

Referring to FIGS. 1A-1C, an exemplary structure
according to an embodiment of the present disclosure is
illustrated. FIG. 1C is a magnified view of an in-process
source-level material layers 10" illustrated in FIGS. 1A and
1B. The exemplary structure includes a semiconductor sub-
strate 8, and semiconductor devices 710 formed thereupon.
The semiconductor substrate 8 includes a substrate semi-
conductor layer 9 at least at an upper portion thereof.
Shallow trench isolation structures 720 can be formed in an
upper portion of the substrate semiconductor layer 9 to
provide electrical isolation among the semiconductor
devices. The semiconductor devices 710 can include, for
example, field effect transistors including respective transis-
tor active regions 742 (i.e., source regions and drain
regions), channel regions 746 and gate structures 750. The
field effect transistors may be arranged in a CMOS configu-
ration. Each gate structure 750 can include, for example, a
gate dielectric 752, a gate electrode 754, a dielectric gate
spacer 756 and a gate cap dielectric 758. The semiconductor
devices can include any semiconductor circuitry to support
operation of a memory structure to be subsequently formed,
which is typically referred to as a driver circuitry, which is
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also known as peripheral circuitry. As used herein, a periph-
eral circuitry refers to any, each, or all, of word line decoder
circuitry, word line switching circuitry, bit line decoder
circuitry, bit line sensing and/or switching circuitry, power
supply/distribution circuitry, data buffer and/or latch, or any
other semiconductor circuitry that can be implemented out-
side a memory array structure for a memory device. For
example, the semiconductor devices can include word line
switching devices for electrically biasing word lines of
three-dimensional memory structures to be subsequently
formed.

Dielectric material layers are formed over the semicon-
ductor devices, which is herein referred to as lower-level
dielectric layers 760. The lower-level dielectric layers 760
constitute a dielectric layer stack in which each lower-level
dielectric layer 760 overlies or underlies other lower-level
dielectric layers 760. The lower-level dielectric layers 760
can include, for example, a dielectric liner 762 such as a
silicon nitride liner that blocks diffusion of mobile ions
and/or apply appropriate stress to underlying structures, at
least one first dielectric material layer 764 that overlies the
dielectric liner 762, a silicon nitride layer (e.g., hydrogen
diffusion barrier) 766 that overlies the dielectric material
layer 764, and at least one second dielectric layer 768.

The dielectric layer stack including the lower-level dielec-
tric layers 760 functions as a matrix for lower-level metal
interconnect structures 780 that provide electrical wiring
among the various nodes of the semiconductor devices and
landing pads for through-stack contact via structures to be
subsequently formed. The lower-level metal interconnect
structures 780 are embedded within the dielectric layer stack
of the lower-level dielectric layers 760, and comprise a
lower-level metal line structure located under and optionally
contacting a bottom surface of the silicon nitride layer 766.

For example, the lower-level metal interconnect struc-
tures 780 can be embedded within the at least one first
dielectric material layer 764. The at least one first dielectric
material layer 764 may be a plurality of dielectric material
layers in which various elements of the lower-level metal
interconnect structures 780 are sequentially embedded. Each
dielectric material layer among the at least one first dielec-
tric material layer 764 may include any of doped silicate
glass, undoped silicate glass, organosilicate glass, silicon
nitride, silicon oxynitride, and dielectric metal oxides (such
as aluminum oxide). In one embodiment, the at least one first
dielectric material layer 764 can comprise, or consist essen-
tially of, dielectric material layers having dielectric con-
stants that do not exceed the dielectric constant of undoped
silicate glass (silicon oxide) of 3.9.

The lower-level metal interconnect structures 780 can
include various device contact via structures 782 (e.g.,
source and drain electrodes which contact the respective
source and drain nodes of the device or gate electrode
contacts), intermediate lower-level metal line structures 784,
lower-level metal via structures 786, and topmost lower-
level metal line structures 788 that are configured to function
as landing pads for through-stack contact via structures to be
subsequently formed. In this case, the at least one first
dielectric material layer 764 may be a plurality of dielectric
material layers that are formed level by level while incor-
porating components of the lower-level metal interconnect
structures 780 within each respective level. For example,
single damascene processes may be employed to form the
lower-level metal interconnect structures 780, and each level
of the lower-level metal via structures 786 may be embedded
within a respective via level dielectric material layer and
each level of the lower-level metal line structures (784, 788)
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may be embedded within a respective line level dielectric
material layer. Alternatively, a dual damascene process may
be employed to form integrated line and via structures, each
of which includes a lower-level metal line structure and at
least one lower-level metal via structure.

The topmost lower-level metal line structures 788 can be
formed within a topmost dielectric material layer of the at
least one first dielectric material layer 764 (which can be a
plurality of dielectric material layers). Each of the lower-
level metal interconnect structures 780 can include a metal-
lic nitride liner 78A and a metal fill portion 78B. Each
metallic nitride liner 78A can include a conductive metallic
nitride material such as TiN, TaN, and/or WN. Each metal
fill portion 78B can include an elemental metal (such as Cu,
W, Al, Co, Ru) or an intermetallic alloy of at least two
metals. Top surfaces of the topmost lower-level metal line
structures 788 and the topmost surface of the at least one first
dielectric material layer 764 may be planarized by a pla-
narization process, such as chemical mechanical planariza-
tion. In this case, the top surfaces of the topmost lower-level
metal line structures 788 and the topmost surface of the at
least one first dielectric material layer 764 may be within a
horizontal plane that is parallel to the top surface of the
substrate 8.

The silicon nitride layer 766 can be formed directly on the
top surfaces of the topmost lower-level metal line structures
788 and the topmost surface of the at least one first dielectric
material layer 764. Alternatively, a portion of the first
dielectric material layer 764 can be located on the top
surfaces of the topmost lower-level metal line structures 788
below the silicon nitride layer 766. In one embodiment, the
silicon nitride layer 766 is a substantially stoichiometric
silicon nitride layer which has a composition of Si3N4. A
silicon nitride material formed by thermal decomposition of
a silicon nitride precursor is preferred for the purpose of
blocking hydrogen diffusion. In one embodiment, the silicon
nitride layer 766 can be deposited by a low pressure chemi-
cal vapor deposition (LPCVD) employing dichlorosilane
(SiH2CI2) and ammonia (NH3) as precursor gases. The
temperature of the LPCVD process may be in a range from
750 degrees Celsius to 825 degrees Celsius, although lesser
and greater deposition temperatures can also be employed.
The sum of the partial pressures of dichlorosilane and
ammonia may be in a range from 50 mTorr to 500 mTorr,
although lesser and greater pressures can also be employed.
The thickness of the silicon nitride layer 766 is selected such
that the silicon nitride layer 766 functions as a sufficiently
robust hydrogen diffusion barrier for subsequent thermal
processes. For example, the thickness of the silicon nitride
layer 766 can be in a range from 6 nm to 100 nm, although
lesser and greater thicknesses may also be employed.

The at least one second dielectric material layer 768 may
include a single dielectric material layer or a plurality of
dielectric material layers. Each dielectric material layer
among the at least one second dielectric material layer 768
may include any of doped silicate glass, undoped silicate
glass, and organosilicate glass. In one embodiment, the at
least one first second material layer 768 can comprise, or
consist essentially of, dielectric material layers having
dielectric constants that do not exceed the dielectric constant
of undoped silicate glass (silicon oxide) of 3.9.

An optional layer of a metallic material and a layer of a
semiconductor material can be deposited over, or within
patterned recesses of, the at least one second dielectric
material layer 768, and is lithographically patterned to
provide an optional planar conductive material layer 6 and
a in-process source-level material layers 10'. The optional
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planar conductive material layer 6, if present, provides a
high conductivity conduction path for electrical current that
flows into, or out of, the in-process source-level material
layers 10'. The optional planar conductive material layer 6
includes a conductive material such as a metal or a heavily
doped semiconductor material. The optional planar conduc-
tive material layer 6, for example, may include a tungsten
layer having a thickness in a range from 3 nm to 100 nm,
although lesser and greater thicknesses can also be
employed. A metal nitride layer (not shown) may be pro-
vided as a diffusion barrier layer on top of the planar
conductive material layer 6. The planar conductive material
layer 6 may function as a special source line in the com-
pleted device. In addition, the planar conductive material
layer 6 may comprise an etch stop layer and may comprise
any suitable conductive, semiconductor or insulating layer.
The optional planar conductive material layer 6 can include
a metallic compound material such as a conductive metallic
nitride (e.g., TiN) and/or a metal (e.g., W). The thickness of
the optional planar conductive material layer 6 may be in a
range from 5 nm to 100 nm, although lesser and greater
thicknesses can also be employed.

The in-process source-level material layers 10' can
include various layers that are subsequently modified to
form source-level material layers. The source-level material
layers, upon formation, include a source contact layer that
functions as a common source region for vertical field effect
transistors of a three-dimensional memory device. In one
embodiment, the in-process source-level material layer 10'
can include, from bottom to top, a lower source-level
material layer 112, a lower sacrificial liner 103, a source-
level sacrificial layer 104, an upper sacrificial liner 105, an
upper source-level material layer 116, a source-level insu-
lating layer 117, and an optional source select level conduc-
tive layer 118.

The lower source-level material layer 112 and the upper
source-level material layer 116 can include a doped semi-
conductor material such as doped polysilicon or doped
amorphous silicon. The conductivity type of the lower
source-level material layer 112 and the upper source-level
material layer 116 can be the opposite of the conductivity of
vertical semiconductor channels to be subsequently formed.
For example, if the vertical semiconductor channels to be
subsequently formed have a doping of a first conductivity
type, the lower source-level material layer 112 and the upper
source-level material layer 116 have a doping of a second
conductivity type that is the opposite of the first conductivity
type. The thickness of each of the lower source-level mate-
rial layer 112 and the upper source-level material layer 116
can be in a range from 10 nm to 300 nm, such as from 20
nm to 150 nm, although lesser and greater thicknesses can
also be employed.

The source-level sacrificial layer 104 includes a sacrificial
material that can be removed selective to the lower sacrifi-
cial liner 103 and the upper sacrificial liner 105. In one
embodiment, the source-level sacrificial layer 104 can
include a semiconductor material such as undoped amor-
phous silicon or a silicon-germanium alloy with an atomic
concentration of germanium greater than 20%. The thick-
ness of the source-level sacrificial layer 104 can be in a
range from 30 nm to 400 nm, such as from 60 nm to 200 nm,
although lesser and greater thicknesses can also be
employed.

The lower sacrificial liner 103 and the upper sacrificial
liner 105 include materials that can function as an etch stop
material during removal of the source-level sacrificial layer
104. For example, the lower sacrificial liner 103 and the
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upper sacrificial liner 105 can include silicon oxide, silicon
nitride, and/or a dielectric metal oxide. In one embodiment,
each of the lower sacrificial liner 103 and the upper sacri-
ficial liner 105 can include a silicon oxide layer having a
thickness in a range from 2 nm to 30 nm, although lesser and
greater thicknesses can also be employed.

The source-level insulating layer 117 includes a dielectric
material such as silicon oxide. The thickness of the source-
level insulating layer 117 can be in a range from 20 nm to

12

The region of the semiconductor devices 710 and the
combination of the lower-level dielectric layers 760 and the
lower-level metal interconnect structures 780 is herein
referred to an underlying peripheral device region 700,
which is located underneath a memory-level assembly to be
subsequently formed and includes peripheral devices for the
memory-level assembly. The lower-level metal interconnect
structures 780 are embedded in the lower-level dielectric
layers 760.

400 nm, such as from 40 nm to 200 nm, although lesser and 10 Th§ lower-level metal ir}terconnect structures '780 can.be
. . electrically shorted to active nodes (e.g., transistor active
greater thicknesses can also be employed. The optional . .
. . regions 742 or gate electrodes 754) of the semiconductor
source select level conductive layer 118 can include a devices 710 .

) . evices (e.g., CMOS devices), and are located at the
conductive material that can be emp]oyeq as a source-select- level of the lower-level dielectric layers 760. Through-stack
level gate elecFrode. For example,.the optional source-sglect- 15 contact via structures can be subsequently formed directly
level conductive layer 118 can include a doped semicon- on the lower-level metal interconnect structures 780 to
ductor material such as doped polysilicon or doped provide electrical connection to memory devices to be
amorphous silicon that can be subsequently converted into subsequently formed. In one embodiment, the pattern of the
doped polysilicon by an anneal process. The thickness of the lower-level metal interconnect structures 780 can be
optional source-level conductive layer 118 can be in a range 20 selected such that the topmost lower-level metal line struc-
from 30 nm to 200 nm, such as from 60 nm to 100 nm, tures 788 (which are a subset of the lower-level metal
although lesser and greater thicknesses can also be interconnect structures 780 located at the topmost portion of
employed. the lower-level metal interconnect structures 780) can pro-

The in-process source-level material layers 10' can be vide landing pad structures for the through-stack contact via
formed directly above a subset of the semiconductor devices 25 structures to be subsequently formed.
on the semiconductor substrate 8 (e.g., silicon wafer). As Referring to FIGS. 2A-2C, dielectric etch stop material
used herein, a first element is located “directly above” a portions 108 are formed through a subset of material layers
second element if the first element is located above a within the in-process source-level material layers 10'. For
horizontal plane including a topmost surface of the second example, a photoresist layer (not shown) can be applied over
element and an area of the first element and an area of the 30 the top surface of the in-process source-level material layers
second element has an areal overlap in a plan view (i.e., 10", and can be lithographically patterned to form one-
along a vertical plane or direction perpendicular to the top dimensional arrays of openings that extend along the first
surface of the substrate 8. horizontal direction hdl. The one-dimensional arrays of

The optional planar conductive material layer 6 and the openings can be laterally spaced among one another along
in-process source-level material layers 10' may be patterned 35 the second horizontal direction hd2. The one-dimensional
to provide openings in areas in which through-stack contact arrays of openings can extend through the memory array
via structures and through-dielectric contact via structures region 100 and the staircase region 200 along the first
are to be subsequently formed. Patterned portions of the horizontal direction hdl. In one embodiment, each one-
stack of the planar conductive material layer 6 and the dimensional array of openings through the photoresist layer
in-process source-level material layers 10" are present in 40 can be a periodic one-dimensional array having a common
each memory array region 100 in which three-dimensional pitch, which can be in a range from 100 nm to 1,000 nm. The
memory stack structures are to be subsequently formed. The maximum dimension of each opening (such as a diameter)
at least one second dielectric material layer 768 can include can be in a range from 50 nm to 600 nm, such as from 80
a blanket layer portion 768A underlying the planar conduc- nm to 500 nm, although lesser and greater maximum dimen-
tive material layer 6 and the in-process source-level material 45 sions can also be employed. The ratio of the pitch of the
layers 10' and a patterned portion 768B that fills gaps among periodic one-dimensional array to the maximum dimension
the patterned portions of the planar conductive material of each opening can be in a range from 1.4 to 4, although
layer 6 and the in-process source-level material layers 10'. lesser and greater ratios can also be employed.

Openings in the optional planar conductive material layer An anisotropic etch process can be performed to transfer
6 and the in-process source-level material layers 10' can be 50 the pattern of the openings through the optional source select
formed within the area of a staircase region 200 in which level conductive layer 118, the source-level insulating layer
contact via structures contacting word line electrically con- 117, and the upper source-level material layer 116, and
ductive layers are to be subsequently formed. In one optionally through the upper sacrificial liner 105. Discrete
embodiment, the staircase region 200 can be laterally spaced recess regions are formed through the optional source select
from the memory array region 100 along a first horizontal 55 level conductive layer 118, the source-level insulating layer
direction hd1 (e.g., word line direction). A horizontal direc- 117, and the upper source-level material layer 116, and
tion that is perpendicular to the first horizontal direction hd1 optionally through the upper sacrificial liner 105. The pho-
is herein referred to as a second horizontal direction hd2 toresist layer can be subsequently removed, for example, by
(e.g., bit line direction). In one embodiment, additional ashing. A dielectric etch stop material such silicon nitride
openings in the optional planar conductive material layer 6 60 and/or a dielectric metal oxide material can be deposited in
and the in-process source-level material layers 10' can be the discrete recess regions. For example, an aluminum oxide
formed within the area of a memory array region 100, in liner 108A and a silicon nitride fill 108B can be deposited as
which a three-dimensional memory array including memory the dielectric etch stop material. Other suitable etch stop
stack structures is to be subsequently formed. A peripheral materials can be used instead. Excess portions of the dielec-
device region 400 that is subsequently filled with a field 65 tric etch stop material can be removed from above the

dielectric material portion can be provided adjacent to the
staircase region 200.

horizontal plane including the top surface of the in-process
source-level material layers 10' (such as the top surface of
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the source select level conductive layer 118) by a planariza-
tion process. The planarization process can employ chemical
mechanical planarization (CMP) and/or a recess etch. The
remaining portions of the dielectric etch stop material con-
stitute the dielectric etch stop material portions 108, which
can be a combination of a dielectric metal oxide (such as
aluminum oxide) liner 108 A and silicon nitride fill 108B.
Referring to FIG. 3, an alternating stack of first material
layers and second material layers is subsequently formed.
Each first material layer can include a first material, and each
second material layer can include a second material that is
different from the first material. In case at least another
alternating stack of material layers is subsequently formed
over the alternating stack of the first material layers and the
second material layers, the alternating stack is herein
referred to as a first-tier alternating stack. The level of the
first-tier alternating stack is herein referred to as a first-tier
level, and the level of the alternating stack to be subse-
quently formed immediately above the first-tier level is
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sacrificial material layers 142 composed of the second
material, which is different from the first material. The first
material of the first insulating layers 132 can be at least one
insulating material. Insulating materials that can be
employed for the first insulating layers 132 include, but are
not limited to silicon oxide (including doped or undoped
silicate glass), silicon nitride, silicon oxynitride, organosili-
cate glass (OSG), spin-on dielectric materials, dielectric
metal oxides that are commonly known as high dielectric
constant (high-k) dielectric oxides (e.g., aluminum oxide,
hafnium oxide, etc.) and silicates thereof, dielectric metal
oxynitrides and silicates thereof, and organic insulating
materials. In one embodiment, the first material of the first
insulating layers 132 can be silicon oxide.

The second material of the first sacrificial material layers
142 is a sacrificial material that can be removed selective to
the first material of the first insulating layers 132. As used
herein, a removal of a first material is “selective to” a second

herein referred to as a second-tier level, etc. 20 material if the removal process removes the first material at

The first-tier alternating stack can include first insulting a rate that is at least twice the rate of removal of the second
layers 132 as the first material layers, and first spacer material. The ratio of the rate of removal of the first material
material layers as the second material layers. In one embodi- to the rate of removal of the second material is herein
ment, the first spacer material layers can be sacrificial referred to as a “selectivity” of the removal process for the
material layers that are subsequently replaced with electri- 25 first material with respect to the second material.
cally conductive layers. In another embodiment, the first The first sacrificial material layers 142 may comprise an
spacer material layers can be electrically conductive layers insulating material, a semiconductor material, or a conduc-
that are not subsequently replaced with other layers. While tive material. The second material of the first sacrificial
the present disclosure is described employing embodiments material layers 142 can be subsequently replaced with
in which sacrificial material layers are replaced with elec- 30 electrically conductive electrodes which can function, for
trically conductive layers, embodiments in which the spacer example, as control gate electrodes of a vertical NAND
material layers are formed as electrically conductive layers device. In one embodiment, the first sacrificial material
(thereby obviating the need to perform replacement pro- layers 142 can be material layers that comprise silicon
cesses) are expressly contemplated herein. nitride.

In one embodiment, the first material layers and the 35 In one embodiment, the first insulating layers 132 can
second material layers can be first insulating layers 132 and include silicon oxide, and sacrificial material layers can
first sacrificial material layers 142, respectively. In one include silicon nitride sacrificial material layers. The first
embodiment, each first insulating layer 132 can include a material of the first insulating layers 132 can be deposited,
first insulating material, and each first sacrificial material for example, by chemical vapor deposition (CVD). For
layer 142 can include a first sacrificial material. An alter- 40 example, if silicon oxide is employed for the first insulating
nating plurality of first insulating layers 132 and first sac- layers 132, tetraethylorthosilicate (TEOS) can be employed
rificial material layers 142 is formed over the planar semi- as the precursor material for the CVD process. The second
conductor material layer 10. As used herein, a “sacrificial material of the first sacrificial material layers 142 can be
material” refers to a material that is removed during a formed, for example, CVD or atomic layer deposition
subsequent processing step. 45 (ALD).

As used herein, an alternating stack of first elements and The thicknesses of the first insulating layers 132 and the
second elements refers to a structure in which instances of first sacrificial material layers 142 can be in a range from 20
the first elements and instances of the second elements nm to 50 nm, although lesser and greater thicknesses can be
alternate. Each instance of the first elements that is not an employed for each first insulating layer 132 and for each first
end element of the alternating plurality is adjoined by two 50 sacrificial material layer 142. The number of repetitions of
instances of the second elements on both sides, and each the pairs of a first insulating layer 132 and a first sacrificial
instance of the second elements that is not an end element of material layer 142 can be in a range from 2 to 1,024, and
the alternating plurality is adjoined by two instances of the typically from 8 to 256, although a greater number of
first elements on both ends. The first elements may have the repetitions can also be employed. In one embodiment, each
same thickness thereamongst, or may have different thick- 55 first sacrificial material layer 142 in the first-tier alternating
nesses. The second elements may have the same thickness stack (132, 142) can have a uniform thickness that is
thereamongst, or may have different thicknesses. The alter- substantially invariant within each respective first sacrificial
nating plurality of first material layers and second material material layer 142.
layers may begin with an instance of the first material layers A first insulating cap layer 170 is subsequently formed
or with an instance of the second material layers, and may 60 over the stack (132, 142). The first insulating cap layer 170
end with an instance of the first material layers or with an includes a dielectric material, which can be any dielectric
instance of the second material layers. In one embodiment, material that can be employed for the first insulating layers
an instance of the first elements and an instance of the 132. In one embodiment, the first insulating cap layer 170
second elements may form a unit that is repeated with includes the same dielectric material as the first insulating
periodicity within the alternating plurality. 65 layers 132. The thickness of the insulating cap layer 170 can

The first-tier alternating stack (132, 142) can include first
insulating layers 132 composed of the first material, and first

be in a range from 20 nm to 300 nm, although lesser and
greater thicknesses can also be employed.
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Referring to FIG. 4, the first insulating cap layer 170 and
the first-tier alternating stack (132, 142) can be patterned to
form first stepped surfaces in the staircase region 200. The
staircase region 200 can include a respective first stepped
area in which the first stepped surfaces are formed, and a
second stepped area in which additional stepped surfaces are
to be subsequently formed in a second-tier structure (to be
subsequently formed over a first-tier structure) and/or addi-
tional tier structures. The first stepped surfaces can be
formed, for example, by forming a mask layer with an
opening therein, etching a cavity within the levels of the first
insulating cap layer 170, and iteratively expanding the
etched area and vertically recessing the cavity by etching
each pair of a first insulating layer 132 and a first sacrificial
material layer 142 located directly underneath the bottom
surface of the etched cavity within the etched area. In one
embodiment, top surfaces of the first sacrificial material
layers 142 can be physically exposed at the first stepped
surfaces. The cavity overlying the first stepped surfaces is
herein referred to as a first stepped cavity.

A dielectric fill material (such as undoped silicate glass or
doped silicate glass) can be deposited to fill the first stepped
cavity. Excess portions of the dielectric fill material can be
removed from above the horizontal plane including the top
surface of the first insulating cap layer 170. A remaining
portion of the dielectric fill material that fills the region
overlying the first stepped surfaces constitute a first retro-
stepped dielectric material portion 165. As used herein, a
“retro-stepped” element refers to an element that has stepped
surfaces and a horizontal cross-sectional area that increases
monotonically as a function of a vertical distance from a top
surface of a substrate on which the element is present. The
first-tier alternating stack (132, 142) and the first retro-
stepped dielectric material portion 165 collectively consti-
tute a first-tier structure, which is an in-process structure that
is subsequently modified.

An inter-tier dielectric layer 180 may be optionally depos-
ited over the first-tier structure (132, 142, 170, 165, 175).
The inter-tier dielectric layer 180 includes a dielectric mate-
rial such as silicon oxide. In one embodiment, the inter-tier
dielectric layer 180 can include a doped silicate glass having
a greater etch rate than the material of the first insulating
layers 132 (which can include an undoped silicate glass). For
example, the inter-tier dielectric layer 180 can include
phosphosilicate glass. The thickness of the inter-tier dielec-
tric layer 180 can be in a range from 30 nm to 300 nm,
although lesser and greater thicknesses can also be
employed.

Referring to FIGS. 5A-5C, various discrete (i.e., uncon-
nected) openings (149, 129) can be formed through the
inter-tier dielectric layer 180 and the first-tier structure (132,
142, 165). The various openings (149, 129) include first-tier
device openings 149 that are subsequently employed to form
memory stack structures and first-tier support openings 129
that are subsequently employed to form dummy structures
(i.e., electrically inactive structures). The first-tier device
openings 149 and the first-tier support openings 129 extend
through the first-tier alternating stack (132, 142) and into the
in-process source-level material layers 10'. The first-tier
device openings 149 include first-tier memory openings
149M and first-tier backside openings 149B.

The first-tier backside openings 149B are formed within
areas that overlap with the areas of the dielectric etch stop
material portions 108 in the memory array region 100 and in
the staircase region 200. In one embodiment, a bottom
periphery of each first-tier backside openings 149B can be
formed within a periphery of a top surface of a respective
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one of the dielectric etch stop material portion 108. The
first-tier memory openings 149M are formed between rows
of the first-tier backside openings 149B in the memory array
region 100. In one embodiment, the first-tier memory open-
ings 149M and the first-tier backside openings 149B can
collectively form a periodic two-dimensional array of open-
ings 149. Alternatively, each cluster of first-tier memory
openings 149M between neighboring rows of first-tier back-
side openings 149B can be arranged as a respective two-
dimensional array of openings, and the rows of the first-tier
backside openings 149B can be off-pitch with respect to a
neighboring two-dimensional periodic array of first-tier
memory openings 149M. In one embodiment, the pitch of
the first-tier backside openings 149B along the first hori-
zontal direction hd1 can be the same as the pitch of memory
openings 149M along the first horizontal direction hdl
within each row of memory openings 149M in the two-
dimensional arrays of memory openings 149M. The first-tier
support openings 129 can be formed in the staircase region
200 between each neighboring pair of rows of first-tier
backside openings 149B.

The first-tier memory openings 149M can be formed in
the memory array region 100 at locations at which memory
stack structures including vertical stacks of memory ele-
ments are to be subsequently formed. The first-tier backside
openings 149B can be formed in the memory array region
100 and in the staircase region 200 at locations at which an
etchant for removing the sacrificial material layers is to be
subsequently introduced and materials for forming electri-
cally conductive layers are to be subsequently introduced.
The first-tier support openings 129 can be formed in the
staircase-region contact via region 200 at which support
structures will be provided during subsequent replacement
of sacrificial material layers with electrically conductive
layers.

For example, a lithographic material stack (not shown)
including at least a photoresist layer can be formed over the
inter-tier dielectric layer 180, and can be lithographically
patterned to form openings within the lithographic material
stack. The pattern in the lithographic material stack can be
transferred through the inter-tier dielectric layer 180, and
through the entirety of the first-tier alternating stack (132,
142) by at least one anisotropic etch that employs the
patterned lithographic material stack as an etch mask. Por-
tions of the optional inter-tier dielectric layer 180, the first
insulating cap layer 170, and the first-tier alternating stack
(132, 142) underlying the openings in the patterned litho-
graphic material stack are etched to form the first-tier device
openings 149 and the first-tier support openings 129. In
other words, the transfer of the pattern in the patterned
lithographic material stack through the optional inter-tier
dielectric layer 180, the first insulating cap layer 170, and the
first-tier alternating stack (132, 142) forms the first-tier
device openings 149 and the first-tier support openings 129.

In one embodiment, the chemistry of the anisotropic etch
process employed to etch through the materials of the
first-tier alternating stack (132, 142) can alternate to opti-
mize etching of the first and second materials in the first-tier
alternating stack (132, 142). The anisotropic etch can be, for
example, a series of reactive ion etches or a single etch (e.g.,
CF,/O,/Ar etch). The sidewalls of the first-tier device open-
ings 149 and the first-tier support openings 129 can be
substantially vertical, or can be tapered. Subsequently, the
patterned lithographic material stack can be subsequently
removed, for example, by ashing.

After etching through the alternating stack (132, 142), the
chemistry of a terminal portion of the anisotropic etch
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process can be selected to etch through the optional source
select level conductive layer 118, the source-level insulating
layer 117, the upper source-level material layer 116, the
upper sacrificial liner 105, the source-level sacrificial layer
104, and the lower sacrificial liner 103, and at least partly
into the lower source-level material layer 112 with a lower
etch rate for the material of the dielectric etch stop material
portions 108. The terminal portion of the anisotropic etch
process can include at least one etch chemistry for etching
the various semiconductor materials of the in-process
source-level material layers 10'. The upper sacrificial liner
105 and the lower sacrificial liner 103 may be employed as
intermediate etch stop layers. In one embodiment, the depth
of each first-tier backside opening 149B into a respective
dielectric etch stop material portion 108 can be in a range
from 10% to 90%, such as from 20% to 80%, of the
thickness of the respective dielectric etch stop material
portion 108. In case the chemistry of the terminal portion of
the anisotropic etch process is selective for etching the
in-process source-level material layers 10' compared to the
material of the dielectric etch stop material portions 108,
another etch step may be added to partially etch the dielec-
tric etch stop material portions 108.

FIGS. 6 A-6F illustrate sequential vertical cross-sectional
views of first-tier memory openings 149M and a first-tier
backside opening 149B during formation of sacrificial fill
structures (148, 128) which are shown in FIG. 7.

Referring to FIG. 6A, a first sacrificial liner layer 1251
can be formed by a conformal deposition process such as a
chemical vapor deposition (CVD) process or an atomic layer
deposition (ALD) process. The first sacrificial liner layer
125L includes a first sacrificial material that can be removed
selective to the first insulating layers 132, the first insulating
cap layer 170, and the inter-tier dielectric layer 180. For
example, the first sacrificial liner layer 1251 can comprise a
silicon nitride layer. The thickness of'the first sacrificial liner
layer 125L can be in a range from 3 nm to 10 nm, although
lesser and greater thicknesses can also be employed.

Referring to FIG. 6B, an anisotropic etch process can be
performed to remove horizontal portions of the first sacri-
ficial liner layer 1251 from above the inter-tier dielectric
layer 180, at the bottom of each first-tier device opening 149,
and at the bottom of each first-tier support opening 129.
Each remaining portion of the first sacrificial liner layer
125L constitutes a first sacrificial liner 125 having a gener-
ally cylindrical shape. The anisotropic etch process can be
continued with a change in the etch chemistry to remove
physically exposed portions of the dielectric etch stop mate-
rial portions 108. For example, the silicon nitride fill 108B
can be etched together with the first sacrificial liner layer
1251, and then the etch chemistry is changed to etch the
metal oxide liner 108A. Center regions of the dielectric etch
stop material portions 108 can be etched through, and a top
surface of the source-level sacrificial layer 104 can be
physically exposed at the bottom of each opening through
the dielectric etch stop material portions 108. Each dielectric
etch stop material portion 108 can be topologically homeo-
morphic to a torus after the anisotropic etch process. The
dielectric etch stop material portions 108 are also referred to
as annular dielectric material portions. As used herein, an
“annular” element refers to an element having an inner
periphery and an outer periphery that is located outside of,
and not in contact with, the inner periphery.

Referring to FIG. 6C, a first-tier sacrificial fill material
can be deposited in remaining volumes of the first-tier
memory openings 149M, the first-tier backside openings
149B, and the first-tier support openings 129. The first-tier
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sacrificial fill material may include, for example, a silicon
oxide-based material such as undoped silicon oxide, boro-
silicate glass, phosphosilicate glass, or organosilicate glass.
Excess portion of the first-tier sacrificial fill material can be
removed from above the horizontal plane including the top
surface of the inter-tier dielectric layer 180. Each remaining
portion of the first-tier sacrificial fill material filling a
first-tier memory opening 149, the first-tier backside open-
ings 149B or a first-tier support opening 129 constitutes a
first-tier sacrificial fill material portion 126. The first-tier
sacrificial fill material portions 126 can include first-tier
memory opening fill portions 126M filling first-tier memory
openings 149M, first-tier backside opening fill portions
1268 filling first-tier backside openings 149B, and first-tier
support opening fill portions filling first-tier support open-
ings 129.

Referring to FIG. 6D, an isotropic etch process that etches
the material of the first sacrificial liners 125 selective to the
materials of the inter-tier dielectric layer 180 and the first-
tier sacrificial fill material portion 126. For example, if the
first sacrificial liners 125 include silicon nitride, a wet etch
process employing hot phosphoric acid can be employed to
vertically recess the first sacrificial liners 125 to form
annular cavities 130. The duration of the isotropic etch
process can be selected such that a recessed annular top
surface of each first sacrificial liner 125 is located above, and
near, the horizontal plane including the bottom surface of the
inter-tier dielectric layer 180.

Referring to FIG. 6E, an isotropic etch process that
removes the dielectric materials of the inter-tier dielectric
layer 180 and the first-tier sacrificial fill material portions
126 selective to the material of the first sacrificial liners 125
can be performed. Each annular cavity 130 laterally sur-
rounding a respective one of the first-tier sacrificial fill
material portions 126 can be laterally expanded as the
materials of the inter-tier dielectric layer 180 and the first-
tier sacrificial fill material portions 126 are isotropically
etched. For example, a wet etch process employing dilute
hydrofluoric acid may be employed to laterally expand the
annular cavities. Bach first-tier sacrificial fill material por-
tion 126 may include a vertically protruding portion that
extends above the horizontal plane including the top surface
of the first insulating cap layer 170 after the isotropic etch
process.

Referring to FIG. 6F, an inter-tier sacrificial fill material
is deposited in the annular cavities 130 by a conformal
deposition process or a self-planarizing deposition process.
The inter-tier sacrificial fill material may be the same as, or
may be different from, the first-tier sacrificial fill material of
the first-tier sacrificial fill material portions 126. For
example, a sacrificial semiconductor material such as amor-
phous silicon, polysilicon, or a silicon-germanium alloy may
be deposited in the annular cavities. Excess portions of the
inter-tier sacrificial fill material can be removed from above
the horizontal plane including the top surface of the inter-tier
dielectric layer 180 by a planarization process, which can
include a chemical mechanical planarization (CMP) process
and/or an etch back process. Fach remaining annular portion
of the inter-tier sacrificial fill material filling the annular
cavities constitutes an annular sacrificial material portion
127.

The combination of all elements filling a first-tier memory
opening 149M is herein referred to as a first-tier sacrificial
memory opening fill structure 148M. The combination of all
elements filling a first-tier backside opening 149B is herein
referred to as a first-tier sacrificial backside opening fill
structure 148B. The combination of all elements filling a
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first-tier support opening 129 is herein referred to as a
first-tier sacrificial support opening fill structure. The first-
tier sacrificial memory opening fill structures 148M and the
first-tier sacrificial backside opening fill structures 148B are
collectively referred to as first-tier sacrificial device opening
fill structures 148.

Referring to FIG. 7, the exemplary structure is illustrated
at the processing steps of FIG. 6F. Each first-tier device
opening 149 is filled with a respective sacrificial device
opening fill structure 148, and each first-tier support opening
129 is filled with a respective sacrificial support opening fill
structure 128.

Referring to FIG. 8, a second-tier structure can be formed
over the first-tier structure (132, 142, 170, 165, 148, 128)
and the inter-tier dielectric layer 180. The second-tier struc-
ture can include an additional alternating stack of insulating
layers and spacer material layers, which can be sacrificial
material layers. For example, a second alternating stack
(232, 242) of material layers can be subsequently formed on
the top surface of the first alternating stack (132, 142). The
second stack (232, 242) includes an alternating plurality of
third material layers and fourth material layers. Each third
material layer can include a third material, and each fourth
material layer can include a fourth material that is different
from the third material. In one embodiment, the third
material can be the same as the first material of the first
insulating layer 132, and the fourth material can be the same
as the second material of the first sacrificial material layers
142.

In one embodiment, the third material layers can be
second insulating layers 232 and the fourth material layers
can be second spacer material layers that provide vertical
spacing between each vertically neighboring pair of the
second insulating layers 232. In one embodiment, the third
material layers and the fourth material layers can be second
insulating layers 232 and second sacrificial material layers
242, respectively. The third material of the second insulating
layers 232 may be at least one insulating material. The fourth
material of the second sacrificial material layers 242 may be
a sacrificial material that can be removed selective to the
third material of the second insulating layers 232. The
second sacrificial material layers 242 may comprise an
insulating material, a semiconductor material, or a conduc-
tive material. The fourth material of the second sacrificial
material layers 242 can be subsequently replaced with
electrically conductive electrodes which can function, for
example, as control gate electrodes of a vertical NAND
device.

In one embodiment, each second insulating layer 232 can
include a second insulating material, and each second sac-
rificial material layer 242 can include a second sacrificial
material. In this case, the second stack (232, 242) can
include an alternating plurality of second insulating layers
232 and second sacrificial material layers 242. The third
material of the second insulating layers 232 can be depos-
ited, for example, by chemical vapor deposition (CVD). The
fourth material of the second sacrificial material layers 242
can be formed, for example, CVD or atomic layer deposition
(ALD).

The third material of the second insulating layers 232 can
be at least one insulating material. Insulating materials that
can be employed for the second insulating layers 232 can be
any material that can be employed for the first insulating
layers 132. The fourth material of the second sacrificial
material layers 242 is a sacrificial material that can be
removed selective to the third material of the second insu-
lating layers 232. Sacrificial materials that can be employed
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for the second sacrificial material layers 242 can be any
material that can be employed for the first sacrificial material
layers 142. In one embodiment, the second insulating mate-
rial can be the same as the first insulating material, and the
second sacrificial material can be the same as the first
sacrificial material.

The thicknesses of the second insulating layers 232 and
the second sacrificial material layers 242 can be in a range
from 20 nm to 50 nm, although lesser and greater thick-
nesses can be employed for each second insulating layer 232
and for each second sacrificial material layer 242. The
number of repetitions of the pairs of a second insulating
layer 232 and a second sacrificial material layer 242 can be
in a range from 2 to 1,024, and typically from 8 to 256,
although a greater number of repetitions can also be
employed. In one embodiment, each second sacrificial mate-
rial layer 242 in the second stack (232, 242) can have a
uniform thickness that is substantially invariant within each
respective second sacrificial material layer 242.

A second insulating cap layer 270 can be subsequently
formed over the second alternating stack (232, 242). The
second insulating cap layer 270 includes a dielectric material
that is different from the material of the second sacrificial
material layers 242. In one embodiment, the second insu-
lating cap layer 270 can include silicon oxide. In one
embodiment, the first and second sacrificial material layers
(142, 242) can comprise silicon nitride.

Second stepped surfaces in the second stepped area can be
formed in the staircase region 200 employing a same set of
processing steps as the processing steps employed to form
the first stepped surfaces in the first stepped area with
suitable adjustment to the pattern of at least one masking
layer. The second stepped surfaces can be laterally offset
from the first stepped surfaces to avoid an overlap in a
see-through top-down view. The cavity overlying the second
stepped surfaces is herein referred to as a second stepped
cavity.

A dielectric fill material (such as undoped silicate glass or
doped silicate glass) can be deposited to fill the second
stepped cavity. Excess portions of the dielectric fill material
can be removed from above the horizontal plane including
the top surface of the second insulating cap layer 270. A
remaining portion of the dielectric fill material that fills the
region overlying the second stepped surfaces constitutes a
second retro-stepped dielectric material portion 265. The
second-tier alternating stack (232, 242) and the second
retro-stepped dielectric material portion 265 collectively
constitute a second-tier structure, which is an in-process
structure that is subsequently modified. Generally speaking,
at least one alternating stack of insulating layers (132, 232)
and spacer material layers (such as sacrificial material layers
(142, 242)) can be formed over the in-process source-level
material layers 10, and at least one retro-stepped dielectric
material portion (165, 265) can be formed in the staircase
regions on the at least one alternating stack (132, 142, 232,
242).

Referring to FIGS. 9A-9C, second-tier device openings
249 and second tier support openings 219 can be formed
through the second-tier structure (232, 242, 270, 265). The
second-tier device openings 249 can be formed in areas
overlying the sacrificial device opening fill structures 148,
and second-tier support openings 219 can be formed in areas
overlying the sacrificial support opening fill structures 128.
A photoresist layer can be applied over the second-tier
structure (232, 242, 270, 265), and can be lithographically
patterned to form a same pattern as the pattern of the
sacrificial device opening fill structures 148 and the sacri-
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ficial support opening fill portions 128, i.e., the pattern of the
first-tier device openings 149 and the first-tier support
openings 129. Thus, the lithographic mask employed to
pattern the first-tier device openings 149 and the first-tier
support openings 129 can be employed to pattern the sec-
ond-tier device openings 249 and the second-tier support
openings 219. An anisotropic etch can be performed to
transfer the pattern of the lithographically patterned photo-
resist layer through the second-tier structure (232, 242, 270,
265). In one embodiment, the chemistry of the anisotropic
etch process employed to etch through the materials of the
second-tier alternating stack (232, 242) can alternate to
optimize etching of the alternating material layers in the
second-tier alternating stack (232, 242). The anisotropic etch
can be, for example, a series of reactive ion etches. The
patterned lithographic material stack can be removed, for
example, by ashing after the anisotropic etch process.

A top surface of an underlying sacrificial device opening
fill structure 148 can be physically exposed at the bottom of
each second-tier device opening 249. A top surface of an
underlying sacrificial support opening fill portion 128 can be
physically exposed at the bottom of each second-tier support
opening 219. The top surfaces of the sacrificial device
opening fill structures 148 and the sacrificial support open-
ing fill portions 128 are physically exposed. In one embodi-
ment, the anisotropic etch process can remove protruding
regions of each first-tier sacrificial fill material portion 126
at the level of the inter-tier dielectric layer 180. Inner
sidewalls of the annular sacrificial material portions 127 can
be physically exposed. The second-tier device openings 249
can include second-tier memory openings 249M formed
over a respective one of the first-tier memory opening fill
portions 126M and second-tier backside openings 249B
formed over a respective one of the first-tier backside
opening fill portions 126B.

Referring to FIG. 10A, the annular sacrificial material
portions 127 can be removed selective to the materials of the
first-tier sacrificial fill material portions 126, the first sacri-
ficial liners 125, the inter-tier dielectric layer 180, the second
alternating stack (232, 242), and the second insulating cap
layer 270. For example, if the annular sacrificial material
portions 127 include a semiconductor material such as
amorphous silicon, a wet etch employing hot trimethyl-2
hydroxyethyl ammonium hydroxide (“hot TMY”) or tetram-
ethyl ammonium hydroxide (TMAH) can be employed to
remove the annular sacrificial material portions 127. Each of
the second-tier device openings 249 and the second-tier
support openings 219 can include a bulging cavity portion at
the level of the inter-tier dielectric layer 180.

Referring to FIG. 10B, second sacrificial liners 225 can be
formed by conformally depositing a sacrificial material that
can be removed selective to the materials of the second
insulating layers 232, the second insulating cap layer 270,
and the inter-tier dielectric layer 180, and by anisotropically
etching unmasked portions of the conformally deposited
sacrificial material employing an anisotropic etch process.
The conformally deposited sacrificial material can be
removed from above the top surface of the second insulating
cap layer 270 and from the top surfaces of the first-tier
sacrificial fill material portions 126. Fach remaining pat-
terned portion of the conformally deposited sacrificial mate-
rial, such as silicon nitride, constitutes a second sacrificial
liner 225. The thickness of the second sacrificial liners 225
can be in a range from 3 nm to 10 nm, although lesser and
greater thicknesses can also be employed.

Referring to FIG. 10C, a second-tier sacrificial fill mate-
rial is deposited in the volumes of the second-tier device
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openings 249 and the second-tier support openings 219 by a
conformal or a non-conformal deposition process. The sec-
ond-tier sacrificial fill material can be the same as, or may
be different from, the first-tier sacrificial fill material of the
first-tier sacrificial fill material portions 126. Excess portions
of the second-tier sacrificial fill material can be removed
from above a horizontal plane including the top surface of
the second insulating cap layer 270. Each remaining portion
of the second-tier sacrificial fill material constitutes a sec-
ond-tier sacrificial fill material portions 226. The second-tier
sacrificial fill material portions 226 can include second-tier
memory opening fill portions 226M filling second-tier
memory openings 249M, second-tier backside opening fill
portions 226B filling second-tier backside openings 249B,
and second-tier support opening fill portions filling second-
tier support openings 219.

The combination of all elements filling a second-tier
memory opening 249M as provided at the processing steps
of FIG. 10A is herein referred to as a second-tier sacrificial
memory opening fill structure 248M. The combination of all
elements filling a second-tier backside opening 249B as
provided at the processing steps of FIG. 10A is herein
referred to as a second-tier sacrificial backside opening fill
structure 248B. The combination of all elements filling a
second-tier support opening 219 is herein referred to as a
second-tier sacrificial support opening fill structure. The
second-tier sacrificial memory opening fill structures 248M
and the second-tier sacrificial backside opening fill struc-
tures 248B are collective referred to as second-tier sacrificial
device opening fill structures 248. Each vertical stack of a
first-tier sacrificial memory opening fill structure 148M and
a second-tier sacrificial memory opening fill structure 248M
constitutes a sacrificial memory opening fill structure
(148M, 248M). Each vertical stack of a first-tier sacrificial
backside opening fill structure 148B and a second-tier
sacrificial backside opening fill structure 248B constitutes a
sacrificial backside opening fill structure (148B, 248B).
Each combination of a first-tier memory opening 149M and
a second-tier memory opening 249M is collectively referred
to as a memory opening (149M, 249M). Each combination
of a first-tier backside opening 149B and a second-tier
backside opening 249B is collectively referred to as a
backside opening (149B, 249B). Each combination of a
first-tier support opening 129 and a second-tier support
opening 219 is collectively referred to as a support opening
(129, 219). The sacrificial memory opening fill structures
(148M, 248M) in the memory openings (149M, 249M) and
the sacrificial backside opening fill structures (148B, 248B)
in the backside openings (149B, 249B) can be formed
employing a same set of processing steps.

Formation of the second-tier structure is optional, and
may be omitted. Generally, memory openings (149M,
249M) and backside openings (149B, 249B) can be formed
through at least one alternating stack {132, 142, and option-
ally (232, 242)}. The backside openings (149B, 249B) are
formed in rows that laterally extend along the first horizontal
direction hdl. The memory openings (149M, 249M) are
formed as groups of memory openings located between a
neighboring pair of rows of backside openings (149B,
249B). Each group of memory openings (149M, 249M) is
formed as rows of memory openings arranged along the first
horizontal direction hdl, and may form a respective two-
dimensional periodic array. In some embodiment, the back-
side openings (149B, 249B) may be formed at locations that
are commensurate with the two-dimensional periodicity of a
neighboring two-dimensional periodic array of memory
openings (149M, 249M). In this case, the backside openings
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(149B, 249B) and the memory openings (149M, 249M) can
be formed as a respective subset of openings within a
two-dimensional periodic array of openings (149M, 249M,
149B, 249B) that extend through the at least one alternating
stack {132, 142, and optionally (232, 242)}. A subset of the
backside openings (149B, 249B) can be formed through the
retro-stepped dielectric material portions (165, 265).

Referring to FIGS. 11A-11C, a first hard mask layer 330
can be formed over the second insulating cap layer 270. The
first hard mask layer 330 includes a material that can be
employed as an etch mask during subsequent removal of the
second-tier memory opening fill portions 226M, first-tier
memory opening fill portions 126M, the second-tier support
opening fill portions, and the first-tier support opening fill
portions. For example, the first hard mask layer 330 can
include silicon nitride. The thickness of the first hard mask
layer 330 can be in a range from 10 nm to 150 nm, such as
from 20 nm to 75 nm, although lesser and greater thick-
nesses can also be employed.

Referring to FIGS. 12A-12C, the first hard mask layer 330
can be lithographically patterned, for example, by applica-
tion and patterning of a photoresist layer and transfer of the
pattern in the photoresist layer into the first hard mask layer
330 by an anisotropic etch. The photoresist layer may be
removed, for example, by ashing. The pattern of the open-
ings 331 in the first hard mask layer 330 is selected such that
an opening 331 is provided through the first hard mask layer
330 above each top surface of the second-tier memory
opening fill portions 226M and the second-tier support
opening fill portions. Preferably, the width (e.g., diameter) of
each opening 331 is smaller than the width (e.g., diameter)
of the respective underlying second-tier memory opening
249M. The first hard mask layer 330 does not include any
openings over the second-tier backside opening fill portions
226B. Thus, each top surface of the second-tier backside
opening fill portions 226B is covered by the first hard mask
layer 330.

Referring to FIG. 13A, the second-tier memory opening
fill portions 226M and the first-tier memory opening fill
portions 126M can be subsequently removed by an etch
process. The second-tier support opening fill portions and
the first-tier support opening fill portions can also be
removed during the same etch process. The etch process can
be selective to the material of the lower source-level mate-
rial layer 112 (and/or the planar conductive material layer 6).
For example, if the second-tier sacrificial fill material and
the first-tier sacrificial fill material include a silicon oxide
material such as undoped silicon oxide, borosilicate glass,
phosphosilicate glass, or organosilicate glass, and if the first
sacrificial liners 125, the second sacrificial liners 225, and
the first hard mask layer 330 include silicon nitride, then the
second-tier sacrificial fill material and the first-tier sacrificial
fill material can be removed selective to the first sacrificial
liners 125, the second sacrificial liners 225, and the first hard
mask layer 330 by a wet etch process employing dilute
hydrofluoric acid.

Subsequently, the first sacrificial liners 125 and the second
sacrificial liners 225 can be removed selective to the mate-
rials of the first and second insulating layers (132, 232), the
first and second insulating cap layers (170, 270), the inter-
tier dielectric layer 180, and the various layers within the
in-process source-level material layers 10' by an isotropic
etch process. For example, a wet etch process employing hot
phosphoric acid can be employed to remove the first sacri-
ficial liners 125 and the second sacrificial liners 225. The
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first hard mask layer 330 may be collaterally removed
during removal of the first sacrificial liners 125 and the
second sacrificial liners 225.

Memory openings 49 are formed in volumes from which
a respective set of a second-tier memory opening fill portion
226M, a first-tier memory opening fill portion 126 M, a first
sacrificial liner 125, and a second sacrificial liner 225 is
removed. Support openings are formed in volumes from
which a respective set of a second-tier support opening fill
portion, a first-tier support opening fill portion, a first
sacrificial liner 125, and a second sacrificial liner 225 is
removed. The memory openings 49 are formed in the
memory array region 100, and the support openings are
formed in the staircase region 200. Each memory opening 49
and each support opening can extend through the first-tier
structure and the second-tier structure. A top surface of the
lower source layer 112 can be physically exposed at the
bottom of each memory opening 49 and at the bottom of
each support opening. Sidewalls of the lower sacrificial liner
103, the source-level sacrificial layer 104, the upper sacri-
ficial liner 105, the upper source layer 116, the source-level
insulating layer 117, and the optional source select level
conductive layer 118 can be physically exposed around each
memory opening 49 and around each support opening.

Referring to FIG. 13B, a stack of layers including a
blocking dielectric layer 52, a charge storage layer 54, a
tunneling dielectric layer 56, and a semiconductor channel
material layer 60L can be sequentially deposited in the
memory openings 49. The blocking dielectric layer 52 can
include a single dielectric material layer or a stack of a
plurality of dielectric material layers. In one embodiment,
the blocking dielectric layer can include a dielectric metal
oxide layer consisting essentially of a dielectric metal oxide.
As used herein, a dielectric metal oxide refers to a dielectric
material that includes at least one metallic element and at
least oxygen. The dielectric metal oxide may consist essen-
tially of the at least one metallic element and oxygen, or may
consist essentially of the at least one metallic element,
oxygen, and at least one non-metallic element such as
nitrogen. In one embodiment, the blocking dielectric layer
52 can include a dielectric metal oxide having a dielectric
constant greater than 7.9, i.e., having a dielectric constant
greater than the dielectric constant of silicon nitride.

Non-limiting examples of dielectric metal oxides include
aluminum oxide (Al,0;), hafnium oxide (HfO,), lanthanum
oxide (La0O,), yttrium oxide (Y,0;), tantalum oxide
(Ta,Oy), silicates thereof, nitrogen-doped compounds
thereof, alloys thereof, and stacks thereof. The dielectric
metal oxide layer can be deposited, for example, by chemi-
cal vapor deposition (CVD), atomic layer deposition (ALD),
pulsed laser deposition (PLD), liquid source misted chemi-
cal deposition, or a combination thereof. The thickness of
the dielectric metal oxide layer can be in a range from 1 nm
to 20 nm, although lesser and greater thicknesses can also be
employed. The dielectric metal oxide layer can subsequently
function as a dielectric material portion that blocks leakage
of stored electrical charges to control gate electrodes. In one
embodiment, the blocking dielectric layer 52 includes alu-
minum oxide. In one embodiment, the blocking dielectric
layer 52 can include multiple dielectric metal oxide layers
having different material compositions.

Alternatively or additionally, the blocking dielectric layer
52 can include a dielectric semiconductor compound such as
silicon oxide, silicon oxynitride, silicon nitride, or a com-
bination thereof. In one embodiment, the blocking dielectric
layer 52 can include silicon oxide. In this case, the dielectric
semiconductor compound of the blocking dielectric layer 52
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can be formed by a conformal deposition method such as
low pressure chemical vapor deposition, atomic layer depo-
sition, or a combination thereof. The thickness of the dielec-
tric semiconductor compound can be in a range from 1 nm
to 20 nm, although lesser and greater thicknesses can also be
employed. Alternatively, the blocking dielectric layer 52 can
be omitted, and a backside blocking dielectric layer can be
formed after formation of backside recesses on surfaces of
memory films to be subsequently formed.

Subsequently, the charge storage layer 54 can be formed.
In one embodiment, the charge storage layer 54 can be a
continuous layer or patterned discrete portions of a charge
trapping material including a dielectric charge trapping
material, which can be, for example, silicon nitride. Alter-
natively, the charge storage layer 54 can include a continu-
ous layer or patterned discrete portions of a conductive
material such as doped polysilicon or a metallic material that
is patterned into multiple electrically isolated portions (e.g.,
floating gates), for example, by being formed within lateral
recesses into sacrificial material layers (142, 242). In one
embodiment, the charge storage layer 54 includes a silicon
nitride layer. In one embodiment, the sacrificial material
layers (142, 242) and the insulating layers (132, 232) can
have vertically coincident sidewalls, and the charge storage
layer 54 can be formed as a single continuous layer.

In another embodiment, the sacrificial material layers
(142, 242) can be laterally recessed with respect to the
sidewalls of the insulating layers (132, 232), and a combi-
nation of a deposition process and an anisotropic etch
process can be employed to form the charge storage layer 54
as a plurality of memory material portions that are vertically
spaced apart. While the present disclosure is described
employing an embodiment in which the charge storage layer
54 is a single continuous layer, embodiments are expressly
contemplated herein in which the charge storage layer 54 is
replaced with a plurality of memory material portions
(which can be charge trapping material portions or electri-
cally isolated conductive material portions) that are verti-
cally spaced apart.

The charge storage layer 54 can be formed as a single
charge storage layer of homogeneous composition, or can
include a stack of multiple charge storage layers. The
multiple charge storage layers, if employed, can comprise a
plurality of spaced-apart floating gate material layers that
contain conductive materials (e.g., metal such as tungsten,
molybdenum, tantalum, titanium, platinum, ruthenium, and
alloys thereof, or a metal silicide such as tungsten silicide,
molybdenum silicide, tantalum silicide, titanium silicide,
nickel silicide, cobalt silicide, or a combination thereof)
and/or semiconductor materials (e.g., polycrystalline or
amorphous semiconductor material including at least one
elemental semiconductor element or at least one compound
semiconductor material). Alternatively or additionally, the
charge storage layer 54 may comprise an insulating charge
trapping material, such as one or more silicon nitride seg-
ments. Alternatively, the charge storage layer 54 may com-
prise conductive nanoparticles such as metal nanoparticles,
which can be, for example, ruthenium nanoparticles. The
charge storage layer 54 can be formed, for example, by
chemical vapor deposition (CVD), atomic layer deposition
(ALD), physical vapor deposition (PVD), or any suitable
deposition technique for storing electrical charges therein.
The thickness of the charge storage layer 54 can be in a
range from 2 nm to 20 nm, although lesser and greater
thicknesses can also be employed.

The tunneling dielectric layer 56 includes a dielectric
material through which charge tunneling can be performed
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under suitable electrical bias conditions. The charge tunnel-
ing may be performed through hot-carrier injection or by
Fowler-Nordheim tunneling induced charge transfer
depending on the mode of operation of the monolithic
three-dimensional NAND string memory device to be
formed. The tunneling dielectric layer 56 can include silicon
oxide, silicon nitride, silicon oxynitride, dielectric metal
oxides (such as aluminum oxide and hafnium oxide), dielec-
tric metal oxynitride, dielectric metal silicates, alloys
thereof, and/or combinations thereof. In one embodiment,
the tunneling dielectric layer 56 can include a stack of a first
silicon oxide layer, a silicon oxynitride layer, and a second
silicon oxide layer, which is commonly known as an ONO
stack. In one embodiment, the tunneling dielectric layer 56
can include a silicon oxide layer that is substantially free of
carbon or a silicon oxynitride layer that is substantially free
of carbon. The thickness of the tunneling dielectric layer 56
can be in a range from 2 nm to 20 nm, although lesser and
greater thicknesses can also be employed. The stack of the
blocking dielectric layer 52, the charge storage layer 54, and
the tunneling dielectric layer 56 constitutes a memory film
50 that stores memory bits.

The semiconductor channel material layer 60L includes a
semiconductor material such as at least one elemental semi-
conductor material, at least one III-V compound semicon-
ductor material, at least one II-VI compound semiconductor
material, at least one organic semiconductor material, or
other semiconductor materials known in the art. In one
embodiment, the semiconductor channel material layer 60L
includes amorphous silicon or polysilicon. The semiconduc-
tor channel material layer 60L can be formed by a conformal
deposition method such as low pressure chemical vapor
deposition (LPCVD). The thickness of the semiconductor
channel material layer 60L can be in a range from 2 nm to
10 nm, although lesser and greater thicknesses can also be
employed. A cavity can be provided in the volume of each
memory opening 49 that is not filled with the deposited
material layers (52, 54, 56, 60L).

Referring to FIG. 13C, in case a cavity is present in each
memory opening 49, a dielectric core layer can be deposited
in each cavity to form a dielectric core layer. The dielectric
core layer includes a dielectric material such as silicon oxide
or organosilicate glass. The dielectric core layer can be
deposited by a conformal deposition method such as low
pressure chemical vapor deposition (LPCVD), or by a
self-planarizing deposition process such as spin coating. The
horizontal portion of the dielectric core layer overlying the
second insulating cap layer 270 can be removed, for
example, by a recess etch. The recess etch continues until
top surfaces of the remaining portions of the dielectric core
layer are recessed to a height between the top surface of the
second insulating cap layer 270 and the bottom surface of
the second insulating cap layer 270. Each remaining portion
of the dielectric core layer constitutes a dielectric core 62.

Referring to FIG. 13D, a doped semiconductor material
can be deposited in cavities overlying the dielectric cores 62.
The doped semiconductor material has a doping of the
opposite conductivity type of the doping of the semicon-
ductor channel material layer 60L. Thus, the doped semi-
conductor material has a doping of the second conductivity
type. Portions of the deposited doped semiconductor mate-
rial, the semiconductor channel material layer 60L, the
tunneling dielectric layer 56, the charge storage layer 54, and
the blocking dielectric layer 52 that overlie the horizontal
plane including the top surface of the second insulating cap
layer 270 can be removed by a planarization process such as
a chemical mechanical planarization (CMP) process.

Micron Ex. 1022, p. 96
Micron v. YMTC
IPR2025-00191



US 10,347,654 Bl

27

Each remaining portion of the doped semiconductor mate-
rial having a doping of the second conductivity type con-
stitutes a drain region 63. The drain regions 63 can have a
doping of a second conductivity type that is the opposite of
the first conductivity type. For example, if the first conduc-
tivity type is p-type, the second conductivity type is n-type,
and vice versa. The dopant concentration in the drain regions
63 can be in a range from 5.0x10'%/cm?® to 2.0x10*'/cm?,
although lesser and greater dopant concentrations can also
be employed. The doped semiconductor material can be, for
example, doped polysilicon.

Each remaining portion of the semiconductor channel
material layer 60L constitutes a vertical semiconductor
channel 60 through which electrical current can flow when
a vertical NAND device including the vertical semiconduc-
tor channel 60 is turned on. A tunneling dielectric layer 56
is surrounded by a charge storage layer 54, and laterally
surrounds a vertical semiconductor channel 60. Each adjoin-
ing set of a blocking dielectric layer 52, a charge storage
layer 54, and a tunneling dielectric layer 56 collectively
constitute a memory film 50, which can store electrical
charges with a macroscopic retention time. In some embodi-
ments, a blocking dielectric layer 52 may not be present in
the memory film 50 at this step, and a blocking dielectric
layer may be subsequently formed after formation of back-
side recesses. As used herein, a macroscopic retention time
refers to a retention time suitable for operation of a memory
device as a permanent memory device such as a retention
time in excess of 24 hours.

Each combination of a memory film 50 and a vertical
semiconductor channel 60 within a memory opening 49
constitutes a memory stack structure 55. The memory stack
structure 55 is a combination of a vertical semiconductor
channel 60, a tunneling dielectric layer 56, a plurality of
memory elements which comprise portions of the charge
storage layer 54, and an optional blocking dielectric layer
52. Each combination of a memory stack structure 55, a
dielectric core 62, and a drain region 63 within a memory
opening 49 constitutes a memory opening fill structure 58.
Each memory opening is filled with a respective memory
opening fill structure 58. Each of the memory stack struc-
tures 55 comprises a memory film 50 and a vertical semi-
conductor channel 60 laterally surrounded by the memory
film 50. Each memory stack structure 55 can vertically
extend through each layer within the first alternating stack
(132, 142) and within the second alternating stack (232,
242), and can be formed within a two-dimensional array of
memory stack structures 55 in the memory array region 100.

During formation of the memory opening fill structures 58
(i.e., during the processing steps of FIGS. 13A-13D), the
same structural changes occur in each of the support open-
ings to form support pillar structures. Each support pillar
structure can have a same set of structural elements as a
memory opening fill structure 58 with optional modifica-
tions that occur due to differences in the lateral dimensions
of the support openings relative to the lateral dimensions of
the memory openings. The support pillar structures are
electrically inactive components (also referred to as dummy
components), i.e., components that are not employed to form
an electrically active component. The in-process source-
level material layers 10', the first-tier structure (132, 142,
170, 165), the second-tier structure (232, 242, 265), the
inter-tier dielectric layer 180, the memory opening fill
structures 58, the support opening fill structures, and the
sacrificial backside opening fill structures (148B, 248B)
collectively constitute a memory-level assembly.
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The processing steps of FIGS. 13A-13D replace the
sacrificial memory opening fill structures (148M, 248M)
with the memory opening fill structures 58 without remov-
ing the sacrificial backside opening fill structures (148B,
248B). Memory opening fill structures 58 are formed in the
memory openings 49, and sacrificial backside opening fill
structures (148B, 248B) are provided in the backside open-
ings (149B, 249B).

Referring to FIG. 13E, a second hard mask layer 340 can
be formed over the second insulating cap layer 270. The
second hard mask layer 340 includes a material that can be
employed as an etch mask during subsequent removal of the
second-tier backside opening fill portions 226B and the
first-tier backside opening fill portions 126B. For example,
the second hard mask layer 340 can include silicon nitride.
The thickness of the second hard mask layer 340 can be in
a range from 10 nm to 150 nm, such as from 20 nm to 75
nm, although lesser and greater thicknesses can also be
employed.

Referring to FIGS. 14A-14C, the second hard mask layer
340 can be lithographically patterned, for example, by
application and patterning of a photoresist layer and transfer
of the pattern in the photoresist layer into the second hard
mask layer 340 by an anisotropic etch. The photoresist layer
may be removed, for example, by ashing. The pattern of the
openings 341 in the second hard mask layer 340 is selected
such that an opening 341 is provided through the second
hard mask layer 340 above each top surface of the second-
tier backside opening fill portions 226B. The second hard
mask layer 340 does not include any openings over the
memory opening fill structures 58 or support pillar structures
20 (that are formed in the support openings). Thus, each top
surface of the memory opening fill structures 58 and support
pillar structures 20 is covered by the second hard mask layer
340.

Referring to FIG. 15A, the second-tier backside opening
fill portions 226B and the first-tier backside opening fill
portions 126B can be subsequently removed by an etch
process. The etch process may, or may not, be selective to
the material of the source-level sacrificial layer 104. For
example, if the second-tier sacrificial fill material and the
first-tier sacrificial fill material include a silicon oxide mate-
rial such as undoped silicon oxide, borosilicate glass, phos-
phosilicate glass, or organosilicate glass, and if the first
sacrificial liners 125, the second sacrificial liners 225, and
the second hard mask layer 340 include silicon nitride, then
the second-tier sacrificial fill material and the first-tier
sacrificial fill material can be removed selective to the first
sacrificial liners 125, the second sacrificial liners 225, and
the first hard mask layer 330 by a wet etch process employ-
ing dilute hydrofluoric acid.

Discrete backside openings 79 are formed in volumes
from which a respective set of a second-tier backside open-
ing fill portion 226B and a first-tier backside opening fill
portion 126B is removed. The backside openings 79 are
formed in the memory array region 100 and in the staircase
region 200. Each backside opening 79 can extend through
the first-tier structure and the second-tier structure. A top
surface of the source-level sacrificial layer 104 can be
physically exposed at the bottom of each backside opening
79. The upper sacrificial liner 105, the upper source layer
116, the source-level insulating layer 117, and the optional
source select level conductive layer 118 can be laterally
spaced from each backside opening 79 by a respective
dielectric etch stop material portion 108.

Referring to FIG. 15B, an etchant that etches the material
of the source-level sacrificial layer 104 selective to the
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materials of the first alternating stack (132, 142), the second
alternating stack (232, 242), the first and second insulating
cap layers (170, 270), the upper sacrificial liner 105, and the
lower sacrificial liner 103 can be introduced into the back-
side trenches in an isotropic etch process. For example, if the
source-level sacrificial layer 104 includes undoped amor-
phous silicon or an undoped amorphous silicon-germanium
alloy, the backside trench spacers 74 include silicon nitride,
and the upper and lower sacrificial liners (105, 103) include
silicon oxide, a wet etch process employing hot trimethyl-2
hydroxyethyl ammonium hydroxide (“hot TMY™) or tetram-
ethyl ammonium hydroxide (TMAH) can be employed to
remove the source-level sacrificial layer 104 selective to the
backside trench spacers 74 and the upper and lower sacri-
ficial liners (105, 103). A source cavity 109 is formed in the
volume from which the source-level sacrificial layer 104 is
removed.

Referring to FIG. 15C, a sequence of isotropic etchants,
such as wet etchants, can be applied to the physically
exposed portions of the memory films 50 in the source cavity
109 to sequentially etch the various component layers of the
memory films 50 from outside to inside, and to physically
expose cylindrical surfaces of the vertical semiconductor
channels 60 at the level of the source cavity 109. The upper
and lower sacrificial liners (105, 103) can be collaterally
etched during removal of the portions of the memory films
50 located at the level of the source cavity 109. The source
cavity 109 can be expanded in volume by removal of the
portions of the memory films 50 at the level of the source
cavity 109 and the upper and lower sacrificial liners (105,
103). A top surface of the lower source layer 112 and a
bottom surface of the upper source layer 116 can be physi-
cally exposed to the source cavity 109.

Referring to FIGS. 16A-16C, a doped semiconductor
material having a doping of the second conductivity type can
be deposited by a selective semiconductor deposition pro-
cess. A semiconductor precursor gas, an etchant, and a
dopant precursor gas can be flowed concurrently into a
process chamber including the exemplary structure during
the selective semiconductor deposition process. For
example, if the second conductivity type is n-type, a semi-
conductor precursor gas such as silane, disilane, or dichlo-
rosilane, an etchant gas such as hydrogen chloride, and a
dopant precursor gas such as phosphine, arsine, or stibine
can be provided. The deposited doped semiconductor mate-
rial forms a source contact layer 114, which can contact
sidewalls of the vertical semiconductor channels 60. The
duration of the selective semiconductor deposition process
can be selected such that the source cavity is filled with the
source contact layer 114, and the source contact layer 114
contacts the exposed portions of the semiconductor channel
60 and bottom end portions of inner sidewalls of the
backside trench spacers 74. Thus, the source contact layer
114 can be formed by selectively depositing a doped semi-
conductor material from semiconductor surfaces around the
source cavity 109. In one embodiment, the doped semicon-
ductor material can include doped polysilicon.

The layer stack including the lower source layer 112, the
source contact layer 114, and the upper source layer 116
constitutes a buried source layer (112, 114, 116), which
function as a common source region that is connected each
of the vertical semiconductor channels 60 and has a doping
of the second conductivity type. The average dopant con-
centration in the buried source layer (112, 114, 116) can be
in a range from 5.0x10"/cm® to 2.0x10*'/cm?, although
lesser and greater dopant concentrations can also be
employed. The set of layers including the buried source
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layer (112, 114, 116), the source-level insulating layer 117,
and the optional source select level conductive layer 118
constitutes source-level material layers 10, which replace
the in-process source-level material layers 10'. Optionally,
an oxidation process can be performed to convert a surface
portion of the source contact layer 114 into a semiconductor
oxide portion (not illustrated) underneath each backside
opening 79.

Referring to FIGS. 17A-17C, the first sacrificial liners 125
and the second sacrificial liners 225 can be removed selec-
tive to the materials of the first and second insulating layers
(132, 232), the first and second insulating cap layers (170,
270), the inter-tier dielectric layer 180, and the dielectric
etch stop material portions 108 by an isotropic etch process.
For example, a wet etch process employing hot phosphoric
acid can be employed to remove the first sacrificial liners
125 and the second sacrificial liners 225. The second hard
mask layer 340 may be collaterally removed during removal
of the first sacrificial liners 125 and the second sacrificial
liners 225. The backside openings 79 are cavities that are
formed in volumes of the backside openings (149B, 249B)
by removing the sacrificial backside opening fill structures
(126B, 226B), the first sacrificial liners 125, and the second
sacrificial liners 225.

Subsequently, remaining portions of the sacrificial mate-
rial layers (142, 242) are replaced with material portions
including electrically conductive layers. For example, an
etchant that selectively etches the materials of the first and
second sacrificial material layers (142, 242) with respect to
the materials of the first and second insulating layers (132,
232), the first and second insulating cap layers (170, 270),
the inter-tier insulating layer 180, the first and second
retro-stepped dielectric material portions (165, 265), and the
material of the outermost layer of the memory films 50 can
be introduced into the backside openings 79, for example,
employing an isotropic etch process. For example, the first
and second sacrificial material layers (142, 242) can include
silicon nitride, the materials of the first and second insulating
layers (132, 232), the first and second insulating cap layers
(170, 270), the material of the inter-tier insulating layer 180,
the material of the first and second retro-stepped dielectric
material portions (165, 265), and the material of the outer-
most layer of the memory films 50 can include silicon oxide
materials.

The isotropic etch process can be a wet etch process
employing a wet etch solution, or can be a gas phase (dry)
etch process in which the etchant is introduced in a vapor
phase into the backside opening 79. For example, if the first
and second sacrificial material layers (142, 242) include
silicon nitride, the etch process can be a wet etch process in
which the exemplary structure is immersed within a wet etch
tank including phosphoric acid, which etches silicon nitride
selective to silicon oxide, silicon, and various other mate-
rials employed in the art. In case the sacrificial material
layers (142, 242) comprise a semiconductor material, a wet
etch process (which may employ a wet etchant such as a
KOH solution) or a dry etch process (which may include gas
phase HCI) may be employed.

Each of the first and second backside recesses (143, 243)
can be a laterally extending cavity having a lateral dimen-
sion that is greater than the vertical extent of the cavity. In
other words, the lateral dimension of each of the first and
second backside recesses (143, 243) can be greater than the
height of the respective backside recess (143, 243). A
plurality of first backside recesses 143 can be formed in the
volumes from which the material of the first sacrificial
material layers 142 is removed. A plurality of second back-
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side recesses 243 can be formed in the volumes from which
the material of the second sacrificial material layers 242 is
removed. Each of the first and second backside recesses
(143, 243) can extend substantially parallel to the top surface
of the substrate 8. A backside recess (143, 243) can be
vertically bounded by a top surface of an underlying insu-
lating layer (132 or 232) and a bottom surface of an
overlying insulating layer (132 or 232). In one embodiment,
each of the first and second backside recesses (243, 243) can
have a uniform height throughout.

Referring to FIGS. 18A-18C, a backside blocking dielec-
tric layer 44 can be optionally deposited in the backside
recesses (143, 243) and the backside openings 79 and over
the contact level dielectric layer 280. The backside blocking
dielectric layer 44 can be deposited on the physically
exposed portions of the outer surfaces of the memory stack
structures 55, which are portions of the memory opening fill
structures 58. The backside blocking dielectric layer 44
includes a dielectric material such as a dielectric metal
oxide, silicon oxide, or a combination thereof. For example,
the backside blocking dielectric layer 44 can include alu-
minum oxide. The backside blocking dielectric layer 44 can
be formed by a conformal deposition process such as atomic
layer deposition or chemical vapor deposition. The thickness
of the backside blocking dielectric layer 44 can be in a range
from 1 nm to 20 nm, such as from 2 nm to 10 nm, although
lesser and greater thicknesses can also be employed.

At least one conductive material (46A, 46B) can be
deposited in the plurality of backside recesses (243, 243), on
the sidewalls of the backside opening 79, and over the
contact level dielectric layer 280. The at least one conduc-
tive material (46A, 46B) can be deposited by a conformal
deposition method, which can be, for example, chemical
vapor deposition (CVD), atomic layer deposition (ALD),
electroless plating, electroplating, or a combination thereof.
The at least one conductive material (46A, 46B) can include
an elemental metal, an intermetallic alloy of at least two
elemental metals, a conductive nitride of at least one
elemental metal, a conductive metal oxide, a conductive
doped semiconductor material, a conductive metal-semicon-
ductor alloy such as a metal silicide, alloys thereof, and
combinations or stacks thereof.

In one embodiment, the at least one conductive material
(46 A, 46B) can include at least one metallic material, i.e., an
electrically conductive material that includes at least one
metallic element. Non-limiting exemplary metallic materials
that can be deposited in the backside recesses (143, 243)
include tungsten, tungsten nitride, titanium, titanium nitride,
tantalum, tantalum nitride, cobalt, and ruthenium. For
example, the at least one conductive material (46A, 46B)
can include a conductive metallic nitride liner 46A that
includes a conductive metallic nitride material such as TiN,
TaN, WN, or a combination thereof, and a conductive fill
material 468 such as W, Co, Ru, Mo, Cu, or combinations
thereof. In one embodiment, the at least one conductive
material (46A, 46B) for filling the backside recesses (143,
243) can be a combination of titanium nitride layer and a
tungsten fill material.

Electrically conductive layers (1461, 2461.) can be
formed in the backside recesses (143, 243) by deposition of
the at least one conductive material (46A, 46B). A plurality
of first electrically conductive layers 1461 can be formed in
the plurality of first backside recesses 143, a plurality of
second electrically conductive layers 2461, can be formed in
the plurality of second backside recesses 243, and a con-
tinuous metallic material layer (not shown) can be formed
on the sidewalls of each backside opening 79 and over the
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contact level dielectric layer 280. Each of the first electri-
cally conductive layers 1461 and the second electrically
conductive layers 246L can include a respective conductive
metallic nitride liner 46A and a respective conductive fill
material 46B. Thus, the first and second sacrificial material
layers (142, 242) can be replaced with the first and second
electrically conductive layers (1461, 246L), respectively.
Specifically, each first sacrificial material layer 142 can be
replaced with an optional portion of the backside blocking
dielectric layer and a first electrically conductive layer 146L.,
and each second sacrificial material layer 242 can be
replaced with an optional portion of the backside blocking
dielectric layer and a second electrically conductive layer
246L.. A backside cavity is present in the portion of each
backside opening 79 that is not filled with the continuous
metallic material layer.

Residual conductive material can be removed from inside
the backside openings 79. Specifically, the deposited metal-
lic material of the continuous metallic material layer can be
etched back from the sidewalls of each backside opening 79
and from above the contact level dielectric layer 280, for
example, by an anisotropic or isotropic etch. Each remaining
portion of the deposited metallic material in the first back-
side recesses constitutes a first electrically conductive layer
146L. Each remaining portion of the deposited metallic
material in the second backside recesses constitutes a second
electrically conductive layer 246L.

Each electrically conductive layer (1461, 246L) can be a
conductive sheet including openings therein. A first subset of
the openings through each electrically conductive layer
(1461, 246L) can be filled with memory opening fill struc-
tures 58. A second subset of the openings through each
electrically conductive layer (1461, 246L) can be filled with
the support pillar structures 20. A third subset of the open-
ings through each electrically conductive layer (1461, 246L.)
can include backside openings 79. Each electrically conduc-
tive layer (1461, 246L) can have a lesser area than any
underlying electrically conductive layer (146L, 246L)
because of the first and second stepped surfaces. Each
electrically conductive layer (146L, 246L) can have a
greater area than any overlying electrically conductive layer
(146L, 246L) because of the first and second stepped sur-
faces.

In some embodiment, drain-select-level isolation struc-
tures (not illustrated) may be provided at topmost levels of
the second electrically conductive layers 246L.. A subset of
the second electrically conductive layers 246 located at the
levels of the drain-select-level isolation structures consti-
tutes drain select gate electrodes. A subset of the electrically
conductive layer (1461, 246L) located underneath the drain
select gate electrodes can function as combinations of a
control gate and a word line located at the same level. The
control gate electrodes within each electrically conductive
layer (1461, 246L) are the control gate electrodes for a
vertical memory device including the memory stack struc-
ture 55.

Each of the memory stack structures 55 comprises a
vertical stack of memory elements located at each level of
the electrically conductive layers (1461, 2461). A subset of
the electrically conductive layers (1461, 246L.) can com-
prise word lines for the memory elements. The semiconduc-
tor devices in the underlying peripheral device region 700
can comprise word line switch devices configured to control
a bias voltage to respective word lines. The memory-level
assembly is located over the substrate semiconductor layer
9. The memory-level assembly includes at least one alter-
nating stack (132, 146L, 232, 246L) and memory stack
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structures 55 vertically extending through the at least one
alternating stack (132, 1461, 232, 246L.). Each of the at least
one an alternating stack (132, 146L, 232, 246L) includes
alternating layers of respective insulating layers (132 or 232)
and respective electrically conductive layers (146 or 246L).
The at least one alternating stack (132, 1461, 232, 246L.)
comprises staircase regions that include terraces in which
each underlying electrically conductive layer (1461, 246L.)
extends farther along the first horizontal direction hd1l than
any overlying electrically conductive layer (146L, 246L) in
the memory-level assembly. The first sacrificial material
layers 142 are replaced with material portions including the
first electrically conductive layers 1461 and a subset of the
backside blocking dielectric layers 44. The second sacrificial
material layers 142 are replaced with material portions
including the second electrically conductive layers 2461 and
another subset of the backside blocking dielectric layers 44.
Thus, each electrically conductive layer (1461, 246L) can be
formed as a continuous material layer including multiple
rows of holes, which are the multiple rows of backside
openings 79.

Referring to FIGS. 19A-19D, each electrically conductive
layer (1461, 246L) can be singulated (i.e., divided) into a
plurality of electrically conductive strips (146, 246) by
isotropically recessing the electrically conductive layers
(1461, 246L) around each backside opening 79. As used
herein, an “electrically conductive strip” refers to an elec-
trically conductive layer that laterally extends along a
lengthwise direction such as the first horizontal direction
hd1. Specifically, the at least one conductive material (46A,
46B) can be isotropically etched around each backside
opening 79. An isotropic etch process (such as a wet etch
process) that etches the at least one conductive material
(46 A, 46B) selective to the materials of the first and second
insulating layers (132, 142) can be employed. The duration
of the isotropic etch process can be selected such that the
lateral recess distance of the isotropic etch process is greater
than one half of the spacing between neighboring pairs of
backside openings 79 in the rows of the backside openings
79. Thus, each electrically conductive layer (1461, 246L.)
can be divided into multiple electrically conductive strips
(146, 246) that are laterally spaced apart along the second
horizontal direction hd2. Specifically, each of the first elec-
trically conductive layers 146L can be divided into multiple
discrete first electrically conductive strips 146 having a
respective pair of serrated sidewalls. Each of the second
electrically conductive layers 246L. can be divided into
multiple discrete second electrically conductive strips 246
having a respective pair of serrated sidewalls.

Each serrated sidewall of the first and second electrically
conductive strips (146, 246) can include a laterally adjoined
plurality of vertical concave sidewall segments that are
adjoined to one or two neighboring concave sidewall seg-
ments at vertically extending edges. In case the backside
openings 79 have circular shapes at the processing steps of
FIGS. 18A-18C, the vertical concave sidewall segments can
have a same radius of curvature, which is greater than one
half of the pitch of the backside openings 79 along the first
horizontal direction hdl at the processing steps of FIGS.
18A-18C within each row of backside openings 79. Each
first electrically conductive strip 146 is electrically and
physically isolated from neighboring first electrically con-
ductive strips 146 located at the same level. Likewise, each
second electrically conductive strip 246 is electrically and
physically isolated from neighboring second electrically
conductive strip 246 located at the same level. Width-
modulated cavities 79" extending along the first horizontal
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direction with a periodic width modulation is formed. The
width-modulated cavities 79" include expanded volumes of
the backside openings 79 within a row of backside openings
79 as provided at the processing steps of FIGS. 18A-18C.
The width-modulated cavities 79' are formed by isotropi-
cally etching the at least one conductive material of the
electrically conductive layers (146L, 246L) selective to
materials of the insulating layers (132, 232) and the retro-
stepped dielectric material portions (165, 265).

In other words, as shown in FIG. 19B, the backside
openings 79 are expanded and merged together into width-
modulated cavities 79' at the levels of the electrically
conductive layers (146L, 246L). Thus, the width-modulated
cavities 79' comprise trenches which extend into the first
horizontal direction hdl and separate the electrically con-
ductive layers (146L, 246L) into the discrete electrically
conductive strips (146, 246). In contrast, as shown in FIG.
19C, the backside openings 79 are not significantly
expanded and are not merged into continuous trenches at the
levels of the insulating layers (132, 232). Thus, the insulat-
ing layers (132, 233) are not separated into discrete strips
and remain as continuous insulating layers containing per-
forations at the locations of the backside openings 79 and the
memory openings 49. Thus, each alternating stack includes
discrete electrically conductive strips which are separated
from each other in the vertical direction by continuous
insulating layers. Each continuous perforated insulating
layer (132, 232) overlies and/or underlies plural discrete
electrically conductive strips (146, 246) located in the same
vertical level (i.e., located equidistant from the top of the
substrate 8).

Each of the electrically conductive strips (146, 246)
include a pair of laterally undulating lengthwise sidewalls
that generally extend along the first horizontal direction hdl
and a straight widthwise sidewall that extends along the
second horizontal direction hd2 that is perpendicular to the
first horizontal direction hdl. The straight sidewall may be
spaced from the first retro-stepped dielectric material portion
165 or the second retro-stepped dielectric material portion
265 by a backside blocking dielectric layer 44. Alternatively,
if the backside blocking dielectric layer 44 is omitted, the
straight sidewall may contact the first retro-stepped dielec-
tric material portion 165 or the second retro-stepped dielec-
tric material portion 265. Each of the laterally undulating
lengthwise sidewalls of the electrically conductive strips
(146, 246) can include a plurality of concave vertical side-
walls that are adjoined among one another along vertical
edges.

Referring to FIGS. 20A-20E, an insulating material can
be deposited in the width-modulated cavities 79' by a
conformal deposition process. Excess portions of the insu-
lating material deposited over the top surface of the contact
level dielectric layer 280 can be removed by a planarization
process such as a recess etch or a chemical mechanical
planarization (CMP) process. Each remaining portion of the
insulating material in the width-modulated cavities 79' con-
stitutes a width-modulated insulating wall structure 76. The
width-modulated insulating wall structures 76 include an
insulating material such as silicon oxide, silicon nitride,
and/or a dielectric metal oxide. Each width-modulated insu-
lating wall structure 76 can vertically extend through first
alternating stacks (132, 146) of first insulating layers 132
and first electrically conductive strips 146 and second alter-
nating stacks (232, 246) of second insulating layers 232 and
second electrically conductive strips 246, and laterally
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extends along the first horizontal direction hdl and are
laterally spaced apart among one another along the second
horizontal direction hd2.

Discrete insulating pillars 76' are formed in the subset of
the backside openings 79 that vertically extend through the
retro-stepped dielectric material portions (165, 265), as
shown in FIG. 20E. Each insulating pillar 76' has a sidewall
that contacts a respective sidewall of the second retro-
stepped dielectric material portion 265. A subset of the
insulating pillars 76' has a sidewall that contacts a respective
sidewall of the first retro-stepped dielectric material portion
165. At the same time, width-modulated insulating wall
structures 76 are formed in the width-modulated cavities 79'.
As shown in FIG. 20E, each of the width-modulated insu-
lating wall structures 76 is a perforated structure (where
insulating layers 132 or 232 fill the perforations) that
extends in the vertical direction and in the first horizontal
direction (e.g., the word line direction) hdl.

In one embodiment shown in FIG. 20E, each of the
width-modulated insulating wall structures 76 comprises
ribbed beams 76B laterally contacting a respective pair of
electrically conductive strips (146 or 246) and located at
each level of the electrically conductive strips (146 or 246).
Each ribbed beam 76B continuously extends along the first
horizontal direction hdl, does not protrude above a first
horizontal plane including a bottom surface of an immedi-
ately overlying insulating material layer (132, 170, 232, or
270) and does not protrude below a second horizontal plane
including a top surface of an immediately underlying insu-
lating material layer (132 or 232).

Further, each of the width-modulated insulating wall
structures 76 comprises cylindrical pillar structures 76P
located at each level of the insulating layers (132, 232). Each
pillar structure 76P contacts a respective pair of an overlying
ribbed beam 76B and an underlying ribbed beam 76B. The
pillar structures 76B are arranged along the first horizontal
direction hdl and laterally spaced apart among one another
by the perforations filled with the insulating layers (132,
232). The lateral extent of each ribbed beam 76B along the
first horizontal direction hdl decreases with the vertical
distance from the source-level material layers 10. The lateral
extent of each ribbed beam 76B along the first horizontal
direction hdl can be less than the sum of the lateral extent
of an underlying insulating layer (132 or 232) and the
maximum lateral dimension (such as the diameter) of the
backside openings 79 as provided at the processing steps of
FIGS. 18A-18C. Each of the laterally undulating lengthwise
sidewalls of the electrically conductive strips (146, 246) can
contact a respective set of convex vertical sidewalls of a
respective one of the width-modulated insulating wall struc-
tures 76, which is a set of convex vertical sidewalls of a
ribbed beam 76B.

In one embodiment, each group of memory stack struc-
tures 55 includes a two-dimensional periodic array of
memory stack structures 55. At least one row of memory
stack structures 55 of at least one group of memory stack
structures 55 contacts one of the width-modulated insulating
wall structures 76. In one embodiment, the memory stack
structures 55 contacting the width-modulated insulating wall
structures 76 may be dummy structures that are not
employed to store electrical charge.

Referring to FIGS. 21A-21F, a contact level dielectric
layer 280 can be formed on the top surface of the second
insulating cap layer 270. The contact level dielectric layer
280 includes a dielectric material such as undoped silicate
glass or doped silicate glass. The thickness of the contact
level dielectric layer 280 can be in a range from 150 nm to
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1,000 nm, such as from 300 nm to 500 nm, although lesser
and greater thicknesses can also be employed. The contact
level dielectric layer 280 can be formed after formation of
the width-modulated insulating wall structures 76 by a
planarization process (such as chemical mechanical pla-
narization). Alternatively, the contact level dielectric layer
280 may be formed by not planarizing the dielectric material
that is deposited to form the width-modulated insulating
wall structures 76. In other words, the contact level dielec-
tric layer 280 may be collaterally formed by deposition of
the dielectric material that forms the width-modulated insu-
lating wall structures 76.

Various contact via cavities can be formed through the
contact level dielectric layer 280 and underlying dielectric
material portions to various underlying electrically active
elements. For example, drain contact via cavities can be
formed through the contact level dielectric layer 280 to top
surfaces of the drain regions 63. Staircase-region contact via
cavities can be formed in the staircase region 200 in the
memory array region 100. The staircase-region contact via
cavities can be formed through the contact level dielectric
layer 280 and the second and first retro-stepped dielectric
material portions (265, 165) to top surfaces of the electri-
cally conductive strips (146, 246) in the staircase region 200.
Peripheral-region via cavities can be formed through the
contact level dielectric layer 280, the second and first
retro-stepped dielectric material portions (265, 165), and the
at least one second dielectric layer 768 to top surfaces of the
lower metal interconnect structure 780 in the peripheral
region 400. Additional via cavities may be formed as
needed. The various via cavities may be formed employing
a single masking step and a single etch stop, or may be
formed employing multiple combinations of a masking step
in which a patterned mask (such as a patterned photoresist
layer) is provided and an etch step in which an anisotropic
etch process is employed to transfer the pattern in the
patterned mask through underlying dielectric material por-
tions.

At least one conductive material can be deposited in the
various contact via cavities. The at least one conductive
material can include a metallic nitride liner and a metallic fill
material. The metallic nitride liner can include a metallic
nitride material such as TiN, TaN, WN, or combinations
thereof. The metallic fill material can include a metal or a
metallic alloy such as W, Ru, Co, Mo, Cu, or combinations
thereof. Excess portions of the at least one conductive
material can be removed from above the horizontal plane
including the top surface of the contact level dielectric layer
280 by a planarization process such as chemical mechanical
planarization and/or a recess etch.

Drain contact via structures 88 are formed in the drain
contact via cavities and on a top surface of a respective one
of the drain regions 63. Staircase-region contact via struc-
tures 86 are formed in the staircase-region contact via
cavities and on a top surface of a respective one of the
electrically conductive strips (146, 246). The staircase-
region contact via structures 86 can include drain select level
contact via structures that contact a subset of the second
electrically conductive strips 246 that function as drain
select level gate electrodes. Further, the staircase-region
contact via structures 86 can include word line contact via
structures that contact electrically conductive strips (146,
246) that underlie the drain select level gate electrodes and
function as word lines for the memory stack structures 55.
Peripheral-region contact via structures 488 can be formed
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in the peripheral-region contact via cavities and on a respec-
tive one of the lower metal interconnect structure 780 in the
peripheral region 400.

Referring to FIG. 22, at least one additional dielectric
layer can be formed over the contact level dielectric layer
280, and additional metal interconnect structures (herein
referred to as upper-level metal interconnect structures) can
be formed in the at least one additional dielectric layer. For
example, the at least one additional dielectric layer can
include a line-level dielectric layer 284 that is formed over
the contact level dielectric layer 280. The upper-level metal
interconnect structures can include bit lines 98 contacting, or
electrically shorted to, a respective one of the drain contact
via structures 88, and interconnection line structures 96
contacting, and/or electrically shorted to, at least one of the
staircase-region contact via structures 86 and/or the periph-
eral region contact via structures 488. In this embodiment,
no dummy memory stack structures 55 are formed.

Referring to FIGS. 23A-23C, an alternative configuration
of the exemplary structure is illustrated at the processing
steps of FIGS. 5A-5C. The alternative configuration of the
exemplary structure can be derived from the exemplary
structure by modifying the layout for the various backside
openings (149B, 249B) and the various memory openings
(149M, 249M). In the alternative configuration, the rows of
first-tier backside openings 149B are not located at the
lattice sites of neighboring two-dimensional periodic arrays
of first-tier memory openings 149M. In some embodiments,
the center-to-center distance between a row of first-tier
backside openings 149B and a most proximal row of first-
tier memory openings 149M can be greater than the center-
to-center distance between neighboring rows of first-tier
memory openings 149M within a two-dimensional array of
first-tier memory openings 149M. In some embodiment, the
first-tier backside openings 149B may have a greater maxi-
mum lateral dimension (e.g., a diameter) than the first-tier
memory openings 149M.

Referring to FIGS. 24 A-24C, the alternative configuration
of the exemplary structure is illustrated at the processing
steps of FIGS. 11A-11C. The second-tier backside openings
2498 are formed over the first-tier backside openings 149B,
and the second-tier memory openings 249M are formed over
the first-tier memory openings 149M. Sacrificial memory
opening fill structure (148M, 248M), sacrificial backside
opening fill structures (148B, 248B), and sacrificial support
opening fill structures can be formed as described above.

Referring to FIGS. 25A-25C, the alternative configuration
of the exemplary structure is illustrated at the processing
steps of FIGS. 16 A-16C. Memory opening fill structures 58,
support pillar structures 20, and the backside openings 79
can be formed as described above.

Referring to FIGS. 26 A-26E, the alternative configuration
of the exemplary structure is illustrated at the processing
steps of FIGS. 21A-21C. Various contact via structures (88,
86, 488) can be formed as described above. In this case, each
group of memory stack structures 55 includes a two-dimen-
sional periodic array of memory stack structures 55, and
each memory stack structure 55 can be laterally spaced from
the width-modulated insulating wall structures 76. All of the
memory stack structures 55 can be electrically active com-
ponents that can store electrical charge therein because all
memory stack structures 55 are surrounded by the electri-
cally conductive strips (146, 246) (i.e., word lines/control
gate electrodes).

Referring to all drawings of the present disclosure and
according to various embodiments of the present disclosure,
a three-dimensional semiconductor device is provided. The
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device comprises: an alternating stacks of insulating layers
(132, 232) and electrically conductive strips (146, 246)
located over a substrate 8, a width-modulated insulating wall
structure 76 laterally extends along a first horizontal direc-
tion hdl and vertically extends through each layer in the
alternating stack {(132, 146) and/or (232, 246)}, and groups
of memory stack structures 55 extending through the alter-
nating stack {(132, 146) and/or (232, 246)}, and each
memory stack structure 55 includes a memory film 50 and
a vertical semiconductor channel 60. Each insulating layer
(132, 232) is a continuous perforated insulating layer that
laterally extends through the width-modulated insulating
wall structure 76. The electrically conductive strips (146,
246) in each vertical level are discrete strips which are
laterally separated from each other by the width-modulated
insulating wall structure 76.

In one embodiment, the alternating stack {(132, 146)
and/or (232, 246)} includes respective stepped surfaces that
extend from a bottommost layer to a topmost layer within a
respective alternating stack {(132, 146) and/or (232, 246)}.
In one embodiment, two electrically conductive strips (146
or 246) in each laterally neighboring pair of electrically
conductive strips that are located in the same vertical level
are vertically spaced from the substrate 8 by a same distance
and are laterally spaced apart from each other by a laterally
undulating portion of the width-modulated insulating wall
structure 76.

In one embodiment, each of the electrically conductive
strips (146, 246) includes a pair of laterally undulating
lengthwise sidewalls that generally extend along the first
horizontal direction hdl and a straight widthwise sidewall
that is located at the stepped surfaces and that extends along
a second horizontal direction hd2 that is perpendicular to the
first horizontal direction hd1.

In one embodiment, the three-dimensional semiconductor
device further comprises a retro-stepped dielectric material
portion (165 or 265) that contacts each straight widthwise
sidewall of the electrically conductive strips (146 or 246) or
is laterally spaced from each straight widthwise sidewall of
the electrically conductive strips (146 or 246) by a respec-
tive backside blocking dielectric layer 44. The retro-stepped
dielectric material portion (165 or 265) overlies the stepped
surfaces of each of the alternating stacks {(132, 146) and/or
(232, 246)}.

In one embodiment, each of the laterally undulating
lengthwise sidewalls of the electrically conductive strips
(146, 246) includes a plurality of concave vertical sidewalls
that are adjoined among one another along vertical edges,
and each of the plurality of concave vertical sidewalls
contacts a respective convex vertical sidewall of the width-
modulated insulating wall structure 76.

In one embodiment, discrete insulating pillars 76' verti-
cally extend through the retro-stepped dielectric material
portion (165 and/or 265).

In one embodiment, the width-modulated insulating wall
structure 76 comprises: ribbed beams 76B laterally contact-
ing a respective pair of electrically conductive strips (146,
246) and located at each level of the electrically conductive
strips (146, 246) and continuously extending along the first
horizontal direction hdl; and cylindrical pillar structures
76P contacting a respective pair of an overlying ribbed beam
76B and an underlying ribbed beam 76B and arranged along
the first horizontal direction hdl and laterally spaced apart
among one another.

In one embodiment, each insulating layer (132, 232) is
perforated by backside openings 79 that extend through the
insulating layer. The pillar structures 76B extend through the
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respective backside openings 79. Each insulating layer (132,
232) continuously extends in spaces between the backside
openings 79 containing the pillar structures 76B. The width-
modulated insulating wall structure 76 is a perforated struc-
ture containing horizontal (i.e., lateral) perforations filled by
the insulating layers (132, 232).

In one embodiment, each ribbed beam 76B laterally
contacting the respective pair of electrically conductive
strips (146 or 246) has a sidewall located with a same flat
vertical plane (that can be laterally offset from a vertical step
S by a thickness of a backside blocking dielectric layer 44)
that includes sidewalls of the respective pair of electrically
conductive strips (146 or 246) that laterally extend along the
second horizontal direction hd2, and for each pair of an
overlying ribbed beam 76B and an underlying ribbed beam
76B, the underlying ribbed beam 76B has a greater lateral
extent along the first horizontal direction hdl than the
overlying ribbed beam 76B.

In one embodiment, each group of memory stack struc-
tures 55 includes rows of memory stack structures 55 that
are arranged along the first horizontal direction hd1 with a
first pitch, and the ribbed beams 76B have a variable width
along the second horizontal direction hd2 that changes
periodically with translation along the first horizontal direc-
tion hdl, wherein a periodicity of modulation of the variable
width is the same as the first pitch.

In one embodiment, each group of memory stack struc-
tures 55 includes a two-dimensional periodic array of
memory stack structures 55; and each memory stack struc-
ture 55 is laterally spaced from the width-modulated insu-
lating wall structure 76, as illustrated in FIG. 26B.

In one embodiment, each group of memory stack struc-
tures 55 includes a two-dimensional periodic array of
memory stack structures 55, and at least one row of memory
stack structures 55 of at least one group of memory stack
structures 55 contacts the width-modulated insulating wall
structure 76, as illustrated in FIG. 20B.

In one embodiment, each insulating layer (132, 232) is
perforated by backside openings 79 that extend through the
insulating layer. The pillar structures 76B extend through the
respective backside openings 79. Each insulating layer (132,
232) continuously extends in spaces between the backside
openings 79 containing the pillar structures 76B. The width-
modulated insulating wall structure 76 is a perforated struc-
ture containing horizontal (i.e., lateral) perforations filled by
the insulating layers (132, 232).

In some embodiments, a plurality of width-modulated
insulating wall structures 76 extend through the alternating
stack, and the three-dimensional semiconductor device can
comprise a source contact layer 114 located between the
substrate 8 and the alternating stacks {(132, 146) and/or
(232, 246)} and contacting a sidewall of each of the vertical
semiconductor channels 60, wherein the plurality of the
width-modulated insulating wall structures 76 contact a top
surface of the source contact layer 114.

In one embodiment, the three-dimensional semiconductor
device further comprises dielectric etch stop material por-
tions 108 contacting the source contact layer 114 and a
sidewall the width-modulated insulating wall structure 76

—_

0

—_

5

20

35

45

55

40

device, the substrate 8 comprises a silicon substrate, the
monolithic three-dimensional NAND memory device com-
prises an array of monolithic three-dimensional NAND
strings over the silicon substrate, and at least one memory
cell in a first device level of the array of monolithic
three-dimensional NAND strings is located over another
memory cell in a second device level of the array of
monolithic three-dimensional NAND strings. The silicon
substrate can contain an integrated circuit comprising a
driver circuit for the memory device located thereon, the
electrically conductive strips (146, 246) comprise a plurality
of control gate electrodes having a strip shape extending
substantially parallel to the top surface of the substrate 8, the
plurality of control gate electrodes comprise at least a first
control gate electrode located in the first device level and a
second control gate electrode located in the second device
level. The array of monolithic three-dimensional NAND
strings comprises a plurality of semiconductor channels 60,
wherein at least one end portion of each of the plurality of
semiconductor channels 60 extends substantially perpen-
dicular to a top surface of the substrate 8, and one of the
plurality of semiconductor channels including the vertical
semiconductor channel 60. The array of monolithic three-
dimensional NAND strings comprises a plurality of charge
storage elements (as embodied as portions of the memory
films 50), each charge storage element located adjacent to a
respective one of the plurality of semiconductor channels
60.

The embodiments of the present disclosure provide dis-
crete backside openings 79 among arrays of memory open-
ings 49. Because the electrically conductive layers (146L,
246L.) are formed as continuous sheets that are not divided
in any horizontal direction, unidirectional stress can be
avoided during formation of the electrically conductive
layers (1461, 246L). Thus, transient mechanical stress dur-
ing formation of the electrically conductive layers (146L,
246L.) can be reduced during formation of a three-dimen-
sional memory device.

Although the foregoing refers to particular embodiments,
it will be understood that the disclosure is not so limited. It
will occur to those of ordinary skill in the art that various
modifications may be made to the disclosed embodiments
and that such modifications are intended to be within the
scope of the disclosure. Compatibility is presumed among
all embodiments that are not alternatives of one another. The
word “comprise” or “include” contemplates all embodi-
ments in which the word “consist essentially of” or the word
“consists of” replaces the word “comprise” or “include,”
unless explicitly stated otherwise. Where an embodiment
employing a particular structure and/or configuration is
illustrated in the present disclosure, it is understood that the
present disclosure may be practiced with any other compat-
ible structures and/or configurations that are functionally
equivalent provided that such substitutions are not explicitly
forbidden or otherwise known to be impossible to one of
ordinary skill in the art. All of the publications, patent
applications and patents cited herein are incorporated herein
by reference in their entirety.

and underlying a horizontal plane including a bottommost 60

surface of the alternating stacks {(132, 146) and/or (232, What is claimed is:

246)}. 1. A three-dimensional semiconductor device comprising:
In one embodiment, the three-dimensional memory an alternating stack of insulating layers and electrically

device comprises a monolithic three-dimensional NAND conductive strips located over a substrate;

memory device, the electrically conductive strips (146, 246) 65  a width-modulated insulating wall structure that laterally

comprise, or are electrically connected to, a respective word
line of the monolithic three-dimensional NAND memory

extends along a first horizontal direction and vertically
extends through each layer in the alternating stack; and
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groups of memory stack structures extending through the
alternating stack, wherein each memory stack structure
includes a memory film and a vertical semiconductor
channel,

wherein:

each insulating layer is a continuous perforated insulating
layer that laterally extends through the width-modu-
lated insulating wall structure, and the electrically
conductive strips in each vertical level are discrete

42

wherein the width-modulated insulating wall structure
comprises:
ribbed beams laterally contacting a respective pair of
electrically conductive strips and located at each
level of the electrically conductive strips and con-
tinuously extending along the first horizontal direc-
tion; and
pillar structures contacting a respective pair of an
overlying ribbed beam and an underlying ribbed

strips that are laterally separated from each other by the 10 beam and arranged along the first horizontal direc-
. . . . tion and laterally spaced apart from each other.
width-modulated insulating wall structure; . . . . .
. . .. . 5. The three-dimensional semiconductor device of claim
two electrically conductive strips in each laterally neigh- wherein:
boring pair of electrlca}ly conductive StF]pS that are each ribbed beam laterally contacting the respective pair
located in the same vertical le\{el are vertically spaced of electrically conductive strips has a sidewall located
from the substrate by a same distance and are laterally with a same flat vertical plane that includes sidewalls of
spaced apart from each other by a laterally undulating the respective pair of electrically conductive strips that
portion of the width-modulated insulating wall struc- laterally extend along the second horizontal direction;
ture; and
the alternating stack includes respective stepped surfaces 20  for each pair of an overlying ribbed beam and an under-
that extend from a bottommost layer to a topmost layer lying ribbed beam, the underlying ribbed beam has a
within a respective alternating stack; and greater lateral extent along the first horizontal direction
each of the electrically conductive strips includes a pair of than the overlying ribbed beam.
laterally undulating lengthwise sidewalls that generally 6. The three-dimensional semiconductor device of claim
extend along the first horizontal direction and a straight 25 4, wherein:
widthwise sidewall that is located at the stepped sur- each group of memory stack structures includes rows of
faces and that extends along a second horizontal direc- memory stack structures that are arranged along the
tion that is perpendicular to the first horizontal direc- first horizontal direction with a first pitch; and
tion. the ribbed beams have a variable width along the second
2. The three-dimensional semiconductor device of claim 30 horizontal direction that changes periodically with
further comprising: translation along the first horizontal direction, wherein
a retro-stepped dielectric material portion that contacts a periodicity of modulation of the variable width is the
each straight widthwise sidewall of the electrically same as the first pitch.
conductive strips, or is laterally spaced from each 7. The three-dimensional semiconductor device of claim
straight widthwise sidewall of the electrically conduc- 35 4, wherein:
tive strips by a respective backside blocking dielectric each group of memory stack structures includes a two-
layer; and dimensional periodic array of memory stack structures;
discrete insulating pillars that vertically extend through and
the retro-stepped dielectric material portion. each memory stack structure is laterally spaced from the
3. The three-dimensional semiconductor device of claim 40 width-modulated insulating wall structure.
wherein: 8. The three-dimensional semiconductor device of claim
the retro-stepped dielectric material portion overlies the 4, wherein:
stepped surfaces of the alternating stack; each group of memory stack structures includes a two-
each of the laterally undulating lengthwise sidewalls of dimensional periodic array of memory stack structures;
the electrically conductive strips includes a plurality of 45 and
concave vertical sidewalls that are adjoined among one at least one row of memory stack structures of at least one
another along vertical edges; and group of memory stack structures contacts the width-
each of the plurality of concave vertical sidewalls contacts modulated insulating wall structure.
a respective convex vertical sidewall of the width- 9. The three-dimensional semiconductor device of claim
modulated insulating wall structure. 50 4, wherein:
4. A three-dimensional semiconductor device comprising: each insulating layer is perforated by backside openings
an alternating stack of insulating layers and electrically that extend through the insulating layer;
conductive strips located over a substrate; the pillar structures extend through the respective back-
a width-modulated insulating wall structure that laterally side openings;
extends along a first horizontal direction and vertically 55  each insulating layer continuously extends in spaces
extends through each layer in the alternating stack; and between the backside openings containing the pillar
groups of memory stack structures extending through the structures; and
alternating stack, wherein each memory stack structure the width-modulated insulating wall structure is a perfo-
includes a memory film and a vertical semiconductor rated structure containing perforations filled by the
channel, 60 insulating layers.
wherein each insulating layer is a continuous perforated 10. The three-dimensional semiconductor device of claim
insulating layer that laterally extends through the 4, further comprising:
width-modulated insulating wall structure, and the a plurality of width-modulated insulating wall structures
electrically conductive strips in each vertical level are extending through the alternating stack; and
discrete strips that are laterally separated from each 65  a source contact layer located between the substrate and

other by the width-modulated insulating wall structure;
and

the alternating stack and contacting a sidewall of each
of the vertical semiconductor channels, wherein the
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plurality of width-modulated insulating wall structures
contact a top surface of the source contact layer.

11. The three-dimensional memory device of claim 4,

wherein:

the three-dimensional memory device comprises a mono-
lithic three-dimensional NAND memory device; and

the electrically conductive strips comprise, or are electri-
cally connected to, a respective word line of the mono-
lithic three-dimensional NAND memory device.

44

the silicon substrate contains an integrated circuit com-
prising a driver circuit for the memory device located
thereon;

the electrically conductive strips comprise a plurality of
control gate electrodes having a strip shape extending
substantially parallel to the top surface of the substrate;

the plurality of control gate electrodes comprise at least a
first control gate electrode located in the first device
level and a second control gate electrode located in the
second device level; and

12. The three-dimensional memory device of claim 11 1 the array of monolithic three-dimensional NAND strings
wherein: COMIPIISEs: . .
the sub . i b ) a plurality of semiconductor channels, wherein at least
€ su str?te.comprlse.s a sticon su strate; . one end portion of each of the plurality of semicon-
the monolithic three-dimensional NAND memory device ductor channels extends substantially perpendicular to
comprises an array of monolithic three-dimensional 15 a top surface of the substrate, and one of the plurality
NAND strings over the silicon substrate; of semiconductor channels including the vertical semi-
at least one memory cell in a first device level of the array condl:lctor channel, and
of monolithic three-dimensional NAND strings is a plurality of charge storage elements, each charge storage
located over another memory cell in a second device elemem locatedv adjacent to a respective one of the
20 plurality of semiconductor channels.

level of the array of monolithic three-dimensional
NAND strings;

k% ok k%
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