USOORE45554E
(19) United States
12 Relissued Patent (10) Patent Number: US RE45,554 E
Alsmeier 45) Date of Reissued Patent: Jun. 9, 2015
(54) 3D VERTICAL NAND AND METHOD OF (56) References Cited
MAKING THEREOF BY FRONT AND BACK
SIDE PROCESSING U.S. PATENT DOCUMENTS
7,005,350 B2 2/2006 Walker et al.
(71) Applicant: SanDisk Technologies Inc., Plano, TX 7,023,739 B2  4/2006 Chen et al.
(US) 7,177,191 B2 2/2007 Fasoli et al.
7,221,588 B2 5/2007 Fasoli et al.
_ 7,233,522 B2 6/2007 Chen et al.
(72) Inventor: Johann Alsmeier, San Jose, CA (US) 7.514321 B2 42009 Molkhlesi et al.
1,575,973 B2 8/2009 Mokhlesi et al.
(73) Assignee: SANDISK TECHNOLOGIES INC., 7,745,265 B2 6/2010 Mokhlesi et al.
Plano, TX (US) 7,746,680 B2 6/2010 Scheuerlein et al.
’ 7,808,038 B2  10/2010 Mokhles: et al.
7,848,145 B2  12/2010 Mokhles: et al.
(21) Appl. No.: 14/297,298 7,851,851 B2  12/2010 Mokhlesi et al.
8,053,829 B2* 11/2011 Kangetal. .................... 257/326
1A 8,187,936 B2* 5/2012 Alsmeleretal. .............. 438/264
(22) Filed:  Jun.S, 2014 8,193,054 B2*  6/2012 AlSMEIEr ......ooovvveve 438/216
Related U.S. Patent Documents 8,349,681 B2*  1/2013 Alsmeieretal. ............. 438/216
Reissue of: (Continued)
(64) Patent No.: 8,445,347 OTHER PUBLICATIONS
Issqu: ‘ Way 21, 2013 Jang et al., “Vertical Cell Array Using TCAT (Terabit Cell Array
A‘pp - No.. 13/083,775 Transistor) Technology for Ultra High Density NAND Flash
Filed: Apr. 11, 2011 Memory,” 2009 Symposium on VLSI Technology Digest of Techni-
cal Papers, pp. 192-193.
(51) Int.CL (Continued)
HOIL 21/8247 (2006.01)
HOIL 27/115 (2006.01) Primary Examiner — James Menelee
HOIL 21/764 (2006.01) (74) Attorney, Agent, or Firm — The Marbury Law Group
HO1L 29/788 (2006.01) PLLC
) HOIL 29/792 (2006.01) (57) ARSTRACT
52) U.S. CL s . . .
Monolithic three dimensional NAND strings and methods of
CPC ... HOIL 27/11556 (2013.01); HOIL 27/11582 making. The method includes both front side and back side
(2013.01); HOIL 21/764 (2013.01); HOIL  processing. Using the combination of front side and back side
29/7889 (2013.01); HOIL 29/7926 (2013.01) processing, a NAND string can be formed that includes an air
(58) Field of Classification Search gap between the floating gates in the NAND string. The

CPC ............ HOIL 27/115; HO1L 27/11524; HO1L
2°7/11551; HO1L 27/11556; HO1L 29/7889
USPC .. 438/257, 264, 268; 257/E21.422

See application file for complete search history.

T R R R T P P

'
400 e

NAND string may be formed with a single vertical channel.
Alternatively, the NAND string may have a U shape with two
vertical channels connected with a horizontal channel.

29 Claims, 8 Drawing Sheets

/13{}

i

o o ji
..... .3
i~ fan- e
£eit
20 % AR = S
iy e B v T 1
s 2
. i 73
i R 2 3a
Level A e e O
Level B i _.-3b
. 100
"'“'":1!;53:3':":3:'-?: SR R e e ” ot
e G Sy LU
mm-& g -ﬂ-:;:gﬁJ ....... e ﬁ t tt::a =:a =:=:= =::’ SRR
.':'.tt:'.&:_.&__.t:f. mr __’.-:-’-E F:rj'-rjﬁ .,.-.'.:.__::._'.-.-.-.__ﬁ_________.-.-:__.w A{;ﬁ' _._ e .,.::' .-: LLLLLL 'wnﬁwﬁ:,.:g}ﬁ:-;-fr .-'::.-__:__._.;,.:
s ﬂﬁﬁﬁiw s ﬁf f;f;m "“'Ef@*:-’f{f?ﬁi%
S i3 -=’-5’-=-:’{-‘?’r d e T )})J?‘}? R
e R

| ST i “’r-zf e '=’-="="="="='fr

102



US RE45,554 E
Page 2

(56)

2007/0252201
2008/0173928
2009/0242966
2009/0283819
2009/0294828
2010/0044778
2010/0078701
2010/0112769
2010/0120214
2010/0148237
2010/0155810
2010/0178755
2010/0181610
2010/0200908
2010/0207185
2010/0207193
2010/0213527
2010/0320528
2011/0031550
2011/0076819
2011/0199829
2011/0266606
2011/0298013
2012/0018796
2012/0181596
2012/0211819

A AN AN AN AN AN AN AN AN A AN A A A

% % % % ¥ ¥ % % *

T % % F % % % %

* % ¥ * %

References Cited

11/2007
7/2008
10/2009
11/2009
12/2009
2/201
4/201
5/201
5/201
6/201
6/201
7/201
7/201
8/201
8/201
8/201
8/201
12/201
2/2011
3/2011
8/2011
11/2011
12/201 ]
1/201
7/201
8/201

e s T e J e e J e J e e J ot o [ e J ol L

g

Mo D2

U.S. PATENT DOCUMENTS

Kito et al.

Aratetal. .......c.cooeinil, 257/316
Sonetal. ...........oeev, 257/324
[shikawa et al. .............. 257/324
Ozawaetal. ................. 257/319
Seoletal. ............ooo.. 257/326
Shimetal. .................... 257/314
Sonetal. .......c.oevviiin, 438/261
Parketal. .........ccoenil. 438/287
Kito

Kimetal. ......cccoooinil. 257/316
[eeetal. .....covvvvininl. 438/479
Kimetal. ....cocccoovininnn. 257/314
[leeetal. ....ccoovvvvinnnnin.. 257/326
[eeetal. .....covvvvininnl. 257/314
Tanaka

Shimetal. .................... 257/314
Jeongetal. .................. 257/324
Komorietal. ................ 257/324
Kimetal. .......c.cooeenil. 438/279
[eeetal. .....c........... 365/185.17
Parketal. ..................... 257/314
Hwang etal. ................. 257/208
Yahashietal. ................ 257/324
iU o, 257/316
Alsmeler ..........ccooeeenen.. 257/319

OTHER PUBLICATIONS

Katsumata et al., “Pipe-shaped Bi1CS Flash Memory with 16 Stacked
Layers and Multi-Level-Cell Operation for Ultra High Density Stor-

age Devices,” 2009 Symposium on VLSI Technology Digest of Tech-

nical Papers, pp. 136-137.

Maeda et al., “Multi-Stacked 1G Cell/Layer Pipe-shaped BiCS Flash
Memory,” 2009 Symposium on VLSI Technology Digest of Techni-
cal Papers, pp. 22-23.

U.S. Appl. No. 12/827,577, “Ultrahigh Density Vertical NAND
Memory Device and Method of Making Thereof,”, filed Jun. 30,
2010.

U.S. Appl. No. 12/827,869, “Ultrahigh Density Vertical NAND
Memory Device and Method of Making Thereot,”, filed Jun. 30,
2010.

U.S. Appl. No. 12/827,761, “Ultrahigh Density Vertical NAND
Memory Device and Method of Making Thereotf,”’, filed Jun. 30,
2010.

U.S. Appl. No. 12/827,947, “Ultrahigh Density Vertical NAND
Memory Device and Method of Making Thereof,”, filed Jun. 30,
2010.

Endoh et al., “Novel Ultra High Density Memory With a Stacked-
Surrounding Gate Transistor (S-SGT) Structured Cell”, IEDM Proc.
(2001) 33-36.

International Search Report & Written Opinion 1ssued in PCT Appli-
cation No. PCT/US2012/032870, mailed on Jun. 27, 2012.

* cited by examiner



US RE45,554 £

Sheet 1 of 8

Jun. 9, 20135

U.S. Patent

Z 814

R R o .x&. R 1.%
e R e x.x hﬁ_ e \\xo \\ xx S .\\x A
e _._nu._._.___l.“_u_..#q_l..v.u oy u_u I A
xfhaxham.%%uxﬁuﬂm%%ﬂﬁﬁﬁ%ﬁﬁ\ x_x :.+_+x. xxﬁ\ %...x x\\.. ..\a“.‘..unm

----------

...........

b.w? ....... S e l.m.% e x&x e .x..n. 1% o L.x R:.
o SRR l:xm.uh.m mﬁhﬁ ”.M.w._.ﬁ.l_%, m.\.\ \.ﬂ.ﬂh\\ ﬂhﬁh\ﬁ»\%ﬁxﬁ\\. Ry h%m.ﬁﬁﬁmwﬁx %%ﬂ\\\@\. .\._ ..._. uuh.v

“ "."""l"“l"lu-ll" llllllllllll -.l.l n ll ll “l.- I“l Il-ll"Il- -IIII-Il-_lI-.Il-llll-Il-li-_ll1!!1!‘“!:!*-.!!-_!!-! llllllllllllllllllllllllllllllllllllllll lI-l l- ll.-l -.“I.-lll-.llll
.__“_w.a._“_n_n_.a._n_n.“_% %&% z ..ﬁﬁ_h.mi 2 S e s Lo /o .%\% R
_,._._._._._._._._._._.ﬁ_._..ﬁ._ R L R .”.”.x.”.”.”.”.x.H.x.”.”.”.H.”.”.H‘H.”.”.”.H.x‘_._.“.”.”.U.”.”.n.”.“ e e ol x !.,

" A4 E I EENIEN lh]l [ ] v lilTﬂ] q”“hl lih lli l“““ lllllllllllllllllllllllllllllllllll CI B I h“_ ll!lillhli““"ﬂ"ﬁlii lihlilll li““l n'm - lllrl L]
.“ -“l-l“l”-“ IIIIIIIIIIIIII “llnll-.“lh-lll.l ll-ﬁ%““-.l.l -.l-l”.““.- i.l.“ l.l.lll-lh.“l.l -Illl-llllll llllll-ll il-_ll1il-lill.ll-.ll-ll-lill- lllllllllllll '\x% -l.u-.l -.l.l !-.l R\ IIIIIIIIIIIIIII

%@ﬂ\\%\%

%h&% A

\\.\\\.h\a\%ﬁﬁa\ﬁ\\h\\ﬁﬂﬁx

&...ﬁ %\%a

ﬁ&‘ﬂu"&n\

[44)3

]
e h\ ﬁw# i ﬁﬁ G i xﬁ \% L & s

O ;%Hﬁ\w&xxuxx D A e D .@.s.. s

R N S a& 2 m_%\\\. \\ kﬁm&ﬁ S
R xx%,x. \\ o \\ R“&a...x.“. RO
m.uﬁamhﬁaﬁwﬁa!l”wa\%..ﬁﬁ i .ﬁ_m\. o \Lﬁ.w“\.ﬁ.m__.h.um.@mwx\ i .&..._..ﬂ..x\. %v.mﬁ ..... a.u”..”. ﬂ\!. .1. \\ﬁs .R

R xx\ e xxxxx ...... R
-
e

II-_III‘I-IIlllllll-“ll-“-‘iﬁ‘-ll-‘ltllill Ill‘-ll-.ll-lliilllnlln_lll“-ll“-l -‘I -
llllllllllllllllll

y A W\\\ s\\\
_. E. a..%.x m m— h\\%&\.%%%

§ i

\\w\ \\\ﬁ_\\. \\

e ﬁ&aﬁtﬁuﬁx&ﬁ
o

. 1

Epﬂ .& \\\\\\\\m w\

\\@\\\\\\m\\\\\\m\\% “

ﬂ&&&&&%\ ..

\\x\\

\\..\‘.\\\W\\\\ m%. \.\
% ﬁuﬁﬁ%ﬁ \\\ =

L

\\\\\\\\ \hnm

%\%\

h\\\-\.\\.ﬂi\m}{
hq..ﬂ..\ \%&w\uﬁhﬁh\\w :

\\\\\\\s -

\am.‘\\..m..\a..".\\..\

h_._..k._._...._.\.._..._..u.a{ ..

%&m%

\\ a\\\\\_

______ .n.nnﬁb......h.‘“&\ LA L

\\\\\\\\\ -

1

.._...( ..1...._.._...._.. H\\hﬁﬂ\hﬁﬁ

\@ﬁ\\
L

x_.H S L A,

§

1}

"h.‘h.'h."h.‘h."h."h.'h.

rr
[ "
- r F
rrr o
' o
r F F d
LI
rrr h
rrr
11.—.11—. H
rrer H
s rr
rr H
rr

1
4
4
4
1

o
n“

“@M""R‘ﬁi‘i\
\\\\

LR
T

S
\

"5."

..\

b
\\%

SRAMSRAAN
e

E

_____- ._._“_.........._\.__._...._._.. \\H\H&H\\uxﬁ\uﬂﬁh\\\» _._ﬁ._v_..,

‘*x\

'n'-mu
W

\\\\

P rTE
Ve ke
--1 rr
P ke
Teletr
PR
Ve e
R EE

el

ek
et
FEr
e

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

T 1T

T r = "
L I ) Ll
Ti T =TT LR
T 11T - T 1T
TTT - TTrrTT

S s ... .ﬁhw.m\&ﬁ S

%&ﬁﬁa 7

wﬁ\&\ : m s i m\hmi h_%mﬁw%\wua L
i e 00 . e o S A
k\% . mw.m \ B m L f m % 7 Wt‘u\ﬁ\m.wmmﬁx\m
.,..__.,Q 7 i \ 2 \ . \H&%?ﬁ&a _

ol & . S i s o :

“._. 5 S i e . o o

.\ uW\\.‘.W\ .:.a Z ".“n“.".“.".".".".“.H.".H.H.x.“.".x.x.x.x.x.".".".".".“.u.".".".".".“.“."_“.".".".".". aﬁﬁ.ﬁ\ﬁﬁa% uwuﬁ

e A R Ay, \‘\.\.\\\ e
7 7 \H L m‘&w\\\r\ 7
\\ \ G i

\\\

m

\\\\\\\\, b qj0non

\

e, MM .,“&%u

\\\ i &\u\\\ o 19ADY

qt ﬁ\

g7 el Hﬂ?ﬁﬁ

BE oo ”\&\\i\\\\\\\\%\

T §

4 %\\%

ey

%

‘x-“i?a
\\\

W

\
amémﬁ

Y

\\\

§

h..h... Eu... Ay ._..._.._..h‘.

i

\\\\\\\

_\m\\ ______ i

H
A
m—%ﬁﬁﬁﬁ&&&&xﬁﬁ

\

\\\3&

rT-TTT 11T

] 11&

e b f 2
ami&.

e

k\m-:-.

‘ m

| =

.__“_.K h%kﬁh.ﬁ\hw

%ﬁxﬁﬁhﬁhﬁﬁwﬁﬁi

| \\\\

mi

e e

llllllllllllllllllllllllllllllllllllll

081



US RE45,554 £

Sheet 2 of 8

Jun. 9, 20135

U.S. Patent

b S £ 8l

&

S _
T, oot F 8T

" rurararp .?..ﬁ. n.“n. .x. ..... -
s Rﬁﬁ%ﬁ%ﬁ%ﬂ u S &m .
SR ”w.”.m. o W&%ﬁwﬂﬂ%ﬂﬁmwﬁwﬁwmmﬁwﬂ%ﬁwm nmmx%mwm mm\ ....... 1 e x\ﬂx w\m E\w@@\\
.................. . _ e e 7 1 MY B TR Al .1... ]

....... ; m m g e %1 8 mm wﬁ.wﬂwﬁ%ﬁﬁ%ﬁmﬁ% m% : ””mmm......._._..__.\\h...,.. ﬁhﬁﬁsﬁﬂ%m .”""... i ”” ...x.xu.a..........u.u.\h\%ﬁ.ﬂ\Huv.mt\....h\hh....v.hh\..v.u...u.b.a.a. ...” h.“._ﬁ.q.ﬂ., 323 ] S
b s ,..\ ......................................... o SR B !.!.‘.\_. o o ‘.. ................. G R o R ,__ww.. ...................... E._.. AR
\% ..u..uwn\\ umﬂ __m ﬁ\\\\m\“\\h\ G \.. A H.ﬁ“ %ﬂ b &\Wﬁﬁﬂ.ﬂﬁh .ﬂ. T%M%&M.\W\ﬁh“ﬁ_ . %ﬁ m m&% %‘hmm.ﬂmxfm mm %H&Hhﬁhhﬁﬁhﬁhﬁ\mm\.mm mu %\&h&hﬁh
o _m% 1 _.,”m ﬂh\\h\ﬁ‘.\k\xx\b ﬁ\\&&&tﬁ\&.ﬁﬁ “% = RE ..l \ﬂ.ﬂ._..._...ﬁ..\.__.._ﬁ u&.\\ \ i .‘_..,. \\\%% mmﬂ.ﬂ Ve .\mw.“h%"_, A \s\su\m.\..\\.\\\n\\ \.‘\u\\ \\\\Q.t\ mm‘ .\\\\. ”m.mm
*UUL § v %\nm 1Lk .w\\ o %\amﬁ _mmw “‘. S ﬁm Zh m \&\\\ _ ] i Z m \ m m\ q oA
Z 8 m_mxm \\\ \\\ m : mmmm \\\\ mm Rz m\. /7, it _ Miﬁm_v\\\\m \x 287 x m..m
g |2497 \\ mw mm _ _“.,mw 7 \\\ . _ i mmm\ %ﬁ Mm.m . &W&MW - » m.mﬁm % .__.,&%\ h.mmmﬁ
§ mm %T\Wﬁﬂﬁ%ﬂh ﬁﬁ“ﬂﬁqﬁmm m %M“hh%ﬁxhaﬁ%hxﬁ%ﬂ«m %mﬁxﬁxﬁhﬂhﬁ% ™ Qf U i mm_ﬂ i %&w m mmm M\MMMMW § Hm%ww\m‘wﬂﬂ%
%%\% il mr_% \%\ \,ﬂmﬂm_ mmm m\%‘ém m_” mqﬂx\%\w\% %& i . i \\
Avid 1 _m m.% 3 b e m\m A1 FEERS m AL 2] og— Tmm mmm“% “ \ memx g mm% \\ \ g8 mm“&- \\ i |OAR]
S fNd _\\\h\ $ x BRES h. ﬁﬁ_ : __”._m.r_ . A m%x% A £ }” %%%. Z _@ g ..n.\ Rx.w.ﬁ kY
‘ %&m %f\ﬁ\ \§_ %%xm %F“ﬁ%ﬁ%\\ \. % %hmm.w ...U\ i a..qx m m wgﬁm‘\ 07 %\u&.ﬂmbm m.q . \ m m.w 7y -
\\\\mmm mmwmm \\\ \\\wmmm ”mmm \ & il B2 \\\\\\\\%\ £ - x A1y \& \%w mmmhm nmm 857
\ |l m R \mﬁ”mw %@w&\ il wmﬂ\§ % A i %\\ i
1 BRI g . _“ g b \. ! .ﬂnﬂﬂﬁhhﬂﬂu Hm A Ve m._._._n.,. ._.“___..__,...“._,.___.._.,.._._.._n..... hﬂnﬁh&ﬁ\hﬁm 3 YU .Rﬁhh«h..hn& m $F T.. \.h...‘.hﬁhﬁmhn.ﬁkﬂ B 718 L A,
M@%ﬂwm : mm E%.%E ..,.E..a%ﬁﬁ..%w : mﬁ%ﬂ\ _ | mwﬁ ki oy @.& R
mmw ._“_m_mma ............. _ m_m e . m ol h \\\\\\\\ \\ iy % b \\ mmmmmﬁ\
\\\ % m \ \\ | m m % 3 _mm”_mw\ﬁ,ﬁm\uﬁﬂa 7 m mx% i : \ ﬁmm \m o \.ﬁ.\a\\“\mﬂ\\g\u@m mum\\%ﬂm
B B - i 3 {EER 50 1 .~ PR A L _ .m 8217 AT E
hm...“.\\%.\\\\ .___n,mm“ %ﬁ“ nﬂ“nﬂ\.r.ﬂ“ﬁhﬁhbm,m“ mmm Huﬂ“ﬂ“\hﬁﬁ\\ﬁbﬂh\\bwﬁ h% “_u ummmhhumﬁ.mh i&ﬁ“ﬁ.ﬂ\h@ % _ %& %ﬁhﬂwxﬁ.ﬂ _.m = _ws.h\“\.ﬂb.hnnﬁﬁhb.\khﬁh h_H% .mﬂmmm.tﬁhhﬁhhhb
- % i e mw\%\% W el & . hm W
\\wwmm o wﬁu\ h\ | m . m o mﬁxmmm s \\\\w\.mm\&
a4 LY 7 diiuyE \ B s R iR 39827
i e I g o oona v
E&%@%m : w,_,m : m““ m,mm B \am\hﬁkh\ dbini | LA B T GRS L g m;mmﬁ,.__‘. P %mm 28 m&xmﬁ
S R R nﬁ.wx Z &x n x HRE 7 wwﬁ,_”ﬁ%@ﬂmﬁﬁ%\ : mu 3 10 “._.\“ T “x w&%ﬁﬁu ZRE i i SR Siosles ﬁbﬁ %487 “-\\x i
e e ol e s T ' vy o A R A e O B e e T = A AT .._...__. L A Kl ol s A e e O .,_.x. ﬂnm...“_.nmuu“uum.”n_.ﬂma ““H“_H““._.“.“.“.”.“.“.“._.“.”._.“._._ g s u_..
e ‘EW}““ St e x. hx ,i_“wwwwwwwm“wmmmmmmmmmmmmmmmmmmmmm 2 e S L e L mbu...“..ﬁﬂx s “wwwmuwwwm”wwwwm“wwwwm“mmm ..p.w“ﬁ ; ey o, s oot s e T \
%%%mwmﬁﬁxﬁxﬁ&ﬂw a\\ hﬁk..ﬁ,.xﬁ.“t%\ﬁ ............................... R \%\\\\ R $ 7 S AR \x\\\\\

=
o
-
§ "l
0
o
Iy
(5
| ann
R

207 _ﬁ el Pz Y 9T %707 o



US RE45,554 £

Sheet 3 of 8

Jun. 9, 20135

U.S. Patent

\\\“\“.W\\mﬁ.\\
%

-
\ﬁ\\%\\%\

\%\%

\%\R\R\\\

W xxx\\
.___._.

\\..\

s s

o ““xhxxxx‘.h.x

725 i

N . \\

IR _m:zE, W\ ”_”_
Aod + %\\\‘-

Ao +d
A{od s faols 1T
PN 722

MHa. ..\...ﬁ_.._

\\ _.

iiiiiiiiiiiiiiiiiiiiiiiiiii

1111111111111111111111111111
rrrrrrrrrrrrrrrrrrrrrrrrrrrr
++++++++++++++++++++++++++
1111111111111111111111111111
rrrrrrrrrrrrrrrrrrrrrrrrrrrr
+++++++++++++++++++++++++++
1111111111111111111111111111
rrrrrrrrrrrrrrrrrrrrrrrrrrrrr

+++++++++++++++++++++++++++

11111111111111111111111111111

iiiiiiiiiiiiiiiiiiiiiiiiiiii
1111111111111111111111111111

rrrrrrrrrrrrrrrrrrrrrrrrrrrr

rrrrrrrrrrrrrrrrrrrrrrrrrrrrr
..—..11.-.1—.._.—.—.._.-.—..-.—.—.._.-.1 ++ .—..-. +.1L.1+ .1.-. .-.—.—..-.—.—..—.—.—..—.—.—.._.—. ++++++++

......
[

—..I—..-.—.I._-—.i._i—_.-ii._ii .Ii .—..I -—..1 iih.—..-. -_.—.—..n.—.".._ ”_—.-n.—..I._.u.—..n.-..”I.”l. '
++++++++++++++++++++++++++

hhhhhhhhhhhhhhhhhhhhhh

.

|||||||||||||||||||||||||||||

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

§§

\\\

Dy 071
\ \\\w\ \\\\“ 4

xxﬁxx ,_.

7, x....x.x
w,“..x.._.x e

%N\w

\\&

77 R a\x _
7 i
u_.x\x\“w\ 7

ﬁﬁ

.

Q
™=

A

S xx .x 5% x.x.
s xxﬁxﬂxx ..u.,,. axx.,..,..

il

. o
LA 2 ‘:.‘1_1 o
L L} - ‘.
) " m o L . "l.:.,'. "l:“::..‘: "'q:q‘

\ R
” xa,.‘..‘.._.cx xx\.,..‘\
W o xxxx...‘...

|77 .m‘ aﬁ.ﬂ‘m 7 +.,..x
e .}.__.

. PPy

el
4474



US RE45,554 £

Sheet 4 of 8

Jun. 9, 20135

U.S. Patent

““!.iq. = n.q.q.auq._ m.n.al. : m.n;.q. ; : .1. ? B .1..1. : .1. S e
S e e S R e O S
R R : e e e o : i e e s

VAl ] V7777777777777 iy AR 5 A 7

- __
\ .

W\%\%\%‘%\%\ : e w i %\\\\\\\\\\\\\\\\

s x\ W \

\ -

7 e 7 m§\m§ % 12
%4 % G % o

.
m§§ 2
........ T T

N\

%\ .......................... &
- 7

’ ., B i ”Hmmm.“_&w\ X . h i \\ m\\\\\\\\\%\\\\w\\%\\\\\&\\“
1 - . 7

. ) .

7
v

+
S g = R P R R Y + .

% IS A,

............. ey ey e et ! | ot o
s P e g ;
- ] g
_ ’ R g

N
* .
7 .

R 7 _

e

“
lli H_..
a .-H_

.

o
b

gt

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

208 _ AN\ -

00¢€ b . £

&
Qo
L
et
i
ot

.

-

d
h



U.S. Patent

)

FA A

r

u

]
+ a

4

P L

.

aq
¥

Jun. 9, 20135

TN

+ a

[ T T T TR T N T T T TR T T T T T S S T T S S S S S
‘l‘lll‘l“l‘ll‘lllil.'-.linllnqqqqnqqqqqqqq,.l+-,q

i‘_lll‘i‘i
P

AN

4

I SRS AR A AL AR AL

e e

et
)

R

1 +

:‘u"‘;‘h‘m'_‘-'l'ﬁf-f-‘t'_‘t‘-‘-f‘t:'u‘uf-fu‘h‘tft‘-:‘-

Sheet 5 of 8

Aazsasasagmanm’

Amaassssaaaaaa’

AR R

. F{

EL L

SAARAAAARRAR,

. ;F EE N I

Amaam

AmAmA A

I R,

LI B N |
B ¥+
L I DL S |

] [
o A -
LI T

' [

o o
l“ﬁ‘ﬂu‘_l“h‘
1 LI

]

"y

Y

r .
= = =
. . .
- [ [
e e .
. . .
= = [
Ll [
- T
= .
LI
[ [
e e, 1
Ll [
. T

BRBAANO I

[ |.
s

P N

A e

MR RR Y

US RE45,554 £



US RE45,554 £

Sheet 6 of 8

Jun. 9, 20135

U.S. Patent

T "3 “

Lol o n ) L Lo o o

PR
[ B ]

B e A NI

R EEEEEL

e "y " " Ty T g T P e e T e

R I A I N N O O N T T T O T D oo e . . . . - e T R T
S s e omm B s o= L] = d = s B == B omomd ] PR | a0 w [T Y - [ 3 - Ay - a A - ko . [ PR I | R e P DR LI Sl s moa s meomeom o msom o oameo s meomomem a
. . ' - m . ' L [ R e L e ] ' A R ] .

1...11 PR - [ Fl - e m e s w LT T e, T aop 1 e T ru .= o F - . P IR -m ., [ R Y -y . L  t . [
.n.._l._l.l.-l..-.1..1._.1.1.._1..L_|..I.L_l._l.q.l.-l....nq..q....._.q..q....lu..kl.l._l.l.l._l“_l.l.__u.qnq.__.-1|1.._.|l.l.u._l.l._-._lll..t.unu._q..q-._|..|.._Ll.l.l_l._l._|.-l.-l.__...1.1.__1..1..|._....l.l._u._l._l._kl.-l._1|1|u._uqq..u.|._|||_.l.l._hl.l....._r.|1|..._1|1.1.__1|||.-l.l-ual.l.lnlfaqrqnq.qn\kl-lnhl.l.q.l.l.\l-\ﬁqnt...rl-

Il ol M Al e A LA TS Pl LU L b S A T A AL AL A AL A AU AU A A A A U R A b Sl

g1 314

' - Pt T T PR TeT TS T e e e e e w. e e e PR Vet e P o . - - £
WTOT. e e aTa o aTatLTL o ta ot el T T Lot LT, e e e e e T . Sa e e I U O e o e - - i
B TR T T T T T Tt T T TR e LT T T e L e T e LT T T T T T T T T e T T T T e e e Te T e et el et L T e e T T R
““1 .-1-- -- " ---- - S --1- T -----1--1-- --1- - -- T ..-. ...- - -11 -.- - ) - .1.---.-1- - .---1- . T - -1- ..---1-- .--11.. PR r . ...1.1.1 ..1. - ] - - ) - -.“
.-.11 T - - T ' i } ) -1- .. ST T . ST . - ' Tt T T b .- -1.--.. IR - -..__"__.
] - - Ve ' ' ' - - - - - - - r - - -

T S o T S S S P
- - - - L] L] r r r - - t
: oLt : e . .- . e e e
Kl ) - - - ) ) R ) ) - - - - - - - - R .- - s K.
I - - ' ' T T ) - - - - - . 4
r Tt - T . - - - T - - - - - - . r" Tt e e - oo
-.1 . - . - - L] r r . r - ' Ll 1
11I - r - . .- - - - - - r - r 1 - .-._
e i e - vre— - ] - . - v el
. - r r . . : i . i ' . r . r U ' L
A i - - . R ' - - - - oo - - - - - . v ' . - . ’ '
L - - - - T R - - - - e T T * I - A - P e v . .1...;.
i - - ol . e e - P I - e e - B - . .l !
‘n - - - - ' ' - - - - - - - - - r ' - ' - - - 4
» - - - - . - - B - - . - - - - - - - .. - - - “
-.- - - - - - - - . - .- - - - - - Ll - - r - r . - - . . . -I x
s - - - -T- - ' - - r 1 : - - - . - - - i . ) r . ) r 4
N 3 - - - - - - - - - - - ' r .- 3 n
.o . = - - - - . - a
S b ' . - ! r ' " - I . b b . - b r " ' " b J
e - - - . ) - - - - - h - v - 4
—.H. . . , , , ' - ' ,

o - - r - ' - r . V- - - ' ' '

. - - N - - - - e - - b _ - - - _.” - - r - - - N N - - N - - - - 1 - ' - r v . U_
¥ - . - 7
o - - - . ' - ' -7 - - v ' ! o r - - - r - - - - - - f - ' f - - ' - 4 - Y 4 ?
- r - - - - - ' - - - - - - - - - - - - h - - - -k b 1 " ' - od
'y e . ' . P et e e . ' e . LT Lo - . . . S . . . . - . . . . . - . p
T - - e e e L e e e e e ee e S - - . e e e T e e T S . N - 4
r . ' ' , - e R - B - . - .
e R e L A R R 1 L L R R L A 0 L A R AR R 0 2 R A P e e R e R A e 2

|||||||| [ttt T e Sl At e S b

4

YT "84

2 3 3

L e e e |

00
<3
o

= gs L L A R ol ol ol i o o o o S o gl ol Pl o 0 A o o e i ¥

TIE T I T T EET

4
1
1
4
L - - - dmienlinmimatl i ot ot i il il ol i il o il - - . __ l" - .. __ _

L BT RN LNY

Ty
SRR

i Mgyt il ] [ figiilan - i

T T Ty | L E e e o a  a a e e m o AL E L e e s ma s aa e |

| B o GZET

—— — e T -~ i e e ¥ = Frr Oy .

e ——————————— : : RO et = = et el el el il sl -l il il sl sl el il e




US RE45,554 £

] _
\ \ |

.__w\\»\\\\\\\\\\\\\\x\

llllllllllllllllllllll

lllllllllllllllllllllll

\\\\\\\\\\\ Q\\ \

\

B

Sheet 7 of 8

Jun. 9, 20135

U.S. Patent

_H”\\\\\ \, %\\\\\\3.

P §m
\\\\ \%\Wm

M \\\\\\\ m.
%\m m\\\\ x _

%\\\ \\\\\\\\\\% ............................................... \\m

Q \\

lllllllllllllll

?ﬁ \\
___.____x \
...... \\ m
______ \
\\H
%

”””””.,uuﬁ..\\\\\ ;\\v\\\

........... \ m

\



US RE45,554 £

Sheet 8 of 8

Jun. 9, 20135

U.S. Patent

00T
8071

...1 PPy

, \\\\ ._

" \ .................

-..\\1. lllllllllllllllllllllllllllllllll .
RN C RN RN RN )

w\%\\ _ ,

2001

| \\%m %&&\;
7 \\\,\\m

%\\

% q \\\P

_ \ \\\\N\ ’ |

\\ m \&\&&h

ww \\\w\ \\.\ \\\\\

- [l mCatel it g gl ety bty o R 7 -

m

\

\\\\

7077 \\ \m

______ ﬁm
______ m\m m\m\\% m

gt il



US RE45,554 E

1

3D VERTICAL NAND AND METHOD OF
MAKING THEREOF BY FRONT AND BACK
SIDE PROCESSING

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough indi-
cates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

FIELD

The present invention relates generally to the field of semi-
conductor devices and specifically to three dimensional ver-
tical NAND strings and other three dimensional devices and
methods of making thereof.

BACKGROUND

Three dimensional vertical NAND strings are disclosed in
an article by T. Endoh, et. al., titled “Novel Ultra High Density
Memory With A Stacked-Surrounding Gate Transistor
(S-SGT) Structured Cell”, IEDM Proc. (2001) 33-36. How-
ever, this NAND string provides only one bit per cell. Fur-
thermore, the active regions of the NAND string 1s formed by
a relatively difficult and time consuming process involving
repeated formation of sidewall spacers and etching of a por-
tion of the substrate, which results 1n a roughly conical active
region shape.

SUMMARY

An embodiment relates to a method of making a mono-
lithic three dimensional NAND string. The method includes
forming a stack of alternating layers of a first material and a
second material over a substrate 1n which the first material
comprises a conductive or semiconductor control gate mate-
rial and the second material comprises a first sacrificial mate-
rial. The method also includes etching the stack to form a back
side opening 1n the stack, depositing a second sacrificial
materal 1n the back side opening, etching the stack to form a
front side opening 1n the stack and selectively removing the
second material through the front side opening to form first
recesses. The method also includes forming a first blocking
dielectric 1n the first recesses to partially fill the first recesses,
forming a plurality of spaced apart dummy layer segments
separated from each other 1n remaining unfilled portions of
the first recesses over the first blocking dielectric, forming a
charge storage material layer over the first blocking dielectric
in the front side opening and forming a tunnel dielectric layer
over the charge storage material layer 1n the front side open-
ing. The method further includes forming a semiconductor
channel layer over the tunnel dielectric layer 1n the front side
opening, selectively removing the second sacrificial layer
from the back side opening, selectively removing the plurality
of dummy layer segments through the back side opening to
expose the first recesses 1n the back side opening, selectively
removing portions ol the charge storage material layer
through the back side opening and the first recesses to form a
plurality of spaced apart charge storage segments and form-
ing a second blocking dielectric in the first recesses and
between the spaced apart charge storage segments through
the back side opening.

Another embodiment relates to a monolithic three dimen-
sional NAND string. The NAND string includes a semicon-
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2

ductor channel with at least one end portion of the semicon-
ductor channel extending substantially perpendicular to a
major surface of a substrate. The NAND string also imncludes

a plurality of control gate electrodes having a strip shape
extending substantially parallel to the major surface of the
substrate. The plurality of control gate electrodes include at
least a first control gate electrode located 1n a first device level
and a second control gate electrode located 1n a second device
level located over the major surface of the substrate and below
the first device level. The NAND string also includes a block-
ing dielectric comprising a plurality of first blocking dielec-
tric segments. Each of the plurality of first blocking dielectric
segments 1s located 1n contact with a respective one of the
plurality of control gate electrodes. The NAND string further
includes a plurality of spaced apart charge storage segments.
The plurality of spaced apart charge storage segments com-
prise at least a first spaced apart charge storage segment
located 1n the first device level and a second spaced apart
charge storage segment located 1n the second device level.
Further, the first spaced apart charge storage segment 1s sepa-
rated from the second spaced apart charge storage segment by
an air gap. The NAND string also includes a tunnel dielectric
located between each one of the plurality of the spaced apart
charge storage segments and the semiconductor channel.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a side cross sectional view of an embodiment of a
NAND string with a solid rod shaped channel.

FIG. 2 1s a side cross sectional view of an embodiment of a
NAND string with a hollow cylinder shaped channel.

FIG. 3 1s a side cross sectional view of an embodiment of a
NAND string with a U shaped solid channel.

FIG. 4 1s a side cross sectional view of an embodiment of a
NAND string with a U shaped hollow cylinder channel.

FIGS. 5-12 are side cross sectional views of a half of a
NAND string (up to the dashed line) illustrating steps of the
method of making a NAND string according to the first
embodiment of the invention.

FIG. 13 1s a top view of the device of FIG. 12.

FIGS. 14A-14C and 15-16 1llustrate steps of a method of
making a NAND string with a U-shaped channel FIG. 14 A 15
a side cross sectional view. FIG. 14B 1s a top cross sectional
view along line X-X'"1n the side cross sectional view shown in
FIG. 14A, and FIG. 14C 1s a top cross sectional view along
line Z-7' 1in the side cross sectional view shown 1n FIG. 14 A,
while FIG. 14 A 1s a side cross sectional view along line Y-Y'
in the top cross sectional views shown 1n FIGS. 14B and 14C.

DETAILED DESCRIPTION

Embodiments 1include monolithic three dimensional
NAND strings and methods of making three dimensional
NAND strings. The methods include both front side and back
side processing as will be explained below. Using the com-
bination of front side and back side processing, a NAND
string can be formed that includes an air gap between the
floating gates in the NAND string. In an embodiment, the
NAND string may be formed with a single vertical channel. I
one aspect, the vertical channel has a solid, rod shape as
shown 1n FIG. 1. In this aspect, the entire channel comprises
a semiconductor material. In another aspect, the vertical
channel has a hollow cylinder shape as shown in FIG. 2. In
this aspect, the vertical channel includes a non-semiconduc-
tor core surrounded by a semiconductor channel shell. The
core may be unfilled or filled with an insulating material, such
as silicon oxide or silicon nitride. Alternatively, the NAND
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string may have a U shape (also known as a “pipe” shape)
with two vertical channel wing portions connected with a
horizontal channel connecting the wing portions. In one
aspect, the U shaped or pipe shaped channel may be solid, as
in the solid rod shaped vertical channel NAND as shown 1n
FIG. 3. In another aspect, the U shaped or pipe shaped channel
may be hollow cylinder shaped, as 1n the hollow cylinder pipe
shaped vertical channel NAND as shown in FIG. 4. The
U-shaped pipe channel may be filled or unfilled. Separate
front side and back side methods for fabricating both single
vertical channel and U shaped channel NAND strings are
taught 1n co-pending U.S. patent application Ser. No. 12/827,
94/, hereby incorporated by reference 1n 1ts entirety for teach-
ing of the separate front and back side processing methods.

In some embodiments, the monolithic three dimensional
NAND string 180 comprises a semiconductor channel 1 hav-
ing at least one end portion extending substantially perpen-
dicular to a major surface 100a of a substrate 100, as shown 1n
FIGS. 1-4. For example, the semiconductor channel 1 may
have a pillar shape and the entire pillar-shaped semiconductor
channel extends substantially perpendicularly to the major
surface of the substrate 100, as shown 1n FIGS. 1 and 2. In
these embodiments, the source/drain electrodes of the device
can 1nclude a lower electrode 102 provided below the semi-
conductor channel 1 and an upper electrode 202 formed over
the semiconductor channel 1, as shown in FIGS. 1 and 2.
Alternatively, the semiconductor channel 1 may have a
U-shape, as shown in FIGS. 3 and 4. The two wing portions 1a
and 1b of the U-shape semiconductor channel may extend
substantially perpendicular to the major surface 100a of the
substrate 100, and a connecting portion 1¢ of the U-shape
semiconductor channel 1 connects the two wing portions 1a,
1b extending substantially perpendicular to the major surface
100a of the substrate 100. In these embodiments, one of the
source or drain electrodes 202, contacts the first wing portion
of the semiconductor channel from above, and another one of
a source or drain electrodes 202, contacts the second wing
portion of the semiconductor channel 1 from above. An
optional body contact electrode (not shown) may be disposed
in the substrate 100 to provide body contact to the connecting
portion of the semiconductor channel 1 from below. The
NAND string’s select or access transistors 16 are shown in
FIGS. 3 and 4. These transistors and their operation are
described U.S. patent application Ser. No. 12/827,9477, which
1s incorporated by reference for a teaching of the select tran-
s1stors.

In some embodiments, the semiconductor channel 1 may
be a solid semiconductor rod, such as a cylinder or rod, as
shown 1n FIGS. 1 and 3. In some other embodiments, the
semiconductor channel 1 may be hollow, for example a hol-
low semiconductor cylinder filled with an insulating fill mate-
rial 2, as shown 1n FIGS. 2 and 4.

The substrate 100 can be any semiconducting substrate
known 1n the art, such as monocrystalline silicon, IV-IV com-
pounds such as silicon-germamium or silicon-germanium-
carbon, I1I-V compounds, II-VI compounds, epitaxial layers
over such substrates, or any other semiconducting or non-
semiconducting material, such as silicon oxide, glass, plastic,
metal or ceramic substrate. The substrate 100 may include
integrated circuits fabricated thereon, such as driver circuits
for a memory device.

Any suitable semiconductor matenials can be used for
semiconductor channel 1, for example silicon, germanium,
silicon germanium, indium antimonide, or other compound
semiconductor materials, such as I1I-V or I1I-VI semiconduc-
tor materials. The semiconductor material may be amor-
phous, polycrystalline or single crystal. The semiconductor
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channel material may be formed by any suitable deposition
methods. For example, 1n one embodiment, the semiconduc-
tor channel material 1s deposited by low pressure chemical
vapor deposition (LPCVD). In some other embodiments, the
semiconductor channel material may be a recyrstallized poly-
crystalline semiconductor material formed by recrystallizing
an 1nitially deposited amorphous semiconductor material.

The insulating fill material 2 may comprise any electrically
insulating material, such as silicon oxide, silicon nitride, sili-
con oxynitride, or other high-k insulating materials.

The monolithic three dimensional NAND string further
comprise a plurality of control gate electrodes 3, as shown 1n
FIGS. 1-4. The control gate electrodes 3 may comprise a
portion having a strip shape extending substantially parallel
to the major surface 100a of the substrate 100. The plurality of
control gate electrodes 3 comprise at least a first control gate
clectrode 3alocated 1in a first device level (e.g., device level A)
and a second control gate electrode 3b located 1n a second
device level (e.g., device level B) located over the major
surface 100a of the substrate 100 and below the device level
A. The control gate material may comprise any one or more
suitable conductive or semiconductor control gate material
known 1n the art, such as doped polysilicon, tungsten, copper,
aluminum, tantalum, titanium, cobalt, titantum nitride or
alloys thereof. For example, 1n some embodiments, polysili-
con 1s preferred to allow easy processing.

A blocking dielectric 7 1s located adjacent to and may be
surrounded by the control gate(s) 3. The blocking dielectric 7
may comprise a plurality of blocking dielectric segments
located 1n contact with a respective one of the plurality of
control gate electrodes 3, for example a first dielectric seg-
ment 7a located 1n device level A and a second dielectric
segment 7b located 1 device level B are 1n contact with
control electrodes 3a and 3b, respectively, as shown 1n FIGS.
1-4. In some embodiments, at least a portion of each of the
plurality of blocking dielectric segments 7 has a clam shape.

As used herein a “clam™ shape 1s a side cross sectional
shape configured similar to an English letter “C”. A clam
shape has two segments which extend substantially parallel to
cach other and to the major surface 100a of the substrate 100.
The two segments are connected to each other by a third
segment which extends substantially perpendicular to the first
two segments and the surface 100a. Each of the three seg-
ments may have a straight shape (e.g., a rectangle side cross
sectional shape) or a somewhat curved shape (e.g., rising and
talling with the curvature of the underlying topography). The
term substantially parallel includes exactly parallel segments
as well as segments which deviate by 20 degrees or less from
the exact parallel configuration. The term substantially per-
pendicular includes exactly perpendicular segments as well
as segments which deviate by 20 degrees or less from the
exact perpendicular configuration. The clam shape preferably
contains an opening bounded by the three segments and hav-
ing a fourth side open. The opening may be filled by another
material or layer.

The monolithic three dimensional NAND string also com-
prise a plurality of discrete charge storage segments 9 located
between the channel 1 and the blocking dielectric 7. Simi-
larly, the plurality of discrete charge storage segments 9 com-
prise at least a first discrete charge storage segment 9a located
in the device level A and a second discrete charge storage
segment 9b located in the device level B.

The tunnel dielectric 11 of the monolithic three dimen-
sional NAND string 1s located between each one of the plu-
rality of the discrete charge storage segments 9 and the semi-
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conductor channel 1. In embodiments described in more
detail below, the tunnel dielectric 11 has a uniform thickness

and/or a straight sidewall.

The blocking dielectric 7 and the tunnel dielectric 11 may
be independently selected from any one or more same or
different electrically insulating materials, such as silicon
oxide, silicon nitride, silicon oxynitride, or other high-k 1nsu-
lating materials.

The discrete charge storage segments 9 may comprise a
conductive (e.g., metal or metal alloy such as titanium, plati-
num, ruthenium, titanium nitride, hatnium nitride, tantalum
nitride, zirconium nitride, or a metal silicide such as titanium
silicide, nickel silicide, cobalt silicide, or a combination
thereol) or semiconductor (e.g., polysilicon) floating gate,
conductive nanoparticles, or a discrete charge storage dielec-
tric (e.g., silicon nitride or another dielectric) feature. For
example, 1n some embodiments, the discrete charge storage
segments 9 are discrete charge storage dielectric features,
cach of which comprises a nitride feature 9, where the silicon
oxide blocking dielectric segment 7, the nitride feature 9 and
the silicon oxide tunnel dielectric 11 form oxide-nitride-ox-
ide discrete charge storage structures of the NAND string. In
some of the following description, a polysilicon floating gate
1s used as a non-limiting example. However, it should be
understood that a dielectric charge storage feature or other
floating gate material may be used 1nstead.

Single Vertical Channel NAND String Embodiments

FIGS. 5-13 1illustrate a method of making a NAND string
according to a first embodiment of the invention.

Referring to FIG. 5, a stack 120 of alternating layers 121
(121a,121b, etc.) and 132 (132a,132b etc.) 1s formed over the
major surface of the substrate 100. Layers 121, 132 may be
deposited over the substrate by any suitable deposition
method, such as sputtering, CVD, MBE, etc. The layers 121,
132 may be 6 to 100 nm thick. The stack 120 may be covered
with a top layer of msulating material 200, such as silicon
nitride.

In this embodiment, the first layers 121 comprise a first
conductive (e.g., metal or metal alloy) or semiconductor (e.g.,
heavily doped n+ or p+ polysilicon) control gate matenal, and
the second layers 132 comprise a first sacrificial material. The
term heavily doped includes semiconductor materials doped
n-type or p-type to a concentration of above 10'® cm™. Any
sacrificial material 132 that can be selectively etched com-
pared to material 121 may be used, such as conductive or
insulating or semiconducting material. For example, the sac-
rificial material 132 may be silicon-germanium or intrinsic
polysilicon when material 121 is p+ polysilicon.

The deposition of layers 121, 132 is followed by etching
the stack 120 to form at least one back side opening 84 and at
least one front side opening 81 1n the stack 120. The openings
81, 84 may be formed by forming a mask (e.g., a photoresist
mask) by photolithography followed by etching unmasked
areas. The opening 84 may be 1n the shape of a cut traversing
more than one NAND string as 1llustrated in F1G. 13. An array
of front side openings 81 may be formed in locations where
vertical channels of NAND strings will be subsequently
formed and one or more back side openings 84 may be formed
near the front side openings 81 to allow back side access to the
vertical NAND strings located 1n the front side openings 81.
A second sacrificial layer 134 1s deposited 1n the back side
openings or cut 84. In an embodiment, openings or cut(s) 84
are formed 1n the stack 120 first and filled with sacrificial
material 134. Then, the front side openings 81 are formed in
the stack. The order of steps, however, may be reversed. Any
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sacrificial material 134 that can be selectively etched com-
pared to material 121 may be used, such as conductive or
insulating or semiconducting material. For example, the sac-
rificial material 134 may be silicon oxide when material 121
1s p+ polysilicon.

Next, as shown 1in FIG. 6, the first sacrificial material 132 1s
selectively etched compared to the first material 121 and
second sacrificial layer 134 to form first recesses 62. The first
recesses 62 may be formed by selective, 1sotropic wet or dry
cetching which selectively etches the first sacrificial material
132 compared to the first conductive material 121 through
front side openings 81. The recess 62 extends to the second
sacrificial layer 134. Preferably, the entire layers of first sac-
rificial material 132 between the layers of first conductive
maternial 121 are removed up to the second sacrificial layer
134.

An optional second selective etch may be performed to
extend the first recesses 62 1nto the second sacrificial layer
134. Alternatively, the first selective etch process 1s continued
rather than performing a second selective etch 11 the etchant 1s
capable of selectively etching the first and second sacrificial
materials 132, 134 relative to the first conductive material
121. In this case, the top of the second sacrificial layer 134 1s
covered by a mask during etching.

A blocking dielectric 7 (also known as an inter-poly dielec-
tric, IPD) 1s then formed in the openings 81 such that the
blocking dielectric coats the sides of the first recesses 62,
resulting 1n a structure as shown 1n FIG. 7. In an embodiment,
the blocking dielectric 7 completely fills the portion of recess
62 1n the second sacrificial layer 134 and partially fills the
recesses 62 between the first conductive material 121 1n the
stack 120. The blocking dielectric 7 may comprise a silicon
oxide layer deposited by conformal atomic layer deposition
(ALD) or chemical vapor deposition (CVD). Other high-k
dielectric materials, such as hafnium oxide, may be used
instead or 1n addition to silicon oxide. Dielectric 7 may have
a thickness of 6 to 20 nm. The blocking dielectric 7 comprises
a plurality of clam-shaped blocking dielectric segments (e.g.,
blocking dielectric segments 7a and 7b) in the first recesses 62
between overhanging portions of the first conductive material
121.

Next, as 1llustrated in FIG. 8, a third sacrificial layer 136 1s
deposited 1n the recesses 62. The third sacrificial layers 136
form dummy layer segments separated from each other in the
remaining unfilled portions of recesses 62. The third sacrifi-
cial layer 136 may be, but 1s not limited to, a conductive
material, such as titanium nitride or another metal or metal
alloy, or doped polysilicon of a different conductivity type
(e.g., n+ or intrinsic) from the control gate material 136 (e.g.,
p+ or polysilicon). The control gate material 136 may be any
material that can be selectively etched compared to the block-
ing dielectric 7 and the conformal msulating layer 138 (de-
scribed below). In an embodiment, the third sacrificial layer
136 completely fills the remaining portions of the recess 62.

In the next step, 1llustrated 1n FIG. 9, the opening 81 1s then
sequentially filled with a series of layers. First, an optional
conformal layer of insulating material 138 1s deposited 1n the
opening 81. The conformal insulating layer 138 may depos-
ited by ALD or CVD. Suitable materials for the conformal
isulating layer include nitrides (such as silicon mitride),
oxides (such as silicon oxide) and other high-k dielectric
materials. The conformal insulating layer 138 may have a
thickness of 1-5 nm. A layer of charge storage material 9 (e.g.,
n+ poly) may then be conformally deposited on top of the
conformal 1nsulating layer 138 in the opening 81. The charge
storage material 9 1s then followed by a layer of dielectric
material 11 suitable for forming a tunnel dielectric 11. The
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tunnel dielectric may comprise a relatively thin msulating
layer (e.g., 4 to 10 nm thick) of silicon oxide or other suitable
material, such as oxynitride, oxide and nitride mult1 layer
stacks, or ahigh-k dielectric (e.g., hatnium oxide). The tunnel
dielectric may be deposited by any suitable method, such as

ALD, CVD, efc.

A semiconductor channel material 1 i1s then formed in the
front side opening 81. The channel may comprise any suitable
semiconductor material, such as silicon, germanium, silicon
germanium, indium antimonide or any other compound semi-
conductor material. In some embodiments, the semiconduc-
tor channel material 1 completely fills the opening 81 with a
semiconductor channel material, as shown in FIG. 9. Alter-
natively, the step of forming the semiconductor channel 1 1n
the opening forms a semiconductor channel material 1 on the
side wall(s) of the opening 81 but not 1n a central part of the
opening 81 such that the semiconductor channel material 1
does not completely {ill the opening 81. In these alternative
embodiments, an mnsulating fill material 2 1s formed 1n the
central part ol the at least one opening 81 to completely fill the
at least one opening 81, as shown 1n FIG. 2. Preferably, the
channel material 1 comprises lightly doped p-type or n-type
(i.e., doping below 10'” cm™) silicon material. An n-channel
device 1s preferred since 1t 1s easily connected with n+ junc-
tions. However, a p-channel device may also be used.

The semiconductor channel 1 may be formed by any
desired methods. For example, the semiconductor channel
material 1 may be formed by depositing semiconductor (e.g.,
polysilicon) material in the opening 81 and over the stack 120,
followed by a step of removing the upper portion of the
deposited semiconductor layer by chemical mechanical pol-
1shing (CMP) or etchback using top surface of the stack 120
as a polish stop or etch stop.

In some embodiments, a single crystal silicon or polysili-
con vertical channel 1 may be formed by metal induced
crystallization (“MIC”, also referred to as metal induced lat-
eral crystallization) without a separate masking step. The
MIC method provides full channel crystallization due to lat-
eral confinement of the channel maternial 1n the opening 81.

In the MIC method, an amorphous or small grain polysili-
con semiconductor (e.g., silicon) layer can be first formed 1n
the at least one opening 81 and over the stack 120, followed by
forming a nucleation promoter layer over the semiconductor
layer. The nucleation promoter layer may be a continuous
layer or a plurality of discontinuous regions. The nucleation
promoter layer may comprise any desired polysilicon nucle-
ation promoter materials, for example but not limited to
nucleation promoter materials such as Ge, Ni, Pd, Al or a
combination thereof.

The amorphous or small grain semiconductor layer can
then be converted to a large grain polycrystalline or single
crystalline semiconductor layer by recrystallizing the amor-
phous or small grain polycrystalline semiconductor. The
recrystallization may be conducted by a low temperature
(e.g., 300 to 600° C.) anneal.

The upper portion of the polycrystalline semiconductor
layer and the nucleation promoter layer can then be removed
by CMP or etchback using top surtace of the stack 120 as a
stop, resulting in the structure as shown in FIG. 9. The
removal may be conducted by selectively wet etching the
remaining nucleation promoter layer and any formed silicide
in the top of layer following by CMP of the top of silicon layer
using the top of the stack 120 as a stop.

The second sacrificial layer 134 1s then removed from the
back side openings 84 exposing the third sacrificial layers 136
in the recesses 62. Further, the third sacrificial layers 136 are
removed from the recesses 62 through the back side openings
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84. The resulting structure 1s illustrated in FIG. 10. Removal
of the second and third sacrificial layers 134, 136 may be

accomplished 1n a single sacrificial etch step or with two
separate etch steps. In this step, the conformal insulating layer
138 acts as an etch stop, preventing the dissolution of mate-
rials in the openings 81.

In the next step, illustrated 1n FIG. 11, a portion of the
conformal mnsulating layer 138 and a portion of the charge
storage layer 9 are removed through the back side openings
84 and the recesses 62 wherein the third sacrificial layer 136
was removed to form recesses 63. In this manner, separate,
discrete charge storage elements 9a-9d 1n each device level
are produced. Removal of a portion of the conformal insulat-
ing layer 138 may be accomplished, for example, by selective
wet etching 1n one or more steps. For example, a first etchant
may be used to selectively etch the conformal insulating layer
138 and a second etchant used to selectively etch the charge
storage layer 9. If desired, an optional channel grain boundary
passivation anneal may be conducted on the structure shown
in FIG. 11 to passivate the channel grain boundaries. The
anneal may be conducted 1n a hydrogen, oxygen and/or nitro-
gen contaiming ambient (e.g., forming gas ambient) at a tem-
perature of 600 to 1000° C. The ambient reaches the channel
1 through the back side opening 84 and the open recesses 62
and 63. If the channel 1 comprises a hollow cylinder shown 1n
FIGS. 2 and 4, then this anneal may be conducted at any time
betfore the insulating fill material 2 1s provided into the middle
of the hollow channel.

FIG. 12 illustrates the formation of an enclosed air gap 300
between the discrete charge storage elements 9a-9d. In this
step, dielectric material 302 1s deposited in the recesses 63
and the recesses 62. Deposition 1s preferably performed with
a conformal deposition process such as ALD or CVD though
the back side openings 84. A uniform layer of material 1s
deposited on the walls of the recess 63 and 1n the recess 62.
When the recess 62 fills with material, the deposition process
stops since the connection between back side openings 84 and
recesses 63 1s filled. Because the recess 63 1s larger than the
recess 62, an air gap remains 1n the recess 63. Thus, the
discrete charge storage elements 9a-9d are separated from
cach other with a composite structure that includes dielectric
material 302 and the air gap 300. The air gap 300 advanta-
geously provides better 1solation between regions 9 than 1nsu-
lating material alone. The dielectric material 300 may be the
same material as the blocking dielectric 7, e.g. S10,,. Alter-
natively, the dielectric material may comprise a different
material than that of the blocking dielectric 7, e.g. silicon
nitride.

Thus, all NAND layers except insulating layer 302 and air
gap 300 are formed by front side (1.e., channel side) process-
ing through front side opening 81 while insulating layer 302
(and thus the air gap 300) are formed via back side processing,
through back side opening 84.

An upper electrode 202 may be formed over the semicon-
ductor channel 1, resulting 1n a structure shown in F1G. 1 or 2.
In these embodiments, alower electrode 102 may be provided
below the semiconductor channel 1 prior to the step of form-
ing the stack 120 over the substrate 100. The lower electrode
102 and the upper electrode may be used as the source/drain

clectrodes of the NAND string.

U-Shaped Channel NAND String Embodiments

In the U-shaped channel embodiments, the source/drain
clectrodes of the NAND string can both be formed over the
semiconductor channel 1 and the channel 1 has a U-shape, for
example as shown in FIGS. 3 and 4. In these embodiments, an
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optional body contact electrode (as will be described below)
may be disposed on or 1n the substrate 100 to provide a body
contact to the connecting portion of the semiconductor chan-
nel 1 from below.

As used herein a “U-shape™ side cross sectional shape
configured similar to an English letter “U”. This shape has
two segments (referred to herein as “wing portions™) which
extend substantially parallel to each other and substantially
perpendicular to the major surface 100a of the substrate 100.
The two wing portions are connected to each other by a
connecting segment or portion which extends substantially
perpendicular to the first two segments and substantially par-
allel to the surface 100a. Each of the three segments may have
a straight shape (e.g., a rectangle side cross sectional shape)
or a somewhat curved shape (e.g., rising and falling with the
curvature of the underlying topography). The term substan-
tially parallel includes exactly parallel segments as well as
segments which deviate by 20 degrees or less from the exact
parallel configuration. The term substantially perpendicular
includes exactly perpendicular segments as well as segments
which deviate by 20 degrees or less from the exact perpen-
dicular configuration.

The substrate 100 shown in FI1G. 14 may comprise a semi-
conductor substrate optionally containing embedded conduc-
tors and/or various semiconductor devices. Alternatively, the
substrate 100 may comprise an insulating or semiconductor
layer optionally containing embedded conductors.

First, a sacrificial feature 89 may be formed 1n and/or over
the substrate 100, prior to the step of forming the stack 120 of
alternating layers of the first material and second materials
over the at least one sacnficial feature 89. The sacrificial
feature 89 may be formed of any suitable sacrificial material
which may be selectively etched compared to the other mate-
rials 1 the stack 120 and in the NAND string, such as an
organic material, silicon nitride, tungsten, etc. Feature 89 may
have any suitable shape which 1s similar to the desired shape
of the connecting segment of the U-shape as will be described
below.

An msulating protective layer 108 may be formed between
the sacrificial feature 89 and the stack 120. For example, layer
108 may comprise silicon oxide it feature 89 comprises sili-
con nitride. Further, at least two front side openings 81 and 82
are then formed in the stack 120, resulting 1n a structure
shown 1n FIG. 14A. FIG. 14B shows a top cross sectional
view along line X-X'1in FIG. 14A. FIG. 14C shows a top cross
sectional view along line Z-7' 1n FIG. 14A. FI1G. 14A 1s aside
cross sectional view along line Y-Y' in FIGS. 14B and 14C.
The openings 81 and 82 are formed above the sacrificial
feature 89, as 1illustrated 1n FIGS. 14A-C. In some embodi-
ments, the semiconductor channel has a cross section of two
circles when viewed from above, as shown 1n FIGS. 13 and
14B. Preferably, the protective layer 108 1s used as a stop for
the etching of the opemings 81, 82 such that the top of layer
108 forms the bottom surface of the openings 81, 82.

The same or similar methods described above 1n the single
vertical channel embodiments and illustrated 1n FIGS. 5-13
can then be used to form the intermediate structure shown 1n
FIG. 15. In this structure, the front side processing as 1llus-
trated 1n FIGS. 5-8 have been performed.

Turning to FI1G. 16, the at least one sacrificial feature 89 1s
then removed to form a hollow region 83 where the feature 89
was located. The hollow region 83 extends substantially par-
allel to a major surface 100a of the substrate 100, and con-
nects the at least two openings 81 and 82, forming a hollow
U-shaped space 80. The hollow region 83 may be formed by
turther etching the openings 81, 82 (e.g., by anisotropic etch-
ing) such that these openings extend through the protective
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layer 108 to expose the sacrificial teature 89. The sacrificial
feature 89 material 1s then selectively etched using a selective
wet or dry etch which selectively removes the sacrificial
feature material without substantially etching material 122,
blocking dielectric 7 and charge storage segments 9.

After forming the U-shaped space 80, a NAND string 180
may fabricated as follows. A charge storage material layer 9 1s
formed over the first blocking dielectric 7 1n the first and
second front side openings 81, 82 and 1n the hollow region 83.
A tunnel dielectric layer 11 1s then deposited over the charge
storage material layer 9 1n the first and second front side
openings 81, 82 and 1n the hollow region 83. The semicon-
ductor channel layer 1 1s then formed over the tunnel dielec-
tric layer 11, similar to steps shown in FIG. 9.

Next the second sacrificial layer 134 1s selectively removed
from the back side openings 84 followed by selectively
removing the dummy layer segments of third sacrificial layer
136 through the back side opening 84 to expose the recesses
62 via the second back side openmings 84 similar to the steps
shown 1n FIG. 10. Next, portions of the charge storage mate-
rial layer 9 are selectively removed through the back side
openings 84 and the recesses 62 to form a plurality of spaced
apart charge storage segments 9 separated by recesses 63,
similar to the steps shown in FIG. 11. A blocking dielectric 1s
then deposited in the recesses 62 and between the spaced
apart charge storage segments 9 in recesses 63 through the
back side openings 84, similar to FIG. 12. To complete the
NAND string 180, a source electrode 202, 1s formed contact-
ing the semiconductor channel wing 1a located 1n opening 81
and a drain electrode 202, 1s formed contacting the semicon-
ductor channel wing 1b located 1n opening 82 as shown 1n
FIGS. 3 and 4. Optionally, a body contact electrode 18 may be
formed below the stack, as shown in FIG. 3. The body contact
clectrode preferably contacts a portion of the semiconductor
channel layer located in the hollow region 83.

In an embodiment, the semiconductor channel layer 1 has
a cross section above the hollow space of two circles when
viewed from above, as shown 1n FIGS. 13 and 14b.

In an embodiment, the semiconductor channel material 1
completely fills the openings 81 and 82, as shown 1n FIG. 3.
Alternatively, the step of forming the semiconductor channel
1 1n the openings 81, 82 forms a semiconductor channel
material 1 on the side wall(s) of the openings 81, 82 butnot in
a central part of the openings such that the semiconductor
channel material 1 does not completely fill the openings. In
these alternative embodiments, an insulating fill material 2 1s
formed in the central part of the openings 81, 82 to completely
{11l the openings 81, 82 as shown 1n FIG. 4.

Although the foregoing refers to particular preferred
embodiments, it will be understood that the invention 1s not so
limited. It will occur to those of ordinary skill 1n the art that
various modifications may be made to the disclosed embodi-
ments and that such modifications are mtended to be within
the scope of the mvention. All of the publications, patent
applications and patents cited herein are incorporated herein
by reference 1n their entirety.

What 1s claimed 1s:

1. A method of making a monolithic three dimensional
NAND string, comprising:

forming a stack of alternating layers of a first material and

a second material over a substrate, wherein the first
material comprises a conductive or semiconductor con-
trol gate material and wherein the second material com-
prises a first sacrificial matenal;

ctching the stack to form a back side opening 1n the stack;

depositing a second sacrificial material 1n the back side

opening;
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ctching the stack to form a front side opening 1n the stack;

selectively removing the second material through the front

side opening to form first recesses;

forming a first blocking dielectric in the first recesses to

partially {ill the first recesses;
forming a plurality of spaced apart dummy layer segments
separated from each other 1n remaiming unfilled portions
of the first recesses over the first blocking dielectric;

forming a charge storage material layer over the first block-
ing dielectric 1n the front side opening;;

forming a tunnel dielectric layer over the charge storage

material layer 1in the front side opening;

forming a semiconductor channel layer over the tunnel

dielectric layer in the front side opening;

selectively removing the second sacrificial layer from the

back side opening;

selectively removing the plurality of dummy layer seg-

ments through the back side opening to expose the first
recesses 1n the back side opening;;

selectively removing portions of the charge storage mate-

rial layer through the back side opening and the first
recesses to form a plurality of spaced apart charge stor-
age segments; and

forming a second blocking dielectric 1n the first recesses

and between the spaced apart charge storage segments
through the back side opening.

2. The method of claim 1, wherein the step of forming the
second blocking dielectric between the spaced apart charge
storage segments partially fills spaces between the spaced
apart charge storage segments to leave an air gap between
adjacent charge storage segments.

3. The method of claim 1, further comprising;

etching second recesses in the second sacrificial matenal

through the first recesses aiter the step of selectively
removing the second material;

forming the first blocking dielectric 1n the second recesses

during the step of forming the first blocking dielectric 1n
the first recesses;

selectively removing the first blocking dielectric from the

second recesses through the back side opening after the
step of selectively removing the second sacrificial layer
from the back side opening and before the step of selec-
tively removing the plurality of dummy layer segments;
and

performing a channel grain boundary passivation anneal 1n

at least one of hydrogen, oxygen or nitrogen containing
ambient after the step of selectively removing portions
of the charge storage material, such that the ambient
reaches the channel through the back side opening and
through the first recesses.

4. The method of claim 1, further comprising;

forming an etch stop layer over the first blocking dielectric

and the plurality of dummy layer segments 1n the front
side opening prior to the step of forming the charge
storage material layer, such that the step of forming the
charge storage material layer forms the charge storage
material layer on the etch stop layer in the front side
opening; and

selectively removing portions of the etch stop layer

through the back side opening after the step of selec-
tively removing the plurality of dummy layer segments
and before the step of selectively removing portions of
the charge storage material layer.

5. The method of claim 1, wherein:

at least one end portion of the semiconductor channel

extends vertically 1n a substantially perpendicular direc-
tion to a major surface of the substrate; and
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the plurality of spaced apart charge storage segments com-
prise a plurality of vertically spaced apart tloating gates
or a plurality of vertically spaced apart dielectric charge
storage segments.

6. The method of claim 1, wherein the step of forming the
semiconductor channel layer in the front side opening com-
pletely fills the front side opening with the semiconductor
channel layer.

7. The method of claim 1, wherein the step of forming the
semiconductor channel layer 1n the front side opening forms
the semiconductor channel layer on a side wall of the front
side opening but not 1n a central part of the front side opening,
such that the semiconductor channel layer does not com-
pletely fill the front side opening.

8. The method of claim 7, further comprising forming an
insulating {ill material in the central part of the front side
opening to completely fill the front side opening.

9. The method of claim 1, furthering comprising forming,
an upper electrode over the semiconductor channel.

10. The method of claim 9, furthering comprising provid-
ing a lower electrode below the semiconductor channel layer
prior to forming the stack.

11. The method of claim 1, wherein:

the conductive or semiconductor control gate material

comprises doped polysilicon of a first conductivity type;
the first sacrificial material comprises silicon germanium
or 1ntrinsic polysilicon;

the semiconductor channel layer comprises lightly doped

or 1ntrinsic polysilicon;

the second sacrificial material comprises silicon oxide or

silicon nitride;

the plurality of spaced apart dummy layer segments com-

prise titantum nitride or doped polysilicon of a second
conductivity type; and

the charge storage maternial layer comprises doped poly-

silicon of the second conductivity type.

12. The method of claim 1, turther comprising:

forming a sacrificial feature over the substrate prior to the

step of forming the stack, such that the stack 1s formed
over the sacrificial feature;

etching the stack to form a second back side opening in the

stack;

depositing the second sacrificial material 1in the second

back side opening during the step of depositing the sec-
ond sacrificial material;

ctching the stack to form a second front side opening 1n the

stack;

selectively removing the second material through the sec-

ond front side opening to form third recesses;

torming the first blocking dielectric 1n the third recesses to

partially fill the third recesses;

forming a second plurality of spaced apart dummy layer

segments separated from each other in remaining
unfilled portions of the third recesses over the first block-
ing dielectric;

selectively removing the sacrificial feature to form a hol-

low region extending substantially parallel to a major
surface of the substrate which connects front side open-
ing to the second front side opening to form a hollow
U-shaped pipe space comprising the front side opening
and the second front side opening extending substan-
tially perpendicular to the major surface of the substrate
connected by the hollow region;

forming the charge storage material layer over the first

blocking dielectric in the second front side opening and
in the hollow region;
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forming the tunnel dielectric layer over the charge storage
material layer 1n the second front side opening and 1n the
hollow region;

forming the semiconductor channel layer over the tunnel
dielectric layer 1n the second front side opening and 1n
the hollow region;

selectively removing the second sacrificial layer from the
second back side opening;

selectively removing the second plurality of dummy layer
segments through the second back side opening to
expose the third recesses 1n the second back side open-
ng;

selectively removing portions of the charge storage mate-
rial layer through the second back side opening and the
third recesses to form a second plurality of spaced apart

charge storage segments; and

forming a second blocking dielectric 1n the third recesses
and between the second spaced apart charge storage
segments through the second back side opening.
13. The method of claim 12, wherein the semiconductor
channel layer has a cross section above the hollow space of
two circles when viewed from above.
14. The method of claim 13, furthering comprising:
forming a source electrode contacting the semiconductor
channel layer located 1n the front side opening;

forming a drain electrode contacting the semiconductor
channel layer located 1n the second front side opening;
and

forming a body contact electrode below the stack, wherein

the body contact electrode contacts a portion of the
semiconductor channel layer located in the hollow
region.
13. The method of claim 1, whevrein:
the monolithic three dimensional NAND string is located in
a monolithic, three dimensional memory device com-
prising a plurality of monolithic three dimensional
NAND strings,

the substrate comprises a silicon substrate;

a first control gate electrode of the monolithic three dimen-
sional NAND string is located in a first device level and
a second control gate electrode of the monolithic three
dimensional NAND string is located in a second device
level over the major surface of the silicon substrvate and
below the first device level; and

an integrated circuit comprising a driver circuit for the

memory device is located on the silicon substrate.

16. A method of making a monolithic three dimensional
NAND string which is located in a monolithic, three dimen-
sional memory device comprising a plurality of monolithic
three dimensional NAND strings wherein a first control gate
electrode of the monolithic three dimensional NAND string is
located in a first device level and a second control gate
electrode of the monolithic three dimensional NAND string is
located in a second device level over a major surface of a
silicon substrate and below the first device level, wherein the
method of making the monolithic three dimensional NAND
String comprises.

providing the silicon substrate having an integrated circuit

comprising a driver circuit for the memory device
located on the silicon substrate;

Jorming a stack of alternating lavers of a first material and

a second material over the silicon substrate, wherein the

fivst material comprises a conductive or semiconductor
control gate material and wherein the second material
comprises a first sacrificial material;

etching the stack to form a back side opening in the stack;
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depositing a second sacrificial material in the back side
opening,;

etching the stack to form a front side opening in the stack;

selectively removing the second matevial through the front
side opening to form first recesses;

forming a first blocking dielectric in the first vecesses to
partially fill the first vecesses;

forming a plurality of spaced apart dummy layer segments
separated from each other in vemaining unfilled portions
of the first vecesses over the first blocking dielectric,

forming a charge storage material layer over the first
blocking dielectric in the front side opening;

forming a tunnel dielectric layer over the charge storage
material layer in the front side opening;

forming a semiconductor channel layer over the tunnel
dielectric layer in the front side opening;

selectively removing the second sacrificial layer from the
back side opening;

selectively removing the plurality of dummy layer segments
through the back side opening to expose the first vecesses
in the back side opening,

selectively removing portions of the charge storage mate-
rial laver through the back side opening and the first
recesses to form a plurality of spaced apart charge stor-
age segments; and

forming a second blocking dielectric in the first vecesses
and between the spaced apart charge storvage segments
through the back side opening.

17. The method of claim 16, wherein the step of forming the
second blocking dielectric between the spaced apart charge
storage segments partially fills spaces between the spaced
apart charge storage segments to leave an air gap between
adjacent charge storage segments.

18. The method of claim 16, further comprising:

etching second vecesses in the second sacrificial material

through the first vecesses after the step of selectively
removing the second material;

Jorming the first blocking dielectric in the second recesses
during the step of forming the first blocking dielectric in
the first vecesses;

selectively removing the first blocking dielectric from the
second recesses through the back side opening after the
step of selectively removing the second sacrificial layer
from the back side opening and before the step of selec-
tively removing the plurality of dummy layer segments;
and

performing a channel grain boundary passivation anneal
in at least one of hydrogen, oxygen or nitrogen contain-
ing ambient after the step of selectively removing por-
tions of the charge storage material, such that the ambi-
ent veaches the channel through the back side opening
and through the first recesses.

19. The method of claim 16, further comprising:

Jorming an etch stop layer over the first blocking dielectric
and the plurality of dummy layer segments in the front
side opening prior to the step of forming the charge
storage material layer, such that the step of forming the
charge storage material layer forms the charge storage
material laver on the etch stop laver in the front side
opening; and

selectively removing portions of the etch stop layer through
the back side opening after the step of selectively remov-
ing the plurality of dummy layer segments and before the
step of selectively removing portions of the charge stor-
age material layer.
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20. The method of claim 16, wherein.

at least one end portion of the semiconductor channel
extends vertically in a substantially perpendicular
dirvection to a major surface of the silicon substrate; and

the plurality of spaced apart charge storage segments com-
prise a plurality of vertically spaced apart floating gates
or a plurality of vertically spaced apart dielectric
charge storage segments.

21. The method of claim 16, wherein the step of forming the
semiconductor channel layer in the front side opening com-
pletely fills the front side opening with the semiconductor
channel laver.

22. The method of claim 16, wherein the step of forming the
semiconductor channel layer in the front side opening forms

the semiconductor channel layer on a side wall of the front
side opening but not in a central part of the front side opening
such that the semiconductor channel layer does not com-
pletely fill the front side opening.

23. The method of claim 22, further comprising forming an
insulating fill material in the central part of the front side
opening to completely fill the front side opening.

24. The method of claim 16, furthering comprising forming
an upper electrode over the semiconductor channel.

25. The method of claim 24, furthering comprising provid-
ing a lower electrode below the semiconductor channel layer
prior to forming the stack.

26. The method of claim 16, wherein.

the conductive orv semiconductor control gate material

comprises doped polysilicon of a first conductivity type;
the first sacrificial material comprises silicon germanium
or intrinsic polysilicon;

the semiconductor channel layver comprises lightly doped

or intrinsic polysilicon;

the second sacrificial material comprises silicon oxide or

silicon nitride;

the plurality of spaced apart dummy laver segments com-

prise titanium nitride or doped polysilicon of a second
conductivity type; and

the charge storage material layer comprises doped poly-

silicon of the second conductivity type.

27. The method of claim 16, further comprising:

forming a sacrificial feature over the silicon substrate

prior to the step of forming the stack, such that the stack
is formed over the sacrificial feature;

etching the stack to form a second back side opening in the

stack;

depositing the second sacrificial material in the second

back side opening during the step of depositing the sec-
ond sacrificial material;

etching the stack to form a second front side opening in the

stack;
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selectively removing the second material through the sec-
ond front side opening to form thivd vecesses;

forming the first blocking dielectric in the thivd recesses to
partially fill the third recesses;

forming a second plurality of spaced apart dummy layer
segments separvated from each other in remaining
unfilled portions of the thivd vecesses over the first block-
ing dielectric;

selectively removing the sacrificial feature to form a hollow
region extending substantially parallel to a major sur-
face of the silicon substrate which connects front side
opening to the second front side opening to form a hol-
low U-shaped pipe space comprising the front side
opening and the second front side opening extending
substantially perpendicular to the major surface of the
silicon substrate connected by the hollow region;

forming the charge storage material layer over the first
blocking dielectric in the second front side opening and
in the hollow region;

forming the tunnel dielectrvic layver over the charge storage
material layerin the second front side opening and in the
hollow region;

Jorming the semiconductor channel layer over the tunnel
dielectric layer in the second front side opening and in
the hollow region;

selectively removing the second sacrificial layer from the
second back side opening;

selectively removing the second plurality of dummy laver
segments through the second back side opening to
expose the third recesses in the second back side open-
Ing,

selectively removing portions of the charge storage mate-
rial layer through the second back side opening and the
thivd recesses to form a second plurality of spaced apart
charge storage segments,; and

forming a second blocking dielectvic in the thivd rvecesses
and between the second spaced apart charge storage
segments through the second back side opening.

28. The method of claim 27, wherein the semiconductor
channel laver has a cross section above the hollow space of
two circles when viewed from above.

29. The method of claim 28, furthering comprising:

forming a source electrode contacting the semiconductor
channel layer located in the front side opening;

forming a drain electrode contacting the semiconductor
channel layer located in the second front side opening;
and

forming a body contact electrode below the stack, wherein
the body contact electrode contacts a portion of the
semiconductor channel laver located in the hollow
region.
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