US 20140004676A1

a9 United States

a2y Patent Application Publication o) Pub. No.: US 2014/0004676 A1

Eom et al. 43) Pub. Date: Jan. 2, 2014
(54) VERTICAL CHANNEL MEMORY DEVICES 30) Foreign Application Priority Data
WITH NONUNIFORM GATE ELECTRODES
AND METHODS OF FABRICATING THE Nov. 29, 2011 (KR) ........................ 10-2011-0126013
SAME
(71) Applicants:Daehong Eom, Hwaseong-si (KR); Publication Classification
Kyunghyun Kim, Seoul (KR); (51) Int.CL
Kwangsu Kim, Seoul (KR), Jun-Youl HOIL 29/66 (200601)
Yang, Sequl (KR); Se-Ho Cha, (52) US.CL
Goyang-si (KR) CPC oo HOIL 29/66833 (2013.01)
(72) Tnventors: Dachong Eom, Hwaseong-si (KR); USPC ottt 438/287
Kyunghyun Kim, Seoul (KR);
Kwangsu Kim, Seoul (KR); Jun-Youl (57 ABSTRACT
Yang, Seoul (KR); Se-Ho Cha, ) ) o )
Goyang-si (KR) A mold stack including alternating insulation layers and sac-
rificial layers is formed on a substrate. Vertical channel
(21) Appl. No.: 14/020,192 regions extending through the insulation layers and sacrificial
) layers of the mold stack are formed. Gate electrodes are
(22) Filed: Sep. 6, 2013 formed between adjacent ones of the insulation layers and
o surrounding the vertical channel regions. The gate electrodes
Related U.S. Application Data havea grea%er thickness at a first loc%nion near sgidewalls of'the
(62) Division of application No. 13/689,176, filed on Now. insulation layers than at a second location further away from

29, 2012, now Pat. No. 8,552,489.

the sidewalls of the insulation layers.

120

110

101




Patent Application Publication Jan. 2,2014 Sheet 1 of 59 US 2014/0004676 A1

120

1
Jr 10




Patent Application Publication Jan. 2,2014 Sheet 2 of 59 US 2014/0004676 A1

110

101




Patent Application Publication Jan. 2,2014 Sheet 3 of 59 US 2014/0004676 A1

140
120

110

101




Patent Application Publication Jan. 2,2014 Sheet 4 of 59 US 2014/0004676 A1




Patent Application Publication Jan. 2,2014 Sheet 5 of 59 US 2014/0004676 A1

Fig. 1E

107 1(\)4 115 111 172 170 107

N T

/

\

109a 120a




Patent Application Publication Jan. 2,2014 Sheet 6 of 59 US 2014/0004676 A1

——

109a 120a



Patent Application Publication Jan. 2,2014 Sheet 7 of 59 US 2014/0004676 A1

|

109a 120a



Patent Application Publication Jan. 2,2014 Sheet 8 of 59 US 2014/0004676 A1

Fig. 1H

1Q4 115 111 109t 172 170 107

[ ) )

109 120a



Patent Application Publication Jan. 2,2014 Sheet 9 of 59 US 2014/0004676 A1

Fig. 1I

20
104 115 111 109t 172 170 107

Iy

~—164

160

~—163

~—162

s €3

~— 161

}101




Patent Application Publication Jan. 2,2014 Sheet 10 of 59 US 2014/0004676 A1

Fig. 17
1
182 115 111 172 170

20

M
104~
150
110

160




Patent Application Publication Jan. 2,2014 Sheet 11 of 59 US 2014/0004676 A1

Fig. 2A

o 5)3‘
| O O
O
OQ O I
Y A
O O
L O - S



Patent Application Publication Jan. 2,2014 Sheet 12 of 59 US 2014/0004676 A1

Fig. 2B

> —v

I 115 111
X



Patent Application Publication Jan. 2,2014 Sheet 13 of 59 US 2014/0004676 A1

115 111 110
X



Patent Application Publication Jan. 2,2014 Sheet 14 of 59 US 2014/0004676 A1

Fig. 2D

150 140 107

101

4 /L
1 115 111 160
X



Patent Application Publication Jan. 2,2014 Sheet 15 of 59 US 2014/0004676 A1

Fig. 2F

160 140 107

/

N

SHEN




Patent Application Publication

Jan. 2,2014 Sheet 16 of 59  US 2014/0004676 Al

Fig. 2F

108

150a
150b > 150
150¢

140

160



Patent Application Publication Jan. 2,2014 Sheet 17 of 59 US 2014/0004676 A1

Fig. 3A

107 1(\)4 115 111 172 170 107

N Y Sy
U




Patent Application Publication Jan. 2,2014 Sheet 18 of 59 US 2014/0004676 A1

Fig. 3B

10

1(34 115 111 172 170 107

) ]

72
N

/




Patent Application Publication Jan. 2,2014 Sheet 19 of 59 US 2014/0004676 A1

107

166

/\/165

7

110~

~— 164

N

150

160

~— 163

~— 162

/
%»161

}101




Patent Application Publication

104~
150

110

Jan. 2,2014 Sheet 20 0of59  US 2014/0004676 Al

Fig. 3D

115 111 172 170

NN 180

‘ 175

166

165

164

160

163

162

161

102
101




Patent Application Publication Jan. 2,2014 Sheet 21 of 59 US 2014/0004676 A1

Fig. 4A

107 1(\)4 115 111 172 170 107

Ll

\/ \) LVVT" }101

109a 120a



Patent Application Publication

Jan. 2,2014 Sheet 22 of 59

Fig. 4B

1(\)4 115 111

) )

US 2014/0004676 Al




Patent Application Publication Jan. 2,2014 Sheet 23 of 59 US 2014/0004676 A1

107

~— 166

~—165

110~

7

~— 164

150 160

A~ 163

~— 162

~— 161

3\?101




Patent Application Publication Jan. 2,2014 Sheet 24 of 59 US 2014/0004676 A1

Fig. 4D

182 1156 111 172 170

1 -
N 1:}:?:&5 Ifgﬂiff ‘\ i &

‘ 175

104~
150

166)

165

110

164

160

163

162

161

102
101




Patent Application Publication Jan. 2,2014 Sheet 25 of 59 US 2014/0004676 A1

Fig. 5A

10

107 194 115 111 172 170 107

y ) L))

109a 120a



Patent Application Publication Jan. 2,2014 Sheet 26 of 59 US 2014/0004676 A1

Fig. 5B

10
104 115 111 172 170 107
\

I




Patent Application Publication Jan. 2,2014 Sheet 27 of 59 US 2014/0004676 A1

Fig. 5C
20
107 1Q4 115 111 172 170 107
N L))
/ Z |
K<§ ‘
L2z | 166
| ~— 165
110~—1
~— 164
160
~— 163
150
~— 162
7 161
|
L g
/




Patent Application Publication Jan. 2,2014 Sheet 28 of 59 US 2014/0004676 A1

Fig. 3D
4
1632 11)5 11)1 152 1§O
20 AN O~ 180
S~y - 5 —
104~
i 166
110 _
165
164
150 160
163
162
7 161
\
102
\ 101
/




Patent Application Publication Jan. 2,2014 Sheet 29 of 59 US 2014/0004676 A1

Fig. 5E

150 140 107

115 111
X



Patent Application Publication Jan. 2,2014 Sheet 30 of 59 US 2014/0004676 A1

10
107 104 11)5 11)1 1/72 1)70 107
) : {
Wy
B
-
l[{:{; . 140
=
C_
B 120
E[-:.;.,
C 110
&
I

\) \) = j? )

109a 120a



Patent Application Publication Jan. 2,2014 Sheet 31 of 59 US 2014/0004676 A1

Fig. 6B

10

1(\)4 115 111 172 170 107

(/J <) | / (‘) /

——

109a 120a




Patent Application Publication

Jan. 2,2014 Sheet 32 of 59

Fig. 6C

1(34 115 111 172 170

}

US 2014/0004676 Al

107




Patent Application Publication Jan. 2,2014 Sheet 33 of 59 US 2014/0004676 A1

Fig. 6D
20
107 104 115 111 172 170 107
\
\ > —/
V4 {
. \

~— 166

110—

150~

~— 165

~— 164
160
~—163

~—162

~— 161

3:101

140

—
(@]
(o]




Patent Application Publication Jan. 2,2014 Sheet 34 of 59 US 2014/0004676 A1

Fig. 6K
5
1&;2 11)5 11)1 152 1§o
2 S NN NN
- ='mn = 175
104~ :
166
110
165
150
164
160
163
162
161
102

101




Patent Application Publication Jan. 2,2014 Sheet 35 of 59 US 2014/0004676 A1

Fig. 7A

10
1(\)4 115 111 103
) ) \
[ 77 7 ] ]
[ UA / 170
i i ] T~—110t
120t
150
140
sii~—120
110




Patent Application Publication Jan. 2,2014 Sheet 36 of 59 US 2014/0004676 A1

109a 120a



Patent Application Publication Jan. 2,2014 Sheet 37 of 59 US 2014/0004676 A1

Fig. 7C

107 1(\)4 115 111

/

—

2l




Patent Application Publication Jan. 2,2014 Sheet 38 of 59 US 2014/0004676 A1
Fig. 7D
20
107 1(\)4 115 111 172 170 107
N L))
~— 166
~—165
110~—
~—164
160
140 —— ~—163
150 — —~— 162

~— 161

}101




Patent Application Publication Jan. 2,2014 Sheet 39 of 59 US 2014/0004676 A1

Fig. 7E
6
1532 11)5 11)1 152 1§o
20 O N
I e Rl
104-—| -
166
A——165
110—
16
160
% 163
150 162
7 161)
n

' 102
101




Patent Application Publication Jan. 2,2014 Sheet 40 of 59 US 2014/0004676 A1




Patent Application Publication Jan. 2,2014 Sheet 41 of 59 US 2014/0004676 A1

Fig. 8B

20

104 115 111 172 170 107
) ) /
/ / {
[N ‘

~— 166

~— 165

164

160

~— 163

~—162

~— 161

101




Patent Application Publication Jan. 2,2014 Sheet 42 of 59 US 2014/0004676 A1
Fig. 8C
7
1 8)2 1 1)5 1 1) 1 172 1 gO
2 T Y A s
- N - T 175
1 04 - R
2 2 7 166
37 %, 7 165
110 j A
¥ 7 164
X 160
151 ZA % 163
150 {
162 Z 162
22 %/l
\ —
102
101
/ /
109 108




Patent Application Publication Jan. 2,2014 Sheet 43 of 59 US 2014/0004676 A1

Fig. 9A
10
106 115 111 103

[ /) /> /) - — 172
(N 170
~—110t
120t
"""""" 140

,,,,, b
1400
~— 120
110

101




Patent Application Publication Jan. 2,2014 Sheet 44 of 59 US 2014/0004676 A1

Fig. 9B

\ Y

109a 120a




Patent Application Publication Jan. 2,2014 Sheet 45 of 59 US 2014/0004676 A1

| 1 o I D I o r\L_/MOa}
140
I.'::I T o+ 3 —140b

«~-108
| [ 4~—110




Patent Application Publication Jan. 2,2014 Sheet 46 of 59 US 2014/0004676 A1

160

H]
N Tk
Il By '

TeesTory }““““““

| V//

i 7\

\ A

bbbt LESESRN

§ L :




Patent Application Publication Jan. 2,2014 Sheet 47 of 59 US 2014/0004676 A1

Fig. 9E

8

182 115 111 172 170

|
T ORI -

2 N fffffifff }f}ff{f{f ‘ 175
106 Somdl FeT | B e

iz ‘
140a “““ o |

140
140b
150

7
Y ;\“““.““ :
i

164

160

163

162

L&

110 S

L
i

|

161

= 102
101

107 109 108

s

) |

]
\_/



Patent Application Publication Jan. 2,2014 Sheet 48 of 59 US 2014/0004676 A1

Fig. 10A

172
110t
120t

101




Patent Application Publication Jan. 2,2014 Sheet 49 of 59 US 2014/0004676 A1

Fig. 10B

! 101




Patent Application Publication Jan. 2,2014 Sheet 50 of 59 US 2014/0004676 A1

109a 120a



Patent Application Publication Jan. 2,2014 Sheet 51 of 59 US 2014/0004676 A1

~—110

101




Patent Application Publication Jan. 2,2014 Sheet 52 of 59 US 2014/0004676 A1

Fig. 10E

9
1\5 1K1 170 1<2
AN 180
175
166
2
Nsssossssssiy

L

TESTTTCNS

160

N N

[

STETTTTTTTeeTTy

163

162

N“““““““‘

161

102
101




Patent Application Publication Jan. 2,2014 Sheet 53 of 59 US 2014/0004676 A1

Fig. 11A




Patent Application Publication Jan. 2,2014 Sheet 54 of 59 US 2014/0004676 A1

Fig. 11B

107 140 109a 120a W1

T




Patent Application Publication Jan. 2,2014 Sheet 55 of 59 US 2014/0004676 A1

Fig. 11C




Patent Application Publication Jan. 2,2014 Sheet 56 of 59 US 2014/0004676 A1

Fig. 11D

107 108 107

160 —

10— 160




Patent Application Publication Jan. 2,2014 Sheet 57 of 59 US 2014/0004676 A1

Fig. 11E

164

160
163

162

TTSSSSEST Nicecereerereerrreerers

IS
st it

161

102
101




Patent Application Publication Jan. 2,2014 Sheet 58 of 59 US 2014/0004676 A1

Fig. 12A
1200
1220 1210

TS Tttt T f___I

: 1221 1222 1

: S

| |

: SRAM CPU :

I a 3 l

| | |

I I

1230 | < . : > : Memory

: . |

| |

Host <}= Host I/F ECC Memory 1/F <!,
| |

| !

|

| ) )

| 1223 1224 1225 l




Patent Application Publication Jan. 2,2014 Sheet 59 of 59 US 2014/0004676 A1

Fig. 12B
1300
1330 A 1310
e A M
| 1312 1311 |
CPU - : :
| 1
|
1340 - i Memory Controller Je Memory E
| !
L J
RAM <+t
1350 1320
User |/F fe—l @ Modem




US 2014/0004676 Al

VERTICAL CHANNEL MEMORY DEVICES
WITH NONUNIFORM GATE ELECTRODES
AND METHODS OF FABRICATING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a divisional of and claims
priority from U.S. patent application Ser. No. 13/689,176,
filed Nov. 29, 2012, which claims priority from Korean Patent
Application No. 10-2011-0126013, filed on Nov. 29, 2011,
the entirety of which is incorporated by reference herein.

BACKGROUND
[0002] 1. Technical Field
[0003] The present disclosure relates to semiconductor

devices and, more particularly, to semiconductor memory
devices and methods of fabricating the same.

[0004] 2. Description of Related Art

[0005] Semiconductor devices may be attractive to the
electronics industry because of their small size, multi-func-
tion capabilities, and/or low fabrication costs. For example,
high-performance semiconductor devices and/or low-cost
semiconductor devices have experienced increased demand
with the development of the electronics industry. In order to
address these demands, semiconductor devices have become
more highly-integrated. In particular, the integration density
of semiconductor memory devices has increased to store
more logic data,

[0006] A planar area occupied by a unit memory cell may
directly affect the integration density of two-dimensional
semiconductor memory devices. In other words, the integra-
tion density of the two-dimensional semiconductor memory
devices may be influenced by a minimum feature size that
relates to a process technology for forming fine patterns.
However, there may be limitations in improving the process
technology for forming the fine patterns. Additionally, high-
cost equipment or apparatuses may be required to form the
fine patterns. Thus, the costs of fabricating highly-integrated
semiconductor memory devices may be relatively high.
Three-dimensional semiconductor memory devices have
been proposed to address some of the above limitations.

SUMMARY

[0007] Exemplary embodiments of the inventive subject
matter are directed to methods of fabricating a semiconductor
memory device and semiconductor devices fabricated
thereby.

[0008] Some embodiments of the inventive subject matter
provide methods of forming memory devices. A mold stack
including alternating insulation layers and sacrificial layers is
formed on a substrate. Vertical channel regions extending
through the insulation layers and sacrificial layers of the mold
stack are formed. Portions of the sacrificial layers in a first
part of the mold stack are removed to form first spaces,
leaving portions of the sacrificial layers remaining between
the insulation layers in a second part of the mold stack. The
first spaces are enlarged by removing portions of the insulat-
ing layers and/or the vertical channel regions. The remaining
portions of the sacrificial layers in the second part of the mold
stack are removed to form second spaces between the insu-
lating layers after enlarging the first spaces. Gate electrodes
are formed in the first and second spaces.
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[0009] In some embodiments, the first part of the mold
stack includes an outer portion and the second part of the
mold stack includes an inner portion. According to some
embodiments, forming gate electrodes is preceded by form-
ing at least one data storage layer on sidewalls of the vertical
channel regions and forming gate electrodes includes form-
ing the gate electrodes on the at least one data storage layer.
[0010] According to some embodiments, enlarging the first
spaces includes increasing a width of the first spaces and/or
increasing a height of the first spaces. Increasing a height of
the first spaces may include removing exposed portions of the
insulation layers in the first spaces. Increasing a width of the
first spaces may include removing exposed portions of the
vertical channel regions in the first spaces.

[0011] Insome embodiments, forming the first spaces and
increasing the height of the first spaces are simultaneously
performed, and the increased height of the first spaces is
gradually increased from a central portion of the mold stack
toward edges of the mold stack.

[0012] Removing portions of the sacrificial layers in a first
part of the mold stack to form first spaces and to leave portions
of the sacrificial layers remaining between the insulation
layers in a second part of the mold stack may include expos-
ing sidewalls of the vertical channel regions adjacent the
remaining sacrificial layers. Enlarging the first spaces may
include removing exposed portions of the vertical channel
regions in the first spaces to enlarge the first spaces.

[0013] The methods may further include forming a cut
defining a region that vertically penetrates at least an upper-
most sacrificial layer among the sacrificial layers to divide the
at least uppermost sacrificial layer into two separate portions.
The methods may further include forming a cut defining a
region that vertically penetrates at least an uppermost gate
among the gates filling the second spaces to divide the at least
uppermost gate into two separate portions.

[0014] Insome embodiments of the inventive subject mat-
ter, a memory device includes vertically-spaced insulation
layers stacked on a substrate, vertical channel regions extend-
ing through the insulation layers and electrically connected to
the substrate and gate electrodes disposed between adjacent
ones of the insulation layers surrounding the vertical channel
regions. At least one data storage layer is disposed between
the gate electrodes and the vertical channel regions. The gate
electrodes have a greater thickness at a first location near
sidewalls of the insulation layers than at a second location
farther away from the sidewalls of the insulation layers.
[0015] Insome embodiments, the insulation layers may be
thinner at the first location than at the second location. The
insulation layers may gradually decrease in thickness away
from the sidewalls of the insulation layers.

[0016] Insomeembodiments, portions of the vertical chan-
nel regions surrounded by the gate electrodes may be nar-
rower than portions of the vertical channel regions sur-
rounded by the insulation layers.

[0017] The device may further include an isolation region
adjoining the sidewalls of the insulation layers.

[0018] In still further embodiments, a method includes
forming a mold stack including alternating insulation layers
and sacrificial layers on a substrate, forming vertical channel
regions extending through the insulation layers and sacrificial
layers of the mold stack and forming gate electrodes between
adjacent ones of the insulation layers and surrounding the
vertical channel regions wherein the gate electrodes have a
greater thickness at a first location near sidewalls of the insu-
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lation layers than at a second location further away from the
sidewalls of the insulation layers. The methods may further
include forming at least one data storage layer on the vertical
channel regions before forming the gate electrodes and form-
ing gate electrodes may include forming the gate electrodes
on the at least one data storage layer. The gate electrodes may
decrease in thickness away from the sidewalls of the insula-
tion layers in a stepwise or gradual manner.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The above and other features and advantages of the
disclosure will become more apparent in view of the attached
drawings and accompanying detailed description.

[0020] FIGS.1Ato 1] are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments.

[0021] FIG. 2A is a plan view corresponding to the cross
sectional view of FIG. 1A.

[0022] FIG. 2B is a plan view corresponding to the cross
sectional view of FIG. 1C.

[0023] FIG. 2C is a plan view corresponding to the cross
sectional view of FIG. 1D.

[0024] FIG. 2D is a plan view corresponding to the cross
sectional view of FIG. 11.

[0025] FIG. 2E is a plan view corresponding to the cross
sectional view of FIG. 11.

[0026] FIG.2F is an enlarged cross sectional view illustrat-
ing a portion of FIG. 11.

[0027] FIGS.3Ato3D are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments.

[0028] FIGS.4Ato 4D are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments.

[0029] FIGS.5Ato 5D are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments.

[0030] FIG. 5E is a plan view corresponding to the cross
sectional view of FIG. 5C.

[0031] FIGS. 6Ato 6F are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments.

[0032] FIGS.7Ato 7E are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments.

[0033] FIGS. 8Ato 8C are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments.

[0034] FIGS.9A to 9E are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments.

[0035] FIGS. 10A to 10E are cross sectional views illus-
trating a method of fabricating a semiconductor memory
device according to some exemplary embodiments.

[0036] FIGS. 11A to 11E are cross sectional views illus-
trating a method of fabricating a semiconductor memory
device according to some exemplary embodiments.

[0037] FIG.12A isablock diagram illustrating an example
of memory cards including semiconductor memory devices
according to some exemplary embodiments.

[0038] FIG.12B is a block diagram illustrating an example
of information processing systems including semiconductor
memory devices according to some exemplary embodiments.
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DETAILED DESCRIPTION

[0039] The inventive subject matter will now be described
more fully hereinafter with reference to the accompanying
drawings, in which exemplary embodiments of the inventive
subject matter are shown. The advantages and features of the
inventive subject matter and methods of achieving them will
be apparent from the following exemplary embodiments that
will be described in more detail with reference to the accom-
panying drawings. It should be noted, however, that the inven-
tive subject matter is not limited to the following exemplary
embodiments, and may be implemented in various forms. In
the drawings, the same reference numerals or the same refer-
ence designators denote the same elements throughout the
specification.

First Embodiments

[0040] FIGS. 1A to 1] are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments. FIG. 2A is a plan
view corresponding to the cross sectional view of FIG. 1A,
and FIG. 2B is a plan view corresponding to the cross sec-
tional view of FIG. 1C. FIG. 2C is a plan view corresponding
to the cross sectional view of FIG. 1D, and FIG. 2D is a plan
view corresponding to the cross sectional view of FIG. 11.
Further, FIG. 2E is a plan view corresponding to the cross
sectional view of FIG. 1J, and FIG. 2F is an enlarged cross
sectional view illustrating a portion of FIG. 11. FIGS. 1A to 1J
are cross sectional views taken along lines A-A of FIGS. 2A
to 2E.

[0041] Referring to FIG. 1A, a mold stack 10 may be
formed on a substrate 101. The substrate 101 may include a
semiconductor substrate, for example, a single crystalline
silicon wafer. The mold stack 10 may be formed by alter-
nately and repeatedly stacking a plurality of insulation layers
110 and a plurality of sacrificial layers 120. The insulation
layers 110 may be formed of a silicon oxide layer or a silicon
nitride layer, and the sacrificial layers 120 may be formed of
a material layer having an etch selectivity with respect to the
insulation layers 110. For example, the sacrificial layers 120
may be formed of one selected from the group consisting of a
silicon oxide layer, a silicon nitride layer, a silicon carbide
layer, a silicon layer, and a silicon-germanium layer. In an
exemplary embodiment, the insulation layers 110 may be a
silicon oxide layer and the sacrificial layers 120 may be a
silicon nitride layer. The sacrificial layers 120 may have the
same thickness. The insulation layers 110 may have the same
thickness or different thicknesses.

[0042] The mold stack 10 may be patterned to form vertical
channel region holes 103. For example, the vertical channel
region holes 103 may be formed by etching the mold stack 10
using a dry etching process. Thus, the vertical channel region
holes 103 may vertically penetrate the mold stack 10 and may
expose the substrate 101. During formation of the vertical
channel region holes 103, the substrate 101 may be over-
etched so that some top surface thereof may be recessed. Each
of' the vertical channel region holes 103 may have a uniform
width or different widths along a vertical direction. For the
purpose of ease and convenience in explanation, the follow-
ing exemplary embodiments will be described hereinafter in
conjunction with an example that each of the vertical channel
region holes 103 has a substantially uniform width along a
vertical direction. However, the exemplary embodiments are
not intended to limit that each of the vertical channel region



US 2014/0004676 Al

holes 103 has a uniform width along a vertical direction. The
vertical channel region holes 103 may be two dimensionally
arrayed in rows and columns in a plan view. For example, the
vertical channel region holes 103 may be arrayed zigzag
fashion along the Y-axis direction, as illustrated in a plan view
of FIG. 2A. As another example, the vertical channel region
holes 103 may be arrayed zigzag fashion along the X-direc-
tion. Alternatively, the vertical channel region holes 103 may
be two dimensionally arrayed along straight lines parallel
with the X-axis and the Y-axis.

[0043] Referring to FIG. 1B, vertical channel regions 140,
which are perpendicular to the substrate 101, may be formed.
The vertical channel regions 140 may be formed in respective
ones of the vertical channel region holes 103. The vertical
channel regions 140 may be formed by filling the vertical
channel region holes 103 with a single crystalline silicon
material or a polysilicon material using a deposition process
or an epitaxial growth process. Thus, the vertical channel
regions 140 may vertically penetrate the mold stack 10 to
contact the substrate 101. The vertical channel regions 140
may be doped with impurities of the same conductivity type
as the substrate 101. For example, the vertical channel regions
140 and the substrate 101 may be doped with P-type impuri-
ties (e.g., boron ions, aluminum ions, gallium ions or indium
ions). The number and position of the vertical channel regions
140 may depend on the number and position of the vertical
channel region holes 103. For example, the vertical channel
region holes 103 are arrayed zigzag along the Y-axis direction
asillustrated in FIG. 2A, the vertical channel regions 140 may
also be arrayed zigzag along the Y-axis direction in a plan
view. Alternatively, when the vertical channel region holes
103 are two dimensionally arrayed along straight lines paral-
lel with the X-axis and the Y-axis, the vertical channel regions
140 may also be arrayed along the straight lines parallel with
the X-axis and the Y-axis in a plan view. Each of the vertical
channel regions 140 may be formed to have a bulk configu-
ration such as a pillar having a circle-shaped horizontal sec-
tional view or a pillar having a polygon-shaped horizontal
sectional view. N-type impurities, for example (e.g., phos-
phorus ions, arsenic ions or stibium ions) may be injected into
upper portions of the vertical channel regions 140, thereby
forming drains 104.

[0044] A capping insulation layer 170 may be formed on an
uppermost layer 110z of the insulation layers 110 and on the
vertical channel regions 140. The capping insulation layer
170 may be formed by depositing an insulation material (e.g.,
a silicon oxide layer) having an etch selectivity with respectto
the sacrificial layers 120. The capping insulation layer 170
and the mold stack 10 may be patterned to formacut 111. The
cut 111 may be formed to fabricate string selection lines 166
as will be described later with reference to FIG. 1J. In the
specification, the cut 111 may be referred to as a string selec-
tion line (SSL) cut.

[0045] The SSL cut 111 may be formed by patterning the
capping insulation layer 170, the uppermost insulation layer
110¢ and the uppermost sacrificial layer 120¢. Further, the
SSL cut 111 may be formed to have a groove shape extending
in the Y-axis direction, as illustrated in FIG. 2B. While the
SSL cut 111 is formed, the insulation layer 110 under the
uppermost sacrificial layer 1207 may be recessed due to an
over-etch step. The SSL cut 111 may be formed between two
adjacent vertical channel regions 140. Alternatively, the SSL.
cut 111 may be formed by patterning the capping insulation
layer 170, the uppermost insulation layer 110z, the uppermost
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sacrificial layer 120¢ under the uppermost insulation layer
110¢, the second uppermost insulation layer 110 under the
uppermost sacrificial layer 1207, and the second uppermost
sacrificial layer 120s under the second uppermost insulation
layer 110. In this case, two string selection lines vertically
stacked may be formed in each row in a subsequent process.
[0046] Referring to FIG. 1C, spacers 115 may be formed on
respective ones of sidewalls of the SSL cut 111. Specifically,
a layer may be conformally formed to a uniform thickness on
an inner surface of the SSL cut 111 and on a top surface of the
capping insulation layer 170, and the layer may be anisotro-
pically etched to form the spacers 115. The spacers 115 may
be formed of an insulating material having an etch selectivity
with respect to the insulation layers 110. For example, the
spacers 115 may include a nitride layer, an oxynitride layer,
anoxide layer, a low temperature oxide (LTO) layer deposited
at a temperature within the range of a room temperature to
about 600° C., or a combination thereof. The spacers 115 may
extend in the Y-axis direction as illustrated in FIG. 2B.
[0047] A non-sacrificial layer 172 may be formed to fill the
SSL cut 111 and to cover the capping insulation layer 170.
The non-sacrificial layer 172 may be formed of an insulating
material having an etch selectivity with respect to the sacri-
ficial layers 120. For example, the non-sacrificial layer 172
may be formed of a high density plasma (HDP) oxide layer
and/or a high temperature oxide (HTO) layer.

[0048] According to the above descriptions, after the verti-
cal channel regions 140 are formed, the capping insulation
layer 170, the SSL cut 111 and the non-sacrificial layer 172
may be sequentially formed. Alternatively, after the capping
insulation layer 170, the SSL cut 111 and the non-sacrificial
layer 172 are sequentially formed, the vertical channel
regions 140 may be formed. In the event that the vertical
channel regions 140 are formed after formation of the non-
sacrificial layer 172, the vertical channel regions 140 may be
formed to further penetrate the capping insulation layer 170
and the non-sacrificial layer 172.

[0049] Referring to FIG. 1D, the non-sacrificial layer 172,
the capping insulation layer 170 and the mold stack 10 may be
patterned to form cuts 107. The cuts 107 may be formed to
fabricate gate electrodes 160 constituting word lines 162-165,
as will be described later with reference to FIG. 1J. In the
specification, the cuts 107 may be referred to as a word line
(WL) cut. The WL cuts 107 may be formed by patterning the
non-sacrificial layer 172, the capping insulation layer 170 and
the mold stack 10 using a dry etching process. Accordingly,
the WL cuts 107 may vertically penetrate the mold stack 10 to
expose the substrate 101. While the WL cuts 107 are formed,
the substrate 101 may be over-etched and may be recessed. In
an exemplary embodiment, the vertical channel regions 140
may be disposed between two adjacent WL cuts 107. Thus, a
plurality of vertical channel regions 140, for example, four
vertical channel regions 140 will be shown in the cross sec-
tional view of FIG. 1D taken along the line A-A of FIG. 2C.
The WL cuts 107 may expose sidewalls of the insulation
layers 110 and the sacrificial layers 120. The WL cuts 107
may be formed to extend along the Y-axis direction, as illus-
trated in FIG. 2C.

[0050] Referring to FIG. 1E, the sacrificial layers 120 may
be partially removed using a first pull-back process. The first
pull-back process may be performed using a chemical solu-
tion, which is capable of selectively removing the sacrificial
layers 120, as an etchant. In the event that the insulation layers
110 are formed of a silicon oxide layer and the sacrificial
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layers 120 are formed of a silicon nitride layer, the sacrificial
layers 120 may be partially removed using a phosphoric acid
(H5PO,) as an etchant The etchant may be supplied through
the WL cuts 107 to partially remove the sacrificial layers 120.
The sacrificial layers 120 may be partially removed by adjust-
ing a process condition (e.g., a etch time) of the wet etching
process. As a result of the partial wet etching process, edge
portions of the sacrificial layers 120 may be removed to form
recessed regions 109a and first spaces 108 between the ver-
tically stacked insulation layers 110, and central portions
120a of the sacrificial layers 120 may remain. The recessed
regions 109a may expose sidewalls of the vertical channel
regions 140 adjacent to the remained sacrificial layers 120a.
Each of'the first spaces 108 may have a first width W1 and a
first height H1. The first width W1 may correspond to a
distance between two adjacent vertical channel regions 140
and the first height H1 may correspond to a distance between
two adjacent insulation layers 110 vertically stacked.

[0051] Referring to FIG. 1F, the insulation layers 110 may
be partially removed using a chemical solution which is
capable of selectively etching the insulation layers 110. For
example, the insulation layers 110 may be isotropically
etched using a pre-cleaning process that employs a hydrof-
Iuoric acid (HF) as an etchant. As a result of the pre-cleaning
process, each of the first spaces 108 may be vertically
enlarged to have a second height H2 which is greater than the
first height H1. That is, the vertical thickness of the insulation
layers 110 may be reduced by the pre-cleaning process,
thereby increasing a distance between the insulation layers
110 vertically stacked. The second height H2 of the first
spaces 108 may depend on the amount of the etched insula-
tion layers 110, and the amount of the etched insulation layers
110 may depend on a time for which the pre-cleaning process
is performed. The insulation layers 110 exposed by the
recessed regions 109a may also be etched during the pre-
cleaning process. Thus, each of the recessed regions 109«
may have the second height H2 after the pre-cleaning process
is performed.

[0052] Referring to FIG. 1G, the vertical channel regions
140 may be shrunk using a trimming process. The trimming
process may be performed using a dry etching process that
exhibits an etch selectivity with respect to the insulation lay-
ers 110 and the remained sacrificial layers 120a. For example,
when the insulation layers 110 are formed of a silicon oxide
layer and the vertical channel regions 140 are formed of a
silicon layer, the vertical channel regions 140 may be etched
using a process gas including at least one of a chlorine (Cl,)
gas and a sulfur hexafluoride (SF) gas as an etching gas. The
trimming process, for example, the dry etching process may
etch the vertical channel regions 140 exposed by the first
spaces 108. During the trimming process, portions of the
vertical channel regions 140 surrounded by the insulation
layers 110 may not be etched. Further, portions of the vertical
channel regions 140 adjacent to the remained sacrificial lay-
ers 120a may also be etched by the etching gas supplied
through the recessed regions 109a during the trimming pro-
cess. Accordingly, the vertical channel regions 140 may be
formed such that some portions of the vertical channel
regions 140 surrounded by the insulation layers 110 have a
width which is greater than that of some portions of the
vertical channel regions 140 exposed by the first spaces 108
and the recessed regions 109a. After the vertical channel
regions 140 are partially shrunk, the first spaces 108 may be
laterally expanded to have a second width W2 which is
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greater than the first width W1. That is, the trimming process
may increase a distance between the sidewalls of the adjacent
vertical channel regions 140 exposed by the first spaces 108 as
well as a distance between the WL cuts 107 and the exposed
sidewalls of the vertical channel regions 140. Consequently,
the pre-cleaning process may increase the height (vertical
width) of the first spaces 108 and the trimming process may
increase the width (horizontal width) of the first spaces 108.
Hence, the pre-cleaning process and the trimming process
may increase a volume of each of the first spaces 108.

[0053] Referring to FIG. 1H, the remained sacrificial layers
120a may be removed using a second pull-back process. The
second pull-back process may be performed using the same
or similar manners as the first pull-back process. For example,
the remained sacrificial layers 120a may be removed using a
wet etching process that employs a chemical solution includ-
ing a phosphoric acid as an etchant. As a result of the second
pull-back process, second spaces 109 having the first height
H1 may be formed in the central portion of the mold stack 10.
Both edges of the respective second spaces 109 may have a
height which is greater than the first height H1. Finally, the
plurality of insulation layers 110 may be vertically stacked,
and the edges of the insulation layers 110 adjacent to the WL
cuts 107 may be thinner than the central portions of the
insulation layers 110. In other words, the height (e.g., the
second height H2) of the first spaces 108 adjacent to the WL
cuts 107 may be greater than the height (e.g., the first height
H1) of the second spaces 109 in the central portion of the
mold stack 10. The second spaces 109 may be laterally
enlarged to have a third width W3 during the trimming pro-
cess described above. The third width W3 may be equal to or
greater than the second width W2.

[0054] During removal of the remained sacrificial layers
120q, the spacers 115 may be partially removed. The non-
sacrificial layer 172 may have an etch selectivity with respect
to the spacers 115 and/or the remained sacrificial layers 120a,
as described above Thus, the non-sacrificial layer 172 may
not be removed while the remained sacrificial layers 120a are
removed. The non-sacrificial layer 172 filling the SSL cut 111
may divide the uppermost second space 109t into two sepa-
rate portions.

[0055] Referring to FIG. 11, a data storage layer 150 may
be conformally formed to cover inner surfaces of the first and
second spaces 108 and 109. Gate electrodes 160 may be then
formed to fill the first and second spaces 108 and 109 and to
surround the vertical channel regions 140. As such, the gate
electrodes 160 may be vertically stacked to constitute a gate
stack 20, and the gate electrodes 160 may be spaced apart
from each other by the insulation layers 110. Accordingly, the
vertical channel regions 140 may penetrate the gate stack 20
and may contact the substrate 101. As illustrated in FIG. 2D,
the data storage layer 150 may be formed to surround the
vertical channel regions 140 and each of the gate electrodes
160 may be formed to have a plate shape extending in the
Y-axis direction. As illustrated in FIG. 2F, the data storage
layer 150 may be formed to include a tunnel insulation layer
150a adjacent to the vertical channel regions 140, a blocking
insulation layer 150¢ adjacent to the gate stack 20, and a trap
insulation layer 1505 disposed between the tunnel insulation
layer 150qa and the blocking insulation layer 150¢. The tunnel
insulation layer 1504 may include a silicon oxide layer, and
the trap insulation layer 1505 may include a silicon nitride
layer. Further, the blocking insulation layer 150¢ may include
a silicon oxide layer and/or an aluminum oxide layer.



US 2014/0004676 Al

[0056] The gate stack 20 may be formed of a polysilicon
layer, a metal layer, a metal nitride layer, a metal silicide layer
or a combination thereof. In an exemplary embodiment, it
may be assumed that the gate electrodes 160 are formed of'a
tungsten layer. To form the tungsten layer, a tungsten
hexafluoride (WF) gas may be supplied into the first and
second spaces 108 and 109 through the WL cuts 107. In the
event that openings of the first spaces 108 adjacent to the WL
cuts 107 are relatively small, the tungsten hexafluoride (WF )
gas may not be harmoniously and/or smoothly flowed into the
first spaces 108. Thus, the tungsten layer may be unstably
deposited in the first spaces 108 to cause voids in the gate
electrodes 160. Further, the second spaces 109 may be located
to be farther from the WL cuts 107. Thus, the tungsten
hexafluoride (WF) gas may be more unstably supplied into
the second spaces 109. Accordingly, the probability that voids
are formed in the gate electrodes 160 in the second spaces 109
may be more increased.

[0057] The voids formed in the gate electrodes 160 may be
filled with byproduct (e.g., a hydrofluoric gas) generated dur-
ing deposition of the tungsten layer. The hydrofluoric gas may
damage or dissolve insulation layers (e.g., the data storage
layer 105) adjacent to the voids in a subsequent high tempera-
ture process and/or in a subsequent wet etching process,
thereby causing process defects. According to the exemplary
embodiments, the second spaces 109 may be formed to have
inlet openings which is less than those of the first spaces 108
as illustrated in FIG. 1H, and the first spaces 108 may be
formed to have enlarged inlet openings which is greater than
the inlet openings of the second spaces 109 as illustrated in
FIG. 1G. Thus, the deposition process gas, for example, the
tungsten hexafluoride (WF ) gas may be harmoniously and/
or smoothly flowed into the first spaces 108 and the second
spaces 109. Consequently, the configuration of the first and
second spaces 108 and 109 may prevent or minimize genera-
tion of the voids in the gate electrodes 160. In the present
exemplary embodiment, the gate electrodes 160 may include
six gate electrodes 161-166. Each of the gate electrodes 161-
166 may further include a titanium nitride (TiN) layer sur-
rounding the tungsten layer. Hereinafter, the gate electrodes
161, 162, 163, 164, 165 and 166 may be referred to as first to
sixth gate electrodes, respectively. According to the exem-
plary embodiments, the sixth gate electrode 166 (e.g., a string
selection line) filling the uppermost second space 1097 may
be divided into two separate portions by the SSL cut 111.
Thus, even though the gate electrodes 161-166 including the
sixth gate electrode 166 are formed of a metal layer, a process
for patterning or etching the sixth gate electrode 166 may not
be required.

[0058] Referring to FIG. 1], impurities are injected into the
substrate 101 through the WL cuts 107, thereby forming
common sources 102. The common sources 102 may be
formed to have a different conductivity type from the sub-
strate 101. For example, when the substrate 101 is doped with
P-type impurities, the common sources 102 may be doped
with N-type impurities. An insulation layer (e.g., a silicon
oxide layer) may be then deposited to fill the WL cuts 107,
thereby forming isolation layers 175 that separate adjacent
gate stacks from each other. Plugs 182 may be formed to
penetrate the non-sacrificial layer 172 and the capping insu-
lation layer 170. The plugs 182 may be electrically connected
to respective ones of the vertical channel regions 140. Bit
lines 180 may be then formed on the non-sacrificial layer 172.
The bit lines 180 may be electrically connected to the vertical
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channel regions 140 through the plugs 182. As such, a three
dimensional semiconductor memory device 1, for example, a
vertical NAND-type flash memory device may be formed
using the processes described above.

[0059] The bit lines 180 may be electrically connected to
the vertical channel regions 140, as illustrated in FIG. 2E. For
example, the vertical channel regions 140 arrayed on a
straight line parallel with the X-axis direction may be elec-
trically connected to any one among the bit lines 180 that
extend in the X-axis direction. As illustrated in FIG. 1], the
first gate electrode 161 may correspond to a lower selection
line (e.g., a ground selection line) that acts as a non word line.
The second to fifth gate electrodes 162-165 may correspond
to word lines electrically connected to memory cell transis-
tors. The sixth gate electrode 166 may correspond to an
uppermost selection line (e.g., a string selection line) that acts
as a non word line.

Second Embodiments

[0060] Hereinafter, for the purpose of simplification in
explanation, descriptions to the same components as illus-
trated in the first embodiment will be omitted or briefly men-
tioned.

[0061] FIGS.3Ato3D are crosssectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments.

[0062] Referring to FIG. 3A, insulation layers 110 verti-
cally stacked, vertical channel regions 140 penetrating the
insulation layers 110, and a mold stack 10 including an SSL.
cut 111 may be formed on a substrate 101. The insulation
layers 110 may be formed using the same or similar manners
as described in the first embodiment. That is, the insulation
layers 110 may be spaced apart from each other by first spaces
108 and remained sacrificial layers 120q, and the first spaces
108 and the remained sacrificial layers 120a may be formed
using a first pull-back process that employs a chemical solu-
tion (e.g., a phosphoric acid) supplied through word line
(WL) cuts 107 as an etchant. Each of the first spaces 108 may
be formed to have a first width W1 and a first height H1.
Recessed regions like 109« of FIG. 1E may not be formed
between the vertical channel regions 140 and the remained
sacrificial layers 120a.

[0063] Referring to FIG. 3B, the insulation layers 110 may
be isotropically etched using a pre-cleaning process. Portions
of spacers 115 on sidewalls of the SSL cut 111 and the
remained sacrificial layers 120a may be removed using a
second pull-back process. The vertical channel regions 140
may be etched using a trimming process, thereby laterally
enlarging the first spaces 108. As a result of the trimming
process, each of the first spaces 108 may have a second width
W2 which is greater than the first width W1. Second spaces
109 may be formed by removing the remained sacrificial
layers 120a. Thus, each of the second spaces 109 may have
the first height H1. According to the present exemplary
embodiment, the pre-cleaning process and the trimming pro-
cess may increase the height and the width of the first spaces
108. Further, the vertical channel regions 140 (e.g., outer
vertical channel regions) adjacent to the WL cuts 107 may be
formed such that some portions of the vertical channel
regions 140 surrounded by the insulation layers 110 have a
width which is greater than that of some portions of the
vertical channel regions 140 exposed by the first spaces 108.
Each of the vertical channel regions 140 (e.g., inner vertical
channel regions) adjacent to a central portion of the mold
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stack 10 may be formed to include an uneven sidewall adja-
cent to the first spaces 108 and a flat sidewall adjacent to the
second spaces 109.

[0064] Referring to FIG. 3C, a data storage layer 150 may
be conformally formed to cover inner surfaces of the first and
second spaces 108 and 109. Gate electrodes 160 may be
formed to fill the first and second spaces 108 and 109. The
gate electrodes 160 may constitute a gate stack 20. According
to the present exemplary embodiment, the height of the first
spaces 108 may be greater than the height of the second
spaces 109. Thus, a deposition process gas, for example, a
tungsten hexafluoride (WF) gas for forming the gate elec-
trodes 160 may be harmoniously and/or smoothly flowed into
the first spaces 108 and the second spaces 109. Consequently,
the configuration of the first and second spaces 108 and 109
may prevent or suppress formation of voids in the gate elec-
trodes 160. The gate electrodes 160 filling the second spaces
109 may be thinner than the gate electrodes 160 filling the first
spaces 108. The sixth gate electrode 166 may be divided into
two separate portions by the SSL cut 111.

[0065] Referring to FIG. 3D, isolation layers 175 may be
formed in the WL cuts 107. Before the formation of the
isolation layers 175, impurities may be injected into the sub-
strate 101 through the WL cuts 107 to form common sources
102. The common sources 102 may be formed to have an
opposite conductivity type to the substrate 101. Bit lines 180
may be formed to cross over the gate stack 20. The bit lines
180 may be electrically connected to the vertical channel
regions 140 through plugs 182 that penetrate a capping insu-
lation layer 170 and a non-sacrificial layer 172. As such, a
semiconductor memory device 2 may be formed.

Third Embodiments

[0066] FIGS.4Ato4D are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments.

[0067] Referring to FIG. 4A, insulation layers 110 verti-
cally stacked, vertical channel regions 140 penetrating the
insulation layers 110, and a mold stack 10 including an SSL.
cut 111 may be formed on a substrate 101. The insulation
layers 110 may be formed using the same or similar manners
as described in the first embodiment. That is, the insulation
layers 110 may be spaced apart from each other by first spaces
108 and remained sacrificial layers 120q, and the first spaces
108 and the remained sacrificial layers 120a may be formed
using a first pull-back process that employs a chemical solu-
tion (e.g., a phosphoric acid) supplied through word line
(WL) cuts 107 as an etchant. Each of the first spaces 108 may
be formed to have a first width W1 and a first height H1. While
the first pull-back process is performed, the remained sacri-
ficial layers 120a may be further etched to form recessed
regions 109a. The recessed regions 109¢ may be formed to
expose sidewalls of the vertical channel regions 140 adjacent
to the remained sacrificial layers 120a. Alternatively, the
recessed regions 109a may not be formed between the verti-
cal channel regions 140 and the remained sacrificial layers
120a.

[0068] Referring to FIG. 4B, the insulation layers 110 may
be isotropically etched using a pre-cleaning process, thereby
increasing the first height H1 of the first spaces 108. That is,
the first spaces 108 may be vertically enlarged by the pre-
cleaning process, thereby having a second height H2 which is
greater than the first height H1. Portions of spacers 115 on
sidewalls of the SSL cut 111 and the remained sacrificial
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layers 120a may be removed using a second pull-back pro-
cess. Second spaces 109 may be formed by removing the
remained sacrificial layers 120qa. Both edges of the respective
second spaces 109 may have a height which is greater than the
first height H1. According to the present exemplary embodi-
ment, a trimming process for etching the vertical channel
regions 140 exposed by the spaces 108 and 109 may be
omitted. Thus, each of the vertical channel regions 140 may
have a flat sidewall.

[0069] Referring to FIG. 4C, a data storage layer 150 may
be conformally formed to cover inner surfaces of the first and
second spaces 108 and 109. Gate electrodes 160 may be then
formed to fill the first and second spaces 108 and 109. The
gate electrodes 160 may constitute a gate stack 20. According
to the present exemplary embodiment, the height of the first
spaces 108 may be greater than the height of the second
spaces 109. Thus, a deposition process gas, for example, a
tungsten hexafluoride (WF) gas for forming the gate elec-
trodes 160 may be harmoniously and/or smoothly flowed into
the first spaces 108 and the second spaces 109. Consequently,
the configuration of the first and second spaces 108 and 109
may prevent or suppress formation of voids in the gate elec-
trodes 160. The gate electrodes 160 filling the second spaces
109 may be thinner than the gate electrodes 160 filling the first
spaces 108. The sixth gate electrode 166 may be divided into
two separate portions by the SSL cut 111.

[0070] Referring to FIG. 4D, common sources 102, isola-
tion layers 175, plugs 182 and bit lines 180 may be formed to
complete a semiconductor memory device 3.

Fourth Embodiments

[0071] FIGS.5Ato 5D are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments, and FIG. 5E is a
plan view relating to the cross sectional view of FIG. 5C. FIG.
5C is across sectional view taken along a line A-A of FIG. 5E.
[0072] Referring to FIG. 5A, insulation layers 110 verti-
cally stacked, vertical channel regions 140 penetrating the
insulation layers 110, and a mold stack 10 including an SSL.
cut 111 may be formed on a substrate 101. The insulation
layers 110 may be formed using the same or similar manners
as described in the first embodiment. That is, the insulation
layers 110 may be spaced apart from each other by first spaces
108 and remained sacrificial layers 120q, and the first spaces
108 and the remained sacrificial layers 120a may be formed
using a first pull-back process that employs a chemical solu-
tion (e.g., a phosphoric acid) supplied through word line
(WL) cuts 107 as an etchant. Each of the first spaces 108 may
be formed to have a first width W1 and a first height H1. While
the first pull-back process is performed, the remained sacri-
ficial layers 120a may be further etched to form recessed
regions 109a. The recessed regions 109a¢ may be formed to
expose sidewalls of the vertical channel regions 140 adjacent
to the remained sacrificial layers 120a. Alternatively, the
recessed regions 109a may not be formed between the verti-
cal channel regions 140 and the remained sacrificial layers
120a.

[0073] Referring to FIG. 5B, the vertical channel regions
140 may be etched using a trimming process, thereby laterally
enlarging the first spaces 108. As a result of the trimming
process, each of the first spaces 108 may have a second width
W2 which is greater than the first width W1. While the trim-
ming process is performed, an etching gas may be supplied
into the first and second spaces 108 and 109, thereby laterally
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etching the exposed vertical channel regions 140. Thus, the
vertical channel regions 140 may be formed such that some
portions of the vertical channel regions 140 surrounded by the
insulation layers 110 have a width which is greater than that
of'some portions of the vertical channel regions 140 exposed
by the first spaces 108 and the recessed regions 109a. That is,
each of the vertical channel regions 140 may be formed to
include anuneven sidewall. Subsequently, portions of spacers
115 on sidewalls of the SSL cut 111 and the remained sacri-
ficial layers 120a may be removed using a second pull-back
process. Second spaces 109 may be formed by removing the
remained sacrificial layers 120a. Thus, the second spaces 109
may be formed to have the first height H1. According to the
present exemplary embodiment, a pre-cleaning process for
isotropically etching the insulation layers 110 may be omit-
ted.

[0074] Referring to FIG. 5C, a data storage layer 150 may
be conformally formed to cover inner surfaces of the first and
second spaces 108 and 109. Gate electrodes 160 may be then
formed to fill the first and second spaces 108 and 109. The
gate electrodes 160 may constitute a gate stack 20. The gate
stack 20 may include an uppermost gate electrode (e.g., a
sixth gate electrode 166) among the gate electrodes 160, and
the SSL cut 111 may divide the sixth gate electrode 166 into
two separate portions. According to the present exemplary
embodiment, the vertical channel regions 140 may be par-
tially shrunk to increase the width of the first spaces 108. With
reference to FIG. 5E, this may be understood to mean that
distances P1 and P2 between the vertical channel regions 140
are increased to allow a deposition process gas for forming
the gate electrodes 160 to harmoniously and/or smoothly flow
into the first spaces 108 and the second spaces 109. Thus,
formation of voids in the gate electrodes 160 may be pre-
vented or suppressed.

[0075] Referring to FIG. 5D, common sources 102, isola-
tion layers 175, plugs 182 and bit lines 180 may be formed to
complete a semiconductor memory device 4.

Fifth Embodiments

[0076] FIGS. 6Ato 6F are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments.

[0077] Referring to FIG. 6A, insulation layers 110 and
sacrificial layers 120 may be alternately and repeatedly
stacked on a substrate 101 to form a mold stack 10. Vertical
channel region holes 103 penetrating the mold stack 10 may
be formed to expose the substrate 101, and vertical channel
regions 140 may be formed to fill respective ones of the
vertical channel region holes 103. Each of the vertical channel
regions 140 may include a drain 104 formed in an upper
portion thereof. A capping insulation layer 170 may be
formed on the uppermost insulation layer 110 and on the
vertical channel regions 140, and the capping insulation layer
170 and the mold stack 10 may be patterned to form an SSL.
cut 111. Spacers 115 may be formed on sidewalls of the SSL.
cut 111. A non-sacrificial layer 172 may be formed to fill the
SSL cut 111 and to cover the capping insulation layer 170.
Word line (WL) cuts 107 may be formed using the same or
similar manners as described in the first embodiment, and the
sacrificial layers 120 may be partially etched using a first
pull-back process. The first pull-back process may be per-
formed with an etch recipe that exhibits a low etch selectivity
with respect to the insulation layers 110. For example, the first
pull-back process may be performed using a phosphoric acid
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solution including a hydrofluoric solution as an etchant, and
the etch selectivity with respect to the insulation layers 110
may be controlled by varying a concentration of the hydrof-
Iuoric solution in the etchant. According to the present
embodiment, the corners of the insulation layers 110 adjacent
to the WL cuts 107 may be etched to have a rounded shape
during the first pull-back process.

[0078] Referring to FIG. 6B, the first pull-back process
may be additionally performed with the etchant having a low
etch selectivity, thereby partially removing the sacrificial lay-
ers 120. As a result of the first pull-back process, edge por-
tions of'the sacrificial layers 120 may be removed to form first
spaces 108 between the vertically stacked insulation layers
110, and central portions 120qa of the sacrificial layers 120
may remain. During the first pull-back process, the sacrificial
layers 120 may be more etched to form recessed regions
109a. According to the present embodiment, the first spaces
108 may be formed to have a first width W1 and a variable
height H4. The variable height H4 may gradually increase
from a central portion of the mold stack 10 toward edges of
the mold stack 10. That is, a thickness of each of the insulation
layers 110 may be gradually reduced toward edges of the
mold stack 10, as illustrated in FIG. 6B.

[0079] Referring to FIG. 6C, the vertical channel regions
140 exposed by the first spaces 108 and the recessed regions
109a may be etched using a trimming process. Consequently,
the first spaces 108 may be laterally enlarged to have a second
width W2 which is greater than the first width W1. Entire
portions of the remained sacrificial layers 120a may be
removed to form second spaces 109 having the first height
H1. While the second spaces 109 are formed, at least some
portions of the spacers 115 may be etched. According to the
present exemplary embodiment, the inclined top and bottom
surfaces of the first spaces 108 may be formed by the first
pull-back process, and the width of the first spaces 108 may
be increased by the trimming process.

[0080] Referring to FIG. 6D, a data storage layer 150 may
be conformally formed to cover inner surfaces of the first and
second spaces 108 and 109. Gate electrodes 160 may be then
formed to fill the first and second spaces 108 and 109. The
gate electrodes 160 may constitute a gate stack 20. As
described above, the first spaces 108 may be formed to have
the variable height 114 and the second width W2. In particu-
lar, the variable height H4 may gradually increase toward the
WL cuts 107. Accordingly, a deposition process gas, for
example, a tungsten hexafluoride (WF) gas for forming the
gate electrodes 160 may be harmoniously and/or smoothly
flowed into the first spaces 108 and the second spaces 109.
Consequently, the configuration of the first and second spaces
108 and 109 may prevent or suppress formation of voids in the
gate electrodes 160. The gate electrodes 160 filling the second
spaces 109 may be thinner than the gate electrodes 160 filling
the first spaces 108. The sixth gate electrode 166 (an upper-
most gate electrode among the gate electrodes 160) may be
divided into two separate portions by the SSL cut 111.
[0081] Referring to FIG. 6E, common sources 102, isola-
tion layers 175, plugs 182 and bit lines 180 may be formed to
complete a semiconductor memory device 5.

Sixth Embodiments

[0082] FIGS.7Ato 7E are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments.
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[0083] Referring to FIG. 7A, insulation layers 110 and
sacrificial layers 120 may be alternately and repeatedly
stacked on a substrate 101 to form a mold stack 10. Vertical
channel region holes 103 penetrating the mold stack 10 may
be formed to expose the substrate 101, and vertical channel
regions 140 may be formed to fill respective ones of the
vertical channel region holes 103. Impurities may be injected
into upper portion of the vertical channel regions 140 to form
drains 104. Before the vertical channel regions 140 are
formed, a data storage layer 150 may be conformally formed
on sidewalls of vertical channel region holes 103. That is,
vertical channel region holes 103 may be surrounded by the
data storage layer 150. A capping insulation layer 170 may be
formed on the uppermost insulation layer 110¢ and on the
vertical channel regions 140. The capping insulation layer
170, the uppermost insulation layer 110¢ and the uppermost
sacrificial layer 1207 may be patterned to form an SSL cut
111. Spacers 115 may be formed on sidewalls of the SSL cut
111. A non-sacrificial layer 172 may be formed to fill the SSL.
cut 111 and to cover the capping insulation layer 170.

[0084] Referring to FIG. 7B, word line (WL) cuts 107 may
be formed using the same or similar manners as described in
the first embodiment. The sacrificial layers 120 may be par-
tially etched using a first pull-back process, thereby forming
first spaces 108. Central portions 120a of the sacrificial layers
120 may remain after formation of the first spaces 108. Each
of'the first spaces 108 may be formed to have a first width W1
and a first height H1. While the first pull-back process is
performed, the remained sacrificial layers 120a may be fur-
ther etched to form recessed regions 1094 that expose the data
storage layer 150.

[0085] Referring to FIG. 7C, the insulation layers 110 may
be isotropically etched using a pre-cleaning process, thereby
increasing the first height H1 of the first spaces 108. That is,
the first spaces 108 may be vertically enlarged by the pre-
cleaning process, thereby having a second height H2 which is
greater than the first height H1. The remained sacrificial lay-
ers 120a may be removed using a second pull-back process,
thereby forming second spaces 109 having the first height H1.
While the second spaces 109 are formed, at least some por-
tions of the spacers 115 may be etched. Both edges of each of
the second spaces 109 may be formed to have a height which
is greater than the first height H1. This may be due to the
presence of the recessed regions 109a.

[0086] Referring to FIG. 7D, gate electrodes 160 may be
then formed to fill the first and second spaces 108 and 109.
The gate electrodes 160 may constitute a gate stack 20.
According to the present exemplary embodiment, the height
of the first spaces 108 may be greater than the height of the
second spaces 109. Thus, a deposition process gas, for
example, a tungsten hexafluoride (WF) gas for forming the
gate electrodes 160 may be harmoniously and/or smoothly
flowed into the first spaces 108 and the second spaces 109.
Consequently, the configuration of the first and second spaces
108 and 109 may prevent or suppress formation of voids in the
gateelectrodes 160. The gate electrodes 160 filling the second
spaces 109 may be thinner than the gate electrodes 160 filling
the first spaces 108. The sixth gate electrode 166 (an upper-
most gate electrode among the gate electrodes 160) may be
divided into two separate portions by the SSL cut 111.

[0087] Referring to FIG. 7E, common sources 102, isola-
tion layers 175, plugs 182 and bit lines 180 may be formed to
complete a semiconductor memory device 6.
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Seventh Embodiments

[0088] FIGS. 8Ato8C are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments.

[0089] Referring to FIG. 8A, a mold stack 10 including first
spaces 108 and second spaces 109 may be formed on a sub-
strate 101. The mold stack 10 may be formed using the same
or similar manners as described with reference to FIGS. 7A,
7B and 7C. Accordingly, each of the first spaces 108 may have
a first width W1 and a second height H2, and each of the
second spaces 109 may have a first height H1 less than the
second height H2. Vertical channel regions 140 may be
formed to penetrate the mold stack 10. A first data storage
layer 151 may be formed to surround sidewalls of the vertical
channel regions 140.

[0090] Referring to FIG. 8B, a second data storage layer
152 may be conformally formed on inner surfaces of the first
and second spaces 108 and 109. Gate electrodes 160 includ-
ing an uppermost gate electrode 166 may be then formed to
fill the first and second spaces 108 and 109. The uppermost
gate electrode 166, for example, a sixth gate electrode may
divide into two separate portions by the SSL cut 111. The gate
electrodes 160 may constitute a gate stack 20. According to
the present exemplary embodiment, the height of the first
spaces 108 may be greater than the height of the second
spaces 109. Thus, a deposition process gas, for example, a
tungsten hexafluoride (WF) gas for forming the gate elec-
trodes 160 may be harmoniously and/or smoothly flowed into
the first spaces 108 and the second spaces 109. Consequently,
the configuration of the first and second spaces 108 and 109
may prevent or suppress formation of voids in the gate elec-
trodes 160. The first data storage layer 151 and the second
data storage layer 152 may constitute a data storage layer 150.
The first data storage layer 151 may include a tunnel insula-
tion layer, and the second data storage layer 152 may include
a blocking insulation layer. Either the first data storage layer
151 or the second data storage layer 152 may include a trap
insulation layer.

[0091] Referring to FIG. 8C, common sources 102, isola-
tion layers 175, plugs 182 and bit lines 180 may be formed to
complete a semiconductor memory device 7.

Eighth Embodiments

[0092] FIGS.9Ato 9E are cross sectional views illustrating
a method of fabricating a semiconductor memory device
according to some exemplary embodiments.

[0093] Referring to FIG. 9A, insulation layers 110 and
sacrificial layers 120 may be alternately and repeatedly
stacked on a substrate 101 to form a mold stack 10. Vertical
channel region holes 103 penetrating the mold stack 10 may
be formed to expose the substrate 101, and vertical channel
regions 140 may be formed to fill respective ones of the
vertical channel region holes 103. The vertical channel
regions 140 may be formed by depositing a semiconductor
layer 140a on sidewalls of the vertical channel region holes
103 and by filling the vertical channel region holes 103 sur-
rounded by the semiconductor layer 140a with an insulation
filling layer 1405. Thus, the semiconductor layer 140a may be
formed to have a macaroni shape. The semiconductor layer
140a may be formed by depositing a polycrystalline silicon
material or a single crystalline silicon material using a chemi-
cal vapor deposition (CVD) technique or an atomic layer
deposition (ALD) technique. The filling layer 1405 may be
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formed of a silicon oxide layer or a silicon nitride layer.
Capping semiconductor patterns 106 may be additionally
formed on respective ones of the vertical channel regions 140.
The capping semiconductor patterns 106 may be doped with
impurities to act as drains.

[0094] A capping insulation layer 170 may be formed on
the uppermost insulation layer 110z and the capping semicon-
ductor patterns 106. The capping insulation layer 170, the
uppermost insulation layer 110¢ and the uppermost sacrificial
layer 1207 may be patterned to form a string selection line
(SSL) cut 111. Spacers 115 may be formed on sidewalls of the
SSL cut 111. A non-sacrificial layer 172 may be formed to fill
the SSL cut 111 and to cover the capping insulation layer 170.
[0095] Referring to FIG. 9B, word line (WL) cuts 107 may
be formed using the same or similar manners as described in
the first embodiment. The sacrificial layers 120 may be par-
tially etched using a first pull-back process, thereby forming
first spaces 108. Central portions 120a of the sacrificial layers
120 may remain after formation of the first spaces 108. Each
of'the first spaces 108 may be formed to have a first width W1
and a first height H1. While the first pull-back process is
performed, the remained sacrificial layers 120a may be fur-
ther etched to form recessed regions 1094 that expose the
semiconductor layer 140a of the vertical channel regions 140.
[0096] Referring to FIG. 9C, the insulation layers 110 may
be isotropically etched using a pre-cleaning process, thereby
increasing the first height H1 of the first spaces 108. That is,
the first spaces 108 may be vertically enlarged by the pre-
cleaning process, thereby having a second height H2 which is
greater than the first height H1. The remained sacrificial lay-
ers 120a may be removed using a second pull-back process,
thereby forming second spaces 109 having the first height H1.
While the second spaces 109 are formed, at least some por-
tions of the spacers 115 may be etched. The semiconductor
layer 140a of the vertical channel regions 140 may be etched
using a trimming process, thereby laterally enlarging the first
spaces 108. As a result of the trimming process, each of the
first spaces 108 may have a second width W2 which is greater
than the first width W1. Further, the vertical channel regions
140 may be formed such that some portions of the semicon-
ductor layer 140a of the vertical channel regions 140 sur-
rounded by the insulation layers 110 have a width which is
greater than that of some portions of the vertical channel
regions 140 exposed by the first and second spaces 108 and
109.

[0097] Referring to FIG. 9D, a data storage layer 150 may
be conformally formed to cover inner surfaces of the first and
second spaces 108 and 109. Gate electrodes 160 may be then
formed to fill the first and second spaces 108 and 109. The
gate electrodes 160 may constitute a gate stack 20. The gate
stack 20 may include an uppermost gate electrode (e.g., a
sixth gate electrode 166), and the SSL cut 111 may divide the
sixth gate electrode 166 into two separate portions. According
to the present exemplary embodiment, the height of the first
spaces 108 may be greater than the height of the second
spaces 109. Thus, a deposition process gas, for example, a
tungsten hexafluoride (WF) gas for forming the gate elec-
trodes 160 may be harmoniously and/or smoothly flowed into
the first spaces 108 and the second spaces 109. Consequently,
the configuration of the first and second spaces 108 and 109
may prevent or suppress formation of voids in the gate elec-
trodes 160.

[0098] Referring to FIG. 9E, common sources 102, isola-
tion layers 175 and plugs 182 may be formed. Subsequently,
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bit lines 180 may be formed on the non-sacrificial layer 172.
Thebit lines 180 may be electrically connected to the capping
semiconductor patterns 106 through the plugs 182. As such, a
semiconductor memory device 8 may be realized.

Ninth Embodiments

[0099] FIGS. 10A to 10E are cross sectional views illus-
trating a method of fabricating a semiconductor memory
device according to some exemplary embodiments.

[0100] Referring to FIG. 10A, insulation layers 110 and
sacrificial layers 120 may be alternately and repeatedly
stacked on a substrate 101 to form a mold stack 10. A portion
of'the mold stack 10 may be etched to form a string selection
line (SSL) cut 111 that penetrates the uppermost insulation
layer 1107 and the uppermost sacrificial layer 120z. Spacers
115 may be formed on sidewalls of the SSL cut 111. A
non-sacrificial layer 172 may be formed to fill the SSL. cut 111
and to cover the uppermost insulation layer 110z

[0101] Thenon-sacrificial layer 172 and mold stack 10 may
be patterned to form vertical channel region holes 103 expos-
ing the substrate 101. Vertical channel regions 140 may be
formed in respective ones of the vertical channel region holes
103. The vertical channel regions 140 may be formed of a
conductive layer. Impurities are injected into the upper por-
tions of the vertical channel regions 140, thereby forming
drains 104. In some exemplary embodiments, the vertical
channel regions 140 may be formed to have a macaroni shape,
as described with reference to FIG. 9A.

[0102] Referring to FIG. 10B, the non-sacrificial layer 172
and mold stack 10 may be patterned to form word line (WL)
cuts 107 that expose the substrate 101. Before the WL cuts
107 are formed, a capping insulation layer 170 may be formed
on the non-sacrificial layer 172. According to the above
descriptions, the vertical channel regions 140 and the capping
insulation layer 170 may be formed after the SSL cut 111 and
the non-sacrificial layer 172 are formed. Alternatively, after
the vertical channel regions 140 are formed, the SSL cut 111,
the non-sacrificial layer 172 and the capping insulation layer
170 may be formed. In this case, the vertical channel regions
140 may not be penetrate the non-sacrificial layer 172 but
covered with the non-sacrificial layer 172.

[0103] Referringto FIG. 10C, the sacrificial layers 120 may
be partially etched using a first pull-back process, thereby
forming first spaces 108 having a first width W1 and a first
height H1. While the first pull-back process is performed, the
sacrificial layers 120 may be further etched to form recessed
regions 1094 between the vertical channel regions 140 and
the remained sacrificial layers 120a. Alternatively, the
recessed regions 109a may not be formed, as illustrated in
FIG. 3A.

[0104] Referring to FIG. 10D, the insulation layers 110
may be isotropically etched using a pre-cleaning process,
thereby increasing the height of the first spaces 108. That is,
the first spaces 108 may be vertically enlarged to have a
second height H2 which is greater than the first height H1.
The vertical channel regions 140 may be etched using a
trimming process, thereby laterally enlarging the first spaces
108. As a result of the trimming process, each of the first
spaces 108 may have a second width W2 which is greater than
the first width W1. The remained sacrificial layers 120a may
be removed using a second pull-back process, thereby form-
ing second spaces 109 having the first height H1. While the
remained sacrificial layers 120a are removed, at least some
portions of the spacers 115 may be etched. In some exemplary
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embodiments, either the trimming process or the pre-cleaning
process may be omitted to increase only one of the height and
the width of'the first spaces 108, as illustrated FIG. 4B or 5B.
In some exemplary embodiments, the first spaces 108 may be
formed to have the variable height H4 and the second width
W2, as illustrated in FIG. 6C.

[0105] Referring to FIG. 10E, a data storage layer 150 may
be conformally formed to cover inner surfaces of the first and
second spaces 108 and 109. Gate electrodes 160 may be then
formed to fill the first and second spaces 108 and 109. The
gate electrodes 160 may constitute a gate stack 20. The gate
stack 20 may include an uppermost gate electrode (e.g., a
sixth gate electrode 166), and the SSL cut 111 may divide the
sixth gate electrode 166 into two separate portions. In some
exemplary embodiments, the data storage layer 150 may be
formed to surround the entire sidewalls of the vertical channel
regions 140, as illustrated in FIG. 7E. In some exemplary
embodiments, one portion of the data storage layer 150 may
be formed to surround the entire sidewalls of the vertical
channel regions 140 and the other portion of the data storage
layer 150 may be formed to cover inner surfaces of the first
and second spaces 108 and 109. After the data storage layer
150 and the gate electrodes 160 are formed, common sources
102, isolation layers 175, plugs 182 and bit lines 180 may be
formed to realize a semiconductor memory device 9.

Tenth Embodiments

[0106] FIGS. 11A to 11E are cross sectional views illus-
trating a method of fabricating a semiconductor memory
device according to some exemplary embodiments.

[0107] Referring to FIG. 11A, insulation layers 110 and
sacrificial layers 120 may be alternately and repeatedly
stacked on a substrate 101 to form a mold stack 10. Vertical
channel region holes 103 penetrating the mold stack 10 may
be formed to expose the substrate 101, and vertical channel
regions 140 may be formed to fill respective ones of the
vertical channel region holes 103. Subsequently, the mold
stack 10 may be patterned to form word line (WL) cuts 107.
[0108] Referringto FIG. 11B, the sacrificial layers 120 may
be partially etched using a first pull-back process, thereby
forming first spaces 108 having a first width W1 and a first
height H1 and remaining central portions 120a of the sacri-
ficial layers 120. Further, the remained sacrificial layers 120a
may be spaced apart from the vertical channel regions 140 by
recessed regions 109a.

[0109] Referring to FIG. 11C, the first spaces 108 may be
vertically and laterally enlarged using a pre-cleaning process
and a trimming process. Thus, each of the first spaces 108
may have a second width W2 greater than the first width W1
and a second height H2 greater than the first height H1.
Subsequently, the remained sacrificial layers 120a may be
removed using a second pull-back process, thereby forming
second spaces 109 having the first height H1.

[0110] Referring to FIG. 11D, a data storage layer 150 may
be conformally formed to cover inner surfaces of the first and
second spaces 108 and 109. Gate electrodes 160 may be then
formed to fill the first and second spaces 108 and 109. The
gate electrodes 160 may constitute a gate stack 20. The gate
electrodes 160 filling the second spaces 109 may be thinner
than the gate electrodes 160 filling the first spaces 108.
[0111] Referring to FIG. 11E, the uppermost insulation
layer 110 and the uppermost gate electrode (e.g., a sixth gate
electrode 166) in the second space 109 may be patterned to
form a string selection line (SSL) cut 111. The SSL cut 111
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may divide the sixth gate electrode 166 into two separate
portions. According to the present exemplary embodiment,
the sixth gate electrode 166 in one of the second spaces 109
may be thinner than the sixth gate electrode 166 in one of the
first spaces 108, as described with reference to FIG. 11C.
Thus, the burden on the etching process for forming the SSL.
cut 111 may be reduced. The insulation layers 110 between
the second spaces 109 may be thicker than the insulation
layers 110 between the first spaces 108. Thus, the process
margin of the etching process for forming the SSL cut 111
may be increased.

[0112] Subsequently, an interlayer insulation layer 176
may be formed to fill the SSL. cut 111 and the WL cuts 107 and
to cover the uppermost insulation layer 110. Prior to forma-
tion of the interlayer insulation layer 176, impurities may be
injected into the substrate 101 through the WL cuts 107 to
form common sources 102 and impurities may be injected
into upper portions of the vertical channel regions 140 to form
drains 104. The common sources 102 and the drains 104 may
be formed to have the same conductivity type. Plugs 182
penetrating the interlayer insulation layer 176 may be formed
and may be electrically connected to respective ones of the
drains 104. Bit lines 180 may be formed on the interlayer
insulation layer 176. The bit lines 180 may be electrically
connected to the plugs 182. Thus, the bit lines 180 may be
electrically connected to vertical channel regions 140 through
the plugs 182. As such, a semiconductor memory device 10
may be formed by the aforementioned processes.

[0113] At least one of the exemplary embodiments
described above may be applied to fabrication of the semi-
conductor memory device 11.

Applications

[0114] FIG. 12A is a block diagram illustrating an example
of memory cards including semiconductor memory devices
according to the exemplary embodiments, and FIG. 12B is a
block diagram illustrating an example of information pro-
cessing systems including semiconductor memory devices
according to the exemplary embodiments.

[0115] Referring to FIG. 12A, a memory device 1210
including at least one of the semiconductor memory devices
1to 10 according to the embodiments described above may be
applied to a memory card 1200. The memory card 1200 may
include a memory controller 1220 that controls data commu-
nication between a host 1230 and the memory device 1210.
The memory controller 1220 may include a central process-
ing unit (CPU) 1222, a static random access memory
(SRAM) device 1221, a host interface unit 1223, an error
check and correction (ECC) block 1224, and a memory inter-
face unit 1225. The SRAM device 1221 may be used as an
operation memory of the CPU 1222. The host interface unit
1223 may be configured to include a data communication
protocol of the host 1230 connected to the memory card 1200.
The ECC block 1224 may detect and correct errors of data
which are read out from the memory device 1210. The
memory interface unit 1225 may control the communication
between the memory controller 1220 and the memory device
1210. The CPU 1222 may control overall operations of the
memory controller 1220.

[0116] Referring to FIG. 12B, an information processing
system 1300 may include a memory system 1310 having at
least one of the semiconductor memory devices 1 to 10
according to the exemplary embodiments described above.
The information processing system 1300 may include a



US 2014/0004676 Al

mobile system, a computer or the like. The information pro-
cessing system 1300 may include the memory system 1310, a
modulator-demodulator (MODEM) 1320, a central process-
ing unit (CPU) 1330, a random access memory (RAM) device
1340 and a user interface unit 1350 that communicate with
each other through a databus 1360. The memory system 1310
may include a memory device 1311 and a memory controller
1312. The memory system 1310 may have substantially the
same configuration as the memory card 1200 illustrated in
FIG. 12A. The memory system 1310 may store data pro-
cessed by the CPU 1330 or data transmitted from an external
system. The information processing system 1300 may be
applied to a memory card, a solid state disk, a camera image
sensor or an application chipset. In particular, the memory
system 1310 may include the solid state disk. In this case, the
information processing system 1300 may stably and reliably
operate since the solid state disk can stably store large capac-
ity of data.
[0117] According to the embodiments set forth above, a
deposition process gas may be sequentially flowed into first
spaces and second spaces, thereby forming gate electrodes in
the first and second spaces. Each of the first spaces may have
a greater dimension than each of the second spaces. Thus, a
deposition process gas for forming the gate electrodes may be
harmoniously and/or smoothly flowed into the first spaces
and the second spaces. Consequently, the configuration of the
first and second spaces and may prevent or minimize forma-
tion of voids in the gate electrodes. Accordingly, electrical
characteristics and reliability of a semiconductor device
including the gate electrodes can be improved.
[0118] While the inventive subject matter has been
described with reference to example embodiments, it will be
apparent to those skilled in the art that various changes and
modifications may be made without departing from the spirit
and scope of the inventive subject matter. Therefore, it should
be understood that the above embodiments are not limiting,
butillustrative. Thus, the scope of the inventive subject matter
is to be determined by the broadest permissible interpretation
of'the following claims and their equivalents, and shall not be
restricted or limited by the foregoing description.
What is claimed is:
1. A method comprising:
forming a mold stack comprising alternating insulation
layers and sacrificial layers on a substrate;
forming vertical channel regions extending through the
insulation layers and sacrificial layers of the mold stack;
removing portions of the sacrificial layers in a first part of
the mold stack to form first spaces and to leave portions
of'the sacrificial layers remaining between the insulation
layers in a second part of the mold stack;
enlarging the first spaces by removing portions of the insu-
lating layers and/or the vertical channel regions;
removing the remaining portions of the sacrificial layers in
the second part of the mold stack to form second spaces
between the insulating layers after enlarging the first
spaces; and
forming gate electrodes in the first and second spaces.
2. The method of claim 1, wherein the first part of the mold
stack comprises an outer portion and wherein the second part
of the mold stack comprises an inner portion.
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3. The method of claim 1, wherein forming gate electrodes
is preceded by forming at least one data storage layer on
sidewalls of the vertical channel regions and wherein forming
gate electrodes comprises forming the gate electrodes on the
at least one data storage layer.

4. The method of claim 1, wherein enlarging the first spaces
comprises increasing a width of the first spaces and/or
increasing a height of the first spaces.

5. The method of claim 4, wherein increasing a height of
the first spaces comprises removing exposed portions of the
insulation layers in the first spaces.

6. The method of claim 4, wherein increasing a width of the
first spaces comprises removing exposed portions of the ver-
tical channel regions in the first spaces.

7. The method of claim 4, wherein forming the first spaces
and increasing the height of the first spaces are simulta-
neously performed, and

wherein the increased height of the first spaces is gradually

increased from a central portion of the mold stack
toward edges of the mold stack.

8. The method of claim 1, wherein removing portions of the
sacrificial layers in a first part of the mold stack to form first
spaces and to leave portions of the sacrificial layers remaining
between the insulation layers in a second part of the mold
stack comprises exposing sidewalls of the vertical channel
regions adjacent the remaining sacrificial layers.

9. The method of claim 8, wherein enlarging the first spaces
includes removing exposed portions of the vertical channel
regions in the first spaces to enlarge the first spaces.

10. The method of claim 1, further comprising forming a
cut defining a region that vertically penetrates at least an
uppermost sacrificial layer among the sacrificial layers to
divide the at least uppermost sacrificial layer into two sepa-
rate portions.

11. The method of claim 1, further comprising forming a
cut defining a region that vertically penetrates at least an
uppermost gate among the gates filling the second spaces to
divide the at least uppermost gate into two separate portions.

12. The method of claim 1, wherein the enlarged first
spaces have a greater height than the second spaces.

13. A method comprising:

forming a mold stack comprising alternating insulation

layers and sacrificial layers on a substrate;

forming vertical channel regions extending through the

insulation layers and sacrificial layers of the mold stack;
and

forming gate electrodes between adjacent ones of the insu-

lation layers and surrounding the vertical channel
regions wherein the gate electrodes have a greater thick-
ness at a first location near sidewalls of the insulation
layers than at a second location further away from the
sidewalls of the insulation layers.

14. The method of claim 18, further comprising forming at
least one data storage layer on the vertical channel regions
before forming the gate electrodes and wherein forming gate
electrodes comprises forming the gate electrodes on the at
least one data storage layer.

15. The method of claim 18, wherein the gate electrodes
decrease in thickness away from the sidewalls of the insula-
tion layers in a stepwise or gradual manner.
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