VERTICAL MEMORY DEVICES AND METHODS OF MANUFACTURING THE

SAME

CROSS-REFERENCE TO RELATED APPLICATIONS
[1] This application claims priority to Korean Patent Application No. 10-2017-0155722,
filed on November 21, 2017 in the Korean Intellectual Property Office (KIPO), the contents

of which are herein incorporated by reference in their entirety.

TECHNICAL FIELD
[2] The inventive concepts relate to vertical memory devices and methods of
manufacturing the same.
BACKGROUND
[3] As the stack number of a mold structure in a VNAND flash memory device increases,

the channel hole extending through the mold structure may be bent. An ONO layer may be
formed on an inner wall of the channel hole, a portion of the ONO layer on an upper surface
of a substrate may be removed by a dry etching process using a spacer on a sidewall of the
ONO layer as an etching mask to expose the upper surface of the substrate, and a channel
may be formed on the ONO layer to be connected to the exposed upper surface of the
substrate. Due to the bending of the channel hole, connecting the channel to the substrate

may be difficult.

SUMMARY
[4] Example embodiments provide a vertical memory device having improved

characteristics.



[S] Example embodiments provide a method of manufacturing a vertical memory device
having improved characteristics.

[6] According to an aspect of the inventive concepts, there is provided a vertical memory
device. The vertical memory device may include first, second and third impurity regions
sequentially stacked in a first direction substantially perpendicular to an upper surface of a
substrate, a gate electrode structure including gate electrodes spaced apart from each other in
the first direction on the third impurity region, a channel extending through the gate electrode
structure, the second and third impurity regions, and an upper portion of the first impurity
region on the substrate in the first direction, and a charge storage structure covering a portion
of an outer sidewall and a lower surface of the channel. The channel may directly contact a
sidewall of the second impurity region.

[7] According to an aspect of the inventive concepts, there is provided a vertical memory
device. The vertical memory device may include first, second and third impurity regions
sequentially stacked in a first direction substantially perpendicular to an upper surface of a
substrate, a gate electrode structure including gate electrodes spaced apart from each other in
the first direction on the third impurity region, a channel extending through the gate electrode
structure and the second and third impurity regions on the substrate in the first direction, a
charge storage structure covering a portion of an outer sidewall of the channel, and a support
pattern between the first and third impurity regions. At least a portion of the channel may
contact the second impurity region, and the support pattern may contact a sidewall of the
second impurity region and an edge lower surface of the third impurity region.

[8] According to an aspect of the inventive concepts, there is provided a vertical memory
device. The vertical memory device may include an impurity region structure including
polysilicon doped with impurities on a substrate, a gate electrode structure including gate

electrodes spaced apart from each other in a first direction substantially perpendicular to an

upper



surface of the substrate on the impurity region structure, a channel extending through the gate
electrode structure and at least a portion of the impurity region structure on the substrate in
the first direction, and a charge storage structure covering a second portion of the outer
sidewall and a lower surface of the channel. A first portion of an outer sidewall of the
channel may directly contact the impurity region structure, and the second portion of the
outer sidewall of the channel may not directly contact the impurity region structure.

[9] According to an aspect of the inventive concepts, there is provided a method of
manufacturing a vertical memory device. In the method, a first etch stop layer, a first
sacrificial layer, and a second etch stop layer may be sequentially formed on a substrate. A
mold including an insulation layer and a second sacrificial layer alternately and repeatedly
stacked may be formed on the second etch stop layer. A channel extending through the mold,
the second etch stop layer, the first sacrificial layer and an upper portion of the first etch stop
layer, and a charge storage structure covering an outer sidewall and a lower surface of the
channel may be formed. An opening may be formed through the mold and the second etch
stop layer to expose the first sacrificial layer. The first sacrificial layer may be removed
through the opening to form a gap exposing a portion of the charge storage structure. The
exposed portion of the charge storage structure may be removed to expose a portion of the
outer sidewall of the channel. A filling pattern contacting the exposed portion of the outer
sidewall of the channel may be removed to fill the gap. The second sacrificial layer may be
replaced with a gate electrode.

[10]  According to an aspect of the inventive concepts, there is provided a method of
manufacturing a vertical memory device. In the method, a first impurity region and a first
sacrificial layer may be sequentially formed on a substrate. Impurities may be doped into a
portion of the first sacrificial layer by an ion implantation process to form a support pattern.

A mold including an insulation layer and a second sacrificial layer alternately and repeatedly
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stacked may be formed on the first sacrificial layer and the support pattern. A channel
extending through the mold, the first sacrificial layer and an upper portion of the first
impurity region, and a charge storage structure covering an outer sidewall and a lower surface
of the channel may be formed. An opening may be formed through the mold to expose the
first sacrificial layer and the support pattern. The first sacrificial layer may be removed
through the opening to form a gap exposing a portion of the charge storage structure. The
exposed portion of the charge storage structure may be removed to expose a portion of the
outer sidewall of the channel. A second impurity region contacting the exposed portion of the
outer sidewall of the channel may be formed to fill the gap. The second sacrificial layer may
be replaced with a gate electrode.

[11]  In the vertical memory device in accordance with example embodiments, even if the
stack number of the gate electrodes increases, the channel extending through the gate

electrodes and the CSL may be electrically connected with each other.

BRIEF DESCRIPTION OF THE DRAWINGS
[12]  FIGS. 1 to 3 are a plan view and cross-sectional views illustrating a vertical memory
device in accordance with example embodiments;
[13] FIGS. 4 to 19 are plan views and cross-sectional views illustrating a method of
manufacturing a vertical memory device in accordance with example embodiments;
[14]  FIG. 20 is a cross-sectional view illustrating a vertical memory device in accordance
with example embodiments; and
[15] FIG. 21 is a cross-sectional view illustrating a vertical memory device in accordance

with example embodiments.

DETAILED DESCRIPTION
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[16] The above and other aspects and features of the vertical memory devices and the
methods of manufacturing the same in accordance with example embodiments will become
readily understood from detail descriptions that follow, with reference to the accompanying
drawings.

[17]  FIGS. 1 to 3 are a plan view and cross-sectional views illustrating a vertical memory
device in accordance with example embodiments. Particularly, FIG. 1 is a plan view, FIG. 2
is a cross-sectional view taken along a line A-A’ of FIG. 1, and FIG. 3 is an enlarged cross-
sectional view of a region X of FIG. 2.

[18]  Hereinafter, a direction substantially perpendicular to an upper surface of a substrate
may be defined as a first direction, and two directions substantially parallel to the upper
surface of the substrate and crossing each other may be defined as second and third directions,
respectively. In example embodiments, the second and third directions may be substantially
perpendicular to each other.

[19] Referring to FIGS. 1 to 3, the vertical memory device may include an impurity
region structure, a support pattern 140, a gate electrode structure, an insulation pattern
structure, a charge storage structure 230, and a channel 240. The vertical memory device
may further include a diffusion prevention pattern 125, a first filling pattern 250, a capping
pattern 260, a second blocking pattern 350, a second spacer 390, a common source line (CSL)
400, a contact plug 420, a bit line 440, and first to third insulating interlayers 270, 410 and
430.

[20] The substrate 100 may include silicon, germanium, silicon-germanium or a III-V
compound such as GaP, GaAs, GaSb, etc. In some example embodiments, the substrate 100
may be a silicon-on-insulator (SOI) substrate or a germanium-on-insulator (GOI) substrate.
[21]  The impurity region structure may include first, second and third impurity regions

110, 320 and 150 sequentially stacked on the substrate 100.
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[22]  The first impurity region 110 may contact an upper surface of the substrate 100, and
when a first gap 310 (refer to FIG. 13) for the second impurity region 320 is formed, the first
impurity region 110 may impede or prevent the substrate 100 from being etched, and thus
may be also referred to as a first etch stop layer 110.

[23] In an example embodiment, the first impurity region 110 may include n-type
impurities, e.g., phosphorus, arsenic, etc., and polysilicon doped with carbon. The n-type
impurities may have a high doping concentration of, e.g., about 1x10'®cm™ to about
1x10°%cm™. Alternatively, the first impurity region 110 may include polysilicon doped with
n-type impurities, e.g., phosphorus, arsenic, etc.

[24]  Alternatively, the first impurity region 110 may include p-type impurities, e.g., boron,
aluminum, etc., and polysilicon doped with carbon. The p-type impurities may have a doping
concentration of, e.g., about 1x10'°cm™ to about 1x10'%cm™. Alternatively, the first impurity
region 110 may include polysilicon doped with p-type impurities, e.g., boron, aluminum, etc.
[25] The second impurity region 320 may contact an upper surface of the first impurity
region 110, and may fill the first gap 310, which may be also referred to as a second filling
pattern 320. In some example embodiments, the first gap 310 may not completely filled with
the second impurity region 320, and an air gap 330 may be formed in the second impurity
region 320.

[26] The second impurity region 320 may include polysilicon doped with impurities
having the same conductivity type as that of the impurities doped into the first impurity
region 110. That is, when the first impurity region 110 includes n-type impurities, the second
impurity region 320 may include polysilicon doped with n-type impurities, and the n-type
impurities may have a high doping concentration of, e.g., about 1x10'®cm™ to about

1x10°%cm™. When the first impurity region 110 includes p-type impurities, the second



impurity region 320 may include polysilicon doped with p-type impurities, and the p-type
impurities may have a doping concentration of, e.g., about 1x10'°cm™ to about 1x10"*cm™.
[27]  The third impurity region 150 may contact an upper surface of the second impurity
region 320, and when the first gap 310 is formed, the third impurity region 150 may impede
or prevent the overlying insulation pattern 165 from being etched, and thus may be also
referred to as a second etch stop layer 150.

[28] In example embodiments, at least a portion of a sidewall of the third impurity region
150 facing an outer sidewall of the channel 240 may contact the second impurity region 320.
That is, an edge of the second impurity region 320 contacting the outer sidewall of the
channel 240 may protrude upwardly and downwardly along the first direction from a portion
of the second region 320 under the third impurity region 150, so as to contact the sidewall of
the third impurity region 150. An upper surface of the edge of the second impurity region
320 may become higher as a distance from the channel 240 increases, and a lower surface of
the edge of the second impurity region 320 may become lower as a distance from the channel
240 increases.

[29] In example embodiments, the third impurity region 150 may include carbon, and
polysilicon doped with n-type impurities or p-type impurities. The n-type impurities or the p-
type impurities doped into the third impurity region 150 may have the same conductivity type
as that of the impurities doped into the second impurity region 320.

[30] The support pattern 140 may be formed on the first impurity region 110 at the same
level as that of the second impurity region 320. The support pattern 140 may contact a lower
surface of an edge of the third impurity region 150, and when the first gap 310 is formed, the
support pattern 140 may support upper structures thereon.

[31] In example embodiments, the support pattern 140 may vertically overlap an area of

an opening 290 (refer to FIGS. 10 and 11) for the gate electrode structure and the CSL 400.
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The opening 290 may extend in the second direction, and a plurality of openings 290 may be
formed in the third direction. Thus, one or a plurality of support patterns 140 may be formed
in the second direction, and a plurality of support patterns 140 may be formed in the third
direction. The support pattern 140 may have various shapes of, e.g., rectangle, circle, ellipse,
polygon, etc., in a plan view.

[32] In an example embodiment, the support pattern 140 may include polysilicon doped
with carbon. Alternatively, the support pattern 140 may include carbon and polysilicon
doped with n-type impurities or p-type impurities.

[33] The diffusion prevention pattern 125 may be formed between the first etch stop layer
110 and the support pattern 140. The diffusion prevention pattern 125 may be a remaining
portion of a diffusion prevention layer 120 (refer to FIG. 5), which may be formed on the first
impurity region 110 and prevent impurities of the first impurity region 110 from diffusing
upwardly, after etching a portion of the charge storage structure 230 exposed by the first gap
310. Thus, the diffusion prevention pattern 125 may cover a central lower surface of the
support pattern 140 in the third direction.

[34] The diffusion prevention pattern 125 may include an oxide, e.g., silicon oxide, or a
nitride, e.g., silicon nitride.

[35] The gate electrode structure may include a plurality of gate electrodes at a plurality
of levels, respectively, spaced apart from each other in the first direction on the third impurity
region 150. The gate electrode structure may extend in the second direction, and a plurality
of gate electrode structures may be formed in the third direction. That is, neighboring ones of
the gate structures in the third direction at each level, each of which may extend in the second
direction, may be spaced apart from each other by the opening 290 extending in the second

direction.



[36] In example embodiments, the CSL 400 may be formed in the opening 290 to extend
in the second direction, and the second spacer 390 may be formed on each of opposite
sidewalls of the CSL in the third direction. In example embodiments, a lower surface of the
CSL 400 may contact the first impurity region 110 and the support pattern 140, and may be
covered by the first impurity region 110 and the support pattern 140.

[37] The CSL 400 may include a metal, a metal nitride, and/or a metal silicide, and the
second spacer 390 may include an oxide, e.g., silicon oxide.

[38]  Each of the gate electrode structures may include at least one first gate electrode 382,
a plurality of second gate electrodes 384 at a plurality of levels, respectively, and at least one
third gate electrode 386, which may be sequentially stacked in the first direction.

[39] FIG. 2 shows one first gate electrode 382 at one level, five second gate electrodes
384 at five levels, respectively, and two third gate electrodes 386 at two levels, respectively,
however, the inventive concepts may not be limited thereto. For example, two first gate
electrodes 382 may be formed at two levels, respectively, and more than five second gate
electrodes 384 may be formed at more than five levels, respectively.

[40] In example embodiments, the first gate electrode 382 may serve as a ground selection
line (GSL), each of the second gate electrodes 384 may serve as a word line, and the third
gate electrode 386 may serve as a string selection line (SSL). Some of the second gate
electrodes 384 adjacent the first gate electrode 382 and/or the third gate electrode 386 may
serve as a dummy word line.

[41]  The first gate electrode 382 may include a first gate conductive pattern 372 extending
in the second direction and a first gate barrier pattern 362 covering upper and lower surfaces
and a sidewall of the first gate conductive pattern 372, the second gate electrode 384 may
include a second gate conductive pattern 374 extending in the second direction and a second

gate barrier pattern 364 covering upper and lower surfaces and a sidewall of the second gate
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conductive pattern 374, and the third gate electrode 386 may include a third gate conductive
pattern 376 extending in the second direction and a third gate barrier pattern 366 covering
upper and lower surfaces and a sidewall of the third gate conductive pattern 376.

[42] The first to third gate conductive patterns 372, 374 and 376 may include a metal
having a low resistance, e.g., tungsten, titanium, tantalum, platinum, etc., and the first to third
gate barrier patterns 362, 364 and 366 may include a metal nitride, e.g., titanium nitride,
tantalum nitride, etc.

[43] The insulation pattern structure may include a plurality of insulation patterns 165
sequentially stacked on the third impurity region 150 in the first direction. The insulation
patterns 165 may be formed between an upper surface of the third impurity region 150 and
the first gate electrode 382, between the first to third gate electrodes 382, 384 and 386
adjacent to each other in the first direction, and on the third gate electrode 386.

[44] In example embodiments, each of the insulation patterns 165 at a plurality of levels,
respectively, may extend in the second direction, and a plurality of insulation patterns 165 at
each level may be spaced apart from each other in the third direction by the opening 290.
The insulation patterns 165 may include an oxide, e.g., silicon oxide.

[45] Some of the plurality of insulation patterns 165 may have a thickness greater than
those of others of the plurality of insulation patterns 165. For example, an uppermost one of
the insulation patterns 165 may have a thickness greater than those of other ones of the
insulation patterns 165, however, the inventive concepts may not be limited thereto.

[46]  The channel 240 may extend in the first direction through the gate electrode structure,
the second and third impurity regions 320 and 150, and an upper portion of the first impurity
region 110 on the substrate 100, and may have a cup-like shape. In example embodiments, a
first portion of an outer sidewall of the channel 240 may contact the second impurity region

320.
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[47] A plurality of channels 240 may be formed in each of the second and third directions,
and thus a channel array may be defined. In example embodiments, the channel array may
include a first channel column including first channels disposed in the second direction, and a
second channel column including second channels disposed in the second direction and being
spaced apart from the first channel column in the third direction. The first and second
channel columns may be alternately disposed in the third direction. The second channels
may be disposed to have acute angles with the second direction or the third direction from the
first channels, and the first and second channels may be arranged in a zigzag layout along the
second direction. FIG. 1 shows that two first channel columns and two second channel
columns are alternately arranged in the third direction between neighboring two CSLs 400,
however, the inventive concepts need not be limited thereto.

[48] The channel 240 may include, e.g., undoped polysilicon, or polysilicon lightly doped
with n-type impurities or p-type impurities.

[49] The charge storage structure 230 may cover a portion of an outer sidewall and a
lower surface of the channel 240. In example embodiments, the charge storage structure 230
may cover other portions of the outer sidewall of the channel 240 except for the first portion
directly contacting the second impurity region 320 (hereinafter, the other portions of the outer
sidewall of the channels 240 may be referred to as a second portion) and the lower surface of
the channel 240.

[S0]  Thus, the charge storage structure 230 may include a third portion higher than the
second impurity region 320, and a fourth portion lower than the second impurity region 320
and spaced apart from the third portion in the first direction. The fourth portion of the charge
storage structure 230 may cover the lower surface and a lower outer sidewall of the channel

240, and may extend through an upper portion of the first etch stop layer 110.
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[51]  In example embodiments, a lower surface of the third portion and an upper surface of
the fourth portion of the charge storage structure 230 may contact the edge of the second
impurity region 320. According to the shape of the edge of the second impurity region 320,
the lower surface of the third portion of the charge storage structure 230 may become higher
as a distance from the channel 240 increases, and the upper surface of the fourth portion of
the charge storage structure 230 may become lower as a distance from the channel 240
increases.

[52] As shown in FIG. 3, a lower portion of the third portion of the charge storage
structure 230 may be disposed between upper and lower surfaces of the third impurity region
150, and hereinafter, may be referred to as a protrusion 235. The protrusion 235 may contact
the outer sidewall of the channel 240 and an upper surface of the edge of the second impurity
region 320, and may partially contact the third impurity region 150.

[53]  Accordingly, the protrusion 235 of the charge storage structure 230 may be formed
between the channel 240 and the second and third impurity regions 320 and 150 each of
which may include conductive polysilicon, and thus a parasitic capacitance may be generated.
However, in accordance with example embodiments, the third impurity region 150 may have
a thin thickness of about 5nm to about 50nm, and thus the protrusion 235 of the charge
storage structure 230 may have a small length in the first direction. As a result, the parasitic
capacitance generated by the protrusion 235 of the charge storage structure 230 may be small.
[S4] The charge storage structure 230 may include a tunnel insulation pattern 220, a
charge storage pattern 210, and a first blocking pattern 200 sequentially stacked on the outer
sidewall of the channel 240.

[S5]  The tunnel insulation pattern 220 and the first blocking pattern 200 may include an
oxide, e.g., silicon oxide, and the charge storage pattern 210 may include a nitride, e.g.,

silicon nitride.
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[S6]  The first filling pattern 250 may fill an inner space formed by the channel 240. That
is, a lower surface and a sidewall of the first filling pattern 250 having a pillar shape may be
covered by the channel 240. The first filling pattern 250 may include an oxide, e.g., silicon
oxide.

[57]  The capping pattern 260 may contact upper surfaces of the first filling pattern 250,
the channel 240, and the charge storage structure 230, and may include polysilicon doped
with n-type impurities or p-type impurities.

[S8]  The first insulating interlayer 270 may be formed on the capping pattern 260 and an
uppermost one of the insulation patterns 165, and may cover an upper sidewall of the second
blocking pattern 350.

[S9] The second insulating interlayer 410 may be formed on the first insulating interlayer
270, the CSL 400, the second spacer 390, and the second blocking pattern 350. The contact
plug 420 may extend through the first and second insulating interlayers 270 and 410 to
contact an upper surface of the capping pattern 260. The third insulating interlayer 430 may
be formed on the second insulating interlayer 410 and the contact plug 420, and the bit line
440 may extend through the third insulating interlayer 430. In example embodiments, the bit
line may extend in the third direction, and a plurality of bit lines 440 may be formed in the
second direction.

[60] The contact plug 420 and the bit line 440 may include a metal, e.g., copper,
aluminum, tungsten, titanium, tantalum, etc., and/or a metal nitride, e.g., titanium nitride,
tantalum nitride, tungsten nitride, etc., and the first to third insulating interlayers 270, 410 and
430 may include an oxide, e.g., silicon oxide.

[61] The second blocking pattern 350 may be formed on upper and lower surfaces and a
portion of a sidewall of each of the gate electrodes 382, 384 and 386, and a sidewall of each

of the insulation patterns 165. The second blocking pattern 350 may contact a sidewall of the
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charge storage structure 230. In example embodiments, the second blocking pattern 350 may
include a metal oxide, e.g., aluminum oxide, hafnium oxide, etc.

[62] In the vertical memory device, the channel 240 may directly contact the second
impurity region 320 contacting the upper surface of the first impurity region 110, and thus
may be electrically connected to the CSL 400 contacting the first impurity region 110 through
the second impurity region 320. As will be illustrated subsequently, the second impurity
region 320 may be well connected to the channel 240 regardless of the stack number of the
overlying gate electrodes, and the first and second impurity regions 110 and 320 may be
doped with impurities having the same conductivity type, so that the channel 240 and the
CSL 400 may be electrically connected to each other easily.

[63]  As will be illustrated subsequently, during the formation process of the first gap 310
for the second impurity region 320, the upper structures may not fall down by the support
pattern 140 and the channel 240. The insulation pattern 165 under the first gate electrode 382
may be protected by the third impurity region 150, so as not to be damaged during the
formation process of the first gap 310.

[64] FIGS. 4 to 19 are plan views and cross-sectional views illustrating a method of
manufacturing a vertical memory device in accordance with example embodiments.
Particularly, FIGS. 4, 7 and 10 are plan views, and FIGS. 5-6, 8-9 and 11-19 are cross-
sectional views. FIG. 15 is an enlarged cross-sectional view of a region X of FIG. 14.

[65] Referring to FIGS. 4 and 5, a first etch stop layer 110, a diffusion prevention layer
120 and a first sacrificial layer 130 may be sequentially formed on an upper surface of a
substrate 100, a support pattern 140 may be formed on a portion of the first sacrificial layer
130, and a second etch stop layer 150 may be formed on the first sacrificial layer 130 and the

support pattern 140.
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[66] In example embodiments, the first etch stop layer 110 may include a material having
a high etching selectivity with respect to an oxide and a nitride included in an insulation layer
160 and a second sacrificial layer 170, respectively, subsequently formed (refer to FIG. 6).
[67] In an example embodiment, the first etch stop layer 110 may include n-type
impurities, e.g., phosphorus, arsenic, etc., and polysilicon doped with carbon. The n-type
impurities may have a high doping concentration of, e.g., about 1x10'®cm™ to about
1x10°%cm™. Alternatively, the first etch stop layer 110 may include polysilicon doped with n-
type impurities, e.g., phosphorus, arsenic, etc.

[68]  Alternatively, the first etch stop layer 110 may include p-type impurities, e.g., boron,
aluminum, etc., and polysilicon doped with carbon. The p-type impurities may have a doping
concentration of, e.g., about 1x10"%cm™ to about 1x10"¥cm™. Alternatively, the first etch stop
layer 110 may include polysilicon doped with p-type impurities, e.g., boron, aluminum, etc.
[69] In example embodiments, the diffusion prevention layer 120 may prevent impurities
doped in the first etch stop layer 110 from diffusing into the first sacrificial layer 130. The
diffusion prevention layer 120 may include an oxide, e.g., silicon oxide or a nitride, e.g.,
silicon nitride.

[70] In example embodiments, the first sacrificial layer 130 may include a material having
a high etching selectivity with respect to the diffusion prevention layer 120 and the second
etch stop layer 150.

[71] In an example embodiment, the first sacrificial layer 130 may include undoped
polysilicon. Alternatively, the first sacrificial layer 130 may include a nitride, e.g., silicon
nitride, or an oxide, e.g., silicon oxide. In this case, the diffusion prevention layer 120 may
not be formed between the first etch stop layer 110 and the first sacrificial layer 130.

[72] In example embodiments, the support pattern 140 may be formed by doping

impurities into a portion of the first sacrificial layer 130 by an ion implantation process. In an
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example embodiment, the support pattern 140 may include polysilicon doped with carbon.
Alternatively, the support pattern 140 may include carbon, and polysilicon doped with n-type
or p-type impurities.

[73] The support pattern 140 may be formed to overlap an area of an opening 290
illustrated with reference to FIGS. 10 and 11. The opening 290 may extend in the second
direction, and a plurality of openings 290 may be formed in the third direction. Thus, one or
a plurality of support patterns 140 may be formed in the second direction, and a plurality of
support patterns 140 may be formed in the third direction.

[74] In example embodiments, the second etch stop layer 150 may include a material
having a high etching selectivity with respect to the first sacrificial layer 130.

[75] In an example embodiment, the second etch stop layer 150 may include polysilicon
doped with carbon. Alternatively, the second etch stop layer 150 may include carbon, and
polysilicon doped with n-type impurities or p-type impurities. The n-type impurities or the p-
type impurities doped into the third impurity region 150 may have the same conductivity type
as that of the impurities doped into the first etch stop layer 110.

[76]  Referring to FIG. 6, an insulation layer 160 and a second sacrificial layer 170 may be
alternately and repeatedly formed on the second etch stop layer 150, so that a mold may be
formed.

[77]  In example embodiments, the insulation layer 160 may include an oxide, e.g., silicon
oxide, and the second sacrificial layer 170 may include a material having a high etching
selectivity with respect to the insulation layer 160, e.g., a nitride such as silicon nitride.

[78]  The insulation layer 160 and the second sacrificial layer 170 may be formed by a
chemical vapor deposition (CVD) process, a plasma enhanced chemical vapor deposition

(PECVD) process, an atomic layer deposition (ALD) process, etc.
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[79] Referring to FIGS. 7 and 8, a first etching mask 180 may be formed on an uppermost
one of the insulation layers 160, and a channel hole 190 may be formed through the mold, the
second etch stop layer 150 and the first sacrificial layer 130 by a dry etching process using
the first etching mask 180.

[80]  The first etching mask 180 may include a nitride, e.g., silicon nitride.

[81] In example embodiments, the dry etching process may be performed until the
channel hole 190 may expose an upper surface of the first etch stop layer 110. Further, the
channel hole 190 may extend through an upper portion of the first etch stop layer 110, which
is shown in FIG. 8.

[82] A plurality of channel holes 190 may be formed in each of the second and third
directions, and thus a channel hole array including a plurality of channel hole columns may
be defined.

[83] Referring to FIG. 9, a charge storage structure 230, a channel 240, a first filling
pattern 250, and a capping pattern 260 may be formed in the channel hole 190.

[84] For example, a charge storage structure layer and a channel layer may be sequentially
formed on a sidewall of the channel hole 190, the upper surface of the first etch stop layer
110 exposed by the channel hole 190, and an upper surface of the first etching mask 180, a
first filling layer may be formed on the channel layer to fill the channel hole 190, and the first
filling layer, the channel layer, and the charge storage structure layer may be planarized until
the uppermost one of the insulation layers 160 may be exposed.

[85] In example embodiments, the planarization process may include a chemical
mechanical polishing (CMP) process and/or an etch back process, and he first etching mask
180 may be removed during the planarization process.

[86] By the planarization process, the charge storage structure 230 and the channel 240

sequentially stacked on the sidewall of the channel hole 190 and the upper surface of the first
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etch stop layer 110 may be formed, and an inner space formed by the channel 240 may be
filled with the first filling pattern 250.

[87] As the channel hole 190 defines the channel hole columns and the channel array, the
channel 240 in the channel hole 190 may define channel columns and a channel array.

[88] In example embodiments, the charge storage structure 230 may include a first
blocking pattern 200, a charge storage pattern 210, and a tunnel insulation pattern 220
sequentially stacked. For example, the first blocking pattern 200, the charge storage pattern
210, and the tunnel insulation pattern 220 may include silicon oxide, silicon nitride, and
silicon oxide, respectively.

[89] In example embodiments, when the charge storage structure 230, the channel 240,
the first filling pattern 250, and the capping pattern 260 are formed in the channel hole 190, a
heat treatment process may be performed. The diffusion prevention layer 120 may be formed
on the first etch stop layer 110, and thus the impurities doped in the first etch stop layer 110
may not be diffused into the first sacrificial layer 130 or the support pattern 140.

[90]  Accordingly, when the first sacrificial layer 130 is removed illustrated with reference
to FIG. 13, the etching selectivity between the first sacrificial layer 130 and a surrounding
structure, e.g., the diffusion prevention layer 120, the second etch stop layer 150, and the
support pattern 140, or the etching selectivity between the first sacrificial layer 130 and the
underlying first etch stop layer 110 may not be lowered.

[91]  Upper portions of the first filling pattern 250, the channel 240, and the charge storage
structure 230 may be removed to form a recess, a capping layer may be formed on the
uppermost one of the insulation layers 160 to fill the recess, and the capping layer may be
planarized until the upper surface of the uppermost one of the insulation layers 160 may be

exposed.
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[92] Referring to FIGS. 10 and 11, a first insulating interlayer 270 may be formed on the
uppermost one of the insulation layers 160 and the capping pattern 260, and a second etching
mask 280 may be formed on the first insulating interlayer 270.

[93] The first insulating interlayer 270 may include an oxide, e.g., silicon oxide, and thus
may be merged with the uppermost one of the insulation layers 160. The second etching
mask 280 may include a nitride, e.g., silicon nitride.

[94]  The first insulating interlayer 270, the mold, and the second etch stop layer 150 may
be etched by a dry etching process using the second etching mask 280 to form the opening
290.

[95] In example embodiments, the dry etching process may be performed until the
opening 290 may expose an upper surface of the first sacrificial layer 130, and an upper
surface of the support pattern 140 may be also exposed. Further, the opening 290 may extend
through an upper portion of the first sacrificial layer 130 and an upper portion of the support
pattern 140, which is shown in FIG. 11.

[96] In example embodiments, the opening 290 may extend in the second direction, and a
plurality of openings 290 may be formed in the third direction. As the opening 290 is formed,
the insulation layer 160 may be transformed into an insulation pattern 165 extending in the
second direction, and the second sacrificial layer 170 may be transformed into a second
sacrificial pattern 175.

[97] Referring to FIG. 12, a first spacer 300 may be formed on a sidewall of the opening
290.

[98]  The first spacer 300 may be formed by forming a first spacer layer on the sidewall of
the opening 290, the upper surfaces of the first sacrificial layer 130 and the support pattern
140 exposed by the opening 290, and the second etching mask 280, and anisotropically

etching the first spacer layer. Thus, the first spacer 300 may be formed on the sidewall of the
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opening 290, and the upper surfaces of the first sacrificial layer 130 and the support pattern
140 may be exposed. A portion of the first spacer layer on the second etching mask 280 may
remain.

[99] The first spacer 300 may include a material having a high etching selectivity with
respect to the first sacrificial layer 130. Thus, when the first sacrificial layer 130 includes
undoped polysilicon, the first spacer 300 may include a nitride, e.g., silicon nitride.
Alternatively, when the first sacrificial layer 130 includes silicon nitride or silicon oxide, the
first spacer 300 may include, e.g., undoped polysilicon.

[100] Referring to FIG. 13, the first sacrificial layer 130 exposed by the opening 290 may
be removed to form a first gap 310.

[101] Thus, an upper surface of the diffusion prevention layer 120 under the first sacrificial
layer 130, a lower surface of the second etch stop layer 150 on the first sacrificial layer 130,
and a sidewall of the support pattern 140 generated from the first sacrificial layer 130 may be
exposed. A portion of the sidewall of the charge storage structure 230 may be also exposed
by the first gap 310.

[102] In example embodiments, the first sacrificial layer 130 may be removed by a wet
etching process. During the wet etching process, the diffusion prevention layer 120 and the
second etch stop layer 150 are formed beneath and on the first sacrificial layer 130,
respectively, which may not be removed due to the materials having the high selectivity with
respect to the first sacrificial layer 130.

[103] For example, when the first sacrificial layer 130 includes undoped polysilicon, the
diffusion prevention layer 120 may include silicon oxide or silicon nitride, and the second
etch stop layer 150 may include polysilicon doped with carbon, or carbon and polysilicon

doped with n-type or p-type impurities. Thus, the first etch stop layer 110 beneath the
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diffusion prevention layer 120 and the insulation pattern 165 on the second etch stop layer
150 may not be damaged.

[104] When no diffusion prevention layer 120 is formed, the first etch stop layer 110 under
the first sacrificial layer 130 may include a material having a high etching selectivity with
respect to the first sacrificial layer 130, and thus may not be damaged during the wet etching
process. For example, when the first sacrificial layer 130 includes silicon nitride or silicon
oxide, the first etch stop layer 110 may include polysilicon doped with n-type or p-type
impurities, and thus may not be damaged during the wet etching process for the first
sacrificial layer 130.

[105] Additionally, the first spacer 300 covering the sidewall of the opening 290 may
include a material having a high etching selectivity with respect to the first sacrificial layer
130, and thus may not be damaged during the wet etching process.

[106] In example embodiments, even if the first gap 310 is formed by the wet etching
process, the mold may not fall down due to the channel 240 extending through the insulation
patterns 165 and the second sacrificial patterns 175, and the support pattern 140 under the
mold.

[107] Referring to FIGS. 14 and 15, a portion of the charge storage structure 230 exposed
by the first gap 310 may be removed, and thus an outer sidewall of the channel 240 covered
by the charge storage structure 230 may be exposed.

[108] In example embodiments, the exposed portion of the charge storage structure 230
may be removed by a wet etching process. The first blocking pattern 200, the charge storage
pattern 210, and the tunnel insulation pattern 220 of the charge storage structure 230 may
include, e.g., silicon oxide, silicon nitride, silicon oxide, respectively, and the first spacer 300
covering the sidewall of the opening 290 may include, e.g., silicon nitride, and thus the first

spacer 300 may be partially removed to have a thinner thickness.
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[109] However, in the wet etching process, the first spacer 300 may not completely
removed but some portion thereof may remain, and thus the insulation patterns 165 and the
second sacrificial patterns 175 covered by the first spacer 300 may not etched.

[110] During the wet etching process, most of the diffusion prevention layer 120 including
silicon oxide or silicon nitride may be removed. That is, a portion of the diffusion prevention
layer 120 exposed by the first gap 310 and a portion of the diffusion prevention layer 120
covering an edge lower surface of the support pattern 140 in the third direction may be
removed. However, a portion of the diffusion prevention layer 120 covering a central lower
surface of the support pattern 140 may remain, which may be referred to as a diffusion
prevention pattern 125.

[111] The wet etching process may have isotropic etching characteristics, and thus not only
the portion of the charge storage structure 230 directly exposed by the first gap 310 but also a
portion of the charge storage structure 230 contacting a sidewall of the second etch stop layer
150 facing the outer sidewall of the channel 240 may be partially removed. However, a
portion of the charge storage structure 230 contacting an upper sidewall of the second etch
stop layer 150 and a portion of the charge storage structure 230 contacting the outer sidewall
of the channel 240 adjacent the sidewall of the second etch stop layer 150 may remain to
form a protrusion 235.

[112] In example embodiments, the second etch stop layer 150 may have a thin thickness
of about 5nm to about 50nm. Thus, the protrusion 235 of the charge storage structure 230
may have a small length in the first direction.

[113] By the wet etching process, a portion of the charge storage structure 230 extending
through an upper portion of the first etch stop layer 110 may remain, which may be divided

from other portions of the charge storage structure 230.

22



[114] Referring to FIG. 16, a second filling pattern 320 may be formed to fill the first gap
310.

[115] In example embodiments, the second filling pattern 320 may be formed by forming a
second filling layer on the first etch stop layer 110 to fill the first gap 310, and performing an
etch back process to remove a portion of the second filling layer in the opening 290. When
the second filling pattern 320 does not fill the first gap 310 completely, an air gap 330 may be
formed in the first gap 310.

[116] The second filling pattern 320 may include polysilicon doped with impurities having
the same conductivity type as that of the impurities doped into the first etch stop layer 110.
That is, when the first etch stop layer 110 includes n-type impurities, the second filling
pattern 320 may include polysilicon doped with n-type impurities, and the n-type impurities
may have a high doping concentration of, e.g., about 1x10"*cm™ to about 1x10*°cm™. When
the first etch stop layer 110 includes p-type impurities, the second filling pattern 320 may
include polysilicon doped with p-type impurities, and the p-type impurities may have a
doping concentration of, e.g., about 1x10'°cm™ to about 1x10"%cm™.

[117] After forming the second filling layer, a heat treatment process may be further
performed, and the impurities doped in the second filling pattern 320 may be diffused into the
second etch stop layer 150. Thus, when the second etch stop layer 150 includes polysilicon
doped with carbon, n-type or p-type impurities may be further doped into the second etch
stop layer 150 by the heat treatment process.

[118] The first etch stop layer 110, the second filling pattern 320, and the second etch stop
layer 150 sequentially stacked on the substrate 100 may include impurities having the same
conductivity type, and thus may be referred to as first, second, and third impurity regions,

respectively. The first to third impurity regions may define an impurity region structure.
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[119] Referring to FIG. 17, the first spacer 300 on a sidewall of the opening 290, the
second etching mask 280, and the second sacrificial patterns 175 may be removed to form a
second gap 340 between the insulation patterns 165 at respective levels. A portion of an outer
sidewall of the first blocking pattern 200 may be exposed by the second gap 340.

[120] In example embodiments, the first spacer 300 and the second sacrificial patterns 175
may be removed by a wet etching process using an etching solution including phosphoric
acid or sulfuric acid.

[121] Referring to FIG. 18, after a second blocking pattern 350 may be formed on the
exposed portion of the sidewall of the first blocking pattern 200, inner walls of the second
gaps 340, surfaces of the insulation patterns 165, an upper surface of the first etch stop layer
110, an upper surface of the support pattern 140, and an upper surface of the first insulating
interlayer 270, a gate barrier layer may be formed on the second blocking pattern 350, and a
gate conductive layer may be formed on the gate barrier layer to fill remaining portions of the
second gaps 340.

[122] The gate conductive layer and the gate barrier layer may be partially removed to
form a gate conductive pattern and a gate barrier pattern, respectively, in each of the second
gaps 340, which may form a gate electrode. In example embodiments, the gate conductive
layer and the gate barrier layer may be removed by a wet etching process, and thus the gate
electrode may fill the second gaps 340 partially or entirely.

[123] The gate electrode may extend in the second direction, and a plurality of gate
electrodes may be formed in the third direction. Thus, the gate electrodes each extending in
the second direction may be spaced apart from each other by the opening 290.

[124] In example embodiments, the gate electrodes may be formed at a plurality of levels,
respectively, spaced apart from each other in the first direction, and may form a gate

electrode structure. The gate electrode structure may include at least one first gate electrode
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382, a plurality of second gate electrodes 384, and at least one third gate electrode 386
sequentially stacked. The number of levels at which each of the first to third gate electrodes
382, 384 and 386 are formed may be variable.

[125] Referring to FIG 19, when the first etch stop layer 110 includes carbon and
polysilicon doped with p-type impurities or includes polysilicon doped with p-type impurities,
n-type impurities may be implanted into an upper portion of the first etch stop layer 110
through a portion of the second blocking pattern 350 exposed as the gate conductive layer
and the gate barrier layer are partially removed, so that an impurity region (not shown) may
be formed. However, when the first etch stop layer 110 includes carbon and polysilicon
doped with n-type impurities, or includes polysilicon doped with n-type impurities, the
impurity region may not be formed.

[126] A second spacer layer may be formed on the second blocking pattern 350, and may
be anisotropically etched to form a second spacer 390 on the sidewall of the opening 290, and
thus a portion of the second blocking pattern 350 on the first etch stop layer 110 may be
exposed.

[127] The second blocking pattern 350 may be etched using the second spacer 390 as an
etching mask, and a portion of the second blocking pattern 350 on the first insulating
interlayer 270 may be also removed. Upper portions of the first etch stop layer 110 and the
support pattern 140 may be also partially removed.

[128] A conductive layer may be formed on the upper surface of the first etch stop layer
110, the upper surface of the support pattern 140, the second spacer 390, and the first
insulating interlayer 270, and may be planarized until the upper surface of the first insulating
interlayer 270 may be exposed to form a CSL 400. The CSL may include a metal, e.g.,

tungsten.
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[129] In example embodiments, the CSL 400 may extend in the first direction, and extend
in the second direction as well. A lower surface of the CSL 400 may be covered by the first
etch stop layer 110 and the support pattern 140.

[130] Referring to FIGS. 1 to 3 again, a second insulating interlayer 410 may be formed on
the first insulating interlayer 270, the CSL 400, the second spacer 390, and the second
blocking pattern 350, and a contact plug 420 may be formed through the first and second
insulating interlayers 270 and 410 to contact an upper surface of the capping pattern 260. A
third insulating interlayer 430 may be formed on the second insulating interlayer 410 and the
contact plug 420, and a bit line 440 may be formed through the third insulating interlayer 430
to contact an upper surface of the contact plug 420.

[131] The vertical memory device may be manufactured by the above processes.

[132] As illustrated above, the first sacrificial layer 130 may be formed on the substrate
100, a wet etching process may be performed through the opening 290 for forming the gate
electrode and the CSL 400 to remove the first sacrificial layer 130 and form the first gap 310,
and the portion of the charge storage structure 230 covered by the first sacrificial layer 130
may be removed. The first gap 310 may be filled with the second filling pattern 320 so that
the channel 240 and the CSL 400 may be electrically connected with each other.

[133] Thus, even if the stack number of the second sacrificial layer 170 increases so that
the channel hole 190 may be bent, the channel 240 and the CSL 400 may be well connected
with each other.

[134] The first and second etch stop layers 110 and 150 including materials having a high
etching selectivity with respect to the first sacrificial layer 130 may be formed under and on
the first sacrificial layer 130, respectively, and thus the insulation pattern 165 and the upper
portion of the substrate 100 may not be damaged when the first sacrificial layer 130 is

removed.
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[135] Additionally, even if the first gap 310 is formed by removing the insulation patterns
165 and the first sacrificial layer 130 under the second sacrificial patterns 175, the mold may
be supported by the support pattern 140 and the channel 240 so as not to fall down.

[136] FIG. 20 is a cross-sectional view illustrating a vertical memory device in accordance
with example embodiments. FIG. 20 is a cross-sectional view taken along a line A-A’ of FIG
1.

[137] This vertical memory device may be substantially the same as that of FIGS. 1 to 3,
except for a lower insulating interlayer. Thus, like reference numerals refer to like elements,
and detailed descriptions thereon are omitted herein.

[138] Referring to FIG. 20, the vertical memory device may further include a lower
insulating interlayer 500 between the substrate 100 and the first etch stop layer 110.

[139] In example embodiments, the vertical memory device may have a cell over peri
(COP) structure. Thus, circuit patterns (not shown) driving memory cells may be formed
under the memory cells.

[140] The circuit patterns may include transistors, contact plugs, wirings, vias, etc. The
circuit patterns may be covered by the lower insulating interlayer 500, and may be
electrically connected to the first etch stop layer 110.

[141] FIG 21 is a cross-sectional view illustrating a vertical memory device in accordance
with example embodiments. FIG. 21 is a cross-sectional view taken along a line A-A’ of FIG
1.

[142] This vertical memory device may be substantially the same as that of FIG. 20, except
for a CSL plate. Thus, like reference numerals refer to like elements, and detailed

descriptions thereon are omitted herein.

27



[143] Referring to FIG. 21, the vertical memory device may further include a CSL plate
600 between the lower insulating interlayer 500 and the first etch stop layer 110, and no CSL
may be formed in the opening 290.

[144] Thus, a third spacer 395 may be formed in the opening 290, and may fill the opening
290 entirely.

[145] The CSL plate 600 may be electrically connected to circuit patterns covered by the
lower insulating interlayer 500, and may be also electrically connected to the first etch stop
layer 110. The CSL plate 600 may include a metal, e.g., tungsten, or a metal silicide, e.g.,
tungsten silicide.

[146] In example embodiments, the first etch stop layer 110 may include polysilicon doped
with n-type impurities and carbon, or polysilicon doped with n-type impurities.

[147] While example embodiments have been particularly shown and described, it will be
understood by one of ordinary skill in the art that variations in form and detail may be made

therein without departing from the spirit and scope of the claims.
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WHAT IS CLAIMED IS:

1. A vertical memory device, comprising:

first, second and third impurity regions sequentially stacked in a first direction
substantially perpendicular to an upper surface of a substrate;

a gate electrode structure including gate electrodes spaced apart from each other in the
first direction on the third impurity region;

a channel extending through the gate electrode structure, the second and third impurity
regions, and an upper portion of the first impurity region on the substrate in the first direction;
and

a charge storage structure covering a portion of an outer sidewall and a lower surface
of the channel,

wherein the channel directly contacts a sidewall of the second impurity region,

wherein a lower portion of a first portion of the charge storage structure is disposed
between upper and lower surfaces of the third impurity region, and

wherein a lower surface of the lower portion is higher as a distance from the channel

Increases.

2. The vertical memory device of claim 1, wherein the first and third impurity
regions include carbon and polysilicon doped with n-type impurities, and the second impurity

region includes polysilicon doped with n-type impurities.

3. The vertical memory device of claim 1, wherein the first and third impurity
regions include carbon and polysilicon doped with p-type impurities, and the second impurity

region includes polysilicon doped with p-type impurities.
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4. The vertical memory device of any one of claims 1 to 3, further comprising a

support pattern between the first and third impurity regions.

5. The vertical memory device of claim 4, wherein the support pattern contacts an

edge of a lower surface of the third impurity region.

6. The vertical memory device of claim 4 or claim 5, wherein the support pattern

includes polysilicon doped with carbon.

7. The vertical memory device of any one of claims 4 to 6, further comprising a
diffusion prevention pattern between the first impurity region and the support pattern, the
diffusion prevention layer critical to prevent impurities doped in the first impurity region from

diffusing to neighboring layers.

8. The vertical memory device of claim 7, wherein the diffusion prevention pattern

includes an oxide or a nitride.

9. The vertical memory device of any one of claims 4 to 8, further comprising a

CSL on the first impurity region and the support pattern, the CSL extending in the first direction.

10.  The vertical memory device of claim 9, wherein the CSL includes a plurality of
CSLs spaced apart from each other in a third direction, each of the CSL extends in a second
direction substantially parallel to the upper surface of the substrate, the third direction being
substantially parallel to the upper surface of the substrate and substantially perpendicular to the

second direction, and
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wherein the support pattern covers a portion of a lower surface of each of the CSLs.

11.  The vertical memory device of claim 10, wherein the support pattern includes a
plurality of support patterns spaced apart from each other in the second direction under each of

the CSLs.

12.  The vertical memory device of any one of claims 1 to 11, wherein the second
impurity region directly contacts an outer sidewall of the third impurity region facing an outer

sidewall of the channel.

13.  The vertical memory device of claim 1, wherein the charge storage structure

includes a second portion lower than the second impurity region, and wherein

an upper surface of the second portion is lower as a distance from the channel increases.

14.  The vertical memory device of any one of claims 1 to 13, wherein the second

impurity region includes an air gap therein.

15.  The vertical memory device of any one of claims 1 to 14, further comprising an

insulating interlayer between the substrate and the first impurity region.

16. The vertical memory device of claim 15, wherein the insulating interlayer

covers a circuit pattern on the substrate.
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