VERTICAL MEMORY DEVICE

CROSS-REFERENCE TO RELATED APPLICATION

[1] This application claims the benefit of priority to Korean Patent Application No.
10-2017-0089171, filed on July 13, 2017 in the Korean Intellectual Property Office, the

disclosure of which is incorporated by reference herein in its entirety.

TECHNICAL FIELD

[2] Apparatuses, devices, articles of manufacture and methods consistent with the
present disclosure relate to a vertical memory device and manufacturing vertical memory

devices.

BACKGROUND

[3] Electronic products have gradually been decreased in size, while still being
required to process high-capacity data. Therefore, a degree of integration in semiconductor
memory devices used in electronic products is required to be increased. In order to increase
the degree of integration in semiconductor memory devices, a method of manufacturing
vertical memory devices in which memory cells having a vertical transistor structure are

stacked, rather than a planar transistor structure of the related art, has been proposed.

SUMMARY

[4] It is an aspect to provide a vertical memory device preventing a disconnection
phenomenon of a channel layer and having improved characteristics in transistors forming a
memory cell string.

[5] According to an aspect of an example embodiment, there is provided a vertical

memory device comprising a substrate; a plurality of gate electrode layers stacked on the



substrate; a channel layer penetrating through the plurality of gate electrode layers; and a first
epitaxial layer in contact with a lower portion of the channel layer and including a region
having a diameter smaller than an external diameter of the channel layer.

[6] According to another aspect of an example embodiment, there is provided a
vertical memory device comprising a substrate; a plurality of gate electrode layers stacked on
the substrate; a channel hole penetrating through the plurality of gate electrode layers; a
channel layer extended in the channel hole in a vertical direction; a gate dielectric layer
including a sidewall portion and a lower surface portion, the sidewall portion being disposed
between the channel layer and the plurality of gate electrode layers, and the lower surface
portion being bent in a lower portion of the channel hole to be disposed between the channel
layer and the substrate; and a first epitaxial layer in contact with the channel layer and
penetrating through the lower surface portion of the gate dielectric layer.

[7] According to yet another aspect of an example embodiment, there is provided
a vertical memory device comprising a substrate; a plurality of gate electrode layers stacked
on the substrate; a channel hole penetrating through the plurality of gate electrode layers; a
gate dielectric layer covering an internal sidewall of the channel hole and bent in a lower
portion of the channel hole; a through hole penetrating through the gate dielectric layer in the
lower portion of the channel hole; and a monocrystalline semiconductor layer filling at least a
portion of the through hole.

[8] According to yet another aspect of an example embodiment, there is provided
a method of manufacturing a vertical memory device, the method comprising alternately
stacking a plurality of mold insulating layers and a plurality of sacrificial layers on a substrate;
forming a channel hole penetrating through the plurality of mold insulating layers and the
plurality of sacrificial layers; forming a gate dielectric layer covering a side wall of the

channel hole; forming a through hole in a lower portion of the channel hole by removing a
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portion of the gate dielectric layer; and growing a first epitaxial layer filling at least a portion

of the through hole.

BRIEF DESCRIPTION OF DRAWINGS

[9] The above and other aspects will be more clearly understood from the
following detailed description, when taken in conjunction with the accompanying drawings,
in which:

[10] FIG. 1 is a schematic perspective view of a vertical memory device according
to an example embodiment;

[11] FIGS. 2A to 2G are cross-sectional views illustrating an epitaxial layer of a
vertical memory device according to example embodiments and illustrate an area
corresponding to area ‘A’ of FIG. 1;

[12] FIGS. 3A and 3B are cross-sectional views illustrating a gate electrode layer
of a vertical memory device according to example embodiments and illustrate an area
corresponding to area ‘B’ of FIG. 1;

[13] FIGS. 4 to 11 are schematic views of operations of a method of manufacturing
a vertical memory device according to an example embodiment;

[14] FIG. 12 is a schematic perspective view of a vertical memory device
according to an example embodiment;

[15] FIGS. 13A to 13E are cross-sectional views of an epitaxial layer according to
example embodiments and illustrate an area corresponding to area ‘C’ of FIG. 12;

[16] FIGS. 14 to 17 are schematic views of operations of a method of
manufacturing a vertical memory device according to an example embodiment; and

[17] FIG. 18 is a schematic perspective view of a vertical memory device

according to an example embodiment.



DETAILED DESCRIPTION

[18] Hereinafter, example embodiments of the present inventive concept will be
described with reference to the attached drawings.

[19] FIG. 1 is a schematic perspective view of a vertical memory device according
to an example embodiment.

[20] FIG. 2A is a cross-sectional view illustrating an epitaxial layer of a vertical
memory device 100 according to an example embodiment and illustrates an area
corresponding to area ‘A’ of FIG 1.

[21] With reference to FIGS. 1 and 2A, the vertical memory device 100 may
include a substrate 101, channel holes CHH extended in a direction perpendicular to an upper
surface of the substrate 101, channel structures CHS disposed in the channels CHH, mold
insulating layers 120 and gate electrode layers 130, stacked along a side wall of the channel
holes. The vertical memory device 100 may include the channel holes CHH penetrating
through the mold insulating layers 120 and the gate electrode layers 130, alternately stacked
on the substrate 101, in the direction perpendicular to the upper surface of the substrate 101
and may include the channel structures CHS disposed in the channel holes CHH. That is, a
corresponding channel structure CHS may be disposed in each of the channel holes CHH.
The channel structures CHS may be disposed to be spaced apart from each other in an X
direction and a Y direction. The channel structure CHS may include a channel layer 150, an
upper epitaxial layer 145 in contact with a lower portion of the channel layer 150, a lower
epitaxial layer 143 in contact with the upper epitaxial layer 145 and the substrate 101, a gate
dielectric layer 160 interposed between the channel layer 150 and the gate electrode layers
130, and a conductive pad 190 disposed on the channel layer 150. The vertical memory
device 100 may include a conductive layer 107 dividing the gate electrode layers 130 and an

impurity region 105 disposed in the substrate 101 below the conductive layer 107. FIG. 1
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shows one conductive layer 107 and one impurity region 105.  However, it will be
understood that the structure shown in FIG. 1 is only an example, and additional conductive
layers 107 and corresponding impurity regions 105 may be provided. In such case, rather
than dividing the vertical memory device 100 into two sections, the vertical memory device
100 may be divided into three or more sections.

[22] The substrate 101 may have an upper surface extended in the X direction and
the Y direction. The substrate 101 may include a semiconductor material, such as a group IV
semiconductor, a group III-V compound semiconductor, or a group II-VI compound
semiconductor. For example, the group IV semiconductor may include silicon (Si),
germanium (Ge), or silicon germanium (SiGe). The substrate 101 may be provided as a bulk
wafer or an epitaxial layer.

[23] The gate electrode layers 130 and the mold insulating layers 120 may be
alternately stacked on the substrate 101.

[24] The gate electrode layers 130 may be disposed to be spaced apart from each
other in a Z direction from the substrate 101. In FIG. 1, eight gate electrode layers 130 are
illustrated as an example. In order to increase a memory capacity of the vertical memory
device 100, the number of gate electrode layers 130 may be increased. For example, the
number of gate electrode layers 130 may be several tens to hundreds.

[25] A single channel structure CHS and the gate electrode layers 130 may form a
single memory cell string. A gate electrode layer 131 disposed in a lowermost position
among the gate electrode layers 130 may be extended in the Y direction to form a ground
select line GSL. Gate electrode layers 137 and 138 disposed in an upper portion of the gate
electrode layers 130 may be extended in the Y direction to form string select lines SSL. Gate
electrode layers 132, 133, 134, 135, and 136, disposed in an intermediate position among the

gate electrode layers 130 may form word lines WL.
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[26] The gate electrode layers 130 may include a metal, such as tungsten (W). In
addition, a diffusion barrier layer may be disposed to surround the gate electrode layers 130.
The diffusion barrier layer may include at least one of tungsten nitride (WN), tantalum nitride
(TaN), and titanium nitride (TiN). In an example embodiment, the gate electrode layers 130
may include polycrystalline silicon or a metallic silicide material. The metallic silicide
material may be provided as a material selected from cobalt (Co), nickel (Ni), hatnium (Hf),
platinum (Pt), tungsten (W), and titanium (T1).

[27] The mold insulating layers 120 may be disposed to be spaced apart from each
other in the Z direction and may be extended in the Y direction. The mold insulating layers
120 may include an insulating material, such as a silicon oxide or a silicon nitride.

[28] The channel layers 150 may be extended in the channel holes CHH in a
vertical direction. The channel layers 150 may penetrate through the gate electrode layers
130 and the mold insulating layers 120, in order to be extended in the direction (the Z
direction) substantially perpendicular to the upper surface of the substrate 101. The channel
layers 150 may be disposed to be spaced apart from each other in the X direction and in the Y
direction. However, disposition of the channel layers 150 may vary, according to an example
embodiment. For example, the channel layers 150 may be disposed to have a zigzag form.
The channel layer 150 may include a semiconductor material, such as polycrystalline silicon
and/or monocrystalline silicon. In addition, the semiconductor material may be provided as
an undoped material, or a material including a p-type or an n-type impurity. Respective
channel layers 150 may have a macaroni shape.

[29] For each channel structure CHS, an interior of the channel layer 150 may be
filled with a first insulating layer 182.

[30] For each channel structure CHS, gate dielectric layers 160 may be disposed

between the gate electrode layers 130 and the channel layer 150 and extended between the
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channel layer 150 and the substrate 101, an example of which is shown in FIG. 2A.
Respective gate dielectric layers 160 may include a sidewall portion S covering an internal
sidewall of the channel hole CHH and interposed between the gate electrode layers 130 and
the channel layer 150 and may include a lower surface portion LSP bent in a lower portion of
the channel hole CHH and interposed between the channel layer 150 and the substrate 101.
An angle A of the bent of the gate dielectric layer 160 may be provided at an acute angle.
The lower surface portion of the gate dielectric layers 160 may have a through hole H that
penetrates through the gate dielectric layers 160. A lower surface portion of the gate
dielectric layers 160 may have a “L”-shaped cross section. The gate dielectric layer 160 may
include a tunneling layer 162, a charge storage layer 164, and a blocking layer 166,
sequentially stacked from the channel layer 150. In the case of the gate dielectric layer 160
of an example embodiment, an entirety of the tunneling layer 162, the charge storage layer
164, and the blocking layer 166 may be extended along the channel layer 150 in a vertical
direction. Relative thicknesses of the tunneling layer 162, the charge storage layer 164, and
the blocking layer 166, forming the gate dielectric layer 160, are not limited to an example
embodiment illustrated therein and may be variously changed.

[31] For example, the tunneling layer 162 may include a silicon oxide. The charge
storage layer 164 may be provided as a charge trapping layer or a floating gate conductive
layer. For example, the charge storage layer 164 may include a silicon nitride. The charge
storage layer 164 may comprise an insulating material including a quantum dot or a
nanocrystal. In this case, the quantum dot or the nanocrystal may include a conductive
material, such as fine particles of a metal or a semiconductor.

[32] The blocking layer 166 may include a silicon oxide (Si0Oz), a silicon nitride
(Si3N4), a silicon oxynitride (SiON), a high-k dielectric material or combinations thereof.

The high-k dielectric material may be provided as one of aluminum oxide (Al203), tantalum
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oxide (Ta203), titanium dioxide (TiOy), yttrium oxide (Y203), zirconium dioxide (ZrO»),
zirconium silicate (ZrSixOy), hafnium oxide (HfO;), hafnium silicate (HfSixOy), lanthanum
oxide (La20s3), lanthanum aluminum oxide (LaAlxOy), lanthanum hafnium oxide (LaHfxOy),
hafnium aluminum oxide (HfAlxOy), and praseodymium oxide (Pr203).

[33] The channel layer 150 may be electrically connected to the substrate 101 by an
upper epitaxial layer 145 and a lower epitaxial layer 143. In an example embodiment, the
upper epitaxial layer 145 may be referred to as a first epitaxial layer, while the lower epitaxial
layer 143 may be referred to as a second epitaxial layer.

[34] The upper epitaxial layer 145 may be in contact with the lower portion of the
channel layer 150 and may have a diameter D2, smaller than an external diameter D1 of the
channel layer 150. The upper epitaxial layer 145 may fill the through hole H that penetrates
through the lower surface portion of the gate dielectric layer 160. The upper epitaxial layer
145 may penetrate through the gate dielectric layer 160 in the lower portion of the channel
hole CHH and may have an upper surface that protrudes beyond an upper surface of the gate
dielectric layer 160 (i.e., in the Z direction). An upper surface of the upper epitaxial layer
145 may have an upwardly convex curved surface. The upper epitaxial layer 145 may have a
lower surface protruding beyond a lower surface of the gate dielectric layer 160 (i.e., in the -
Z direction). The lower surface of the upper epitaxial layer 145 may have a flat surface.

[35] As such, the upper epitaxial layer 145 may be formed to fill the through hole
H of the gate dielectric layer 160, thereby preventing a disconnection phenomenon of the
channel layer 150 formed using a polycrystalline semiconductor. Thus, a structure described
above may allow a thickness of the channel layer 150 to be reduced.

[36] The lower epitaxial layer 143 may be disposed between the channel layer 150
and the substrate 101 and may be in electrical contact with the channel layer 150 and the

substrate 101. The lower epitaxial layer 143 may be disposed on a recessed region R1 of the
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substrate 101. The lower epitaxial layer 143 may fill the recessed region R1 and may be
extended above the upper surface of the substrate 101, as shown in FIG. 2A. For example, an
upper surface of the lower epitaxial layer 143 may be disposed to be higher than an upper
surface of a lowermost gate electrode layer 131 and may be disposed to be lower than a lower
surface of the gate electrode layer 132, in the Z direction. The upper surface of the lower
epitaxial layer 143 may have a convex central portion and inclined surfaces.

[37] An upper portion of the lower epitaxial layer 143 may include a recessed
region R2 in contact with a lower portion of the upper epitaxial layer 145. A form of the
lower portion of the upper epitaxial layer 145 may be determined by a form of the recessed
region R2 formed in the upper portion of the lower epitaxial layer 143, as will be discussed
later.

[38] The lower epitaxial layer 143 may be provided as a monocrystalline
semiconductor layer formed using a selective epitaxial growth (SEG) process. The lower
epitaxial layer 143 may include a lattice defect. The lower epitaxial layer 140 may include Si,
Ge, or SiGe, doped with an impurity or undoped.

[39] An insulating layer 169 may be disposed between the lower epitaxial layer 143
and the gate electrode layer 131. The insulating layer 169 may be provided as an oxide
formed in such a manner that a portion of the lower epitaxial layer 143 is oxidized. For
example, the insulating layer 169 may be provided as silicon oxide (Si03).

[40] The conductive pad 190 may be disposed so as to cover an upper surface of
the first insulating layer 182 and to be electrically connected to the channel layer 150. In
detail, the conductive pad 190 may include doped polycrystalline silicon. The conductive pad

190 may be electrically connected to a bit line through a contact plug.



[41] The impurity region 105 may be disposed adjacent to the upper surface of the
substrate 101, extended in the Y direction, and arranged to be spaced apart from each other in
the X direction.

[42] The conductive layer 107 may be disposed on the impurity region 105 to be
extended along the impurity region 105 in the Y direction. The conductive layer 107 may
include a conductive material. For example, the conductive layer 107 may include W,
aluminum (Al), or copper (Cu). The conductive layer 107 may be electrically isolated from
the gate electrode layers 130 by a second insulating layer 184.

[43] FIGS. 2B, 2C, 2D, 2E, 2F, and 2G are cross-sectional views illustrating
epitaxial layers 143 and 145 according to example embodiments and illustrate areas
corresponding to an area ‘A’ of FIG. 1. Only descriptions of FIGS. 2B, 2C, 2D, 2E, 2F, and
2G, different from previously provided descriptions of FIG. 2A, will be provided.

[44] With reference to FIG. 2B, in a manner different from an example
embodiment of FIG. 2A, an upper surface of a lower epitaxial layer 143 may have a
horizontal surface (a flat surface), rather than inclined surfaces. Accordingly, a bent angle of
a gate dielectric layer 160 may be greater than a bent angle of the gate dielectric layer 160 of
FIG. 2A. The bent angle of the gate dielectric layer 160 of FIG. 2A may be an acute angle,
while the bent angle of the gate dielectric layer 160 in an example embodiment may be, for
example, 90°.

[45] With reference to FIG. 2C, in a manner different from an example
embodiment of FIG. 2A, an upper epitaxial layer 145 may fill only a portion of the through
hole H of the gate dielectric layer 160. The remainder of space of the through hole H may be
filled with a channel layer 150. The channel layer 150 may cover an upper surface of the
upper epitaxial layer 145. The channel layer 150 may be in contact with the upper epitaxial

layer 145 in the through hole H.
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[46] With reference to FIG. 2D, in a manner different from an example
embodiment of FIG. 2A, a lower surface of the upper epitaxial layer 145 may have a
downwardly convex curved surface. In other words, an upper portion of the lower epitaxial
layer 143 may include a recessed region R2 in contact with the upper epitaxial layer 145 and
having a concave curved surface. A diameter (a width) of an upper portion of the recessed
region R2 in the lower epitaxial layer 143 may be greater than a diameter (a width) of the
through hole H.

[47] With reference to FIG. 2E, in a manner different from an example embodiment
of FIG. 2A, a lower surface of the upper epitaxial layer 145 may be downwardly convex and
have inclined surfaces. The lower surface of the upper epitaxial layer 145 may have a
downwardly pointed cross section (e.g., an arrowhead-shaped cross section). In other words,
the upper portion of the lower epitaxial layer 143 may include the recessed region R2 in
contact with the upper epitaxial layer 145 and having concave curved surfaces. The diameter
(the width) of the upper portion of the recessed region R2 in the epitaxial layer 143 may be
greater than the diameter (the width) of the through hole H.

[48] With reference to FIG. 2F, in a manner different from FIG. 2A, the upper
epitaxial layer 145 may include a first region RA penetrating through the gate dielectric layer
160 and a second region RB disposed on the first region and having a diameter (a width)
greater than a diameter (a width) of the first region. An upper surface of the second region of
the upper epitaxial layer 145 may have an upwardly convex curved surface.

[49] With reference to FIG. 2G, in a manner different from an example
embodiment of FIG. 2A, the upper epitaxial layer 145 may include a first region RA
penetrating through the gate dielectric layer 160 and a second region RB disposed on the first
region and having the diameter (the width) greater than the diameter (the width) of the first

region. The second region may be in contact with a sidewall portion of the gate dielectric
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layer 160. The upper surface of the second region of the upper epitaxial layer 145 may be
upwardly convex and have inclined surfaces.

[50] Example embodiments of FIGS. 2A to 2G may be appropriately combined
with each other.

[51] FIGS. 3A and 3B are cross-sectional views illustrating a gate dielectric layer
of a vertical memory device according to example embodiments and illustrate an area
corresponding to area ‘B’ of FIG. 1.

[52] FIGS. 3A and 3B illustrate a gate electrode layer 133, a diffusion barrier layer
170, a gate dielectric layer 160a, a channel layer 150, and a first insulating layer 182.

[53] With reference to FIG. 3A, the gate dielectric layer 160a may include a
tunneling layer 162, a charge storage layer 164, and a first blocking layer 166al and a second
blocking layer 166a2, sequentially stacked in a direction away from the channel layer 150.
Relative thicknesses of each of the tunneling layer 162, the charge storage layer 164, the first
blocking layer 166al and the second blocking layer 166a2, described above, forming the gate
dielectric layer 160 are not limited to an example embodiment illustrated therein and may be
variously changed.

[54] The gate dielectric layer 160a may be different from example embodiments of
FIGS. 1 and 2A in that the first blocking layer 166al is vertically extended in the same
manner as the channel layer 150, and the second blocking layer 166a2 is disposed to surround
the gate electrode layer 133. In detail, the second blocking layer 166a2 may include a
material having a dielectric constant higher than that of the first blocking layer 166al.

[55] With reference to FIG. 3B, a gate dielectric layer 160b may have a structure in
which a tunneling layer 162b, a charge storage layer 164b, and a blocking layer 166b are
sequentially stacked from the channel layer 150. The gate dielectric layer 160b of an

example embodiment may be different from an example embodiment of FIGS. 1 and 2A in
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that an entirety of the tunneling layer 162b, the charge storage layer 164b, and the blocking
layer 166b are disposed to surround the gate electrode layer 133.

[56] FIGS. 4 to 11 are schematic views of operations of a method of manufacturing
a vertical memory device 100 according to an example embodiment. FIGS. 4 to 11 may
illustrate an area corresponding to a cross section taken along line X-Z of a perspective view
of FIG. 1.

[57] With reference to FIG. 4, sacrificial layers 110 and mold insulating layers 120
may be alternately stacked on a substrate 101. The mold insulating layers 120 and the
sacrificial layers 110 may be alternately stacked on the substrate 101, starting from a mold
insulating layer 121, as illustrated therein.

[58] The sacrificial layers 110 may be formed using a material having etching
selectivity with respect to the mold insulating layers 120. For example, the mold insulating
layers 120 may be formed using at least one of a silicon oxide and a silicon nitride. The
sacrificial layers 110 may be formed using a material selected from a group consisting of Si, a
silicon oxide, a silicon carbide, and a silicon nitride, different from the mold insulating layers
120.

[59] As 1illustrated therein, thicknesses of the mold insulating layers 120 in an
example embodiment may not be equal. A lowermost mold insulating layer 121 among the
mold insulating layers 120 may be formed to be relatively thin, while an uppermost mold
insulating layer 129 among the mold insulating layers 120 may be formed to be relatively
thick. In addition, mold insulating layers 122 and 127 may be formed to be relatively thicker
than mold insulating layers 123 to 126. However, thicknesses of the mold insulating layers
120 and the sacrificial layers 110 may be variously changed, in a manner different from those
illustrated therein. The number of layers forming the mold insulating layers 120 and the

sacrificial layers 110 may also be variously changed.
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[60] Subsequently, channel holes CHH penetrating through the sacrificial layers
110 and the mold insulating layers 120 may be formed.

[61] The channel holes CHH may be extended to the substrate 101 in a Z direction
so that a recessed region R1 may be formed in the substrate 101. The channel holes CHH
may be formed in such a manner that the sacrificial layers 110 and the mold insulating layers
120 are anisotropically etched. In some example embodiments, a side wall of the channel
holes CHH may not be disposed in a direction perpendicular to an upper surface of the
substrate 101. For example, a diameter (a width) of the channel holes CHH may be reduced
in a direction of the upper surface of the substrate 101. As another example, a diameter (a
width) of the channel holes CHH may be reduced gradually from a upper layer 129 toward a
bottom surface of the region R1 in the substrate 101.

[62] With reference to FIG. 5, a lower epitaxial layer 143 may be formed on a
recessed region R1 in a lower portion of the channel holes CHH.

[63] The lower epitaxial layer 143 may be formed in such a manner that an SEG
process is performed using the substrate 101 in the recessed region R1 as a seed. The lower
epitaxial layer 143 may be formed to have a single layer structure or a multilayer structure
including different growth conditions or compositions.

[64] The lower epitaxial layer 143 may be doped with an impurity. The impurity
may be provided as a conductive impurity the same as that in the substrate 101 or opposed
thereto.

[65] An upper surface of the lower epitaxial layer 143 may be formed to be higher
than an upper surface of a sacrificial layer 111 disposed adjacent to the substrate 101. In
addition, the upper surface of the lower epitaxial layer 143 may be formed to have a convex

shape in an opposite direction to the substrate 101. However, the upper surface of the lower
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epitaxial layer 143 may be formed to have a flat shape, depending on growth conditions, or
the like.

[66] Subsequently, a gate dielectric layer 160 and a sacrificial semiconductor layer
151 may be formed in the channel holes CHH.

[67] The gate dielectric layer 160 may be formed on a side wall of the channel
holes CHH, the upper surface of the lower epitaxial layer 143, and an upper surface of the
mold insulating layer 129 to have a uniform thickness. The gate dielectric layer 160 may
include a blocking layer, a charge storage layer, and a tunneling layer, sequentially formed.
[68] The sacrificial semiconductor layer 151 may be formed on the gate dielectric
layer 160 to have a uniform thickness. The sacrificial semiconductor layer 151 may be
formed using a semiconductor material, such as polycrystalline silicon and amorphous silicon.
For example, the sacrificial semiconductor layer 151 may be provided as polycrystalline
silicon.

[69] The gate dielectric layer 160 and the sacrificial semiconductor layer 151 may
be formed using an atomic layer deposition (ALD) method or a chemical vapor deposition
(CVD) method.

[70] With reference to FIG. 6, in order to allow a channel layer 150 to be in direct
contact with the lower epitaxial layer 143 in a subsequent process, a portion of the gate
dielectric layer 160 may be removed from the channel holes CH, thereby forming through
holes H.

[71] First, a sacrificial spacer layer 151S may be formed on a side wall of the gate
dielectric layer 160 in such a manner that the sacrificial semiconductor layer 151 is
anisotropically etched. The sacrificial spacer layer 151S may allow a portion of the gate
dielectric layer 160 formed on the upper surface of the lower epitaxial layer 143 to be

exposed in a lower portion of the channel hole CHH.
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[72] Subsequently, the gate dielectric layer 160 having been exposed may be
selectively removed in such a manner that the gate dielectric layer 160 is anisotropically
etched using the sacrificial spacer layer 151S as an etching mask. In the meantime, during an
anisotropic etching process, the gate dielectric layer 160 disposed below the sacrificial spacer
layer 151S may not be etched. Thus, the gate dielectric layer 160 may have a “L”-shaped
cross section on the side wall of the channel hole CHH.

[73] When the gate dielectric layer 160 is etched, a portion of the lower epitaxial
layer 143 may be etched together. A recessed region R2 may be formed in an upper portion
of the lower epitaxial layer 143.

[74] With reference to FIG. 7, an upper epitaxial layer 145 may be formed on the
recessed region R2 in a lower portion of the channel holes CHH.

[75] First, the sacrificial spacer layer 151S may be removed using a wet etching
process. The upper epitaxial layer 145 may be formed in such a manner that the SEG process
is performed using the lower epitaxial layer 143 in the recessed region R2 as a seed. The
upper epitaxial layer 145 may be formed to have a single layer structure or a multilayer
structure including different growth conditions or compositions.

[76] The upper epitaxial layer 145 may be doped with an impurity. The impurity
may be provided as a conductive impurity the same as that in the substrate 101 or opposed
thereto.

[77] An upper surface of the upper epitaxial layer 145 may entirely fill the through
hole H of the gate dielectric layer 160. In addition, the upper surface of the upper epitaxial
layer 145 may be formed to have a convex shape in the opposite direction to the substrate 101.
Alternatively, in some example embodiments, the upper surface of the upper epitaxial layer
145 may fill only a portion of the through hole H of the gate dielectric layer 160, as discussed

above.
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[78] Subsequently, the channel layer 150 may be formed in the channel holes CHH.
[79] The channel layer 150 may be formed on the gate dielectric layer 160 to have
a uniform thickness using the ALD method or the CVD method. The channel layer 150 may

be formed using a semiconductor material, such as polycrystalline silicon and amorphous

silicon.

[80] The channel layer 150 may cover the upper surface of the upper epitaxial layer
145.

[81] In a case in which the channel layer 150 is formed using polycrystalline

silicon, the channel layer 150 may be formed to be thicker than an ultimately desired
thickness, and then may be adjusted to have the ultimately desired thickness using a trimming
process. The trimming process may be performed precisely using a solution, such as standard
clean 1 (SC1) solution. The SCI solution refers to a solution in which deionized water,
NH4OH, and H>O, are mixed.

[82] With reference to FIG. 8, a first insulating layer 182 filling the channel holes
CHH and a conductive pad 190 on the first insulating layer 182 may be formed. The first
insulating layer 182 may be provided as an insulating material. The conductive pad 190 may
be provided as a doped semiconductor material.

[83] Subsequently, an opening OP dividing laminates of the sacrificial layers 110
and the mold insulating layers 120 may be formed. An insulating layer 171 may be further
formed on the uppermost mold insulating layer 129 and the conductive pad 190 before the
opening OP is formed. The insulating layer 171 may prevent damage to the conductive pad
190 and the channel layer 150 during a subsequent process. The opening OP may be formed
in such a manner that a mask layer is formed using a photolithography process, and the

sacrificial layers 110 and the mold insulating layers 120 are anisotropically etched. The
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opening OP may be formed to have a trench form extended in the Y direction (see FIG. 1).
The opening OP may allow the substrate 101 to be exposed between the channel layers 150.
[84] With reference to FIG. 9, the sacrificial layers 110 exposed through the
opening OP may be removed using the wet etching process, thereby forming a plurality of
lateral openings LP between the mold insulating layers 120. Through the lateral openings LP,
a portion of side walls of the gate dielectric layer 160 and the lower epitaxial layer 143 may
be exposed. In a case in which the sacrificial layers 110 are a silicon nitride, and the mold
insulating layers 120 are a silicon oxide, the wet etching process may be performed using a
phosphoric acid solution.

[85] Subsequently, an insulating layer 169 may be formed on a side wall of the
lower epitaxial layer 143 exposed through the lateral openings LP.

[86] The insulating layer 169 may be formed, for example, using an oxidation
process. In this case, the insulating layer 169 may be provided as an oxide film formed in
such a manner that a portion of the lower epitaxial layer 143 is oxidized. A thickness and a
form of the insulating layer 169 are not limited to an example embodiment illustrated therein.
[87] With reference to FIG. 10, gate electrode layers 130 may be formed in the
lateral openings LP.

[88] First, the gate electrode layers 130 may be formed to fill the lateral openings
LP. A gate electrode layer 130 may include a metal, a metallic nitride, polycrystalline silicon,
or a metallic silicide material. The metal may include W, Cu, Al, and the like. The metallic
nitride may include WN, TaN, TiN, or combinations thereof.

[89] With reference to FIG. 11, an impurity region 105 may be formed in the
substrate 101 in the opening OP, and the conductive layer 107 and a second insulating layer

184 may be formed on the impurity region 105.
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[90] First, an impurity may be injected into the substrate 101 exposed through the
opening OP, thereby forming the impurity region 105. Subsequently, the second insulating
layer 184 may be formed on a side wall of the opening OP, and the conductive layer 107
filling the opening OP may be formed.

[91] In an example embodiment, the impurity region 105 may be formed after the
second insulating layer 184 is formed. The impurity region 105 may be configured to include
areas having different impurity concentrations.

[92] Subsequently, a contact plug connected to the conductive pad 190 may be
further disposed, and a bit line connected to the contact plug may be formed, which is not
illustrated in FIG. 11.

[93] FIG. 12 is a schematic perspective view of a vertical memory device 100A
according to an example embodiment. FIGS. 13A is a cross-sectional view of an epitaxial
layer of the vertical memory device 100A according to an example embodiment and
illustrates an area corresponding to area ‘C’ of FIG. 12.

[94] With reference to FIGS. 12 and 13A, the vertical memory device 100A is
similar to the vertical memory device 100 described above, and like reference designators
refer to like elements. For example, the vertical memory device 100A may include a
substrate 101 and a plurality of channel layers 150 disposed in a direction perpendicular to an
upper surface of the substrate 101. A plurality of mold insulating layers 120 and a plurality of
gate electrode layers 130 may be alternately stacked along an external sidewall of channel
layers 150. In addition, the vertical memory device 100A may further include a gate
dielectric layer 160 disposed between gate electrode layers 130 and each of the channel layer
150. Additionally, a conductive layer 107, and a conductive pads 190 on the channel layers

150 may be provided.
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[95] The vertical memory device 100A may be different from a vertical memory
device 100 illustrated with reference to FIGS. 1 and 2A, in that a lower epitaxial layer is not
disposed between the channel layer 150 and the substrate 101. Thus, in an example
embodiment, an upper epitaxial layer 145 is referred to as an epitaxial layer 145. Only
descriptions thereof, different from previously provided descriptions of FIGS. 1 and 2A, will
be provided below.

[96] The gate dielectric layer 160 may be disposed between the gate electrode
layers 130 and each of the channel layers 150. A lower surface portion of the gate dielectric
layer 160 may have a “L”-shaped cross section, as shown in FIG. 13A. Gate dielectric layers
160 may be extended below the upper surface of the substrate 101, and a lower surface of the
gate dielectric layers 160 may be formed in a position lower than the upper surface of the
substrate 101 (i.e., in the -Z direction). The gate dielectric layer 160 may be disposed in a
recessed region R3 of the substrate 101.

[97] The substrate 101 may include a recessed region R4 in contact with the
epitaxial layer 145. The epitaxial layer 145 may be formed on the recessed region R4 of the
substrate 101.

[98] The channel layer 150 may be electrically connected to the substrate 101 by
the epitaxial layer 145.

[99] The epitaxial layer 145 may be in contact with a lower portion of the channel
layer 150 and may have a diameter (a width) D2, smaller than an external diameter D1 of the
channel layer 150. The epitaxial layer 145 may fill a through hole H penetrating through the
lower surface portion of the gate dielectric layer 160. The epitaxial layer 145 may penetrate
through the gate dielectric layer 160 in a lower portion of the channel hole CHH and may
have an upper surface protruding beyond the upper surface of the gate dielectric layer 160.

The upper surface of the epitaxial layer 145 may have an upwardly convex curved surface.
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The epitaxial layer 145 may have a lower surface protruding beyond the lower surface of the
gate dielectric layer 160. The lower surface of the epitaxial layer 145 may have a flat surface.
[100] Thus, the epitaxial layer 145 is formed to fill the through hole H of the gate
dielectric layer 160, thereby preventing a disconnection phenomenon of the channel layer 150
formed using a polycrystalline semiconductor. Thus, a structure described above may allow a
thickness of the channel layer 150 to be reduced.

[101] In a manner different from an example embodiment illustrated in FIGS. 12 and
13A, but similar to an example embodiment of FIG. 2C, the epitaxial layer 145 may fill only
a portion of the through hole H.

[102] FIGS. 13B to 13E are cross-sectional views of an epitaxial layer 145
according to example embodiments and illustrate areas corresponding to area ‘C’ of FIG. 12.
Only descriptions of FIGS. 13B, 13C, 13D, and 13E, different from previously provided
descriptions of FIG. 13A, will be provided.

[103] With reference to FIG. 13B, in a manner different from an example
embodiment of FIG. 13A, a lower surface of the epitaxial layer 145 may have a downwardly
convex curved surface. In other words, an upper portion of a substrate 101 may include a
recessed region R4 in contact with the epitaxial layer 145 and having a concave curved
surface. A diameter (a width) of an upper portion of the recessed region R4 in the substrate
101 may be greater than a diameter (a width) of the through hole H.

[104] With reference to FIG. 13C, in a manner different from an example
embodiment of FIG. 13A, the lower surface of the epitaxial layer 145 may be downwardly
convex and have inclined surfaces. The lower surface of the epitaxial layer 145 may have a
downwardly pointed cross section (e.g., an arrowhead-shaped cross section). In other words,
the upper portion of the substrate 101 may include the recessed region R4 in contact with the

epitaxial layer 145, being concave and having inclined surfaces. The diameter (the width) of
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the upper portion of the recessed region R4 in the substrate 101 may be greater than the
diameter (the width) of the through hole H.

[105] With reference to FIG. 13D, in a manner different from an example
embodiment of FIG. 13A, the epitaxial layer 145 may include a first region RA penetrating
through the gate dielectric layer 160 and a second region RB disposed on the first region and
having a diameter (a width) greater than a diameter (a width) of the first region. An upper
surface of the second region of the epitaxial layer 145 may have an upwardly convex curved
surface.

[106] With reference to FIG. 13E, in a manner different from an example
embodiment of FIG. 13A, the epitaxial layer 145 may include a first region RA penetrating
through the gate dielectric layer 160 and a second region RB disposed on the first region and
having the diameter (the width) greater than the diameter (the width) of the first region. The
second region may be in contact a sidewall portion of the gate dielectric layer 160. The upper
surface of the second region of the epitaxial layer 145 may be upwardly convex and have
inclined surfaces.

[107] Example embodiments of FIGS. 13A to 13E may be appropriately combined
with each other.

[108] FIGS. 14 to 17 are schematic views of main operations of a method of
manufacturing a vertical memory device 100A according to an example embodiment.

[109] With reference to FIG. 14, sacrificial layers 110 and mold insulating layers
120 may be alternately stacked on a substrate 101. Hole-form channel holes CHH
penetrating through the sacrificial layers 110 and the mold insulating layers 120 may be
formed.

[110] The channel holes CHH may be extended to the substrate 101 in a Z direction,

thereby forming the recessed region R3 in the substrate 101.
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[111] With reference to FIG. 15, a gate dielectric layer 160 and a sacrificial
semiconductor layer 151 may be formed in channel holes CHH.

[112] The gate dielectric layer 160 may be formed to have a uniform thickness on a
side wall of the channel holes CHH, on an upper surface of the substrate 101 exposed in the
channel holes CHH, and on an upper surface of the mold insulating layer 129. A lower
surface of the gate dielectric layer 160 may be disposed to be lower than the upper surface of
the substrate 101.

[113] The sacrificial semiconductor layer 151 may be formed on the gate dielectric
layer 160 to have a uniform thickness. The sacrificial semiconductor layer 151 may be
formed using a semiconductor material, such as polycrystalline silicon and amorphous silicon.
[114] With reference to FIG. 16, in order to allow a channel layer 150 to be in direct
contact with the substrate 101 in a subsequent process, a portion of the gate dielectric layer
160 may be removed from the channel holes CHH.

[115] After the sacrificial semiconductor layer 151 is anisotropically etched, thereby
forming a sacrificial spacer layer 151S formed on the side wall of the gate dielectric layer 160,
an exposed gate dielectric layer 160 may be anisotropically etched using the sacrificial spacer
layer 1518 as an etching mask, in order to be selectively removed. A through hole H may be
formed in a lower surface portion of the gate dielectric layer 160. The gate dielectric layer
160 may have a “L”-shaped cross section on the side wall of the channel hole CHH. An
upper portion of the substrate 101 may be etched, thereby forming a recessed region R4
deeper than the recessed region R3.

[116] With reference to FIG. 17, an epitaxial layer 145 and a channel layer 150 may
be formed in the channel holes CHH.

[117] First, the sacrificial spacer layer 151S may be removed using a wet etching

process.
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[118] The epitaxial layer 145 may be formed in such a manner that an SEG process
is performed using the substrate 101 in a recessed region R2 as a seed. The epitaxial layer
145 may be formed to have a single layer structure or a multilayer structure including
different growth conditions or compositions.

[119] The epitaxial layer 145 may be doped with an impurity. The impurity may be
provided as a conductive impurity the same as that in the substrate 101 or opposed thereto.
[120] The epitaxial layer 145 may entirely fill the through hole H of the gate
dielectric layer 160. In addition, an upper surface of the epitaxial layer 145 may be formed to
have a convex shape in the opposite direction to the substrate 101. Alternatively, in some
example embodiments, the upper surface of the epitaxial layer 145 may fill only a portion of
the through hole H of the gate dielectric layer 160, as discussed above.

[121] The channel layer 150 may be formed using a semiconductor material, such as
polycrystalline silicon and amorphous silicon. The channel layer 150 may be formed to fill
the recessed region R3 of the substrate 101. The channel layer 150 may be formed to be
thicker than a final thickness, and then may be adjusted to have an ultimately desired
thickness using a trimming process.

[122] Subsequently, the vertical memory device 100A may be manufactured by
performing processes described with reference to FIGS. 8 to 11.

[123] FIG. 18 is a schematic perspective view of a vertical memory device
according to an example embodiment.

[124] With reference to FIG. 18, a vertical memory device 100B may include a cell
region CELL and a peripheral circuit region PERI.

[125] The cell region CELL may correspond to an area in which a memory cell array
is disposed, while the peripheral circuit region PERI may correspond to an area in which a

driving circuit of the memory cell array is disposed. The cell region CELL may be disposed
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on the peripheral circuit region PERL In an example embodiment, in a manner different from
an example embodiment illustrated in FIG. 18, the cell region CELL may be disposed below
the peripheral circuit region PERI.

[126] The cell region CELL is similar to a structure illustrated in FIG. 1 and may
include a substrate 101°, a plurality of channel layers 150 disposed in a direction
perpendicular to an upper surface of the substrate 101°, and a plurality of mold insulating
layers 120 and a plurality of gate electrode layers 130, alternately stacked along an external
sidewall of the channel layers 150. In addition, the cell region CELL may include a lower
epitaxial layer 143 and an upper epitaxial layer 145, disposed between a channel layer 150
and the substrate 101°, a gate dielectric layer 160 disposed between the channel layer 150 and
a gate electrode layer 130, a conductive layer 107 disposed on an impurity region 105, and a
conductive pad 190 disposed on the channel layer 150.

[127] In an example embodiment, the cell region CELL is illustrated as having a
structure similar to that of an example embodiment of FIG. 1, but is not limited thereto. The
cell region CELL may have a structure of various example embodiments of the present
inventive concept described above or a structure in which example embodiments are
combined.

[128] The peripheral circuit region PERI may include a base substrate 201 and
circuit elements 230, contact plugs 250, and wiring lines 260, disposed on the base substrate
201.

[129] The base substrate 201 may have an upper surface extended in an X direction
and a Y direction. An element separation layer 210 defined as an active region may be formed
in the base substrate 201. A doped region 205 including an impurity may be disposed in a
portion of the active region. The base substrate 201 may include a semiconductor material,

such as a group IV semiconductor, a group III-V compound semiconductor, or a group II-VI
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compound semiconductor. For example, the group IV semiconductor may include Si, Ge or
SiGe. The base substrate 201 may be provided as a bulk wafer or an epitaxial layer.

[130] Each circuit element 230 may include a circuit gate insulating layer 232 and a
circuit gate electrode 235. A spacer layer 241 may be disposed on a side wall of the circuit
gate electrode 235. The doped region 205 may be disposed in the base substrate 201 on
opposing sides of the circuit gate electrode 235 to function as a source region or a drain
region of the circuit element 230. The circuit element 230 is not limited to an example
embodiment illustrated therein and may include various types of field effect transistors.

[131] A plurality of peripheral region insulating layers 244, 246, and 248 may be
disposed on the base substrate 201 to cover the circuit element 230. A peripheral region
insulating layer 244 may include a silicon oxide or a low-k dielectric material.

[132] The contact plugs 250 may penetrate through the peripheral region insulating
layer 244 to be connected to the doped region 205. An electrical signal may be applied to the
circuit element 230 by the contact plugs 250.

[133] In a region not illustrated, the contact plugs 250 may also be connected to the
circuit gate electrode 235. The wiring lines 260 may be connected to the contact plugs 250
and, in an example embodiment, may be disposed to have a plurality of layers.

[134] After the peripheral circuit region PERI is first formed, the cell region CELL
may be manufactured. The substrate 101’ may have the same size as that of the base
substrate 201 or may be formed to be smaller than the base substrate 201. The substrate 101’
may be formed using polycrystalline silicon. The substrate 101’ may be formed using
amorphous silicon, and then may be crystallized.

[135] The cell region CELL may be connected to the peripheral circuit region PERI
in a region not illustrated. In detail, an end of gate electrode layers 130 in the Y direction

may be electrically connected to the circuit element 230.
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[136] Since the cell region CELL and the peripheral circuit region PERI are
vertically disposed, the vertical memory device 100B of an example embodiment may be
implemented to be a miniaturized device.

[137] As set forth above, according to example embodiments of the present
inventive concept, a vertical memory device preventing a disconnection phenomenon of a
channel layer and having improved characteristics in transistors forming a memory cell string
by reducing a thickness of the channel layer may be provided.

[138] While example embodiments have been shown and described above, it will be
apparent to those skilled in the art that modifications and variations could be made without

departing from the scope of the present inventive concept as defined by the appended claims.
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What is Claimed is:

1. A vertical memory device comprising:

a substrate;

a plurality of gate electrode layers stacked on the substrate;

a channel layer penetrating through the plurality of gate electrode layers; and

a first epitaxial layer in contact with a lower portion of the channel layer and

including a region having a diameter smaller than an external diameter of the channel layer.

2. The vertical memory device of claim 1, further comprising a gate dielectric
layer disposed between the channel layer and the plurality of gate electrode layers, and
extended below the lower portion of the channel layer,

wherein the first epitaxial layer penetrates through at least a portion of the gate

dielectric layer and has an upper surface protruding beyond the gate dielectric layer.

3. The vertical memory device of claim 1, wherein an upper surface of the first

epitaxial layer has an upwardly convex curved surface.

4. The vertical memory device of claim 1, wherein an upper surface of the first

epitaxial layer has inclined surfaces.

5. The vertical memory device of any one of claims 1 to 4, wherein a lower

surface of the first epitaxial layer has a downwardly convex curved surface.
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6. The vertical memory device of any one of claims 1 to 4, wherein a lower

surface of the first epitaxial layer has inclined surfaces.

7. The vertical memory device of any one of claims 2 to 6, wherein the first
epitaxial layer comprises a first region penetrating entirely through the gate dielectric layer
and a second region disposed on the first region and having a second diameter greater than a

first diameter of the first region.

8. The vertical memory device of any one of claims 1 to 7, wherein a first upper
surface of the first epitaxial layer is disposed to be higher than a second upper surface of a

lowermost gate electrode layer, among the plurality of gate electrode layers.

9. The vertical memory device of any one of claims 1 to 8, further comprising a

second epitaxial layer disposed between the first epitaxial layer and the substrate.

10. The vertical memory device of claim 9, wherein a second diameter of the

second epitaxial layer is greater than a first diameter of the first epitaxial layer.

11. The vertical memory device of any one of claims 1 to 10, wherein the first

epitaxial layer is in contact with the substrate.

12. The vertical memory device of claim 11, further comprising a gate dielectric
layer disposed between the channel layer and the plurality of gate electrode layers, and

extended below the lower portion of the channel layer,
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wherein a lower surface of the gate dielectric layer is disposed to be lower than an

upper surface of the substrate.

13. The vertical memory device of claim 12, wherein a first lower surface of the

first epitaxial layer is disposed to be lower than the lower surface of the gate dielectric layer.

14. A vertical memory device comprising:

a substrate;

a plurality of gate electrode layers stacked on the substrate;

a channel hole penetrating through the plurality of gate electrode layers;

a channel layer extended in the channel hole in a vertical direction;

a gate dielectric layer including a sidewall portion and a lower surface portion, the
sidewall portion being disposed between the channel layer and the plurality of gate electrode
layers, and the lower surface portion being bent in a lower portion of the channel hole to be
disposed between the channel layer and the substrate; and

a first epitaxial layer in contact with the channel layer and penetrating through the

lower surface portion of the gate dielectric layer.

15. The vertical memory device of claim 14, wherein an upper surface of the first

epitaxial layer and a lower surface of the first epitaxial layer have different forms.

16. A vertical memory device comprising:
a substrate;
a plurality of gate electrode layers stacked on the substrate;

a channel hole penetrating through the plurality of gate electrode layers;
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a gate dielectric layer covering an internal sidewall of the channel hole and bent in a
lower portion of the channel hole;

a through hole penetrating through the gate dielectric layer in the lower portion of the
channel hole; and

a monocrystalline semiconductor layer filling at least a portion of the through hole.

17. The vertical memory device of claim 16, further comprising a polycrystalline
channel layer disposed on the gate dielectric layer and in contact with the monocrystalline

semiconductor layer.

18. The vertical memory device of claim 17, wherein the monocrystalline
semiconductor layer has a diameter smaller than an external diameter of the polycrystalline

channel layer.

19. The vertical memory device of any one of claims 16 to 18, wherein the
monocrystalline semiconductor layer entirely fills the through hole, and an upper surface of

the monocrystalline semiconductor layer has an upwardly convex curved surface.

20. The vertical memory device of any one of claims 16 to 18, wherein the

monocrystalline semiconductor layer entirely fills the through hole, and an upper surface of

the monocrystalline semiconductor layer has inclined surfaces.
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