SEMICONDUCTOR DEVICE AND METHOD FOR FABRICATING THE
SAME

[0001] This application claims priority to Korean Patent Application No. 10-2017-0085703
filed on July 6, 2017, in the Korean Intellectual Property Office, the disclosure of which is

incorporated by reference herein in its entirety.

TECHNICAL FIELD
[0002] The present inventive concept relates to a semiconductor device and a method for

fabricating the same.

BACKGROUND

[0003] Semiconductor memory devices are memory devices implemented using a
semiconductor such as silicon (Si), germanium (Ge), gallium arsenide (GaAs) and indium
phosphide (InP). Semiconductor memory devices are largely classified into volatile memory
devices and non-volatile memory devices. A volatile memory device loses stored data when
the power supply is interrupted. Volatile memory devices include static RAM (SRAM),
dynamic RAM (DRAM), synchronous DRAM (SDRAM), and the like. A non-volatile
memory device retains stored data even if the power supply is interrupted. Non-volatile
memory devices include a flash memory device, a read only memory (ROM), a
programmable ROM (PROM), an electrically programmable ROM (EPROM), an electrically
erasable and programmable ROM (EEPROM), a resistive memory device, e.g., a
phase-change RAM (PRAM), a ferroelectric RAM (FRAM), a resistive RAM (RRAM) and
the like.

SUMMARY
[0004] According to an exemplary embodiment of the present inventive concept, a
semiconductor device is provided as follows. A stack structure includes a plurality of
conductive layer patterns and a plurality of interlayer insulating layer patterns that are
alternately stacked on one another. A channel hole penetrates the stack structure. A
dielectric layer is disposed on a sidewall of the channel hole. A channel layer is disposed on

the dielectric layer and in the channel hole. A passivation layer is disposed on the channel



layer and in the channel hole. The channel layer is interposed between the passivation layer
and the dielectric layer. An air gap is surrounded by the passivation layer. A width of the
air gap is larger than a width of the passivation layer.

[0005] According to an exemplary embodiment of the present inventive concept, a
semiconductor device is provided as follows. A stack structure includes a plurality of
conductive layer patterns and a plurality of interlayer insulating layer patterns that are
alternately and vertically stacked on one another.  An air gap is disposed vertically in the
stack structure. A passivation layer covers an upper surface of the air gap. A channel
layer surrounds a side surface of the air gap. A dielectric layer surrounding a side surface of
the channel layer is in contact with the stack structure. A pad that is disposed on the
passivation layer is in contact with an uppermost interlayer insulating layer pattern of the
interlayer insulating layer patterns.

[0006] According to an exemplary embodiment of the present inventive concept, a
semiconductor device is provided as follows. A vertical channel includes an air gap, a
channel layer surrounding a side surface of the air gap, a dielectric layer surrounding a side
surface of the channel layer, a passivation layer covering an upper surface of the air gap, and
a pad disposed on the passivation layer. A plurality of interlayer insulating layer patterns
surround a side surface of the vertical channel. The interlayer insulating layer patterns are
vertically spaced apart from one another. A plurality of conductive layer patterns surround
the side surface of the vertical channel and each of the plurality of conductive layer patterns
is disposed between two adjacent interlayer insulating layer patterns of the interlayer
insulating layer patterns. The passivation layer includes a horizontal layer that is in contact
with the air gap and has a first width, and a protrusion that extends from the horizontal layer
into the pad and has a second width smaller than the first width. A height of an upper
surface of the protrusion is lower than an upper surface of the pad.

[0007] According to an exemplary embodiment of the present inventive concept, a method
of fabricating a semiconductor device is provided as follows. A molded structure is formed
by alternately stacking a plurality of interlayer insulating layers and a plurality of sacrificial
layers on a substrate. A vertical channel having an air gap is formed in the molded structure.

The vertical channel penetrates the molded structure.



BRIEF DESCRIPTION OF THE DRAWINGS
[0008] These and other features of the present inventive concept will become more apparent
by describing in detail exemplary embodiments thereof with reference to the accompanying
drawings of which:
[0009] FIG. 1 is a plan view for illustrating a semiconductor device according to some
exemplary embodiments of the present inventive concept;
[0010] FIG. 2 is a cross-sectional view taken along line A — A' of FIG. 1;
[0011] FIG. 3 is a cross-sectional view taken along line B — B' of FIG. 2;
[0012] FIG. 4 is an enlarged cross-sectional view of portion C of FIG. 2;
[0013] FIG. 5isa view for illustrating a passivation layer of FIG. 4;
[0014] FIG. 6 is an enlarged cross-sectional view for illustrating a semiconductor device
according to some exemplary embodiments of the present inventive concept;
[0015] FIG. 7 is an enlarged cross-sectional view for illustrating a semiconductor device
according to some exemplary embodiments of the present inventive concept;
[0016] FIG. 8 is an enlarged cross-sectional view for illustrating a semiconductor device
according to some exemplary embodiments of the present inventive concept;
[0017] FIGS. 9 to 31 are cross-sectional views for illustrating processing steps of a method
for fabricating a semiconductor device according to some exemplary embodiments of the
present inventive concept;
[0018] FIG. 32 is a diagram showing a processing step of the method according to some
embodiments of the present inventive concept;
[0019] FIG. 33 is a diagram showing a processing step of the method according to some
embodiments of the present inventive; and
[0020] FIGS. 34 to 39 are cross-sectional views for illustrating processing steps of a method
for fabricating a semiconductor device according to some exemplary embodiments of the

present inventive concept.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS
[0021] Exemplary embodiments of the inventive concept will be described below in detail
with reference to the accompanying drawings. However, the inventive concept may be
embodied in different forms and should not be construed as limited to the embodiments set

forth herein. In the drawings, the thickness of layers and regions may be exaggerated for



clarity. Like reference numerals may refer to the like elements throughout the specification
and drawings. Hereinafter, a semiconductor device according to some exemplary
embodiments of the present disclosure will be described with reference to FIGS. 1 to 5.
[0022] FIG. 1 is a plan view for illustrating a semiconductor device according to some
exemplary embodiments of the present inventive concept. FIG. 2 is a cross-sectional view
taken along line A — A’ of FIG. 1. FIG. 3 is a cross-sectional view taken along line B — B' of
FIG. 2. FIG. 4 is an enlarged cross-sectional view of portion C of FIG. 2. FIG. 5 is a view
for illustrating a passivation layer of FIG. 4.

[0023] Referring to FIGS. 1 and 5, a semiconductor device according to some exemplary
embodiments of the present inventive concept may include a substrate 100, a plurality of
interlayer insulating layer patterns 106, a plurality of conductive layer patterns 200, a
dielectric layer 120, a channel layer 132, a passivation layer 170, an air gap 160, a pad 185, a
common source region 210, a buried layer 220, an upper insulating layer 230, a conductive
contact 240 and a bit line 250.

[0024] Referring to FIG. 1, the bit line 250 may extend in a first direction X. More than
one bit lines 250 may be disposed, such that they may be spaced apart from one another in a
second direction Y. The second direction Y may intersect the first direction X.

[0025] The first direction X may be perpendicular to the second direction Y. However, it
is merely illustrative.

[0026] A third direction Z may intersect the first direction X and the second direction Y.
For example, the third direction Z may be perpendicular to the first direction X and the
second direction Y. However, the present inventive concept is not limited thereto.

[0027] The bit line 250 may overlap a channel hole 110 in the third direction Z. The third
direction Z may be the vertical direction. For example, the bit line 250 may be disposed
above the channel hole 110 so that the bit line 250 overlaps with the channel hole 110 in the
third direction Z.

[0028] The channel hole 110 may be arranged in plural. For example, two channel holes
may be aligned in the first direction X. In the second direction Y, the channel hole 110 in
plural may be arranged in a zigzag pattern. A channel hole adjacent to another channel hole
in the second direction Y may be staggered with each other in the second direction Y. Every

other channel holes may be aligned with one another in the second direction Y. In this



manner, the density of the channel holes may be increased. However, the present inventive
concept is not limited thereto.

[0029] Referring to FIG. 2, the substrate 100 may be, for example, a bulk silicon substrate
or a silicon-on-insulator (SOI) substrate. ~Alternatively, the substrate 100 may be a silicon
substrate or may be a substrate made of other materials, such as silicon germanium (SiGe),
indium antimonide (InSb), lead-telluride (PbTe) compound, indium arsenide (InAs), indium
phosphide (InP), gallium arsenide (GaAs) and gallium antimonide (GaSb). Alternatively, the
substrate 100 may be formed by growing an epitaxial layer on a base substrate.

[0030] The interlayer insulating layer patterns 106 and the conductive layer patterns 200
may be alternately stacked on the substrate 100. The interlayer insulating layer patterns 106
and the conductive layer patterns 200 may form a stack structure.

[0031] The interlayer insulating layer patterns 106 may be formed of more than one layer.
For example, the interlayer insulating layer patterns 106 may seven interlayer insulating layer
patterns, which are indicated as 106a to 106g. The present inventive concept is not limited
thereto.

[0032] The interlayer insulating layer patterns 106 may be a silicon oxide layer, a silicon
nitride layer or a silicon oxynitride layer. However, the present inventive concept is not
limited thereto. Each of the interlayer insulating layer patterns 106 may be disposed between
two conductors to prevent electrical connection therebetween.

[0033] In the semiconductor device according to the exemplary embodiment of the present
inventive concept, the interlayer insulating layer patterns 106 may include a low-k dielectric
material. The low-k dielectric material may refer to an insulating material having a lower
dielectric constant than that of silicon oxide.

[0034] The conductive layer patterns 200 may be formed of more than one layer. For
example, the conductive layer patterns 200 may include six conductive layer patterns, which
are indicated as 200a to 200f. The present inventive concept is not limited thereto.

[0035] The conductive layer patterns 200 may include conductor. The conductive layer
patterns 200 may serve as a word line or a gate electrode of the semiconductor device
according to the exemplary embodiment of the present inventive concept. Although not
shown in the drawings, the conductive layer patterns 200 may include multiple layers other

than a single layer.



[0036] Alternatively, a gate insulating layer may be further included between each of the
pairs of the conductive layer patterns 200 and the interlayer insulating layer patterns 106.
The gate insulating layer may be, but is not limited to, a silicon oxide layer.

[0037] The conductive layer patterns 200 may include, for example, a metal. The
conductive layer patterns 200 may include, for example, tungsten (W). However, the
present inventive concept is not limited thereto.

[0038] Device isolation of the interlayer insulating layer patterns 106 and the conductive
layer patterns 200 may be made by a trench T1. For example, the trench T1 may extend in the
second direction Y to isolate a stack structure of the interlayer insulating layer patterns 106
and the conductive layer patterns 200 from another stack structure. For example, the trench
T1 may penetrate the stack structure of the interlayer insulating layer patterns 106 and the
conductive layer patterns 200 in the third direction Z. An uppermost interlayer insulating
layer pattern 106g may be disposed at the top of the stack structure of the interlayer insulating
layer patterns 106 and the conductive layer patterns 200, and a lowermost interlayer
insulating layer pattern 106a may be disposed at the bottom of the stack structure. However,
the present inventive concept is not limited thereto.

[0039] The uppermost interlayer insulating layer pattern 106g disposed at the top of the
interlayer insulating layer patterns 106 may be formed thicker than other interlayer insulating
layer patterns indicated as 106a to 106f. This may be to provide a margin for forming the
pad 185.

[0040] The trench T1 may expose the side surfaces of the interlayer insulating layer patterns
106, the side surfaces of the conductive layer patterns 200 and the upper surface of the
substrate 100.

[0041] A common source region 210 may be formed at the portion of the substrate 100
exposed via the trench T1. The common source region 210 may be formed using, for
example, a doping process. The common source region 210 may be formed in the substrate
100.

[0042] The common source region 210 may be extended in the direction that the
above-described trench T1 is extended, i.e., the second direction Y and may be used as a
common source line (CSL). According to some exemplary embodiments of the present
inventive concept, a metal silicide pattern, such as a nickel silicide pattern and a cobalt

silicide pattern, may be further formed on the common source region 210 to reduce the



resistance between the common source region 210 and a conductive element to be electrically
connected to the common source region 210, for example, a CSL contact.

[0043] The trench T1 may be filled with buried layer 220. Accordingly, the buried layer
220 may be formed on the upper surface of the common source region 210 exposed through
the trench T1. The buried layer 220 may have a top surface that is positioned at the same
height as the top surface of the uppermost interlayer insulating layer pattern 106g at the top of
the interlayer insulating layer patterns 106 to completely fill the trench T1.

[0044] The channel hole 110 may be formed in the stack structure in which the interlayer
insulating layer patterns 106 and the conductive layer patterns 200 are alternately stacked.
For example, the channel hole 110 penetrating the stack structure may be formed. The
channel hole 110 may penetrate the stack structure to expose the upper surface of the
substrate 100. The channel hole 110 may include a low region RL and a high region RH.
In the low region RL, the dielectric layer 120, the channel layer 132, the air gap 160 and the
passivation layer170 are formed to constitute a vertical channel. In the high region RH, the
pad 185 is formed. In an exemplary embodiment, the conductive layer patterns 200 may
surround a side surface of the vertical channel. Each of the conductive layer patterns 200
may be formed between two adjacent interlayer insulating layer patterns of the interlayer
insulating layer patterns 106.

[0045] The low region RL of the channel hole 110 is defined by the side surfaces of the
interlayer insulating layer patterns 106 and the side surfaces of the conductive layer patterns
200. On the other hand, the high region RH of the channel hole 110 may be in contact with
the uppermost interlayer insulating layer pattern 106g disposed at the top and need not be in
contact with the rest of the interlayer insulating layer patterns 106.

[0046] Referring to FIGS. 2 to 5, the dielectric layer 120 may be formed on the sidewall of
the low region RL of the channel hole 110. The dielectric layer 120 may be formed along
the inner side wall of the channel hole 110. Accordingly, the space inside the inner side
wall of the dielectric layer 120 may be defined. That is, the dielectric layer 120 may have a
straw shape, i.e., a hollow cylindrical shape.

[0047] The dielectric layer 120 may include a tunnel insulating layer 123, a charge trap
layer 122, and a blocking insulating layer 121. In the semiconductor device according to

some embodiments of the present inventive concept, the blocking insulating layer 121 may be



formed between the interlayer insulating layer patterns 106 and the conductive layer patterns
200 depending on the process order, instead of being formed in the channel hole 110.

[0048] The blocking insulating layer 121 may be formed along the inner side walls of the
channel hole 110. The blocking insulating layer 121 may be formed using an oxide such as
silicon oxide.

[0049] The charge trap layer 122 may be disposed between the tunnel insulating layer 123
and the blocking insulating layer 131. The charge trap layer 122 stores charges having
passed through the tunnel insulating layer 123.

[0050] For example, the charge trap layer 122 may be formed of a nitride layer or a high-k
dielectric layer. For example, the nitride layer may include at least one of: silicon nitride,
silicon oxynitride, hafnium oxynitride, zirconium oxynitride, hafnium silicon oxynitride, and
hafnium aluminum oxynitride.

[0051] For example, the high-k dielectric layer may include at least one of: hafnium oxide,
hafnium silicon oxide, lanthanum oxide, lanthanum aluminum oxide, zirconium oxide,
zirconium silicon oxide, tantalum oxide, titanium oxide, barium strontium titanium oxide,
barium titanium oxide, strontium titanium oxide, yttrium oxide, aluminum oxide, lead
scandium tantalum oxide and lead zinc niobate.

[0052] The tunnel insulating layer 123 may pass charges between the channel layer 132 and
the charge trap layer 122. For example, the tunnel insulating layer 123 may be formed of a
silicon oxide layer, or a double layer of a silicon oxide layer and a silicon nitride layer. The
tunnel insulating layer 123 may include an insulating material having a dielectric constant
lower than that of the blocking insulating layer 121.

[0053] The dielectric layer 120 may be formed to have an oxide-nitride-oxide (ONO)
structure in which an oxide layer, a nitride layer and an oxide layer are sequentially stacked.
The tunnel insulating layer 123, the charge trap layer 122, and the blocking insulating layer
121 may be formed via a chemical vapor deposition (CVD) process, a plasma enhanced CVD
(PECVD) process, an atomic layer deposition (ALD) process, or the like. However, the
present inventive concept is not limited thereto.

[0054] The channel layer 132 may be formed along the upper surface of the dielectric layer
120 that is extended along the third direction Z. The channel layer 132 may be formed on
the sidewall of the low region RL of the channel hole 110. The channel layer 132 may also

be formed along the upper surface of the substrate 100 exposed in the channel hole 110. For



example, the channel layer 132 may have a cup shape covering the side wall and the bottom
surface of the channel hole 110.

[0055] The channel layer 132 is a thin layer to the extent that the channel hole 110 need not
be completely filled. Therefore, an empty space may exist inside the channel hole 110 with
the channel layer 132.

[0056] The passivation layer 170 may be formed in the low region RL and the high region
RH of the channel hole 110. In the low region RL of the channel hole 110, the passivation
layer 170 may be formed along the upper surface of the channel layer 132. The passivation
layer 170 may cover the sidewall of the channel hole 110 and the upper surface of the
substrate 100 like the channel layer 132 formed along the sidewall of the channel hole 110
and the upper surface of the substrate 100.

[0057] The passivation layer 170 may also cover the upper surface of the low region RL of
the channel hole 110. For example, the channel hole 110 may be divided into the low
region RL and the high region RH by the passivation layer 170. Therefore, in the low
region RL of the channel hole 110, the passivation layer 170 may have a hollow and closed
cylindrical shape.

[0058] The passivation layer 170 may protect the interface of the channel layer 132 from
defects. With the passivation layer 170, defects on the surface of the channel layer 132 may
be reduced, and damage during subsequent processes may also be reduced.

[0059] The passivation layer 170 may include an insulator. The passivation layer 170 may
include at least one of, for example, SiO2, SiON, SiN and a high-k dielectric material. The
high-k dielectric material may include at least one of AlO, AION, and HfO, for example.
[0060] An air gap 160 may be defined surrounded by the passivation layer 170 in all
directions. The air gap 160 may be formed in the low region RL of the channel hole 110.
[0061] The pad 185 and a part of the passivation layer 170 may be formed in the high region
RH of the channel hole 110.

[0062] Referring to FIG. 5, the passivation layer 170 may include a lower layer 170a, a
horizontal layer 170b, and a protrusion 170c. The lower layer 170a of the passivation layer
170 may be formed in the low region RL of the channel hole 110. The lower layer 170a
may be formed on the inner side surface and the bottom surface of the channel layer 132 to

surround the inner wall of the channel hole 110.



[0063] The horizontal layer 170b may cover the upper surface of the low region RL of the
channel layer 132. The horizontal layer 170b may be connected to the lower layer 170a to
define the air gap 160 therein. For example, a portion of the lower surface of the horizontal
layer 170b that is not in contact with the lower layer 170a may be in contact with the air gap
160.

[0064] The upper surface and the lower surface of the horizontal layer 170b may be flat.
As used herein, the term "flat surface™ is intended to encompass a surface that is flat over a
majority of its surface area despite small features resulted from processing factors.

[0065] The protrusion 170c may protrude in the third direction Z from the upper surface of
the horizontal layer 170b. The protrusion 170c may be the only part of the passivation layer
170 located in the high region RH of the channel hole 110. The protrusion 170c may project
upwardly from the center of the horizontal layer 170b.

[0066] The horizontal layer 170b may completely separate the channel hole 110 into the
high region RH and the low region RL and have a first width W1 in the first direction X.
The first width W1 may be equal to the distance between the inner walls of the channel layer
132 in the channel hole 110. If the horizontal cross section of the channel hole 110 is
circular, the width of the second direction Y may also be the first width W1.

[0067] The protrusion 170c may have a second width W2 smaller than the first width W1 in
the first direction X on the horizontal layer 170b. The air gap 160 may have a third width
W3 in the first direction X. The third width W3 may be equal to the distance between the
inner walls of the lower layer 170a of the passivation layer 170. When the channel hole 110
has a horizontal cross section, the width of the air gap 160 in the second direction Y may be
equal to the third width W3. The third width W3 of the air gap 160 may be greater than the
second width W2 of the protrusion 170c. In addition, the position of the protrusion 170c
may overlap the air gap 160 in the third direction Z. For example, the protrusion 170c may
be located at the center of the horizontal cross section so that the protrusion 170c is not in
contact with the side wall of the channel hole 110.

[0068] The lower layer 170a of the passivation layer 170 may have a fourth width W4.
The fourth width W4 may be smaller than the first width W1. In addition, the fourth width
W4 may be smaller than the third width W3. The third width W3 may be not only larger
than the fourth width W4 but also larger than twice the fourth width W4. For example, the
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air gap 160 may occupy most of the volume of the channel hole 110, while the passivation
layer 170 may be so thin that it is only coated on the surface of the channel hole 110.

[0069] Referring to FIG. 4, the pad 185 may include a first pad 150S1 and a second pad
180P.

[0070] The first pad 150S1 may be in contact with the side surface of the protrusion 170c
and the inner wall of the high region RH of the channel hole 110. The upper surface of the
first pad 150S1 may be positioned at the same height with the upper surface of the protrusion
170c. The lower surface of the first pad 150S1 may be in contact with the upper surface of
the dielectric layer 120, the channel layer 132 and the passivation layer 170. For example,
the upper surface of the dielectric layer 120, the upper surface of the channel layer 132 and
the upper surface of the horizontal layer of the passivation layer 170 may all be positioned at
the same height. The upper surface of the first pad 150S1, the upper surface of the
protrusion 170c and the side wall of the channel hole 110 may define a first recess 143. In
other words, the first recess 143 may be surrounded by the sidewall of the channel hole 110,
the upper surface of the protrusion 170c, and the upper surface of the first pad 150S1. The
first recess 143 may be filled with the second pad 180P. The second pad 180P may be
formed on the first pad 150S1. The second pad 180P may be formed on the protrusion 170c.
The first pad 150S1 and the second pad 180P may include the same material. Therefore, the
interface between the first pad 150S1 and the second pad 180P need not be clearly recognized
in the vertical cross section.  Accordingly, the pad 185 including the first pad 150S1 and the
second pad 180P may be formed as a single element. However, the present inventive
concept is not limited thereto.

[0071] The pad 185 may work as a drain node in the semiconductor device according to
some exemplary embodiments of the present inventive concept. To this end, the pad 185 may
be a region doped with impurities. Carriers may move in the semiconductor device in the
order of the common source region 210, the channel layer 132, the pad 185 and the bit line
250. The upper insulating layer 230 may be formed on the stack structure in which the
interlayer insulating layer patterns 106 and the conductive layer patterns 200 are alternately
stacked. The upper insulating layer 230 may be formed on the buried layer 220 and the pad
185. For example, the upper surface of the uppermost interlayer insulating layer pattern
1069 at the top of the stack structure, the upper surface of the buried layer 220 and the upper

surface of the pad 185 may have the same plane, and the upper insulating layer 230 may be
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formed thereon. The upper insulating layer 230 may include an insulating material such as
silicon oxide. However, the present inventive concept is not limited thereto. The conductive
contact 240 may penetrate the upper insulating layer 230. The conductive contact 240 may
be formed on the upper surface of the pad 185. For example, the conductive contact 240
may be in contact with the pad 185 and electrically connected to the pad 185. The
conductive contact 240 may be in contact with and electrically connected to the bottom
surface of the bit line 250. The conductive contact 240 may include a conductor. For
example, the conductive contact 240 may include at least one of a metal, a metal nitride, a
metal silicide, and doped polysilicon. However, the present inventive concept is not limited
thereto.

[0072] The bit line 250 may extend in the first direction X on the upper insulating layer 230
and the conductive contact 240. The bit line 250 may be in contact with and electrically
connected to the conductive contact 240.

[0073] The semiconductor device according to some exemplary embodiments of the present
inventive concept may include the air gap 160 in the channel hole 110. In a typical vertical
channel semiconductor structure, an oxide layer that is in contact with the channel layer 132
in the channel hole 110 may fully fill the channel hole 110 to form a filling layer. Since the
channel layer 132 includes polycrystalline silicon in which a number of crystals exist, that is,
polysilicon, there may be defects on the interface with the oxide layer. Such defects on the
interface may cause the threshold voltage of the semiconductor device to be non-uniform. To
solve this problem, it has been proposed to adjust the thickness of the channel layer 132 to
reduce defects on the interface. The reliability of the semiconductor device may be
increased. As the aspect ratio of the vertical channel increases and the scale of the entire
semiconductor device becomes smaller, it becomes more and more difficult to adjust the
thickness. In view of the above, according to the exemplary embodiment of the present
inventive concept, the filling layer is eliminated in the first place, and thus charge trap
resulted from defects on interface may be suppressed. Further, since the filling layer has a
higher dielectric constant than that of the air, it may create parasitic capacitance with another
adjacent element. In contrast, in the semiconductor device according to the exemplary
embodiment of the present inventive concept, the dielectric constant near the channel layer
132 becomes very low by the air gap 160, such that it is possible to suppress parasitic

capacitance.
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[0074] In addition, in a typical semiconductor device having a vertical channel, the filling
layer is an oxide layer that applies compressive stress to the channel layer 132. Since the
channel layer 132 includes polycrystalline silicon, there may be defects on the interfaces
between the grains of the poly-crystal due to the compressive stress, and charges may be
trapped there, which may cause a charge loss.

[0075] In contrast, in the semiconductor device according to some exemplary embodiments
of the present inventive concept, the air gap 160 is formed instead of the filling layer, so that
the compressive stress applied to the channel layer 132 may be removed. Accordingly,
defects between the grains inside the channel layer 132 may also be reduced.

[0076] Accordingly, the semiconductor device according to some exemplary embodiments
of the present inventive concept may prevent channel swing, current leakage, and reliability
degradation caused by the charge trap, thereby increasing the operation performance.

[0077] Hereinafter, a semiconductor device according to some exemplary embodiments of
the present inventive concept will be described with reference to FIG. 6. Descriptions of the
identical elements described above will not be made to avoid redundancy.

[0078] FIG. 6 is an enlarged cross-sectional view for illustrating a semiconductor device
according to some exemplary embodiments of the present inventive concept.

[0079] Referring to FIG. 6, the passivation layer 170 of the semiconductor device according
to some exemplary embodiments of the present inventive concept need not include the
protrusion 170c of FIG. 4. Therefore, the passivation layer 170 may include the horizontal
layer 170b and the lower layer 170a of FIG. 5, and need not be formed in the high region RH
of the channel hole 110.

[0080] A pad 186 may be formed as a single element, unlike the above-described
embodiment. For example, the pad 186 may be the only single element that fills the first
recess 143. However, the present inventive concept is not limited thereto.

[0081] The pad 186 may be in contact with the upper surfaces of the dielectric layer 120, the
channel layer 132, and the passivation layer 170. For example, the lower surface of the pad
186 may be in contact with the upper surface of the dielectric layer 120, the upper surface of
the channel layer 132, and the upper surface of the passivation layer 170.

[0082] As the passivation layer 170 has no protrusion, the area of the lower portion of the

pad 186 that is in contact with the channel layer 132 may increase. Accordingly, the
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resistance between the channel layer 132 and the pad 186 may be reduced and thus the
current flowing through the pad 186 may increase.

[0083] By doing so, the semiconductor device according to this exemplary embodiment may
exhibit higher reliability and higher performance.

[0084] Hereinafter, a semiconductor device according to some exemplary embodiments of
the present inventive concept will be described with reference to FIG. 7. Descriptions of the
identical elements described above will not be made to avoid redundancy.

[0085] FIG. 7 is an enlarged view for illustrating a semiconductor device according to some
exemplary embodiments of the present inventive concept.

[0086] Referring to FIG. 7, in the semiconductor device according to some exemplary
embodiments of the present inventive concept, a passivation layer 171 need not be formed in
the low region RL but formed only in the high region RH of the channel hole 110.

[0087] For example, the horizontal layer 170b and the lower layer 170a of the passivation
layer 170 of FIG. 5 need not be formed in this embodiment and only the protrusion 170c of
FIG. 5 may be formed. Thus, the air gap 160 may be in contact with the channel layer 132.
In addition, the pad 185 may be in direct contact with the air gap 160. For example, the
lower surface of the first pad 150S1 may be in contact with the air gap 160.

[0088] In the semiconductor device according to some exemplary embodiments of the
present inventive concept, no passivation layer is formed in the low region RL of the channel
hole 110, such that the width of the air gap 160 in the horizontal direction, i.e., in the first
direction X and the second direction Y may increase. Therefore, as the volume of the air
gap 160 increases, the parasitic capacitance between the adjacent elements may be reduced.
[0089] In addition, since no compressive stress is applied to the channel layer 132 by the
passivation layer 171, defects between the grains inside the channel layer 132 of polysilicon
may be reduced.

[0090] Accordingly, in the semiconductor device according to some exemplary
embodiments of the present inventive concept, charges trapped inside the channel layer 132
may be reduced, such that the parasitic capacitance may be reduced, thereby achieving better
operation performance.

[0091] Hereinafter, a semiconductor device according to some exemplary embodiments of
the present inventive concept will be described with reference to FIG. 8. Descriptions of the

identical elements described above will not be made to avoid redundancy.
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[0092] FIG. 8 is an enlarged view for illustrating a semiconductor device according to some
exemplary embodiments of the present inventive concept.

[0093] Referring to FIG. 8, a pad 185 of the semiconductor device according to some
exemplary embodiments of the present inventive concept may include different materials.
[0094] For example, the pad 185 may include the second pad 180P of FIG. 4 and a first pad
151S1. The second pad 180P may be formed by doping polysilicon with impurities. On
the other hand, the first pad 151S1 may include at least one of, for example, a metal and a
metal silicide. However, the present inventive concept is not limited thereto.

[0095] The first pad 151S1 may be in contact with the channel layer 132. Accordingly, the
material of the first pad 151S1 may lower the resistance between the pad 185 and the channel
layer 132. Therefore, the resistance between the second pad 180P and the channel layer 132
may be reduced by selecting a material having a small resistance as the material of the first
pad 151S1.

[0096] Alternatively, by adding a stress-resistant material to the first pad 151S1, unlike the
second pad 180P, it is possible to enhance the durability of the vertical semiconductor
structure.

[0097] As a result, the semiconductor device according to this exemplary embodiment of
the present inventive concept may improve the operation speed and performance.

[0098] Hereinafter, a method for fabricating a semiconductor device according to some
exemplary embodiments of the present inventive concept will be described with reference to
FIGS. 9 to 31. Descriptions of the identical elements described above will not be made to
avoid redundancy.

[0099] FIGS. 9 to 31 are cross-sectional views for illustrating processing steps of a method
for fabricating a semiconductor device according to some exemplary embodiments of the
present inventive concept. FIG. 11 is a cross-sectional view taken along line E — E' of FIG. 10.
FIG. 13 is an enlarged cross-sectional view of portion F of FIG. 12. FIG. 19 is an enlarged
cross-sectional view of portion G of FIG. 18. FIG. 26 is a view of the entirety of the portion
shown in FIG. 25. FIG. 28 is a cross-sectional view taken along line H — H' of FIG. 27.
[00100] [Initially, referring to FIG. 9, a molded structure is formed on a substrate 100.
[00101] A plurality of sacrificial layers 104 and a plurality of interlayer insulating layers
102 may be alternately stacked on a substrate 100. For example, the sacrificial layers 104

(for example, sacrificial layers indicated as 104a to 104f) and the interlayer insulating layers
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102 (for example, interlayer insulating layers indicated as 102a to 102g) may be alternately
stacked on one another to form the molded structure.

[00102] The sacrificial layers 104 and the interlayer insulating layers 102 may include
different materials. The different materials may refer to materials having different etch
selectivity with respect to a specific etching solution or etching gas. Accordingly, after
performing an etching process with the specific etching solution or etching gas, only the
sacrificial layers 104 may be selectively removed from the molded structure so that the
interlayer insulating layers 102 remain in the molded structure.

[00103] For example, the sacrificial layers 104 may be silicon nitride layers, while the
interlayer insulating layers 102 may be silicon oxide layers. However, the present inventive
concept is not limited thereto. The materials of the sacrificial layers 104 and the interlayer
insulating layers 102, as long as they have different etch selectivity, may be used.

[00104] According to the method for fabricating a semiconductor device according to some
exemplary embodiments of the present inventive concept, the interlayer insulating layer 102
may include a low-k dielectric material. The low-k dielectric material may refer to a
material having a lower dielectric constant than that of silicon oxide.

[00105] Although the bottom layer and the top layer in the molded structure are illustrated
as the interlayer insulating layers 102, the present inventive concept is not limited thereto.
Depending on the processing conditions and the necessity of the method according to this
embodiment, the stacking order, the material of the bottom layer or the material the top layer
may be selected as desired.

[00106] Subsequently, referring to FIGS. 10 and 11, a plurality of channel holes 110 may be
formed in the molded structure. For example, the channel holes 110 penetrating the molded
structure may be formed.

[00107] The channel holes 110 may be formed in the sacrificial layers 104 and the interlayer
insulating layers 102 alternately stacked on the substrate 100. For example, the channel
hole 110 may penetrate the sacrificial layers 104 and the interlayer insulating layers 102.
By forming the channel holes 110, the upper surface of the substrate 100 may be exposed
without being covered by the molded structure.

[00108] The channel holes 110 may be disposed, for example, in a zigzag pattern and may
be spaced apart from one another. By doing so, the density of the channel holes 110 may

increase. For example, more channel holes may be formed in a given area. However, the
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present inventive concept is not limited thereto. In a semiconductor device according to some
exemplary embodiments of the present inventive concept, the channel holes 110 may be
formed in alignment with one another in the horizontal direction (e.g., the second direction).
[00109] As the channel holes 110 are formed, the side surfaces of the interlayer insulating
layers 102 and the sacrificial layers 104 in the horizontal direction may also be exposed.
[00110] The channel holes 110 may be formed using a hard mask, for example. For
example, a hard mask that exposes only the shapes of the channel holes 110 may be formed
on an uppermost interlayer insulating layer 1029 at the top of the molded structure, and the
exposed portion may be etched sequentially by dry etching to form the channel holes 110.
Accordingly, the sidewall of the channel holes 110 may have a substantially vertical profile.
[00111] Alternatively, in a semiconductor device according to some exemplary
embodiments of the present inventive concept, the sidewalls of the channel holes 110 may
have tapered shapes. This may happen since the etch rate of the molded structure become
low away from the exposed portion.

[00112] Subsequently, referring to FIGS. 12 and 13, a preliminary dielectric layer 120P is
formed along the inner side walls of the channel holes 110.

[00113] An initial dielectric layer may be formed along the upper surface of the uppermost
interlayer insulating layer 102g at the top, the side wall and bottom surface of the channel
hole 110. Subsequently, portions of the initial dielectric layer formed on the upper surface
of the uppermost interlayer insulating layer 102g and on the upper surface of the substrate
100 may be substantially removed through an etch-back process to form a preliminary
dielectric layer 120P having a straw shape. The preliminary dielectric layer 120P may
expose the upper surface of the substrate 100 and remain on the sidewall of each of channel
holes 110. For example, the preliminary dielectric layer 120P may have a hollow
cylindrical shape.

[00114] The preliminary dielectric layer 120P may include a blocking insulating layer 121,
a charge trap layer 122, and a tunnel insulating layer 123.  The blocking insulating layer 121
may be in contact with the inner side wall of one of the channel holes 110. The blocking
insulating layer 121 may be formed along the inner side wall of the one of the channel holes
110.

[00115] The charge trap layer 122 may be in contact with the inner side wall of the blocking

insulating layer 121. The charge trap layer 122 may be formed along the inner side wall of
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the blocking insulating layer 121. The tunnel insulating layer 123 may be in contact with
the inner side wall of the charge trap layer 122. The tunnel insulating layer 123 may be
formed along the inner side wall of the charge trap layer 122.

[00116] The plurality of layers forming the preliminary dielectric layer 120P may be formed
via one of a chemical vapor deposition (CVD) process, a plasma enhanced chemical vapor
deposition (PECVD) process, and an atomic layer deposition (ALD) process. The plurality
of layers need not be formed via the same process. However, it is merely illustrative. For
example, the dielectric layer 120 may be formed via other processes than the above-described
process.

[00117] Next, referring to FIGS. 14 and 15, a preliminary channel layer 132P is formed in
the channel hole 110.

[00118] First, referring to FIG. 14, the preliminary channel layer 132P may be formed along
the upper surface of the preliminary dielectric layer 120P. The preliminary channel layer
132P may also be formed along the upper surface of the substrate 100 exposed in the channel
holes 110.

[00119] According to exemplary embodiments, the preliminary channel layer 132P may be
formed using polysilicon or amorphous silicon doped with an impurity. After the
preliminary channel layer 132P has been formed using polysilicon or amorphous silicon, it
may be changed into monocrystalline silicon by heat treatment or laser beam irradiation. By
doing so, defects in the preliminary channel layer 132P may be removed, such that the
performance of the semiconductor device may be improved.

[00120] Subsequently, a preliminary filling layer 135P is formed to fill the channel holes
110.

[00121] The preliminary filling layer 135P may be used to completely fill the channel hole
110. For example, the preliminary filling layer 135P may be surrounded by the preliminary
channel layer 132P and the preliminary dielectric layer 120P described above.

[00122] The preliminary filling layer 135P may be formed using an insulating material such
as silicon oxide. The preliminary channel layer 132P and the preliminary filling layer 135P
may be formed via one of a CVD process, a PECVD process, and an ALD process.

However, it is merely illustrative.
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[00123] Referring to FIG. 15, unlike FIG. 14, in the method according to some exemplary
embodiments of the present inventive concept, a filling layer seam 135S may be formed in
the preliminary filling layer 135P.

[00124] This may depend on the step coverage of the preliminary filling layer 135P and the
width and depth of the channel hole 110. For example, while FIG. 14 shows no seam
formed inside the preliminary filling layer 135P, the filling layer seam 135S may be formed
inside the preliminary filling layer 135P as shown in FIG. 15.

[00125] Since the preliminary filling layer 135P is completely removed via subsequent
processes, it does not affect the resulting structure of the method according to some
exemplary embodiments of the present inventive concept whether the filling layer seam 135S
is formed or not.

[00126] Subsequently, referring to FIG. 16, the preliminary dielectric layer 120P, the
preliminary channel layer 132P and the preliminary filling layer 135P are partially removed
so that an intermediary dielectric layer 1201, an intermediary channel layer 1321 and an
intermediary filling layer 1351 are formed in the channel holes 110, to perform device
isolation.

[00127] By removing the preliminary channel layer 132P and the preliminary filling layer
135P formed on the upper surface of the uppermost interlayer insulating layer 102g at the top,
the intermediary channel layer 1321 and the intermediary filling layer 1351 in one channel
hole are separated from those in another channel hole.

[00128] By doing so, a vertical channel including the intermediary filling layer 135I, the
intermediary channel layer 1321 and the intermediary dielectric layer 1201 may be formed.
The vertical channel may be located inside the channel holes 110, and may be formed
through the molded structure in which the sacrificial layers 104 and the interlayer insulating
layers 102 are alternately stacked on one another.

[00129] The device isolation may be carried out by a chemical mechanical polishing (CMP)
process. However, the present inventive concept is not limited thereto. For example, the
device isolation may be performed using an etchback process.

[00130] Subsequently, referring to FIG. 17, a second recess 140 is formed at the top of the
channel hole 110.

[00131] The second recess 140 may be formed at the top of each of the channel holes 110.

In the formation of the second recess 140, the intermediary dielectric layer 120I, the
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intermediary channel layer 1321, and a part of the intermediary filling layer 1351 of FIG. 16
may be removed partially to form the dielectric layer 120, the channel layer 132 and the
filling layer 135. The portion where the second recess 140 is formed may later become the
high region RH of FIG. 2. In addition, the portion where the dielectric layer 120, the
channel layer 132 and the filling layer 135 remain may later become the low region RL of
FIG. 2.

[00132] The bottom surface of the second recess 140 may be lower than the upper surface
of the uppermost interlayer insulating layer 102g but may be higher than the upper surface of
an uppermost sacrificial layer 104f.

[00133] Subsequently, referring to FIGS. 18 and 19, a spacer layer 150 is formed.

[00134] The spacer layer 150 may be formed along the upper surface of the uppermost
interlayer insulating layer 102g and the side walls and the lower surface of the second recess
140. Since the spacer layer 150 is formed conformally in the second recess 140, a third
recess 142 may be formed therein.

[00135] The spacer layer 150 may include a material having an etching selectivity with
respect to the filling layer 135. Accordingly, the spacer layer 150 need not be completely
etched during a subsequent process of etching of the filling layer 135.

[00136] For example, the spacer layer 150 may include polysilicon. However, it is merely
illustrative.

[00137] The spacer layer 150 may be formed only in the high region RH of each of the
channel holes 110, for example. The spacer layer 150 may be formed on the upper surface
of the dielectric layer 120, the upper surface of the channel layer 132, and the upper surface
of the filling layer 135.

[00138] Subsequently, referring to FIG. 20, a spacer 150S is formed.

[00139] The spacer 150S may be formed by etching the spacer layer 150. For example,
the spacer layer 150 may be partially etched by a dry etching process. By doing so, the
upper surface of the uppermost interlayer insulating layer 102g covered by the spacer layer
150 may be exposed. Furthermore, the upper surface of the uppermost interlayer insulating
layer 102g may be partially etched.

[00140] The third recess 142 may become deeper by the dry etching process. The spacer
150S may include a bottom hole exposing the filling layer 135. The bottom hole may be
connected to the third recess 142 and exposing the filling layer 135.
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[00141] For example, the spacer 150S is formed along the inner side surface of the high
region RH of one of the channel holes 110 but does not completely cover the center of the
one of the channel holes 110. The spacer 150S may include the bottom hole exposing the
center, i.e., the third recess 142.

[00142] The upper surface of the filling layer 135 exposed via the third recess 142 may have
a shape partially etched and dented. The present inventive concept is not limited thereto.
For example, the upper surface of the filling layer 135 may flat depending on the degree of
the dry etching.

[00143] Subsequently, referring to FIG. 21, the filling layer 135 may be completely
removed via the third recess 142, that is, the bottom hole.

[00144] Since the spacer 150S has an etch selectivity with respect to the filling layer 135,
the spacer 150S need not be removed.

[00145] Accordingly, the low region RL of each of the channel holes 110 may be empty
except for the dielectric layer 120 and the channel layer 132, which are formed on the inner
side wall of each of the channel holes 110. The empty space may be referred to as an air
gap 160.

[00146] For example, the filling layer 135 may be removed via the third recess 142 to form
the air gap 160.

[00147] Subsequently, referring to FIG. 22, a preliminary passivation layer 170P is formed.
[00148] The preliminary passivation layer 170P may be formed along the upper surface of
the uppermost interlayer insulating layer 102g, the side surface and the lower surface of the
spacer 150S, and the inner side surface of the channel layer 132. The lower layer 170a and
the horizontal layer 170b of the passivation layer 170 shown in FIG. 5 may be formed during
this process. The protrusion 170c of FIG. 5 may be formed via a subsequent etching process.
[00149] There may be formed an overhang in the passivation layer 170 formed between the
side surface and lower surface of the spacer 150S. However, it is merely illustrative.

[00150] The air gap 160 may be completely sealed by the preliminary passivation layer
170P. In addition, the low region RL and the high region RH of the channel hole 110 may
be separated from each other by the preliminary passivation layer 170P.

[00151] The preliminary passivation layer 170P may be used to partially fill the third recess
142 to fill the bottom hole exposed by the spacer 150S. For example, the preliminary
passivation layer 170P may separate the third recess 142 from the air gap 160.
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[00152] In the high region RH, the preliminary passivation layer 170P is formed along the
surface of the spacer 150S, such that it may have the vertical cross section in Y-shape. Ina
three-dimensional view, the preliminary passivation layer 170P may have a concave shape at
the center.

[00153] Subsequently, referring to FIG. 23, a part of the spacer 150S and a part of the
preliminary passivation layer 170P may be removed.

[00154] After the part of the spacer 150S and the part of the preliminary passivation layer
170P are removed, the first recess 143 and the preliminary passivation layer 170P may be
formed. For example, after the part of the spacer 150S and the part of the passivation layer
170 are removed, the protrusion 170c of the passivation layer 170 of FIG. 5 may be formed.
In addition, as the part of the spacer 150S is removed, the first pad 150S1 may be formed.
[00155] Therefore, the bottom surface of the first recess 143 may include the upper surface
of the protrusion 170c of FIG. 5 and the upper surface of the first pad 150S1. For example,
the bottom surface of the first recess 143 may defined by the upper surface of the protrusion
170c and the upper surface of the first pad 150S1.

[00156] The preliminary passivation layer 170P was Y-shape branching in two directions as
shown in FIG. 22 and then may be etched so that the passivation layer 170 may be formed to
extend in one direction, i.e., the third direction Z (i.e., the protrusion 170c shown in FIG. 5).
[00157] Subsequently, referring to FIG. 24, the first recess 143 may be filled with a
preliminary pad layer 180PR. The preliminary pad layer 180PR may be formed on the
upper surface of the uppermost interlayer insulating layer 102g.

[00158] The preliminary pad layer 180PR may include the same material as the first pad
150S1. The preliminary pad layer 180PR may become the second pad 180P later. The pad
layer 180 may include, for example, polysilicon.

[00159] The preliminary pad layer 180PR may fill completely the first recess 143 formed in
each of the channel holes 110.

[00160] Subsequently, referring to FIGS. 25 and 26, the second pad 180P is formed.

[00161] A part of the preliminary pad layer 180PR may be etched to form the second pad
180P. The portion of the pad layer 180 on the upper surface of the uppermost interlayer
insulating layer 102g may be removed. This allows device isolation of the second pad 180P.

For example, the second pad 180P may be formed only in the channel holes 110, such that a
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second pad formed in a channel hole may be separated from another second pad formed in
another channel hole.

[00162] The preliminary pad layer 180PR may be planarized by a chemical mechanical
polishing (CMP) process to form the second pad 180P. Accordingly, the upper surface of
the second pad 180P may be coplanar with the upper surface of the uppermost interlayer
insulating layer 102g9. However, it is merely illustrative.

[00163] Subsequently, the second pad 180P, the first pad 150S1 or both may be doped with
impurities via an ion implant (I1IP) process. The pad 185 may serve as a drain node of the
semiconductor device.

[00164] Subsequently, referring to FIGS. 27 and 28, a trench T1 may be formed in the
molded structure of the sacrificial layers 104 and the interlayer insulating layers 102 to form
a plurality of sacrificial layer patterns 108 and a plurality of interlayer insulating layer
patterns 106.

[00165] The trench Tl may be formed spaced apart from the channel holes 110. The trench
T1 may be formed spaced apart from the filling layer 135, the channel layer 132 and the
dielectric layer 120 in the horizontal direction, i.e., in the first direction X.

[00166] The trench T1 may expose the upper surface of the substrate 100. The trench T1
may also expose the side surfaces of the interlayer insulating layer patterns 106 and the side
surfaces of sacrificial layer patterns 108. The trench T1 may be formed to extend in the
second direction Y, for example, unlike the channel holes 110.

[00167] Although not shown in the drawings, the trench T1 may be formed via a hard mask
partially exposing the interlayer insulating layer patterns 106 at the top. The hard mask may
be used as an etch mask in a dry etching process to etch the interlayer insulating layer 102
and the sacrificial layer 104, such that the trench T1 may be formed. The hard mask may be
formed using, for example, a photoresist or a spin-on-hardmask (SOH) material. The hard
mask may also be removed via an ashing process, a strip process or both after the trench T1
has been formed.

[00168] The sacrificial layer patterns 108 and the interlayer insulating layer patterns 106
may be formed by the trench T1 penetrating the sacrificial layers 104 and the interlayer
insulating layers 102. The sacrificial layer patterns 108 (i.e., sacrificial patterns indicated as

108a to 108f) and the interlayer insulating layer pattern 106 (i.e., interlayer insulating layer
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patterns indicated as 106a to 106g) may be disposed, and the numbers thereof are not
particularly limited.

[00169] Subsequently, referring to FIG. 29, the sacrificial layer patterns 108 are removed,
and a plurality of conductive layer patterns 200 are formed.

[00170] The sacrificial layer patterns 108 may be completely removed through the side
surface exposed by the trench T1. Since the interlayer insulating layer patterns 106 have the
etch selectivity with respect to the sacrificial layer patterns 108, only the sacrificial layer
patterns 108 may be completely removed and the interlayer insulating layer patterns 106
remain.

[00171] Once the sacrificial layer patterns 108 are removed, the conductive layer patterns
200 may be formed in the place where the sacrificial layer patterns 108 were. As the
conductive layer patterns 200 are formed in place of the sacrificial layer patterns 108, it may
be said that the sacrificial layer patterns 108 are replaced with the conductive layer patterns
200.

[00172] When the sacrificial layer patterns 108 are removed during the replacing process,
the vertical channel including the air gap 160, the passivation layer 170, the channel layer
132, the dielectric layer 120 and the pad 185 may have a circular structure in a horizontal
cross-sectional view. The interlayer insulating layer patterns 106 may penetrate the vertical
channel and may be spaced apart from one another. The interlayer insulating layer patterns
106 may be supported by the vertical channel such that they are spaced apart from one
another vertically.

[00173] Although the cross-section of the only two vertical channels are shown in the
drawings, several vertical channels aligned in the horizontal direction may support the
structure of the interlayer insulating layer patterns 106.

[00174] Subsequently, referring to FIG. 30, a common source region 210 may be formed in
a portion of the substrate 100 exposed via the trench T1. The common source region 210
may be formed using, for example, a doping process. The common source region 210 may
be formed in the substrate 100.

[00175] The common source region 210 may be extended in the direction that the
above-described trench T1 is extended, i.e., the second direction Y and may serve as a
common source line (CSL). According to some exemplary embodiments of the present

inventive concept, a metal silicide pattern, such as a nickel silicide pattern and a cobalt

24



silicide pattern, may be further formed on the common source region 210 to reduce the
resistance between the common source region 210 and, for example, a CSL contact. After
the formation of the common source region 210, a buried layer 220 may be formed in the
trench T1.

[00176] Subsequently, referring to FIG. 31, an upper insulating layer 230, a conductive
contact 240, and a bit line 250 are formed on the resulting structure of FIG. 30.

[00177] The upper insulating layer 230 may be formed on the buried layer 220 and the pad
185. The upper insulating layer 230 may be formed via a process such as a chemical vapor
deposition (CVD) process, a plasma enhanced CVD (PECVD) process and an atomic layer
deposition (ALD) process. However, it is merely illustrative. The conductive contact 240
may penetrate the upper insulating layer 230. The conductive contact 240 may include a
conductor. For example, the conductive contact 240 may include at least one of a metal, a
metal nitride, a metal silicide, and doped polysilicon. However, it is merely illustrative.
[00178] The bit lines 250 may extend in the first direction X on the upper insulating layer
230 and the conductive contact 240. The bit lines 250 may be in contact with and
electrically connected to the conductive contact 240.

[00179] The method of fabricating a semiconductor device according to some exemplary
embodiments of the present inventive concept may include forming an air gap 160 inside the
channel layer 132 using a spacer. By doing so, it is possible to eliminate the stress applied
to the channel layer 132, and reduce a variety of defects, thereby providing a semiconductor
device having better operation performance.

[00180] In an exemplary embodiment, a height of an upper surface of the air gap 160 may
be greater than a height of an upper surface of an uppermost conductive layer pattern 200f of
the conductive layer patterns 200.

[00181] Hereinafter, a method of fabricating a semiconductor device according to some
exemplary embodiment of the present inventive concept will be described with reference to
FIGS. 6, 9 to 22, and 32. Descriptions of the identical elements described above will not be
made to avoid redundancy.

[00182] FIG. 32 is a diagram showing a processing step of the method according to some

embodiments of the present inventive concept.

25



[00183] In this exemplary embodiment of the present inventive concept, the processes of
FIGS. 9 to 22 may be performed in the same manner as in the above-described embodiment.
Hereinafter, subsequent processes will be described with reference to FIG. 32.

[00184] Referring to FIG. 32, the entire of the spacer 150S and a part of the preliminary
passivation layer 170P of FIG. 22 may be removed.

[00185] After the entire of the spacer 150S and the part of the passivation layer 170 are
removed, the first recess 143 may be formed with the horizontal layer 170b and the lower
layer 170a of the passivation layer 170 of FIG. 5. The protrusion 170c need not be formed.
In addition, as the spacer 150S is entirely removed, the first pad 150S1 of FIG. 23 need not
be formed.

[00186] Therefore, the bottom surface of the first recess 143 may include the upper surface
of the horizontal layer 170b of FIG. 5, the upper surface of the channel layer 132, and the
upper surface of the dielectric layer 120.

[00187] Referring to FIG. 6, the pad 186 may be formed as a single element, to fill the first
recess 143. As a result, there may be provided a semiconductor device with the reduced
resistance between the channel layer 132 and the pad 186.

[00188] Hereinafter, a method of fabricating a semiconductor device according to some
exemplary embodiments of the present inventive concept will be described with reference to
FIGS. 7,9 to 21, and 33. Descriptions of the identical elements described above will not be
made to avoid redundancy.

[00189] FIG. 33 is a diagram showing a processing step of the method according to some
embodiments of the present inventive concept.

[00190] In this exemplary embodiment of the present inventive concept, the processes of
FIGS. 9 to 21 may be performed in the same manner as in the above-described embodiment.
Hereinafter, subsequent processes will be described with reference to FIG. 33.

[00191] Referring to FIG. 33, a preliminary passivation layer 171P may be formed.

[00192] The preliminary passivation layer 171P may be formed along the upper surface of
the uppermost interlayer insulating layer 102g and the side surface of the spacer 150S. The
lower layer 170a and the horizontal layer 170b of the passivation layer 171 shown in FIG. 5
need not be formed. The protrusion 170c of FIG. 5 may be formed via a subsequent etching

process.
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[00193] The air gap 160 may be completely sealed by the preliminary passivation layer
171P. In addition, the lower region RL and the upper region RH of each of the channel
holes 110may be separated from each other by the preliminary passivation layer 171P.
[00194] The preliminary passivation layer 171P may partially fill the third recess 142 to fill
the bottom hole exposed by the spacer 150S. The third recess 142 may be separated from
the air gap 160 by the preliminary passivation layer 171P.

[00195] In the high region RH, the preliminary passivation layer 171P may be formed along
the surface of the spacer 150S to have a Y-shaped vertical cross section. In a
three-dimensional view, the preliminary passivation layer 171P may have a concave shape at
the center.

[00196] In this exemplary embodiment, the preliminary passivation layer 171P need not be
formed toward the low region RL of the channel hole 110 due to the step coverage and the
depth and width of the third recess 142. Accordingly, the preliminary passivation layer 171P
may be formed only in the upper region RH of each of the channel holes 110.

[00197] Referring to FIG. 7, the air gap 160 may be in contact with the channel layer 132.
In addition, the pad 185 may be in contact with the air gap 160. The lower surface of the
first pad 150S1 may be in contact with the air gap 160.

[00198] In the method of fabricating a semiconductor device according to some
embodiments of the present inventive concept, as the volume of the air gap 160 increases, the
parasitic capacitance between adjacent elements may be lowered.

[00199] In addition, since no compressive stress is applied to the channel layer 132 by the
preliminary passivation layer 171P, defects between the grains inside the channel layer 132 of
polysilicon may be reduced.

[00200] Hereinafter, a method of fabricating a semiconductor device according to some
exemplary embodiments of the present inventive concept will be described with reference to
FIGS. 8, 9 to 17, and 34 to 39. Descriptions of the identical elements described above will
not be made to avoid redundancy.

[00201] FIGS. 34 to 39 are cross-sectional views for illustrating processing steps of a
method for fabricating a semiconductor device according to some exemplary embodiments of

the present inventive concept.
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[00202] In this exemplary embodiment of the present inventive concept, the processes of
FIGS. 9 to 17 may be performed in the same manner as in the above-described embodiment.
Hereinafter, subsequent processes will be described with reference to FIGS. 34 to 39.

[00203] Referring to FIG. 34, a spacer layer 151 may be formed on the resulting structure of
FIG. 17.

[00204] The spacer layer 151 may be formed along the upper surface of the uppermost
interlayer insulating layer 102g and the side walls and the lower surface of the second recess
140. Since the spacer layer 151 is formed conformally in the second recess 140, a third
recess 142 may be formed therein.

[00205] The spacer layer 151 may include a material having an etching selectivity with
respect to the filling layer 135. Accordingly, the spacer layer 151 need not be completely
etched during a subsequent process of etching of the filling layer 135.

[00206] For example, the spacer layer 150 may include a metal or the SOH. However, it is
merely illustrative.

[00207] Subsequently, referring to FIG. 35, a spacer 151S and a third recess are formed
from the spacer layer 151.

[00208] The spacer 151S may be formed by etching the spacer layer 151. In the formation
of the spacer 151S, the third recess 142 may become deeper by the dry etching. The spacer
151S may include a bottom hole exposing the filling layer 135. The bottom hole may be
connected to the third recess 142 and exposing the filling layer 135.

[00209] Subsequently, referring to FIG. 36, the filling layer 135 may be completely
removed via the third recess 142, that is, the bottom hole.

[00210] Since the spacer 151S has an etch selectivity with respect to the filling layer 135,
the spacer 151S need not be removed.

[00211] The filling layer 135 may be removed via the third recess 142 to form the air gap
160.

[00212] Subsequently, referring to FIG. 37, a preliminary passivation layer 170P is formed.
[00213] The preliminary passivation layer 170P may be formed along the upper surface of
the uppermost interlayer insulating layer 102g, the side surface and the lower surface of the
spacer 150S, and the inner side surface of the channel layer 132. The air gap 160 can be

completely sealed by the preliminary passivation layer 170P. In addition, the lower region
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RL and the upper region RH of each of the channel holes 110 may be separated from each
other by the preliminary passivation layer 170P.

[00214] The preliminary passivation layer 170P may partially fill the third recess 142 to fill
the bottom hole exposed by the spacer 150S. The third recess 142 may be separated from
the air gap 160 by the preliminary passivation layer 170P.

[00215] In the high region RH, the preliminary passivation layer 170P may be formed along
the surface of the spacer 151S to have the Y-shaped vertical cross section.

[00216] Subsequently, referring to FIG. 38, a part of the spacer 151S and a part of the
preliminary passivation layer 170P may be removed.

[00217] After the part of the spacer 151S and the part of the preliminary passivation layer
170P are removed, the first recess 143 may be formed. In addition, after the part of the
spacer 151S and the part of the preliminary passivation layer 170P are removed, the
protrusion 170c of the passivation layer 170 of FIG. 5 may be formed. In addition, as the
part of the spacer 151S is removed, the first pad 151S1 may be formed.

[00218] Subsequently, referring to FIG. 39, a preliminary pad layer 180PR may fill the first
recess 143. The preliminary pad layer 180PR may be formed on the upper surface of the
uppermost interlayer insulating layer 102g.

[00219] The preliminary pad layer 180PR may include different materials from the first pad
151S1. The preliminary pad layer 180PR may become the second pad 180P later. The
preliminary pad layer 180PR may include, for example, polysilicon.

[00220] The first pad 151S1 may be in contact with the channel layer 132. The material of
the first pad 151S1 may affect the resistance between the pad 185 and the channel layer 132.
For example, the resistance between the second pad 180P and the channel layer 132 may be
reduced by selecting a material having a small resistance as the material of the first pad
151S1. The first pad 151S1, unlike the second pad 180P, may include a stress-resistant
material to enhance the durability of the vertical semiconductor structure.

[00221] As a result, the semiconductor device according to this exemplary embodiment of
the present inventive concept may improve the operation speed, durability and performance.
[00222] While the present inventive concept has been shown and described with reference
to exemplary embodiments thereof, it will be apparent to those of ordinary skill in the art that
various changes in form and detail may be made therein without departing from the spirit and

scope of the inventive concept as defined by the following claims.
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What is claimed is:

1. A semiconductor device comprising:

a stack structure comprising a plurality of conductive layer patterns and a plurality of
interlayer insulating layer patterns that are alternately stacked on one another;

a channel hole penetrating the stack structure;

a dielectric layer disposed on a sidewall of the channel hole;

a channel layer disposed on the dielectric layer and in the channel hole;

a passivation layer disposed on the channel layer and in the channel hole, wherein the
channel layer is interposed between the passivation layer and the dielectric layer; and

an air gap surrounded by the passivation layer,

wherein a width of the air gap is larger than a width of the passivation layer.

2. The semiconductor device of claim 1, further comprising:
a pad disposed in the channel hole and on the passivation layer.

3. The semiconductor device of claim 2, further comprising:
a bit line disposed on the pad.

4. The semiconductor device of any one of claims 1 to 3,
wherein the passivation layer comprises
a lower layer disposed on the sidewall of the channel hole,
a horizontal layer disposed on the lower layer, and

a protrusion extending from the horizontal layer into the pad.

5. The semiconductor device of claim 4,
wherein a width of the protrusion is smaller than a width of the horizontal layer.

6. The semiconductor device of claim 4 or 5,

wherein the pad covers the horizontal layer, the protrusion, the dielectric layer and the

channel layer in the channel hole.
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7. The semiconductor device of any one of claims 4 to 6,

wherein the pad comprises a first pad and a second pad,

wherein the first pad is in contact with an upper surface of the horizontal layer, an
upper surface of the dielectric layer, an upper surface of the channel layer and a side surface
of the protrusion, and

wherein the second pad is in contact with an upper surface of the first pad and an

upper surface of the protrusion.

8. The semiconductor device of claim 7,

wherein the first pad and the second pad comprise different materials.

9. The semiconductor device of any one of claims 4 to 8,

wherein a width of the protrusion is smaller than a width of the air gap.

10. A semiconductor device comprising:

a stack structure including a plurality of conductive layer patterns and a plurality of
interlayer insulating layer patterns that are alternately and vertically stacked on one another;

an air gap disposed vertically in the stack structure;

a passivation layer covering an upper surface of the air gap;

a channel layer surrounding a side surface of the air gap;

a dielectric layer surrounding a side surface of the channel layer and in contact with
the stack structure; and

a pad disposed on the passivation layer and in contact with an uppermost interlayer

insulating layer pattern of the plurality of interlayer insulating layer patterns.

11.  The semiconductor device of claim 10,
wherein the passivation layer surrounds the side surface of the air gap, and

wherein the channel layer surrounds a side surface of the passivation layer.

12. The semiconductor device of claim 10 or claim 11,
wherein the uppermost interlayer insulating layer pattern of the plurality of interlayer

insulating layer patterns is disposed at a top of the stack structure, and
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wherein a height of the upper surface of the air gap is greater than a height of an upper
surface of an uppermost conductive layer pattern of the plurality of conductive layer patterns
in the stack structure.

13.  The semiconductor device of any one of claim 10 to 12,

wherein the pad is in contact with the uppermost interlayer insulating layer pattern.

14.  The semiconductor device of any one of claims 10 to 13, further comprising:
a bit line extending in a first direction on the pad,
wherein the plurality of conductive layer patterns extend in a second direction

intersecting with the first direction.

15. A semiconductor device comprising:
a substrate;
a vertical channel comprising
an air gap,
a channel layer surrounding a side surface of the air gap,
a dielectric layer surrounding a side surface of the channel layer,
a passivation layer covering an upper surface of the air gap, and
a pad disposed on the passivation layer;
a plurality of interlayer insulating layer patterns surrounding a side surface of the
vertical channel and vertically spaced apart from one another; and
a plurality of conductive layer patterns surrounding the side surface of the vertical
channel and each of the plurality of conductive layer patterns being disposed between two
adjacent interlayer insulating layer patterns of the plurality of interlayer insulating layer
patterns,
wherein the passivation layer comprises a horizontal layer that is in contact with the
air gap and has a first width, and a protrusion that extends from the horizontal layer into the
pad and has a second width smaller than the first width, and
wherein a height of an upper surface of the protrusion is lower than an upper surface
of the pad.
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and

16.  The semiconductor device of claim 15,
wherein the dielectric layer comprises
a tunnel insulating layer surrounding the side surface of the channel layer,

a charge trap layer surrounding a side surface of the tunnel insulating layer,

a blocking insulating layer surrounding a side surface of the charge trap layer.

17. The semiconductor device of claim 15 or 16,

wherein the passivation layer surrounds the side surface of the air gap.

18.  The semiconductor device of any one of the claims 15to 17,
wherein the pad comprises a first pad and a second pad,
wherein the first pad is in contact with an upper surface of the horizontal layer and a

side surface of the protrusion, and

wherein the second pad is in contact with an upper surface of the first pad and the

upper surface of the protrusion.

19. The semiconductor device of claim 18,

wherein the first pad and the second pad comprise different materials.

20.  The semiconductor device of any one of the claims 15 to 19,

wherein a width of the air gap is greater than a width of the protrusion.
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