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Provided is a substrate processing method that may prevent
the non-uniformity of the thickness of landing pads depos-
ited on each step in the process of selectively depositing a
landing pad in a vertical NAND device having a stepped
structure. The substrate processing method includes stack-
ing, a plurality of times, a stack structure including an
insulating layer and a sacrificial layer and etching the stack
structure to form a stepped structure having an upper sur-
face, a lower surface, and a side surface connecting the
upper surface and the lower surface. The method also
includes forming a barrier layer on the stepped structure,
forming a mask layer on the barrier layer and exposing at
least a portion of the barrier layer by etching at least a
portion of the mask layer with a first etching solution The
method further includes etching the exposed barrier layer
with a second etching solution and etching the mask layer
with a third etching solution.
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FIG. 6C
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SUBSTRATE PROCESSING METHOD AND
DEVICE MANUFACTURED BY THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/485,302, filed on Apr. 13, 2017, in
the United States Patent and Trademark Office, the disclo-
sure of which is incorporated herein in its entirety by
reference.

BACKGROUND

Field

[0002] One or more embodiments relate to substrate pro-
cessing methods using thin film deposition technology and
devices manufactured by the same, and more particularly, to
film etching methods for applying a landing pad to a stepped
structure of a three-dimensional vertical NAND (3D
VNAND) device.

Description of the Related Technology

[0003] In general, a SiO,/SiN stack structure can be
stacked a plurality of times to form a gate stack of VNAND.
Then, the gate stack can then etched to expose a SiN layer
to form a stepped structure. The exposed SiN layer is
replaced by a conductive layer, such as tungsten, and the
conductive layer can serve as a word line and can be
connected to a contact plug.

[0004] However, when a via contact hole is formed by dry
etching, the via contact hole may be connected to two or
more conductive layers through the gate stack due to exces-
sive etching. This possibility risks an electrical short circuit
when driving a semiconductor device.

SUMMARY

[0005] One or more embodiments include selectively
depositing a landing pad on a region of a stepped structure
even without performing a separate photolithography pro-
cess.

[0006] One or more embodiments include selectively
depositing a landing pad of the same thickness on each step
when selectively forming a landing pad in a vertical NAND
(VNAND) device having a stepped structure.

[0007] One or more embodiments include depositing a
landing pad having the same thickness on each step through
a simpler process even when the number of stack structures
of a VNAND device increases.

[0008] One or more embodiments include a three-dimen-
sional (3D) semiconductor device that can reduce or prevent
the risk of shorting that can occur when a via contact hole
is connected, through a landing pad, to another landing pad.
[0009] Additional aspects will be set forth in part in the
description which follows and, in part, will be apparent from
the description, or may be learned by practice of the pre-
sented embodiments.

[0010] According to one or more embodiments, a sub-
strate processing method includes: stacking a stack structure
including an insulating layer and a sacrificial layer a plu-
rality of times; etching the stack structure to form a structure
having an upper surface, a lower surface, and a side surface
connecting the upper surface and the lower surface; forming
a barrier layer on the structure to cover the structure;
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forming a mask layer on the barrier layer to cover the barrier
layer; exposing at least a portion of the barrier layer by
etching at least a portion of the mask layer; etching the
exposed barrier layer; and etching the mask layer.

[0011] According to an embodiment, a thickness of the
barrier layer located on the upper surface and the lower
surface of the structure may be uniform during the exposing
of the at least a portion of the barrier layer to the etching of
the mask layer.

[0012] According to another embodiment, the etching of
the exposed barrier layer may include isotropically etching
the barrier layer to form a barrier layer having a width
narrower than a width of the mask layer located on the upper
surface and the lower surface of the structure.

[0013] According to another embodiment, the exposing of
the at least a portion of the barrier layer may include etching
the mask layer on the side surface of the structure.

[0014] According to another embodiment, the substrate
processing method may further include selectively densify-
ing a barrier layer located on the upper surface and the lower
surface of the structure among the barrier layer before the
forming of the mask layer on the barrier layer.

[0015] According to another embodiment, an etch rate of
a barrier layer located on the upper surface and the lower
surface of the structure may be lower than an etch rate of a
barrier layer located on the side surface of the structure
during the etching of the exposed barrier layer.

[0016] According to another embodiment, the substrate
processing method may further include selectively densify-
ing a mask layer located on the upper surface and the lower
surface of the structure among the mask layer before the
exposing of the at least a portion of the barrier layer.

[0017] According to another embodiment, a sacrificial
word line structure may include the sacrificial layer and the
barrier layer, the substrate processing method may further
include: forming an inter-layer insulating layer on the sac-
rificial word line structure; removing the sacrificial word
line structure; and forming a conductive word line structure
corresponding to a space from which the sacrificial word
line structure is removed, the conductive word line structure
may include: a first conductive layer extending toward a
channel; and a second conductive layer on the first conduc-
tive layer, and each of both sidewalls of the second conduc-
tive layer may have a portion recessed from the sidewall of
the second conductive layer toward the other sidewall
thereof.

[0018] According to one or more embodiments, a sub-
strate processing method may include: stacking n first sili-
con oxide layers and n first silicon nitride layers alternately
in a first direction, wherein the n is a natural number greater
than or equal to 2; etching the stacked first silicon oxide
layers and first silicon nitride layers to form a n-story
stepped structure having an upper surface, a lower surface,
and a side surface connecting the upper surface and the
lower surface; forming a second silicon nitride layer on the
upper surface, the lower surface, and the side surface of the
stepped structure; selectively densifying the second silicon
nitride layer on the upper surface and the lower surface;
forming a second silicon oxide layer on the second silicon
nitride layer; selectively densifying the second silicon oxide
layer on the upper surface and the lower surface; removing
a non-densified portion of the second silicon oxide layer;
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removing a non-densified portion of the second silicon
nitride layer; and removing a densified portion of the second
silicon oxide layer.

[0019] According to another embodiment, a thickness of a
second silicon nitride layer densified during the selective
densifying of the second silicon nitride layer may not change
during the removing of the non-densified portion of the
second silicon oxide layer to the removing of the densified
portion of the second silicon oxide layer.

[0020] According to another embodiment, the removing of
the non-densified portion of the second silicon oxide layer
may include removing a non-densified portion of the second
silicon oxide layer by using a first etching solution, and the
removing of the densified portion of the second silicon oxide
layer may include removing a densified portion of the
second silicon nitride layer by using a second etching
solution. In an additional embodiment, the first etching
solution and the second etching solution may be the same
solution, and an etching time of the removing of the densi-
fied portion of the second silicon oxide layer may be longer
than an etching time of the removing of the non-densified
portion of the second silicon oxide layer.

[0021] According to another embodiment, each step of the
stepped structure may include: the first silicon oxide layer
formed at a lower portion thereof; and the first silicon nitride
layer formed on the first silicon oxide layer, a second silicon
nitride layer formed on a first silicon nitride layer forming a
kth step (k: a natural number greater than or equal to 2 and
smaller than or equal to n) of the stepped structure may
include, after the removing of the non-densified portion of
the second silicon nitride layer: a first sidewall facing one
side of a first silicon oxide layer forming a (k+1)th step of
the stepped structure; and a second sidewall facing the first
sidewall, each of a first sidewall and a second sidewall of a
second silicon nitride layer formed on each step of the
stepped structure may have a portion recessed in a side
direction thereof, after the removing of the non-densified
portion of the second silicon nitride layer, the recessed
portion may extend in a second direction, and the second
direction may be perpendicular to the first direction. In an
additional embodiment, second silicon nitride layers formed
on each step of the stepped structure may be formed to be
spaced apart from each other in a third direction, after the
removing of the non-densified portion of the second silicon
nitride layer, and the third direction may be perpendicular to
the first direction and the second direction.

[0022] According to another embodiment, second silicon
nitride layers formed on each step of the stepped structure
may have different densities, after the selective densifying of
the second silicon nitride layer.

[0023] According to another embodiment, second silicon
nitride layers formed on each step of the stepped structure
may have the same thickness in the first direction, after the
removing of the non-densified portion of the second silicon
nitride layer.

[0024] According to one or more embodiments, a semi-
conductor device may include: a substrate; at least one
memory cell string extending to protrude on the substrate; a
first word line connected to a first memory cell of the at least
one memory cell string; and a second word line connected
to a second memory cell of the at least one memory cell
string, wherein each of the first word line and the second
word line may include: a first conductive layer extending
toward a channel; and a second conductive layer on the first
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conductive layer, and the second conductive layers of the
first word line and the second word line may have a portion
recessed in a side direction thereof from each of both
sidewalls thereof, and a side-direction width of a center
portion of the second conductive layer may be smaller than
a side-direction width of an upper surface and a lower
surface of the second conductive layer.

[0025] According to another embodiment, a thickness of
the second conductive layer of the first word line may be
equal to a thickness of the second conductive layer of the
second word line.

[0026] According to another embodiment, the recessed
portion may have a round shape or a shape having a
predetermined curvature.

[0027] According to another embodiment, the second con-
ductive layer of the first word line and the second conductive
layer of the second word line may not overlap each other in
a direction perpendicular to the upper surface of the second
conductive layer of the first word line.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] These and/or other aspects will become apparent
and more readily appreciated from the following description
of the embodiments, taken in conjunction with the accom-
panying drawings.

[0029] FIGS. 1A, 1B and 1C schematically illustrate a
semiconductor manufacturing process in which short cir-
cuits could form as contact is made to a stepped structure.
[0030] FIGS. 2A, 2B and 2C schematically illustrate a
process of depositing and selectively etching a barrier layer
on a stepped structure of a three-dimensional (3D) semicon-
ductor device.

[0031] FIGS. 3A and 3B schematically illustrate that a
barrier layer deposited on a stepped structure can have
different thicknesses due to non-uniform plasma.

[0032] FIG. 4 is a flowchart schematically illustrating a
substrate processing method according to embodiments of
the present disclosure.

[0033] FIG. 5 schematically illustrates a substrate process-
ing method according to embodiments of the present dis-
closure.

[0034] FIGS. 6A, 6B, 6C, 6D, 6E, 6F, 6G and 6H illustrate
the result of applying a substrate processing method accord-
ing to embodiments of the present disclosure to a pattern of
a stepped structure.

[0035] FIG. 6l illustrates a method of depositing a barrier
layer for use as a landing pad.

[0036] FIG. 6] illustrates that when a via contact hole is
formed afterward, the via contact hole may be connected
through the barrier layer on the kth step to the barrier layer
on the (k-1)th step due to excessive etching.

[0037] FIG. 7A illustrates the result of applying a substrate
processing method according to embodiments of the present
disclosure when an asymmetric plasma process is not per-
formed on a barrier layer.

[0038] FIG. 7B illustrates the result of applying a substrate
processing method according to embodiments of the present
disclosure when an asymmetric plasma process is performed
on a barrier layer.

[0039] FIGS. 8,9, 10, 11, 12, 13, 14, 15, 16, 17 and 18
schematically illustrate a substrate processing method
according to embodiments of the present disclosure.
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[0040] FIG. 19 illustrates a semiconductor device formed
by a substrate processing method according to embodiments
of the present disclosure.

DETAILED DESCRIPTION

[0041] Reference will now be made in detail to embodi-
ments, examples of which are illustrated in the accompany-
ing drawings, wherein like reference numerals refer to like
elements throughout. In this regard, the present embodi-
ments may have different forms and should not be construed
as being limited to the descriptions set forth herein. Accord-
ingly, the embodiments are merely described below, by
referring to the figures, to explain aspects of the present
description. As used herein, the term “and/or” includes any
and all combinations of one or more of the associated listed
items. Expressions such as “at least one of,” when preceding
a list of elements, modify the entire list of elements and do
not modify the individual elements of the list.

[0042] Hereinafter, embodiments of the present disclosure
will be described with reference to the accompanying draw-
ings.

[0043] The embodiments of the present disclosure are

provided to more fully describe the present disclosure to
those of ordinary skill in the art, the following embodiments
may be modified in various other forms, and the scope of the
present disclosure is not limited to the following embodi-
ments. Rather, these embodiments are provided so that this
disclosure will be more thorough and complete, and will
fully convey the concept of the disclosure to those of
ordinary skill in the art.

[0044] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended
to limit the present disclosure. As used herein, the singular
forms “a”, “an”, and “the” may include plural forms unless
the context clearly indicates otherwise. Also, when used in
this specification, the terms “include (comprise)” and/or
“including (comprising)” are taken to specify the presence
of the stated shapes, numbers, steps, operations, members,
elements, and/or groups thereof and do not preclude the
presence or addition of one or more other shapes, numbers,
operations, members, elements, and/or groups thereof. As
used herein, the term “and/or” may include any and all
combinations of one or more of the associated listed items.
[0045] Although terms such as “first” and “second” are
used herein to describe various members, regions, and/or
portions, these members, components, regions, layers, and/
or portions are not limited by these terms. These terms are
not intended to mean particular orders, priorities, or supe-
riorities, and are used only to distinguish one member,
region, or portion from another member, region, or portion.
Thus, a first member, region, or portion to be described
below may refer to a second member, region, or portion
without departing from the teachings of the present disclo-
sure.

[0046] In this specification, the x axis, the y axis, and the
7 axis are not limited to three axes of the rectangular
coordinate system, and may be interpreted in a broader
sense. For example, the x axis, the y axis, and the z axis may
be perpendicular to each other, or may represent different
directions that are not perpendicular to each other.

[0047] Inthe present disclosure, “gas” may include evapo-
rated solids and/or liquids and may include a single gas or
a mixture of gases. In the present disclosure, the process gas
introduced into a reaction chamber through a showerhead
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may include a precursor gas and an additive gas. The
precursor gas and the additive gas may typically be intro-
duced as a mixed gas or may be separately introduced into
a reaction space. The precursor gas may be introduced
together with a carrier gas such as an inert gas. The additive
gas may include a dilution gas such as a reactant gas and an
inert gas. The reactant gas and the dilution gas may be
mixedly or separately introduced into the reaction space.
The precursor may include two or more precursors, and the
reactant gas may include two or more reactant gases. The
precursor may be a gas that is chemisorbed onto a substrate
and typically contains metalloid or metal elements consti-
tuting a main structure of a matrix of a dielectric film, and
the reactant gas for deposition may be a gas that reacts with
the precursor chemisorbed onto the substrate when excited
to fix an atomic layer or a monolayer on the substrate. The
term “chemisorption” may refer to chemical saturation
adsorption. A gas other than the process gas, that is, a gas
introduced without passing through the showerhead may be
used to seal the reaction space, and it may include a seal gas
such as an inert gas. In some embodiments, the term “film”
may refer to a layer that extends continuously in a direction
perpendicular to a thickness direction without substantially
having pinholes to cover an entire target or a relevant
surface, or may refer to a layer that simply covers a target or
a relevant surface. In some embodiments, the term “layer”
may refer to a structure, or a synonym of a film, or a non-film
structure having any thickness formed on a surface. The film
or layer may include a discrete single film or layer or
multiple films or layers having some characteristics, and the
boundary between adjacent films or layers may be clear or
unclear and may be set based on physical, chemical, and/or
some other characteristics, formation processes or
sequences, and/or functions or purposes of the adjacent films
or layers.

[0048] In the present disclosure, the expression “contain-
ing a Si—N bond” may be referred to as “having a main
skeleton substantially constructed by a Si—N bond or Si—N
bonds”, “having a substituent substantially constructed by a
Si—N bond or Si—N bonds”, or “being characterized by a
Si—N bond or Si—N bonds”. A silicon nitride layer may be
a dielectric layer containing a Si—N bond and may include
a silicon nitride layer (SiN) and a silicon oxynitride layer
(SiON).

[0049] In the present disclosure, the expression “same
material” should be interpreted as meaning that main con-
stituents are the same. For example, when a first layer and
a second layer are both silicon nitride layers and are formed
of the same material, the first layer may be selected from the
group consisting of Si2N, SiN, Si3N4, and Si2N3 and the
second layer may also be selected from the above group but
a particular film quality thereof may be different from that of
the first layer.

[0050] Additionally, in the present disclosure, according
as an operable range may be determined based on a regular
job, any two variables may constitute an operable range of
the variable and any indicated range may include or exclude
end points. Additionally, the values of any indicated vari-
ables may refer to exact values or approximate values
(regardless of whether they are indicated as “about™), may
include equivalents, and may refer to an average value, a
median value, a representative value, a majority value, or the
like.
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[0051] In the present disclosure where conditions and/or
structures are not specified, those of ordinary skill in the art
may easily provide these conditions and/or structures as a
matter of customary experiment in the light of the present
disclosure. In all described embodiments, any component
used in an embodiment may be replaced with any equivalent
component thereof, including those explicitly, necessarily,
or essentially described herein, for intended purposes, and in
addition, the present disclosure may be similarly applied to
devices and methods.

[0052] Hereinafter, embodiments of the present disclosure
will be described with reference to the accompanying draw-
ings. In the drawings, variations from the illustrated shapes
may be expected as a result of, for example, manufacturing
techniques and/or tolerances. Thus, the embodiments of the
present disclosure should not be construed as being limited
to the particular shapes of regions illustrated herein but may
include deviations in shapes that result, for example, from
manufacturing processes.

[0053] FIGS. 1A, 1B and 1C schematically illustrate a
semiconductor device manufacturing process (not necessar-
ily prior art) in which a stepped structure is formed and
contacted. As illustrated in FIG. 1A, insulating layers 2a, 25,
2¢, and 2d (hereinafter, collectively referred to as “2”) and
sacrificial layers 3a, 3b, 3¢, and 3d (hereinafter, collectively
referred to as “3”) are alternately stacked to form a stack
structure 1. For example, the insulating layer 2 may be a
SiO, layer, and the sacrificial layer 3 may be a SiN layer. The
insulating layer 2 insulates between gate electrodes (not
illustrated). Each of the sacrificial layers 3a, 35, 3¢ may be
connected to a gate electrode and may be replaced with a
metal or other conductive layer such as tungsten or alumi-
num in a subsequent process.

[0054] As illustrated in FIG. 1B, a stack structure of an
insulating layer 2 and a sacrificial layer 3 includes a stepped
structure such that a metal line may be connected to each
step. When a via contact hole is formed, the via contact hole
may also be connected to another sacrificial layer 3a through
a sacrificial layer 35 due to excessive etching. As illustrated
in FIG. 1C, when the sacrificial layers 3a-3¢ are replaced
with metal and the via contact holes 12 are filled with metal,
an electrical short circuit may occur between the sacrificial
layers 3a and 354, thus disabling normal device operation.
[0055] FIGS. 2A, 2B and 2C schematically illustrate a
process of depositing and selectively etching a barrier layer
on a stepped structure of a three-dimensional (3D) semicon-
ductor device.

[0056] In order to minimize the risks of short circuit from
the process in FIGS. 1A, 1B and 1C in which a via contact
hole passes through a sacrificial layer, an additional SiN
layer serving as a landing pad for a via contact hole can be
introduced, as illustrated in FIGS. 2A, 2B and 2C.

[0057] As illustrated in FIG. 2A, a barrier layer 6 is
deposited on a stepped structure 1. The barrier layer 6 may
be deposited on a side surface S, an upper surface U, and a
lower surface L of each step by using a plasma-enhanced
atomic layer deposition (PEALD) process. A plasma process
is an in-situ plasma or direct plasma process that is generated
on a substrate. The plasma process is an asymmetric, or
anisotropic, plasma process. According to the linearity of
radical and active species, a barrier layer deposited on
horizontal surfaces, such as the upper surface U and the
lower surface L, is more densified by the ion-bombardment
effect than a barrier layer deposited on vertical surfaces,
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such as the side surface S. That is, the barrier layer deposited
on the upper surface U and the lower surface L has a higher
chemical resistance than the barrier layer deposited on the
side surface S. Put another way, portions of the barrier layer
on the vertical or side surfaces S are more susceptible to
subsequent isotropic etching than portions of the barrier
layer on horizontal surfaces U and L. The barrier layer 6 may
be formed through multi-stage processes while changing
process conditions such as plasma power, frequency, or
process gas flow rate to improve selective etching and
chemical resistance.

[0058] As illustrated in FIG. 2B, the barrier layer is then
etched by an etching solution (e.g., diluted HF). Due to the
linear and anisotropic characteristics of ions during the
deposition of the barrier layer in FIG. 2A, in a wet etching
process, the barrier layer of the side surface S is removed
and despite some etching, at least part of the barrier layer of
the upper surface U and the lower surface L of the stepped
structure is left (selective etching). Thus, despite using an
isotropic etch, such as a wet etch, the sidewall portions of the
barrier are selectively removed relative to the horizontal
portions on U and L.

[0059] Thereafter, via contact holes are formed in the
stepped structure 1. Each via contact hole is connected to the
barrier layer 6 on a sacrificial layer 3 corresponding thereto.
The deposited barrier layer 6 may prevent the via contact
hole from passing through the sacrificial layer 3.

[0060] In a subsequent process, as illustrated in FIG. 2C,
the via contact hole is filled with metal to form a metal line
12. Thereafter, the sacrificial layer 3 and the barrier layer 6
are replaced with a metal, such as tungsten or aluminum, or
a conductor, such as a doped insulator or polycrystalline
silicon, to form a word line. Accordingly, a gate electrode
may be connected to the metal line 12 through a conductive
layer 13.

[0061] However, the plasma characteristics of the plasma
process used during the barrier layer deposition operation
depend on the depth from the top to the bottom of the
stepped structure, and thus, the wet etching resistance of the
barrier layer deposited on the upper surface and the lower
surface of the stepped structure varies according to the depth
thereof. Accordingly, the thickness of the barrier layer left
from the top to the bottom of the stepped structure after the
wet etching operation varies according to the depth thereof.
This thickness difference will increase as the wet etching
time increases. Also, as the number of stack structures (stack
height or depth) of the insulating layer and the sacrificial
layer increases, the wet etching resistance difference of the
barrier layer due to the non-uniform plasma characteristics
will become more severe and thus the thickness difference of
the barrier layer will become more severe. This may lead to
device malfunctions.

[0062] FIGS. 3A and 3B schematically illustrate that a
barrier layer 6 deposited on a stepped structure can have
different thicknesses due to non-uniform plasma on hori-
zontal surfaces at different depths.

[0063] FIG. 3A illustrates an operation of depositing a
barrier layer 6 (e.g., a SiN layer) on a stepped structure. In
this operation, plasma properties such as plasma density are
different according to the depth of the stepped structure. For
example, in a capacitively coupled plasma (CCP) plasma
process, the plasma properties in a region A, a region B, and
a region C are different from each other. Particularly, the
plasma density is the greatest in the region A closest to an
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electrode used in the plasma process, and is the smallest in
the region C farthest from the electrode. Accordingly, the
barrier layer deposited in the region A becomes denser than
the barrier layer deposited in the region C, and the wet
etching resistance of the barrier layer deposited in the region
A becomes greater than the wet etching resistance of the
barrier layer deposited in the region C.

[0064] Due to the difference in the wet etching resistance
of the barrier layer, after the wet etching operation, thick-
nesses t1, 12, t3, and t4 of the barrier layer left on each step
are different from each other, as illustrated in FIG. 3B.
Particularly, the barrier layer deposited in the region A where
the wet etching resistance is relatively great is relatively less
etched during the wet etching operation, and thus, the
thickness of the barrier layer left in the region A is greater
than the thickness of the barrier layer left in the regions B
and C where the wet etching resistance is relatively small
(.. 11>t2>t3>14). In this case, there is a need for a method of
minimizing or avoiding variable thickness of the barrier
layer.

[0065] The present disclosure introduces a mask layer on
a barrier layer serving as a landing pad to address the
foregoing issue. Hereinafter, substrate processing methods
according to embodiments of the present disclosure and
devices manufactured by the same will be described with
reference to FIGS. 4 to 19.

[0066] FIG. 4 is a flowchart schematically illustrating a
substrate processing method according to embodiments of
the present disclosure.

[0067] Referring to FIG. 4, first, a stepped structure is
formed (operation S1). For example, first, an insulating layer
and a sacrificial layer are alternately stacked. Then, the
stacked insulating layer and sacrificial layer are etched to
form a stepped structure having an upper surface, a lower
surface, and a side surface connecting the upper surface and
the lower surface.

[0068] Thereafter, a barrier layer is formed on the stepped
structure (operation S2). The barrier layer may be formed on
the upper surface, the lower surface, and the side surface of
the stepped structure. The barrier layer may be formed on the
stepped structure to cover the stepped structure. The barrier
layer may be formed by using an atomic layer deposition
(ALD) process, and particularly, by using a PEALD process.
In an alternative embodiment, the barrier layer may be
formed by sequential PECVD or other methods correspond-
ing thereto. The barrier layer may be an insulating layer. For
example, the barrier layer may be a SiN layer. In an
embodiment, the barrier layer may be formed as a single
layer. In an alternative embodiment, the barrier layer may
include a double layer or a composite layer having different
chemical resistances that may be formed under different
process conditions. The processes of forming the stepped
structure and the barrier layer may be performed in-situ in
the same reactor or ex-situ in different reactors.

[0069] In an alternative embodiment, a plasma post-treat-
ment operation may be performed after operation S2. The
plasma post-treatment operation may be performed by using
capacitively-coupled plasma (CCP) excited by applying RF
power to at least one of the two upper and lower electrodes
with a substrate therebetween in a reactor. In an alternative
embodiment, the plasma post-treatment operation may be
performed in-situ in the same reactor together with the
formation of the stepped structure and the barrier layer, or
may be performed ex-situ in different reactors.
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[0070] The plasma post-treatment operation may be per-
formed by using an asymmetric or anisotropic plasma pro-
cess, and the barrier layer may be selectively densified by
the asymmetric plasma process. The asymmetric plasma
process may be a concept including a process of applying
plasma to provide directionality thereto, and selective den-
sification of a thin film deposited on a stepped structure may
be achieved due to the directionality of the plasma.

[0071] For example, with respect to a stepped structure
having an upper surface, a lower surface, and a side surface
connecting the upper surface and the lower surface, the
plasma may be applied in a direction parallel to the side
surface. In this case, the barrier layer formed on horizontal
surfaces, such as the upper surface and the lower surface of
the stepped structure, located in a direction perpendicular to
the propagation direction of the plasma active species, may
be selectively densified due to the directionality of the
plasma active species. Accordingly, the wet etching resis-
tance of the barrier layer on the upper surface and the lower
surface of the stepped structure may be enhanced more than
the wet etching resistance of the barrier layer on the side
surface of the stepped structure.

[0072] Due to the mask layer formed on the upper surface
and the lower surface, as described below with respect to
operation S3, and/or due to the difference in the position-
by-position film quality of the layer formed by the asym-
metric plasma application, during the later isotropic etching
process (operation S5) using a second etching solution, the
barrier layer formed on the side surface may be etched,
while the barrier layer formed on the upper surface and the
barrier layer formed on the lower surface may not be
substantially etched (see FIG. 7B).

[0073] On the other hand, when the asymmetric plasma
process on the barrier layer is not performed, since the
barrier layer formed on the upper surface and the lower
surface is not densified, the barrier layer formed on the upper
surface and the lower surface may be excessively etched in
the later etching process on the barrier layer (corresponding
to operation S5 of FIG. 4) (see FIG. 7A).

[0074] FIG. 7A illustrates the result of applying a substrate
processing method according to embodiments of the present
disclosure when an asymmetric plasma process is not per-
formed on a barrier layer, and FIG. 7B illustrates the result
of applying a substrate processing method according to
embodiments of the present disclosure when an asymmetric
plasma process is performed on a barrier layer. Referring to
FIGS. 7A and 7B, a barrier layer 60 formed on an upper
surface and a lower surface of a stepped structure 10 of FIG.
7A may be excessively etched by an etchant, while a barrier
layer 60 formed on an upper surface and a lower surface of
a stepped structure 10 of FIG. 7B may be hardly etched.
Particularly, a side-direction width bl of a center portion of
the barrier layer 60 of FIG. 7A is smaller than a side-
direction width b2 of a center portion of the barrier layer 60
of FIG. 7B (b1<b2).

[0075] As the barrier layer formed on the upper surface
and the lower surface is etched more, the barrier layer may
not serve as a landing pad in the future. Thus, the asym-
metric plasma process may be performed on the barrier layer
such that the barrier layer located on the side surface of the
stepped structure may be etched by a second etching solu-
tion, while the barrier layer located on the upper surface and
the lower surface of the stepped structure may be hardly
etched and is not removed. Also, an etch rate of the barrier

Ex. 2009-029



US 2018/0301460 Al

layer located on the upper surface and the lower surface of
the stepped structure may be equal to or lower than a
predetermined etch rate with respect to the second etching
solution such that that the barrier layer located on the upper
surface and the lower surface of the stepped structure may
be hardly etched by the second etching solution and is not
removed.

[0076] Referring back to FIG. 4, after operation S2, a
mask layer is formed on the barrier layer (operation S3). The
mask layer may be formed on the barrier layer to cover the
barrier layer. The mask layer may be formed by using at least
one of an atomic layer deposition (ALD) process, a PEALD
process, a sequential plasma-enhanced chemical vapor
deposition (PECVD) process, and a pulsed CVD process.
The mask layer may be an insulating layer. For example, the
mask layer may be a SiO layer. In this case, an oxygen-
containing gas such as O,, O;, N,O, or NO, may be used as
a reactant. The processes of forming the stepped structure
and the mask layer may be performed in-situ in the same
reactor or ex-situ in different reactors.

[0077] In an alternative embodiment, a plasma post-treat-
ment operation may be performed after operation S3. The
plasma post-treatment operation may be performed by using
CCP excited by applying RF power to at least one of two
electrodes with a substrate therebetween in a reactor. In an
alternative embodiment, the plasma post-treatment opera-
tion may be performed in-situ in the same reactor together
with the formation of the stepped structure, the barrier layer,
and the mask layer or may be performed ex-situ in different
reactors.

[0078] The plasma post-treatment operation may be per-
formed by using an asymmetric or anisotropic plasma pro-
cess, and the mask layer may be selectively densified by the
asymmetric plasma process. The asymmetric plasma process
may be a concept including a process of applying plasma to
provide directionality thereto, and selective densification of
a mask layer deposited on a stepped structure may be
achieved due to the directionality of the plasma, as described
with respect to the barrier layer formation of operation S2.
[0079] For example, with respect to a stepped structure
having an upper surface, a lower surface, and a side surface
connecting the upper surface and the lower surface, the
plasma may be applied in a direction parallel to the side
surface. In this case, the mask layer formed on horizontal
surfaces, such as the upper surface and the lower surface of
the stepped structure, located in the direction perpendicular
to the propagation direction of the plasma active species,
may be selectively densified due to the directionality of the
plasma active species. Accordingly, the wet etching resis-
tance of the mask layer on the horizontal surfaces, such as
the upper surface and the lower surface of the stepped
structure, may be enhanced relative to the wet etching
resistance of the mask layer on the vertical surfaces, such as
the side surface of the stepped structure.

[0080] The wet etching resistance of the mask layer may
be changed by changing the process conditions of the
asymmetric plasma (e.g., plasma power, frequency, or pro-
cess gas flow rate).

[0081] Due to the difference in the position-by-position
film quality of the layer formed by the asymmetric plasma
application, the mask layer formed on the upper surface and
the mask layer formed on the lower surface may be sepa-
rated during the later isotropic etching process (operation
S4).
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[0082] Thereafter, a wet etching operation may be per-
formed on the mask layer (operation S4). The mask layer
may be removed by this operation, and the removal may be
partially performed in a selective region of the mask layer by
using an etching solution (selective etching). For example,
by performing the wet etching operation, the mask layer
formed on the side surface may be removed, while the mask
layer formed on the upper surface and the lower surface may
be left. As such, the substrate processing method according
to embodiments of the present disclosure may selectively
form a mask layer on a region of a stepped structure without
a separate additional photolithography process. Thus, such a
selective mask layer deposition operation may also be
referred to as a topological selective (TS) mask layer depo-
sition operation. When at least a portion of the mask layer is
etched by wet etching, at least a portion of the barrier layer
may be exposed to an etching solution at a position corre-
sponding thereto. Thus, blanket deposition and isotropic
etching can result in selective formation of the mask layer on
horizontal surfaces.

[0083] After the wet etching operation on the mask layer
(operation S4), an etching operation may be performed to
remove the exposed barrier layer (operation S5). In this case,
in order to etch only the exposed barrier layer without
etching the mask layer left on the upper surface and the
lower surface, the etching resistance of the mask layer may
be greater than the etching resistance of the barrier layer
with respect to the etching solution used in operation S5.
Accordingly, by performing the wet etching operation, the
barrier layer formed on the side surface may be removed,
while the mask layer and the barrier layer formed on the
upper surface and the lower surface may be left. Because the
horizontal portions of the barrier layer were densified,
relative to the vertical portions, lateral recessing of the
horizontal portions of the barrier layer underneath the mask
can be resisted despite removal of the vertical portions of the
barrier (see FIG. 7B).

[0084] Table 1 below shows a wet etch rate (WET) of a
Si0, layer and a SiN layer with respect to phosphoric acid
(H5PO,). According to Table 1, with respect to a H;PO,
solution, SiN has an about 12.4 times greater wet etch rate
than SiO,. Thus, when the barrier layer is a silicon nitride
layer and the mask layer is a silicon oxide layer, if operation
S5 is performed by using a H,PO, solution as an etching
solution, the barrier layer exposed on the side surface of the
stepped structure may be easily removed, while the mask
layer formed on the upper surface and the lower surface may
not be substantially etched and is not removed.

TABLE 1

SiO, SIN Remark

WER (A/min) 104 129.4 Etching Condition: Immersed in H;PO, at
160° C. for 30 seconds

[0085] As such, by using an etching resistance of a film
with respect to a particular chemical, it may be possible to
selectively form a barrier layer on a region of a stepped
structure without a separate additional photolithography
process. Such a selective barrier layer formation operation
may also be referred to as a topological selective (TS) barrier
layer deposition operation.

[0086] Thereafter, in order to use the barrier layer as a
landing pad, an operation of etching the mask layer left on
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the upper surface and the lower surface is performed (opera-
tion S6). In this case, in order to etch only the mask layer left
on the upper surface and the lower surface without etching
the barrier layer left on the upper surface and the lower
surface, the etching resistance of the barrier layer may be
greater than the etching resistance of the mask layer with
respect to the etching solution used in operation S6. Accord-
ingly, by performing operation S6, the left mask layer may
be selectively removed, while the barrier layer formed on the
upper surface and the lower surface may be left.

[0087] In an alternative embodiment, the etching solution
used in operation S4 and the etching solution used in
operation S6 may be solutions of the same material (e.g.,
dHF solutions). In this case, the etching solution used in
operation S4 and the etching solution used in operation S6
may have different concentrations, or the etching time of
operation S4 and the etching time of operation S6 may be
different from each other. When an asymmetric plasma
post-treatment is performed on the mask layer, since the
mask layer formed on the upper surface and the lower
surface is further densified, the concentration of the etching
solution used in operation S6 may be higher than the
concentration of the etching solution used in operation S4.
Otherwise, that is, when the concentration of the etching
solution used in operation S6 is equal to the concentration of
the etching solution used in operation S4, the etching time
of operation S6 may be longer than the etching time of
operation S4.

[0088] Meanwhile, after operation S6 is performed, the
thicknesses of the barrier layer left on each step of the
stepped structure will be equal to each other. When an
asymmetric plasma process is performed on the barrier
layer, although the barrier layer left on each step of the
stepped structure has different densities due to the depth
dependence of the asymmetric plasma process, the thick-
nesses of the barrier layer left on each step of the stepped
structure will be equal to each other. This is because the
barrier layer formed on the upper surface and the lower
surface is not exposed to the etching solution during opera-
tions S3 to S6 and thus is not etched, by forming the mask
layer on the barrier layer and performing the selective
deposition/etching process. Accordingly, unlike the process
of FIGS. 3A and 3B, the process of FIG. 4 minimizes or
avoids variability in the thicknesses of the barrier layer on
each step of the stepped structure.

[0089] FIG. 5 schematically illustrates a substrate process-
ing method according to embodiments of the present dis-
closure.

[0090] Referring to FIG. 5, a method of maintaining the
thickness of a barrier layer on a stepped structure is
described. According to the present embodiment, a mask
layer is further deposited on a barrier layer to be used as a
landing pad.

[0091] According to the present embodiment, the method
may include a first operation, a second operation, a third
operation, a fourth operation, and a fifth operation. The first
operation is a plasma pre-treatment operation, the second
operation is a barrier layer deposition operation, the third
operation is a plasma post-treatment operation, the fourth
operation is a mask layer deposition operation, and the fifth
operation is a plasma post-treatment operation. In an alter-
native embodiment, the first operation, the third operation,
and the fifth operation may be skipped and/or incorporated
into deposition operations.
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[0092] Particularly, in the first operation, a substrate
(stepped structure) is loaded into a reactor and then a plasma
pre-treatment is performed on the substrate (stepped struc-
ture). The plasma pre-treatment activates a reaction gas by
plasma by supplying only the reaction gas without supplying
a source gas. During one cycle of the first operation, the
reaction gas may be supplied (t0 to t2) and then the plasma
may be applied with the reactive gas supplied (11 to t2). The
ion-bombardment effect of the activated reaction gas
increases the wet etching resistance of a target film. In this
case, the wet etching resistance of the upper and lower
portions of the stepped structure may be increased. As such,
by performing the plasma pre-treatment on the stepped
structure before the barrier layer deposition operation, it may
be possible to avoid over-etching the upper and lower
portions of the stepped structure during the later etching
operation (e.g., operation S5 of FIG. 4). As illustrated in
FIG. 5, a cycle of reactive gas supply (t0 to t2)/plasma
application (t1 to t2)/purge (t2 to t3) may be repeated a
plurality of times (e.g., “m” times) to adjust the density of
the stepped structure.

[0093] The second operation is an operation of depositing
a barrier layer on the substrate (i.e., on the stepped struc-
ture). The second operation is a PEALD thin film deposition
operation. As illustrated in FIG. 5, a basic PEALD cycle of
source supply (13 to t4)/purge (14 to t5)/reactant supply (t5
to t7)/RF plasma (t6 to t7)/purge (17 to t8) may be repeated
several times (e.g., “n” times) to form a barrier layer of a
desired thickness.

[0094] In the present embodiment, the source gas may be
a precursor including Si, and more particularly, a precursor
including an aminosilane group. A gas including nitrogen
may be used as an example of the reactant. For example, the
reaction gas may be N,, NH;, or NH,*. However, the source
gas and the reactant used herein are not limited thereto. TSA,
(SiH,);N; DSO, (SiH;),; DSMA, (SiH;),NMe; DSEA,
(SiH,),NEt; DSIPA, (SiH,),N(iPr); DSTBA, (SiH,),N
(tBu); DEAS, SiH,NEt,; DIPAS, SiH,N(iPr),; DTBAS,
SiH;N(tBu),; BDEAS, SiH,(NEt,),; BDMAS, SiH,(NMe,)
»; BTBAS, SiH,(NHtBu),; BITS, SiH,(NHSiMe,),; TEOS,
Si(OEt),; SiCl,; HCD, Si,Clg; 3DMAS, SiH(N(Me),)s;
BEMAS, SiH,[N(Et)(Me)],; AHEAD, Si,(NHEt),; TEAS,
Si(NHEt),; Si,Hy, or the like may be used as a Si source, or
a combination thereof may be used to supply the Si source.
In the present disclosure, the reactant may be a nitrogen gas
containing hydrogen, and NH,* or the like may be used in
addition to the above-described ammonia (NH;). Ar may be
used as a purge gas.

[0095] After the second operation is repeated several times
to deposit a barrier layer of a desired thickness, a plasma
post-treatment using an Ar gas may be performed during the
third operation. During one cycle of the third operation, the
Ar gas may be supplied (t8 to t10) and then the plasma may
be applied with the Ar gas supplied (19 to t10). This cycle
may be performed a plurality of times (e.g., “a” times).
During the third operation, the ion-bombardment effect by
Ar ions in the plasma may be achieved.

[0096] In an alternative embodiment, the plasma post-
treatment operation may be performed by using an asym-
metric or anisotropic plasma process. For example, with
respect to a stepped structure having an upper surface, a
lower surface, and a side surface connecting the upper
surface and the lower surface, the plasma may be applied in
a direction parallel to the side surface. In this case, since the
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Ar ion has directivity (linearity), the ion-bombardment
effect of the barrier layer formed on the upper surface and
the lower surface of the step structure (e.g., the stepped
structure) is great and the ion-bombardment effect of the
barrier layer formed on the side surface is small. Thus, the
barrier layer deposited on the sidewall by the plasma post-
treatment is less dense than the barrier layer formed on the
upper and lower portions of the stepped structure, and the
WER thereof becomes relatively high.

[0097] The fourth operation is an operation of depositing
a mask layer on the barrier layer. The fourth operation is a
PEALD thin film deposition operation. As illustrated in FIG.
5, a basic PEALD cycle of source supply (t10 to t11)/purge
(t11 to t12)/reactant supply (t12 to t14)/RF plasma (113 to
t14)/purge (114 to t15) may be repeated several times (e.g.,
“b” times) to form a mask layer of a desired thickness.
[0098] In the present embodiment, the source gas may be
a precursor including Si, and more particularly, a precursor
including an aminosilane group. A gas including oxygen
may be used as an example of the reactant. For example, the
reaction gas may be O,, O,, N,O, or NO,. However, the
source gas and the reactant used herein are not limited
thereto.

[0099] After the fourth operation is repeated several times
to deposit a mask layer of a desired thickness, a plasma
post-treatment using an Ar gas may be performed during the
fifth operation. During one cycle of the fifth operation, the
Ar gas may be supplied (t15 to t17) and then the plasma may
be applied with the Ar gas supplied (t16 to t17). This cycle
may be performed a plurality of times (e.g., “c” times).
During the fifth operation, the ion-bombardment effect by Ar
ions in the plasma may be achieved.

[0100] In alternative embodiment, the process conditions
(e.g., plasma power, frequency, or process gas flow rate) of
the asymmetric plasma on the mask layer may be different
from the process conditions of the asymmetric plasma on the
barrier layer.

[0101] As such, according to embodiments of the present
disclosure, a mask layer deposition operation may be per-
formed such that portions of the barrier layer formed on the
upper surface and the lower surface may be protected from
a subsequent etching process and the thickness thereof may
be maintained. Accordingly, it may be possible to minimize
or avoid variation in the thicknesses of the barrier layer on
each step of the stepped structure in the subsequent etching
process due to the density difference in the barrier layer
formed on each step of the stepped structure.

[0102] FIGS. 6A, 6B, 6C, 6D, 6E, 6F, 6G to 6H illustrate
the result of applying a substrate processing method accord-
ing to embodiments of the present disclosure to a pattern of
a stepped structure.

[0103] As illustrated in FIG. 6A, a stepped structure may
be a stepped structure 10 in which insulating layers 20a, 205,
and 20c¢ (hereinafter, collectively referred to as “20”) and
sacrificial layers 30q, 305, and 30c (hereinafter, collectively
referred to as “30”) are alternately stacked in the first
direction (e.g., the z-axis direction). The stepped structure
10 may be formed by stacking n (n: a natural number greater
than or equal to 2) insulating layers 20 and n sacrificial
layers 30 alternately a plurality of times and then staircase-
etching the stacked insulating layers 20 and sacrificial layers
30 (corresponding to operation S1 of FIG. 4). In this case,
the stepped structure may be an n-story stepped structure.
Each step of the stepped structure may include an insulating
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layer 20 formed at a lower portion thereof and a sacrificial
layer 30 formed on the insulating layer 20. The stepped
structure 10 has an upper surface U, a lower surface L, and
a side surface S connecting the upper surface U and the
lower surface L.

[0104] In an alternative embodiment, the insulating layer
20 may be a silicon oxide layer (Si0O,), and the sacrificial
layer 30 may be a silicon nitride layer (SiN).

[0105] Referring to FIG. 6B, a barrier layer 60 is deposited
on the stepped structure 10 (corresponding to operation S2
of FIG. 4). The barrier layer 60 may be formed by using an
atomic layer deposition (ALD) process, and particularly, by
using a PEALD process.

[0106] The barrier layer 60 may be a layer of the same
material as the sacrificial layer 30. For example, when the
sacrificial layer 30 is a silicon nitride layer, the barrier layer
60 may also be a silicon nitride layer.

[0107] Thereafter, as illustrated in FIG. 6C, a plasma
post-treatment operation may be performed on the barrier
layer 60. The plasma post-treatment operation may be
performed by using CCP excited by applying RF power to
at least one of two electrodes with a substrate therebetween
in a reactor. In an embodiment, the plasma post-treatment
operation may be performed in-situ in the same reactor
together with the formation of the insulating layer 20 and the
sacrificial layer 30, or may be performed ex-situ in different
reactors.

[0108] In an embodiment, the plasma post-treatment
operation may include selectively densifying at least a
portion of the barrier layer located on the upper surface and
the lower surface. Particularly, as described above with
reference to FIGS. 7A and 7B, since the mask layer is
selectively etched and then the barrier layer is exposed to the
etching solution, the barrier layer located on the upper
surface and the lower surface may be selectively densified
and prevented from being etched.

[0109] In another embodiment, a gas including the con-
stituents of the barrier layer may be used during the asym-
metric plasma process. For example, when the barrier layer
is a silicon nitride layer, a gas (e.g., nitrogen) including the
constituents of the barrier layer may be activated to generate
active species during the asymmetric plasma process. Due to
the directionality of nitrogen plasma, the nitrogen plasma
may be applied to the barrier layer (silicon nitride layer)
formed on the upper surface and the lower surface of the
stepped structure. Thus, the nitrogen component as the
constituent of the barrier layer may increase and thus a
nitrogen-rich silicon nitride layer may be formed.

[0110] In the illustrated embodiment, the plasma may be
applied to the stepped structure 10 in a direction parallel to
the side surface S. In this case, due to the directivity
(linearity) of Ar ions, the film quality of the barrier layer 60
formed on horizontal surfaces, such as the upper surface U
and the lower surface [, may be different from the film
quality of the barrier layer 60 formed on vertical surfaces,
such as the side surface S. That is, since the ion-bombard-
ment effect is concentrated on the upper surface U and the
lower surface L and the ion-bombardment effect is relatively
small on the barrier layer formed on the side surface S, the
position-by-position film qualities may be different from
each other. Accordingly, the wet etching resistance of the
barrier layer 60 formed on the upper surface U and the lower
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surface L. may be increased and the barrier layer 60 on the
side surface S may be first etched during the subsequent wet
etching operation.

[0111] In this case, as described above, since the plasma
characteristic depends on the depth thereof, the film quality
of'the barrier layer 60 formed on the upper surface U and the
lower surface L of the stepped structure may vary according
to the depth thereof. For example, the barrier layer 60
formed on the first layer of the stepped structure 10 receives
less ion-bombardment effect than the barrier layer 60 formed
on the nth step of the stepped structure 10, the density of the
barrier layer 60 formed on the first step of the stepped
structure 10 will be lower than the density of the barrier
layer 60 formed on the nth layer of the stepped structure 10.
As such, after the plasma post-treatment operation on the
barrier layer 60, the barrier layer 60 formed on each step of
the stepped structure 10 may have different densities.
[0112] Next, referring to FIG. 6D, a mask layer 70 is
formed on the barrier layer 60 (corresponding to operation
S3 of FIG. 4). The mask layer 70 may be formed by using
an ALD process, and particularly, by using a PEALD
process. The mask layer 70 may be a layer of the same
material as the insulating layer 20. For example, when the
insulating layer 20 is a silicon oxide layer, the mask layer 70
may also be a silicon oxide layer. The processes of forming
the barrier layer 60 and the mask layer 70 may be performed
in-situ in the same reactor or ex-situ in different reactors.
[0113] Thereafter, as illustrated in FIG. 6E, a plasma
post-treatment operation may be performed thereon. In the
present embodiment, the plasma may be applied to the
stepped structure 10 in a direction parallel to the side surface
S. In this case, due to the directivity (linearity) of Ar ions,
the film quality of the mask layer 70 formed on horizontal
surfaces, such as the upper surface U and the lower surface
L, may be different from the film quality of the mask layer
70 formed on vertical surfaces, such as the side surface S.
That is, since the ion-bombardment effect is concentrated on
the upper surface U and the lower surface L. and the
ion-bombardment effect is relatively small on the mask layer
70 formed on the side surface S, the position-by-position
film qualities may be different from each other. Accordingly,
the wet etching resistance of the mask layer 70 formed on
the upper surface U and the lower surface . may be
increased and the mask layer 70 on the side surface S may
be first etched during the subsequent wet etching operation.
[0114] Then, by using the first etching solution, at least a
portion of the mask layer 70 is etched to expose at least a
portion of the barrier layer 60 (corresponding to operation
S4 of FIG. 4). More particularly, as illustrated in FIG. 6F, a
portion of the mask layer 70 that is not densified during the
asymmetric plasma post-treatment operation, that is, the
mask layer 70 formed on the side surface S may be etched
and thus the barrier layer 60 located on the side surface S
may be exposed. In this case, the mask layer 70 on the upper
surface U and the lower surface L will be left.

[0115] In an alternative embodiment, when the mask layer
70 is a silicon oxide layer, the first etching solution may be
a diluted HF (dHF) solution. The concentration of the dHF
solution may be, for example, HF:DIW=1:100.

[0116] Thereafter, the exposed barrier layer is etched by
using the second etching solution (corresponding to opera-
tion S5 of FIG. 4). More particularly, as illustrated in FIG.
6G, an exposed portion of the barrier layer 60, that is, the
barrier layer 60 formed on the side surface S may be etched
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by using the mask layer 70 as an etch mask. In this case, the
barrier layer 60 on the upper surface U and the lower surface
L will be left because it is not exposed to the second etching
solution due to the mask layer 70.

[0117] In an alternative embodiment, when the barrier
layer 60 is a silicon nitride layer, the second etching solution
may be a H;PO, solution.

[0118] Meanwhile, since a process of etching the barrier
layer 60 is an isotropic etching process using the mask layer
70 as an etch mask, the sidewalls of the barrier layer 60 on
the upper surface U and the lower surface L. may be recessed
in a horizontal direction parallel to the lower surface of the
mask layer 70, in comparison with the above sidewall (see
80 of FIG. 6G). Accordingly, the barrier layer 60 left on the
upper surface and the lower surface will have a width
smaller than a width Wm of the mask layer 70 left on the
upper surface and the lower surface. More details thereof
will be described below with reference to FIG. 6H.

[0119] In an embodiment, as described above with refer-
ence to FIG. 5, when a plasma pre-treatment is performed on
the stepped structure 10 before the deposition of the barrier
layer 60, the upper surface U and the lower surface L of the
stepped structure may be densified. Accordingly, the sacri-
ficial layer 30 of the stepped structure 10 may not be
over-etched during the etching of the barrier layer 60.
[0120] Then, the remaining portions of the mask layer are
etched by using a third etching solution (corresponding to
operation S6 of FIG. 4). Particularly, the densified mask
layer, that is, the mask layer 70 on the upper surface U and
the lower surface L is etched by using the third etching
solution.

[0121] In an embodiment, when the mask layer 70 is a
silicon oxide layer, the third etching solution may be a
diluted HF (dHF) solution. In an additional embodiment,
since the mask layer 70 on the upper surface U and the lower
surface L has a higher wet etching resistance than the mask
layer 70 on the side surface S, the third etching solution may
be a dHF solution having a higher concentration than the
first etching solution. For example, when the first etching
solution is a dHF solution having a concentration of, for
example, HF:DIW=1:100, the third etching solution may be
a dHF solution having a concentration of HF:DIW>1:100. In
another additional embodiment, the first etching solution
and the third etching solution may be etching solutions of the
same concentration, and in this case, the etching time of an
etching process using the third etching solution (i.e., opera-
tion S6 of FIG. 4) may be longer than the etching time of an
etching process using the first etching solution (i.e., opera-
tion S4 of FIG. 4).

[0122] When the operation of etching the remaining por-
tions of the mask layer by using the third etching solution
(corresponding to operation S6 of FIG. 4) is performed, the
stepped structure has only the barrier layer 60 left on the
upper surface and the lower surface, as illustrated in FIG.
6H.

[0123] As described above, since the operation of etching
the barrier layer 60 (corresponding to operation S5 of FIG.
4) is an isotropic etching process, the sidewalls of the barrier
layer 60 on the upper surface U and the lower surface L. may
be recessed due to the mask layer 70.

[0124] Particularly, after operation S5 of FIG. 4 is per-
formed, a barrier layer 60(%) formed on the sacrificial layer
305 forming the kth step (k: a natural number greater than
or equal to 2 and smaller than or equal to n) of the stepped
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structure may include a first sidewall w1 facing one side of
the sacrificial layer 30¢ forming the (k+1)th step of the
stepped structure, and a second sidewall w2 facing the first
sidewall w1. Due to the isotropic process described above,
each of the first sidewall w1 and the second sidewall w2 of
the barrier layer 60(k) may have a portion recessed in the
side direction (e.g., the y-axis direction) parallel to the upper
surface of the barrier layer 60(k). The recessed portion may
have a round shape or a shape having a predetermined
curvature. Also, a side-direction (e.g., y-axis direction)
width “b” of the center portion of the barrier layer 60(%) may
be smaller than a side-direction width “a” of the upper
surface and a side-direction width “c” of the lower surface
of the barrier layer 60(%). The recessed portion of the first
sidewall w1 and the second sidewall w2 may extend in the
second direction (e.g., the x-axis direction).

[0125] Thus, when a conductive word line structure is
formed corresponding to a space from which the sacrificial
layer 30 and the barrier layer 60 are removed, each of both
sidewalls of a second conductive layer (corresponding to the
barrier layer 60) of the conductive word line structure, and
the side-direction width of a center portion of the second
conductive layer may be smaller than the side-direction
width of an upper surface and a lower surface of the second
conductive layer.

[0126] Also, as described above, since the barrier layer
formed on the upper surface and the lower surface is not
exposed to the etching solution during operations S3 to S6
of FIG. 4, the thickness of the barrier layer located on the
upper surface and the lower surface of the stepped structure
may be uniform. Accordingly, the barrier layer formed on
each step of the stepped structure may have the same
thickness in the first direction (e.g., the z-axis direction). For
example, in FIG. 6H, the barrier layers formed on the
(k=1)th step to the (k+1)th step may have the same thickness
(ie., t,_,=t,=t,, ). Even when the number of stack structures
of the insulating layers and the sacrificial layers increases,
that is, even when “n” increases, the barrier layer formed on
each step according to embodiments of the present disclo-
sure may have the same thickness.

[0127] However, according to an alternative embodiment,
when an asymmetric plasma process is performed on the
barrier layer (corresponding to the third operation of FIG. 5),
the barrier layer formed on each step of the stepped structure
may have different densities due to the depth-dependence of
the asymmetric plasma process. For example, a barrier layer
60(%4+1) formed on the (k+1)th step and a barrier layer
60(4-1) formed on the (k-1)th step may have different
densities.

[0128] Also, the barrier layers formed on the respective
steps of the stepped structure may be spaced apart from each
other in the third direction (e.g., the y-axis direction). For
example, referring to FIG. 6H, the barrier layer 60(k+1)
formed on the (k+1)th step and the barrier layer 60(k)
formed on the kth step may be spaced apart from each other
in the y-axis direction and a distance therebetween may be
d,. Also, the barrier layer 60(%) formed on the kth step and
the barrier layer 60(k-1) formed on the (k-1)th step may be
spaced apart from each other in the y-axis direction and a
distance therebetween may be d,. The distances d, and d,
may be equal to each other.

[0129] In a related-art technique (not necessarily prior art)
of depositing a barrier layer for use as a landing pad, as
illustrated in FIG. 61, since the density of a barrier layer on
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the interface between the upper surface U and the side
surface S and a barrier layer on the interface between the
lower surface L and the side surface S is between the density
of a barrier layer deposited on the upper surface U and the
density of a barrier layer deposited on the side surface, after
wet etching is performed on the barrier layer, a partially-left
inclined protrusion (overhang) 9 is left (see Korean Patent
Application No. 10-2017-0084986). Accordingly, the barrier
layers left on the respective steps are not spaced apart from
each other in the y-axis direction. That is, the barrier layers
left on the respective steps may be arranged overlapping
each other in the z-axis direction. Accordingly, as illustrated
in FIG. 6], when a via contact hole is formed afterward, the
via contact hole may be connected through the barrier layer
on the kth step to the barrier layer on the (k-1)th step due
to excessive etching.

[0130] However, according to embodiments of the present
disclosure, since the barrier layers formed on the respective
steps may be spaced apart from each other, when a via
contact hole is formed afterward, the via contact hole may
be prevented from being connected through a barrier layer
(e.g., 60(k)) to another barrier layer (e.g., 60(k=1)) due to
excessive etching.

[0131] FIGS. 8,9, 10, 11, 12, 13, 14, 15, 16, 17 and 18
schematically illustrate a substrate processing method
according to embodiments of the present disclosure.
[0132] Referring to FIG. 8, a stack structure including first
insulating layers 210a, 2105, 210¢, and 2104 (hereinafter,
collectively referred to as “210”) and first sacrificial layers
220a, 220b, 220c, and 220d (hereinafter, collectively
referred to as “220”) is alternately stacked a plurality of
times on a substrate 200. For example, the first insulating
layer 210 may be a first silicon oxide layer, and the first
sacrificial layer 220 may be a first silicon nitride layer.
However, the present disclosure is not limited thereto, and
the first insulating layer 210 and the first sacrificial layer 220
may be formed of any materials having different etch
selectivities.

[0133] Thereafter, the first insulating layer 210 and the
first sacrificial layer 220 are etched to form channel holes,
and a process for forming at least some of the components
of'a memory cell string (MCS of FIG. 19) into the channel
holes is performed. The memory cell string may include
components such as a channel, a gate conductive layer, and
a gate insulating layer.

[0134] The process for forming the components of the
memory cell string may be performed by directly forming at
least some of a channel, a gate conductive layer, and a gate
insulating layer, may be performed by forming a sacrificial
layer into a channel hole such that a channel, a gate
conductive layer, and a gate insulating layer may be formed
in a subsequent process, or may be performed by a combi-
nation thereof.

[0135] Then, the stack structure is etched to form a
stepped structure having an upper surface, a lower surface,
and a side surface connecting the upper surface and the
lower surface. For example, as illustrated in FIG. 9, one end
of the stacked structure including the first insulating layer
210 and the first sacrificial layer 220 is etched to form a
stepped structure. The stepped structure may be formed by,
for example, reactive ion etching and resist slimming.
[0136] Since the stepped structure is formed in the shape
of a step, the stepped structure has an upper surface, a lower
surface, and a side connecting the upper surface and the
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lower surface. For example, the stepped structure may
include at least one step ST, and one step ST may include an
upper surface U on the first sacrificial layer 2205, a lower
surface L on the first sacrificial layer 2204, and a side surface
S connecting the upper surface U and the lower surface L.
[0137] Referring to FIG. 10, at least one layer is formed on
the stepped structure. The at least one layer may be an
insulating layer, and the insulating layer may be formed
through the PEALD process according to the above embodi-
ments. In this case, a second sacrificial layer 230 may be
formed on the stepped structure.

[0138] Inan embodiment, the first sacrificial layer 220 and
the second sacrificial layer 230 may be layers of the same
material. For example, when the first sacrificial layer 220 is
a silicon nitride layer, the second sacrificial layer 230 may
also be a silicon nitride layer (i.e., a second silicon nitride
layer).

[0139] Thereafter, a process of densifying the second
sacrificial layer 230, that is, a plasma post-treatment opera-
tion may be performed. The plasma post-treatment operation
may be performed by using an inert gas such as argon and/or
a gas including the constituent of the second sacrificial layer
(e.g., nitrogen when the second sacrificial layer 230 is a
silicon nitride layer).

[0140] The plasma post-treatment operation may be per-
formed by using an asymmetric plasma process. Due to the
directionality of the plasma ions of the asymmetric plasma
process, only the portions of the second sacrificial layer 230
formed on the upper surface U and the lower surface L of the
step may be densified.

[0141] Next, referring to FIG. 11, another layer is formed
on the second sacrificial layer 230. The other layer may be
an insulating layer and may be formed through the PEALD
process according to the above embodiments. In this case, a
second insulating layer 240 may be formed on the second
sacrificial layer 230.

[0142] Inanembodiment, the first insulating layer 210 and
the second insulating layer 240 may be layers of the same
material. For example, when the first insulating layer 210 is
a first silicon oxide layer, the second insulating layer 240
may be a second silicon oxide layer.

[0143] Thereafter, a process of densifying the second
insulating layer 240, that is, a plasma post-treatment opera-
tion may be performed. The plasma post-treatment operation
may be performed by using an inert gas such as argon and/or
a gas including the constituent of the second insulating layer.
[0144] The plasma post-treatment operation may be per-
formed by using an asymmetric plasma process. Due to the
directionality of the plasma ions of the asymmetric plasma
process, only the portions of the second insulating layer 240
formed on the upper surface U and the lower surface L of the
stepped structure may be densified.

[0145] Referring to FIG. 12, an operation of etching at
least a portion of the second insulating layer 240 is per-
formed. The etching may be isotropic etching. More par-
ticularly, the etching operation may be performed by using
a wet etching process and may be performed by using, for
example, phosphoric acid or hydrofluoric acid.

[0146] Due to the asymmetric plasma post-treatment pro-
cess, during the etching operation, the etch rate on the
second insulating layer 240 on the side surface S of one step
is higher than the etch rate on the second insulating layer 240
on the upper surface U and the lower surface L of the step.
Thus, only the second insulating layer 240 on the side
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surface S may be removed, and the second insulating layer
240 on the upper surface U and the lower surface L. may be
left. As such, only the portion of the second insulation layer
240 that is not densified during the asymmetric plasma
post-treatment process may be removed.

[0147] Referring to FIG. 13, an operation of etching at
least a portion of the second sacrificial layer 230 is per-
formed. The etching may be isotropic etching. More par-
ticularly, the etching operation may be performed by using
a wet etching process and may be performed by using, for
example, phosphoric acid or hydrofluoric acid. Due to the
second insulating layer 240 left on the upper surface U and
the lower surface L of the stepped structure, only the second
sacrificial layer 230 on the side surface S may be removed
and the second sacrificial layer 230 on the upper surface U
and the lower surface L. may be left. Also, during the
isotropic etching, due to the second insulating layer 240 left
on the upper surface U and the lower surface L of the
stepped structure, the second sacrificial layer 230 having a
width smaller than the width of the second insulating layer
240 left on the upper surface U and the lower surface L of
the stepped structure may be formed.

[0148] Referring to FIG. 14, an operation of etching the
second insulating layer 240 left on the upper surface U and
the lower surface L of the stepped structure is performed. As
such, only the portion of the second insulation layer 240 that
is densified during the asymmetric plasma post-treatment
process may be removed.

[0149] During the operations of FIGS. 11, 12, 13 and 14,
the densified portion of the second sacrificial layer 230, that
is, the second sacrificial layer 230 formed on the upper
surface U and the lower surface L may not be etched and
thus the thickness thereof may be maintained. For example,
when the thickness of the second sacrificial layer 230
deposited in the process of FIG. 10 is “h”, the thickness of
the second sacrificial layer 230 left on each step of the
stepped structure may also be “h”. That is, in the case of
FIG. 14, h11=h22=h33=h44=h55=h may be satisfied. This
has a technical meaning in that it may be possible to
minimize or avoid variation in the thicknesses of the second
sacrificial layers on the respective steps of the stepped
structure.

[0150] Referring to FIG. 15, an inter-layer insulating layer
250 is formed on a sacrificial word line structure including
a first sacrificial layer (220 of FIG. 15) and a second
sacrificial layer (230 of FIG. 15). The inter-layer insulating
layer 250 may be formed of the same material as the first
insulating layer 210 of the stepped structure. For example,
the first sacrificial layer 220 of the stepped structure may be
a silicon nitride layer, the first insulating layer 210 of the
stepped structure may be a silicon oxide layer, and the
inter-layer insulating layer 250 may be a silicon oxide layer.
[0151] Referring to FIG. 16, on the upper surface of the
inter-layer insulating layer 250, via contacts 260 connected
to at least a portion of the second sacrificial layer 230 are
formed through patterning. In an alternative embodiment,
via contacts 260 may be formed after the first sacrificial
layer 220 and the second sacrificial layer 230 are etched to
form a conductive word line structure.

[0152] Referring to FIG. 17, the first sacrificial layer 220
and the second sacrificial layer 230 are etched to expose a
channel (not illustrated), the first insulating layer 210, the
inter-layer insulating layer 250, and the via contacts 260.
Accordingly, the sacrificial word line structure may be
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removed. In an alternative embodiment, during the sacrifi-
cial layer etching operation, a second sacrificial layer (230'
of FIG. 16) formed on the substrate 200 may also be
simultaneously removed and thus a portion of the upper
surface of the substrate 200 may be exposed.

[0153] Referring to FIG. 18, a conductive word line struc-
ture WL is formed through the exposed space. The conduc-
tive word line structure WL may be formed to correspond to
a space from which the sacrificial word line structure is
removed. The conductive word line structure WL may be
tungsten and may include at least one or a combination of
various conductive materials such as copper and polysilicon.
[0154] The conductive word line structure WL thus
formed may include the following configuration.

[0155] A first conductive layer C1 (corresponding to the
first sacrificial layer (220 of FIG. 16)) extending toward
the channel)

[0156] A second conductive layer C2 (corresponding to
the second sacrificial layer (230 of FIG. 16)) located on
one end of the first conductive layer)

[0157] In other words, the first conductive layer C1 and
the second conductive layer C2 included in the conductive
word line structure WL are caused by the layers (i.e.,
sacrificial layers) formed through different processes.
[0158] As described above with reference to FIGS. 6H and
14, according to embodiments of the present disclosure,
since the second insulating layer is additionally deposited,
the second sacrificial layer located on the upper surface and
the lower surface of the stepped structure may not be etched
during the etching process. Thus, the thicknesses of the
second sacrificial layers left on the respective steps of the
stepped structure may be equal to each other. Accordingly,
as illustrated in FIG. 18, the second conductive layers C2 of
the conductive word line structures WL may have the same
thickness (i.e., h11'=h22'=h33'=h44'=h55"). Also, as
described above, since the second sacrificial layer on the
side surface of the stepped structure is isotropically etched
by using the second insulating layer as an etch mask, a recess
region may be formed in the second sacrificial layer existing
on the upper surface and the lower surface of the stepped
structure. Accordingly, the second conductive layer C2 of
the conductive word line structures WL may also have
portions recessed in the side direction from both sidewalls
thereof. That is, each of both sidewalls of the second
conductive layer C2 may have a portion recessed from the
sidewall toward the other sidewall. The recessed portion
may have a round shape or a shape having a predetermined
curvature. Accordingly, the side-direction (y-axis direction)
width of the center portion of the second conductive layer
C2 may be smaller than the side-direction width of the upper
surface and the lower surface of the second conductive layer
C2.

[0159] Also, as described above with reference to FIGS.
6H and 14, the second sacrificial layers formed on the
respective steps of the stepped structure may be spaced apart
from each other in the third direction (e.g., the y-axis
direction). Accordingly, as illustrated in FIG. 18, the respec-
tive second conductive layers C2 of the conductive word
line structures WL may also be formed spaced apart from
each other. Particularly, the second conductive layers C2
may be formed spaced apart from each other in all directions
including the third direction (the y-axis direction). Accord-
ingly, a second conductive layer C2 may not be located on
a vertical extension line from the upper surface of another
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second conductive layer C2. As described above with ref-
erence to FIGS. 61 and 6J, this has a technical meaning in
that it may be possible to minimize or avoid the risk of
shorting that may otherwise be present from the via contact
hole connecting through a second conductive layer to
another second conductive layer due to the excessive etch-
ing.

[0160] FIG. 19 is a circuit diagram of a semiconductor
device according to an embodiment of the present disclo-
sure. The semiconductor device may be formed by the
substrate processing method according to the above embodi-
ments. Hereinafter, redundant descriptions between the
embodiments will be omitted for conciseness.

[0161] Referring to FIG. 19, a semiconductor memory
device may include a substrate 200, a memory cell string
MCS, a first word line WL1, a second word line WL2, a third
word line WL3, and a fourth word line WL4.

[0162] The memory cell string MCS may have a structure
protruding and extending on the substrate 200. The memory
cell string MCS may include a plurality of memory cells.
Although only four memory cells are illustrated in FIG. 19,
one memory cell string MCS may include fewer or more
memory cells as necessary.

[0163] The first word line WL1 may be connected to the
first memory cell MC1. For example, the first word line
WL1 may be formed to extend toward the channel of the first
memory cell MC1. Likewise, the second to fourth word lines
WL2 to WL4 may be connected to the second to fourth
memory cells MC2 to MC4 respectively, and the second to
fourth word lines WL2 to WL4 may be formed to extend
toward the channels of the second to fourth memory cells
MC2 to MC4 respectively.

[0164] At least two of the first to fourth word lines WL1
to WL4 may include the word line structure formed through
the operation illustrated in FIG. 18. For example, the first
word line WL1 and the second word line WL2 may include
the word line structure formed through the operation illus-
trated in FIG. 18. In this case, the first word line WL1 may
include a first conductive layer C11 extending toward the
channel and a second conductive layer C21 on the first
conductive layer C11. The second word line WL2 may
include a first conductive layer C12 extending toward the
channel and a second conductive layer C22 on the first
conductive layer C12. A thickness t11 of the second con-
ductive layer C21 of the first word line WL1 may be equal
to a thickness 112 of the second conductive layer C22 of the
second word line WL2. Also, as illustrated in FIG. 19, each
of the second conductive layer C21 of the first word line
WL1 and the second conductive layer C22 of the second
word line WL2 may have a portion recessed in the side
direction from each of both sidewalls thereof such that the
side-direction width of the center portion thereof may be
smaller than the side-direction width of the upper surface
and the lower surface thereof. The recessed portion may
have a round shape or a shape having a predetermined
curvature. As described above, this is because the second
sacrificial layer on the side surface S of the stepped structure
is isotropically etched by using the second insulating layer
as an etch mask. Also, the second conductive layer C21 of
the first word line WL1 and the second conductive layer C22
of the second word line WL.2 may not overlap each other in
the direction (the z-axis direction) perpendicular to the upper
surface of the second conductive layer C21 of the first word
line WL1.
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[0165] The substrate processing method according to the
embodiments of the present disclosure may minimize the
exposure of the barrier layer to the etching solution by
additionally depositing the insulating layer on the barrier
layer and may maintain the thickness of the barrier layer
deposited from the top to the bottom of the stepped structure.
As such, the substrate processing method according to the
embodiments of the present disclosure may prevent the
thickness of the landing pads deposited on each step from
becoming non-uniform in the process of selectively depos-
iting the landing pad on the stepped structure. Accordingly,
it may be possible to reduce the risk of shorting when the
sacrificial layer of the stepped structure is replaced with a
metal layer.

[0166] It is to be understood that the shape of each portion
in the accompanying drawings is illustrative for a clear
understanding of the present disclosure. It should be noted
that the present disclosure may be modified into various
shapes other than the illustrated shapes. Like reference
numerals in the drawings may refer to like elements.
[0167] It will be apparent to those of ordinary skill in the
art that the present disclosure is not limited to the above
embodiments and the accompanying drawings and various
substitutions, modifications, and alterations may be made
therein without departing from the spirit and scope of the
present disclosure.

[0168] It should be understood that embodiments
described herein should be considered in a descriptive sense
only and not for purposes of limitation. Descriptions of
features or aspects within each embodiment should typically
be considered as available for other similar features or
aspects in other embodiments.

[0169] While one or more embodiments have been
described with reference to the figures, it will be understood
by those of ordinary skill in the art that various changes in
form and details may be made therein without departing
from the spirit and scope of the disclosure as defined by the
following claims.

What is claimed is:

1. A substrate processing method comprising:

stacking a stack structure comprising an insulating layer

and a sacrificial layer a plurality of times;
etching the stack structure to form a structure having an
upper surface, a lower surface, and a side surface
connecting the upper surface and the lower surface;

forming a barrier layer on the structure to cover the
structure;

forming a mask layer on the barrier layer to cover the

barrier layer;

exposing at least a portion of the barrier layer by etching

at least a portion of the mask layer;

etching the exposed barrier layer; and

etching the mask layer.

2. The substrate processing method of claim 1, wherein a
thickness of the barrier layer located on the upper surface
and the lower surface of the structure is uniform during the
exposing and the etching of the exposed barrier layer and the
mask layer.

3. The substrate processing method of claim 1, wherein
the etching of the exposed barrier layer comprises isotropi-
cally etching the barrier layer to form a barrier layer smaller
in width than the mask layer located on the upper surface
and the lower surface of the structure.
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4. The substrate processing method of claim 1, wherein
the exposing comprises etching the mask layer on the side
surface of the structure.

5. The substrate processing method of claim 1, further
comprising selectively densifying a barrier layer located on
the upper surface and the lower surface of the structure
among the barrier layer before the forming of the mask layer.

6. The substrate processing method of claim 1, wherein an
etch rate of the barrier layer located on the upper surface and
the lower surface of the structure is lower than an etch rate
of the barrier layer located on the side surface of the
structure during the etching of the exposed barrier layer.

7. The substrate processing method of claim 1, further
comprising selectively densifying a mask layer located on
the upper surface and the lower surface of the structure
before the exposing.

8. The substrate processing method of claim 1, wherein:

the sacrificial layer and the barrier layer form a sacrificial

word line structure,
the substrate processing method further comprises:
forming an inter-layer insulating layer on the sacrificial
word line structure;
removing the sacrificial word line structure; and
forming a conductive word line structure correspond-
ing to a space from which the sacrificial word line
structure is removed,
the conductive word line structure comprises:
a first conductive layer extending toward a channel; and
a second conductive layer on the first conductive layer,
and
wherein the second conductive layer has first and
second sidewalls opposing each other, and wherein
each of the sidewalls has a portion recessed toward
the other sidewall.
9. A substrate processing method comprising:
alternately stacking n first silicon oxide layers and n first
silicon nitride layers in a first direction, where n is a
natural number greater than or equal to 2;

etching the stacked first silicon oxide layers and first
silicon nitride layers to form an n-story stepped struc-
ture having an upper surface, a lower surface, and a side
surface connecting the upper surface and the lower
surface;

forming a second silicon nitride layer on the upper

surface, the lower surface, and the side surface of the
n-story stepped structure;

selectively densitying the second silicon nitride layer on

the upper surface and the lower surface;

forming a second silicon oxide layer on the second silicon

nitride layer;

selectively densifying the second silicon oxide layer on

the upper surface and the lower surface;

removing a non-densified portion of the second silicon

oxide layer;

removing a non-densified portion of the second silicon

nitride layer; and

removing a densified portion of the second silicon oxide

layer.

10. The substrate processing method of claim 9, wherein
a thickness of a second silicon nitride layer densified during
the selective densifying of the second silicon nitride layer
does not change during the removing of the non-densified
portions of the second silicon oxide layer and the second
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silicon nitride layer, and the removing of the densified
portion of the second silicon oxide layer.

11. The substrate processing method of claim 9, wherein:

the removing of the non-densified portion of the second
silicon oxide layer comprises using a first etching
solution, and

the removing of the densified portion of the second silicon
oxide layer comprises using a second etching solution.

12. The substrate processing method of claim 11, wherein:

the first etching solution and the second etching solution
are the same solution, and

an etching time of the removing of the densified portion
of the second silicon oxide layer is longer than an
etching time of the removing of the non-densified
portion of the second silicon oxide layer.

13. The substrate processing method of claim 9, wherein

each step of the n-story stepped structure comprises:
the first silicon oxide layer formed at a lower portion

thereof;, and

the first silicon nitride layer formed on the first silicon
oxide layer,

a second silicon nitride layer formed on a first silicon
nitride layer forming a kth step (k: a natural number
greater than or equal to 2 and smaller than or equal to
n) of the n-story stepped structure, wherein the second
silicon nitride layer comprises, after the removing of
the non-densified portion of the second silicon nitride
layer:

a first sidewall facing one side of a first silicon oxide
layer forming a (k+1)th step of the n-story stepped
structure; and

a second sidewall facing the first sidewall,

each of a first sidewall and a second sidewall of a
second silicon nitride layer formed on each step of
the n-story stepped structure has a portion recessed
in a side direction thereof, after the removing of the
non-densified portion of the second silicon nitride
layer,

the recessed portion extends in a second direction, and

the second direction is perpendicular to the first direc-
tion.

14. The substrate processing method of claim 13, wherein

second silicon nitride layers formed on each step of the
n-story stepped structure are formed to be spaced apart
from each other in a third direction, after the removing
of the non-densified portion of the second silicon
nitride layer, and
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the third direction is perpendicular to the first direction

and the second direction.

15. The substrate processing method of claim 9, wherein
second silicon nitride layers formed on each step of the
n-story stepped structure have different densities, after the
selective densifying of the second silicon nitride layer.

16. The substrate processing method of claim 9, wherein
second silicon nitride layers formed on each step of the
n-story stepped structure have the same thickness in the first
direction, after the removing of the non-densified portion of
the second silicon nitride layer.

17. A semiconductor device comprising:

a substrate;

at least one memory cell string extending to protrude on

the substrate;

a first word line connected to a first memory cell of the at

least one memory cell string; and

a second word line connected to a second memory cell of

the at least one memory cell string,

wherein:

each of the first word line and the second word line

comprises:

a first conductive layer extending toward a channel; and

a second conductive layer on the first conductive layer,
and

the second conductive layers of the first word line and
the second word line have a portion recessed in a side
direction thereof from each of both sidewalls thereof,
and a side-direction width of a center portion of the
second conductive layer is smaller than a side-
direction width of an upper surface and a lower
surface of the second conductive layer.

18. The semiconductor device of claim 17, wherein a
thickness of the second conductive layer of the first word
line is equal to a thickness of the second conductive layer of
the second word line.

19. The semiconductor device of claim 17, wherein the
recessed portion has a round shape or a shape having a
predetermined curvature.

20. The semiconductor device of claim 17, wherein the
second conductive layer of the first word line and the second
conductive layer of the second word line do not overlap each
other in a direction perpendicular to the upper surface of the
second conductive layer of the first word line.

21. The substrate processing method of claim 1, wherein
the structure has a step shape.

#* #* #* #* #*
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