SEMICONDUCTOR DEVICES

CROSS-REFERENCE TO RELATED APPLICATION(S)
[0001] This patent application claims the benefit of and priority to Korean Patent Application
No. 10-2022-0066751 filed on 31 May 2022 in the Korean Intellectual Property Office, the

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

TECHNICAL FIELD

[0002] The present disclosure relates to semiconductor devices.

BACKGROUND
[0003] As demand for high performance, high speed, and/or multifunctionality in
semiconductor devices increases, the degree of integration of semiconductor devices has
increased. When a semiconductor device corresponding to the trend for high integration in
semiconductor devices is fabricated, the semiconductor device may include patterns having
fine widths or fine spacings therebetween. Moreover, to overcome limitations of operating
characteristics caused by a reduction in size of a planar metal oxide semiconductor FET
(MOSFET), efforts have been made to develop a semiconductor device including a FinFET

having a channel with a three-dimensional structure.

SUMMARY

[0004] Example embodiments provide a semiconductor device having improved electrical
characteristics and mass producibility.

[0005] According to an example embodiment, a semiconductor device includes: a substrate
including an active region extending in a first direction; a gate structure intersecting the active
region on the substrate and extending in a second direction; a plurality of channel layers
spaced apart from each other in a third direction, perpendicular to an upper surface of the
substrate, on the active region and surrounded by the gate structure; and source/drain regions
in recess regions of the active region, on opposite sides adjacent to the gate structure and
electrically connected to the plurality of channel layers. Each of the plurality of channel layers
includes first to third semiconductor layers sequentially stacked in the third direction, such
that the second semiconductor layer is between the first and third semiconductor layers, the

first and third semiconductor layers include silicon (Si), and the second semiconductor layer
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includes silicon-germanium (SiGe). Side surfaces of the first to third semiconductor layers in
the second direction are in contact with the gate structure.

[0006] According to an example embodiment, a semiconductor device includes: a substrate
having first and second regions and including first and second active regions, respectively
extending in the first and second regions in a first direction; a first gate structure intersecting
the first active region on the first region and extending in a second direction; a second gate
structure intersecting the second active region on the second region and extending in the
second direction; a plurality of channel layers spaced apart from each other in a third direction,
perpendicular to an upper surface of the substrate, on each of the first and second active
regions and surrounded by each of the first and second gate structures; first source/drain
regions on opposite sides adjacent to the first gate structure and electrically connected to the
plurality of channel layers; and second source/drain regions on opposite sides adjacent to the
second gate structure and electrically connected to the plurality of channel layers. Each of the
plurality of channel layers includes first to third semiconductor layers sequentially stacked in
the third direction such that the second semiconductor layer is between the first and third
semiconductor layers, and extending parallel to each other in the first and second directions,
and at least one of the first to third semiconductor layers includes silicon-germanium (SiGe).
[0007] According to an example embodiment, a semiconductor device includes: a substrate
including an active region extending in a first direction; a gate structure intersecting the active
region on the substrate and extending in a second direction; a plurality of channel layers
spaced apart from each other in a third direction, perpendicular to an upper surface of the
substrate, on the active region and surrounded by the gate structure; and source/drain regions
in recess regions of the active region, on opposite sides adjacent to the gate structure and
electrically connected to the plurality of channel layers. Each of the plurality of channel layers
includes first and second semiconductor layers sequentially stacked, such that the first
semiconductor layer is below the second semiconductor layer, and the second semiconductor
layer includes silicon-germanium (SiGe), and side surfaces of the first and second
semiconductor layers in the second direction are coplanar with each other.

BRIEF DESCRIPTION OF DRAWINGS
[0008] The above and other aspects, features, and advantages of the present disclosure will
be more clearly understood from the following detailed description, taken in conjunction

with the accompanying drawings.



[0009] FIG. 1 is a plan view illustrating a semiconductor device according to example
embodiments.

[0010] FIG. 2 is a cross-sectional view illustrating a semiconductor device according to
example embodiments.

[0011] FIGS. 3A and 3B are schematic cross-sectional views illustrating a semiconductor
device according to example embodiments.

[0012] FIGS. 4A, 4B and 4C are schematic cross-sectional views illustrating a
semiconductor device according to example embodiments.

[0013] FIG. 5 is a schematic cross-sectional view illustrating a semiconductor device
according to example embodiments.

[0014] FIG. 6 is a plan view illustrating a semiconductor device according to example
embodiments.

[0015] FIG. 7 is a cross-sectional view illustrating a semiconductor device according to
example embodiments.

[0016] FIGS. 8A and 8B are schematic cross-sectional views illustrating a semiconductor
device according to example embodiments.

[0017] FIG. 9 is a flowchart illustrating a method of fabricating a semiconductor device
according to example embodiments.

[0018] FIGS. 10A, 10B, 10C, 10D, 10E, 10F and 10G are cross-sectional views illustrating
a process sequence of a method of fabricating a semiconductor device according to example

embodiments.

DETAILED DESCRIPTION
[0019] Hereinafter, example embodiments will be described with reference to the
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accompanying drawings. In the descriptions below, terms “upper,” “upper portion,” “upper

side surface,” and the like, are used
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surface,” “lower,” “lower portion,” “lower surface,
with reference to the diagrams unless otherwise indicated.

[0020] FIG. 1 is a plan view illustrating a semiconductor device according to example
embodiments.

[0021] FIG. 2 is a cross-sectional view illustrating a semiconductor device according to
example embodiments. FIG. 2 illustrates cross-sections of the semiconductor device of FIG.
1 taken along lines I-I' and 1I-1I'. For ease of description, only major components of the

semiconductor device are illustrated in FIG. 1.
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[0022] Referring to FIGS. 1 and 2, a semiconductor device 100 may include a substrate 101
including an active region 105, a channel structure 140 including first to third channel layers
140A, 140B, and 140C vertically spaced apart from each other on the active region 105, a
gate structure 160 extending on the substrate 101 and intersecting the active region 105 and
including a gate electrode 165, source/drain regions 150 contacting the channel structure 140,
and contact plugs 195 electrically connected to the source/drain regions 150. The
semiconductor device 100 may further include an isolation layer 110, internal spacer layers
130, gate dielectric layers 162, gate spacer layers 164, and an interlayer insulating layer 190.
[0023] In the semiconductor device 100, the active region 105 may have a fin structure, and
the gate electrode 165 may be disposed between the active region 105 and the channel
structure 140, between the first to third channel layers 140A, 140B, and 140C, and on the
channel structure 140. Accordingly, the semiconductor device 100 may include transistors
having a multi-bridge channel FET (MBCFET™) structure, gate-all-around type field effect
transistors.

[0024] The substrate 101 may have an upper surface extending in an X-direction and a Y-
direction. The substrate 101 may include a semiconductor material, for example, a group IV
semiconductor, a group Il1-V compound semiconductor, or a group II-VI compound
semiconductor. For example, the group 1V semiconductor may include silicon, germanium,
or silicon-germanium. The substrate 101 may be provided as a bulk wafer, an epitaxial layer,
a silicon-on-insulator (SOI) layer, a semiconductor-on-insulator (SeQOl) layer, or the like.
[0025] The substrate 101 may include an active region 105 disposed thereon. The active
region 105 may be defined by the isolation layer 110 in the substrate 101 and may be disposed
to extend in a first direction, for example, the X-direction. However, the active region 105
may be described as a structure separate from the substrate 101 according to a description
method. A portion of the active region 105 may protrude upwardly of the isolation layer 110,
so that an upper surface of the active region 105 may be positioned on a level higher than a
level of an upper surface of the isolation layer 110. The active region 105 may be formed as
a portion of the substrate 101, or may include an epitaxial layer grown from the substrate 101.
However, a portion of the active region 105 may be recessed on opposite sides of the gate
structure 160 to form recess regions, and source/drain regions 150 may be disposed in the
recess regions.

[0026] Inexample embodiments, the active region 105 may or may not include a well region

including impurities. For example, in the case of a P-type transistor (pFET), the well region
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may include N-type impurities such as phosphorus (P), arsenic (As), or antimony (Sbh). As
another example, in the case of an N-type transistor (nFET), the well region may include P-
type impurities such as boron (B), gallium (Ga), or aluminum (Al). The well region may be
disposed, for example, at a predetermined depth from an upper surface of the active region
105.

[0027] The isolation layer 110 may define an active region 105 in the substrate 101. The
isolation layer 110 may be formed by, for example, a shallow trench isolation (STI) process.
The isolation layer 110 may expose the upper surface of the active region 105, or may expose
a portion of an upper portion of the active region 105. In some embodiments, the isolation
layer 110 may have a curved upper surface to have a level becoming higher in a direction
toward the active region 105. The isolation layer 110 may be formed of an insulating material.
The isolation layer 110 may be, for example, an oxide, a nitride, or a combination thereof.
[0028] The gate structure 160 may be disposed on the active region 105 and the channel
structure 140 to intersect the active region 105 and the channel structure 140 to extend in a
second direction, for example, the Y-direction. In the active region and/or the channel
structure intersecting the gate electrode 165 of the gate structure, a channel region may be
formed in terms of functions of transistors. The gate structure 160 may include a gate
electrode 165, gate dielectric layers 162 between the gate electrode 165 and the first to third
channel layers 140A, 140B, and 140C, and gate spacer layers 164 on side surfaces of the gate
electrode 165. In example embodiments, the gate structure 160 may further include a capping
layer on an upper surface of the gate electrode 165. Moreover, a portion of the interlayer
insulating layer 190 on the gate structure 160 may serve as a gate capping layer.

[0029] The gate dielectric layers 162 may be disposed between the active region 105 and the
gate electrode 165 and between the channel structure 140 and the gate electrode 165, and may
be disposed to cover at least a portion of surfaces of the gate electrode 165. For example, the
gate dielectric layers 162 may be disposed to surround all surfaces, other than an uppermost
surface of the gate electrode 165. The gate dielectric layers 162 may extend between the gate
electrode 165 and the gate spacer layers 164, but example embodiments are not limited thereto.
The gate dielectric layer 162 may include an oxide, a nitride, or a high-«x dielectric material.
The high-« dielectric material may refer to a dielectric material having a dielectric constant
higher than a dielectric constant of silicon oxide (SiO>). The high-« dielectric material may
be one of, for example, aluminum oxide (Al>03), tantalum oxide (Ta20s3), titanium oxide

(TiO2), yttrium oxide (Y203), zirconium oxide (ZrO.), zirconium silicon oxide (ZrSixOy),
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hafnium oxide (HfO.), hafnium silicon oxide (HfSixOy), lanthanum oxide (La203), lanthanum
aluminum oxide (LaAlxOy), lanthanum hafnium oxide (LaHfxOy), hafnium aluminum oxide
(HfAIXOy), and praseodymium oxide (Pr203). In some embodiments, the gate dielectric layer
162 may have a multilayer structure.

[0030] The gate electrode 165 may be disposed on the active region 105 in (e.g., to fill)
spaces between the first to third channel layers 140A, 140B, and 140C and to extend upwardly
of the channel structure 140. The gate electrode 165 may be spaced apart from the first to
third channel layers 140A, 140B, and 140C by the gate dielectric layers 162. The gate
electrode 165 may include a conductive material, for example, metal nitride such as titanium
nitride (TiN), tantalum nitride (TaN), or tungsten nitride (WN), and/or metal such as
aluminum (Al), tungsten (W), or molybdenum (Mo), or a semiconductor material such as
doped polysilicon. In some embodiments, the gate electrode 165 may have a multilayer
structure including two or more layers.

[0031] The gate spacer layers 164 may be disposed on opposite side surfaces of the gate
electrode 165 on the channel structure 140. The gate spacer layers 164 may insulate the
source/drain regions 150 from the gate electrode 165. According to example embodiments,
the gate spacer layers 164 may have a multilayer structure. The gate spacer layers 164 may
be formed of an oxide, a nitride, or an oxynitride, in particular, a low-« dielectric material.
[0032] The channel structure 140 may be disposed on the active region 105 in regions in
which the active region 105 intersects the gate structure 160. The channel structure 140 may
include first to third channel layers 140A, 140B, and 140C, which are a plurality of channel
layers disposed to be spaced apart from each other in a Z-direction. The first to third channel
layers 140A, 140B, and 140C may be sequentially disposed on the active region 105. The
channel structure 140 may be electrically connected to the source/drain regions 150. The
channel structure 140 may have a width smaller than or equal to a width of the active region
105 in the Y-direction, and may have a width equal to or similar to a width of the gate structure
160 in the X-direction. In some embodiments, the channel structure 140 may have a reduced
width such that first side surfaces S1 of the channel structure 140 are disposed below (e.g.,
are vertically overlapped by) the gate structures 160 in the Z-direction. The number and shape
of the channel layers constituting a single channel structure 140 may vary according to
example embodiments.

[0033] Each of the first to third channel layers 140A, 140B, and 140C may include first to

third semiconductor layers 141, 142, and 143 sequentially stacked in the Z-direction, such
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that the second semiconductor layer 142 is between, in the Z-direction, the first
semiconductor layer 141 and the third semiconductor layer 143. Each of the first to third
semiconductor layers 141, 142, and 143 may extend in the X-direction and the Y-direction,
parallel to an upper surface of the substrate 101, and may have a planar upper surface. For
example, each of the first to third semiconductor layers 141, 142, and 143 may be a respective
planar layer that has an upper surface that is parallel to an upper surface of the substrate 101.
Accordingly, none of the first to third semiconductor layers 141, 142, and 143 may
surround/enclose another of the first to third semiconductor layers 141, 142, and 143 (e.g.,
the first semiconductor layer 141 may not surround/enclose either the second semiconductor
layer 142 or the third semiconductor layer 143). Each of the first to third semiconductor layers
141, 142, and 143 may not include a region extending/protruding in the Z-direction. In the
first to third semiconductor layers 141, 142, and 143, the first side surfaces S1 in the X-
direction may be in contact with the source/drain regions 150 and second side surfaces S2 in
the Y-direction may be in contact with the gate dielectric layers 162 of the gate structure 160.
In each of the first to third channel layers 140A, 140B, and 140C, the first side surfaces S1 of
the first to third semiconductor layers 141, 142, and 143 are coplanar with each other (e.g., in
the Y-Z plane) and the second side surfaces S2 may also be coplanar with each other (e.g., in
the X-Z plane).

[0034] The first to third semiconductor layers 141, 142, and 143 may extend to have
substantially the same length in the X-direction. The first to third semiconductor layers 141,
142, and 143 may extend to have the same or similar length in the Y-direction, for example,
may have a length difference caused by inclination of the second side surfaces S2. In a cross-
section in the X-direction (e.g., along the line I-1'), the first and third semiconductor layers
141 and 143 may further be in contact with upper and lower internal spacer layers 130. The
first side surfaces S1 of the first to third semiconductor layers 141, 142, and 143 may also be
coplanar (e.g., in the Y-Z plane) with external surfaces of the internal spacer layers 130 in the
X-direction, but example embodiments are not limited thereto. In a cross-section in the Y-
direction (e.g., along the line I1-11"), the gate dielectric layer 162 may surround each of the
first to third channel layers 140A, 140B, and 140C. The gate dielectric layer 162 may extend
along a lower surface of the first semiconductor layer 141, the second side surfaces S2 of the
first to third semiconductor layers 141, 142, and 143, and an upper surface of the third
semiconductor layer 143.

[0035] The first to third semiconductor layers 141, 142, and 143 may have the same thickness
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or different thicknesses in the Z-direction. A thickness T1 (in the Z-direction) of the second
semiconductor layer 142 may be smaller than or equal to a thickness T2 (in the Z-direction)
of the first semiconductor layer 141 and a thickness T3 (in the Z-direction) of the third
semiconductor layer 143. In some embodiments, the thickness T1 of the second
semiconductor layer 142 may be greater than to or equal to the thickness T2 of the first
semiconductor layer 141 and the thickness T3 of the third semiconductor layer 143. For
example, in each of the first to third channel layers 140A, 140B, and 140C, a sum of the
thicknesses of the first to third semiconductor layers 141, 142 and 143 may be within a range
of about 30 angstroms to about 100 angstroms. The sum of the thicknesses may be smaller
than or equal to the thickness T4 of the gate structure 160 below the first to third channel
layers 140A, 140B, and 140C. However, relative sizes of the thicknesses T1 to T4 may vary
according to embodiments. In some embodiments, in each of the first to third channel layers
140A, 140B, and 140C, the sum of the thicknesses of the first to third semiconductor layers
141, 142, and 143 may be greater than the thickness T4.

[0036] The first and third semiconductor layers 141 and 143 may include the same
semiconductor material, and the second semiconductor layer 142 may include a
semiconductor material different from the semiconductor material of the first and third
semiconductor layers 141 and 143. A content of germanium (Ge) in the second semiconductor
layer 142 may be higher than a content of germanium (Ge) in the first and third semiconductor
layers 141 and 143. For example, the first and third semiconductor layers 141 and 143 may
include silicon (Si), and the second semiconductor layer 142 may include silicon-germanium
(SiGe). For example, the second semiconductor layer 142 may include germanium (Ge) in a
range of about 5 atomic percentage (at%) to about 50 at%, for example, a range of about 5
at% to about 25 at%. In some embodiments, the first to third semiconductor layers 141, 142,
and 143 or the second semiconductor layer 142 may further include at least one doping
element among carbon (C), arsenic (As), indium (In), or gallium (Ga), phosphorus (P), or
boron (B). In some embodiments, the first and third semiconductor layers 141 and 143 may
also include a portion of silicon-germanium (SiGe) in a region adjacent to the second
semiconductor layer 142. Even in this case, the content of germanium (Ge) in the first and
third semiconductor layers 141 and 143 may be lower than the content of germanium (Ge) in
the second semiconductor layer 142.

[0037] The second semiconductor layer 142 includes germanium (Ge) having a relatively

larger atomic size than silicon (Si), and thus may have compressive stress in relation to the
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first and third semiconductor layers 141 and 143, and the overlying and underlying first and
third semiconductor layers 141 and 143 may receive relatively tensile stress. Accordingly,
the first to third semiconductor layers 141, 142, and 143 may be in a strained state, for
example, may be a strained-silicon (Si) layer or a strained silicon-germanium (SiGe) layer. A
conduction path of holes may be formed by two-dimensional hole gas (2DHG) present at an
interface between the first and third semiconductor layers 141 and 143 and the second
semiconductor layer 142 having different stresses, and a conduction path of electrons may be
formed along the first and third semiconductor layers 141 and 143. Accordingly, mobility of
both the electrons and the holes may be improved. As a result, electrical characteristics may
be improved in both a case in which the semiconductor device 100 is a pFET and a case in
which the semiconductor device 100 is an nFET, and the channel structure 140 may be a dual
channel which may be applied to both a pFET and an nFET.

[0038] The source/drain regions 150 may be disposed in recess regions, in which an upper
portion of the active region is partially recessed, on opposite sides adjacent to the gate
structure 160. The source/drain region 150 may be disposed to cover the first side surfaces
S1 of each of the first to third channel layers 140A, 140B, and 140C of the channel structure
140. Upper surfaces of the source/drain regions 150 may be disposed at a height the same as
or similar to a height of a lower surface of the uppermost region of the gate electrode 165,
and the height of the upper surfaces may vary according to example embodiments. The
source/drain regions 150 may include a semiconductor material, for example, silicon (Si) or
germanium (Ge) and may further include impurities.

[0039] Internal spacer layers 130 may be disposed to be parallel to the gate electrode 165
between the first to third channel layers 140A, 140B, and 140C in the Z-direction. The gate
electrode 165 may be stably spaced apart from the source/drain regions 150 by the internal
spacer layers 130 to be electrically separated/isolated from each other. The internal spacer
layers 130 may have a shape in which a side surface facing the gate electrode 165 is convexly
rounded inwardly of the gate electrode 165, but example embodiments are not limited thereto.
The internal spacer layers 130 may be formed of an oxide, a nitride, or an oxynitride and, in
particular, a low-x dielectric material. In some embodiments, the internal spacer layers 130
may be omitted.

[0040] The interlayer insulating layer 190 may cover the source/drain regions 150 and the
gate structures, and may be disposed to cover the isolation layer 110. The interlayer insulating

layer 190 may include at least one of an oxide, a nitride, or an oxynitride and may include,

9



for example, a low-« dielectric material. In some embodiments, the interlayer insulating layer
190 may include a plurality of insulating layers.

[0041] The contact plugs 195 may extend into (e.g., penetrate through) the interlayer
insulating layer 190 to be electrically connected to the source/drain regions 150, and may
apply an electrical signal to the source/drain regions 150. Each of the contact plugs 195 may
have an inclined surface in which a width of a lower portion is narrower than a width of an
upper portion depending on an aspect ratio, but a shape of the surface of each of the contact
plug 195 is not limited thereto. The contact plugs 195 may extend downwardly farther than,
for example, a lower surface of an uppermost third channel layer 140C of the channel
structure 140 from above, but example embodiments are not limited thereto. In example
embodiments, the contact plugs 195 may be disposed to be in contact with the upper surfaces
of the source/drain regions 150 without recessing the source/drain regions 150.

[0042] The contact plugs 195 may include a metal silicide layer disposed on a lower end
including a lower surface, and may further include a barrier layer extending upwardly of an
upper surface of the metal silicide layer while forming side surfaces of the contact plugs 195.
The barrier layer may include, for example, a metal nitride such as a titanium nitride layer
(TiN), a tantalum nitride layer (TaN), or a tungsten nitride layer (WN). The contact plugs 195
may include, for example, a metal material such as aluminum (Al), tungsten (W), or
molybdenum (Mo). The number and disposition of conductive layers constituting the contact
plugs 195 may vary according to example embodiments. An interconnection structure such
as a contact plug may be further disposed on the gate electrode 165, and an interconnection
structure electrically connected to the contact plugs 195 may be further disposed on the
contact plugs 195.

[0043] In the following description of embodiments, descriptions overlapping the above
descriptions provided with reference to FIGS. 1 and 2 will be omitted.

[0044] FIGS. 3A and 3B are schematic cross-sectional views illustrating semiconductor
devices according to example embodiments. FIGS. 3A and 3B illustrate regions
corresponding to FIG. 2, respectively.

[0045] Referring to FIG. 3A, in a semiconductor device 100a, a second semiconductor layer
142 of each of first to third channel layers 140A, 140B, and 140C may have a shape in which
second side surfaces S2a in a Y-direction are recessed inwardly of a center. Accordingly, the
second side surfaces S2a of the second semiconductor layer 142 may be disposed inside of

the second side surfaces S2a of the first and third semiconductor layers 141 and 143, and may
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not be coplanar with the second side surfaces S2a of the first and third semiconductor layers
141 and 143. A width in the Y-direction of the second semiconductor layer 142 may thus be
narrower than respective widths in the Y-direction of the first and third semiconductor layers
141, 143. The recessed degree and shape of the second side surfaces S2a of the second
semiconductor layer 142 may vary according to example embodiments.

[0046] Referring to FIG. 3B, a semiconductor device 100b may further include side
protection layers 135 disposed on second side surfaces S2b of a second semiconductor layer
142 of each of first to third channel layers 140A, 140B, and 140C.

[0047] The side protection layers 135 may be disposed on second side surfaces S2b of the
second semiconductor layer 142 between a first semiconductor layer 141 and a third
semiconductor layer 143. External surfaces of the side protection layers 135 may be disposed
outside of the second side surfaces S2b of the first and third semiconductor layers 141 and
143, but example embodiments are not limited thereto.

[0048] The side protection layers 135 may include a material different from a material of the
second semiconductor layer 142 and may not include, for example, germanium (Ge). For
example, the side protection layers 135 may include an insulating material, but example
embodiments are not limited thereto. The side protection layers 135 may include at least one
of, for example, SiO, SiN, SiCN, SiOC, SiON, or SiOCN.

[0049] FIGS. 4A to 4C are schematic cross-sectional views illustrating a semiconductor
device according to example embodiments. FIGS. 4A to 4C illustrate regions corresponding
to FIG. 2.

[0050] Referring to FIG. 4A, in a semiconductor device 100c, first to third channel layers
140A, 140B, and 140C may each include first and second semiconductor layers 141 and 142
sequentially stacked in a Z-direction. Accordingly, the first semiconductor layer 141 may be
below the second semiconductor layer 142.

[0051] The first semiconductor layer 141 and the second semiconductor layer 142 may
include different semiconductor materials. For example, the first semiconductor layer 141
may include silicon (Si), and the second semiconductor layer 142 may include silicon-
germanium (SiGe), or vice versa. The first and second semiconductor layers 141 and 142 may
be in a strained state. In addition thereto, the above descriptions provided with reference to
FIGS. 1 and 2 may be equally applied to the first and second semiconductor layers 141 and
142. As an example, the second side surfaces S2 of the first and second semiconductor layers

141 and 142 may be coplanar with each other (e.g., in the X-Z plane).
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[0052] Referring to FIG. 4B, in a semiconductor device 100d, first to third channel layers
140A, 140B, and 140C may each include first to fifth semiconductor layers 141, 142, 143,
144, and 145 sequentially stacked in a Z-direction.

[0053] The first, third, and fifth semiconductor layers 141, 143, and 145 may include the
same semiconductor material, and the second and fourth semiconductor layers 142 and 144
include a semiconductor material different from the material of the first, third, and fourth
semiconductor layers 141, 143, and 145. For example, the first, third, and fifth semiconductor
layers 141, 143, and 145 may include silicon (Si), and the second and fourth semiconductor
layers 142 and 144 may include silicon-germanium (SiGe).

[0054] In some embodiments, at least portions of the first, third, and fifth semiconductor
layers 141, 143, and 145 may have different compositions. For example, the first and fifth
semiconductor layers 141 and 145 may have the same composition, and the third
semiconductor layer 143 may have a composition different from the composition of the first
and fifth semiconductor layers 141 and 145. For example, the first and fifth semiconductor
layers 141 and 145 may include silicon (Si), and the third semiconductor layer 143 may
include carbon-doped silicon (Si:C).

[0055] In addition thereto, the above description of the second semiconductor layer 142
provided with reference to FIGS. 1 and 2 may be equally applied to the fourth semiconductor
layer 144, and the above description of the first and third semiconductor layers 141 and 143
provided with reference to FIGS. 1 and 2 may be equally applied to the fifth semiconductor
layer 145.

[0056] Referring to FIG. 4C, in a semiconductor device 100e, a shape of a second
semiconductor layer 142 may be different from that of the example embodiment of FIG. 2.
In the present embodiment, the second semiconductor layer 142 may have a non-uniform
thickness. As illustrated in FIG. 4C, the second semiconductor layer 142 may have an island
shape, but the shape of the second semiconductor layer 142 is not limited thereto. In this case,
at least a portion of the second semiconductor layer 142 may be exposed through first side
surfaces S1 and/or second side surfaces S2.

[0057] FIG. 5 is a schematic cross-sectional view illustrating a semiconductor device
according to example embodiments. FIG. 5 illustrates a region corresponding to FIG. 2.
[0058] Referring to FIG. 5, a semiconductor device 100f may not include the internal spacer
layer 130, unlike the example embodiment of FIG. 2. In this case, source/drain regions 150

may have a shape expanding to a region in which the internal spacer layers 130 are omitted.
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A gate electrode 165 may be spaced apart from the first source/drain regions 150 by a gate
dielectric layer 162. In another embodiment, the source/drain regions 150 may not expand to
a region in which the internal spacer layers 130 are omitted, but the gate electrode 165 may
be disposed to expand in an X-direction.

[0059] According to such a structure, the internal spacer layer 130 is omitted, so that the
source/drain regions 150 may have improved crystallinity when the source/drain regions 150
are grown. In some embodiments, the internal spacer layer 130 may be omitted only in some
structures/devices of the semiconductor device 100f.

[0060] FIG. 6 is a plan view illustrating a semiconductor device according to example
embodiments.

[0061] FIG. 7 is a cross-sectional view illustrating a semiconductor device according to
example embodiments. FIG. 7 illustrates cross-sections of the semiconductor device of FIG.
6, taken along lines I11-111" and IV-1V'. For ease of description, only some components of the
semiconductor device are illustrated in FIG. 6.

[0062] Referringto FIGS. 6 and 7, a semiconductor device 100g may include first and second
regions R1 and R2. The first and second regions R1 and R2 may be adjacent to each other or
spaced apart from each other. A first active region 105A and first source/drain regions 150A
may be disposed in the first region R1, and a second active region 105B and second
source/drain regions 150B may be disposed in the second region R2. Other components
including gate structures 160 may be disposed in the first and second regions R1 and R2,
respectively. For example, the first region R1 may be a region in which a pFET is disposed,
and the second region R2 may be a region in which an nFET is disposed.

[0063] Each of the first and second active regions 105A and 105B may include a well region
including impurities. For example, in the first active region 105A of the first region R1 in
which the pFET is disposed, the well region may include N-type impurities such as
phosphorus (P), arsenic (As), or antimony (Sb). In the second active region 105B of the
second region R2 in which the nFET is disposed, the well region may include P-type
impurities such as boron (B), gallium (Ga), or aluminum (Al).

[0064] The first and second source/drain regions 150A and 150B may have the same internal
structure. For example, the first and second source/drain regions 150A and 150B may include
layers formed of the same material in the same shape. However, the first and second
source/drain regions 150A and 150B may include impurities having different conductivity

types. For example, both of the first and second source/drain regions 150A and 150B may
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include at least one silicon (Si) epitaxial layer or at least one silicon-germanium (SiGe)
epitaxial layer. For example, the first source/drain regions 150A include a silicon (Si) layer
doped with the P-type impurities, and the second source/drain regions 150B may include a
silicon (Si) layer doped with the N-type impurities. In some embodiments, when the first and
second source/drain regions 150A and 150B include a plurality of epitaxial layers, stacked
forms of the plurality of epitaxial layers may be the same. In the present embodiment, even
when the first source/drain regions 150A constitute a pFET, the first source/drain regions
150A may not include germanium (Ge), similarly to the second source/drain regions 150B.
In some embodiments, the first source/drain regions 150A may include germanium (Ge).
[0065] In the first and second regions R1 and R2, channel structures 140 may have the same
structure and may include the same material. The channel structures 140 may not include
doping elements. In the present embodiment, the second semiconductor layers 142 include
germanium (Ge), so that mobility of carriers may be secured. Thus, the first and second
source/drain regions 150A and 150B may be formed based on the same material, irrespective
of the type of transistor.

[0066] FIGS. 8A and 8B are schematic cross-sectional views illustrating semiconductor
devices according to example embodiments. FIGS. 8A and 8B illustrate regions
corresponding to FIG. 7.

[0067] Referring to FIG. 8A, in a semiconductor device 100h, a material of a channel
structure 140 of a first region R1 may be different from that of the example embodiment of
FIG. 7. For example, in the first region R1, first to third channel layers 140A, 140B, and 140C
may each include first to third semiconductor layers 141h, 142h, and 143h sequentially
stacked in a Z-direction. In the present embodiment, the first and third semiconductor layers
141h and 143h may include silicon-germanium (SiGe), and the second semiconductor layer
142h may include silicon (Si). For example, the first and third semiconductor layers 141h and
143h may include germanium (Ge) in a range of about 5 at% to about 50 at%, for example,
about 5 at% to about 25 at%. In some embodiments, at least one of the first to third
semiconductor layers 141h, 142h, or 143h may further include at least one of carbon (C),
arsenic (As), indium (In), gallium (Ga), phosphorus (P), or boron (B). In addition thereto, the
above description provided with reference to FIGS. 6 and 7 may be equally applied.

[0068] Insome embodiments, the channel structure 140 of the second region R2 may include
the first to third semiconductor layers 141h, 142h, and 143h, similarly to the channel structure
140 of the first region R1.
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[0069] Referring to FIG. 8B, in a semiconductor device 100i, a material of a channel
structure 140 of a first region R1 may be different from that of the example embodiment of
FIG. 7. For example, in the first region R1, first to third channel layers 140A, 140B, and 140C
may each include first to third semiconductor layers 141, 142i, and 143 sequentially stacked
in a Z-direction. In the present embodiment, the first and third semiconductor layers 141 and
143 may include silicon (Si), and the second semiconductor layer 142i may include silicon
(Si) doped with impurities. The first to third semiconductor layers 141, 142i, and 143 may be
strained by the impurities. The impurities may include at least one of, for example, carbon
(C), arsenic (As), indium (In), gallium (Ga), phosphorus (P), or boron (B). For example, when
the second semiconductor layer 142i includes carbon (C) elements (i.e., dopants), a size of an
element of carbon (C) is relatively smaller than a size of an element of silicon (Si). For this
reason, compressive stress may be applied to the first and third semiconductor layers 141 and
143 to improve mobility of holes. In addition thereto, the above description provided with
reference to FIGS. 6 and 7 may be equally applied.

[0070] In some embodiments, structures of the channel structure 140 in the first and second
regions R1 and R2 of each of the example embodiments of FIGS. 7 to 8B may be disposed
in various combinations.

[0071] FIG. 9 is a flowchart illustrating a method of fabricating a semiconductor device
according to example embodiments.

[0072] FIGS. 10Ato 10G are views illustrating a process sequence of a method of fabricating
a semiconductor device according to example embodiments. In FIGS. 10A to 10G, an
example of a method of fabricating the semiconductor device of FIG. 2 will be described.
[0073] Referring to FIGS. 9 and 10A, in operation S110, sacrificial layers 120 and the first
to third channel layers 140A, 140B, and 140C may be alternately stacked on the substrate
101.

[0074] The sacrificial layers 120 may be replaced with the gate dielectric layers 162 and the
gate electrode 165 below the third channel layer 140C in a subsequent process, as illustrated
in FIG. 2. Each of the sacrificial layers 120 may be formed of a material having etching
selectivity with respect to the first to third channel layers 140A, 140B, and 140C.

[0075] Each of the first to third channel layers 140A, 140B, and 140C may include first to
third semiconductor layers 141, 142, and 143. The first to third channel layers 140A, 140B,
and 140C may include a material, different from a material of the sacrificial layers 120. For

example, the sacrificial layers 120 may include silicon-germanium (SiGe), the first and third
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semiconductor layers 141 and 143 may include silicon (Si), and the second semiconductor
layer 142 may include silicon-germanium (SiGe) having a composition different from a
composition of the sacrificial layers 120. The sacrificial layers 120 may include germanium
(Ge) having a concentration higher than a concentration of germanium (Ge) included in the
second semiconductor layer 142. For example, a content of germanium (Ge) in the sacrificial
layers 120 may be within a range of about 30 at% to about 50 at%, and a content of germanium
in the second semiconductor layer 142 may be selected as a value lower than that of the
sacrificial layers 120, within a range of about 5 at% to about 50 at%. For example, the content
of germanium (Ge) in the second semiconductor layer 142 may be in a range of about 5 at%
to about 25 at%.

[0076] The sacrificial layers 120 and the first to third channel layers 140A, 140B, and 140C
may be formed by performing an epitaxial growth process from the substrate 101. The number
of layers of the first to third channel layers 140A, 140B, and 140C, stacked alternately with
the sacrificial layers 120, may vary according to example embodiments.

[0077] Referring to FIGS. 9 and 10B, in operation S120, portions of the sacrificial layers
120, the first to third channel layers 140A, 140B, and 140C, and the substrate 101 may be
removed to form an active structure AS including the active region 105.

[0078] The active structure AS may be formed by patterning the sacrificial layers 120, the
first to third semiconductor layers 141, 142, and 143, and an upper region of the substrate
101. The active structure AS may include sacrificial layers 120 and first to third channel
layers 140A, 140B, and 140C stacked alternately with each other, and may further include
the active region 105 formed to protrude upwardly by removing a portion of the substrate 101.
The active structure AS may be formed to have a line shape extending in one direction, for
example, the X-direction. Side surfaces of the active structure AS may be inclined to increase
in width, while being directed downwardly, depending on an aspect ratio. Second side
surfaces S2 of the first to third semiconductor layers 141, 142, and 143 in a Y-direction may
be exposed through side surfaces of the active structure AS.

[0079] In aregion in which a portion of the substrate 101 is removed, an isolation layer 110
may be formed by filling the region with an insulating material and then removing a portion
of the insulating material such that the active region 105 protrudes. An upper surface of the
isolation layer 110 may be formed to be lower than an upper surface of the active region 105.
[0080] Referring to FIGS. 9 and 10C, in operation S130, a sacrificial gate structure 200 and

gate spacer layers 164 may be formed on the active structure AS.
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[0081] The sacrificial gate structure 200 may be a sacrificial structure formed in a region in
which the gate dielectric layer 162 and the gate electrode 165 are disposed on the channel
structure 140 in a subsequent process, as illustrated in FIG. 2. The sacrificial gate structure
200 may have a line shape intersecting the active structure AS and extending in one direction.
The sacrificial gate structure 200 may extend in the Y-direction, for example. The sacrificial
gate structure 200 may include first and second sacrificial gate layers 202 and 205 and a mask
pattern layer 206 sequentially stacked. The first and second sacrificial gate layers 202 and
205 may be patterned using a mask pattern layer 206. The second side surfaces S2 of the first
to third semiconductor layers 141, 142, and 143 may be covered with the first sacrificial gate
layer 202.

[0082] The first and second sacrificial gate layers 202 and 205 may be an insulating layer
and a conductive layer, respectively. However, example embodiments are not limited thereto,
and the first and second sacrificial gate layers 202 and 205 may be formed as a single layer.
For example, the first sacrificial gate layer 202 may include silicon oxide, and the second
sacrificial gate layer 205 may include polysilicon. The mask pattern layer 206 may include
silicon oxide and/or silicon nitride.

[0083] Gate spacer layers 164 may be formed on opposite sidewalls of the sacrificial gate
structure 200. The gate spacer layers 164 may be formed of a low-« dielectric material, and
may include at least one of, for example, SiO, SiN, SiCN, SiOC, SiON, or SiOCN.

[0084] Referring to FIGS. 9 and 10D, in operation S140, a portion of the exposed sacrificial
layers 120 and the exposed sacrificial first to third channel layers 140A, 140B, and 140C may
be removed from the sacrificial gate structure 200 to form recess regions RC, and a portion
of the sacrificial layers 120 may be removed.

[0085] A portion of the exposed sacrificial layers 120 and a portion of the exposed first to
third channel layers 140A, 140B, and 140C may be removed using the sacrificial gate
structure 200 and the gate spacer layers 164 as masks to form the recess regions RC.
Accordingly, the first to third channel layers 140A, 140B, and 140C may constitute a channel
structure 140 having a length limited in the X-direction. The side surfaces S1 of the first to
third semiconductor layers 141, 142, and 143 in the X-direction may be exposed through the
recess regions RC.

[0086] The sacrificial layers 120 may be selectively etched with respect to the channel
structures 140 and the sacrificial layers 120 by, for example, a wet etching process to be

removed to a predetermined depth from the side surface in the X-direction. The sacrificial
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layers 120 may have inwardly concave side surfaces by side etching, as described above.
However, a specific shape of the side surfaces of the sacrificial layers 120 is not limited to
that illustrated in FIG. 10D.

[0087] Referring to FIGS. 9 and 10E, in operation S150, internal spacer layers 130 may be
formed and source/drain regions 150 may be formed in the recess regions RC.

[0088] The internal spacer layers 130 may be formed by filling the region, in which the
sacrificial layers 120 are removed, with an insulating material and then removing the
insulating material deposited on an external side of the channel structure 140. The internal
spacer layers 130 may be formed of the same material as the gate spacer layers 164, but
example embodiments are not limited thereto. For example, the internal spacer layers 130
may include at least one of SiN, SICN, SIOCN, SiBCN, or SiBN.

[0089] The source/drain regions 150 may be formed by growth from side surfaces of the
active region 105 and the channel structure 140 by, for example, a selective epitaxial process.
The source/drain regions 150 may include impurities by in-situ doping or ex-situ doping, and
may include a plurality of layers having different doping elements and/or different doping
concentrations. The source/drain regions 150 may cover the first side surfaces S1 of the first
to third semiconductor layers 141, 142, and 143.

[0090] Referring to FIGS. 9 and 10F, in operation S160, an interlayer insulating layer 190
(FIG. 10G) may be formed, and a sacrificial gate structure 200 and sacrificial layers 120 may
be removed.

[0091] The interlayer insulating layer 190 may be formed by forming an insulating layer to
cover the sacrificial gate structure 200 and the source/drain regions 150 and performing a
planarization process to expose a mask pattern layer 206.

[0092] The sacrificial gate structure 200 and the sacrificial layers 120 may be selectively
removed with respect to the gate spacer layers 164, the interlayer insulating layer 190, the
channel structure 140, and the internal spacer layers 130. The sacrificial gate structure 200
may be removed to form an upper gap region UR, and then the sacrificial layers 120 exposed
through the upper gap region UR may be removed to form a lower gap regions LR. When the
sacrificial layers 120 include silicon-germanium (SiGe) and the first and third semiconductor
layers 141 and 143 of the channel structure 140 include silicon (Si), the sacrificial layers 120
may be selectively removed with respect to the first and third semiconductor layers 141 and
143 by performing a wet etching process.

[0093] Although the second semiconductor layer 142 includes silicon-germanium (SiGe), a
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content of germanium (Ge) in the second semiconductor layer 142 is lower than a content of
germanium (Ge) in the sacrificial layers 120, so that the sacrificial layers 120 may also be
selectively removed with respect to the second semiconductor layer 142. Accordingly, the
second side surfaces S2 of the first to third semiconductor layers 141, 142, and 143 may be
exposed.

[0094] In the case of the example embodiment of FIG. 3A, in this operation, when the
sacrificial layers 120 are removed, the second semiconductor layers 142 may also be partially
removed from the exposed second side surfaces S2a to fabricate a semiconductor device. In
the case of the example embodiment of FIG. 3B, in this operation, the side protection layers
135 may be selectively formed on exposed second side surfaces S2b of the second
semiconductor layers 142 through an oxidation process, or the like, and then a process of
removing the sacrificial layers 120 may be performed to fabricate a semiconductor device.
[0095] Referringto FIGS. 9 and 10G, in operation S170, a gate structure 160 may be formed.
[0096] The gate structure 160 may be formed in (e.g., to fill) the upper gap region UR and
the lower gap regions LR. The gate dielectric layers 162 may be formed to conformally cover
internal surfaces of the upper gap region UR and the lower gap regions LR. The gate electrode
165 may be formed to completely fill the upper gap region UR and the lower gap regions LR,
and may then be removed from above in the upper gap regions UR to a predetermined depth,
together with the gate dielectric layers and the gate spacer layers 164. Accordingly, a gate
structure 160 including the gate dielectric layers 162, the gate electrode 165, and the gate
spacer layers 164 may be formed. The second side surfaces S2 of the first to third
semiconductor layers 141, 142, and 143 may be covered with the gate dielectric layers 162
of the gate structure 160.

[0097] The gate structure 160 is formed, and then an interlayer insulating layer 190 may be
further formed on the gate structure 160. For example, the interlayer insulating layer 190
may be formed to a first height, in the Z-direction, as shown in FIG. 10F, and then may be
formed to a second height, in the Z-direction, as shown in FIG. 10G, where the second height
is higher than the first height.

[0098] Referring to FIGS. 9 and 2, in operation S180, contact plugs 195 may be formed.
[0099] By patterning the interlayer insulating layer 190, contact holes may be formed to
expose the source/drain regions 150. Then, the contact holes may be filled with a conductive
material to form contact plugs 195. For example, the contact holes may be filled with a

material forming a barrier layer, and then a silicidation process may be performed to form a
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metal-semiconductor compound layer such as a silicide layer on a lower end thereof. Then, a
conductive material may be deposited to fill the contact holes, so that the contact plugs 195
may be formed. Accordingly, the semiconductor device 100 of FIGS. 1 and 2 may be
fabricated.

[00100] As described above, a semiconductor device may include a channel layer including
a plurality of semiconductor layers including different materials, to improve electrical
characteristics and mass producibility.

[00101] While example embodiments have been shown and described above, it will be
apparent to those skilled in the art that modifications and variations could be made without

departing from the scope of the present invention as defined by the appended claims.
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WHAT IS CLAIMED IS:

1. A semiconductor device comprising:

a substrate including an active region extending in a first direction;

a gate structure intersecting the active region on the substrate and extending in a
second direction;

a plurality of channel layers spaced apart from each other in a third direction,
perpendicular to an upper surface of the substrate, on the active region and surrounded by the
gate structure; and

source/drain regions in recess regions of the active region, on opposite sides adjacent
to the gate structure and electrically connected to the plurality of channel layers,

wherein each of the plurality of channel layers includes first to third semiconductor
layers sequentially stacked in the third direction, such that the second semiconductor layer is
between the first and third semiconductor layers,

wherein the first and third semiconductor layers include silicon (Si), and the second
semiconductor layer includes silicon-germanium (SiGe), and

wherein side surfaces of the first to third semiconductor layers in the second direction

are in contact with the gate structure.

2. The semiconductor device of claim 1, wherein the side surfaces of the first to

third semiconductor layers in the second direction are coplanar with each other.

3. The semiconductor device of claim 1 or claim 2, wherein each of the first to
third semiconductor layers is a planar layer having an upper surface that is parallel to the

upper surface of the substrate.

4. The semiconductor device of any one of claims 1 to 3, wherein the first to third

semiconductor layers extend in the first direction by substantially the same length.
5. The semiconductor device of any one of claims 1 to 4, wherein side surfaces

of the first to third semiconductor layers in the first direction are in contact with the

source/drain regions.
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6. The semiconductor device of any one of claims 1 to 5, wherein the second

semiconductor layer includes germanium (Ge) within a range of about 5 at% to about 50 at%.

7. The semiconductor device of any one of claims 1 to 6, wherein the second
semiconductor layer further includes at least one of carbon (C), arsenic (As), indium (In),

gallium (Ga), phosphorus (P), or boron (B).

8. The semiconductor device of any one of claims 1 to 4, further comprising:

internal spacer layers between the gate structure and the source/drain regions in the
first direction,

wherein the internal spacer layers are in contact with the first and third semiconductor

layers in the third direction.

0. The semiconductor device of claim 8, wherein external side surfaces of the
internal spacer layers in the first direction are coplanar with side surfaces of the first to third

semiconductor layers in the first direction.

10.  The semiconductor device of any one of claims 1 to 9,
wherein the gate structure includes a gate dielectric layer and a gate electrode on the
gate dielectric layer, and
wherein the side surfaces of the first to third semiconductor layers in the second

direction are in contact with the gate dielectric layer.

11.  The semiconductor device of claim 10, wherein the gate dielectric layer
extends along a lower surface of the first semiconductor layer, the side surfaces of the first to
third semiconductor layers, and an upper surface of the third semiconductor layer to surround

each of the plurality of channel layers, in a cross-section in the second direction.

12.  The semiconductor device of any one of claims 1 to 11,
wherein each of the plurality of channel layers further includes:
a fourth semiconductor layer on the third semiconductor layer and including
SiGe; and

a fifth semiconductor layer on the fourth semiconductor layer and including
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Si, and
wherein the fourth semiconductor layer is between, in the third direction, the third

and fifth semiconductor layers.

13.  The semiconductor device of any one of claims 1 to 12, wherein a width of the
second semiconductor layer in the second direction is narrower than respective widths of the

first and third semiconductor layers in the second direction.

14. A semiconductor device comprising:

a substrate having first and second regions and including first and second active
regions respectively extending in the first and second regions in a first direction;

a first gate structure intersecting the first active region on the first region and
extending in a second direction;

a second gate structure intersecting the second active region on the second region and
extending in the second direction;

a plurality of channel layers spaced apart from each other in a third direction,
perpendicular to an upper surface of the substrate, on each of the first and second active
regions and surrounded by each of the first and second gate structures;

first source/drain regions on opposite sides adjacent to the first gate structure and
electrically connected to the plurality of channel layers; and

second source/drain regions on opposite sides adjacent to the second gate structure
and electrically connected to the plurality of channel layers,

wherein each of the plurality of channel layers includes first to third semiconductor
layers sequentially stacked in the third direction, such that the second semiconductor layer is
between the first and third semiconductor layers, and extending parallel to each other in the
first and second directions, and

wherein at least one of the first to third semiconductor layers includes silicon-

germanium (SiGe).

15. The semiconductor device of claim 14,
wherein the first and second source/drain regions include silicon (Si),
wherein the first source/drain regions include a first impurity having a first

conductivity type, and
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wherein the second source/drain regions include a second impurity having a second

conductivity type that is different from the first conductivity type.

16. The semiconductor device of claim 15, wherein the first and second

source/drain regions do not include germanium (Ge).

17.  The semiconductor device of any one of claims 14 to 16, wherein the second
semiconductor layer in the first region includes a material different from a material of the

second semiconductor layer in the second region.

18.  The semiconductor device of any one of claims 14 to 17, wherein in the first
region, the first and third semiconductor layers include SiGe and the second semiconductor

layer includes silicon (Si).

19. A semiconductor device comprising:

a substrate including an active region extending in a first direction;

a gate structure intersecting the active region on the substrate and extending in a
second direction;

a plurality of channel layers spaced apart from each other in a third direction,
perpendicular to an upper surface of the substrate, on the active region and surrounded by the
gate structure; and

source/drain regions in recess regions of the active region, on opposite sides adjacent
to the gate structure and electrically connected to the plurality of channel layers,

wherein each of the plurality of channel layers includes first and second
semiconductor layers sequentially stacked, such that the first semiconductor layer is below
the second semiconductor layer,

wherein the second semiconductor layer includes silicon-germanium (SiGe), and

wherein side surfaces of the first and second semiconductor layers in the second

direction are coplanar with each other.

20.  The semiconductor device of claim 19,
wherein each of the plurality of channel layers further includes a third semiconductor

layer on the second semiconductor layer,
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wherein the second semiconductor layer is between, in the third direction, the first
and third semiconductor layers, and
wherein a content of germanium (Ge) in each of the first and third semiconductor

layers is lower than a content of Ge in the second semiconductor layer.
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