SEMICONDUCTOR DEVICES AND METHODS OF MANUFACTURING THE SAME

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims priority to Korean Patent Application No. 10-2017-0126077,
filed on September 28, 2017 in the Korean Intellectual Property Office (KIPO), the content of

which is hereby incorporated herein by reference in its entirety.

TECHNICAL FIELD

[0002] The present disclosure relates to semiconductor devices.

BACKGROUND
[0003] When a multi-bridge-channel MOSFET (MBCFET) is formed, a fin structure may be
formed, a dummy gate structure and a gate spacer covering a sidewall of the dummy gate
structure may be formed on the fin structure, and the fin structure may be etched using the
dummy gate structure and the gate spacer as an etching mask. After forming a source/drain
layer adjacent the gate structure, the dummy gate structure may be replaced by a gate structure.
If the gate structure and the source/drain layer are not electrically insulated from each other,

an electrical short may occur therebetween.

SUMMARY
[0004] Example embodiments provide a semiconductor device having good electrical
characteristics.
[0005] Example embodiments provide a method of manufacturing a semiconductor device
having good electrical characteristics.
[0006] According to example embodiments, a semiconductor device is provided. The
semiconductor device may include a substrate. The semiconductor device may include
channels spaced apart from each other in a vertical direction on an upper surface of the
substrate. The semiconductor device may include a gate structure on the channels. The
semiconductor device may include a first spacer on a sidewall of the gate structure. The first
spacer may include a central portion overlapping the channels in the vertical direction. The

first spacer may include a protrusion portion protruding from the central portion. The
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protrusion portion may not overlap the channels in the vertical direction. Moreover, the
semiconductor device may include a source/drain layer on sidewalls of the channels.

[0007] A semiconductor device, according to various embodiments, may include a substrate.
The semiconductor device may include a gate structure on the substrate. The semiconductor
device may include a channel extending through the gate structure. The semiconductor device
may include a source/drain layer on the channel. Moreover, the semiconductor device may
include a first spacer on a sidewall of the gate structure and electrically insulating the gate
structure from the source/drain layer. The first spacer may include a central portion
overlapping the channel in a vertical direction. The first spacer may include a protrusion
portion protruding from the central portion. The protrusion portion may not overlap the
channel in the vertical direction.

[0008] A semiconductor device, according to various embodiments, may include a substrate.
The semiconductor device may include a source/drain layer on the substrate. The
semiconductor device may include a first gate structure at a first side of the source/drain layer.
The semiconductor device may include a first channel extending through the first gate
structure and connecting to the source/drain layer. Moreover, the semiconductor device may
include a first spacer on a sidewall of the first gate structure that faces the source/drain layer.
The first spacer may electrically insulate the first gate structure from the source/drain layer.
The first spacer may include a first protrusion portion not overlapping the first channel in a
vertical direction substantially perpendicular to an upper surface of the substrate.

[0009] A method of manufacturing a semiconductor device, according to various
embodiments, may include forming a fin structure on a substrate. The fin structure may
include sacrificial lines and semiconductor lines that are alternately and repeatedly stacked.
The method may include forming a dummy gate structure on the fin structure and the substrate.
The dummy gate structure may include a dummy gate insulation pattern and a dummy gate
electrode that are sequentially stacked. The method may include etching the fin structure
using the dummy gate structure as an etching mask to expose an upper surface of the substrate.
The method may include etching sidewalls of the sacrificial lines to form a first recess. The
method may include etching a portion of the dummy gate insulation pattern exposed by the
first recess to form a second recess. The method may include forming a first spacer in the first

and second recesses. The method may include forming a source/drain layer on the upper
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surface of the substrate. Moreover, the method may include replacing the dummy gate
structure with a gate structure.

[0010] A method of manufacturing a semiconductor device, according to various
embodiments, may include forming a fin structure on a substrate. The fin structure may
extend in a first direction. The method may include forming a dummy gate structure on the
fin structure and the substrate. The dummy gate structure may include a dummy gate
insulation pattern and a dummy gate electrode sequentially stacked and extending in a second
direction substantially perpendicular to the first direction. A protrusion portion of the dummy
gate insulation pattern may not overlap the dummy gate electrode in a vertical third direction
substantially perpendicular to an upper surface of the substrate. The method may include
forming a second spacer on a sidewall of the dummy gate structure. The method may include
etching the fin structure using the dummy gate structure and the second spacer as an etching
mask to expose the upper surface of the substrate. The method may include etching a portion
of the dummy gate structure to form a first recess. The method may include etching the
protrusion portion of the dummy gate insulation pattern to form a second recess. The method
may include forming a first spacer in the first and second recesses. The method may include
forming a source/drain layer on the upper surface of the substrate. The method may include
replacing the dummy gate structure with a gate structure.

[0011] In a semiconductor device in accordance with example embodiments, the spacer
structure of the MBCFET on (e.g., covering) a sidewall of the gate structure may include a
protrusion (i.e., protruding) portion that does not vertically overlap the channel, and thus
electrical isolation between the gate structure and the source/drain layer may be

improved/secured.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] FIG. 1 is a plan view illustrating a semiconductor device in accordance with example
embodiments. FIG. 2 is an enlarged horizontal cross-sectional view illustrating the
semiconductor device. FIGS. 3-5 are vertical cross-sectional views illustrating the
semiconductor device.
[0013] FIGS. 6 to 32 include plan views and cross-sectional views illustrating a method of

manufacturing a semiconductor device in accordance with example embodiments. In
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particular, FIGS. 6, 8, 10, 15, 19, 22, 24, 27, and 29 are plan views, FIGS. 7, 9, 12-14, 17, 18,
21, 26, 28, 31, and 32 are vertical cross-sectional views, and FIGS. 11, 16, 20, 23, 25, and 30
are enlarged horizontal cross-sectional views.

[0014] FIGS. 33 to 37 are cross-sectional views illustrating semiconductor devices in

accordance with example embodiments.

DESCRIPTION
[0015] FIGS. 1 to 5 are a plan view and cross-sectional views illustrating a semiconductor
device in accordance with example embodiments. FIG. 1 is the plan view, FIG 2 is a
horizontal cross-sectional view, and FIGS. 3 to 5 are vertical cross-sectional views.
[0016] FIG. 3 is a cross-sectional view taken along a line A-A’ of FIG. 1, FIG. 4 is a cross-
sectional view taken along a line B-B’ of FIG. 1, and FIG. 5 is a cross-sectional view taken
along a line C-C’ of FIG. 1. FIG. 2 is a horizontal cross-sectional view of a region X of FIG. 1,
which may be taken along lines D-D’ of FIGS. 3 to 5.
[0017] Hereinafter, two directions substantially parallel to an upper surface of a substrate 100
and crossing each other may be referred to as first and second directions, respectively, and a
direction substantially perpendicular to the upper surface of the substrate 100 may be referred
to as a third direction. In example embodiments, the first and second directions may be
substantially perpendicular to each other.
[0018] Referring to FIGS. 1 to 5, the semiconductor device may include a semiconductor
pattern 124, a gate structure 310, an epitaxial layer 240, and a first spacer 230 on the substrate
100. The semiconductor device may further include an active region 105, an isolation pattern
130, a second spacer 185, and an insulation layer 250.
[0019] The substrate 100 may include a semiconductor material, e.g., silicon, germanium,
silicon-germanium, etc., or III-V semiconductor compounds, e.g., gallium phosphide (GaP),
gallium arsenide (GaAs), gallium antimonide (GaSb), etc. In some embodiments, the
substrate 100 may be a silicon-on-insulator (SOI) substrate, or a germanium-on-insulator
(GOI) substrate.
[0020] The active region 105 may protrude from the substrate 100 in the third direction, and
may extend in the first direction. In the figures, two active regions 105 are shown. The

inventive concepts, however, are not limited thereto. Thus, more than two active regions 105
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may be spaced apart from each other in the second direction. Each active region 105 may be
formed by partially removing an upper portion of the substrate 100, and thus may include a
material substantially the same as that of the substrate 100.

[0021] A sidewall of the active region 105 may be covered by the isolation pattern 130. The
isolation pattern 130 may include an oxide, e.g., silicon oxide.

[0022] A plurality of semiconductor patterns 124 may be formed at a plurality of levels,
respectively, to be spaced apart from each other in the third direction from an upper surface of
the active region 105. In the figures, the semiconductor patterns 124 are shown at three levels,
respectively. The inventive concepts, however, are not limited thereto.

[0023] In the figures, only two semiconductor patterns 124 spaced apart from each other in the
first direction are shown at each level on the active region 105 extending in the first direction.
The inventive concepts, however, are not limited thereto. Thus, more than two semiconductor
patterns 124 may be formed to be spaced apart from each other in the first direction at each
level on the active region 105.

[0024] In example embodiments, the semiconductor pattern 124 may be nanosheets or
nanowires including a semiconductor material, e.g., silicon, germanium, etc. In example
embodiments, the semiconductor pattern 124 may serve as a channel of a transistor, which
may be referred to as the channel.

[0025] The epitaxial layer 240 may extend in the third direction from the upper surface of the
active region 105, and may commonly contact respective sidewalls of the semiconductor
patterns 124 at the plurality of levels to be connected thereto. The epitaxial layer 240 may
contact an outer sidewall of the first spacer 230 and a lower outer sidewall of the second
spacer 185. As shown in FIG. 4, a sidewall of the first spacer 230 and/or a sidewall of the
second spacer 185 may include a sloped (e.g., curved/slanted) portion that is between the gate
structure 310 and the epitaxial layer 240. This may result from forming the first spacer 230
and/or the second spacer 185 on a sloped portion of a dummy structure that precedes the gate
structure 310.

[0026] In example embodiments, the epitaxial layer 240 may include single crystalline silicon
carbide doped with n-type impurities or single crystalline silicon doped with n-type impurities,
and thus may serve as a source/drain layer of an NMOS transistor. Alternatively, the epitaxial

layer 240 may include single crystalline silicon-germanium doped with p-type impurities, and
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thus may serve as a source/drain layer of a PMOS transistor. The epitaxial layer 240 may be
referred to as a source/drain layer.

[0027] The gate structure 310 may be formed on the substrate 100, and may surround a central
portion of the semiconductor pattern 124 in the first direction. In the figures, the gate
structure 310 1s shown to cover the semiconductor patterns 124 on two active regions 105.
The inventive concepts, however, are not limited thereto. That is, the gate structure 310 may
extend in the second direction, and may cover the semiconductor patterns 124 on more than
two active regions 105 spaced apart from each other in the second direction, or the
semiconductor patterns 124 on only one active region 105.

[0028] In the figures, two gate structures 310 are shown on the substrate 100. The inventive
concepts, however, are not limited thereto. Thus, more than two gate structures 310 spaced
apart from each other in the first direction may be formed on the substrate 100.

[0029] The gate structure 310 may include an interface pattern 270, a gate insulation pattern
280, a workfunction control pattern 290, and a gate electrode 300 sequentially stacked from a
surface of each of the semiconductor patterns 124 or the upper surface of the active region 105.
[0030] The interface pattern 270 may be formed on the upper surface of the active region 105
and the surfaces of the semiconductor patterns 124, and the gate insulation pattern 280 may be
formed on a surface of the interface pattern 270, and inner sidewalls of the first and second
spacers 230 and 185. The workfunction control pattern 290 may be formed on the gate
insulation pattern 280, and the gate electrode 300 may fill a space between the semiconductor
patterns 124 spaced apart from each other in the third direction and a space defined by an
inside of the second spacer 185 on an uppermost one of the semiconductor patterns 124.
[0031] The interface pattern 270 may include an oxide, e.g., silicon oxide, and the gate
insulation pattern 280 may include a metal oxide having a high-k dielectric constant, e.g.,
hafnium oxide, tantalum oxide, zirconium oxide, etc.

[0032] The workfunction control pattern 290 may include, e.g., titanium nitride, titanium
oxynitride, titanium oxycarbonitride, titanium silicon nitride, titanium silicon oxynitride,
titanium aluminum oxynitride, tantalum nitride, tantalum oxynitride, tantalum aluminum
nitride, tantalum aluminum oxynitride, tungsten nitride, tungsten carbonitrde, aluminum oxide,
etc. The gate electrode 300 may include a metal, e.g., titanium, aluminum, etc., a metal alloy,

or a nitride or carbide of the metal.



[0033] The gate structure 310 together with the epitaxial layer 240 serving as a source/drain
layer, and the semiconductor pattern 124 serving as a channel may form a transistor. The
transistor may be an NMOS transistor or a PMOS transistor according to the conductivity type
of the impurities doped in the epitaxial layer 240. The transistor may include the plurality of
semiconductor patterns 124 sequentially stacked in the third direction, and thus may be an
MBCFET.

[0034] The first spacer 230 may cover a lower portion of each of opposite sidewalls of the
gate structure 310 in the first direction, and the second spacer 185 may cover an upper portion
of each of opposite sidewalls of the gate structure 310 in the first direction. The first and
second spacers 230 and 185 may be referred to as a spacer structure.

[0035] Particularly, the first spacer 230 may be formed between the semiconductor patterns
124 at a plurality of levels or between the upper surface of the active region 105 and a
lowermost one of the semiconductor patterns 124, and the second spacer 185 may be formed
on the uppermost one of the semiconductor patterns 124 to cover an upper portion of a
sidewall of the gate structure 310. Thus, the gate structure 310 may be electrically insulated
from the epitaxial layer 240 by the first and second spacers 230 and 185.

[0036] In example embodiments, the first spacer 230 may include a central portion 210
overlapping the semiconductor pattern 124 in the third direction and a protrusion portion 220
protruding from the central portion 210 in the second direction. That is, the central portion
210 of the first spacer 230 may extend between the semiconductor patterns 124 or between the
upper surface of the active region 105 and the lowermost one of the semiconductor patterns
124, and the protrusion portion 220 of the first spacer 230 may protrude from each of opposite
ends of the central portion 210 in the second direction not to overlap the semiconductor
patterns 124 in the third direction. In example embodiments, the protrusion portions 220 at
the opposite ends of the central portion 210 of the first spacer 230 may have a symmetric
shape with each other. Moreover, as shown in FIG. 2, in some embodiments, two of the first
spacers 230 may have respective horizontal cross-sections that are symmetric with respect to
an axis extending in the second direction through a central (i.e., center) point of the epitaxial
(e.g., source/drain) layer 240 between the two of the first spacers 230.

[0037] In example embodiments, an end of the protrusion portion 220 of the first spacer 230

may contact the epitaxial layer 240. Thus, if no protrusion portion is formed at the first spacer
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230, the space may be filled with the gate structure 310, and the gate structure 310 and the
epitaxial layer 240 may contact each other. However, in example embodiments, the first
spacer 230 may include the protrusion portion 220, and thus the gate structure 310 and the
epitaxial layer 240 may not directly contact each other, and the electrical insulation
therebetween may be obtained. This feature may be explained in a method of manufacturing a
semiconductor device subsequently illustrated with reference to FIGS. 6 to 32.

[0038] In example embodiments, the first spacer 230 may at least partially overlap the
overlying second spacer 185 in the third direction. In the figures, an outer sidewall of the
central portion 210 of the first spacer 230 is not aligned with an outer sidewall of the second
spacer 185 in the third direction, and an inner sidewall of the central portion 210 of the first
spacer 230 is not aligned with an inner sidewall of the second spacer 185 in the third direction.
The inventive concepts, however, are not limited thereto.

[0039] In some example embodiments, the inner sidewall of the first spacer 230 may overlap a
portion of the gate structure 310 on the uppermost one of the semiconductor patterns 124 in
the third direction, and thus a width in the first direction of a portion of the gate structure 310
under the uppermost one of the semiconductor patterns 124 may be less than that of the
portion of the gate structure 310 on the uppermost one of the semiconductor patterns 124. The
inventive concepts, however, are not limited thereto. That is, the width in the first direction of
the portion of the gate structure 310 under the uppermost one of the semiconductor patterns
124 may be equal to or more than that of the portion of the gate structure 310 on the
uppermost one of the semiconductor patterns 124.

[0040] The first spacer 230 may include a nitride, e.g., silicon nitride, silicon carbonitride,
silicon boron nitride, silicon oxycarbonitride, etc., and the second spacer 185 may include a
nitride, e.g., silicon nitride.

[0041] The insulation layer 250 may surround the sidewall of the second spacer 185 to cover
the epitaxial layer 240. The insulation layer 250 may include an oxide, e.g., silicon oxide.
[0042] The semiconductor device may further include contact plugs, wirings, etc., electrically
connected to the epitaxial layer 240 and/or the gate structure 310.

[0043] As illustrated above, in the semiconductor device, the gate structure 310 and the
epitaxial layer 240 adjacent thereto may be electrically insulated from each other by the first

and second spacers 230 and 185. Particularly, the first spacer 230 may include the protrusion
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portion 220 not overlapping the semiconductor pattern 124 in the third direction, and thus the
electrical insulation between the gate structure 310 and the epitaxial layer 240 may be secured.
For example, in a vertical cross-sectional view, the protrusion portion 220 and the
semiconductor pattern 124 may not overlap in the third direction.

[0044] FIGS. 6 to 32 are plan views and cross-sectional views illustrating a method of
manufacturing a semiconductor device in accordance with example embodiments. FIGS. 6, 8,
10, 15, 19, 22, 24, 277 and 29 are the plan views, FIGS. 7, 9, 12-14, 17-18, 21, 26, 28 and 31-
32 are vertical cross-sectional views, and FIGS. 11, 16, 20, 23, 25 and 30 are horizontal cross-
sectional views.

[0045] FIGS. 7, 9 and 12 are cross-sectional views taken along lines A-A’ of corresponding
plan views, FIGS. 13, 17, 21, 26, 28 and 31 are cross-sectional views taken along lines B-B’
of corresponding plan views, and FIGS. 14, 18 and 32 are cross-sectional views taken along
lines C-C’ of corresponding plan views. FIGS. 11, 16, 20, 23, 25 and 30 are horizontal cross-
sectional views of regions X of corresponding plan views, which may be taken along lines D-
D’ of the corresponding plan views.

[0046] Referring to FIGS. 6 and 7, a sacrificial layer 110 and a semiconductor layer 120 may
be alternately stacked on a substrate 100.

[0047] In the figures, three sacrificial layers 110 and three semiconductor layers 120 are
shown to be formed on the substrate 100. The inventive concepts, however, are not limited
thereto.

[0048] The sacrificial layer 110 may include a material having an etching selectivity with
respect to the substrate 100 and the semiconductor layer 120, which may include, e.g., silicon-
germanium.

[0049] Referring to FIGS. 8 and 9, a hard mask may be formed on an uppermost one of the
semiconductor layers 120 to extend in the first direction, and the semiconductor layers 120,
the sacrificial layers 110, and an upper portion of the substrate 100 may be etched using the
hard mask as an etching mask.

[0050] Thus, an active region 105 may be formed on the substrate 100 to extend in the first
direction, and a fin structure including sacrificial lines 112 and semiconductor lines 122
alternately and repeatedly stacked may be formed on the active region 105. In example

embodiments, a plurality of fin structures may be formed to be spaced apart from each other in
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the second direction on the substrate 100.

[0051] After removing the hard mask, an isolation pattern 130 may be formed on the substrate
100 to cover a sidewall of the active region 105.

[0052] Referring to FIGS. 10 to 14, a dummy gate structure 175 may be formed on the
substrate 100 to partially cover the fin structure and the isolation pattern 130.

[0053] Particularly, a dummy gate insulation layer, a dummy gate electrode layer, and a
dummy gate mask layer may be sequentially formed on the substrate 100 having the fin
structure and the isolation pattern 130 thereon, a photoresist pattern may be formed on the
dummy gate mask layer, and the dummy gate mask layer may be etched using the photoresist
pattern as an etching mask to form a dummy gate mask 165.

[0054] The dummy gate insulation layer may include an oxide, e.g., silicon oxide, the dummy
gate electrode layer may include, e.g., polysilicon, and the dummy gate mask layer may
include a nitride, e.g., silicon nitride.

[0055] The dummy gate electrode layer and the dummy gate insulation layer may be etched
using the dummy gate mask 165 as an etching mask to form a dummy gate electrode 155 and
a dummy gate insulation pattern 145, respectively.

[0056] The dummy gate insulation pattern 145, the dummy gate electrode 155, and the
dummy gate mask 165 sequentially stacked on the active region 105 and a portion of the
isolation pattern 130 adjacent thereto may form the dummy gate structure 175. In example
embodiments, the dummy gate structure 175 may extend in the second direction to cover an
upper surface and opposite sidewalls in the second direction of the fin structure and a portion
of the isolation pattern 130 adjacent the fin structure in the second direction.

[0057] In example embodiments, portions of the dummy gate structure 175 contacting a
surface of the fin structure and an upper surface of the isolation pattern 130 may have a
sidewall that is not perpendicular to, but rather is slanted relative to, the surface of the fin
structure or the upper surface of the isolation pattern 130. That is, during the etching process
for forming the dummy gate structure 175, the dummy gate insulation layer under the dummy
gate electrode layer and contacting the surface of the fin structure or the upper surface of the
isolation pattern 130 may not be easily etched due to the difference of the amount of etching
gas or the materials, and thus may have the slanted sidewall with respect to the surface of the

fin structure or the upper surface of the isolation pattern 130.
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[0058] In example embodiments, a portion of the dummy gate insulation pattern 145 not
overlapping the overlying dummy gate electrode 155 in the third direction may be formed on
each of opposite sidewalls of the fin structure in the second direction, which may be referred
to as a protrusion portion 145a of the dummy gate insulation pattern 145.

[0059] Referring to FIGS. 15 to 18, a second spacer 185 may be formed on a sidewall of the
dummy gate structure 175.

[0060] Particularly, a second spacer layer may be formed on the substrate 100 having the fin
structure, the isolation pattern 130, and the dummy gate structure 175 thereon, and may be
anisotropically etched to form the second spacer 185 covering each of opposite sidewalls of
the dummy gate structure 175 in the first direction.

[0061] The fin structure may be etched using the dummy gate structure 175 and the second
spacer 185 as an etching mask to expose an upper surface of the active region 105 of the
substrate 100.

[0062] Thus, the sacrificial lines 112 and the semiconductor lines 122 under the dummy gate
structure 175 and the second spacer 185 may be transformed into sacrificial patterns 114 and
semiconductor patterns 124, respectively, and the fin structure may be divided into a plurality
of parts spaced apart from each other in the first direction. In example embodiments, each of
the semiconductor patterns 124 may serve as a channel of a transistor.

[0063] Hereinafter, the dummy gate structure 175, the second spacer 185 on each of opposite
sidewalls of the dummy gate structure 175, and the fin structure under the dummy gate
structure 175 and the second spacer 185 may be referred to as a first structure. In example
embodiments, the first structure may extend in the second direction, and a plurality of first
structures may be formed to be spaced apart from each other in the first direction. A first
opening 190 may be formed between the first structures to expose the active region 105 and
the isolation pattern 130.

[0064] In example embodiments, the protrusion portion 145a of the dummy gate insulation
pattern 145 may be covered by the second spacer 185.

[0065] Referring to FIGS 19 to 21, opposite sidewalls in the first direction of the sacrificial
patterns 114 exposed by the first opening 190 may be etched to form first recesses 195,
respectively.

[0066] In example embodiments, the first recesses 195 may be formed by a wet etching
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process on the sacrificial patterns 114. Alternatively, the first recesses 195 may be formed by
a dry etching process on the sacrificial patterns 114.

[0067] In example embodiments, as the first recesses 195 are formed, the protrusion portion
145a of the dummy gate insulation pattern 145 protruding in the second direction from each of
opposite ends of the sacrificial pattern 114 in the first direction may be exposed. In some
example embodiments, as the first recesses 195 are formed, a width in the first direction of the
sacrificial pattern 114 may be less than that of the overlying dummy gate structure 175. The
inventive concepts, however, are not limited thereto. That is, if only the protrusion portion
145a of the dummy gate insulation pattern 145 may be exposed by the formation of the first
recesses 195, the depth of each of the first recesses 195 may not be limited, and thus the width
in the first direction of the sacrificial pattern 114 may be equal to or more than that of the
overlying dummy gate structure 175.

[0068] Referring to FIGS. 22 and 23, the protrusion portion 145a of the dummy gate
insulation pattern 145 exposed by the first recesses 195 may be removed to form a second
recess 200.

[0069] In example embodiments, the second recess 200 may be formed by a wet etching
process on the dummy gate insulation pattern 145. Alternatively, the second recess 200 may
be formed by a dry etching process on the dummy gate insulation pattern 145.

[0070] In example embodiments, during the etching process, not only the protrusion portion
145a of the dummy gate insulation pattern 145 exposed by the first recesses 195 but also a
portion of the dummy gate insulation pattern 145 adjacent the protrusion portion 145a, i.e., a
portion of the dummy gate insulation pattern 145 overlapping the overlying dummy gate
electrode 155 in the third direction may be removed.

[0071] Referring to FIGS. 24 to 26, a first spacer 230 may be formed to fill the first and
second recesses 195 and 200.

[0072] The first spacer 230 may be formed by forming a first spacer layer on the dummy gate
structure 175, the second spacer 185, the fin structure, the active region 105 of the substrate
100, and the isolation pattern 130 to fill the first and second recesses 195 and 200, and
anisotropically etching the first spacer layer. The first spacer layer may be formed by a
deposition process, e.g., a chemical vapor deposition (CVD) process, an atomic layer

deposition (ALD) process, etc.
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[0073] In example embodiments, the first spacer 230 may include a central portion 210 filling
the first recess 195 and a protrusion portion 220 filling the second recess 200. That is, the
protrusion portion 220 of the first spacer 230 may protrude in the second direction from each
of opposite ends of the central portion 210 in the second direction, and the protrusion portions
220 at opposite ends of the central portion 210 may be symmetric with each other.
[0074] In example embodiments, the first spacer 230 may at least partially overlap the
overlying second spacer 185 in the third direction. In the figures, an outer sidewall of the
central portion 210 of the first spacer 230 is not aligned with an outer sidewall of the second
spacer 185 in the third direction. The inventive concepts, however, are not limited thereto.
[0075] Referring to FIGS. 27 and 28, an epitaxial layer 240 may be formed on the upper
surface of the active region 105 of the substrate 100 exposed by the first opening 190.
[0076] In example embodiments, the epitaxial layer 240 may be formed by a selective
epitaxial growth (SEG) process using the exposed upper surface of the active region 105 by
the first opening 190 as a seed.
[0077] In example embodiments, the SEG process may be performed using a silicon source
gas such as disilane (Si2He) and a carbon source gas such as SiH3;CH3, to form a single
crystalline silicon carbide (SiC) layer. In some example embodiments, the SEG process may
be performed using only the silicon source gas such as disilane (SizHs), to form a single
crystalline silicon layer. The epitaxial layer 240 may serve as a source/drain layer of an
NMOS transistor.
[0078] Alternatively, the SEG process may be performed, using a silicon source gas such as
dichlorosilane (SiH2Cl») and a germanium source gas such as germane (GeHs), to form a
single crystalline silicon germanium (SiGe) layer. The epitaxial layer 240 may serve as a
source/drain layer of a PMOS transistor.
[0079] In example embodiments, the epitaxial layer 240 may be formed on each of opposite
sidewalls of the first structure in the first direction. In example embodiments, the epitaxial
layer 240 may contact sidewalls of the semiconductor patterns 124 of the fin structure, and
outer sidewalls of the first spacer 230 covering sidewalls of the sacrificial patterns 114, and
further grow in the third direction to contact a sidewall of the second spacer 185.
[0080] In some embodiments, the epitaxial layer 240 may be formed by a laser epitaxial
growth (LEG) process or a solid phase epitaxy (SPE) process.
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[0081] The epitaxial layer 240 may serve as a source/drain layer of a transistor. An impurity
doping process and a heat treatment process may be further performed on the epitaxial layer
240. For example, when the epitaxial layer 240 includes silicon carbide or silicon, n-type
impurities may be doped thereinto and a heat treatment may be performed. When the epitaxial
layer 240 includes silicon-germanium, p-type impurities may be doped thereinto and a heat
treatment may be performed.

[0082] Referring to FIGS. 29 to 32, an insulation layer 250 may be formed on the substrate
100 to cover the first structure and the epitaxial layer 240, and may be planarized until upper
surfaces of the dummy gate electrode 155 of the first structure may be exposed. During the
planarization process, the dummy gate mask 165 may be also removed, and an upper portion
of the second spacer 185 may be removed.

[0083] The planarization process may be performed by a chemical mechanical polishing
(CMP) process and/or an etch back process.

[0084] The exposed dummy gate electrode 155 and the dummy gate insulation pattern 145
may be removed by, e.g., a wet etching process and/or a dry etching process to form a second
opening 260 exposing an inner sidewall of the second spacer 185, an inner sidewall of the first
spacer 230, surfaces of the semiconductor patterns 124, and the upper surface of the active
region 105.

[0085] In example embodiments, the protrusion portion 145a of the dummy gate insulation
pattern 145 has already been removed to be replaced with the protrusion portion 220 of the
first spacer 230 including a material different, and thus the protrusion portion 220 of the first
spacer 230 may not be removed in the etching process. Accordingly, the epitaxial layer 240
may not be exposed by the second opening 260.

[0086] Referring to FIGS. 1 to 5 again, a gate structure 310 may be formed on the substrate
100 to fill the second opening 260.

[0087] Particularly, after a thermal oxidation process is performed on the upper surface of the
active region 105 and the surface of the semiconductor pattern 124 exposed by the second
opening 260 to form an interface pattern 270, a gate insulation layer and a workfunction
control layer may be sequentially formed on a surface of the interface pattern 270, inner
sidewalls of the first and second spacers 230 and 185, and an upper surface of the insulation

layer 250, and a gate electrode layer may be formed to fill a remaining portion of the second
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opening 260.
[0088] The gate insulation layer, the workfunction control layer, and the gate electrode layer
may be formed by, e.g., a CVD process, an ALD process, a PVD process, etc. The interface
pattern 270 may be also formed by a CVD process, an ALD process, a PVD process, etc.,
instead of the thermal oxidation process, and in this case, the interface pattern 270 may be also
formed on the inner sidewalls of the first and second spacers 230 and 185.
[0089] The gate electrode layer, the workfunction control layer, and the gate insulation layer
may be planarized until the upper surface of the insulation layer 250 may be exposed to form a
gate electrode 300, a workfunction control pattern 290, and a gate insulation pattern 280,
respectively. The interface pattern 270, the gate insulation pattern 280, the workfunction
control pattern 290, and the gate electrode 300 may form a gate structure 310.
[0090] In example embodiments, the gate structure 310 may be electrically insulated from the
epitaxial layer 240 by the first spacer 230 including the protrusion portion 220 and the second
spacer 185, and thus an electrical short may not occur therebetween.
[0091] FIGS. 33 to 37 are cross-sectional views illustrating semiconductor devices in
accordance with example embodiments. FIGS. 33, 35 and 36 are horizontal cross-sectional
views of a region X of FIG. 1, which may be taken along lines D-D’ of FIGS. 3 to 5, and FIGS.
34 and 37 are vertical cross-sectional views taken along a line B-B’ of FIG. 1.
[0092] These semiconductor devices may be substantially the same as that of FIG. 1, except
for the first spacer. Thus, like reference numerals refer to like elements, and repeated detailed
descriptions thereon may be omitted herein.
[0093] Referring to FIGS. 33 and 34, unlike that of FIGS. 1 to 5, the inner sidewall of the
central portion 210 of the first spacer 230 may be aligned with the inner sidewall of the second
spacer 185 in the third direction. Thus, the width in the first direction of the portion of the
gate structure 310 under the uppermost one of the semiconductor patterns 124 may be
substantially equal to that of the portion of the gate structure 310 on/above the uppermost one
of the semiconductor patterns 124.
[0094] Referring to FIG. 35, the protrusion portion 220 of the first spacer 230 may have an
area smaller than that of the protrusion portion 220 of the first spacer 230 shown in FIGS. 34
and 35.
[0095] Referring to FIGS. 36 and 37, unlike that of FIGS. 1 to 5, the outer sidewall of the
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central portion 210 of the first spacer 230 may be aligned with the outer sidewall of the second
spacer 185 in the third direction. Thus, a thickness of the first spacer 230 may be equal to or
more than that of the second spacer 185.

[0096] The above-disclosed subject matter is to be considered illustrative, and not restrictive,
and the appended claims are intended to cover all such modifications, enhancements, and
other embodiments, which fall within the true spirit and scope. Thus, to the maximum extent
allowed by law, the scope is to be determined by the broadest permissible interpretation of the
following claims and their equivalents, and shall not be restricted or limited by the foregoing

detailed description.
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WHAT IS CLAIMED IS:

1. A semiconductor device comprising:

a substrate;

channels spaced apart from each other in a vertical direction on an upper surface of
the substrate;

a gate structure on the channels, the gate structure including lower and upper
portions sequentially stacked in the vertical direction, the lower portion being at a height
substantially equal to or lower than that of a bottom surface of an uppermost one of the
channels;

a first spacer on a sidewall of the lower portion of gate structure, the first spacer at
least partially overlapping the upper portion of the gate structure in the vertical direction,
and the first spacer comprising:

a central portion overlapping the channels in the vertical direction; and

a protrusion portion protruding from the central portion, the protrusion portion not
overlapping the channels in the vertical direction; and

a source/drain layer on sidewalls of the channels.

2. The semiconductor device of claim 1, wherein each of the channels extends
in a first direction substantially parallel to the upper surface of the substrate, and

wherein the protrusion portion of the first spacer protrudes from the central portion
of the first spacer in a second direction substantially parallel to the upper surface of the

substrate and substantially perpendicular to the first direction.

3. The semiconductor device of claim 2,

wherein the protrusion portion of the first spacer comprises first and second
protrusion portions that protrude from opposite first and second ends, respectively, of the
central portion of the first spacer in the second direction, and

wherein the first and second protrusion portions at the opposite first and second ends

of the central portion of the first spacer are symmetric with each other.

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

source/drain layer is electrically insulated from the gate structure by the first spacer.
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5. The semiconductor device of any one of claims 2 to 4,

wherein the first spacer is on opposite sidewalls of a lower portion of the gate
structure,

wherein the semiconductor device further comprises a second spacer on opposite
sidewalls of an upper portion of the gate structure, and

wherein the gate structure is electrically insulated from the source/drain layer by the
first and second spacers.

6. The semiconductor device of claim 5, wherein the first and second spacers at

least partially overlap with each other in the vertical direction.

7. The semiconductor device of claim 5 or claim 6, wherein a first width in the
first direction of the lower portion of the gate structure is narrower than a second width in

the first direction of the upper portion of the gate structure.

8. The semiconductor device of any one of claims 1 to 7, wherein the
semiconductor device comprises a plurality of first spacers spaced apart from each other in

the vertical direction.

9. A semiconductor device comprising:

a substrate;

a gate structure on the substrate, the gate structure including lower and upper
portions sequentially stacked in a vertical direction;

a channel extending through the gate structure, the lower portion of the gate
structure being at a height substantially equal to or lower than that of a bottom surface of
the channel;

a source/drain layer on the channel; and

a first spacer on a sidewall of the lower portion of the gate structure and electrically
insulating the gate structure from the source/drain layer, the first spacer at least partially
overlapping the upper portion of the gate structure in the vertical direction, and comprising:

a central portion overlapping the channel in the vertical direction; and

a protrusion portion protruding from the central portion, the protrusion portion not
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overlapping the channel in the vertical direction.

10.  The semiconductor device of claim 9, wherein the channel comprises a
plurality of channels spaced apart from each other in the vertical direction, and
wherein the first spacer is between the plurality of channels, and is between the

substrate and a closest one of the plurality of channels to the substrate.

11.  The semiconductor device of claim 9 or claim 10, wherein the gate structure
extends in a second direction substantially parallel to an upper surface of the substrate, and
the channel extends in a first direction substantially parallel to the upper surface of the

substrate and substantially perpendicular to the second direction.

12. The semiconductor device of claim 11, wherein a width of the channel in the

first direction is wider than a width of the gate structure in the first direction.

13. The semiconductor device of claim 11 or claim 12, wherein the source/drain

layer contacts opposite sidewalls of the channel and an outer sidewall of the first spacer.

14.  The semiconductor device of any one of claims 11 to 13,

wherein the first spacer is on opposite sidewalls of a lower portion of the gate
structure,

wherein the semiconductor device further comprises a second spacer on opposite
sidewalls of an upper portion of the gate structure, and

wherein the first and second spacers at least partially overlap with each other in the

vertical direction.

15.  Asemiconductor device comprising:

a substrate;

a source/drain layer on the substrate;

a first gate structure at a first side of the source/drain layer, the first gate structure
including lower and upper portions sequentially stacked in a vertical direction;

a first channel extending through the first gate structure and connecting to the

source/drain layer, the lower portion of the first gate structure being at a height substantially
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equal to or lower than that of a bottom surface of the first channel; and

a first spacer on a sidewall of the lower portion of the first gate structure that faces
the source/drain layer, the first spacer electrically insulating the first gate structure from the
source/drain layer and comprising a first protrusion portion not overlapping the first channel
in the vertical direction substantially perpendicular to an upper surface of the substrate, and
the first spacer at least partially overlapping the upper portion of the gate structure in the

vertical direction.

16.  The semiconductor device of claim 15,

wherein the first channel extends in a first direction substantially parallel to the
upper surface of the substrate, and

wherein the source/drain layer and the first gate structure are spaced apart from each

other in the first direction.

17.  The semiconductor device of claim 16,

wherein the first spacer comprises a first central portion overlapping the first
channel in the vertical direction,

wherein the first central portion comprises a sloped sidewall that is between the first
gate structure and the source/drain layer, and

wherein the first protrusion portion comprises a plurality of portions that protrude
from opposite ends, respectively, of the first central portion in a second direction
substantially parallel to the upper surface of the substrate and substantially perpendicular to

the first direction.

18.  The semiconductor device of claim 17, further comprising:

a second gate structure at a second side of the source/drain layer;

a second channel extending through the second gate structure and connecting to the
source/drain layer; and

a second spacer on a sidewall of the second gate structure that faces the source/drain
layer, the second spacer electrically insulating the second gate structure from the
source/drain layer and comprising a second protrusion portion not overlapping the second
channel in the vertical direction,

wherein respective cross-sections of the first and second spacers taken along a
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horizontal direction substantially parallel to the upper surface of the substrate are symmetric
with respect to an axis extending in the second direction through a central point of the

source/drain layer.

19.  The semiconductor device of any one of claims 15 to 18, wherein the
semiconductor device comprises a plurality of first channels spaced apart from each other in
the vertical direction, and

wherein the first spacer is between the plurality of first channels, and between the

substrate and a closest one of the plurality of first channels to the substrate.

20.  The semiconductor device of claim 19, further comprising a third spacer on
an upper portion of the first gate structure and on an uppermost one of the plurality of first
channels, wherein the third spacer electrically insulates the upper portion of the first gate
structure from the source/drain layer,

wherein the first and third spacers at least partially overlap with each other in the

vertical direction.
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