SEMICONDUCTOR DEVICE INCLUDING NANOSHEET TRANSISTOR

CROSS-REFERENCE TO RELATED APPLICATION(S)
[0001] This patent application claims priority to Korean Patent Application No.
10-2022-0128679, filed on 7 October 2022, in the Korean Intellectual Property Office (KIPO),

the contents of which are incorporated by reference herein in their entirety.

TECHNICAL FIELD
[0002] Embodiments relate to a semiconductor device and a manufacturing method thereof.
More particularly, embodiments relate to a semiconductor device including a nanosheet

transistor and a manufacturing method thereof.

BACKGROUND

[0003] Demand for miniaturization and improved performance of a semiconductor
device has led to a nanosheet transistor. The nanosheet transistor may also be referred to with
different names such as, nanobeam, nanoribbon, superimposed channel device, etc. The
nanosheet transistor may be characterized by multiple nanosheet layers bridging source/drain
electrodes formed at both ends thereof and a gate structure that wraps around the nanosheet
layers. These nanosheet layers function as a channel structure for current flow between the
source/drain electrodes of the nanosheet transistor. Due to this structure, improved control of
current flow through the multiple nanosheet layers may be achieved in addition to higher
device density in a semiconductor device including the nanosheet transistor.

[0004] In a nanosheet structure of the nanosheet transistor, variations in an alignment of the

nanosheets may lead to defects in the structure.



SUMMARY

[0005] Example embodiments provide a semiconductor device having improved electrical
characteristics.

[0006] According to example embodiments, there is provided a semiconductor device. The
semiconductor device may include a substrate including a first row region and a second row
region, wherein a surface of the substrate is disposed in a first direction and a second direction
perpendicular to the first direction, a first nanosheet structure on the first row region, the first
nanosheet structure including a plurality of active segments disposed in the first direction, and
the plurality of active segments having different widths in the second direction; and a second
nanosheet structure on the second row region, the second nanosheet structure spaced apart
from the first nanosheet structure in the second direction, and wherein the second nanosheet
structure is symmetrical with the first nanosheet structure in the first direction. In a plan view,
in each of the first nanosheet structure and the second nanosheet structure, each of a plurality of
transition regions between adjacent ones of the active segments have one of a same first angle
and a second angle with respect to the first direction.

[0007] According to example embodiments, there is provided a semiconductor device. The
semiconductor device may include a substrate including a surface disposed in a first direction
and a second direction perpendicular to the first direction, a first nanosheet structure on the
substrate, the first nanosheet structure including first active segments disposed in the first
direction, and the first active segments having different widths in the second direction; a
second nanosheet structure on the substrate, the second nanosheet structure including second
active segments in the first direction and spaced apart from the first nanosheet structure in the
second direction, and wherein the second nanosheet structure is symmetrical with the first
nanosheet structure in the first direction; a diffusion break pattern extending in the second

direction, the diffusion break pattern on contacting portions between the first active segments



and the second active segments; and a gate structure extending in the second direction, the gate
structure in a region between the diffusion break patterns. A plurality of protruding portions
of the active segments included in the first nanosheet structure have a same width in the second
direction.

[0008] According to example embodiments, there is provided a semiconductor device. The
semiconductor device may include a first active structure including a first plurality of
nanosheets having different widths in a second direction and first epitaxial patterns disposed
between the first plurality of nanosheets in a first direction perpendicular to the second
direction; a second active structure including a second plurality of nanosheets having different
widths the a second direction and second epitaxial patterns disposed between the second
plurality of nanosheets, the second active structure being symmetrical with the first active
structure in the first direction, and the first plurality of nanosheets and the second plurality of
nanosheets being spaced apart from each other in the second direction; and a gate structure
extending in the second direction on the first plurality of nanosheets and the second plurality of
nanosheets included in the first active structure and second active structure. A plurality of
protruding portions of the first plurality of nanosheets protrude by a same width in the second
direction.

[0009] In example embodiments, in the semiconductor device, defects of a multi-bridge

channel transistor may be decreased.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] Example embodiments will be more clearly understood from the following detailed
description taken in conjunction with the accompanying drawings. FIGS. 1, 2, 3,4, 5,6, 7,
8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22 and 23 represent non-limiting, example

embodiments as described herein.



[0011] FIG. 1 illustrates a designed layout of nanosheet structures of a standard cell in a
semiconductor device according to example embodiments;

[0012] FIG. 2 illustrates nanosheet structures of a standard cell in a semiconductor device
according to example embodiments;

[0013] FIG. 3 illustrates a design layout of nanosheet structures of a standard cell in a
semiconductor device according to example embodiment;

[0014] FIG. 4 illustrates nanosheet structures of a standard cell in a semiconductor device
according to according to example embodiment;

[0015] FIG. 5 illustrates a design layout of nanosheet structures of a standard cell in a
semiconductor device according to example embodiment.

[0016] FIG. 6 illustrates nanosheet structures of a standard cell in a semiconductor device
according to example embodiment;

[0017] FIG. 7 illustrates a designed layout of nanosheet structures of a standard cell in a
semiconductor device for comparison;

[0018] FIG. 8 illustrates nanosheet structures of a standard cell in the semiconductor device
shown in FIG. 7 for comparison;

[0019] FIGS. 9, 10, 11, 12,13, 14, 15, 16, 17, 18, 19, 20 and 21 are plan views, cross-sectional
views, and perspective views illustrating a method of manufacturing a semiconductor device
according to example embodiments;

[0020] FIG. 22 is a plan view illustrating first and second nanosheet stacks in a semiconductor
device; and

[0021] FIG. 23 is a plan view illustrating a semiconductor chip according to example

embodiments.



DETAILED DESCRIPTION
[0022] Hereinafter, preferred embodiments of the present invention will be described in
detail with reference to the accompanying drawings.
[0023] Hereinafter, two directions substantially parallel to an upper surface of a substrate
and substantially perpendicular to each other may be defined as a first direction and a second
direction, respectively, and a direction substantially perpendicular to upper surface of the
substrate may be defined as a vertical direction. Furthermore, two lines may be aligned
when they form a same line.
[0024] Herein, a “standard cell” may be understood as a group of transistors and interconnect
structures that may provide a function. FIG. 1 illustrates a designed layout of nanosheet
structures of a standard cell in a semiconductor device according to example embodiments.
FIG. 2 illustrates nanosheet structures of a standard cell in a semiconductor device according to
example embodiments. The nanosheet structures of FIG. 2 may be fabricated using a reticle
pattern corresponding to the designed layout of FIG. 1.
[0025] FIGS. 1 and 2 are plan views of example embodiments corresponding to two rows R1
and R2 extending in the first direction in a standard cell.
[0026] Referring to FIG. 1, a first nanosheet structure 120 may be formed in a first row region
C1, and the second nanosheet structure 122 may be formed in the second row region C2. The
first nanosheet structure 120 and the second nanosheet structure 122 may be symmetrical with
respect to the first direction.
[0027] Each of the first nanosheet structure 120 and the second nanosheet structure 122 may
include semiconductor patterns spaced apart from each other in the vertical direction.
[0028] The first nanosheet structure 120 may include active segments 21, 22, 23, and 24. In
the first nanosheet structure 120, the active segments 21, 22, 23, and 24 may be disposed in the

first direction, and may be disposed in contact with each other. An arrangement of the active



segments 21, 22, 23, and 24 may be substantially the same as a reticle pattern used in a photo
process for forming the first nanosheet structure 120. Therefore, the first nanosheet structure
120 of FIG. 1 may be substantially the same as a plan view of the reticle pattern for forming a
first nanosheet structure.

[0029] In example embodiments, the active segments 21, 22, 23, and 24 may have the same
first length in the first direction. In some example embodiments, some of the active segments
may have different lengths in the first direction. Each of the active segments 21, 22, 23, and
24 may have different widths in the second direction. Hereinafter, a width means a width in the
second direction, a height in the second direction or a length in the second direction.

[0030] In example embodiments, the width of each of the active segments 21, 22, 23, and 24
may be a multiple (e.g., 1x, 2x, etc.) of a minimum width of the active segments included in the
first nanosheet structure 120. For example, as illustrated in FIG. 1, the active segments may
be divided into a first active segment 21, a second active segment 22, a third active segment 23,
and a fourth active segment 24 according to the widths of the active segments. The first active
segment 21 may have a first width W1 that is a minimum width. The second active segment
22 may have a second width W2 that is twice the width of the first width W1. The third active
segment 23 may have a third width W3 that is three times the first width W1. The fourth
active segment 24 may have a fourth width W4 that is four times the first width W1.

[0031] The first row region C1 may have a width substantially the same as a maximum width
of the active segments 21, 22, 23, and 24 included in the first nanosheet structure 120. For
example, as shown in FIG. 1, the first row region C1 may have the fourth width W4 of the
fourth active segment 24.

[0032] Hereinafter, the first nanosheet structure 120 and the second nanosheet structure 122,

including the first to fourth active segments 21, 22, 23, and 24, may be described. The number



of active segments included in each of the first nanosheet structure 120 and the second
nanosheet structure 122 may not be limited thereto.

[0033] In the first nanosheet structure 120, a boundary region where the active segments 21,
22, 23, and 24 contact each other and a region adjacent to the boundary region may serve as a
transition region. Referring to FIG. 2, a transition region (A) of a first nanosheet structure 120
may have a slope, in the plan view. A diffusion break pattern (not shown) may be formed on
the transition region (A) of the first nanosheet structure 120.

[0034] In an example embodiment, an arrangement of the active segments 21, 22, 23, and 24
included in the first nanosheet structure 120 may be provided so that defects in the transition
region (A) may be decreased. Hereinafter, the arrangement of the active segments 21, 22, 23,
and 24 included in the first nanosheet structure 120 may be described in more detail.

[0035] Widths in the second direction of two active segments in contact with each other may
be the same as or different from each other. In this case, a difference between the widths of
the two active segments in contact with each other may be equal to or less than twice the first
width W1. For example, since the difference between the width of the first active segment 21
and the width of the fourth active segment 24 may be three times of the first width, the first
active segment 21 and the fourth active segment 24 may not be disposed in contact with each
other. For example, since the difference between the width of the first active segment 21 and
the width of the third active segment 23 may be twice the first width, the first active segment 21
and the third active segment 23 may be disposed in contact with each other.

[0036] In the plan view, a reference active segment and neighboring active segments
contacting the reference active segment may be provided, and one or more of the neighboring
active segments may have a width greater than a width of the reference active segment. In this
case, a neighboring active segment may protrude from at least one of an upper side and a lower

side of the reference active segment.



[0037] For example, the neighboring active segment (e.g., S2) may protrude from the upper
side of the reference active segment (e.g., S1). The neighboring active segment S2 may not
protrude from the lower side of the reference active segment S1 and may extend in the first
direction. For another example, the neighboring active segment (e.g., S1”) may protrude from
the lower side of the reference active segment (e.g., S1'). The neighboring active segment
S1”may not protrude from the upper side of the reference active segment S1’ and may extend
in the first direction. For another example, the neighboring active segment (e.g., S2') may
protrude from the upper and lower sides of the reference active segment (e.g., S1).

[0038] As described above, the reference active segment and neighboring active segments
may be disposed in the first nanosheet structure 120. Therefore, due to differences in the
widths of adjacent active segments forming the upper side and the lower side of the first
nanosheet structure 120, the upper side and the lower side may have widths that may not be
aligned in the first direction.

[0039] A width of a protruding portion of the neighboring active segment protruding from the
upper side and/or the lower side of the reference active segment may be equal to the first width
W1. When the adjacent active segments have protruding portions in the second direction, all
widths of protruding portions in the second direction in adjacent active segments may have a
width the same as the first width W1,

[0040] In the plan view, in the first nanosheet structure 120, one reference active segment S1”
and at least one of the neighboring active segments, for example, neighboring active segment
S2, adjacent to the reference active segment S1”” may have the same width.

[0041] In example embodiments, as shown in FIG. 1, the neighboring active segment (e.g.,
S2) may protrude from one of upper and lower sides of the reference active segment (e.g., S1").
The width of the protruding portion of the neighboring active segment may be the same as the

first width W1. Therefore, in the first nanosheet structure 120, any active segment adjacent to



two active segments may protrude from at least one of the upper side and the lower side of at
least one of the adjacent active segments.

[0042] As described above, in the first nanosheet structure 120, any active segment may
protrude from one or both of the upper side and the lower side of any of the adjacent active
segment in the second direction. Further, in the first nanosheet structure 120, any active
segment may protrude from the upper side or the lower side of any adjacent active segment
without protruding portion from the other side. When the adjacent active segments have
protruding portions in the second direction, all widths of the protruding portions in the second
direction may be the first width W1. Some of the adjacent active segments may have no
protruding portion, in this case, the upper sides of the adjacent active segments may be aligned
and the lower sides of the adjacent active segments may be aligned, such that there are no
protruding portions between the adjacent active segments.

[0043] When the first nanosheet structure 120 may be patterned using a reticle pattern
including the active segments having the arrangement of FIG. 1, as shown in FIG. 2, the
protruding portions in adjacent active segments may be formed to have a slope between
adjacent upper sides or adjacent lower sides. In an embodiment, the slope may not be an angle
of 90 degrees. That s, the transition region (A) of a first nanosheet structure 120 may have the
slope of about 45 degrees.

[0044] Referring to FIG. 2, since all the protruding portions may have the same first width
W1, the transition regions (A) of the first nanosheet structure 120 may have the same slope,
which is a first slope. The adjacent active segments may have no protruding portion, so that
the transition regions (A) of the first nanosheet structure 120 may have no slope. For example,
the upper sides and the lower sides of the adjacent active segments may be aligned, such that

there are no protruding portions between the adjacent active segments. Accordingly, the



transition regions of the first nanosheet structures 120 may have a first angle al with respect to
the first direction or may have an angle of 0 degrees with respect to the first direction.

[0045] In the plan view, a first side (e.g., the upper side) of the first nanosheet structure 120
may not form a straight line extending in the first direction. Similarly, a second side (e.g., the
lower side) of the first nanosheet structure 120 opposite the first side may not form a straight
line extending in the first direction. That is, each of the first side and the second side of the
first nanosheet structure 120 may be formed of active segments having different widths in the
second direction and different alignments in the first direction.

[0046] Since the first nanosheet structure 120 and the second nanosheet structure 122 are
symmetrical with respect to the first direction, the second nanosheet structure 122 may have a
shape substantially the same as a shape of the first nanosheet structure 120.

[0047] The second row region C2 corresponding to the second nanosheet structure 122 may
be spaced apart from the first row region C1 corresponding to the first nanosheet structure 120
by a first distance d1 in a second direction. The second row region C2 may have a width
substantially the same as a width of the first row region C1.

[0048] In an example where opposing sides of the first nanosheet structure 120 and the second
nanosheet structure 122 may not form a straight line extending in the first direction, a
maximum distance (dm) in the second direction between the first nanosheet structure 120 and
the second nanosheet structure 122 may be decreased as compared to a case where one side of
each of the first and second nanosheet structure are formed in a straight line extending in the
first direction (see for example, FIG. 7).

[0049] In example embodiments, the maximum distance (dm) in the second direction between
the first nanosheet structure 120 and the second nanosheet structure 122 may be equal to or less

than a sum of twice a difference between the maximum width (e.g., the fourth width, W4) and
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the minimum width (e.g., the first width, W1) and the first distance d1. Stated another way the
maximum distance (dm) may be determined as:

dm = (2(W4-W1)) + d1.

[0050] For example, as shown in FIG. 1, the maximum width (e.g., the fourth width, W4) of
the active segments may be an even multiple of the minimum width (e.qg., the first width, W1).
A maximum distance (dm) in the second direction between the first nanosheet structures 120
and the second nanosheet structure 122 may be the sum of the maximum step difference of the
active segments and the first distance d1. For example, in FIG. 1, the maximum width (dm)
may be determined as:

dm = W1+W1+W1+W1+d1,

where the maximum step difference of the active segments for each of the nanosheet structures
is W1+W1 and the maximum step difference of the active segments for both nanosheet
structures is W1+W1+W1+W1.

[0051] Therefore, the distance in the second direction between the first nanosheet structure
120 and the second nanosheet structure 122 may be decreased.

[0052] A diffusion break pattern (not shown) extending in the second direction may be
formed in each of the transition regions A of the first nanosheet structure 120 and the second
nanosheet structure 122. A gate structure (not shown) extending in the second direction may
be formed in a regions B between the transition regions of the first nanosheet structure 120 and
the second nanosheet structure 122, and the gate structure may cross both the first nanosheet
structure 120 and the second nanosheet structure 122.

[0053] The first nanosheet structure 120 and the second nanosheet structure 122 may be
formed on at least a portion of the semiconductor device.

[0054] As such, the active segments included in the first nanosheet structure 120 and the

second nanosheet structure 122 may be arranged according to the above-description.
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Hereinafter, examples of the arrangements of active segments in the first nanosheet structure
120 may be described.

[0055] FIG. 3 illustrates a design layout of nanosheet structures of a standard cell in a
semiconductor device according to example embodiment. FIG. 4 illustrates a layout of
nanosheet structures of a standard cell in a semiconductor device according to according to
example embodiment. The nanosheet structures of FIG. 4 may be fabricated using a reticle
pattern corresponding to the designed layout of FIG. 3.

[0056] The nanosheet structures in FIGS. 3 and 4 may include active segments similar to the
active segments of the nanosheet structures described in FIGS. 1 and 2.

[0057] Referring to FIG. 3, in the first nanosheet structure 120, a difference between widths of
adjacent active segments may be equal to or less than twice the first width W1. For example,
a width of active segment 23, having a third width W3, is greater than a width of active segment
21 having a first width W1, which may be the maximum difference between widths of adjacent
active segments.

[0058] In aplan view, a reference active segment and neighboring active segments contacting
the reference active segment may be provided. In some embodiments, one or more of the
neighboring active segments may have a width greater than a width of the reference active
segment. In this case, the neighboring active segment may protrude from at least one of an
upper side and a lower side of the reference active segment. When the adjacent active
segments have protruding portions in the second direction, all the widths of the protruding
portions may have the same width, that is the first width W1. For example, a step difference
between adjacent active segments may be W1 or 0.

[0059] In a plan view, a reference active segment S1 and a neighboring active segment S2
contacting the reference active segment S1 may be provided, and the neighboring active

segment S2 may have a width that is the same as a width of the reference active segment S1.
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In this case, the reference active segment S1 and the neighboring active segment S2 may be
aligned in the first direction. That is, the neighboring active segment S2 may not protrude
from the upper or lower sides of the reference active segment S1.

[0060] As described above, when the adjacent active segments have protruding portions in the
second direction, all the widths of protruding portions of adjacent active segments may have a
width the same as the first width W1. Some of the adjacent active segments may have no
protruding portion in the second direction, in this case, the upper sides of the adjacent active
segments may be aligned and the lower sides of the adjacent active segments may be aligned,
such that there are no protruding portions between the adjacent active segments. The second
nanosheet structure 122 may be symmetrical to the first nanosheet structure 120 in the first
direction.

[0061] As shown in FIG. 4, in the first nanosheet structure 120 formed by using the reticle
pattern including the active segments having the arrangement of FIG. 3, contacting portions of
the adjacent active segments may have the same first slope. In the first nanosheet structure
120, the adjacent active segments having no protruding portion may have no slope.
Accordingly, all of transition regions of the first nanosheet structures 120 may have the same
first angle, al, with respect to the first direction or may have an angle of 0 degrees with respect
to the first direction.

[0062] FIG. 5 illustrates a design layout of nanosheet structures of a standard cell in a
semiconductor device according to example embodiment. FIG. 6 illustrates a layout of
nanosheet structures of a standard cell in a semiconductor device according to example
embodiment. The nanosheet structures of FIG. 6 may be fabricated using a reticle pattern
corresponding to the designed layout of FIG. 5.

[0063] The nanosheet structures in FIGS. 5 and 6 may include a same number of active

segments as the nanosheet structures described in FIGS. 1 and 2.
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[0064] Referring to FIG. 5, in the first nanosheet structure 120, a difference between widths of
adjacent active segments may be equal to or less than twice the first width W1.

[0065] In the plan view, a reference active segment and neighboring active segments
contacting the reference active segment may be provided. One or more of the neighboring
active segments may have a width greater than a width of the reference active segment. In this
case, the neighboring active segment may protrude from at least one of an upper side and a
lower side of the reference active segment. When the adjacent active segments have
protruding portions in the second direction, all the protruding portions in the second direction
may have the same width, that is the first width W1.

[0066] In the plan view, a reference active segment S1 and a neighboring active segment S2
adjacent to the reference active segment S1 may be provided. The neighboring active
segment S2 may have a width the same as a width of the reference active segment S1 and the
reference active segment S1 and the neighboring active segment S2 may be unaligned. In this
case, the neighboring active segment S2 may protrude from one of the upper side and the lower
side of the reference active segment S1. A width of a portion protruding in the second
direction of the neighboring active segment S2 protruding from the upper side or lower side of
the reference active segment S1 may have the first width W1. A second reference active
segment S1' and a second neighboring active segment S2' may be aligned in the first direction.
That is, the second neighboring active segment S2' may not protrude from the upper side or the
lower side of the second reference active segment S1'.

[0067] As described above, when the adjacent active segments have protruding portions in the
second direction, all the widths of protruding portions in the second direction may have the
same width, that is the first width W1. Some of the adjacent active segments may have no
protruding portion in the second direction, in this case, and the adjacent active segments may

be aligned.
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[0068] The second nanosheet structure 122 may be symmetrical to the first nanosheet
structure 120 in the first direction.

[0069] As shown in FIG. 6, in the first nanosheet structure 120 formed by using the reticle
pattern including the active segments having the arrangement of FIG. 5, contacting portions of
the adjacent active segments may have the same first slope. In the first nanosheet structure
120, the adjacent active segments having no protruding portion may have no slope.
Accordingly, all the transition regions (A) of the first nanosheet structures 120 may have the
same first angle, al, with respect to the first direction or may have an angle of 0 degrees with
respect to the first direction.

[0070] FIG. 7 illustrates a designed layout of nanosheet structures of a standard cell in a
semiconductor device for comparison. FIG. 8 illustrates a layout of nanosheet structures of a
standard cell in the semiconductor device shown in FIG. 7 for comparison. The nanosheet
structures of FIG. 8 may be fabricated using a reticle pattern corresponding to the designed
layout of FIG. 7.

[0071] The nanosheet structures in FIGS. 7 and 8 may include a same number of active
segments as the nanosheet structures described in FIGS. 1 and 2.

[0072] Referring to FIG. 7, the active segments 21, 22, 23, and 24 may be arranged so that one
of the upper side and the lower side of the first nanosheet structure 120a may be aligned in the
first direction, with no step difference in the second direction. In example embodiments, the
lower sides of the active segments of the first nanosheet structure 120a may be aligned in the
first direction. The upper sides of the active segments of the second nanosheet structure 122a
may be aligned in the first direction.

[0073] In this case, in the plan view, widths of protruding portions in the second direction in a
reference active segment and a neighboring active segment contacting the reference active

segment may not be the same to each other. For example, widths of the protruding portions in
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the second direction may have the first width W1 or the second width W2, wherein a width of
the second width W2 is two times the width of the first width W1.

[0074] A maximum distance (dm1l) in the second direction between the first nanosheet
structure 120a and the second nanosheet structure 122a may be a sum of twice a difference
between a maximum width (e.g., the fourth width, W4) of active segments included in each of
the first nanosheet structure 120a and the second nanosheet structure 122a and the minimum
width (e.g., the first width, W1) of active segments included in each of the first nanosheet
structure 120a and the second nanosheet structure 122a, and the first distance, d1. Therefore,
the maximum distance (dm1) in the second direction between the first nanosheet structure 120a
and the second nanosheet structure 122a according to example for comparison may be greater
than the maximum distance (dm) in the second direction between the first nanosheet structure
120 and the second nanosheet structure 122 according to example embodiments described
herein.

[0075] As shown in FIG. 8, in the first nanosheet structure 120 formed by using the reticle
pattern including the active segments having the arrangement of FIG. 7, contacting portions of
the adjacent active segments may have different slopes. Accordingly, the transition regions of
the first nanosheet structure 120s may have a first angle, al, with respect to the first direction, a
second angle, a2, different than the first angle, al, with respect to the first direction or may
have an angle of 0 degrees with respect to the first direction.

[0076] Hereinafter, a method of manufacturing a semiconductor device including nanosheet
structures in a standard cell may be described according to example embodiments.

[0077] FIGS. 9to 21 are plan views, cross-sectional views, and perspective views illustrating
a method of manufacturing a semiconductor device according to example embodiments.

More particularly, FIGS. 9, 10 and 12 are perspective views, FIGS. 11, 13 to 16, 18 and 20 are

plan views, and FIGS. 17, 19 and 21 are cross-sectional views.
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[0078] Referring to FIG. 9, a silicon germanium layer 102 and a silicon layer 104 may be
alternately and repeatedly stacked on a substrate 100. The substrate 100 may be a single
crystal silicon substrate. The silicon germanium layer 102 and the silicon layer 104 may be
formed by, for example, a selective epitaxial growth process. A lowermost silicon germanium
layer may be formed by a selective epitaxial growth process using an upper portion of the
substrate 100 as a seed layer.

[0079] In example embodiments, the silicon layer 104 may be formed by performing a
selective epitaxial growth process using a silicon source gas such as disilane (Si2H6) gas. The
silicon layer 104 may include single crystal silicon.

[0080] In example embodiments, the silicon germanium layer 102 may be formed by a
selective epitaxial growth process using a silicon source gas such as dichlorosilane (SiH2CI2)
gas and a germanium source gas such as germanium tetrahydrogen (GeH4) gas. The silicon
germanium layer 102 may include, for example, single crystal silicon germanium.

[0081] Referringto FIGS. 10 and 11, a mask layer may be formed on the silicon layer 104 that
is uppermost in the stack. The mask layer may be patterned by a photolithography process to
form first mask pattern 106a and second mask pattern 106b on the silicon layer 104 that is
uppermost in the stack.

[0082] The mask layer may include, e.g., a nitride such as silicon nitride. The first mask
pattern 106a and second mask pattern 106b may extend in the first direction. The first mask
pattern 106a and second mask pattern 106b may be symmetrical to each other with respect to
the first direction.

[0083] In a photo process for patterning the mask layer, a designed reticle pattern according to
example embodiments may be used. For example, the reticle pattern may have a shape as

shown in of FIGS. 1, 3 or 5.
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[0084] FIG. 11 isa plan view of first mask pattern 106a and second mask pattern 106b formed
by using the reticle pattern shown in FIG. 1.

[0085] As shown in FIG. 11, in the plan view, when the adjacent active segments have
protruding portions in the second direction, all widths of protruding portions in the second
direction in adjacent active segments of the reticle pattern may have the same width, that is the
first width W1. The adjacent active segments may have no protruding portion, in this case, the
adjacent active segments may be aligned and the width of the protruding portion in the second
direction may be zero. In addition, an upper side and a lower side of each of the first mask
pattern 106a and the second mask pattern 106b may not form straight lines in the first direction.
[0086] When the first mask pattern 106a and the second mask pattern 106b are formed, the
protruding portions in the second direction in adjacent active segments may have a first slope
lower than an angle of 90 degrees. In this case, since the protruding portions in the second
direction have the same width, that is the first width W1, the protruding portions of the first
mask pattern 106a and the second mask pattern 106b have the same angle with respect to the
first direction.

[0087] Referring to FIG. 12, the silicon germanium layer 102, the silicon layer 104, and an
upper portion of the substrate 100 may be etched using the first mask pattern 106a and the
second mask pattern 106b as an etching mask to form a first trench. The etching process may
include, for example, an anisotropic etching process.

[0088] The substrate 100 may be etched to form first lower active pattern 112a and second
lower active pattern 112b extending in the first direction. A first nanosheet structure 120
including first silicon germanium patterns 102a and first silicon patterns 104a being alternately
and repeatedly stacked may be formed on the first lower active pattern 112a. A second

nanosheet structure 122 including first silicon germanium patterns 102a and first silicon
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patterns 104a being alternately and repeatedly stacked may be formed on the second lower
active pattern 112b.

[0089] Since the first nanosheet structure 120 and the second nanosheet structure 122 are
patterned by using the first mask pattern 106a and the second mask pattern 106b as etching
masks, the first mask pattern 106a and the second mask pattern 106b may have the same shape.
For example, the first nanosheet structure 120 and the second nanosheet structure 122 may
have shapes as shown in FIGS. 2, 4, or 6.

[0090] In the first nanosheet structure 120 and the second nanosheet structure 122, an
interface between the protruding portions of the first mask pattern 106a and the second mask
pattern 106b may correspond to a transition region. Accordingly, the transition regions of the
first nanosheet structure 120 and the second nanosheet structure 122 may have a slope of the
same angle.

[0091] Thereafter, an isolation layer may be formed to fill the first trench. An upper portion
of the isolation layer may be etched to form an isolation pattern 114 in the first trench. The
isolation pattern 114 may cover sidewalls of the first lower active pattern 112a and the second
lower active pattern 112b. The first mask pattern 106a and the second mask pattern 106b may
be removed. The first nanosheet structure 120 and the second nanosheet structure 122 may be
formed between the isolation patterns 114, and may protrude from the isolation patterns 114.
[0092] Referring to FIG. 13, dummy gate structures 130a and 130b may be formed to partially
cover the isolation pattern 114 and the first nanosheet structure 120 and the second nanosheet
structure 122. The dummy gate structures 130a and 130b may extend in the second direction.
The dummy gate structures 130a and 130b may cross the first nanosheet structure 120 and the
second nanosheet structure 122. A first spacer 132 may be formed on sidewalls of the dummy

gate structures 130a and 130b.
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[0093] The dummy gate structures 130a and 130b may be formed to be spaced apart from
each other in the first direction. In example embodiments, the dummy gate structures 130a
and 130b may have the same width in the first direction. Each of the dummy gate structures
130a and 130b may be spaced apart by equal intervals in the first direction.

[0094] The dummy gate structures 130a and 130b may be disposed on positions where a gate
structure and a diffusion break pattern may be subsequently formed. The dummy gate
structure 130a disposed on the transition region of the first nanosheet structure 120 and the
second nanosheet structure 122 may be replaced with a diffusion break pattern by subsequent
processes. The dummy gate structure 130b disposed on a region other than the transition
region of the first nanosheet structure 120 and the second nanosheet structure 122 may be
replaced with a gate structure by subsequent processes. Hereinafter, the dummy gate structure
disposed on the transition region of the first nanosheet structure 120 and the second nanosheet
structure 122 may be referred to as a first dummy gate structure 130a. The dummy gate
structure disposed on the region other than the transition region of the first and second
nanosheet structures may be referred to as a second dummy gate structure 130b.

[0095] In the plan view, the transition regions of each of the first nanosheet structure 120 and
the second nanosheet structure 122 may have a slope of the same angle. Therefore, the first
spacer 132 may be uniformly formed on the sidewall of the dummy gate structure on the
transition regions of each of the first nanosheet structure 120 and the second nanosheet
structure 122.

[0096] Although not shown, each of the dummy gate structures 130a and 130b may include,
for example, a dummy gate insulation pattern, a dummy gate electrode, and a dummy gate
mask pattern.

[0097] Referring to FIG. 14, the first nanosheet structure 120 between the dummy gate

structures 130a and 130b may be removed to form first openings 142a. The second nanosheet
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structure 122 between the dummy gate structures 130a and 130b may be removed to form
second openings 142b. That is, the first openings 142a and the second openings 142b may be
formed between the first spacer 132.

[0098] First lower active pattern 112a and the second lower active pattern112b may be
exposed by bottom surfaces of the first openings 142a and the second openings 142b,
respectively.

[0099] As the first spacers 132 are uniformly formed on the sidewalls of the dummy gate
structures 130a and 130D, the first nanosheet structure 120 and the second nanosheet structures
122 between the dummy gate structures 130a and 130b may be uniformly removed to form the
first openings 142a and the second openings 142b. The first openings 142a and the second
openings142b may have a uniform depth. Also, the first openings 142a and the second
openings 142b may be formed to have target sidewall profiles.

[00100] Although not shown, in example embodiments, after forming the first
openings 142a and second openings 142b, exposed sidewalls of the first silicon germanium
pattern 102a may be partially etched to form a recess. An inner spacer 152 (see FIG. 17) may
be further formed in the recess.

[00101] Referring to FIG. 15, epitaxial patterns 150 may be formed in the first
openings 142a and the second openings 142b by performing a selective epitaxial growth
process. The epitaxial patterns 150 may include a semiconductor material.

[00102] In example embodiments, an N-type multi-bridge channel transistor may be
formed on each of the first nanosheet structure 120 and the second nanosheet structure 122. In
this case, each of the epitaxial patterns 150 may include single crystal silicon. In some
example embodiments, a P-type multi-bridge channel transistor may be formed on each of the
first nanosheet structure 120 and the second nanosheet structure 122. In this case, each of the

epitaxial patterns 150 may include single crystal silicon germanium. In some example
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embodiments, a P-type multi-bridge channel transistor may be formed on one of the first
nanosheet structure 120 and the second nanosheet structure 122, and an N-type multi-bridge
channel transistor may be formed on the other one of the first nanosheet structure 120 and the
second nanosheet structure 122.

[00103] In example embodiments, impurities may be doped in situ during the
selective epitaxial growth process. Accordingly, the epitaxial pattern 150 may serve as
source/drain regions of multi-bridge channel transistors that may be subsequently formed.
[00104] In the selective epitaxial growth process, crystal growth may be performed in
the vertical direction from the first lower active pattern 112a and the second lower active
pattern 112b on the bottom surfaces of the first openings 142a and the second openings 142b.
In the selective epitaxial growth process, crystal growth may also be performed in the second
direction. Accordingly, each of the epitaxial patterns 150 may have a polygonal shape with a
central protruding portion in the second direction, in a cross-sectional view.

[00105] As depths and sidewall profiles of the first openings 142a and the second
openings 142b are uniformly formed, the epitaxial pattern 150 in each of the first openings
142a and the second openings 142b may have a target volume.

[00106] FIGS. 17, 19, and 21 are cross-sectional views illustrating a portion of a
semiconductor device. Hereinafter, embodiments may be described with reference to FIGS.
17,19, and 21 together. FIGS. 17, 19, and 21 are cross-sectional views taken along line I-1' of
FIG. 16.

[00107] Referring to FIGS. 16 and 17, an insulating interlayer 144 may be formed to
cover the epitaxial pattern 150, the isolation pattern 114 (see FIG. 13) and the dummy gate
structures 130a and 130b. Thereafter, the insulating interlayer 144 may be planarized until

upper surfaces of the dummy gate structures 130a and 130b may be exposed.
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[00108] The second dummy gate structures 130b may be removed to form a first gate
trench 146. The first silicon germanium patterns in the first nanosheet structure 120 and the
second nanosheet structure 122 exposed by the first gate trench 146 may be selectively
removed to form gaps 148 between the first silicon patterns 104a.

[00109] The first silicon patterns 104a spaced apart from each other in the vertical
direction formed from the first nanosheet structures 120 and the second nanosheet structure
122 may form a first nanosheet stack 154a and a second nanosheet stack (not shown),
respectively. The first and second nanosheet stacks may include the gaps 148 between the
first silicon patterns 104a.

[00110] Referring to FIGS. 18 and 19, a gate structure 162 may be formed to fill the
first gate trench 146 and the gaps. The gate structure 162 may extend in the second direction
to cover the first nanosheet stack 154a and the second nanosheet stack.

[00111] A thermal oxidation process may be performed on surfaces of the first lower
active pattern 112a and the first silicon patterns 104a exposed by the first gate trench 146 and
the gaps to form an interface layer (not shown). A gate insulation layer may be formed on the
interface layer. A gate electrode layer may be formed on the gate insulation layer to fill the
first gate trench 146 and gaps. The gate electrode layer may include, for example, a metal
material. The gate electrode layer and the gate insulation layer may be planarized and an
upper surface of the insulating interlayer 144 may be exposed. Upper portions of the gate
electrode layer and the gate insulation layer may be removed, and a capping pattern may be
formed on an exposed portion. Therefore, gate structures 162 including an interface pattern
(not shown), a gate insulating pattern 160a, a gate electrode 160b, and a capping pattern 160c
may be formed to fill the first gate trench 146 and the gaps.

[00112] Through the above process, a multi-bridge channel transistor including a

nanosheet stack, a gate structure, and an epitaxial pattern may be formed on the substrate 100.
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[00113] Referring to FIGS. 20 and 21, the first dummy gate structure 130a and the
first spacer 132 may be removed. Subsequently, the first and second nanosheet structures,
exposed by the removed portion of the first dummy gate structure 130a, and the first spacer 132
may be removed to form the third opening 178.

[00114] An insulation material may be formed to fill the third opening 178. Thus, a
diffusion break pattern 180 may be formed in the third opening 178. Multi-bridge channel
transistors formed on both sides of the diffusion break pattern 180 may be electrically isolated
from each other by the diffusion break pattern 180.

[00115] As described above, in the plan view, the slopes of the transition regions of
the first nanosheet structure 120 and the second nanosheet structure 122 may have the same
angle with respect to the first direction or O degrees with respect to the first direction.
Accordingly, the first spacers 132 may be uniformly formed on sidewalls of dummy gate
structures on the transition region of the first nanosheet structure 120 and the second nanosheet
structure 122, and thus defects of the multi-bridge channel transistor on the first nanosheet
structure 120 and the second nanosheet structure 122 may decreased.

[00116] A semiconductor device manufactured by the above-described processes
may have improved structural characteristics.

[00117] FIG. 22 is a plan view illustrating first and second nanosheet stacks in a
semiconductor device.

[00118] Referring to FIGS. 20 to 22, the semiconductor device may include a first
active structure including a first nanosheet stack 154a and an epitaxial pattern 150, and
extending in the first direction. The semiconductor device may include a second active
structure symmetrical to the first active structure with respect to the first direction. That is, the
second active structure may include the second nanosheet stack 154b and the epitaxial pattern

150, and extending in the first direction.
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[00119] Gate structures extending in the second direction may be formed on the first
nanosheet stack 154a and the second nanosheet stack 154b.

[00120] The first nanosheet stack 154a and second nanosheet stack 154b may include
nanosheets 200a, 200b, 200c, and 200d having different widths in the second direction. The
nanosheets 200a, 200b, 200c, and 200d may be disposed to be spaced apart from each other in
the first direction.

[00121] The first nanosheet stack 154a may include nanosheets 200a, 200b, 200c,
and 200d having different widths. The width of the nanosheets 200a, 200b, 200c, and 200d
may be a multiple of a minimum width of the nanosheets. For example, as shown in FIG 22,
first to fourth nanosheets 200a, 200b, 200c, and 200d may be classified according to the widths
of the nanosheets. The first nanosheet 200a may have a first width W1 that may be a
minimum width. The second nanosheet 200b may have a second width W2 that may be twice
the first width W1. The third nanosheet 200c may have a third width W3 that may be three
times the first width W1. The fourth nanosheet 200d may have a fourth width W4 that may be
four times the first width W1.

[00122] In the first nanosheet stack 154a, the first to fourth nanosheets 200a, 200b,
200c, and 200d may be regularly arranged in the first row region C1 of the substrate extending
in the first direction.

[00123] The first row region C1 of the substrate 100 may have the same width as the
maximum width of the nanosheets in the first nanosheet stack 154a. For example, the first
row region C1 may have the fourth width W4.

[00124] In the plan view, the first nanosheet stack 154a may include a plurality of
adjacent nanosheets, for example, including a reference nanosheet and neighboring nanosheets
adjacent to the reference nanosheet. For example, one or both of the neighboring nanosheets

may have a width greater than a width of the reference nanosheet. In this case, a neighboring
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nanosheet may protrude from at least one of an upper side and a lower side of the reference
nanosheet. A width in the second direction of the protruding portion of the neighboring
nanosheet(s) may have the first width W1.

[00125] In the plan view, the first nanosheet stack 154a may include a reference
nanosheet and neighboring nanosheets adjacent to the reference nanosheet, and each of the
nanosheets may have the same width. In example embodiments, some of the neighboring
nanosheets may protrude from one of an upper side and a lower side of the reference nanosheet.
A width in the second direction of the protruding portion of the neighboring nanosheet may
have the first width W1. In some example embodiments, the neighboring nanosheets may not
protrude from the upper side or the lower side of the reference nanosheet.

[00126] In the first nanosheet stack 154a, the width of the protruding portion of
neighboring nanosheet may be the first width W1. That is, the width of the protruding portion
in adjacent nanosheets may be the first width W1.

[00127] Upper and lower sides of each of the nanosheets included in the first
nanosheet stack 154a may not form a straight line in the first direction. That is, when the
upper sides of the adjacent nanosheets are connected to each other, the connected upper sides
may not be aligned with a straight line extending in the first direction. Also, when the lower
sides of the adjacent nanosheets are connected to each other, the connected lower sides may not
be aligned with a straight line extending in the first direction.

[00128] The second nanosheet stack 154b and the first nanosheet stack 154a may be
symmetric with respect to the first direction.

[00129] The first nanosheet stack 154a and the second nanosheet stack 154b may be
disposed on at least a portion of the semiconductor device.

[00130] FIG. 23 is a plan view illustrating a semiconductor chip according to

example embodiments.
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[00131] The semiconductor chip shown in FIG. 23 may be a system-on-chip. FIG
23 shows an arrangement of elements that may be included in the system-on-chip.

[00132] Referring to FIG. 23, one chip may include block regions divided from each
other. Different semiconductor system elements may be disposed in the block regions,
respectively.

[00133] In example embodiments, semiconductor system elements such as a central
processing unit (CPU), a DRAM memory, a neural network, a cache memory, a graphics
processing unit (GPU), or the like may be disposed in each of the block regions.

[00134] Standard cells included in some block regions of the chip may include the
first and second nanosheet structures as described herein. That is, portions of the first and
second nanosheet structures where the active segments are adjacent to each other may have a
slope of the same first angle or O degrees with respect to the first direction.

[00135] In example embodiments, the standard cell included in at least one of the
CPU and the GPU may include the first and second nanosheet structures.

[00136] The foregoing is illustrative of example embodiments and is not to be
construed as limiting thereof. Although example embodiments have been described, those
skilled in the art will readily appreciate that many modifications are possible without materially
departing from the novel teachings and advantages of the present inventive concept.
Accordingly, all such modifications are intended to be included within the scope of the present
inventive concept as defined in the claims. In the claims, means-plus-function clauses are
intended to cover the structures described herein as performing the recited function and not
only structural equivalents but also equivalent structures. Therefore, it is to be understood that
the foregoing is illustrative of various example embodiments and is not to be construed as

limited to the specific example embodiments disclosed, and that modifications to example
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embodiments, as well as other example embodiments, are intended to be included within the

scope of the appended claims.
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What is claimed is:

1. A semiconductor device, comprising:

a substrate including a first row region and a second row region, wherein a surface of
the substrate is disposed in a first direction and a second direction perpendicular to the first
direction;

a first nanosheet structure on the first row region, the first nanosheet structure
including a plurality of active segments disposed in the first direction, and the plurality of
active segments having different widths in the second direction; and

a second nanosheet structure on the second row region, the second nanosheet structure
spaced apart from the first nanosheet structure in the second direction, and wherein the second
nanosheet structure is symmetrical with the first nanosheet structure in the first direction,

wherein, in a plan view, in each of the first nanosheet structure and the second
nanosheet structure, each of a plurality of transition regions between adjacent ones of the active

segments have one of a first angle and a second angle with respect to the first direction.

2. The semiconductor device of claim 1, wherein the active segments included in
the first nanosheet structure have widths in the second direction that are multiples of a

minimum width of the active segments in the second direction.

3. The semiconductor device of claim 1 or claim 2, wherein the first row region

has a width in the second direction equal to a maximum width of the active segments in the

second direction.
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4. The semiconductor device of claim 1, wherein at least one of an upper side
and a lower side of at least one of the active segments included in the first nanosheet structure
protrudes from an adjacent one of the active segments, and a plurality of protruding portions of

the first nanosheet have a same width in the second direction.

5. The semiconductor device of claim 4, wherein the same width in the second
direction of the plurality of protruding portions of the adjacent active segments is equal to a

minimum width of the active segments in the second direction.

6. The semiconductor device of any one of claims 1 to 3, wherein at least one of
the active segments included in the first nanosheet structure has a different width in the second
direction than an adjacent one of the active segments, and the active segments protrudes from
one of an upper side and a lower side of the adjacent one of the active segments in the second

direction.

7. The semiconductor device of claim 1, wherein a first one and a second one of
the active segments included in the first nanosheet structure are adjacent, have a same width in
the second direction, and are unaligned in the second direction, wherein the transition region
between the first one and the second one of the active segments has the first angle with respect

to the first direction.

8. The semiconductor device of claim 1, wherein a first one and a second one of

the active segments included in the first nanosheet structure are adjacent, have a same width in

the second direction, and are aligned in the first direction, wherein the transition region
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between the first one and the second one of the active segments has the second angle with

respect to the first direction, wherein the second angle is 0 degrees.

9. The semiconductor device of claim 1, wherein a maximum distance in the
second direction between the first nanosheet structure and the second nanosheet structure is
equal to or less than a sum of twice a difference between a maximum width and a minimum
width of the active segments and a first distance between the first row region and the second

row region.

10. The semiconductor device of any one of claims 1 to 9, wherein a diffusion

break pattern extending in the second direction is formed at a contacting portion of the active

segments included in the first nanosheet structure and the second nanosheet structures.

31



