US 20240145576A1

a9y United States

a2y Patent Application Publication o) Pub. No.: US 2024/0145576 A1

Gardner et al. 43) Pub. Date: May 2, 2024
(54) SEMICONDUCTOR DEVICES AND (52) US. CL
METHODS OF MANUFACTURING CPC ...cccceen. HOIL 29/66545 (2013.01); HOIL
THEREOF 21/823807 (2013.01); HOIL 21/823814
(2013.01); HOIL 21/823864 (2013.01); HOIL
(71) Applicant: Tokyo Electron Limited, Tokyo (JP) 27/092 (2013.01); HOIL 29/0673 (2013.01);
HOIL 29/0847 (2013.01); HOIL 29/401
(72) Inventors: Mark I. Gardner, Albany, NY (US); (2013.01); HOIL 29/42392 (2013.01); HOIL
H. Jim Fulford, Albany, NY (US); 29/66439 (2013.01); HOIL 29/6653 (2013.01);
Partha Mukhopadhyay, Albany, NY HOIL 29/66553 (2013.01); HOIL 29/6656
(US) (2013.01); HOIL 29/775 (2013.01); HOIL
29/78651 (2013.01); HOIL 29/78684
(73) Assignee: Tokyo Electron Limited, Tokyo (JP) (2013.01); HOIL 29/78696 (2013.01)
57 ABSTRACT
(21) Appl. No.: 17/975,352 A method includes forming a fin structure over a substrate,
the fin structure including alternating first semiconductor
(22) Filed: Oct. 27, 2022 layers and second semiconductor layers stacked along a
vertical direction; forming a dummy gate structure over the
Publication Classification fin structure; selectively del?osmng an outer spacer layer.on
the dummy gate structure; performing a plasma doping
(51) Int. CL process to form source/drain regions in each second semi-
HOIL 29/66 (2006.01) conductor layer adjacent the dummy gate structure, where a
HO1L 21/8238 (2006.01) portion of each second semiconductor layer interposing
HOI1L 27/092 (2006.01) between the source/drain regions defines a channel region;
HOIL 29/06 (2006.01) forming a dielectric layer over the fin structure; removing
HOIL 29/08 (2006.01) the dummy gate structure to form a gate trench in the
HOIL 29/40 (2006.01) dielectric layer; selectively removing the first semiconductor
HO1L 29/423 (2006.01) layers to form openings interleaved with the second semi-
HOIL 29/775 (2006.01) conductor layers; and forming a metal gate structure to fill
HOIL 29/786 (2006.01) the gate trench and the openings.
150
\\q Form a fourth protective structure over the second device region to expose the first device 152
region
Remove the first semiconductor layers to form openings between the second semiconductor |/~ 154
layers in the second S/D regions
Perform a first doping process to dope portions of the second semiconductor layers in the 156
exposed second device region with dopants of a first conductivity 3
A
Form a fourth protective structure over the second device region to expose the first device o~ 158
region
Remove the first semiconductor layers to form openings between the second semiconductor | - 160
layers in the first S/D regions
v
Perform a second doping process to dope portions of the second semiconductor layers in the 182
exposed first device regions with dopants of a second conductivity
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SEMICONDUCTOR DEVICES AND
METHODS OF MANUFACTURING
THEREOF

FILED OF THE DISCLOSURE

[0001] This disclosure relates generally to a semiconduc-
tor device, and in some embodiments, to a nanosheet tran-
sistor device that includes an inner gate spacer.

BACKGROUND

[0002] The semiconductor integrated circuit (IC) industry
has experienced exponential growth. Technological
advances in IC materials and design have produced genera-
tions of ICs where each generation has smaller and more
complex circuits than the previous generation. In the course
of IC evolution, functional density (i.e., the number of
interconnected devices per chip area) has generally
increased while geometry size (i.e., the smallest component
(or line) that can be created using a fabrication process) has
decreased. This scaling down process generally provides
benefits by increasing production efficiency and lowering
associated costs. Such scaling down has also increased the
complexity of IC structures (such as three-dimensional
transistors) and processing and, for these advancements to
be realized, similar developments in IC processing and
manufacturing are needed. For example, forming gate iso-
lation structures (e.g., gate spacers) in field-effect transistors
becomes more challenging when device sizes continue to
decrease. Although methods for addressing such a challenge
have been generally adequate, they have not been entirely
satisfactory in all aspects.

SUMMARY

[0003] The present disclosure provides various embodi-
ments for forming gate spacers, such as inner gate spacer
and/or outer gate spacer, in nanosheet transistor devices.
[0004] One embodiment may include a method that
includes forming a fin structure over a substrate, the fin
structure including alternating first semiconductor layers
and second semiconductor layers stacked along a vertical
direction. The method includes forming a dummy gate
structure over the fin structure. The method includes depos-
iting an outer spacer layer over the dummy gate structure.
The method includes performing a plasma doping process to
form source/drain regions in each second semiconductor
layer adjacent the dummy gate structure along a lateral
direction, where a portion of each second semiconductor
layer interposing between the source/drain regions defines a
channel region. The method includes forming a dielectric
layer over the fin structure. The method includes removing
the dummy gate structure to form a gate trench in the
dielectric layer. The method includes selectively removing
the first semiconductor layers to form openings interleaved
with the second semiconductor layers. The method includes
forming a metal gate structure to fill the gate trench and the
openings.

[0005] Another embodiment may include a method that
includes forming a fin structure over a substrate, the fin
structure having a sacrificial layer and alternating first
semiconductor layers and second semiconductor layers
stacked along a vertical direction over the sacrificial layer.
The method includes selectively removing portions of the
sacrificial layer to form recesses. The method includes

May 2, 2024

depositing a dielectric material over the substrate to form a
dummy gate structure over the fin structure and to form a
first dielectric layer in the recesses. The method includes
depositing an outer spacer layer on the dummy gate struc-
ture. The method includes performing a plasma doping
process to form source/drain regions in each second semi-
conductor layer, thereby defining a channel region inter-
posed between the source/drain regions. The method
includes forming a second dielectric layer over the dummy
gate structure and the source/drain regions. The method
includes removing the dummy gate structure to form a first
opening in the second dielectric layer. The method includes
removing the first semiconductor layers to form second
openings interleaved with the second semiconductor layers.
The method includes forming a metal gate structure over the
inner spacer layer to fill the first and the second openings.

[0006] Yet another embodiment may include a method
that includes forming a fin structure over a substrate, the fin
structure including alternating silicon germanium (SiGe)
layers and silicon (Si) layers stacked along a vertical direc-
tion. The method includes forming a dummy gate structure
over the fin structure. The method includes depositing an
outer spacer layer on the dummy gate structure. The method
includes performing a plasma doping process to form
source/drain regions in each Si layer adjacent the dummy
gate structure along a lateral direction, where a portion of
each Si layer interposing between the source/drain regions
defines a channel region, and where the outer spacer layer
overlaps with a portion of the source/drain regions along the
lateral direction. The method includes forming a dielectric
layer over the fin structure. The method includes removing
the dummy gate structure to form a gate trench in the
dielectric layer. The method includes selectively removing
the SiGe layers to form openings interleaved with the Si
layers along the vertical direction. The method includes
forming a metal gate structure over the inner spacer layer to
fill the gate trench and the openings.

[0007] These and other aspects and implementations are
discussed in detail below. The foregoing information and the
following detailed description include illustrative examples
of various aspects and implementations, and provide an
overview or framework for understanding the nature and
character of the claimed aspects and implementations. The
drawings provide illustrations and a further understanding of
the various aspects and implementations, and are incorpo-
rated in and constitute a part of this specification. Aspects
can be combined, and it will be readily appreciated that
features described in the context of one aspect of the
invention can be combined with other aspects. Aspects can
be implemented in any convenient form. As used in the
specification and in the claims, the singular form of “a,”
“an,” and “the” include plural referents unless the context
clearly dictates otherwise.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Aspects of the present disclosure are best under-
stood from the following detailed description when read
with the accompanying figures. It is noted that, in accor-
dance with the standard practice in the industry, various
features are not drawn to scale. In fact, the dimensions of the
various features may be arbitrarily increased or reduced for
clarity of discussion.
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[0009] FIGS. 1A-1C collectively illustrate a flow chart of
an example method to make an example semiconductor
device, in accordance with some embodiments.

[0010] FIG. 2 illustrates a flow chart of an example
method to make an example semiconductor device, in accor-
dance with some embodiments.

[0011] FIGS. 3A, 4A, 5A, 6A, 7A, 8A, 9A, 10A, 11A,
12A,13A, 14A, 15A, 16 A, 17A, 18A, 19A, 20A, 21A, 22A,
23A, 24A, 25A, 26A, 27A, 28A, 29A, 30A, 37, and 38
illustrate perspective views of an example semiconductor
device, during intermediate stages of the method of FIGS.
1A-1C and/or 2, in accordance with some embodiments.
[0012] FIGS. 3B, 4B, 5B, 6B, 7B, 8B, 9B, 9C, 10B, 11B,
12B, 13B, 14B, 15B, 16B, 17B, 18B, 19B, 20B, 21B, 22B,
23B, 24B, 25B, 26B, 27B, 28B, 29B, and 30B illustrate
cross-sectional views along line BB' of the example semi-
conductor device corresponding to FIGS. 3A, 4A, 5A, 6A,
7A, 8A, 9A, 10A, 11A, 12A, 13A, 14A, 15A, 16A, 17A,
18A,19A, 20A, 21A, 22A, 23A, 24A, 25A, 26 A, 27A, 28A,
29A, and 30A, respectively, during intermediate stages of
the method of FIGS. 1A-1C and/or 2, in accordance with
some embodiments.

[0013] FIGS. 22C, 23C, 24C, 25C, 28C, 29C, and 30C
illustrate planar top views of the example semiconductor
device corresponding to FIGS. 22A, 23A, 24A, 25A, 28A,
29A, and 30A, respectively, during intermediate stages of
the method of FIGS. 1A-1C and/or 2, in accordance with
some embodiments.

[0014] FIGS. 31A, 32A, 33A, 34A, 35A, and 36A illus-
trate planar top views of an example semiconductor device
during intermediate stages of the method of FIGS. 1A-1C
and/or 2, in accordance with some embodiments.

[0015] FIGS. 31B, 32B, 33B, 34B, 35B, and 36B illustrate
cross-sectional views along line BB' of the example semi-
conductor device corresponding to FIGS. 31A, 32A, 33A,
34A, 35A, and 36A, respectively, during intermediate stages
of the method of FIGS. 1A-1C and/or 2, in accordance with
some embodiments.

[0016] FIGS. 39, 40, 41, 42, 43, 44, and 45 illustrate
cross-sectional views along line BB' of the example semi-
conductor device as shown in FIG. 3A during intermediate
stages of the method of FIGS. 1A-1C and/or 2, in accor-
dance with some embodiments.

DETAILED DESCRIPTION

[0017] Reference will now be made to the illustrative
embodiments depicted in the drawings, and specific lan-
guage will be used here to describe the same. It will
nevertheless be understood that no limitation of the scope of
the claims or this disclosure is thereby intended. Alterations
and further modifications of the inventive features illustrated
herein, and additional applications of the principles of the
subject matter illustrated herein, which would occur to one
skilled in the relevant art and having possession of this
disclosure, are to be considered within the scope of the
subject matter disclosed herein. Other embodiments may be
used and/or other changes may be made without departing
from the spirit or scope of the present disclosure. The
illustrative embodiments described in the detailed descrip-
tion are not meant to be limiting of the subject matter
presented.

[0018] Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper” and the like, may be
used herein for ease of description to describe one element
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or feature’s relationship to another element(s) or feature(s)
as illustrated in the figures. The spatially relative terms are
intended to encompass different orientations of the device in
use or operation in addition to the orientation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

[0019] In contemporary semiconductor device fabrication
processes, a large number of semiconductor devices, such as
field effect transistors are fabricated on a single wafer.
Non-planar transistor device architectures, such as fin-based
transistors (typically referred to as “FinFETs”), can provide
increased device density and increased performance over
planar transistors. Some advanced non-planar transistor
device architectures, such as nanosheet (or nanowire) tran-
sistors, can further increase the performance over the Fin-
FETs. When compared to the FinFET where the channel is
partially wrapped (e.g., straddled) by a gate structure, the
nanosheet transistor, in general, includes a gate structure that
wraps around the full perimeter of one or more nanosheets
for improved control of channel current flow. For example,
in a FinFET and a nanosheet transistor with similar dimen-
sions, the nanosheet transistor can present larger driving
current (lon), smaller subthreshold leakage current (Ioff),
and/or other traits. Such a transistor that has a gate structure
fully wrapping around its channel may sometimes be
referred to as a gate-all-around (GAA) transistor.

[0020] FIGS. 1A-1C collectively illustrate a flowchart of
a method 100 to form a non-planar transistor device, accord-
ing to one or more embodiments of the present disclosure.
At least some of the operations (or steps) of the method 100
can be used to form a non-planar transistor device such as,
for example, a nanosheet transistor device, a nanowire
transistor device, a vertical transistor device, or the like. In
some embodiments, the method 100 can be used to form a
transistor device 200 in a respective conduction type such as,
for example, an N-type transistor device or a P-type tran-
sistor device. In some embodiments, the method 100 can be
used to form a complementary device including at least one
N-type transistor device and at least one P-type transistor
device. The term “N-type,” as used herein, may be referred
to as the conduction type of a transistor device having
electrons as its conduction carriers; and the term “P-type,”
as used herein, may be referred to as the conduction type of
a transistor device having holes as its conduction carriers.
Although FIGS. 3A-45 illustrate the transistor device 200 to
be a nanosheet (or nanowire) transistor device, it is under-
stood the transistor device 200 may include a number of
other devices such as inductors, fuses, capacitors, coils, etc.,
which are not shown in FIGS. 3A-45, for purposes of clarity
of illustration.

[0021] It is noted that the method 100 is merely an
example, and is not intended to limit the present disclosure.
Accordingly, it is understood that additional operations may
be provided before, during, and after the method 100 of
FIGS. 1A-2C, and that some other operations may only be
briefly described herein.

[0022] In various embodiments, some operations of the
method 100 as shown in FIGS. 1A-1C may be associated
with three-dimensional perspective views of an example
transistor device at various fabrication stages as shown in
FIGS. 3A, 4A, 5A, 6A, TA, 8A, 9A, 10A, 11A, 12A, 13A,
14A, 15A, 16 A, 17A, 18A, 19A, 20A, 21A, 22A, 23A, 24A,
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25A, 26A, 27A, 28A, 29A, 30A, 37, and 38. For purposes
of clarity, FIGS. 3B, 4B, 5B, 6B, 7B, 8B, 9B, 9C, 10B, 11B,
12B, 13B, 14B, 15B, 16B, 17B, 18B, 19B, 20B, 21B, 22B,
23B, 24B, 25B, 26B, 27B, 28B, 29B, and 30B, provide
cross-sectional views along line BB' of the example tran-
sistor device corresponding to FIGS. 3A, 4A, 5A, 6A, 7A,
8A, 9A, 10A, 11A, 12A, 13A, 14A, 15A, 16A, 17A, 18A,
19A, 20A, 21A,22A, 23A, 24A, 25A,26A, 27A, 28A, 29A,
and 30A, respectively. In the depicted embodiments, the line
BB!' corresponds to a cut along the longitudinal (or length-
wise) direction of a plurality of nanosheets (or nanowires,
for example), i.e., generally perpendicular to a longitudinal
direction of a gate trench or active gate structure.

[0023] In various embodiments, some operations of the
method 100 as shown in FIGS. 1A-1C may be associated
with planar top views of the example transistor device at
various fabrication stages are provided in FIGS. 22C, 23C,
24C, 25C, 28C, 29C, and 30C, corresponding to 22A, 23A,
24A, 25A, 28A, 29A, and 30A, respectively.

[0024] In various embodiments, some operations of the
method 100 as shown in FIGS. 1A-1C may be associated
with planar top views of the example transistor device at
various fabrication stages as shown in FIGS. 31A, 32A,
33A,34A, 35A, and 36A, and corresponding cross-sectional
view along the line BB' as shown in FIGS. 31B, 32B, 33B,
34B, 35B, and 36B, respectively.

[0025] Referring to FIGS. 1A and 3A-3B, the method 100
at operation 102 forms a stack of semiconductor layers
protruding from a semiconductor substrate 202. In the
present embodiments, the stack includes a number of first
semiconductor layers 210 and second semiconductor layers
220 over a sacrificial layer 204, where the first semiconduc-
tor layers 210 and the second semiconductor layers 220 are
interleaved to form the stack.

[0026] The semiconductor substrate 202 includes a semi-
conductor material substrate, for example, silicon. Alterna-
tively, the semiconductor substrate 202 may include other
elementary semiconductor material such as, for example,
germanium. The semiconductor substrate 202 may also
include a compound semiconductor such as silicon carbide,
gallium arsenic, indium arsenide, and indium phosphide.
The semiconductor substrate 202 may include an alloy
semiconductor such as silicon germanium, silicon germa-
nium carbide, gallium arsenic phosphide, and gallium
indium phosphide. In one embodiment, the semiconductor
substrate 202 includes an epitaxial layer. For example, the
semiconductor substrate 202 may have an epitaxial layer
overlying a bulk semiconductor. Furthermore, the semicon-
ductor substrate 202 may include a semiconductor-on-insu-
lator (SOI) structure. For example, the semiconductor sub-
strate 202 may include a buried oxide (BOX) layer formed
by a process such as separation by implanted oxygen (SI-
MOX) or other suitable technique, such as wafer bonding
and grinding.

[0027] The first semiconductor layers 210 and the second
semiconductor layers 220 (collectively referred to as the
semiconductor layers 210 and 220) are alternately disposed
on top of one another (e.g., along the Z direction) to form the
stack. For example, one of the second semiconductor layers
220 is disposed over one of the first semiconductor layers
210 then another one of the first semiconductor layers 210
is disposed over the second semiconductor layer 220, so on
and so forth.
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[0028] The stack may include any number of alternately
disposed semiconductor layers 210 and 220. The semicon-
ductor layers 210 and 220 may have different thicknesses.
The first semiconductor layers 210 may have different
thicknesses from one layer to another layer. The second
semiconductor layers 220 may have different thicknesses
from one layer to another layer. The thickness of each of the
semiconductor layers 210 and 220 may range from few
nanometers to few tens of nanometers.

[0029] In the present embodiments, the semiconductor
layers 210 and 220 have different compositions. In some
embodiments, the two semiconductor layers 210 and 220
have compositions that provide for different oxidation rates
and/or different etch selectivity between the layers. In some
embodiments, the first semiconductor layers 210 include
silicon germanium (Si,_,Ge, ), and the second semiconductor
layers 220 include silicon (Si). In some embodiments, each
of the second semiconductor layers 220 includes silicon that
may be undoped or substantially dopant-free (i.e., having an
extrinsic dopant concentration from about 0 cm™ to about
1x10'7 cm™>), where, for example, no intentional doping is
performed when forming the second semiconductor layers
220 (e.g., of silicon).

[0030] The sacrificial layer 204 is formed between the
semiconductor substrate 202 and the stack of the semicon-
ductor layers 210 and 220. The sacrificial layer 204 includes
a semiconductor material different from both the first semi-
conductor layers 210 and the second semiconductor layers
220 and is configured to be replaced, at least partially, with
a dielectric layer (e.g., a dielectric layer 240) in subsequent
operations. In some embodiments, the sacrificial layer 204
includes silicon germanium (Si, Ge,), where y is different
from x. For example, x may be about 35% and y may be
about 65%.

[0031] One or both of the semiconductor layers 210 and
220 may include other materials, for example, a compound
semiconductor such as silicon carbide, gallium arsenide,
gallium phosphide, indium phosphide, indium arsenide,
and/or indium antimonide, an alloy semiconductor such as
GaAsP, AllnAs, AlGaAs, InGaAs, GalnP, and/or GalnAsP,
or combinations thereof. The materials of the semiconductor
layers 210 and 220 may be chosen based on their relative
oxidation rates and/or etching selectivity.

[0032] The method 100 at operation 102 may form the
sacrificial layer 204 and the semiconductor layers 210 and
220 by one or more epitaxial growth processes from the
semiconductor substrate 202. For example, each of the
sacrificial layer 204 and the semiconductor layers 210 and
220 may be grown by a molecular beam epitaxy (MBE)
process, a chemical vapor deposition (CVD) process such as
a metal organic CVD (MOCVD) process, other suitable
epitaxial growth processes, or combinations thereof. During
the epitaxial growth process, the crystal structure of the
semiconductor substrate 202 extends upwardly, resulting in
the sacrificial layer 204 and the semiconductor layers 210
and 220 having the same crystal orientation with the semi-
conductor substrate 202.

[0033] Subsequently, the method 100 may form a mask
layer over the stack of the semiconductor layers 210 and 220
to protect the underlying layers from being damaged during
subsequent operation. In some embodiments, the mask layer
include multiple layers such as, for example, a first hard
mask layer 216 and an overlying second hard mask 218. The
first hard mask layer 216 may be a thin film comprising
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silicon oxide formed, for example, using a thermal oxidation
process. The first hard mask layer 216 may act as an
adhesion layer between the topmost first semiconductor
layer 210 (or the topmost second semiconductor layer 220 in
some other embodiments) and the second hard mask 218. In
some embodiments, the second hard mask 218 is formed of
silicon nitride, silicon oxynitride, silicon carbonitride, the
like, or combinations thereof. The first hard mask layer 216
and the second hard mask 218 may each be formed using
CVD, atomic layer deposition (ALD), low-pressure chemi-
cal vapor deposition (LPCVD), or plasma enhanced chemi-
cal vapor deposition (PECVD), or other suitable methods.

[0034] Referring to FIGS. 1A and 4A-4B, the method 100
at operation 104 defines a fin structure 222 in the sacrificial
layer 204 and the stack of the semiconductor layers 210 and
220. Although one fin structure 222 is shown in the present
depiction for purpose of simplicity, it should be appreciated
that the transistor device 200 can include any number of fin
structures while remaining within the scope of the present
disclosure, where the fin structures may be arranged in a
parallel configuration and spaced from each along the Y
direction. The fin structure 222, which is elongated along a
lateral direction (e.g., the X direction), can include a stack of
semiconductor layers 210 and 220 interleaved with each
other.

[0035] The fin structure 222 may be formed by patterning
the semiconductor layers 210 and 220 and the sacrificial
layer 204 using, for example, photolithography and etching
techniques. For example, the mask layer that includes the
first hard mask layer 216 and the second hard mask 218 may
be patterned using photolithography techniques. Generally,
photolithography techniques utilize a photoresist material
(not shown) that is deposited, irradiated (exposed), and
developed to remove a portion of the photoresist material.
The remaining photoresist material protects the underlying
material, such as the mask layer in this example, from
subsequent processing steps, such as etching. For example,
the photoresist material is used to pattern the first hard mask
layer 216 and second hard mask 218 to form a patterned
mask (not shown).

[0036] The patterned mask is subsequently used to pattern
exposed portions of the semiconductor layers 210 and 220
and the semiconductor substrate 202 to form trenches (or
openings; not shown), thereby defining the fin structure 222
between adjacent trenches. When multiple fin structures 222
are formed, such a trench may be disposed between any
adjacent ones of the fin structures. In some embodiments,
the fin structure 222 is formed by etching trenches in the
semiconductor layers 210 and 220 and the semiconductor
substrate 202 using, for example, dry etch, wet etch, reactive
ion etch (RIE), neutral beam etch (NBE), the like, or
combinations thereof. The etching process may be anisotro-
pic. In some embodiments, the trenches may be strips (when
viewed from the top) parallel to each other, and closely
spaced with respect to each other. In some embodiments, the
trenches may be continuous and surround the fin structure
222. After patterning the mask layer, the photoresist material
is removed using any suitable method, such as plasma
ashing or resist stripping.

[0037] In the present embodiments, the fin structure 222
includes a device region 202N adjacent a device region 202P
configured to provide transistor devices of N-type and
P-type, respectively. In some embodiments, the device
regions 202N and 202P are arranged in an alternating
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configuration along the X direction, such that two adjacent
transistor devices are formed to have different conductivity
types, resulting in a complementary device. It is appreciated
that other arrangements of the device regions 202N and
202P may also be applicable within the scope of the present
disclosure. In an example embodiment provided by the
subsequent operations of the method 100, the device regions
202N and 202P are configured to provide transistor devices
of different conductivity types that are formed separately
from one another. It is noted that the present disclosure does
not limit the order in which such transistor devices are
formed in the device regions 202N and 202P. For example,
the method 100 may form the transistor device in the device
region 202N first or, alternatively, the method 100 may form
the transistor device in the device region 202P first.

[0038] In some embodiments, isolation structures (not
shown) are formed around the fin structure 222 to separate
it from adjacent fin structures 222. The isolation structures
may be formed over the semiconductor substrate 202 and
partially embed lower portions of the fin structures 222. The
isolation structures may include an oxide, a nitride, a low-k
dielectric material (e.g., having a dielectric constant of less
than about 3.9), the like, or combinations thereof. The
isolation structures may include silicon oxide, phosphosili-
cate glass (PSG), borosilicate glass (BSG), boron-doped
phosphosilicate glass (BPSG), undoped silicate glass
(USG), or the like, or combinations thereof. may be formed
by a high density plasma chemical vapor deposition (HDP-
CVD), a flowable CVD (FCVD) (e.g., a CVD-based mate-
rial deposition in a remote plasma system and post curing to
make it convert to another material, such as an oxide), the
like, or combinations thereof. Other insulation materials
and/or other formation processes may be used. In an
example, the insulation material is silicon oxide formed by
a FCVD process. An anneal process may be performed once
the insulation material is formed. The isolation structures
may be formed by depositing an insulating (or dielectric)
material around the fin structure 222, performing a planar-
ization process (e.g., a chemical-mechanical polishing, or
CMP, process), and subsequently recessing the insulation
material to form the isolation structures. In this regard, the
isolation structures may include a shallow-trench isolations
(STIs).

[0039] Referring to FIGS. 1A and 5A-9C, the method 100
at operation 106 forms a dummy gate structure over the fin
structure 222 in each of the device regions 202N and 202P.

[0040] In some embodiments, referring to FIGS. 5A-7B,
the method 100 first forms and patterns a dielectric layer 230
around the fin structure 222. The dielectric layer 230 may
include any suitable dielectric (or insulating) material, such
as silicon oxide, silicon nitride, silicon oxynitride, silicon
carbide, silicon carbonitride, silicon oxycarbonitride, silicon
oxycarbide, the like, or combinations thereof. In the present
embodiments, the dielectric layer 230 differs from the pro-
tect oxide layer 216 and the second hard mask 218 in
composition to ensure sufficient etching selectivity therebe-
tween. In some examples, the dielectric layer 230 may
include silicon oxide. The dielectric layer 230 may be
deposited over the semiconductor substrate 202 using any
suitable method, such as CVD, FCVD, HDP-CVD, the like,
or combinations thereof, and planarized using one or more
CMP processes to expose the second hard mask 218 as
shown in FIGS. 5A-5B.
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[0041] Subsequently, referring to FIGS. 6A-6B, the
dielectric layer 230 is patterned using a patterned photoresist
layer 232A, which may be formed by a method similar to
that discussed above with respect to forming the fin structure
222. The patterned photoresist layer 232 A includes multiple
openings corresponding to a position of the dummy gate
structure in each device regions 202N and 202P. Referring
to FIGS. 7A-7B, the dielectric layer 230 may then be etched
using the patterned photoresist layer 232A as an etch mask
to form openings 234A and 234B, corresponding to the
dummy gate structures to be formed in the device region
202N and 202P, respectively. The etching process may be a
dry etching process, an RIE process, a wet etching process,
the like, or combinations thereof. The patterned photoresist
layer 232 A may then be removed by any suitable method as
discussed above.

[0042] As shown in FIGS. 7A-7B, after forming the
openings 234A and 234B, portions of the sacrificial layer
204 may be removed to form openings 236A and 236B at
positions corresponding to the openings 234A and 234B,
respectively, where the openings 236A and 236B extend
longitudinally along the Y direction. In the present embodi-
ments, a width W1 of the openings 234A and 234B mea-
sured along the X direction defines a width of each of the
openings 236A and 236B.

[0043] Referring to FIGS. 8 A-9C, a diclectric layer 240 is
formed over the patterned dielectric layer 230, thereby
filling the openings 234A, 234B, 236A, and 236B. The
dielectric layer 240 may include any suitable dielectric
material, such as silicon oxide, silicon nitride, silicon oxyni-
tride, silicon carbide, silicon carbonitride, silicon oxycarbo-
nitride, silicon oxycarbide, the like, or combinations thereof.
In the present embodiments, the dielectric layer 240 differs
from the dielectric layer 230 and the second hard mask 218
in composition to ensure sufficient etching selectivity ther-
ebetween. Portions of the dielectric layer 240 formed in the
openings 236A and 236B are referred to as dielectric layers
(or structures) 240A and 240B, respectively, and those
formed in the openings 234A and 234B are referred to as the
dummy gate structures 240C and 240D, respectively.
Accordingly, a width of the dummy gate structures 240C and
240D is the same, or substantially the same, as the width W1
of the openings 236A and 236B discussed in detail above.
The dielectric layer 240 may be formed using any suitable
method, such as CVD, FCVD, HDP-CVD, the like, or
combinations thereof, as shown in FIGS. 8A-8B.

[0044] In some embodiments, referring to FIGS. 9A-9B, a
CMP process is performed to remove portions of the dielec-
tric layer formed over a top surface of the dielectric layer
230, such that the dummy gate structures 240C and 240D are
co-planar, or substantially co-planar, with the second hard
mask 218. In some embodiments, referring to FIG. 9C,
portions of the dummy gate structures 240C and 240D
remain over the top surface of the second hard mask 218
after performing the CMP process. In the present embodi-
ments, the dummy gate structures 240C and 240D extend
along sidewalls of the fin structure 222 over a channel region
defined in each of the second semiconductor layers 220 and
therefore may alternatively be referred to as channel pro-
tection structures.

[0045] Referring to FIGS. 1A and 10A-10B, the method
100 at operation 108 forms a protective structure 235 over
portions of the fin structure 222 in the device region 202P.
As shown, the protective structure 235 covers portions of the
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fin structure 222 adjacent the dummy gate structure 240C,
thereby exposing portions of the fin structure 222 that
correspond to subsequently-formed source/drain regions in
the device region 202N.

[0046] In the present embodiments, the protective struc-
ture 235 is formed by patterning the dielectric layer 230
using a patterned photoresist layer 232B as shown in FIGS.
10A-10B. The process of patterning the dielectric layer 230
to form the protective structure 235 is similar to the process
of forming the fin structure 222 discussed in detail above.
After performing the patterning process, the patterned pho-
toresist layer 232B is removed from the transistor device
200 by a suitable method as discussed above.

[0047] Subsequently, referring to FIGS. 1A-1B, the
method 100 may proceed via the process flow of two paths,
Path I and/or Path II, which correspond to different opera-
tions. For example, if proceeding via the process flow of
Path 1, the method 100 performs a doping process (or
implantation process) 302 to the exposed portions of the fin
structure 222 in the device region 202N after forming the
protective structure 235. If proceeding via the process flow
of Path II, the method 100 forms a first outer spacer layer
250 over the dummy gate structures 240C and 240D after
forming the protective structure 235. For purposes of clarity,
Path 1 and its corresponding operations are discussed in
detail with reference to FIGS. 11A-27B and Path II and its
corresponding operations are discussed in detail with refer-
ence to FIGS. 28A-36B.

[0048] Referring to FIGS. 1B and 11A-11B, the method
100 at operation 112 performs the doping process 302 to the
exposed portions of the fin structure 222 in the device region
202N.

[0049] In some embodiments, the doping process 302
implements a plasma containing one or more dopants of a
conductivity that is consistent with the type of transistor
device to be formed in the exposed device region. In some
embodiments, the dopants are introduced by the doping
process 302 through surfaces of the fin structure 222 that
extend along the Z direction (i.e., across the X-Z, or vertical,
plane). The doping process 302 may be implemented as an
ion implantation method utilizing accelerated ions from a
plasma source. In some examples, the doping process 302
may be implemented as a pulsed plasma implantation pro-
cess.

[0050] After performing the doping process 302, the tran-
sistor device 200 is annealed (or thermally treated) to
activate the dopants introduced during the doping process
302. The annealing process may be implemented as a spike
annealing process or any other suitable process for activat-
ing the implanted dopants.

[0051] In the present embodiments, the doping process
302 is configured to introduce dopants of the first conduc-
tivity to the exposed portions of the fin structure 222,
forming source/drain regions 260 in the second semicon-
ductor layers 220 of the device region 202N. Accordingly, a
portion of each second semiconductor layer 220 interposed
between a pair of the source/drain regions 260 defines a
channel region of the transistor device in the device region
202N. In existing implementations, each dummy gate struc-
ture 240C and 240D defines the channel region, which has
the width W1 along the X direction, and the source/drain
regions 260 are subsequently formed on both sides of the
channel region. However, in the present embodiments,
because the second semiconductor layers 220 are doped
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(rather than epitaxially grown) and subsequently annealed,
the dopants continue to diffuse through each second semi-
conductor layer 220 after the doping process 302 is com-
pleted. In this regard, the dopants may diffuse along the X
direction toward the dummy gate structure 240D and may
diffuse into the portion of the second semiconductor layer
220 being protected by the dummy gate structure 240D,
effectively shortening a width of the channel region (this
width may also be referred to as a gate length) along the X
direction. As shown, a channel region 224, defined as the
region of the second semiconductor layer 220 that is dopant-
free or substantially dopant-free, has a width W2 measured
along the X direction. In the present embodiments, the width
W2 is less than the width W1, and a difference between W1
and W2 reflects an extent of the dopant diffusion along the
X direction.

[0052] In the depicted embodiments, the plasma includes
an N-type dopant such that the resulting source/drain regions
260 include silicon doped (or implanted) with the N-type
dopant for forming an N-type transistor device. Examples of
the N-type dopant include arsenic (As), phosphorous (P),
other suitable elements, or combinations thereof. If the
transistor device to be formed in the exposed device region
202N is configured to be a P-type transistor device, the
doping process 302 may implement a P-type dopant such as
boron (B), other suitable elements, or combinations thereof.
In the present embodiments, the resulting pairs of the
source/drain regions 260 are interleaved with the first semi-
conductor layers 210 along the Z direction and co-extend
with their respective channel region 224 along the X direc-
tion.

[0053] In contrast to performing an epitaxial growth pro-
cess to form source/drain regions, performing a doping
process (e.g., the doping process 302) and a subsequent
annealing process to form source/drain regions within each
semiconductor layer (e.g., the second semiconductor layers
220) may reduce a distance over which the dopants diffuse
to form the source/drain regions, allowing improvement in
cycle time and cost, for example, of the overall process.
Additionally, absent the need to perform the epitaxial growth
process, the doping process provided herein may allow an
NS transistor device to be formed to a greater height,
offering enhanced routing options for connecting with inter-
connect structures and other components of an integrated
circuit device.

[0054] Referring to FIGS. 1B and 12A-13B, the method
100 at operation 114 forms a protective structure 245 over
portions of the fin structure 222 in the device region 202N.
As shown, the protective structure 245 covers portions of the
fin structure 222 adjacent the dummy gate structure 240D,
thereby exposing portions of the fin structure 222 that
correspond to subsequently-formed source/drain regions in
the device region 202P.

[0055] In the present embodiments, the protective struc-
ture 245 is formed by depositing a dielectric layer 244 over
the transistor device 200 and patterning the dielectric layer
244 using a patterned photoresist layer 232C as shown in
FIGS. 12A-12B. In some embodiments, the dielectric layer
244 is similar to the dielectric layer 230 in composition and
may include, for example, silicon oxide, silicon nitride,
silicon oxynitride, silicon carbide, silicon carbonitride, sili-
con oxycarbonitride, silicon oxycarbide, the like, or combi-
nations thereof. In the present embodiments, the composi-
tion of the dielectric layer 244 differs from that of the
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dielectric layer 230, the first hard mask layer 216, and the
second hard mask 218 to ensure sufficient etching selectivity
when forming the protective structure 245. The dielectric
layer 244 may be deposited over the semiconductor sub-
strate 202 using any suitable method, such as CVD, FCVD,
HDP-CVD, the like, or combinations thereof. The process of
patterning the dielectric layer 244 to form the protective
structure 245 is similar to the process of forming the fin
structure 222 discussed in detail above. After performing the
etching process, referring to FIGS. 13A-13B, the patterned
photoresist layer 232C is removed from the transistor device
200 by a suitable method as discussed above.

[0056] Referring to FIGS. 1B and 14A-14B, the method
100 at operation 118 performs a doping process 304 to the
exposed portions of the fin structure 222 in the device region
202N.

[0057] In some embodiments, the doping process 304 is
similar to the doping process 302 with respect to the method
by which they are implemented. For example, the doping
process 304 may be implemented using a plasma containing
one or more dopants of a second conductivity that is
consistent with the type of transistor device to be formed in
the exposed device region. In some examples, the doping
process 302 may be implemented as a pulsed plasma
implantation process. After performing the doping process
304, the transistor device 200 is annealed (or thermally
treated) to activate the dopants introduced during the doping
process 304.

[0058] In the present embodiments, the second conductiv-
ity type is different from the first conductivity type, i.c., the
dopants introduced by the doping process 304 differ from
those introduced by the doping process 302. For example,
the first conductivity type may be an N-type and the second
conductivity type may be P-type, such that the device
regions 202N and 202P are configured to provide an N-type
device and a P-type device, respectively.

[0059] In the present embodiments, the doping process
304 is configured to introduce dopants of the second con-
ductivity to the exposed portions of the fin structure 222,
forming source/drain regions 262 in the second semicon-
ductor layers 220 of the device region 202P. Accordingly, a
portion of each second semiconductor layer 220 interposed
between a pair of the source/drain regions 262 defines a
channel region of the transistor device in the device region
202P. Similar to the discussion above with respect to per-
forming the doping process 302, the dopants introduced by
the doping process 304 are subsequently annealed and
therefore may diffuse along the X direction toward the
dummy gate structure 240C and into the portion of the
second semiconductor layer 220 being protected by the
dummy gate structure 240C, effectively shortening a width
of the channel region along the X direction. As shown, a
channel region 226, defined as the region of the second
semiconductor layer 220 that is dopant-free or substantially
dopant-free, has a width W3 that is less than the width W1.
As discussed above, the width W3 corresponds to a gate
length of the transistor device formed in the device region
202P. In some embodiments, due to the dopants of the
doping process 304 being different from those of the doping
process 302, the diffusion distance of the dopants in the
device region 202P as a result of the doping process 304, i.e.,
a difference between W1 and W3, may also differ from the
diffusion distance of the dopants in the device region 202N
as a result of the doping process 302, i.e., the difference
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between W1 and W2. Accordingly, the width W3 may differ
from the width W2 in magnitude. In alternative embodi-
ments, the widths W2 and W3 are substantially the same in
magnitude.

[0060] In the depicted embodiments, the plasma includes
a P-type dopant such that the resulting source/drain regions
262 include silicon doped (or implanted) with the P-type
dopant for forming a P-type transistor device. Examples of
the P-type dopant include boron (B), other suitable elements,
or combinations thereof. If the transistor device to be formed
in the exposed device region 202P is configured to be an
N-type transistor device, the doping process 304 may imple-
ment an N-type dopant such as arsenic (As), phosphorous
(P), other suitable elements, or combinations thereof. In the
present embodiments, the resulting pairs of the source/drain
regions 262 are interleaved with the first semiconductor
layers 210 along the Z direction and co-extend with their
respective channel region 226 along the X direction. Fur-
thermore, as shown in FIG. 14B, one of the source/drain
regions 262 extends continuously from one of adjacent the
source/drain region 260 along the X direction.

[0061] Referring to FIGS. 1B and 15A-18B, the method
100 at operation 120 cuts the fin structure 222 to separate the
device region 202N from the device region 202P.

[0062] In the present embodiments, cutting the fin struc-
ture 222 includes first depositing a dielectric layer 246 over
the transistor device 200 as shown in FIGS. 15A-15B and
patterning the fin structure 222 using a patterned photoresist
layer 232D as shown in FIGS. 16A-16B. In some embodi-
ments, the dielectric layer 246 is similar to the dielectric
layer 230 in composition and may include, for example,
silicon oxide, silicon nitride, silicon oxynitride, silicon car-
bide, silicon carbonitride, silicon oxycarbonitride, silicon
oxycarbide, the like, or combinations thereof. In the present
embodiments, the composition of the dielectric layer 246
differs from that of the dielectric layer 230, the first hard
mask layer 216, and the second hard mask 218 to ensure
sufficient etching selectivity when cutting the fin structure
222. In some examples, the dielectric layer 246 may include
PSG, BSG, BPSG, USG, or the like, or combinations
thereof. The dielectric layer 246 may be deposited by any
suitable method, such as CVD, PECVD, or FCVD, and
subsequently planarized by a CMP process. The process of
patterning the fin structure 222 using the patterned photo-
resist layer 232D is similar to the process of forming the fin
structure 222 discussed in detail above.

[0063] For example, patterning the fin structure 222 using
the patterned photoresist layer 232D as an etch mask
includes performing at least one etching process to remove
portions of the fin structure 222 exposed by the patterned
photoresist layer 232D. The patterning process forms
trenches 264 between portions of the dielectric layer 246. In
other words, the device regions 202N and 202P are separated
by the trenches 264 along the X direction. The etching
process may include a dry etching process, an RIE process,
a wet etching process, the like, or combinations thereof. In
some embodiments, the etching process may be anisotropic.
In some embodiments, the mask layer, including the first
hard mask layer 216 and the second hard mask 218, and the
stack of the semiconductor layers 210 and 220, including the
source/drain regions 260 and 262 and the channel regions
224 and 226, may be removed in separate etching processes.
In some embodiment, referring to FIGS. 17A-17B and
18A-18B, portions of the sacrificial layer 204 remain intact,
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or substantially intact, in the trenches 264 after performing
the patterning process at operation 120. After performing the
etching process, the patterned photoresist layer 232D is
removed from the transistor device 200 by any suitable
method as discussed above.

[0064] Referring to FIGS. 1B and 19A-20B, the method
100 at operation 122 trims the semiconductor layers 210 and
220 within each device region 202N and 202P.

[0065] In the present embodiments, portions of the semi-
conductor layers 210 and 220 are trimmed by at least one
etching process at operation 122. For example, referring to
FIGS. 19A-19B, the at least one etching process removes
portions of the second semiconductor layers 220 (e.g., the
source/drain regions 260 and 262, etc.) embedded in side-
walls of the dielectric layer 246 and subsequently (or
concurrently) trims the first semiconductor layers 210 to a
width that is substantially the same as the width W1 of the
dielectric layers 240A and 240B (i.e., the trimmed first
semiconductor layers 210 have sidewalls that are substan-
tially aligned with sidewalls of the dielectric layers 240A
and 240B). Thereafter, referring to FIGS. 20A-20B, the
portions of the sacrificial layer 204 remaining in the trenches
264q are trimmed such that a top surface of the semicon-
ductor substrate 202 is exposed in the trenches 264.

[0066] Referring to FIGS. 1C and 21A-22C, the method
100 at operation 124 forms a dielectric layer 248 over the
transistor device 200.

[0067] As shown in FIGS. 21A-21B, the dielectric layer
248 is formed over the transistor device 200 to fill the
trenches 264, thereby insulating the device regions 202N
and 202P. In some embodiments, the dielectric layer 248 is
similar to the dielectric layer 230 in composition and may
include, for example, silicon oxide, silicon nitride, silicon
oxynitride, silicon carbide, silicon carbonitride, silicon oxy-
carbonitride, silicon oxycarbide, PSG, BSG, BPSG, USG,
the like, or combinations thereof. In the present embodi-
ments, the composition of the dielectric layer 248 differs
from that of the dielectric layer 240, the first hard mask layer
216, and the second hard mask 218 to ensure sufficient
etching selectivity during subsequent operations. The dielec-
tric layer 248 may be deposited by any suitable method, such
as CVD, PECVD, or FCVD. Referring to FIGS. 22A-22C,
portions of the dielectric layers 246 and 248 are planarized
by a CMP process to expose a top surface of the dummy gate
structures 240C and 240D.

[0068] Referring to FIGS. 1C and 23A-23C, the method
100 at operation 126 removes the dummy gate structures
240C and 240D to form trenches (i.e., gate trenches) 270A
and 270B, respectively.

[0069] Due to the etching selectivity between the dielec-
tric layers 240, 248 (or 246), and the second hard mask 218,
the exposed dummy gate structures 240C and 240D are
selectively removed to form the trenches 270A and 270B.
The dummy gate structures 240C and 240D can be removed
by an etching process, such as RIE or chemical oxide
removal (COR). After removing the dummy gate structures
240C and 240D, the top surface of the semiconductor
substrate 202 is exposed in the trenches 270A and 270B.

[0070] Inthe present embodiments, a width of the trenches
270A and 270B is substantially the same as the width W1,
which is the dimension of the dielectric layers 240A and
240B along the X direction. Notably, the width W1 is greater
than both the width W2 (i.e., the width of the channel region
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224) and the width W3 (i.e., the width of the channel region
226) as discussed in detail above.

[0071] Referring to FIGS. 1C and 24A-24C, the method
100 at operation 128 removes the first semiconductor layers
210 to form openings (or trenches) 272 between the second
semiconductor layers 220 (i.e., the source/drain regions 260
and 262).

[0072] In the present embodiments, the first semiconduc-
tor layers 210 are removed from the fin structure 222 to form
the openings 272 interleaved with the source/drain regions
260/262 and their corresponding channel regions 224/226,
which remain substantially intact after performing an etch-
ing process. In some embodiments, the etching process may
implement an etchant, such as hydrochloric acid (HCI), that
selectively removes the first semiconductor layers 210 with-
out removing, or substantially removing, the source/drain
regions 260/262 and their corresponding channel regions
224/226.

[0073] Referring to FIGS. 1C and 25A-25C operation 130,
the method 100 at operation 130 forms an inner spacer layer
274 to partially fill the trenches 270A and 270B and the
openings 272.

[0074] In the present embodiments, the inner spacer layer
274 includes any dielectric material suitable for insulating
sidewalls of a gate structure. For example, the inner spacer
layer 274 may include silicon oxide, silicon nitride, silicon
oxynitride, silicon carbide, silicon carbonitride, silicon oxy-
carbonitride, silicon oxycarbide, the like, or combinations
thereof. In some embodiments, the inner spacer layer 274
may have a composition that is the same as or different from
that of the dielectric layers 240A and 240B (i.e., the dielec-
tric layer 240). In the present embodiments, the inner spacer
layer 274 is formed to interleave with the source/drain
regions 260 and the source/drain regions 262, respectively,
along the Z direction. In other words, the inner spacer layer
274 laterally overlaps with portions of the source/drain
regions 260 and 262 in their respective device regions.
[0075] In the present embodiments, the inner spacer layer
274 is conformally deposited on sidewalls of the trenches
270A and 270B as well as in the openings 272 to a thickness
T1. The thickness T1 is configured to account for the extent
of out-diffusion of the dopants from the source/drain regions
260 toward the channel region 224 in the device region
202N and from the source/drain regions 262 toward the
channel region 226 in the device region 202P. In this regard,
the thickness T1 is determined based on the difference
between the width W1 and the width W2 (or the width W3).
Accordingly, the presence of the inner spacer layer 274
prevents the subsequently-formed metal gate structure from
overlapping with and directly contacting the source/drain
regions 260 and 262, thereby avoiding shorting between the
metal gate structure and the corresponding source/drain
regions. In some embodiments, the thickness T1 may be
determined (by estimation, for example) based on factors
that influence the out-diffusion of the dopants including, for
example, the type of dopants and the temperature at which
annealing is performed to activate the dopants.

[0076] In the present embodiments, the inner spacer layer
274 is formed conformally by an ALD process, which is
configured to deposit the inner spacer layer 274 one atomic
layer at a time. Other deposition methods, such as CVD,
may also be applicable in the present embodiments. In some
embodiments, the inner spacer layer 274 is selectively
formed on surfaces of the dielectric layers 246 and/or 248 in
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the trenches 270A and 270B as well as in the openings 272.
In some embodiments, the number of deposition cycles
implemented by the ALD process is determined based on the
type of dielectric material selected for the inner spacer layer
274 and an estimated value of the thickness T1 using one or
more of the factors discussed above. A CMP process may be
performed subsequently to planarize a top surface of the
inner spacer layer 274. Accordingly, portions of the inner
spacer layer 274 remaining on sidewalls of the trenches
270A and 270B as well as the openings 272 are referred to
as inner spacers configured to insulate the subsequently-
formed metal gate structures from their corresponding
source/drain regions.

[0077] Referring to FIGS. 1C and 26A-27B, the method
100 at operation 132 forms a metal gate structure over the
inner spacer layer 274 to fill the trenches 270A and 270B and
the openings 272.

[0078] Inthe present embodiments, forming the metal gate
structures 280 and 290 includes forming at least a gate
dielectric layer 282 over the inner spacer layer 274, as
shown in FIGS. 26 A-26B, and a gate electrode 284 over the
gate dielectric layer 282, as shown in FIGS. 27A-27B, where
the gate dielectric layer 282 wraps around the channel region
224 or 226 of each second semiconductor layer 220.
[0079] The gate dielectric layer 282 may include a suitable
dielectric material, such as a high-k dielectric material
having a metal oxide or a silicate of Hf, Al, Zr, La, Mg, Ba,
Ti, Pb, and combinations thereof. The gate dielectric layer
282 may include a stack of different dielectric materials. The
gate dielectric layer 282 may be deposited using any suitable
method, including, for example, ALD, CVD, PECVD,
physical vapor deposition (PVD), the like, or combinations
thereof. In some embodiments, the gate dielectric layer 282
may optionally include a substantially thin oxide (e.g.,
silicon oxide, or SiO,) layer.

[0080] The gate electrode 284 may include a number of
gate metal sections abutted to each other along the Z
direction. Each of the gate metal sections may extend not
only along a horizontal plane (e.g., the plane expanded along
the X direction and the Y direction), but also along a vertical
direction (e.g., the Z direction). As such, two adjacent ones
of'the gate metal sections can adjoin together to wrap around
a corresponding one of the second semiconductor layers
220, with the gate dielectric layer 282 disposed therebe-
tween.

[0081] The gate electrode 284 may include a stack of
multiple metal materials. For example, the gate electrode
284 may include a work function layer, such as a P-type
work function layer, an N-type work function layer, multi-
layers thereof, or combinations thereof. The work function
layer may also be referred to as a work function metal.
Example work function metals may include TiN, TaN, Ru,
Mo, Al, WN, ZrSi,, MoSi,, TaSi,, NiSi,, Ti, Ag, TaAl,
TaAlC, TiAIN, TaC, TaCN, TaSiN, Mn, Zr, the like, or
combinations thereof. The gate electrode 284 may further
include a metal fill layer over the work function layer, where
the metal fill layer may include W, Cu, Ru, Al, Ag, the like,
or combinations thereof. The gate electrode 284 may further
include other suitable layers, such as a barrier layer, an
adhesion layer, a capping layer, other layers, or combina-
tions thereof. The various layers of the gate electrode 284
may be deposited by CVD, PVD, ALD, plating, other
suitable methods, or combinations thereof, and subsequently
planarized using one or more CMP processes.
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[0082] In some embodiments, though not depicted, the
metal gate structure 280 configured to form a transistor
device 200A in the device region 202P may differ from the
metal gate structure 290 configured to form a transistor
device 200B in the device region 202N in composition. For
example, if the transistor device 200A is configured as a
P-type device, the metal gate structure 280 may include
work function metal layer(s) configured to provide a thresh-
old voltage Vt consistent with a P-type device, and if the
transistor device 200B is configured as an N-type device, the
metal gate structure 290 may include work function metal
layer(s) configured to provide a Vt consistent with an N-type
device. In this regard, the metal gate structures 280 and 290
may be formed separately from one another using one or
more patterned masks, for example.

[0083] Referring to FIG. 1C, the method 100 at operation
134 may perform additional operations to the transistor
device 200. In one example, device-level contacts including
source/drain contacts and gate contacts are formed to elec-
trically connect the source/drain regions (e.g., the source/
drain regions 260 and 262) and the metal gate structures
(e.g., the metal gate structures 280 and 290), respectively,
with interconnect structures, such as conductive lines and
vias, formed in multiple dielectric layers.

[0084] In some embodiments, referring collectively to
FIGS. 1A-1C and 28A-36B, the method 100 may be imple-
mented via the process flow of Path II, which includes
operations in addition and/or alternative to those of Path I
discussed in detail above.

[0085] For example, as shown in FIGS. 28A-28C, after
forming the protective structure 235 over the device region
202P at operation 108, the method 100 proceeds to operation
110, instead of operation 112 as in the case of Path I, to
selectively forming a first outer spacer layer 250 over the
dummy gate structures 240C and 240D, as shown in FIGS.
29A-29C. It is noted that FIG. 28B is similar to FIG. 9C,
where both illustrate embodiments of the dummy gate
structures 240C and 240D having a top surface co-planar, or
substantially co-planar, with the second hard mask 218.
[0086] In the present embodiments, the first outer spacer
layer 250 includes any suitable dielectric material, such as
silicon oxide, silicon nitride, silicon oxynitride, silicon car-
bide, silicon carbonitride, silicon oxycarbonitride, silicon
oxycarbide, the like, or combinations thereof. In the present
embodiments, composition of the first outer spacer layer 250
may be the same as or different from that of the dummy gate
structures 240C and 240D (i.e., the dielectric layer 240). In
the present embodiments, the first outer spacer layer 250 is
selectively formed on the dielectric layer 240 such that it
wraps around the exposed surfaces of the dummy gate
structures 240C and 240D without being formed, or sub-
stantially formed, on the fin structure 222. The first outer
spacer layer 250 may be deposited by any suitable method,
such as ALD, CVD, the like, or combinations thereof. As
shown in FIGS. 29B and 29C, the first outer spacer layer 250
is formed to a width W4 along the X direction, where the
width W4 is greater than the width W1, which corresponds
to the width of the dummy gate structures 240C and 240D.
[0087] Subsequently, referring to FIGS. 1B and 29A-29C,
the method 100 at operation 112 performs a doping process
306 to form the source/drain regions 260 adjacent the
dummy gate structure 240D. The doping process 306 is
similar to the doping process 302, the details of which has
been discussed above with respect to FIGS. 11A-11B. For
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example, the doping process 306 may be a pulsed plasma
doping process. The types of dopants implanted by the
doping process 302 depend on the type of transistor device
desired and may include an N-type dopant or a P-type
dopant as discussed in detail above. An annealing process is
subsequently performed to activate the dopants introduced
by the doping process 306.

[0088] Similar to the discussion above, the annealing
process cause the dopants in the second semiconductor
layers 220 to diffuse from the source/drain regions 260
toward a channel region 225 interposed therebetween. How-
ever, the presence of the first outer spacer layer 250 inhibits
or limits the diffusion of the dopants, such that the channel
region 225 is defined to have the width W1, which corre-
sponds to the width of the dummy gate structure 240D. In
contrast, for the embodiments according to the process flow
of Path I illustrated in FIGS. 11A-27C, the channel region
224 has a width W2 that is less than the width W1 due to the
diffusion of the dopants that laterally extends the source/
drain regions 260 toward the channel region 224. Stated
differently, the first outer spacer layer 250 is formed outside
sidewalls of the dummy gate structure 240D and the inner
spacer layer 274 is formed within the sidewalls of the
dummy gate structure 240D (see FIG. 25B, for example).

[0089] In the present embodiments, a thickness T2 of the
first outer spacer layer 250 is configured to account for the
diffusion distance of the dopants, thereby limiting a bound-
ary of the source/drain regions 260 to align with the sidewall
of the dummy gate structure 240D (or the dielectric layer
240B). Similar to the discussion of the thickness T1, the
thickness T2 may be estimated based on factors such as the
type of dopants and annealing temperature before depositing
the first outer spacer layer 250 at operation 110.

[0090] Referring to FIGS. 1B and 30A-30C, the method
100 at operation 114 forms the protective structure 245 over
the device region 202N to expose the device region 202P in
a process similar to that discussed above with respect to
FIGS. 12A-12B. In some embodiments, after forming the
protective structure 245, portions of the first outer spacer
layer 250 formed in the device region 202P (i.e., over the
dummy gate structure 240C) are removed to expose the
underlying dummy gate structure 240C.

[0091] Referring to FIGS. 1B and 30A-30C, the method
100 at operation 116 selectively forms a second outer spacer
layer 252 over the dummy gate structure 240C.

[0092] In the present embodiments, the second outer
spacer layer 252 includes any suitable dielectric material,
such as silicon oxide, silicon nitride, silicon oxynitride,
silicon carbide, silicon carbonitride, silicon oxycarbonitride,
silicon oxycarbide, the like, or combinations thereof. In the
present embodiments, composition of the second outer
spacer layer 252 differs from that of the first outer spacer
layer 250 to ensure sufficient etching selectivity therebe-
tween during subsequent operations. In the present embodi-
ments, the second outer spacer layer 252 is selectively
formed on the dielectric layer 240 such that it wraps around
the exposed surfaces of the dummy gate structure 240C
without being formed, or substantially formed, on the fin
structure 222. The second outer spacer layer 252 may be
deposited by any suitable method, such as ALD, CVD, the
like, or combinations thereof. Similar to the first outer spacer
layer 250, referring to FIGS. 31A-31B, the second outer
spacer layer 252 is formed to the width W4 that is greater
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than the width W1, where the width W1 corresponds to the
width of the dummy gate structure 240C.

[0093] Referring to FIGS. 1B and 31A-31B, the method
100 at operation 118 performs a doping process 308 to form
the source/drain regions 262 adjacent the dummy gate
structure 240C. The doping process 308 is similar to the
doping process 304, the details of which has been discussed
above with respect to FIGS. 14A-14B. For example, the
doping process 308 may be a pulsed plasma doping process.
The types of dopants implanted by the doping process 308
depend on the type of transistor device desired and may
include an N-type dopant or a P-type dopant as discussed in
detail above. In the present embodiments, the doping pro-
cesses 306 and 308 implement dopants of different conduc-
tivity types to form transistor devices of different conduc-
tivity types. An annealing process is subsequently performed
to activate the dopants introduced by the doping process
308.

[0094] Similar to the discussion above with respect to
FIGS. 29A-29C, the presence of the second outer spacer
layer 252 limits the diffusion of the dopants, such that a
channel region 227 interposed between the source/drain
regions 262 is defined to have the width W1, which corre-
sponds to the width of the dummy gate structure 240C. In
other words, the second outer spacer layer 252 is formed
outside sidewalls of the dummy gate structure 240C and the
inner spacer layer 274 is formed within the sidewalls of the
dummy gate structure 240C (see FIG. 25B, for example).

[0095] In the present embodiments, a thickness T3 of the
second outer spacer layer 252 is configured to account for
the diffusion distance of the dopants, thereby limiting a
boundary of the source/drain regions 262 to align with the
sidewalls of the dummy gate structure 240C (or the dielec-
tric layer 240A). In this regard, the thickness T3 may be
estimated based on factors such as the type of dopants and
annealing temperature before depositing the second outer
spacer layer 252 at operation 118.

[0096] Referring to FIGS. 1B and 32A-33B, the method
100 at operations 120-124 cuts the fin structure 222 to
separate the device regions 202N and 202P, trims the semi-
conductor layers 210 and 220, and subsequently forms the
dielectric layer 248 over the transistor device 200, similar to
the embodiments discussed with respect to FIGS. 15A-22C.
In the present embodiments, the first semiconductor layers
210 are trimmed to align with the dielectric layers 240A and
240B, i.e., having the width W1, while the trimmed second
semiconductor layers 220 (including the source/drain
regions 260 and 262 and their respective channel regions
225 and 227) extend outward from the trimmed first semi-
conductor layers 210 along the X direction.

[0097] Referring to FIGS. 1C and 34A-35B, the method
100 at operations 126, 128, and 132 removes the dummy
gate structures 240D and the first semiconductor layers 210
in the device region 202N to form the trenches 270B and the
openings 272, respectively, and subsequently forms a metal
gate structure 290 in the trenches 270B and the openings
272, similar to the embodiments discussed with respect to
FIGS. 23A-24C. The metal gate structure 290 may include
at least a gate electrode 294 over a gate dielectric layer 292,
which are similar to the gate clectrode 284 and the gate
dielectric layer 282, respectively, as discussed in detail
above. In the present embodiments, the metal gate structures
280 and 290 are formed separately.
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[0098] In some examples, referring to FIGS. 34A-34B, a
top portion of the first outer spacer layer 250 may be
selectively removed, without removing or substantially
removing the second outer spacer layer 252, in a first etching
process (e.g., a directional etching process) to expose the
underlying dummy gate structure 240D, which is subse-
quently removed in a second etching process to form the
trench 270B. Alternatively, the top portion of the first outer
spacer layer 250 and the dummy gate structure 240D may be
removed in the same etching process to form the trench
270B. In the present embodiments, portions of the first outer
spacer layer 250 surround the trench 270B (see FIG. 34A)
and remain as outer spacers on sidewalls of the metal gate
structure 290. Notably, the difference in composition
between the first outer spacer layer 250 and the second outer
spacer layer 252 allows them to be selectively processed
without using any patterned photoresist layer. Thereafter,
one or more CMP processes may be performed to remove
portions of the gate dielectric layer 292 and the gate elec-
trode 294 from a top surface of the transistor device 200,
thereby exposing the remaining portions of the first outer
spacer layer 250 as shown in FIGS. 36A-36B.

[0099] Referring to FIGS. 36A-36B, the method 100
repeats operations 126, 128, and 132 by removing the
dummy gate structures 240C and the first semiconductor
layers 210 in the device region 202P, forming the trenches
270A and the openings 272, respectively, and subsequently
forming the metal gate structure 280 in the trenches 270A
and the openings 272.

[0100] Similar to the formation of the metal gate structure
290, forming the metal gate structure 280 may include
selectively removing a top portion of the first outer spacer
layer 250 in a first etching process (e.g., a directional etching
process), without removing or substantially removing the
metal gate structure 290, to expose the underlying dummy
gate structure 240C, which is subsequently removed in a
second etching process to form the trench 270A. Alterna-
tively, the top portion of the second outer spacer layer 252
and the dummy gate structure 240C may be removed in the
same etching process to form the trench 270A. In the present
embodiments, portions of the second outer spacer layer 252
surround the trench 270A and remain as outer spacers on
sidewalls of the metal gate structure 280. Thereafter, one or
more CMP processes may be performed to remove portions
of the gate dielectric layer 282 the gate electrode 284 from
a top surface of the transistor device 200, thereby exposing
the remaining portions of the second outer spacer layer 252
as shown in FIGS. 36A-36B.

[0101] FIGS. 37 and 38 illustrate portions of the transistor
device 200 as depicted in FIGS. 27A-27C and 36A-36B,
respectively, and components such as the dielectric layer 248
has been removed in FIGS. 37 and 38 for purposes of
illustration only. As shown, although both the inner spacer
layer 274 and the outer spacer layers 250 and 252 are formed
to surround the metal gate structures 280 and 290, portions
of the inner spacer layer 274 are interleaved with the
source/drain regions 260 and 262, i.e., stacked between the
second semiconductor layers 220 along the Z direction,
whereas the outer spacer layers 252 and 254 are not formed
between adjacent second semiconductor layers along the Z
direction. Additionally, outer sidewalls of the inner spacer
layer 274 are aligned with the sidewalls of the dielectric
layers 240A and 240B as shown in FIG. 37, whereas the
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outer spacer layers 250 and 252 each extend outward from
the sidewalls of the dielectric layers 240A and 240B as
shown in FIG. 38.

[0102] In some embodiments, the method 100 may be
implemented via the process flow of Path I, during which the
inner spacer layer 274 is formed to insulate the metal gate
structures 280 and 290 from adjacent source/drain regions
260/262, or via the process flow of Path II, during which the
outer spacer layers 250 and 252 are formed on the sidewalls
of the metal gate structures 290 and 280, respectively. In
some embodiments, the method 100 may be implemented
via a process flow that merges Path I with Path 11, i.e., the
outer spacer layers 250 and 252 and the inner spacer layer
274 are both formed on the sidewalls of the metal gate
structures 290 and 280, respectively.

[0103] In some embodiments, referring to a flow chart of
a method 150 depicted in FIG. 2, the present disclosure
provides an embodiment of forming the transistor device
200 alternative to the method 100 discussed above. It is
noted that the method 150 is merely an example, and is not
intended to limit the present disclosure. Accordingly, it is
understood that additional operations may be provided
before, during, and after the method 150 of FIG. 2, and that
some other operations may only be briefly described herein.
The method 150 is discussed in reference to FIGS. 39-45.

[0104] In some embodiments, the method 150 may be
implemented to replace some, but not all, operations of the
method 100, e.g., operations 106-118, directed to forming
the source/drain regions 260 and 262 in the device regions
202N and 202P, respectively. In this regard, the method 150
is discussed in reference to some embodiments of the
method 100 provided above. For example, FIGS. 39-45
illustrate cross-sectional views of the transistor device 200
along the line BB' as shown in FIG. 3A. For clarity purposes,
it is noted that the dummy gate structures 240C and 240D
are referenced in FIGS. 39-45 to merely indicate their
relative position with respect to the fin structure 222.

[0105] Referring to FIGS. 2A and 39-40, the method 150
at operation 152 forms a protective structure 236 over the
transistor device 200. The transistor device 200 shown in
FIG. 39 may be fabricated according to some embodiments
of the method 100, e.g., via a process flow including
operations 102-106.

[0106] The protective structure 236 may be similar to the
protective structure 235 as shown in FIGS. 11A-11B with
respect to composition and methods of formation. For
example, the protective structure 236 may include a suitable
dielectric material that has a composition different from that
of at least the dummy gate structures 240C and 240D and
may be formed by applying a patterned photoresist layer
similar to the patterned photoresist layer 232B. In some
embodiments, referring to FIG. 40, the protective structure
236 is formed to expose portions of the fin structure 222
adjacent a region configured to form the transistor device
200B in the device region 202N.

[0107] Referring to FIGS. 2 and 41-42, the method 150 at
operation 154 removes portions of the fin structure 222 to
form openings in the first semiconductor layers 210 adjacent
the dummy gate structure 240D. In this regard, the removal
of the first semiconductor layers 210 at operation 128 of the
method 100 is performed before, rather than after, forming
the source/drain regions 260 during the process flow of the
method 150.
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[0108] In the present embodiments, referring to FIG. 41,
an etching process 310 is implemented to form trenches (or
openings) 266 in the fin structure 222 using the protective
structure 236 as an etch mask. The trenches 266 extend
through the fin structure 222 along the Z direction to expose
the underlying semiconductor substrate 202. The etching
process 310 may be a dry etching process, an RIE process,
a wet etching process, the like, or combinations thereof. In
some examples, the etching process 310 may be anisotropic.
[0109] Subsequently, referring to FIG. 42, an etching
process 312 is implemented to remove portions of the first
semiconductor layers 210 and form openings 268 inter-
leaved with the second semiconductor layers 220. In this
regard, the etching process 312 laterally extends the trenches
266. The etching process 312 may be a dry etching process,
an RIE process, a wet etching process, the like, or combi-
nations thereof. In some examples, the etching process 312
may be isotropic.

[0110] Referring to FIGS. 2 and 43-44, the method 150 at
operation 156 performs a doping process 314 to the exposed
portions of the fin structure 222 in the device region 202N.
[0111] In some embodiments, referring to FIG. 43, the
doping process 314 is similar to the doping process 302 with
respect to the method by which they are implemented. For
example, the doping process 314 may be implemented using
a plasma containing one or more dopants of the first con-
ductivity (e.g., N-type dopants in the depicted embodiments)
that is consistent with the type of transistor device to be
formed in the exposed device region. In some examples, the
doping process 314 may be implemented as a pulsed plasma
implantation process. After performing the doping process
314, the transistor device 200 is annealed (or thermally
treated) to activate the dopants introduced during the doping
process 314.

[0112] In the present embodiments, similar to the doping
process 302, the doping process 314 is configured to intro-
duce dopants of the first conductivity to the exposed portions
of the fin structure 222, forming source/drain regions 260 in
the second semiconductor layers 220 of the device region
202N. However, as shown in FIGS. 11A-11B, the doping
process 302 is applied to portions of the fin structure 222 in
which the first semiconductor layers 210 remain intact (i.e.,
the trenches 266 and the openings 268 are absent), such that
the dopants may only be introduced through surfaces of the
second semiconductor layers 220 that extend along the Z
direction (i.e., across the X-Z, or vertical, plane). In contrast,
the doping process 314 can introduce the dopants through
surfaces of the second semiconductor layers 220 that extend
along both the Z direction and along the Y direction (i.e.,
across the X-Y, or horizontal, plane) exposed by the trenches
266 and 268, i.c., between adjacent second semiconductor
layers 220 stacked upon one another. In some instances, the
diffusion of the dopants along both the vertical and the
horizontal planes may result in shorter diffusion time, for
example.

[0113] Subsequently, referring to FIG. 44, the method 150
at operation 156 deposits a dielectric layer 247 to fill the
trenches 266 and the openings 268. The dielectric layer 247
may include any suitable dielectric material, such as silicon
oxide, silicon nitride, silicon oxynitride, silicon carbide,
silicon carbonitride, silicon oxycarbonitride, silicon oxycar-
bide, the like, or combinations thereof, the like, or combi-
nations thereof. In some embodiments, the dielectric layer
267 has the same composition as the dielectric layer 246.
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The dielectric layer 247 may be deposited by any suitable
method, such as CVD, PECVD, or FCVD, and subsequently
planarized by a CMP process.

[0114] Referring to FIGS. 2 and 45, the method 150 at
operations 158-162 forms the source/drain regions 262
adjacent the dummy gate structure 240C in a process analo-
gous to operations 152-156 for forming the source/drain
regions 260. As such, the resulting transistor device 200 is
similar in structure to that depicted in FIGS. 22A-22C
according to some embodiments.

[0115] Subsequently, additional operations are performed
to the transistor device 200 according to some embodiments
of the method 100. For example, the dummy gate structures
240C and 204D are removed to form the trenches 270A and
270B, respectively (see operation 126 and FIGS. 23A-23C);
portions of the dielectric layer 247 interleaved with the
source/drain regions 260 and 262 are removed to form the
openings 272 (similar to operation 128 and FIGS. 24A-
24C); the inner spacer layer 274 is deposited in the trenches
270A and 270B and the openings 272 (if Path I is imple-
mented; see operation 130 and FIGS. 25A-25C); and the
metal gate structures 280 and 290 are formed to fill the
trenches 270A and 270B and the openings 272 (see opera-
tion 132 and FIGS. 26 A-27B). Additional operations, such
as those discussed above with respect to operation 134, may
be performed thereafter to complete fabrication of the tran-
sistor device 200.

[0116] In the preceding description, specific details have
been set forth, such as a particular geometry of a processing
system and descriptions of various components and pro-
cesses used therein. It should be understood, however, that
techniques herein may be practiced in other embodiments
that depart from these specific details, and that such details
are for purposes of explanation and not limitation. Embodi-
ments disclosed herein have been described with reference
to the accompanying drawings. Similarly, for purposes of
explanation, specific numbers, materials, and configurations
have been set forth in order to provide a thorough under-
standing. Nevertheless, embodiments may be practiced
without such specific details. Components having substan-
tially the same functional constructions are denoted by like
reference characters, and thus any redundant descriptions
may be omitted.

[0117] Various techniques have been described as multiple
discrete operations to assist in understanding the various
embodiments. The order of description should not be con-
strued as to imply that these operations are necessarily order
dependent. Indeed, these operations need not be performed
in the order of presentation. Operations described may be
performed in a different order than the described embodi-
ment. Various additional operations may be performed and/
or described operations may be omitted in additional
embodiments.

[0118] “Substrate” or “target substrate” as used herein
generically refers to an object being processed in accordance
with the invention. The substrate may include any material
portion or structure of a device, particularly a semiconductor
or other electronics device, and may, for example, be a base
substrate structure, such as a semiconductor wafer, reticle, or
a layer on or overlying a base substrate structure such as a
thin film. Thus, substrate is not limited to any particular base
structure, underlying layer or overlying layer, patterned or
un-patterned, but rather, is contemplated to include any such
layer or base structure, and any combination of layers and/or
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base structures. The description may reference particular
types of substrates, but this is for illustrative purposes only.
[0119] Those skilled in the art will also understand that
there can be many variations made to the operations of the
techniques explained above while still achieving the same
objectives of the invention. Such variations are intended to
be covered by the scope of this disclosure. As such, the
foregoing descriptions of embodiments of the invention are
not intended to be limiting. Rather, any limitations to
embodiments of the invention are presented in the following
claims.

What is claimed is:
1. A method, comprising:

forming a fin structure over a substrate, the fin structure
including alternating first semiconductor layers and
second semiconductor layers stacked along a vertical
direction, the first and the second semiconductor layers
having different composition;

forming a dummy gate structure over the fin structure;

depositing an outer spacer layer on the dummy gate
structure;

performing a plasma doping process to form source/drain
regions in each second semiconductor layer adjacent
the dummy gate structure along a lateral direction,
wherein a portion of each second semiconductor layer
interposing between the source/drain regions defines a
channel region;

forming a dielectric layer over the fin structure;

removing the dummy gate structure to form a gate trench
in the dielectric layer;

selectively removing the first semiconductor layers to
form openings interleaved with the second semicon-
ductor layers; and

forming a metal gate structure in the gate trench and the

openings.

2. The method of claim 1, wherein the first semiconductor
layers each include silicon germanium (SiGe) having Ge at
a first concentration and the second semiconductor layers
each include silicon (Si), and wherein the dielectric layer is
a first dielectric layer, the method further comprising:

forming a third semiconductor layer over the substrate
before forming the fin structure, the third semiconduc-
tor layer including SiGe having Ge at a second con-
centration different from the first concentration; and

selectively removing portions of the third semiconductor
layer to form recesses below the fin structure, such that
the forming of the dummy gate structure forms a
second dielectric layer in the recesses, the second
dielectric layer differing from the first dielectric layer in
composition.

3. The method of claim 2, wherein the second dielectric
layer has a first width along the lateral direction and the
outer spacer layer has a second width along the lateral
direction that is greater than the first width.

4. The method of claim 1, wherein the channel region has
a first width along the lateral direction and the outer spacer
layer has a second width along the lateral direction that is
greater than the first width.

5. The method of claim 1, wherein the depositing of the
outer spacer layer is implemented such that the outer spacer
layer is selectively deposited on the dummy gate structure.
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6. The method of claim 1, wherein the forming of the
metal gate structure includes forming a gate dielectric layer
and forming a metal gate electrode over the gate dielectric
layer.

7. The method of claim 1, wherein the outer spacer layer
laterally overlaps with a portion of the source/drain regions.

8. The method of claim 1, wherein the plasma doping
process is performed after the forming of the dummy gate
structure and before the selective removing of the first
semiconductor layers.

9. The method of claim 1, wherein the plasma doping
process is performed after the selective removing of the first
semiconductor layers and before the forming of the metal
gate structure.

10. A method, comprising:

forming a fin structure over a substrate, the fin structure

including a sacrificial layer and alternating first semi-
conductor layers and second semiconductor layers
stacked along a vertical direction over the sacrificial
layer;

selectively removing portions of the sacrificial layer to

form recesses;

depositing a dielectric material over the substrate to form

a dummy gate structure over the fin structure and to
form a first dielectric layer in the recesses;

depositing an outer spacer layer on the dummy gate

structure;
performing a plasma doping process to form source/drain
regions in each second semiconductor layer adjacent
the dummy gate structure, thereby defining a channel
region interposed between the source/drain regions;

forming a second dielectric layer over the dummy gate
structure and the source/drain regions;

removing the dummy gate structure to form a first open-

ing in the second dielectric layer;

removing the first semiconductor layers to form second

openings interleaved with the second semiconductor
layers; and

forming a metal gate structure to fill the first and the

second openings.

11. The method of claim 10, wherein the outer spacer
layer laterally extends over a sidewall of the channel region.

12. The method of claim 10, wherein the first and the
second dielectric layers differ in composition.

13. The method of claim 10, wherein the performing of
the plasma doping process includes doping portions of each
second semiconductor layer with an N-type dopant or a
P-type dopant.

14. The method of claim 10, further comprising deposit-
ing an inner spacer layer to partially fill the first and the
second openings before forming the metal gate structure.

15. The method of claim 10, wherein the first dielectric
layer has a first width along the lateral direction and the
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outer spacer layer has a second width along the lateral
direction that is greater than the first width.

16. The method of claim 10, wherein the depositing of the
outer spacer layer includes selectively forming the outer
spacer layer on the dummy gate structure.

17. The method of claim 10, wherein a top portion of the
metal gate structure is formed over a top surface of the fin
structure, wherein a gate length of the top portion of the
metal gate structure is the same as a width of the first
dielectric layer along the lateral direction.

18. A method, comprising:

forming a fin structure over a substrate, the fin structure

including alternating silicon germanium (SiGe) layers
and silicon (Si) layers stacked along a vertical direc-
tion;

forming a dummy gate structure over the fin structure;

depositing an outer spacer layer on the dummy gate

structure;

performing a plasma doping process to form source/drain

regions in each Si layer adjacent the dummy gate
structure along a lateral direction, wherein a portion of
each Si layer interposing between the source/drain
regions defines a channel region, and wherein the outer
spacer layer overlaps with a portion of the source/drain
regions along the lateral direction;

forming a dielectric layer over the fin structure;

removing the dummy gate structure to form a gate trench

in the dielectric layer;

selectively removing the SiGe layers to form openings

interleaved with the Si layers along the vertical direc-
tion; and

forming a metal gate structure to fill the gate trench and

the openings.

19. The method of claim 18, wherein the performing of
the plasma doping process includes doping portions of each
Si layer with an N-type dopant or a P-type dopant.

20. The method of claim 18, wherein the SiGe layers are
the first SiGe layers and the dielectric layer is a first
dielectric layer, the first SiGe layers including Ge at a first
concentration, the method further comprising:

forming a second SiGe layer over the substrate before

forming the fin structure, the second SiGe layer
includes Ge at a second concentration different from
the first concentration; and

selectively removing portions of the second SiGe layer to

form recesses below the fin structure, such that the
forming of the dummy gate structure forms a second
dielectric layer in the recesses, the second dielectric
layer differing from the first dielectric layer in compo-
sition.



