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METHOD FOR FORMING
GATE-ALL-AROUND NANOWIRE DEVICE

[0001] The present application claims priority to Chinese
Patent Application No. 201910320171.5, titled “METHOD
FOR FORMING GATE-ALL-AROUND NANOWIRE
DEVICE”, filed on Apr. 19, 2019 with the China. National
Intellectual Property Administration, which is incorporated
herein by reference in its entirety.

FIELD

[0002] The present disclosure relates to the technical field
of semiconductor device and manufacture thereof, and in
particular, to a method for forming a gate-all-around
nanowire device.

BACKGROUND

[0003] With continuous development of techniques for
manufacturing integrated circuits, a key dimension of a
semiconductor device, especially a field effect transistor
(MOSFET), is decreasing to reach a 5 nm and even lower
technology node. A conventional tri-gate or double-gate fin
field effect transistor (FinFET) is limited in sizes.

[0004] Gate-all-around (GAA) nanowire transistors
become a hotspot in research and application. They feature
in that a channel region of a nanowire is completely sur-
rounded by a gate, thereby rendering good gate-control and
driving capabilities. The GAA nanowire transistors are the
most promising solution for CMOS devices in 10 nm and
lower technology nodes. A channel region of the GAA
nanowire transistors may be a nanowire-type or a nanosheet-
type.

[0005] In conventional techniques for manufacturing the
AA nanowire transistors, there is a problem that a turn-on
voltage between the gate and a source distributes non-
uniformly along the channel region. A decrease in a dimen-
sion of a channel may results in a severe narrow channel
effect, thereby affecting device performances.

SUMMARY

[0006] In view of the above, an objective of the present
disclosure is to provide a method for forming a gate-all-
around (GAA) nanowire device, and form a nanowire with
high carrier mobility.

[0007] To achieve the above objective, a method for
forming a GAA nanowire device is provided according to an
embodiment of the present disclosure, including:

[0008] forming a first fin and a dielectric layer on a
substrate, where the dielectric layer is on the first fin, the first
fin includes at least one first epitaxial layer and at least one
second epitaxial layer that are alternately stacked, the dielec-
tric layer exposes a channel region of the first fin, and a
doping concentration at a lateral surface of the channel
region and a doping concentration at a central region of the
channel region are different from each other in the at least
one second epitaxial layer;

[0009] removing the at least one first epitaxial layer from
the channel region, where the at least one second epitaxial
layer in the channel region serves as at least one nanowire;
and

[0010] forming a gate surrounding the at least one
nanowire.
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[0011] Optionally, forming the first fin and the dielectric
layer on the substrate includes:
[0012] forming a second fin on the substrate, where the
second fin includes at least one third epitaxial layer and at
least one fourth epitaxial layer that are alternately stacked;
[0013] doping the second fin from a surface to obtain the
first fin, where the at least one third epitaxial layer is doped
to form the at least one first epitaxial layer of the first fin, and
the at least one fourth epitaxial layer is doped to from the at
least one second epitaxial layer of the first fin; and

[0014] forming the dielectric layer on the first fin.
[0015] Optionally, doping the second fin from the surface
to obtain the first fin includes:
[0016] forming a doping layer at the surface of the second
fin, where the doping layer includes a dopant, and the dopant
diffuses into the surface of the second fin to obtain the first
fin; and

[0017] removing the doping layer.

[0018] Optionally, forming the dielectric layer on the first
fin includes:

[0019] forming a dummy gate that covers the channel

region of the first fin;

[0020] forming source-or-drain regions in the first fin at
two sides of the dummy gate;

[0021] forming the dielectric layer to cover the first fin at
the two sides of the dummy gate; and

[0022] removing the dummy gate to expose the channel
region of the first fin.

[0023] Optionally, forming the dielectric layer on the first
fin includes:

[0024] depositing a dielectric material layer; and

[0025] etching the dielectric material layer, to expose the

channel region of the first fin and form the dielectric layer;
[0026] where after forming the gate surrounding at least
one nanowire, the method further includes:

[0027] removing the dielectric layer; and

[0028] forming source-or-drain regions in the first fin at
two sides of the dummy gate.

[0029] Optionally, forming the first fin and the dielectric
layer on the substrate includes:

[0030] forming a second fin on the substrate, where the
second fin includes at least one third epitaxial layer and at
least one fourth epitaxial layer;

[0031] forming the dielectric layer on the second fin,
where the dielectric layer exposes a pre-channel region of
the second fin;

[0032] doping the second fin in the pre-channel region
from a surface, to obtain the first fin, where the at least one
third epitaxial layer is doped in the pre-channel region to
form the at least one first epitaxial layer of the first fin, and
the at least one fourth epitaxial layer is doped in the
pre-channel region to form the at least one second epitaxial
layer of the first fin;

[0033] where the pre-channel region forms the channel
region through the doping.

[0034] Optionally, doping the second fin in the pre-chan-
nel region from the surface to obtain the first fin includes:
[0035] forming a doping layer at the surface of the second
fin in the channel region, where the doping layer includes a
dopant, and the dopant diftuses into the surface of the second
fin in the pre-channel region, to obtain the first fin; and
[0036] removing the doping layer.
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[0037] Optionally, forming the dielectric layer on the
second fin includes:

[0038] forming a dummy gate that covers the pre-channel
region of the second fin;

[0039] forming source-or-drain regions in the second fin at
two sides of the dummy gate;

[0040] covering the second fin at the two sides of the
dummy gate, to form the dielectric layer; and

[0041] removing the dummy gate to expose the pre-
channel region of the second fin.

[0042] Optionally, forming the dielectric layer on the
second fin includes:

[0043] depositing a dielectric material layer; and

[0044] etching the dielectric material layer, to expose the
pre-channel region of the second fin and form the dielectric
layer;

[0045] where after forming the gate surrounding the
nanowire, the method further includes:

[0046] removing the dielectric layer; and

[0047] forming source-or-drain regions in the first fin at
two sides of the gate.

[0048] Optionally, the doping from the surface is per-
formed through at least one of ion implantation doping,
plasma doping, or epitaxial growth.

[0049] A GAA nanowire device is further provided
according to an embodiment of the present disclosure,
including:

[0050] a substrate;

[0051] a first fin on the substrate, where a channel region
of the first fin includes at least one first epitaxial layer and
at least one second epitaxial layer that are alternately
stacked, and a doping concentration at a lateral surface of the
channel region and a doping concentration at a central
region of the channel region are different from each other in
the at least one second epitaxial layer; and

[0052] a dielectric layer, covering the first fin at a location
other than the channel region.

[0053] Optionally, source-or-drain regions are formed
beneath the dielectric layer.

[0054] The GAA nanowire device and a method for form-
ing the GAA nanowire device are provided according to
embodiments of the present disclosure. The first fin and the
dielectric layer on the first fin are formed on the substrate.
The first fin includes the at least one first epitaxial layer and
the at least one second epitaxial layer that are alternately
stacked. The dielectric layer exposes the channel region of
the first fin. The doping concentration at the lateral surface
of the channel region and the doping concentration at the
central region of the channel region are different from each
other in the at least one second epitaxial layer. For example,
the doping concentration at the lateral surface is higher or
lower than the doping concentration at the central region in
the at least one second epitaxial layer. After the at least one
first epitaxial layer is removed from the channel region, the
at least one second epitaxial layer in the channel region
serves as the at least one nanowire. A gate surrounding the
at least one nanowire is formed. Thereby, doping concen-
trations at different positions in the at least one nanowire are
different, so that a non-uniform turn-on voltage due to a
non-uniform thickness of the gate surrounding the at least
one nanowire can be adjusted, and a device performance can
be improved.
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BRIEF® DESCRIPTION OF THE DRAWINGS

[0055] For clearer illustration of the technical solutions
according to embodiments of the present disclosure or
conventional techniques, hereinafter are briefly described
the drawings to be applied in embodiments of the present
disclosure or conventional techniques. Apparently, the draw-
ings in the following descriptions are only some embodi-
ments of the present disclosure, and other drawings may be
obtained by those skilled in the art based on the provided
drawings without creative efforts.

[0056] FIG. 1 is a flowchart of a method for forming a
gate-all-around nanowire device according to an embodi-
ment of the present disclosure;

[0057] FIG. 2 is a top view after forming a fin in a method
for forming a gate-all-around nanowire device according to
an embodiment of the present disclosure; and

[0058] FIG. 3A-15B are schematic structural views in a
process of forming a gate-all-around nanowire device based
on a method according to an embodiment of the present
disclosure, where figures denoted by “A” are cross-sectional
views along line AA in FIG. 2, and figures denoted by “B”
or “C” are cross-sectional views along line BB in FIG. 2.

DETAILED DESCRIPTION OF EMBODIMENTS

[0059] To make objectives, technical solutions and advan-
tages of the present disclosure clearer, the technical solu-
tions according to the embodiments of the present disclosure
are described in detail as follows in conjunction with the
drawings.

[0060] Various specific details are described in following
description to facilitate a full understanding of the present
disclosure. The present disclosure may be implemented in
other manners different from what is described herein. Those
skilled in the art can make similar analogies without devi-
ating from a concept of the invention, and thereby the
present disclosure is not limited to specific embodiments
disclosed hereinafter.

[0061] Description is in conjunction with the drawings in
the present disclosure. In detailed description for embodi-
ments of the present disclosure, a cross-sectional view of
parts of a device structure is not enlarged to general scale, so
as to facilitate illustration. A schematic diagram is only
exemplary, and the protection scope of the present disclosure
should not be limited thereto. In addition, three-dimensional
spatial dimensions in length, width and depth should be
included in practical manufacture.

[0062] A three-dimensional transistor may be formed by
stacking nanowires, and a channel region of the nanowires
is completely surrounded by a gate, so as to achieve gate-
control and driving capabilities. In a fabrication process of
a conventional gate-all-around (GAA) nanowire transistor, a
thickness of the gate surrounding the channel is typically not
uniform. A thickness of the gate at a top and a bottom of the
channel is relevant to a distance between adjacent channels,
and a thickness of the gate at two lateral sides of the channel
is relevant to a fabrication technique of the gate. Taking a
direction parallel to a surface of a substrate as horizontal, a
thickness of a horizontal portion of the gate and a thickness
of a vertical portion of the gate may not be equal. Further,
in a case that the channel has an edge or a corner, the gate
is thicker at a surface of the edge or the corner

[0063] The thickness of the gate surrounding the channel
influences a work function of the gate at a corresponding
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location. Therefore, the non-uniform thickness of the gate
results in that a tum-on voltage between the gate and a
source is distributed non-uniformly among different posi-
tions of the channel, thereby affecting a device performance.
In particular, an influence of the thickness of the gate on the
device performance becomes more and more obvious with a
decreasing dimension of the channel, resulting in a severe
narrow channel effect, Thereby, the device performance is
seriously affected.

[0064] The GAA nanowire device and a method for form-
ing the GAA nanowire device are provided according to
embodiments of the present disclosure. A first fin and a
dielectric layer on the first fin are formed on a substrate. The
first tin includes at least one first epitaxial layer and at least
one second epitaxial layer that are alternately stacked. The
dielectric layer exposes a channel region of the first fin. A
doping concentration at a lateral surface of the channel
region and a doping concentration at a central region of the
channel region are different from each other in the at least
one second epitaxial layer. For example, the doping con-
centration at the lateral surface is higher or lower than the
doping concentration at the central region in the at least one
second epitaxial layer. After the at least one first epitaxial
layer is removed from the channel region, the at least one
second epitaxial layer in the channel region serves as at least
one nanowire. A gate surrounding the at least one nanowire
is formed. Thereby, doping concentrations at different posi-
tions in the at least one nanowire are different, so that a
non-uniform turn-on voltage due to a non-uniform thickness
of the gate surrounding the at least one nanowire can be
adjusted, and a device performance can be improved.
[0065] For better understanding of technical solutions of
the present disclosure, hereinafter specific embodiments are
described and illustrated in detail in conjunction with a
flowchart in FIG. 1, FIG. 2, and FIGS. 3A to 15B.

[0066] Reference is made to FIG. 1, which is a method for
forming a GAA nanowire device according to an embodi-
ment of the present disclosure. The method may include
steps S101 to S103.

[0067] InS101, afirst fin 110 and a dielectric layer 150 are
formed on a substrate 100, where the dielectric layer 150 is
on the first fin 110, as shown in FIGS. 2 to 7B.

[0068] The first fin 110 includes at least one first epitaxial
layer 113 and at least one second epitaxial layer 114 that are
alternately stacked. A doping concentration at a lateral
surface of a channel region and a doping concentration at a
central region of the channel region are different from each
other in the at least one second epitaxial layer 114. The
dielectric layer 150 exposes the channel region of the first fin
110.

[0069] In one embodiment, the substrate 100 may be a Si
substrate, a Ge substrate, a SiGe substrate, an SOI (silicon
on insulator), a GOI (germanium on insulator), a III-V
compound semiconductor, a 1I-VI compound semiconduc-
tor, or the like. In other embodiments, the substrate 100 may
be a substrate including another elemental semiconductor or
compound semiconductor, such as GaAs, InP, or SiC. The
substrate may be a stacked structure, such as Si/SiGe. The
substrate may be other epitaxial structures, such as SGOI
(silicon-germanium on insulator). The semiconductor sub-
strate may be n-type or p-type doped. In one embodiment,
the substrate 100 is a bulk silicon substrate.

[0070] The first fin 110 is formed on the substrate 100, and
the formed first fin 110 may include the at least one first
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epitaxial layer 113 and the at least one second epitaxial layer
114 that are alternately stacked. It should be noted that, in
the figures illustrating embodiments, FIGS. 2, 3A and 3B are
schematic diagrams after the first fin 110 is formed. FIG. 2
is a top view, FIG. 3A is a cross-sectional view along line
AA in FIG. 2, and FIG. 3B is a cross-sectional view along
line BB in FIG. 2. In FIGS. 4A to 11B that are illustrated
hereinafter, top views for corresponding steps are omitted,
and only the cross-sectional views along different directions
for the corresponding steps are shown. Directions for the
cross-sectional views refer to FIG. 2. In figures denoted by
“A”, the cross-sectional view is along the AA direction in
FIG. 2. In figures denoted by “B” or “C”, the cross-sectional
view is along the BB direction in FIG. 2.

[0071] The first epitaxial layer 113 may be a germanium-
based film layer, and the second epitaxial layer 114 may be
an epitaxial silicon layer. Specifically, the germanium-based
film layer may be an epitaxial germanium layer or an
epitaxial silicon-germanium layer. The epitaxial silicon-
germanium layer may be a germanium layer and a silicon-
germanium layer that are stacked, or may be a silicon-
germanium layer, a germanium layer, and a silicon-
germanium layer that are sequentially stacked. The silicon-
germanium layer may be used as a transition layer between
the germanium layer and the silicon layer, so as to reduce a
difficulty in epitaxy and improve a quality in epitaxy. It is
further appreciated that the second epitaxial layer may be a
binary or ternary compound semiconductor material, such as
In, ,Ga,As or In, Al As, as long as there is selectivity
between the first epitaxial layer and the second epitaxial
layer in etching.

[0072] Since the nanowire formed in the GAA nanowire
device may be in a structure of spaced multiple layers that
are stacked, there may be multiple first epitaxial layers 113
or multiple second epitaxial layers 114. Specifically, the first
epitaxial layer 113 serves as a sacrificial layer, and a quantity
of the second epitaxial layers 114 determines a quantity of
the nanowires. Thereby, a quantity of the second epitaxial
layers 114 is same as the quantity of layers for the
nanowires.

[0073] An aperture of the formed nanowire is determined
based on a thickness of the second epitaxial layer 114.
Therefore in forming the nanowires, the second epitaxial
layers 114 may have different thicknesses in different
regions, so as to form nanowires with different apertures.
The first epitaxial layer 113 may have different thicknesses
to control a space between the nanowires.

[0074] Inone embodiment, the doping concentration at the
lateral surface of the channel region and the doping con-
centration at the central region of the channel region are
different from each other in the at least one second epitaxial
layer 114. Reference is made to FIG. 3A. It is appreciated
that in a process of forming the second epitaxial layer 114,
a doping concentration at a top surface of the channel region
in the topmost second epitaxial layer 114 may also be
different from the doping concentration at the central region
in the at least one second epitaxial 114, or a doping con-
centration at a surface of another region other than the
channel region of the first fin 110 is different from the doping
concentration at the central region in the at least one second
epitaxial 114, which does not hinder implementation of this
embodiment.

[0075] In order to form the first fin 110 on the substrate
100, a second fin 110" including at least one third epitaxial
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layer lii and at least one fourth epitaxial layer 112 may he
formed on the substrate 100 in advance. Referring to FIGS.
4A and 4B, the second fin 110" is doped from a surface. The
doped at least one third epitaxial layer 111 serves as the at
least one first epitaxial layer 113, and doping concentrations
at a lateral surface and a central region are different from
each other in the at least one first epitaxial layer 113. The
doped at least one fourth epitaxial layer 112 serves as the at
least one second epitaxial layer 114, and the doping con-
centrations at the lateral surface and the central region are
different from each other in the at least one second epitaxial
layer 114. The at least one first epitaxial layer 113 and the at
least one second epitaxial layer 114 are included in the first
fin 110.

[0076] It can be understood that the first fin 110 and the
second fin 110" are different in being doped or not. The first
fin 110 is the doped second fin 110', and they are identical
in shapes and quantities.

[0077] In implementation, the third epitaxial layer 111
may be grown on the substrate 100 in epitaxy, and then the
fourth epitaxial layer 112 may be grown on the third
epitaxial layer 111 in epitaxy. The epitaxy may be reduced
pressure epitaxy or molecular beam epitaxy.

[0078] After growing the third epitaxial layer 111 and the
fourth epitaxial layer 112 on the substrate 100, the third
epitaxial layer 111 and the fourth epitaxial layer 112 cover
the entire substrate 100. The third epitaxial layer 111 and the
fourth epitaxial layer 112 that are out of a region in which
the second fin 110’ is located are removed by etching based
on a pattern of a hard mask, so as to form the second fin 110'".
There may be multiple second fins 110" in correspondence to
multiple devices that are formed. The hard mask may be
silicon nitride, silicon oxide, or silicon nitride and silicon
oxide that are stacked.

[0079] In patterning the third epitaxial layer 111 and the
fourth epitaxial layer 112, the substrate 100 may be over-
etched, so that the second fin 110' includes a portion of a
substrate material.

[0080] It can be understood that an isolation structure 120
may be formed among the multiple second fins 110'.
Namely, there is the isolation structure 120 among the
multiple first fins 110. The isolation structure 120 may be a
shallow-trench isolator. .An isolation material such as sili-
con oxide may be deposited, planarized, and etched back, so
as to form the isolation structure 120, as shown in FIGS. 3A
and 3B.

[0081] After the second fin 110" is formed, the second fin
110" may be doped from a surface to obtain the first fin 110.
The doping may be performed through ion implantation
doping, plasma doping, a doping layer grown in epitaxy,
diffusion doping, or other manners. Those skilled in the art
can select a doping manner based on an actual demand.
Processes corresponding to various doping techniques may
refer to following description.

[0082] A dopant for the doping and a dopant in the second
epitaxial layer 114 may have like charges, and the doping
concentration at the surface is greater than the doping
concentration at the central region in the second epitaxial
layer 114. The dopant for the doping and the dopant in the
second epitaxial layer 114 may have unlike charges, and the
doping concentration at the surface is smaller than the
doping concentration at the central region in the second
epitaxial layer 114.
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[0083] Doping the second fin 110' from the surface is to
address an issue of the non-uniform turn-on voltage due to
the non-uniform thickness of the gate surrounding the
nanowire. Thus, the doping concentration may be deter-
mined according to a practical situation. For most gate
materials, a large thickness leads to a large turn-on voltage
of the device. In such case, a high doping concentration is
provided at a position where the gate material is thick, so as
to reduce the turn-on voltage of the device. A low doping
concentration is provided at a position where the gate
material is thin, so as to increase the turn-on voltage of the
device. For a few gate materials, a large thickness leads to
a small turn-on voltage of the device. In such case, a low
doping concentration is provided at a position where the gate
material is thick, so as to increase the turn-on voltage of the
device. A high doping concentration is provided at a position
where the gate material is thin, so as to reduce the turn-on
voltage of the device.

[0084] As an example, reference is made to the nanowires
shown in FIG. 3A. Generally, the gate material formed at a
left side and a right side of nanowires is thick. The dopant
may be same as the doping material in the second epitaxial
layer 114. Namely, the doping concentration at the left
lateral surface and at the right lateral surface of the
nanowires is higher, so as to balance an effect of the
thickness of the gate material on the turn-on voltage of the
device.

[0085] The dielectric layer 150 may be formed on the first
fin 110. The dielectric layer 150 may be formed on a top and
sidewalls of the first fin 110, except for a top and sidewalls
of the channel region, so as to protect regions other than the
channel region of the first fin 110 in the subsequent pro-
cesses. A material of the dielectric layer 150 may be, for
example, undoped silicon oxide (SiO,), doped silicon oxide
(such as borosilicate glass and borophosphosilicate glass),
silicon nitride (Si,N,), or other low-k dielectric materials.
[0086] In this embodiment, the second fin 110' may be
formed on the substrate 100, the second fin 110' may be
doped from the surface to obtain the first fin 100, and the
dielectric layer 150 is further formed the first fin 100. It can
be understood that in one embodiment, the second fin 110'
may be firstly doped from the surface to obtain the first fin
110, and then the dielectric layer 150 is formed on the first
fin 100. Alternatively, the dielectric layer 150 may be firstly
formed on the second fin 110", and then the second fin 110’
may be doped at a pre-channel region (which forms the
channel region through the doping) exposed by the dielectric
layer 150, thereby obtaining the first fin 110 of which only
the channel region is doped. A sequence of the doping and
forming the dielectric layer 150 is not limited herein.
[0087] In a gate-last process, source-or-drain regions 140
may be formed in the first fin 110 at regions other than the
channel region, before the dielectric layer 150 is formed.
[0088] As an example, the dielectric layer 150 is formed
on the first fin 110. A dummy gate 130 covering the channel
region of the first fin 110 may be firstly formed, as shown in
FIGS. 5A and 5B. The dummy gate 130 is located at a gate
region of the finished device. The dummy gate 130 covering
the channel region of the first fin 110 may be formed by
deposition and etching. The dummy gate 130 may be made
of, for example, polysilicon. Sidewalls (not shown in the
figures) may be formed at two sides of the dummy gate 130.
The sidewalls may be a single-layer or multi-layer structure.
The sidewalls may be formed by one or a combination of
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silicon nitride, silicon oxide, silicon oxXynitride, silicon car-
bide, fluoride doped silicon glass, and low-k dielectric
materials, and/or other suitable materials. The sidewalk may
he formed by depositing a sidewall material and performing
an anisotropic etching.

[0089] After the dummy gate 130 is formed, the source-
or-drain regions 140 may be formed at two sides of the
dummy gate 130. The source-or-drain regions 140 may be
formed through ion implantation, epitaxial growth, or other
suitable means. In a case that the source-or-drain regions
140 are formed through ion implantation and surfaces at two
sides of the first epitaxial layer 113 and the second epitaxial
layer 114 of the channel region have been doped, a doping
concentration in the formed source-or-drain regions 140 is
much higher than the doping concentration of the aforemen-
tioned doping from the surface, so as to increase carrier
mobility in the channel region of the device. Therefore, the
doping from the surface of the first fins 110 does not
influence forming the source-or-drain regions 140.

[0090] In this embodiment, the source-or-drain regions
140 may be formed through epitaxial growth. The first fin
110 may be etched by using the dummy gate 130 and the
sidewalls at the two sides of the dummy gate 130 as a mask,
s0 as to remove the first fin 110 that is not covered by the
dummy gate 130 or the sidewalls at the two sides of the
dummy gate 130. The first epitaxial layer 113, in the first fin
110 covered by the dummy gate 130 and the sidewalls on the
two sides of the dummy gate 130, is over-etched. Thereby,
the first epitaxial layer 13 is concaved with respect to the
sidewalls at the two sides of the dummy gate 130.

[0091] An inner wall 141 may be formed at a concave of
the first epitaxial layer 113 through a sidewall-forming
technique. The source-or-drain regions 140 may be grown
on two sides of the first fin 100 The inner wall 141 separates
the source-or-drain regions 140 from the first epitaxial layer
113 of the first fin 110. Reference is made to FIG. 6C, where
a cross-section in FIG. 6C is along line BB in FIG. 2.
Therefore in this embodiment, the inner wall 141 can protect
the source-or-drain regions 140 when the first epitaxial layer
113 is etched in a process of forming the nanowires. The
inner wall 141 may be made of any combination of silicon
nitride, silicon oxide, silicon oxynitride, silicon carbide,
fluoride doped silicon glass, and the like.

[0092] After the source-or-drain regions 140 are formed in
the first fins 110 on the two sides of the dummy gate 130, the
dielectric layer 150 may be formed to cover the source-or-
drain regions 140 at the two sides of the dummy gate 130.
The dielectric layer 150 can protect the source-or-drain
regions 140 beneath the dielectric layer 150, as shown in
FIGS. 6 A and 6B. The dielectric layer 150 may be deposited
by an appropriate deposition method, and the deposited
dielectric layer 150 covers each first fin 110 and the isolation
structure 120. The deposited dielectric layer 150 is pla-
narized, for example, by chemical mechanical polish
(CMP), to expose the dummy gate 130.

[0093] After the dielectric layer 150 is formed, the dummy
gate 130 may be removed to expose the channel region of
the first fin 110, as shown in FIGS. 7A and 7B. The dummy
gate 130 may be removed by wet etching and/or dry etching,
s0 as to expose the channel region of the fin 110.

[0094] Inone embodiment, the dielectric layer 150 may be
firstly formed on the second fin 110", and the second fin 110’
is doped in the pre-channel region exposed by the dielectric
layer 150, to obtain the first fin 110 of which only the
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channel region is doped. In such process, the dummy gate
130 covering the channel region of the second fin 110,' and
the sidewalls at the two sides of the dummy gate 130, may
be firstly formed. The source-or-drain regions 140 are
formed in the second fin 110" at two sides of the dummy gate
130. Then, the dielectric layer 150 covering the source-or-
drain regions 140 is formed. A process of forming the
dummy gate 130, the sidewalls on the two sides of the
dummy gate 130, and the source-or-drain regions 140 may
refer to the foregoing description, which is not described
herein.

[0095] After the dielectric layer 150 is formed, the dielec-
tric layer 150 exposes the pre-channel region, and thereby
only the second fin 110' in the pre-channel region may be
doped from a surface to obtain the first fin 110. A specific
process of doping may refer to the process of doping the
entire the second fin 110" from the surface to obtain the first
fin 100. Namely, in one embodiment, the surface of the first
fin 110 located in the channel region is doped in advance,
and a surface of other regions outside the channel region
may or may not be doped in advance.

[0096] In S102, the at least one first epitaxial layer 113 is
removed from the channel region, where the at least one
second epitaxial layer 114 in the channel region serves as at
least one nanowire, as shown in FIGS. 8A and 8B.

[0097] Since the region other than the channel region of
the first fin 110 is covered with the dielectric layer 150. the
at least one first epitaxial layer 113 may be removed from the
channel region with the dielectric layer 150 as a mask. In a
case that the inner wall 141 is formed between the at least
one first epitaxial layer 113 and the source-or-drain regions
140, the inner wall protects the source-or-drain regions 140.
In a case that the first epitaxial layer 113 is a germanium-
based film layer, the ruthenium-based film layer may be
wet-etched. For example, a mixed solution of hydrogen
peroxide (H,O,), hydrofluoric acid (HF) and acetic acid
(CH;COOH) may be used for etching. Or, the ruthenium-
based film layer may be etched through gas molecule
reaction. For example, the ruthenium-based layer is etched
by chloric acid (HCI) gas at a high temperature.

[0098] In one embodiment, the first epitaxial layer 113
may be removed through multiple oxidation-removal pro-
cesses. In one oxidation-removal process, an oxidation pro-
cess may be firstly performed on the first epitaxial layer 113,
and then the oxidized first epitaxial layer 113 may be
removed. In such process, the first epitaxial layer 113 is
oxidized more greatly than the second epitaxial layer 114,
and an oxidant may be oxygen (O,) or ozone (O;). After the
first epitaxial layer 113 is oxidized, generated oxide may be
etched using an etching gas, so as to remove the first
epitaxial layer 113.

[0099] It is appreciated that after the at least one first
epitaxial layer 113 is removed, a shape of the at least one
second epitaxial layer 114 may be modified, so that the
shape of the second epitaxial layer 114 meets a practical
requirement. The modified second epitaxial layer 114 serves
as the nanowire. In one embodiment, a cross-section of the
nanowire may be rectangular, circular, elliptical, or other
shapes along the AA direction.

[0100] In S103, a gate 160 surrounding the nanowire is
formed, as shown in FIGS. 9A and 9B.

[0101] The gate 160 may be made of metal. A structure of
the gate 160 may include one or more layers. A material of
the gate 160 may include one or a combination of a metal
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material and polysilicon. The metal material may be, for
example, one or more of Ti, TiAl,, TiN, TaNx, HIN, TiC,,
TaC,, TiNSi, Al, TiAl, TiAlC,, and the like.

[0102] Tt is appreciated that before the gate 160 is formed,
a gate dielectric layer surrounding the nanowires may be
formed. The gate dielectric layer may be a high-k dielectric
material (for example, a material with higher dielectric
constant than silicon oxide), or another appropriate dielec-
tric material. The high-k dielectric material includes, for
example, one or more of hafnium-based oxide, HFO,,
HfSiO, HfSiON, HfTaO, HfTiO, ZrO,, Al,O,, La,0,, and
the like.

[0103] The GAA nanowire device and a method for form-
ing the GAA nanowire device are provided according to
embodiments of the present disclosure. The first fin and the
dielectric layer on the first fin are formed on the substrate.
The first fin includes the at least one first epitaxial layer and
the at least one second epitaxial layer that are alternately
stacked. The dielectric layer exposes the channel region of
the first fin. The doping concentration at the lateral surface
of the channel region and the doping concentration at the
central region of the channel region are different from each
other in the at least one second epitaxial layer. For example,
the doping concentration at the lateral surface is higher or
lower than the doping concentration at the central region in
the at least one second epitaxial layer. After the at least one
first epitaxial layer is removed from the channel region, the
at least one second epitaxial layer in the channel region
serves as the at least one nanowire. A gate surrounding the
at least one nanowire is formed. Thereby, doping concen-
trations at different positions in the at least one nanowire are
different, so that a non-uniform turn-on voltage due to a
non-uniform thickness of the gate surrounding the at least
one nanowire can be adjusted, and a device performance can
be improved.

[0104] It should be noted that the gate-last process is taken
as an example in illustrating the aforementioned embodi-
ments. The second fin 110' is doped to obtain the first fin 110,
achieving an effect that the doping concentration at the
lateral surface of the channel region is different from the
doping concentration at the central region of the channel
region in the at least one second epitaxial layer 114. Such
effect is also applicable to a gate-first process.

[0105] In the gate-first process, the source-or-drain
regions 140 are not included in the second fin 110' that is
beneath the formed dielectric layer 150. Reference is made
to FIGS. 10A and 10B. Therefore, the dummy gate 130 may
not be formed before the dielectric layer 150 is formed.
Rather, a dielectric material layer is etched after being
deposited, and the channel region of the first fin 110 or the
pre-channel region of the second fin 110' is exposed, thereby
obtaining the dielectric layer 150.

[0106] Similarly, a sequence of doping the second fin 110’
and forming the dielectric layer 150 is not strictly limited.
The second fin 110" may be firstly doped to obtain the first
fin 110, and then the dielectric material layer is deposited to
obtain the dielectric layer 150. Or, the dielectric layer 150
may be firstly formed on the second fin 110, and then the
pre-channel region of the second fin 110" may be doped from
the surface.

[0107] After the dielectric layer 150 is formed, the at least
one first epitaxial layer 113 may be removed with the
dielectric layer 150 as a mask, and the at least one second
epitaxial layer 114 serves as at least one nanowire, as shown
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in FIGS. 11A and 11B. Then, the gate 160 surrounding the
nanowire is formed, as shown in FIGS. 12A and 12B. After
the gate 160 is formed, the dielectric layer 150 is removed,
and the source-or-drain regions (not shown in the figure) are
formed on two sides of the first fin 100. A process of
removing the at least one first epitaxial layer 113, forming
the gate 160 surrounding the nanowire, and forming the
source-or-drain regions may refer to description of the
aforementioned embodiments, which is not repeated herein.
[0108] In the gate-first process, doping concentrations are
different at different positions in the nanowire, so that the
non-uniform turn-on voltage due to the thickness of the gate
160 can be adjusted to improve a device performance.
[0109] Hereinafter processes of doping the second fin 110"
through a doping technique to obtain the first fin 110 is
described in detail.

[0110] In one embodiment, the at least one second epi-
taxial layer 114 is formed through ion implantation doping
or plasma doping on the second fin 110', as shown in FIGS.
3A and 3B. An angle of ion implantation or an angle of
acting plasma may refer to directions of arrows in FIG. 3A.
[0111] In another embodiment, the at least one second
epitaxial layer is formed by epitaxial growth on the surface
of the second fin 110" (not shown in the figure). The surface
of the second fin 110" may be etched to concave the second
tin 110", and then a doping material layer with a doping
concentration different from that in the second fin 110" is
formed by epitaxial growth. The doping material layer and
the second tin 110" together form the first fin 110.

[0112] In another embodiment, the at least second epi-
taxial layer 114 is formed through diffusion-doping from the
surface of the second fin 110', as shown in FIGS. 13A to
15B.

[0113] After the second fin 110' is formed on the substrate
100, a doping layer 121 may be deposited as shown in FIGS.
13A and 13B, The doping layer 121 includes a dopant, and
thereby the dopant can diffuse from the doping layer 121
into the surface of the second fin 110', so as to form the first
fin 110. Then, the doping layer 121 on the surface of the first
fin 110 is removed.

[0114] It is appreciated that in one embodiment, the iso-
lation structure 120 may be formed among the second fins
110", so that the doping layer 121 does not contact the
substrate 100. Or, the isolation structure 120 may be formed
on the doping layer 121, the isolation structure 120 exposes
the first fin 110, and the doping layer 121 benecath the
isolation structure 120 is retained, as shown in FIGS. 14A
and 14B.

[0115] In one embodiment, the doping layer 121 may
serve as the isolation structure 120. In such case, an isolation
material including a dopant may be deposited, and the
dopant in the isolation material may diffuse into the surface
of the second fin 110' to form a first fin 110, as shown in
FIGS. 15A and 15B. Then, the isolation material is etched to
form the isolation structure 120.

[0116] A GAA nanowire device is further provided
according to an embodiment of the present disclosure, and
the GAA nanowire device can be manufactured through the
aforementioned method for forming the GAA nanowire
device. Referring to FIGS. 9A and 9B, the GAA nanowire
device according to an embodiment of the present disclosure
may include a substrate, a first fin on the substrate, and a
dielectric layer.
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[0117] A channel region of the first fin includes at least one
first epitaxial layer and at least one second epitaxial layer
that are alternately stacked. A doping concentration at a
lateral surface of the channel region and a doping concen-
tration at a central region of the channel region are different
from each other in the at least one second epitaxial layer.
[0118] The dielectric layer covers the first fin at a location
other than the channel region.
[0119] Optionally, source-or-drain regions are formed
beneath the dielectric layer.
[0120] The foregoing embodiments are only preferable
embodiments of the present disclosure, and do not limit the
present disclosure in any form. The preferable embodiments
according to the disclosure are disclosed above, and are not
intended to limit the present disclosure. With the method and
technical content disclosed above, those skilled in the art can
make some variations and improvements to the technical
solutions of the present disclosure, or make some equivalent
variations on the embodiments without departing from the
scope of technical solutions of the present disclosure. All
simple modifications, equivalent variations and improve-
ments made based on the technical essence of the present
disclosure without departing the content of the technical
solutions of the present disclosure fall within the protection
scope of the technical solutions of the present disclosure.
1. A method for forming a gate-all-around nanowire
device, comprising:
forming a first fin and a dielectric layer on a substrate,
wherein the dielectric layer is on the first fin, the first
fin comprises at least one first epitaxial layer and at
least one second epitaxial layer that are alternately
stacked, the dielectric layer exposes a channel region of
the first fin, and a doping concentration at a lateral
surface of the channel region and a doping concentra-
tion at a central region of the channel region are
different from each other in the at least one second
epitaxial layer;
removing the at least one first epitaxial layer from the
channel region, wherein the at least one second epi-
taxial layer in the channel region serves as at least one
nanowire; and
forming a gate surrounding the at least one nanowire.
2. The method according to claim wherein forming the
first fin and the dielectric layer on the substrate comprises:
forming a second fin on the substrate, wherein the second
fin comprises at least one third epitaxial layer and at
least one fourth epitaxial layer that are alternately
stacked;
doping the second fin from a surface to obtain the first fin,
wherein the at least one third epitaxial layer is doped to
form the at least one first epitaxial layer of the first fin,
and the at least one fourth epitaxial layer is doped to
from the at least one second epitaxial layer of the first
fin; and
forming the dielectric layer on the first fin.
3. The method according to claim 2, wherein doping the
second tin from the surface to obtain the first fin comprises:
forming a doping layer at the surface of the second fin,
wherein the doping layer comprises a dopant, and the
dopant diffuses into the surface of the second fin to
obtain the first fin; and
removing the doping layer.
4. The method according to claim 2, wherein forming the
dielectric layer on the first fin comprises:
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forming a dummy gate that covers the channel region of

the first fin;

forming source-or-drain regions in the first fin at two sides

of the dummy gate;

forming the dielectric layer to cover the first fin at the two

sides of the dummy gate; and

removing the dummy gate to expose the channel region of

the first fin.

5. The method according to claim 2, wherein forming the
dielectric layer on the first fin comprises:

depositing a dielectric material layer; and

etching the dielectric material layer, to expose the channel

region of the first fin and form the dielectric layer;
wherein after forming the gate surrounding at least one
nanowire, the method further comprises:
removing the dielectric layer; and
forming source-or-drain regions in the first fin at two
sides of the dummy gate.

6. The method according to claim 1, wherein forming the
first fin and the dielectric layer on the substrate comprises:

forming a second fin on the substrate, wherein the second

fin comprises at least one third epitaxial layer and at
least one fourth epitaxial layer;

forming the dielectric layer on the second fin, wherein the

dielectric layer exposes a pre-channel region of the
second fin;

doping the second fin in the pre-channel region from a

surface, to obtain the first fin, wherein the at least one
third epitaxial layer is doped in the pre-channel region
to form the at least one first epitaxial layer of the first
fin, and the at least one fourth epitaxial layer is doped
in the pre-channel region to form the at least one second
epitaxial layer of the first fin;

wherein the pre-channel region forms the channel region

through the doping.

7. The method according to claim 6, wherein doping the
second fin in the pre-channel region from the surface to
obtain the first fin comprises:

forming a doping layer at the surface of the second fin in

the channel region, wherein the doping layer comprises
a dopant, and the dopant diffuses into the surface of the
second fin in the pre-channel region, to obtain the first
fin; and

removing the doping layer.

8. The method according to claim 6, wherein forming the
dielectric layer on the second fin comprises:

forming a dummy gate that covers the pre-channel region

of the second fin;

forming source-or-drain regions in the second fin at two

sides of the dummy gate;

covering the second fin at the two sides of the dummy

gate, to form the dielectric layer; and

removing the dummy gate to expose the pre-channel

region of the second fin.

9. The method according to claim 6, wherein the forming
the dielectric layer on the second fin comprises:

depositing a dielectric material layer; and

etching the dielectric material layer, to expose the pre-

channel region of the second fin and form the dielectric
layer;

wherein after forming the gate surrounding the nanowire,

the method further comprises:
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removing the dielectric layer; and
forming source-or-drain regions in the first fin at two
sides of the gate.

10. The method according to claims 2, wherein the doping
is performed through at least one of ion implantation doping,
plasma doping, or epitaxial growth.

11. The method according to claims 6, wherein the doping
is performed through at least one of ion implantation doping,
plasma doping, or epitaxial growth.

12. A gate-all-around nanowire device, comprising:

a substrate;

a first fin on the substrate, wherein a channel region of the
first fin comprises at least one first epitaxial layer and
at least one second epitaxial layer that are alternately
stacked, and a doping concentration at a lateral surface
of the channel region and a doping concentration at a
central region of the channel region are different from
each other in the at least one second epitaxial layer; and

a dielectric layer, covering the first fin at a location other
than the channel region.

13. The device according to claim 12, wherein source-or-

drain regions are formed beneath the dielectric layer.
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