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(57) ABSTRACT 
Methods to fabricate a stacked nanowire field effect tran 
sistor (FET) with reduced gate resistance are provided. The 
nanowire stack in the stacked nanowire FET can be provided 
by first forming a material stack of alternating sacrificial 
material layers and nanowire material layer. The sacrificial 
material layers and selected nanowire material layers in the 
material stack are Subsequently removed to increase a ver 
tical distance between two active nanowire material layers. 
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1. 

NANOWIRE STRUCTURE WITH SELECTED 
STACK REMOVED FOR REDUCED GATE 

RESISTANCE AND METHOD OF 
FABRICATING SAME 

BACKGROUND 

The present application relates to a semiconductor struc 
ture, and particularly to stacked nanowire field effect tran 
sistors with reduced gate resistance and methods of manu 
facturing the same. 

Semiconductor devices employing a semiconductor 
nanowire, such as nanowire field effect transistor (FETs), 
provide a tight control of the channel, enabling Suppression 
of off-current at a level not possible with conventional fin 
FETs. However, nanowire FETs usually offer less on-current 
density for a given chip area than conventional fin FETs. 
On way to increase the on-current density of nanowire 

FETs is to form a vertical stack of semiconductor nanowires. 
However, the narrow spacing (typically in the order of 5 
nm.-10 nm) between stacked semiconductor nanowires 
makes it difficult to fill in the spaces with a low resistance 
metal. Such as tungsten, when forming gate structures, 
resulting in high gate resistance in stacked nanowire FETs. 
Therefore, there remains a need to reduce the gate resistance 
of certain high performance nanowire FETs for high-fre 
quency applications. 

SUMMARY 

The present application provides methods to fabricate a 
stacked nanowire field effect transistor (FET) with reduced 
gate resistance. The nanowire stack in the stacked nanowire 
FET can be provided by first forming a material stack of 
alternating sacrificial material layers and nanowire material 
layers. The sacrificial material layers and selected nanowire 
material layers in the material stack are Subsequently 
removed to increase a vertical distance between two active 
nanowire material layers. 

In one aspect of the present application, a method of 
forming a semiconductor structure is provided. 

In one embodiment, the method includes first forming a 
material stack on a Substrate. The material stack includes, 
from bottom to top, at least a first nanowire material layer, 
a second nanowire material layer and a top nanowire mate 
rial layer that are separated from each other by a respective 
sacrificial material layer. After forming a hard mask layer on 
the top nanowire material layer of the material stack, the 
hard mask layer and the top nanowire material layer are 
patterned to provide a vertical stack of a hard mask layer 
portion and a top nanowire material layer portion. Each of 
the hard mask layer portion and the top nanowire material 
layer portion includes a fin portion connected at each end to 
a respective Supporting portion. Next, a sacrificial spacer is 
formed on each sidewall of the vertical stack. After sequen 
tially removing exposed portions of a sacrificial material 
layer located beneath the top nanowire material layer portion 
that are not covered by the sacrificial spacer or the vertical 
stack to expose portions of the second nanowire material 
layer, portions of the second nanowire material layer that are 
not covered by the Supporting portions of the hard mask 
layer portion and the sacrificial spacer, at least a remaining 
portion of the sacrificial material layer, the first nanowire 
material layer and another sacrificial material layer overly 
ing the first nanowire material layer to provide a sacrificial 
material layer portion, a first nanowire material layer portion 
and another sacrificial material layer portion are patterned. 
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2 
Each of the sacrificial material layer portion, the first 
nanowire material layer portion and the another sacrificial 
material layer portion includes a fin portion connected at 
each end to a respective Supporting portion. Fin portions of 
the sacrificial martial layer portion and the another sacrificial 
material layer portion are then removed. 

In another embodiment, the method includes first forming 
a material stack on a Substrate. The material stack includes 
alternating nanowire material layers and sacrificial material 
layers. At least one nanowire material layer located between 
an upper nanowire material layer and a lower nanowire 
material layer has an etch selectivity with respect to each of 
the upper and lower nanowire material layers. Next, the 
material stack is patterned to form a vertical stack of 
alternating nanowire material layer portions and sacrificial 
material layer portions. Each of the alternating nanowire 
material layer portions and sacrificial material layer portions 
comprises a fin portion connected at each end to a respective 
Supporting portion. After removing the fin portion of the at 
least one nanowire material layer portion, the fin portions of 
the sacrificial material layer portions are removed. 

In another aspect of the present application, a semicon 
ductor structure is provided. The semiconductor structure 
includes a first group of stacked nanowires spaced from each 
other by a first vertical distance, a second group of Stacked 
nanowires spaced from each other by a second vertical 
distance. The first vertical distance is more than two times 
greater than the second vertical distance. 

BRIEF DESCRIPTION OF SEVERAL VIEWS OF 
THE DRAWINGS 

FIG. 1A is a top-down view of an exemplary semicon 
ductor structure after forming a material stack of alternating 
sacrificial material layers and nanowire material layers on a 
Substrate and a hard mask layer according to an embodiment 
of the present application. 

FIG. 1B is a vertical cross-sectional view of the semi 
conductor structure of FIG. 1A along line B-B'. 

FIG. 1C is a vertical cross-sectional view of the semi 
conductor structure of FIG. 1A along line C-C". 

FIG. 2A is a top-down view of the semiconductor struc 
ture of FIGS. 1A-1C after patterning the hard mask layer and 
a third nanowire material layer in the material stack to form 
a vertical stack of a hard mask layer portion and a third 
nanowire material layer portion. 

FIG. 2B is a vertical cross-sectional view of the semi 
conductor structure of FIG. 2A along line B-B'. 

FIG. 2C is a vertical cross-sectional view of the exem 
plary semiconductor structure of FIG. 2A along line C-C". 

FIG. 3A is a top-down view of the semiconductor struc 
ture of FIGS. 2A-2C after forming a sacrificial spacer on 
each sidewall of the vertical stack of the hard mask layer 
portion and the third nanowire material layer portion. 

FIG. 3B is a vertical cross-sectional view of the semi 
conductor structure of FIG. 3A along line B-B'. 

FIG. 3C is a vertical cross-sectional view of the semi 
conductor structure of FIG. 3A along line C-C". 

FIG. 4A is a top-down view of the semiconductor struc 
ture of FIGS. 3A-3C after patterning a third sacrificial 
material layer in the material Stack to provide a patterned 
third sacrificial material layer. 

FIG. 4B is a vertical cross-sectional view of the semi 
conductor structure of FIG. 4A along line B-B'. 

FIG. 4C is a vertical cross-sectional view of the semi 
conductor structure of FIG. 4A along line C-C". 
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FIG. 5A is a top-down view of the semiconductor struc 
ture of FIGS. 4A-4C after removing a portion of a second 
nanowire material layer in the material stack. 

FIG. 5B is a vertical cross-sectional view of the semi 
conductor structure of FIG. 5A along line B-B'. 

FIG. 5C is a vertical cross-sectional view of the semi 
conductor structure of FIG. 5A along line C-C". 

FIG. 6A is a top-down view of the semiconductor struc 
ture of FIGS. 5A-5C after removing the sacrificial spacer 
from each sidewall of the vertical stack of the hard mask 
layer portion and the third nanowire material layer portion. 

FIG. 6B is a vertical cross-sectional view of the semi 
conductor structure of FIG. 6A along line B-B'. 

FIG. 6C is a vertical cross-sectional view of the semi 
conductor structure of FIG. 6A along line C-C". 

FIG. 7A is a top-down view of the exemplary semicon 
ductor structure of FIGS. 6A-6C after patterning the pat 
terned third sacrificial material layer, a second sacrificial 
material layer, a first nanowire material layer and a first 
sacrificial material layer in the material Stack. 

FIG. 7B is a vertical cross-sectional view of the semi 
conductor structure of FIG. 7A along line B-B'. 

FIG. 7C is a vertical cross-sectional view of the semi 
conductor structure of FIG. 7A along line C-C". 

FIG. 8A is a top-down view of the semiconductor struc 
ture of FIGS. 7A-7C after removing fin portions of a first, a 
second and a third sacrificial material layer portions. 

FIG. 8B is a vertical cross-sectional view of the semi 
conductor structure of FIG. 8A along line B-B'. 

FIG. 8C is a vertical cross-sectional view of the semi 
conductor structure of FIG. 8A along line C-C". 

FIG. 9 is a vertical cross-sectional view of the semicon 
ductor structure of FIG. 8C after forming a second group of 
stacked nanowires in a second portion of the Substrate by 
only removing sacrificial material layer portions. 

FIG. 10A is a top-down view of the semiconductor 
structure of FIGS. 8A-8C after forming a gate structure. 

FIG. 10B is a vertical cross-sectional view of the semi 
conductor structure of FIG. 10A along line B-B'. 

FIG. 10C is a vertical cross-sectional view of the semi 
conductor structure of FIG. 10A along line C-C". 

FIG. 11A is a top-down view of the semiconductor 
structure of FIGS. 1A-1C after patterning the hard mask 
layer and the material stack of alternating sacrificial material 
layers and nanowire material layers. 

FIG. 11B is a vertical cross-sectional view of the semi 
conductor structure of FIG. 11A along line B-B'. 

FIG. 11C is a vertical cross-sectional view of the semi 
conductor structure of FIG. 11A along line C-C". 

FIG. 12A is a top-down view of the semiconductor 
structure of FIGS. 11A-11C after removing a portion of a 
second nanowire material layer portion in the patterned 
material stack. 

FIG. 12B is a vertical cross-sectional view of the semi 
conductor structure of FIG. 12A along line B-B'. 

FIG. 12C is a vertical cross-sectional view of the semi 
conductor structure of FIG. 12A along line C-C". 

DETAILED DESCRIPTION 

The present application will now be described in greater 
detail by referring to the following discussion and drawings 
that accompany the present application. It is noted that the 
drawings of the present application are provided for illus 
trative purposes only and, as such, the drawings are not 
drawn to Scale. It is also noted that like and corresponding 
elements are referred to by like reference numerals. 
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4 
In the following description, numerous specific details are 

set forth, such as particular structures, components, materi 
als, dimensions, processing steps and techniques, in order to 
provide an understanding of the various embodiments of the 
present application. However, it will be appreciated by one 
of ordinary skill in the art that the various embodiments of 
the present application may be practiced without these 
specific details. In other instances, well-known structures or 
processing steps have not been described in detail in order 
to avoid obscuring the present application. 

Referring to FIGS. 1A-1C, there is illustrated an exem 
plary semiconductor structure that can be employed in 
embodiments of the present application. The semiconductor 
structure includes, from bottom to top, a handle substrate 10, 
an insulator layer 12, a material Stack of alternating sacri 
ficial material layers 14L and nanowire material layers 16L, 
and a hard mask layer 18L. 
The handle substrate 10 can include a semiconductor 

material. Exemplary semiconductor materials that can be 
employed as the handle substrate 10 include, but are not 
limited to, silicon (Si), germanium (Ge), silicon germanium 
(SiGe), silicon germanium carbide (SiGeC), silicon carbide 
(SiC), gallium arsenide (GaAs), indium arsenide (InAs), 
indium phosphide (InP) and other III/V and II/VI compound 
semiconductor materials. In one embodiment, the handle 
substrate 10 is composed of Si. The thickness of the handle 
substrate 10 can be from 50 microns to 2 mm, although 
lesser and greater thicknesses can also be employed. The 
handle substrate 10 provides mechanical support for the 
insulator layer 12, the material stack (14L, 16L) and the hard 
mask layer 18L. 
The insulator layer 12 includes a dielectric material such 

as silicon oxide, silicon nitride, silicon oxynitride, or a 
combination thereof. The insulator layer 12 can have a 
thickness in a range from 5 nm to 500 nm, although lesser 
and greater thicknesses can also be employed. 

In one embodiment and as shown in FIGS. 1B and 1C, the 
material stack (14L, 16L) that is formed on the insulator 
layer 12 includes there pairs of alternating sacrificial mate 
rial layers 14L and nanowire material layers 16L with a first 
sacrificial material layer 14L disposed on the insulator layer 
12, a first nanowire material 16L disposed on the first 
sacrificial material layer 14L, a second sacrificial material 
layer 14L disposed on the first nanowire material layer 
16L, a second nanowire material layer 16L disposed on the 
second sacrificial material layer 14L, a third sacrificial 
material layer 14L disposed on the second nanowire mate 
rial layer 16L, and a third nanowire material layer 16Ls 
disposed on the third sacrificial material layer 14Ls. 
Although three pairs of sacrificial material layer 14L and 
nanowire material layer 16L are described and illustrated, 
the present application is not limited to Such numbers of 
pairs. Instead, more pairs of sacrificial material layers 14L 
and nanowire material layers 16L may be included. In some 
embodiments of the present application, the number of the 
sacrificial material layers 14L and the nanowire material 
layers 16L may not be the same. For example, there may be 
two layers of sacrificial material layers 14L and three layer 
of nanowire material layers 16L in the material stack (14L, 
16L) with one of the nanowire material layers formed 
directly on the insulator layer 12. 
The sacrificial material layers 14L include a first semi 

conductor material that can be removed selective to a second 
semiconductor material of the nanowire material layers 16L. 
Each of the sacrificial material layers 14L and the nanowire 
material layers 16L may include Si, Ge. SiGe, GaAs, InSb, 
GaP. GaSb, InAlAs. InGaAs, GaSbP, GaAsSb, and InP. In 
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one embodiment and when the semiconductor structure is 
used in providing a p-type FET, the sacrificial material 
layers 14L are composed of Si and the nanowire material 
layers 16L are composed of SiGe. In another embodiment 
and when the semiconductor structure is used in providing 
an n-type FET, the sacrificial material layers 14L are com 
posed of SiGe and the nanowire material layers 16L are 
composed of Si. 

In one embodiment, the material stack (14L, 1.6L) shown 
in FIGS. 1A-1C can be formed by first providing a semi 
conductor-on-insulator (SOI) substrate that includes the 
handle layer 10, the insulator layer 12 and a top semicon 
ductor layer which can be the bottom most layer in the 
material stack (14L, 16L). The sacrificial material layers 
14L and nanowire material layers 16L in the material stack 
(14L, 16L) can then be formed on the SOI substrate by a 
series of epitaxial deposition processes such that each of the 
sacrificial material layers 14L can be deposited as a single 
crystalline material layer in epitaxial alignment with an 
underlying material layer, and each of the nanowire material 
layers 16L can be deposited as a single crystalline semicon 
ductor material layer in epitaxial alignment with an under 
lying material layer. Exemplary epitaxial deposition pro 
cesses that can be employed to form the material stack (14L, 
16L) include, but are not limited to, chemical vapor depo 
sition (CVD), plasma enhanced chemical vapor deposition 
(PECVD) or atomic layer deposition (ALD). 
The thicknesses of the sacrificial material layers 14L and 

the nanowire material layers 16L are selected such that the 
epitaxial alignment of the sacrificial material layers 14L and 
the nanowire material layers 16L can be maintained through 
out the entirety of the material stack (14L, 16L). Thus, the 
thickness of each of the sacrificial material layers 14L and 
the nanowire material layers 16L is less than the correspond 
ing critical thickness, which is the thickness at which an 
epitaxial material begins to lose epitaxial registry with the 
underlying single crystalline layer by developing disloca 
tions. For example, the thickness of each of the sacrificial 
material layers 14L and the nanowire material layers 16L 
can be in a range from 3 nm to 60 nm, although lesser and 
greater thicknesses can also be employed. 
The hard mask layer 18L can be formed on top of the 

material stack (14L, 16L). The hard mask layer 18L can 
include a dielectric material Such as silicon nitride, silicon 
oxide, or a dielectric metal oxide, and can be formed by 
CVD. The thickness of the hard mask layer 18L can be in a 
range from 3 nm to 60 nm, although lesser and greater 
thicknesses can also be employed. 

Referring to FIGS. 2A-2C, the hard mask layer 18L and 
the third nanowire material layer 16L can be patterned to 
form a vertical stack of a hard mask layer portion (18F, 18S) 
and a third nanowire material layer portion (16F, 16S). 
Specifically, a photoresist layer (not shown) can be applied 
over the hard mask layer 18L and lithographically patterned 
to cover a contiguous area. The shape of the contiguous area 
covered by the patterned photoresist layer can be selected to 
include a fin portion arranged between two supporting 
portions. The Supporting portions have a width greater than 
a width of the fin portion. Subsequently, the pattern in the 
photoresist layer can be transferred through the hard mask 
layer 18L and the third nanowire material layers 16L by an 
anisotropic etch using the third sacrificial material layer 
14L as an etch stop. The remaining portion of the hard mask 
layer 18L is herein referred to as the hard mask layer portion 
including a fin portion 18F connected at each end to a 
respective Supporting portion 18S. The remaining portion of 
the third nanowire material layer 16L is herein referred to 
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6 
as the third nanowire material layer portion including a fin 
portion 16F connected at each end to a respective support 
ing portion 16S. The width of the fin portion 16F of the 
third nanowire material layer portion (16F, 16S) can be 
from 5 to 60 nm, although lesser and greater widths can also 
be employed. Besides the lithography patterning, other 
patterning techniques such as sidewall imaging transfer, 
multiple patterning, or the combination of those techniques 
can be used to pattern the hard mask layer 18L and the third 
nanowire material layer 16L. After forming the vertical 
stack of the hard mask layer portion (18F, 18S) and the third 
nanowire material layer portion (16F, 16S), the patterned 
photoresist layer can be removed utilizing a conventional 
resist stripping process Such as, for example, ashing. 

Referring to FIGS. 3A-3C, a sacrificial spacer 20 can be 
formed on each sidewall of the vertical stack of the hard 
mask layer portion (18F, 18S) and the third nanowire 
material layer portion (16F, 16S). The sacrificial spacer 20 
includes a dielectric material Such as silicon oxide, silicon 
nitride, or silicon oxynitride. The sacrificial spacer 20 can be 
formed by first providing a conformal sacrificial spacer 
material layer (not shown) on exposed surfaces of the hard 
mask layer portion (18F, 18S), the third nanowire material 
layer portion (16F, 16S) and the third sacrificial material 
layer 14L, and then etching the conformal sacrificial spacer 
material layer to remove horizontal portions of the confor 
mal sacrificial spacer material layer. The conformal sacrifi 
cial spacer material layer can be provided by a deposition 
process including, for example, chemical vapor deposition 
(CVD), plasma enhanced chemical vapor deposition 
(PECVD), or physical vapor deposition (PVD). The etching 
of the conformal sacrificial spacer material layer may be 
performed by a dry etch process such as, for example, RIE. 
The remaining portions of the conformal sacrificial spacer 
material layer constitute the sacrificial spacers 20. The width 
of the sacrificial spacer 20, as measured at the base of the 
sacrificial spacer 20 can be from 5 nm to 100 nm, although 
lesser and greater widths can also be employed. 

Referring to FIGS. 4A-4C, the third sacrificial material 
layer 14L can be patterned using a combination of the 
sacrificial spacers 20 and the vertical stack of the hard the 
hard mask layer portion (18F, 18S) and the third nanowire 
material layer portion (16F, 16S) as an etch mask. Spe 
cifically, portions of the third sacrificial material layer 14L 
that are not covered by the sacrificial spacers 20 or the 
vertical stack of the hard mask layer portion (18F, 18S) and 
the third nanowire material layer portion (16F, 16S) are 
removed utilizing an anisotropic etch, such as, for example, 
a RIE process. The remaining portion of the third sacrificial 
material layer 14L is herein referred to as the patterned third 
sacrificial material layer 14P. The fin portion 16F of the 
third nanowire material portion (16F, 16S) is thus encap 
sulated by the fin portion 18F of the hard mask layer portion 
(18F, 18S), the sacrificial spacer 20 and the patterned third 
sacrificial material layer 14P and is protected from an etch 
to be subsequently employed to remove a portion of the 
second nanowire material layer 16L. 

Referring to FIGS. 5A-5C, a portion of the second 
nanowire material layer 16L that is not covered by the 
supporting portions 18S of the hard mask layer portion (18F, 
18S) can be removed selective to the first semiconductor 
material of the sacrificial material layers 14L by an isotropic 
etch to provide a void 22 between the second sacrificial 
material layer 14L and the patterned third sacrificial mate 
rial layer 14P. The selective removal of the portion of the 
second nanowire material layer 16L can be effected by a dry 
etch, a wet chemical etch or a combination thereof. In one 
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embodiment where each of the nanowire material layers 16L 
is composed of Si and each of the sacrificial material layers 
14L is composed of SiGe, the second nanowire material 
layer 16L can be selectively removed using a wet etchant, 
Such as, for example, ammonium hydroxide or potassium 
hydroxide. In another embodiment where each of the 
nanowire material layers 16L is composed of SiGe and each 
of the sacrificial material layer is composed of Si, a wet etch 
employing hydrofluoric acid may be utilized to selectively 
remove SiGe. The isotropic etching process employed does 
not remove end portions (herein referred to as Supporting 
portions 16S) of the second nanowire material layer 16L, 
after removal, the patterned third sacrificial material layer 
14.P. is still supported at both ends by the supporting 
portions 16S of the second nanowire material layer 16L. In 
addition, due to the encapsulation of the fin portion 16F of 
the third nanowire material portion (16F, 16S) by the fin 
portion 18F of the hard mask layer portion (18F, 18S), the 
sacrificial spacer 20 and the patterned third sacrificial mate 
rial layer 14Ps, the isotropic etching process does not affect 
the fin portion 16F of the third nanowire material layer 
portion (16F, 16S). 

Referring to FIGS. 6A-6C, the sacrificial spacer 20 can be 
removed from each sidewall of the vertical stack of the hard 
mask layer portion (18F, 18S) and the third nanowire 
material layer portion (16F, 16S) by an anisotropic etch, 
such as, for example, a RIE process. The removal of the 
sacrificial spacers 20 physically exposes the sidewalls of the 
vertical stack of the hard mask layer portion (18F, 18S) and 
the third nanowire material layer portion (16F, 16S). 

Referring to FIGS. 7A-7C, portions of the patterned third 
sacrificial material layer 14P, the second sacrificial material 
layer 14L, the first nanowire material layer 16L and the 
first sacrificial material layer 14L that are not covered by 
the vertical stack of the hard mask layer portion (18F, 18S) 
and the third nanowire material layer portion (16F, 16S) 
are removed by a dry etch, such as, for example, RIE. The 
remaining portion of the patterned third sacrificial material 
layer 14P is herein referred to as the third sacrificial 
material layer portion including a fin portion 14F and 
Supporting portions 14S. The remaining portion of the 
second sacrificial material layer is herein referred to as the 
second sacrificial material layer portion including a fin 
portion 14F and Supporting portions 14S. The remaining 
portion of the first nanowire material layer 16L is herein 
referred to as the first nanowire material layer portion 
including a fin portion 16F and supporting portions 16S. 
The remaining portion of the first sacrificial material layer is 
herein referred to as the first sacrificial material layer portion 
including a fin portion 14F and Supporting portions 14S. 

Referring to FIGS. 8A-8B, the fin portions 14F, 14F, 
14F of the first, the second and the third sacrificial material 
layer portions can be removed using a selective isotropic 
etch that only removes the first semiconductor martial of the 
sacrificial material layers 14L without etching the second 
semiconductor material of the nanowire material layers 16L. 
The resulting structure define a lower nanowire 30L which 
is the fin portion 16F of the first nanowire material layer 
portion (16F, 16S) and a upper nanowire 30U which is the 
fin portion 16F of the third nanowire material layer portion 
(16F, 16S). The removal of the fin portions 14F 14F of 
the second and the third sacrificial material layer portions 
provide a first void 32 between the lower nanowire 30L and 
the upper nanowire 30U. The removal of the fin portion 14F 
of the first sacrificial material layer portion (14F, 14S) 
provides a second void 34 between the lower nanowire 30L 
and the insulator layer 12. Due to the removal of the fin 
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8 
portion 16F of the second nanowire material layer portion 
(16F 14S), the vertical distance between the lower 
nanowire 3.0L and the upper nanowire 30U is defined by a 
total thickness of one nanowire material layer 16L and two 
sacrificial material layers 14L, thus is significantly increased 
when comparing to a conventional stacked nanowire FET 
formed by removing only the sacrificial material layer 
portions in the vertical stacks of alternating sacrificial mate 
rial layer portions and nanowire material layer portions in 
which the vertical distance between adjacent nanowires 40 
is defined by the thickness of a single sacrificial material 
layer (FIG. 9). The relatively wider spacing between the 
lower nanowire 3.0L and the upper nanowire 30U of the 
present application would allow easy filling the void32 with 
a low resistance metal (e.g., tungsten) to reduce the gate 
resistance in a stacked nanowire FET Subsequently formed. 
The upper and lower nanowire 30U, 3.0L and nanowires 40 
can be easily formed on a same substrate. Therefore, it is 
possible to obtain nanowire FETs in one device area with 
improved on-current and nanowire FETs in another device 
area with reduced gate resistance (see FIG. 9). 

In some embodiments of the present application, a portion 
of the insulator layer 12 underneath the lower nanowire 30L 
may be removed to further increase the vertical distance 
between the lower nanowire 30L and the insulator layer 12 
(not shown). 

After, or prior to, the removal of the fin portions 14F, 
14F 14F of the first, the second and the third sacrificial 
material layer portions, another etch process can be per 
formed to remove the hard mask layer portion (18F, 18S). 
An anisotropic etch or an isotropic etch can be employed. 
For example, an anisotropic etch that is selective to the 
second semiconductor material of the nanowire material 
layer 16L can be performed to remove the hard mask layer 
portion (18F, 18S). 

Subsequently, the nanowires 30L, 30U may be rounded 
using an annealing process under hydrogen or through 
oxidation (not shown). 

Referring to FIGS. 10A-10B, a gate structure may be 
formed on the nanowires 30L, 30U, wrapping around a 
channel portion of each of the nanowires 30L, 30U. The gate 
structure may comprise a gate dielectric 36 present on all 
exposed surfaces of the nanowires 30L, 30U in the channel 
portion and a gate electrode 38 located over the gate 
dielectric 36. The gate structure can be formed by first 
depositing a conformal gate dielectric layer (not shown) 
around the nanowires 30L, 30U and a gate electrode layer 
(not shown) on the gate dielectric layer. The gate electrode 
layer fills the first and the second voids 32, 34. The gate 
dielectric layer and the gate electrode layer are then pat 
terned by an anisotropic etch employing a patterned photo 
resist (not shown) as a mask. The remaining portion of the 
gate dielectric layer constitutes the gate dielectric 36, and the 
remaining portion of the at least one conductive material 
layer constitutes the gate electrode 38. 
The conformal gate dielectric layer can include a dielec 

tric metal oxide having a dielectric constant that is greater 
than the dielectric constant of silicon oxide, e.g., 3.9. Typi 
cally, the gate dielectric layer that is employed has a 
dielectric constant greater than 4.0, with a dielectric constant 
of greater than 8.0 being more typical. Such dielectric 
materials are referred to herein as a high-k dielectric mate 
rial. Examples of high-k dielectric material include, but are 
not limited to, Hf, ZrO, La2O, Al-O, TiO, SrTiO, 
LaAIO, Y2O, Hfo, N. ZrO, N, La.O.N., Al...O.N., 
TiO, N, SrTiO, N, LaAIO.N. Y.O.N., a silicate thereof, 
and an alloy thereof. Multilayered stacks of these high-k 
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dielectric materials can also be employed as the gate dielec 
tric layer. Each value of X is independently from 0.5 to 3 and 
each value of y is independently from 0 to 2. 
The conformal gate dielectric layer can be formed by 

methods well known in the art. In one embodiment, the gate 
dielectric layer can be formed by a deposition process Such 
as, for example, chemical vapor deposition (CVD) and 
atomic layer deposition (ALD). The gate dielectric layer that 
is formed can have a thickness from 0.9 nm to 6 nm, with 
a thickness ranging from 1.0 nm to 3 nm being more typical. 
The gate electrode layer comprises any conductive mate 

rial including, but not limited to, tungsten, titanium, tanta 
lum, aluminum, nickel, ruthenium, palladium and platinum, 
an alloy of at least two elemental metals, and an elemental 
metal nitride (e.g., tungsten nitride, aluminum nitride, and 
titanium nitride). 

The gate electrode layer can be formed utilizing a con 
ventional deposition process including, for example, CVD. 
plasma enhanced chemical vapor deposition (PECVD), 
evaporation, PVD. Sputtering, chemical Solution deposition 
and ALD. 

Subsequently, ion implantation may be performed to form 
a source region and a drain region on opposite sides of the 
gate structure (not shown). 

While the present application has been described employ 
ing a gate-first scheme in which a permanent gate structure 
is formed, embodiments employing a gate-last scheme 
which a sacrificial gate structure is replaced with a perma 
nent gate structure are expressly contemplated herein. 

In some embodiments of the present application, the 
second nanowire material layer 16L may include a third 
semiconductor material that can be selectively removed with 
respect to the second semiconductor material of the first and 
the third nanowire material layers 16L, 16Ls. For example, 
when the nanowire material layers 16L are composed of 
SiGe, the germanium content in the second nanowire mate 
rial layer 16L may be set to be at least 10% higher than that 
in the first and third nanowire material layers 16L, 16Ls in 
order to be selectively removed. Thus, the semiconductor 
structure illustrated in FIGS. 8A-8C can be formed by an 
alternative method illustrated in FIGS. 11A-12C. 

Referring to FIGS. 11A-11C, the hard mask layer 18L and 
the material stack of alternating sacrificial material layers 
14L and nanowire material layers 16L of FIGS. 1A-1C can 
be patterned to form a hard mask layer portion (18F, 18S) 
and a vertical stack of alternating sacrificial material layer 
portions and nanowire material layer portions. The hard 
mask layer portion 18 includes a fin portion 18F connected 
at each end to a respective Supporting portion 18S. Each of 
the sacrificial material layer portions includes a fin portion 
(14F, 14F 14F) connected at each end to a respective 
Supporting portion (14S, 14S, 14S) and each of the 
sacrificial material layer portions includes a fin portion 
(16F, 16F, 16F) connected at each end to a respective 
Supporting portion (16S, 16S, 16S). Specifically, a pattern 
is produced by applying a photoresist layer over the hard 
mask layer 18L, exposing the photoresist layer to a pattern 
of radiation, and then developing the pattern into the pho 
toresist layer utilizing a resist developer. Once the patterning 
of the photoresist is completed, portions of the hard mask 
layer 18L that are not covered by the patterned photoresist 
layer are removed using a selective etching process to 
provide the hard mask layer portion (18F, 18S). The hard 
mask layer portion (18F, 18S) is then employed as an etch 
mask to remove the exposed portions of the material stack 
of alternating sacrificial material layers 14L and nanowire 
material layers 16L. In one embodiment, the etch process 
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10 
that forms hard mask layer portion (18F, 18S) and a vertical 
stack of alternating sacrificial material layer portions and 
semiconductor material layer portions is an anisotropic etch 
including, but not limited to, RIE. ion bean etching, plasma 
etching and laser ablation. 

Referring to FIGS. 12A-12C, the fin portion 16F of the 
second nanowire material layer portion can be removed 
selective to the fin portions 16F, 16F of the first and third 
nanowire material layer portions and the fin portions 14F, 
14F 14F of the first, second and third sacrificial material 
layer portions to provide a void 50 between the second and 
the third sacrificial material layer portions. In one embodi 
ment, the portion 16F of the second nanowire material layer 
portion can be removed utilizing a selective wet etching 
process, such as, but not limited to NHaOH: HO based 
etchants. Subsequently, the fin portions 4F, 14F 14F of 
the first, second and third sacrificial material layer portions 
can be selectively removed utilizing the process described 
above to provide the semiconductor structure illustrated in 
FIGS 8A-8C. 
While the present application has been particularly shown 

and described with respect to various embodiments thereof, 
it will be understood by those skilled in the art that the 
foregoing and other changes in forms and details may be 
made without departing from the spirit and scope of the 
present application. It is therefore intended that the present 
application not be limited to the exact forms and details 
described and illustrated, but fall within the scope of the 
appended claims. 
What is claimed is: 
1. A method of forming a semiconductor structure com 

prising: 
forming a material stack on a Substrate, the material stack 

comprising, from bottom to top, at least a first nanowire 
material layer, a second nanowire material layer and a 
top nanowire material layer that are separated from 
each other by a respective sacrificial material layer, 

forming a hard mask layer on the top nanowire material 
layer of the material stack; 

patterning the hard mask layer and the top nanowire 
material layer to provide a vertical Stack of a hard mask 
layer portion and a top nanowire material layer portion, 
each of the hard mask layer portion and the top 
nanowire material layer portion including a fin portion 
connected at each end to a respective Supporting por 
tion; 

forming a sacrificial spacer on each sidewall of the 
Vertical stack; 

removing exposed portions of a sacrificial material layer 
located beneath the top nanowire material layer portion 
that are not covered by the sacrificial spacer or the 
Vertical stack to expose portions of the second 
nanowire material layer, 

removing portions of the second nanowire material layer 
that are not covered by the Supporting portions of the 
hard mask layer portion; 

removing the sacrificial spacer, 
patterning at least a remaining portion of the sacrificial 

material layer, the first nanowire material layer and 
another sacrificial material layer overlying the first 
nanowire material layer to provide a sacrificial material 
layer portion, a first nanowire material layer portion 
and another sacrificial material layer portion, each of 
the sacrificial material layer portion, the first nanowire 
material layer portion and the another sacrificial mate 
rial layer portion including a fin portion connected at 
each end to a respective Supporting portion; and 
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removing fin portions of the sacrificial martial layer 
portion and the another sacrificial material layer por 
tion. 

2. The method of claim 1, wherein each of the sacrificial 
material layers comprises a first semiconductor material can 5 
be removed selective to a second semiconductor material of 
each of the nanowire material layers. 

3. The method of claim 2, wherein each of the sacrificial 
material layers comprises Si and each of the nanowire 
material layers comprises SiGe. 10 

4. The method of claim 1, wherein the material stack 
further comprises a third sacrificial material layer present 
between the substrate and the first nanowire material layer. 

5. The method of claim 1, wherein the substrate comprises 
an insulator layer located on a handle layer. 15 

6. The method of claim 5, further comprising removing a 
portion of the insulator layer located beneath the fin portion 
of the first nanowire material layer portion. 

7. The method of claim 6, further comprising forming a 
gate dielectric around a channel portion of the fin portion of 20 
each of the first and the top nanowire material layer portions, 
and a gate electrode on the gate dielectric. 

8. The method of claim 7, wherein the forming the gate 
dielectric and the gate electrode comprises: 

forming a conformal gate dielectric layer around the fin 25 
portion of each of the first and the top nanowire 
material layer portions; 

forming a gate electrode layer on the gate dielectric layer, 
the gate electrode layer filling in a space between the 
first and the top nanowire material layer portions and 30 
another space between the first nanowire material layer 
portion and the substrate; and 

patterning the conformal gate dielectric layer and the gate 
electrode layer. 

9. A method of forming a semiconductor structure com- 35 
prising: 

forming a material stack on a Substrate, the material stack 
comprising alternating nanowire material layers and 
sacrificial material layers, wherein at least one 
nanowire material layer located between an upper 40 
nanowire material layer and a lower nanowire material 
layer has an etch selectivity with respect to each of the 
upper and lower nanowire material layers; 

12 
patterning the material stack to form a vertical stack of 

alternating nanowire material layer portions and sacri 
ficial material layer portions, wherein each of the 
alternating nanowire material layer portions and sacri 
ficial material layer portions comprises a fin portion 
connected at each end to a respective Supporting por 
tion; 

removing the fin portion of the at least one nanowire 
material layer portion; and 

removing the fin portions of the sacrificial material layer 
portions. 

10. The method of claim 9, wherein each of the sacrificial 
material layers comprises a first semiconductor material can 
be removed selective to semiconductor materials of the 
nanowire material layers. 

11. The method of claim 9, wherein each of the sacrificial 
material layers comprises Si, and wherein each of the 
nanowire material layers comprises SiGe. 

12. The method of claim 11, wherein the at least one 
nanowire material layer comprises SiGe having a germa 
nium content at least 10 atomic '% higher than a germanium 
content of SiGe in the upper and lower nanowire material 
layers. 

13. The method of claim 9, further comprising forming a 
gate dielectric around a channel portion of the fin portion of 
each of the lower and the upper nanowire material layer 
portions, and a gate electrode on the gate dielectric. 

14. The method of claim 13, wherein the forming the gate 
dielectric and the gate electrode comprises: 

forming a conformal gate dielectric layer around the fin 
portion of each of the upper and the lower nanowire 
material layer portions; 

forming a gate electrode layer on the gate dielectric layer, 
the gate electrode layer filling in at least one space 
between the upper and the lower nanowire material 
layer portions; and 

pattering the conformal gate dielectric layer and the gate 
electrode layer. 

15. The method of claim 9, further comprising forming a 
hard mask layer on the material stack prior to the patterning 
the material stack. 


