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VERTICALLY STACKED NFETS AND PFETS
WITH GATE-ALL-AROUND STRUCTURE

BACKGROUND

[0001] The present application relates to a semiconductor
structure and a method of forming the same. More particu-
larly, the present application relates to a semiconductor
structure including vertically stacked n-type field effect
transistors (nFETs) and p-type field effect transistors
(pFETs), each containing a gate-all-around structure, and a
method of forming the same.

[0002] The use of non-planar semiconductor devices such
as, for example, semiconductor fin field effect transistors
(FinFETs) is the next step in the evolution of complementary
metal oxide semiconductor (CMOS) devices. One type of
non-planar semiconductor device that has been touted as a
viable option beyond the 7 nm technology node is a
nanosheet containing device. By “nanosheet containing
device” it is meant that the device contains one or more
layers of semiconductor channel material portions having a
vertical thickness that is substantially less than its width.
[0003] Also, three dimensional (3D) integration by verti-
cally stacking nFETs and pFETs is an attractive approach for
3 nm node and beyond area scaling. Such vertically stacking
of nFETs and pFETs combined with nanosheet technology
can benefit from device electrostatics control in addition to
area scaling. One problem associated with prior art devices
that contain a combination of vertically stacked nFETs and
pFETs and nanosheet technology is that there is a need for
providing sufficient isolation between the nFET S/D regions
and the pFET S/D regions of such vertically stacked nFETs
and pFETs. In addition to the isolation issue mentioned
above, independent work functional control for vertically
stacked nFETs and pFETs is not possible.

[0004] There is thus a need for providing a method that
combines vertically stacked nFETs and pFETs and
nanosheet technology that has improved isolation between
the nFET S/D regions and the pFET S/D regions of such
vertically stacked nFETs and pFETs, and, in some cases,
implements independent work function metal gates for the
nFETs and pFETs.

SUMMARY

[0005] A semiconductor structure including vertically
stacked nFETs and pFETs containing suspended semicon-
ductor channel material nanosheets having an isolation layer
located between a pFET S/D structure and an nFET S/D
region is provided together with a method of forming such
a structure. The pFET S/D structure includes a pFET S/D
SiGe region having a first germanium content and an over-
lying SiGe region having a second germanium content that
is greater than the first germanium content.

[0006] In one aspect of the present application, a semi-
conductor structure is provided. In one embodiment, the
semiconductor structure includes a pFET device comprising
a first functional gate structure present on physically
exposed surfaces, and between, each semiconductor channel
material nanosheet of a first set of vertically stacked and
suspended semiconductor channel material nanosheets, and
a pFET S/D structure present on each side of the first set of
vertically stacked and suspended semiconductor channel
material nanosheets. The pFET S/D structure includes a
stack of a pFET S/D SiGe region having a first germanium
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content and a SiGe region having a second germanium
content greater than the first germanium content. The semi-
conductor structure further includes an nFET device stacked
vertically above the pFET device. The nFET device includes
a second functional gate structure present on physically
exposed surfaces, and between, each semiconductor channel
material nanosheet of a second set of vertically stacked and
suspended semiconductor channel material nanosheets, and
an nFET S/D region present on each side of the second set
of vertically stacked and suspended semiconductor channel
material nanosheets and located above each pFET S/D
structure. A silicon dioxide layer is present between each
SiGe region of the pFET S/D structure and the nFET S/D
region.

[0007] In another aspect of the present application, a
method of forming a semiconductor structure is provided. In
one embodiment, the method includes forming a vertical
stack of a first nanosheet stack of alternating nanosheets of
a sacrificial semiconductor nanosheet and a semiconductor
channel material nanosheet, and a second nanosheet stack of
alternating nanosheets of a sacrificial semiconductor
nanosheet and a semiconductor channel material nanosheet,
wherein the vertical stack is present above a semiconductor
substrate and beneath a sacrificial gate structure and a
dielectric spacer. Next, each sacrificial semiconductor
nanosheet of the first and second nanosheet stacks is
recessed. Next, a pFET S/D SiGe region having a first
germanium content is formed on physically exposed side-
walls of each semiconductor channel material nanosheet of
the first nanosheet stack. A germanium oxide layer is then
formed on at least physically exposed surfaces of each pFET
S/D SiGe region. Next, a condensation anneal is performed
to convert an upper portion of each pFET S/D SiGe region
into a SiGe region having a second germanium content that
is greater than the first germanium content, wherein the
germanium oxide layer located on each pFET S/D SiGe
region is simultaneously converted into a silicon dioxide
layer. An nFET S/D region is then formed on physically
exposed sidewalls of each semiconductor channel material
nanosheet of the second nanosheet stack and on the silicon
dioxide layer. The sacrificial gate structure and each
recessed sacrificial semiconductor nanosheet of the first and
second nanosheet stacks are then removed to suspend each
semiconductor channel material nanosheet and to provide a
gate cavity. A first functional gate structure is formed in the
gate cavity and on physically exposed surfaces of each
suspended semiconductor channel material nanosheet of the
first nanosheet stack, and forming second functional gate
structure is formed in the gate cavity and on physically
exposed surfaces of each suspended semiconductor channel
material nanosheet of the second nanosheet stack.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWINGS

[0008] FIG. 1 is a cross sectional view of an exemplary
semiconductor structure at an early stage of fabrication in
accordance with an embodiment of the present application
and including a first semiconductor material stack of alter-
nating layers of a sacrificial semiconductor material layer
and a semiconductor channel material layer, and a second
semiconductor material stack of alternating layers of a
sacrificial semiconductor material layer and a semiconduc-
tor channel material layer, wherein the first semiconductor
material stack is located on a topmost surface of a semicon-
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ductor substrate, and the second semiconductor material
stack is located on a topmost surface of the first semicon-
ductor material stack.

[0009] FIG. 2 is a cross sectional view of the exemplary
semiconductor structure of FIG. 1 after forming at least one
sacrificial gate structure and a dielectric spacer.

[0010] FIG. 3 is a cross sectional view of the exemplary
semiconductor structure of FIG. 2 after forming a first
nanosheet stack of alternating nanosheets of a sacrificial
semiconductor material nanosheet and a semiconductor
channel material nanosheet, and a second nanosheet stack of
alternating nanosheets of a sacrificial semiconductor mate-
rial nanosheet and a semiconductor channel material
nanosheet under the least one sacrificial gate structure and
the dielectric spacer by removing physically exposed por-
tions of the first and second semiconductor material stacks
that are not protected by the least one sacrificial gate
structure and the dielectric spacer, recessing each sacrificial
semiconductor material nanosheet, forming an inner spacer
within a gap formed by the recessing of each sacrificial
semiconductor material nanosheet, and forming a dielectric
isolation layer.

[0011] FIG. 4 is a cross sectional view of the exemplary
semiconductor structure of FIG. 3 after forming a pFET S/D
silicon germanium (SiGe) material having a first germanium
content by epitaxial growth on physically exposed sidewalls
of each semiconductor channel material nanosheet.

[0012] FIG. 5 is a cross sectional view of the exemplary
semiconductor structure of FIG. 4 after removing the pFET
S/D silicon germanium (SiGe) material from the sidewalls
of each semiconductor channel material nanosheet in the
second nanosheet stack, while maintaining the pFET S/D
silicon germanium (SiGe) material on the sidewalls of each
semiconductor channel material nanosheet of the first
nanosheet stack.

[0013] FIG. 6 is a cross sectional view of the exemplary
semiconductor structure of FIG. 5 after forming a germa-
nium oxide layer.

[0014] FIG. 7 is a cross sectional view of the exemplary
semiconductor structure of FIG. 6 after performing a con-
densation anneal to convert an upper portion of the main-
tained pFET S/D silicon germanium (SiGe) material that is
in physical contact with the germanium oxide layer into a
SiGe region having a second germanium content that is
greater than the first germanium content, and removing any
non-reacted germanium oxide.

[0015] FIG. 8 is a cross sectional view of the exemplary
semiconductor structure of FIG. 7 after forming an nFET
S/D region by epitaxial growth of a semiconductor material
on physically exposed sidewalls of each semiconductor
channel material nanosheet of the second nanosheet stack
and atop a silicon dioxide layer that forms on the SiGe
region formed during the conversion step.

[0016] FIG. 9A is a cross sectional view of the exemplary
semiconductor structure of FIG. 8 after removing each
sacrificial gate structure and each sacrificial SiGe nanosheet,
and forming a gate dielectric material and a single work
function metal.

[0017] FIG. 9B is a cross sectional view of the exemplary
semiconductor structure of FIG. 8 after removing each
sacrificial gate structure and each sacrificial SiGe nanosheet,
and forming a gate dielectric material and dual work func-
tion metals.
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[0018] FIG. 10 is a cross sectional view of the exemplary
semiconductor structure of FIG. 9A after forming first S/D
contact structures in contact openings that are formed
through the nFET S/D region, the silicon dioxide layer, the
SiGe region and a portion of the maintained pFET S/D SiGe
material.

[0019] FIG. 11 is a cross sectional view of the exemplary
semiconductor structure of FIG. 10 after removing the first
S/D contact structure from an upper portion of a physically
exposed first contact opening that is located on one side of
the vertically stacked and suspended semiconductor channel
material nanosheets.

[0020] FIG. 12 is a cross sectional view of the exemplary
semiconductor structure of FIG. 11 after forming additional
dielectric material in the physically exposed first contact
opening.

[0021] FIG. 13 is a cross sectional view of the exemplary
semiconductor structure FIG. 12 after forming a second S/D
contact structure in the physically exposed first contact
opening and on the additional dielectric material.

[0022] FIG. 14 is a cross sectional view of the exemplary
semiconductor structure of FIG. 9B after forming S/D
contact structures as shown in FIGS. 10-13 of the present
application.

DETAILED DESCRIPTION

[0023] 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
illustrative 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.

[0024] In the following description, numerous specific
details are set forth, such as particular structures, compo-
nents, materials, dimensions, processing steps and tech-
niques, 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.
[0025] It will be understood that when an element as a
layer, region or substrate is referred to as being “on” or
“over” another element, it can be directly on the other
element or intervening elements may also be present. In
contrast, when an element is referred to as being “directly
on” or “directly over” another element, there are no inter-
vening elements present. It will also be understood that
when an element is referred to as being “beneath” or “under”
another element, it can be directly beneath or under the other
element, or intervening elements may be present. In con-
trast, when an element is referred to as being “directly
beneath” or “directly under” another element, there are no
intervening elements present.

[0026] Referring now to FIG. 1, there is illustrated an
exemplary semiconductor structure at an early stage of
fabrication in accordance with an embodiment of the present
application. Notably, the exemplary semiconductor structure
of FIG. 1 includes a first semiconductor material stack, S1,
of alternating layers of a sacrificial semiconductor material
layer 121 and a semiconductor channel material layer 141,
and a second semiconductor material stack, S2, of alternat-
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ing layers of a sacrificial semiconductor material layer 121
and a semiconductor channel material layer 14L., wherein
the first semiconductor material stack, S1, is located on a
topmost surface of a semiconductor substrate 10, and the
second semiconductor material stack, S2, is located on a
topmost surface of the first semiconductor material stack,
S1.

[0027] In the present application, the first semiconductor
material stack, S1, is used in providing vertically stacked
and suspended semiconductor channel material nanosheets
for a pFET device, while the second semiconductor material
stack, S2, is used in providing vertically stacked and sus-
pended semiconductor channel material nanosheets for an
nFET device.

[0028] The semiconductor substrate 10 may include any
semiconductor material including, for example, silicon. The
term “semiconductor material” is used throughout the pres-
ent application to denote a material that has semiconducting
properties. Besides silicon, the semiconductor material may
be germanium (Ge), a silicon germanium alloy (SiGe),
silicon carbide (SiC), silicon germanium carbide (SiGeC),
III-V compound semiconductors or II-VI compound semi-
conductors.

[0029] The first and second semiconductor material stacks
(81, S2) are then sequentially formed upon the semiconduc-
tor substrate 10. As mentioned above, the first and second
semiconductor material stacks (S1, S2) include sacrificial
semiconductor material layers 121 and semiconductor chan-
nel material layers 141, which alternate one atop the other. In
FIG. 1 and by way of one example, each of the first and
second semiconductor material stacks (S1, S2) includes
three sacrificial semiconductor material layers 121 and three
semiconductor channel material layers 14L.. The first and
second semiconductor material stacks (S1, S2) that can be
employed in the present application are not limited to the
specific embodiment illustrated in FIG. 1. Instead, the first
and second semiconductor material stacks (S1, S2) can
include any number of sacrificial semiconductor material
layers 121 and corresponding semiconductor channel mate-
rial layers 141 so long as each of the first and second
semiconductor material stacks (S1, S2) includes at least two
sacrificial semiconductor material layers 121 and two semi-
conductor channel material layers 14L.

[0030] Each sacrificial semiconductor material layer 121
is composed of a first semiconductor material which differs
in composition from at least an upper portion of the semi-
conductor substrate 10, and is resistant to Ge condensation
as described herein. In one embodiment, the upper portion of
the semiconductor substrate 10 is composed of silicon, while
each sacrificial semiconductor material layer 12L is com-
posed of a silicon germanium alloy. In such an embodiment,
the SiGe alloy that provides each sacrificial semiconductor
material layer 121 has a germanium content that is less than
50 atomic percent germanium. In one example, the SiGe
alloy that provides each sacrificial semiconductor material
layer 121 has a germanium content from 20 atomic percent
germanium to 40 atomic percent germanium. The first
semiconductor material that provides each sacrificial semi-
conductor material layer 12[. can be formed utilizing an
epitaxial growth (or deposition process) as defined in greater
detail herein below.

[0031] Each semiconductor channel material layer 14L is
composed of a second semiconductor material that has a
different etch rate than the first semiconductor material that
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provides the sacrificial semiconductor material layers 121,
and is also resistant to Ge condensation. The second semi-
conductor material that provides each semiconductor chan-
nel material layer 141, may be the same as, or different from,
the semiconductor material that provides at least the upper
portion of the semiconductor substrate 10. The second
semiconductor material can be a SiGe alloy provided that
the SiGe alloy has a germanium content that is less than 50
atomic percent germanium, and that the first semiconductor
material is different from the second semiconductor mate-
rial.

[0032] In one example, at least the upper portion of the
semiconductor substrate 10 and each semiconductor channel
material layer 14L is composed of S1 or a II1I-V compound
semiconductor, while each sacrificial semiconductor mate-
rial layer 12L is composed of a silicon germanium alloy. The
second semiconductor material that provides each semicon-
ductor channel material layer 141 can be formed utilizing an
epitaxial growth (or deposition process) as defined in greater
detail herein below.

[0033] The first and second semiconductor material stacks
(S1, S2) can be formed by sequential epitaxial growth of
alternating layers of the first semiconductor material and the
second semiconductor material. Following epitaxial growth
of the topmost layer of the second semiconductor material
stack, S2, a patterning process may be used to provide the
first and second semiconductor material stacks (S1, S2)
shown in FIG. 1. Patterning may be achieved by lithography
and etching as is well known to those skilled in the art.
[0034] The terms “epitaxially growing and/or depositing”
and “epitaxially grown and/or deposited” mean the growth
of a semiconductor material on a deposition surface of a
semiconductor material, in which the semiconductor mate-
rial being grown has the same crystalline characteristics as
the semiconductor material of the deposition surface. In an
epitaxial deposition process, the chemical reactants provided
by the source gases are controlled and the system parameters
are set so that the depositing atoms arrive at the deposition
surface of the semiconductor substrate with sufficient energy
to move around on the surface and orient themselves to the
crystal arrangement of the atoms of the deposition surface.
Therefore, an epitaxial semiconductor material has the same
crystalline characteristics as the deposition surface on which
it is formed.

[0035] Examples of various epitaxial growth process
apparatuses that can be employed in the present application
include, e.g., rapid thermal chemical vapor deposition
(RTCVD), low-energy plasma deposition (LEPD), ultra-
high vacuum chemical vapor deposition (UHVCVD), atmo-
spheric pressure chemical vapor deposition (APCVD) and
molecular beam epitaxy (MBE). The temperature for epi-
taxial deposition typically ranges from 550° C. to 900° C.
Although higher temperature typically results in faster depo-
sition, the faster deposition may result in crystal defects and
film cracking. The epitaxial growths described herein can be
performed utilizing any well known precursor gas or gas
mixture. Carrier gases like hydrogen, nitrogen, helium and
argon can be used.

[0036] Each sacrificial semiconductor material layer 121
may have a thickness from 6 nm to 12 nm, while each
semiconductor channel material layer 141, may have a
thickness from 5 to 12 nm. In the present application, the
bottommost sacrificial semiconductor material layer 121 in
the second semiconductor material stack, S2, has a thickness
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that is generally greater than the thickness of the other
sacrificial semiconductor material layers within the first and
second semiconductor material stacks (S1, S2). By provid-
ing a thick sacrificial semiconductor material layer at the
bottommost layer of the second semiconductor material
stack, S2, sufficient isolation can be provided between the
subsequently formed vertically stacked pFET and nFET
device regions.

[0037] Referring now to FIG. 2, there is illustrated the
exemplary semiconductor structure of FIG. 1 after forming
at least one sacrificial gate structure 16 and a dielectric
spacer 18. By way of illustration, two sacrificial gate struc-
tures 16 are exemplified in the drawings of the present
application. Although not shown, each sacrificial gate struc-
ture 16 is located on a first side and a second side of the first
and second semiconductor material stacks (S1, S2) and
spans across a topmost surface of a portion of the second
semiconductor material stack, S2. Each sacrificial gate stack
16 thus straddles over a portion of the first and second
semiconductor material stacks (S1, S2). The dielectric
spacer layer 18 is present on sidewalls of each sacrificial
gate structure 16; the dielectric spacer 18 also straddles over
the first and second semiconductor material stacks (S1, S2).
[0038] It is noted that in the drawings of the present
application, the sacrificial gate structures 16 and dielectric
spacer 18 are only shown as being present atop, not along
sidewalls, of the first and second semiconductor material
stacks (81, S2). This was done for clarity and to illustrate the
nanosheet stacks that are formed beneath the sacrificial gate
structures 16 and the dielectric spacer 18.

[0039] Each sacrificial gate structure 16 may include a
single sacrificial material portion or a stack of two or more
sacrificial material portions (i.e., at least one sacrificial
material portion). In one embodiment, the at least one
sacrificial material portion comprises, from bottom to top, a
sacrificial gate dielectric portion, a sacrificial gate portion
and a sacrificial dielectric cap portion. In some embodi-
ments, the sacrificial gate dielectric portion and/or the sac-
rificial dielectric cap portion can be omitted and only a
sacrificial gate portion is formed. The at least one sacrificial
material portion can be formed by forming a blanket layer
(or layers) of a material (or various materials) and then
patterning the material (or various materials) by lithography
and an etch. In one embodiment, the at least one sacrificial
material portion can be formed by first depositing a blanket
layer of a sacrificial gate dielectric material. The sacrificial
gate dielectric material can be an oxide, nitride, and/or
oxynitride. In one example, the sacrificial gate dielectric
material can be a high k material having a dielectric constant
greater than silicon dioxide. In some embodiments, a mul-
tilayered dielectric structure comprising different dielectric
materials, e.g., silicon dioxide, and a high k dielectric can be
formed and used as the sacrificial gate portion. The sacrifi-
cial gate dielectric material can be formed by any deposition
technique including, for example, chemical vapor deposition
(CVD), plasma enhanced chemical vapor deposition
(PECVD), physical vapor deposition (PVD), sputtering, or
atomic layer deposition.

[0040] After forming the blanket layer of sacrificial gate
dielectric material, a blanket layer of a sacrificial gate
material can be formed on the blanket layer of sacrificial
gate dielectric material. The sacrificial gate material can
include any material including, for example, polysilicon,
amorphous silicon, an elemental metal (e.g., tungsten, tita-
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nium, tantalum, aluminum, nickel, ruthenium, palladium
and platinum), an alloy of at least two elemental metals or
multilayered combinations thereof. The sacrificial gate
material can be formed utilizing a deposition process includ-
ing, for example, chemical vapor deposition (CVD), plasma
enhanced chemical vapor deposition (PECVD), physical
vapor deposition (PVD), sputtering, atomic layer deposition
(ALD) or other like deposition processes.

[0041] After forming the blanket layer of sacrificial gate
material, a blanket layer of a sacrificial gate cap material can
be formed. The sacrificial gate cap material may include a
hard mask material such as, for example, silicon dioxide
and/or silicon nitride. The sacrificial gate cap material can be
formed by any suitable deposition process such as, for
example, chemical vapor deposition or plasma enhanced
chemical vapor deposition.

[0042] After providing the above mentioned sacrificial
material stack (or any subset of the sacrificial materials),
lithography and etching can be used to pattern the sacrificial
material stack (or any subset of the sacrificial materials) and
to provide the at least one sacrificial gate structure 16. The
remaining portions of the sacrificial gate dielectric material
constitute a sacrificial gate dielectric portion, the remaining
portions of the sacrificial gate material constitute a sacrificial
gate portion, and the remaining portions of the sacrificial
dielectric cap material constitute a sacrificial dielectric cap
portion.

[0043] After providing the sacrificial gate structure 16, the
dielectric spacer 18 can be formed. The dielectric spacer 18
can be formed by first providing a dielectric spacer material
and then etching the dielectric spacer material. One example
of a dielectric spacer material that may be employed in the
present application is silicon nitride or silicon dioxide.
[0044] The dielectric spacer material that provides the
dielectric spacer 18 may 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 etch used to provide
the dielectric spacer 18 may comprise a dry etching process
such as, for example, reactive ion etching.

[0045] Referring now to FIG. 3, there is illustrated the
exemplary semiconductor structure of FIG. 2 after forming
a first nanosheet stack, NS1, and a second nanosheet stack,
NS2, under the least one sacrificial gate structure 16 and the
dielectric spacer 18, recessing each sacrificial semiconduc-
tor material nanosheet to form recessed sacrificial semicon-
ductor material nanosheets 12R, forming an inner spacer 20
within a gap formed by the recessing of each sacrificial
semiconductor material nanosheet, and forming a dielectric
isolation layer 12.

[0046] The first and second first nanosheet stacks (NS1,
NS2) can be formed by removing physically exposed por-
tions of the first and second semiconductor material stacks
(S1, S2) that are not protected by the least one sacrificial gate
structure 16 and the dielectric spacer 18. The removal of the
portions of the first and second semiconductor material
stacks (S1, S2) not covered by the least one sacrificial gate
structure 16 and the dielectric spacer 18 can be performed
utilizing an anisotropic etching process such as, for example,
reactive ion etching (RIE). Portions of the first and second
semiconductor material stacks (S1, S2) remain beneath the
least one sacrificial gate structure 16 and the dielectric
spacer 18. The remaining portion of the first semiconductor
material stack, S1, which is present beneath the least one
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sacrificial gate structure 16 and the dielectric spacer material
layer 18, is referred to as a first nanosheet stack, NS1. The
remaining portion of the second semiconductor material
stack, S2, that is present beneath the least one sacrificial gate
structure 16 and the dielectric spacer material layer 18 and
atop the first nanosheet stack, NS1, is referred to as a second
nanosheet stack, NS2.

[0047] The first and second nanosheet stacks (NS1, NS2)
include alternating nanosheets of remaining portions of each
sacrificial semiconductor material layer (referred to herein
as sacrificial semiconductor material nanosheets) and
remaining portions of each semiconductor channel material
layer (referred to herein as semiconductor channel material
nanosheets 14P); the sacrificial semiconductor material
nanosheets are not specifically labeled since they will be
subsequently recessed to provide recessed sacrificial semi-
conductor material nanosheets 12R.

[0048] Each nanosheet, i.e., sacrificial semiconductor
material nanosheet and semiconductor channel material
nanosheet 14P, that constitutes the first and second
nanosheet stacks (NS1, NS2) has a thickness as mentioned
above for the individual sacrificial semiconductor material
layers 121, and semiconductor channel material layers 141,
and a width from 30 nm to 200 nm. At this point of the
present application, the sidewalls of each sacrificial semi-
conductor material nanosheet are vertically aligned to side-
walls of each semiconductor channel material nanosheet
14P, and the vertically aligned sidewalls of the first and
second nanosheet stacks (NS1, NS2) are vertically aligned
to an outermost sidewall of the dielectric spacer 18.
[0049] Next, and as also shown in FIG. 3, each sacrificial
semiconductor material nanosheet within the first and sec-
ond nanosheet stacks (NS1, NS2) is recessed to provide a
recessed sacrificial semiconductor material nanosheet 12R.
Each recessed sacrificial semiconductor material nanosheet
12R has a width that is less than the original width of each
sacrificial semiconductor material nanosheet. The recessing
of each sacrificial semiconductor material nanosheet pro-
vides a gap (not specifically shown) between each neigh-
boring pair of semiconductor channel material nanosheets
14P within a given first and second nanosheet stacks (NS1,
NS2). The recessing of each sacrificial semiconductor mate-
rial nanosheet may be performed utilizing a lateral etching
process that is selective in removing physically exposed end
portions of each sacrificial semiconductor material
nanosheet relative to each semiconductor channel material
nanosheet 14P.

[0050] An inner spacer 20, as shown in FIG. 3, is formed
into each gap created by the recessing of each sacrificial
semiconductor material nanosheet. The inner spacer 20 may
be formed by deposition of a dielectric spacer material and
etching such as, for example, RIE. The dielectric spacer
material that provides the inner spacer 20 may be the same
as, or different from, the dielectric spacer material that
provides dielectric spacer 18. The inner spacers 20 have an
inner sidewall that directly contacts a sidewall of one of the
recessed sacrificial semiconductor material nanosheet 12R,
and an outer sidewall that is vertically aligned to an outer
sidewall of each semiconductor channel material nanosheet
14P.

[0051] Dielectric isolation layer 11 can then be formed.
Dielectric isolation layer 11 may be formed by etching an
upper portion of the semiconductor substrate 10 and there-
after depositing a dielectric material such as, for example,
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silicon dioxide. An etch back process may follow the depo-
sition of the dielectric material that provides the dielectric
isolation layer 11. Dielectric isolation layer 11 is present
between the first nanosheet stack, NS1, and a remaining
portion of the semiconductor substrate 10. During the etch-
ing of the upper portion of the semiconductor substrate 10,
the first and second nanosheet stacks (NS1, NS2) are
anchored by the sacrificial gate structure 16 and the dielec-
tric spacer 18.

[0052] Referring now to FIG. 4, there is illustrated the
exemplary semiconductor structure of FIG. 3 after forming
a pFET S/D silicon germanium (SiGe) material 22 having a
first germanium content by epitaxial growth on physically
exposed sidewalls of each semiconductor channel material
nanosheet 14P. In the present application, the pFET S/D
silicon germanium (SiGe) material 22 grows laterally out
from the sidewalls of each semiconductor channel material
nanosheet 14P. No bottom up growth is observed due to the
presence of the dielectric isolation structure 11.

[0053] The pFET S/D silicon germanium (SiGe) material
22 is formed on each side of the first and second nanosheet
stacks (NS1, NS2). The pFET S/D silicon germanium (SiGe)
semiconductor material 22 includes a SiGe alloy having the
first germanium content and a p-type dopant. The first
germanium content of the SiGe alloy that provides each
pFET S/D silicon germanium (SiGe) material 22 is greater
than any germanium content that may be present in both the
recessed sacrificial semiconductor material nanosheets 12R
and the semiconductor channel material nanosheets 14P. In
one embodiment, the first germanium content of the SiGe
alloy that provides each pFET S/D silicon germanium
(SiGe) material 22 is from 50 atomic percent germanium or
greater, with a range from 50 atomic percent germanium to
60 atomic percent atomic percent germanium being typical.
[0054] The term “p-type” refers to the addition of impu-
rities to an intrinsic semiconductor that creates deficiencies
of valence electrons. In a silicon-containing semiconductor
material, examples of p-type dopants, i.e., impurities,
include, but are not limited to, boron, aluminum, gallium
and indium. In one embodiment, the p-type dopant that can
be present in the pFET S/D silicon germanium (SiGe)
material 22 can be introduced into the precursor gas that
provides the pFET S/D silicon germanium (SiGe) material
22. In another embodiment, the dopant can be introduced
into an intrinsic semiconductor layer by utilizing one of ion
implantation or gas phase doping. In one example, the pFET
S/D silicon germanium (SiGe) material 22 includes silicon
germanium that is doped with boron (i.e., B doped SiGe). As
mentioned above, each pFET S/D silicon germanium (SiGe)
material 22 is formed by an epitaxial growth (or deposition)
process, as is defined above.

[0055] Referring now to FIG. 5, there is illustrated the
exemplary semiconductor structure of FIG. 4 after removing
the pFET S/D silicon germanium (SiGe) material 22 from
the sidewalls of each semiconductor channel material
nanosheet 14P in the second nanosheet stack, NS2, while
maintaining the pFET S/D silicon germanium (SiGe) mate-
rial 22 on sidewalls of each semiconductor channel material
nanosheet 14P of the first nanosheet stack, S1. The remain-
ing portion of the pFET S/D silicon germanium (SiGe)
material 22 can be referred to herein as a pFET S/D SiGe
region 228.

[0056] The removal of the pFET S/D silicon germanium
(SiGe) material 22 from the sidewalls of each semiconductor
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channel material nanosheet 14P in the second nanosheet
stack, NS2, can be performed utilizing a recess etching
process that is selective for removing pFET S/D silicon
germanium (SiGe) material 22. The height of each pFET
S/D SiGe region 228 is above a topmost surface of the
topmost semiconductor channel material nanosheet 14P of
the first nanosheet stack, NS1, and beneath a topmost
surface of the bottommost recessed sacrificial semiconduc-
tor material nanosheet 12R in the second nanosheet stack,
NS2.

[0057] Referring now to FIG. 6, there is illustrated the
exemplary semiconductor structure of FIG. 5 after forming
a germanium oxide layer 23. As is shown, the germanium
oxide layer 23 is formed on a physically exposed topmost
surface of each pFET S/D SiGe region 228, along sidewalls
of inner spacers 20, semiconductor channel material 14P,
and dielectric spacer 18 and atop the sacrificial gate structure
16.

[0058] The germanium oxide layer 23 can be formed by
any deposition process including, for example, chemical
vapor deposition (CVD), plasma enhanced chemical vapor
deposition (PECVD), physical vapor deposition (PVD),
sputtering, or atomic layer deposition. In one embodiment of
the present application, germanium oxide layer 23 can have
a thickness in a range from 5 nm to 25 nm. Other thicknesses
that are lesser than, or greater than, the aforementioned
thickness range can also be employed for the germanium
oxide layer 23.

[0059] Referring now FIG. 7, there is illustrated the exem-
plary semiconductor structure of FIG. 6 after performing a
condensation anneal to convert an upper portion of the
maintained pFET S/D silicon germanium (SiGe) material
(i.e., the pFET S/D SiGe regions 22S) that is in physical
contact with the germanium oxide layer 23 into a SiGe
region 25 having a second germanium content that is greater
than the first germanium content. In one example, the second
germanium content can be from 55 atomic percent germa-
nium to 75 atomic percent germanium. No condensation of
the semiconductor channel material nanosheets 14P or the
recessed sacrificial semiconductor material nanosheets 12R
occurs. Collectively, each pFET S/D SiGe region 22S and
the SiGe region 25 that is located thereon may be referred to
herein as a pFET S/D structure.

[0060] During this conversion step, the germanium oxide
layer 23 that is in physically contact with the pFET S/D SiGe
regions 228 is also converted into a silicon dioxide layer 24.
The silicon dioxide layer 24 is formed directly on the SiGe
region 23, and is located between a topmost surface and a
bottommost surface of the bottommost recessed sacrificial
semiconductor material nanosheet 12R of the second
nanosheet stack, NS2. The silicon dioxide layer 14 provides
an isolation layer between the vertically stacked nFET S/D
structure (228, 25) and pFET S/D region 26S.

[0061] The condensation anneal is performed at low tem-
perature (i.e., a temperature of less than 800° C., the lower
temperature limit of the condensation anneal is about 350°
C.) and in an inert ambient such as, for example, helium,
argon, and/or nitrogen. In one example, the condensation
anneal is a spike anneal that is performed at a temperature
of about 700° C. in a nitrogen ambient.

[0062] The unreacted germanium oxide can be removed
utilizing deionized water or any other etchant that can
selectively remove germanium oxide.
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[0063] Referring now to FIG. 8, there is illustrated the
exemplary semiconductor structure of FIG. 7 after forming
an nFET S/D region 268 by epitaxial growth of a semicon-
ductor material on physically exposed sidewalls of each
semiconductor channel material nanosheet 14P of the sec-
ond nanosheet stack, NS2, and atop the silicon dioxide layer
24 that forms on the SiGe region 25 formed during the
conversion step mentioned above.

[0064] Each nFET S/D region 26S includes a semicon-
ductor material and an n-type dopant. The semiconductor
material that provides each nFET S/D region 26S typically
comprises a same semiconductor material as that which
provides each semiconductor channel material nanosheet
14P.

[0065] The term “n-type dopant” refers to the addition of
impurities that contributes free electrons to an intrinsic
semiconductor. In a silicon containing semiconductor mate-
rial, examples of n-type dopants, i.e., impurities, include, but
are not limited to, antimony, arsenic and phosphorous. In
one embodiment, the dopant that can be present in the each
nFET S/D region 26S can be introduced into the precursor
gas that provides each nFET S/D region 26S. In another
embodiment, the dopant can be introduced into an intrinsic
semiconductor layer by utilizing one of ion implantation or
gas phase doping. In one example, each nFET S/D region
26S comprises silicon that is doped with phosphorus (i.e., P
doped S1). As mentioned above, each nFET S/D region 26S
is formed by an epitaxial growth (or deposition) process, as
is defined above.

[0066] The height of the nFET S/D regions 26S may be
above, coplanar with, or beneath a topmost surface of the
topmost semiconductor channel material nanosheet 14P of
the second nanosheet stack, NS2, but not lower than the
bottommost surface of the topmost semiconductor channel
material nanosheet 14P of the second nanosheet stack, NS2.
[0067] Referring now to FIG. 9A, there is illustrated the
exemplary semiconductor structure of FIG. 8 after removing
each sacrificial gate structure 16 and each recessed sacrifi-
cial semiconductor material nanosheet 12R, and forming a
gate dielectric material 28 and a single work function metal
30 in accordance with one embodiment of the present
application.

[0068] The sacrificial gate structure 16 can be removed
utilizing one or more anisotropic etching processes that are
selective in removing the materials that provide the sacrifi-
cial gate structure 16. Next, each semiconductor channel
material nanosheet 14P is suspended by selectively etching
each recessed sacrificial semiconductor material nanosheet
12R relative to the semiconductor channel material
nanosheet 14P. A gate cavity is formed by removing the
sacrificial gate structure 16 and each recessed sacrificial
semiconductor nanosheet 12R. The gate cavity is present
above, beneath and around each suspended semiconductor
channel material nanosheet 14P. Vertically stacked and sus-
pended semiconductor channel material nanosheets 14P of
the second nanosheet stack, NS2, are provided and define an
nFET device region, while vertically stacked and suspended
semiconductor channel material nanosheets 14P of the first
nanosheet stack, NS1, are provided and to define a pFET
device region.

[0069] A gate dielectric material 28 is then formed into
gate cavity. The gate dielectric material 28 is present on
physically exposed surfaces of each semiconductor channel
material nanosheet 14P. The gate dielectric material 28 is
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also present on inner sidewalls of the dielectric spacer 18
and the inner spacers 20. The gate dielectric material 28 does
not occupy the entire volume of the gate cavity.

[0070] The gate dielectric material 28 can be an oxide,
nitride, and/or oxynitride. In one example, the gate dielectric
material 28 can be a high-k material having a dielectric
constant greater than silicon dioxide. Exemplary high-k
dielectrics include, but are not limited to, HfO,, ZrO,,
La,0;, AlO;, TiO,, SrTi0;, LaAlO;, Y,0;, HION,,
ZrON , La,ON , ALLON  TION , SrTiON , LaAION

Xy " x0Ty X Xty Xty Xty
Y,O,N,, SiON, SiN_, a silicate thereof, and an alloy thereof.

Each value of x is independently from 0.5 to 3 and each
value of y is independently from O to 2. In some embodi-
ments, a multilayered gate dielectric structure comprising
different gate dielectric materials, e.g., silicon dioxide, and
a high-k gate dielectric, can be formed and used as the gate
dielectric 28.

[0071] The gate dielectric material 28 can be formed by
any deposition process including, for example, chemical
vapor deposition (CVD), plasma enhanced chemical vapor
deposition (PECVD), physical vapor deposition (PVD),
sputtering, or atomic layer deposition. In one embodiment of
the present application, the gate dielectric material 28 can
have a thickness in a range from 1 nm to 10 nm. Other
thicknesses that are lesser than, or greater than, the afore-
mentioned thickness range can also be employed for the gate
dielectric material 28.

[0072] Next, a work function metal 30 (i.e., a single work
function metal) is formed on the gate dielectric material 28
in both the nFET device region and the pFET device region.
In one embodiment, the work function metal 30 is an n-type
work function metal. [llustrative n-type work function met-
als that may be employed include hafnium, zirconium,
titanium, tantalum, aluminum, metal carbides (e.g., hatnium
carbide, zirconium carbide, titanium carbide, and aluminum
carbide), aluminides, or any combination thereof. In one
embodiment, the n-type work function metal that may be
employed includes a material stack of TiN/Al-containing
alloy/TiN.

[0073] Inanother embodiment, the work function metal 30
is a p-type work function metal. [lustrative p-type work
function metals that may be employed include ruthenium,
palladium, platinum, cobalt, nickel, and conductive metal
oxides, or any combination thereof.

[0074] The work function metal 30 can be formed utilizing
a deposition process such as, for example, CVD, PECVD or
ALD.

[0075] FIG. 9A represents one exemplary semiconductor
structure of the present application. Notably, FIG. 9A illus-
trates a semiconductor structure that includes a pFET device
comprising a first functional gate structure (28, 30) present
on physically exposed surfaces, and between, each semi-
conductor channel material nanosheet 14P of a first set of
vertically stacked and suspended semiconductor channel
material nanosheets, and a pFET S/D structure (2285, 25)
present on each side of the first set of vertically stacked and
suspended semiconductor channel material nanosheets. The
pFET S/D structure includes a stack of a pFET S/D SiGe
region 228 having a first germanium content and a SiGe
region 25 having a second germanium content greater than
the first germanium content. The semiconductor structure
further includes an nFET device stacked vertically above the
pFET device. The nFET device includes a second functional
gate structure (28, 30) present on physically exposed sur-
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faces, and between, each semiconductor channel material
nanosheet 14P of a second set of vertically stacked and
suspended semiconductor channel material nanosheets, and
an nFET S/D region 268S present on each side of the second
set of vertically stacked and suspended semiconductor chan-
nel material nanosheets and located above each pFET S/D
structure 228, 25). A silicon dioxide layer 24 is present
between each SiGe region 25 of the pFET S/D structure and
the nFET S/D region 268S. In this embodiment, the first and
second functional gate structures have a single work func-
tion metal 30.

[0076] Referring now to FIG. 9B, there is illustrated the
exemplary semiconductor structure of FIG. 8 after removing
each sacrificial gate structure 16 and each recessed sacrifi-
cial SiGe nanosheet 12R, and forming a gate dielectric
material 28 and dual work function metals. The dual work
function metals includes a p-type work function metal 32
present in the pFET device region and an n-type work
function metal 34 present in the pFET device region.
[0077] The exemplary semiconductor structure shown in
FIG. 9B can be made by first providing the exemplary
semiconductor structure shown in FIG. 8. Next, each sac-
rificial gate structure 16 and each recessed sacrificial semi-
conductor material nanosheet 12R are removed to provide a
gate cavity. The sacrificial gate structure 16 and each
recessed sacrificial semiconductor material nanosheet 12R
can be removed utilizing the processes mentioned above for
providing the exemplary semiconductor structure shown in
FIG. 9A. Gate dielectric material 28, as defined above, is
then formed into the gate cavity and on exposed surfaces of

the each suspended semiconductor channel material
nanosheet 14P.
[0078] Next, a p-type work function metal 32 is formed on

the gate dielectric material 28 in the gate cavity in both
device regions The p-type work function metal 32 does not
occupy the entire volume of the gate cavity.

[0079] The p-type work function metal 32 that is
employed may include any of the p-type work function
metals mentioned above for work function metal 30. Alter-
natively, the p-type work function metal 32 is a metal nitride
stack of ALD TiN and CVD TiN. In such an embodiment,
the ALD TiN (typically thickness from 0.2 nm to 2 nm) is
formed first on exposed surfaces of the gate dielectric
material 28 followed by the CVD nitride (typically thickness
from 1 nm to 3 nm). The CVD nitride encapsulates each
semiconductor channel material nanosheet 14P and forms a
seam (not specifically shown) between each of the semicon-
ductor channel material nanosheets 14P. This seam enables
the subsequent removal of TiN from the semiconductor
channel material nanosheets 14P within the second
nanosheet stack, NS2, with a small wet etching budget. This
seam may remain in the pFET device region.

[0080] Next, the p-type work function metal 32 is
removed from each semiconductor channel material
nanosheet 14P of the second nanosheet stack, NS2. The
removal of the p-type work function metal 32 from each
semiconductor channel material nanosheet 14P of the sec-
ond nanosheet stack, NS2 can be performed utilizing a wet
etch process in which a chemical etchant that is selective in
removing the p-type work function metal 32 can be used.
[0081] In some embodiments, a sacrificial material (not
shown) such as, for example, an organic planarization mate-
rial, is formed first filling in any vertical trenches between
different vertically stacked device regions, and then the



US 2019/0131396 Al

sacrificial material is recessed to the top of silicon dioxide
layer 24. Next, the removal of the p-type work function
metal 32 from each semiconductor channel material
nanosheet 14P of the second nanosheet stack, NS2, can be
performed. After the removal of the p-type work function
metal 32 from each semiconductor channel material
nanosheet 14P of the second nanosheet stack, NS2, the
sacrificial material may be removed from the structure.

[0082] Next, an n-type work function metal 34 is formed
in the gate cavity in the nFET device region. The n-type
work function metal 34 warps around each semiconductor
channel material nanosheet 14P of the second nanosheet
stack, NS2, and fills a remaining volume of the gate cavity
that is positioned between vertically stacked semiconductor
channel material nanosheets 14P of the second nanosheet
stack, NS2. No n-type work function metal 34 is formed in
the pFET device region containing the vertically stacked and
suspended semiconductor channel material nanosheets 14P
of the first nanosheet stack, NS1, and the p-type work
function metal 32.

[0083] The n-type work function metal 34 may include
hafnium, zirconium, titanium, tantalum, aluminum, metal
carbides (e.g., hafnium carbide, zirconium carbide, titanium
carbide, and aluminum carbide), aluminides, or any combi-
nation thereof. In one embodiment, the n-type work function
metal 32 may include a material stack of TiN/Al-containing
alloy/TiN. The n-type work function metal 34 can be formed
utilizing a deposition process such as, for example, CVD,
PECVD or ALD. The n-type work function metal 34 typi-
cally has a thickness from 1 nm to 10 nm.

[0084] FIG. 9B represents another exemplary semicon-
ductor structure of the present application. Notably, FIG. 9B
illustrates a semiconductor structure that includes a pFET
device comprising a first functional gate structure (28, 32)
present on physically exposed surfaces, and between, each
semiconductor channel material nanosheet 14P of a first set
of vertically stacked and suspended semiconductor channel
material nanosheets, and a pFET S/D structure (2285, 25)
present on each side of the first set of vertically stacked and
suspended semiconductor channel material nanosheets. The
pFET S/D structure includes a stack of a pFET S/D SiGe
region 228 having a first germanium content and a SiGe
region 25 having a second germanium content greater than
the first germanium content. The semiconductor structure
further includes an nFET device stacked vertically above the
pFET device. The nFET device includes a second functional
gate structure (28, 34) present on physically exposed sur-
faces, and between, each semiconductor channel material
nanosheet 14P of a second set of vertically stacked and
suspended semiconductor channel material nanosheets, and
an nFET S/D region 26S present on each side of the second
set of vertically stacked and suspended semiconductor chan-
nel material nanosheets and located above each pFET S/D
structure 22S, 25). A silicon dioxide layer 24 is present
between each SiGe region 25 of the pFET S/D structure and
the nFET S/D region 26S. In this embodiment, the first
functional gate structure includes a p-type work function
metal, while the second functional gate structure includes a
n-type work function metal 34.

[0085] Referring now to FIG. 10, there is illustrated the
exemplary semiconductor structure of FIG. 9A after forming
first S/D contact structures 36 in contact openings that are
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formed through the nFET S/D region 26S, the silicon
dioxide layer 24, the SiGe region 25 and a portion of the
FET S/D SiGe region 22S.

[0086] The contact openings can be formed by lithography
and etching. The first S/D contact structures 36 can include
a contact metal (such as, for example, W, Al or Cu) or metal
alloy (such as, for example Cu—Al). The first S/D contact
structures 36 can be formed by depositing a contact metal or
metal alloy.

[0087] Referring now to FIG. 11, there is illustrated the
exemplary semiconductor structure of FIG. 10 after remov-
ing the first S/D contact structure 36 from an upper portion
of a physically exposed first contact opening that is located
on one side of the vertically stacked and suspended semi-
conductor channel material nanosheets 14P such that the
upper portion of the first contact opening in the nFET device
region is not filled at this point within any contact metal or
metal alloy. A portion of the first S/D contact structure 36
remains in a bottom portion of the physically exposed first
contact opening. The remaining portion of the first S/D
contact structure 34 may be referred to herein as a pFET S/D
contact structure 36P. As is shown, each pFET S/D contact
structure 36P contacts exposed surfaces of SiGe region 25
and the pFET S/D SiGe region 228S.

[0088] This step of the present application may be per-
formed by first providing a block mask over portions of the
exemplary structure not including a first S/D contact struc-
ture 26 to further process. An etch is then performed to
remove the first S/D contact structure 36 from an upper
portion of each physically exposed first contact opening. In
some embodiments, this step may be omitted.

[0089] Referring now to FIG. 12, there is illustrated the
exemplary semiconductor structure of FIG. 11 after forming
additional dielectric material in the physically exposed first
contact opening. The additional dielectric material is com-
positionally the same as the dielectric material that provides
dielectric material 24. Since the original dielectric material
24 and the additional dielectric material are compositionally
the same, reference numeral 24' is used to designate the
original dielectric material 24 and the additional dielectric
material that is formed during this step of the present
application. The additional dielectric material may be
formed utilizing one of the deposition techniques mentioned
above for forming dielectric material 24. A recess etch may
or may not follow the deposition of the additional dielectric
material. The additional dielectric material may have a
bottommost surface that is coplanar or located beneath a
bottommost surface of dielectric material 24 and/or the
additional dielectric material may have a topmost surface
that is coplanar, located beneath, or located above a topmost
surface of dielectric material 24.

[0090] Referring now to FIG. 13, there is illustrated the
exemplary semiconductor structure FIG. 12 after forming a
second S/D contact structure 38 in the physically exposed
first contact opening and on the additional dielectric material
24'. The second S/D contact structure 38 may include one of
the contact metals or metal alloys mentioned above for first
S/D contact structure 36. The contact metal or metal alloy
that provides the second S/D contact structure 38 may be the
same as, or different from, the contact metal or metal alloy
that provides the first S/D contact structure 36. The second
S/D contact structure 38 can be formed by deposition. The
second S/D contact structure 38 may be referred to herein an
nFET S/D contact structure.



US 2019/0131396 Al

[0091] Inthe illustrated embodiment, the nFET S/D region
26S and the pFET S/D region 228 shown to the left of each
vertically stacked and suspended semiconductor channel
material nanosheet 14P share a common S/D contact struc-
ture, i.e., first contact structure 36. To the right of each
vertically stacked and suspended semiconductor channel
material nanosheet 14P, the nFET S/D region 268 has its’
own contact structure, i.e., nFET S/D contact structure 38,
while the pFET S/D structure (228, 25) has its’ own contact
structure, i.e., pFET S/D contact structure 36P.
[0092] Referring now to FIG. 14, there is illustrated the
exemplary semiconductor structure of FIG. 9B after forming
S/D contact structures (36, 36P, 38) as shown in FIGS. 10-13
of the present application. The structure shown in FIG. 14
can be formed and include materials mentioned above in
forming the S/D contact structures shown in FIGS. 10-13 of
the present application.
[0093] While the present application has been particularly
shown and described with respect to preferred 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.
1. A semiconductor structure comprising:
a p-type field effect transistor (pFET) device comprising
a first functional gate structure present on physically
exposed surfaces, and between, each semiconductor
channel material nanosheet of a first set of vertically
stacked and suspended semiconductor channel material
nanosheets, and a pFET source/drain (S/D) structure
present on each side of the first set of vertically stacked
and suspended semiconductor channel material
nanosheets, wherein the pFET S/D structure comprises
a stack of, and from bottom to top, a first SiGe region
having a first germanium content and a second SiGe
region having a second germanium content greater than
the first germanium content;
an n-type field effect transistor (nFET) device stacked
vertically above the pFET device and comprising a
second functional gate structure present on physically
exposed surfaces, and between, each semiconductor
channel material nanosheet of a second set of vertically
stacked and suspended semiconductor channel material
nanosheets, and an nFET S/D region is present on each
side of the second set of vertically stacked and sus-
pended semiconductor channel material nanosheets and
located above each pFET S/D structure: and
a silicon dioxide layer present between the pFET S/D
structure and the nFET S/D region, wherein the silicon
dioxide layer has a topmost surface directly contacting
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a bottommost surface of the nFET S/D region, a
bottommost surface directly contacting a topmost sur-
face of the pFET S/D structure, and sidewalls that a
vertically aligned with sidewalls of the pFET S/D
structure and sidewalls of the nFET S/D region.

2. The semiconductor structure of claim 1, wherein each
of the first and second functional gate structures comprises
a same work function metal-containing material.

3. The semiconductor structure of claim 1, wherein the
first functional gate structure comprises a p-type work
function metal-containing material and the second func-
tional gate structure comprises an n-type work function
metal-containing material.

4. The semiconductor structure of claim 1, wherein side-
walls of the first and second functional gate structures
contact sidewalls of an inner spacer.

5. The semiconductor structure of claim 1, further com-
prising a dielectric isolation layer located beneath the pFET
device and on a surface of a semiconductor substrate.

6. The semiconductor structure of claim 1, wherein the
first germanium content is from 50 atomic percent germa-
nium to 60 atomic percent atomic percent germanium, and
the second germanium content is from 55 atomic percent
germanium to 75 atomic percent germanium.

7. The semiconductor structure of claim 1, wherein each
semiconductor channel material nanosheet of the first and
second sets of vertically stacked and suspended semicon-
ductor channel material nanosheets is composed of a same
semiconductor material.

8. The semiconductor structure of claim 7, wherein each
semiconductor channel material nanosheet of the first and
second sets of vertically stacked and suspended semicon-
ductor channel material nanosheets is composed of silicon or
a [II-V compound semiconductor.

9. The semiconductor structure of claim 1, further com-
prising a shared S/D contact structure located on a first side
of the vertically stacked nFET and pFET devices.

10. The semiconductor structure of claim 9, further com-
prising an nFET S/D contact structure and a pFET S/D
contact structure located on a second side of the vertically
stacked nFET and pFET devices, opposite the first side,
wherein the nFET S/D contact is present in the nFET S/D
region and the pFET contact structure is present in the pFET
S/D structure.

11. The semiconductor structure of claim 10, wherein the
nFET S/D contact structure is separated from the pFET S/D
contact structure by a dielectric material.

12. The semiconductor structure of claim 1, wherein the
first SiGe region and the second SiGe region comprise
silicon germanium and a p-type dopant.

13.-20. (canceled)



