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FORMING STACKED NANOSHEET SEMICONDUCTOR DEVICES WITH OPTIMAL
CRYSTALLINE ORIENTATIONS ARCUND DEVICES

BACKGROUND OF THE INVENTION

{0601 The present invention relates generally to the field of semiconductor device
formation using two vertically stacked nanosheet stacks and more particularly to the formation of
vertically stacked N-type and P-type complementary metal-oxide-semiconductor ({CMOS)

transistors with where each of the transistors has a device optimal crystal orientation.

{0602] In order to attain both mcreased circuit density and required electrical
performance, semiconductor device fabrication is increasingly using a number of nanosheets
stacks composed of very thin layers of semiconductor or other materials in device formation. In
particular, the formation of CMOS devices using nanosheet stacks for advanced device structures
with less than ten nanometer feature size is becoming more prevalent. Device fabrication
utilizing nanosheet stacks is emerging for gate-all-around ((GAA) transistors that can be formed
as vertical gate-all-around (v(GAA) or horizontal gate-all-around (hGAA) devices.
Conventionally, adjacent p-type field-effect transistor (PFETSs) structures and n-type field-effect
transistor (NFET) structures are fabricated as a single type of GAA devices, such as two adjacent
hGAA devices or two v(GAA devices where the two adjacent devices are either a PFET hGAA
device and an NFET hGAA device or a PFET vGAA device and an NFFET vGAA device. In
particular, hGA A devices employving nanosheet stacks are becoming more prevalent as feature

sizes in CMOS devices continue to scale downward.
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SUMMARY

HIRY Embodiments of the present itnvention disclose a semiconductor substrate
structure with a first erystalline surface orentation and a first nanosheet stack on the
semiconductor substrate with the first crystalline surface orientation. The semiconductor
substrate structure includes a second nanosheet stack with a second crystaliine surface
orientation above the first nanosheet stack, wherein the first nanosheet stack and the second

nanosheet stack are separated by a dielectric material.

{0604] Embodiments of the present tnvention disclose a semiconductor device structure
where the semiconductor device 1s composed of a p-type field-effect transistor and a n-type field-
effect transistor that are vertically stacked in a complementary metal-oxide-semiconductor
device {CMOK) device. The semiconductor device structure includes a semiconductor substrate,
a p-type field-effect transistor with a first crystalline surface orientation in a channel material ina
first nanosheet stack; and an n-type field-effect transistor with a second crystalline surface
orientation in a channel material in a second nanosheet stack where the first crystalline surface
orientation provides a preferred crystal orientation of the p-type channel matenial and the second
crystalline surface orientation provides the preferred crystal orientation of the n-type channel
material. The p-type field-effect transistor and the n-type field-effect transistor are vertically
aligned and 1solated by a dielectric material. Embodiments of the present invention provide the
semiconductor device that is a stacked CMOS with a gate-all-around semiconductor device

structure.

{0065} Embodiments of the present invention provide a method of forming a
semiconductor substrate structure with two nanosheet stacks where each of the two nanosheet
stacks has a different crystalline surface orientation. The method includes epitaxially growing a
first nanosheet stack of alternating nanosheet layers of a sacrificial semiconductor material and a
channel semiconductor material on a first semiconductor substrate with a first crystalline surface
orientation. The method includes epitaxially growing a second nanosheet stack alternating
nanosheet layers of the sacrificial semiconductor material and the channel semiconductor
material on a second semiconductor substrate with a second crystalline surface ortentation. The

method ncludes depositing a dielectric layer on a top layer of the sacrificial semiconductor
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material in one of the first nanosheet stack or the second nanosheet stack and bonding a top
surface of the first nanosheet stack to a top surface of the second nanosheet stack. The method
mcludes removing one of the first semiconductor substrate or the second semiconductor substrate
from under one of the first nanosheet stack or the second nanosheet stack that are bonded

together.
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BRIEF DESCRIPTION OF THE DRAWINGS

{0006} The above and other aspects, features, and advantages of various embodiments of
the present mvention will be more apparent from the following description taken in conjunction

with the accompanying drawings.

{0607] FIG. 1A depicts a top view of a first semiconductor substrate, in accordance with

an embodiment of the present invention.

{0608] FIG. 1B depicis a top view of a second semiconductor substrate, in accordance

with an embodiment of the present invention.

{B009] FIG. 2A depicts a cross-sectional view of a semiconductor structure after forming
a first nanosheet stack on the first semaconductor substrate, in accordance with an embodiment of

the present mvention.

[6016] FIG. 2B depicts a cross-sectional view of a semuconductor structure after forming
a second nanosheet stack on the second semiconductor sebstrate, in accordance with an

embodiment of the present invention.

{8011} FIG. 3 depicts a cross-sectional view of the semiconductor structure after forming
an oxide layer on the second nanosheet stack on the second semiconductor substrate, in

accordance with an embodiment of the present mvention.

{6012] FIG. 4 depicts a cross-sectional view of the semiconductor structure after joining
the second nanosheet stack o the first nanoshest stack, i accordance with an embodiment of the

present invention.

[0013] FIG 5 depicts a top view of the semiconductor structure after depositing a
hardmask material on an exposed top surface of the second nanosheet stack, in accordance with

an embodiment of the present invention.

[0614] FIG. 6A depicts a cross-sectional view 1n the X-X direction depicted in FIG. S of

the semiconductor structure after removing portions of the hardmask, the second nanosheet
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stack, the oxide layer, and the first nanosheet stack, in accordance with an embodiment of the

present invention.

{6015] FIG. 6B depicts a cross-sectional view m the Y-Y direction depicted in FIG. 5 of
the semiconductor structure after removing portions of the hardmask, the second nanosheet
stack, the oxide layer, and the first nanosheet stack, in accordance with an embodiment of the

present invention.

[6016] FIG. 7A depicts a cross-sectional view in the X-X drection depicted in FIG. S

after forming a dummy gate structure, i accordance with an embodiment of the present

mvention.
[8017] FIG. 7B depicts a cross-sectional view n the Y-Y direction depicted in FIG. S

after forming a durmnmy gate structure, in accordance with an embodiment of the present

mvention.

[6018] FIG. BA depicts a cross-sectional view in the X-X dwection depicted in FIG. S

after forming spacers, 1 accordance with an embodiment of the present invention.

{0019] FIG. 8B depicts a cross-sectional view in the Y-Y direct depicted in FIG. 5 after

formung spacers, in accordance with an embodiment of the present invention,

{0020] FIG. SA depicts a cross~-sectional view 1n the X~-X direction of the semiconductor
structure after forming source/drains for an n-type field-effect device and a p-type field-effect
device and a replacement gate structure, in accordance with an embodiment of the present

mvention.

[0021] FIG. 9B depicts a cross-sectional view in the Y-Y direction of the semiconductor
structure after forming source/drains for the n-type field-effect device and the p-type field-effect
device and a replacement gate structure, in accordance with an embodiment of the present

mvention.

[0022] FIG. 10A depicts a cross-sectional view in the X-X direction of the
semiconductor structure after forming a replacement gate structure, in accordance with an

embodiment of the present invention.
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{0023} FiG. 10B depicts a cross-sectional view in the Y-Y direction of the semiconductor
structure after forming a replacement gate structure, in accordance with an embodiment of the

present invention.
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DETAILED DESCRIPTION

{0024] Embodiments of the present mvention recognize that stacked complementary
metal-oxide-semiconductor ({CMORS) devices are emerging as a method to increase transistor
density. Embodiments of the present invention recognize that stacked CMOS devices are
conventionally formed by stacking n-type field-effect transistors (NFET) and p-type field-effect
transistors (PFET} on top of each other in the CMOS device. Embodiments of the present
mvention recognize that the performance of CMOS devices is strongly dependent on the
crystatline orientation of the device channel. NFET and PFET have different preferred
crystalline orientations that provide optimal electrical performance. In NFETs, a {100}
crystatline surface ortentation for the channel matenial is preferred for optimal electrical
performance. In PFETs, a {110} crystalline surface orientation for the channel matenal is
preferred for optimal electrical performance. Embodiments of the present invention recognize
that typical CMOS devices are formed using conventional nanosheet stacks where the NFET and
PFETs are both formed with semiconductor nanosheet layers with the same crystalline surface
orientation. As known to one skilled in the art, the {100} and the {110} crystalline surface
orientation use Miller indices to identify a set of lattice planes in crystallography or material
science and that in particular, the family of lattice planes 15 determined by three integers h, k, and

£ that are known as the Miller indices.

{0025] In conventional stacked CMOS devices, such as hGAA, the NFET and the PFET
devices are typically formed using a single nanosheet stack. In the nanosheet stack, the
crystalline surface ortentation of the channel matenal is typically a {100} crystalline surface
orientation. Embodiments of the present invention recognize that forming stacked CMOS
devices with NFET and PFET hGAA devices with a single nanosheet stack that has a {100}
crystalline surface ortentation for channel material results in reduced electrical performance of
the PFET hGAA device. Embodiments of the present invention recognize that a method of
forming stacked CMOS devices that include a PFET hGAA device witha {110} crystalline
surface orientation for the PFET device channel and an NFET hGAA device formed with a
1100} crystalline surface orientation 1n the NFET device chanunel 1s destrable to improve the

performance of stacked CMOS devices.
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{0026} Embodiments of the present invention provide a method of forming a
semiconductor substrate that provides two vertically stacked nanosheet stacks where the first
nanosheet stack has one crystalline surface orientation and a second nanosheet stack has a second
crystalline surface orientation. Embodiments of the present invention provide the semiconductor
substrate structure with two nanosheet stacks where each of the nanosheet stacks is composed of
alternating nanosheet layers of a sacrificial matenal, such as a silicon-germanium layer and a
channel material layer, such as a layer of silicon. While the crystal orientation of each laver in
each nanosheet stack is the same, embodiments of the present invention provide a semiconductor
substrate structure with two nanosheet stacks where the crystal orientation of the two nanosheet

stacks is different.

{0027} Embodiments of the present invention provide the first nanosheet stack with a
crystalline surface ortentation providing an optimal electrical performance for one type of
transistor in a stacked CMOS device. The second nanosheet stack has the crystalline surface
orientation providing an optimal electrical performance for a second type of transistor in the
stacked CMOS device. More specifically, embodiments of the present invention provide a
semiconductor substrate structure where each layer of one nanosheet stack has a {110}
crystalline surface orientation that is preferred for PFET hGAA device performance and where
each layer of the other nanosheet stack has a {100} crystalline orientation that is preferred for
NFET hGAA device performance. The two nanosheet stacks are separated by a dielectric
material layer in embodiments of the present invention. The two nanosheet stacks are above a
base semiconductor substrate or wafer with a first crystalline surface orientation where the first

nanosheet stack on the wafer also has the first crystalline surface orientation.

{0028] Embodiments of the present invention provide the semiconductor substrate
structure where the first nanosheet stack has a {100} crystalline surface orentation in the
channel material Embodiments of the present invention also provide the second nanosheet stack
with a {110} crystalline surface orientation when the first nanosheet stack has a {100}
crystalline surface orientation in the channel material. In this way, embodiments of the present
invention provide a semiconductor structure with two different crystalline orientations for the

nanosheet stacks, and therefore, the semiconductor substrate can provide preferred crystalline
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orientations for both PFETs and NFETSs in stacked CMOS devices formed from the

semiconductor subsirate.

{0029] Embodiments of the present mvention provide a method of formung the
semiconductor substrate structure with two nanosheet stacks where each nanosheet stack has a
different crystal orientation. Each of the nanosheet stacks 13 epitaxially grown on a base
semiconductor substrate or wafer and will have the same crystal orientation as the base
semiconductor substrate the nanosheet stack is grown on. The method includes using two
different base semiconductor substrates or wafers with two different crystal orientations to grow
the two nanosheet stacks where one nanosheet stack is grown on one base semiconductor

substrate and the second nanosheet stack is grown on the second base semiconductor substrate.

{0036} Embodiments of the present invention provide a method of using epitaxy to grow
one nanosheet stack with a crystalline surface orientation that matches the crystalline surface
orientation of the base semiconductor substrate or wafer on which the nanosheet stack is formed
and growing a second nanosheet stack on a second base semiconductor substrate with a different
crystalline surface orientation. Embodiments of the present invention provide the method where
when the base semiconductor substrate has a {100} crystalline surface orientation, then the
nanosheet stack grown on the semiconductor substrate has a {100} crystalline surface
orientation. A {100} crystalline surface orientation is preferred for NFET electrical
performance. When the second semiconductor substrate or wafer has a {110} crystalline surface
orientation, then the second nanosheet stack grown on the second semiconductor substrate or
wafer has a {110} crystalline orientation. A {110} crystalline surface orientation of the second
nanosheet stack s preferred for PFET electrical performance. Embodiments of the present
mvention also provide the method where when the base semiconductor substrate has a {110}
crystalline surface orientation, then the nanosheet stack grown on the semiconductor substrate

has a {110} crystalline surface orientation.

{0031] After growing the nanosheet stacks, the method includes depositing a dielectric
material, such as an oxide layer by chemical vapor deposition, physical vapor deposition, atomic
laver deposttion, or another known semuconductor manufacturing deposition method on the top

surface of one or both of the two nanosheet stacks formed on the two semiconductor substrates.
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After depositing the oxide layer, the two semiconductor substrates or wafers are bonded together

g, the top surface of one of the nanosheet stacks is joined to dielectric material on the other

=

{e.
nanosheet stack). The wafer bonding joins the top surface of the dielectric material on one
nanosheet stack to the top surtace of the second nanosheet stack. Une of the two semiconductor
substrates is removed from the semiconductor stack of the two joined nanosheet stacks. After
removing one of the two semiconductor substrates or wafers, the two nanosheet stacks reside on
the remaining semiconductor substrate. Embodiments of the present invention provide a single
semiconductor substrate structure where two nanosheet stacks with different crystalline surface
orientations are vertically stacked on a wafer or substrate and are electrically isolated from each

other by a dielectric material.

{0032} Embodiments of the present invention provide the semiconductor substrate with
one of a {110} ora {100} crystalline surface orientation and a first nanosheet stack is on the
semiconductor substrate with the same crystalline surface orientation as the semiconductor
substrate. The first nanosheet stack is under a dielectric material, such as an oxide laver. When
the first nanosheet stack has a {110} crystalline surface orientation then, the second nanosheet
stack that is on the dielectric material has a {100} crystalline surface orientation in the channel
material. In other embodiments, the second nanosheet stack has a {110} crystalline surface
orientation when the first nanosheet stack has a {100} crystalline surface orientation in the

channel material

{0033] Using the semiconductor substrate with two stacked and electrically isolated
nanosheet stacks where one of the two nanosheet stacks has a {110} crystalline surface
orientation and the other nanosheet stack has a {100} crystalline surface orientation,
embodiments of the present invention provide a semiconductor device structure and a method of
forming a stacked CMOS device with a vertically aligned PFET and NFET that each has a
preferred crystalline surface orientation in the channel material. Using the method of forming
the semiconductor substrate described in detail above provides the stacked CMOS device with a
PFET with a channel roaterial that has a preferred {110} crystalline surface orientation and the
NFET with a channel material that has a preferred {100} crystalline surface orientation. In this
way, the stacked CMOS device formed from the semiconductor substrate structure with two

nanosheet stacks with two different crystal orientations provides improved electrical
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performance for the stacked CMOS device. Embodiments of the present invention use
semiconductor device formation processes and the semiconductor substrate with two vertically
stacked nanosheet stacks with two different crystal orientations to form the stacked CMOS
device. Embodiments of the present invention provide a method of forming a semiconductor
device structure and a semiconductor device structure for a stacked CUMOS device using a
horizontal gate-all-around (hGAA) device structure although the methods described hereinafter
are not limited to hGAA devices but, may be applied to other types of CMOS devices as well.
The PFET hGAA device has a channel material with a {110} crystalline surface orientation and
the NFET hGAA device in the stacked CMOS has a channel material with a {100} crystalline

orientation.

{0034} The following description with reference to the accompanying drawings is
provided to assist in a comprehensive understanding of exemplary embodiments of the invention
as defined by the claims and their equivalents. The descriptions of the various embodiments of
the present imnvention have been presented for purposes of illustration but are not intended to be
exhaustive or limited to the embodiments disclosed. Many modifications and varations will be
apparent to those of ordinary skill in the art without departing from the scope of the described
embodiments. The terminology used herein was chosen to best explain the principles of the one
or more embodiment, the practical application or technical improvement over technologies found
in the industry, or to enable others of ordmary skill in the art to understand the embodiments
disclosed herein. Accordingly, those of ordinary skil in the art will recognize that various
changes and modifications of the embodiments described herein can be made without departing
from the scope of the mvention. Some of the process steps, depicted, can be combined as an
integrated process step. In addition, descriptions of well-known functions and constructions may

be omitted for clarity and conciseness.

{0035] The terms and words used n the following description and claims are not limited
to the bibliographical meanings but are merely used to enable a clear and consistent
understanding of the invention. Accordingly, it should be apparent to those skilled in the art that
the following description of exemplary embodiments of the present invention 15 provided for
dlustration only and not for the purpose of limiting the invention as defined by the appended

claims and their equivalents.
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{0036} It is to be understood that the singular forms “a,” “an,” and “the” include plural
referents unless the context clearly dictates otherwise. Thus, for example, reference to “a
component surface” includes reference to one or more of such swrfaces uniess the context clearly

dictates otherwise.

{6037} For purposes of the description hereinafter, terms such as “upper”, “lower”,

2 L

“right”, “left”, “vertical”, “horizontal”, “top”, “bottom”, and derivatives thereof shall relate to the

B

disclosed structures and methods, as ortented in the drawing figures. Terms such as “above”,

LA 211 >3 &c¢

“overtying”, “atop”, “on top”, “positioned on” or “positioned atop” mean that a first element,
such as a first structure, is present on a second element, such as a second structure, wherein
mtervening elements, such as an interface structure may be present between the first element and
the second element. The term “direct contact” means that a first element, such as a first
structure, and a second element, such as a second structure, are connected without any

mtermediary conducting, insulating, or semiconductor layers at the interface of the two elements.

{0638] In the interest of not obscuring the presentation of embodiments of the present
mvention, in the following detailed description, some processing steps or operations that are
known in the art may have been combined for presentation and iHustration purposes and in some
instances may have not been described in detail. 1n other instances, some processing steps or
operations that are known in the art may not be described at all. It should be understood that the
following description s rather focused on the distinctive features or elements of various

embodiments of the present invention.

{0039} Detailed embodiments of the claimed structures and methods are disclosed herein.
The method steps described below do not form a complete process flow for manufacturing
ntegrated circuits on semiconductor chips. The present embodiments can be practiced in
conjunction with the integrated circuit fabrication techniques for semiconductor chips and
devices currently used in the art, and only so much of the commonly practiced process steps are
imcluded as are necessary for an understanding of the described embodiments. The figures
represent cross-section portions of a semiconductor chip or a substrate, such as a semiconductor
wafer during fabrication, and are not drawn to scale, but mstead are drawn to illustrate the

features of the described embodiments. Specific structural and functional details disclosed
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hereim are not to be mterpreted as limiting, but merely as a representative basis for teaching one
skilled in the art to variously employ the methods and structures of the present disclosure. In the
description, details of well-known features and techniques may be omitted to avoid unnecessarily

obscuring the presented embodiments.

{0040] References m the specification to “one embodiment”, “other embodiment”,
“another embodiment”, "an embodiment,” etc., indicate that the embodiment described may
include a particular feature, structure, or characteristic, but every embodiment may not
necessarily include the particular feature, structure, or characteristic. Moreover, such phrases are
not necessarily referring to the same embodiment. Further, when a particular feature, structure,
or characteristic 1s described in connection with an embodiment, it 1s understood that it is within
the knowledge of one skilled in the art to affect such feature, structure, or characteristic in
connection with other embodiments whether or not explicitly described. 1t will be understood
that, although the terms first, second, etc. can be used herein to describe various elements, these
elements should not be limited by these terms. These terms are only used to distinguish one

element from another element. Thus, the first element discussed below could be termed a second

element without departing from the scope of the present concept.

{0041} Selectively etching as used herein includes but is not limited to patterning using
one of lithography, photolithography, an extreme ultraviolet (EUV) lithography process, or any
other known semiconductor patterning process followed by one or more the etching processes.
Various materials are referred to herein as being removed or “etched” where etching generally
refers to one or more processes implementing the removal of one or more materials while
leaving other protected areas of the materials that are masked during the lithography processes
unaffected. Some examples of etching processes include but are not limited to the following
processes, such as a dry etching process using a reactive ion etch (RIE) or 1on beam etch (IBE), a
wet chemical etch process, or a combination of these etching processes. A dry etch may be
performed using a plasma. lon milling, sputter etching, or reactive ion etching (RIE) bombards
the wafer with energetic 1ons of noble gases that approach the wafer approximately from one

direction, and therefore, these processes are an anisotropic or a directional etching process.
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{0042} 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 material being grown has the same
crystatline characteristics as the semiconductor material of the deposition surface. In epitaxy or
an epttaxial deposttion 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 epttaxial semiconductor material has the same crystalline characteristics as the deposition

surface on which it 1s formed.

{0043} Reference 1s now made to the figures. The figures provide a schematic cross-
sectional illustration of semiconductor devices at intermediate stages of fabrication, according to
one or more embodiments of the invention. The device provides schematic representations of
the devices of the invention and are not to be considered accurate or limiting with regards to

device element scale.

{0044] FIG. 1A depicts a top view of semiconductor substrate 10, in accordance with an
embodiment of the present invention. In various embodiments, semiconductor substrate 10 has
1100} crystalline surface orientation. As previously discussed, the crystalline surface orientation
can be identified using standard crystaliographic planes that are any set of parallel and equally
spaced planes that may pass through the centers of atoms 1n crystals and can be identified using
Miller Indices with the notation {hk{} to denote the set of all planes that are equivalent to (hk{)
by the symmetry of the crystal lattice. As known to one skilled in the art, a {100} crystalline
surface orientation includes the (1 00), (010}, (00 1), (-1 00), (0 -1 0), and (0 0 -1) family of
crystal planes.

{0045] A {100} crystaliine surface orientation provides a preferred crystal orientation for
an NFET electrical performance. Also, depicted in FIG. 1A 1s a location of the X-X section
through semiconductor substrate 10 that will be used for the cross-sectional views illustrated in

FIG. 2A and FIG 4.
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{0046} Semiconductor substrate 10 15 composed of any semiconductor substrate material
suitable for a substrate in a CMOS device, such as a but not limited to a horizontal gate-all-
around (h{ZAA) device. In various embodiments, semiconductor substrate 10 is a silicon
semiconductor material. In other embodiments, semiconductor substrate 10 1s composed of a
group IV semiconductor matenial (e.g., Ge}, a group IH1-V semiconductor material (e.g., gallium
arsenide}, a group H-VI semiconductor material, or other known semiconductor material or
compounds of any known semiconductor material used in semiconductor circuits where the
eroups are columns or groups of elements in the Periodic Table of Elements. In various
embodiments, substrate 10 is a wafer or a portion of a wafer. In some embodiments,
semiconductor substrate 10 1s composed of a semiconductor material includes one or more of
doped, undoped, or contains doped regions, undoped regions, stressed regions, or defect-rich
regions. In some examples, semiconductor substrate 10 may include one or more other devices
or transistors (not depicted). In an embodiment, semiconductor substrate 10 is one of a layered
semiconductor substrate, such as a semiconductor-on-insulator substrate (SOT), germanium on

msulator (GeQl), or silicon-on-replacement insulator (SRI).

{0047] FIG. 1B depicts a top view of semiconductor substrate 11, in accordance with an
embodiment of the present invention. In various embodiments, semiconductor substrate 11 has
{110} crystalline surface orientation. A {110} crystalline surface orientation provides a
preferred crystal orientation for a PFET electrical performance. As known to one skilled in the
art, a {110} crystalline surface orientation includes the (1 10, (1 -1 0), (1 0 1, (R 0 -1}, (0O 1 1),
(0 1 ~1) family of crystal planes. Tn an embodiment, semiconductor substrate 11 hasa {111}
crystalline surface ortentation.  Also, depicted in FIG. 1B 15 a location of a Y-Y section through
semiconductor substrate 11 that will be used to depict the cross-sectional views lustrated in

FIG. 2B, FIG 3, and FIG. 4.

[0048] Semiconductor substrate 11 is composed of any seniconductor substrate material
suitable for a substrate in a Complementary Metal-Oxide Semiconductor (CMOS) device, such
as a but not limited to a hGAA device with a PFET device structure. In various emmbodiments,
semiconductor substrate 11 is a silicon semiconductor material. In other embodiments,
senmiconductor substrate 11 15 composed of a group IV semiconductor matenial (e.g., Ge), a

group HE-V semiconductor matenal, a group I-VI semiconductor material, or other known
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semiconductor material or compounds of any known semiconductor material used in
semiconductor circuits where the groups are columns or groups of elements in the Periodic Table
of Elements. In various embodiments, semiconductor substrate 11 15 a wafer or a portion of a
wafer. In some embodiments, semiconductor substrate 11 includes one or more of doped,
undoped, or contains doped regions, undoped regions, stressed regions, or defect-rich regions. In
some examples, semiconductor substrate 11 may include one or more other devices or transistors
{(not depicted). In an embodiment, substrate 11 1s one of a layered semiconductor substrate, such
as a semiconductor-on-insulator substrate (SOI), germanium on insulator {GeOl), or silicon-on-

replacement insulator (SRI).

{0649] FIG. ZA depicts a cross-sectional view of a semiconductor structure after forming
a tirst nanosheet stack composed of alternating nanosheet layers of sacrificial material 21 and
channel material 22 on semiconductor substrate 10, in accordance with an embodiment of the
present invention. In various embodiments, the first nanosheet stack on semiconductor substrate
10 depicted in FIG. 2A 15 comprised of alternating nanosheet layvers of sacrificial material 21 and
channel material 22 where channel material 12 resides between two nanosheet layers of
sacrificial material 21. The nanosheet stack can be formed by epitaxially growing each layer of
the nanosheet stack. As depicted, the first layer of sacrificial material 21 can be epitaxially
grown on semiconductor substrate 10. Since semiconductor substrate 10 has a {100} crystalline
surface orientation, sacrificial material 21 which can be a semiconductor material, such as SiGe
grown on semiconductor substrate 10 will have a {100) crystalline surface orientation. A first
nanosheet layer of channel material 22 can be grown on the first layver of sacrificial material 21
and will also have a {100} crystalline surface orientation. Subsequent layers of sacrificial
material 21 are grown by epitaxy on layers of channel material 22, which in turn, are each grown
on a layer of sacrificial material 21, Each of the nanosheet layers of the nanosheet stack grown
by epitaxy above semiconductor substrate 10 will have a {100} crystalline surface orientation.
As known to one skilled in the art, a semiconductor material grown by epitaxy can produce the
same crystalline surface orientation and characteristics as the semiconductor surface or
semiconductor substrate on which it 1s formed. Tn various embodiments, a layer of sacrificial
material 21 15 both the bottom and the top nanosheet layer of the nanosheet stack on

semtconductor substrate 10,
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{0050} Sacrificial material 21 1s a layer of a sacrificial material. Sacrificial material 21
may be composed of a semiconductor material. In various embodiments, sacrificial material 21
1s composed of SiGGe. The composition of 81Ge may vary depending on the semiconductor chip
apphication. For example, sacrificial material 21 can be comprised of 81:Gey where x and y
represent a relative atomic concentration of siticon (S1} and germanium {Ge}, respectively. In
some embodiments, x and y are less than 1 and their sum 1s equal to 1. In an embodiment,
sacrificial material 21 1s composed of another material capable of uniform deposition ina
nanosheet layer that 1s compatible with semiconductor manufacturing processes and is suitable
for a selective etch of sacrificial material 21 that is between channel layers 22 in later

semiconductor device formation steps.

{0051} A thickness of sacrificial material 21 can be dictated by subsequent process steps
and electrical requirements of the completed stacked CMOS device depicted in FIG. 8. For
example, the thickness of sacrificial matenal 21 is between 5 and 20 nanometers but is not

imited to these thicknesses.

{0052} Channel matenal 22 can be composed of any semiconductor material suitable for
channel material 22 1s composed of silicon but 1s not limited to silicon in other embodiments. As
depicted, each nanosheet layer of channel material 22 is surrounded above and below by a
nanosheet layer of sacrificial material 21, In one embodiment, two different and alternating
semiconductor materials can be used for channel material 22 (1 e, channel material 22A and
channel material 22B not depicted). For example, the thickness of channel material 22 1s

between 3 and 10 nanometers but, 1s not limated to this range of thickness.

{0053] FIG. 2B depicts a cross-sectional view of the semiconductor structure after
forming a second nanosheet stack on semiconductor substrate 11, in accordance with an
embodiment of the present invention. In various embodiments, the second nanosheet stack on
semiconductor substrate 11 1s composed of alternating nanosheet layers of sacrificial layer 25
and channel matenial 26 where channel material 26 resides between two nanosheet layers of
sacrificial layer 25. The nanosheet stack can be formed by epitaxially growing each nanosheet

layer of the nanosheet stack where the first nanosheet layer of sacrificial layers 25 1s grown on
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semiconductor substrate 11, Since semiconductor substrate 11 has a {110} crystalling surface
orientation, sacrificial layer 25 which can be a semiconductor material, such as Si1Ge epitaxially

grown on semiconductor substrate 11 can have a {110} crystalline surface orientation.

{0654] A first nanosheet layer of channel material 26 can be grown on the first layer of
sacrificial layer 25 and channel material 26 grown on sacrificial layer 25 with a {110} crystalhine
surface orientation will also have a {110} crystalline surface orientation. Subsequent layers of
sacrificial layer 25 are grown by epitaxy on layers of channel material 26, which in turn, are each
erown on a layer of sacrificial material 26. Each of the nanosheet layers formed by epitaxy
above semiconductor substrate 11 can have a {110} crystalline surface orientation. In various
embodiments, a laver of sacrificial layer 25 is both the bottom and the top nanosheet layer of the

nanosheet stack on substrate 11,

{B0O5E] Sacrificial layer 25 1s a laver of a sacrificial material. Sacrificial layer 25 may be
composed of a semiconductor matertal. In various embodiments, sacrificial layer 25 is
composed of S5iGGe. The composition of S51Ge may vary depending on the semiconductor chip
application. For example, sacrificial laver 25 can be comprised of SixGey where x and v
represent a relative atomic concentration of silicon (S1) and germanium (Ge), respectively. In
some embodiments, x and v are less than 1 and their sum is equal to 1. In an embodiment,
sacrificial layer 25 is composed of another matenial capable of uniform deposition in a nanosheet
layer that is compatible with semiconductor manufacturing processes and 1s suitable for a
selective etch of sacrificial layers 25 that are between channel layers 26 in later semiconductor
device formation steps. In various embodiments, the material composing sacrificial layer 25 can
be the same material as sacrificial material 21 or a different material. In various embodiments,

sacrificial laver 25 will have a different crystal orientation than sacrificial material 21.

[6056] A thickness of sacrificial layver 25 can be dictated by subsequent process steps and
electrical requirements of the completed PFET CMOS device. The thickness of sacrificial layer

25 15 between 3 and 20 nanometers but is not limited to these thicknesses.

{0057} (Channel material 26 can be composed of any semiconductor matenial suitable for
forming a channel in a CMOS device, such as a PFET hGAA device. In various embodiments,

channel material 26 1s composed of silicon but is not limited to silicon in other embodiments.
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Each nanosheet layer of channel material 26 is surrounded above and below by a nanosheet layer
of sacrificial layer 25, As depicted in FIG. 2B, each layer of channel material 26 alternates with
layers of sacrificial layer 25. In one embodiment, two different and alternating semiconductor
materials can be used for channel material 26 (1.e., channel material 26A and channel material
26B not depicted). The thickness of channel material 26 is between 3 and 10 nanometers but, is

not limited to this range of thickness.

{0058} FIG. 3 depicts a cross-sectional view of the semiconductor structure after forming
a dielectric layer 31 (e g, a silicon oxide, another oxide matenial, a nitride matenial, or another
suitable dielectric material) on the second nanoshest stack on semiconductor substrate 11, in
accordance with an embodiment of the present invention. As depicted, FIG. 3 semiconductor
substrate 11 with multiple alternating nanosheet layers of sacrificial layer 25 and channel
material 26, and dielectric laver 31 on the top nanosheet laver of channel material 26, Using a
known deposition process, such as chemical vapor deposition (CVD), physical vapor deposition
(PVD), or any other known dielectric material deposition process used in semiconductor
manufacturing, dielectric layer 31 can be deposited on the top of the second nanosheet stack.
While FIG. 3 depicts dielectric layer 31 on the top nanosheet layer of sacrificial layer 25 in the
second nanosheet stack, in other embodiments, dielectric layer 31 1s deposited on the top

nanosheet layer of sacrificial material 21 in the first nanosheet stack depicted in FIG 2A.

{0059] FIG. 4 depicts a cross-sectional view of the semiconductor structure after joining
the second nanosheet stack io the first nanosheet stack, in accordance with an embodiment of the
present invention. As depicted, FIG 4 includes the first nanosheet stack composed of sacrificial
material 21 and channel material 22 on semiconductor substrate 10, dielectric layer 31 between
the first nanosheet stack and the second nanosheet stack, and the second nanosheet stack that 1s
composed of sacrificial laver 25 and channel material 26, Using known wafer bonding
processes, the top surface of dielectric layer 31 on sacrificial layer 25 of the second nanosheet
stack is bonded to sacrificial material 21 in the first nanosheet stack on semiconductor substrate
10, In other embodiments, when dielectric layer 31 is deposited on the first nanosheet stack,
dielectric laver 31 1s bonded to the top of the second nanosheet stack. In other embodiments, a
dielectric layer can be deposited on the top surfaces of each nanosheet stack on each substrate,

and then two nanosheet stacks are joined together by bonding the two dielectric layers. As
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depicted, after bonding dielectric layer 31 to sacrificial matenal 21, semiconductor substrate 11
can be removed using known semiconductor substrate or wafer removal processes, such as a
known handler wafer or substrate release process. In other embodiments, semiconductor

substrate 10 can be removed rather than semiconductor substrate 11,

{0060} After joining the two nanosheet stacks that are separated by dielectric faver 31, a
single semiconductor substrate structure can be formed with two vertically aligned nanosheet
stacks. Using this method, one nanosheet stack of channel and sacrificial nanosheet layers have
a first crystalline surface orientation and the second nanosheet stack of channel, and sacrificial
material nanosheet layer have a second crystalline surface ortentation. More specifically, as
depicted in FIG. 4, the semiconductor substrate structure on semiconductor substrate 10 has the
first nanosheet stack composed of alternating layers of sacrificial material 21 and channel
material 22 where each layer of sacrificial material 21 and channel material 22 has a {100}
crystalline surface ortentation. The first nanosheet stack is separated by dielectric layer 31 from
the second nanosheet stack that 1s composed of alternating layers of sacrificial layer 25 and

channel material 26 that each have a {110} crystaliine surface orientation.

{0061] After bonding dielectric layer 31 to sacrificial material 21 in the nanosheet stack
composed of sacrificial matenal 21 and channel material 22, semiconductor substrate 11 s
removed {(e.g., instead of removing semiconductor substrate 11 as depicted in FIG. 4). In these
embodiments, the bottom nanosheet stack on semiconductor substrate 10 can provide a {100}
crystalline surface orientation preferred for NFET CMOS devices and the second or top
nanosheet stack can provide a {110} crystalline surface orientation preferred for PFET CMOS

devices.

{0062} In other embodiments, the base semiconductor substrate is semiconductor
substrate 11 that has a {110} crystalline surface orientation and in this embodiment,
semiconductor substrate 10 1s removed instead of semiconductor substrate 11. For example,
semiconductor substrate 11 with a {110} crystalline surface orientation is under the first

nanosheet stack with a preferred {110} crystalline surface orientation for PFET CMOS devices.

{0063] The semiconductor substrate structure depicted in FIG. 4 includes semiconductor

substrate 10 covered by a nanosheet stack with a {100} crystalline surface orientation that s
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preferred for NFET CMOS devices. The semiconductor structure depicted in FIG. 4 also
provides a second nanosheet stack directly above dielectric laver 31 with a {110} crystalline

surface orentation that s preferred for PFET CMOS devices.

{0664] In this way, the semiconductor substrate structure depicted in FIG. 4 can provide
the first nanosheet stack on semiconductor substrate 10 where the first nanosheet stack formed
on semiconductor substrate 10 has a {100} crystalling surface orientation that will provide good
or optimal electrical performance for NFET devices while also providing, on the same
semiconductor substrate structure, the second nanosheet stack with a {110} crystalline surface

orientation will provide an improved or optimal electrical performance for PFET CMOS devices.

{0665] The method of forming the semiconductor structure depicted in FIG. 4 provides a
way to form a single semiconductor substrate with two nanosheet stacks with two different
crystalline surface orientations that are electrically isolated by dielectric layer 31 between the

two nanosheet stacks.

{0666] FIG. 5 depicts a top view of the semiconductor structure after depositing
hardmask 62 on an exposed top surface of the second nanosheet stack, in accordance with an
embodiment of the present invention. FIG. 5 depicts a step in forming a stacked CMOS device
from the semiconductor substrate structure depicted in FIG. 4. Using known deposition
processes, such as CVD or PV, a layer of hardmask 62 is deposited on the exposed top
nanosheet layer of sacrificial layer 25 As depicted in FIG. 5, the top view of the semiconductor
structure after hardmask 62 deposition illustrates a location of an X-X cross-section that is
perpendicudar to a future gate structure of a CMOS device formed in later process steps and a
location of a Y-Y cross-section that is parallel to a future gate structure of the CMOS device

depicted later in F1G. 10B.

{0667} FIG. 6A depicts a cross-sectional view in the X-X direction of the semiconductor
structure after removing portions of hardmask 62, the second nanosheet stack composed of
sacrificial layer 25 and channel material 26, dielectric layer 31, and the first nanosheet stack
composed of sacrificial material 21 and channel material 22, in accordance with an embodiment
of the present invention. The top layer of sacrificial layer 25 of the second nanosheet stack is

patterned, for example using lithography and selectively etched, for example using a reactive ion
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eiching process to remove portions of the second nanosheet stack, dielectric layer 31, and the
first nanosheet stack on semiconductor substrate 10, As depicted, FIG. 6A includes the
remaining portion of the first nanosheet stack (1.e., alternating layers of sacrificial material 21
and channel material 22) on a portion of semiconductor substrate 10, the remaining portion of
dielectric layer 31, and the remaining portion of the second nanosheet stack (1.e, alternating

layer of sacrificial layer 25 and channel material 26).

{0068} FiIG. 6B depicts a cross-sectional view in the Y-Y direction of the semiconductor
structure after removing portions of hardmask 62, the second nanosheet stack composed of
sacrificial laver 25 and channel material 26, dielectric layer 31, and the first nanosheet stack
composed of sacrificial material 21 and channel material 22, 1n accordance with an embodiment
of the present invention. As depicted, FIG. 6B illustrates the elements depicted in FIG. 6A
Using the processes previously discussed above with respect to FIG. 6A, portions of the second
nanosheet stack, dielectric layer 31, and the first nanosheet stack are selectively removed above

portions of semiconductor substrate 10.

{0069} FiG. 7A depicts a cross-sectional view in the X-X direction after forming dummy
eate structure 73, in accordance with an embodiment of the present invention. As depicted. FIG.
7A includes the elements of FI(G. 6A and dummy gate structure 73. Using known processes and
materials to deposit dummy gate structure 73, dummy gate structure 73 s formed on the top
layer of sacrificial layer 25, In some embodiments, a layer of gate dielectric matenal, such as a
high k dielectric material may be deposited on the top layer of sacrificial layer 25 followed by a
deposition of a dummy gate material for dummy gate structure 73. The top surface of dummy
eate structure 73 can be patterned and etched, for example, using RIE, to for dummy gate

structure 73 on a portion of the top nanosheet layer of sacrificial layer 25 as depicted in FIG. 6A.

{0070] FIG. 7B depicts a cross-sectional view in the Y-Y direction after forming dummy
gate structure 73, in accordance with an embodiment of the present invention. As depicted ina
cross-sectional view that 1s parallel to dummy gate structure 73, using the processes discussed
above with reference to FIG. 7A, a layer of a dummy gate material may be deposited on
sacrificial layer 25 and around the remaining portions of the two nanosheet stacks. In some

cases, an optional layer of a gate dielectric material covered a laver of dummy gate material may
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be deposited on sacrificial layer 25 and around the exposed sidewalls of the nanosheet stacks.
The top surface of dummy gate structure 73 is patterned and selectively etched leaving a portion
of dummy gate structure 73 over sacrificial layer 25, over a portion of semiconductor substrate
10, and around the sidewalls of the first nanosheet stack, the second nanoshest stack, and

ey

dielectric layer 31 as depicted in FIG. 7B.

{8071} FI1(z. 8A depicts a cross-sectional view in the X-X direction depicied in FIG. 5
after forming protective spacer 81 and mner spacers 83, in accordance with an embodiment of
the present invention. As depicted, FIG. 8A illustrates the elements of FIG. 7A and protective
spacer 81. Protective spacer 81 can be formed on a portion of sacrificial layer 25 around dummy
gate structure 73 as depicted using known spacer deposition processes, such as atomic layer

deposition {ALD), CVD, or plasma-enhanced CVD (PECVD).

{0672] After depositing protective spacer 81, exposed portions of the second nanosheet
stack (1.e., nanosheet layer of sacrificial layer 25 and channel material 26}, portions of dielectric
laver 31 under the exposed portions of the second nanosheet stack, and the portions of the first
nanosheet stack (1.e., nanosheet layers of sacrificial material 21 and channel material 22) under
the exposed portions of the first nanosheet stack and under the exposed portions of dielectric

layer 31 are removed, for example, using RIE or IBE.

{0673] After removing the portions of the two nanosheet stacks and dielectric layer 31 not
covered by protective spacer 81 or dummy gate structure 73, a lateral etching process, for
example, using a vapor phase hydrochloric acid (HC1) dry etch or a wet etch process containing a
mix of ammonia and hydrogen peroxide or another suitable giching process for removing an
outside edge portion of sacrificial layer 25 and sacrificial material 21, After performing the
lateral etch, inner spacers 83 can be deposited in the recesses formed along an outer edge portion
of each layer of sacrificial layer 25 and sacrificial material 21. Each of inner spacers 8§83
horizontally abuts one of sacrificial layer 25 or sacrificial material 21, Inner spacers 83
vertically separate the outside edges of one of channel material 26 or channel material 22 from
other adjacent channel material layers as depicted in FIG. 8A. Inner spacers 83 create a

horizontal separation of each layer of sacrificial material (e g, sacrificial layers 21 and 25) from
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the outside edge of the remaining portions of the nanosheet stacks and in the final device

depicted in FIG. 10A and 10B, that separates the metal gate from the source/drains.

{6074} FIG. 8B depicts a cross-sectional view in the Y-Y direction after forming
protective spacer 81 {not depicted in FIG. 8B} and inner spacers 83 {not depicted in FIG. 8B}, in
accordance with an embodiment of the present invention. As depicted, FIG. 8B includes the

elements of FIG. 7B.

[0675] FIG. 9A depicts a cross-sectional view in the X-X direction of the semiconductor
structure after forming source/drains (8/D) 94 for a n-type field-effect device and S/D 92 for a p-
type field-effect device, in accordance with an embodiment of the present invention. Using
epitaxy, S/D 92 is grown on the exposed sidewall surfaces of channel material 22 with a {100}
crystalline surface ortentation and inner spacer 83 of the first nanosheet stack for the NFET
device. Using epitaxy, S/D 94 is grown on the exposed sidewall surfaces of channel material 26
with a {110} crystalline surface orientation and inner spacer 83 of the second nanosheet stack for
the PFET device. In some embodiments, §/D 92 is doped with an n-type dopant and §/D 94 1s

doped with a p-type dopant.

{0676] FI(3. 9B depicts a cross-sectional view in the Y-Y direction of the semiconductor
structure after forming source/drains {$/D) 94 (not depicted in FIG. 9B) for an n-type field-effect
device and 8/D 92 {not depicted in FIG. 9B) for a p-type field-effect, in accordance with an
embodiment of the present invention. As depicted, FIG. 9B illustrates essentially the same

elements as FIG. 8B in the cross-section parallel to the gate or dummy gate structure 73.

{0677} FiG. 10A depicts a cross-sectional view in the X-X direction of the
semiconductor structure after forming replacement gate structure 93, in accordance with an
embodiment of the present invention. As depicted in the cross-sectional view perpendicular to
replacement gate structure 93, FIG. 10A illustrates a portion of an NFET hGAA device formed
with the first nanosheet stack composed of nanosheet layers of channel matertal 22 with a {100}
crystalline surface orientation, replacement gate structure 93, mner spacers 83, and §/D 92, The
NFET hGAA device, as depicted, 1s above a portion of semiconductor substrate 10 and below
the PFET hGAA device. The PFET hGAA device, as depicted, is on a portion of dielectric layer

31 and 1s formed from the second nanosheet stack composed of nanosheet layers of channel
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material 26 with a {110} crystalline surface orientation, 5/D 94, inner spacers 83, and
replacement gate structure 93. As depicted, FIG. 10A also mncludes ILD 95 above exposed
portions of semiconductor substrate 10 and surrounding the NFET hGAA device, the PFET
h(GAA device, and protective spacer 81 around the upper portion of replacement gate structure

93.

{6078] The semiconductor structure depicted in FIG. 10A can be formed by depositing
1L 95 above exposed portions of semiconductor substrate 10 and around the first nanosheet
stack with exposed inner spacers 43, dielectric layer 31, and the second nanosheet stack with

exposed inner spacers 83, and protective spacer 81.

{0679] Dummy gate structure 73 can be removed using a dry or a wet etching process.
Sacrificial layers 21 and 25 are removed using known dry or wet eiching processes used in

nanosheet semiconductor device formation.

{06080} After removing dummy gate structure 73 and sacrificial layers 21 and 25,
replacement gate structure 93 can be formed. In some examples, using known semiconductor
manufacturing processes for forming replacement gate structure 93 with a metal gate electrode
{not depicted), a gate dielectric material (not depicted} or a high k metal gate dielectric {e.g.,
HIG, AlQ, Zr0, Ta(, etc.) may be deposited first on exposed surfaces in the two nanosheet
stacks and between protective spacer 81, for example, using ALD or CVD. A metal gate
electrode material (e.g., TiN, TiAl, TiC, TaN, Ta, AL, W, Ry, etc.) is deposited to form

replacement gate structure 93

{0081} FiG. 10B depicts a cross-sectional view in the Y-Y direction of the semiconductor
structure after forming replacement gate structure 93, in accordance with an embodiment of the
present invention. FIG. 10B is a cross-sectional view parallel the gate of a semiconductor device
structure with an NFET h(GAA device and a PFET hGAA device on semiconductor substrate 10,
As depicted, the elements illustrated in FIG. 10B are essentially the same as the elements
illustrated in FIG. 9B except that ILD 95 15 depostted, dummy gate structure 73 is removed, and
replaced, each of sacrificial material 21 and sacrificial layer 25 are removed and a metal gate

structure labeled as replacement gate structure 93 1s added to replace dummy gate structure 73
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between channel materials 22 and 25, respectively. The semiconductor device structure depicted

in FIG. 10B is formed with the processes discussed above with reference to FIG. 10A.

{0082] FIG. 10B ilustrates a portion of an NFET hGAA device formed with the first
nanosheet stack composed of nanoshest layers of channel material 22 with a {100} crystalline
surface orientation with replacement gate structure 93 on semiconductor substrate 10 with inner
spacers 83 and 8/ 92. FIG. 10B also illustrates a portion of a PFET hGAA device above the
NFET hGAA device, where the PFET hGAA 1s formed from the second nanosheet stack
composed of nanosheet layers of channel material 26 with a {110} crystalline surface ortentation
with replacement gate stracture 93 on dielectric layer 31, inner spacers 83, and 8/ 94, As
depicted, FIG. 10B includes ILD 95 above exposed portions of semiconductor substrate 10 and
surrounding the NFET hGAA device, the PFET hGAA device, and protective spacer &1 around

the upper portion of replacement gate structure 93.

{0083} Dummy gate structure 73 can be removed after depositing ILD 95 using a known
dry etching process (e.g., RIE} or a wet etching process. Sacrificial layers 21 and 25 are

removed using known dry or wet etching processes.

{0684] After removing dummy gate structure 73 and sacrificial layers 21 and 25,
replacement gate structure 93 can be formed. In some examples, using known semiconductor
processes for metal gate formation, a thin layer of a gate dielectric matenial (not depicted}, such
as a high k dielectric matenial (e.g., HfQ, AlQ, Zr0, Ta(, etc.) may be deposited on exposed
surfaces in the two nanosheet stacks, inner spacers 83, and protective spacer 81, for example,
using ALD or CVD. A metal gate electrode matenial {e.g, TiN, TiAL TiC, TaN, Ta, Al, W, Ry,

etc.} can be deposited on the gate dielectric maternial to form replacement gate structure 93.

{0085} In this way, the semiconductor device structures as depicted in FIG. 10A and 10B
provide a stacked CMOS device. The stacked CMOS device as depicted in FIGs. 10A and 10B
are hGA A devices with a preferred crystal orientation in each of the NFET h(GAA device on
semiconductor substrate 10 and the PFET h(GAA device above the NFET hGAA device. Each of
the NFET and the PFET hGAA devices can have the preferred crystal orientation by using two
different nanosheet stacks that are each formed on a different semiconductor substrate with

different crystal orientations. Using the methods discussed in embodiments of the present
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mvention, an NFET hGAA device with a preferred {100} crystalline surface orientation and a
PFET hGAA device with a preferred {110} crystalline surface orientation can be vertically
aligned and formed on a single semiconductor substrate using two nanosheet stacks with two

different crystal orientations

{0086] The methods described herein can be used tn the fabrication of integrated circuit
chips or semiconductor chips. The resulting semiconductor chips can be distributed by the
fabricator in raw wafer form (that is, as a single wafer that has multiple unpackaged chips), as a
bare die, or in a packaged form. In the latter case, the semiconductor chip 1s mounted in a single
chip package (such as a plastic carrier, with leads that are affixed to a motherboard or other
higher-level carrier} or in a multichip package (such as a ceramic casrier that has either or both of
surface interconnections or buried interconnections). In any case, the semiconductor chip 1s then
mtegrated with other semiconductor chips, discrete circuit elements, and/or other signal
processing devices as part of either (a) an intermediate product, such as a motherboard, or (b} an
end product. The end product can be any product that includes semiconductor chips, ranging
from toys and other low-end applications to advanced computer products having a display,

memory, a keyboard or other input device, and a central processor.
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CLAIMS
What 1s claimed 15
1. A semiconductor substrate structure, the semiconductor substrate comprising:

a semiconductor substrate with a first crystalline surface orientation;

a first nanosheet stack with the first crystalline surface orientation on the semiconductor
substrate; and

a second nanosheet stack with a second crystalline surface orientation above the first
nanosheet stack, wherein the first nanosheet stack and the second nanosheet stack are separated

by a dielectric material.

2. The semiconductor substrate of claim 1, wherein the first crystalline surface orientation is

a {100} crystalline surface orientation.

3. The semiconductor substrate of claim 2, wherein the second crystalline surface

orientation ts a {110} crystalline surface orientation.

4. The semiconductor substrate of claim 1, wherein the first crystalline surface orientation

15 a {110} crystalline surface orientation.

5. The semiconductor substrate of claim 4, wherein the second crystalline surface

orientation 1s a {100} crystalline surface orientation.

6. The semiconductor substrate of claim 1, wherein the dielectric material is an oxade layer
between the first nanosheet stack and the second nanosheet stack.

7. The semiconductor substrate of claim 4, wherein the first crystalline surface orientation is
a preferred crystalline surface orientation for a PFET and the second crystaliine surface

orientation 13 a preferred crystaline surface ortentation for an NFET.
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8. The semiconductor substrate of claim 1, wherein the first nanosheet stack and the second
nanosheet are composed of alternating nanosheet layers of a sacrificial semiconductor material

and a channel material.

9. The semiconductor substrate of claim 8, wherein the sacrificial semiconducior material is

composed of silicon-germanium and the channel matenal 1s composed of silicon.
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10. A method of forming a semiconductor substrate structure with two nanosheet stacks
where each of the two nanosheet stacks has a different crystalline surface orientation, the method
COMPrising;

epitaxially growing a first nanosheet stack of alternating nanosheet layers of a sacrificial
semiconductor material and a channel semiconductor material on a first semiconductor substrate
with a first crystalline surface orientation;

epitaxially growing a second nanosheet stack alternating nanosheet fayers of the
sacrificial semiconductor material and the channel semiconductor material on a second
semiconductor substrate with a second crystalline surface orientation;

depostting an oxide layer on a top layer of the sacrificial semiconductor material in one
of the first nanosheet stack or the second nanosheet stack;

bonding a top surface of the first nanosheet stack to a top surface of the second nanosheet
stack; and

removing one of the first semiconductor substrate or the second semiconductor substrate

from under one of the first nanosheet stack or the second nanosheet stack.

11. The method of claim 10, wherein the first crystalline surface ortentation is one of a {100}
crystalline surface orientation when the first senuconductor substrate has the {100} crystalline
surface orientation or a {110} crystalline surface orientation when the first semiconductor

substrate has the {110} crystalline surface orientation.

12, The method of claim 11, wherein the first crystalline surface onentation 1s the {100}
crystalline surface orientation and the second crystalline surface onientation 1s the {110}

crystalline surface orientation.

13 The method of claim 11, wherein the first crystalline surface onentation 1s the {110}
crystalline surface orientation and the second crystalline surface onientation 1s the {100}

crystalline surface orientation.

14, The method of claim 10, wherein the sacrificial semiconductor material is epitaxially

grown on the first semiconductor substrate and the second semiconductor subsirate.
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15. The method of claim 14, wherein the channel material is epitaxially grown on the
sacrificial semiconductor material in each of the first nanosheet stack and the second nanosheet

stack.

16, The method of claim 10, wherein the sacrificial semiconductor material is composed of

stlicon and germanium and the channel matenal is silicon.
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17. A semiconductor device composed of a p-type field-effect transistor and an n-type field-
effect transistor that are vertically stacked in the semiconductor device, the semiconductor device
COMPrising;

a semiconductor substrate;

a p-type field-effect transistor with a {110} crystalline surface orientation in a channel
material in a first nanosheet stack; and

an n-type field-effect transistor with a {100} crystalline surface orientation n a channel
material in a second nanosheet, wherein the p-type field-effect transistor and the n-type field-

effect transistor are vertically aligned and isolated by a dielectric maternial.

18 The semiconductor device of claim 17, wherein the p-type field-effect transistor and the

n-type field-effect transistor are a horizontal gate-all-around devices.

19, The semiconductor device of claim 17, wherein the p-type field-effect transistor with the
{110} crystalline surface ortentation in the channel matenal has a preferred crystal orientation

for the p-type field-effect transistor.

20, The semiconductor device of claim 17, wherein the n-type field-effect transistor with the
{100} crystalline surface orientation in the channel material has a preferred crystal orientation

for the n-type field-effect transistor.
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