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STACKED FET SRAM DESIGN

BACKGROUND

[0001] The present application relates to semiconductor technology, and more particularly to a
semiconductor structure including a stacked field effect transistor (FET) with a static random
access memory (SRAM) design.

[0002] Monolithic stacking of transistors is an attractive architecture for future complementary
metal oxide semiconductor (CMOS) scaling, and potentially for ultimately scaled technology. By
directly stacking one type of FET (e.g., an n-type FET) over another type (e.g., a p-type FET),
significant area scaling can be achieved.

[0003] SRAM is a type of random access memory (RAM) that uses latch circuitry (flip-flop) to
store each bit. A typical SRAM cell is made up of six FETs. Each bit in a conventional SRAM is
stored on four of the transistors that form two cross-coupled inverters. This storage cell has two
stable states which are used to denote 0 and 1. Two additional access transistors serve to control
the access to a storage cell during read and write operations. In addition to such six-transistor (6T)
SRAM, other kinds of SRAM chips use 4, 8, 10 (4T, 8T, 10T SRAM), or more transistors per bit.

Providing a SRAM design in a stacked architecture is a challenge.

SUMMARY

[0004] The present application provides a compact SRAM design in a stacked architecture.
Notably, the present application provides a 6-transistor SRAM bit cell including a bottom device
level containing bottom field effect transistors and a top device level, stacked above the bottom
device level, containing top field effect transistors of a different conductivity type than the
bottom field effect transistors.

[0005] In one aspect of the present application, a semiconductor structure is provided that has a
compact SRAM design and a stacked architecture. In one embodiment, the semiconductor
structure includes a bottom device level including a first bottom field effect transistor (FET) of a

first conductivity type, a second bottom FET of the first conductivity type, a third bottom FET of
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the first conductivity type, and a fourth bottom FET of the first conductivity type, wherein the
first bottom FET is electrically connected to the second bottom FET and the third bottom FET is
electrically connected to the fourth bottom FET, and the first bottom FET is located diagonally to
the fourth bottom FET and the second bottom FET is located diagonally to the third bottom FET,
and the first bottom FET and the fourth bottom FET are pass gates. The semiconductor structure
further includes a top device level stacked above the bottom device level and including a first top
FET of a second conductivity type different from the first conductivity type located directly
above the first bottom FET, a second top FET of the second conductivity type located directly
above the second bottom FET, a third top FET of the second conductivity type located directly
above the third bottom FET, and a fourth top FET of the second conductivity type located
directly above the fourth bottom electrode, wherein the first top FET is electrically connected to
the second top FET and the third top FET is electrically connected to the fourth top FET, and the
first top FET is a first dummy transistor which is wired to cross-couple with the third top FET
and the fourth top FET is a second dummy transistor which is wired to cross-couple with the
second top FET, and the second bottom FET and the second top FET are wired to provide a first

inverter and the third bottom FET and the third top FET are wired to provide a second inverter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 is a circuit diagram of a semiconductor structure in accordance with an
embodiment of the present application.

[0007] FIG. 2A is a top-down view illustrating the design lay-out of the top device level of the
semiconductor structure in accordance with an embodiment of the present application.

[0008] FIG. 2B is a top-down view illustrating the design lay-out of the bottom device level of
the semiconductor structure in accordance with an embodiment of the present application; this
bottom device level is located beneath the top device level illustrated in FIG. 1A.

[0009] FIG. 3A is a cross sectional view through cut A-A shown in FIG. 2A in accordance with
an embodiment of the present application.

[0010] FIG. 3B is a cross sectional view through cut B-B shown in FIG. 2A in accordance with

an embodiment of the present application.
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[0011] FIG. 3C is a cross sectional view through cut C-C shown in FIG. 2A in accordance with
an embodiment of the present application.

[0012] FIG. 3D is a cross sectional view through cut D-D shown in FIG. 2A in accordance with
an embodiment of the present application.

[0013] FIG. 4A is a cross sectional view through cut A-A shown in FIG. 2A in accordance with
another embodiment of the present application.

[0014] FIG. 4B is a cross sectional view through cut B-B shown in FIG. 2A in accordance with
another embodiment of the present application.

[0015] FIG. 4C is a cross sectional view through cut C-C shown in FIG. 2A in accordance with
another embodiment of the present application.

[0016] FIG. 4D is a cross sectional view through cut D-D shown in FIG. 2A in accordance with

another embodiment of the present application.

DETAILED DESCRIPTION

[0017] 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.

[0018] In the following description, numerous specific details are set forth, such as particular
structures, components, materials, dimensions, processing steps and techniques, in order to
provide an understanding of the various embodiments of the present application. However, it will
be appreciated by one of ordinary skill in the art that the various embodiments of the present
application may be practiced without these specific details. In other instances, well-known
structures or processing steps have not been described in detail in order to avoid obscuring the
present application.

[0019] 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
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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 intervening 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
contrast, when an element is referred to as being “directly beneath” or “directly under” another
element, there are no intervening elements present.

[0020] Stacked FETs are considered as a device platform for logic CMOS beyond the 2 nm node.
The present application provides a compact SRAM design for used in stacked FET technology.
Notably, the present application provides a semiconductor structure including a 6-transistor
SRAM bit cell that includes a bottom device level containing bottom field effect transistors and a
top device level, stacked above the bottom device level, containing top field effect transistors of
a different conductivity type than the bottom field effect transistors. The semiconductor structure
of the present application includes two CMOS inverters, where the output potential of each
inverter is fed as an input into the other CMOS inverter. The pass gate (or access transistors), the
word line (WL), and the bit line (BL) are used to read and write from, or to, the cell. These and
other aspects of the present application will now be described in greater detail.

{8621} Reference is first made to FIG. 1 which is a circuit diagram of a semiconductor structure
in accordance with an embodiment of the present application; the semiconductor structure having
such a circuit diagram is shown in the remaining drawings of the present application. Notably,
and as is exemplified by the circuit diagram shown in FIG. 1, the semiconductor structure of the
present application includes a bottom device level including a first bottom field effect transistor
(FET) of a first conductivity type (herein after “FET_1B”), a second bottom FET of the first
conductivity type (herein after “FET_2B”), a third bottom FET of the first conductivity type
(herein after “FET_3B”), and a fourth bottom FET of the first conductivity type (herein after
“FET_4B”). The term “FET” denotes a type of transistor that uses an electric field to control the
flow of current in a semiconductor material. FETs are devices with three terminals, a source
region, a gate, and a drain region. FETS control the flow of current by the application of a
voltage to the gate, which in turn alters the conductivity between the source region and the drain

region.
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[0022] In the semiconductor structure of the present application and as is illustrated in FIG. 1,
FET_1B is electrically connected to FET_2B at node A; node A represents a shared source/drain
region between FET_1B and FET_2B. In the semiconductor structure of the present application
and as further illustrated in FIG. 1, FET_3B is electrically connected to FET_4B at node B; node
B represents a shared source/drain region between FET_3B and FET_4B. In the semiconductor
structure of the present application, FET_1B is located diagonally to FET_4B yet across from
FET_3B, and FET_2B is located diagonally to FET_3B yet across from FET_4B.

[0023] In accordance with embodiments of the present application, FET_1B and FET_4B serve
as pass gates (i.e., access transistors). As is shown in FIG. 1, each of FET_1B and FET_4B is
configured, i.e., wired, to be connected to a bit line (BL); notably one BL connection is located
on a side of FET_1B that is opposite the shared source/drain region (i.e., node A), while another
BL connection is located on a side of FET_4B that is opposite the shared source/drain region (i.e.,
node B). Also, and as is shown in FIG. 1, each of FET_2B and FET_3B is configured, i.e., wired,
to be connected to ground (GND); notably one GND connection is located on side of FET_2B
that is opposite the shared source/drain region (i.e., node A), while another GND connection is
located on a side of FET_3B that is opposite the shared source/drain region (i.e., node B). FIG. 1
also shows that each of FET_1B and FET_4B is configured, i.e., wired, to be connected to a
word line (WL); notably, one WL connection contacts a gate of FET_1B, while another WL
connection contacts a gate of FET_4B.

[0024] The semiconductor structure as exemplified in FIG. 1 further includes a top device level
stacked above the bottom device level. The top device level includes a first top FET of a second
conductivity type (herein after “FET 1T”) located directly above FET_1B, a second top FET of
the second conductivity type (herein after “FET 2T7) located directly above FET_2B, a third top
FET of the second conductivity type (herein after “FET 3T”) located directly above FET_3B,
and a fourth top FET of the second conductivity type (herein after “FET 4T”) located directly
above FET_4B. Notably, the various FETs of the top device level are stacked above the various
FETs of the bottom device level. In the present application, the second conductivity type is
different, i.e., opposite conductivity, from the first conductivity type. In some embodiments, the

first conductivity type can be n-type, while the second conductivity type can be p-type. In other
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embodiments, the first conductivity type can be p-type, while the second conductivity type can
be n-type. In such an embodiment, the location of VDD and GND would be swapped.

[0025] In accordance with the present application, FET_IT is electrically connected to FET_2T
at node C; node C represents a shared source/drain region between FET_1T and FET_2T. In the
semiconductor structure of the present application and as further illustrated in FIG. 1, FET_3T is
electrically connected to FET_4T at node D; node D represents a shared source/drain region
between FET_3T and FET_4T. In the semiconductor structure of the present application,
FET_1T is located diagonally to FET_4T yet across from FET_3T, and FET_2T is located
diagonally to FET_3T yet across from FET_4T. As is shown in FIG. 1, node A is wired to be
connected to node C, and node B is wired to be connected to node D.

[0026] In embodiments of the present application, each of FET_2T and FET_3T is configured,
i.e., wired, to be connected to a power supply (VDD); notably one VDD connection is located on
a side of FET_2T that is opposite the shared source/drain region (i.e., node C), while another
VDD connection is located on a side of FET_3T that is opposite the shared source/drain region
(i.e., node D).

[0027] In accordance with the present application, FET_2B and FET_2T are wired to provide a
first inverter and FET_3B and FET_3T are wired to provide a second inverter. As known in a
SRAM structure, two inverters are cross coupled in the sense that the output node of one inverter
is connected to the input of the second and vice versa. As shown in FIG. 1, the input of the first
inverter is connected to the gate of FET_4T; FET_4T serves as one a dummy transistor. On the
wafer, this is achieved by a shared gate line. The output of the second inverter (node D) is a
source/drain region of the dummy transistor FET _4T. By connecting the gate of the FET 4T to
node D, the first piece of cross couple is formed. The input of the second inverter is connected to
the gate of FET_IT; FET_1 serves as another dummy transistor. On the wafer, this is achieved
by a shared gate line. The output of the first inverter (node C) is a source/drain region of the
dummy transistor FET_1T. By connecting the gate of the FET_IT to node C, the second piece of
cross couple is formed to complete the cross couple. Notably, the cross-couple of the first
dummy transistor (i.e., FET_1T) with the FET-3T comprises a first contact metal that contacts
both a gate electrode and a source/drain region of the first dummy gate region, and the cross-

couple of the second dummy transistor (i.e., FET_4T) with the FET_2T comprises a second
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contact metal that contacts both a gate electrode and a source/drain region of the second dummy
gate region.

[0028] In embodiment, the first top FET, the third top FET and the third bottom FET electrically
share a common gate electrode, and the fourth top FET, the second top FET and the second
bottom FET electrically share a common gate electrode.

[0029] It is known that in addition to cross coupled inverter pair, a 6T SRAM needs two pass-
gate transistors for read and write functions. The gate of each pass-gate transistors is called a
word line (WL). FET_1B with one of its source/drain regions connected to the first inverter
output (node A) serves as one of the pass-gate transistors. The other source/drain region serves as
the bit line (BL). FET_4B with one of its source/drain regions connected to the second inverter
output (node B) serves as the other pass-gate transistor. The other source/drain region serves as
the bit line (BL).

[0030] Reference is now made to FIGS. 2A and 2B which are top down views illustrating the
design lay-out of each of various device levels of the semiconductor structure of the present
application. Notably, FIG. 2A is a top-down view illustrating the design lay-out of the top device
level, while FIG. 2B is a top-down view illustrating the design lay-out of the bottom device level.
In accordance with the present application, the top down view illustrated in FIG. 2A would be
stacked above the bottom device level shown in FIG. 2B.

[0031] Reference is first made to the bottom device level shown in FIG. 2B, there is illustrated
two bottom semiconductor channel material structures 10L and 10R that are spaced apart and
oriented parallel to each other. In embodiments, the bottom semiconductor channel material
structures 10L and 10R can be semiconductor fins as shown in FIG. 2B. Other types of bottom
semiconductor channel material structures 10L and 10R including, for example semiconductor
nanosheets or semiconductor nanowires can also be used instead of the semiconductor fins
illustrated in FIG. 2B. The bottom semiconductor channel material structures 10L and 10R are
composed of a semiconductor material that has semiconductor properties. Illustrative examples
of semiconductor materials that can be used in the present application include, silicon (Si), a
silicon germanium (SiGe) alloy, a silicon germanium carbide (SiGeC) alloy, germanium (Ge), a
III/V compound semiconductor, an 1I/VI compound semiconductor or a multilayered stack

including at least two semiconductor materials (e.g., a multilayered stack of Si and SiGe).
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[0032] FIG. 2B also shows the presence of two bottom gate structures 12A and 12B that are
spaced apart and oriented parallel to each other. The two bottom gate structures 12A and 12B are
orientated perpendicular to the two bottom semiconductor channel material structures 10L and
10R. Each bottom gate structure straddles over a portion of the two bottom semiconductor
channel material structures 10L and 10R as illustrated in FIG. 2B. Each bottom gate structure
12A and 12B includes a gate dielectric material and a gate electrode to be described in greater
detail herein below. In FIG. 2B, two pass gate regions are shown. One of the pass gate regions
includes FET_1B shown in FIG. 1, while the other pass gate region includes FET_4B shown in
FIG. 1. The other regions of the design lay-out shown in FIG. 2B includes a region that includes
a bottom portion of the first inverter, i.e., inverter 1, and another region that includes a bottom
portion of the second inverter, i.e., inverter 2.

[0033] In FIG. 2B, there are also shown shared source/drain regions 14L and 14R. Shared
source/drain region 14L is equivalent to node A shown in FIG. 1, while shared source/drain
region 14R is equivalent to node B shown in FIG. 1. Also, shown in FIG. 2B are WL contacts,
BL contacts, and GND contacts which are configured as described above in regard to FIG. 1.
The bottom device level also includes gate cut, CT, regions, and a bottom buried power rail BR1.
Each gate cut region denotes an area in which a gate structure is cut, and the buried power rail
BR1 is connected to GND contacts. The buried power rails sit below the stacked structure and
they are optional.

[0034] Reference is now made to FIG. 2A, which illustrates the top down view of the design lay-
out of the present application. FIG. 2A would be located atop the top down view illustrated in
FIG. 2B such that FET_1T is stacked directly above FET_1B, FET_4T is stacked directly above
FET_4B, inverter 1 region shown in the top device level is stacked directly above inverter 1
region shown in the bottom device level, and inverter 2 region shown in the top device level is
stacked directly above inverter 2 region shown in the bottom device level.

[0035] The top device level includes two top semiconductor channel material structures 11L and
11R that are spaced apart and oriented parallel to each other. In embodiments, the top
semiconductor channel material structures 11L and 11R can be semiconductor fins as shown in
FIG. 2A, typically but not necessarily always the top semiconductor channel material structures

match the bottom semiconductor channel material structures; i.e., they are of the same geometry.
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Other types of top semiconductor channel material structures 11L and 11R including, for
example semiconductor nanosheets or semiconductor nanowires can also be used instead of the
semiconductor fins illustrated in FIG. 2A. The top semiconductor channel material structures
I1L and 11R are composed of one of the semiconductor materials mentioned above. In
embodiments, the semiconductor material that provides the top semiconductor channel material
structures 111 and 11R can be compositionally the same as, or compositionally different from,
the semiconductor material that provides the bottom semiconductor channel material structures
10L and 10R.

[0036] FIG. 2A also shows the presence of two top gate structures 13A and 13B that are spaced
apart and oriented parallel to each other. The two top gate structures 13A and 13B are orientated
perpendicular to the two top semiconductor channel material structures 11L and 11R. Each top
gate structure straddles over a portion of the two top semiconductor channel material structures
11L and 11R as illustrated in FIG. 2A. Each top gate structure 13A and 13B includes a gate
dielectric material and a gate electrode to be described in greater detail herein below. In FIG. 2A,
FET_IT and FET_4T are dummy transistors which are wired as described in FIG. 1 to provide
cross-coupling with FET_3T and FET_2T, respectively. The design lay-out shown in FIG. 2A
includes a region that includes a top portion of the first inverter, i.e., inverter 1, and another
region that includes a top portion of the second inverter, i.e., inverter 2.

[0037] In FIG. 2A, there are also shown shared source/drain regions 15L and 15R. Shared
source/drain region (shared between top FET and bottom FET) I5L is equivalent to node C
shown in FIG. 1, while shared source/drain region 15R is equivalent to node D shown in FIG. 1.
On the wafer, the shared top-bottom source/drain region can be realized by forming a contact
that connects to both a top source/drain region and the bottom source/drain region directly
beneath it. Also, shown in FIG. 2A are cross coupling contacts 18, WL contacts, BL contacts,
and VDD contacts which are configured as described above in regard to FIG. 1. The top device
level also includes gate cut, CT, regions, and a first buried power rail BR2 and a second buried
power rail BR3. Each gate cut region denotes an area in which a gate structure is cut, and the
buried power rails BR2 and BR3 are connected to VDD. The buried power rails sit below the

stacked structure and they are optional.
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[0038] In accordance with the present application, the output (i.e., shared source/drain region
I5L) of the top portion of inverter 1 is connected to the input (i.e., gate electrode, 13A) of top
portion of inverter 2. Also, and in accordance with the present application the output (i.e., shared
source/drain region 15R) of the top portion of inverter 2 is connected to the input (i.e., gate
electrode, 13B) of top portion of inverter 1. The structures labeled as 18 in FIG. 2A provide such
connections.

[0039] It is noted that the top-down view of the top device level includes cut A-A, cut B-B, cut
C-C and cut D-D. Cut A-A passes through top semiconductor channel material structure 11L and
bottom semiconductor channel material structure 10L, cut B-B passes through the top gate
structure 13B and the bottom gate structure 12B, cut C-C passes through one side of the top gate
structure 13B and bottom gate structure 12B not including a shared source/drain region, and cut
D-D passes through another side of the top gate structure 13B and bottom gate structure 12B that
includes the shared source/drain regions 15L, 15R and 14L, 14R. These various cuts will be used
to further exemplary certain aspects of the semiconductor structure of the present application.
[0040] Reference is now made to FIGS. 3A, 3B, 3C and 3D, which illustrate the semiconductor
structure of the present application through various cross-sectional views. Notably, FIG. 3A is a
cross sectional view of the semiconductor structure through cut A-A shown in FIG. 2A, FIG. 3B
18 a cross sectional view of the semiconductor structure through cut B-B shown in FIG. 2A, FIG.
3C is a cross sectional view of the semiconductor structure through cut C-C shown in FIG. 2A,
and FIG. 3D is a cross sectional view of the semiconductor structure through cut D-D shown in
FIG. 2A in accordance with an embodiment of the present application. In this embodiment, the
semiconductor channel material structures in the top and bottom device levels are semiconductor
fins.

[0041] Notably, and referring first to FIG. 3A, there is illustrated a pair of bottom semiconductor
fins 102F extending upwards from a surface of a semiconductor substrate 100. The bottom
semiconductor fins 102F and the semiconductor substrate 100 are composed of one of the
semiconductor materials mentioned above for the bottom semiconductor channel material
structures. In some embodiments, the semiconductor material that provides the bottom
semiconductor fins 102F is compositionally the same as the semiconductor material that provides

the semiconductor substrate 100. In such embodiments and as shown in FIG. 3A, no material
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interface exists between the semiconductor substrate 100 and the bottom semiconductor fins
102F. In other embodiments, the semiconductor material that provides the bottom semiconductor
fins 102F is compositionally different from the semiconductor material that provides the
semiconductor substrate 100. In such embodiments (not illustrated), a material interface would
exist between the semiconductor substrate 100 and the bottom semiconductor fins 102F.

[0042] The semiconductor structure shown in FIG. 3A also includes a pair of top semiconductor
fins 106F stacked above, but spaced apart from, the bottom semiconductor fins 102F. The top
semiconductor fins 106F include one of the semiconductor materials mentioned above for the
bottom semiconductor channel material structures. The semiconductor material that provides the
top semiconductor fins 106F can be compositionally the same as, or compositionally different
from, the semiconductor material that provides the bottom semiconductor fins 102F. In
embodiments, the semiconductor material that provides each bottom semiconductor fin 102F is a
semiconductor material that is capable of providing high channel mobility for nFET devices,
while the semiconductor material that provides each top semiconductor fin 106F is a
semiconductor material that is capable of providing high channel mobility for pFET devices. In
other embodiments, the opposite compositionally configuration can be used.

[0043] In the present application, and as is shown in FIG. 3A, the top semiconductor fins 106F
are spaced apart from the bottom semiconductor fins 102F by a stacked device channel isolation
structure 104. The stacked device channel isolation structure 104 includes a dielectric material
such as, for example, silicon dioxide, silicon nitride, silicon oxynitride or any combination
thereof. In the present application, stacked device channel isolation structures isolates FET_1B
from FET 1T, FET 2B from FET 2T, FET 3B from FET 3T, and FET 4B from FET 4T.
[0044] In accordance with the present application, bottom source/drain regions 108, 108A are
located laterally adjacent to the bottom semiconductor fins 102F. Bottom source/drain regions
108 are non-shared source/drain regions, while bottom source/drain region 108A is a shared
source/drain region. The bottom source/drain regions 108, 108 A have an epitaxial relationship
with (same crystal orientation as) the sidewalls of the bottom semiconductor fins 102F. As used
herein, a "source/drain" region can be a source region or a drain region depending on subsequent
wiring and application of voltages during operation of the FET. The bottom source/drain regions

108, 108A include a semiconductor material and a dopant. The semiconductor material that
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provides each bottom source/drain regions 108, 108A can include one of the semiconductor
materials mentioned above. The semiconductor material that provides the bottom source/drain
regions 108, 108A can be compositionally the same, or compositionally different from each
bottom semiconductor fin 102F. The dopant that is present in each bottom source/drain regions
108, 108A can be either a p-type dopant or an n-type dopant. The term "p-type" refers to the
addition of impurities 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. "N-type" refers to the
addition of impurities that contributes free electrons to an intrinsic semiconductor. In a silicon
containing semiconductor material, examples of n-type dopants, i.e., impurities, include, but are
not limited to, antimony, arsenic and phosphorous. In one example, each source/drain region 30
can have a dopant concentration of from 4x10? atoms/cm? to 3x10?! atoms/cm’. In one example,
each bottom source/drain region 46 is composed of phosphorus doped silicon.

[0045] In accordance with the present application, top source/drain regions 114, 114A are
located laterally adjacent to the top semiconductor fins 106F. Top source/drain regions 114 are
non-shared source/drain regions, while top source/drain region 114A is a shared source/drain
region. The top source/drain regions 114, 114A have an epitaxial relationship with (same crystal
orientation as) the sidewalls of the top semiconductor fins 106F. The semiconductor material that
provides each top source/drain regions 114, 114A can include one of the semiconductor
materials mentioned above. The semiconductor material that provides the top source/drain
regions 114, 114A can be compositionally the same as, or compositionally different from, each
top semiconductor fin 106F and/or the bottom source/drain regions 108, 108 A. The dopant that is
present in each top source/drain regions 114, 114A can be either a p-type dopant or an n-type
dopant. The top source/drain regions 114, 114A are of a different conductivity type than the
bottom source/drain regions 108, 108A. Note that a top source/drain region 114 is absent from a
sidewall of the top semiconductor fin 106F in the area labeled as dummy transistor; the dummy
transistor is thus a non-functional device. In embodiments (not shown), the top source/drain
region can be partially removed from a sidewall of the top semiconductor fin 106F in the area

labeled as dummy transistor.
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[0046] The top source/drain regions 114 are spaced apart from each other by a source/drain
isolation structure 110. The source/drain isolation structure 110 is composed of one of the
dielectric materials mentioned above for the stacked device channel isolation structure 104. The
dielectric material that provides the source/drain isolation structure 110 1is typically
compositionally different from the stacked device channel isolation structure 104.

[0047] Top source/drain region 114A and bottom source/drain region 108A are connected
together by S/D connector 112. S/D connector 112 is a metal contact that touches both the top
source/drain region 114A and the bottom source/drain region 108A. In this embodiment, top
source/drain region 114A and bottom source/drain region 108A are connected together as an
output of inverter 1.

[0048] The exemplary structure shown in FIG. 3A also includes a top gate structure that includes
a gate dielectric material 116, a top gate electrode 118, and an optional top gate cap 120 located
on a topmost surface of the top semiconductor fins 106F. The top gate structure would also be
present along the sidewalls of the top semiconductor fins 106F. A bottom gate structure, not
shown in this cross sectional view, but shown in FIG. 3B, would be present along sidewalls of
the bottom semiconductor fins 102F. The bottom gate structure would include gate dielectric
material 116, and a bottom gate electrode 117. Dielectric spacers 122 are present along at the
sidewalls of the top gate structure shown in FIG. 3A.

[0049] In embodiments, the gate dielectric material 116 can include silicon dioxide, or a
dielectric material having a dielectric constant greater than silicon dioxide (such dielectric
materials can be referred to as a high-k gate dielectric material). Illustrative examples of high-k
gate dielectric materials include metal oxides such as, for example, hafnium dioxide (HfO2),
hafnium silicon oxide (HfSi0), hafnium silicon oxynitride (HfSiO), lanthanum oxide (La>03),
lanthanum aluminum oxide (LaAlO3), zirconium dioxide (ZrQ.), zirconium silicon oxide
(ZrSiOs4), zirconium silicon oxynitride (ZrSiOxNy), tantalum oxide (TaOx), titanium oxide (TiO),
barium strontium titanium oxide (BaQOsSrTiz), barium titanium oxide (BaTiOs), strontium
titanium oxide (SrTiO3), yttrium oxide (YboO3), aluminum oxide (Al»O3), lead scandium
tantalum oxide (Pb(Sc,Ta)O3), and/or lead zinc niobite (Pb(Zn,Nb)O). The high-k gate dielectric

material can further include dopants such as lanthanum (La), aluminum (Al) and/or magnesium

(Mg).
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[0050] In some embodiments, each of the top gate electrode 118 and the bottom gate electrode
117 is composed of an electrically conductive metal-containing material including, but not
limited to tungsten (W), titanium (Ti), tantalum (Ta), ruthenium (Ru), zirconium (Zr), cobalt
(Co), copper (Cu), aluminum (Al), lead (Pb), platinum (Pt), tin (Sn), silver (Ag), or gold (Au),
tantalum nitride (TaN), titanium nitride (TiN), tantalum carbide (TaCx), titanium carbide (TiC),
titanium aluminum carbide, tungsten silicide (WSi2), tungsten nitride (WN), ruthenium oxide
(Ru0»), cobalt silicide, or nickel silicide. The electrically conductive metal-containing material
that provides the top gate electrode 118 is typically compositionally different from the
electrically conductive metal-containing material that provides the bottom gate electrode 117.

[0051] In some embodiments, a layer of workfunction metal (WFM) can be used solely as, or in
combination with one of the electrically conductive metal-containing materials mentioned above
to provide the top gate electrode 118 and the bottom gate electrode 117. The layer of WFM can
be used to set a threshold voltage of the FET to a desired value. In some embodiments, the layer
of WFM can be selected to effectuate an n-type threshold voltage shift. "N-type threshold
voltage shift" as used herein means a shift in the effective work-function of the work-function
metal-containing material towards a conduction band of silicon in a silicon-containing material.
In one embodiment, the work function of the n-type work function metal ranges from 4.1 eV to
4.3 eV. Examples of such materials that can effectuate an n-type threshold voltage shift include,
but are not limited to, titanium aluminum, titanium aluminum carbide, tantalum nitride, titanium
nitride, hafnium nitride, hafnium silicon, or combinations and thereof. In other embodiments, the
layer of WFM can be selected to effectuate a p-type threshold voltage shift. In one embodiment,
the work function of the p-type work function metal ranges from 4.9 eV to 5.2 eV. As used
herein, "threshold voltage" is the lowest attainable gate voltage that will turn on a semiconductor
device, e.g., transistor, by making the channel of the device conductive. The term "p-type
threshold voltage shift" as used herein means a shift in the effective work-function of the work-
function metal-containing material towards a valence band of silicon in the silicon containing
material. Examples of such materials that can effectuate a p-type threshold voltage shift include,
but are not limited to, titanium nitride, and tantalum carbide, hafnium carbide, and combinations

thereof.
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[0052] The optional top gate cap 120 can be composed of any dielectric material such as, for
example, silicon dioxide, silicon nitride and/or silicon nitride. The dielectric spacer 122 are
composed of a spacer dielectric material such as, for example, silicon dioxide, silicon nitride
and/or silicon nitride. The spacer dielectric material is typically compositionally different from
the dielectric material that provides the top gate cap 120.

[0053] The exemplary structure shown in FIG. 3A also includes a top interlayer dielectric
material (ILD) material layer 124 located laterally adjacent to the top gate structures, a bottom
ILD material layer 123 can also be present as shown in FIG. 3C and FIG. 3D of the present
application. The bottom ILD material layer 123 and the top ILD material layer 124 can be
composed of a compositionally same, or compositionally different, ILD material. Illustrative ILD
materials that can be employed include, for example, silicon oxide, silicon nitride, undoped
silicate glass (USG), fluorosilicate glass (FSG), borophosphosilicate glass (BPSG), a spin-on
low-k dielectric layer, a chemical vapor deposition (CVD) low-k dielectric layer or any
combination thereof. The term “low-k” as used throughout the present application denotes a
dielectric material that has a dielectric constant of less than silicon dioxide.

[0054] Also shown in FIG. 3A is VDD contact 126, BL contact 128 and a cross coupling contact
130. VDD contact 126, BL contact 128 and cross coupling contact 130 can be composed of a
same of different conductive contact material. In some embodiments, a contact liner (not shown)
can be present around the VDD contact 126, the BL contact 128 and/or the cross coupling
contact 130. The contact liner (not shown) can include a silicide liner, such as Ti, Ni, NiPt, etc.,
and a diffusion barrier material. Exemplary diffusion barrier materials include, but are not
limited to, Ru, TiN, TaN, WN, WC, an alloy thereof, or a stack thereof such as Ti/TiN and
Ti/WC. Illustrative examples of conductive contact materials that can be used in the present
application include, for example, W, Cu, Al, Co, Ru, Mo, Os, Ir, Rh or an alloy thereof.

[0055] As is shown in FIG. 3A, VDD contact 126 is designed to contact one of the unshared top
source/drain regions 114, the BL contact 128 is designed to contact the bottom source/drain
region 108 in an area in which a dummy transistor is formed, and cross coupling contact 130
contacts the S/D connector 112 that is located above the top source/drain regions 114A. The
cross coupling contact 130 also contacts the top gate structure of the dummy transistor as shown

in FIG. 3A.
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[0056] Reference is now made to FIG. 3B which is a cross sectional view of the exemplary
structure along cut B-B mentioned above. In addition to including the elements/components
mentioned above, the exemplary structure shown in FIG. 3B includes shallow trench isolation
region 140, a dielectric structure 142 that is present in a gate cut region, dielectric cap 144. The
shallow trench isolation region 140, the dielectric structure 142 and the dielectric cap 144 are
composed of compositionally different dielectric material including one of silicon dioxide,
silicon nitride and silicon oxynitride. FIG. 3B also shows the presence of a WL contact 146
which contacts a surface of the bottom gate electrode 117. The WL contact 146 includes an
optional contact liner, as described above, and one of the conductive contact materials described
above. Also, shown in FIG. 3B is that the top gate electrode 118 forms an extension of an input
of one of the inverters from where the inverter sits to the place of the dummy transistor. This
facilitates the formation of cross couple as a simple contact 130 now connects the input of one
inverter to the output of the other one. Although not shown, the top gate electrode of FET 4T
would form an extension of the input of the second inverter.

[0057] Reference is now made to FIG. 3C which is a cross sectional view of the exemplary
structure along cut C-C mentioned above. This drawing shows the VDD contact 126 and BL
contact 128 mentioned previously above.

[0058] Reference is now made to FIG. 3D which is a cross sectional view of the exemplary
structure along cut D-D mentioned above. This drawing shows cross coupling contacts 130, as
mentioned above, that are connected to the top and bottom shared source/drain regions 114A,
108A by S/D connector 112. The S/D connector 112 includes an optional contact liner, as
described above, and one of the conductive contact materials described above.

[0059] The semiconductor structure shown in FIGS. 3A-3D can be fabricated utilizing any
stacked FET processing flow in which semiconductor fins are used in both device levels. Such
stacked FET processing includes various deposition steps, various patterning steps, various
material removal steps and various planarization steps. So as not to obscure the semiconductor
structure of the present application, these various processing steps are not further elaborated
herein.

[0060] Reference is now made to FIGS. 4A, 4B, 4C and 4D, which illustrate another

semiconductor structure of the present application through various cross-sectional views.

16



10

15

20

25

WO 2023/124686 PCT/CN2022/134541

Notably, FIG. 4A is a cross sectional view of the semiconductor structure through cut A-A
shown in FIG. 2A, FIG. 4B is a cross sectional view of the semiconductor structure through cut
B-B shown in FIG. 2A, FIG. 4C is a cross sectional view of the semiconductor structure through
cut C-C shown in FIG. 2A, and FIG. 4D is a cross sectional view of the semiconductor structure
through cut D-D shown in FIG. 2A in accordance with an embodiment of the present application.
The semiconductor structure shown in FIGS. 4A-4D is similar to the semiconductor structure
shown in FIGS. 3A-3D except that the bottom semiconductor fin 102F and the top
semiconductor fin 106F are replaced with at least one bottom semiconductor nanosheet 102NS
and at one top semiconductor nanosheet 106NS, respectively. In FIGS. 4A-4D, a plurality of
vertical stacked bottom semiconductor nanosheets 102NS and a plurality of vertically stacked
top semiconductor nanosheets 106NS are illustrated. Other differences which the semiconductor
structure shown in FIG. 4A-4D is that it contains a bottom dielectric isolation layer 150 located
beneath the plurality of vertical stacked bottom semiconductor nanosheets 102NS and that inner
spacers 151 are present between the various nanosheets in both the plurality of vertical stacked
bottom semiconductor nanosheets 102NS and the plurality of vertically stacked top
semiconductor nanosheets 106NS. The semiconductor structure illustrated in FIGS. 4A-4D also
includes like elements as shown in FIGS. 3A-3D; these like elements are labeled with the same
reference numerals. In the embodiments illustrated in FIGS. 4A-4D, a bottom gate structure
(116/117) wraps around the plurality of bottom semiconductor nanosheets 102NS, and the top
gate structure (116/118) wraps around the plurality of top semiconductor nanosheets 106NS. It is
noted that the nanosheet embodiment shown in FIGS. 4A-4D is the same as the fin embodiment
shown in FIGS. 3A-3D except for the geometry change.

[0061] The bottom semiconductor nanosheets 102NS and top semiconductor nanosheets 106NS
including one of the semiconductor materials mentioned above in describing the semiconductor
channel material structures. The semiconductor material that provides the bottom semiconductor
nanosheets 102NS can be compositionally the same as, or compositionally different from, the
semiconductor material that provides the top semiconductor nanosheets 106NS. The bottom
dielectric isolation layer 150 and the inner spacers 151 are composed of well known dielectric

materials.
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[0062] The semiconductor structure shown in FIGS. 4A-4D can be fabricated utilizing any
stacked FET processing flow in which semiconductor nanosheets are used in both device levels.
Such stacked FET processing includes various deposition steps, various patterning steps, various
material removal steps and various planarization steps. So as not to obscure the semiconductor
structure of the present application, these various processing steps are not further elaborated
herein.

[0063] 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 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.
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CLAIMS

1. A semiconductor structure comprising:

a bottom device level including a first bottom field effect transistor (FET) of a first
conductivity type, a second bottom FET of the first conductivity type, a third bottom FET of the
first conductivity type, and a fourth bottom FET of the first conductivity type, wherein the first
bottom FET is electrically connected to the second bottom FET and the third bottom FET is
electrically connected to the fourth bottom FET, and the first bottom FET is located diagonally to
the fourth bottom FET and the second bottom FET is located diagonally to the third bottom FET,
and the first bottom FET and the fourth bottom FET are pass gates; and

a top device level stacked above the bottom device level and including a first top FET of
a second conductivity type different from the first conductivity type located directly above the
first bottom FET, a second top FET of the second conductivity type located directly above the
second bottom FET, a third top FET of the second conductivity type located directly above the
third bottom FET, and a fourth top FET of the second conductivity type located directly above
the fourth bottom electrode, wherein the first top FET is electrically connected to the second top
FET and the third top FET is electrically connected to the fourth top FET, and the first top FET
is a first dummy transistor which is wired to cross-couple with the third top FET and the fourth
top FET is a second dummy transistor which is wired to cross-couple with the second top FET,
and the second bottom FET and the second top FET are wired to provide a first inverter and the

third bottom FET and the third top FET are wired to provide a second inverter.

2. The semiconductor structure of claim 1, wherein the first top FET comprises a gate electrode
that forms an extension of an input of the first inverter, and the fourth top FET comprises another

gate electrode that forms an extension of an input of the second inverter.
3. The semiconductor structure of claim 1, wherein the first bottom FET comprises a gate

electrode that is isolated from a gate electrode of the first top FET and the fourth bottom FET

comprises a gate electrode that is isolated from a gate electrode of the fourth top FET.

19



10

15

20

25

30

WO 2023/124686 PCT/CN2022/134541

4. The semiconductor structure of claim 1, wherein the first conductivity type is n-type and the

second conductivity type is p-type.

5. The semiconductor structure of claim 1, wherein the first conductivity type is p-type and the

second conductivity type is n-type.

6. The semiconductor structure of claim 1, wherein the first top FET has a source/drain region
located on one side that is shared with the second top FET, the third top FET has a source/drain
region located on one side that is shared with the fourth top FET, the first bottom FET has a
source/drain region located on one side that is shared with the second bottom FET, the third
bottom FET has a source/drain region located on one side that is shared with the fourth bottom

FET.

7. The semiconductor structure of claim 6, wherein the shared source/drain region of the first top
FET and the second top FET is electrically connected to the shared source/drain region of the
first bottom FET and the second bottom FET, and the shared source/drain region of the third top
FET and the fourth top FET is electrically connected to the shared source/drain region of the
third bottom FET and the fourth bottom FET.

8. The semiconductor structure of claim 1, further comprising a word line electrically connected

to a gate electrode of both the first bottom FET and the fourth bottom FET.

9. The semiconductor structure of claim 8, further comprising a bit line electrically connected to

a source/drain region of both the first bottom FET and the fourth bottom FET.

10. The semiconductor structure of claim 1, wherein the first bottom FET includes a gate
electrode that spaced apart from a gate electrode of the second bottom FET by a dielectric
structure, and the third bottom FET includes a gate electrode that spaced apart from a gate

electrode of the fourth bottom FET by another dielectric structure.
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11. The semiconductor structure of claim 1, wherein the first top FET and the second top FET
comprise a shared gate electrode, and the third top FET and fourth top FET comprise another

shared gate electrode.

12. The semiconductor structure of claim 1, wherein the second top FET and the third top FET
are both wired to a power source, and the second bottom FET and the third bottom FET are both

grounded.

13. The semiconductor structure of claim 1, wherein each of the first bottom FET, the second
bottom FET, the third bottom FET, the fourth bottom FET, the first top FET, the second top FET,
the third top FET and the fourth top FET are located on a semiconductor channel material

structure.

14. The semiconductor structure of claim 13, wherein the semiconductor channel material

structure 1s a semiconductor fin.

15. The semiconductor structure of claim 13, wherein the semiconductor channel material

structure i1s a semiconductor nanowire.

16. The semiconductor structure of claim 1, wherein the cross-couple of the first dummy
transistor with the third top FET comprises a first contact metal that contacts both a gate
electrode and a source/drain region of the first dummy gate region, and the cross-couple of the
second dummy transistor with the second top FET comprises a second contact metal that

contacts both a gate electrode and a source/drain region of the second dummy gate region.
17. The semiconductor structure of claim 1, wherein both the first dummy gate region and the

second dummy gate region are non-functional gate structure with a removed or partially removed

source/drain region.
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18. The semiconductor structure of claim 1, wherein the first top FET, the third top FET and the
third bottom FET electrically share a common gate electrode, and the fourth top FET, the second

top FET and the second bottom FET electrically share a common gate electrode.

22



PCT/CN2022/134541

WO 2023/124686

a1ef ssed _

]
134 Awwng—"]

ki

M

31dnoo $8047)

anND

]

/
14
M

81dnoo ss0JD

/ 2186 ssed

134 Awwng

1/7



WO 2023/124686

verte

GT\ In

| I 1) T A

PCT/CN2022/134541

VVLJ/?;:

FET AT

inverter 2

FIG. 2A

2/7




PCT/CN2022/134541

WO 2023/124686

FET 4B

Pass gate

o
=

|||||||||||

cT

|||||||||

10R

D
Y

invert

o

BRI

1B

Z
FET_

Pass gate

12A

V T et S ETTINTE T
A e
U T J S Y|

\

Inverier 1 10L
CT \%

|||||||||||||||||||||||

WL

FIG. 2B

3/7



WO 2023/124686 PCT/CN2022/134541

Dummy
transistor=FET 1T

inverter_”i\ R ' 124

FIG. 3A

Dummy transistor

4 \ i ;\1\\\

N YANNITE

—

o
£
nEo
PO

116

4/7



WO 2023/124686

FIG. 3D

PCT/CN2022/134541

57




WO 2023/124686 PCT/CN2022/134541

Dummy
transistor=FET 1T

Inverter_1 \ o

T 106NS
N 118
[T 108NS

ESETs 108A
71

120

EL—124

Y
v

NN-116

14_@./

150—"

FIG. 4B

6/7



WO 2023/124686

Fl

G. 4C

PCT/CN2022/134541

124

717




INTERNATIONAL SEARCH REPORT International application No.
PCT/CN2022/134541

A. CLASSIFICATION OF SUBJECT MATTER
GO6F 15/16(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC: GO6F

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

VEN,CNABS,CNTXT,WOTXT,EPTXT,USTXT,CNKLIEEE:stack+, transistor, FET, complementary, pass gate, dummy,
inverter, cross couple, compact

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™® Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 11087832 B1 (INTEL CORPORATION) 10 August 2021 (2021-08-10) 1-18
description, paragraphs [0057]-[0078], claims 1-17, Figures 3-5B

A CN 112602193 A (TOKYO ELECTRON LTD. ) 02 April 2021 (2021-04-02) 1-18
the whole document

A CN 111668219 A (GLOBALFOUNDRIES INC.) 15 September 2020 (2020-09-15) 1-18
the whole document

A US 2020211911 A1 (INTEL CORPORATION) 02 July 2020 (2020-07-02) 1-18
the whole document

A US 2020066732 Al (INTERNATIONAL BUSINESS MACHINES CORPORATION) 27 1-18
February 2020 (2020-02-27)
the whole document

D Further documents are listed in the continuation of Box C. See patent family annex.

*  Special categories of cited documents: «T later document published after the international filing date or priority

«A” document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand the
to be of particular relevance principle or theory underlying the invention

“D”  document cited by the applicant in the international application «X” document of particular relevance; the claimed invention cannot be

“g» earlier application or patent but published on or after the international considered novel or cannot be considered to involve an inventive step
filing date when the document is taken alone

“L» document which may throw doubts on priority claim(s) or which is *“Y” document of particular relevance; the claimed invention cannot be
cited to establish the publication date of another citation or other considered to involve an inventive step when the document is
special reason (as specified) combined with one or more other such documents, such combination

«0” document referring to an oral disclosure, use, exhibition or other being obvious to a person skilled in the art

means “& document member of the same patent family
«p~ document published prior to the international filing date but later than
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
13 February 2023 21 February 2023
Name and mailing address of the [SA/CN Authorized officer
CHINA NATIONAL INTELLECTUAL PROPERTY
?,1;(1:/:1111:1151?;1‘3(;[,[ ?iﬁen Bridge, Haidian District, Beijing GONG,Yu
100088, China
Facsimile No. (86-10)62019451 Telephone No. (+86) 010-53961382

Form PCT/ISA/210 (second sheet) (July 2022)



INTERNATIONAL SEARCH REPORT International application No.
Information on patent family members

PCT/CN2022/134541
. Pat(.ant document Publication date Patent family member(s) Publication date
cited in search report (day/month/year) (day/month/year)
uUsS 11087832  BI1 10 August 2021 us 2021272624 Al 02 September 2021
CN 112602193 A 02 April 2021 us 2022085012 Al 17 March 2022
KR 20210042153 A 16 April 2021
Ip 2021536674 A 27 December 2021
WO 2020051144 Al 12 March 2020
™W 202025448 A 01 July 2020
us 2020075592 Al 05 March 2020
us 11217583 B2 04 January 2022
CN 111668219 A 15 September 2020 DE 102020201378 Al 10 September 2020
™ 202040791 A 01 November 2020
TWI 737160 B 21 August 2021
us 2020286900 Al 10 September 2020
[N} 10818674 B2 27 October 2020
us 2020365601 Al 19 November 2020
us 11309319 B2 19 April 2022
uUsS 2020211911 A1l 02 July 2020 WO 2019066926 Al 04 April 2019
uUs 2020066732 Al 27 February 2020 us 2020144274 Al 07 May 2020
[N} 10971504 B2 06 April 2021
[N} 10593681 Bl 17 March 2020

Form PCT/ISA/210 (patent family annex) (July 2022)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - wo-search-report
	Page 33 - wo-search-report

