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THREE-DIMENSIONAL SEMICONDUCTOR DEVICE

CROSS REFERENCE TO RELATED APPLICATIONS
{3001} This present application claims the benefit of prionty to US. Provisional

Application No. 63/121,567 filed on Docember 04, 2020, and U.S. Non-Provisional

h

Application No. 17/334,422 filed on May 28, 2021, which are incorporated by reference

herein in their entirety.

FIELD OF THE INVENTION
10 [6082] The disclosure relates to microelectronic devices including senuconductor devices,

transistors, and mtegrated circuits, ncluding methods of microfabrication.

BACKGROUND
{6663} In the manufacture of a semiconductor device (especially on the microscopic
15 scale), various fabrication processes are execuied such as film-forming depositions,
ctch mask creation, patterning, material etching and removal, and doping treatments.
These processes are performed repeatedly to form desired semiconductor device
clements on a substrate. Historically, with nucrofabrication, transistors have been
created in one plane, with winng/metallization formed above the active device plane,
20 and have thus been characterized as two-dimensional (2D} circuits or 2D fabrication.
Scaling cfforis have greatly increased the number of transistors per undt area in 2D
circuits, vet scaling efforts are running 1nto greater challenges as scaling enters
single digit nanometer semiconductor device fabrication nodes. Semicondactor
device fabricators have cxpressed a desire for three-dimensional (3D) semiconductor

25 circuits in which transistors are stacked on top of cach other.

SUMMARY
[6604] Techniques herein include a novel construct and the associated process
mtegration solution that enables an efficient and compact integration of transistors
30 into dense 3D logic functions. 3D integration, 1.¢., the vertical stacking of multiple
devices, aims to overcome scaling limitations expericnced in conventional two
dimensional VLSI by increasing the transistor density in volume rather than area.
The particular 3D integration (3D1) solution here 1s particularly applicable to a

transistor-on-transistor {ToT) 304, In ToT 3D multiple ficld-effect transistors (FET)
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arg stacked vertically on top of cach other. As iHustrated in FIGS. 1A and 1B, the
most basic form of ToT 3P4 is the compiementary FET (CFET} in which
complementary pairs of n-type and p-tvpe transistors are stacked either
monolithically seguentially. The ToT 3D1 approach applicable herein expands such a
concept thang two sets of CFET are stacked on top of cach other, which can be
tiustrated in FIG. iC.

[6605] For example., as shown in FIG. 1A, a semiconductor device 160A can include
a n-tvpe ficld-effect transistor 1001 and a p-type field-effect transistor 1002 that are
positioned over a substrate 102 side by side. The n-type field-effect transistor 106 1 can
include a channel structure 104 that includes one or more nanc-sheets arranged along a
horizontal direction {e.g., Y direction). The p-tvpe ficld-effect transistor 100_2 can include a
channel structure 106 that inchudes one or more nano-sheets arvanged along the honzontal
direction {e.g., Y direction). A common gate structure 108 can be formed fo arcund the
channel structures 104 and 106, In addution, power rails 110 can be formed over the common
gate structure 108 and configured to provide operation voliages to the n-type field-effect
transistor 1001 and the p-type ficld-effect transistor 100 2. In FIG. 1B, a CFET device
1108 can be formed over a substrate 112, The CFET device 1108 can include a p-type field-
cffect transistor 1004 and a n-type fickd-effect transistor 1003 that are stacked over the
substrate 112, The p-type ficld-effect transistor 1004 can have a channel structure 116
positioned over a channel structure 114 of the n-type field-effect transistor 100_3. A common
gate structure 113 can be positioned over the substrate 112 and around the channel structures
114 and 116. Power rails 118 can be posttioned over the common gate structure 113 and
disposed in the substrate 112 so as to be coupled to the p-type ficld-effoct transistor 100 4
and the n-type field-effect transistor 100 3. In FIG. 1C, two CFET devices 100 5 and 100 6
can be stacked over a substrate 120, Each of the CFET devices 100_5 and 1006 can nclude
a respective n-type field-effect transistor and a respective p-type field-effect transistor that are
stacked over gach other. For example, the CFET device 1005 can mchide a first n-type field-
cffect trausistor stacked over a first p-type field-effect transistor. The first n-tvpe field-effect
fransistor can include a channel structure 124 positioned over a channel structure 122 of the
first p-type ficld-ctfect transisior. A first common gate structure 130 can be formed to around
the channe! structures 122 and 124, The CFET device 100 6 can include a second p-type
ficld-cffect transistor stacked over a sccond u-type ficld-cffect transistor. The second p-type
field-cftect transisior can mclude a channel structure 128 positioned over a channel structure

126 of the second n-type ficld-effect transistor. A second common gate structure 132 can be

X
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formed to around the channel structures 126 and 128, Further, interconnect contacts 134 ¢can
be formed over the second common gate structure 132, An insulating structure 138 can be
arranged between the CFET device 1005 and the CFET device 1006, Power rails 136 can
be positioned within the substrate 120

10006} As tlustrated 1n FIGS. 2A, 2B and 2C, CFET can improve a transistor density
i standard cell logic designs by reducing the height of the standard cell, effectively
by folding the “p balt” of the standard cell over {(on top of) the “o half ™ FIG. 24
shows a lavout of a standard cell logic design, where a plurality of p-tvpe transistors
202 can be positioned with a plurabity of n-type transistors 204 side by side. A
plurality of contacts 206-214 can be conngcted to input and output signals. For
example, the contacts 206, 208, 210, and 212 can be connected to input signals Al,
A2, Bl, and B2 respectively, and the contact 214 can be connected to an output
signal Z. In F1G. 2B, the “p half ” 202 can be folded over the “n half™ 204
Accordingly, contacts 216, 218, 220, and 222 can be connected to the input signals
AL, A2 BI, and B2 respectively, and the contact 224 can be connected to the output
signal Z.

[8867] As shown in FIG. 2, stacked CFET can further improve the transistor
density by reducing the width of the standard cell by effectively folding the cell 1n
FIG. 2B left-over-right. Accordingly, contacts 226, 228, 230, and 232 can be
conngcted to the input signals A1, AZ, B1, and B2 respectively, and the contact 234
can be connected to the output signal 7. A well-known challenge in ToT 3D is the
mcreased wiring congestion caused by connecting a same number of input and
output signals as well as internal signal connections, which can be shown in FIG. 2C
with a substantially reduced footprint area.

(66068} Techniques herein provide a construct {i.¢., a layout structure with a specific
function} and associated ntegration solution to facilitate critical connections in
stacked CFET 3D while munimizing the impact on sparse wiring resources. More
specifically, upwards of 40% of a logic block’s arca 1s occupied by seguential cells,
1.e., not combinatorial cells that execute Boolean logic, but cells that store the
intermediate states of logic paths in-between clock cveles. Therefore, the arca
scaling of logic designs is dominated by the efficiency with which sequential logic
cells, such as flip-flops and latches, can be scaled. Technigues herein provide a

construct to efficiently scale these types of data storage elements.

(53
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[0609] Of course, an order of the manufacturing sieps disclosed heren is presented for clanty
sake. In general, these manufacturing steps can be performed i any suwitable order.
Additionally, although cach of the differcot features, techmigues, configurations, ete. herein
mayv be discussed in different places of the present disclosure, if should be noted that each of
the concepts can be exccuted independently from each other or tn combination with each
other. Accordingly, the present disclosure can be embodied and viewed in many different
WaYS.

[6818] It should be noted that this summary section does not specify every embodiment
and/or incrementally novel aspect of the present disclosare or claimed invention. Instead, this
summary only provides a preliminary discussion of different embodiments and corresponding
points of noveliyv over conventional techmigues. For additional details and/or possible
perspectives of the mvention and embodiments, the reader is directed to the Detailed
Description section and corresponding figures of the present disclosure as further discussed
helow,

[8811] According to an aspect of the disclosure, a semiconducior device is provided.
The semiconductor devige can include a first pair of field-effect transistors formed
over a substrate and a sccond pair of ficld-effect transistors stacked over the first
pair of field-cffect transistor. The first pair of field-effect transistors can include a
first field-effect transistor positioned over the sobstrate and a second field-effect
transistor stacked over the first field-effect transistor. The second pair of ficld-effect
transistors can include a third field-effect transistor stacked over the second ficld-
cffect transistor and a fourth field-effect transistor stacked over the third ficld-effect
transistor. In the semiconductor device, a bottom gate structure can be disposed
arcund a first channe! structure of the first field-effect transistor and positioned over
the substrate. An intermediate gate structure can be disposed over the bottom gaie
structure and around a second channel structure of the second field-effect transistor
and a third chanunel structure of the third field-effect transistor. A top gate structure
can be disposed over the intermediate gate structure and around a fourth channel
structure of the fourth field-effect transistor. An inter-level contact can be formed to
bypass the intermediate gate structure from a first side of the intermediate gate
structure, and arranged between the bottom gate structure and the top gate structure.
[6612] In the semiconductor device, the first channel structure can be disposed in a
horizontal direction parallel to a top surface of the substrate. The second channel

stracture can be disposed over the first channel structure in the horizontal direction.
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The third channel structure can be disposed over the second channel structure in the
horizontal direction, and the fourth channel structure can be disposed over the third
channel structure in the horizontal direction.

[6613] In some embodiments, the first side of the intermediate gate structure can
extend less than a first side of the top gate structure and a first side of the bottom
gate structure from a central axis of the first channel structure, the second channel
structure, the third channel structure, and the fourth channel structure. A first side of
the second channel structure and a first side of the third channel structure can extend
less than a first side of the first chanoel structure and a first side of the fourth
channel structure from the central axis.

[6614] In the semiconductor device, the top gate siructure and the bottom gate
stracture can be connected to cach other through the inter-level contact,

18815] In some embodimenis, a second side of the top gate structure can extend less
than a second side of the intermediate gate structure and a second side of the bottom
gate structure from the central axis.

[86816] The semiconductor device can further include an interconnect contact that
extends from the intormediate gate structure and bypasses the top gate structure from
the second side of the top gate structure.

[86617] The semiconductor device can inglude a dicleciric liner that is formed along
the first side of the intermediate gate structure, and positiongd between the top gate
structure and the bottom gaie structure and arcund the inter-level contact.

[8818] In some embodiments, a first conductive plane can extend along the first sides
of the bottom gate structure, the intermediate gate structure and the top gate
structure, and span a height of the first pair of field-effect transistors and the second
pair of ficld-cffect transistors. A sccond conductive plane can extend along the
sccond sides of the bottom gate structure, the intermediate gate structure and the top
gate structure, and span the height of the first pair of field-effect transistors and the
second pair of field-effect transistors. The first conductive plane can be coupled to
one of the first pair of field-effect transistors and the second pair of field-effect
transistors, and the sccond conductive plane can be coupled to one of the first pair of
field-cffect transistors and the second patr of ficld-effect transistors.

[6619] In some embodiments, cach of the first channel structure, the second channel

structure, the third channel structure, and the fourth channel structure can include

(¥
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one or more respective nanosheets that are disposed in the horizontal direction,
stacked over one another, and spaced apart from one another.

[6620] In the semiconductor device, the bottom gate structure can include a bottom
dielectric stack around the first channel structure, a bottom work function stack
around the bottom dicleciric stack, and a bottom gate electrode arcund the bottom
work function stack. The intermediate gate structure can include a first mtermediate
diclectric stack around the second channel structure and a sccond intermediate
diclectric stack around the third channel structure, a first intermediate work function
stack around the first intermediate diclectric stack, a second intermediate work
fanction stack around the second intermediate dielectric stack, and an intermediate
gate electrode around the first intermediate work function stack and the second
intermediate work function stack. The top gate structure can mclude a top dielectric
stack around the fourth channel structure, a top work function stack around the top
diclectric stack, and a top gate electrode around the top work function stack.

[8821] The semiconductor device can further include a first dielectric cap laver
positioned between the bottom gate structure and the intermediate gate structure, and
a second diclectric cap layer positioned between the intermediate gate structure and
the top gate structure.

[6622] In some embodiments, the first field-cffect transistor can be one of a n-type
field-cffect trausistor or a p-type ficld-effect transistor. The second field-effect
transistor can be one of a n-type ficld-effect transistor or a p-type ficld-cffect
transistor. The third ficld-effect transisior can be one of a n-type field-eftect
transistor or a p-type field-effect transistor, and the fourth field-effect transistor can
be ong of a n-type ficld-effect transistor or 3 p-type field-effect transistor.

[6623] According to another aspect of the disclosure, a method for manufacturing a
semiconductor device is provided. In the method, a first channel structure can be
formed over a substraie, a second channel stracture can be formed over the first
channel structure, a third chanuel structure can be formed over the second channel
structure, and a fourth channel structure can be formed over the third channel
structure. A bottom gate structure can be formed arcund the first channel structure.
Further, an intermediate gate structure can be formed arcund the second channel
structure and the third channel structure. A first ctching process can be performed
subsequently to remove a portion of the intermediate gate structure from a fivst side

of the intermediate gate structure so that a portion of the bottom gate structure is

PCT/US2021/054648
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uncovered. An inter-level contact can be formed to extend from the uncovered
portion of the bottom gate structure and bypass the intermediate gate structure from
the first side of the intermediate gate structure. A fop gate structure can be disposed
over the intermediate gate structure such that the inter-level contact is positioned
between the bottom gate stracture and the top gate structure.
18824] In the mothod, a first dielectric cap layver can be formed between the bottom
gate structure and the intermediate gate structure. A second diclectric cap layer can

¢ formed between the intermediate gate structure and the top gate structure.
[8825] In some embodiments, the first side of the intermediate gate structure can
extend less than a first side of the top gate structure and a first side of the bottom
gate structure from g central axis of the first channel structure, the second channel
structure, the third channel structore, and the fourth channel strocture. A firet side of
the second channel structure and a first side of the third channel structure can extend
tess than a first side of the first channel structure and a first side of the fourth

annel structure from the central axis,

(66261 In the method, a second ctching process can be performed to remove a portion
of the top gate structure from a second side of the top gate structore so that a portion
of the 1ntermediate gate structure is uncovered from a second side of the
intermediate gate stracture. An interconnect contact can be further formed to extend
from the uncovered portion of the intermediate gate structure and bypass the top gate
structure from the second side of the top gate structure.
[88271 In some embodiments, cach of the first channel structure, the second channel
structere, the third channel strocture, and the fourth channel structure can include
one or more respective nanosheets that are disposed in a horizontal direction paraliel
to a top surface of the substrate, stacked over one another, and spaced apart from one
another.
16828] In the meothod, a diclectric liner can be positioned along the first side of the
intermediate gate structure, where the dictectric liner can be posttioned between the
infermediate gate structure and the inter-level contact and around the mter-level
contact.
(8829 In some ¢mbodiments, the bottom gate structure can include a bottom
diclectric stack around the first channel structure, a bottom work function stack
around the bottom dicleciric stack, and a botiom gate electrode around the bottom

work function stack. The intermediate gate structure can include a first intermediate
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diclectric stack around the second channel structure and a second intermediate
diclectric stack around the third channel structure, a first intermediate work function
stack around the first intermediate diclectnic stack, a second intermediate work
function stack around the second intermediate diclectric stack, and an intermediate
gate electrode around the first intermediate work function stack and the second
intermediate work function stack. The top gate structure can include a top dielectric
stack around the fourth channel structure, a top work function stack around the top
diclectric stack, and a top gate electrode around the top work function stack.

[6838] In the method, a first conductive plane can be formed to extend along the first
sides of the bottom gate structure, the intermediate gate structure and the top gate
structure, and span a height from the substrate to the fourth channel stracture. A
sccond conductive plane can be formed to extend along the second sides of the
bottom gate structure, the intermediate gate structure and the top gate structure, and
span the height from the substrate to the fourth channel structure. in addition, the
first conductive plane can be coupled to one of the botiom gaie structure, the
mtgrmediate gate structure, and the top gate structure, and the second condactive
plane can be coupled to one of the bottom gate structure, the intermediate gate

structure, and the top gate structure.

BRIEF DESCRIPTION OF THE DRAWINGS
{06311 Aspects of the present disclosure are best understood from the following detailed
description when read with the accompanying figures. It 15 noted that, in accordance with the
standard practice in the ndustry, various features are not drawn to scale. In fact, the
dimensions of the various features may be arbitrarily increased or reduced for clarnity of
discussion.
[B832] FIG. 1A 15 a schematic view of a n-type transistor and a p-type transistor
arranged side by side, in accordance with some embodiments.
{66331 FIG. 1B 15 a schematic view of a complementary FET (CFET) device, m
accordance with some embodiments,
{60347 FIG. 1€ 1s a schematic view of a first CFET device stacked over a second CFET
device, 1 accordance with some embodiments.
[G035] FIG 2A is a layvout view of a n-tvpe transistor and a p-tvpe transistor arranged

side by stde, n accordance with some embodiments.
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[6836] FIG. 2B s a layout view of a CFET device, m accordance with some
cmbodiments.

[6837] FIG. 2C s a lavout view of a first CFET device stacked over a second CFET
device, i accordance with some embodiments.

[3638] FIG. 3 is a diagram of a transistor placement for a semi-dynamic flip-flop circust
based on stacked CFET devices, in accordance with some embodiments.

I6035)  FIG. 4 15 a layout view of a semi~dynamic flip-flop circuit based on stacked CFET
devices, in accordance with some embodiments.

[0848] FIG. SA 15 an expanded layout view of the semi-dynamic flip-flop circuit based on
the stacked CFET dovices, in accordance with some embodiments.

[B841] FIGS. 3B and 5C are expanded cross-sectional views of the layout of the semi-
dvaamic fhp-flop circuit based on the stacked CFET devices, n accordance with some
embodiments.

[6642] FIGS. 6-23 are cross-sectional wviews of various intermediate steps in a
manufacturing flow {o fabricate a semi-dynamic fhip-flop circuit based on stacked CFET

devices, in accordance with some embodiments.

DETAILED DESCRIPTION

{3843} The following disclosure provides many different embodiments, or examples, for
implementing different features of the provided subject matter. Specific examples of
components and arrangements are described below to simplify the prosent disclosure. These
are, of course, merely examples and are not mitended to be limiting. In addition, the present
disclosure may repeat reference nomerals and/or letters in the various examples. This
repetition 18 for the purpose of simplicity and clasity and does not in itself dictate a
relationship between the vanous embodiments and/or configurations discussed.

[3844] Further, spatially relative ferms, such as “beneath,” “below,” “lower,” “above,”
“upper” and the like, may be used herein for ease of description to describe one element or
feature’s relationship to another clement{s} or featurc(s) as ilustrated v the figures. The
spatially relative terms are ifended to encompass different onentations of the apparatus n
use or operation in addition to the orientation depicted in the figures. The apparatas may be
otherwise onented {rotated 90 degrees or af other onentations} and the spatially relative
descriptors used herein may likewise be interpreted accordingly.

[3045] Reterence throughout the specification fo “one embodiment” or “an embodiment”

means that a particelar feature, stracture, material, or characteristic described i connection

9
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with the embodiment is included 1n at least one embodiment, but do not denote that they are
present in every embodiment. Thus, the appearances of the phrases “in one embodiment” in
various places through the specification are not necessanly referng o the same
embodiment.  Furthermore, the particular features, structures, matenals, or charactenstics
may be combined in any suifable manner in one or more embodiments.

108646] A critical component of all fatches and flip-flops is a pair of cross-coupled transistors,
commonly referred to as cross-couple (XC) for short. A semi-dynamic flip-flop (SDFF)
cireuit that contains three sets of XC can be used as an example to illustrate techniques herem.
Wiring XC efficiently and reliably has long been a major priority and significant challenge
for design-technology co-optinuzation (BTCQO). Thus, various related examples exist on 25
implementations of XC. The present disclosure provides embodiments with a highly efficient
means of stacking and connecting pairs of XC based on a stacked CFET technology.

13647} As FIG. 3 dlustrates, flip-flop circuids are bighly complex circuit designs. in an
exeraplary cmbodiment of FIG. 3, a senu-dynamic tlip-tiop circuit 300 can be formed of 30
transistors that include nine complementary pairs using common-gate connections and three
sets of XC with four transistors cach. FIG. 3 shows a preferred transistor placement fora
stacked CFET tplementation, placing critical inter-fevel connections in close proximity.
More specifically, FIG. 3 illustrates a transistor placement in which the complementary pairs
of XC ased i the semi-dynanmic fhip-flop circutt are stacked vertically on top of gach other.
Further illustrated m FIG. 3 is the preferred vertical order of the transistor placement: p-o-n-p
(or p-type transistor/n-type transistor/n-type transistor/p-type fransistor} in the stacked CFET
mmplementation. Reversing the order of the top CFET stack can also facilitate the divect inter-
level connectivity. For example, a transistor placement of n-p-p-n {or n-type transistor/p-type
transistor/p-type transistor/n-type transistor) can be applied in the stacked CFET
waplementation. In Fi(. 3, an arca of wmterest 3072 can be shown with enlarged views in FIGS.
SA, 3B, 5C and 5D

13648} Sull referring to FIG. 3, the semi-dynamic flip-flop circnit 300 can be formed of nine
complementary pairs {or nine CFET devices) 304-320 using common-gate connections and
three sets of XC 322-326 with four transistors each. For example, the complementary pair {or
CFET device) 304 can mchude a p-type transistor MMPrmux stacked over a n-type transistor
MMNamux. A gate of the p-type transistor MMPrmux and a gate of the MMNnmux are
connected to cach other and further connect to a node of 81, A first source/drain {8/D) of the
p-type transistor MMPomux is connected to a node of nmux, and a second $/D of the p-tvpe

transistor MMPnmux is connected to a node of 15. A first source/drain (8/D) of the n-type

10
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fransisior MMNnmux is connected to the node of nmux, and a second §/D ot the n-tvpe
transistor MMNnmux is connected to a node of 12.

The XC 322 mcludes a first p-type transistor MMPI4 over a first n-tvpe transistor MMN{4,
and a second p-type transistor MMPI2* stacked over a second n-type transistor MMNIZ*.
The first p-type transistor MMP4 15 cross-coupled to the second n-type transistor MMNIZ¥
i that both gates of the first p-type transisior MMPI4 and the sccond n-type transistor
MMNIZ* are connected to a same node of nse. The second p-type transistor MMPIZ* 15
cross-coupled to the first n-type transistor MMNI4 in that both gates of the second p-type
transistor MMPI2* and the first n-type transistor MMNI are connected to a same node of se.
The arca of interest 302 includes a XC 324 that is stacked over a XC 326. A detailed
description of the arca of interest 302 can be Hustrated v FIGS, SA, 5B, 5C, and 5D,

{3848} The CFET devices in FIG. 3 can be arranged 1n a first device layer 300A and a second
device layer 3608, The first device layer 300A can be formed over a substrate, and the
second device layer 3008 can be stacked over the first device laver 300A. The fitst device
laver 300A can include the CFET device of 312, 314, 316, 318, 320, and the X{C 326 The
second device layer 300B can include the CFET device 304, 306, 308, 310, the X{ 322, and
the XC 324,

G056} FIG. 4 shows a preferred layout for the preferred transistor placement of FiG 3. As
the density of specific lines indicates, and as mentioned above, wiring congestion 18 a major
challenge for dense ToT 3. To prevent the wiring congestion from impacting area scaling,
it is viial to connect highly used circuit elements, like the XC, with nunumal use of wiring
fracks. An exampie embodiment can be itlustrated m FIG. 5.

{0851} In FIG. 4, the layout of SDFF based on the stacked CFET implementation is
iflustrated. For clarity, the two levels of CFET design 300A and 3008 are shown as separate
lavouts. The arca of wderest 302 which is the stacked pair of XC, 1s framed by dashed lines.
As shown n FIG. 4, the second level {or second device laver) 3008 of the SDFF can include
a plurality of gate structures 412, 420, 438, and 440, which are in accordance with the gate
structures of the CFET devices 304, 306, 308, and 310 respectively. The second level {or
device laver) 3008 of the SDFY can also include gate structures 430, 432, 414, and 418,
which are in accordance with the gate structures of the XU 322. The second level {or device
layer) 3008 of the SDFF can also include gate structures 424, 428, 434, and 436 thatarc in
accordance with the gate structures of the XC 324, The second level {or second device layer)
300B of the SDFF can also melude a plurality of §/D regions, such as 410, 416, 422, 426,

4472 . Bach of the $/D regions can be in accordance with a respective CFET device of a
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respective XC. For example, the 5/D region 410 can be the $/D regions of the CFET device
of 304 coupled to the node of nmax. The §/D region 422 can be the §/8 regions of the CFET
device 306 coupled to the node of nmux. The 5/1) region 426 can be the S/D regions of the
X 324 coupled to the node of nm.

{3652 Similarly, the first level (or first device layer) 300A of the SDFF can mnclude gate
structures 446, 450, 454, 464, and 466 that are n accordance with the CFET devices 312, 314,
316, 318, and 320 respecuvely. The fust level 300A can also include gate structures 436, 460,
472, and 474 that are i accordance with the XC 326. The first level 300A can include S/D
regions, such as 444, 448 470, 452 438 462, and 468, The §/D regions can be the S/D of the
CFET devices or the XC. For example, the 8/D region 444 can be the 8/D regions of the
CFET device 312, The §/D region 438 can be the §/D of the XC 326. The SDFF can further
mclade a first power rail 402 extending along a first side of the SBFF and a sccond power rail
404 extending along a second side of the SDFF. The SDFF can also mclude a first power wall
{or conductive plane) 406 posttioned over the first power ral 402, and a second power wall
{or conductive plane} 408 positioned over the second power rail 404, The first and second
power walls are configured to provide operation voltages to the CFET devices and XCs.
G053} One cxample embodiment of techniques herein can be illustrated in FIG. 5, which
shows an ¢xpanded view of the area of interest 302, The device and design includes several
elements. One element s 3 common gate. A common gate, usually used to facilitate a single
gate contact for two complementary nand p devices, is used to allow a single input to both an
upper gate {or top gate) of the bottom CFET and a lower gate {(or bottom gate) of the top
CFET in the stacked XC pair. Alternatively, an inter-level contact can be used 1o sirap the
two center gates of the bottom CFET and the top CFET together to allow a single contact in
the wiring congested plane above the device stack. A senies of gate cut constructs can be
included that shorten the two center gaies on one end (¢.g., left end in FIG. 5B) while
shortening the upper gate on the opposite end {e.g. right end in in FIG. 5B). An mter-level
super-contact (or uer-level contact) can be subsequently formed that straps the vpper gate to
the bottom gate bypassing the two intcrmediaic gates {(or two center gates).

[08384] As shown in FIG 35, a stacked pair of XC can be formed n a stacked CFET
configuration with a mimimal use of local wirtng. FIG. SA is a top down vigw of the layout
including the XC 324 in the second device iayer 3008 and the XC 326 in the first device
laver 300A. FIG. 5B is a cross-sectional view of the XC 324 and XC 326 obtained from a
plane same as the vertical plane containing hine A-A” in FIG. SA. FIG. 5C is a cross-sectional

view of the XC 324 and XC 326 obtamed from a plane same as the vertical plane contaiming
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line B-B™ m FIG. SA. As shown in FIG. 5B, in order to obtain the mimimal use of local wiring
in the stacked CFET configuration, a common gate structure 304 can be formed around the
channel structures 508 and 510 of the two center transistors MMNSLF0* and MMNnmux2*

8o that the two center transistors MMNSLEO* and MMNnmux2* are coupled to cach other.

h

In addition, a series of gate cut constructs can be applied to save the space of local winng,
For example, a left side {or first side) of the comumon gate structure 504 can extend less than a
left side {or first side) of the upper gate structure 506 and a left side {or first side) of the
bottom gate structure 302 from a center axis C-C of the channel structures S08, 510, 512,
and 514 Further, a right side {(or second side) of the upper gate structure 506 can extend less
10 than a right side {or second side} of the common gate structure 504 from the axis £-C7 An
mter-level contact 516 can thus extend from the upper gate structure 506 and further bypass
the comumon gate structare 504 from the first side of the common gate structure 504 {o
connect to the upper gate stracture 506, In addition, an inferconnect contact 51¥ can extend
from the commmon gate structure 304, and bypass the upper gate structure 306 from the second
15 side of the upper gate structure 506.
G038} The same wiring configuration can be applied to wire the transistors MMPMFQ,
MMNMFO, MMNSLTO, and MMPSLTO in FIG. 5C. As shown in FIG. 5C, a first side {or
right side} of a common gate structure 522 can extend less from a condral axis -1 of the
channel structures of transistors MMPMF(O, MMNMF(O, MMNSLTO, and MMPSLTO than a
20 fiest side {or right side) of the bottom gate structiure 320 and a first side of the upper gate
structure 524, An inter-level contact 326 can extend from the bottom gate structure 320 and
further bypass the common gate structure 522 from the first side of the common gate
strugtire 522 to connect to the upper gate structure 524, A second side (or left side} of the
upper gate structure 524 can extend less from the central axis D-D than the second side (or
25 left side) of the commeon gate structure 522, An uderconnect contact 528 can extend from the
common gate structure 522 and further bypass the upper gate structure 324 from the second
side of the upper gate structure 524,
[06656] A preferred intogration flow to enable the disclosed stacked XC configuration can be
shown in FIGS. 6-23. For simplicity and clanty, the flow can be illustrated based on CFET
30 devices with a two-nanosheet channel region. In FIG. 6, a semiconductor structure 600 can be
formed. The semiconductor structure 600 can include a substrate 602, The subsirate 602 can
include silicon (Si}, germanium (Ge), silicon carbide {51C), silicon germanium (51{3¢), or
other switable semiconductor matenals. A fin structure 603 can exiend from the substrate 602,

A first power rail 604 can be formed a first side {or night side) of the fin structure 603 and
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further extend into the substrate 602, A second power rail 606 can be formed a second side
{or left side) of the fin structure 603 and further extend inio the substrate 602, A shallow
trench isolation (ST oxide 612 is positioned over the substrate 602 and arrange between the

fin structure 603 and the first and second power rails 604 and 606. The first and second

h

power rails 604 and 606 can be covered by a capping layer 614. The capping layer 614 can be

made of a dielectnic material or metal oxide. o an ecmbodiment of FIG. 6, the capping layer

can be AlO. The semiconductor structure 600 can include a first power wall {or conductive
plane) 608 extending from the first power rail 604 and a second power wall 610 extending
from the second power rail 606. Further, a phurality of first nanosheets 616 and a plurality of

10 second nanoshects 618 can be alternately formed over the fin structure 603. The first
nanosheets 616 and second nanosheets 618 can exiend along a vertical direction {e.g., 2
direction} perpendicular to the substrate 602 and further extend along a horizontal {e.g., Y
direction} parallel to the substrate 602, In an exemplary embodiment of FIG. 6, the first
nanosheets 616 can be made of SiGe or Ge. The second nanoshects 618 can be made of S1.

15 [60S87) Sull refernng to FIG. 6, a diclectric layer 620 can be formed over the 8T1 oxade 612.
A tow-k spacer 622 can be formed along sidewalls of the dielectric layer 620. The low-k
spacer 622 can further be positioned between the first power wall 608 and the second power
wall 610. Further, a spin-on carbon (50C) faver 624 can be formed along sidewails of the
low-k spacer 622, where the SOC layer 624 s further disposed around the first nanosheets

20 616 and the second nanosheets 618, An example diclectric layer 620 can include 5i0x,
S10xNy, S:CxNy, or the like. The low-k spacer 622 can be made of any low-k matenal, such
as SICOH. The first and second power rails 604 and 606, and the first and second power
walls 608 and 610 can be made of tungsten, ruthenium, cobalt, copper, aluninam, or the like,
{6858} In FIG. 7, an etching process can be applied to remove the SOC fayer 624 so that the

25 fust nanoshects 616 and the second nanoshects 618 can be uncovered. When the ctching
process 18 fimshed, a recessed region 623 can be formed that include a first side 623aand a
second side 623b. In FIG. 8, a selective ciching process can be applied to remove the first
nanosheets 616 that arc positioned between the second nanosheets 618, After the sclective
stehing process, the second nanosheets 618 remain and function as channel structures 6138, As

30 shown in FIG. §, the channel structures 618 can include a first channel structure {or bottom

channel structure) 618%a, a second channel structure 618b over the first chanuel structure 6183,

a third chanuel structure 618¢ over the second channel structure 618b, and a fourth channel

structure {or top channel structure} 618d over the third channel structure 618¢. Further, a gate

stack 626 can be formed around the channel structures 618, The gate stack 626 can mclude a
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dielectric stack around the channels structure 618, and a work function stack around the
dielectric stack. For example, the diclectric stack can inclade a 510 layer around the channel
structures 618, and a high-k layer around the S10 layer. The high-k layer can include BfO.,
ZyQ0o, HESNG:, ZrSiNGs, Y203, V304, 513Ny, Ti02, HZrG, Tax (s, HESi104, ZrSids, La(d,
A, Zr(, TiO, Ta: (s, SrTi(h (STO), BaTiGs (BTO), BaZrD, HEZrO, HfLaO, HIS:O, Lasi(y,
AlS10, HfTaG, HINO, (Ba, SoyTi0s (BST), ALGs, Oxynitrides (810N}, combinations thereof,
or other suitable matenal. The work function stack can mehade TiIN, TaN, TiC, TiON, AlTiN,
AITiC, AITi0, the like, or the combination thersof,

[B039] In FIG. 9, after the dwamy gate pull and work-function metal deposition shown in
Fi(5. 8, a bottom gate (or bottom gate clectrode} 628 can be metalized and further capped
with a first dielectric insulator {or first diclectric cap laver) 630, As shown in FIG. 9, the
bottom gate clectrode 628 can be formed around the bottom chanmel structure 6183 and
positioned over the ST1 oxide 612, In some crabodiments, the bottom gate electrode 628 can
be made of tungsien, ruthenium, cobalt, or the like. The first diclectric msulator 630 can be
made of any switable dielectric matenal, such as SiN. The bottom gate clectrode 628 and the
first diclectne insulator 630 can be deposited by a suitable deposition process, such as
chemical vapor deposition (CY D), physical vapor deposttion (PVD), atomic laver deposition
{ALD}, thermal oxidation, e-beam evaporation, sputtering, diffusion, or any combination
thereof.

10660] In FIG. 10, a second gate ¢lectrode 632 can be formed arcund the second channel
structure 618b. fn FIG. 11, a third gaie clectrode 634 can be formed around the third channel
structure 618¢. The sccond gaie clectrode 632 and the third gate electrode 634 can be made of
a same conductive matenial and function as a common gate {or common gate electrode, or
intermediate gate electrode} 636.

[8861] In FIG. 12, a protective cap 638 can be placed over the common gate clectrode 636 to
cover the top channel structure 6184, and a patterned mask 640 can be positioned over the
protective cap 638. The patterned mask 640 can reveal {or uncover) a portion of the
protective cap 638 from a night side of the protective cap 638 adjacent to the first power wall
608, In an exemplary embodiment of FIG. 12, the protective cap 638 can be made of SOC.
The patterned mask 640 can be formed through a photolithography process which may
further inchude photoresist coating {¢.g., spin-on coating}, soft bakmg, mask aligning,
exposure, post-cxposure baking, photoresist developing, rinsing, drving {¢.g., spin-drying

and/or hard baking), other sustable lithography technigues, and/or combination thereof

et
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[6862] In FIG. 13, an etching process can be applied to transfer the pattems 1 the pattermed
mask 640. The etching process can remove the portion of the protective cap 638 that is
uncovered. The etching process can further remove a portion of the commeon gate clectrode
636 that is adjacent to the first power wall 608. In some embodiments, portions of the second
channel structure 618b and the third channel structure 618¢ can also be removed. When the
ctching process is compleied, a portion of the first dielectric msulator 630 adjacent to the first
power wall 608 can be uncovered. Further, an endcap region 641 can be formed. The endeap
region 641 can be an open space that 15 defined by an edge 638a of the protective cap 638, a
first side 636a of the common gate electrode 636, a top surface 628a of the bottom gate
clectrode 628, and the second side 623b of the recessed region 623 which is mentioned in
FIG. 7.

[3863] In FIG. 14, the uncovered portion of the first diclectric msulator 630 can further be
removed to expose the bottom gate elecirode 628, In FIG. 15, a plasma ashing process can be
applied to remove the pattomed mask 640,

[0864] As shown in FIG. 16, a dielectric liner 642 can be deposited conformally i the
exposed endcap region 641, Ag shown 1n FIG. 16, the dielectric hiner 642 can be conformally
deposited along the edge 638a of the protective cap 638, the first side 636a of the common
gate clectrode 636, the top surface 628a of the bottom gate electrode 628, and the second side
623b of the recessed region 623,

10663 In FIG. 17, the dielectric liner 642 can be ¢iched back to a plane between the top
channel structure 518d and the third channel structure 618¢. At the same time, a bottom
portion of the dielectric imer 642 that is positioned over the top surface 628a of the bottom
gate electrode 628 can be also removed, which resalts in exposing the bottom gate electrode
628 In FIG. 18, the protective cap 638 positioned aver the common gate clectrode 636 can
be removed by an ciching process or a plasma ash process.

[B3866] In FIG. 19, the exposed endeap region 541 can be metalized, forming a conductive
path to the botiom gate electrode 628, As shown o FIG. 19, a conductive layer 644 can be
formed along the first side 623a and the second side 623b of the recessed region 623, and
positioned on the common gate electrode 636. The conductive laver 644 can further extend
through the dielectric liner 642 to be in contact with the bottom gate electrode 628. The
conductive layer 644 can further be disposed around the top channel structure 6184, The
conductive laver 644 can include a fist portion 644a that is surrounded by the diclectnic liver
642, and a second portion 644b that 1s arranged along the first side 623a and the second side

623b of the recessed region 623, and positioned on the common gate electrode 636, The
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conductive laver 644 can be deposited by any suitable deposition process, such as chemucal
vapor deposition (CVE), physical vapor deposition (PYD}, atomic layer deposition (ALD),
thermal oxidation, ¢-beam evaporation, sputtering, diffusion, or any combination thereof
[3867] In FIG. 20, the second portion 644b of the conductive laver 644 can be removed so
that the top chanwel structure 618d can be uncovered. The first portion 644a of the condactive
laver 644 can stilf remain and function as an inter-level contact 646

[6668] In FIG. 21, a diclectric cap 648 can be deposited over the common gate electrode 636,
The dielectric cap 648 can further be deposited over the inter-level contact 646,

{0869} In FIG. 22, the diclectric cap 648 can be etched back so that the inter-level contact
646 can be uncovered. The remaining diclectrie cap 648 can boecome a second dielectric
msulator {or second diclectric cap laver) 650.

[3876] In FIG. 23, a top gate electrode 652 can be formed along the first side 6232 and the
second side 623b of the recessed region 623, and positioned on the second dielectric insulator
650. When the top gate electrode 652 is completed, a semiconductor device 700 is formed
based on stacked CFET devices with the mmimal use of local wiring mn the stacked CFET
configuration. As shown in FEG. 23, the semiconductor device 700 can include a first pair of
field-cffect transistors 7O0A formed over the substrate 602, The first pair of ficld-effect
transistors 700A can include a first field~-effoct transistor 700_1 positioned over the substrate
602 and a second ficld-effect transistor 700 2 stacked over the first field-effect transistor
700 1. A second pair of ficld-effect transistors 700B stacked over the first pair of field-effect
transistor 700A . The second pair of ficld-ctfect transistors 7008 can include a third ficld-
cffect transistor 7003 stacked over the second field-effect transistor 700_2 and a fourth
field-effect transistor 700 4 stacked over the third field-effect transistor 700_3. A bottom
gate clectrode 928 is disposed around the first channel stracture 618a of the first ficld-effect
transistor 7001 and posttioned over the substrate 602, An intermediate gate electrode {(or
common gate clectrode) 636 15 disposed over the bottom gate electrode 628 and around the
second channel structure 618b of the second field-effect transistor 7602 and the third
channel structure 618¢ of the third ficld-effect transistor 700 3. The top gate clectrode is
disposed over the intermediate gate electrode 636 and around the fourth channel structure
618d of the fourth field-effect transistor 700 4. The inter-level contact 646 1s formed to
bypass the intermediate gate electrode 636 from the first side 636a of the itermediate gate
clectrode 636, and arranged between the bottom gate clectrode 628 and the top gate electrode

652.
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[8871] Stall referring to FIG. 23, the first side 636a of the mtermediate gate electrode
636 extends less than a first side 652a of the top gate electrode 652 and a first side
628b of the bottom gate electrode 628 from a central axis E-E” of the first channel
structure 618a, the second channel structure 618b, the third channel stracture 6138¢,
and the fourth channel structure 618d. Further, the first dielectric cap layer 630 is
positioned between the bottom gate electrode 628 and the intermediate gate

clectrode 636 to isolate the bottom gate electrode 628 and the intermediate gate
clectrode 636 from each other. The second dielectric cap laver 630 is positioned
between the intermediate gate electrode 636 and the top gate electrode 652 to 1solate
the intermediate gate electrode 636 and the fop gate clectrode 652 from one another.
The diclectric liner 642 is formed along the first side 636a of the mtermediate gate
electrode 636 and further 1s disposed to surround the inter-level contact 646, Thaus,
the inter-level contact 646 1s isclated from the intermediate gate electrode 636 by the
diclectiric liner 642,

[8872] In the semiconductor device 700 that is implemented based on the stacked
CFET configuration, a minimal use of local wiring is obtained by introducing
common gates {e.g., common gate olectrode 636) and gate cut structures {e.g.,
common gate clecirode 636 1s cut from the first side). The gate cut structures allow
the inter-level contact (.2, 646} to strap the top gate electrode {(¢.g., 652} to the
bottom gate electrode {¢.g., 628) bypassing the common gate clectrode.

16073} As can be appreciated, many alternative flows can be used to achieve the

same structure, which serves only as a feasibly demonstration and should not Iimit
the scope of the invention. Accordingly, techniques herein provide a structure and
integration flow to form a very dense and highly efficient pair of stacked XCina
stacked CFET implementation of ToT 301,

[30674]  In the preceding description, specific details have been set forth, such as a parficular
geometry of a processing system and descriptions of various components and processes used
therein. It should be understood, however, that technigues herein may be practiced in other
embodiments that depart from these specific details, and that such details are for purposes of
explanation and not limitation. Embodiments disclosed herein have been described with
reference to the accompanying drawings. Sumilarly, for purposes of explanation, specific
osumbers, materials, and configurations have been set forth in order to provide a thorough

understanding. Nevertheless, embodiments may be practiced without such specific details.
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Components having substantially the same functional constructions are denoted by bike
reference characters, and thus any redundant descriptions may be omitted.
[B675] Varous techoigues have been described as multiple discrete operations to assist in

understanding the various embodiments. The order of description should not be construed as

h

to imply that these operations are necessarily order dependent. Indeed, these operations need
not be performed in the order of presentation. Operations described may be performed in a
different order than the descrbed embodiment. Various additional operations may be
performed and/or described operations may be omitted i additional embodiments.
[0876] “Substrats” or “target substrate” as used herein genencally refers to an object being
10 processed in accordance with the invention. The substrate may include any material portion
or structure of a device, particularly a semiconductor or other electronics device, and may, for
example, be a base substrate structure, such as a seonconductor wafer, reticle, or a laver on or
overlying a base substrate structare such as a thin film. Thus, substrate 1s not limited to any
particular base structure, underlving layer or overlying laver, patterned or un-pattemed, but
15 rather, s conternplated to mclude any such laver or base structure, and any combination of
layers and/or base structures. The description may reference particular types of substrates,
but this 1s for tlustrative purposes only.
[B677] Those skilled in the art will also understand that there can be many variations made
to the operations of the techniques explained above while still achieving the same objectives
20 of the invention. Such variations are intended to be covered by the scope of thus disclosure,
As such, the foregoing descriptions of crabodiments of the mvention are rvot miended 1o be
fimating.  Rather, any himutations to embodiments of the mmvention are presented m the

following claims.
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WHAT IS CLAIMED 1S:
1. A semiconductor device, comprising:

a first pair of ficld-effoct transistors formed over a subsirate, the first pair of
field-effect transistors including a first ficld-effect transistor positioned over the
substrate and a second field-effect transistor stacked over the first field-effect
transistor;  a second pair of ficld-effect transistors stacked over the first pair of
ficld-cffect transistors, the second pair of ficld-cffect transistors including a third
ficld-¢ffect transistor stacked over the second ficld-effect transistor and a fourth
field-cffect transistor stacked over the third field-effect transistor;

a bottom gate structure 15 disposed around a first channel structure of the first
field-effect {ransistor and positioned over the subsirate;

an intermediate gate structure is disposed over the bottom gate structure and
around a second channel structure of the second ficld-effect transistor and a third
channel structure of the third ficld-cffect transistor;

a top gate structure is disposed over the intermediate gate structure and
around a fourth channel stracture of the fourth field-effect transistor; and

an inter-level contact is formed that bypasses the intermediate gate structure
from a first side of the 1ntermediate gate structure, and that ts arranged between the
bottom gate structure and the top gate structure.

2. The semiconductor device of claum i, wherein:

the first channel structure is disposed in a horizontal direction parallel to a
top surface of the substrate,

the second channel structure is disposed over the first channel structure in the
horizontal direction,

the third channel structure 1s disposed over the second channel structure in the
horizontal direction, and

the fourth channel structure is disposed over the third channel structure in the

horizontal direction.

3. The semiconductor device of claim 2, wherein:
the first side of the intermediate gate structure extends fess than a first side of

the top gate structure and a first side of the bottom gate structure from a central axus
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of the first channel structure, the second channel structure, the third channel
structare, and the fourth channel stracture, and

a first side of the sccond channel structure and a first side of the third channel
structure extend less than a first side of the first channel structure and a first side of

the fourth channel structure from the central axis.

4. The semiconductor device of claum 1, wherein the top gate structure and the

bottom gate structure are connected to each other through the inter-level contact.

5. The semiconductor device of claim 3, wherein:
a second side of the top gate structure extends less than a second side of the
intermediate gate stracture and a second side of the bottom gate structure from the

central axis.

6. The semiconducior device of claim 5, further compnising:
an interconnect contact that extends from the intermediate gate stracture and

bypasses the top gate structure from the second side of the top gate siructure.

7. The semiconductor device of elaim 1, further comprising a dielectric liner that is
formed along the first side of the intermediate gate structure, and positiongd between
the top gate structure and the bottorn gate structure and around the inter-level

contact.

8. The scmiconductor device of claim 5, further comprising:

a first conductive plane that extends along the first sides of the bottom gate
structure, the intermediate gate structure and the top gate structure, and spans a
height of the first pair of ficld-cffect transistors and the second pair of ficld-effect
transistors, and

a sccond conductive plane that extends along the second sides of the bottom
gate structure, the intermediate gate structure and the top gate structure, and spans
the height of the first pair of field-cffect transistors and the second pair of field-
cffect transistors, wherein:

the first conductive plane is coupled to one of the first pair of ficld-ctfect

transistors and the second pair of field-effect transistors, and
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the second conductive plane is coupled to one of the first pair of field-cffect
transistors

and the second pair of field-cffect transistors.

9. The semiconductor device of claim 2, wherein each of the first channel structure,
the second channel structure, the third channel structure, and the fourth channel
structure comprises one or more respective nanosheets that are disposed in the

horizontal direction, stacked over one another, and spaced apart from one another.

10. The semiconductor device of claim 2, wherein:

the bottom gate structure includes a bottom diclectric stack around the first
channel stracture, a bottom work function stack around the bottom diclectric stack,
and a bottom gate electrode arcund the bottom work fanction stack,

the intermediate gate structure acludes a first intermediate diclectric stack
around the second channel structure and a second intermediate diclectric stack
arcund the third channel structure, a first intermediate work function stack around
the first intermediate dielectric stack, a second mntermediate work function stack
around the second ntermediate diclectric stack, and an intermediate gate clectrode
around the first intermediate work function stack and the second intermediate work
function stack, and

the top gate structure includes a top diclectric stack around the fourth channel
structure, a top work function stack around the top dieleciric stack, and a top gate

clectrode around the top work function stack.

11. The semiconductor device of claim 1, further comprises:

a first diclectric cap laver positioned between the bottom gate structure and
the intermediate gate structure, and

a second diclectric cap layer positioned between the intermediate gate

structure and the top gate structure.

12. The semuiconductor device of claim 1, wherein:
the first ficld-effect transistor is one of a n-type ficld-cffect transistor or a p-

type field-¢ffect transistor,
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the second field-effect transistor 18 one of a n-type feld-effect transistorora
p-type field-effect transistor,

the third ficld~ctfect transistor is one of a n-type field-effect transistor or a p-
type ficld-¢ffect transistor, and

the fourth ficld-effect transistor is one of a n-tvpe ficld-effect transistor or a

p-type field-effect transistor.

13. A method for manufacturing a semiconductor device, the method comprising:

forming a first channel structure over a substrate, a second channel stracture
over the first channel structure, a third channel structure over the second channel
structure, and a fourth channel structure over the third channel structure;

forming a bottom gate structure arcand the first channel stracture;

forming an intermediate gate structure around the second chanunel structure
and the third channel structure;

performing a first eiching process to remove a portion of the mtermediate gate
structare from a first side of the mtermediate gate structure so that a portion of the
bottom gate structurg is uncovered;

forming an inter-level contact that extends from the uncovered portion of the
bottom gate structure and bypass the intermediate gate structure from the first side
of the intermediate gate structure; and

forming a top gate structure that 1s disposed over the intcrmediate gate
structure such that the inter-level contact is positioned between the bottom gate

structore and the top gate strachire.

14. The method of claim 13, further comprising:

forming a first diclectric cap layer between the bottom gate structure and the
intermediate gate stracture; and

forming a second dielectric cap laver between the intermediate gate structure

and the top gate structure.

15. The method of claim 13, wherein:
the first side of the intermediate gate structure extends less than a first side of

the top gate structure and a first side of the bottom gate structure from a central axus
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of the first channel structure, the second channel structure, the third channel
structare, and the fourth channel stracture, and

a first side of the sccond channel structure and a furst side of the thuwd channel
structure extend less than a first side of the first channel structure and a first side of

the fourth channel structure from the central axis.

16. The method of claim 15, further comprising:

performing a second etching process o remove a portion of the top gate
structure from a second side of the top gate siructure so that a portion of the
intermediate gate structure is uncovered from a sccond side of the intermediate gate
gtructure; and

forming an mterconnect contact that extends from the uncovered portion of
the intermediate gate structure and bypasses the top gate structure from the second

side of the top gate structure.

17. The method of claim 13, wherein cach of the first channel structure, the second
channel structure, the third channel structure. and the fourth channel structure
COMprises one or more respective nanosheets that are disposed 1n a horizontal
direction parallel to a top surface of the substrate, stacked over one another, and

spaced apart from one ancther.

18. The method of claim 13, further comprising:

forming a dielectric liner positioned along the first side of the intermediate
gate structure,
the diclectric Jiner being positioned between the wtermediate gate structure and the

wnter-level contact and around the inter-level contact.

19. The method of claim 13, wherein:

the bottom gate structure includes a bottom dielectric stack around the first
channel structore, a bottom work function stack arcund the bottom dielectric stack,
and a bottom gate glectrode around the bottom work function stack,

the intermediate gate structure includes a first intermediate dielectric stack
around the second channel siructure and a second intermediate dielectric stack

around the third channel structure, a first intermediate work function stack around



WO 2022/119650 PCT/US2021/054648

the first mtermediate dielectric stack, a second intermediate work function stack
around the second intermediate dielectric stack, and an mtermediate gate electrode
around the first intermediate work function stack and the second intermediate work
function stack, and

the top gate structure includes a top dielectric stack around the fourth channel
stracture, a top work function stack arcund the top diglectric stack, and a top gate

clectrode around the top work funciion stack.

20. The method of claim 16, further comprising:

forming a first conductive plance that extends along the first sides of the
bottom gate structure, the intermediate gate structure and the top gate structure, and
spans a height from the substrate to the fourth channel structure, and

forming a second conductive plane that extends along the second sides of the
bottors gate structure, the intermmediate gate structure and the top gate structure, and
spans the height from the substrate to the fourth channel structure, wherein:

the first conductive plane is coupled to one of the bottom gate structure, the
intermediate gate structure, and the top gate structure, and

the second conductive plane is coupled to one of the bottom gate structure,

the

intermediate gate stracture, and the top gate structure.
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