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(57) Abstract: A method of forming an electrical connection between a buried power rail (BPR) of an unfinished complementary field
effect transistor (CFET) and a source or drain epitaxial growth of a lower level of the CFET is provided. The method includes performing
silicon epitaxial growth (302) in a lower level of the CFET, adding a contact material (332) to a portion of an exposed portion of the
silicon epitaxial growth in the lower level, the exposed portion of the silicon epitaxial growth being located in a vertical slot (309) of
the unfinished CFET structure, adding a conductive material (334) within a vertical channel (322), the conductive material being in
contact with the added contact material and the BPR (304) to form an electrical connection between the portion of the exposed portion
of the silicon epitaxial growth and the BPR and etching back a portion of the added conductive material within the vertical channel.
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FORMING A WRAP-AROUND CONTACT TO CONNECT A SOURCE
OR DRAIN EPITAXIAL GROWTH OF A COMPLIMENTARY FIELD EFFECT
TRANSINTOR((CYET) TO A BURIED POWER RAIL (BPR) OF THE CFET

RELATED APPLICATION

{6601} This application claims priority to U.S. Non-Provisional Application No. 17/372,249,
entitled "FORMING A WRAP-AROUND CONTACT TO CONNECT A SOURCE OR DRAIN
EPITAXIAL GROWTH OF A COMPLIMENTARY FIELD EFFECT TRANSISTOR (CFET)
TO A BURIED POWER RAIL (BPR) OF THE CFET”, filed 9 July 2021 {Attomey Docket No.
SYNP 3624-2), which claims priority to U.S. Provisional Application No. 63/033,501, entitled
“FORMING A WRAP-ARCUND CONTACT TO CONNECT A SOURCE/DRAIN (8/D)
EPITAXY OF A COMPLEMENTARY FIELD EFFECT TRANSISTOR (CFET) TO A
BURIED POWER RAIL {(BPR) OF THE CFET”, filed on 17 Julv 2020 (Attormey Docket No.

SYNP 3624-1).

TECHNICAL FIELD

6002} The present disclosure relates to manufacturing an clectrical contact between a buried
power rail (BPR) of an vnfinished complementary field effect transistor (CFET) and a souree or
drain epitaxial growth of a lower level the unfinished CFET. In particular, the present disclosure
relates to a forming reliable metal contact by partially wrapping conductive matenal, such as metal,
around the source or drain epitaxial growth of the CFET, where the conductive matenal provides

an electrical connection between the BPR of the CFET.

BACKGROUND

[6003] Transistor stacking, such as the stacking implemented n a complementary field effect
transistor {CFET), is a candidate for transistor density scaling and sustainment of Moore's Law in

the next 5-10 vears. The concept behind CFET 18 to scale 1n 3D, by stacking one transistor on
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another vertically, resubting m density doubling with the same feature size. This CFET architecture
requires innovative methods of manufactering that have not been implemented when

manufacturing a single transistor stack.

SUMMARY
j304] The technology disclosed provides an electrical contact that wraps arcund a portion of
a source and/or drain lower level epitaxy of a complementary ficld effect transistor (CFET) and
connects to a buried power rail (BPR) of the CFET.
{8085} In an aspect of the technology disclosed, a method of forming an electrical connection
between a buried power rail {BPR) of an unfinished complementary field effect transistor {(CFET)
and a source or drain epitaxial growth of a lower level of the unfinished CFET is provided. The
method can mchide performing silicon epitaxial growth 1n a lower level of an unfimished CFET
structure to form af least one of a source and a drain in the lower level of the unfimished CFET
structure, adding a contact material to at least a portion of an exposed portion of the silicon
cpitaxial growth in the lower level, the exposed portion of the silicon epitaxial growth being
located m a vertical slot of the unfinished CFET structure, adding a conductive material within a
vertical channel formed m the unfinished CFET structure, the conductive material being in contact
with (i) the contact matenial added to the portion of the exposed portion of the silicon epitaxial
growth m the lower level and (i1} the BPR to form an ¢lectrical connection between the portion of
the exposed portion of the silicon epttaxial growth and the BPR, and etching back a portion of the
added conductive matenal within the vertical channel.
[0006] In another aspect of the technology disclosed, the lower fevel can form a positive-
channel metal oxide semiconductor.
HEE n a further aspect of the technology disclosed, the silicon epitaxial growth performed

on the lower level can be SiGe epitaxial growth.
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[6008] In an aspect of the technology disclosed. the silicon epitaxial growth performed on the
lower level can be p+ source and drain epitaxy to form nt+ Si1Ge.

[6009] In another aspect of the technology disclosed, the vertical slot can be located between
at least two vertical dividers comprising silicon mitride.

[6010] In a further aspect of the technology disclosed, the contact material can be one of T
and Ti sihicide.

011} In an aspect of the technology disclosed, the method can further include, prior to the
adding of the contact matenal to at least the portion of the exposed portion of the silicon epitaxial
growth in the lower level, adding a blocking maierial to fill at least a portion of the vertical slot of
the unfinished CFET structure, and performing a contact eich on the added blocking material o
form the vertical channel that exposes the portion of the silicon epitaxial growth in the lower level
that was previcusly covered by the blocking material.

31 2] In another aspect of the technology disclosed, before the performing ofthe contact etch,
the blocking material can cover all exposed surfaces within the vertical slot, except for a contact
surface of the silicon epitaxial growth.

{6613} In a further aspect of the technology disclosed, the blocking material can mchude at
least one of a carbon-based material, aluminum oxide, silicon nitride~-based matenials, and carbon
doped silicon oxide (SiCGH).

1 4] In an aspect of the technology disclosed, the conductive material can be added by filling
m at least a portion of the vertical channel, such that the conductive matenal (i) covers the contact
matenial, (i)reaches the BPR and (1) forms the clecincal connection between the portion of the
exposed portion of the silicon epitaxial growth and the BPR.

{8615} In a further aspect of the technology disclosed, the conductive matenal can include at

least ong of Ruthenium, Tungsten, Cobalt and Molvbdenum,
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8016} In another aspect of the technology disclosed, the method can include, after the ciching-
back of the portion of the added conductive material, adding a blocking material within the vertical
channel to cover at least a portion of the etched-back conductive matenal.

{8017} in an aspect of the technology disclosed, the method can further include addmng a
blocking material within the vertical channcl to cover at least a portion of the eiched-back
conductive material.

3618} In a further aspect of the technology disclosed, the method can further include
performing silicon epitaxial growth in an upper level of an unfinished CFET structare.

{6619} In ancther aspect of the technology disclosed, the upper level can form a negative-
channel metal oxide semiconductor.

6024} {n an aspect of the technology disclosed, the silicon epttaxial growth performed on the
upper level can be St epitaxdal growth on St

6021} In a further aspect of the technology disclosed, the silicon epitaxial growth on the upper
level can be nt+ 5/D epitaxy to form n+ doped silicon.

18022} In another aspect of the technology disclosed system for forming an eloctrical
connection between a buried power rail {(BPR) of an unfinished complementary field effect
transistor {CFET) and a source or drain epitaxial growth of a lower level of the unfinished CFET
is provided. The system can include a memory storing instructions and a processor, coupled with
the memory and to exccute the mstructions. The mstructions when executed causing the processor
to perform silicon epitaxial growth m a lower level of an unfinished CFET structure to form at
least one of a source and a drain in the lower lovel of the unfinished CFET structure, add a contact
material to at least a portion of an exposed portion of the silicon epitaxial growth 1n the lower
level, the exposed portion of the silicon epitaxial growth being located 1w a vertical slot of the
mnfinished CFET structure, add a conductive material within a vertical channel formed in the
unfmished CFET structure, that the conductive matenial being in contact with (1) the contact

material added to the portion of the exposed portion of the silicon epitaxial growth in the lower
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level and (11) the BPR to form an clectrical connection between the portion of the exposed portion
of the silicon epitaxial growth and the BPR, and etch back a portion of the added conductive
material within the vertical channel.

{6623} in an aspect of the technology disclosed, a non~transitory computer readable storage
medium comprising stored instractions for forming an electrical connection between a buried
power rail {(BPR) of an unfinished complementary field effect transistor (CFET) and source or
drain epitaxial growth of a lower level of the unfimished CFET 15 provided. The mstructions, when
cxecuted by a processor, can cause the processor to tmplement operations including performing
silicon epitaxial growth in a lower level of an unfinished CFET structure to form at least onc of a
source and a dramn in the lower level of the unfimished CFET structure, adding a contact matenal
1o at least a portion of an cxposed portion of the silicon epitaxial growth m the fower level, the
cxposed portion of the silicon epitaxial growth being located n a vertical slot of the uofinished
CFET structure, adding a conductive material within a vertical channel formed in the unfinishe
CFET structure, the conductive material being in contact with (1) the contact material added to the
portion of the exposed portion of the silicon ¢pitaxial growth in the lower level and (1) the BPR
to form an clectrical connection between the portion of the exposed portion of the silicon epitaxial
growth and the BPR, and ctchmg back a portion of the added conductive matenial within the

vertical channel.

BRIEF DESCRIPTION OF THE BRAWINGS

[0024] The disclosure will be understond more fully from the detailed description given below
and from the accompanying figures of embodiments of the disclosure. The figures are used fo
provide knowledge and understanding of erabodiments of the disclosure and do not limit the scope
of the disclosure to these specific embodiments. Furthermore, the figures are not necessarily drawn

o scale.
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[0025] FIG. 1 dlustraies a complementary field effect transistor {CFET) structure having an
apper level (negative-channel metal oxide senmuconductor (NMOS)) and a lower level {positive-
channel metal oxide semiconducior {PMOS)) and having a contact hole that 1s eiched 1o provide
access to a buried power rail (BPR).

| 0026] FIG. 2 illustrates the need and difficelty m making an electrical contact between the
BPR and a source and/or a drain of an epitaxaal growth of a lower level of the CFET.

271 FIGS. 3A and 3B provide both three-dimensional {top row) and two-dimensional side-
view {bottom row) iHustrations of operations performed to form an clectrical contact between the
BPR and the source and/or dram lower level epitasial growth of the CFET structure.

[6028] FIG. 4 illustrates a flowchart describing the operations performed to form an electrical
contact between the BPR and the source and/or drain lower level epitaxial growth of the CFET
structure.

(29 FIG. 5 depicts a flowchart of various processes used durng the design and manufacture
of an micgrated curcuit in accordance with some embodiments of the present disclosure.

16638 FIG. 6 depicts an abstract diagram of an cxample computer sysiem in which

cmbodiments of the present disclosure may operate.

BETAILED DESCRIPTION

3331} Agpects of the present disclosure relate to forming a wrap-around contact to connect a
source or drain epitaxial growth of a complimentary ficld effect transistor (CFET) to a buried
power rail (BPR) ofthe CFET.

16632} The concept behind CFET s to scale transistor structures in 3D, by stacking one
transistor on another vertically, resulting in density doubling with the same feature size,

16633} One umigue aspect of CFET, i comparison to a single transistor stack, is the
manufacturing sequence of forming a lower level stack and an upper fevel stack and

interconnections between the two levels. The technology disclosed provides a process of
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comnecting components of the CFET. Specifically, this 3D stacking used to form the CFET
structure 1s fundamentally different from the conventional process technologies for forming a
traditional field effect transistor (FET), which only mcludes a smgle level of transistors. This 3D
stacking used to form the CFET structure has many new challenges arising with respect to vertical
interconnection in the front-end-of-ling {FEQOL) of the CFET. The FEOL of the CFET can be a
portion of the CFET, which duning fabrication, that is patterned to form the active transistor
components. One challenge to overcome is to provide a relatively low resistance contact (¢.g., less
than 500 Ohms) to connect the source or drain epitaxial growth of a fower level the CFET to an
underlyiog buried power rail (BPR). The technology disclosed provides a robust process that forms
a wrap-around contact on the source or drain epitaxial growth of the lower level of the CFET nsmg
a motal, which electrically connects the source or drain epitaxial growth of the lower level to the
BPR of the CFET.

6034} Aspects of the technology disclosed relate to a method of making wrap-around contacts
to source and/or drain epiaxial growth of the CFET structure, as well as a system and computer
instructions for making the wrap-arcund contacts.

6035} Specifically, the technology disclosed corresponds to a sequence of steps and mask
sizing to form wrap-around contacts between a source or a dram of epitwaal growth of a lower
fevel of a CFET and a buned power rail (BPR) located below the fower level of the CFET. The
wrap-around contact can have a relatively large contact size (e, 10 nm by 20 nm for T or 2 om
technology node) so as o provide a relatively low resistance {¢.g., less than 500 Ohms) electrical
comnection between the BPR and the lower level source or drain epitaxy. A BPR can mchude metal
wires located below an active part of the CFET that are for routing power and ground lines to other
components. The techmigue implemented by the technology disclosed 1s robust with a wide process
margin {¢.g., a large tolerance during manufacturing) to achicve lower contact resistance between
the lower level source or drain epitaxy and the BPR, maxinizing vield and performance of CFET

devices.
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[8036] FIG. 1 dlustraies a complementary field effect transistor {CFET) structure having an
apper level (negative-channel metal oxide senmuconductor (NMOS)) and a lower level {positive-
channel metal oxide semiconducior {PMOS)) and having a contact hole that 1s eiched 1o provide
access to a buried power rail (BPR).

16637} Specifically, FIG. 1 illustrates a CFET structure 100 in which great precision is
required to make an clectrical connection between a lower level epitaxial growth 102 and the BPR
104 using an ctched contact hole 106, Even with great precision, the electrnical connection using
the etched contact hole 106 will have high resistance due to, for example, small contact points. For
example, in order to connect the lower level epitaxial growth 102 to the BPR 104, a blocking
material 110 will need to be etched away verticallv. Specifically, a small portion of the blocking
matenial 110 {near the lower lovel epitaxial growth 102} will need to be removed to expose the
fower level epitaxaal growth 102 to the ctched contact hole 106, without exposing the upper level
epitaxial growth 108 to the etched contact hole 106 to prevent an electrical short.

[0038] As mentioned above, the CFET structure 100 dlustrated m FIG. 1 includes the contact
hole 106, which 1s a vertical channel etched in the CFET structure 100. FIG. | further illustrates
that the CFET structure 100 includes source and drain epitaxy at two levels (e.g., an apper level
and a lower level}, both levels being above the BPR 104 of the CFET structure 100, As mentioned
above, the upper level of the CFET structure 100 can be an NMOS and the lower level of the CFET
structure 100 can be a PMOS. Altematively, the upper level can be PMOS and the lower level can
be an NMOS. Specitically, the upper level can include an upper level epitaxial growth 108 that
can be an n+ source and drain epitaxy {(¢.g., n+ doped stlicon). The lower level can mclude the
lower level epitaxial growth 102 that can be a p+ source and drain epitaxy {g.g., n+ Si{Ge).

{6039} The CFET structure 100 can also mclude the blocking material 110 that insulates the
lower level epitaxial growth 102 from the upper level epitaxial growth 108. The blocking matenal
110 can melude at least one of a carbon-based matenal, an oxide {e.g., aluminum oxide), silicon

nitride-base materials, and carbon-doped stlicon oxide SiCOH. The CFET structure 100 can also
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include a hard mask 112 above the upper level for luhographical patterning of contact hole 106
and a silicon substrate 114 below the lower level as the basis for epitaxial growth of PMQOS and
complementary metal oxide semiconductor (CMOS) channels. The CFET structure 100 further
includes silicon nitnde (SN} or silicon oxynitride (510N} 116 that 15 used to form, for example,
adivider 118 between the sources and the drains of the apper and lower levels and can also include
tsolation oxide 12{.

[3040] As tHustrated in FIG. 1, one technique for connecting the source and/or dram epitaxial
growth of the lower level of the CFET is to form {etch) the vertical contact hole 106 to allow for
contact to eventually be made between the BPR 104 and the source and/or drain fower level
epitaxial growth 102, The CFET structure 100 can be many layers deep {¢.g., 15 or more) and
solving the problem of achieving a good low resistance clectrical contact between the BPR 104
and the source and/or drain lower level epitaxial growth 102 becomes more complex as the number
of layers in the CFET structure 100 increases.

{6041} FIG. 2 dlustrates the need and difficulty in making an clectrical contact between the
BPR and a source and/or a drain of an epitaxial growth of a lower level of the CFET,

[8042] As illustrated m FIG. 2, making an electrical contact after the upper level eprtaxial
growth 108 is formed leaves no margin for error, because the contact size is constrained by the
location of the upper level epitaxial growth 108. For example, it is desirable to make the contact
hole 106 wide enough to provide a connection between the BPR 104 and the source and/or drain
lower level epitaxial growth 102, However, the wider the contact hole 106, the closer the source
and/or drain upper level cpitaxial growth 108 comes to being exposed 1o the contact hole 106 or
other materials of the CFET structure 200 (see, reference elements 202 and 204 which dlustrate
the fact that it is difficuit to connect the source and/or drain lower level epitaxial growth 102 to the
BPR 104 without exposing the source and/or drain upper level epitaxial growth 108 to the BPR

104 or other portions of the CFET structure 200).
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[3043] Specifically, as ilustrated, it s difficult to form a good low resistance conmection
between the BPR 104 and the lower level epitaxial growth 102 becaunse the point of contact 204
between the BPR 104 and the lower level epitasaal growth 102 will be very small. In other words,
making an clectrical connection between the source and/or dram lower level epitaxial growth 102
and the BPR 104 without ¢xposing or connecting the source and/or drain upper level epitaxial
growth 108 1o (1) the BPR 104 or (i1} the lower level epitaxial growth 102 requires a high precision
process. Furthermore, even 1f this can be achieved, the connection between the BPR 104 and the
source and/or drain lower lovel epitaxial growth 162 will not be very good, as there will be a small
point of contact (¢.g., contact area of about 1 nm by 1 nm} and the resistance will be undesirably
high (e.g., tens of kilo ohms).

[6044] FIGS. 3A and 3B provide both three-dimensional {top row) and two-dimensional side-
view {bottom row) tlustrations of operations performed to form an electrical contact between the
BPR and the source and/or dram lower level epitaxial growth of the CFET structure.

[B045] The technology disclosed mncludes: (1) performing contact formation after the source
and drain lower level epitaxy process is complete; (it} etching a wide vertical channel down to the
sovrce and/or dramn lower lfevel $/D epitaxy; and (111} filling in contact metal after formation of a
contact material (metal silicide) at an exposed portion of the source and/or dram lower level
epitaxy and then eiching back a portion of the contact metal.

68046} Specifically, the process mncludes operation 300 of obtaining an wnfimshed CFET
structure, which mcludes, a BPR 304 and nitride 306 that 1s used to form, for example, vertical
dividers 308 that can be between the sources and the drains of the upper and lower levels. Further,
the unfinished CFET structure inclodes a vertical slot 309 formed between the vertical dividers
308. Operation 300 further mcludes performing silicon epitaxial growth 302 in the lower level of
the unfimished.

16647} The process further includes operation 310 of adding a blocking material 312 to fill at

least a portion of the vertical slot 309 of the unfinished CFET. The blocking material 312 can cover
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some or all exposed surfaces {e.g., the protective surface oxide of silicon nanosheets 301 and mner
dielectric spacer 303 of the upper level NMOS) that were located in the vertical slot 309 {e.g.,
compare exposed surfaces in the vertical slot 309 illustrated i operation 300 that are now covered
in operation 310)., The silicon epitaxial growth 302 is also covered by the blocking matenal 312,
The blocking material can be at least one of 3 carbon-base material, aluminum oxide, silicon
nitride-based materials and carbon deposed silicon oxide (5i1COH).

(048] The process also includes operation 320 of performing a contact etch on the blocking
material 312 to form a vertical channel 322 that exposes a portion 324 of the silicon epitaxial
growth 302 in the lower level. The arrows in operation 320 illustrate the width of the vertical
channel 322. As illustrated the vertical channel 322 is wide enough 1o expose top and side portions
324 of the silicon epitaxial growth 302 that were previously covered by the blocking material 312,
Note that 1 is not necessary to expose both top and side portions 324 of the silicon epitaxial growth
302 {e.g., only atop potion may be exposed or only a side portion may be exposed). Alternatively,
a bottora portion of the silicon epitaxial growth 302 can be exposed by an sotropic eich. The
coniact etching can also remove a portion of isolation oxide 326 and can expose the BPR 304,
Accordingly, the vertical channel 322 provides an open space between the top and side portions
324 of the silicon epitaxial growth 302 and the BPR 304.

[06045] The process further inciudes operation 330 of adding a contact material 332, such as i
or titamum sithicide, to at least a portion of the exposed top and side portion 324 of the source
and/or drain lower level epitaxaal growth 302, Operation 330 also melades adding a conductive
maternial 334 within the vertical channel 322, such that the conductive material 334 1s in contact
with the contact material 332 and the BPR 304 to form an ¢lectrical connection between the top
and side portions 324 of the silicon epitaxial growth 302 and the BPR 304, This contact matenal
332 and the conductive matenial 334 form the wrap-around contact with the silicon epitaxial
growth 302 The operation of adding the contact matenial 332 can be omitted and the conductive

material 334 can be added without the use of the contact material 332, The conduciive material
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334 can be comprised of, at least one of, Ruthenium, Tungsten, Cobalt, Molybdenum, ete. This
operation 330 can mchide completely filling the vertical chamnel 322 with the conductive material
334 or partially filling m at least a portion of the vertical channel 322 with the conductive maternial
334 so that the exposed portion 324 1s covered by the conductive material 334.

6050] The process also mchides operation 340 of etching back a portion of the conductive
material 334 to a desived height 344 above the silicon epitaxial growth 302, feaving a channel 342
above the remaining portion of the conductive material 334, This operation 340 can also mclude
removing some or all of the blocking material 312.

{6051} The process further includes operation 350 of adding additional blocking material 352
1o cover {some or all of} the etched back conductive material 334 above the source and/or dramn
lower level epitaxial growth 302, so as o provide msulation around the source and/or drain lower
level epitaxial growth 302 and to allow for upper level epitaxy.

053] Reference element 360 illustrates the connection between the top and/or side portion
324 of the silicon epitaxal growth 302, the contact matenal 332 and the conductive matenal 334
connected to the BPR 304, Specifically, reference element 360 illustrates the width 362 of the
connection between the silicon epitaxial growth 302 and the conductive material 334 that connects
to the BPR 304, Additionally, as mentioned above, after this wrap-around connection is performed,
silicon epitaxial growth can be formed 1n an vpper level of the unfinished CFET structure. The
upper level can form a negative-channel metal oxide semiconductor. Further, the silicon epitaxial
growth performed on the upper level can be 5iGe epitaxial growth. Additionally, the silicon
epitaxial growth on the upper level can be nt source and/or dram epitaxy to form n+ doped silicon.
These above-described operations can provide a robust process and vield excellent low-level
contact resistance between the silicon epitaxial growth 302 and the BPR 304,

{0653} FIG. 4 illustrates a flowchart describing the operations performed to form an electrical
countact between the BPR and the source and/or drain lower lovel epitaxial growth of the CFET

structure.
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[B0534] Specifically, FIG. 4 dlustrates operations for forming an clectrical connection between
a4 BPR of a CFET and a source or drain epitaxial growth of a lower level of the unfinished CFET.
The operations can include an operation 400 of performing silicon epitaxial growth in alower level
of an unfinished CFET structure to form at least one of a source and a drain in the lower level of
the unfinished CFET structure. The operations can include an operation 402 of adding a contact
matenal to at feast a portion of an exposed portion of the silicon epitaxial growth in the lower
level, the exposed portion of the silicon epitaxial growth being located in a vertical slot of the
anfinished CFET structure. Further, the operations can include an operation 404 of adding a
conductive material within a vertical channel formed in the uwnfinished CFET structure, the
conductive maierial being in contact with (1) the contact material added to the portion of the
exposed portion of the silicon epitaxial growth m the lower level and (i1) the BPR to form an
clectrical connection between the portion of the exposed portion of the silicon ¢pitaxial growth
and the BPR. Additionally, the operations can include an operation 406 of etching back a portion
of the added conductive material within the vertical channel.

[6055] FIG. 5 dlustrates an example sot of processes 500 used during the design, verification,
and fabrication of an article of manufacture such as an integrated circuit to transform and venfy
design data and nstructions that represent the miegrated circuit. Each of these processes can be
structured and cnabled as multiple modules or operations. The term “EDA’ signifies the term
‘Electronic Design Automation.” These processes start with the creation of a product idea 510 with
information supphied by a designer, wformation which 1s transformed to create an atticle of
manufacture that uses a set of EDA processes 512, When the design is finalized, the design is
taped-out 534, which is when artwork {e.g.. geometric patterns) for the integrated circuit is sent {o
a fabrication facility to manufacture the mask set, which is then used to manufacture the integrated
circuit. After tape-out, a semiconductor die is fabricated 536 {using the technigues of the

echnology disclosed, as discussed above) and packaging and assembly processes 538 are
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performed to produce the finished miegrated cuenit 540, The above-described fornming of the
wrap-around contact{s) can be performed m this fabrication stage 536.

16636} Specifications for a circuit or electronic structure may range from low-level transistor
material layouts to high-level description languages. A high-level of abstraction may be used to
design circuits and systems, using a hardware description language ("HDL™) such as VHBL,
Vertlog, SystemVernlog, System{, MyHDL or OpenVera. The HDL description can be
transformed to a logic-level register transfer level (RTL) description, a gate-level description, a
layvout-level description, or a mask-level description. Each lower abstraction level that is a less
abstract description adds more useful detail into the design description, for example, more details
for the modules that include the deseription. The lower levels of abstraction that are less abstract
descriptions can be gencrated by a computer, derived from a design bibrary, or created by another
design automation process. An example of a specification language at a lower level of abstraction
language for specifving more detaled descriptions is SPICE, which is used for detailed
descriptions of circuits with many analog components. Descriptions at cach level of absiraction
are enabled for use by the corresponding tools of that layer {¢.g., a formal verification tool). A
design process may use a sequence depicted o Fig. 5. The processes described by be enabled by
EDA products {(or tools).

[6057) Buring system design 514, functionality of an integrated circuit to be manufactared is
specified. The design may be optimized for desired charactenistics such as power consumption,
performance, arca (physical and/or lines of code), and reduction of costs, efc. Partibioning of the
design into different types of modules or components can occur at this stage.

[6058] During logic design and functional verification 516, modules or components in the
circuit are specified m one or more description languages and the specification is checked for
functional accuracy. For example, the components of the civcuit may be verified to generate
outputs that match the requirements of the specification of the circuit or system being designed.

Functional vertfication may use simalators and other programs such as testbench generators, static
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HDE checkers, and formal verfiers. In some emboduments, special systems of components
referred to as ‘emulators’ or ‘prototyping systems” are used to speed up the functional verification,
{66591 During synthesis and design fortest 318, HDL code s transformed to a nethist. In some
embodiments, a nethist may be a graph structure where edges of the graph structure represcunt
components of a circuit and where the nodes of the graph structure represent how the components
are injerconnected. Both the HBL code and the nethist are hicrarchical articles of manufacture that
can be used by an EDA product to verify that the integrated circuil, when manufactured, performs
according to the specified design. The nethist can be optimized for a farget semuconductor
manufacturing techoology. Additionally, the fimshed integrated circuit may be tested to vernify that
the mtegrated circuit satisfies the requirements of the specification,

6064} Duning netlist verification 5320, the oetlist is checked for compliance with timing
constraimts and for correspondence with the HDL code. Duarning design planning 522, an overall
floor plan for the integrated cirawnt is constructed and analvzed for timing and top-level routing,
[0061] Dunng lavout or physical implementation 324, physical placement (positioning of
circuit components such as transistors or capacitors} and routing {connection of the circuit
components by multiple conductors) occurs, and the selection of cells from a library to cnable
specific logic functions can be performed. As used herein, the term ‘cell” may specify a set of
transistors, other components, and nterconnections that provides a Boolean logic function {e.g.,
AND, OR, NOT, XOR) or a storage function (such as a flipflop or latch). As used herein, a circuit
‘block’ may refer to two or more cells. Both a cell and a circuit block can be referred to as amodule
or comaponcut and arc enabled as both physical stmctures and in simulations. Parameters are
specified for selected cells {based on “standard cells™) such as siz¢ and made accessible 1n 3
database for use by EDA products.

(6062} Dunng analvsis and extraction 526, the circuit function is verified at the lavout level,
which permits refincment of the lavout design. Puning physical verification 528, the lavout design

is checked to ensure that manufacturing constraimts are correct, such as DRC constramts, electrical
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constraints, lithographic consiraints, and that cucunry function wmatches the HDL design
specification. During resohiution enhancement 530, the geometry of the layout is transformed to
mmprove how the circunt design is mamsfactured.

16663 During tape-out, data is created to be used (afier lithographic enhancements are applied
if appropriate) for production of lithography masks. During mask data preparation 532, the “tape-
out’ data 1s used {o produce lithography masks that are used to produce finished mtegrated circuts,
j364] A storage subsvstem of a computer system {such as computer system 500 of FIG. 5)
may be used to store the programs and data structures that are used by some or all of the EDA
products described heretn, and products used for development of cells for the library and for
physical and logical design that use the hbrary.

[6065] FIG. 6 illustrates an example machine of a computer systern 600 within which a set of
instructions, for causing the machine to perform any one or more of the methodologics discussed
herein, may be executed. In alternative implementations, the machine may be comnected {e.g.,
networked) to other machines 1 a LAN, an mtranct, an extranct, and/or the Intemet. The machine
may operate in the capacity of a server or a client machine in client-server network environment,
as a peer machine in a pecr-to-peer {or distributed) network environment, or as a server or a client
machine in a cloud computing nfrastructure or environment.

| 03066] The machine may be a personal computer (PCh. a tablet PC, a set-top box {STB}), a
Personal Phgital Assistant (PDA}Y, a cellular telephone, 3 web apphance, a server, a network router,
a switch or bndge, or anv machine capable of executing a set of mstructions (sequential or
otherwise) that specify actions to be taken by that machine. Further, while a single machine s
tustrated, the term "machine” shall also be taken to include any collection of machines that
mdividually or jointly execute a set (or multiple sets) of mstructions to perform any one or more
of the methodologies discussed herem,

8067} The example computer system 600 includes a processing device 602, a main memory

604 {c.g., read-only memory {(ROM}, flash memory, dynamic random access memory (BRAM)
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such as synchronous DRAM (SDRAM), a static memory 606 (e.g., flash memory, static randor
access memory (SRAM]), etc.}, and a data storage device 618, which commanicate with each other
via a bus 630,

[6068] Processing deviee 602 represenis one OF IBOTE Processors such as a rmicroprocessor, a
cendral processing unit, o1 the like. More particulady, the processing device may be complex
mstruction set compuiing (CISCY mucroprocessor, reduced instruction set computing {(RISC)
microprocessor, very long instruction word (VLIW) microprocessor, or a processor implementing
other instruction sets, or processors implementing a combination of instraciion sets. Procossing
device 602 may also be one or more special-purpose processing devices such as an application
specific integrated circuit {ASICY, a field programmable gate amray (FPGA), a digital signal
processor {DSP), network processor, or the hike. The processing device 602 may be configured to
gxecute mstructions 626 for performing the operations and steps described herein

[B069] The compuier system 600 may further melude a network nterface device 608 1o
coramunicate over the network 620. The computer systern 600 also mav melude a video display
unit 610 €e.g., a Hguid crystal display (LCD} or a cathode ray tube {CRT)), an alphanumernic mput
device 612 {e.g., a keyboard}, a cursor control device 614 (2.g., a mouse), a graphics processing
anit 622, a signal generation device 616 (e.g., a speaker), graphics processing unmit 622, video
processing unit 628, and audic processing umit 632,

[6670] The data storage device 618 may include a machine-readable storage mediom 624 ¢also
known as a non-fransitory computer-readable medium) on which 1s stored one or more sets of
nstructions 626 or software embodving any one or more of the methodologics or functions
described herein. The instructions 626 may also reside, completely or at least partially, within the
main memory 604 and/or within the processing device 602 during execution thereof by the
computer system 600, the mam memory 604 and the processing device 502 also constituting

machine-readable storage media.
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6671} In some implementations, the instructions 526 include jostructions to imploment
functionality corresponding to the present disclosure. While the machine-readable storage medium
624 is shown m an example implementation to be a single medium, the term "machme-readable
storage mediwm” should be taken to mclude a single medum or nwiltiple media {e.g., a centralized
or distributed database, and/or associated caches and servers) that store the one or more sets of
mstructions. The term "machine-readable storage medium” shall also be taken to mclude any
medium that is capable of storing or encoding a set of instructions for execution by the machine
and that cause the machine and the processing device 602 to perform any one or more of the
methodologics of the present disclosure. The term "machine-readable storage medium” shall
accordingly be taken to include, but not be limited to, solid-state memories, optical media, and
magnetic media.

[06072] Some portions of the preceding detatied descriptions have been presented m terms of
algorithms and symbolic representations of operations on data bits within a computer memory.
These algorithmic descriptions and representations are the ways used by those skilled 1 the data
processing arts to most effectively convey the substance of their work to others skilled in the art,
An algorithm may be a sequence of operations leading to a desired result. The operations are those
requinng physical manipulations of physical quantitics. Such guantities may take the form of
clectrical or magnetic signals capable of being stored, combined, compared, and otherwise
manipulated. Such signals may be referred to as bits, values, elements, symbols, characters, terms,
numbers, or the like.

[6073] It should be borne in nund, however, that all of these and similar terms are to be
associated with the appropriate physical gquantities and are merely convenient labels applied to
these quantitics. Unless specifically stated otherwise as apparent from the present disclosure, if i3
appreciated that throughout the description, certamn terms refer o the action and processes of a
computer syster, or similar clectronic computing device, that manipulates and transforms data

represented as physical {electronic) quantities within the compuier system's registers and
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memorics or regisiers or other such mformation storage devices.

{6674} The present disclosure also relates to an apparatus for performing the operations herein,
This apparatus may be specially constructed for the mitended purposes, or # may include a
computer selectively activated or reconfigured by a computer program stored in the computer,
Such a computer program may be stored in a computer readable storage medium, soch as, but not
timited to, any tvpe of disk mcluding floppy disks, optical disks, CD-ROMs, and magnetic-optical
disks, read-only memornes {ROMs), random access memorics (RAMs}), EPROMs, EEPROMg,
magnetic or optical cards, or any type of media suttable for storing electronic instructions, each
coupled to a computer svstem bus.

[6675] The algorithms and displays presented herein are not inherently related to any particular
computer or other apparatus. Varous other systoms may be used with programs in accordance
with the teachings herein, or it may prove convement to consiruct a more specialized apparatus fo
perform the method. In addition, the present disclosure 15 not described with reference to any
particular programming language. It will be appreciated that a vaniety of programming languages
may be vsed to mmplement the teachings of the disclosure as described herein.

{6676} ¢ present disclosure may be provided as a computer program product, or software,
that may include a machine-readable medium having stored thereon insteuctions, which may be
used to program a computer system (or other electronic devices} to perform a process according
to the present disclosure. A machine-readable medium includes any mechaniam for storing
mformation in a form readable by a machine {c.g., a computer). For example, a machine-readable
{c.g., computer-readable} medium mchides a machine {¢.g., a computer) readable storage medium
such as a read only memory ("ROM™), random access memory ("RAM"), magnetic disk storage
media, optical storage media, flash memory devices, eic.

8077} {n the foregoing disclosure, implementations of the disclosure have been desceribed with

reference to specific oxample implementations thereof. It will be evident that various
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modifications may be made thercto without departing from the broader spirit and scope of
mnplementations of the disclosure as set forth in the following claims. Where the disclosure refers
to some clements m the singular tense, more than one element can be depicted i the figures and
like clements are labeled with like numerals. The disclosure and drawings are, accordingly, to be

regarded in an iustrative sense rather than a restrictive sense.
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CLAIMS
We claim as follows:
1. A method of forming an electrical connection between a buried power rail (BPR) of an

unfmished complementary field effect transistor (CFET) and a source or drain epitaxial growth
of a lower level of the wnfinished CFET, the method comprising:

performing silicon epitaxial growth in a lower level of an unfimished CFET structure to
form at least one of a source and a dramn n the lower level of the unfimished CFET structure;

adding a contact matenal to at least a portion of an exposed portion of the silicon
epitaxial growth in the lower level, the exposed portion of the silicon epitaxial growth being
located in a vertical slot of the unfimushed CFET structure;

adding a conductive material within a vertical channel formed in the unfinished CFET
strughure, the conductive material being m contact with (1) the contact matenal added to the
portion of the exposed portion of the silicon epitaxial growth in the lower level and (11} the BPR
to form an clectrical connection between the portion of the exposed portion of the silicon
epitaxial growth and the BPR; and

ciching back a portion of the added conductive material within the vertical channel

2. The method of claim 1, wherein the lower level forms a positive-channe! metal oxide
senuconductor.
3. The method of claim 1, wherein the silicon epitaxial growth performed on the lower level

i3 510e epttaxial growth.

4. The method of claim 3, wherein the silicon epitaxial growth performed on the lower level

is p+ source and drain epitaxy to form o+ 5iGe.

5 The method of claim 1, wherein the vertical slot is located between at least two vertical

dividers comprising silicon nitride.

6. The method of claim 1, wherein the contact material 18 one of Ti and Ti siheide.
7. The method of claim 1, further comprising, prior to the adding of the contact material to

at least the portion of the exposed portion of the silicon epitaxial growth m the lower level:
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adding a blocking matenial to fill at least a portion of the vertical slot of the unfinished
CFET structure; and

performing a contact eich on the added biocking material to form the vertical chanoel that
oxposes the portion of the silicon epitaxial growth 1n the lower level that was previously covered

by the blocking matenal.

8. The method of claim 7, wheren, before the performmg of the coutact etch, the blocking
material covers all exposed surfaces within the vertical slot, except for a contact surface of the

silicon cpitaxial growth.

9. The method of claim 7, wherein the blocking material includes at least one of a carbon-

based material, aluminum oxide, silicon nitride~-based matenals, and cestum bydroxide.

10. The method of claim 7, wherein the conductive matenial 1s added by filling in at least a
portion of the vertical channel, such that the conductive matenal (1) covers the contact material,
{11} reaches the BPR and (i1} forms the electrical connection between the portion of the exposed

portion of the silicon epttaxial growth and the BPR.

1t The method of claim 10, wherein the conductive matenial includes at least one of

Ruthemam, Tungsten, Cobalt and Molybdenum.

12. The method of claim 7, further comprising, after the etching-back of the portion of the
added conductive material, adding a blocking material within the vertical channel 1o cover at

least a portion of the etched-back conductive material.

13, The method of claim 1, further comprising, adding a blocking material within the vertical

channel to cover at least a portion of the giched-back conductive material.

14, The method of claim 13, wherein the blocking material includes at least one of a carbon-
based material, aluminum oxide, silicon nitride-based matenals, and carbon doped silicon oxide

(3iCOH)

15. The method of claim 1, further comprising performmg silicon epitaxial growth m an

upper level of an anfinished CFET structure,
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16, The method of claim 15, wherein the upper level forms a negative-chansel metal oxide
senuconductor.
17. The method of claim 13, wherein the sthcon epitaxial growth performed on the upper
level 1s §i epitaxial growth on 54
1%, The method of claim 17, wherein the silicon epitaxial growth on the upper level is 0+ 8/D
epitaxy to form nt doped silicon.
19. A system for forming an clectrical connection between a buried power rail (BPR} ofan

unfimshed complementary field effect transistor {CFET) and a source or drain epitaxial growth
of a lower level of the unfinished CFET, the svstem comprising:
a memory storing instructions; and
a processor, coupled with the memory and to execute the instructions, the instructions
when executed causing the processor to:
perform silicon epitaxial growth in a lower level of an unfimshed CFET stracture
to form at least one of a source and a drain n the lower level of the unfinished CFET
structure,
add a contact material to at least a portion of an exposed portion of the silicon
epttaxial growth 1o the lower tevel, the exposed portion of the silicon epitaxial growth
being located in a vertical slot of the unfinished CFET structure;
add a conductive matenial within a vertical channel formed in the unfinished
CFET structure, the conductive material being 1n contact with {i} the contact material
added to the portion of the exposed portion of the sithicon epitaxial growth in the lower
level and (11} the BPR 1o form an electrical connection between the portion of the exposed
portion of the sihicon epitaxial growth and the BPR, and

gich back a portion of the added conductive material withio the vertical channel.

20, A non-transitory computer readable storage medivm comprising stored instructions for
formung an electrical connection between a buried power ranl (BPR) of an unfimishe
complementary ficld effect transistor (CFET) and source or drain epitaxdal growth of a lower
level of the unfinished CFET, the instructions, when exccuted by a processor, causing the
processor to implement operations including:

performing silicon epitaxial growth in a lower level of an wnfimished CFET structere to

form at least one of a source and a drain in the lower level of the unfinished CFET structure;
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adding a contact material to at least a portion of an exposed portion of the silicon
epitaxial growth in the lower level, the exposed portion of the silicon epitasial growth being
located in a vertical slot of the vafinished CFET stracture;

adding a conductive material within a vertical channel formed in the unfinished CFET
structure, the conductive material being in contact with (1) the contact matenal added to the
portion of the exposed portion of the sihicon epitaxial growth 1n the lower level and (1) the BPR
to form an electrical connection between the portion of the exposed portion of the sihicon
cpitaxial growth and the BPR; and

giching back a portion of the added conductive material within the vertical channel.
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Perform silicon epitaxial growth in lower level of
CFET structure to form a source and/or g drain -\400
in the CFET structure

Add a contact material to an exposed portion of
the silicon epitaxial growth [N\-402

Add a conductive material in a vertical channel
of the OFET, such that the conductive material
is in contact with the added contact material
and a buried power rail {o form an electrical
connection between the exposed portion of the
silicon epitaxial growth and the BPR

Eich back a portion of the added conductive
material within the vertical channgl [N\-406

FIG. 4
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