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EPITAXIAL GROWTH OF SOURCE AND DRAIN MATERIALS INA
COMPLEMENTARY FIELD EFFECT TRANSISTOR (CFET)

RELATED APPLICATION

001} This application claims poority to U.S. Non-Provisional Application Mo, 17/372,231,
entitied  “EPITAXIAL GROWTH OF SOURCE AND DRAIN MATERIALS IN A
COMPLEMENTARY FIELD EFFECT TRANSISTOR (CFETY”, filed 9 July 2021 (Attomey
Docket No. SYNP 3623-2), which clamms priotity to U.S. Provisional Application No. 63/053 499,
cutiticd “EPITAXIAL GROWTH OF SOURCE AND DRAIN MATERIALS IN A
COMPLEMENTARY FIELD EFFECT TRANSISTOR (CFETY", filed on 17 July 2020 {Attorney

Docket No. SYNP 3623-1).

TECHNICAL FIELD
{6602} The present disclosure relates to epitaxial growth of source and dram materials in a

stacked transistor architecture, such as CFET {complementary field effect transistor).

BACKGROUND

[6003] Transistor stacking, such as the stacking implemented in a complementary ficld 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 138 to scale m 3D, by stacking one fransistor on
another vertically, resulting m density doubling with the same feature size. This CFET arclutecture
requires innovative methods of manufacturing that have not been implemented when

manufactunng a single transistor stack.

[0004] The technology disclosed provides a process for performing epitaxial growth of a

source or drain on a lower level of a complementary ficld effect transistor ({CFET) {or other type
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of stacked transistor architecture} and then subsequently performing epitaxial growth of a source
or drain on an upper level of the CFET (or other type of stacked transistor archifecture).

TLEERY In an aspect of the technology disclosed a method of performing epitaxial growth to
form at least a portion of a source and a drain on multiple levels of a complementary figld effect
transistor {CFET} is provided. The method can include depositing a first blocking material m a
vertical channel of an unfinished CFET structure, oxadizing silicon at a surface of an upper level
of the unfinished CFET structure to provide one or more 510z protective layers in the upper level,
ctching away a portion of sihicon from a lower leve! of the unfinished CFET structure to form a
lateral recess that is exposed to the vertical channel, and performing sihicon gpitaxial growth in the
lower level of the unfinished CFET structure mcluding at ieast a portion of the lateral recess to
form the portion of one of the source and the drain. Further, after the performing of the silicon
epitaxial growth on the lower level, the method can include depositing a second blocking material
m the vertical channel to cover at least a portion of the silicon epitaxial growth m the lower level,
removing the one or more S0z protective lavers, and performing epitaxial growth on the upper
level of the unfinished CFET structure to form the portion of ancther of the sowrce and the drain.
{6006} In another aspect of the technology disclosed, the upper level can be anegative~-channel
metal oxide semiconductor and the lower level can be a positive-channel metal oxide
semiconductor.

3307 In a further aspect of the technology disclosed, the first blocking matenal can include
at least one of carbon-based matenal, aluminum oxide, silicon nitnide-based materials, and carbon-
doped silicon oxide (S1COH).

HEEES In another aspect of the techoology disclosed, the method can inclade, prior to the
oxidizing of the silicon at the surface of the upper level, performing a first partial etch-back of the
deposited first blocking matenial to leave some of the first blocking material 1o the vertical channel

in the lower level.
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[0009] In a further aspect of the technology disclosed, the method can further nclude, after
the oxidizing of the silicon at the surface of the upper level, performing a second etch-back of the
deposited first blocking material by removing a remainder of the first blocking material from the
vertical chanuel.

331 6] In another aspect of the technology disclosed, the method can further mclude, after the
oxidizing of the silicon at the surface of the upper level, performing a second etch-back of the
deposited first blocking material by etching away a desired portion, but not all, of the first blocking
material from the vertical channel.

6611} In a further aspect of the technology disclosed, the portion of the silicon etched away
can be a portion of a silicon nanosheet.

[06012] In another aspect of the technology disclosed, the etching away of the portion of the
silicon from the lower level can be performed using at least one of chemical etching, plasma
etching and 1sotropic etching, to selectively remove the silicon without affecting other portions of
the lower level.

{6613} In a further aspect of the technology disclosed, the silicon epitaxial growth performed
on the lower level can be S1Ge epitaxial growth.

[6614) {n another aspect of the technology disclosed, the silicon epitaxial growth on the lower
fevel can be pt S/D epitaxy to form p+ S1Ge.

331 5] In a further aspect of the technology disclosed, the method can further include, after
the performing of the silicon epitaxial growth on the lower level, removing a remainder of the first
blocking material from the vertical channel.

{8616} In another aspect of the technology disclosed, the second blocking material can be the
same material as the first blocking matenal.

16617} in a further aspect of the technology disclosed, the second blocking material can be

different from the first blocking matenal.
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{6618} In another aspoct of the tochnology disclosed, the method can further include etching
back the second blocking material from the upper level to leave a desired amount of the second
blocking matenial i the lower level.

[6015] In a further aspect of the technology disclosed, the method can further include, after
the removing of the one or more $10; protective layers, etching away a portion of silicon from the
upper level to form a lateral recess that 1s exposed to the vertical channel.

[6026] In another aspect of the technology disclosed, the portion of the silicon that is ciched
away from the upper lovel is a portion of a silicon nanosheet.

(60621} In a further aspect of the technology disclosed, the silicon epitaxial growth performed
on the upper level can be 51Ge epitaxial growth,

[06022] In another aspect of the technology disclosed, the epitaxial growth on the upper level
can be n+ S/D epitaxy to form nt doped silicon.

23] In a further aspect of the technology disclose, a svstem for perforning epitaxaal growth
to form at least a portion of a source and drain on multiple levels of a complementary field effect
transistor {CFET) i3 provided. The system can include a memory storing mstructions, and a
processor, coupled with the memory and to execute the instructions. The mstructions when
executed cause the processor o deposit a first blocking matenial in a vertical channel of an
unfinmished CFET structure, oxidize silicon at a surface of an upper level of the unfinished CFET
structure to provide one or more 510 protective lavers in the upper level, gich away a portion of
silicon from alower level of the unfirushed CFET structure to form a lateral recess that is exposed
to the vertical channel and perform silicon epitaxial growth 1n the lower level of the unfinished
CFET structure including at least a portion of the lateral recess to form the portion of one of the
source and the drain. Further, after the performing of the sihicon epitaxial growth on the lower
evel, the processor can deposit a second blocking matenial in the vertical channel to cover at least

a portion of the silicon epitaxial growth in the lower level, remove the one or more 810 protective



WO 2022/015924 PCT/US2021/041740

A

lavers, and perform epitaxial growth on the uvpper level of the vafinished CFET structure to form
the portion of another of the source and the dram.

16624} in avother aspect of the technology disclosed, a von-transitory computer readable
storage medivm comprising stored mstructions is provided. The instraction can be for performing
epitaxial growth to form at least a portion of a source and a drain in multiple levels of a
complementary field effect transistor (CFET). Further, the mstructions, which when executed by
a processor, cause the processor to implement operations mchiding depositing a first blocking
material in a vertical channel of an unfinished CFET structure, oxidizing stlicon at a surface of an
upper level of the wnfinished CFET structure to provide one or more $i10; protective layers i the
upper level, etching away a portion of silicon from a lower level of the unfinished CFET structure
to form a lateral recess that 1s exposed to the vertical channel, pedforming silicon epitaxial growth
m the fower level of the unfinished CFET structure including at least a portion of the lateral recess
to form the portion of the source and the dram, and after the performing of the silicon epitaxual
growth on the lower level, depositing a sccond blocking maternial 1o the vertical channel to cover
at least a portion of the silicon epitaxial growth i the lower level, removing the one or more 5102
protective layvers, and performing epitaxial growth on the upper level of the unfimshed CFET

structure to form the portion of another of the source and the drain.

BRIEF BESCRIPTION OF THE BRAWINGS

[6625] The disclosure will be understood more fidly from the detailed description given below
and from the accompanying figures of embodiments of the disclosure. The figures are used to
provide knowledge and understanding of embodiments of the disclosure and do not limit the scope
of the disclosure to these specific embodunends. Furthermore, the figures are not necessarily drawn

o scale.
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16626} FIG. 1 dlustrates a complomentary field effoct transistor (CFET) having an upper level
{negative-channel metal oxide semiconductor (NMOS}Y) and a lower level {positive~channel metal
oxide semiconductor (PMOS)) formed using epitaxial growth.

[6627) FIG. 2A iHustrates a two-dimensional view of the upper level and the lower level of an
wnfinished CFET structure (prior to any epitaxial growth) being comprised of different matenials
and doping tvpes.

[o028] FIG. 2B iHustrates a three-dimensional view of the upper level and the lower level of
an unfimished CFET structure {after apper lovel epitaxial growth) being comprised of different
materials and doping tvpes and lustrates potential problems with performing the upper level
epttaxial growth betore the lower level epttaxaal growth.

[06025] FIG. 3 dlustrates a high-level process of performing lower level epitaxial growth and
then performing vpper level epitaxial growth of the CFET structure, according to an aspect of the
technology disclosed.

8034 FIGS. 4A and 4B dlustrate a detailed process of perfornung lower level epitaxaal
growth and then performing upper level epitaxial growth of the CFET structure, according to an
aspect of the technology disclosed.

16631} FIG. 5 dlustraies a flowchart describing operations for perfornung epitaxial growth to
form at feast a portion of a source and a drain on multiple levels of the CFET structure.

j332] FIG. 6 depicts a flowchart of various processes used dunng the design and manufactare
of an mntegrated circuit 1n accordance with some aspects of the technology disclosed.

{6633} FIG. 7 depicts an abstract diagram of an example computer system in which aspects of

the technology disclosed may operate.

DBETAILED DESCRIPTION
j334] Aspects of the present disclosure relates to performing epiiaxial growth of source and

drain materials in a complementary ficld effect transistor (CFET) (or other type of stacked
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transistor architecture}. One umigue aspect of a CFET, in comparison 0 a single transistor stack,
13 the manufacturing sequence of forming a lower level stack and an upper level stack and
mterconnections between the two levels. The technology disclosed provides a process of
performing epitaxial growth for transistor source and drain components of the CFET.

j335] Specifically, the technology disclosed performs a sequence of steps for epitaxaal growth
ot a source and a drain at lower and upper transistor levels of a CFET. Epitaxial growth {or epitaxy)
refers to natural or artificial growth of crystals on a crystalline substrate. The technology disclosed
implements a specific order of epitaxy from a lower lovel stack to a higher-level stack of the CFET,
which is achieved using a blocking material to cover one level while epitaxially growing
source/drain material on another level I the upper level epitaxy were performed first, the grown
source/drain epitaxial material can block chemical gases™ access to the lower level stack for
source/drain epitaxy growth. Sihicon oxidation is also used to selectively block epitaxial growth,
80 as to prevent the epitaxial growth from moving from the tower level to the upper level or from
moving fromn the upper level to the lower level The process wmplemented by the toechuology
disclosed provides many benefits, including providing a pathway to enable CFET manufacturing
with realistic anit processes and robust integration.

[6036] FIG. 1 illustrates a complementary ficld effect transistor (CFET) having an upper level
{negative~channel metal oxide semiconductor (NMOS)) and a lower level {positive-channei metal
oxide semiconductor (FMOS)) formed using epitaxial growth.

(6037 Specifically, FIG. 1 illustrates a CFET transistor 100 havimg source and drain (8/D)
epitaxy. The CFET transistor includes two levels of nanosheet transistors stacked vertically. The
two levels of nanosheet transistors inclode (1) an upper level, with, for example, o+ silicon epitaxy
{n+ doped silicon) 102 forming an NMOS source (NMOS source contact not illustrated) and an
NMOS dram (NMOS drain contact not tlustrated) and (1) a lower level, with, for example, pt
silicon epitaxy {p+ doped 51Ge} 108 forming a PMOS source (PMOS source contact not

ilustrated) and a PMOS dram (PMOS drain contact not illustrated) . The structure of the source
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and drain epitaxy of the CFET architecture includes a plurality of surrounding materials oveslying
a silicon substrate 114, The source and drain epitaxy 18 required for fransistor connection to other
devices and a power supply, in addition to transistor performance enginecring, such as lowering
external resistance and boosting PMOS mobihity by stressor SiGe {e.g., since 5iGe has a larger
lattice constant than Si crystal, growing $1Ge on §i from the side can exert lateral compressive
force to a transistor Si channel and enhance electron mobility by creating a piezo-electric effect;
SiGe is the source of the stross). As tllustrated in FIG . 1, the CFET transistor 100 further includes
dummy polysilicon 116, 5iGe layers 118, silicon nanosheets 120, aner spacers 122 of, for
example, a low k material (1., a small dielectric constant), nitride {(e.g., silicon nitride — SiN}
lavers 124, oxade layer{s) 126 and oxymtnde (SiON} 128,

[0038] Manufacturing the structure illustrated n FIG. 1 using realistic unit processes
available today 1n the ndusiry, with optimal manufacturability and robustness poses a challenge.
Upper and lower level epitaxy cannot be done stmultancously because the upper level source and
drain epttaxy and the lower level source and drain epitaxy must be made of differont maaterials
and dopants.

{6639} FIG. 2A iHustrates a two-dimensional view of the upper level and the lower level of an
unfinished CFET structure {prior to any epitaxial growth} being comprised of different matenals
and doping types and FIG. 2B illustrates a three-dimensional view of the apper level and the lower
level of an onfinished CFET structure {after upper level epitaxial growth) being comprised of
different matenals and doping tvpes and illustrates potential problems with performing the upper
level epitaxial growth before the lower level epitaxial growth.

60443} Specifically, FIG. 2A illastrates an unfimshed CFET 100 structure {prior to epitaxial
growth) meluding the dummy polysilicon 116, the SiGe fayers 118, the silicon nanosheets 120,
et spacers 122, oxide Jayer(s) 126, a silicon substrate 114 and nunde (¢ .g., silicon nitride — SiN)

fayers 124, These reference clements of FIGS, 2A are described above with reference to FIG. 1.
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6041} Specifically, FIG. 2B illustrates an unfinished CFET structure 100, which is similar {o
FIG. 2A; except that FIG. 2B provides a 3-dimensional illustration and illustrates upper level
source and drain epitaxy 102, Note that because of the different material and doping types included
i the unfinished CFET structare 100, the upper level epitaxy 102 and the lower level epitaxy
cannot be simaltaneously grown. FIG. 2B illustrates that the source and drain epitaxy 102 1s
confined by vertical dividers 202 made of, for cxample, a minde (e.g., silicon ninde
— SiN}. As a result, the upper level source and drain epitaxy 102 will block access to the lower
level silicon nancsheet 120 for epitaxial growth. Specifically, performing epitaxial growth at the
apper level first is problematic, becaunse, as illustrated in FIG. 2B, the growth of the upper level
source and drain epitaxy 102 will block access to the lower level as a result of confinemont by the
vertical dividers 202, The technology disclosed solves this problem by starting with the lower level
epitaxy 108 first (seg FIG. 1}, followed by the upper level epitaxy 102,

342} FIG, 3 tllustrates a high-level process of performing lower level epitasaal growth and
then performing upper lovel epitaxial growth of the CFET structure.

[6043] Specifically, FiGG. 3 illustrates the following process implemented by the technology
disclosed. The process includes an operation 300 of adding a blocking layer 302 to the lower level
of one or more vertical channels 304 of an untinished CFET structure to block (separate) the upper
fevel from the lower level. The blocking layer 302 can mclude at least one of a carbon-based
matenal, an oxide (o.g., abiminum oxade), silicon nitnide-base materials, and carbon-doped silicon
oxide {S1COH). As illustrated, the vertical channels 304 can be formed by the vertical dividers 202
and can be formed between two walls 306 of the CFET structure.

(8044} The process also includes an operation 310 of oxidizing silicon {¢.g., oxidizing one or
more silicon nanosheets) to provide a $102 protective tayer 312 at a surface of the upperlevel (e.g.,
at surfaces of one or more stlicon nanosheets) to sgparate and protect the upper level silicon
nanosheet(s) from fower level epitaxial grown. Note that reforence element 312 merely identifics

some oxidation surface lavers on upper level sihcon nanosheets.



WO 2022/015924 PCT/US2021/041740

10

LY

8045} The process further includes an operation 320 of exposing sificon 322 {¢.g., the silicon
nanosheet} to at least one of the vertical channels 304 while continuing to protect the silicon
substrate 114 with the blocking layer 302.

(30346} The process also includes an operation 330 of performing silicon epitaxial growth 332
on the lower level of the wnfinished CFET structure.

30347} Moreover, the process includes an operation 340 of covering the epitaxial growth with
another blocking layer {e.g., carbon or oxide} 342

{0048} The process also includes an operation 350 of removing the Si0h protective layver 312
and performing silicon epitaxial growth 352 on the upper level of the CFET structure.

[6049] FIGS. 4A and 48 illustrate a more detailed process of performmg lower level epitaxaal
growth and then performing upper fevel epitaxial growth of the CFET structure.

3650] The process includes an operation 400 of obtaining an unfinished CFET structars that
meludes one or more vertical channels 402, The vertical channels can be formed by the vertical
(8051} The process further includes an operation 410 of depositing a first blocking material
412 i the one or more vertical channels 402 of the unfinished CFET. The first blocking matenial
4172 can mclude a carbon-based matenal, aluminum oxide, sihicon mitride-based materials, and/or
carbon-doped silicon oxide {(S:COH).

382} Additionally, the process mchudes an operation 420 of etching away a portion of the
deposited first blocking maternial 412 (e .g., a first etch-back of the deposited first blocking maternial
412} to expose portions 422 of the vertical channels 402 (c.g., in the upper level) to re-expose
portions of the vertical dividers 202 comprised of nitride and to leave a desired amount of the first
blocking material 412 in the lower level of the CFET structure, 30 as to separate the upper level

from the lower level.
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{6033} Fuarthermore, the process includes an operation 430 of oxidizing silicon {¢.g., portions
of the silicon nanosheets 404 that are exposed to the vertical channels 402) on the upper level of
the CFET structure to provide one or more Si0: protective layers 432 i the upper lovel.

[(054] The process also mchudes an operation 440 of further ctching away a portion of' the first
blocking material 412 {¢.g., a second etch-back of the deposited first blocking matenal 412}, Thig
eiching can expose, in the lower level, portions of silicon 442 {e. g, the silicon nanosheets} (o the
vertical chanuels 402, but can leave a desired amount of the first blocking material 412 i the lower
level. Specifically, the first blocking material 412 can be completely removed from the vertical
channels 402 (not illustrated) or some of the first blocking matenial 412 can be lgft in the vertical
channels 402 to separate the vertical chanoels 402 from the silicon substrate 114 (seg operation
440 10 which the first blocking material 412 remains in the vertical channels 402 above the silicon
substrate 114},

HHERR] In operation 450 a portion of the silicon 442 (¢.g., the silicon nanosheets) s etched
away from the lower level of the unfinished CFET structure. This etching can fomm one or more
lateral recesses 452 1in the sithcon. The one or more lateral recesses 452 can be exposed to the
vertical channels 402, Further, this can be done using various types of etching inchuding, but not
himited to, chemical etching, plasma ctching, isotropic etching, to selectivelv remove the silicon
without affecting other portions of the lower lovel of the unfinished CFET structure.

[80356] Further, the process inclodes an operation 460 of performing silicon epitaxial growth
462 on the lower level of the unfinished CFET structure. As illustrated. the epitaxial growth occurs
in {at least a portion of) the lateral recesses 452 as well as in the vertical channels 402 The silicon
epttaxial growth 462 performed on the lower level of the unfimshed CFET can be $1Ge epitaxial
growth. For example, this silicon growth can be p+ §/D epitaxy {p+ SilGe).

[6687] The process can further include an operation 470 of removing a remainder of the first

blocking matenial 412 if any of the first blocking material 412 remains. As illustrated, the first
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blocking matenial 412 is removed from locations 472, if all of the first blocking material 412 has
been removed by previous ctching, then operation 470 1s not necessary and it can be skipped.

16638] The process also includes an operation 475 of depositing a second blocking matenal
477 in the vertical channels 402, The second blocking material can also be deposited in the
locations 472 illustrated n operation 470. The sccond blocking material 477 can be the same
material as the first blocking material 412 or it can be different from the first blocking matenal

=
I
i

412, The sccond blocking material 477 can be a different material than the matenal of the other
lavers of the unfinished CFET structure.

(6059} In operation 480 a portion of the second blocking material 477 is etched away from the
upper level to leave a desired amount of the second blocking material 477 in the lower level of the
unfimished CFET structure. This ctching away of the second blocking material 477 leaves portions
4%2 of the vertical channels 402 exposed.

j(360] The process also includes an operation 4835 that removes, at focations 487, one or more
of the protective layers {e.g., one or more of the 5i10: protective layers) 432 added in operation
430. The one or more protective layers 432 can be removed using any of the various types of
ctching, as described above. Operation 485 ilustrates locations 487 at which the one or more
protective lavers 432 have been removed.

{6061} The process further includes an operation 490 that includes etching away a portion of
sificon from the upper level of the unfinished CFET structure. The silicon that 1s etched away from
the upper level can be a silicon nanosheet 120 (see FIG. 1), The ctched away silicon can form one
or more lateral recesses 492 that are exposed to the vertical channels 402

{6062} The process also includes an operation 493 of performing stlicon epitaxial growth 497
on the upper level of the unfimished CFET structure. As iHlustrated, the epitaxaal growth occurs in
the lateral recesses 492 as well as tnthe vertical chaonels 402, The epitaxial growth 497 performed
on the upper level of the unfinished CFET can be Si or carbon doped St epitaxial growth, For

example, the silicon epitaxial growth 497 can be n+ S/D epitaxy (n+ doped silicon}.
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[60863] The first and sccond blocking materials 412, 477 can possess good etch selectivity
relative to the rest of maternials in the CFET structure. As discussed above, there can be two partial
ctches of the first blocking material 412, which can be achieved with tumed plasma or wet ctch.
The above-describe stlicon oxidation can be done in dry ambient with G2 or Ho 0 or wet chenucals,
[(3064] FIG. 5 dlustrates a flowchart describing operations for performing epitaxial growth to
form at least a portion of a source and a drain on multiple levels of a CFET structure. The
operations can nclude an operation 500 of depastting a furst blocking matenial 1o a vertical channel
of an unfinished CFET strecture. The operations can further include an operation 302 of oxidizing
silicon at a surface of an upper level of the unfinished CFET structure to provide one or more S51(z
protective layvers i the upper level. The operations can further include an operation 504 of ctching
away a portion of silicon from a lower level of the unfinished CFET structure to form a lateral
recess that s exposed to the vertical channel. The operations can also include an operation 506 of
performing silicon epitaxial growth in the lower level of the unfimshed CFET structure to form
the portion of one of the source and the dram. The operations further include an operation 508 of,
after the performing of the silicon epitaxial growth on the lower level, (1) depositing a second
blocking matenal 1 the vertical chanmel to cover at least a portion of the silicon epitaxial growth
i the lower level, (3t} removing the one or more Si0: protective layers, and (11} performing
epitaxial growth on the upper level of the unfinished CFET structure o form the portion of ancther
of the source and the drain

[B065] FIG. 6 illustrates an exaraple set of processes 600 used durmg the design, verification,
and fabrication of an article of manufacture such as an integrated circuit to transform and venfy
design data and mstructions that represent the integrated circust. Each of these processes can be
structured and enabled as multiple modules or operations. The term "EDA’ signifies the term
‘Electronic Design Automation.” These processes start with the creation of a product idea 610 with
mformation supplied by a designer, nformation which is transformed to create an article of

manufacture that uses a set of EDA processes 612, When the design 1s finalized, the design 1s
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taped-out 634, which is when artwork {e.g.. geometric patterns) for the integrated circuif 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 dic is fabricated 636 and packaging and assembly
processes 638 are performed to produce the finished integrated circait 640, The above-described
epitaxial growth of source and drain materials can be performed in this fabrication stage 636.
EESS Specifications for a circuit or electronic structure may range from low-level transistor
material lavouts to high-tevel description languages. A high-level of abstraction may be used to
design circuits and systems, using a hardware deseription language ("HDL™) such as VHDL,
Venlog, SystemVerilog, SystemC, MyHDL or OpenVera. The HDL description can be
transformed to a logic-level register transfer fevel ("RTL ) description, a gate-level description, a
layout-level description, or a mask-level description. Each lower abstraction level that s 3 less
abstract description adds more usef] detail into the design description, for example, more details
for the modules that include the description. The lower levels of abstraction that are less abstract
descriptions can be generated by a computer, derived from a desigo library, or created by another
design automation process. An example of a specification Ianguage at a lower level of abstraction
language for specifying more detailed descriptions is SPICE, which 15 used for detailed
descriptions of circuits with many analog componeunts. Descriptions at each level of abstraction
are enabled for use by the corresponding tools of that laver {¢.g.. a formal verification tool). A
design process may use a sequence depicted m Fig. 6. The processes desenbed by be enabled by
EDA products {or tools}.

16867} Durning system design 614, functionality of an integrated circuit to be manufactured is
specified. The design may be optimized for desired characteristics such as power consumption,
performance, area (physical and/or hines of code}, and reduction of costs, etc. Partitioning of the
design into different types of modules or components can occur at this stage.

18668] During logic design and functional verification 616, modules or components in the

circuit are specified m one or more description languages and the specification 1s checked for
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functional accuracy. For example, the components of the curcait may be verfied to gencrate
outputs that match the requiremenis of the specification of the circuit or sysiem being designe
Functional verification may use stmulators and other programs such as testbench generators, static
HDE checkers, and formal verifiers. In some embodiments, special systems of components
referred to as ‘emulators” or “prototyping systems” are used to speed up the functional verification,
HESH During synthesis and design for test 618, HDL code is transformed to a nethist. In some
crubodiments, a netlist may be a graph structure where edges of the graph structure represent
components of a circut and where the nodes of the graph structure reprosent how the components
are interconnected. Both the HDL code and the netlist are hierarchical articles of manufacture that
can be used by an EDA product to verify that the mtegrated circutt, when manufactured, performs
according to the specified design. The netlist can be optimized for a target semiconductor
manufactunng technology. Additionally, the finished integrated circait may be tested to vernify that
the integrated circwt satisfics the requirements of the specification.

[B076] Durmg nethist verification 620, the nethist 1s checked for compliance with timing
constramts and for correspondence with the HDL code. During design planning 622, an overall
floor plan for the integrated circuit is construcied and analyzed for timing and top-level routing.
16671} During lavout or physical implementation 624, physical placement {positioning of
circuit components such as {ransistors or capacitorsy and routing {(connection of the circuit
components by multiple conductors} occurs, and the selection of cells from a library to enable

specific logic functions can be performed. As used heremn, the torm ©

cell” may specify a set of
transistors, other components, and interconnections that provides a Boolean logic function {e g,
AND, OR, NOT, XOR) or a storage function (such as a flipflop or latch). As used hereim, a circint
“block” may refer to two or more cells. Both a cell and a cireunt block can be referred to as amodule
or component and arc cnabled as both physical structures and in simulations. Parameters are
specified for selected cells (based on ‘standard cells’) such as size and made accessible in a

database for use by EDA produects.
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16672} Dunng analysis and extraction 626, the circuit function is verified at the layout level,
which permits refinement of the layvout design. During physical verification 623, the lavont design
is checked to ensure that manufacturing constraints are correct, such as DRC constraints, electrical
constraints, lithographic constrainds, and that circuitry function matches the HDL design
specification. During resolution enhancement 630, the geometry of the layout s transformed to
wprove how the circuit design is manufactured.

[6073] Duning tape~-out, data is created to be used (after lithographic enhancements are applicd
if appropriate} for production of lithography masks. During mask data preparation 632, the “tape-
out’ data 18 used to produce hthography masks that are used to produce finished mtegrated circuits,
16674} A storage subsysicnt of a computer system {such as computer system 600 of FIG. 6)
may be used to store the programs and data structures that are used by some or all of the EDA
products described herein, and products ased for development of cells for the library and for
physical and logical design that use the library.

[B075] FIG. 7 lustrates an example machine of a computer system 700 within which a set of
mstructions, for causing the machine to perform any one or more of the methodologies discussed
herein, may be executed. In aliomative implementations, the maching may be connected {e.g.,
networked) to other machines i a LAN, an indranet, an extranet, and/or the Internet. The machine
may operate in the capaciiy of a server or a clicnt machine in client-server network environment,
as a peer machime m a peer-to-peer (or distributed) network environment, or as a server or a client
machine n a cloud computing infrastructure or environment.

[6076] The machine may be a personal computer (PC), a tablet PC, a set-top box (8TB}, a
Personal Digital Assistant {(PDA), a cellular telephone, a web appliance, a server, anstwork rowuier,
a switch or bridge, or any 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 is

itlustrated, the term "machine” shall also be taken to inclade any collection of machines that
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individually or jointly execute a set {or multiple sets} of instructions to perform any one or more
of the methodologies discussed herein,

16677} The example computer system 700 includes a processing device 702, a main memory
704 {e.g., read-only memory {ROM]}, flash memory, dynamic random access memory (BRAM)
such as synchronous DRAM (SDRAM), a static memory 706 (¢.g., flash memory, static random
access memory (SRAM), etc.), and a data storage device 718, which comnumicate with each other
via a bus 730,

{6678} Processing device 702 represents one or more processors such as a microprocessor, a
central processing unif, or the like. More particularly, the processing device may be complex
mstruction set compuiing {CISC) nucroprocessor, reduced justruction set computing (RISC)
microprooessor, very long instruction word (VLIW) microprocessor, or a processor implementing
other instruction sets, or processors implementing a combination of instruction sets. Processing
device 702 may also be one or more special-purpose processing devices such as an application
specific mtegrated circuit (ASIC), a ficld progranumable gate array (FPGA), a digital signal
processor (PSP, network processor, or the hike. The processing device 702 may be configured to
execuie mstructions 726 for performing the operations and steps described herein.

[8079] The compuier svstere 700 may further melude a network interface deovice 708 1o
communicate over the network 720, The computer system 700 also may include a video display
unit 710 (¢ .g., a liend crystal display (LUD) or a cathode ray tube (CRT)), an alphanumeric input
device 712 {e.g., a kevboard), a cursor control device 714 (c.g.. a mouse), a graphics processing
unit 722, a signal generation device 716 (e.g.. a speaker), graphics processing umit 722, video
processing amt 728, and audio processing unit 732.

{6084} ¢ data storage device 718 may include a machme-readable storage medium 724 {(also
known as a non-transitory computer-readable medium} on which 1s stored one or more seis of
mstructions 726 or software embodying any one or more of the methodologies or functions

described herein. The instructions 726 may also reside, completely or at least partially, within the
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main memory 704 and/or within the processing device 702 during execution thercof by the
computer system 700, the mam memory 704 and the processing device 702 also constituting
machine-readable storage media.

0081} In some umplementations, the imstructions 726 include instructions to umplement
functionality corresponding to the present disclosare. While the machine-readable storage medium
724 15 shown in an example implementation 1o be a smgle mediom, the term "machine-rcadable
storage medium” should be taken to include a single medium or multiple media {¢.g., a centralized
or distributed database, and/or associated caches and servers) that store the one or more sets of
mstractions. The term "machine-readable storage medinm” shall alse be taken to inclade any
medium that is capable of storing or encoding a set of instructions for cxecution by the machine
and that cause the machine and the processing device 702 to perform any one or more of the
methodologies of the present disclosure. The term "machine-readable storage medium” shall
accordingly be taken to include, but not be limited to, solid-state memones, optical media, and
magnetic media.

{6082} Some portions of the preceding detarled descriptions have been presented n terms of
algorithms and symbolic representations of operations on data bits within a computer memory.
These algorithmic descuphions and representations are the ways used by those skilled m the data
processing arts io most effectively convey the substance of their work o others skilled in the art.
Axn algorithm may be a sequence of operations leading to a desired result. The operations are those
requiting physical mamipulations of phvsical guantities. Such gquantitics may take the form of
clectrical or magnetic signals capable of being stored, combined, compared, and otherwise
manitpuiated. Such signals may be referred to ag bits, values, elements, svmbols, characters, terms,
mumbers, or the hike.

{6683} it should be borne in mind, however, that all of these and similar terms are to be
associated with the appropriate physical quaniitics and are merely convenient labels applied to

these guantities. Unless specifically stated otherwise as apparent from the present disclosure, it s
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appreciated that throughout the deseription, certain terms refer to the action and processes of a
computer system, or sinular electronic computing device, that manipulates and transforms data
represented as physical {electromic) guantitics within the computer system's registers and
memories into other data similarly represented as physical quantities within the computer system
memories or registers or other such information storage devices.

jH384] The present disclosure also relates to an apparatus for performing the operations herein,
This apparatus may be specially constructed for the ntended purposes, or it may welude a
computer selectively activated or reconfigured by a computer program stored in the computer,
Such a computer program may be stored i a computer readable storage mediom, such as, but not
timited to, any type of disk including floppy disks, optical disks, CD-RUOMs, and magnetic-optical
disks, read-ondy memorigs (ROMs}, random access memories (RAMs), EPROMs, FEPROMs,
magnetic or optical cards, or any type of media suitable for stoning electronic mstructions, cach
coupled to a computer svsiem bus.

[B085] The algorithms and displays presented herein are not mherently related to any particular
computer or other apparatus. Various other systoms may be used with programs in accordance
with the teachings herein, or it may prove convenient to consinuct a more specialized apparatus to
perform the method. o addition, the present disclosure is not descrubed with reference to any
particular programuning fanguage. It will be appreciated that a vanety of programiming languages
may be used to implement the teachings of the disclosure as described herein.

[B086] The present disclosure may be provided as a computer program product, or sofiware,
that may mclude a machme-readable medium having stored thereon mmstructions, which may be
ased to program a computer system {or other electronmc devices) to perform a process according
to the present disclosure. A machine-rcadable medium mncludes any mechamism for storing
mformation in a form readablc by a machine {e.g., a computer}). For example, a machine-readable

{e.g.. computer-readable) mediom includes a maching (e.g.. a computer} readable storage medium
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such as a read only memory ("ROM"), random access memory ("RAM"), magnetic disk storage
media, optical storage media, flash memory devices, eic.

16687} {n the foregoing disclosure, implementations of the disclosure have been desceribed with
reference to specific cxample implementations thereof. It will be covident that various
modifications may be made thereto without departing from the broader spirit and scope of
mplementations of the disclosure as set forth in the following claims. Where the disclosure refers
to some elements in the singular tense, more than one element can be depicted o the figures and
like elements are labeled with ke numerals. The disclosure and drawings are, accordingly. to be

regarded in an ilustrative sense rather than a restrictive sense.
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CLAIMS
We claim as follows:
1. A method of performing epitaxial growth o form at least a portion of a source and a

drain on multiple levels of a complementary field ctfect transistor (CFET), the method
comprising:
depositing a first blocking material in a vertical channel of an vofinished CFET stracture;
oxidizing silicon at a surface of an upper level of the unfinished CFET structure to
provide one or more 510 protective lavers n the upper level;
ciching away a portion of silicon from a lower level of the unfinished CFET stracture to
form a lateral recess that s exposed to the vertical channel;
perfomming stlicon epitaxial growth in the lower level of the unfiished CFET structure
meluding at least a portion of the lateral recess to form the portion of one of the source and the
drain; and
atter the performing of the silicon epitaxial growth on the lower level:
depositing a second blocking matenal i the vertical chanmel to cover at least a
portion of the sihicon epitaxial growth e the lower level,
removing the one of more Silkh protective layers; and
perfornung epitaxial growth on the upper level of the unfinished CFET structure

to form the portion of another of the source and the drain.

2. The method of ciaim 1, wherein the wpper level forms a negative-channel metal oxide

sermiconductor and the lower level forms a positive-channel metal oxide semiconductor.

3. The method of claim 1, wherein the first blocking maternial includes at least one of a
carbon-based material, aluminum oxide, silicon mitride-based materials, and carbon-doped

silicon oxtde (SiCOH),

4. The method of claim 1, further comprising prior to the oxidizing of the silicon at the
surface of the upper level, performung a first partial cich-back of the deposited first blocking

material to leave some of the first blocking material in the vertical channel in the lower level.

5. The method of claim 4, further comprising, after the oxidizing of the silicon at the surface

of the upper level, performing a second etch-back of the deposited first blocking material by

removing a remainder of the first blacking material from the vertical chanoel.
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6. The method of claim 4, further comprising, after the oxidizing of the silicon at the surface
of the upper tevel, perforoving a sccond cteh-back of the deposited first blocking matenal by
etching away a desired portion, but not all, of the first blocking material from the vertical

channel.

7. The method of claim 1, wherein the portion of the silicon etched away is a portion of a

siicon nanosheet.

2. The method of claim 1, wherein the etching away of the portion of the silicon from the
lower level is performed using at least one of chemical etching, plasma etching and isotropic

ctching, to selectively remove the silicon without affecting other portions of the lower level.

9. The method of claim 1, wherein the silicon epitaxial growth performed on the lower level

1s 51Ge epttaxial growth,

10, The method of claim 9, wherem the silicon epitaxial growth on the lower level 1s p+ 5/D

epitaxy to form pt 5i10e.

1t The method of claim 1, farther comprising, after the performing of the silicon epitaxial
growth on the lower level, removing a remainder of the first biocking material from the vertical

channel.

12, The method of claim 1, wherein the second blocking matenial is the same material as the

first blocking material.

13. The method of claim 1. wherein the second blocking material is different from the first

blocking matenal.

14, The mcthod of claim 1, further comprsing ctching back the second blocking material

from the upper level to leave a desired amount of the second blocking matenial 1n the lower level.

15, The method of claim 1, further comprnising, after the removing of the one or more 510z
> (= =]
protective lavers, etching away a portion of silicon from the upper ievel to form a lateral recess

that is exposed to the vertical chanoel.
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16, The method of claim 135, wherein the portion of the silicon that is ciched away from the
upper level is a portion of a silicon nanosheet,
17. The method of claim 1, wherein the silicon epttaxial growth performed on the upper level
13 S1ie eprtaxial growth,
18, The method of claim 17, wherein the epitaxial growth on the upper level 1s n+ 5/D
epitaxy to form nt doped silicon.
19. A system for performing eptiaxial growth to form at least a portion of a source and a

drain on multiple levels of a complementary field effect transistor (CFET), the system
comprising:
a memory storing instructions; and
a processor, coupled with the memory and fo execute the instructions, the nstructions
when executed cause the processor to:
deposit a first blocking material in a vertical channel of an unfinished CFET
structure;
oxidize silicon at a surface of an upper level of the unfinished CFET structure to
provide one or more 51 protective lavers in the upper level;
cich away a portion of silicon from a lower level of the unfinished CFET structure
to form a lateral recess that 1s exposed to the vertical channch;
perform silicon epitaxial growth m the lower level of the unfinished CFET
structare mcluding at least a portion of the lateral recess to form the portion of one of the
source and the drain; and
atier the performmg of the silicon epitaxaal growth on the lower level:
deposit a second blocking material in the vertical channel to cover at feast
a portion of the silicon epitaxial growth in the lower lovel;
remove the one or more S10» protective lavers; and
perform epitaxial growth on the upper level of the unfinished CFET

structure to form the portion of another of the source and the dran.

28, A non-transifory computer readable storage medium comprising stored instructions for

performing epitaxial growth to form at least a portion of a scurce and a drain i multiple levels
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of a complementary field effect transistor {CFET), the instructions, when exccuted by a
processor, cause the processor to implement operations comprising:
depositing a first blocking material in a vertical chaonnel of an unfinished CFET structure;
oxidizing silicon at a surface of an upper level of the unfimished CFET stroctare to
provide one or more Si0s protective layers n the upper level;
etching away a portion of stlicon from a lower level of the unfuushed CFET structure to
form a lateral recess that 1s exposed to the vertical channel;
crforming silicon opitaxial growth in the lower level of the unfinished CFET structure
including at least a portion of the lateral recess to form the portion of one of the source and the
dramn; and
after the performing of the silicon epitaxial growth on the lower level:
depositing a sccond blocking material in the vertical channel to cover at least a
portion of the silicon epitaxial growth 1o the lower level
removing the one or more Si02 protective layers; and
performing epitaxial growth on the upper level of the unfinished CFET structure

to form the portion of ancther of the source and the drain.
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Depositing a 1+t blocking material in a vertical
channel of an unfinished CFET [™-500

A4
Oxidizing silicon at a surface of an upper level
of the unfinished CFET to provide one or more
Si02 protective layers in the upper level

A4
Etching away a portion of silicon from a lower
level of the unfinished CFET structure toform a
lateral recess that is sxposed to the vertical
channel (504

Performing silicon epitaxial growth in the lower
level of the unfinished CFET structure to form ~
the portion of one of the source and the drain 506

{After the performing of the silicon epitaxial
growth on the lower level)

{i} depositing a second blocking material in the
vertical channel to cover at least a portion of
the silicon epitaxial growth in the lower level, [ \-508
{il} removing the one or more Si0: protective
fayers, and
{iii) performing epitaxial growth on the upper
tevel of the unfinished CFET structure to form
the portion of another of the source and the
drain

¥FIG. 5
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