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(57) Abstract: A method for forming ultra-high density integrat-
ed circuitry, such as for a 6T SRAM, for example, is provided.
The method involves applying double patterning litho-etch litho-etch
(LELE) and using a spacer process to shrink the critical dimension
of features. To improve process margins, the method implements a
double-patterning technique by modifying the layout and splitting
cross-coupling straps into two colors (e.g., each color corresponds to
a mask-etch process). In addition, a spacer process is implemented to
shrink feature size and increase the metal-to-metal spacing between
the two cross-coupling straps, in order to improve process margin and
electrical performance. This is achieved by depositing a spacer layer
over an opening in a hardmask, followed by spacer etch back. The
opening is thus shrunk by the amount of spacer thickness. The strap-
to-strap spacing may then be increased by twice the amount of spacer
thickness.
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FABRICATION TECHNIQUE FOR FORMING ULTRA-HIGH
DENSITY INTEGRATED CIRCUIT COMPONENTS

RELATED APPLICATION

{6601} This application claims prionty to U.S. Non-Provisional Patent Application Mo
17/372,265, enttled “FABRICATION TECHNIQUE FOR FORMING ULTRA-HIGH
DENSITY INTEGRATED CIRCUIT COMPONENTS”, fifed 9 July 2021 {Atty Docket No.
SYNP 3626-2}, which claims prionity to U.S. Provisional Patent Application No. 63/053,504,
entitled  “PATTERNING TECHNIQUE TO FORM  ULTRA-HIGH DENSITY
COMPLEMENTARY FIELD EFFECT TRANSISTOR (CFET) STATIC RANDOM ACCESS
MEMORY {SRAM),” filed on 17 huly 2020 (Atty. Docket No. SYNPF 3626-1}. The Non-

Provisional and Provisional applications are mcorporated herein by refercnee 1n their entivety.

BACKGROUND

[0002] Transistor stacking, such as the stacking implemented in a complementary ficld
effect transistor (CFETY, 18 a candidate for transistor density scaling and sustainment of Moore's
Law for, possibly, the next 5-10 vears. For example, transistor stackmg may allow for the
scaling in 3D of the CFET by stacking one transistor onto another, resulting in density doubling

while mamtaining feature size. CFETs may be used, for example, to form ubtra-high density

static random access memory (SRAM),

[LLEIRY Disclosed herein is a new lithographic patteming technique for improved
semiconductor fabrication. More specifically, a method for forming ultra-high density
integrated circuitry melades forming a fivst spacer on sidewalis of a first trench in a hardmask,

which 15 on a dielectric layer, and paticrning the diclectric laver using the hardmask and the
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first spacer as a mask to form a first channel having a cross-sectional arca that is smaller than a
cross-sectional area of the first trench. The method alse meludes forming a sccond spacer on
sidewalls of a second trench in the bardmask, patterning the diclectric laver using the hardmask
and the second spacer as a mask to form a second channel having a cross-sectional area that is
smaller than a cross-sectional area of the second trench, removing the hardmask, the first spacer,
and the second spacer, and depositing a metal into the first channel and the second channel
the dielectric layer. The diclectric laver may be disposed on a substrate that mcludes the vhira-
high density mtegrated circuiiry, which may be formed by a double patterming pitch splitting
process that mchades a first mask-exposure and a second mask-exposure. The ultra-high deunsity
integrated circuitry may include a first set of conductors formed by the first mask-exposurc,
and a second set of conductors formed by the second mask-exposure. The first channel in the
dielectric laver electrically contacts the first set of conductors and the second channel ¢ the
dielectric layer electrically contacts the second set of conductors. In some implementations, the
ultra-high density integrated circuitry comprises at feast a portion of a 6T SRAM.

j(304] The first set of conductors and the second set of conduciors may be substantially
parallel 1o cach other, and the first channel and the second channel may be disposed at a
substantially acuic angle with respect to the first set of conductors and the second set of
condactors. The first channel and the second channel in the dielectric layer may be substantially
parallel to cach other and electrically insulated from cach other. A closest distance between the
first channel and the second channel may be less than 10 nanometers. The first spacer may
comprise aluminum oxide and the hardmask may comprise amorphous silicon.

[005] In some embodiments, a method for forming ultra-high density integrated circuitry,
may include depositing a diclectric laver on a substrate, depositing a first hardmask on the
dielectric layer, depositing a second bardmask on the first hardmask, patteming the second

hardmask to form a first trench m the second hardmask, depositing a first spacer material on
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the second hardmask and n the first trench, partially etching the first spacer material so as o
leave a first spacer on sidewalls of the first trench, patieming the first hardmask using the second
hardmask and the first spacer as a mask to form a first trench extension having a cross-section
that 1s smaller than a cross-section of the first trench, patterning the second hardmask o form a

¢ a second spacer material on the second

&

second trench in the second hardmask, depositin
hardmask and in the second trench, partially etching the second spacer matenial so asto leave a
second spacer on sidewalls of the second trench, patterning the firgt hardmask using the second
hardmask and the second spacer as a mask to form a second trench extension having a cross-
section that is smaller than a cross-section of the second trench, removing the first spacer and
the second spacer, removing the second hardmask, patteming the diclectnic layer using the first
hardmask, the first trench extension, and the second trench extension to form a first channel
and a second channel n the dielectric laver, depositing metal on the diclectne laver and m the
first channel and the second channel, and removing the metal on the diglectric layer and leaving
the metal in the first channel and the second channel.

[(H306] In some embodiments, the subsirate may include the ultra-high density integrated
cireuitry, which s formed by a double paticming pitch splitting process that includes a first
mask-exposure and a sccond mask-exposure, the ulira-high density integrated circuitry may
mclude (1} a first set of conductors formed by the first mask-exposare and {8} a second set of
conductors formed by the second mask-exposure, and the first channel clectrically may contact
the first set of conductors and the second channel may clectnically contact the second set of
conductors. The ultra-high density mtegrated circoitry may comprise at least a portion of a 6T
SRAM. The first set of conductors and the second set of conductors may be substantiably
parallel 1o cach other, and the first channel and the second channel may be disposed at a
substantially acute angie with respect to the first set of conductors and the second sef of

conductors. The first channel and the sccond channel m the diclectne laver may be substantially
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parallel to each other and electrically insulated from each other. The closest distance between
the first channel and the second channel may be loss than 10 nanometers. The fust hardmask
may comprise nitride, the second hardmask may comprise amorphous silicon or a carbon-based
spi-on hardmask, and the first spacer material and the second spacer material may comprise
alumimmm oxide.

16607} in some embodiments, a system may nclude a memory storing instructions for
performing a patterning technique to form ultra-high density imtegrated circuitry, and a
processor, coupled with the memory and to execute the nstructions that, when executed, cause
the processor to perform operations including: forming a first spacer on sidewalls of a first
trench in 2 hardmask that s on a dielectric layer; patterning the dielectric layer using the
hardmask and the first spacer as a mask to form a first channel having a cross-sectional arca
that 1s smaller than a cross-sectional area of the first trench; forming a second spacer on
sidewalls of a second trench in the hardmask; patteming the diclectric layer using the hardmask
and the sceond spacer as 8 mask to form a second channel having a cross-sectional arca that is
smaller than a cross-sectional arca of the second trench; removing the hardmask, the first spacer,
and the second spacer; and depositing a metal mio the first channel and the second channel 1n
the diclectric layer.

[6008] In some embodiments, the dielecinic laver may be disposed on a substrate that
includes the ultra-high denstty mtegrated circuitry, which is formed by a double patterning pitch
splitting process that includes a first mask-exposure and a second mask-exposure. In this case,
the ultra-high density mtegrated circnitry may inchude (1) a first set of conductors formed by the
first mask-exposure and (1) a second set of conductors formed by the second mask-exposure.
The first channel 1n the dielectric layer may electrically coutact the first sot of conductors and
the second channel in the dielectric layer may electrically contact the second set of conductors.

[6009] In some implementations, the ulira-high density integrated circuitry may comprise
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at least a portion of a 6T SRAM. The first set of conductors and the second set of conductors
may be substantially parallel to each other, and the first channel and the second channel may
be disposed at a substantially acote angle with rospect to the first set of conductors and the
second set of conductors. In some implementations, the first channel and the second channel in
the diclectric laver may be substantially parallel to each other and electrically msulated from
cach other. A closest distance between the first charnel and the second chamnel may be less

than 10 nanometers.

BRIEF DESCRIPTION OF THE PRAWINGS

18614} The disclosure will be understood more fully from the detailed description given
below and from the accompanying figures of crobodiments of the disclosure. The figures are
used to provide knowledge and understanding of embodiments of the disclosure and do not
timit the scope of the disclosure to these specific embodiments. Furthermore, the figures are not
necessarily drawn to scale.

(6611} FIG. 1 is a schematic illustration of 3 six transistor (67} static random-access
memory {SRAM), according to some embodiments.

8012} FIG. 2 ilustrates two cross-coupling straps clectrically connecting conductive
features formed by a double-patterned pitch-splitting process, according to some embodiments.
331 3] FIGS. 3A, 3B, 4A, 4B, 5A, 5B, 6A, and 6B illustrate a portion of a sequence of a
lithographic process for forming two cross-coupling straps, according to some embodiments.
{661 4] FIGS. 7A, 7B, 7C, 713, 8A, 8B, 8C, 83, A, 98, 9C, 913, 104, 10B, 10C, 10D, 1A,
1B, 11C, and 11D iHustrate a sequence of a hthographic process for forming two cross-
coupling straps, according to other embodiments.

[06615] FIG. 12 depicts a flowchart of various processes used during the design and
manufacture of an integrated circuif in accordance with some embodiments of the present

disclosure.
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8016} FIG. 13 depicts an abstract diagram of an example computer system in which

embodiments of the present disclosure may operate.

BETAILED DESCRIPTION

[6017] CFET architecture holds the potential to achieve SRAM density of more than a
gigabit per square millimeter (Ghit/mm?®). However, because of tight pitch and spacing, as well
as non-straight wiring, one of the most challenging processes for forming ulira~high density
CFET SRAM mvolves lithographic patterning for fabricating cross-coupling straps between
two mverters of the SRAM. Some single exposure or double patterning techniques generally
have too hittle margin for error. Thus, there 15 a need to develop a robust lithography process to
realize the high density potential of CFET SRAM. The techuology disclosed provides a robust
lithography process to realize the high-density potential of CFET SRAM.

[6018] Aspects of this disclosure are directed 1o a patterning technigue for forming ultra-
bigh density integrated circuitry, such as an ulira-high density complementary field offoct
transistor {(CFET) static random-access memory (SRAM), for example. The patterning
techmique may be used for other configurations and types of integrated circuit struchures.
{6019} A general techmique for fabnicating uitra-high density features in an integrated
circuit invelves multiple patteming (or multi-patterning) to enhance feature density. This
technigue is in contrast to ones mvolving a single lithographic exposure, which may not be able
to provide sufficient resolution. Moreover, additional technigues, as discussed herein, may be
used to fabrcate foatures commensurate with the lithographic scale resulting from mwlitiple
patterning. For example, such additional techniques may be used to construct cross-coupled
conductive straps {¢.g., connectors) between mtegrated circutt features produced by multiple
pattering. For a particular example, fabureation of a six-transistor (67 SKRAM s desenbed
below. In this exampie, the tllustrated technique allows for an improved paticming process for

a CFET SRAM by combining double patierning with a spacer process to shnnk feature size and
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to maintain adequate metal-metal spacing for clecinical isolation. The techmques may lead to
wider hithographic process margios and greater vicld for CFET fabrication processes, for
example.

[6024] FIG. 1 is a schematic ilustration of a six transistor (6T} static random-access
memory (SRAM) 100, according to some embodiments. The 6T SRAM may be one of many
mterconnected among bit lines 8L and B1-bar, and word lines W/, for example. The 6T SRAM
includes transistors Mi-Ms, a node ) connected to gates of Mi and Mz and a node {U-bar
connected to gates of Mi and Ma. Nodes { and (-bar may correspond to cross-coupled straps,
described below, electrically connecting the two inverter portions of SRAM 100

{60621} FIG. 2 illostrates a top view of a portion 200 of a semuconductor circuit of a 6T
SRAM, mchuding a first cross-coupling strap 202 and a sccond cross-coupling strap 204,
according to some embodiments. Portion 200 also meludes conducting bines 206A-D and
conducting lines 208A-D, all of which may have been formed by a double-patterned pitch-
splitimg process. For example, such a process may wmvolve assigning adjacent hithographic
features to two different masks. Thus, formation of conducting hines 206A-D may correspond
to a first masking process and conducting lines 208A-D may correspond to a second masking
ProCess.

(8622} The 6T SRAM of FIG. 2 may be the same as or sinnlar to 6T SRAM 100 of FIG. 1.
In particular, first cross-coupling strap 202 clectrically connects conducting line 2068, which
may be the gate of My, to conducting line 208D, which may be the gate of Mz, Sccond cross-
coupling strap 204 electrically connects conducting line 2088, which may be the gate of Ms, to
conductimg line 2065, which may be the gate of Ma. First cross-coupling strap 202 and second
crass-coupling strap 204 may be at an acuic angle {¢.g., in a range between, but not including,
perpendicular and paralicl) with respect to conducting lines Z06A-D and 208A-D. For exampie,

cross-coupling strap 202 mayv be parallel with second cross-coupling strap 204 and both may
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be oriented at an angle 1t a range between 10 and 80 degress with respect to conducting lines
206A-D and 208A-D. Features at such angled orientations may generally be relatively difficult
to form in a lithographic CFET process. For example, a tilted connection {strap) is relatively
difficult to form due to alignment and optics of hithographic exposures and etching,

16623} FIGS. 3-6 illustrate a sequence of a hithographic process for forming two cross-
coupling straps. according to some embodiments. In some embodiments, this process, involving
single lithography, may lead to a spacing between the two cross-coupling straps that is too small
to be resolved. In other embodiments, this process, mvolving separate lithography with double
patterning, may lead 1o edge placement emors of featurcs that may result m daogerous
narrowing of metal-to-metal spacing {c.g.. electrical shorting). In still other crubodiments, this
process may allow for resolving the two cross-coupling straps, but the patterning quality may
strongly depend on feature size, spacing, and rotation angle. For example, patterns cannot be
resolved unless the exposure and resist etch can be resolved.

[6624] FIG. 3A 18 a top view of a portion of semicondactor substrate that includes various
features and circuitry, In particular, a hardmask 302, such as amorphous silicon, overlays a
diclecinie matenial 304, Generally, a hardmask is a matenial used as an etch mask n
semiconducior processing. The hardmask may be used as an ¢ich mask in place of a polymer
or other resist material. The hardmask may be used m place of polymers, which tend to be
ctched castly by reactive gases so that a pattern defined using a polvmer-based mask may
degrade quickly during plasma etching. A first trench 306 and a second trench 308 are disposed
in hardmagk 302 and dielectric material 304, In some embodiments, first trench 306 and sccond
trench 308 may have been formed by patterning of dielectric matenial 304 by hardmask 302
Partially exposed at the botiom of first trench 306 are conducting lines 310A and 312A which,
using the example illustrated 10 FIG. 2, may correspond to conducting lines 2068 and 208D,

respectively. Partially exposed at the bottom of second trench 308 are conducting lines 310B
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and 312B which, again using the example illustrated in FIG. 2, may correspond to conducting
lines 2088 and 206D, respectively. Thus, locking ahead, fitling at least a bottora portion of
these trenches with a metal or other conductive material may produce cross-coupling straps,
such as fivst cross-coupling strap 202 and second cross-coupling strap 204, for example.
16625} Using a cut-line 314 m the top view of FIG. 34, FIG. 3B illustrates a perspective
view of the portion of semiconductor substrate that includes various features and cirentiry. In
this view, a substrate material 316, which may comprise an clectnically msulative material, is
visible. A cross-section of another conductive line 318 19 also visible.

{3026} FIG. 4A s a top view and FIG. 4B is a perspective view of the portion of the
semiconducior substrate iflustrated in FIGS. 3A and 3B afier hardmask 302 has been removed
{c.g., by chemucal etching or polishing}.

16027} FIG. 5A 13 a top view and FIG. 3B is a perspective view of the portion of the
sermiconductor substrate tlustrated in FIGS. 4A and 4B after deposition of a metal 502 (&g,
by vapor deposition). Portions 304 and 506 of metal 502 extend into first trench 306 and sccond
trench 308,

[o028] FIG. 6A s a top view and FIG. 6B i3 a perspective view of the portion of the
sermiconductor substrate tlustrated in FIGS. SA and 3B after partial removal ofmetal 302 (e.g.,
by chenucal-mechanical polishing). In particular, portions 504 and 506 of metal 502 remain in
first trench 306 and sccond trench 308, Accordingly, portion 504 is a first cross-coupling strap,
such as first cross-coupling strap 202, that electrically connects conducting lines 310A and
312A. Portion 506 is a second cross-coupling strap, such as second cross-coupling strap 204,
that electrically connects conducting lines 3168 and 312B.

{3029} As mentioned above, a process such as that dlustrated 10 FIGS. 3-6 may lead to a
spacing 602 botween two cross-coupling straps 504 and 306 that is too small to be resolved,

may lead to edge placement errors, or may lead to patterning quality that is strongly dependent
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on feature size, spacing, and rotation angle of the cross-coupling straps. Thus, another process
ts described below,

16834 FIGS. 7-11 dlustrate a sequence of a lithographic process for forming two cross-
coupling straps, according to embodiments. In particular, FIGKS. 7-10 idhustrate a method for
formimg ultra-high density mtegrated circuitry, such as for a 6T SRAM, for example. This
method 1s ditferent from the process illustrated 1 FIGS. 3-6 and described above. This method
involves applying double paticrming litho-etch litho-cich {LELE} and using a spacer process (o
shrink the cutical dimension (CD) of cach strap. Accordingly, this method provides a solution
to shortcomings, as mentioned above, of the previous process of FIGS. 3-6. As explained in
detai] below, to improve the process margins discussed above with respect to FIGS, 3-6, this
method implements a double-patterning technique by modifying the layvout and splitting the
process of forming the cross-coupling straps mto two colors {e.g., cach color corresponds to a
mask-etch process). In addition, a spacer process is implemented to shrink feature size and
increase the metal-to-metal spacing between the two cross~coupling straps, in order to improve
process margin and electrical performance. Ths 1s achicved by depositing a spacer laver over
an opening in 2 hardmask, followed by spacer eteh back. The opening s thus shrunk by the
amount of spacer thickness. The strap-to-strap spacing may then be increased by twice the
amount of spacer thickness, as described below.

{6631} FIGS. 7-10 mclude perspective views of a portion of a seniconductor substrate that
includes vartous features and circuitry and, with respect to cut-line 700, FIG. 11 includes top
views corresponding to the perspective views of FIGS. 7-10. At least a portion of the circutry
is formed by a double patterning pitch splitting process that includes a first mask-exposure and
a second mask-exposure (not dlustrated), for example.

16632} FIG. 7A 1s a perspective view and FIG. 11A ig a3 top view of the portion of the

semiconductor substrate and varous featarcs, including a subsirate material 702, which may
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comprise an clectrically insulative material, conductive hnes 704 (a portion of one conductive
line is illustrated), a diclectric material 706, such as a low-k diclectnic, a first hardmask 708,
such as a nitride laver, a second hardmask 710, such as a carbon-based spin-on hard magk ¢
CSOH), and a third hardmask 712, such as an amorphous silicon layer. A first trench 714 with
sidewalls 716 is disposed in third hardmask 712, Second hardmask 710 15 partially exposed at
the bottome of first trench 714, Conductive hines 704 may comprse at least a portion of the
circuitry formed by a double patterning pitch splitting process, as described above.

333] FIG. 7B 15 a perspective view of the portion of the semiconducior substrate
illustrated 1n FIG. 7A afier placing (e.g.. by a vapor deposition process) a first spacer material
718 on third bardmask 712 and in first trench 714, A portion 720 of first spacer material 718
covers sidewalls 716 and a portion 722 of first spacer material 718 covers the portion of second
hardmask 710 that was exposed at the bottom of first trench 714, In some embodiments, first
spacer material 718 may comprise aluminom oxide, silicon oxide, silicon nitride, and sificon
oxyoitride, for example.

3034} FIG. 7C 15 a perspective view, and FIG, 11B 1s a top view, of the portion of the
senuconductor substrate ustrated in FIG. 7B afier partially ctching, by an eich-back process
for cxample, first spacer material 718 so as to leave a first spacer 724 on sidewalls 716 of first
trench 714. The presence of first spacer 724 on sidewalls 716 reduces the cross-sectional open
arca of first trench 714 so that the arca of second hardmask 710 exposed by first trench 714 15
also reduced.

EIRRY FIG. 70 15 a perspective view of the portion of the semiconductor substrate
tustrated n FIG. 7C after a patterning process 1s performed on the second hardmask 710 using
third bardmask 7172 and furst spacer 724 as a mask to form a first trench extension 726. Because

of the reduced cross-sectional open area of first trench 714, due to the presence of first spacer
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724 on sidewalls 716, the cross-sectional arca of first trench extension 726 is smaller than the
cross-section area of first trench 714

18836} FIG. %A 13 a perspective view, and FIG. 11 13 a top view, of the portion of the
semiconductor substrate tHustrated o FIG. 7D afler patterning third hardmask 712 to form a
second trench 802 having sidewalls 804 in the third hardmask. In some embodiments, second
trench 802 may be substantially parallel to first trench 714,

[6637) FIG. 8B is a perspective view of the portion of the semiconductor substrate
tlustrated in FIG. 8A after placing (e.g., bv a chemical vapor deposition or atomic layer
deposition process) a second spacer material 806 on third hardmask 712 and in first trench 714
and second trench 802, A portion 808 of second spacer material 806 covers sidewalls 804 and
a portion 310 of second spacer material 806 covers the portion of second hardmask 710 that
was exposed at the bottom of second trench 802, In some embodiments, second spacer material
306 may comprise aluminum oxide, silicon oxade, silicon nitnide, or sthcon oxynitride, for
example. While covering sidewalls 804 of second trench 802, second spacer material 306 may
also at least partially fill first trench 714 and first trench extension 726.

[B038] FIG. 8C 15 a perspective view of the portion of the semiconductor substrate
tustrated 1o FIG. 8B after partially etching, by an anisotropic etch such as a reactive 1on gtch
back process for example, second spacer material 806 so as to leave a second spacer 812 on
sidewalls 804 of second trench 802, The presence of sccond spacer 812 on sidewalls 804
reduces the cross-sectional open area of second trench 802 so that the area of second hardmask
710 exposed by second trench 802 is also redaced.

[63039] FIG. 80 18 a perspective view, and FIG. 11D is a top view, of the portion of the
semiconducior substrate tHustrated 10 FIG. 8C after a patterning process is performed on the
second hardmask 710 using third hardmask 712 and second spacer 812 as a mask to form a

second trench extension 814, Because of the reduced cross-sectional open area of second trench
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802, due to the presence of second spacer 812 on sidewalls 804, the cross-sectional area of
second trench extension 814 is smaller than the cross-section area of sccond trench 802.
6044 FIG. 9A i3 a perspective view of the portion of the semiconductor substrate
thhustrated in FIG. 8D after removing {c.g., by wet chemical etching or isotropic plasma etch)
first spacer 724 and second spacer matenial 806 from first trench 714 and first trench extension
726 and removing second spacer 812 from second trench 802,

0041} FIG. 9B is a perspective view of the portion of the semiconductor substrate
tlustrated in FIG. 9A afier removing {g.g., by wet or dry chemical etching, isotropic plasma
ctching, or cheruical-raechanical polishing) third hardmask 712.

{0642} FIG. 9C is a perspective vigw of the portion of the semiconductor substrate
tHustrated in FIG. 9B after a patterning process is performed on the first hardmask 708 using
second hardmask 710 as a mask to form a third trench extension 902 of furst trench extension
726 and a fourth trench extension 904 of second trench extension 814

3343} FIG. 90 15 a perspective view of the portion of the semiconductor substrate
tlustrated 1in FIG. 9C after removing {e.g., by wet or dry chemical etching, isotropic plasma
ctch, or chemical-mechanical polishing) second hardmask 710

{0044} FIG. 10A 15 a perspective view, and Fiz. 11E is a top view, of the portion of the
semiconducior substrate ihustrated in FIG. 9D after a patterning process 1s performed on
diclectric matertal 706 using first bardmask 708 as a mask to form a fitth trench extension 1002
of third trench extension 902 and a sixth tronch extension 1004 of fourth trench extension 904,
Fifth rench extension 1002 and sixth trench extension 1004 expose substrate matenal 702,
Moreover, fifth trench extension 1002 exposes a portion of one of conductive hines 704 and

sixth trench extension 1004 exposes a portion of another one of conductive lines 704,
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4 5] FIG. 10B 18 a perspective view of the portion of the semiconductor substrate
tustrated in FIG. 10A afier removing {e.2., by wet or dry chemical etching, isotropic plasma
ctching, or chemical-mechanical polishing) first hardmask 703.

(8046} FIG. 10C is a perspective view of the portion of the semuconductor substrate
iHustrated in FIG. 10B afier placing {¢.g., by a physical or chemical vapor deposition process,
atomic layer deposition, or clectro~chemical plating depostiion) a conductive matenial {e.g.,
metal) 1006 on diclectric material 706 and in fifth treach extension 1002 and sixth trench
extension 1004, A portion 1008 of conductive matenal 1006 extends into and at least partially
fills fifth trench extension 1002, A portion 1010 of conductive matenial 1006 extends into and
at feast partially fills sixth trench extension 1004,

(6047} FIG. 10D is a perspective view, and FIG. 11F is a top view, of the portion of the
semiconductor substrate lustrated in FIG. 10D after removing {e.g., by chemical ciching or
chemical-mechanical polishing) conductive material 1006 to expose diclectric material 706,
while leaving portion 1008 of conductive material 1006 in fifth trench extension 1002 and
portion 1010 of conductive material 1006 in sixth trench extension 1004, Portions 1008 and
1010 may respectively comprise two cross-coupling straps, such as 202 and 204 llustrated m
Fi(s. 2. that interconnect various portions of conductive lines 704, Also, portions 1608 and 1010
may be substantially parallel to cach other and may be disposed at a substantially acute angle
{c.g., between 10 and 80 degrees) with respect to conductive lines 704, In some
mmplementations, a closest distance 1102 between portions 1008 and 1010 may be less than
about 10 nanometers.

(3034 8] FIG, 12 idlustrates an example set of processes 1200 used during the design,
verification, and fabrication of an article of manufacture such as an integraied circuit to
transform and veridy design data and instructions that represent the integrated circuit. Each of

these processes can be structured and enabled as multiple modules or operations. The term
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‘EDA” signifies the term ‘Hlectronic Design Automation.” These processes start with the
creation of a product idea 1210 with information supplicd by a designer, mformation which is
transformed to create an article of manufacture that uses a set of EDA processes 1212, When
the design is finalized, the design is taped-out 1234, which is when artwork (¢.g., geometric
patterns) for the miegrated circut 1s sent to a fabrication facility to manufacture the mask set,
which is then used to manufacture the integrated circwit. Afier tape-out, a senuconductor die 18
fabricated 1236 and packaging and assembly processes 1238 are performed fo produce the
finished integrated circuit 1240. This fabrication state 1236 can imclude the fabrcation
techniques for forming the ulira-high density mtegrated cirenit componeuts, as described above.
{0049} 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 deseription language ("HDL) such as
VHDL, Vertlog, SystemVerilog, SystemC, MyHDL or OpenVera. The HDL description can be
transtormed to a logic-level register transfer level CRTL) description, a gate-level description,
a lavout-level description, or a mask-level description. Each lower abstraction level that i1s a
less abstract description adds more usetul detail indo the design description, for example, more
details for the modules that mclude the deseniption. The lower levels of abstraction that are fess
abstract descriptions can be generated by a computer, derived from a design library, or created
by another design antomation process. An example of a specification language at a lower [ovel
of abstraction language for specifving more detailed descriptions is SPICE, which is used for
detailed descriptions of cirgaits with many analog components. Descriptions at each level of
abstraction arc enabled for use by the corresponding tools of that laver (e.g., a formal
verification tool). A design process may usce a sequence depicted in FIG. 4. The processes

described by be enabled by EDA products {or tools).
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j350] During system design 1214, functionality of an integrated circuit to be manuafactured
ts specified. The design mav be optimized for desired charactenistics such as power
consumption, performance, area {physical and/or lines of code), and reduction of costs, ¢ic.
Partitionming of the design into different types of modules or components can ocour at this stage.
16651} Durng logic design and functional verification 1216, modules or componenis in the
cireuit are specified 1n one or mare description languages and the specification is checked for
functional accuracy. For example, the components of the circuit may be venfied to gonerate
outputs that match the requirements of the specification of the circuit or system being designed.
Functional verification may use simulators and other programs such as testbench gencrators,
static HDL checkers, and formal verifiers. In some embodiments, special systems of
components referred to as ‘emulators’ or “prototyping systems” are used to spesd up the
functional verification.

[6652) During syothesis and design for test 1218, HBL code is transformed to a netlist. In
some embodiments, a netlist may be a graph structure where edges of the graph structure
represent components of a circuit and where the nodes of the graph structure represent how the
components are interconnected. Both the HDL code and the netlist are hierarchucal anticles of
manufacture that can be used by an EDA product to verify that the integrated circuit, when
manufactured, performs according to the specified design. The netlist can be optimized for a
target semiconductor manufacturmg technology. Additionally, the finished mtegrated circuit
may be tested to verify that the integrated circuit satisfies the requirements of the specification.
[80353] During netlist verification 1220, the netlist is checked for compliance with timing
constraints and for correspondence with the HBL code. During design planning 1222, an overall
floor plan for the integrated circuit 1s constructed and analvzed for iming and top-level routing.
(6054} During lavout or physical implementation 1224, physical placement (positioning of

circuit components such as transistors or capacitors) and routing {connection of the circuit
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components by multiple conductors) occurs, and the selection of cells from a hbrary to enable
specific logic functions can be porformed. As used herein, the term “cell” may specify a set of
transistors, other components, and interconnections that provides a Boolean logic function (o g,
AND, OR, NOT, XOR) or a storage function {such as a flipflop or laich). As used herein, a
circeuit “block’ may refer to two or more cells. Both a cell and a circuit block can be referred to
as a module 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 products.

[O085] During analysis and extraction 1226, the circuit function is verified at the layout
level, which permits refinement of the layout design. Dunng physical verification 1228, the
lavout design is checked to ensure that manufacturing constraints are correct, such as DRC
constraints, electrical constraints, lithographic constraints, and that circuitry function matches
the HDL design specification. During resolution enhancement 1230, the geometry of the lavout
ts transformed to improve how the circuit design 1s manufactured.

[(056] Buring tape-oui, data is created to be used (afier hithographic enhancements are
applied of appropriate} for production of ithography masks. During mask data preparation 1232,
the ‘tape-out” data is used to produce hithography masks that are used to produce finished
mtegrated circuits.

{8087} A storage subsystem of a computer system {such as computer systenm 1300 of Fi(r.
13) 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 hibrary.

[B058] FIG. 13 illustrates an example machine of a computer system 1300 within which a
set of instructions, for causing the machine to perform any one or more of the methodologies

discussed heremn, may be executed. In altermative mnplementations, the machine may be
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connected {e.g., networked) to other machines in a LAN, an intranet, an extrangt, and/or the
Intemet. The machine may operate in the capacity of a server or a client machine in client-
server network environment, ag a peor machine in a peer-to-peer (or distributed) network
environment, or as a server or a client machine in a cloud computing nfrastrocture or
environment.

6639} The machine may be a personal computer (PC), a tablet PC, a set-top box (§TB), a
Personal Digital Agsistant (PDA), a cellular telephone, a web appliance, a server, a network
router, a switch or bridge, or any machine capable of executing a set of instructions {sequential
or otherwise} that spectfy actions to be taken by that machine. Further, while a single machine
15 illustrated, the term "maching” shall also be taken to include any collection of machines that
mdividually or jointly execute a set {or multiple sets) of instructions to perform any one or more
of the methodologies discussed herein,

6060] The exampic computer systemn 1300 includes a processing device 1302, a main
memory 1304 {¢ g, read-only memory (ROM}, flash memory, dvnamic random access memory
(DRAM) such as synchronous DRAM (SDRAM), a static memory 1306 {¢.g., tlash memory,
static random access memory {SRAM), etc), and a data storage device 1318, which
communicate with each other via a bus 1330,

{6061} Processing device 1302 represents one or more processors such as a microprocessor,
a contral processing unit, or the like. More particulardy, the processing device may be complex
mstruction set computing (CISC) microprocessor, reduced instruction set computing {RISC)
microprocessor, very long instruction word {(VLIW} microprocessor, or a processor
mmplementing other mnstruction seis, or processors implementing a combination of mstruction
sets. Processing device 1302 may also be one or more special-purpose processing devices such
as an application spectfic infograted circuit (ASIC), a ficld programmable gate array (FPGA),

a digital signal processor {DSP), network processor, or the like. The processing device 1302
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may be configured to execute instructions 1326 for performing the operations and steps
described herem.

6062} The computer system 1300 may further mehude a network interface device 1308 to
communicate over the network 1320, The computer system 1300 also may include a video
display unit 1310 {e.g., a hqwd crystal display (LCD) or a cathode ray tube (CRTY), an
alphanumeric input device 1312 {e.g., akeyboard), a cursor control device 1314 (e.g., a mouse),
a graphics processing uait 1322, a signal generation device 1316 {e.g., a speaker}, graphics
processing unit 1322, video processing umit §328, and audio processing wnit 1332,

[8063] The data storage device 1318 may include a machine-rcadable storage medium 1324
{also known as a non-transitory computer-readable mednim) on which is stored one or more
sets of instructions 1326 or sofiware embodying any one or more of the methodologies or
functions described herein. The nstructions 1326 may also reside, completely or at least
partially, within the main memory 1304 and/or within the processing device 1302 during
exccution thereof by the computer system 1300, the main memory 1304 and the processing
device 1302 also constituting machine-readable storage media.

[0064] In some implementations, the mstructions 1326 mclude instructions to implement
functionality corresponding to the prosent disclosure. Whike the machine-readable storage
medium 1324 is shown in an example implementation to be a single medium, the term
"machme-readable storage medium” should be taken to nclude a single medium or multiple
media {e.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 medium” shall
also be taken to include any medium that is capable of sioring or encoding a set of instructions
for execution by the machine and that cause the machine and the processing device 1302 1o

perform any one or more of the methodologies of the present disclosure. The term "machine-
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readable storage medium” shall accordingly be taken to mclude, but not be limited to, schid-
state memontes, optical media, and magnetic media.

[6065] Some portions of the preceding detailed descriptions have been prosented in forms
of algorithms and symbolic representations of operations on data bits within a computer
memory. These algornthmic descrniptions and representations are the ways used by those skitled
in the data processing arts to maost cffectivelv convey the substance of their work to others
skilled in the art. An algorithm may be a sequence of operations leading to a desired resuli. The
operations are those requiring physical manipulations of physical quantities. Such quantitics
may take the form of clecincal or magnetic signals capable of being stored, combined,
compared, and otherwise manipulated. Such signals may be referred to ag bits, values, elements,
symbols, characters, terms, numbers, or the like.

18066} it should be bome in mind, however, that all of these and similar ferms are o be
associated with the appropriate physical quantities and are merely convenient labels applied to
these quantities. Unless specifically stated otherwise as apparent from the present disclosure, it
is appreciated that throughout the descrption, certain terms refer to the action and processes of
a computer system, or sinular electronic computing device, that manipulates and transtforms
data represented as physical {electronic) quangitios within the compuier system's registers and
memories mto other data simdarly represented as physical guantities within the computer
system memories or registers or other such information storage devices.

[06067) The present disclosure also relates to an apparatus for performing the operations
herein. This apparatus may be specially constructed for the intended purposes, or it 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, such as, but
not Limited to, any type of disk including floppy disks, optical disks, CB-ROMs, and magnetic-

optical disks, read-only memories {(ROMs), random access memones (RAMs), EPROM;s,
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EEPROMs, magnetic or optical cards, or any type of media suitable for storing clectronic
instructions, cach coupled to a computer system bus.

[0068] The algorithms and displays presented herein are not inherently related to any
particalar computer or other apparatus, Various other systems may be used with programs in
accordance with the teachings heren, or it may prove convenient io construct a more
specialized apparatus to perform the method. Inaddition, the present disclosure 1s not described
with reference to any particular progranuning language. It will be appreciated that a vanety of
programming languages may be used to mplement the teachings of the disclosure as desenbed
herein.

[6069] The present disclosure may be provided as a computer program product, or software,
that may mclude a machine-readable mediom having stored thereon mstructions, which may be
used to program a computer svstem {or other electronic devices) to perform a process according
to the present disclosure. A machine-readable medium includes any mechanism for storing
information in a form readable by a machine {¢.g., a computer). For example, a machine-
readable {e.g., computer-readable} medium includes a machine (e.g., a computer) readable
storage medium such as a read ondy memory ("ROM"), random access memory ("RAM"),
magnetic disk storage media, optical storage media, flash memory devices, etc.

(6678} In the foregoing disclosare, implementations of the disclosure have been described
with reference 1o specific example tuplementations thereof. it will be evident that various
modifications may be made thereto without departing from the broader spirit and scope of
mmplementations of the disclosure as set forth w the following claims. Where the disclosure
refers to some clemenis n the singular fense, more than one element can be depicted in the
figures and like clements are labeled with like numerals. The disclosure and drawings are,

accordingly, to be regarded in an iHustrative sense rather than a restrictive sense,
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CLAIMS
We claim as follows:
1. A method for forming an integrated circuit, the method comprising:

forming a first spacer on sidewalis of a first trench in a hardmask that is on a dielectric

patteming the dielectric laver using the hardmask and the first spacer as a mask fo
form a first channel having a cross-sectional area that is smaller than a cross-sectional area of
the first trench;

forming a second spacer on sidewalls of a second trench 1o the hardmask;

patterning the dielectric laver using the hardmask and the second spacer as a mask to
form a second chanuel having a cross-sectional area that 1s smaller than a cross-sectional area
of the second trench;

removing the hardmask, the first spacer, and the second spacer; and

depositing a metal into the first channel and the second channel 1n the dielectric layer.

2. The method of claim 1, wherein

the diclectric layer 1s disposed on a substrate that inchudes the mtegrated circuif, which
1s formed by a double patterning piteh splitting process that inchudes a first mask-exposure
and a second mask-exposure,

the mtegrated circuit mcludes (1) a first set of conductors formed by the first mask-
exposure and (11} a second set of conductors formed by the second mask-exposure, and

the first channel 1o the diclectric layer electrically contacts the first set of conductors
and the second channel in the diclectric layer elecirically contacts the sccond set of

conductors.

3. The method of claim 2, wherein the integrated circuit comprises at least a portion of a

6T SRAM.

4, The method of claim 2, wherein the first set of conductors and the second set of
conductors are substantially parallel to cach other, and wherein the first channel and the
second channel are disposed at a substantially acute angle with respect {o the first set of

conductors and the second set of conductors.
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5. The method of claim 1, wheren the first channel and the second channel 1 the
dielectric layer are substantially parallel to each other and elecirically insulated from each

ather.

6. The method of claim 5, wherein a closest distance between the first channel and the

second channel is fess than 10 nanomeiers.

7. The method of claim 1, wherein the first spacer comprises aluminum oxide and the

hardmask comprses amorphous sidicon.

8. A method for forming an mtegrated circuit, the method comprising:

depositing a dielectric layer on a substrate;

depositing a first hardmask on the diclectric layer;

depositing a second hardmask on the fiust hardmask;

patterning the second hardmask to form a first trench in the second hardmask;

depositing a first spacer matenal on the second hardmask and in the {irst trench;

partially ciching the first spacer maaterial so as to leave a first spacer on sidewalls of
the first trench;

patterning the first hardmask using the second hardmask and the first spacer as a mask
to form a first trench extension baving a cross-section that is smaller than a cross-seotion of
the first trench;

patterning the sccond hardmask to form a second trench in the second hardmask;

depositing a second spacer material on the second hardmask and m the second trench;

partially etching the sccond spacer material so as to leave a second spacer on sidewalls
of the second trench;

patterning the first hardmask using the second hardmask and the second spacerasa
mask to form a second trench extension having a cross-section that is smaller than a cross-
section of the second trench;

removing the first spacer and the second spacer;

removing the second hardmask;

patterning the diclectric layer using the first hardmask, the first trench extension, and
the second trench extension fo form a first channel and a second chamnnel in the dielecinc

laver;
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depositing metal on the diclectric laver and in the first channel and the second
channel; and
removing the metal on the diclectric laver and leaving the metal m the first channel

and the second channel.

9. The method of claim &, wheremn

the substrate includes the micgrated circuit, which 1s formed by a double patterming
pitch splitting process that includes a first mask-exposure and a second mask-exposure,

the mtegrated circuit includes (1) a first set of conductors formed by the first mask-
exposure and (1) a sccond set of conductors formed by the second mask-exposure, and

the first channel electrically contacts the first set of conductors and the second channel

clectrically contacts the second set of conductors.

10 The method of claim 9, wherein the integrated circuit comprises at least a portionof a
6T SRAM.
11 The method of claim 9, wherein the fust set of conductors and the second set of

conductors are substantially paralie! to each other, and wherein the first channel and the
second channel are disposed at a substantially acute angle with respect fo the first set of

conductors and the second set of conductors.

12. The method of claun 8, wheremn the first channel and the second channel inthe
dielectric laver are substantially parallel to each other and clectrically insulated from each

other.

13. The method of claim 12, wherein a closest distance between the first channel and the

sccond channel is less than 10 nanometers.
14 The method of claim 8, wheren the first hardmask comprises mitnide, the second
hardmask comprises amorphouos silicon or a carbon-based spin-on hardmask, and the first

spacer matenal and the second spacer maternial comprise aluminum oxide.

15, A system comprising:
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a memory storing nstructions for performing a patterning technigue to form an
integrated circuit; and
a processor, coupled with the memory and to execute the jnstructions that, when
execuied, cause the processor to perform operations including:
forming a first spacer on sidewalls of a first trench m a hardmask thatison a
diglectric layer;
patierning the dielectric laver using the bardmask and the fust spacer as a mask
to form a first channel having a cross-sectional area that is smaller than a cross-
sectional area of the first tronch;
forming a second spacer on sidewalls of a sccond trench in the hardroask:
paticming the dielectnic laver using the hardmask and the second spaceras a
mask to form a second channel having a cross-sectional area that 1s smaller than a
cross-sectional area of the second trench;
removing the hardmask, the first spacer, and the sccond spacer; and
depositing a metal nto the first channel and the sccond channel in the

diclectric laver.

16. The systemn of claim 15, wheremn

the dielectric laver is disposed on a substrate that inclades the ntegrated circuit, which
is formed by a doubie patierning pitch splitting process that includes a first mask-exposure
and a second mask-exposure,

the mtegrated civcwit includes (3) a first set of conductors formed by the first mask-
exposure and (it} a second set of conductors formed by the second mask-exposure, and

the first channel in the diclectric layer electrically contacts the first set of conductors
and the second channel in the diclectric layer electrically contacts the sccond set of

conduactors.

17. The system of claim 16, wherein the integrated circuit comprises at lecast a portion of a

6T SRAM.

18, The system of claim 16, wherein the first set of conductors and the second set of
conductors are substantially parallel to cach other, and wherein the first channel and the
second channel are disposed at a substantially acute angle with respect to the first set of

conductors and the second set of conductors.
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19. The system of claim 15, wherein the first channe! and the second channel in the
dielectric layer are substantially parallel to cach other and electnically nsulated from cach

ather.

20, The system of claim 19, whercin a closest distance between the first channel and the

second chanoel 1s less than 10 nanometers.



WO 2022/015930 PCT/US2021/041749
1710
100
\ WL ‘
Voo
e Prewee
Ay My
3 ke . - J
P2 S E .
B oo 3 ] {”}
Ly
BT A My Bi
cocodR SRococe
200 208A

\

\\ ”éOSA\\ 2668\\ ;2088\\

/fQOﬁC




WO 2022/015930

310A

02

£

NN, \\\\\\\\\\\\\\\

ey
S S
ey
S
/:/:/
ey
///
///
///
///
e
Ve
e
e

Ny
NN N NN NN

ey
S S
/////
7
e
e
e
e
Ve
e
e
e
e
e
Ve
e
e
e
e
e
//

////////
e

BN
306/\\\\\\\
N

O

NN,
AN

\\\\\\\\\\\\\\\\\\\

ANCAN \\\\\\\\\\\\\\\\\\\\\\\\

N,
NN, \\\\\\\\\\\ ‘\\\\\i\i\i
NN NN NN AN

SOSEAEEAEEAES

304

(A)

PCT/US2021/041749

N X \\\\\\\\\\\\\\\\\
NN N NN

) !
310A 310B

(B)

(B)



WO 2022/015930 PCT/US2021/041749

3110

502

/;)"' e
506
316 504

(A) (B)

504 506

304

318

316
602 (A) (B)




WO 2022/015930 PCT/US2021/041749

4/10

714

-
%\;&i\x&‘&ﬁ\\\\@iﬁ%{x&f
S

«
W

700
L

716

712 712

)

710 710

708

706 706

704 'k/ """""

(A) (B}

724
712 712

710 710

708 708

706 706

(<) {8)




WO 2022/015930 PCT/US2021/041749

510

712

710

708

706

(A) (B)

712 712

710 710

708 708

706 706

© (D)




PCT/US2021/041749

WO 2022/015930

6/10

71

710

(B)

(A)

—

7

708

(L)

©)




PCT/US2021/041749

WO 2022/015930

710

1002




WO 2022/015930 PCT/US2021/041749

810

714 =
¢ D
704
_—706
708 1102
904
04
1010+
704 902

-




WO 2022/015930 PCT/US2021/041749

910

1200

’/

System Design 1214

Froduct idea
1210 ¢

Logical Design and
Functional Verification
12186

{ EDA Processes ] ¢

1242 Synthesis and Design
for Test 1218

v
s \ Netlist Verification
Tape Ouf 1234 1220
) ¥
Deasign Planning 1222
Fabrication 1236 v
h g Physical
l implementation 1224
Packaging &
L A33eiﬁbiy 1238 ) Aﬂagysis and
l Extraction 1226
v
Manufactured Physical Verification
Chips 1240 1228
Resolution

Enhancemeant 1230

v

Mask Data
Preparation 1232

.12



WO 2022/015930

Processing
Device
1302

10/10

AN

VN

instructions
1328

Main Memory
1304

h 4

'

Instructions
1328

Graphics
Processing
Unit
1322

Video

Unit
1328

Processing |,

v

Audio

Lnit
1332

FProcessing |,

h 4

Network
interface
Device
1308

7

NETWORK
1320

h 4

Bus

——

L 1330

PCT/US2021/041749

Static Memory
1308

| Video Display

Unit 1310

S

h 4

Alpha-Numeric
input Device
1312

Cursor Control
Deavice
1314

Signal
Generation
Davice
1316

1300

'/

1318

Data Storage Device

Machine-Readabla
Medium 1324

instructions
1326




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2021/041749

A. CLASSIFICATION OF SUBJECT MATTER
I

NV. HO1L21/033 HO1L27/02 HO1L27/11
ADD.

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

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO1L

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

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

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 9 653 575 B1 (BASKER VEERARAGHAVAN S 1,15
[US] ET AL) 16 May 2017 (2017-05-16)
Y column 3, line 29 - column 6, line 17; 2-14,
figures 1-8 16-20
Y US 20157333131 Al (MOJUMDER NILADRI [US] 2-7,
ET AL) 19 November 2015 (2015-11-19) 9-14,
16-20
paragraphs [0030] - [0047]; figures 2-5
Y US 2009/014806 Al (OSTERMAYR MARTIN [DE] 4-6,
ET AL) 15 January 2009 (2009-01-15) 11-13,
18-20

paragraphs [0033] - [0089]; figures 3-22
Y US 2011/003256 Al (VAN DER HEIJDEN 8-14
ROBERTUS WILHELMUS [NL] ET AL)

6 January 2011 (2011-01-06)

paragraphs [0045] - [0054]; figures 3-11

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

* Special categories of cited documents : . . . . L
"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance
"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be

filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone

cited to establish the publication date of another citation or other "Y* document of particular relevance; the claimed invention cannot be

special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art
"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
6 October 2021 15/10/2021
Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040, o
Fax: (+31-70) 340-3016 Brdackelmann, Gregor

Form PCT/ISA/210 (second sheet) (April 2005)



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2021/041749
Patent document Publication Patent family Publication
cited in search report date member(s) date

US 9653575 Bl 16-05-2017  US 9653575 Bl 16-05-2017
US 2017323948 Al 09-11-2017
US 2018337059 Al 22-11-2018
US 2015333131 Al 19-11-2015 CN 106463502 A 22-02-2017
EP 3146564 Al 29-03-2017
JP 6625562 B2 25-12-2019
JP 2017516313 A 15-06-2017
KR 20170005005 A 11-01-2017
US 2015333131 Al 19-11-2015
WO 2015179050 Al 26-11-2015
US 2009014806 Al 15-01-2009 CN 101345214 A 14-01-2009
US 2009014806 Al 15-01-2009
US 2011003256 Al 06-01-2011 NL 2004948 A 10-01-2011
US 2011003256 Al 06-01-2011
WO 2011003736 Al 13-01-2011

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - wo-search-report
	Page 40 - wo-search-report

