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electrode portions are formed on the cylindrical electrode portions after formation of the drain select level isolation strip.
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THREE-DIMENSIONAL MEMORY DEVICE HAVING ON-PITCH DRAIN SELECT
GATE ELECTRODES AND METHOD OF MAKING THE SAME

RELATED APPLICATIONS

[0001] This application claims the benefit of priority of U.S. Provisional Patent
Application Serial No. 62/533,993 filed on July 18, 2017, and co-pending US Non-
Provisional Application Serial Nos. 15/818,061 and 15/818,146 filed on November 20, 2017,
and the entire contents of which are incorporated herein by reference.

FIELD
[0002] The present disclosure relates generally to the field of semiconductor devices, and
particular to a three-dimensional memory device including on-pitch select gate electrodes
having a same periodicity as memory stack structures and methods of manufacturing the

same.

BACKGROUND

[0003] Three-dimensional vertical NAND strings having one bit per cell are disclosed in
an article by T. Endoh et al., titled “Novel Ultra High Density Memory With A Stacked-

Surrounding Gate Transistor (S-SGT) Structured Cell”, IEDM Proc. (2001) 33-36.

SUMMARY

[0004] According to an aspect of the present disclosure, a three-dimensional memory
device is provided, which comprises: an alternating stack of insulating layers and electrically
conductive layers located over a substrate; an array of memory stack structures extending
through the alternating stack and arranged as rows that extend along a first horizontal

direction and are spaced along a second horizontal direction, wherein each of the memory
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stack structures comprises a memory film and a memory level channel portion contacting an
inner sidewall of the memory film; an array of drain select level assemblies overlying the
alternating stack and having a same periodicity as the array of memory stack structures along
the first horizontal direction and the second horizontal direction, wherein each of the drain
select level assemblies comprises a drain select level channel portion contacting a respective
memory level channel portion; drain select gate electrodes laterally surrounding respective
rows of drain select level assemblies; and a drain select level isolation strip comprising at
least one dielectric material and located between a neighboring pair of drain select gate
electrodes.

[0005] According to another aspect of the present disclosure, a method of forming a
three-dimensional memory device is provided, which includes the steps of: forming an
alternating stack of insulating layers and spacer material layers over a substrate, wherein the
spacer material layers are formed as, or are subsequently replaced with, electrically
conductive layers; forming an array of memory stack structures extending through the
alternating stack and arranged as rows that extend along a first horizontal direction and are
spaced along a second horizontal direction, wherein each of the memory stack structures
comprises a memory film and a memory level channel portion contacting an inner sidewall of
the memory film; forming an array of drain select level assemblies having a same periodicity
as the array of memory stack structures along the first horizontal direction and the second
horizontal direction over the alternating stack, wherein each of the drain select level
assemblies comprises a drain select level channel portion contacting a respective memory
level channel portion; forming drain select gate electrodes laterally surrounding respective
rows of drain select level assemblies; and forming a drain select level isolation strip
comprising at least one dielectric material and located between a neighboring pair of drain
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select gate electrodes.

[0006] According to yet another aspect of the present disclosure, a three-dimensional
memory device is provided, which comprises: an alternating stack of insulating layers and
electrically conductive layers located over a substrate; an array of memory stack structures
extending through the alternating stack and arranged as rows that extend along a first
horizontal direction with a first pitch and are spaced along a second horizontal direction with
a second pitch for each pair of neighboring rows, wherein each of the memory stack
structures comprises a vertical semiconductor channel, a memory film and a gate dielectric
that overlies a top surface of the memory film; drain select gate electrodes laterally
surrounding respective rows of the gate dielectrics; and a drain select level isolation strip
comprising a dielectric material located between a neighboring pair of the drain select gate
electrodes. One of the drain select gate electrodes comprises a strip electrode portion
including a pair of lengthwise sidewalls that generally extend along the first horizontal
direction, and a plurality of cylindrical electrode portions that laterally surround a respective
one of the gate dielectrics.

[0007] According to still another aspect of the present disclosure, a method of forming a
three-dimensional memory device comprises the steps of: forming an alternating stack of
insulating layers and spacer material layers over a substrate, wherein the spacer material
layers are formed as, or are subsequently replaced with, electrically conductive layers;
forming at least one sacrificial matrix layer over the alternating stack; forming an array of
memory stack structures extending through the at least one sacrificial matrix layer and the
alternating stack and arranged as rows that extend along a first horizontal direction with a
first pitch and are spaced along a second horizontal direction with a second pitch for each pair
of neighboring rows, wherein each of the memory stack structures comprises a vertical
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semiconductor channel and a memory film; physically exposing upper portions of the
memory stack structures by removing the at least one sacrificial matrix layer selective to the
alternating stack; forming drain select gate electrodes around upper portions of the vertical
semiconductor channels; and forming a drain select level isolation strip comprising a
dielectric material, wherein the drain select level isolation strip is formed between a

neighboring pair of the drain select gate electrodes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a schematic vertical cross-sectional view of a first exemplary structure
after formation of at least one peripheral device, a semiconductor material layer, and a gate
dielectric layer according to a first embodiment of the present disclosure.

[0009] FIG. 2 is a schematic vertical cross-sectional view of the first exemplary structure
after formation of an alternating stack of insulating layers and sacrificial material layers
according to the first embodiment of the present disclosure.

[0010] FIG. 3 is a schematic vertical cross-sectional view of the first exemplary structure
after formation of stepped terraces and a retro-stepped dielectric material portion according to
the first embodiment of the present disclosure.

[0011] FIG. 4A is a schematic vertical cross-sectional view of the first exemplary
structure after formation of memory openings and support openings according to the first
embodiment of the present disclosure.

[0012] FIG. 4B is a top-down view of the first exemplary structure of FIG. 4A. The
vertical plane A — A’ is the plane of the cross-section for FIG. 4A.

[0013] FIGS. 5A - 5F are sequential schematic vertical cross-sectional views of a

memory opening during formation of a memory stack structure according to the first
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embodiment of the present disclosure.

[0014] FIG. 6A is a schematic vertical cross-sectional view of the first exemplary
structure after formation of the memory stack structures according to the first embodiment of
the present disclosure.

[0015] FIG. 6B is a top-down view of the first exemplary structure of FIG. 6A. The
vertical plane A — A’ is the plane of the cross-section for FIG. 6A.

[0016] FIG. 6C is a vertical cross-sectional view of the first exemplary structure along the
vertical plane C — C” of FIG. 6B.

[0017] FIG. 7A is a vertical cross-sectional view of the first exemplary structure after
formation of an insulating spacer layer, a first dielectric template layer, and an array of
cylindrical openings according to the first embodiment of the present disclosure.

[0018] FIG. 7B is a top-down view of the first exemplary structure of FIG. 7A. The
vertical plane A — A’ is the plane of the cross-section for FIG. 7A.

[0019] FIG. 8A is a vertical cross-sectional view of the first exemplary structure after
formation of cylindrical electrode portions according to the first embodiment of the present
disclosure.

[0020] FIG. 8B is a top-down view of the first exemplary structure of FIG. 8A. The
vertical plane A — A’ is the plane of the cross-section for FIG. 8A.

[0021] FIG. 9A is a vertical cross-sectional view of the first exemplary structure after
formation of sacrificial pedestals according to the first embodiment of the present disclosure.
[0022] FIG. 9B is a top-down view of the first exemplary structure of FIG. 9A. The
vertical plane A — A’ is the plane of the cross-section for FIG. 9A.

[0023] FIG. 10 is a vertical cross-sectional view of the first exemplary structure after
recessing the first dielectric template layer according to the first embodiment of the present
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disclosure.

[0024] FIG. 11 is a vertical cross-sectional view of the first exemplary structure after
formation of a second dielectric template layer according to the first embodiment of the
present disclosure.

[0025] FIG. 12A is a vertical cross-sectional view of the first exemplary structure after
removal of sacrificial pedestals according to the first embodiment of the present disclosure.
[0026] FIG. 12B is a top-down view of the first exemplary structure of FIG. 12A. The
vertical plane A — A’ is the plane of the cross-section for FIG. 12A.

[0027] FIG. 13 is a vertical cross-sectional view of the first exemplary structure after
formation of gate dielectrics according to the first embodiment of the present disclosure.
[0028] FIG. 14A is a vertical cross-sectional view of the first exemplary structure after
formation of a cover spacer layer according to the first embodiment of the present disclosure.
[0029] FIG. 14B is a top-down view of the first exemplary structure of FIG. 14A. The
vertical plane A — A’ is the plane of the cross-section for FIG. 14A.

[0030] FIG. 15 is a vertical cross-sectional view of the first exemplary structure after
anisotropically etching through the insulating spacer layer and physically exposing surfaces
of the memory level channel portions according to the first embodiment of the present
disclosure.

[0031] FIG. 16 is a vertical cross-sectional view of the first exemplary structure after
formation of a drain select level channel layer and a drain select level dielectric core layer
according to the first embodiment of the present disclosure.

[0032] FIG. 17 is a vertical cross-sectional view of the first exemplary structure after
formation of a drain select level channel portions and drain select level dielectric cores
according to the first embodiment of the present disclosure.
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[0033] FIG. 18 is a vertical cross-sectional view of the first exemplary structure after
formation of drain regions according to the first embodiment of the present disclosure.
[0034] FIG. 19 is a vertical cross-sectional view of the first exemplary structure after
vertically recessing the second dielectric template layer according to the first embodiment of
the present disclosure.

[0035] FIG. 20 is a vertical cross-sectional view of the first exemplary structure after
formation of cylindrical dielectric spacers according to the first embodiment of the present
disclosure.

[0036] FIG. 21 is a vertical cross-sectional view of the first exemplary structure after
formation of a third dielectric template layer according to the first embodiment of the present
disclosure.

[0037] FIG. 22A is a vertical cross-sectional view of the first exemplary structure after
anisotropically etching the first, second, and third dielectric template layer employing a
combination of a patterned photoresist layer and the drain regions as an etch mask according
to the first embodiment of the present disclosure.

[0038] FIG. 22B is a top-down view of the first exemplary structure of FIG. 22A. The
vertical plane A — A’ is the plane of the cross-section for FIG. 22A.

[0039] FIG. 23A is a vertical cross-sectional view of the first exemplary structure after
formation of strip electrode portions according to the first embodiment of the present
disclosure.

[0040] FIG. 23B is a horizontal cross-sectional view along the plane B — B’ of the first
exemplary structure of FIG. 23A. The vertical plane A — A’ is the plane of the cross-section
for FIG. 23A.

[0041] FIG. 24A is a vertical cross-sectional view of the first exemplary structure after
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formation of a dielectric fill material layer according to the first embodiment of the present
disclosure.

[0042] FIG. 24B is a horizontal cross-sectional view along the plane B — B’ of the first
exemplary structure of FIG. 24A. The vertical plane A — A’ is the plane of the cross-section
for FIG. 24A.

[0043] FIG. 24C is a horizontal cross-sectional view along the plane C — C’ of the first
exemplary structure of FIG. 24A.

[0044] FIG. 24D is a horizontal cross-sectional view along the plane D — D’ of the first
exemplary structure of FIG. 24A.

[0045] FIG. 24E is a horizontal cross-sectional view along the plane E — E’ of the first
exemplary structure of FIG. 24A.

[0046] FIG. 25A is another vertical cross-sectional view of the first exemplary structure
at the processing steps of FIGS. 24A — 24E.

[0047] FIG. 25B is a top-down view of the first exemplary structure of FIG. 25A. The
vertical plane A — A’ is the plane of the cross-section of FIG. 25A.

[0048] FIG. 26A is a vertical cross-sectional view of the first exemplary structure after
formation of a contact level dielectric layer and backside trenches according to the first
embodiment of the present disclosure.

[0049] FIG. 26B is a top-down view of the first exemplary structure of FIG. 26A. The
vertical plane A — A’ is the plane of the cross-section of FIG. 26A.

[0050] FIG. 27 is a vertical cross-sectional view of the first exemplary structure after
formation of backside recesses by removal of the sacrificial material layers with respect to the
insulating layers according to the first embodiment of the present disclosure.

[0051] FIG. 28 is a vertical cross-sectional view of the first exemplary structure after
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formation of optional backside blocking dielectric layers and electrically conductive layers
and after removal of excess conductive material from within the backside trenches according
to the first embodiment of the present disclosure.

[0052] FIG. 29 is a schematic vertical cross-sectional view of the first exemplary
structure after formation of a source region underneath each backside trench according to the
first embodiment of the present disclosure.

[0053] FIG. 30 is a schematic vertical cross-sectional view of the first exemplary
structure after formation of an insulating spacer and a backside contact structure within each
backside trench according to the first embodiment of the present disclosure.

[0054] FIG. 31A is a schematic vertical cross-sectional view of the first exemplary
structure after formation of additional contact via structures according to the first
embodiment of the present disclosure.

[0055] FIG. 31B is a top-down view of the exemplary structure of FIG. 31A. The
vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of FIG. 31A.
[0056] FIG. 32 is a schematic vertical cross-sectional view of a second exemplary
structure after formation of an alternating stack of insulating layers and sacrificial material
layers, a first sacrificial matrix layer, and a second sacrificial matrix layer according to the
second embodiment of the present disclosure.

[0057] FIG. 33 is a schematic vertical cross-sectional view of the second exemplary
structure after formation of stepped terraces and a retro-stepped dielectric material portion
according to the second embodiment of the present disclosure.

[0058] FIG. 34A is a schematic vertical cross-sectional view of the second exemplary
structure after formation of memory openings and support openings according to the second

embodiment of the present disclosure.
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[0059] FIG. 34B is a top-down view of the second exemplary structure of FIG. 34A. The
vertical plane A — A’ is the plane of the cross-section for FIG. 34A.

[0060] FIGS. 35A - 35G are sequential schematic vertical cross-sectional views of a
memory opening during formation of a memory stack structure according to the second
embodiment of the present disclosure.

[0061] FIG. 36A is a schematic vertical cross-sectional view of the second exemplary
structure after formation of the memory stack structures according to the second embodiment
of the present disclosure.

[0062] FIG. 36B is a top-down view of the second exemplary structure of FIG. 36A. The
vertical plane A — A’ is the plane of the cross-section for FIG. 36A.

[0063] FIG. 36C is a vertical cross-sectional view of the second exemplary structure
along the vertical plane C — C’ of FIG. 36B.

[0064] FIG. 37 is a vertical cross-sectional view of the second exemplary structure after
removal of the second sacrificial matrix layer according to the second embodiment of the
present disclosure.

[0065] FIG. 38 is a vertical cross-sectional view of the second exemplary structure after
removal of the first sacrificial matrix layer according to the second embodiment of the
present disclosure.

[0066] FIG. 39 is a vertical cross-sectional view of the second exemplary structure after
formation of gate dielectrics according to the second embodiment of the present disclosure.
[0067] FIG. 40 is a vertical cross-sectional view of the second exemplary structure after
formation of cylindrical electrode portions according to the second embodiment of the
present disclosure.

[0068] FIG. 41A is a vertical cross-sectional view of the second exemplary structure after
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formation of an etch mask layer according to the second embodiment of the present
disclosure.

[0069] FIG. 41B is a top-down view of the second exemplary structure of FIG. 41A. The
vertical plane A — A’ is the plane of the cross-section for FIG. 41A.

[0070] FIG. 42 is a vertical cross-sectional view of the second exemplary structure after
recessing the etch mask layer according to the second embodiment of the present disclosure.
[0071] FIG. 43 is a vertical cross-sectional view of the second exemplary structure after
trimming the cylindrical electrode portions according to the second embodiment of the
present disclosure.

[0072] FIG. 44 is a vertical cross-sectional view of the second exemplary structure after
removal of the etch mask layer and formation of a dielectric template layer according to the
second embodiment of the present disclosure.

[0073] FIG. 45 is a vertical cross-sectional view of the second exemplary structure after
recessing the dielectric template layer according to the second embodiment of the present
disclosure.

[0074] FIG. 46A is a vertical cross-sectional view of the second exemplary structure after
formation of etch mask rings according to the second embodiment of the present disclosure.
[0075] FIG. 46B is a top-down view of the second exemplary structure of FIG. 46A. The
vertical plane A — A’ is the plane of the cross-section for FIG. 46A.

[0076] FIG. 47A is a vertical cross-sectional view of the second exemplary structure
after anisotropically etching the dielectric template layer employing a combination of a
patterned photoresist layer and the etch mask rings as an etch mask according to the second
embodiment of the present disclosure.

[0077] FIG. 47B is a horizontal cross-sectional view along the plane B — B’ of the second
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exemplary structure of FIG. 47A. The vertical plane A — A’ is the plane of the cross-section
for FIG. 47A.

[0078] FIG. 47C is a horizontal cross-sectional view along the plane C — C’ of the second
exemplary structure of FIG. 47A.

[0079] FIG. 48A is a vertical cross-sectional view of the second exemplary structure after
deposition of a conductive material in recessed regions according to the second embodiment
of the present disclosure.

[0080] FIG. 48B is a horizontal cross-sectional view along the plane B — B’ of the second
exemplary structure of FIG. 48A. The vertical plane A — A’ is the plane of the cross-section
for FIG. 48A.

[0081] FIG. 48C is a horizontal cross-sectional view along the plane C — C’ of the second
exemplary structure of FIG. 48A.

[0082] FIG. 49 is a vertical cross-sectional view of the second exemplary structure after
formation of strip electrode portions by recessing the conductive material according to the
second embodiment of the present disclosure.

[0083] FIG. 50A is a vertical cross-sectional view of the second exemplary structure after
formation of a dielectric fill material layer according to the second embodiment of the present
disclosure.

[0084] FIG. 50B is a horizontal cross-sectional view along the plane B — B’ of the second
exemplary structure of FIG. 50A. The vertical plane A — A’ is the plane of the cross-section
for FIG. 50A.

[0085] FIG. 51A is another vertical cross-sectional view of the second exemplary
structure at the processing steps of FIGS. 50A and 50B.

[0086] FIG. 51B is a top-down view of the second exemplary structure of FIG. 51A. The
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vertical plane A — A’ is the plane of the cross-section of FIG. S51A.

[0087] FIG. 52A is a vertical cross-sectional view of the second exemplary structure after
formation of a contact level dielectric layer and backside trenches according to the second
embodiment of the present disclosure.

[0088] FIG. 52B is a top-down view of the second exemplary structure of FIG. 52A. The
vertical plane A — A’ is the plane of the cross-section of FIG. 52A.

[0089] FIG. 53 is a vertical cross-sectional view of the second exemplary structure after
formation of backside recesses by removal of the sacrificial material layers with respect to the
insulating layers according to the second embodiment of the present disclosure.

[0090] FIG. 54 is a vertical cross-sectional view of the second exemplary structure after
formation of optional backside blocking dielectric layers and electrically conductive layers
and after removal of excess conductive material from within the backside trenches according
to the second embodiment of the present disclosure.

[0091] FIG. 55 is a schematic vertical cross-sectional view of the second exemplary
structure after formation of an insulating spacer, and a backside contact structure within each
backside trench according to the second embodiment of the present disclosure.

[0092] FIG. 56A is a schematic vertical cross-sectional view of the second exemplary
structure after formation of additional contact via structures according to the second
embodiment of the present disclosure.

[0093] FIG. 56B is a top-down view of the exemplary structure of FIG. 56A. The
vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of FIG. 56A.
[0094] FIG. 57 is a vertical cross-sectional view of an alternative embodiment of the
second exemplary structure after formation of a gate dielectric layer and a conformal gate
electrode material layer according to the second embodiment of the present disclosure.
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[0095] FIG. 58 is a vertical cross-sectional view of the alternative embodiment of the
second exemplary structure after formation of cylindrical electrode portions according to the
second embodiment of the present disclosure.
[0096] FIG. 59 is a vertical cross-sectional view of the alternative embodiment of the
second exemplary structure after formation of a dielectric template layer according to the
second embodiment of the present disclosure.

DETAILED DESCRIPTION
[0097] As discussed above, the present disclosure is directed to three-dimensional
memory device including on-pitch select gate electrodes having the same periodicity as
memory stack structures and methods of manufacturing the same, the various aspects of
which are described below. The embodiments of the disclosure can be employed to form
various structures including a multilevel memory structure, non-limiting examples of which
include semiconductor devices such as three-dimensional monolithic memory array devices
comprising a plurality of NAND memory strings.
[0098] The drawings are not drawn to scale. Multiple instances of an element may be
duplicated where a single instance of the element is illustrated, unless absence of duplication
of elements is expressly described or clearly indicated otherwise. Ordinals such as “first,”
“second,” and “third” are employed merely to identify similar elements, and different
ordinals may be employed across the specification and the claims of the instant disclosure.
The same reference numerals refer to the same element or similar element. Unless otherwise
indicated, elements having the same reference numerals are presumed to have the same
composition.
[0099] As used herein, a first element located “on’ a second element can be located on
the exterior side of a surface of the second element or on the interior side of the second
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element. As used herein, a first element is located “directly on” a second element if there
exist a physical contact between a surface of the first element and a surface of the second
element.

[0100] As used herein, a “layer” refers to a material portion including a region having a
thickness. A layer may extend over the entirety of an underlying or overlying structure, or
may have an extent less than the extent of an underlying or overlying structure. Further, a
layer may be a region of a homogeneous or inhomogeneous continuous structure that has a
thickness less than the thickness of the continuous structure. For example, a layer may be
located between any pair of horizontal planes between, or at, a top surface and a bottom
surface of the continuous structure. A layer may extend horizontally, vertically, and/or along
a tapered surface. A substrate may be a layer, may include one or more layers therein, or
may have one or more layer thereupon, thereabove, and/or therebelow.

[0101] A monolithic three-dimensional memory array is one in which multiple memory
levels are formed above a single substrate, such as a semiconductor wafer, with no
intervening substrates. The term “monolithic” means that layers of each level of the array are
directly deposited on the layers of each underlying level of the array. In contrast, two
dimensional arrays may be formed separately and then packaged together to form a non-
monolithic memory device. For example, non-monolithic stacked memories have been
constructed by forming memory levels on separate substrates and vertically stacking the
memory levels, as described in U.S. Patent No. 5,915,167 titled “Three-dimensional Structure
Memory.” The substrates may be thinned or removed from the memory levels before
bonding, but as the memory levels are initially formed over separate substrates, such
memories are not true monolithic three-dimensional memory arrays. The various three-
dimensional memory devices of the present disclosure include a monolithic three-

-15-



WO 2019/018050 PCT/US2018/033196

dimensional NAND string memory device, and can be fabricated employing the various
embodiments described herein.

[0102] Referring to FIG. 1, a first exemplary structure according to a first embodiment
of the present disclosure is illustrated, which can be employed, for example, to fabricate a
device structure containing vertical NAND memory devices. The first exemplary structure
includes a substrate, which can be a semiconductor substrate (9, 10). The substrate can
include a substrate semiconductor layer 9. The substrate semiconductor layer 9 maybe a
semiconductor wafer or a semiconductor material layer, and can include at least one
elemental semiconductor material (e.g., single crystal silicon wafer or layer), at least one III-
V compound semiconductor material, at least one II-VI compound semiconductor material, at
least one organic semiconductor material, or other semiconductor materials known in the art.
The substrate can have a major surface 7, which can be, for example, a topmost surface of the
substrate semiconductor layer 9. The major surface 7 can be a semiconductor surface. In one
embodiment, the major surface 7 can be a single crystalline semiconductor surface, such as a
single crystalline semiconductor surface.

[0103] As used herein, a “semiconducting material” refers to a material having electrical
<mmmaWﬂymﬂmrmgeﬁmn10xloéskmioLOfoSkm,Asu%dhwdma
“semiconductor material” refers to a material having electrical conductivity in the range from
IOxloﬁsknnoIOX105WanhnheMBmNGMEbdﬁaﬂquMSmmmngmdmcque
of producing a doped material having electrical conductivity in a range from 1.0 S/cm to 1.0
x 10° S/em upon suitable doping with an electrical dopant. As used herein, an “electrical
dopant” refers to a p-type dopant that adds a hole to a valence band within a band structure,
or an n-type dopant that adds an electron to a conduction band within a band structure. As
used herein, a “conductive material” refers to a material having electrical conductivity greater
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than 1.0 x 10° S/cm. As used herein, an “insulator material” or a “dielectric material” refers
to a material having electrical conductivity less than 1.0 x 10° S/cm. As used herein, a
“heavily doped semiconductor material” refers to a semiconductor material that is doped with
electrical dopant at a sufficiently high atomic concentration to become a conductive material,
1.e., to have electrical conductivity greater than 1.0 x 10° S/em. A “doped semiconductor
material” may be a heavily doped semiconductor material, or may be a semiconductor
material that includes electrical dopants (i.e., p-type dopants and/or n-type dopants) at a
concentration that provides electrical conductivity in the range from 1.0 x 10° S/em to 1.0 x
10° S/cm. An “intrinsic semiconductor material” refers to a semiconductor material that is
not doped with electrical dopants. Thus, a semiconductor material may be semiconducting or
conductive, and may be an intrinsic semiconductor material or a doped semiconductor
material. A doped semiconductor material can be semiconducting or conductive depending
on the atomic concentration of electrical dopants therein. As used herein, a “metallic
material” refers to a conductive material including at least one metallic element therein. All
measurements for electrical conductivities are made at the standard condition.

[0104] At least one semiconductor device 700 for a peripheral circuitry can be formed on
a portion of the substrate semiconductor layer 9. The at least one semiconductor device can
include, for example, field effect transistors. For example, at least one shallow trench
isolation structure 720 can be formed by etching portions of the substrate semiconductor
layer 9 and depositing a dielectric material therein. A gate dielectric layer, at least one gate
conductor layer, and a gate cap dielectric layer can be formed over the substrate
semiconductor layer 9, and can be subsequently patterned to form at least one gate structure
(750, 752, 754, 758), each of which can include a gate dielectric 750, a gate electrode (752,
754), and a gate cap dielectric 758. The gate electrode (752, 754) may include a stack of a
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first gate electrode portion 752 and a second gate electrode portion 754. At least one gate
spacer 756 can be formed around the at least one gate structure (750, 752, 754, 758) by
depositing and anisotropically etching a dielectric liner. Active regions 730 can be formed in
upper portions of the substrate semiconductor layer 9, for example, by introducing electrical
dopants employing the at least one gate structure (750, 752, 754, 758) as masking structures.
Additional masks may be employed as needed. The active regions 730 can include source
regions and drain regions of field effect transistors. A first dielectric liner 761 and a second
dielectric liner 762 can be optionally formed. Each of the first and second dielectric liners
(761, 762) can comprise a silicon oxide layer, a silicon nitride layer, and/or a dielectric metal
oxide layer. As used herein, silicon oxide includes silicon dioxide as well as non-
stoichiometric silicon oxides having more or less than two oxygen atoms for each silicon
atoms. Silicon dioxide is preferred. In an illustrative example, the first dielectric liner 761
can be a silicon oxide layer, and the second dielectric liner 762 can be a silicon nitride layer.
The least one semiconductor device for the peripheral circuitry can contain a driver circuit for
memory devices to be subsequently formed, which can include at least one NAND device.
[0105] A dielectric material such as silicon oxide can be deposited over the at least one
semiconductor device, and can be subsequently planarized to form a planarization dielectric
layer 770. In one embodiment, the planarized top surface of the planarization dielectric layer
770 can be coplanar with a top surface of the dielectric liners (761, 762). Subsequently, the
planarization dielectric layer 770 and the dielectric liners (761, 762) can be removed from an
area to physically expose a top surface of the substrate semiconductor layer 9. As used
herein, a surface is “physically exposed” if the surface is in physical contact with vacuum, or
a gas phase material (such as air).

[0106] An optional semiconductor material layer 10 can be formed on the top surface of
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the substrate semiconductor layer 9 by deposition of a single crystalline semiconductor
material, for example, by selective epitaxy. The deposited semiconductor material can be the
same as, or can be different from, the semiconductor material of the substrate semiconductor
layer 9. The deposited semiconductor material can be any material that can be employed for
the semiconductor substrate layer 9 as described above. The single crystalline semiconductor
material of the semiconductor material layer 10 can be in epitaxial alignment with the single
crystalline structure of the substrate semiconductor layer 9. Portions of the deposited
semiconductor material located above the top surface of the planarization dielectric layer 770
can be removed, for example, by chemical mechanical planarization (CMP). In this case, the
semiconductor material layer 10 can have a top surface that is coplanar with the top surface
of the planarization dielectric layer 770. The semiconductor material layer 10 can be doped
with electrical dopants of a first conductivity type, which can be p-type or n-type,

[0107] The region (i.e., area) of the at least one semiconductor device 700 is herein
referred to as a peripheral device region 200. The device region in which a memory array is
subsequently formed is herein referred to as a memory array region 100. A contact region
300 for subsequently forming stepped terraces of electrically conductive layers can be
provided between the memory array region 100 and the peripheral device region 200.
Optionally, a base insulating layer 12 can be formed above the semiconductor material layer
10 and the planarization dielectric layer 770. The base insulating layer 12 can be, for
example, silicon oxide layer. The thickness of the base insulating layer 12 can be in a range
from 3 nm to 30 nm, although lesser and greater thicknesses can also be employed.

[0108] Referring to FIG. 2, a stack of an alternating plurality of first material layers
(which can be insulating layers 32) and second material layers (which can be sacrificial
material layer 42) is formed over the top surface of the substrate, which can be, for example,
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on the top surface of the base insulating layer 12. As used herein, a “material layer” refers to
a layer including a material throughout the entirety thereof. As used herein, an alternating
plurality of first elements and second elements refers to a structure in which instances of the
first elements and instances of the second elements alternate. Each instance of the first
elements that is not an end element of the alternating plurality is adjoined by two instances of
the second elements on both sides, and each instance of the second elements that is not an end
element of the alternating plurality is adjoined by two instances of the first elements on both
ends. The first elements may have the same thickness thereamongst, or may have different
thicknesses. The second elements may have the same thickness thereamongst, or may have
different thicknesses. The alternating plurality of first material layers and second material
layers may begin with an instance of the first material layers or with an instance of the second
material layers, and may end with an instance of the first material layers or with an instance
of the second material layers. In one embodiment, an instance of the first elements and an
instance of the second elements may form a unit that is repeated with periodicity within the
alternating plurality.

[0109] Each first material layer includes a first material, and each second material layer
includes a second material that is different from the first material. In one embodiment, each
first material layer can be an insulating layer 32, and each second material layer can be a
sacrificial material layer. In this case, the stack can include an alternating plurality of
insulating layers 32 and sacrificial material layers 42, and constitutes a prototype stack of
alternating layers comprising insulating layers 32 and sacrificial material layers 42. As used
herein, a “prototype” structure or an “in-process” structure refers to a transient structure that
is subsequently modified in the shape or composition of at least one component therein.
[0110] The stack of the alternating plurality is herein referred to as an alternating stack
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(32, 42). In one embodiment, the alternating stack (32, 42) can include insulating layers 32
composed of the first material, and sacrificial material layers 42 composed of a second
material different from that of insulating layers 32. The first material of the insulating layers
32 can be at least one insulating material. As such, each insulating layer 32 can be an
insulating material layer. Insulating materials that can be employed for the insulating layers
32 include, but are not limited to, silicon oxide (including doped or undoped silicate glass),
silicon nitride, silicon oxynitride, organosilicate glass (OSG), spin-on dielectric materials,
dielectric metal oxides that are commonly known as high dielectric constant (high-k)
dielectric oxides (e.g., aluminum oxide, hafnium oxide, etc.) and silicates thereof, dielectric
metal oxynitrides and silicates thereof, and organic insulating materials. In one embodiment,
the first material of the insulating layers 32 can be silicon oxide.

[0111] The second material of the sacrificial material layers 42 is a sacrificial material
that can be removed selective to the first material of the insulating layers 32. As used herein,
a removal of a first material is “selective to” a second material if the removal process
removes the first material at a rate that is at least twice the rate of removal of the second
material. The ratio of the rate of removal of the first material to the rate of removal of the
second material is herein referred to as a “selectivity” of the removal process for the first
material with respect to the second material.

[0112] The sacrificial material layers 42 may comprise an insulating material, a
semiconductor material, or a conductive material. The second material of the sacrificial
material layers 42 can be subsequently replaced with electrically conductive electrodes which
can function, for example, as control gate electrodes of a vertical NAND device. Non-
limiting examples of the second material include silicon nitride, an amorphous semiconductor
material (such as amorphous silicon), and a polycrystalline semiconductor material (such as
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polysilicon). In one embodiment, the sacrificial material layers 42 can be spacer material
layers that comprise silicon nitride or a semiconductor material including at least one of
silicon and germanium.

[0113] In one embodiment, the insulating layers 32 can include silicon oxide, and
sacrificial material layers can include silicon nitride sacrificial material layers. The first
material of the insulating layers 32 can be deposited, for example, by chemical vapor
deposition (CVD). For example, if silicon oxide is employed for the insulating layers 32,
tetracthyl orthosilicate (TEOS) can be employed as the precursor material for the CVD
process. The second material of the sacrificial material layers 42 can be formed, for example,
CVD or atomic layer deposition (ALD).

[0114] The sacrificial material layers 42 can be suitably patterned so that conductive
material portions to be subsequently formed by replacement of the sacrificial material layers
42 can function as electrically conductive electrodes, such as the control gate electrodes of
the monolithic three-dimensional NAND string memory devices to be subsequently formed.
The sacrificial material layers 42 may comprise a portion having a strip shape extending
substantially parallel to the major surface 7 of the substrate.

[0115] The thicknesses of the insulating layers 32 and the sacrificial material layers 42
can be in a range from 20 nm to 50 nm, although lesser and greater thicknesses can be
employed for each insulating layer 32 and for each sacrificial material layer 42. The number
of repetitions of the pairs of an insulating layer 32 and a sacrificial material layer (e.g., a
control gate electrode or a sacrificial material layer) 42 can be in a range from 2 to 1,024, and
typically from 8 to 256, although a greater number of repetitions can also be employed. The
top and bottom gate electrodes in the stack may function as the select gate electrodes. In one
embodiment, each sacrificial material layer 42 in the alternating stack (32, 42) can have a
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uniform thickness that is substantially invariant within each respective sacrificial material
layer 42.

[0116] While the present disclosure is described employing an embodiment in which the
spacer material layers are sacrificial material layers 42 that are subsequently replaced with
electrically conductive layers, embodiments are expressly contemplated herein in which the
sacrificial material layers are formed as electrically conductive layers. In this case, steps for
replacing the spacer material layers with electrically conductive layers can be omitted.
[0117] Optionally, an insulating cap layer 70 can be formed over the alternating stack
(32, 42). The insulating cap layer 70 includes a dielectric material that is different from the
material of the sacrificial material layers 42. In one embodiment, the insulating cap layer 70
can include a dielectric material that can be employed for the insulating layers 32 as
described above. The insulating cap layer 70 can have a greater thickness than each of the
insulating layers 32. The insulating cap layer 70 can be deposited, for example, by chemical
vapor deposition. In one embodiment, the insulating cap layer 70 can be a silicon oxide
layer.

[0118] Referring to FIG. 3, a stepped cavity can be formed within the contact region 300
which is located between the memory array region 100 and the peripheral device region 200
containing the at least one semiconductor device for the peripheral circuitry. The stepped
cavity can have various stepped surfaces such that the horizontal cross-sectional shape of the
stepped cavity changes in steps as a function of the vertical distance from the top surface of
the substrate (9, 10). In one embodiment, the stepped cavity can be formed by repetitively
performing a set of processing steps. The set of processing steps can include, for example, an
etch process of a first type that vertically increases the depth of a cavity by one or more
levels, and an etch process of a second type that laterally expands the area to be vertically
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etched in a subsequent etch process of the first type. As used herein, a “level” of a structure
including alternating plurality is defined as the relative position of a pair of a first material
layer and a second material layer within the structure.

[0119] After formation of the stepped cavity, a peripheral portion of the alternating stack
(32, 42) can have stepped surfaces after formation of the stepped cavity. As used herein,
“stepped surfaces” refer to a set of surfaces that include at least two horizontal surfaces and at
least two vertical surfaces such that each horizontal surface is adjoined to a first vertical
surface that extends upward from a first edge of the horizontal surface, and is adjoined to a
second vertical surface that extends downward from a second edge of the horizontal surface.
A “stepped cavity” refers to a cavity having stepped surfaces.

[0120] A terrace region is formed by patterning the alternating stack (32, 42). Each
sacrificial material layer 42 other than a topmost sacrificial material layer 42 within the
alternating stack (32, 42) laterally extends farther than any overlying sacrificial material layer
42 within the alternating stack (32, 42). The terrace region includes stepped surfaces of the
alternating stack (32, 42) that continuously extend from a bottommost layer within the
alternating stack (32, 42) to a topmost layer within the alternating stack (32, 42).

[0121] A retro-stepped dielectric material portion 65 (i.e., an insulating f{ill material
portion) can be formed in the stepped cavity by deposition of a dielectric material therein.
For example, a dielectric material such as silicon oxide can be deposited in the stepped
cavity. Excess portions of the deposited dielectric material can be removed from above the
top surface of the insulating cap layer 70, for example, by chemical mechanical planarization
(CMP). The remaining portion of the deposited dielectric material filling the stepped cavity
constitutes the retro-stepped dielectric material portion 65. As used herein, a “retro-stepped”
element refers to an element that has stepped surfaces and a horizontal cross-sectional area
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that increases monotonically as a function of a vertical distance from a top surface of a
substrate on which the element is present. If silicon oxide is employed for the retro-stepped
dielectric material portion 65, the silicon oxide of the retro-stepped dielectric material portion
65 may, or may not, be doped with dopants such as B, P, and/or F.

[0122] Optionally, drain select level isolation structures (not expressly illustrated) can be
formed through the insulating cap layer 70 and a subset of the sacrificial material layers 42
located at drain select levels. The drain select level isolation structures are isolation
structures formed at the drain side select gate electrode level(s). The drain select level
isolation structures can be formed, for example, by forming drain select level isolation
trenches and filling the drain select level isolation trenches with a dielectric material such as
silicon oxide. Excess portions of the dielectric material can be removed from above the top
surface of the insulating cap layer 70.

[0123] Referring to FIGS. 4A and 4B, a lithographic material stack (not shown) including
at least a photoresist layer can be formed over the insulating cap layer 70 and the retro-
stepped dielectric material portion 65, and can be lithographically patterned to form openings
therein. The openings include a first set of openings formed over the memory array region
100 and a second set of openings formed over the contact region 300. The pattern in the
lithographic material stack can be transferred through the insulating cap layer 70 or the retro-
stepped dielectric material portion 65, and through the alternating stack (32, 42) by at least
one anisotropic etch that employs the patterned lithographic material stack as an etch mask.
Portions of the alternating stack (32, 42) underlying the openings in the patterned lithographic
material stack are etched to form memory openings 49 and support openings 19. As used
herein, a “memory opening” refers to a structure in which memory elements, such as a
memory stack structure, is subsequently formed. As used herein, a “support opening” refers
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to a structure in which a support structure (such as a support pillar structure) that
mechanically supports other elements is subsequently formed. The memory openings 49 are
formed through the insulating cap layer 70 and the entirety of the alternating stack (32, 42) in
the memory array region 100. The support openings 19 are formed through the retro-stepped
dielectric material portion 65 and the portion of the alternating stack (32, 42) that underlie the
stepped surfaces in the contact region 300.

[0124] The memory openings 49 extend through the entirety of the alternating stack (32,
42). The support openings 19 extend through a subset of layers within the alternating stack
(32, 42). The chemistry of the anisotropic etch process employed to etch through the
materials of the alternating stack (32, 42) can alternate to optimize etching of the first and
second materials in the alternating stack (32, 42). The anisotropic etch can be, for example, a
series of reactive ion etches. The sidewalls of the memory openings 49 and the support
openings 19 can be substantially vertical, or can be tapered. The patterned lithographic
material stack can be subsequently removed, for example, by ashing.

[0125] The memory openings 49 and the support openings 19 can be formed through the
base insulating layer 12 so that the memory openings 49 and the support openings 19 extend
from the top surface of the alternating stack (32, 42) to at least the horizontal plane including
the topmost surface of the semiconductor material layer 10. In one embodiment, an
overetch into the semiconductor material layer 10 may be optionally performed after the top
surface of the semiconductor material layer 10 is physically exposed at a bottom of each
memory opening 49 and each support opening 19. The overetch may be performed prior to,
or after, removal of the lithographic material stack. In other words, the recessed surfaces of
the semiconductor material layer 10 may be vertically offset from the recessed top surfaces of
the semiconductor material layer 10 by a recess depth. The recess depth can be, for example,
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in arange from 1 nm to 50 nm, although lesser and greater recess depths can also be
employed. The overetch is optional, and may be omitted. If the overetch is not performed,
the bottom surfaces of the memory openings 49 and the support openings 19 can be coplanar
with the topmost surface of the semiconductor material layer 10.

[0126] Each of the memory openings 49 and the support openings 19 may include a
sidewall (or a plurality of sidewalls) that extends substantially perpendicular to the topmost
surface of the substrate. A two-dimensional array of memory openings 49 can be formed in
the memory array region 100. A two-dimensional array of support openings 19 can be
formed in the contact region 300. The substrate semiconductor layer 9 and the
semiconductor material layer 10 collectively constitutes a substrate (9, 10), which can be a
semiconductor substrate. Alternatively, the semiconductor material layer 10 may be omitted,
and the memory openings 49 and the support openings 19 can be extend to a top surface of
the substrate semiconductor layer 9.

[0127] In one embodiment shown in FIG. 4B, the memory openings 49 can be formed as
a two-dimensional periodic array including rows that extend along a first horizontal direction
hd1 (e.g., word line direction) and having a uniform inter-row pitch p along a second
horizontal direction hd2 (e.g., bit line direction), which can be perpendicular to the first
horizontal direction hd1l. In one embodiment, a plurality of two-dimensional periodic arrays
can be formed such that each two-dimensional periodic array is formed as a cluster that is
laterally spaced from a neighboring two-dimensional periodic array along the second
horizontal direction hd2.

[0128] Multiple two-dimensional arrays can be formed as clusters of memory openings
49 having multiple rows of memory openings 49. Each row of memory openings 49 can
have a one-dimensional periodic array having a first pitch along the first horizontal direction
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hdl. The rows of memory openings within each cluster can be arranged along the second
horizontal direction hd2 with a second pitch, which can be the inter-row pitch p. Thus, each
two-dimensional periodic array can include respective rows that extend along the first
horizontal direction hd1 and having a uniform inter-row pitch p along the second horizontal
direction hd2. The number of rows of memory openings 49 within each two-dimensional
array of memory openings 49 can be in a range from 8 to 64, such as from 12 to 32, although
lesser and greater numbers can also be employed.

[0129] FIGS. 5A — 5F illustrate structural changes in a memory opening 49, which is one
of the memory openings 49 in the first exemplary structure of FIGS. 4A and 4B, during
formation of a memory stack structure. The same structural change occurs simultaneously in
each of the other memory openings 49 and the support openings 19.

[0130] Referring to FIG. 5A, a memory opening 49 in the first exemplary device
structure of FIGS. 4A and 4B is illustrated. The memory opening 49 extends through the
insulating cap layer 70, the alternating stack (32, 42), the base insulating layer 12, and
optionally into an upper portion of the semiconductor material layer 10. At this processing
step, each support opening 19 can extend through the retro-stepped dielectric material portion
65, a subset of layers in the alternating stack (32, 42), the base insulating layer 12, and
optionally through the upper portion of the semiconductor material layer 10. The recess
depth of the bottom surface of each memory opening with respect to the top surface of the
semiconductor material layer 10 can be in a range from 0 nm to 30 nm, although greater
recess depths can also be employed. Optionally, the sacrificial material layers 42 can be
laterally recessed partially to form lateral recesses (not shown), for example, by an isotropic
etch.

[0131] Referring to FIG. 5B, an optional pedestal channel portion (e.g., an epitaxial
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pedestal) 11 can be formed at the bottom portion of each memory opening 49 and each
support openings 19, for example, by selective epitaxy. Each pedestal channel portion 11
comprises a single crystalline semiconductor material in epitaxial alignment with the single
crystalline semiconductor material of the semiconductor material layer 10. In one
embodiment, the pedestal channel portion 11 can be doped with electrical dopants of the
same conductivity type as the semiconductor material layer 10. In one embodiment, the top
surface of each pedestal channel portion 11 can be formed above a horizontal plane including
the top surface of a sacrificial material layer 42. In this case, at least one source select gate
electrode can be subsequently formed by replacing each sacrificial material layer 42 located
below the horizontal plane including the top surfaces of the pedestal channel portions 11 with
a respective conductive material layer. The pedestal channel portion 11 can be a portion of a
transistor channel that extends between a source region to be subsequently formed in the
substrate (9, 10) and a drain region to be subsequently formed in an upper portion of the
memory opening 49. A cavity 49’ is present in the unfilled portion of the memory opening
49 above the pedestal channel portion 11. In one embodiment, the pedestal channel portion
11 can comprise single crystalline silicon. In one embodiment, the pedestal channel portion
11 can have a doping of the first conductivity type, which is the same as the conductivity type
of the semiconductor material layer 10 that the pedestal channel portion contacts. If a
semiconductor material layer 10 is not present, the pedestal channel portion 11 can be formed
directly on the substrate semiconductor layer 9, which can have a doping of the first
conductivity type.

[0132] Referring to FIG. 5C, a stack of layers including a blocking dielectric layer 52, a
charge storage layer 54, a tunneling dielectric layer 56, and an optional first semiconductor
channel layer 601 can be sequentially deposited in the memory openings 49.
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[0133] The blocking dielectric layer 52 can include a single dielectric material layer or a
stack of a plurality of dielectric material layers. In one embodiment, the blocking dielectric
layer can include a dielectric metal oxide layer consisting essentially of a dielectric metal
oxide. As used herein, a dielectric metal oxide refers to a dielectric material that includes at
least one metallic element and at least oxygen. The dielectric metal oxide may consist
essentially of the at least one metallic element and oxygen, or may consist essentially of the
at least one metallic element, oxygen, and at least one non-metallic element such as nitrogen.
In one embodiment, the blocking dielectric layer 52 can include a dielectric metal oxide
having a dielectric constant greater than 7.9, i.e., having a dielectric constant greater than the
dielectric constant of silicon nitride.

[0134] Non-limiting examples of dielectric metal oxides include aluminum oxide
(Al,03), hafnium oxide (HfO,), lanthanum oxide (LaO5), yttrium oxide (Y203), tantalum
oxide (Tay0s), silicates thereof, nitrogen-doped compounds thereof, alloys thereof, and stacks
thereof. The dielectric metal oxide layer can be deposited, for example, by chemical vapor
deposition (CVD), atomic layer deposition (ALD), pulsed laser deposition (PLD), liquid
source misted chemical deposition, or a combination thereof. The thickness of the dielectric
metal oxide layer can be in a range from 1 nm to 20 nm, although lesser and greater
thicknesses can also be employed. The dielectric metal oxide layer can subsequently function
as a dielectric material portion that blocks leakage of stored electrical charges to control gate
electrodes. In one embodiment, the blocking dielectric layer 52 includes aluminum oxide. In
one embodiment, the blocking dielectric layer 52 can include multiple dielectric metal oxide
layers having different material compositions.

[0135] Alternatively or additionally, the blocking dielectric layer 52 can include a
dielectric semiconductor compound such as silicon oxide, silicon oxynitride, silicon nitride,
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or a combination thereof. In one embodiment, the blocking dielectric layer 52 can include
silicon oxide. In this case, the dielectric semiconductor compound of the blocking dielectric
layer 52 can be formed by a conformal deposition method such as low pressure chemical
vapor deposition, atomic layer deposition, or a combination thereof. The thickness of the
dielectric semiconductor compound can be in a range from 1 nm to 20 nm, although lesser
and greater thicknesses can also be employed. Alternatively, the blocking dielectric layer 52
can be omitted, and a backside blocking dielectric layer can be formed after formation of
backside recesses on surfaces of memory films to be subsequently formed.

[0136] Subsequently, the charge storage layer 54 can be formed. In one embodiment, the
charge storage layer 54 can be a continuous layer or patterned discrete portions of a charge
trapping material including a dielectric charge trapping material, which can be, for example,
silicon nitride. Alternatively, the charge storage layer 54 can include a continuous layer or
patterned discrete portions of a conductive material such as doped polysilicon or a metallic
material that is patterned into multiple electrically isolated portions (e.g., floating gates), for
example, by being formed within lateral recesses into sacrificial material layers 42. In one
embodiment, the charge storage layer 54 includes a silicon nitride layer. In one embodiment,
the sacrificial material layers 42 and the insulating layers 32 can have vertically coincident
sidewalls, and the charge storage layer 54 can be formed as a single continuous layer. As
used herein, a first surface and a second surface are “vertically coincident” if the second
surface overlies or underlies the first surface and if there exists a vertical plane including the
first surface and the second surface.

[0137] In another embodiment, the sacrificial material layers 42 can be laterally recessed
with respect to the sidewalls of the insulating layers 32, and a combination of a deposition
process and an anisotropic etch process can be employed to form the charge storage layer 54
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as a plurality of memory material portions that are vertically spaced apart. While the present
disclosure is described employing an embodiment in which the charge storage layer 54 is a
single continuous layer, embodiments are expressly contemplated herein in which the charge
storage layer 54 is replaced with a plurality of memory material portions (which can be
charge trapping material portions or electrically isolated conductive material portions) that
are vertically spaced apart.

[0138] The charge storage layer 54 can be formed as a single charge storage layer of
homogeneous composition, or can include a stack of multiple charge storage layers. The
multiple charge storage layers, if employed, can comprise a plurality of spaced-apart floating
gate material layers that contain conductive materials (e.g., metal such as tungsten,
molybdenum, tantalum, titanium, platinum, ruthenium, and alloys thereof, or a metal silicide
such as tungsten silicide, molybdenum silicide, tantalum silicide, titanium silicide, nickel
silicide, cobalt silicide, or a combination thereof) and/or semiconductor materials (e.g.,
polycrystalline or amorphous semiconductor material including at least one elemental
semiconductor element or at least one compound semiconductor material). Alternatively or
additionally, the charge storage layer 54 may comprise an insulating charge trapping material,
such as one or more silicon nitride segments. Alternatively, the charge storage layer 54 may
comprise conductive nanoparticles such as metal nanoparticles, which can be, for example,
ruthenium nanoparticles. The charge storage layer 54 can be formed, for example, by
chemical vapor deposition (CVD), atomic layer deposition (ALD), physical vapor deposition
(PVD), or any suitable deposition technique for storing electrical charges therein. The
thickness of the charge storage layer 54 can be in a range from 2 nm to 20 nm, although
lesser and greater thicknesses can also be employed.

[0139] The tunneling dielectric layer 56 includes a dielectric material through which
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charge tunneling can be performed under suitable electrical bias conditions. The charge
tunneling may be performed through hot-carrier injection or by Fowler-Nordheim tunneling
induced charge transfer depending on the mode of operation of the monolithic three-
dimensional NAND string memory device to be formed. The tunneling dielectric layer 56
can include silicon oxide, silicon nitride, silicon oxynitride, dielectric metal oxides (such as
aluminum oxide and hafnium oxide), dielectric metal oxynitride, dielectric metal silicates,
alloys thereof, and/or combinations thereof. In one embodiment, the tunneling dielectric
layer 56 can include a stack of a first silicon oxide layer, a silicon oxynitride layer, and a
second silicon oxide layer, which is commonly known as an ONO stack. In one embodiment,
the tunneling dielectric layer 56 can include a silicon oxide layer that is substantially free of
carbon or a silicon oxynitride layer that is substantially free of carbon. The thickness of the
tunneling dielectric layer 56 can be in a range from 2 nm to 20 nm, although lesser and
greater thicknesses can also be employed.

[0140] The optional first semiconductor channel layer 601 includes a semiconductor
material such as at least one elemental semiconductor material, at least one I1I-V compound
semiconductor material, at least one II-VI compound semiconductor material, at least one
organic semiconductor material, or other semiconductor materials known in the art. In one
embodiment, the first semiconductor channel layer 601 includes amorphous silicon or
polysilicon. The first semiconductor channel layer 601 can be formed by a conformal
deposition method such as low pressure chemical vapor deposition (LPCVD). The thickness
of the first semiconductor channel layer 601 can be in a range from 2 nm to 10 nm, although
lesser and greater thicknesses can also be employed. A cavity 49’ is formed in the volume of
each memory opening 49 that is not filled with the deposited material layers (52, 54, 56, 601).
[0141] Referring to FIG. 5D, the optional first semiconductor channel layer 601, the
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tunneling dielectric layer 56, the charge storage layer 54, the blocking dielectric layer 52 are
sequentially anisotropically etched employing at least one anisotropic etch process. The
portions of the first semiconductor channel layer 601, the tunneling dielectric layer 56, the
charge storage layer 54, and the blocking dielectric layer 52 located above the top surface of
the insulating cap layer 70 can be removed by the at least one anisotropic etch process.
Further, the horizontal portions of the first semiconductor channel layer 601, the tunneling
dielectric layer 56, the charge storage layer 54, and the blocking dielectric layer 52 at a
bottom of each cavity 49’ can be removed to form openings in remaining portions thereof.
Each of the first semiconductor channel layer 601, the tunneling dielectric layer 56, the
charge storage layer 54, and the blocking dielectric layer 52 can be etched by anisotropic etch
process.

[0142] Each remaining portion of the first semiconductor channel layer 601 can have a
tubular configuration. The charge storage layer 54 can comprise a charge trapping material
or a floating gate material. In one embodiment, each charge storage layer 54 can include a
vertical stack of charge storage regions that store electrical charges upon programming. In
one embodiment, the charge storage layer 54 can be a charge storage layer in which each
portion adjacent to the sacrificial material layers 42 constitutes a charge storage region.
[0143] A surface of the pedestal channel portion 11 (or a surface of the semiconductor
material layer 10 in case the pedestal channel portions 11 are not employed) can be
physically exposed underneath the opening through the first semiconductor channel layer
601, the tunneling dielectric layer 56, the charge storage layer 54, and the blocking dielectric
layer 52. Optionally, the physically exposed semiconductor surface at the bottom of each
cavity 49’ can be vertically recessed so that the recessed semiconductor surface underneath
the cavity 49’ is vertically offset from the topmost surface of the pedestal channel portion 11
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(or of the semiconductor substrate layer 10 in case pedestal channel portions 11 are not
employed) by a recess distance. A tunneling dielectric layer 56 is located over the charge
storage layer 54. A set of a blocking dielectric layer 52, a charge storage layer 54, and a
tunneling dielectric layer 56 in a memory opening 49 constitutes a memory film 50, which
includes a plurality of charge storage regions (as embodied as the charge storage layer 54)
that are insulated from surrounding materials by the blocking dielectric layer 52 and the
tunneling dielectric layer 56. In one embodiment, the first semiconductor channel layer 601,
the tunneling dielectric layer 56, the charge storage layer 54, and the blocking dielectric layer
52 can have vertically coincident sidewalls.

[0144] Referring to FIG. 5E, a second semiconductor channel layer 602 can be deposited
directly on the semiconductor surface of the pedestal channel portion 11 (or the
semiconductor material layer 10 if pedestal channel portions 11 are omitted), and directly on
the first semiconductor channel layer 601. The second semiconductor channel layer 602
includes a semiconductor material such as at least one elemental semiconductor material, at
least one II1I-V compound semiconductor material, at least one II-VI compound
semiconductor material, at least one organic semiconductor material, or other semiconductor
materials known in the art. In one embodiment, the second semiconductor channel layer 602
includes amorphous silicon or polysilicon. The second semiconductor channel layer 602 can
be formed by a conformal deposition method such as low pressure chemical vapor deposition
(LPCVD). The thickness of the second semiconductor channel layer 602 can be in a range
from 2 nm to 10 nm, although lesser and greater thicknesses can also be employed. The
second semiconductor channel layer 602 may partially or fully fill the cavity in each memory
opening 49.

[0145] The materials of the first semiconductor channel layer 601 and the second
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semiconductor channel layer 602 are collectively referred to as a semiconductor channel
material. In other words, the semiconductor channel material is a set of all semiconductor
material in the first semiconductor channel layer 601 and the second semiconductor channel
layer 602.

[0146] In case the memory openings 49 and the support openings 19 are not completely
filled with the second semiconductor channel layer 602, a dielectric core layer 62L including
a dielectric material can be deposited in unfilled volumes of the memory openings 49 and
support openings 19. The dielectric core layer 62L can include silicon oxide.

[0147] Referring to FIG. SF, portions of the dielectric core layer 62L and the second
semiconductor channel layer 602 located above the top surface of the insulating cap layer 70
can be removed by a planarization process, which can employ a recess etch or chemical
mechanical planarization (CMP). Each remaining portion of the second semiconductor
channel layer 602 can be located entirety within a memory opening 49 or entirely within a
support opening 19. Each remaining portion of the dielectric core layer 62L can be located
entirely within a memory opening 49 or entirely within a support opening 19, and is herein
referred to as a dielectric core 62.

[0148] Each adjoining pair of a first semiconductor channel layer 601 and a second
semiconductor channel layer 602 can collectively form a memory level channel portion 60
through which electrical current can flow when a vertical NAND device including the
memory level channel portion 60 is turned on. A tunneling dielectric layer 56 is surrounded
by a charge storage layer 54, and laterally surrounds a portion of the memory level channel
portion 60. Each adjoining set of a blocking dielectric layer 52, a charge storage layer 54,
and a tunneling dielectric layer 56 collectively constitute a memory film 50, which can store
electrical charges with a macroscopic retention time. In some embodiments, a blocking
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dielectric layer 52 may not be present in the memory film 50 at this step, and a blocking
dielectric layer may be subsequently formed after formation of backside recesses. As used
herein, a macroscopic retention time refers to a retention time suitable for operation of a
memory device as a permanent memory device such as a retention time in excess of 24 hours.
[0149] Referring to FIGS. 6A — 6C, the first exemplary structure is illustrated after the
processing steps of FIG. SF. Each combination of a memory film 50 and a memory level
channel portion 60 (which is a portion of a vertical semiconductor channel) within a memory
opening 49 constitutes a memory stack structure 55. The memory stack structure 55 is a
combination of a memory level channel portion 60, a tunneling dielectric layer 56, a plurality
of memory elements as embodied as portions of the charge storage layer 54, and an optional
blocking dielectric layer 52. Each combination of a pedestal channel portion 11 (if present),
a memory stack structure 55, and an optional dielectric core 62 located in a memory opening
49 is herein referred to as a memory opening fill structure 58. Each combination of a
pedestal channel portion 11 (if present), a memory film 50, a memory level channel portion
60, and an optional dielectric core 62 within each support opening 19 fills the respective
support openings 19, and constitutes a support pillar structure 20 (i.e., a dummy structure
which is not electrically connected to a bit line).

[0150] An instance of a memory opening fill structure 58 can be formed within each
memory opening 49 of the structure of FIGS. 4A and 4B. An instance of the support pillar
structure 20 can be formed within each support opening 19 of the structure of FIGS. 4A and
4B. Each exemplary memory stack structure 55 includes a memory level channel portion 60,
which may comprise multiple semiconductor channel layers (601, 602), and a memory film
50. The memory film 50 may comprise a tunneling dielectric layer 56 laterally surrounding
the memory level channel portion 60 and a vertical stack of charge storage regions laterally
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surrounding the tunneling dielectric layer 56 (as embodied as a memory material layer 54)
and an optional blocking dielectric layer 52. While the present disclosure is described
employing the illustrated configuration for the memory stack structure, the methods of the
present disclosure can be applied to alternative memory stack structures including different
layer stacks or structures for the memory film 50 and/or for the memory level channel portion
60.

[0151] Referring to FIGS. 7A and 7B, an insulating spacer layer 165 can be optionally
formed. The insulating spacer layer 165 can include a dielectric material such as silicon
oxide, a dielectric metal oxide, or silicon oxynitride, and can have a thickness in a range from
5 nm to 100 nm, although lesser and greater thicknesses can also be employed.

[0152] A first dielectric template layer 170 can be formed over the insulating spacer layer
165. The first dielectric template layer 170 can include doped silicate glass or undoped
silicate glass (e.g., silicon oxide). The thickness of the first dielectric template layer 170 can
be in a range from 150 nm to 600 nm, although lesser and greater thicknesses can also be
employed.

[0153] Arrays of cylindrical openings 149 can be formed through the first dielectric
template layer. The array of cylindrical openings 149 can have the same periodicity as the
memory openings 49 and the support openings 19. In one embodiment, a photoresist layer
(not shown) can be applied over the first dielectric template layer 170, and the same
lithographic mask that forms the pattern for the memory openings 49 and the support
openings 19 can be employed to pattern the photoresist layer. The pattern in the photoresist
layer can be subsequently transferred through the first dielectric template layer 170 to form
the arrays of cylindrical openings 149

[0154] In one embodiment, each of the cylindrical openings 149 can be aligned to an
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underlying one of the memory opening fill structures 58 and the support opening fill
structures 20. Thus, a vertical axis passing through the geometrical center of each cylindrical
opening 149 can coincide with, or can be laterally offset by less than the overlay tolerance of
the lithographic alignment process employed during patterning of the photoresist later from a
vertical axis passing through the geometrical center of the underlying one of the memory
opening fill structures 58 and the support opening fill structures 20. Generally, the same
lithographic mask employed to pattern the memory openings 49 and the support openings 19
can be employed to form the array of cylindrical openings 149. Thus, each array of
cylindrical openings 149 overlying an array of the memory stack structures 58 can have the
same periodicity as the array of memory stack structures 58 along the first horizontal
direction hd1 and the second horizontal direction hd2.

[0155] The lateral dimensions of the cylindrical openings 149 may be the same as, may
be greater than, or may be less than, the lateral dimensions of the memory openings 49 or the
support openings 19 depending on the exposure conditions during lithographic patterning of
the photoresist layer. The cylindrical openings 149 may have any two-dimensional closed
shape that generally matches the horizontal cross-sectional shape of the underlying memory
opening 49 or the underlying support opening 19.

[0156] Referring to FIGS. 8A and 8B, a conductive material is conformally deposited in
the cylindrical cavities 149, and is subsequently anisotropically etched to form cylindrical
electrode portions 152. Each of the cylindrical electrode portions 149 can have a cylindrical
configuration with a uniform thickness, which can be in a range from 3 nm to 50 nm,
although lesser and greater thicknesses can also be employed. The conductive material can
include a metallic material or a doped semiconductor material. For example, the conductive
material can include a metallic nitride (such as TiN) or doped polysilicon. The top surfaces

-39-



WO 2019/018050 PCT/US2018/033196

of the cylindrical electrode portions 152 can be vertically recessed below the horizontal plane
including the top surface of the first dielectric template layer 170.

[0157] Referring to FIGS. 9A and 9B, a sacrificial fill material is deposited in remaining
volumes of the cylindrical cavities 149. The sacrificial fill material includes a material that
can be removed selective to the materials of the insulating spacer layer 165, the first dielectric
template layer 170, and the cylindrical electrode portions 152. For example, the sacrificial
fill material can include silicon nitride, a semiconductor material (in case the cylindrical
electrode portions 152 include a different semiconductor material or a metallic material),
amorphous or polycrystalline carbon, or a silicon-containing polymer material. Excess
portions of the sacrificial fill material can be removed from above the horizontal plane
including the top surface of the first dielectric template layer 170 by a planarization process.
Chemical mechanical planarization and/or a recess etch can be employed for the planarization
process.

[0158] Each remaining portion of the sacrificial fill material in the cylindrical openings
149 has a structure of a pedestal, and is herein referred to as a sacrificial pedestal 173. Each
sacrificial pedestal 173 can be a lower portion embedded within a cylindrical electrode
portion 152 and having a first uniform horizontal cross-sectional shape, and an upper portion
overlying the lower portion and having a second uniform horizontal cross-sectional shape.
The second uniform horizontal cross-sectional shape can be laterally offset outward from
(i.e., be wider than) the first uniform horizontal cross-sectional shape by the thickness of the
cylindrical electrode portion 152. The sacrificial pedestals 173 are formed within unfilled
volumes of the array of cylindrical openings 149 after formation of the cylindrical electrode
portions 152. The combination of the first dielectric template layer 170 and the cylindrical
electrode portions 152 functions as the matrix for forming the sacrificial pedestals 173.
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[0159] Referring to FIG. 10, the first dielectric template layer 170 is vertically recessed
selective to the material of the sacrificial pedestals 173 such that the height of the remaining
portion of the first dielectric template layer 170 is about the gate length of the vertical field
effect transistors (e.g., the gate length of the drain side select gate transistors) to be
subsequently formed at the level of the of the first dielectric template layer 170. For
example, the height of the first dielectric template layer 170 after vertically recessing the first
dielectric template layer 170 can be in a range from 30 nm to 300 nm, although lesser and
greater heights can also be employed. The vertical recessing of the first dielectric template
layer 170 can be performed by an isotropic etch process or an anisotropic etch process that is
selective to the material of the sacrificial pedestals 173. In an illustrative example, if the first
dielectric template layer 170 includes silicon oxide and if the sacrificial pedestals 173 include
silicon nitride, the first dielectric template layer 170 can be vertically recessed by a wet etch
process employing hydrofluoric acid.

[0160] Subsequently, the cylindrical electrode portions 152 can optionally be trimmed
from above the horizontal plane including the recessed top surface of the first dielectric
template layer 170, for example, by an isotropic etch process that etches the material of the
cylindrical electrode portions 152. The isotropic etch process can be selective to the
materials of the sacrificial pedestals 173 and the first dielectric template layer 170. A
plurality of cylindrical electrode portions 152 is formed over the alternating stack (32, 42)
and within the first dielectric template layer 170.

[0161] Referring to FIG. 11, a second dielectric template layer 175 can be formed by
depositing a dielectric material around the sacrificial pedestals 173. Excess portions of the
dielectric material can be removed from above the horizontal plane including the top surfaces
of the sacrificial pedestals 173 by a planarization process such as chemical mechanical
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planarization. The second dielectric template layer 175 includes a dielectric material that is
different from the material of the sacrificial pedestals 173. For example, the second dielectric
template layer 175 can include doped silicate glass or undoped silicate glass (e.g., silicon
oxide). The dielectric material of the second dielectric template layer 175 may be the same
as, or may be different from, the dielectric material of the first dielectric template layer 170.
The top surface of the second dielectric template layer 175 can be within the same horizontal
plane as the top surfaces of the sacrificial pedestals 173.

[0162] Referring to FIGS. 12A and 12B, the sacrificial pedestals 173 can be removed
selective to the second dielectric template layer 175, the cylindrical electrode portions 152,
and the insulating spacer layer 165 by an etch process. In an illustrative example, if the
sacrificial pedestals 173 include silicon nitride, a wet etch employing hot phosphoric acid can
be employed to remove the sacrificial pedestals 173 selective to the second dielectric
template layer 175, the cylindrical electrode portions 152, and the insulating spacer layer 165.
Cylindrical cavities 149 are present within the cylindrical electrode portions 152 after
removal of the sacrificial pedestals 173. Inner sidewalls of the plurality of cylindrical
electrode portions 152 are physically exposed to the cylindrical cavities 149.

[0163] Referring to FIG. 13, a plurality of cylindrical gate dielectrics 150 can be formed
on the inner sidewalls of the plurality of cylindrical electrode portions 152. The plurality of
cylindrical gate dielectrics 150 can be formed by deposition of a conformal gate dielectric
material layer such as a silicon oxide layer and/or a dielectric metal oxide layer. In case the
cylindrical electrode portions 152 include a semiconductor material, conversion (such as
oxidation and/or nitridation) of surface portions of the cylindrical electrode portions 152 from
the inner sidewalls of the cylindrical electrode portions 152 may be employed in lieu of, or in
addition to, deposition of the conformal gate dielectric material layer. While the present
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disclosure is illustrated only for an embodiment in which surface portions of the cylindrical
electrode portions 152 are converted into cylindrical gate dielectrics 150, alternative methods
of forming cylindrical gate dielectrics 150 are expressly contemplated herein.

[0164] Referring to FIGS. 14A and 14B, a cover spacer layer 145 can be optionally
formed on the plurality of cylindrical gate dielectrics 150 by conformally depositing a
sacrificial material layer and removing horizontal portions of the sacrificial material layer
employing an anisotropic etch process. The sacrificial material is selected among materials
that can protect the cylindrical gate dielectrics 150 during a subsequent anisotropic etch
process that forms openings through the insulating cap layer 160 to physically expose
surfaces of the memory level channel portions 60. For example, the sacrificial material can
include amorphous silicon, polysilicon, or amorphous or polycrystalline carbon. The top of
the cover spacer layers 145 can extend to a horizontal plane of the top surface of the second
dielectric template layer 175, or the top of the cover spacer layers 145 can be recessed below
the horizontal plane of the top surface of the second dielectric template layer 175, as shown
in FIG. 14.

[0165] Referring to FIG. 15, and anisotropic etch is performed to form openings through
the insulating spacer layer 165 within each area enclosed by the cover spacer layers 145. The
anisotropic etch can continue to recess top surfaces of the dielectric cores 62. Inner sidewalls
of the memory level channel portions 60 are physically exposed to the cylindrical cavities
149’, which are vacant volumes surrounded by the second dielectric template layer 175,
remaining portions of the cover spacer layers 145, the remaining portion of the insulating cap
layer 160, and physically exposed surfaces of the memory level channel portions 60. If
desired, the width of the cavity through the insulating spacer layer 165 can be expanded by a
selective isotropic etch of the insulating spacer layer 165 to expose the top surface of the
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memory level channel portions 60.

[0166] Referring to FIG. 16, remaining portions of the cover spacer layers 145 can be
removed selective to the cylindrical gate dielectrics 150, for example, by an isotropic etch
process. For example, if the cover spacer layers 145 include amorphous silicon or
polysilicon, a wet etch employing a KOH solution can be employed to remove the cover
spacer layers 145 selective to the cylindrical gate dielectrics 150. Inner sidewalls of the
cylindrical gate dielectrics 150 and inner sidewalls of upper regions of the memory level
channel portions 60 can be physically exposed. The top portions of the memory level
channel portions 60 extending above the dielectric cores 62 can also be partially or entirely
etched during this etching step.

[0167] A semiconductor material layer can be conformally deposited at the periphery of
each of the cylindrical cavities 149’ to form a drain select level channel layer 160L. The
memory level channel portions 60 and the drain select level channel layer 160L can have a
doping of the first conductivity type, which is the conductivity type of the semiconductor
material layer 10. The dopant concentration of the memory level channel portions 60 and the
drain select level channel layer 160L can be in a range from 1.0 x 10%/cm® to 1.0 x 10%/cm?,
although lesser and greater dopant concentrations can also be employed. Alternatively, the
drain select level channel layer 160L may be undoped, i.e., intrinsic that does not have any
intentional doping and have a dopant concentration that does not exceed 1.0 x 10%/cm?,
[0168] The drain select level channel layer 160L can include a polycrystalline
semiconductor material (such as polysilicon), or can include an amorphous semiconductor
material that can be converted into a polycrystalline semiconductor material by an anneal at
an elevated temperature (such as amorphous silicon). The thickness of the drain select level
channel layer 160L can be in a range from 2 nm to 50 nm, such as from 4 nm to 25 nm,
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although lesser and greeter thicknesses can also be employed. The drain select level channel
layer 160L can be deposited, for example, by chemical vapor deposition. Subsequently, a
drain select level dielectric core layer 162L can be deposited in unfilled volumes of the
cylindrical cavities 149°. The drain select level dielectric core layer 162L includes a
dielectric material such as silicon oxide.

[0169] Referring to FIG. 17, the drain select level dielectric core layer 162L and the drain
select level channel layer 160L can be recessed by at least one etch process, which can
include an anisotropic etch process and/or an isotropic etch process. The drain select level
dielectric core layer 162L and the drain select level channel layer 160L can be recessed to a
height below stepped surfaces of the second dielectric template layer 175 at which the
horizontal cross-sectional area of the cylindrical cavities 149” change. Each remaining
portion of the drain select level channel layer 160L constitutes a drain select level channel
portion 160. Each remaining portion of the drain select level dielectric core layer 1621
constitutes a drain select level dielectric core 162 that is laterally surrounded by a respective
drain select level channel portion 160. In one embodiment, each drain select level channel
portion 160 can be formed directly on exposed top surface and/or sidewall of a respective one
of the memory level channel portions 60.

[0170] Referring to FIG. 18, a doped semiconductor material having a doping of a second
conductivity type is deposited in the recesses above the drain select level dielectric cores 162
and the drain select level channel portions 160. The second conductivity type is the opposite
of the first conductivity type. For example, if the first conductivity type is p-type, the second
conductivity type is n-type, and vice versa. Excess portions of the doped semiconductor
material can be removed from above the horizontal plane including the top surface of the
second dielectric template layer 175 by a planarization process, which can employ as recess

45-



WO 2019/018050 PCT/US2018/033196

etch and/or chemical mechanical planarization. Each remaining portion of the doped
semiconductor material constitutes a drain region 63.

[0171] Referring to FIG. 19, the second dielectric template layer 175 is vertically
recessed by a recess etch process that removes the material of the second dielectric template
layer 175 selective to the semiconductor materials of the drain regions 63 and the drain select
level channel portions 160. For example, if the second dielectric template layer 175 includes
silicon oxide, a wet etch employing hydrofluoric acid can be employed to recess the second
dielectric template layer 175. The recessed top surface of the second dielectric template layer
175 can be below a horizontal plane including the interfaces between the drain regions 63 and
the drain select level channel portions 160.

[0172] Referring to FIG. 20, a thin dielectric material layer can be conformally deposited
and anisotropically etched to form cylindrical dielectric spacers 182. The thin dielectric
material layer includes a dielectric material such as silicon nitride, silicon oxide, or a
dielectric metal oxide. The thickness of the thin dielectric material layer can be on the order
of, and/or the same as, the lateral thickness of the cylindrical electrode portions 152. The
anisotropic etch process can be selective to the materials of the drain regions 63 and the
second dielectric template layer 175. In one embodiment, the outer sidewalls of the
cylindrical dielectric spacers 182 can be vertically coincident with sidewalls of the drain
regions 63.

[0173] Each continuous material portion formed after formation of the insulating spacer
layer 165 other than the first and second dielectric template layers (170, 175) is herein
referred to as a drain select level assembly 155. Thus, each combination of adjacent drain
select level dielectric core 162, drain select level channel portion 160, cylindrical gate
dielectric 150, cylindrical electrode portion 152, drain region 63, and cylindrical dielectric
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spacer 182 constitutes a drain select level assembly 155. The drain select level assemblies
155 are formed as an array having the same periodicity as the array of memory stack
structures 55 (or the array of the memory opening fill structures 58) along the first horizontal
direction hd1 and the second horizontal direction hd2 over the alternating stack (32, 42). In
an alternative embodiment, if the sacrificial material layers 42 are replaced with electrically
conductive layers 46 prior to forming the drain select level structures 155, then the alternating
stack includes insulating layers 32 and electrically conductive layers 46. Each of the drain
select level assemblies 155 comprises a drain select level channel portion 160 contacting a
respective memory level channel portion 60. Each pair of adjacent drain select level channel
portion 160 and memory level channel portion 60 constitutes a vertical semiconductor
channel (60, 160).

[0174] Referring to FIG. 21, a dielectric material is deposited over the second dielectric
template layer 175 and around the cylindrical dielectric spacers 182. Portions of the
deposited dielectric material located above the horizontal plane including the top surfaces of
the drain regions 63 can be removed by a planarization process such as a recess etch or
chemical mechanical planarization. Remaining portions of the deposited dielectric material
constitute a third dielectric template layer 180, which laterally surrounds each of the
cylindrical dielectric spacers 182 and overlies the second dielectric template layer 175. The
third dielectric template layer 180 includes a dielectric material such as doped silicate glass or
undoped silicate glass (e.g., silicon oxide). The dielectric material of the third dielectric
template layer 180 may be the same as, or may be different from, the dielectric material of
the second dielectric template layer 175.

[0175] Referring to FIGS. 22A and 22B, a photoresist layer 187 can be applied over the
first exemplary structure, and can be lithographically patterned to form line patterns in areas
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in which electrical isolation between neighboring pairs of drain select gate electrodes is to be
provided. In one embodiment, the patterned portions of the photoresist layer 187 can have a
pair of lengthwise sidewalls that extend along the lengthwise direction of a pair of rows of
memory opening fill structures 58. A first lengthwise sidewall 187A of each patterned
portion of the photoresist layer 187 can overlie a first row of memory opening fill structures
58 within two rows of memory opening fill structures 58 that are neighboring row pairs, and
a second lengthwise sidewall 187B of each patterned portion of the photoresist layer 187 can
overlie a second row of memory opening fill structures 58 within the two rows of memory
opening fill structures 58. The width of each patterned portion of the photoresist layer 187,
as measured along a direction perpendicular to the direction of the lengthwise sidewalls, can
be in a range from 0.5 times the inter-row pitch p to 1.5 times the inter-row pitch p, and may
be in a range from 0.7 times the inter-row pitch p to 1.3 times the inter-row pitch p.

[0176] An anisotropic etch process that etches the materials of the first, second, and third
dielectric template layers (170, 175, 180) selective to the material of the drain regions 63 can
be performed. For example, if the first, second, and third dielectric template layers (170, 175,
180) include doped or undoped silicate glass (e.g., silicon oxide) materials, an anisotropic
etch process that etches silicon oxide selective to silicon can be employed. The photoresist
layer 187 and the drain regions 63 protect underlying masked portions of the first, second,
and third dielectric template layers (170, 175, 180) during the anisotropic etch process. As
such, the combination of the photoresist layer 187 and the drain regions 63 functions as an
etch mask for anisotropically etching the first, second, and third dielectric template layers
(170, 175, 180). The insulating spacer layer 165 can be employed as an etch stop layer for
the anisotropic etch process.

[0177] Each set of remaining contiguous portions of the first, second, and third dielectric
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template layers (170, 175, 180) constitutes a drain select level isolation strip 120. Each drain
select level isolation strip 120 can laterally extend along the first horizontal direction hd1.
Each drain select level isolation strip 120 can include a lower dielectric strip portion 170°, a
perforated dielectric strip portion 175’, and an upper dielectric strip portion 180°. The lower
dielectric strip portion 170’ is a remaining portion of the first dielectric template layer 170,
the perforated dielectric strip portion 175 can be a remaining portion of the second dielectric
template layer 175, and the upper dielectric strip portion 180’ can be a remaining portion of
the third dielectric template layer 180. Each drain select level isolation strip 120 includes at
least one dielectric material, and may include two or three different dielectric materials
depending on the compositions of the lower dielectric strip portion 170’, the perforated
dielectric strip portion 175°, and the upper dielectric strip portion 180’ therein.

[0178] Each remaining portion of the second dielectric template layer 175 that is not
incorporated into the drain select level isolation strips 120 constitutes a tubular dielectric
spacer 1757, which has a configuration of a tube that encircles a respective one of the drain
select level assemblies 155. The tubular dielectric spacers 175" can have the same material
composition as, and the same height as, the perforated dielectric strip portions 175,

[0179] Referring to FIGS. 23A and 23B, at least one conductive material is deposited in
the cavities overlying the insulating spacer layer 165 and on each of the cylindrical electrode
portions 152. The at least one conductive material can include an elemental metal (such as
tungsten, aluminum, copper, or cobalt), an intermetallic alloy, a conductive metal nitride
material (such as TiN, TaN, or WN), or a heavily doped semiconductor material. The at least
one conductive material can fill the entire volume of the cavities between the top surface of
the insulating spacer layer 165 and the horizontal plane including the top surfaces of the drain
regions 63.
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[0180] Portions of the deposited at least one conductive material can be removed from
above the horizontal plane including the top surfaces of the drain regions 63 by a recess etch.
Further, the recess etch can continue to recess the top surface of remaining portions of the
deposited at least one conductive material below the topmost surfaces of the cylindrical
dielectric spacers 182. In one embodiment, the recessed top surface of the at least one
conductive material can contact outer sidewalls of the tubular dielectric spacers 175”. Each
remaining portion of the at least one conductive material constitutes a strip electrode portion
154, which laterally encircles and directly contacts each cylindrical electrode portion 152
located between a neighboring pair of drain select level isolation strips 120, and directly
contacts only one side of each cylindrical electrode portion 152 contacting any of the
neighboring pair of drain select level isolation strips 120.

[0181] Each strip electrode portion 154 includes a pair of lengthwise sidewalls that
generally extend along the first horizontal direction hd1. Each lengthwise sidewall of a strip
electrode portion 154 includes a laterally alternating sequence of planar sidewall segments
and concave sidewall segments, which can be a laterally alternating sequence of vertical
planar sidewall segments and vertical concave sidewall segments. Each set of adjacent strip
electrode portion 154 and plurality of cylindrical electrode portions 152 (which laterally
surround a respective one of the memory level channel portions 160) constitutes a drain select
gate electrode (152, 154). Each neighboring pair of drain select gate electrodes (152, 154) is
laterally spaced from each other by a respective drain select level isolation strip 120.

[0182] Each strip electrode portion 154 is formed on a respective subset of the plurality
of cylindrical electrode portions 152 that is arranged in rows that extend along a first
horizontal direction hd1l. Each drain select gate electrode (152, 154) laterally surrounds, and
encircles, respective rows of drain select level assemblies 155, and contacts only one side of
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two rows of drain select level assemblies 155, which are two outmost rows of drain select
level assemblies 155 contacting a respective drain select level isolation strip 120.

[0183] Referring to FIGS. 24A — 24E, 25A, and 25B, a dielectric fill material layer 190 is
formed on the top surface of the strip electrode portions 154 to fill the gaps among the drain
regions 63. The dielectric fill material layer 190 can include a planarizable dielectric material
such as silicon oxide. The dielectric fill material layer 190 can be planarized to remove to
provide a top surface that is coplanar with the top surfaces of the drain regions 63. For
example, chemical mechanical planarization or a recess etch can be employed. The top
surfaces of the drain select level isolation strips 120 and the dielectric fill material layer 190
can be within a same horizontal plane as the top surfaces of the drain regions 63.

[0184] As shown in FIG. 24B, the lower dielectric strip portion 170’ underlies the
perforated dielectric strip portion 175 and contacts sidewalls of a subset of the cylindrical
electrode portions 152. In one embodiment, the lower dielectric strip portion 170’ can
include two lengthwise sidewalls, and each of the two lengthwise sidewalls of the lower
dielectric strip portion 170’ can include a respective alternating sequence of planar sidewall
segments 170P and concave sidewall segments 170C. In one embodiment, each of the two
lengthwise sidewalls of the lower dielectric strip portion 170’ can include a respective
alternating sequence of vertical planar sidewall segments and vertical concave sidewall
segments. In one embodiment, each cylindrical electrode portion 152 that laterally surrounds
a memory level channel portion 160 within the subset of the drain select level assemblies 155
(i.e., within a neighboring pair of rows of drain select level assemblies 155) contacts a
respective concave sidewall segment of the lower dielectric strip portion 170°.

[0185] As shown in FIGS. 24C and 24D, the perforated dielectric strip portion 175’
includes two rows of perforations 176 arranged along the first horizontal direction hd1. The

-51-



WO 2019/018050 PCT/US2018/033196

two rows of perforations can be cylindrical openings through the perforated dielectric strip
portion 175’. Each of the cylindrical openings laterally surrounds a respective one of a subset
of the drain select level assemblies 155 that is arranged in two rows that extend along the first
horizontal direction hd1. The drain select level isolation strip 120 can directly contact each
of the memory level channel portions 160 that extend through the cylindrical openings in the
drain select level isolation strip 120.

[0186] In one embodiment, the perforated dielectric strip portion 175 includes two
lengthwise sidewalls that generally extend along the first horizontal direction hd1l. Each of
the two lengthwise sidewalls of the perforated dielectric strip portion 175’ includes a
respective alternating sequence of planar sidewall segments 175P and convex sidewall
segments 175C. As used herein, a “planar sidewall segment” refers to a segment of a
sidewall that is entirely contained within a two-dimensional Euclidean plane. As used herein,
a “convex sidewall segment” refers to a segment of a sidewall that is entirely contained
within a convex surface. As used herein, a “concave sidewall segment” refers to a segment
of a sidewall that is entirely contained within a concave surface. As used herein, a structure
“generally extends” along a specific direction if the most prominent extension direction is the
specific direction. Portions of such a structure may locally extend along directions that are
different from the specific direction provided that the overall direction, and the most
prominent extension direction, is the specific direction.

[0187] In one embodiment, each of the two lengthwise sidewalls of the perforated
dielectric strip portion 175 includes a respective alternating sequence of vertical planar
sidewall segments 175P and vertical convex sidewall segments 175C. As used herein, a
“vertical planar sidewall segment” refers to a planar sidewall segment that extends straight
along a vertical direction. As used herein, a “vertical convex sidewall segment” refers to a
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convex sidewall segment that extends straight along a vertical direction. As used herein, a
“vertical concave sidewall segment” refers to a concave sidewall segment that extends
straight along a vertical direction. In one embodiment, the planar sidewall segments 175P
of the perforated dielectric strip portion 175 can be vertically coincident with the planar
sidewall segments 170P of the lower dielectric strip portion 170°.

[0188] As shown in FIG. 24E, the upper dielectric strip portion 180 overlies the
perforated dielectric strip portion 175’, and includes a pair of lengthwise sidewalls that
generally extend along the first horizontal direction hd1. Each of the pair of lengthwise
sidewalls of the upper dielectric strip portion 180’ can include a respective alternating
sequence of planar sidewall segments 180P and concave sidewall segments 180C. In one
embodiment, the planar sidewall segments of the perforated dielectric strip portion 175 can
be vertically coincident with the planar sidewall segments of the upper dielectric strip portion
180’. In one embodiment, each of the two lengthwise sidewalls of the upper dielectric strip
portion 180’ can include a respective alternating sequence of vertical planar sidewall
segments 180P and vertical concave sidewall segments 180C.

[0189] As shown in FIGS. 25A and 25B, the combination of a respective drain select
level assembly 155 and the respective underlying memory opening fill structure 58 comprises
a portion of a vertical NAND string 220. The combination of a respective drain select level
assembly 155 and the respective underlying support pillar structure 20 comprises a support
structure 258.

[0190] In one embodiment shown in FIGS. 26A to 31B and described below, the
sacrificial material layers 42 are replaced with electrically conductive layers 46 (e.g., word
lines / control gate electrodes and source side select gate electrodes) after formation of the
drain select level assembly 155 and the portions of a vertical NAND strings 220. In an

-33-



WO 2019/018050 PCT/US2018/033196

alternative embodiment, the below described steps of replacing the sacrificial material layers
42 with the electrically conductive layers 46 can be performed prior to forming the drain
select level structures 155 and the and the portions of a vertical NAND strings 220.

[0191] Referring to FIGS. 26A and 26B, a contact level dielectric layer 192 can be
formed over the dielectric fill material layer 190. The contact level dielectric layer 192
includes a dielectric material such as silicon oxide, and can have a thickness in a range from
50 nm to 800 nm, although lesser and greater thicknesses can also be employed. A
photoresist layer (not shown) can be applied over the contact level dielectric layer 192, and is
lithographically patterned to form openings in areas between arrays of memory stack
structures 55. The pattern in the photoresist layer can be transferred through the contact level
dielectric layer 192, the dielectric fill material layer 190, the insulating spacer layer 165, the
alternating stack (32, 42), and/or the retro-stepped dielectric material portion 65 employing
an anisotropic etch to form backside trenches 79. The backside trenches 79 vertically extend
at least to the top surface of the substrate (9, 10), and laterally extend through the memory
array region 100 and the contact region 300. In one embodiment, the backside trenches 79
can be employed as source contact openings in which source contact via structures can be
subsequently formed. In one embodiment, the backside trenches 79 can laterally extend
along the first horizontal direction hdl1, i.e., along the word line direction of the rows of the
drain select level assemblies 155. The photoresist layer can be removed, for example, by
ashing.

[0192] Referring to FIG. 27 an etchant that selectively etches the second material of the
sacrificial material layers 42 with respect to the first material of the insulating layers 32 can
be introduced into the backside trenches 79, for example, employing an etch process.
Backside recesses 43 are formed in volumes from which the sacrificial material layers 42 are
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removed. The removal of the second material of the sacrificial material layers 42 can be
selective to the first material of the insulating layers 32, the material of the retro-stepped
dielectric material portion 65, the semiconductor material of the semiconductor material layer
10, and the material of the outermost layer of the memory films 50. In one embodiment, the
sacrificial material layers 42 can include silicon nitride, and the materials of the insulating
layers 32, the dielectric fill material layer 190, the insulating spacer layer 165, and the retro-
stepped dielectric material portion 65 can be selected from silicon oxide and dielectric metal
oxides. In another embodiment, the sacrificial material layers 42 can include a
semiconductor material such as polysilicon, and the materials of the insulating layers 32 and
the retro-stepped dielectric material portion 65 can be selected from silicon oxide, silicon
nitride, and dielectric metal oxides. In this case, the depth of the backside trenches 79 can be
modified so that the bottommost surface of the backside trenches 79 is located within the
base insulating layer 12, i.e., to avoid physical exposure of the top surface of the
semiconductor material layer 10.

[0193] The etch process that removes the second material selective to the first material
and the outermost layer of the memory films 50 can be a wet etch process employing a wet
etch solution, or can be a gas phase (dry) etch process in which the etchant is introduced in a
vapor phase into the backside trenches 79. For example, if the sacrificial material layers 42
include silicon nitride, the etch process can be a wet etch process in which the first exemplary
structure 1s immersed within a wet etch tank including phosphoric acid, which etches silicon
nitride selective to silicon oxide, silicon, and various other materials employed in the art. The
support pillar structure 20, the retro-stepped dielectric material portion 65, and the memory
stack structures 55 provide structural support while the backside recesses 43 are present
within volumes previously occupied by the sacrificial material layers 42.
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[0194] Each backside recess 43 can be a laterally extending cavity having a lateral
dimension that is greater than the vertical extent of the cavity. In other words, the lateral
dimension of each backside recess 43 can be greater than the height of the backside recess 43.
A plurality of backside recesses 43 can be formed in the volumes from which the second
material of the sacrificial material layers 42 is removed. The memory openings in which the
memory stack structures 55 are formed are herein referred to as front side openings or front
side cavities in contrast with the backside recesses 43. In one embodiment, the memory array
region 100 comprises an array of monolithic three-dimensional NAND strings having a
plurality of device levels disposed above the substrate (9, 10). In this case, each backside
recess 43 can define a space for receiving a respective word line of the array of monolithic
three-dimensional NAND strings.

[0195] Each of the plurality of backside recesses 43 can extend substantially parallel to
the top surface of the substrate (9, 10). A backside recess 43 can be vertically bounded by a
top surface of an underlying insulating layer 32 and a bottom surface of an overlying
insulating layer 32. In one embodiment, each backside recess 43 can have a uniform height
throughout.

[0196] Physically exposed surface portions of the optional pedestal channel portions 11
and the semiconductor material layer 10 can be converted into dielectric material portions by
thermal conversion and/or plasma conversion of the semiconductor materials into dielectric
materials. For example, thermal conversion and/or plasma conversion can be employed to
convert a surface portion of each pedestal channel portion 11 into a tubular dielectric spacer
116, and to convert each physically exposed surface portion of the semiconductor material
layer 10 into a planar dielectric portion 616. In one embodiment, each tubular dielectric
spacer 116 can be topologically homeomorphic to a torus, i.e., generally ring-shaped. As
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used herein, an element is topologically homeomorphic to a torus if the shape of the element
can be continuously stretched without destroying a hole or forming a new hole into the shape
of a torus. The tubular dielectric spacers 116 include a dielectric material that includes the
same semiconductor element as the pedestal channel portions 11 and additionally includes at
least one non-metallic element such as oxygen and/or nitrogen such that the material of the
tubular dielectric spacers 116 is a dielectric material. In one embodiment, the tubular
dielectric spacers 116 can include a dielectric oxide, a dielectric nitride, or a dielectric
oxynitride of the semiconductor material of the pedestal channel portions 11. Likewise, each
planar dielectric portion 616 includes a dielectric material that includes the same
semiconductor element as the semiconductor material layer and additionally includes at least
one non-metallic element such as oxygen and/or nitrogen such that the material of the planar
dielectric portions 616 is a dielectric material. In one embodiment, the planar dielectric
portions 616 can include a dielectric oxide, a dielectric nitride, or a dielectric oxynitride of
the semiconductor material of the semiconductor material layer 10.

[0197] Referring to FIG. 28, a backside blocking dielectric layer 44 can be optionally
formed. The backside blocking dielectric layer 44, if present, comprises a dielectric material
that functions as a control gate dielectric for the control gates to be subsequently formed in
the backside recesses 43. In case the blocking dielectric layer 52 is present within each
memory opening, the backside blocking dielectric layer is optional. In case the blocking
dielectric layer 52 is omitted, the backside blocking dielectric layer is present.

[0198] The backside blocking dielectric layer 44 can be formed in the backside recesses
43 and on a sidewall of the backside trench 79. The backside blocking dielectric layer 44 can
be formed directly on horizontal surfaces of the insulating layers 32 and sidewalls of the
memory stack structures 55 within the backside recesses 43. If the backside blocking
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dielectric layer 44 is formed, formation of the tubular dielectric spacers 116 and the planar
dielectric portion 616 prior to formation of the backside blocking dielectric layer 44 is
optional. In one embodiment, the backside blocking dielectric layer 44 can be formed by a
conformal deposition process such as atomic layer deposition (ALD). The backside blocking
dielectric layer 44 can consist essentially of aluminum oxide. The thickness of the backside
blocking dielectric layer 44 can be in a range from 1 nm to 15 nm, such as 2 to 6 nm,
although lesser and greater thicknesses can also be employed.

[0199] The dielectric material of the backside blocking dielectric layer 44 can be a
dielectric metal oxide such as aluminum oxide, a dielectric oxide of at least one transition
metal element, a dielectric oxide of at least one Lanthanide element, a dielectric oxide of a
combination of aluminum, at least one transition metal element, and/or at least one
Lanthanide element. Alternatively or additionally, the backside blocking dielectric layer can
include a silicon oxide layer. The backside blocking dielectric layer can be deposited by a
conformal deposition method such as chemical vapor deposition or atomic layer deposition.
The thickness of the backside blocking dielectric layer can be in a range from 1 nm to 10 nm,
although lesser and greater thicknesses can also be employed. The backside blocking
dielectric layer is formed on the sidewalls of the backside trenches 79, horizontal surfaces
and sidewalls of the insulating layers 32, the portions of the sidewall surfaces of the memory
stack structures 55 that are physically exposed to the backside recesses 43, and a top surface
of the planar dielectric portion 616. A backside cavity 79 is present within the portion of
each backside trench 79 that is not filled with the backside blocking dielectric layer.

[0200] At least one conductive material can be deposited in the backside recesses 43,
peripheral portions of the backside trenches 79, and over the contact level dielectric layer 192
by conformal deposition. Each continuous portion of the at least one conductive material
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deposited in a backside recess 43 constitutes an electrically conductive layer 46. The
conductive material deposited outside of the backside recesses 43 collectively constitute a
continuous metallic material layer (not shown), which is a continuous layer of the conductive
material that is deposited over the contact level dielectric layer 192 and at peripheral portions
of the backside trenches 79.

[0201] In an illustrative example, a metallic barrier layer (not explicitly shown) can be
deposited in the backside recesses. The metallic barrier layer includes an electrically
conductive metallic material that can function as a diffusion barrier layer and/or adhesion
promotion layer for a metallic fill material to be subsequently deposited. The metallic barrier
layer can include a conductive metallic nitride material such as TiN, TaN, WN, or a stack
thereof, or can include a conductive metallic carbide material such as TiC, TaC, WC, or a
stack thereof. In one embodiment, the metallic barrier layer can be deposited by a conformal
deposition process such as chemical vapor deposition (CVD) or atomic layer deposition
(ALD). The thickness of the metallic barrier layer can be in a range from 2 nm to 8 nm, such
as from 3 nm to 6 nm, although lesser and greater thicknesses can also be employed. In one
embodiment, the metallic barrier layer can consist essentially of a conductive metal nitride
such as TiN.

[0202] A metal fill material is deposited in the plurality of backside recesses 43, on the
sidewalls of the at least one the backside contact trench 79, and over the top surface of the
contact level dielectric layer 192 to form a metallic fill material layer. The metallic fill
material can be deposited by a conformal deposition method, which can be, for example,
chemical vapor deposition (CVD), atomic layer deposition (ALD), electroless plating,
electroplating, or a combination thereof. In one embodiment, the metallic fill material layer
can consist essentially of at least one elemental metal. The at least one elemental metal of the

-59-



WO 2019/018050 PCT/US2018/033196

metallic fill material layer can be selected, for example, from tungsten, cobalt, ruthenium,
titanium, and tantalum. In one embodiment, the metallic fill material layer can consist
essentially of a single elemental metal. In one embodiment, the metallic fill material layer
can be deposited employing a fluorine-containing precursor gas such as WFe. In one
embodiment, the metallic fill material layer can be a tungsten layer including a residual level
of fluorine atoms as impurities. The metallic fill material layer is spaced from the insulating
layers 32 and the memory stack structures 55 by the metallic barrier layer, which is a metallic
barrier layer that blocks diffusion of fluorine atoms therethrough.

[0203] A plurality of electrically conductive layers 46 can be formed in the plurality of
backside recesses 43. The continuous metallic material layer can be formed on the sidewalls
of each backside contact trench 79 and over the contact level dielectric layer 192. Each
electrically conductive layer 46 includes a portion of the metallic barrier layer and a portion
of the metallic fill material layer that are located between a vertically neighboring pair of
dielectric material layers, which can be a pair of insulating layers 32, a bottommost insulating
layer and a base insulating layer 12, or a topmost insulating layer and the insulating cap layer
70. The continuous metallic material layer includes a continuous portion of the metallic
barrier layer and a continuous portion of the metallic fill material layer that are located in the
backside trenches 79 or above the contact level dielectric layer 192.

[0204] Each sacrificial material layer 42 can be replaced with an electrically conductive
layer 46. A backside cavity is present in the portion of each backside contact trench 79 that is
not filled with the backside blocking dielectric layer and the continuous metallic material
layer. A tubular dielectric spacer 116 laterally surrounds a pedestal channel portion 11. A
bottommost electrically conductive layer 46 laterally surrounds each tubular dielectric spacer
116 upon formation of the electrically conductive layers 46.
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[0205] The deposited metallic material of the continuous electrically conductive material
layer is etched back from the sidewalls of each backside contact trench 79 and from above the
contact level dielectric layer 192, for example, by an isotropic wet etch, an anisotropic dry
etch, or a combination thereof. Each remaining portion of the deposited metallic material in
the backside recesses 43 constitutes an electrically conductive layer 46. Each electrically
conductive layer 46 can be a conductive line structure. Thus, the sacrificial material layers
42 are replaced with the electrically conductive layers 46.

[0206] Each drain select gate electrode (152, 154) functions as a drain side select gate
electrode (SGD) of the vertical NAND string. One or several of the bottommost electrically
conductive layers functions as a source side select gate electrode (SGS) of the vertical NAND
string. Each electrically conductive layer 46 located between the drain side and the source
side select gate electrodes can function as a combination of a plurality of control gate
electrodes located at a same level and a word line electrically interconnecting, i.e., electrically
shorting, the plurality of control gate electrodes located at the same level. The plurality of
control gate electrodes within each electrically conductive layer 46 are the control gate
electrodes for the vertical memory devices including the memory stack structures 55. In
other words, each electrically conductive layer 46 can be a word line that functions as a
common control gate electrode for the plurality of vertical memory devices.

[0207] In one embodiment, the removal of the continuous electrically conductive material
layer can be selective to the material of the backside blocking dielectric layer 44. In this
case, a horizontal portion of the backside blocking dielectric layer 44 can be present at the
bottom of each backside contact trench 79. The base insulating layer 12 can be vertically
spaced from the backside contact trench 79 by the horizontal portion of the backside blocking
dielectric layer 44.
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[0208] In another embodiment, the removal of the continuous electrically conductive
material layer may not be selective to the material of the backside blocking dielectric layer 44
or, the backside blocking dielectric layer 44 may not be employed. In this case, a top surface
and/or sidewall surface, of the base insulating layer 12 can be physically exposed at the
bottom of the backside contact trench 79 depending on whether the base insulating layer 12 is
not removed or partially removed during removal of the continuous electrically conductive
material layer.

[0209] Referring to FIG. 29, an insulating material layer can be formed in the at least one
backside contact trench 79 and over the contact level dielectric layer 192 by a conformal
deposition process. Exemplary conformal deposition processes include, but are not limited
to, chemical vapor deposition and atomic layer deposition. The insulating material layer
includes an insulating material such as silicon oxide, silicon nitride, a dielectric metal oxide,
an organosilicate glass, or a combination thereof. In one embodiment, the insulating material
layer can include silicon oxide. The insulating material layer can be formed, for example, by
low pressure chemical vapor deposition (LPCVD) or atomic layer deposition (ALD). The
thickness of the insulating material layer can be in a range from 1.5 nm to 60 nm, although
lesser and greater thicknesses can also be employed.

[0210] If a backside blocking dielectric layer 44 is present, the insulating material layer
can be formed directly on surfaces of the backside blocking dielectric layer 44 and directly on
the sidewalls of the electrically conductive layers 46. If a backside blocking dielectric layer
44 is not employed, the insulating material layer can be formed directly on sidewalls of the
insulating layers 32 and directly on sidewalls of the electrically conductive layers 46.

[0211] An anisotropic etch is performed to remove horizontal portions of the insulating
material layer from above the contact level dielectric layer 192 and at the bottom of each
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backside contact trench 79. Each remaining portion of the insulating material layer
constitutes an insulating spacer 74. A backside cavity 79’ is present within a volume
surrounded by each insulating spacer 74.

[0212] The anisotropic etch process can continue with, or without, a change in the etch
chemistry to remove portions of the optional backside blocking dielectric layer 44 and the
planar dielectric portion 616 that underlies the opening through the insulating spacer 74. A
top surface of the semiconductor material layer 10 can be physically exposed at the bottom of
each backside contact trench 79.

[0213] A source region 61 can be formed at a surface portion of the semiconductor
material layer 10 under each backside cavity 79° by implantation of electrical dopants into
physically exposed surface portions of the semiconductor material layer 10. Each source
region 61 is formed in a surface portion of the substrate (9, 10) that underlies a respective
opening through the insulating spacer 74. Due to the straggle of the implanted dopant atoms
during the implantation process and lateral diffusion of the implanted dopant atoms during a
subsequent activation anneal process, each source region 61 can have a lateral extent greater
than the lateral extent of the opening through the insulating spacer 74. Each source region 61
can have a doping of a second conductivity type, which is the opposite of the first
conductivity type. For example, if the first conductivity type is p-type, the second
conductivity type is n-type, and vice versa.

[0214] An upper portion of the semiconductor material layer 10 that extends between the
source region 61 and the plurality of pedestal channel portions 11 constitutes a horizontal
semiconductor channel 59 for a plurality of field effect transistors. The horizontal
semiconductor channel 59 is connected to multiple vertical semiconductor channels (60, 160)
through respective pedestal channel portions 11. The horizontal semiconductor channel 59
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contacts the source region 61 and the plurality of pedestal channel portions 11. A
bottommost electrically conductive layer 46 provided upon formation of the electrically
conductive layers 46 within the alternating stack (32, 46) can comprise a select gate electrode
for the field effect transistors. Each source region 61 is formed in an upper portion of the
semiconductor substrate (9, 10).

[0215] Referring to FIG. 30, a contact via structure 76 can be formed within each cavity
79°. Each contact via structure 76 can fill a respective cavity 79°. The contact via structures
76 can be formed by depositing at least one conductive material in the remaining unfilled
volume (i.e., the backside cavity 79”) of the backside contact trench 79. For example, the at
least one conductive material can include a conductive liner 76A and a conductive fill
material portion 76B. The conductive liner 76A can include a conductive metallic liner such
as TiN, TaN, WN, TiC, TaC, WC, an alloy thereof, or a stack thereof. The thickness of the
conductive liner 76A can be in a range from 3 nm to 30 nm, although lesser and greater
thicknesses can also be employed. The conductive fill material portion 76B can include a
metal or a metallic alloy. For example, the conductive fill material portion 76B can include
W, Cu, Al, Co, Ru, Ni, an alloy thereof, or a stack thereof.

[0216] The at least one conductive material can be planarized employing the contact level
dielectric layer 192 overlying the alternating stack (32, 46) as a stopping layer. If chemical
mechanical planarization (CMP) process is employed, the contact level dielectric layer 192
can be employed as a CMP stopping layer. Each remaining continuous portion of the at least
one conductive material in the backside contact trenches 79 constitutes a backside contact via
structure 76. The backside contact via structure 76 extends through the alternating stack (32,
46), and contacts a top surface of the source region 61. If a backside blocking dielectric layer
44 is employed, the backside contact via structure 76 can contact a sidewall of the backside
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blocking dielectric layer 44.

[0217] Referring to FIGS. 31A and 31B, additional contact via structures (88, 86, 8P) can
be formed through the contact level dielectric layer 192, the dielectric fill material layer 190,
and optionally through the retro-stepped dielectric material portion 65. For example, drain
contact via structures 88 can be formed through the contact level dielectric material layer 192
on each drain region 63. Word line contact via structures 86 can be formed on the electrically
conductive layers 46 through the contact level dielectric layer 192, the dielectric fill material
layer 190, the insulating spacer layer 165, and through the retro-stepped dielectric material
portion 65. Peripheral device contact via structures 8P can be formed through the contact
level dielectric layer 192, the dielectric fill material layer 190, the insulating spacer layer 165,
and through the retro-stepped dielectric material portion 65 directly on respective nodes of
the peripheral devices. Additional metal interconnect structures (not shown) can be
subsequently formed as needed. For example, bit lines 90 (shown schematically in FIG. 31B)
which extend in the second horizontal direction hd2 can be formed to provide electrical
contact with the drain contact via structures 88.

[0218] Referring collectively to all drawings related to the first embodiment, the first
exemplary structure can include a three-dimensional memory device. The three-dimensional
memory device can include: an alternating stack of insulating layers 32 and electrically
conductive layers 46 located over a substrate (9, 10); an array of memory stack structures 55
extending through the alternating stack (32, 46) and arranged as rows that extend along a first
horizontal direction hd1 and are spaced along a second horizontal direction hd2, wherein each
of the memory stack structures 55 comprises a memory film 50 and a memory level channel
portion 60 contacting an inner sidewall of the memory film 50; an array of drain select level
assemblies 155 overlying the alternating stack and having a same periodicity as the array of
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memory stack structures 55 along the first horizontal direction hd1 and the second horizontal
direction hd2, wherein each of the drain select level assemblies 155 comprises a drain select
level channel portion 160 contacting a respective memory level channel portion 60; drain
select gate electrodes (152, 154) laterally surrounding respective rows of drain select level
assemblies 155; and a drain select level isolation strip 120 comprising at least one dielectric
material and located between a neighboring pair of drain select gate electrodes (152, 154).
[0219] Each of the drain select gate electrodes (152, 154) can include a strip electrode
portion 154 including a pair of lengthwise sidewalls that generally extend along the first
horizontal direction hd1; and a plurality of cylindrical electrode portions 152 that laterally
surround a respective one of the drain select level channel portions 160. An array of
cylindrical gate dielectrics 150 can be located between a respective one of the cylindrical
electrode portions 152 and a respective one of the drain select level channel portions 160.
[0220] In one embodiment, the drain select gate electrodes (152, 154) can be formed on a
top surface of the insulating spacer layer 165, through which the drain select level channel
portions 160 extend. In one embodiment, the insulating spacer layer 165 can contact a
topmost surface of each of the memory films 50. Each of the drain select level channel
portions 160 can vertically extend through a respective opening in the insulating spacer layer
165. In one embodiment, the insulating spacer layer 165 contacts a bottom surface of each of
the drain select gate electrodes (152, 154). An array of drain regions 63 can contact an upper
end of a respective one of the drain select level channel portions 160.

[0221] Referring to FIG. 32, a second exemplary structure according to the second
embodiment of the present disclosure is illustrated, which can be derived from the first
exemplary structure illustrated in FIG. 2 by forming a layer stack including at least one
sacrificial matrix layer (142, 169) in lieu of the insulating cap layer 70. In one embodiment.
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the at least one sacrificial matrix layer (142, 169) can include a first sacrificial matrix layer
142 and a second sacrificial matrix layer 169 that is formed over the first sacrificial matrix
layer 142. Each of the first and second sacrificial matrix layers (142, 169) includes a material
that can be removed selective to the material of an underlying layer. In an illustrative
example, the first sacrificial matrix layer 142 can include the same material as the sacrificial
material layers 42, and the second sacrificial matrix layer 169 can include the same material
as the insulating layers 32. In one embodiment, the first sacrificial matrix layer 142 can
include silicon nitride, and the second sacrificial matrix layer 169 can include silicon oxide.
In one embodiment, the first sacrificial matrix layer 142 can have a thickness that is in a
range from twice the average thickness of the sacrificial material layers 42 to 6 times the
average thickness of the sacrificial material layers 42, and the second sacrificial matrix layer
169 can have a thickness that is in a range from the average thickness of the insulating layers
32 to three times the average thickness of the insulating layers 32.

[0222] Referring to FIG. 33, the processing steps of FIG. 3 can be performed to form a
terrace region and a stepped cavity, and to form a retro-stepped dielectric material portion 65.
The second sacrificial matrix layer 169 can be patterned in the same manner as the insulating
cap layer 70 of the first embodiment, and the first sacrificial matrix layer 142 can be
patterned in the same manner as a topmost one of the sacrificial material layers 42 of the first
embodiment.

[0223] Referring to FIGS. 34A and 34B, the processing steps of FIGS. 4A and 4B can be
performed to form memory openings 49 and support openings 19. The memory openings 49
can have the same pattern as in the first embodiment, and as such, can form two-dimensional
arrays having a uniform inter-row pitch p along the second horizontal direction hd2. The
region R in FIG. 34B corresponds to a region in which a two-dimensional array of memory
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openings 49 is provided. The two-dimensional array of memory openings 49 can be a two-
dimensional periodic array of memory openings 49.

[0224] FIGS. 35A - 35G illustrate structural changes in a memory opening 49, which is
one of the memory openings 49 in the second exemplary structure of FIGS. 34A and 34B,
during formation of a memory stack structure. The same structural change occurs
simultaneously in each of the other memory openings 49 and the support openings 19.
[0225] Referring to FIG. 35A, a memory opening 49 in the second exemplary device
structure of FIGS. 34A and 34B is illustrated. The memory opening 49 extends through the
second sacrificial matrix layer 169, the first sacrificial matrix layer 142, the alternating stack
(32, 42), the base insulating layer 12, and optionally into an upper portion of the
semiconductor material layer 10. At this processing step, each support opening 19 can
extend through the retro-stepped dielectric material portion 65, a subset of layers in the
alternating stack (32, 42), the base insulating layer 12, and optionally through the upper
portion of the semiconductor material layer 10. The recess depth of the bottom surface of
each memory opening with respect to the top surface of the semiconductor material layer 10
can be in a range from 0 nm to 30 nm, although greater recess depths can also be employed.
Optionally, the sacrificial material layers 42 can be laterally recessed partially to form lateral
recesses (not shown), for example, by an isotropic etch.

[0226] Referring to FIG. 35B, an optional pedestal channel portion (e.g., an epitaxial
pedestal) 11 can be formed at the bottom portion of each memory opening 49 and each
support openings 19, for example, by selective epitaxy. The pedestal channel portion 11 of
the second embodiment can be structurally and compositionally identical to the pedestal
channel portion 11 of the first embodiment, and can be formed employing a same selective
deposition process.
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[0227] Referring to FIG. 35C, a stack of layers including a blocking dielectric layer 52, a
charge storage layer 54, a tunneling dielectric layer 56, and an optional first semiconductor
channel layer 601 can be sequentially deposited in the memory openings 49. Each of the
blocking dielectric layer 52, the charge storage layer 54, the tunneling dielectric layer 56, and
the optional first semiconductor channel layer 601 can have the same composition and/or the
same thickness as in the first embodiment, and can be formed in the same manner as in the
first embodiment.

[0228] Referring to FIG. 35D, the optional first semiconductor channel layer 601, the
tunneling dielectric layer 56, the charge storage layer 54, the blocking dielectric layer 52 are
sequentially anisotropically etched employing at least one anisotropic etch process in the
same manner as in the first embodiment. A contiguous set of a blocking dielectric layer 52, a
charge storage layer 54, and a tunneling dielectric layer 56 in a memory opening 49
constitutes a memory film 50, which includes a plurality of charge storage regions (as
embodied as the charge storage layer 54) that are insulated from surrounding materials by the
blocking dielectric layer 52 and the tunneling dielectric layer 56. In one embodiment, the
first semiconductor channel layer 601, the tunneling dielectric layer 56, the charge storage
layer 54, and the blocking dielectric layer 52 can have vertically coincident sidewalls. A
cavity 49’ can be present inside each memory opening 49 and inside each support opening
19.

[0229] Referring to FIG. 35E, a second semiconductor channel layer 602 can be
deposited directly on the semiconductor surface of the pedestal channel portion 11 (or the
semiconductor substrate layer 10 if pedestal channel portions 11 are omitted), and directly on
the first semiconductor channel layer 601. The second semiconductor channel layer 602 can
have the same composition and/or the same structure as the second semiconductor channel
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layer 602 of the first embodiment. In case the memory openings 49 and the support openings
19 are not completely filled with the second semiconductor channel layer 602, a dielectric
core layer 62L including a dielectric material can be deposited in unfilled volumes of the
memory openings 49 and support openings 19. The dielectric core layer 62L can include
silicon oxide.

[0230] Referring to FIG. 35F, the dielectric core layer 62L can be vertically recessed to
remove horizontal portions of the dielectric core layer 62L from above the top surface of the
second semiconductor channel layer 602. Subsequently, the dielectric core layer 62L can be
further recessed selective to the second semiconductor channel layer 602 such that recessed
top surfaces of remaining portions of the dielectric core layer 62L is located below the
horizontal plane including the top surface of the second sacrificial matrix layer 169. Each
remaining portion of the dielectric core layer 62L constitutes a dielectric core 62, which can
be a dielectric pillar structure located entirely within a respective one of the memory
openings 49 and the support openings 19.

[0231] Referring to FIG. 35G, a doped semiconductor material having a doping of the
second conductivity type (which is the opposite of the first conductivity type) can be
deposited in the cavities overlying the dielectric cores 62. Portions of the deposited doped
semiconductor material and the second semiconductor channel layer 602 located above the
horizontal plane including the top surface of the second sacrificial matrix layer 160 can be
removed by a planarization process. The planarization process can employ a recess etch or
chemical mechanical planarization. Each remaining portion of the doped semiconductor
material overlying a respective dielectric core 62 constitutes a drain region 63.

[0232] Each adjoining pair of a first semiconductor channel layer 601 and a second
semiconductor channel layer 602 can collectively form a vertical semiconductor channel 60
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through which electrical current can flow when a vertical NAND device including the
vertical semiconductor channel 60 is turned on. A tunneling dielectric layer 56 is surrounded
by a charge storage layer 54, and laterally surrounds a portion of the vertical semiconductor
channel 60. Each adjoining set of a blocking dielectric layer 52, a charge storage layer 54,
and a tunneling dielectric layer 56 collectively constitute a memory film 50, which can store
electrical charges with a macroscopic retention time. In some embodiments, a blocking
dielectric layer 52 may not be present in the memory film 50 at this step, and a blocking
dielectric layer may be subsequently formed after formation of backside recesses. As used
herein, a macroscopic retention time refers to a retention time suitable for operation of a
memory device as a permanent memory device such as a retention time in excess of 24 hours.
[0233] Referring to FIGS. 36A — 36C, the second exemplary structure is illustrated after
the processing steps of FIG. 35G. Each combination of a memory film 50 and a vertical
semiconductor channel 60 (which is a portion of a vertical semiconductor channel) within a
memory opening 49 constitutes a memory stack structure 55. The memory stack structure 55
is a combination of a vertical semiconductor channel 60, a tunneling dielectric layer 56, a
plurality of memory elements as embodied as portions of the charge storage layer 54, and an
optional blocking dielectric layer 52. Each combination of a pedestal channel portion 11, a
memory stack structure 55, an optional dielectric core 62, and a drain region 63 located in a
memory opening 49 is herein referred to as a memory opening fill structure 58. Each
combination of a pedestal channel portion 11, a memory film 50, a vertical semiconductor
channel 60, an optional dielectric core 62, and a drain region 63 within each support opening
19 fills the respective support openings 19, and constitutes a support pillar structure 20 (i.e., a
dummy structure which is not electrically connected to a bit line). Each drain region 63
within a support pillar structure 20 is a dummy structure, which is electrically inactive, and is
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not directly contacted by any conductive structure from above.

[0234] An instance of a memory opening fill structure 58 can be formed within each
memory opening 49 of the structure of FIGS. 34A and 34B. An instance of the support pillar
structure 20 can be formed within each support opening 19 of the structure of FIGS. 34A and
34B. Each exemplary memory stack structure 55 includes a vertical semiconductor channel
60, which may comprise multiple semiconductor channel layers (601, 602), and a memory
film 50. The memory film 50 may comprise a tunneling dielectric layer 56 laterally
surrounding the vertical semiconductor channel 60 and a vertical stack of charge storage
regions laterally surrounding the tunneling dielectric layer 56 (as embodied as a memory
material layer 54) and an optional blocking dielectric layer 52. While the present disclosure
is described employing the illustrated configuration for the memory stack structure, the
methods of the present disclosure can be applied to alternative memory stack structures
including different layer stacks or structures for the memory film 50 and/or for the vertical
semiconductor channel 60.

[0235] An array of memory stack structures 55 extends through the at least one sacrificial
matrix layer (142, 169) and the alternating stack (32, 42), and is arranged as rows that extend
along the first horizontal direction hd1 with a first pitch and are spaced along a second
horizontal direction hd2 with a second pitch for each pair of neighboring rows. The at least
one sacrificial matrix layer (169, 142) can be subsequently removed selective to the memory
opening fill structures 58 and the support opening fill structures 20.

[0236] Referring to FIG. 37, the second sacrificial matrix layer 169 can be removed
selective to the semiconductor materials of the memory opening fill structures 58 and the
support opening fill structures 20. In one embodiment, the removal of the second sacrificial
matrix layer 169 can be selective to the first sacrificial matrix layer 142. In one embodiment,
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the second sacrificial matrix layer 169 can include silicon oxide, and the first sacrificial
matrix layer 142 can include silicon nitride. In this case, the second sacrificial matrix layer
169 can be removed selective to the first sacrificial matrix layer 142 by a wet etch process
employing hydrofluoric acid. Physically exposed portions of the blocking dielectric layer 52
can be collaterally etched. For example, if the blocking dielectric layer 52 and the second
sacrificial matrix layer 160 include silicon oxide, the physically exposed upper ends of the
blocking dielectric layers 52 can be collaterally etched during removal of the second
sacrificial matrix layer 160.

[0237] Referring to FIG. 38, the first sacrificial matrix layer 142 can be removed
selective to the semiconductor materials of the memory opening fill structures 58 and the
support opening fill structures 20 and selective to the insulating material of the insulating
layers 32. For example, if the first sacrificial matrix layer 142 includes silicon nitride, a wet
etch employing hot phosphoric acid can be employed to remove the first sacrificial matrix
layer 142. Physically exposed portions of the memory films 50 can be collaterally etched.
For example, if the charge storage layers 54 include silicon nitride, upper end portions of the
charge storage layers 54 can be collaterally etched during removal of the first sacrificial
matrix layer 142. Generally, the etch processes that remove the second and first sacrificial
matrix layers (169, 142) can physically expose upper portions of the memory stack structures
55, and may partially etch upper end portions of the memory films 50 collaterally.

[0238] Referring to FIG. 39, gate dielectrics 250 can be formed on the outer sidewalls of
portions of the vertical semiconductor channels 60 that protrude above the horizontal surface
including the topmost surface of the alternating stack (32, 42). In one embodiment,
remaining portions of the memory films 50 located above the horizontal surface including the
topmost surface of the alternating stack (32, 42) can be completely removed by a set of etch
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processes that sequentially etch the various materials of the memory films 50 from outside to
inside. For example, a series of wet etch processes can be employed to completely remove
the memory film 50 from above the horizontal surface including the topmost surface of the
alternating stack (32, 42). Subsequently, a conformal gate dielectric layer can be deposited
and anisotropically etched to form the gate dielectrics 250, each of which can have a
cylindrical shape. Alternatively or additionally, physically exposed surface portions of the
vertical semiconductor channels 60 can be converted into a gate dielectric material by a
conversion process, which can include thermal oxidation, plasma oxidation, thermal
nitridation, and/or plasma nitridation. In case dielectric material portions (not shown) are
formed on the top surfaces of the drain regions 63, such dielectric material portions can be
removed in subsequent processing steps.

[0239] Alternatively, at least one of the component layers within each memory film 50
may not be completely removed, and may be incorporated into the gate dielectrics 250. For
example, a tunneling dielectric layer 56 may remain after removal of physically exposed
portions of the charge storage layer 54 from each memory film 50, and can become, or can be
incorporated as a component of, a gate dielectric 250. In another example, portions of the
charge storage layer 54 can remain after removal of the first sacrificial matrix layer 142, and
can be converted into a silicon oxynitride layer or a silicon oxide layer by a thermal oxidation
process or a plasma oxidation process, which is incorporated into a gate dielectric 250.
Additionally, a gate dielectric material layer (such as a dielectric metal oxide layer) can be
deposited on any remaining portions of the memory films 50 that are incorporated into the
gate dielectrics 250. Generally, the gate dielectrics 250 can be formed by deposition of a
dielectric material and/or incorporation of any remaining portions or any converted portions
(for example, by oxidation or nitridation) of the memory films 50 that remain above the
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horizontal surface including the topmost surface of the alternating stack (32, 42).

[0240] Referring to FIG. 40, a conformal conductive material layer can be conformally
deposited on the outer sidewalls of the gate dielectrics 250, on the top surface of the topmost
insulating layer 32, and the top surfaces of the vertical semiconductor channels 60 and the
drain regions 63 by a conformal deposition process. The conformal conductive material layer
can include a heavily doped (conductive) semiconductor material layer, an elemental metal
(such as tungsten), an intermetallic alloy, or a conductive metal nitride (such as TiN, TaN, or
WN). The thickness of the conformal conductive material layer can be in a range from 3 nm
to 50 nm, such as 15 nm to 30 nm although lesser and greater thicknesses can also be
employed.

[0241] An anisotropic etch is performed to remove horizontal portions of the gate
electrode material layer from above the drain regions 63 and from above the topmost
insulating layer 32. Each remaining cylindrical portion of the conformal conductive material
layer constitutes a cylindrical electrode portion 252. Each cylindrical electrode portion 252
has a tubular configuration, contacts and laterally surrounds a gate dielectric 250, and
laterally encircles an upper portion of a vertical semiconductor channel 60.

[0242] Referring to FIGS. 41A and 41B, an etch mask layer 253 can be formed by filling
the gaps among the cylindrical electrode portions 252 with an etch mask material. The etch
mask material includes a material that is different from the materials of the drain regions 63,
the vertical semiconductor channels 60, the gate dielectrics 250, and the cylindrical electrode
portions 252. For example, the etch mask layer 253 can include silicon nitride, photoresist,
amorphous carbon or polycrystalline carbon. Portions of the material of the etch mask layer
253 that protrude above the horizontal plane including the top surfaces of the drain regions 63
can be removed by a planarization process such as chemical mechanical planarization or a
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recess etch.

[0243] Referring to FIG. 42, the etch mask layer 253 can be vertically recessed such that
the recessed top surface of the etch mask layer 253 is at the target height for the upper end of
the cylindrical electrode portions 252. In other words, the thickness of the remaining portion
of the etch mask layer 253 can be the same as the target height for the cylindrical electrode
portions 252.

[0244] Referring to FIG. 43, the upper portions of the cylindrical electrode portions 252
(which are remaining portions of the conformal conductive material layer) can be trimmed by
an isotropic etch that etches the material of the cylindrical electrode portions 252. The etch
mask layer 253 protects regions of the cylindrical electrode portions 252 that are surrounded
by the etch mask layer 253. In case the cylindrical electrode portions 252 includes a doped
semiconductor material, top surfaces of the vertical semiconductor channels 60 and the drain
regions 63 can be collaterally recessed during trimming of the cylindrical electrode portions
252.

[0245] The etch mask layer 253 can be subsequently removed selective to the cylindrical
electrode portions 252, the drain regions 63, and the vertical semiconductor channels 60, for
example, by selective etching (e.g., hot phosphoric acid for silicon nitride etch mask layer
253) or by ashing for a photoresist or carbon etch mask layer 253. A plurality of cylindrical
electrode portions 252 is provided around a respective one of the vertical semiconductor
channels 60. The plurality of cylindrical electrode portions 252 can include two-dimensional
arrays having the same periodicity as the memory stack structures 55. Each of the plurality
of cylindrical electrode portions 252 laterally surrounds and encircles a respective gate
dielectric 250.

[0246] Referring to FIG. 44, a dielectric template layer 270L can be formed between the
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cylindrical electrode portions 252. The dielectric template layer 270L includes a planarizable
dielectric material such as doped silicate glass or undoped silicate glass (e.g., silicon oxide),
and can be deposited by a conformal deposition process. Optionally, a reflow process
employing an anneal can be performed to remove voids formed during an initial deposition
process. The dielectric template layer 270L can be deposited directly on the outer sidewalls
of the plurality of cylindrical electrode portions 252 and on the outer sidewalls of the gate
dielectrics 250. The dielectric template layer 270 can be planarized with a planarization
process such as chemical mechanical planarization. Upon planarization, the top surface of
the dielectric template layer 270 can be within the horizontal plane including the top surfaces
of the drain regions 63.

[0247] Referring to FIG. 45, the dielectric template layer 270L and the gate dielectrics
250 can be vertically recessed below the horizontal plane including the top surfaces of the
drain regions 63. For example, a wet etch employing hydrofluoric acid can be employed to
vertically recess the dielectric template layer 270L. The recessed top surface of the dielectric
template layer 270L can be above the horizontal plane including the top surfaces of the
cylindrical electrode portions 252. In one embodiment, the recessed top surface of the
dielectric template layer 270L can be between the horizontal plane including the top surfaces
of the drain regions 63 and the horizontal plane including the bottom surfaces of the drain
regions 63. In an illustrative example, the vertical distance between the recessed top surface
of the dielectric template layer 270L and the horizontal plane including the top surfaces of the
drain regions 63 may be in a range from 10 nm to 100 nm, such as from 25 nm to 40 nm,
although lesser and greater vertical distances can also be employed.

[0248] Referring to FIGS. 46A and 46B, an etch mask material is conformally deposited
and anisotropically etched to form etch mask rings (e.g., cylindrical sidewall spacers) 274
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that are self-aligned to the drain regions 63. The etch mask material is a material that is
resistant to the chemistry of the anisotropic etch process to be subsequently employed to
pattern the dielectric template layer 270L. The etch mask material can be conductive
material, such as metallic material, for example a metal or a conductive metal nitride, a
semiconductor material (e.g., polysilicon or amorphous silicon) having a doping of the
second conductivity type (i.e., the same conductivity type as the drain regions 63) or an
undoped semiconductor material, or a dielectric material such as a dielectric metal oxide
(e.g., amorphous aluminum oxide). The conformal deposition of the etch mask material can
be performed by chemical vapor deposition or atomic layer deposition. The thickness of the
deposited etch mask material may be about the same as the thickness of the cylindrical
electrode portions 252, such as from 3 nm to 50 nm. The anisotropic etch process removes
the horizontal portions of the deposited etch mask material to form the etch mask rings 274.
An array of etch mask rings 274 laterally surrounds a respective one of the drain regions 63.
In case the etch mask material includes a heavily doped semiconductor material, the etch
mask rings 274 can function as an additional drain region on which a drain contact via
structure can be subsequently formed to provide an additional current path, thereby reducing
the on-resistance of the vertical field effect transistors including the vertical semiconductor
channels 60. The etch mask rings 274 can be formed as discrete structures that do not contact
one another.

[0249] Referring to FIGS. 47A — 47C, a photoresist layer 277 can be applied over the
second exemplary structure, and can be lithographically patterned to form line patterns in
areas in which electrical isolation between neighboring pairs of drain select gate electrodes is
to be provided. In one embodiment, the patterned portions of the photoresist layer 277 can
have a pair of lengthwise sidewalls that extend along the lengthwise direction of a pair of
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rows of memory opening fill structures 58. A first lengthwise sidewall 277A of each
patterned portion of the photoresist layer 277 can overlie a first row of memory opening fill
structures 58 within two rows of memory opening fill structures 58 that are neighboring row
pairs, and a second lengthwise sidewall 277B of each patterned portion of the photoresist
layer 277 can overlie a second row of memory opening fill structures 58 within the two rows
of memory opening fill structures 58. The width of each patterned portion of the photoresist
layer 277, as measured along a direction perpendicular to the direction of the lengthwise
sidewalls, can be in a range from 0.5 times the inter-row pitch p to 1.5 times the inter-row
pitch p, and may be in a range from 0.7 times the inter-row pitch p to 1.3 times the inter-row
pitch p.

[0250] An anisotropic etch process that etches the dielectric template layer 270L selective
to the material of the drain regions 63, the vertical semiconductor channels 60, and the etch
mask rings 274 can be performed. For example, if the dielectric template layer 270L includes
doped or undoped silicate glass (e.g., silicon oxide) materials, and if the drain regions 63, the
vertical semiconductor channels 60, and the etch mask rings 274 include semiconductor
materials (such as polysilicon), an anisotropic etch process that etches silicon oxide selective
to the semiconductor materials can be employed. The photoresist layer 277, the drain regions
63, the vertical semiconductor channels 60, and the etch mask rings 274 protect underlying
masked portions of the dielectric template layer 270L during the anisotropic etch process.
Thus, the combination of the patterned photoresist layer 277 and the etch mask rings 274 is
employed as an etch mask during the anisotropic etch. Specifically, the combination of the
photoresist layer 277, the drain regions 63, the vertical semiconductor channels 60, and the
etch mask rings 274 functions as an etch mask for anisotropically etching the dielectric
template layer 270L. The anisotropic etch process can stop on, or within, the topmost
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insulating layer 32.

[0251] Each portion of the dielectric template layer 270L that underlies a patterned
portion of the photoresist layer 277 or etch mask rings 274 contacting the patterned portion of
the photoresist layer 277 is patterned into a drain select level isolation strip 270. Each
portion of the dielectric template layer 270L that underlies an etch mask ring 274 that does
not contact any patterned portion of the photoresist layer 277 is patterned into a tubular
dielectric spacer 270’°. The drain select level isolation strips 270 includes remaining portions
of the dielectric template layer 270L.

[0252] As shown in FIG. 47C, Each drain select level isolation strip 270 includes an
upper portion overlying the cylindrical electrode portions 252 and a lower portion contacting
sidewalls of a respective subset of the cylindrical electrode portions 252. The upper portion
of each drain select level isolation strip 270 includes two rows of perforations arranged along
the first horizontal direction hd1. The two rows of perforations 276 an be cylindrical
openings. Each of the cylindrical openings laterally surrounds a respective one of a subset of
the vertical semiconductor channels 60 that is arranged in two rows that extend along the first
horizontal direction hd1. The upper portion of each drain select level isolation strip 270 can
directly contact two rows of gate dielectrics 250.

[0253] In one embodiment, the upper portion of each drain select level isolation strip 270
includes two lengthwise sidewalls that generally extend along the first horizontal direction
hd1. Each of the two lengthwise sidewalls of the upper portion of each drain select level
isolation strip 270 includes a respective alternating sequence of planar sidewall segments
270P and convex sidewall segments 270C. In one embodiment, each of the two lengthwise
sidewalls of the upper portion of each drain select level isolation strip 270 includes a
respective alternating sequence of vertical planar sidewall segments 270P and vertical convex
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sidewall segments 270C.

[0254] As shown in FIG. 47B, the lower portion of each drain select level isolation strip
270 contacts sidewalls of a subset of the cylindrical electrode portions 252. In one
embodiment, the lower portion of each drain select level isolation strip 270 can include two
lengthwise sidewalls, and each of the two lengthwise sidewalls of the lower portion of each
drain select level isolation strip 270 can include a respective alternating sequence of planar
sidewall segments 270X and concave sidewall segments 270Y. In one embodiment, the
planar sidewall segments 270P of the upper portion of each drain select level isolation strip
270 can be vertically coincident with the planar sidewall segments 270X of the lower portion
of the same drain select level isolation strip 270. In one embodiment, each of the two
lengthwise sidewalls of the lower portion of each drain select level isolation strip 270 can
include a respective alternating sequence of vertical planar sidewall segments 270X and
vertical concave sidewall segments 270Y.

[0255] In one embodiment, each cylindrical electrode portion 252 that laterally surrounds
a vertical semiconductor channel 60 within a neighboring pair of rows of vertical
semiconductor channels 60 contacts a respective concave sidewall segment of the lower
portion of each drain select level isolation strip 270.

[0256] In one embodiment, additional patterned portions of the photoresist layer 277 can
cover all areas in which formation of drain select gate electrodes is not desired. For example,
the peripheral device region 200 and portions of the contact region 300 that overlie the
stepped surfaces of the sacrificial material layers 42 may be covered by a continuous
remaining portion of the photoresist layer 277 after the lithographic patterning of the
photoresist layer 277. In this case, the portions of the dielectric template layer 270L that are
covered by the continuous patterned portion of the photoresist layer 277 is protected from the
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anisotropic etch process that forms the drain select level isolation strips 270. The photoresist
layer 277 can be removed, for example, by ashing, after formation of the drain select level
isolation strips 270.

[0257] Referring to FIGS. 48A — 48C, at least one conductive material is deposited in the
recessed regions between neighboring pairs of drain select level isolation strips 270. The at
least one conductive material can include an elemental metal (such as tungsten, aluminum,
copper, or cobalt), an intermetallic alloy, a conductive metal nitride material (such as TiN,
TaN, or WN), or a heavily doped semiconductor material. The at least one conductive
material can fill the entire volume of the recessed regions between the top surface of the
topmost insulating layer 32 and the horizontal plane including the top surfaces of the drain
regions 63. Portions of the deposited at least one conductive material can be removed from
above the horizontal plane including the top surfaces of the drain regions 63 by a recess etch.
[0258] Referring to FIG. 49, the recess etch can continue to recess the top surface of
remaining portions of the deposited at least one conductive material below the topmost
surfaces of the tubular dielectric spacers 270" and the drain select level isolation strips 270.
In one embodiment, the recessed top surface of the at least one conductive material can
contact outer sidewalls of the tubular dielectric spacers 270" or outer sidewalls of cylindrical
electrode portions 252. Each remaining portion of the at least one conductive material
constitutes a strip electrode portion 254, which laterally encircles and directly contacts each
cylindrical electrode portion 252 located between a neighboring pair of drain select level
isolation strips 270, and directly contacts only one side of each cylindrical electrode portion
252 contacting any of the neighboring pair of drain select level isolation strips 270.

[0259] Each strip electrode portion 254 includes a pair of lengthwise sidewalls that
generally extend along the first horizontal direction hd1. Each lengthwise sidewall of a strip
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electrode portion 254 includes a laterally alternating sequence of planar sidewall segments
and concave sidewall segments, which can be a laterally alternating sequence of vertical
planar sidewall segments and vertical concave sidewall segments. Each set of adjacent strip
electrode portion 254 and plurality of cylindrical electrode portions 252 (which laterally
surround a respective one of the vertical semiconductor channels 60) constitutes a drain select
gate electrode (252, 254). Each neighboring pair of drain select gate electrodes (252, 254) is
laterally spaced from each other by a respective drain select level isolation strip 270.

[0260] Each strip electrode portion 254 is formed on a respective subset of the plurality
of cylindrical electrode portions 252 that is arranged in rows that extend along a first
horizontal direction hd1. Each drain select gate electrode (252, 254) laterally surrounds, and
encircles, respective rows of vertical semiconductor channels 60, and contacts only one side
of two rows of gate dielectrics 250, which are two outmost rows of gate dielectrics 250
contacting a respective drain select level isolation strip 270.

[0261] The drain select gate electrodes (252, 254) are formed around upper portions of
the vertical semiconductor channels 60. The drain select level isolation strips 270 can be
formed between a neighboring pair of the drain select gate electrodes (252, 254).

[0262] Referring to FIGS. 50A, 50B, 51A, and 51B, a dielectric fill material layer 290 is
formed on the top surface of the strip electrode portions 254 to fill the gaps between the etch
mask rings 274. The dielectric fill material layer 290 can include a planarizable dielectric
material such as silicon oxide. The dielectric fill material layer 290 can be planarized to
remove to provide a top surface that is coplanar with the top surfaces of the drain regions 63
and the etch mask rings 274. For example, chemical mechanical planarization or a recess
etch can be employed. The top surfaces of the drain select level isolation strips 270 and the
dielectric fill material layer 290 can be within a same horizontal plane as the top surfaces of
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the drain regions 63.

[0263] FIGS. 52A to 55 illustrate steps for replacing the sacrificial material layers 42
with the electrically conductive layers 46. In one embodiment, these steps can be performed
after the step shown in FIG. 44 in which the dielectric template layer 270L is formed.
Alternatively, these steps may be performed after the step shown in FIGS. 51A and 51B.
Referring to FIGS. 52A and 52B, a contact level dielectric layer 292 can be formed over the
dielectric fill material layer 290. The contact level dielectric layer 292 includes a dielectric
material such as silicon oxide, and can have a thickness in a range from 50 nm to 800 nm,
although lesser and greater thicknesses can also be employed. A photoresist layer (not
shown) can be applied over the contact level dielectric layer 292, and is lithographically
patterned to form openings in areas between arrays of memory stack structures 55. The
pattern in the photoresist layer can be transferred through, the dielectric template layer 270L,
the alternating stack (32, 42), and/or the retro-stepped dielectric material portion 65 (and
optionally through the contact level dielectric layer 292 and the dielectric fill material layer
290 if present at this step) employing an anisotropic etch to form backside trenches 79. The
backside trenches 79 vertically extend at least to the top surface of the substrate (9, 10), and
laterally extend through the memory array region 100 and the contact region 300. In one
embodiment, the backside trenches 79 can be employed as source contact openings in which
source contact via structures can be subsequently formed. In one embodiment, the backside
trenches 79 can laterally extend along the first horizontal direction hdl, i.e., along the word
line direction of the rows of the memory stack structures 55. The photoresist layer can be
removed, for example, by ashing.

[0264] Referring to FIG. 53 an etchant that selectively etches the second material of the
sacrificial material layers 42 with respect to the first material of the insulating layers 32 can
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be introduced into the backside trenches 79, for example, employing an etch process.
Backside recesses 43 are formed in volumes from which the sacrificial material layers 42 are
removed. The removal of the second material of the sacrificial material layers 42 can be
selective to the first material of the insulating layers 32, the materials of the contact level
dielectric layer 292, the dielectric fill material layer 290, the dielectric template layer 270L,
the material of the retro-stepped dielectric material portion 65, the semiconductor material of
the semiconductor material layer 10, and the material of the outermost layer of the memory
films 50. In one embodiment, the sacrificial material layers 42 can include silicon nitride,
and the materials of the insulating layers 32, contact level dielectric layer 292, the dielectric
fill material layer 290, the dielectric template layer 270, and the retro-stepped dielectric
material portion 65 can be selected from silicon oxide and dielectric metal oxides. In another
embodiment, the sacrificial material layers 42 can include a semiconductor material such as
polysilicon, and the materials of the insulating layers 32 and the retro-stepped dielectric
material portion 65 can be selected from silicon oxide, silicon nitride, and dielectric metal
oxides. In this case, the depth of the backside trenches 79 can be modified so that the
bottommost surface of the backside trenches 79 is located within the base insulating layer 12,
1.e., to avoid physical exposure of the top surface of the semiconductor material layer 10.
[0265] The etch process that removes the second material selective to the first material
and the outermost layer of the memory films 50 can be a wet etch process employing a wet
etch solution, or can be a gas phase (dry) etch process in which the etchant is introduced in a
vapor phase into the backside trenches 79. For example, if the sacrificial material layers 42
include silicon nitride, the etch process can be a wet etch process in which the first exemplary
structure 1s immersed within a wet etch tank including phosphoric acid, which etches silicon
nitride selective to silicon oxide, silicon, and various other materials employed in the art. The
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support pillar structure 20, the retro-stepped dielectric material portion 65, and the memory
stack structures 55 provide structural support while the backside recesses 43 are present
within volumes previously occupied by the sacrificial material layers 42.

[0266] Each backside recess 43 can be a laterally extending cavity having a lateral
dimension that is greater than the vertical extent of the cavity. In other words, the lateral
dimension of each backside recess 43 can be greater than the height of the backside recess 43.
A plurality of backside recesses 43 can be formed in the volumes from which the second
material of the sacrificial material layers 42 is removed. The memory openings in which the
memory stack structures 55 are formed are herein referred to as front side openings or front
side cavities in contrast with the backside recesses 43. In one embodiment, the memory array
region 100 comprises an array of monolithic three-dimensional NAND strings having a
plurality of device levels disposed above the substrate (9, 10). In this case, each backside
recess 43 can define a space for receiving a respective word line of the array of monolithic
three-dimensional NAND strings.

[0267] Each of the plurality of backside recesses 43 can extend substantially parallel to
the top surface of the substrate (9, 10). A backside recess 43 can be vertically bounded by a
top surface of an underlying insulating layer 32 and a bottom surface of an overlying
insulating layer 32. In one embodiment, each backside recess 43 can have a uniform height
throughout.

[0268] Physically exposed surface portions of the optional pedestal channel portions 11
and the semiconductor material layer 10 can be converted into dielectric material portions by
thermal conversion and/or plasma conversion of the semiconductor materials into dielectric
materials. For example, thermal conversion and/or plasma conversion can be employed to
convert a surface portion of each pedestal channel portion 11 into a tubular dielectric spacer
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116, and to convert each physically exposed surface portion of the semiconductor material
layer 10 into a planar dielectric portion 616. In one embodiment, each tubular dielectric
spacer 116 can be topologically homeomorphic to a torus, i.e., generally ring-shaped. As
used herein, an element is topologically homeomorphic to a torus if the shape of the element
can be continuously stretched without destroying a hole or forming a new hole into the shape
of a torus. The tubular dielectric spacers 116 include a dielectric material that includes the
same semiconductor element as the pedestal channel portions 11 and additionally includes at
least one non-metallic element such as oxygen and/or nitrogen such that the material of the
tubular dielectric spacers 116 is a dielectric material. In one embodiment, the tubular
dielectric spacers 116 can include a dielectric oxide, a dielectric nitride, or a dielectric
oxynitride of the semiconductor material of the pedestal channel portions 11. Likewise, each
planar dielectric portion 616 includes a dielectric material that includes the same
semiconductor element as the semiconductor material layer and additionally includes at least
one non-metallic element such as oxygen and/or nitrogen such that the material of the planar
dielectric portions 616 is a dielectric material. In one embodiment, the planar dielectric
portions 616 can include a dielectric oxide, a dielectric nitride, or a dielectric oxynitride of
the semiconductor material of the semiconductor material layer 10.

[0269] Referring to FIG. 54, a backside blocking dielectric layer 44 can be optionally
formed. The backside blocking dielectric layer 44, if present, comprises a dielectric material
that functions as a control gate dielectric for the control gates to be subsequently formed in
the backside recesses 43. In case the blocking dielectric layer 52 is present within each
memory opening, the backside blocking dielectric layer is optional. In case the blocking
dielectric layer 52 is omitted, the backside blocking dielectric layer is present.

[0270] The backside blocking dielectric layer 44 can be formed in the backside recesses
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43 and on a sidewall of the backside trench 79. The backside blocking dielectric layer 44 can
be formed directly on horizontal surfaces of the insulating layers 32 and sidewalls of the
memory stack structures 55 within the backside recesses 43. If the backside blocking
dielectric layer 44 is formed, formation of the tubular dielectric spacers 116 and the planar
dielectric portion 616 prior to formation of the backside blocking dielectric layer 44 is
optional. In one embodiment, the backside blocking dielectric layer 44 can be formed by a
conformal deposition process such as atomic layer deposition (ALD). The backside blocking
dielectric layer 44 can consist essentially of aluminum oxide. The thickness of the backside
blocking dielectric layer 44 can be in a range from 1 nm to 15 nm, such as 2 to 6 nm,
although lesser and greater thicknesses can also be employed.

[0271] The dielectric material of the backside blocking dielectric layer 44 can be a
dielectric metal oxide such as aluminum oxide, a dielectric oxide of at least one transition
metal element, a dielectric oxide of at least one Lanthanide element, a dielectric oxide of a
combination of aluminum, at least one transition metal element, and/or at least one
Lanthanide element. Alternatively or additionally, the backside blocking dielectric layer can
include a silicon oxide layer. The backside blocking dielectric layer can be deposited by a
conformal deposition method such as chemical vapor deposition or atomic layer deposition.
The thickness of the backside blocking dielectric layer can be in a range from 1 nm to 10 nm,
although lesser and greater thicknesses can also be employed. The backside blocking
dielectric layer is formed on the sidewalls of the backside trenches 79, horizontal surfaces
and sidewalls of the insulating layers 32, the portions of the sidewall surfaces of the memory
stack structures 55 that are physically exposed to the backside recesses 43, and a top surface
of the planar dielectric portion 616. A backside cavity 79 is present within the portion of
each backside trench 79 that is not filled with the backside blocking dielectric layer.
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[0272] At least one conductive material can be deposited in the backside recesses 43,
peripheral portions of the backside trenches 79, and over the contact level dielectric layer 292
by conformal deposition. Each continuous portion of the at least one conductive material
deposited in a backside recess 43 constitutes an electrically conductive layer 46. The
conductive material deposited outside of the backside recesses 43 collectively constitute a
continuous metallic material layer (not shown), which is a continuous layer of the conductive
material that is deposited over the contact level dielectric layer 292 and at peripheral portions
of the backside trenches 79.

[0273] In an illustrative example, a metallic barrier layer (not explicitly shown) can be
deposited in the backside recesses. The metallic barrier layer includes an electrically
conductive metallic material that can function as a diffusion barrier layer and/or adhesion
promotion layer for a metallic fill material to be subsequently deposited. The metallic barrier
layer can include a conductive metallic nitride material such as TiN, TaN, WN, or a stack
thereof, or can include a conductive metallic carbide material such as TiC, TaC, WC, or a
stack thereof. In one embodiment, the metallic barrier layer can be deposited by a conformal
deposition process such as chemical vapor deposition (CVD) or atomic layer deposition
(ALD). The thickness of the metallic barrier layer can be in a range from 2 nm to 8 nm, such
as from 3 nm to 6 nm, although lesser and greater thicknesses can also be employed. In one
embodiment, the metallic barrier layer can consist essentially of a conductive metal nitride
such as TiN.

[0274] A metal fill material is deposited in the plurality of backside recesses 43, on the
sidewalls of the at least one the backside contact trench 79, and over the top surface of the
contact level dielectric layer 292 to form a metallic fill material layer. The metallic fill
material can be deposited by a conformal deposition method, which can be, for example,
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chemical vapor deposition (CVD), atomic layer deposition (ALD), electroless plating,
electroplating, or a combination thereof. In one embodiment, the metallic fill material layer
can consist essentially of at least one elemental metal. The at least one elemental metal of the
metallic fill material layer can be selected, for example, from tungsten, cobalt, ruthenium,
titanium, and tantalum. In one embodiment, the metallic fill material layer can consist
essentially of a single elemental metal. In one embodiment, the metallic fill material layer
can be deposited employing a fluorine-containing precursor gas such as WFe. In one
embodiment, the metallic fill material layer can be a tungsten layer including a residual level
of fluorine atoms as impurities. The metallic fill material layer is spaced from the insulating
layers 32 and the memory stack structures 55 by the metallic barrier layer, which is a metallic
barrier layer that blocks diffusion of fluorine atoms therethrough.

[0275] A plurality of electrically conductive layers 46 can be formed in the plurality of
backside recesses 43. The continuous metallic material layer can be formed on the sidewalls
of each backside contact trench 79 and over the contact level dielectric layer 292. Each
electrically conductive layer 46 includes a portion of the metallic barrier layer and a portion
of the metallic fill material layer that are located between a vertically neighboring pair of
dielectric material layers, which can be a pair of insulating layers 32, a bottommost insulating
layer and a base insulating layer 12, or a topmost insulating layer and the insulating cap layer
70. The continuous metallic material layer includes a continuous portion of the metallic
barrier layer and a continuous portion of the metallic fill material layer that are located in the
backside trenches 79 or above the contact level dielectric layer 292.

[0276] Each sacrificial material layer 42 can be replaced with an electrically conductive
layer 46. A backside cavity is present in the portion of each backside contact trench 79 that is
not filled with the backside blocking dielectric layer and the continuous metallic material
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layer. A tubular dielectric spacer 116 laterally surrounds a pedestal channel portion 11. A
bottommost electrically conductive layer 46 laterally surrounds each tubular dielectric spacer
116 upon formation of the electrically conductive layers 46.

[0277] The deposited metallic material of the continuous electrically conductive material
layer is etched back from the sidewalls of each backside contact trench 79 and from above the
dielectric template layer 270L (and above the contact level dielectric layer 292 if present at
this step), for example, by an isotropic wet etch, an anisotropic dry etch, or a combination
thereof. Each remaining portion of the deposited metallic material in the backside recesses
43 constitutes an electrically conductive layer 46. Each electrically conductive layer 46 can
be a conductive line structure. Thus, the sacrificial material layers 42 are replaced with the
electrically conductive layers 46.

[0278] Each drain select gate electrode (252, 254) functions as a drain side select gate
electrode (SGD) of the vertical NAND string. One or several of the bottommost electrically
conductive layers functions as a source side select gate electrode (SGS) of the vertical NAND
string. Each electrically conductive layer 46 located between the drain side and the source
side select gate electrodes can function as a combination of a plurality of control gate
electrodes located at a same level and a word line electrically interconnecting, i.e., electrically
shorting, the plurality of control gate electrodes located at the same level. The plurality of
control gate electrodes within each electrically conductive layer 46 are the control gate
electrodes for the vertical memory devices including the memory stack structures 55. In
other words, each electrically conductive layer 46 can be a word line that functions as a
common control gate electrode for the plurality of vertical memory devices.

[0279] In one embodiment, the removal of the continuous electrically conductive material
layer can be selective to the material of the backside blocking dielectric layer 44. In this
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case, a horizontal portion of the backside blocking dielectric layer 44 can be present at the
bottom of each backside contact trench 79. The base insulating layer 12 can be vertically
spaced from the backside contact trench 79 by the horizontal portion of the backside blocking
dielectric layer 44.

[0280] In another embodiment, the removal of the continuous electrically conductive
material layer may not be selective to the material of the backside blocking dielectric layer 44
or, the backside blocking dielectric layer 44 may not be employed. In this case, a top surface
and/or sidewall surface, of the base insulating layer 12 can be physically exposed at the
bottom of the backside contact trench 79 depending on whether the base insulating layer 12 is
not removed or partially removed during removal of the continuous electrically conductive
material layer.

[0281] Referring to FIG. 55, an insulating material layer can be formed in the at least one
backside contact trench 79 and over the dielectric template layer 270L (and also over the
contact level dielectric layer 292 if present at this step) by a conformal deposition process.
Exemplary conformal deposition processes include, but are not limited to, chemical vapor
deposition and atomic layer deposition. The insulating material layer includes an insulating
material such as silicon oxide, silicon nitride, a dielectric metal oxide, an organosilicate glass,
or a combination thereof. In one embodiment, the insulating material layer can include
silicon oxide. The insulating material layer can be formed, for example, by low pressure
chemical vapor deposition (LPCVD) or atomic layer deposition (ALD). The thickness of the
insulating material layer can be in a range from 1.5 nm to 60 nm, although lesser and greater
thicknesses can also be employed.

[0282] If a backside blocking dielectric layer 44 is present, the insulating material layer
can be formed directly on surfaces of the backside blocking dielectric layer 44 and directly on
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the sidewalls of the electrically conductive layers 46. If a backside blocking dielectric layer
44 is not employed, the insulating material layer can be formed directly on sidewalls of the
insulating layers 32 and directly on sidewalls of the electrically conductive layers 46.

[0283] An anisotropic etch is performed to remove horizontal portions of the insulating
material layer from above the dielectric template layer 270L (and from above the contact
level dielectric layer 292 if present at this step) and at the bottom of each backside contact
trench 79. Each remaining portion of the insulating material layer constitutes an insulating
spacer 74. A backside cavity is present within a volume surrounded by each insulating
spacer 74.

[0284] The anisotropic etch process can continue with, or without, a change in the etch
chemistry to remove portions of the optional backside blocking dielectric layer 44 and the
planar dielectric portion 616 that underlies the opening through the insulating spacer 74. A
top surface of the semiconductor material layer 10 can be physically exposed at the bottom of
each backside contact trench 79.

[0285] A source region 61 can be formed at a surface portion of the semiconductor
material layer 10 under each backside cavity 79° (shown in FIG. 29) by implantation of
electrical dopants into physically exposed surface portions of the semiconductor material
layer 10. Each source region 61 is formed in a surface portion of the substrate (9, 10) that
underlies a respective opening through the insulating spacer 74. Due to the straggle of the
implanted dopant atoms during the implantation process and lateral diffusion of the implanted
dopant atoms during a subsequent activation anneal process, each source region 61 can have
a lateral extent greater than the lateral extent of the opening through the insulating spacer 74.
Each source region 61 can have a doping of a second conductivity type, which is the opposite
of the first conductivity type. For example, if the first conductivity type is p-type, the second
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conductivity type is n-type, and vice versa.

[0286] An upper portion of the semiconductor material layer 10 that extends between the
source region 61 and the plurality of pedestal channel portions 11 constitutes a horizontal
semiconductor channel 59 for a plurality of field effect transistors. The horizontal
semiconductor channel 59 is connected to multiple vertical semiconductor channels (60, 160)
through respective pedestal channel portions 11. The horizontal semiconductor channel 59
contacts the source region 61 and the plurality of pedestal channel portions 11. A
bottommost electrically conductive layer 46 provided upon formation of the electrically
conductive layers 46 within the alternating stack (32, 46) can comprise a select gate electrode
for the field effect transistors. Each source region 61 is formed in an upper portion of the
semiconductor substrate (9, 10).

[0287] A contact via structure 76 can be formed within each cavity in the backside
trenches 79. Each contact via structure 76 can fill a respective cavity. The contact via
structures 76 can be formed by depositing at least one conductive material in the remaining
unfilled volume (i.e., the backside cavity) of the backside contact trench 79. For example, the
at least one conductive material can include a conductive liner 76A and a conductive fill
material portion 76B. The conductive liner 76A can include a conductive metallic liner such
as TiN, TaN, WN, TiC, TaC, WC, an alloy thereof, or a stack thereof. The thickness of the
conductive liner 76A can be in a range from 3 nm to 30 nm, although lesser and greater
thicknesses can also be employed. The conductive fill material portion 76B can include a
metal or a metallic alloy. For example, the conductive fill material portion 76B can include
W, Cu, Al, Co, Ru, Ni, an alloy thereof, or a stack thereof.

[0288] The at least one conductive material can be planarized employing the contact level
dielectric layer 292 overlying the alternating stack (32, 46) as a stopping layer. If chemical
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mechanical planarization (CMP) process is employed, the contact level dielectric layer 292
can be employed as a CMP stopping layer. Each remaining continuous portion of the at least
one conductive material in the backside contact trenches 79 constitutes a backside contact via
structure 76. The backside contact via structure 76 extends through the alternating stack (32,
46), and contacts a top surface of the source region 61. If a backside blocking dielectric layer
44 is employed, the backside contact via structure 76 can contact a sidewall of the backside
blocking dielectric layer 44.

[0289] Referring to FIGS. 56A and 56B, additional contact via structures (88, 86, 8P) can
be formed through the contact level dielectric layer 292, the dielectric fill material layer 290,
and optionally through the retro-stepped dielectric material portion 65. For example, drain
contact via structures 88 can be formed through the contact level dielectric material layer 292
on each drain region 63. Word line contact via structures 86 can be formed on the electrically
conductive layers 46 through the contact level dielectric layer 292, the dielectric fill material
layer 290, the dielectric template layer 270L, and through the retro-stepped dielectric material
portion 65. Peripheral device contact via structures 8P can be formed through the contact
level dielectric layer 292, the dielectric fill material layer 290, the dielectric template layer
270L, and through the retro-stepped dielectric material portion 65 directly on respective
nodes of the peripheral devices. Additional metal interconnect structures (not shown) can be
subsequently formed as needed. For example, bit lines 90 (shown schematically in FIG. 31B)
which extend in the second horizontal direction hd2 can be formed to provide electrical
contact with the drain contact via structures 88.

[0290] FIGS. 57 — 59 illustrate an alternative embodiment of the second embodiment, in
which a trimming process that adjusts the height of the cylindrical electrode portions 252, as
illustrated in FIGS. 41A, 41B, 42, and 43, is replaced with a controlled anisotropic etch
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process that adjusts the height of the cylindrical electrode portions 252.

[0291] Referring to FIG. 57, an alternative embodiment of the second exemplary
structure can be derived from the second exemplary structure of FIG. 38 by removing any
protruding remaining portions of the memory films 50 from above the top surface of the
topmost insulating layer, and by sequentially depositing a conformal gate dielectric layer
250L and a conformal gate electrode material layer 252L.. The conformal gate dielectric layer
250L can have the same composition and thickness as the gate dielectrics 250, and the
conformal gate electrode material layer 252 can have the same composition and thickness as
the cylindrical electrode portions 252 as described above.

[0292] Referring to FIG. 58, an anisotropic etch is performed to remove horizontal
portions of the conformal gate electrode material layer 252L.. Each remaining portion of the
conformal gate electrode material layer 252L constitutes a cylindrical electrode portion 252,
which has a cylindrical shape. In one embodiment, the anisotropic etch can continue to
reduce the height of the cylindrical electrode portions 252 until the height of the cylindrical
electrode portions 252 reaches the target height. The anisotropic etch may, or may not, be
selective to the material of the conformal gate electrode material layer 252L. In one
embodiment, the anisotropic etch can be selective to the material of the conformal gate
electrode material layer 252L.

[0293] Referring to FIG. 59, a dielectric template layer 270L can be formed in the same
manner as in the processing steps of FIG. 44. Subsequent processing steps of the second
embodiment can be performed thereafter to provide the second exemplary structure of FIGS.
56A and 56B.

[0294] Referring collectively to all drawings related to the second embodiment, the
second exemplary structure and alternative embodiments thereof can include a three-
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dimensional memory device. The three-dimensional memory device can comprise: an
alternating stack of insulating layers 32 and electrically conductive layers 46 located over a
substrate (9, 10); an array of memory stack structures 55 extending through the alternating
stack (32, 46) and arranged as rows that extend along a first horizontal direction hd1 with a
first pitch and are spaced along a second horizontal direction hd2 with a second pitch for each
pair of neighboring rows, wherein each of the memory stack structures 55 comprises a
vertical semiconductor channel 60 and a vertical stack of a memory film 50 and a gate
dielectric 250 that contacts a top surface of the memory film 50; drain select gate electrodes
(252, 254) laterally surrounding respective rows of the gate dielectrics 250; and a drain select
level isolation strip 270 comprising a dielectric material and located between a neighboring
pair of the drain select gate electrodes (252, 254).

[0295] In one embodiment, each of the drain select gate electrodes (252, 254) comprises:
a strip electrode portion 254 including a pair of lengthwise sidewalls that generally extend
along the first horizontal direction hd1; and a plurality of cylindrical electrode portions 252
that laterally surround a respective one of the gate dielectrics 250. In one embodiment, the
memory film 50 comprises a lateral stack, from outside to inside, of a blocking dielectric 52,
charge storage elements (as embodied as portions of the charge storage layer 54 located at
levels of the electrically conductive layers 46), and a tunneling dielectric 56; and the gate
dielectric 250 comprises a material different from a material of the charge storage elements.
[0296] In one embodiment, the memory film 50 and the gate dielectric 250 directly
contact an outer sidewall of the vertical semiconductor channel 60; and the gate dielectric 250
contacts an inner sidewall of a respective one of the plurality of cylindrical electrode portions
252. In one embodiment, a top surface of the memory film 50 directly contacts a bottom
surface of a respective one of the plurality of cylindrical electrode portions 252.

97-



WO 2019/018050 PCT/US2018/033196

[0297] In one embodiment, the drain select level isolation strip 270 comprises: planar
sidewall segments that contact planar sidewalls of the strip electrode portion 254 of the one
of the drain select gate electrodes (252, 254); and concave sidewall segments that contact
outer sidewalls of the plurality of cylindrical electrode portions 252 of the one of the drain
select gate electrodes (252, 254). In one embodiment, each gate dielectric 250 that is laterally
surrounded by the plurality of cylindrical electrode portions 252 contacts the drain select
level isolation strip 270.

[0298] In one embodiment, the drain select level isolation strip 270 comprises two rows
of cylindrical openings therethrough, wherein each of the cylindrical openings laterally
surrounds a respective one of a subset of the gate dielectrics 250 that is arranged in two rows
that extend along the first horizontal direction hd1l. In one embodiment, a first subset of the
cylindrical electrode portions 252 underlies overhanging portions of the drain select level
isolation strip 270 and has sidewalls that are vertically coincident with sidewalls of the
overhanging portions of the drain select level isolation strip 270; and a second subset of the
cylindrical electrode portions 252 underlies tubular dielectric spacers 270" and has sidewalls
that are vertically coincident with sidewalls of the tubular dielectric spacers 270°. In one
embodiment, the drain select level isolation strip 270 and the tubular dielectric spacers 270’
comprise a same dielectric material; and top surfaces of the drain select level isolation strip
270 and the tubular dielectric spacers 270° can be within a same horizontal plane.

[0299] In one embodiment, a first subset of the plurality of cylindrical electrode portions
252 contacts the drain select level isolation strip 270; and a second subset of the plurality of
cylindrical electrode portions 252 has a respective cylindrical outer sidewall that is contacted
by, and entirely encircled by, the strip electrode portion 254. In one embodiment, an array of
drain regions 63 can contact top portions of a respective one of the vertical semiconductor
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channels 60. An array of etch mask rings 274 can be provided, which laterally surrounds a
respective one of the drain regions 63, and is located over the drain select gate electrodes
(252, 254) and the drain select level isolation strip 270. In one embodiment, each of the etch
mask rings 274 contacts a top surface of a respective one of the gate dielectrics 250 and an
outer sidewall of a respective one of the vertical semiconductor channels 60.

[0300] Each of the exemplary structures of the present disclosure can include a three-
dimensional memory device. In one embodiment, the three-dimensional memory device
comprises a vertical NAND memory device. The electrically conductive layers 46 can
comprise, or can be electrically connected to, a respective word line of the monolithic three-
dimensional NAND memory device. The substrate (9, 10) can comprise a silicon substrate.
The vertical NAND memory device can comprise an array of monolithic three-dimensional
NAND strings over the silicon substrate. At least one memory cell (as embodied as a portion
of a charge storage layer 54 at a level of an electrically conductive layer 46) in a first device
level of the array of monolithic three-dimensional NAND strings can be located over another
memory cell (as embodied as another portion of the charge storage layer 54 at a level of
another electrically conductive layer 46) in a second device level of the array of monolithic
three-dimensional NAND strings. The silicon substrate can contain an integrated circuit
comprising a driver circuit for the memory device located thereon. The electrically
conductive layers 46 can comprise a plurality of control gate electrodes having a strip shape
extending substantially parallel to the top surface of the substrate (9, 10), e.g., between a pair
of backside trenches 79. The plurality of control gate electrodes comprises at least a first
control gate electrode located in a first device level and a second control gate electrode
located in a second device level. The array of monolithic three-dimensional NAND strings
can comprise: a plurality of semiconductor channels {(59, 11, 60, 160) or (59, 11, 60)},
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wherein at least one end portion {(60, 160) or 60} of each of the plurality of semiconductor
channels {(59, 11, 60, 160) or (59, 11, 60)} extends substantially perpendicular to a top
surface of the substrate (9, 10); and a plurality of charge storage elements (as embodied as
charge trapping material portions). Each charge storage element can be located adjacent to a
respective one of the plurality of semiconductor channels {(59, 11, 60, 160) or (59, 11, 60)}.
[0301] The various embodiment of the present disclosure provide drain select level
isolation strips (120, 270) without altering the periodicity of the array of memory openings 49
or of any structure formed thereupon. Thus, the drain select level isolation strips (120, 270)
can be formed without using any additional footprint in the design layout of the three-
dimensional memory device, thereby providing a higher density three-dimensional memory
devices without alteration of an inter-row pitch used to form prior art drain select level
isolation structures.

[0302] Although the foregoing refers to particular preferred embodiments, it will be
understood that the disclosure is not so limited. It will occur to those of ordinary skill in the
art that various modifications may be made to the disclosed embodiments and that such
modifications are intended to be within the scope of the disclosure. Where an embodiment
employing a particular structure and/or configuration is illustrated in the present disclosure, it
is understood that the present disclosure may be practiced with any other compatible
structures and/or configurations that are functionally equivalent provided that such
substitutions are not explicitly forbidden or otherwise known to be impossible to one of
ordinary skill in the art. All of the publications, patent applications and patents cited herein

are incorporated herein by reference in their entirety.
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WHAT IS CLAIMED IS:

1. A three-dimensional memory device comprising:

an alternating stack of insulating layers and electrically conductive layers located over
a substrate;

an array of memory stack structures extending through the alternating stack and
arranged as rows that extend along a first horizontal direction and are spaced along a second
horizontal direction, wherein each of the memory stack structures comprises a memory film
and a memory level channel portion contacting an inner sidewall of the memory film;

an array of drain select level assemblies overlying the alternating stack and having a
same periodicity as the array of memory stack structures along the first horizontal direction
and the second horizontal direction, wherein each of the drain select level assemblies
comprises a drain select level channel portion contacting a respective memory level channel
portion;

drain select gate electrodes laterally surrounding respective rows of drain select level
assemblies; and

a drain select level isolation strip comprising at least one dielectric material and

located between a neighboring pair of drain select gate electrodes.

2. The three-dimensional memory device of Claim 1, wherein one of the drain select gate
electrodes comprises:

a strip electrode portion including a pair of lengthwise sidewalls that generally extend
along the first horizontal direction; and

a plurality of cylindrical electrode portions that laterally surround a respective one of
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the drain select level channel portions.

3. The three-dimensional memory device of Claim 2, further comprising an array of
cylindrical gate dielectrics located between a respective one of the cylindrical electrode

portions and a respective one of the drain select level channel portions.

4. The three-dimensional memory device of Claim 2, wherein the drain select level isolation
strip comprises a perforated dielectric strip portion including two rows of cylindrical
openings therethrough, wherein each of the cylindrical openings laterally surrounds a
respective one of a subset of the drain select level assemblies that is arranged in two rows that

extend along the first horizontal direction.

5. The three-dimensional memory device of Claim 4, wherein the drain select level isolation
strip directly contacts each of the drain select level channel portions that extend through the

cylindrical openings in the drain select level isolation strip.

6. The three-dimensional memory device of Claim 4, wherein the drain select level isolation
strip further comprises a lower dielectric strip portion underlying the perforated dielectric

strip portion and contacting sidewalls of a subset of the cylindrical electrode portions.

7. The two-dimensional memory device of Claim 6, wherein the lower dielectric strip portion
comprises two lengthwise sidewalls, wherein each of the two lengthwise sidewalls of the
lower dielectric strip portion comprises a respective alternating sequence of planar sidewall

segments and concave sidewall segments.
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8. The two-dimensional memory device of Claim 7, wherein each cylindrical electrode
portion that laterally surrounds a drain select level channel portion within the subset of the
drain select level assemblies contacts a respective concave sidewall segment of the lower

dielectric strip portion.

9. The three-dimensional memory device of Claim 7, wherein the perforated dielectric strip
portion comprises two lengthwise sidewalls, wherein each of the two lengthwise sidewalls of
the perforated dielectric strip portion comprises a respective alternating sequence of planar

sidewall segments and convex sidewall segments.

10. The three-dimensional memory device of Claim 9, wherein the planar sidewall segments
of the perforated dielectric strip portion are vertically coincident with the planar sidewall

segments of the lower dielectric strip portion.

11. The three-dimensional memory device of Claim 7, wherein the drain select level isolation
strip further comprises an upper dielectric strip portion overlying the perforated dielectric
strip portion, and having a pair of lengthwise sidewalls, wherein each of the pair of
lengthwise sidewalls of the upper dielectric strip portion comprises a respective alternating

sequence of planar sidewall segments and concave sidewall segments.

12. The three-dimensional memory device of Claim 1, further comprising an array of drain

regions contacting an upper end of a respective one of the drain select level channel portions.
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13. The three-dimensional memory device of Claim 1, further comprising an insulating
spacer layer contacting a topmost surface of each of the memory films, wherein each of the
drain select level channel portions vertically extends through a respective opening in the

insulating spacer layer.

14. The three-dimensional memory device of Claim 13, wherein the insulating spacer layer
contacts a bottom surface of each of the drain select gate electrodes, and wherein the drain
select level channel portions are formed directly on the sidewalls of the memory level

channel portions.

15. A method of forming a three-dimensional memory device, comprising:

forming an alternating stack of insulating layers and spacer material layers over a
substrate, wherein the spacer material layers are formed as, or are subsequently replaced with,
electrically conductive layers;

forming an array of memory stack structures extending through the alternating stack
and arranged as rows that extend along a first horizontal direction and are spaced along a
second horizontal direction, wherein each of the memory stack structures comprises a
memory film and a memory level channel portion contacting an inner sidewall of the memory
film;

forming an array of drain select level assemblies having a same periodicity as the
array of memory stack structures along the first horizontal direction and the second horizontal
direction over the alternating stack, wherein each of the drain select level assemblies
comprises a drain select level channel portion contacting a respective memory level channel

portion;
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forming drain select gate electrodes laterally surrounding respective rows of drain
select level assemblies; and
forming a drain select level isolation strip comprising at least one dielectric material

and located between a neighboring pair of drain select gate electrodes.

16. The method of Claim 15, wherein the drain select gate electrodes are formed by:
forming a plurality of cylindrical electrode portions over the alternating stack,
wherein each of the drain select level channel portions is formed within a respective one of
the plurality of cylindrical electrode portions; and
forming strip electrode portions that are arranged in rows that extend along a first

horizontal direction on a respective subset of the plurality of cylindrical electrode portions.

17. The method of Claim 16, further comprising:
forming a first dielectric template layer over the alternating stack;
forming an array of cylindrical openings through the first dielectric template layer;
and
depositing and anisotropically etching a gate electrode material layer in the array of
cylindrical openings, wherein remaining portions of the gate electrode material layer

comprise the plurality of cylindrical electrode portions.

18. The method of Claim 17, wherein:
topmost surfaces of the plurality of cylindrical electrode portions are recessed below a
topmost surface of the first dielectric template layer; and

the method further comprises forming sacrificial pedestals within unfilled volumes of
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the array of cylindrical openings after formation of the plurality of cylindrical electrode

portions.

19. The method of Claim 18, further comprising:
recessing the first dielectric template layer after formation of the sacrificial pedestals;
trimming upper portions of the plurality of cylindrical electrode portions above a
recessed top surface of the first dielectric template layer; and
forming a second dielectric template layer around the sacrificial pedestals after

forming the plurality of cylindrical electrode portions.

20. The method of Claim 18, further comprising:

removing the sacrificial pedestals, wherein inner sidewalls of the plurality of
cylindrical electrode portions are physically exposed; and

forming a plurality of gate dielectrics on the inner sidewalls of the plurality of

cylindrical electrode portions.

21. The method of Claim 20, wherein the drain select level channel portions are formed by
depositing a conformal semiconductor material layer on inner sidewalls of the plurality of

gate dielectrics.

22. The method of Claim 16, further comprising:
forming an insulating spacer layer on the alternating stack, wherein the drain select
gate electrodes are formed on a top surface of the insulating spacer layer; and

forming openings through the insulating spacer layer after formation of the plurality
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of cylindrical electrode portions and prior to formation of the strip electrode portions,
wherein the drain select level channel portions are formed through the openings

through the insulating spacer layer.

23. The method of Claim 22, wherein:

the array of drain select level assemblies is formed after the step of forming the array
of memory stack structures is completed;

sidewalls of the memory level channel portions are physically exposed after formation
of the openings through the insulating spacer layer; and

the drain select level channel portions are formed directly on the sidewalls of the

memory level channel portions.

24. The method of Claim 15, wherein the drain select level isolation strip comprises a
perforated dielectric strip portion including two rows of cylindrical openings therethrough,
wherein each of the cylindrical openings laterally surrounds a respective one of a subset of
the drain select level channel portions that is arranged in two rows that extend along the first

horizontal direction.

25. A three-dimensional memory device comprising:

an alternating stack of insulating layers and electrically conductive layers located over
a substrate;

an array of memory stack structures extending through the alternating stack and
arranged as rows that extend along a first horizontal direction with a first pitch and are spaced

along a second horizontal direction with a second pitch for each pair of neighboring rows,
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wherein each of the memory stack structures comprises a vertical semiconductor channel, a
memory film and a gate dielectric that overlies a top surface of the memory film;

drain select gate electrodes laterally surrounding respective rows of the gate
dielectrics; and

a drain select level isolation strip comprising a dielectric material located between a
neighboring pair of the drain select gate electrodes;

wherein one of the drain select gate electrodes comprises a strip electrode portion
including a pair of lengthwise sidewalls that generally extend along the first horizontal
direction, and a plurality of cylindrical electrode portions that laterally surround a respective

one of the gate dielectrics.

26. The three-dimensional memory device of Claim 25, wherein the gate dielectric that

contacts a top surface of the memory film.

27. The three-dimensional memory device of Claim 26, wherein:

the memory film comprises a lateral stack, from outside to inside, of a blocking
dielectric, charge storage elements, and a tunneling dielectric; and

the gate dielectric comprises a material different from a material of the charge storage

elements.

28. The three-dimensional memory device of Claim 27, wherein:
the memory film and the gate dielectric directly contact an outer sidewall of the
vertical semiconductor channel; and

the gate dielectric contacts an inner sidewall of a respective one of the plurality of
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cylindrical electrode portions.

29. The three-dimensional memory device of Claim 27, wherein a top surface of the memory
film directly contacts a bottom surface of a respective one of the plurality of cylindrical

electrode portions.

30. The three-dimensional memory device of Claim 26, wherein the drain select level
isolation strip comprises:

planar sidewall segments that contact planar sidewalls of the strip electrode portion of
the one of the drain select gate electrodes; and

concave sidewall segments that contact outer sidewalls of the plurality of cylindrical

electrode portions of the one of the drain select gate electrodes.

31. The three-dimensional memory device of Claim 26, wherein each gate dielectric that is
laterally surrounded by the plurality of cylindrical electrode portions contacts the drain select

level isolation strip.

32. The three-dimensional memory device of Claim 26, wherein the drain select level
isolation strip comprises two rows of cylindrical openings therethrough, wherein each of the
cylindrical openings laterally surrounds a respective one of a subset of the gate dielectrics

that is arranged in two rows that extend along the first horizontal direction.

33. The three-dimensional memory device of Claim 32, wherein:

a first subset of the cylindrical electrode portions underlies overhanging portions of
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the drain select level isolation strip and has sidewalls that are vertically coincident with
sidewalls of the overhanging portions of the drain select level isolation strip; and

a second subset of the cylindrical electrode portions underlies tubular dielectric
spacers and has sidewalls that are vertically coincident with sidewalls of the tubular dielectric

Spacers.

34. The three-dimensional memory device of Claim 33, wherein:

the drain select level isolation strip and the tubular dielectric spacers comprise a same
dielectric material; and

top surfaces of the drain select level isolation strip and the tubular dielectric spacers

are within a same horizontal plane.

35. The three-dimensional memory device of Claim 26, wherein:

a first subset of the plurality of cylindrical electrode portions contacts the drain select
level isolation strip; and

a second subset of the plurality of cylindrical electrode portions has a respective
cylindrical outer sidewall that is contacted by, and entirely encircled by, the strip electrode

portion.

36. The three-dimensional memory device of Claim 25, further comprising:

an array of drain regions contacting top portions of a respective one of the vertical
semiconductor channels; and

an array of etch mask rings laterally surrounding a respective one of the drain regions

and located over the drain select gate electrodes and the drain select level isolation strip.
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37. The three-dimensional memory device of Claim 36, wherein each of the etch mask rings
contacts a top surface of a respective one of the gate dielectrics and an outer sidewall of a

respective one of the vertical semiconductor channels.

38. A method of forming a three-dimensional memory device, comprising:

forming an alternating stack of insulating layers and spacer material layers over a
substrate, wherein the spacer material layers are formed as, or are subsequently replaced with,
electrically conductive layers;

forming at least one sacrificial matrix layer over the alternating stack;

forming an array of memory stack structures extending through the at least one
sacrificial matrix layer and the alternating stack and arranged as rows that extend along a first
horizontal direction with a first pitch, wherein the memory stack structures are spaced along a
second horizontal direction with a second pitch for each pair of neighboring rows, and
wherein each of the memory stack structures comprises a vertical semiconductor channel and
a memory film;

physically exposing upper portions of the memory stack structures by removing the at
least one sacrificial matrix layer selective to the alternating stack;

forming drain select gate electrodes around upper portions of the vertical
semiconductor channels; and

forming a drain select level isolation strip comprising a dielectric material, wherein
the drain select level isolation strip is formed between a neighboring pair of the drain select

gate electrodes.
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39. The method of Claim 38, further comprising:

removing an upper portion of the memory film in each memory stack structure during,
or after, removing the at least one sacrificial matrix layer; and

forming gate dielectrics on the vertical semiconductor channels, wherein the drain

select gate electrodes are formed around a respective subset set of the gate dielectrics.

40. The method of Claim 39, wherein the drain select gate electrodes are formed by:
forming a plurality of cylindrical electrode portions around a respective one of the
vertical semiconductor channels; and
forming strip electrode portions on a respective subset of cylindrical electrode

portions that is arranged in rows that extend along a first horizontal direction.

41. The method of Claim 40, wherein:

the plurality of cylindrical electrode portions is formed by depositing and
anisotropically etching a conformal conductive material layer around upper portions of the
vertical semiconductor channels; and

each of the plurality of cylindrical electrode portions laterally surrounds a respective

gate dielectric.

42. The method of Claim 41, further comprising:
forming an etch mask layer around remaining portions of the conformal conductive
material layer after anisotropically etching the conformal conductive material layer; and
trimming upper portions of the remaining portions of the conformal conductive

material layer to form the plurality of cylindrical electrode portions.
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43. The method of Claim 40, further comprising:

forming a dielectric template layer comprising the dielectric material of the drain
select level isolation strip on outer sidewalls of the plurality of cylindrical electrode portions;
and

patterning the dielectric template layer into the drain select level isolation strip.

44. The method of Claim 43, further comprising:

depositing a conductive material on sidewalls of the drain select level isolation strip
and on outer sidewalls of the plurality of cylindrical electrode portions;

forming the strip electrode portions by vertically recessing the conductive material;

forming an array of drain regions contacting top portions of a respective one of the
vertical semiconductor channels; and

forming an array of etch mask rings laterally surrounding a respective one of the drain
regions after formation of the dielectric fill material layer and prior to patterning of the
dielectric fill material layer,
wherein the dielectric fill material layer is patterned into the drain select level isolation strip
employing a combination of a photoresist layer and the array of etch mask rings as an etch

mask.

-113-



PCT/US2018/033196

WO 2019/018050

1/94

I 'Ol

T o T o T )

A B o B A o o o o o A B o o B o B o A A o S S S
,..f/f,../,..f/f,..f...ff...f,../ff/f,..f,..f,.....,..f...f,../,..f/f,..f,..,..f...f,.....,..f/f,../,..f/f,..,.....,..f...f,../ff/f,..f,..f,.....,..f...f,../,..f/ffff,..f...f,.....,..f/ff/ff/fffffffff//f/dkfk.ﬁ.fl{:.O o Nvfk{kﬁﬁ.ﬁfﬁfﬁfk{kﬁﬁﬁfﬁf
A A o A o o o o A o A o o o B o W A A W W S W R Feotooiertootortreirroeprioptrrborton ¢

e e e e e e e e e e e e e A R S R R R R T R R Y
Y A ) mm Nn

W
ERERES
W

e 2 e
T T A
i T J..//././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.//
e R L) R o m N

e o o e e T T T f/.ff./.ff./.ff.r..ff.f/f.f/f.f/f.f./f.f.r.f.f.ff.f.ff.f.f/.f.f/.f.ff.f.ff/.ff/ff/ff/ffffff/ff/ff/ff/,._.f.r.f

¥G/:
735,

B PP PP PP PP F WO oD B
PR A S g
\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\.o F \\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\;—

A AT A rrrrsss R P Bty | —
R .\\\\\\\\\\\\.N F\\\\\\\\\\\\.\\.\ NN
B S
\\\.\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\K\\\\\\\\\\\\\\\\\— w m
o N A

001 00¢ 00¢




PCT/US2018/033196

WO 2019/018050

2/94

¢ Ol

T o T o T )

A B o B A o o o o o A B o o B o B o A A o S S S
,..f/f,../,..f/f,..f...ff...f,../ff/f,..f,..f,.....,..f...f,../,..f/f,..f,..,..f...f,.....,..f/f,../,..f/f,..,.....,..f...f,../ff/f,..f,..f,.....,..f...f,../,..f/ffff,..f...f,.....,..f/ff/ff/fffffffff//f/dkfk.ﬁ.fl{:.O o Nvfk{kﬁﬁ.ﬁfﬁfﬁfk{kﬁﬁﬁfﬁf
A A o A o o o o A o A o o o B o W A A W W S W R Feotooiertootortreirroeprioptrrborton ¢

e e e e e e e e e e e e e A R S R R R R T R R Y
R Y A e e mm Nn

W
ERERES
W

e
T T A
././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.//

e T o T T ) o m N

f.f/f.f/f.fff.ff/.ff/.ff./.r..f/.f.ff.f.ff/.ff/.ff./.ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.r..f/.f.ff.f.ff/.ff/.ff./.ff./.ff.r..ff.f/f.f/ff/ff/ffffff/ff/ff/ff/,._ AN

¥G/:
735,

B PP PP PP PP F WO oD B
PR A S g
B \\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\;—
\\\.\\\\\\\\.\\\.\\\.\\.\.\\\.\\\.\\\.\\\.\\\..\\\.\\\.\\.\\\.\\\.\\.\.\\\.\\\\\\\\\\\\\\\\\\\\\\\\\\.o —-.\\\\\\\\\\\ ey | —
R .\\\\\\\\\\\N F\\\\\\\\\\\\\\.\\.\ NN
B P \K\\\\\\\\\\\\\\.\\.\

\\\.\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\— wm
o R A

001 00¢ 00¢



PCT/US2018/033196

WO 2019/018050

3/94

e Ol
T o T o T )
ey mh B B R A R
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y W IR
R Y A e e ,.vm NG ERRE
e e e e e e R R R R R Y /////////;@ﬂ“n .- ..—. A RS YY _
T T A
././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.//
e T o T T ) o m N
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/ff/ff/ff/fffffffff/ff/,._f.r..f

A B s o
PR A S
B \\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\;—
\\\.\\\\\\\\.\\\.\\\.\\.\.\\\.\\\.\\\.\\\.\\\..\\\.\\\.\\.\\\.\\\.\\.\.\\\.\\\\\\\\\\\\\\\\\\\\\\\\\\.o —-.\\\\\\\\\\\\. “““ Bty |
R .\\\\\\\\\\\\.N F\\\\\\\\\\\\.\\.\
\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\.\K S

B ) |
o R A

1

001 00¢ 00¢



PCT/US2018/033196

WO 2019/018050

4/94

V¥ Old

T o T o T )
ey mh B B R A R
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y W IR [
e e o S R R p//.///.///.///.///.//././/.//////////////...—/////////;@ m N,.vm NG ERRE

S N

e e e e e e e e e e R R R R AR R R R RS YY _
T T A
././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.//
e T o T T ) o m N
f.f/f.f/f.fff.ff/.ff/.ff./.r..f/.f.ff.f.ff/.ff/.ff./.ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.r..f/.f.ff.f.ff/.ff/.ff./.ff./.ff.r..ff.f/f.f/ff/ff/ffffff/ff/ff/ff/,._ AN
A B s o

PR A S

\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\.o F \\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\;—

A AT A rrrrsss WA e es |
R .\\\\\\\N F\\.\\.\\\\\\\\\\\\\\.\\.\
B R P PR

e e e P P e \\.\\\\\\\\\\\\\.\\\.\.\\\—
AL, AL S S R L L LS L L LS L bl Bl PN bl LB 2

001 00¢ 00¢



PCT/US2018/033196

WO 2019/018050

5/94

gy 'Ol

LPY 6

A

cp

y

@@b@@&@@@@
eJe)eeYeleXeXe Yo Xe Xe
D00QOOOO0O |
eJeJelelereleleXele e
0 -0V
DO BBOOVOE L
CODOODDDOD
D O OB-0ReOaE Y

/0

&b 0z ~. |

eXele)eleYeleXeYeXe,

D0O00OOOOOOO
e XeXeXeXe e Yo )e
2XeXeXeXe Yo XeXe Xe Xe Xe,
Ye)e)eXeXeXeXeXeXe
DODDODDDDDOD
DOOOOOODOO

DO O

N e
<

001




PCT/US2018/033196

WO 2019/018050

6/94

dg 'Ol

VS "Old

B A A A
B e~ P PP

\\\\\o —-..\\\\\\ IR \\\\.o —-,\\\\\\\\
St A \\\.\\.\\\N F..\\\\\\. A By
Bl Py SEER Ry S
RELEEEE R R \\\\\\\\K\\\\\\\\\\\ LSS,
CEr SRl s G

B s
B s

!

~—
~—

CrPI RV PP EPREY YY)
\\\\\\\CN P
A P
\\\\\\\\K‘“\\\\\\\\
s

1




PCT/US2018/033196

WO 2019/018050

7194

as ‘Old

Q¢ Old

e o d A A
B PPy
\\\.\\o —- R A S A T A

A SIS

B s
B s

R R P P P P PP E P

\\\\.o —- P

CrPI RV PP EPREY YY)

SErrrs A _ _ \\.\\.\\\N F..\\\\\\. A FEEAEE \\\\\\\CN P
S 1 EEEE Ry L A P
| . LR PR PRI T E SIS, \\\\\\\\K‘“\\\\\\\\
i F Lt dds s SR s

L09




PCT/US2018/033196

WO 2019/018050

8/94

4G "Old

39 'Ol

e o d A A
B PPy

B s
B s

T

2

o
s
] >

i

B

Caiaa

o

o

S

B

B T T
s

i
5

ST
e

T
-

2]

.\.\\.\.\o F1.\.\\.\.\\.\.\\..\.\\.\.\.\.\.\.\\.\.\\.\.\\..\.\\.\.\.\.\\.\\.\.\\.\.\\.\.\\.\.\\.\.\.\\\.\\ RIS AL \.\.\\.o F,\.\.\\.\.\.\ e s

R R 11 A N —-..\\\\\\. I PrIEr) 111 \\\\\\bN —-\\\\\\

EEEEEEE R PR ErErrr) || SLAEEES [EEFEEY) SIS EELLELLLLE, I 1T1 SSEESEE AL,

AT T 1. SRR, B S T T 1. \\\\\\\\K‘“\\\\\\\\

A —. NS A EEL IS LS LS, —. S E NS AL L
1 1

129




PCT/US2018/033196

WO 2019/018050

9/94

V9 Old

T o T T o T )
T o P e T T T S T T
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y W IR

P e A e ,.vm NG ERRE

//////////////////////fmm//././/././././././.././././././/././/././././././.././././///////////././/.//////////, e R A R /////////;@ﬂ“n .- ..—. A RS YY _
A R A
S .//././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.//

e R R om N

L R R f.f./f.f.r.f.f.ff.f.ff.f.f/.f.f/.f.ff.f.ff/.ff/.ff./.r.f./.ff.r..ff.fff.fff.f./f.f./f.f.r.f.f.ff.f.ffff/ff/ffffff/ff/ff/ff/._ AN

Sy G el v R I o PR
\\\\\\\w m\\\\.N o @\\ —- o @,\o m\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\o N,\\\\\\\\\\\&o N\\\\\\\\\
Errrrre o T e iy A EE A \\\\\\.\\.\;—
TR Gl PR Crrrs \\..\\\.\\\.\\\\\\\\\\\\\\\\\\\\\\\\\o —-.\\\\\\\\\ B G ey ¢
B S B B e .\\\\\\\\\N F‘.\\\\\ Gl Py PP S
A A d A R L s Ty
I, R IR NN & rirorarirarsr WO s s IR )

R (| e PP PPNy { % | (PO 7 | Joderissd,
| |1

L 1 t

001 00¢ 00¢



PCT/US2018/033196

WO 2019/018050

10/94

g9 'Ol

LPY

8¢

A

%%%%%%@%%%
DOOOOOODO®IOO
CO00ODOOODOO
DOOOOOODOOO
000OODBO® OO
DOOOODOPOOOO
000000 BOO
2DOODOOOO0 VOO

/0

00DV OOOD®DO
DOODOOODDO OO O
ODDOOOOD®D O
DOOOODOO OO O®
0000000 OO O
DODOODDOOO O
00DDOOODOD®D O
POCOOOOD OO O

85 0z o

~. F
~

—

~
001




WO 2019/018050

PCT/US2018/033196

11/94

I I

I T I I

e R

FIG. 6C

60

50



WO 2019/018050

PCT/US2018/033196

12/94

P I I R

»
=
=
P AN T A NN F AT FF A F N E
i
!
! o
| ©
: e A Rt A e ]
!
o |
. 7o)
~ ! 3
!
!
|
m

FIG. 7A

60

50



WO 2019/018050 PCT/US2018/033196
13/94

A!

O O WC

D@ QO
9

FIG. 7B

0" O C
PAGR®




WO 2019/018050 PCT/US2018/033196
14/94

m
i
i
i

R R SRR RRERRRR e

R K

FIG. 8A

Wﬁ%ﬁ%%%ﬁﬁ% P I I R

E@m@@wm A




WO 2019/018050 PCT/US2018/033196
15/94

FIG. 8B




WO 2019/018050 PCT/US2018/033196
16/94

R s

P I I R

FIG. 9A

T I I I

ol
I
|
|

5555555555555555555555555555555555555555555555555555




WO 2019/018050 PCT/US2018/033196
17/94

FIG. 9B




WO 2019/018050

PCT/US2018/033196

18/94

P I I R

T I I I

FIG. 10

60

50



WO 2019/018050

PCT/US2018/033196

19/94

P I I R

T I I I

FIG. 11

60

50



WO 2019/018050

PCT/US2018/0331

20/94

h:

152

2@2222222222222&222

S 0 S 0 S S S 0 S 0 I S 0 S S

I

§§5§§§§§§§§§§§§§§§§§§

2 s

A AT A A AT A A A A A A A AT A AT AT AT AT AT AT AT AT AT AT

A A A

| L

S%SSSSSSSSSSSSSSSSSS

§i§§§§§§§§§§§§§§§§§§§

I
03 I
I
[

|

W

555555555555555555555

LD

2%222222222222222222

(o]
I~

|
|
|
|
|
i
m

96

FIG. 12A



WO 2019/018050 PCT/US2018/033196
21/94

FIG. 12B




WO 2019/018050

PCT/US2018/033196

22/94

L-150
152

2

-1

DINOIIDN

SN

R

)

R

o2}

~—

FIG. 13

L

LS TSets

60

LD

SRRy

()
N~
—




WO 2019/018050

23/94

S‘%‘S‘&Sﬁéﬁéﬁﬁﬁﬁ%ﬁ%ﬁ

|

|

|
Ei?&???@?@???&?@???&

5%55555555555555555

R

................................

I S R

 RRRSSERRRLSLGER:

()
N~
—

i

i

i

i

i
m

PCT/US2018/033196

FIG. 14A

60



WO 2019/018050 PCT/US2018/033196
24/94

FIG. 14B




PCT/US2018/033196

WO 2019/018050
25/94
.
T .
J SOSSSSRSSSstN:
1

FIG. 15

R

60



PCT/US2018/033196

WO 2019/018050

26/94

09

91 "9l —M

09 <209

s s e s e e

R R R R R

-




PCT/US2018/033196

WO 2019/018050

27194

L1 "Old

R R R R R

-

s s e s e e

Gl

0G 1

09 _.\

29

I

JL

()
N~
—




PCT/US2018/033196
28/94

WO 2019/018050

81 "©Old

R R R R R

-

s s e s e e

()
N~
—

Gl

0G 1

a9l

LO
N~
—

091

€9




WO 2019/018050

29/94

DS

e e e e e e e e e i e et
e e e e

o o o T P AT

PCT/US2018/033196

FIG. 19

60



WO 2019/018050 PCT/US2018/033196
30/94

FIG. 20

155,

P ———————

60

155 __




WO 2019/018050

PCT/US2018/033196

31/94

DS

e e e e e e e e e i e et
e e e e

o o o T P AT

FIG. 21

60



PCT/US2018/033196

WO 2019/018050

32/94

Vée ‘Ol

R R R R R R

~N

[ RIS

l——————— =

| P

L0
©
—

7

————— — —
)

F||||mm_.||||




33/94

SIAAN

\\\\\\\\\@

-<




PCT/US2018/033196

WO 2019/018050

34/94

VEc Ol

09

09 <209

R R R R R

NN

AR

e C R




196
$2018/033
0
0 2019/01805
W
]
e
ASasetetete
} g o ]
a3 : Rl §””‘*
w 2 Vo) $,¢:¢:’ e ‘ﬂ
] s o 3
A ,5301131%%&3%%93&)2‘% S)Riﬁtziﬁtz%%ﬁfﬁ .' £
Ao, 0*0*)' TRE H¢’¢*¢¢¢‘¢’¢*“ A ;’M
% ﬁ .4,@*0,%'5;2 \ p.o,%,qo,@,{_. \ e
L2545 {300000000, : X (e} p‘y"Q’o‘%’O"‘ 2 }S 00000‘
e 2 {é,o’%’%( 1k © 0,0,¢,¢¢¢¢¢¢,¢¢¢<$ 0404
oo %}2 5555 s 5 - %’o‘%’%’o’%’%’f K
b5 4655 *;’%’0’*0’%’4'. ‘ < “‘*’%’*”0’*’ o*”*"i
%’@%‘Q’0;’0’%’0.%’%‘0,04, g Titiens 5»% aatel 00%0,‘
&%’o’00*».%’%’*.’0’%’»&. ‘ (T RS % 5300008
%’04’0”0”0’0”0’0¢‘¢"¢”§’¢' \ _ 5; ( ! ‘“"0‘0 ’0”0’*‘
?,*o,%’¢¢*¢,¢¢‘¢¢’¢,¢¢*0¢*¢,¢¢*- > s 02 e 00’00004
»’0"‘0"0”0’0”0’%’0"’0”0’*"¢' 3‘2 S £y [0 ”’Q”i
‘;’0’%’%‘004!0«%&#*#0%’0.’0»w. g e 5?-#0,’04
; 0#0@'00;’* 5 \%0”0’*000’044_ o : ',00000 2‘5 ] m
00’0@’0’}}555 z‘%‘&t¢¢’¢¢¢¢’¢¢‘0¢’¢_ 1A | 54’0’00 SNV
p ’0’*:‘53 : %‘%”o’*’%’%‘q 4 AR ) ™
< KA w.o%o’o‘ q SR ]
5 .&00%%04- . R I Al
e i ’0’*‘0’%’0‘- & . )
5 '%’0’%’%’011 » Joges o .
5455 5r”o’*’%’%")}iﬁ‘»&i&’ F ¢ r’%‘
Lf a 5 ‘¢¢¢¢¢¢’0¢’& & § \ HE zv/”#‘ (5
o %%%%QS 53 A ;sm*q
}Q\% ¢¢¢,‘os‘ ) bty ¢¢¢’¢¢¢‘\x . el AN —
BN S ) t:*tzi:Et:11:1:?:%:35;"35&&}2%:3::3:%1& L
fTetae O j 533)}?;‘*t*#%‘*i’#*o’%’*’%’*«’ot%’*@
_5’00000 0;.’01‘ ) 8» % 0000‘0’*000000000000000‘?’0000‘4
r.*o,%% S50 SN S M ‘v’*o%’o’%’*’0’%’%’0”0’%
L0 0,0%«. z 5‘2 H ‘,0%0,#,0 ’o,@’o,*o,%’%
%%’00 "’”“Q‘ 5@5}}2}}) :%Q’Q‘,’ 00’000000.5’0”0”0’0‘*
505 ,w,*o’@*o,w,‘ ; »’o.*o,%%%.f!&‘«-%td».*q
bE5C5 ‘A,*-‘k?o"*”o”o’%’o,*’! . 'r’%’#.’o’%"})ﬁ»z{ﬁ%"0’*4
w«,«.sfgzz&(ﬁz.;*9.*»,*0‘0:0:# o $>.:,tf:¢,¢¢»5¢t 3 oo
»’Q”Q’Q”j‘ N “”0’0”0"&*’" N~ 0"""’*”(? ““
ooy 5 \ "*0’0”0’%’0" \ 7 0’*”0”{5 ok
?:qs -’@’0’%’@%’1 — 2 )5‘(0’%’4*’*0’? 3 :'4
(7 ‘-’00%’0:0,%1 2';3)}}21.%,%,0.%:4, / 7
oo r’%’o’%’%’»" & '0"’0’%%’0’%’4; ' &
s ' w,o:o.*of;{(@ D *ot%%’o:«’*«% ‘ % <C
ol 5"0‘%’0’*0"2} % '%’0”0’%’0’*4’1- £ %
Loy é’%’o*«‘t % \ 'o*o%’#o’%% » 4*‘*0’*4
&%ﬁzzszz«««eé%:*::t:?:«’f5? ] %Etzitztzitzitzizz‘%{s>zzs$£§§:=:§::¢t::
:’0’0‘3‘\7» -v";’%’#%’%’ﬁ i i L'}i{?“0’#%’%’0’0":’0’0’%%’0’%‘
&’01%"*0‘03’0’%’%’0’*0’%’4; ' / T 2 ’o’%’*«’o’*o’*o’fi*o’%%’o’%
%’%’0’%’%’0’%’%’0*0’%’4. ; 5 é PN 2‘*’*’0’0’%’%’0*4’%@’0’%
_o’o”o,*%0%00%,0%@*0,*@% 2 % s? : ‘,¢0,%*@%,%’0,%‘0,0,%4
?”¢¢¢¢¢¢¢¢¢¢¢0’0000"0’*0"0’0% t% ;{rt} 3 ’0"04’0"’0090‘0‘¢¢’0¢¢¢¢‘¢’¢¢‘4
»’o’%’#’0’*4’#’0’%’*’%”0‘0’0 52((&335 ’0’%’0”0‘%1‘0?‘*"'9%’0’*4
&’@%’%‘ufbf*4“«%‘%’0”0’%’0}@; & r’%‘*’*”o" 2% 2(&32’ oo
,,o.,o,%t‘(.;@; R‘Qo,*o,%’%’o,%g % 59 0’*’-5(‘ $§ e
S %*«»&%’0&1 ~ e % 0%t
r:o:/;; \ ~9¢,¢¢’0¢*¢¢¢’1 tq’o’%’ %
o i ‘%’0’%’@’0’1 "% 5 Sateternts F
0¥ -M*mo*«_ R R
s S ™ "‘*E«z*zz»’*:*%«t*« !
S 4 »::«:zozott;}sﬁ‘ R s
b ! 5
4 LS
[ 4'00’004 A
D 54‘3503*01%1*17 ;
300X e i ¢¢¢¢¢
?‘0:’0:*};1&0;%10:’0’%:%’0:' ]
:’:’0”0’%’0:’0’%04’02?4‘?‘?“'
e L LA
%0’00’0”"0“?‘?‘“
RIS




PCT/US2018/033196

WO 2019/018050

36/94

Vve ‘Ol

09

09 <209

R R R R R

BB R PR ER R R REERR R

(NN EEEESLESNEEE NN

I EEEEEE RN
SN EEEE LN

N
(o]
I~

R AR

T L L L e o

ety
R AR
SR
R R

T

25




50
2019/0180
WO

196
/US2018/033
PCT

37/94

ot
. ,’Q: 0:’ %%
500 % 4]
= . s 5 3
Y] — % 2& 2}5 0:’00’00’044 4’0‘4
N 2{3}2384’0:@%&' ' L)
250 [ 050 o, } L%
phaiatels o~ b’%%’o’%’%ﬂ ) $'¢’*¢
.0‘0"0"0‘?‘ (ﬁ&ﬁ){g \ r’*o’*o’%‘%’%’t- \ Sf ‘00’*4
‘ u:»::»::*"?;?“ D o *12021»1:*1:*1:»1‘1«-% 588
‘ .’0:0,*0&5 \ ’o*o*o*o*o*o*& ‘-\ S
A A 1k © nw,qo.o.o,o % ,o,q
ik % 5,{4.*0.*0&? by © aoi«fo:o.%:o* 3 *,*o,*o,:
5%32252 ;,_,,ssﬁ%:it:%:i::f ‘ R 52s§’tt1::3: S5 e
:»:*«1*««»ﬁ»v.v«z*o:*o:*ot*»:w: : 5 ¢ s S5

o*o*o*o’o*o*o*o*o*o% % [ Sorered

*»::o::»::«::«::«::«::»::«::»::« N 3 -

:’0%%%%%%%%%%‘ % o g s NS

.+¢¢¢¢¢¢¢¢¢¢255} o et &% <t

1*1’31‘31’33’31’;1131131*31’:1’11’33’%'i: e 6 5;'33’11’, %

04‘0%’0*@‘ \*0*0*0*0*4*4 %%%. ] AN

~’g«:;»::«;ggssﬁi?t&g%xtgozggo:;»:ﬁ %:32 835%0’:*’%::45 s )
- *4*&( ‘*’o*o‘o'o*i Q¥ o s S 1]

*0*:5 : % ‘v’o%%%- T o S (o]
<C oAl -b%*o*o*o*. o S5 & 7] O

L2055 ,00004 AN it Sk s

e g;:?:E%it:‘%s‘sﬁ*’**ﬁzi \ = o SN o ™

s o e . :«t:ot:«.:«t:«t:ot:‘«‘.ﬁ%2«&&3;:1::«::43

L ;eé‘«:*if*it*?; ) *it*12*1:*tz*tz*tz»3:*&‘&‘%«%«%«::«::«*

:’o*é“ i ’o*o’oﬁ‘ / S5 %%’0%%%%%%%%{

ey zﬁtkss)})'i’%’*o”o‘ﬁ- JH / ‘% *@"o’*o’*o’%’%’%’%’%’%’ﬁ

»’o’*o”o»»«.vo"i’*o’*‘ ”0’4»‘ N WL 00’00’00’%’*0’1

»’o’%’%’%’%’%" o SN i ‘v’%’%’0*0’*0’*4’*4’%’%’1

p,*o,’o:o,’o’o.’o *0,’4\‘ < }*.00,*4».*0.*0:@*&‘*-*0.’0&

‘3’%‘%’%’%’%’* X 2 2 ’0’%’%’%”»‘ }5'-"}2@%‘%’1

uooooo ¢¢¢§ ooe 'oooc}) e

:»:ot:+$:«1:»t*+t:+t, ,.,«::a;«:;&%?z h $>£t€1¢1$‘3$$3 O

0*0*0*0’0*0*0%*0*0’0%*0%- *0‘*9%’( e

**1:«1:«1:&332zzcsiz;g*tz»tzotzéz»tz«: = Nz S i

:%*0*0,' N “wo*o*o*o*q' = sy A /1

h’*«’*zﬁ RN ‘-‘*0’*0’*0’*0’*& T z';s»:zzw.*«:om - &

»’0”0,’5 Y 3{%’%’%’%’*{ '6"*0”0’*0’*0’%‘* . % <C

K s:é:«t:«t:otfa@« s:g bt:«::«::«t:«::«:: ;zé«:,o.g

[k ¢ 'ﬁb’%’%’fzﬁf‘( 3 r’*o’*o’%’%’%ﬁ%‘ N 22?5’0”0’*4

g /ﬁo’%’%’t G b’%’%”oﬁ%’%%‘.\z 5)2‘237'0"*0”0’*{

4 5;54013»$:«:x$ J »::«::»::«.:«::»1:«.:«;10szoz:o::o::»::o::q

A z,qo.o,,ﬁv *-j % e 0*000%%%%%1

’0’«& {&’%”o‘%’ﬁ. 3 e })Rﬁ‘% ’»0*0’*0’*0’*0’%’*4’*4*0’%’1

t»::oﬁz?t5432‘-";:4»:*«1:0::«::- - g e «*’,t.ot:»:*+::«:*«:*«::«::o&

»:««:«1:*::»::*1:»«:«11ot*»tﬂ‘ N S :»»:+«:««:«tzd»«:«»r»tt*«:»»:«:

:'o’*o’%’%’%’%’%’%’*0’*0’01 ; 7% 3 4&’%’%‘%’0&"}‘22(&32 5%

»’o’%’%’%’%’%’%’%’%"0’*& %5 55551 , K55 ’*0’-’(‘2 3 Yol

t:itzzt.itzitzEt:¥¢:§::§t:itzzt:?::%i"f? ! s TN

C%*o*o bole? ({2‘\’0%%%*0*4 ' Steatet

_o*o*o*» G & x\&%%%%- SN }5%*0%*/

53‘33’;?’5 32%‘%*31*31*31*11*3: 32%3)22{{?’*11*31*31*3!"

s § £ .?0#0#0,*0:1 ;,;%0”0”@4 ]

! i )0.”0”00‘0"2‘ SS-S}Z 0‘,’0”0*

N i

:}yp J ’00;00‘)

o oS .

355«{*:1’:3’%' 7 '

Y L 4*0*0*0

»00\._, 22 5’5 QO*QQQQJ

e XSS 2 SR ;

v%%s» e et

?00’0¢*¢¢’¢;’0¢’¢¢’¢¢¢’¢‘f“'

*.%’*0*0*0*0%*4?&“

25 o%%%%t&‘

»’o’%’*¢$¢¢tfof‘*‘

SR8




WO 2019/018050 PCT/US2018/033196
38/94

]

Jotusateteres
P,
'

S

g
&;t.

i

S tatetst
byt
)

TR,
ppeletolete
ety
50505
T

s

F,

g

T ——
%
o5
&%

AR
SRS
.

555

25055

hatele!

ettt

5
o

!
25
L

0
R

L
L
S
S5
%%%%b
atatoety
S

o
(&
T

o
Pt
et

;’
25
S
%
S M
’f‘
5

FIG. 24C

o

G
e
2525

L
K, Pt
bttty
o

T
P
2,
oo
\>

D
L
S5
G250
AStetete!
o
o

25
o0
SEII

L P

23!

N
KL
LS
S5
‘4.¢¢’¢
SR
S5
etelelatels
4 e

&
&5
0503
S
(05
SRS
S
%

,
i
A
35
S5
el
’. iy
‘l/
™

T,
e
T
255
505
LS
T

o o, 0,
:’, il
L2

ey
S
R
SEEIER
%00000
TSSO

,Y
o

5%
’é

i

[~

L
[




WO 2019/018050 PCT/US2018/033196
39/94

FIG. 24D




WO 2019/018050 PCT/US2018/033196
40/94

182
— 160

FIG. 24E




PCT/US2018/033196

WO 2019/018050

41/94

VGc ‘Ol

A A o A o o o o A A o B o o o o o A o o o A o A A o S S W S )
A B o A B o o B A o B B o A A o S S W S
,..f/f,../,..f/f,..f...ff...f,../ff/f,..f,..f,.....,..f...f,../,..f/f,..f,..,..f...f,.....,..f/f,../,..f/f,..,.....,..f...f,../ff/f,..f,..f,.....,..f...f,../,..f/ffff,..f...f,.....,..f/ff/ff/fffffffff//f/dkfk.ﬁ.fl{:.O o N A A A A A A

T T T S T T )

/./././/././/././././././..///////////////././/.///////—..

e e e e e e e e e e e e e A R S R R R R T R R Y

vaL

P

e e e e e e e R s

it m m//././/././././././.././././././/././/././././././.././././///////////././/.//////////,

) S A
R @ m N...

i

-
-

W

W
ERERES
RS YY _

A R

T

e

S .//././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.//
e R R om N

L R R f.f./f.f.r.f.f.ff.f.ff.f.f/.f.f/.f.ff.f.ff/.ff/.ff./.r.f./.ff.r..ff.fff.fff.f./f.f./f.f.r.f.f.ff.f.ffff/ff/ffffff/ff/ff/ff/._ AN

Sy - omxx Fo@fom\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\L»»»»»»\\\\.\\.\\.\\\\\\\\\\\\.\\.\
w m N\N e e AR RE LTI LLL S o N N.\\\\\\\ o N N\\\\\\\\\

A

AEAEESS B e AAILTATIE LS AL \\\\\\.\\.\.—

EEEPP Py CRPE Rl FErrrl Srrr .\\..\.\.\.\.\\.\\\\\\\\\\.\\\\\\\\\\\\\\\o F.\\\.\.\\.\.\\ PP PR G PPy \.\.\\\\\.\.\\.ﬁ

o e O e P e .\\\\\\\\\N —-C.\\\\ Gt Lt L
o P Ml L PP TRy
ISR e P . G A el e .\.\\.\.\\x—
AP LSS L AL LB LRI T AT LTSS ﬁ.ﬂ.ﬂﬂ- .M.U\\\\\.\ 4 | AR

LL g T 1]

SISO

06}

r————

g Ocl PR A Y

001 00¢ 00¢



PCT/US2018/033196
42/94

WO 2019/018050

dSc 9Old
LPY ac

0cc
_ / \
%%%%%%/?%%% WWWW
DOODOOCOOOOOOD

A

OODDROOD OO O
DOODODOO OO O €6 e8e
DOODOBD OO O ceee

DODOOOOCOOOWO
DOODOODODDBOO

DOODOO OO VD O eeeaese
962 06} /.//./. 02e

0000000000 . ©O6 &6
DODDODOOOOOODO o
CO0DDDOOODO ee e d
DODODOOOO OO O g
OOOODOODOOO WWW/WW
DODDODOOOOOODO <
CODODOOODO .
POOOOODODDOO O eesaes .
— M~ ~ \\,/FJﬁL

~
001 00¢€ 00¢



PCT/US2018/033196

WO 2019/018050

43/94

V9¢ Ol

T o T T o T )
T o P e T T T S T T
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y W IR
P e A e ,.vm NG ERRE
//////////////////////fmm//././/././././././.././././././/././/././././././.././././///////////././/.//////////, e R A R /////////;@ﬂ“n .- ..—. A RS YY _
A R A

S .//././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.//
e R R om N
.f.f/.f.ff.f.ff/.ff/.ff./.ff./.ff.r..ff.f/f.f/f.f/f.f./f.f.r.f.f.ff.f.ff.f.f/.f.f/.f.ff.f.ff/.ff/ff/ff/ffffff/ff/ff/ff/._.f.r.f

L R R

Sy - el v R R o P P P P
\\\\\\\w m N\N o @\\ —- o @,\o m\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ o N N.\\\\\\\ o N N\\\\\\\\\
Errrrre B B i T S i SIS \\\\\\.\\.\;—
TR Gl PR Crrrs \\..\\\.\\\.\\\\\\\\\\\\\\\\\\\\\\\\\o —-.\\\\\\\\\ B G ey ¢
B S B B e .\\\\\\\\\N F‘.\\\\\ Gl Py PP S
A A d A R L s Ty
I, SIS, \”Huu- A, fendanity AR )
T

L

B [ e PP PPN | DR
1] I'l I'l

SAAANAANSAAAAY I

SISO

0cl

001



PCT/US2018/033196

WO 2019/018050

44/94

LPY

d9¢ 9Old

< 8¢G
: | \
R B B o o o e o o o o Y A
A TS A A e sies s \.\\\\\\\\\\\\\\.\\.\\\.mN\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\X\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\
B e P P R ) O

VY e N e Y \* -~ -~ -~ \l* oS L L

)N ) ) D) L)) ) () ) L))
Y™y 7 NN N 4 4
() ) ,(v/rAv )AL ) )a) )L)

W) A) ) O a)a) ) )L) ey Oy O
ODOOOO000000 )
DAL)AL R AU ) L) L) L

P e A Y A N T 2n N e - -

WD) ) ) ) O ) ) ) L) 261 YISy O O
O OOOOOOOO0 NPALGURNSRN)
NI VUV VU L SO0 A V0 V0 A VP s VP S NP S N A N

P e A A T v -~ -~

J ) ) ) ) ) ) ) L)
A R Y N T A \y -~ -~ ~ ~
zpy 20 A0 ) L) L)) ) ) AU ) L) .\/v .\/v ) '
A NNUPUAEE U WL

AN
il o \\\M A P F A d sl r A rases, ]
B \\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\mNj\\\\\\.\ .ﬁ\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\. ONN,\\\\\\.
AT wmN..\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\.\\\\\ IS N\!\\\\\\\\.\\\.\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\. ....... h A L

-/ h

S S S s -~ -~ -~ -~ -~ -~ '\, - L - -

OOOO000000 o ) ) LK
A N -~ -~ -~ -~ -~ -~ -~ N,

() ) ) ) ) ) ) L)) L) ~

S S S o -~ - -~ -~ ~ ~ ./.

) ) ) ) ) ) ) L) Q\/v /N\/U SN
() W) ) ) a0 ) ) ) ) ) 26

Y N N N N N N N N .

U ) ) ) ) ) ) ) ) N AN SN
A N N N e -~ -~ -~ -~ -~ ~/ v ~/ v —/u\v ~/
() ) W) ) ) a) ) )a)) - =

P N e A N 2 L -~ -~ -~ -~ -~

U)W ) ) ) ) ) ) - -
Y e N Y N A ) -~ -~ -~ -~ -~ s - -
(O OOOO000000 () ) ) )

0cc

‘

~
001

00¢€



PCT/US2018/033196

WO 2019/018050

45/94

/¢ 'Old

A A o A o o o o A A o B o o o o o A o o o A o A A o S S W S )
A B o A B o o B A o B B o A A o S S W S
,..f/f,../,..f/f,..f...ff...f,../ff/f,..f,..f,.....,..f...f,../,..f/f,..f,..,..f...f,.....,..f/f,../,..f/f,..,.....,..f...f,../ff/f,..f,..f,.....,..f...f,../,..f/ffff,..f...f,.....,..f/ff/ff/fffffffff//f/dkfk.ﬁ.fl{:.O o N A A A A A A

T T T S T T ) /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y .v m N,.... IR
- ERERES

RS YY _

it m m//././/././././././.././././././/././/././././././.././././///////////././/.//////////, R
A R A
S .//././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.// om N

Sy

P e A e mm Nn

e R R

e L .f.f./.f.f.r..f.f.ff.f.ff.f.f./.f.f./.f.f.r..f.f.ff.f.ff.f.f./.r..f./.f.f.r..f.f.ff.f.ff.f.f./.f.f./.f.f.r..f.f.ff.f.ffff/ff/ffffffffffff/ff/.—.f.r..f
Sy - omxx Fo@fom\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\, i AP
\\\\\\\me,\.N - - \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\@ F@\\\\\\\\ONN.\\\\\\\ONN\\\\\\\\\
Errrrre R B L SIS \\\\\\.\\.\;—
CR Ry TPl b Ry Rl R r PP r i \.\\.\.\\.\\o F.\\.\.\.\ CON Py PR P r R R \.\.\\\.\\.\.\.\.ﬁ
EEEPr e O S Cr s " Ory \\\.\\.\\\\\\\\\\\\\h@ F F\\\\\\\\ A \\N Fn\\\\\ Gl Py PP S
B e e e R R PP PPy S R L s Ty
.\.\\..—..\ I—\\.\.\\.\.\ 2L Sl E s R R P .\H\‘ .\U\.\.\\.\ Ceadaad .\.\\..\.\\x—
\\\..-..\— _\R.\\\\.\\.\\ S L A A P —. A A
I AY LE —] 1 I |
1 1 ] I— \ — — —
munfii T T =2 V H11] immifl
Zsilll [%9% 1 =1 ||
| :
| 43 ! | !
H | l L
i | (557 _ I
1
| 1 '
— —
i Z¢ _ _ I
2: M 1
& oy T T
| % | L
i Sa | T
| et [
T o
il (934 _
1
T Sa |
(N
[
1 | (572 [
H]
1 —
| PAS
1
} —
| ey
]
;
1: L
| ]
£ — N
H |
(|
| .
}

0cl

001 00¢ 00¢



PCT/US2018/033196

WO 2019/018050

46/94

8¢ Old

T o T T o T )

T o P e T T T S T T
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y W W LT
P e A e ,.vm NGNm NGO m N,//////
//////////////////////fmm//././/././././././.././././././/././/././././././.././././///////////././/.//////////, e R A R /////////;@ﬂ“.. P ..—. A W ) RS YY _
A B Y

A R

N S R s S SRR
o o B o o o o W s S S O Mu N R
e L .f.f./.f.f.r..f.f.ff.f.ff.f.f./.f.f./.f.f.r..f.f.ff.f.ff.f.f./.r..f./.f.f.r..f.f.ff.f.ff.f.f./.f.f./.f.f.r..f.f.ff.f.ffff/ff/ffffffffffff/ff/.— ) ”.f.f./f ™)
EAEELES . e o P E P 8P FEEFEEEE P LS FEEEE L EELEFELSEF 2750 S PSP FF PSS SSRGS ELL 5, X 3
\\\\\\\me,\.Nomx\ F o@fom\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\oNN.\\\\\\\ON N\\\\\\\\\ %
EAEELES S Y SIS E SR E LIS SIS S RS EESEEL I IS LA, it ra st d SRR iy
CR Ry TPl b Ry Rl R r PP r i \.\\.\.\\.\\o F.\\.\.\.\\.\.\\ NP P P T r PR PP \.\\\.\.\\.\\.\.ﬁ —— %%(}%%
EETPETRTY TIREATERY, EREERE Vo \\\\\\\\\\\\\\\\\\h@ —. —. FEELLES .\\\\\\\\\N —.c.\\\\ L Lo R R ) N N ey
B N B PR L R R R AR IS LSS EELELEE LN ELEEEL S,
.\.\\c—.\l = I—\\.\.\\.\.\ 2L Sl e e P .\H\‘ .\U\.\.\\.\ Ceadaad .\.\\.\.\\\— wm
R | | B [ e O PP NP | B | | DR

I | _

A — BMT ] O B s

144

o

N e e e A A A

T

Y
M

e




PCT/US2018/033196

WO 2019/018050

47/94

144

o

6¢ Old

T o T T o T )

T o P e T T T S T T
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y W W LT
P e A e ,.vm NGNm NGO m N,//////
//////////////////////fmm//././/././././././.././././././/././/././././././.././././///////////././/.//////////, e R A R /////////;@ﬂ“.. P ..—. A W ) RS YY _
A R A B Y

S .//././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.// P
e R R o m N R TR
L R R .f.f/.f.ff.f.ff/.ff/.ff./.ff./.ff.r..ff.f/f.f/f.f/f.f./f.f.r.f.f.ff.f.ff.f.f/.f.f/.f.ff.f.ff/.ff/ff/ff/ffffff/ff/ff/ff/,._.f.r.f ﬂ?f./.f S

k v X

Sy - omxx Fo@fom\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\L»»»»»»\\\\.\\.\\.\\\\\\\\\\\\.\\.\
\\\\\\\w m N\N e e AR RE LTI LLL S o N N.\\\\\\\ o N N\\\\\\\\\
K \\\\\\.\\.\;—

EEEEEES YA O TS EE T EEEEEEE LTSI LT EEEEES i IS IS EEEIES CEEEIES, R, P
CR Ry TPl P PRy PRl R r PP r i \.\\.\.\\.\\o F.\\.\.\.\\.\-\\ NP P P T r PR PP \\\\.\.\\.\.\.\.ﬁ —— %%r\r%%
FIIERTIER) Fr o FEETRE VIR \\\\\\\\\\\\\\\\\\h@ —. —. PEEEEES .\\\\\\\\\N —.c.\\\\ SIS SIS IR EEE IS, N N o
A P @ m Pt i e . A [IEPRR LR FT I RRTIEFRER T EATTIARY
il .\I = I—\\\\\.\.\ 2L Sl CLds F@ ey O A Ceadaad .\.\\.\.\\x— wm
ﬁ.ﬁ;& || TR A Hu .m.u\\\\\\ J | AT
A I |1 1 I'l = =
Il I dl m .

N e e e A A A

T

Y
M

e

V.




PCT/US2018/033196

WO 2019/018050

48/94

0€ 'Ol

T o T T o T )

T o P e T T T S T T
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y W W LT
P e A e ,.vm NGNm NGO m N,//////
//////////////////////fmm//././/././././././.././././././/././/././././././.././././///////////././/.//////////, e R A R /////////;@ﬂ“.. P ..—. A W ) RS YY _
A R A B Y |
S .//././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.// P
e R R om N R TR
L R R .f.f/.f.ff.f.ff/.ff/.ff./.ff./.ff.r..ff.f/f.f/f.f/f.f./f.f.r.f.f.ff.f.ff.f.f/.f.f/.f.ff.f.ff/.ff/ff/ff/ffffff/ff/ff/ff/,._.f.r.f ﬂ?f./.f S

v X

Sy - omxx Fo@fom\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\L»»»»»»\\\\.\\.\\.\\\\\\\\\\\\.\\.\
\\\\\\\w m N\N e e AR RE LTI LLL S o N N.\\\\\\\ o N N\\\\\\\\\
K \\\\\\.\\.\;—

EEEEEES YA O TS EE T EEEEEEE LTSI LT EEEEES i IS IS EEEIES CEEEIES, R, P
CR Ry TPl P PRy PRl R r PP r i \.\\.\.\\.\\o F.\\.\.\.\\.\-\\ NP P P T r PR PP \\\\.\.\\.\.\.\.ﬁ —— %%r\r%%
FIIERTIER) Fr o FEETRE VIR \\\\\\\\\\\\\\\\\\h@ —. —. PEEEEES .\\\\\\\\\N —.c.\\\\ SIS SIS IR EEE IS, N N o
A P @ m Pt i e . A [IEPRR LR FT I RRTIEFRER T EATTIARY

il .\I = I—\\\\\.\.\ 2L Sl CLds F@ ey O A Ceadaad .\.\\.\.\\x— wm
ﬁ.ﬁ;& || TR ki k] | e ek, A Hu .m.u\\\\\\ J | AT

Iy — BWT ] [T T T e e e L S e

144

o

N e e e A A A

T

Y
M

e

V.

Y, cbl

- Ocl YElg9/ 4 A \

001 00¢ 00¢




PCT/US2018/033196

WO 2019/018050

49/94

VIE Ol

A A o B A o o o B o A B o o o o A o A A o S o W S A
A A o B A B o o B o o o A o o o B o o B o B o A A o S S W S
,..f/f,../,..f/f,..f...ff...f,../ff/f,..f,..f,.....,..f...f,../,..f/f,..f,..,..f...f,.....,..f/f,../,..f/f,..,.....,..f...f,../ff/f,..f,..f,.....,..f...f,../,..f/ffff,..f...f,.....,..f/ff/ff/fffffffff//f/dkfk.ﬁ.fl{:.O o N A T A A A A

T T T S T T ) /./././/././/././././././..///////////////././/.///////—..

e e e e e e e e e e e e e A R S R R R R T R R Y W W LT
P e A e ,.vm NGNm NGO m N,//////
//////////////////////fmm//././/././././././.././././././/././/././././././.././././///////////././/.//////////, e R A R /////////;@ﬂ“.. P ..—. A W ) RS YY _
A R A B Y

S .//././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.// P

e R R om N R TR
e e e o o R o o o T e e s s s e e . N

B

L R R

Sy - omxx Fo@fom\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\.\L»»»»»..\\\\.\\.\\.\\\\\\\\\\\\.\\.\
\\\\\\\w m N\N e e \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\o N N..\\\\\\\o N N\\\\\\\\\
\\\\\\.\\.\;—

EEEEEES YA O TS EE T EEEEEEE LTSI LT EEEEES i FIIAT R RRRTIEI IR (LR

CR Ry TPl P PRy PRl R r PP r i \.\\.\.\\.\\o F.\\.\.\.\\.\.\\ “““ TN LTS \\\\.\.\\.\.\.\.ﬁ

FIIERTIER) Fr o FEETRE VIR \\\\\\\\\\\\\\\\\\h@ —. —. PEEEEES .\\\\\\\\\N —.x\\\\ CEEEIEEE ISR FEE SIS,

A P mmm R e . Y SRR IS EIE RIS,

ﬁ.\\. .\I = I—\\\\\.\.\ 2L Sl CLds F@ \.\\\.\\Wﬁ.‘l A Ceadaad .\.\\.\.\\x—

rrr | || TR i AR, ittt ] | AT
A 1 I I'l I'l .

- I | | - - -

144

re

9

N e e e A A A

T

Y
M

cSl—

oSt
091
29l

e

88 ol

0zl V9. ,/ Y,
9/1g9; ~— ~ ~— ~




PCT/US2018/033196
50/94

WO 2019/018050

dlLe "old

. m_om V9. Nm - e ] om_m 08 Py <
@deoeedede ® OO OO
IECOCELLLY ) A A @w®§@&
I A ) .ﬂ.< /TN TN TN ﬂ)w ﬂ)u \‘M m*l }JW
) 0000 ® @@

EEEEE Y NN
@@@@@@@@@@@a PDRUAPRYEY @@@
PO RDD

\
/
\

/.All

PSSR NN
) |
EEEEEEEEE L R
DOOEBOOODBE v
booccco0ee
L RS
eXekeke kel ekt n
w@ BRSO B® ()
06 Nl LS g AN [

<
001 00€ 00¢




PCT/US2018/033196

WO 2019/018050

51/94

¢t Ol

T o T o T )

A B o B A o o o o o A B o o B o B o A A o S S S
,..f/f,../,..f/f,..f...ff...f,../ff/f,..f,..f,.....,..f...f,../,..f/f,..f,..,..f...f,.....,..f/f,../,..f/f,..,.....,..f...f,../ff/f,..f,..f,.....,..f...f,../,..f/ffff,..f...f,.....,..f/ff/ff/fffffffff//f/dkfk.ﬁ.fl{:.O o Nvfk{kﬁﬁ.ﬁfﬁfﬁfk{kﬁﬁﬁfﬁf
A A o A o o o o A o A o o o B o W A A W W S W R Feotooiertootortreirroeprioptrrborton ¢

e e e e e e e e e e e e e A R S R R R R T R R Y
R Y A e e mm Nn

W
ERERES
W

e
T T A
././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.//
e T o T T ) o m N

f.f/f.f/f.fff.ff/.ff/.ff./.r..f/.f.ff.f.ff/.ff/.ff./.ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.r..f/.f.ff.f.ff/.ff/.ff./.ff./.ff.r..ff.f/f.f/ff/ff/ffffff/ff/ff/ff/,._ AN

¥G/:
735,

B PP PP PP PP F WO oD B
PR A S g
B \\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\;—
\\\.\\\\\\\\.\\\.\\\.\\.\.\\\.\\\.\\\.\\\.\\\..\\\.\\\.\\.\\\.\\\.\\.\.\\\.\\\\\\\\\\\\\\\\\\\\\\\\\\.o —-.\\\\\\\\\\\ ey | —
R .\\\\\\\\\\\N F\\\\\\\\\\\\\\.\\.\ NN
B P \K\\\\\\\\\\\\\\.\\.\

\\\.\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\— wm
o R A

001 00¢ 00¢



PCT/US2018/033196

WO 2019/018050

52/94

e€ Ol

T o T o T )
ey mh B B R A R
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y W IR

R Y A e e ,.vm NG ERRE

e e e e e e R R R R R Y /////////;@ﬂ“n .- ..—. A RS YY _
T T A
././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.//
e T o T T ) o m N
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/ff/ff/ff/fffffffff/ff/,._f.r..f

A B s o
PR A S
B \\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\;—
\\\.\\\\\\\\.\\\.\\\.\\.\.\\\.\\\.\\\.\\\.\\\..\\\.\\\.\\.\\\.\\\.\\.\.\\\.\\\\\\\\\\\\\\\\\\\\\\\\\\.o —-.\\\\\\\\\\\\. “““ Bty |
R .\\\\\\\\\\\\.N F\\\\\\\\\\\\.\\.\
\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\.\K S

B ) |
o R A

1

001 00¢ 00¢



PCT/US2018/033196

WO 2019/018050

53/94

V1€ Ol

T o T o T )
ey mh B B R A R
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y W IR [
e e o S R R p//.///.///.///.///.//././/.//////////////...—/////////;@ m N,.vm NG ERRE

S N

e e e e e e e e e e R R R R AR R R R RS YY _
T T A
././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.// om N

e T o T T )
f.f/f.f/f.fff.ff/.ff/.ff./.r..f/.f.ff.f.ff/.ff/.ff./.ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.r..f/.f.ff.f.ff/.ff/.ff./.ff./.ff.r..ff.f/f.f/ff/ff/ffffff/ff/ff/ff/,._ AN
A B s o
PR A S
\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\.o F \\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\;—

A AT A rrrrsss WA e es |
R .\\\\\\\N F\\.\\.\\\\\\\\\\\\\\.\\.\
B R P PR

e e e P P e \\.\\\\\\\\\\\\\.\\\.\.\\\—
AL, AL S S R L L LS L L LS L bl Bl PN bl LB 2

001 00¢ 00¢



PCT/US2018/033196

WO 2019/018050

54/94

ave "Old
LPY

A

A

y
by

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

2XeYe)eYe e X XeXeXe,
NOOOOOODOOO
elele)cXeXeXeXeXeXe,
eJeJelelerele)eeeXe

D O-BBHDBOE |

/0

eXele)eleYeleXeYeXe,
D0O00OOOOOOO
e XeXeXeXe e Yo )e
2XeXeXeXe Yo XeXe Xe Xe Xe,
Ye)e)eXeXeXeXeXeXe
DODDODDDDDOD
DOOOOOODOO
el e )e

@ @@@-@@@@Y@@I-%

0OOOBOBOO
Po0e06ee0RE
6v 691 . - |

~. e

N e

<
00t




PCT/US2018/033196

WO 2019/018050

55/94

gs€ 9Old

V&e Ol

B A A A
B e~ P PP

\\\\\o —-..\\\\\\ IR \\\\.o —-,\\\\\\\\
St A \\\.\\.\\\N F..\\\\\\. A By
Bl Py SEER Ry S
RELEEEE R R \\\\\\\\K\\\\\\\\\\\ LSS,
CEr SRl s G

B s
B s

!

~—
~—

CrPI RV PP EPREY YY)
\\\\\\\CN P
A P
\\\\\\\\K‘“\\\\\\\\
s

1




PCT/US2018/033196

WO 2019/018050

56/94

adse Ol

Q5€ OId

e o d A A
B PPy
\\\.\\o —- R A S A T A

A SIS

B s
B s

R R P P P P PP E P

\\\\.o —- P

CrPI RV PP EPREY YY)

SErrrs A _ _ \\.\\.\\\N F..\\\\\\. A FEEAEE \\\\\\\CN P
S 1 EEEE Ry L A P
| . LR PR PRI T E SIS, \\\\\\\\K‘“\\\\\\\\
i F Lt dds s SR s

L09

A CETAT AN LR




WO 2019/018050

B e e T
p‘}o}o‘}o}o"o o»o‘}o‘}o}o‘}o}o‘}o‘}o}o‘}o‘}o}o‘}o
DS
o ﬁf’ff’ o g
5

b g

e i
e
5 3})}3}3}\}3}3})}3}1‘ S A A R

=

62L

S SSS s
]

R
iy

o e e e e e R B 0 0 B 0 P B B B 0 B B
o s ]

57/94

PCT/US2018/033196

S
SIS EEEE S
B Ry
1 O//.f//

Fa]

P

FIG. 35F

Err s
SEEEEE
EEr s
A

|
12

o B s A s
o B s A s

B R P

Sl
SIS
Gl
Gl

RSP ASSL,
EEEEEES SIS,
ARSI I IS,
A,

1 O'////

EEEE
TSR

11

FIG. 35E

'g?#
co._/
Tp]

A
AIEEESE
PP
A

|
A B T rr il i
A B B A

Errrry

/X
Errrry 1 2
TS

CE e
SAEILEELY




55

WO 2019/018050

58/94

PCT/US2018/033196

A
SIS
A
EEEE A
//////A-I O'////

11

FIG. 35G

50
54

A
AIEEESE
PP

A
A B B A

|
A B T rr il i

Errrry

/X
Errrry 1 2
TS

CE e
SAEILEELY




PCT/US2018/033196

WO 2019/018050

59/94

Vo€ Ol

T o T T o T )
T o P e T T T S T T
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y W IR

P e A e ,.vm NG ERRE

//////////////////////fmm//././/././././././.././././././/././/././././././.././././///////////././/.//////////, e R A R /////////;@ﬂ“n .- ..—. A RS YY _
A R A
S .//././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.//

e R R om N

L R R f.f./f.f.r.f.f.ff.f.ff.f.f/.f.f/.f.ff.f.ff/.ff/.ff./.r.f./.ff.r..ff.fff.fff.f./f.f./f.f.r.f.f.ff.f.ffff/ff/ffffff/ff/ff/ff/._ AN

Sy G el v R I o PR
\\\\\\\w m\\\\.N o @\\ —- o @,\o m\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\o N,\\\\\\\\\\\&o N\\\\\\\\\
Errrrre o T e iy A EE A \\\\\\.\\.\;—
TR Gl PR Crrrs \\..\\\.\\\.\\\\\\\\\\\\\\\\\\\\\\\\\o —-.\\\\\\\\\ B G ey ¢
B S B B e .\\\\\\\\\N F‘.\\\\\ Gl Py PP S
A A d A R L s Ty
I, R IR NN & rirorarirarsr WO s s IR )

R (| e PP PPNy { % | (PO 7 | Joderissd,
|

L 1 t

001 00¢ 00¢



PCT/US2018/033196

WO 2019/018050

60/94

d9¢€ "9Old

LPY

8¢

A

%%%%%%@%%%
DOOOOOODO®IOO
CO00ODOOODOO
DOOOOOODOOO
000OODBO® OO
DOOOODOPOOOO
000000 BOO
2DOODOOOO0 VOO

/0

00DV OOOD®DO
DOODOOODDO OO O
ODDOOOOD®D O
DOOOODOO OO O®
0000000 OO O
DODOODDOOO O
00DDOOODOD®D O
POCOOOOD OO O

~. F
~

—

~
001




WO 2019/018050

PCT/US2018/033196

61/94

N N I I I

d

[ O

L L L L it et o St et e o s

FIG. 36C

60

50



WO 2019/018050

PCT/US2018/033196

62/94

N N I I I

[F O
[ O

L L L L it et o St et e o s

FIG. 37

60

50



WO 2019/018050

PCT/US2018/033196

63/94

N N I I I

[F O
[ O

L L L L it et o St et e o s

FIG. 38

60

50



WO 2019/018050 PCT/US2018/033196

64/94

f250

63

N N I I I

[F O
[ O

o e e e e e e e e e e e e e e

k3 o

P e P e e ) e

FIG. 39

60

50



WO 2019/018050

PCT/US2018/033196

65/94

63

N N I I I

[F O
[ O

o e e e e e e e e e e e e e e

k3 o

e e R i iy

FIG. 40

60

50



WO 2019/018050

66/94

PCT/US2018/033196

géé%

B R R R R R REREER

[ O
[ O

o P P P

i P P P P P

52/5/ 56 602 601

FIG. 41A

60

50



WO 2019/018050 PCT/US2018/033196
67/94

FIG. 41B




WO 2019/018050

PCT/US2018/033196

68/94

géé%

B I R R R R RREER

d

[ <O

52/5/ 56 602 601

FIG. 42

60

50



WO 2019/018050

69/94

252

PCT/US2018/033196

- Q
rS)
Ql

N
RS

SRR R

é{ééé{ééé{éé-ié{éééé{ééé{é@{{ééé{.:

oS

™
q—
R R Q)
DR R B R R R R 0 R R R LL
™
©
o
©
&
P ©
L &
©
C o)
IR,
: = \LZ
Lo

60

50



WO 2019/018050

PCT/US2018/033196

70/94

et et et P i A A T T

63

52/5/ 56 602 601

FIG. 44

60

50



WO 2019/018050

71/94

PCT/US2018/033196

et et et P i A A T T

™
<]

™
<]

e e e e e e e

RECeCee0ece e s e ebeee i ededs

52/5/ 56 602 601

FIG. 45

60

50



WO 2019/018050

PCT/US2018/033196

72/94

p

FIG. 46A

R R R REREEE PR

™
<]

63

A A A A A A A

52/5/ 56 602 601

60

50



WO 2019/018050 PCT/US2018/033196
73/94

S ONNAATS
RS
S

S
VIS
i) Sh
b(sﬁ)'&‘: i
SR

FIG. 46B

e

i




WO 2019/018050

PCT/US2018/033196
74/94

274

OY o m
|
i

|

|

i K !
I E2222222322222&‘222122222222222222
| |

|
AR Rl

.g e ——r . .
i

FIG. 47A

i S BSS SSBO000500
|

i i

; IS5555555555-555555555:55555555555555(

T
|

52/5/ 56 602 601

270

! .
! !
! !
! !
O e

60

50



WO 2019/018050 PCT/US2018/033196
75/94

FIG. 47B




WO 2019/018050 PCT/US2018/033196
76/94

FIG. 47C




WO 2019/018050

PCT/US2018/033196

77194

I
| beiiiatedatenadinndandannicds

DRI
R sy rene e
L FeRgrah Robatatatytyty

B GR

1
% 53
i
|

O
(a\}

5

e i 1
I S S 555

] I
i i s

e o i it

I
: SO ROOSS R SRRy,

: S SSSSSSSOsSOesn SoesSessOeees

| |

cV) . .
© | | 8\
. . ©
ey

Pttt At i

o D RN

52/5/ 56 602 601

FIG. 48A

60

50



18050
2019/0
WO

6
CT/US2018/03319
P

78/94

o
Ql Te)
O aV]
Y
’Qféy“t’:’:‘
) et 716 N
A sk‘:iiz%i‘%?ﬁ““"’**%»
L g o ,‘00"0’/ ,r}v;»..\ %
oo N A A\
N a)
KN s ) 1
3’31»3*4;»ﬁ%&%’oz*i’é’:’*:’? { )
ettt ] 1k )
”QQQQOQQQQQ"Q’Q’#’Q”Q’Ar 4 A 455
’000’0#0’%’0’0’0"*‘0’%-‘ o 5
>’¢¢’§0¢§’¢¢¢‘0 0’0’0‘ -, \bf){\ﬁ) ;
_ww%d»*ww et N 5
_o;.o,%%’0.’0%‘*"0’*’0’* ?s. 55
PR otesetets 0&@%’0,@«, Rﬁ}}»’
fotsetitetotets *-*««%’0%’0’&%*0
ey s %% ‘*t%’*’*o’*”*’*o’*‘
< S50 Q RIS
< LA ¢ ‘»0’+¢¢’¢*¢‘¢*
bl r.m,mw
o8 e
“’4 E .)’0’0’*’0”"
L L I, s
*d'% e I
bl 54’0&0’%’3‘) 22
ok % SILeS = ;
o / MM’VS T
fiNe
S >ss€’§:«:»¢:+:~'§ Yk
;,;:,;.,‘3s»?g;,;.;:,;.:@;.:' q )5
SR e ietiog S
S 22 2 4
5% S R ) g e .
SRS SEON T
,000000000000 0’0”‘¢*" ‘3}}22
o@ww%@?ﬂ 4*4»**0”* "
iig«:*i*oig’ézz{(ﬁi;’*”3’ S
s R
50 g S
RN
t’:{f y L
‘31: : 4
s
B e L g
X BLss
0N 50 e $ 3
%w&m\ﬁz@ﬁﬁﬁhﬁﬁéh%w? (ol
*:*3101*1:*s'+z*3*¢1*31¢*3$*3" ! ‘
S T3 L pabeli e ik g
.0*00’00’0%0’0”0’ J T
_o,*w,*o0#0,%0#0*0’0’0‘-' N\ A2
,0000000”¢’¢¢’§¢¢§¢§¢’§¢¢Q’fé‘2 N }s
»’o’*”**”00’0’*”0”””’”‘% %) s
»’0’0’0#0’%’0‘?‘%““0’%‘0”0’*"0 55
r.%‘*«’*!*»‘i:c{i **’*o’o’%‘o’%**"#‘:
P 2(2‘\\*0’%’0’%’*”&
e et
b $ y%o%o*o**
e "”””“‘
s \: }m’m’m’a
el 55 2 | &’%‘0”0’4’0"!
) 5;5%::%:?:%3‘5‘%“"’iz;
AARD, A St IS
P & f "0”01 & AN
gé;i : (35%01%101*/55; )
m.,\zsss?}.;zzozgoz«::»: )
by L e S0NS whed B
g;:;;:g:z:;::;:;::;:;&«:*t*»*'
:::::":‘,2%000,00

____ S
..... e
et
R ey
& S
Dot % e}s 52 %0‘:’3
NG < R 3
S}R{l&fo’%’o’%’w 5
?¢¢¢:¢¢¢¢:¢,¢¢jﬁ ; &
B U
o S z;“’*@}}f'};;é@iﬁ
e Ly 2 ¥ <)
ggzzzggzztzszzsiéz%sssﬁ%:i::t:i%
% 5 .,000%0%0%0%0.0%0*
s & 2 '\*0’04*0’%’0’%’0’%‘%’0’%’0‘
S ™ &%’0’%’0"0’0”0’*4’0’%’0‘*
/}a Lk i\, ?0’0’0’0’0*’0’*0’0’0’0’01
¢ \& 3;’0’0*0‘0’00’000‘@*0’01
20 ) ,,4.’4’%0‘0’%0’4,0,0’0,
el Fon] ; %004,’0’0’00‘0‘04\0{0’0’0‘
§‘ S S
bed B Aeateieete 7 R m
: M, ')’000004*0’0 z} o ‘2“"’1
%) SR /545%000040‘0”, $ AT 1 “’1 o0
o3 : .'00"000’/‘ s AV
f} {({({(ﬁ{"‘?”o‘ﬁ“l/ J 4" ‘}‘«
= Q*QQ‘QQ@ / F a2 ﬂ'
;’o*ﬂ’w’c - ol
»0*00’00‘0’ 1 F. .
*.*0,%’0,%’04- ¢ 7 LA
i L X vl
s N2 G ©)
> A LN " Lot ]
&33:3&:01:1:%%%52 (isﬁ‘gzof:ﬁﬁ T
“«%04*0%’0%*i»}fv:o’%%%‘d
; ss»z;*m*o,*o*o.*oo.*m*o.*.*«.*o’q
2)5‘5 iz %’00’¢00¢’¢0¢*¢¢¢¢¢0¢¢¢%
N, $z T %"00‘0*0"0’0’0’0’*0’0’0’0"‘
o A\ &0,%@’0%’0%0%%’0*
y Y *,0.o,%o,%,o,%,##o,%o.ﬁ
3 G 3’0’01’4»’%’0’%’0’*4’0’%’0”0‘
4) ';*1101*3103*3!*’33355%"3:33’3:
SV, $>é>$f¢::1:¢3*§?” . %;to’g
G ‘éf,go:;%:/z;? T NN “(t‘
52(3)}223?2;;:1:;&1:1% 775 R
>¢¢¢¢¢¢r.! L0
pr%%%%’w, & el )
] ‘- W <C
*.*0’0#0’04’4% 5L
:.ww.*oo:m \ b.n
¢*3:*3*¢$*3‘¢$’1‘\3is;zzzzz?’q’i’é*ﬁ
»5532ii?t’i’%*i*3:*:*w«z*¢:¢*1:¢*3
S 25
225 z091%00"0‘0’:0’000’0¢¢¢¢¢Q
T 0%0%0’4*
355,1, > 3&0’0,’0’%’0%0%0’0%‘«
57 - 4%0%0%*@%0’00“
7 N Hw.*w.*w:w:o*m
(5 Y *:‘0’*0’0’%’0’%‘0‘%’0”0’**
b s i H%*’o*o!o&*’«to‘*’o‘«
ti; (l ) ,;:g:g::;;%gzzt&ss%&%ﬁ
N 5 r’*‘é‘#%fo T N
'5izzsszx&ezséiizzzzzzﬁws",< o\
AT S £
SR
B




WO 2019/018050 PCT/US2018/033196
79/94

pelatetels!
SIS
Sttty

S tatetst
byt

e

T
**f”ﬁ
bttt

L

L

@r

e
e

S0

A

" D
SIS

&
250585
Ll
S5t
3
&
&
3535

@@aﬁﬁ?' 0

RS E
SRR
elolaloioly
&G

s
i
!

757
%
S,
&
55
&
telaleletele!
45
res

o
5
b

S S
s
T

e
W

by
25

S5
e

255
5

25

iy

e
%!

,"
by
&
g
L
SN

e
2
o
o
Fts!

e
=

ﬁﬁ
FIG. 48C

2R
K, Pt
e

2525

£
D
o
SR
555
2 —
ST
S5
bt

3
e
i
2
230
3%
\¢

N
KL
LS
S5
QM“5
!

SIS

SHRA AR
&L

ateiatey
&

&
i

S

otatels!
&

£
25
e
i
bolelel
e
i

o
s
A
TR
2525
ilele
S
Y4
™

o

oo
Mo
2
byt
55
T

i,

5%

505
e

Ry

TN,
N
PR
ST

5005

TS

£
55
-

[~

R
%
[




WO 2019/018050

274

80/94

252

PCT/US2018/033196

250

SRt

<
LD
QA

AR

O
(a\}

oSO ROONy,

eSS

™
<]

L

52/5/ 56 602 601

270’

FIG. 49

60

50



WO 2019/018050

] /274

290

PCT/US2018/033196

81/94

| B’

252

250

HEEe

et utaosoos

DRI
R sy rene e
L FeRgrah Robatatatytyty

SRR

(= !
~ i
(aV] .

L Ty

I
| SR ROOs03 30 SRRy,

S SSSSOsSeesn SoesSesseeees

™
<]

e e e e e

N R R

290

52/5/ 56 602 601

270’

FIG. 50A

60

50



WO 2019/018050

6
PCT/US2018/03319

82/94

o
Al O
LD [aV]
Nl
¢¢¢¢‘$“t’:’$‘

T & Q-s\om»,
iN=/ - W
AN RIS NG
ey 2,;-00*0’0’4 / A%
5:?:3}%35ﬁﬁzéffz:t:t:it:i:%" 7 V%
b SRR ool ] f
ww.*w.*w%’wo’ﬂ& { b /
.’%0,%0,4,0,0.’0,00‘0,%0' 1 6 45
;40,*40:00%0 etk i T, 5
bR NN ety N
"Q‘Q’Q’QQ’Q”’0’0‘0“000000\ > AN 25
"00000’0 0000’00“”0“”””" $.kz }S{

» .*o,o,é»,oﬁm‘.w,¢,¢¢*¢,¢¢.,. S

- %’o’ﬁ*’iﬁi 59, ;“t’o’*”o’*”o""”i

L i, %*&’0%’0*&0’%

§¢/§$ 40,*0%%0‘%

29352 ¢ ‘p’o*’o*‘o**
K }ﬂo"o%’o*&
o .p’qo’@oo‘n
o s e
oy .¢¢¢*¢¢*¢M
:ggi 55;::g:gé:?t%ﬁss»&»»»
;m@ eIt NI
L s .
g.:;:;&ss»})?};gtzo:;i:o::? 7 )%
] ‘*w%’o%o* L5 ]
?.*0%’0%%0‘0 Seped
!;*o’%‘o‘%%’o’%’ palict L
e SRS ol A
SRR 0’**& ETHN.
?1*0’01*0’0:%’01*1’ SN 252 S5
.0@0%00 e 0%000\ -< (‘5}?22?}
»0,%0¢¢¢‘¢I~0¢¢¢¢*¢0%0’0 :
t:.}tf%%gzt&(s;&;’“t’ S
o : L
:I::*;f‘z %  aletetetet
:::"J‘flv' 25
%t 55," ’4’
X i & Satetatess
X e 3
b e LT, vy
t:%%f«%%55252';‘::1:%:3:3:?:" ()
;.¢,¢¢,¢¢ PIESELeTerete o8 1 4
e, 00000% S : s
»’0’0%"0’%’0’0’0’0%’*’0’4 ; S
»’0’0’%"0’%’0’*’%’0’%’0”4’6' N %
»’0’0’%0’0%’0”0’0’%’0”0’*“-t s
%’0’%"0’43%’01’0’*’*0’0”0‘0”0é’l«SSSf‘e
eieteteletelels **«tq%’o,%’o,%s 5
»’0""0‘*‘55‘<<<‘ 2{ \90‘0”0’000’0’0:‘4
e 2%’0%’0’%’0’*&
LA > ~9¢’¢0*¢¢*¢¢
L2555 telateteeletely
ey £ N ’0’0’90009*&
253 i B B "’4’0"*”0’0”0’4
s SIS
b b ;#ﬂo‘ﬂo’é“ ST
bt i G .r¢¢’§§§’0‘}£ ‘ )
P R0\ & 5 500” S e
_wi N NI
3 «éi:é*»:»tv;’i S\
%}:333(S&Sﬁ?‘:{é}t’&o}f )\
L% ¢¢f¢v¢'¢¢¢¢¢¢¢ oy ] 2
t:t:?:t:i::1:1::1:11:1:3133*3"' “
! (I,

————— 2]
% e
e U Se0ety
et RS
=" RS i
S)zzchggzgtzggtﬁtj i
:.‘0’0’0’0”’4 1 4”‘
!’0’0%’0"&' ' ok
ﬁ*,:é%:{%:«‘! N $§ 59
o &10,%1@%’0#«2‘ N g
%*o’o’%’o’*i*o’*ﬁ?i)z G s
czzzzié%’*3’1’01*3’01‘%353‘5*3”3’3’%
7 »».%’@%*0,%’0,%’0’%’0’%’0"4
o N ‘r:o:o’0.*»’0.%‘0‘%’0’%’0’*4
oX 5 N ho%%*’o*’o’*%’*%’**
ek A ke 00000%‘0* atelels
£ N ettt 25 A o
;0,%0#00%0000%’01
i 5 ] ;3'&%’0%’0’%’0’%"0’*’0’*
’§‘ ‘ 40,0%0’%0‘?;“‘ *«fg’*%‘
b b ,;00000;’& ({({{(‘5} e
G, »%’0%’0’ i o8 X m
NS 455’0’%’0’%’ S AN
! 7 »,00‘,40’, A A Gk O
A ««sgﬁi%:t:i::&%‘ 77 S) O
Bl o b ]
Lo Lk, [ F oo
"0’00«»’0*& 164 155
fetetenteteton : Lo :
S\ s ©)
%&:131:*1:11*11%%32<ssss<<*3:‘¢*3:333 =
1«‘#’0,’%0’0@\. % vv’%#%h
, ¢¢,¢0,v¢¢,¢¢00¢¢1 LL
)}5‘555}2(%‘{0,%‘0,’0@’o%’o*%’*%’ﬁ
N (R &.’o’*%‘*’0’0%’0"’0’0’*’4
R 5 NG v0.*0"%*0’%’0’%’0’*’0’0”4
: BN ‘90,@*0.*.’0%’o%’*’%’o’*@
}/ () :?00000 00’000’00*’0”0‘
] ,o,w:w*w*w%’ﬂ
%) w&«:«%»:ét‘*‘;s;‘***11*1*%
et ;$>é*$:¢1*13¢*§?” s
G gﬁ,‘{%‘o};’g} S ¥
52(5)}223?2;;:1:;&1:«1:? 7 ) %
L 7, S50 (o] £ g
sy o Q3
;.00,0,#,0,;@:‘ e AL
Ak 3% <C
k"’*"”’*’#’ﬁ\i \ 2“"’1
S RS
z&»}i&iig*2:1:*1*3"01*110svozoz*I’%*i’:t*ﬁ
0%’0%’000’000’0’*’0”’4
& NG *\;:%00%0,%0&00%’0’4’0‘
5 AN 000%000004’0%’0’0‘«
f & ., 04,004% 0,*00@’00%‘
f5 G p#o,%’o,%’o,%’o *0‘0”0’4
b 5 E ;’o’@%’#*o‘*’o’*’*o’*”’i‘
P Aatateiets SRR
RN E e TN V)
i;z{ zz}‘i“*&*}t’*‘gg/f TRAY X
5}2{@;4&}:}:&:{ [ (7 2
Mn*w*u' 1k




PCT/US2018/033196

WO 2019/018050

83/94

0Ge

414

042

VIS 'Ol

T o T T o T )

T o P e T T T S T T
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y W IR
P e A e ,.vm NG ERRE
//////////////////////fmm//././/././././././.././././././/././/././././././.././././///////////././/.//////////, e R A R /////////;@ﬂ“n .- ..—. A RS YY _

A R A
S .//././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.//
e R R o m N

L R R f.f./f.f.r.f.f.ff.f.ff.f.f/.f.f/.f.ff.f.ff/.ff/.ff./.r.f./.ff.r..ff.fff.fff.f./f.f./f.f.r.f.f.ff.f.ffff/ff/ffffff/ff/ff/ff/._ AN

Sy L omxx Fo@fom\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\L»»»»»»\\\\.\\.\\.\\\\\\\\\\\\.\\.\
me\N e ", \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\oNm.\\\\\\\ON M\\\\\\\\\

LR o

Errrrre B B i T S i LS \\\\\\.\\.\;—
TR Gl PR Crrrs \\..\\\.\\\.\\\\\\\\\\\\\\\\\\\\\\\\\o —-.\\\\\\\\\ B G ey ¢
B S B B e .\\\\\\\\\N F‘.\\\\\ Gl Py PP S

B e e e R L s Ty

.\.\\.H.\ Sl P PP e A Al el At .\.\\.\.\\x—
pora s | A, L P P R R R R g | S22 | | AT
LL g I | I ]

QA
™

QA
~

QA
™

|

QA
<

QA
™

YGC;
104¢

i

V.S

001 00¢ 00¢



PCT/US2018/033196

WO 2019/018050

84/94

d1sg "old
LPY ac \ /

A

P 0OO0O0O0OGOOO® "W eese
peéoc0e0 000 |

0Le _
0-0-0-0-0-0-0-0-0-0-0-—~- S S S S
-0-0-0-0-0-0-0-0-0-0——————— ceee
DODO OO OO0 O “
|looocooo0B00O
%%%%%%%%%%@% \.---WWW

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

/ 02

%%%%%%oa/,
DOCOODDOD OO O N
0000000000 ° ig°g @ d
0-0-0-0-0-0-0-0-0-0-0—— |
-0-0-0-0-0-0-0-0-0-0————— _W e &%

e
s
e
Sia
@]]]H]I’J
O
O~

DOOOODOO OO O .
DOOODOO OO O o
POOOOODO OO O mmmm by
[ U~ — K//

% 00¢ floﬁ“



Vcs ‘Ol

T o T T o T )
T o P e T T T S T T
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./.

/./././/././/././././././..///////////////././/.///////—..
IR

PCT/US2018/033196

WO 2019/018050

85/94

P e e e e e e e R s
it m m//././/././././././.././././././/././/././././././.././././///////////././/.//////////,

A R

L R R

A
S .//././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.//

e R R om N
e e e o o R o o o T e e s s s e e

R

e e e e e e e e e e e e e A R S R R R R T R R Y W
) S @ m N, .vm NG
S N

ERERES
RS YY _

J

B R R O N T R
.\.\\.H.\ Sl e e
pora s |

R N o P PP P P

2enn3G6-¢09:1 090G
\\\\\\\w m M\N & i A T TSRS R L LTS L ALLLLRLLRLLRLLLLLLLLS o N m.\\\\\\\ o N M\\\\\\\\\

Errrrre B B i T S i LS
TR Gl PR Crrrs \\..\\\.\\\.\\\\\\\\\\\\\\\\\\\\\\\\\o —-.\\\\\\\\\ B G ey ¢
B S B B e .\\\\\\\\\N F‘.\\\\\ Gl Py PP S

A P A A A5

\\\\\\.\\.\;—

R L s Ty

]

Sl !

L

QA
™

QA
~

QA
™

|

QA
<

QA
™

A, e A R LRSS LEE L L g | S22 |
I'1T 1

SAAANAANSAAAAY I

0Ge

26z ¥Ge

042

SleE

1724

. ._. _ —
T N 7022 c6¢

001

00¢€

00¢



PCT/US2018/033196

WO 2019/018050

86/94

LPY

dcs "oOld

< 8G \ \
.\.\.\.\.\.\.\.\.\.\.\.\.\.\.\\..\.\.\.\.\.\.\.\.\\.\.\\.\.\\..\.\\.\.\.\.\.\.\\.\.\\.\.\— B e Y TS
A TS A A e sies s \.\\\\\\\\\\\\\\.\\.\\\.mN\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\X\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\
B e P P R ) O

VY e N e Y \* -~ -~ -~ \l* oS L L

)N ) ) D) L)) ) () ) L))
Y™y 7 NN N 4 4
() ) ,(v/rAv )AL ) )a) )L)

W) A) ) O a)a) ) )L) ey Oy O
ODOOOO000000 N
DAL)AL R AU ) L) L) L

P e A Y A N T 2n N e - -

WD) ) ) ) O ) ) ) L) 26c Yy ) O
O OOOOOOOO0 PPN AN
NI VUV VU L SO0 A V0 V0 A VP s VP S NP S N A N

P e A A T v -~ -~

J ) ) ) ) ) ) ) L)
A R Y N T A \y -~ -~ ~ ~
zpy 20 A0 ) L) L)) ) ) AU ) L) .\/v .\/v ) '
A NNUPUAEE U WL

AN
il o \\\M A P F A d sl r A rases, ]
B A o \\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\mNj\\\\\\.\ .ﬁ\\\\\\\\\\.\\.\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\. ON,\\\\\\.
AT wm..\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ IS N\!\\\\\\\\.\\\.\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\. ....... h A L

-/ h

r~ S eSS s -~ -~ -~ -~ -~ -~ ./. L - —\ -

OO0OOO00000 ~o ) L) )L
A N -~ -~ -~ -~ -~ -~ -~ N,

() ) ) ) ) ) ) L)) L) ~

S S S o -~ - -~ -~ ~ ~ ./.

) ) ) ) ) ) ) L) Q\/v /N\/U SN
() W) ) ) a0 ) ) ) ) ) 262 >d

Y N N N N N N N N .

U ) ) ) ) ) ) ) ) N AN SN
A N N N e -~ -~ -~ -~ -~ ~/ v ~/ v —/u\v ~/
() ) W) ) ) a) ) )a)) - =

P N e A N 2 L -~ -~ -~ -~ -~

U)W ) ) ) ) ) ) - -
Y e N Y N A ) -~ -~ -~ -~ -~ s - -
(O OOOO000000 () ) L) L)

0¢

‘

~
001

00¢€



PCT/US2018/033196

WO 2019/018050

87/94

£s 'Old

A R

L R R

A
S .//././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.//

e R R om N
e e e o o R o o o T e e s s s e e

T o T T o T )

T o P e T T T S T T
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y W IR
P e A e ,.vm NG ERRE
//////////////////////fmm//././/././././././.././././././/././/././././././.././././///////////././/.//////////, o /////////;@ﬂ“n .. ..—. S W

J

Sy L omxx Fo@fom\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\, I
\\\\\\\wm M\N & i \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\@ —- @\\\\\\\\ON m.\\\\\\\ON M\\\\\\\\\
PP 5

\\\\\\.\\.\;—

AL T A Ll EEESESS
PPt S PR P s P \-\\-\-\\-\\o F.\\-\-\-\ Fr Ry S R \-\-\\-\-\\.\-\.\.ﬁ —
ERAP R G Ry SRS Ny \\\.\\.\\\\\\\\\\\\\h@ F F\\\\\\\\ S \\N Fn\\\\\ Gty SR ONN
C ot Wt W Sl R R e P ST Ry RS LR R R T Tty
.\.\\.H.\ —‘\.\.\\.\.\ Gl SIS B S P P Ll C s .\.\\.\.\\\— wm
COls \— _\R.\\\\.\\.\\ A — A A P \—\\\\.\\*\L SOl
I AY LE ———] 1 1 | ]
1 L | L \ —
T Tr— a4 1NN T T
nnl v | T
Il "
I8 ! Z2c
11
18 ! (%7
'H |
I3 43
FH_
- =
| L | (%%
H | CV ]
| H | A
LR | 37
i
c9 iH —
1Ml
IH 1

0Ge

001

00¢€ 00¢



PCT/US2018/033196

WO 2019/018050

88/94

144

vS 'Ol

T o T T o T )
T o P e T T T S T T
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..

e e e e e e e e e e e e e A R S R R R R T R R Y W

P

A R

L R R

e e e e e e e R s

//////////////////////fmm//././/././././././.././././././/././/././././././.././././///////////././/.//////////,
A
S .//././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.//

e R R om N
e e e o o R o o o T e e s s s e e

p././/././/.///.///.///.///.///////////////..—/////////; ,.
R @ m N...

¥G/:
735,

ERERES
W

J

Sy L omxx Fo@fom\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\L»»»»»»\\\\.\\.\\.\\\\\\\\\\\\.\\.\
me\N e ", \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\oNm.\\\\\\\ON M\\\\\\\\\

LR o

Errrrre B B i T S i LS \\\\\\.\\.\;—
e R R s \\\\\\\\o —-.\\\\\\\\\ B G ey ¢
EEEPr e O S Cr s " Ory \\\.\\.\\\\\\\\\\\\\h@ F F\\\\\\\\ .\\\\\\\\\N F‘.\\\\\ Gl Py PP S

R L s Ty

I, ARSI,

Rl Ll SO \\\\.\\.\\\\\\\\\\\\\\.\..\W\\\\\\\\\\\.\\.\\\\\\\\\\\\Ww\

S L o A

P A A A5

\_\\\\.\.\T&
|

Sl !

.\.\\.H.\
pora s |
1

_._.._.\... 1 1

e

A

©

06

B "
T—

Su— —
2 102 ¢6c ——-

0/2 V.S

7\

001 00¢€

00¢



PCT/US2018/033196

WO 2019/018050

89/94

EEEEEES IR A O TSR T EEEEEEE LIS LT EEEE i IS IS EEEIES EEEEES, b pa st d
CR Py TRl P PRy Rl R r P i \.\\.\.\\.\\o F.\\.\.\.\\.\.\\ NP P P T r PR PP \.\.\\\.\\.\\.\.ﬁ
FIIERTIER) Fr mm\\ CPIIIE) VERY L R R R @ —. —.\\\\\\\\ .\\\\\\\\\N —.c.\\\\ SIS SIS IR EEE IS,
A 3 PN e i e S o e R P e e IS [IEPRR LR FT I RRTIEFRER T EATTIARY
ﬁ.\\. oy —\\\\\.\.\ 2L Sl CLds F@ A A Al el Al .\.\\..\.\\\—
LLHL || TR it el | e [k e S \_\\\\.\.\T& 2R
| A LL 1 1 |
i o] SR Ly
I HE ! Z2c _ b
Ly |
b F
i; h
i [4%
L _ I
L
{ D] | o
1 —
H |
| Lo | A |
L
ol HIT ”
2 i 3 .

GS 'Ol

T o T T o T )

T o P e T T T S T T
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e s e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y W W LT
P e A e ,.vm NGNm NGO m N,//////
//////////////////////fmm//././/././././././.././././././/././/././././././.././././///////////././/.//////////, e R A R /////////;@ﬂ“.. P ..—. A W ) RS YY _
A R A B Y |
S .//././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.// P |_
e R R o m N R TR o m N o N
L R R .f.f/.f.ff.f.ff/.ff/.ff./.ff./.ff.r..ff.f/f.f/f.f/f.f./f.f.r.f.f.ff.f.ff.f.f/.f.f/.f.ff.f.ff/.ff/ff/ff/ffffff/ff/ff/ff/,._.f.r.f N

Sy L omxx Fo@fom\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\L»»»»»»\\\\.\\.\\.\\\\\\\\\\\\.\\.\
\\\\\\\wmm,\.N e e \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\oNm.\\\\\\\ON M\\\\\\\\\

—_——— e — —

B "
T—

-1l . 3
€97 _ ~N _ -
_ 0/ y2 10ze ¢6e

V9.
9l1g9/

001 00¢ 00¢



PCT/US2018/033196

WO 2019/018050

90/94

V9S ‘Ol

T o T T o T )

e~ ah e R R R
.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff./.ff.r..ff.fff.fff.f./ff./.ff.r..ff.f/f.f/f.f/f.f/f.fff.ff/.ff/.ff./.ff/ff/fffffffff/ff/fffk.ﬁ?l{:.o o N e e e
e e e —I./././././/././/./. /./././/././/././././././..///////////////././/.///////—..
e e e e e e e e e e e e e A R S R R R R T R R Y W W LT
P e A e ,.vm NGNm NGO m N,//////
//////////////////////fmm//././/././././././.././././././/././/././././././.././././///////////././/.//////////, e R A R /////////;@ﬂ“.. P ..—. A W ) RS YY _
A R A B Y

S .//././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././././././.././././././/././/././/////////////////.//./....—/.// P
e R R o m N R TR o m N o N
L R R .f.f/.f.ff.f.ff/.ff/.ff./.ff./.ff.r..ff.f/f.f/f.f/f.f./f.f.r.f.f.ff.f.ff.f.f/.f.f/.f.ff.f.ff/.ff/ff/ff/ffffff/ff/ff/ff/,._.f.r.f . N

Sy L omxx Fo@fom\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\\\\\\\\\\\\\\.\\.\»»L»»»‘.\\\\\\.\\.\\.\\\\\\\\\\\\.\\.\ ..............
\\\\\\\wmm,\.N e e \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\oN m,\\\\\\\\\ON M\\\\\\\\\
\\\\\\.\\.\;—

EEEEEES Y A O T EEEEEEEEEEEEEEIEEEEEEEE Pl P FFE P EE S EII IS PSS,
CR Py TRl P PRy Rl R r P i \.\\.\.\\.\\o F.\\.\.\.\\\‘ PP SR PR PP \\\\.\.\\.\.\.\.ﬁ —
FIIERTIER) Fr 1 BRTTTE VERY AR R TR @ —. —.\\\\\\\\ .\\\\\\xN —...\\..‘.\\ IS EEEE ISR EEEE PP, O N N
i @ m Pt i A R R B R i [PIIETE FITRRTT RV RRRERTEED (R
ﬁ“-\h.ﬁ.\ I—\\\\\.\.\ 2L F@ A —.\\.\.\\.\.\‘.l.\‘.l..\.l\.\ .\.\\.\.\\x—

] || TR ey PP B | 2R

T A T ] | I
1 Tl - | - -

|
B

1048

| —
() e
1

064,

_. _ ..
5 88:10L8 762~~~

001 00¢ 00¢



PCT/US2018/033196
91/94

WO 2019/018050

d9¢ "Old

a9.Vv9.L ¥/ 0c 98
¥ ¥ ul )

edeeeseeee OO O0C
@@@@@@@@@@@@@@@@@%m% ®® @ @ @
veoooposape 0000 @O

HEOOODYDORS .~ 0. 00 NG OO
DO RA O

N

/.All

DD DO (O,
DOCOODD0ODO |
EEEEEEEEEE S
DOOEBOOODBE ~
EEEEEEEEEE
POOOOOOOBDBT -
eXekeke kel ekt n
w@ BRSO B® )
06 ﬂ g e O oo )
00}




WO 2019/018050 PCT/US2018/033196
92/94

252L

250L

?????2??2????2???????2?&’2??????????&‘2??2????????????

R

e Y

D

A

ap]
[ CO)

D LUt

055005650 %
O O O O

[F O
[ O

T S S T T T T T I
0 000000 00O 00

FIG. 57

00000000000 g

=~

60

4 N




WO 2019/018050

PCT/US2018/033196

03/94

252

250L

N N I I I

[F O
[ O

o e e e e e e e e e e e e e e

4 N

e e R i iy

FIG. 58

60

50



WO 2019/018050

PCT/US2018/033196
04/94

252
250

N N I I I

[F O
[ O

o e e e e o e e e e e e e e e e e e e

FIG. 59

270L

60

4 N

XXXX;&JXEXKXKXKfJp:'XXX;&-G&G(’XXXXXXKXXKXX;&G&JX/‘8

50




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2018/033196

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO1L29/66 HO1L27/1157
ADD.

HO1L27/11582

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

B. FIELDS SEARCHED

HOLL

Minimum documentation searched (classification system followed by classification symbols)

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

EPO-Internal, WPI Data

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

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2017/148811 Al (ZHANG TONG [US] ET AL) 1-13,

25 May 2017 (2017-05-25) 15-17
A paragraph [0294]; figures 46-76 14,18-24
X US 2012/069660 Al (IWAI HITOSHI [JP] ET 1-3,12,

AL) 22 March 2012 (2012-03-22) 15
A figures 2,4A,4B,5, 15-18, 20, 25-32 4-11,13,

14,16-24

A US 2011/013454 Al (HISHIDA TOMOO [JP] ET 1-24

AL) 20 January 2011 (2011-01-20)

figures 4, 17, 39
A US 2011/059595 Al (JUNG YOUNG-KYUN [KR]) 1-24

10 March 2011 (2011-03-10)

figure 4C

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"Q" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

30 August 2018

Date of mailing of the international search report

06/11/2018

Name and mailing address of the ISA/

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

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Norga, Gerd

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

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2018/033196

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

US 9 679 907 B1 (KANEKO RYOSUKE [JP])
13 June 2017 (2017-06-13)
the whole document

1-24

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

page 2 of 2




International application No.
INTERNATIONAL SEARCH REPORT PCT/US2018/033196
BoxNo.ll  Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. |:| Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. |:| Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

—_

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-24

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

|:| No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (April 2005)




International Application No. PCT/ US2018/ 033196

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-24

A three-dimensional memory device comprising: an alternating
stack of insulating layers and electrically conductive
layers located over a substrate;an array of memory stack
structures extending through the alternating stack and
arranged as rows that extend along a first horizontal
direction and are spaced along a second horizontal
direction, wherein each of the memory stack structures
comprises a memory film and a memory level channel portion
contacting an inner sidewall of the memory film;an array of
drain select level assemblies overlying the alternating
stack and having a same periodicity as the array of memory
stack structures along the first horizontal direction and
the second horizontal direction, wherein each of the drain
select level assemblies comprises a drain select Tevel
channel portion contacting a respective memory level channel
portion;drain select gate electrodes laterally surrounding
respective rows of drain select level assemblies; and a
drain select Tevel isolation strip comprising at least one
dielectric material and located between a neighboring pair
of drain select gate electrodes, wherein one of the drain
select gate electrodes comprises: a strip electrode portion
including a pair of lengthwise sidewalls that generally
extend along the first horizontal direction; anda plurality
of cylindrical electrode portions that laterally surround a
respective one of the drain select level channel portions,
wherein the drain select level isolation strip comprises a
perforated dielectric strip portion including two rows of
cylindrical openings therethrough, wherein each of the
cylindrical openings laterally surrounds a respective one of
a subset of the drain select Tevel assemblies that is
arranged in two rows that extend along the first horizontal
direction.

2. claims: 25-44

A three-dimensional memory device comprising:an alternating
stack of insulating layers and electrically conductive
layers located over a substrate;an array of memory stack
structures extending through the alternating stack and
arranged as rows that extend along a first horizontal
direction with a first pitch and are spaced along a second
horizontal direction with a second pitch for each pair of
neighboring rows, wherein each of the memory stack
structures comprises a vertical semiconductor channel, a
memory film and a gate dielectric that overlies a top
surface of the memory film;drain select gate electrodes
laterally surrounding respective rows of the gate
dielectrics; anda drain select level isolation strip
comprising a dielectric material located between a
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neighboring pair of the drain select gate electrodes;wherein
one of the drain select gate electrodes comprises a strip
electrode portion including a pair of lengthwise sidewalls
that generally extend along the first horizontal direction,
and a plurality of cylindrical electrode portions that
laterally surround a respective one of the gate dielectrics.
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