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THREE-DIMENSIONAL MEMORY BEVICE WITH LATERALLY PEGGED
BIELECTRIC CORES OR A CARBON-DOPED SOURCE CONTACT LAYER AND
METHODS FOR MAKING THE SAME

RELATED APPLICATIONS

{00011 The present application clatms priority to U.S. Non-Provisional Application Serial
Nos. 16/268,132 and 16/268,183 filed February 3, 2019 and 16/408,722, filed May 10, 2019,

the entire contents of the foregoing applications are incorporated herein by reference.
FIELD

[6062] The present disclosure relates generally to the field of semiconductor devices, and
in particular to a three-dimensional memory device including a carbon-doped source contact
layer and methods of manufacturing the same.

BACKGROUND
{6003] A three-dimensional memory device including three-dimensional vertical NAND
strings having one bit per cell are disclosed in an article by T. Endoh ef al., titled “Novel
Ultra High Density Mermory With A Stacked-Surrounding Gate Transistor (5-5GT)
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: source-level material layers located over a substrate and
comprising a lower semiconductor layer, a source contact laver, and an upper semiconductor
fayer, whercin the lower semiconductor layer comprises a first boron-doped semiconductor
material, the upper senpconductor layer comprises a carbon doped second boron-doped
semiconductor material, and the source contact layer comprises a third boron-doped
semiconductor material; an alternating stack of insulating layers and electrically conductive
layers located over the source-level material layers; and memory stack structures vertically
extending through the alternating stack, the upper semiconductor layer, and the source
contact layer, wherein each of the memory stack structures comprises a respective memory
fibm and a vespective vertical semiconductor channel that contacts the source contact layer.
[00685] According to an aspect of the present disclosure, a three-dimensional memory
device is provided, which comprises: source-level material layers located over a substrate and
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comypising a lower semiconductor layer, a source contact layer, and an upper semiconductor
layer, wherein the substrate comprises a single crystalline semiconductor material, and the
lower semuconductor layer comprises a first boron-doped semiconductor material that
includes a doped single crystalline semiconductor material that is epitaxially aligned to the
single crystalline semiconductor material of the substrate; an alternating stack of insulating
layers and elecirically conductive layers located over the source-level material layers; and
memory stack structures vertically extending through the alternating stack, the upper
semiconductor laver, and the source contact layer, wherein cach of the memory stack
structures compriscs a respective memory film and a respective vertical semiconductor
channel that contacts the source contact layer.

{0006] According to another aspect of the present disclosure, a method of forming a
semiconductor structure is provided, which comprises: forming a lower semiconductor fayer
comprising a first horon-doped semiconductor material over a substrate; forming a sacrificial
source-level material layer over the lower semiconductor layer; forming an upper
semiconductor laver comprising a carbon doped second boron-doped semiconductor material
over the sacrificial source-level material laver; forming an alternating stack of insulating
layers and spacer material layers over the upper semiconductor layer, wherein the spacer
material layers are formed as, or are subsequently replaced with, electrically conductive
layers; forming mermory stack structures through the alternating stack, the upper
semiconductor layer, and the source contact fayer, and into the lower semiconductor layer,
wherein cach of the memory stack structures comprises a respective memory film and a
respective vertical serniconductor channel that contacts the source contact layer; and
replacing the sacrificial source-level material layer with a source contact layer comprising a
third boron-doped semiconductor material.

{0007] According to an aspect of the present disclosure, a three-dimensional memory
device comprises a first alternating stack of first insulating layers and first electrically
conductive layers located over a substrate, a second alternating stack of second insulating
fayers and second electrically conductive layers located over, and spaced from, the first
alternating stack, memory openings vertically extending through the first alternating stack
and the second alternating stack, wherein each of the memory openings comprises one or
more side apertures located between the first alternating stack and the second alternating

stack, and memory opening fill structures located in a respective one of the memory openings
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and comprising a memory film, a semiconductor channel, and a dielectric core comprising a
dielectric fill material, wherein the dielectric core comprises a dielectric pillar portion and
one or more dielectric peg portions laterally extending from the dielectric pillar portion
through one or more holes in the semiconductor channel and adjoined to respective side
apertures,

{00688] According to another aspect of the present disclosure, a method of forming a
three-dimensional memory device is provided, which comprises: forming a first alternating
stack of first-ticr insulating layers and first sacrificial material layers located over a single
crystalline semiconductor material layer; forming a laterally alternating sequence of
insulating material strips and sacrificial material strips over the first alternating sack; forming
a second alternating stack of second insulating layers and second electrically conductive
layers over the laterally alternating sequence, wherein the first sacrificial material layers and
the second material lavers are subsequently replaced with electrically conductive layers;
forming memory openings extending through the first alternating stack, the laterally
alternating sequence, and the sccond alternating stack; forming a memory film and a
sacrificial conformal spacer within cach memory opening; forming a network of cavities by
removing the sacrificial material strips and the sacrificial conformal spacers; depositing a
dielectric fill material in the network of cavities, wherein a dielectric core is formed in each
memory opening and dielectric strips are formed in volumes of the sacrificial material strips;
forming a channel cavity in each memory opening by removing the sacrificial conformal
spacers sclective to the dielectric cores and the memory filis; and forming an epitaxial
semiconductor channel that is epitaxially aligned to the single crystalline semiconductor
material layer within cach of the channel cavities.

{0069] According to another aspect of the present disclosure, a three-dimensional
memaory device comprises a first-tier alternating stack of first-tier insulating layers and first-
tier electrically conductive layers located over a substrate, an inter-tier insulating assembly
located over the first-tier alternating stack and inchuding a plurality of dielectric sixips,
wherein cach of the plurality of diclectric strips includes diclectric peg portions that laterally
protrade from a diclectric rail portion, a second-tier alternating stack of second-tier insulating
layers and second-tier electrically conductive layers located over the inter-tier insulating
assembly, memory openings vertically extending through the first-tier alternating stack, the

inter-tier insulating assembly, and the second-ticr alternating stack, wherein ecach of the
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memory openings comprises a side aperture through which a respective one of the diclectric
peg portions extend inward, and memory opening fill structures located in a respective one of
the memory openings and comprising a memory filim, a semiconductor channel, and a
dielectric core comprising a dielectric fill material and adjoined to the respective one of the
diclectric peg portions.
{0010] According to another aspect of the present disclosure, a method of forming a
three-dimensional memory device is provided, which comprises: forming a first-tier
alternating stack of first-tier insulating layers and first-tier sacrificial material layers over a
single crystalline semiconductor material layer; forming a laterally alternating stack of
insulating material strips and sacrificial material strips over the first-tier alternating stack;
forming a sccond-tier alternating stack of sccond-ticr insulating layers and second-tier
sacrificial material layers located over laterally alternating stack, wherein the first-tier
sacrificial material layers and the second-tier sacrificial material layers are subsequently
replaced with clectrically conductive layers; forming memory openings through the first-tier
alternating stack, the laterally alternating stack, and the second-tier alternating stack; and
forming an in-process memory opening fill structure in each memory opening, wherein the
in-process memory opening fill structure comprises a memory film, a sacrificial conformal
spacer, and a diclectric core; forming laterally-extending cavities by removing the sacrificial
material strips; removing portions of the memory films and the sacrificial conformal spacers
that are adjacent to the laterally-extending cavities; forming dielectric strips in the laterally-
extending cavities and in volumes from which the portions of the memory films and the
sacrificial conformal spacers are removed; and replacing the sacrificial conformal spacers
with epitaxial semiconductor channels.

BRIEF DESCRIPTION OF THE DRAWINGS
{0011] FIG. 1A is a vertical cross-sectional view of a first exemplary structure after
formation of a first alternating stack of first-tier insulating layers and first-tier sacrificial
material layers and a first laterally alternating sequence of insulatng material strips and
sacrificial material strips according to a first embodiment of the present disclosure.
{00121 FIG. 1B is a top-down view of the first exemplary structure of FIG. TA.
[0013] FIG. 2 i3 a vertical cross-sectional view of the first exemplary strocture after
formation of formation of a second alternating stack of first-tier insulating layers and first-tier

sacrificial material layers according to the first embodiment of the present disclosure,
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{6014 FIG. 3 is a vertical cross-sectional view of the first exemplary structure after
formation of a first-tier staircase region, a first retro-stepped dielectric material portion, and
an inter-tier dielectric layer according to the first embodiment of the present disclosure.
{0015] FIG. 4A is a vertical cross-sectional view of the first exemplary structure atter
formation of first-ticr memory openings according to the first ermbodiment of the present
disclosure.

{001s6] FIG. 4B is a horizontal cross-sectional view of the first exemplary structure of
FIG. 4A. The hinged vertical plane A — A’ corresponds to the plane of the vertical cross-
sectional view of FIG. 44,

[6017] FIG. 5 i3 a vertical cross-sectional view of the first exemplary structure after
formation of cpitaxial pedestal channel portions and sacrificial semiconductor oxide plates
according to the first emmbodiment of the present disclosure.

[0018] FIG. Gis a vertical cross-sectional view of the first exemplary structure after
formation of various sacrificial fill structures according to the first embodiment of the present
disclosure.

{0019] FIG. 7 is a vertical cross-sectional view of the first exeraplary structure after
formation of two alternating stacks of second-tier insulating layers and sccond-tier sacrificial
material layers with another laterally alternating sequence of insulating material strips and
sacrificial material strips therebetween, second-tier stepped surfaces, a second retro-stepped
dielectric material portion, and a second-ter insulating cap layer according to the first
embodiment of the present disclosure.

{00261 FIG. 8A is a vertical cross-sectional view of the first exemplary structure after
formation of second-tier memory openings according to the first embodiment of the present
disclosure.

{0021] FIG. 8B is a horizontal cross-sectional view of the first exemplary structure along
the horizontal plane B — B’ of FIG. 8A. The hinged vertical plane A — A’ corresponds to the
plane of the vertical cross-sectional view of FIG. BA.

{00221 FIG. 9A is a horizontal cross-sectional view of a region of the first exemplary
structure at the level of the laterally alternating sequence of insulating material strips and
sacrificial material strips after formation of memory openings according to the first
cmbodiment of the present disclosure.

{0023] FIG. 9B is a vertical cross-sectional view along the vertical plane B — B’ of FIG.

-5.
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9A. The horizontal cross-sectional planc A — A’ is the plane of the horizontal cross-sectional
view of FIG. 9A.

[0024] FIG. 9C is a vertical cross-sectional view along the vertical plane C - C of FIG.
9A. The horizontal cross-sectional plane A —~ A’ is the plane of the horizontal cross-sectional
view of FIG. 9A.

{0025] FIG. 9D is a vertical cross-sectional view of the first exemplary structure at the
processing steps of FIGS. 9A — 9.

{0026] FIG. 10A is a horizontal cross-sectional view of a region of the first exemplary
structure at the level of the laterally alternating sequence of insulating material strips and
sacrificial material strips after formation of continuous memory film stack and a continuous
sacrificial spacer material layer according to the first embodiment of the present disclosure.
[0027] FIG. 108 is a vertical cross-sectional view along the vertical plane B — B’ of FIG.
10A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
sectional view of FIG. 10A.

{00281 FIG. 10C is a vertical cross-sectional view along the vertical plane C — (7 of FIG.
10A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
sectional view of FIG. 10A.

{0029] FIG. 10D is a vertical cross-sectional view of the first exemplary structure af the
processing steps of FIGS. 10A — 10C.

{0030] FIG. 11A is a horizontal cross-sectional view of a region of the first exemplary
structure at the level of the laterally alternating sequence of insulating material strips and
sacrificial material strips after formation of memory films and sacrificial conformal spacers
according to the first embodiment of the present disclosure.

{0031] FIG. 11B is a vertical cross-sectional view along the vertical plane B — B’ of Fi(:.
11A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
sectional view of FIG. 1TA.

{0032] FIG. 11C is a vertical cross-sectional view along the vertical plane C - O of FIG.
11A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
sectional view of FIG. 11A.

{30331 FIG. 11D is a vertical cross-sectional view of the alternative embodiment of the
first exemplary structure at the processing steps of FIGS. 11A - 11C.

{0034] FIG. 12A is a vertical cross-sectional view of the first exemplary structure after
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covering the memory openings with a sacrificial cover material and formation of support
openings according to the first embodiment of the present disclosure.

[0035] FIG. 12B is a horizontal cross-sectional view of the first exemplary structure
along the horizontal plane B — B” of FIG. 12A. The hinged vertical plane A — A’ corresponds
to the plane of the vertical cross-sectional view of FIG. 12A.

§B636] FIG. 12C is a vertical cross-sectional view of the alternative embodiment of the
first exemplary structure at the processing steps of FIGS. 12A and 12B.

{00371 FIG. 13A is a vertical cross-sectional view of the first exeraplary structure after
formation of laterally-extending cavities by selective removal of sacrificial material strips
according to the first embodiment of the present disclosure.

{0038] FIG. 13B is a horizontal cross-sectional view of the first exemplary structure
along the horizontal plane B — B” of FIG. 13A. The hinged vertical plane A — A’ corresponds
to the plane of the vertical cross-sectional view of FIG. 13A.

{6039 FIG. 13C is a vertical cross-sectional view of the alternative embodiment of the
first exemplary structure af the processing steps of FIGS. 13A and 13B.

{00401 FIG. 14A is a horizontal cross-sectional view of a region of the first exemplary
structure at the level of the laterally alternating sequence of insulating material strips and
taterally-extending cavities at the processing steps of FIGS. 13A - 13C according o the first
embodiment of the present disclosure.

[0041] FIG. 14B is a vertical cross-sectional view along the vertical plane B — B” of FIG.
14A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
sectional view of FIG. 14A.

[0042] FIG. 14C is a vertical cross-sectional view along the vertical plane C - C of FIG.
14A. The horizontal cross-sectional planc A — A’ is the plane of the horizontal cross-
sectional view of FIG. 14A.

[0043] FIG. 15A is a horizontal cross-sectional view of a region of the first exemplary
structure at the level of the laterally alternating sequence of insolating material strips and
faterally extending cavities after formation of a network of cavities by removal of portions of
the memory filros and the sacrificial conformal spacers located adjacent to the laterally-
cxtending cavities according to the first embodiment of the present disclosure.

{0044] FIG. 15B is a vertical cross-sectional view along the vertical plane B — B’ of FI(:.

13A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
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sectional view of FIG. 15A.

{0045] FIG. 15C is a vertical cross-sectional view along the vertical plane C - C” of FIG.
15A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
sectional view of FIG. 15A.

{0046] FIG. 16A is a borizontal cross-sectional view of a region of the first exemplary
structure at the level of the laterally alternating sequence of insolating material strips and
laterally extending cavities after removal of the sacrificial cover material and removal of a
hottom portion of each memory film according fo the first embodiment of the present
disclosure.

{00471 FIG. 16B is a vertical cross-sectional view along the vertical plane B — B’ of FIG.
16A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
sectional view of FIG. 16A.

[0048] FIG. 16C is a vertical cross-sectional view along the vertical plane C - of FIG.
16A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
sectional view of FIG. 16A.

{00491 FIG. 17A is a horizontal cross-sectional view of a region of the first exemplary
structure at the level of the laterally alternating sequence of insulating material strips and
dielectric strips of 3 diclectric fill material after deposition of the dielectric fil material in the
laterally-extending cavities and the memory cavities within the raemory openings according
to the first embodiment of the present disclosure.

{6050] FIG. 17B is a vertical cross-sectional view along the vertical plane B -~ B of FIG.
17A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
sectional view of FIG. 17A.

{0051] FIG. 17C is a vertical cross-sectional view along the vertical plane C — C of FI(.
17A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
sectional view of FIG. 17A.

§B6521 FIG. 16D is a vertical cross-sectional view of the alternative embodiment of the
first exemplary structure af the processing steps of FIGS. 16A 16,

{00531 FIG. 18A is a horizontal cross-sectional view of a region of the first exemplary
structure at the level of the laterally alternating sequence of insulating material strips and
dielectric strips of the dielectric fill material after formation of channel cavities according to

the first embodiment of the present disclosure.
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{6054 FI(. 18B is a vertical cross-sectional view along the vertical plane B - B of FIG.
18A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
sectional view of FIG. 18A.

{0055] FIG. 18C is a vertical cross-sectional view along the vertical plane C — C of FI(.
18A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
sectional view of FIG. 18A.

§B056] FIG. 18D is a vertical cross-sectional view of the horizontal plane B - D’ of
FIGS. 188 and 18C.

{00571 FIG. 1BE is a vertical cross-sectional view of the first exemplary structure at the
processing steps of FIGS. 18A — 18D.

{0058] FIG. 19A is a horizontal cross-sectional view of a region of the first exemplary
structure at the level of the laterally alternating sequence of insulating material strips and
diclectric strips of the diclectric fill material after formation of epitaxial semiconductor
channels and drain regions according to the first embodiment of the present disclosure.
{00591 FIG. 198 is a vertical cross-sectional view along the vertical plane B - B of FIG.
19A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
sectional view of FIG. 19A.

{0060] FIG. 19C is a vertical cross-sectional view along the vertical plane C — € of Fi(5.
19A. The horizontal cross-sectional plane A — A’ is the plane of the horizontal cross-
sectional view of FIG. 19A.

{60611 FIG. 19D is a vertical cross-sectional view of the horizontal plane D - D of
FIGS. 198 and 19C.

[0062] FIG. 19E is a vertical cross-sectional view of the first exemplary structure at the
processing steps of FIGS. 18A - 19D,

{0063] FIG. 20A is a vertical cross-sectional view of the first exemplary structure after
formation of a first contact level diclectric layer and backside trenches according to the first
embodiment of the present disclosure.

{00641 FIG. 208 is a horizontal cross-sectional view of the first exemplary structure
along the borizontal plane B — B” of FIG. 20A. The hinged vertical plane A — A’ corresponds
to the plane of the vertical cross-sectional view of FIG. 20A.

{0065] FIG. 21 is a vertical cross-sectional view of the first exemplary structure after

formation of backside recesses according to the first embodiment of the present disclosure.
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{6066] FIG. 22A is a vertical cross-sectional view of the first exemplary structure after
formation of electrically conductive layers and backside trench fill structures according to the
first embodiment of the present disclosure.

{0067 ] FIG. 22B is a horizontal cross-sectional view of the first exemplary structure
along the horizontal plane B ~ B of FIG. 22A. The hinged vertical plane A — A’ corresponds
to the plane of the vertical cross-sectional view of FIG. 2ZA.

{0068] FIG. 22C is a horizontal cross-sectional view of the first exemplary structure
along the horizontal plane B — B’ of FIG. 22A. The hinged vertical plane A — A’ corresponds
to the plane of the vertical cross-sectional view of FIG. 22A.

{00691 FIG. 23 is a vertical cross-sectional view of the fivst exemplary structure after
formation of a second contact level diclectric layer, various contact via structures, through-
memory-level via structures, and metal line structures according to the first embodiment of
the present disclosure.

{6070] FIG. 24 is a vertical cross-sectional view of a second exemplary structure after
formation of semiconductor devices, a source-level sacrificial layer, and a first-tier
alternating stack of first insulating layers and first sacrificial material layers according to a
second emboediment of the present disclosure.

{0001] FIG. 25 is a vertical cross-sectional view of the second exemnplary structure after
formation of a first-tier staircase region, a first retro-stepped dielectric material portion, and
an inter-tier dielectric layer according to the second embodiment of the present disclosure.
{60021 FIG. 26A is a vertical cross-scctional view of the second exemplary structure after
formation of first-tier memory openings and first-ticy support openings according to the
second embodiment of the present disclosure.

{0083] FIG. 26B is a top-down view of the second exemplary structure of FIG. 26A. The
hinged vertical planc A — A’ corresponds to the plane of the vertical cross-sectional view of
FIG. 26A.

{00684] FIG. 27A is a vertical cross-sectional view of the second exemplary structure after
formation of saccificial first-tier memory opening fll portions and sacrificial first-tier support
opening fill portions according to the second embodiment of the present disclosure.

[00685] FIG. 27B 1s a top-down view of the second exemplary strucoure of FIG. 27A. The
hinged vertical plane A — A’ corresponds to the plane of the vertical cross-sectional view of

FiG. 27A.
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{6006] FIG. 28A is a vertical cross-scctional view of the second exemplary structure after
formation of a one-dimensional array of line trenches according to the second embodiment of
the present disclosure.

{0087] FIG. 28B is a top-down view of the second exemplary structure of FIG. 28A. The
hinged vertical planc A — A’ corresponds to the plane of the vertical cross-sectional view of
FIG. 28A.

{00688] FIG. 29A is a vertical cross-sectional view of the second exemplary structure after
formation of sacrificial material strips according to the second embodiment of the present
disclosure.

{00891 FIG. 28B 1s a top-down view of the second exemplary strucoure of FIG. 28A. The
hinged vertical plane A — A’ corresponds to the plane of the vertical cross-sectional view of
FIG. 28A.

[0071] FIG. 30 1s a vertical cross-sectional view of the second exerplary structure after
formation of a second-tier alternating stack of second insulating layers and second sacrificial
material layers, second stepped surfaces, and a second retro-stepped dielectric material
portion according to the second embodiment of the present disclosure.

{0072] FIG. 31A is a vertical cross-sectional view of the second excraplary structure after
formation of second-tier memory openings and second-tier support openings according o the
second embodiment of the present disclosure.

{0073] FIG. 31B is a horizontal cross-sectional view of the second exemplary strocture
along the horizontal plane B — B” of FIG. 7A. The hinged vertical plane A — A’ corresponds
to the planc of the vertical cross-sectional view of FIG. TA.

[6074] FIG. 32 is a vertical cross-sectional view of the second exemplary structure after
formation of inter-ticr memory openings and inter-ticr support openings according to the
second embodiment of the present disclosure.

[0075] FIGS. 33A - 33D illustrate sequential vertical cross-sectional views of a memory
opening doring formation of an in-process memory opening fill structure according o the
second embodiment of the present disclosure.

{0076] FIG. 34 is a vertical cross-sectional view of the second exemplary structiure after
formation of memory opeming fill structures and support pillar structures according to the
second emboediment of the present disclosure.

{0077] FIG. 35A is a borizontal cross-sectional view of a region of the second exemplary
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structure that includes a backside trench and in-process memory opening fill structures along
a horizontal plane including insulating material strips after formation of backside trenches
according to the second embodiment of the present disclosure.

{0078] FIG. 35B is a vertical cross-sectional view of a region of the second exemplary
structure along the vertical plane B — B of FIG. 35A. The horizontal plane A ~ A’ is the
plane of the horizontal cross-sectional view of FIG. 35A.

{0079] FIG. 35C is a vertical cross-sectional view of a region of the second exemplary
structure along the vertical plane C — (7 of FEG. 35A. The horizontal planc A —~ A’ is the
plane of the horizontal cross-sectional view of FIG. 35A.

[0080] FIG. 35D i3 a vertical cross-sectional view of aregion of the second exemplary
structure along the vertical plane D — D’ of FIG. 35A. The horizontal plang A — A’ is the
plane of the horizontal cross-sectional view of FIG. 33A.

[0081] FIG. 35E is a vertical cross-sectional view of the second exemplary structure of
FIGS. 35A - 35D. The horizontal plane A — A’ is the plane of the horizontal cross-sectional
view of FI(G. 35A.

{00821 FIG. 36A is a horizontal cross-sectional view of a region of the second exemplary
structure that includes a backside trench and in-process memory opening fill structures along
a horizontal plane including insulating material strips after formation of laterally-extending
cavities and removal of portions of the memory films and sacrificial conformal spacers that
are proximal o the laterally-extending cavities according to the second embodiment of the
present disclosure.

{00831 FIG. 368 is a vertical cross-sectional view of a region of the second exemplary
structure along the vertical plane B — B’ of FIG. 36A. The horizontal plane A — A’ is the
plane of the horizontal cross-sectional view of FI(5. 36A.

{0084] FIG. 36C is a vertical cross-sectional view of a region of the second exemplary
structure along the vertical plane C — O of FIG. 36A. The horizontal plane A — A’ is the
plane of the horizontal cross-sectional view of FIG. 36A.

{00851 FIG. 36D is a vertical cross-sectional view of a region of the second exemplary
structure along the vertical plane D - D’ of FIG. 36A. The horizontal plane A — A’ is the
plane of the horizontal cross-sectional view of FIG. 36A.

{0086] FIG. 36E is a vertical cross-sectional view of the second exemplary structure of

FIGS. 36A — 36D, The horizontal plane A ~ A’ s the plane of the borizontal cross-sectional
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view of FI(3. 36A.

{00871 FIG. 37A is a horizontal cross-sectional view of a region of the second exemplary
structure that includes a backside trench and in-process memory opening fill souctures along
a horizontal plane including insulating material strips after formation of dielectric strips in the
laterally-cxtending cavitics and in pocket cavitics according to the second embodiment of the
present disclosure.

{0088] FIG. 378 is a vertical cross-sectional view of a region of the second exemplary
structurce along the vertical plane B ~ B’ of FIG. 37A. The horizontal planc A —~ A’ is the
plane of the horizontal cross-sectional view of FIG. 37A.

ELS FIG. 37C is a vertical cross-sectional view of a region of the second exemplary
structure along the vertical plane € — € of FIG. 37A. The horizontal plane A — A’ is the
plane of the horizontal cross-sectional view of FIG. 37A.

[0090] FIG. 37D is a vertical cross-sectional view of a region of the second exemplary
structure along the vertical plane D - I’ of FIG. 37A. The horizontal plane A — A’ is the
plane of the horizontal cross-sectional view of FIG. 37A.

{00911 FIG. 37E is a vertical cross-sectional view of the second exerplary structure of
FiGS. 37A — 37D, The horizontal plane A — A’ is the plane of the horizontal cross-sectional
view of FIG. 37A.

[0092] FIGS. 38A - 38D iltustrate sequential vertical cross-sectional views of memory
opening fill structures and a backside wench during formation of source-level material layers
according to the sccond embodiment of the present disclosure.

{00931 FIGS. 39A -~ 39D illustrate sequential vertical cross-sectional views of memory
opening fill seructures and a backside trench doring replacement of sacrificial material layers
with electrically conductive layers according to the second embodiment of the present
disclosure.

[0094] FIG. 40A 1s a vertical cross-sectional view of the second exerplary structure after
formation of backside trench fill seuctures in the backside renches according to the second
cmbodiment of the present disclosure.

{0095] FIG. 408 is a horizontal cross-sectional view of the second exemplary structure
along the horizontal plane B — B” of FIG. 40A. The hinged vertical plane A — A’ corresponds
to the planc of the vertical cross-sectional view of FIG. 40A.

{0096] FIG. 41 A is a vertical cross-sectional view of the second exernplary structure after
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formation of drain cavities according to the sccond embodiment of the present disclosure.
{00971 FIG. 418 is a top-down view of the second exemplary structure along the
horizontal plane B — B’ of FIG. 40A. The hinged vertical plane A — A’ corresponds {o the
plane of the vertical cross-sectional view of FIG. 40A.

{0098] FIG. 42 is a vertical cross-sectional view of a region of the second exemplary
structure at the processing steps of FIGS. 41A and 418.

0099] FIG. 43 A is a vertical cross-sectional view of a region of the second exemplary
structure after formation of channel cavities according to the sccond embodiment of the
present disclosure.

[016¢] FIG. 43B is a horizontal cross-sectional view of a region of the second exemplary
structure along the horizontal plane B — B’ of FIG. 43A. The vertical plane A — A’ is the
plane of the vertical cross-sectional view of FIG. 43A.

{0161] FIG. 43C is a horizontal cross-sectional view of a region of the second exeraplary
structure along the horizontal plane C — O of FIG. 43A. The vertical plane A — A’ is the
plane of the vertical cross-sectional view of FIG. 43A.

{01021 FIG. 44 18 a vertical cross-sectional view of the second exemplary structire after
formation of in-process epitaxial semiconductor channels according to the second
cmbodiment of the present disclosure.

{0163] FIG. 45A is a vertical cross-sectional view of a region of the second exemplary
structure atter formation of epitaxial semiconductor channels and drain regions according to
the second embodiment of the present disclosure.

{01041 FIG. 458 is a horizontal cross-sectional view of a region of the second exemplary
structure along the horizontal plane B — B’ of FIG. 43A. The vertical plane A — A’ is the
plane of the vertical cross-sectional view of FI(G. 45A.

{0105] FIG. 45C is a horizontal cross-sectional view of a region of the second exermplary
structure along the horizontal plane C— C of FIG. 45A. The vertical plane A — A’ is the
plane of the vertical cross-sectional view of FIG. 45A.

{0106] FIG. 464 is a vertical cross-sectional view of the second exemplary structure at
the processing steps of FIGS. 43A - 45C.

[0167] FIG. 46B is a horizontal cross-sectional view of the second exemplary structure
along the horizontal plane B — B” of FIG. 46A. The hinged vertical plane A — A’ corresponds

to the plane of the vertical cross-sectional view of FIG. 46A.
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{61908] FIG. 47 is a vertical cross-sectional view of the second exemplary structure after
formation of through-memory-level via structures, contact via structures, and metal line
structures according to the second embodiment of the present disclosure.

{0169] FIG. 48A is a vertical cross-sectional view of a third exemplary structure after
formation of in-process source-level material lavers on a substrate according to a third
embodiment of the present disclosure.

{0110] FIG. 48B is a magnified view of a region of the third exempiary soucture of FIG.
48A.

{01111 FIG. 49 is a vertical cross-sectional view of the third exemplary structure after
formation of a first-tier alternating stack according to the third embodiment of the present
disclosure.

{0112] FIG. 50 1s a vertical cross-sectional view of the third exemnplary structore after
formation of first stepped surfaces, a first retro-stepped dielectric material portion, and an
inter-tier dielectric layer according to the third embodiment of the present disclosure.
{01131 FIG. 51A is a vertical cross-sectional view of the third exemplary structure after
formation of first-tier memory openings and first-tier support openings according to the third
cmbodiment of the present disclosure.

{0114] FIG. 51B is a horizontal cross-sectional view of the third exemplary structure of
Fi(z. 51A. The hinged vertical plane A — A’ corresponds to the plane of the vertical cross-
sectional view of FIG. 51A.

{6115] FIG. 52 is a vertical cross-sectional view of the third exemplary structure after
formation of various sacrificial fill structures according to the third embodiment of the
present disclosure.

{0116] FIG. 53 is a vertical cross-sectional view of the third exemplary structure after
formation of a second-tier alternating stack of second insulating layers and second spacer
material layers, second stepped surfaces, and a second retro-stepped diclectric material
portion according to the third embodiment of the present disclosure.

{0117] FIG. 54A is a vertical cross-sectional view of the third exemplary structure after
formation of second-ticy memory openings and second-tier support openings according to the
third embodiment of the present disclosure.

{0118] FIG. 54B is a horizonial cross-sectional view of the third exemplary structure

along the horizontal plane B — B of FIG. 54A. The hinged vertical plane A — A’ corresponds
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to the plane of the vertical cross-sectional view of FIG. 54A.

{01191 FIG. 55 is a vertical cross-sectional view of the third exemplary structure after
formation of inter-tier mermory openings and inter-tier support openings according to the third
cmbodiment of the present disclosure.

{0120] FIGS. 56A — 561 illustrate sequential vertical cross-sectional views of a memory
opening doring formation of a memory opening fill structure according to the third
embodiment of the present disclosure.

{01211 FIG. 57 is a vertical cross-sectional view of the third exemplary structure after
formation of memory opening fill structures and support pillar structures according to the
third embodiment of the present disclosure.

{0122] FIG. 58A is a vertical cross-sectional view of the third exemplary structure after
formation of pillar cavities according to the third embodiment of the present disclosure.
{0123] FIG. 588 is a horizontal cross-sectional view of the third exemplary structure
along the horizontal plane B — B” of FIG. 58A. The hinged vertical plane A — A’ corresponds
to the planc of the vertical cross-scctional view of FIG. 58A.

{01241 FIG. 59 is a vertical cross-sectional view of the third exemplary structure after
formation of diclectric pillar structures according to the third embodiment of the present
disclosure.

[0125] FIG. GOA 1s a vertical cross-sectional view of the third exeroplary structure after
formation of a first contact level diclectric laver and backside trenches according to the third
embodiment of the present disclosure.

{0126] FIG. 60B is a horizontal cross-sectional view of the third exemplary structure
along the horizontal plane B — B” of FIG. 60A. The hinged vertical plane A — A’ corresponds
to the planc of the vertical cross-sectional view of FIG. 60A.

{0127] FIG. 61 1is a vertical cross-scctional view of the third exerplary structure after
formation of backside trench spacers according to the third embodiment of the present
disclosure.

{01281 FIGS. 62A — 62F illustrate sequential vertical cross-sectional views of memory
opening fill structures and a backside trench during formation of source-level material layers
according to the third embodiment of the present disclosure.

{0129] FIG. 63 is a vertical cross-sectional view of the third exemplary structure after

formation of source-level material lavers according to the third embodiment of the present
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disclosure.
{01301 FIG. 64 1s a vertical cross-sectional view of the third exemplary structure after
formation of backside recesses according to the third embodiment of the present disclosure.
{0131] FIG. 65A is a vertical cross-sectional view of the third exermplary structure after
formation of clectrically conductive layers according to the third cmbodiment of the present
disclosure.
{0132] FIG. 65B is a vertical cross-sectional view of a region of the thivd exemplary
structure of FHG. 65 A that includes a backside trench and two memory opening fill structures.
{01331 FIG. 66A is a vertical cross-sectional view of the third exemplary structure after
formation of an insulating spacer and a backside contact via stracture in cach backside wench
according to the third embodiment of the present disclosure.
{0134] FIG. 668 is a horizontal cross-sectional view of the third exemplary structure
along the horizontal plane B — B” of FIG. 66A. The hinged vertical plane A — A’ corresponds
to the plane of the vertical cross-sectional view of FIG. 66A.
{0135] FIG. 66C is a vertical cross-sectional view of the third exemplary structure along
the vertical plane C - of FIG. 66B.
{0136] FIG. 66D is a vertical cross-sectional view of a region of the third exemplary
structure of FEGS. 66A - 66 that includes a backside trench and two memory opening fill
structures.
{0137] FIG. 67A is a vertical cross-sectional view of the third exemplary structure after
formation of a second contact level dielectric layer and various contact via structures
according to the third cmbodiment of the present disclosure.
[0138] FIG. 67B is a horizontal cross-sectional view of the third exemplary structure
along the vertical plane B — B’ of FIG. 67A. The hinged vertical plane A — A’ corresponds to
the plane of the vertical cross-sectional view of FIG. 67A.
[0139] FIG. 68 is a vertical cross-sectional view of the third exernplary structore after
formation of upper metal line straceures according to the third embodiment of the present
disclosure.

DETAILED DESCRIPTION
{01441 Various embodiments provide three-dimensional memory devices and methods of
making such devices that include carbon and boron doped source contact layers. The carbon

doping reduces boron diffusion from the source contact layers into the semiconductor
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channels. The embodiments of the present disclosure can be used to form various
semiconductor devices such as three-dimensional monolithic memory arvay devices
comprising a plurality of NAND memory strings. The drawings are not drawn to scale.
{0141] The drawings are not drawn to scale. Multiple instances of an element may be
duplicated where a single instance of the clement is illustrated, unless absence of duplication
of clements s expressly described or clearly indicated otherwise. Ordinals such as “first,”
“second,” and “third” are used merely to identify similar elements, and different ordinals may
he used 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 and the same
function. Unless otherwise indicated, a “contact” between elements refers o a direct contact
between elements that provides an edge or a surface shared by the clements. 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 element. As used herein, a first
clement is located “directly on” a second clement if there exist a physical contact between a
surface of the first element and a surface of the second element. As used herein, a
“prototype” structure or an “in-process” structure refers to a {ransient structure that is
subsequently modificd in the shape or composition of at lcast one component therein.

[0142] As used herein, a “layver” 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
faver 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 exiend 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.

{3143} As used herein, a first surface and a second surface are “vertically coincident”
with each other if the second surface overlies or underlies the first surface and there exists a
vertical plane or a substantially vertical plane that includes the first swface and the second
surface. A substantially vertical plane is a plane that extends straight along a direction that

deviates from a vertical direction by an angle less than 5 degrees. A vertical planc or a

18-



WO 2020/163005 PCT/US2019/063106

substantially vertical planc is straight along a vertical direction or a substantially vertical
direction, and may, or may not, inchude a curvature along a direction that is perpendicular to
the vertical direction or the substantially vertical direction.

{0144] As used herein, a “memory level” or a “memory array level” refers to the fevel
corresponding to a gencral region between a first horizontal plane (i.e., a planc parallel to the
top surface of the substrate} including topmost surfaces of an array of memory elements and a
second horizontal plane including bottommost surfaces of the array of memory elements. As
used herein, a “through-stack” clement refers to an element that vertically extends through a
memory level.

[0145] As used herein, a “semiconducting material” refers to a material having electrical
conductivity in the range from 1.0 x 107 S/m to 1.0 x 10° S/m. As used herein, a
“serniconductor material” refers to a material having electrical conductivity in the range from
1.0 x 107 8/m to 1.0 S/m in the absence of electrical dopants therein, and is capable of
producing a doped material having electrical conductivity in arange from 1.0 S/mto 1.0 x
10° S/m 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
than 1.0 x 10° S/m. As used herein, an “insulator material” or a “dielectric material” refers to
a material having electrical conductivity less than 1.0 x 10 $/m. As used herein, a “heavily
doped semiconductor material” refers to a semiconductor material that is doped with
clectrical dopant at a sufficiently high atomic concentration to become a conductive material
cither as formed as a crystalline material or if converted into a crystalline material through an
anncal process (for example, from an initial amorphous staie), i.c., to have clectrical
conductivity greater than 1.0 x 10° S/m. 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

3

conductivity in the range from 1.0 x 10° $/m to 1.0 x 10° §/m. An “intrinsic semiconductor
material” refers to a semiconductor material that is not doped with electrical dopants. Thus, a
semiconductor material may be semiconduocting 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

-19-



WO 2020/163005 PCT/US2019/063106

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.

{0146] A moonolithic three-dimensional memory array is one in which multiple memory
levels are formed ahove a single substrate, such as a semiconductor wafer, with no
intervening suabstrates. 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 arravs may be formed separately and then packaged together to form a non-
monolithic memory device. For example, non-moonolithic 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. 3,913,167 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 substrate may
include integrated circuits fabricated thereon, such as driver circuits for a memory device
{01471 Three-dimensional memory devices of various embodiments of the present
disciosure include a monolithic three-dimensional NAND string memory device, and can be
fabricated using the various embodiment methods described herein. The monolithic three-
dimensional NAND string is located in a monolithic, three-dimensional array of NAND
strings located over the subswrate. At least one memory cell in the first device level of the
three-dirensional array of NAND strings is located over another memory cell in the second
device level of the three-dimensional array of NAND strings.

[0148] Generally, a semiconductor package (or a “package”) refers to a unit
semiconductor device that can be attached to a circuit board through a set of pins or solder
balls. A semiconductor package may include a semiconductor chip (or a “chip™) or a
plurality of semiconductor chips that are bonded thereamongst, for example, by flip-chip
bonding or another chip-to-chip bonding. A package or a chip may tnclude a single
seraiconductor die {or a “die”) or a plurality of semiconductor dies. A die is the smallest unit
that can independently execute external commands or report status. Typically, a package or a
chip with multiple dies is capable of simultancously executing as many external commands
as the total number of planes therein. Each die includes one or more plancs. Identical

concurrent operations can be executed in cach plane within a same die, although there may be
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some restrictions. In case a die is a memory die, i.c., a dic including memory elements,
concurrent read operations, concurrent write operations, Or concurrent erase operations can be
performed in cach plane within a same memory die. In a memory dig, cach plane contains a
number of memory blocks {or “blocks”), which are the smallest unit that can be erased by in
a single crasc operation. Each memory block contains a number of pages, which arc the
smallest units that can be selected for programming. A page is also the smallest unit that can
be selected o a read operation.

{01491 Referring to FIGS. 1A and 1B, a first exemplary structure according to an
cmbodiment of the present disclosure is illustrated, which includes a substrate 8. The
substrate 8 includes a substrate semiconductor layer 10. The substrate 8 may comprise a
commercially available semiconductor water such as a single crystaliine silicon wafer, and
the substrate semiconductor layer 10 may be a single crystalline semiconductor material layer
such as a single crystalline silicon layer.

{6150] The substrate semiconductor layer 10 is a doped semiconductor layer having a
doping of a first conductivity type, which may be p-type or n-type. The substrate
semiconductor layer 10 may include electrical dopants of the first conductivity type at an
atomic concentration in a range from 1.0 x 10%cem?® to 1.0 x 10'%/cm”, although lesser and
greater atomic concenirations may also be used. Optionally, portions of the substrate
semiconductor layer 10 may be vertically recessed in a peripheral device region 400, and
peripheral semiconductor devices 700 may be formed on a recessed surface of the substrate
semiconductor laver 10, A memory array region 100 in which a three-dimensional array of
memory devices is to be subsequently formed is provided outside of the peripheral device
region 400. A staircase region 200 may be provided between the memory array vegion 100
and the peripheral device region 400.

{0151] A second-conductivity-type doped well 201 having a doping of a secound
conductivity type can be formed in an upper portion of the substrate semiconductor layer 10
by tmplantation of dopants of the second conductivity type. The second conductivity type is
the opposite of the first conductivity type. For exampile, if the first conductivity type is p-
type, the second conductivity type is n-type, and vice versa.

[0132] A first-conductivity-type doped well 202 having a doping of the first conductivity
type can be formed in an upper portion of the second-conductivity-type doped well 201 by

implantation of dopants of the first conductivity type. The combination of the remaining
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portion of the substrate semiconductor layer 10, the second-conductivity-type doped well 201,
and the first-conductivity-type doped well 202 forms a nested p-n-p junction structure ot a
nested n-p-n junction structure so that the first-conductivity-type doped well 202 can be
independently electrically biased from the substrate semiconductor layer 10. In one
crobodiment, the substrate 8 can include a single crystalline semiconductor material layer
{such as a single crystaliine silicon layer) such the each of the subswrate semiconductor layer
10, the second-conductivity-type doped well 201, and the first-conductivity-type doped well
2072 are portions of the single crystalline semiconductor material layer.

{01531 A first alternating stack of first material layers and second material lavers is
formed over the substrate 8. in one embodiment, the first material layers and the second
material layers may be first-tier insulating lavers 132 and first-tier sacrificial material layers
142, respectively. In one embodiment, each first-tier insulating layer 132 may inchide a first
insulating material, and each first-tier sacrificial material layer 142 may include a first
sacrificial material. As used herein, a “sacrificial material” refers to a material that is
removed during a subsequent processing step.

{3134} As used hercin, an alternating stack of first elements and second clements vefers to
a structure in which instances of the first elements and instances of the second elements
alternate. Each instance of the first clements 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 i3 not an end element of the alternating plurality is adjoined by
two instances of the first clements on both ends. The first clements may have the same
thickness throughout, or may have different thicknesses. The second elements may have the
same thickness throughout, or may have different thicknesses. The aliernating plurality of
first material layers and second material layers may begin with an instance of the first
material laycers or with an instance of the sccond material layers, and may end with an
instance of the first material layers or with an instance of the second material lavers. 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.

{0155] The first material of the first-tier insulating layers 132 may be at feast one
insulating material. Insulating materials that may be used for the first-tier insulating layers
132 include, but are not limited to silicon oxide {including doped or undoped silicate glass),

silicon nitride, silicon oxynitride, organosilicate glass (OS(3), spin-on diclectric materials,
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diclectric metal oxides that are commmonly known as high diclectric constant (high-k)
dielectric oxides (e.g., aluminurm oxide, hafoium oxide, ete.) and silicates thereof, dielectric
metal oxynitrides and silicates theveof, and organic msulating materials. In one embodiment,
the first material of the first-tier insulating layers 132 may be silicon oxide.

{G156] The second material of the first-ticr sacrificial material layers 142 is a sacrificial
material that may be removed selective to the first material of the first-tier insulating layers
132. Asused herein, a removal of a first material 18 “selective t0” 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 1o the rate of
removal of the second material is herein referred to as a “selectivity” of the remmoval process
for the first material with respect to the second material.

{0157] The first-ticr sacrificial material layers 142 may comprise an insulating material, a
semiconductor material, or a conductive material. The second material of the first-tier
sacrificial material layers 142 may be subsequently replaced with electrically conductive
clectrodes which may function, for example, as control gate electrodes of a vertical NAND
device. In one embodiment, the first-tier sacrificial material layers 142 may be material
layers that comprise silicon nifride.

{0158] In one embodiment, the first-tier insulating layers 132 may include silicon oxide,
and sacrificial material layers may include silicon nitride. The first material of the first-tier
insulating layers 132 may be deposited, for example, by chemical vapor deposition {CVD).
For example, if silicon oxide is used for the first-tier insulating layers 132,
tetracthylotthosilicate (TEOS) may be used as the precursor material for the CVD process.
The second material of the first-tier sacrificial material layers 142 may be formed, for
cxample, CVD or atomic layer deposition (ALD).

{0159] The thicknesses of the first-tier insulating layers 132 and the first-tier sacrificial
material layers 142 may be in a range from 20 nm to 50 nm, although lesser and greater
thicknesses may be used for each first-tier insulating layer 132 and for each first-tier
sacrificial material layer 142, The number of repetitions of the pairs of a first-tier insulating
layer 132 and a first-tier sacrificial material layer 142 in the first alternating stack (132, 142)
may be in arange from 2 to 256, and typically from 8 to 64, although a greater number of

repetitions may also be used. In one embodiment, cach first-tier sacrificial material layer 142
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in the firsi-tier alternating stack (132, 142) may have a uniform thickness that is substantially
the same throughout each respective first-tier sacrificial material layer 142,

[0160] The first alternating sequence (132, 142) terminates with a first-tier insulating
tayer 132. A first laterally alternating sequence of insulating material strips 332 and
sacrificial material strips 342 is formed over the topmost first-tier insulating layer 132. Each
of the insulating material strips 332 and sacrifictal material strips 342 can laterally extend
along a first horizontal divection hdl with a respective uniform width, and can be laterally
spaced onc from another along a second horizontal direction hd?2 that is perpendicular to the
first horizontal divection hdl.

[0161] The first laterally alternating sequence of insulating material strips 332 and
sacrificial material strips 342 can be formed by depositing a blanket (unpatterned) insulating
material layer including the material of the insulating material strips 332, by forming line
trenches having the pattern of the sacrificial material strips 342 through the insulating
material layer by a combination of a lithographic patterning process and an anisotropic cich
process, and by depositing a sacrificial material that is different from the material of the first-
tier sacrificial material layers 142 in the line trenches. Excess portions of the sacrificial
material can be removed from above the horizontal plane including the top surface of the
reroaining portions of the insulating material layer by a planarization process, The remaining
portions of the insulating material laver constitste the insulating material strips. Alternatively,
the first laterally alternating sequence of insulating material strips 332 and sacrificial material
strips 342 can be formed by depositing a blanket (unpatterned) material layer including the
material of the sacrificial material strips 342, by forming line trenches baving the pattern of
the insulating material strips 332 by a combinaton of a lithographic patterning process and an
anisotropic etch process, and by depositing an insulating material in the line trenches.

{0162] in one embodiment, the insulating material of the insulating material strips 332
can include undoped silicate glass or a doped silicate glass, and the sacrificial material of the
sacrificial material strips 342 can include a semiconductor material such as amorphous silicon,
polysilicon, or a silicon-germanium alloy. In one embodiment, the insulating material strips
332 can include undoped silicate glass, and the sacrificial material strips 342 can include
undoped amorphous silicon.

{0163] Referring to FIG. 2, a second alternating stack of additional first-tier insulating

layers 132 and additional first-tier sacrificial material layers 142 can be formed over the first
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laterally alternating sequence of insulating material strips 332 and sacrificial material strips
342, The processing steps for forming the first laterally alternating sequence of insulating
material strips 332 and sacrificial material strips 342 can be repeated to form the second
alternating stack of additional first-tier insulating lavers 132 and additional first-tier
sacrificial material layers 142. The second alternating stack of additional first-ticr insulating
tayers 132 and additional first-tier sacrificial material layers 142 can include a first-tier
insulating layer 132 as a bottommost layer that contacts the first laterally alternating sequence
of insulating material strips 332 and sacrificial material strips 342. The number of repetitions
of the pairs of a first-tier insulating layer 132 and a first-tier sacrificial roaterial layer 142 in
the second alternating stack (132, 142) may be in a range from 2 to 256, and typically from 3
to 64, although a greater number of repetitions may also be used.

[0164] Optionally, the processing steps for forming the first laterally alternating sequence
of insulating material strips 332 and sacrificial material strips 342 and the processing steps
for forming the second alternating stack of additional firse-tier insulating fayers 132 and
additional first-tier sacrificial material layers 142 may be repeated to provide more than one
laterally alternating sequence of insulating material strips 332 and sacrificial material strips
342.

{0165] A first-tier insulating cap layer 170 is subsequently formed over the second
alternating stack of additional first-tier insulating layers 132 and additional first-tier
sacrificial material layers 142 (and any additional alternating stack, if present). The first-tier
insulating cap layer 170 includes a dielectric material, which may be any diclectric matertal
that may be used for the first-tier insulating layers 132, In one embodiment, the first-tier
insulating cap layer 170 includes the same dielectric material as the first-tier insulating layers
132. The thickness of the first-tier insulating cap layer 170 may be in a range from 20 nm to
300 nm, although lesser and greater thicknesses may also be used. The layers within the first-
tier insulating cap layer 170, the alternating stacks (132, 142) of the first-tier insulating layers
132 and first-tier sacrificial material layers 142, and a layer inciuding the first laterally
alternating sequence of insulating material strips 332 and sacrificial material strips 342 are
collectively referred to as first-tier material layers (132, 142, 332, 342, 170).

[0166] Referring to FIG. 3, the fivst-tier insulating cap layer 170, the alternating stacks
(132, 142) of the first-tier insulating layers 132 and first-tier sacrificial material layers 142,

and the first laterally alternating sequence of insulating roaterial strips 332 and sacrificial
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material strips 342 may be patterned to form first-tier stepped surtfaces in the staircase region
200. The staircase region 200 may include a respective first stepped area in which the first-
tier stepped sarfaces ave formed, and a second stepped area in which additional stepped
surfaces are to be subsequently formed in a second-tier structure (to be subseguently formed
over a first-tier structurc) and/or additional tier structures. The first-tier stepped surfaces may
be formed, for example, by forming a mask layver with an opening therein, etching a cavity
within the levels of the first-tier insulating cap layer 170, and iteratively expanding the etched
area and vertically recessing the cavity by etching an underlying pair of material layers within
the first-tier material layers (132, 142, 332, 342, 170) that is located directly vnderneath the
bottom surface of the etched cavity. In one embodiment, top surfaces of the first-tier
sacrificial material layers 142 may be physically exposed at the first-tier stepped surfaces.
The cavity overlying the first-tier stepped surfaces is herein referred to as a first stepped
cavity.

{0167] A dielectric fill material (such as undoped silicate glass or doped silicate glass)
may be deposited to fill the first stepped cavity. Excess portions of the diclectric fill material
may be removed from above the horizontal plane including the top surface of the first-tier
insulating cap layer 170. A remaining portion of the diclectric fill material that fills the
region overlying the first-tier stepped surfaces constitutes a first stepped dielectric material
portion 165, As used herein, a “stepped” clement refers to an element that has steppe
strfaces and a horizontal cross-sectional area that increases monotonically as a function of a
vertical distance from a top surface of a subsirate on which the clement is present. The first-
tier material fayers (132, 142, 332, 342, 170) and the first stepped diclectric material portion
165 collectively constitute a first-tier structure, which is an in-process structure that is
subsequently modified.

{0168] An inter-tier dielectric layer 180 may be optionally deposited over the first-tier
structure (132, 142, 332, 342, 170, 165). The inter-tier diclectric layver 180 includes a
dielectric material such as silicon oxide. In one embodiment, the inter-tier diclectric layer
180 may include a doped silicate glass having a greater eich rate than the material of the first-
tier insulating layers 132 (which may include an undoped silicate glass). For example, the
inter-tier dielectric layer 180 may include phosphosilicate glass. The thickness of the inter-
tier dielectric layer 180 may be in a range from 30 nm to 300 nm, although lesser and greater

thicknesses may also be used.
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{0169] Referring to FIGS. 4A and 4B, first-tier memory openings 149 may be formed
through the first-tier material layers (132, 142, 332, 342, 170) and into the first-conductivity-
type doped well 202 in the memory array region 100. A photoresist layer (not shown) may
be applied over the inter-tier diclectric layer 180, and may be kthographically patterned to
form: various openings therethrough. The pattern of openings in the photoresist layver may be
transterred through the first-tier material layers (132, 142, 332, 342, 170) and into the first-
conductivity-type doped well 202 by a first anisotropic etch process to form the first-tier
memory openings 149, Locations of steps S in the first-tier alternating stack (132, 142) are
itlustrated as dotted lines in FIG. 4B.

[017¢] The first-tier memory openings 149 are openings that are formed in the memory
array region 100 through each layer within the first-tier alternating stack (132, 142) and are
subsequently used to form memory stack structures therein. The first-ticy memory openings
149 may be formed in clusters of first-tier memory openings 149 that are laterally spaced
apart along the second horizontal direction hd2. Each cluster of first-ticr memory openings
149 may be formed as a two-dimensional array of first-tier memory openings 149,

{01711 According to an aspect of the present disclosure, the first-tier memory openings
149 can be formed in rows that laterally extend along the first horizontal direction hdl. In
one embodiment, each row of first-tier memory openings 149 can be formed as a one-
dimensional periodic array having a periodic center-to-center pitch along the first horizontal
direction hdl between geometrical centers of cach neighboring paiv of first-tier memory
openings 149 within the row. In one embodiment, the firsi-tier memory openings 149 can be
formed as two-dimensional periodic arrays of first-tier memory openings 149, In this case,
the rows of first-tier memory openings 149 within a two-dimensional periodic array of first-
tier memory openings 149 can have a uniform row-to-row pitch along the second horizontal
direction hd2. Remaining portions of each insulating material strip 332 include insulating
material platelets located between a neighboring pair of memory openings 149 within a row
of memory openings 49 that are arranged along the first horizontal direction hdl.

{01721 According to an embodiment of the present disclosure, the pattern of the
sacrificial material strips 342 can be selected such that each group of the sacrificial material
strips 342 has a periodic pitch along the second horizontal divection hd? that is the same as
the row-to-row pitch of a group of first-ticr memory openings 149 located within the same

area. Further, the pattern of the sacrificial material strips 342 can be selected such that each
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first-tier memory opening 149 extends between, and cuts through, a neighboring pair of
sacrificial material strips 342. Thus, each first-tier memory opening 149 can include a pair of
sidewalls of the sacrificial material strips 342 that are laterally spaced apart along the second
horizontal direction hd2. Further, each first-tier memory opening 149 can include a pair of
sidewalls of an insulating material strip 332 that are laterally spaced apart along the first
horizontal direction hdl.

{6173] The processing steps of the first anisotropic etch process can inchude etch
chemistries for eiching through each material in the first-tier material layers (132, 142, 332,
342, 170). The first anisotropic etch process may use, for example, a series of reactive ion
etch processes or a single reaction etch process {e.g.. CFy/ Gof Ar etch). The sidewalls of the
first-tier memory openings 149 may be substantially vertical, or may be tapered. The
photoresist layer may be subsequently removed, for example, by ashing.

{0174] Optionally, the portions of the first-tier memory openings 149 at the level of the
inter-tier dielectric layer 180 may be laterally expanded by an isotropic etch. In this case, the
inter-tier diclectric layer 180 may comprise a dielectric material (such as borosilicate glass)
having a greater etch rate than the first-tier insulating layers 132 (that may include undoped
silicate glass) in dilute hydrofluoric acid. An isotropic ctch (such as a wet eich using HF)
may be used to expand the lateral dirmensions of the firsi-tier memory openings 149 at the
level of the inter-tier dielectric layer 1850, The pottions of the first-tier memory openings 149
located at the level of the inter-tier dielectric layer 180 may be optionally widened to provide
a larger landing pad for second-tier memory openings to be subsequently formed through a
second-tier alternating stack (1o be subsequently formed prior to formation of the second-tier
MeMOry Openings).

{0175] Referring to FIG. 5, in case the sacrificial material strips 342 include a
semiconductor material, physically exposed surfaces of the sacrificial material strips 342 can
be converted into semiconductor oxide surfaces. An anisotropic ctch process can be
performed to remove any semiconductor oxide material from the bottom surface of cach firse-
tier memory opening 149. A sclective semiconductor deposition process (such as sclective
cpitaxy or a selective polverystalline semiconductor deposition process) may be performed to
grow a doped semiconductor material having a doping of the first conductivity type. The first
cxemplary structure may be placed in a vacuum-tight chemical vapor deposition {CVD)

chamber, and a combination of a semiconductor precursor gas (such as silane, disilane,
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dichlorosilane, trichiorosiiane, silicon tetrachloride, germane, or a precursor gas for a
compound semiconductor material), a dopant gas inchiding atoms of electrical dopants of the
first conductivity type (which may be, for example, diborane for p-type dopants or phosphine,
arsine, o1 stibine for n-type dopanis), and an etchant gas (such as hydrogen chloride) is
flowed into the CVD charnber while the first exemplary structure is at an clevated
temperature. The elevated temperature may be in a range from 500 degrees Celsius to 900
degrees Celsius. An epitaxial pedestal channel portion 11 may grow from the physically
exposed semiconductor surface of the fiust-conductivity-type doped well 202 at the bottomn of
each first-tier memory opening 149,

[0176] in one embodiment, top surfaces of the epitaxial pedestal channel portions 11 may
be formed above a horizontal plane including the top surface of a bottommost first-tier
sacrificial material layer 142. In this case, a source select gate electrode may be subsequently
formed by replacing the bottommost first-tier sacrificial material layer 142 with a conductive
material layer. The epitaxial pedestal channel portion 11 may be a portion of a transistor
channel that extends between a source region to be subsequently formed in the first-
conductivity-type doped well 202 and a drain region to be subsequently formed at an upper
cnd of cach epitaxial semiconductor channel. In one embodiment, the epitaxial pedestal
channel portion 11 may have a doping of the first conductivity type, which is the samc as the
conductivity type of the first-conductivity-type doped well 202, The epitaxial pedestal
channel portions 11 may inchude electrical dopants of the first conductivity type at an alomic
concentration in a range from 1.0 x 10™/em® to 1.0 x 10/%cm’, although lesser and greater
atomic concentrations may also be used.

[0177] An oxidation process may be performed to convert upper surface regions of the
epitaxial pedestal channel portions 11 into semiconductor oxide plates 13. A thermal
oxidation process or a plasma oxidation process may be used to convert the upper surface
regions of the epitaxial pedestal channel portions 11 into the semiconductor oxide plates 13.
Each semiconductor oxide plate 13 may have a vertical thickness in a range from 3 nm to 10
i, such as from 4 nio to 8 i, although lesser and greater thicknesses may also be used.
The semiconductor oxide plates 13 may be formed within each of the first-tier memory
openings 149, and may contact sidewalls of the first-tier insulating layer 132 that contacts a
top surface of the bottommost one of the first-tier sacrificial material layers 142, In other

words, the semiconducior oxide plates 13 may contact sidewalls of a second bottornmost one
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of the first-tier insulating layers 132, In one embodiment, the semiconductor oxide plates 13
may consist essentially of silicon oxide.

[0178] Referring to FIG. 6, sacrificial first-tier memory opening fill portions 148 may be
formed in the first-tier memory openings 149 directly on, and over, the semiconductor oxide
plates 13. For example, a sacrificial first-tier fill material is deposited concurrently deposited
in each of the first-tier memory openings 149. The sacrifictal first-tier fill material inchudes a
material that may be subscguently removed selective to the materials of the first-ter
insulating fayers 132 and the first-tier sacrificial material layers 142. A subsct of the
semiconductor oxide plates 13 provided in the staircase region 200 may be used as etch stop
structures in a subseguent etch process.

{3179] In one embodiment, the sacrificial first-tier fill material may include a
semiconductor material such as silicon {(e.g., a-51 or polysilicon), a silicon-germanium alloy,
germaniom, a HI-V compound semiconductor material, or a combination thereof. In one
embodiment, the sacrificial first-tier fill material may include amorphous silicon or a carbon-
containing material (such as amorphous carbon or diamond-like carbon) that may be
subsequently removed by ashing, or a silicon-based polymer that may be subsequently
removed selective to the materials of the first-tier insulating layers 132 and first-tier
sacrificial material layers 142,

{0180] Excess portions of the deposited sacrificial first-tier fill material moay be removed
from above the inter-tier dielectric layer 180. For example, the sacrificial fivse-tier fill
material may be recessed to a top surface of the inter-tier dielectric layer 180 using a
planarization process. The planarization process may inchude a recess ctch, chemical
mechanical planarization (CMP), or a combination thereof. The top surface of the inter-tier
dielectric layer 180 may be used as an etch stop layer or a planarization stop laver.

{0181] Each remaining portion of the sacrificial material in a first-tier memory opening
149 constitutes a sacrificial first-tier memory opening fill portion 148, The top surfaces of
the sacrificial first-tier memory opening fill portions 148 may be coplanar with the top
surface of the inter-tier dielectric layer 180. Each of the sacrificial first-tier memory opening
fill portions 148 may, or may not, include cavities therein.

[0182] Referring to FIG. 7, the processing steps of FIGS. 1A and 1B and 2 can be
repeated to torm a third alternating sequence of second-tier insulating layers 232 and second-

tier sacrificial material layers 242, 2 second laterally alternating sequence of insulating
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material strips 332 and sacrificial material strips 342, and a fourth alternating sequence of
second-tier insulating layers 232 and second-tier sacrificial material layvers 242. The second-
tier insulating layers 232 can have the same material composition and the same thickness as
the first-tier insulating layers 132, The second-tigr sacrificial material layers 242 can have
the same material composition and the same thickness as the second-tier sacrificial material
tayers 242. The number of repetitions of the pairs of a second-tier insulating layer 232 and a
second-tier sacrificial material layer 242 in the third alternating stack (232, 242) or in in the
fourth alternating stack (232, 242) may be in a range from 2 to 256, and typically from § o
64, although a greater number of repetitions may also be used. The second laterally
alternating sequence of insulating material strips 332 and sacrificial material strips 342 can
have the same pattern, the same thickness, and the same material compositions, as the first
laterally alternatin

342.

g sequence of insulating material strips 332 and sacrificial material strips
{0183] The processing steps of FIG. 3 can be performed to pattern the layer stack
including the alternating stacks (232, 247) of the second-tier insulating layers 232 and
second-tier sacrificial material lavers 242 and a layer including the second laterally
alternating sequence of insulating material strips 332 and sacrificial material strips 342,
thereby forming second stepped surfaces thereupon. A dielectric material can be deposited
and planarized to form a second retro-stepped diclectric material portion 265,

{0184] A second-tier insulating cap layer 270 may be subsequently formed over the
alternating stacks (232, 242) of the second-tier insulating layers 232 and second-tier
sacrificial moaterial layers 242, The second-tier insulating cap layer 270 includes a dielectric
material that is different from the material of the second-tier sacrificial material layers 242,

In one embodiment, the second-tier insulating cap layer 270 may include silicon oxide.
{0185] Optionally, drain-select-level isolation structures 72 may be formed through a
subset of layers in an apper portion of the fourth alternating stack (232, 242). The second-tier
sacrificial material layers 242 that are cut by the drain-select-level isolation structures 72
correspond to the levels in which drain-sclect-level electrically conductive layers are
subsequently formed. The drain-select-level isolation structures 72 include a diclectric
material such as silicon oxide. The drain-sclect-level] isolation stractores 72 may laterally
cxtend along a first horizontal direction hdl, and may be laterally spaced apart along a second

horizontal direction hd2 that is perpendicular to the first horizontal direction hdl.

31



WO 2020/163005 PCT/US2019/063106

{0186] The lavers within the second-tier insulating cap layer 270, the alternating stacks
(232, 242) of the sccond-tier insulating layers 232 and second-tier sacrificial material layers
342, and a layer including the second laterally alternating sequence of insulating material
strips 332 and sacrificial material strips 342 are collectively referred to as second-tier
material layers (232, 242, 332, 342, 270). The combination of the second-tier material layers
(232, 242, 332, 342, 270), the second stepped dielectric material portion 265, and the optional
drain-select-level isolation structures 72 collectively constitute a second-tier structure (232,
242,332,342, 270, 265,72).

{01871 Referring to FIGS. 8A and 8B, second-tier memory openings 249 may be formed
through the second-tier strocture (232, 242, 332, 342, 270, 263, 72). For example, a
photoresist layer (not shown) may be applied over the second-tier insulating cap layer 270,
and may be lithographically patterned to form openings thercthrough. The pattern of the
openings may be the same as the pattern of the first-ticr merory openings 149, which is the
same as the sacrificial first-tier memory opening fill portions 148. Thus, the lithographic
mask used to pattern the first-tier memory openings 149 may be used o pattern the
photoresist layer.

{0188] The pattern of openings in the photoresist layer may be wansferred through the
second-tier structure (232, 242, 332, 342, 270, 265, 72) by a second anisotropic etch process
to form second-tier memory openings 249. The second-tier memory openings 249 are
formed directly on a top surface of a respective one of the sacrificial first-tier memory
opening fill portions 148.

{01891 The second anisotropic etch process include etch steps for ctching the materials of
the second-tier material layers (232, 242, 332, 342, 270). The second anisotropic etch
process may use, for example, a series of reactive ion etch processes or a single reaction etch
process {¢.g., UF4/ O Ar ctch). The sidewalls of the sccond-tier memory openings 249 may
be substantially vertical, or may be tapered. A bottom periphery of each second-tier memory
openings 249 may be laterally offset, and/or may be located entirely within, a periphery of a
top surface of an underlying sacrificial first-ticr memory opening fill portion 148, Each
second-tier memory opening 149 can include a pair of sidewalls of the sacrificial material
strips 342 that are laterally spaced apart along the second horizontal direction hd2. Each
second-tier memory opening 149 can include a pair of sidewalls of an insulating material

strip 332 that ave laterally spaced apart along the first borizontal divection hdl. Remaining
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portions of each insulating material strip 332 include insulating material platelets located
between a neighboring pair of memory openings 249 within a row of mermory openings 249
that are arranged along the first horizontal direction hdl. The photoresist layer may be
subsequently removed, for example, by ashing.

{3196] Referring to FIGS. 9A - 91D, the sacrificial first-tier fill material of the sacrificial
first-tier memory opening fill portions 148 may be rermmoved using an etch process that etches
the sacrificial first-tier fill material selective to the materials of the insulating layers (132,
2323, the sacrificial material layers (142, 242), the insulating cap layers (170, 270}, the inter-
tier dielectric tayer 180, and the semiconductor oxide plates 13, In an illustrative cxample, if
the sacrificial first-tier memory opening fill portions 148 inchude amorphous carbon, the
sacrificial first-tier memory opening fill portions 148 may be removed by an ashing process.
If the sacrificial fivst-tier memory opening fill portions 148 include amorphous silicon, the
sacrificial first-tier memory opening fill portions 148 may be removed by a wet etch process
using hot trimethyl-2 hydroxyethyl ammonium hydroxide (“hot TMY ™) or tetramethyl
ammonium bydroxide (TMAH). Subsequently, the semiconductor oxide plates 13 can be
removed by an etch process, which may use an isotropic etch process or an anisotropic etch
process. For example, a wet etch using dilute hydrofluoric acid may be used to remove the
semiconductor oxide plates 13.

[0191] Each vertical stack of a volume of a first-tier memory opening 149 and a second-
tier memory opening 249 constitutes a memory opening 49, which is also referred to as an
inter-tier memaory opening 49, A bottom portion of each memory opening 49 is filled within
an cpitaxial pedestal channel portion 11.

[0192] Generally, a first alternating stack of first insulating layers (such as first-tier
insulating layers 132 or second-tier insulating layers 232} and first sacrificial material layers
(such as first-ticr sacrificial material layers 142 or second-tier sacrificial material layers 242
are formed over the substrate 8. A laterally alternating sequence of insulating material strips
332 and sacrificial material strips 342 is formed over the {fivst alternating stack. A second
alternating stack of second insulating layers (such as first-tier insufating layers 132 or second-
tier insulating lavers 232) and second sacrificial material layers (such as fivst-tier sacrificial
material layers 142 or second-tier sacrificial material layers 242) are formed over the laterally
alternating sequence. A memory opening 19 is formed at least through the second alternating

stack, the laterally alternating sequence, and the first alternating stack.
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{0193] In one embodiment, each inter-tier memory opening 49 can include a pair of
sidewalls of the sacrificial material strips 3472 that are laterally spaced apart along the second
horizontal direction hd2 at each level that includes a laterally alternating sequence of
insulating material strips 332 and sacrificial material strips 342. Further, each inter-tier
memory opening 49 can include a pair of sidewalls of an insulating material strip 332 that are
laterally spaced apart along the first horizontal divection hdl at each level that includes a
laterally alternating sequence of insulating material strips 332 and sacrificial material strips
3472,

{01941 Referring to FIGS. 10A — 10D, a stack of layers including a blocking dielectric
tayver 52, a charge storage layer 54, a runneling dielectric layer 56, and a continuous
sacrificial spacer material layer 160L may be sequentially deposited in each of the memory
openings 49. The blocking dielectric layer 52 may include a single dielectric material layer
or a stack of a plurality of dielectric material layers. In one embodiment, the blocking
diclectric layer may include a dielectric metal oxide layer consisting essentially of a diclectric
metal oxide. As used heretn, a dielectric metal oxide refers to a dielectric material that
includes at least one metallic element and at least oxygen. The diclectric metal oxide may
comnsist essentially of the at least one metallic clement 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 may include a dielectric metal
oxide having a dielectric constant greater than 7.9, i.e., having a dielectric constant greater
than the diclectric constant of silicon nitride. The thickness of the dielectric metal oxide layer
may be in arange from 1 nm to 20 nm, although lesser and greater thicknesses may also be
used. The dielectric metal oxide layer may subsequently function as a dielectric maternial
portion that blocks leakage of stored electrical charges to control gate electrodes. In one
crobodiment, the blocking dielectric layer 52 includes aluminum oxide. Alternatively or
additionally, the blocking dielectric layer 52 may include a dielectric semiconductor
compound such as stficon oxide, sihicon oxynitride, silicon nitride, or a combination thercof.
{01951 Subsequently, the charge storage layer 54 may be formmed. In one embodiment,
the charge storage layer 54 may be a continuous layer or patterned discrete portions of a
charge trapping material including a dielectric charge trapping material, which may be, for
example, silicon nitride. Alternatively, the charge storage layer 54 may include a continuous

layer or patterned discrete portions of a conductive material such as doped polysilicon or a
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metallic material that is patterned into multiple electrically isolated portions {¢.g., floating
gates), for example, by being formed within lateral recesses into sacrificial material layers
(142, 242). In one embodiment, the charge storage layer 34 includes a silicon nitride layer.
In one embodiment, the sacrificial material layers (142, 242) and the insulating layers (132,
232y may have vertically coincident sidewalls, and the charge storage layer 54 may be
formed as a single continuous layer. Alternatively, the sacrificial matenial layers {142, 242}
may be laterally recessed with respect to the sidewalls of the insulating layers (132, 232), and
a combination of a deposition process and an anisotropic etch process may be used to form
the charge storage layer 54 as a plurality of memory material portions that are vertically
spaced apart. The thickness of the charge storage layer 54 may be in a vange from 2 nm to 20
nm, although lesser and greater thicknesses may also be used.

{019s] The tunneling dielectric layer 56 includes a dielectric material through which
charge tnneling may be performed under suitable electrical bias conditions. The charge
tunneling may be performed through hot-carrier injection or by Fowler-Nordheim tunncling
induced charge transfer depending on the mode of operation of the monolithic three-
dimensional NAND string memory device to be formed. The tunneling diclectric layer 56
may inciude silicon oxide, silicon nitride, silicon oxynitride, diclectric metal oxides (such as
aluminum oxide and hafnium oxide}, dielectric metal oxynitride, dielectric metal silicates,
alloys therveof, and/or combinations thereof. In one embodiment, the tunneling dielectric
tayer 36 may include a stack of a fivst 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 may 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 may be in a range from 2 nm to 20 nm, although lesser and
greater thicknesses may also be used.

{0197] The layer stack of the blocking dielectric layer 52, the charge storage layer 54, and
the tunneling dielectric layer 56 constitutes a memory film 50. The continuous sacrificial
spacer material layer 160L is deposited on the memory film 50. The continuous sacrificial
spacer material layer 160L includes a material that can be removed selective to the materials
of the memory film 50. For example, the continuous sacrificial spacer material layer 160L
can include amorphous silicon, a silicon-germanium alloy, or amorphous carbon. The

continuous sacrificial spacer material laver 160L may be formed by a conformal deposition
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method such as low pressure chemical vapor deposition {LPCVD). The thickness of the
continwous sacrificial spacer material layer 160L roay be in a vange from 2 nim to 10 om,
although lesser and greater thicknesses may also be used. A memory cavity 49’ is present
within each volume of the memory openings 49 that is not filled with the deposited material
layers (52, 54. 536, 160L).

{0198] In one embodiment, sacrificial contact via structures 718 may be optionally
formed after formation of the first retro-stepped dielectric material portion 165 and priov fo
formation of the sccond-tier material layers (232, 242, 332, 342, 270). The sacrificial contact
via structures 718 can be formed by forming a contact via cavity through the first retro-
stepped dielectric matexial portion 165 on the peripheral semiconductor devices 700 (such as
field effect wansistors), and by filling the contact via cavity with a sacrificial material such as
amorphous sificon.

[0199] Referring to FIGS. 11A — 11D, an anisotropic etch that etches the matertals of the
continuous sacrificial spacer material layer 160L and the memory film 50 can be performed
to remove horizontal portions of the contimuous sacrificial spacer material layer 160L. and the
memory film 50. The continuous sacrificial spacer material layer 160L and the memory film
5@ are removed from above the second-tier insulating cap layer 270 and at the bottom of each
memoty opening 49. A top surface of an epitaxial pedestal channel portion 11 is physically
exposed at the bottom of each memory cavity 49, Hach remaining portion of the continsous
sacrificial spacer material layer 160L is herein referred to as a sacrificial conformal spacer
166. A set of all material portions within a memory opening 49 is hercin referred to as an in-
process memory opening fill structure 158, which can inchude an epitaxial pedestal channel
portion 11, a memory film 50, and a sacrificial conformal spacer 160.

{026846] Referring to FIGS. 12A — 12C, a sacrificial cover material layer 137 can be
anisotropically deposited over the secound-tier insulating cap layer 270. The sacrificial cover
material layer 137 includes a sacrificial cover material, which is a material that can enhance
an etch profile of underlying material portion in a subseguent anisotropic eich process by
holding straight sidewall profiles during the subseguent anisotropic etch. In one embodiment,
the sacrificial cover material layer 137 can include a material based on amorphous carbon.
For example, the sacrificial cover material layer 137 can include Advanced Patterning Film™
(APF) provided by Applied Materials, lnc™. The memory openings 49 are covered with the

sacrificial cover material, Hach memory cavity 49’ can be surrounded by a sacrificial
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conformal spacer 160 is present within a respective memory opening 49, and is covered by
the sacrificial cover material layer 137,

[6261] A photoresist layer (not shown) can be applied over the sacrificial cover material
layer 137, and can be lithographically patterned to form an array of openings in the staircase
region 200. An anisotropic ctch process is performed to transfer the pattern of the array of
openings in the photoresist layer through the sacrificial cover material laver 137, the second-
tier structure (232, 242, 332, 342, 270, 265, 72), the first-tier structure (132, 142, 332, 342,
170, 165), and optionally into the subsirate 8. Support openings 19 are formed through the
second-tier structure (232, 242, 332, 342, 270, 265, 72} and the first-tler structure (132, 142,
332,342, 170, 165). In one embodiment, each of the sacrificial material strips 342 is at least
partially cut through by at east one of the support openings 19. In one embodiment, cach of
the sacrificial material strips 342 includes at least one concave sidewall that is physically
exposed to one of the support openings 19. The photoresist layver can be subsequently
removed.

{02021 Generally, at least a subset of the support openings 19 can be formed through a
first alternating stack of insulating layers (132 or 232) and sacrificial material layers (142 or
2423, a laterally alternating sequence of insulating material strips 332 and sacrificial material
strips 342, and at [east one layer of a second alternating stack additional insulating layers
(132 or 222 and additional sacrificial material layers (142 or 242) that overlie the laterally
alternating sequence. In one embodiment, each support opening 19 may cut through a
respective one of the sacrificial material strips 342.

{02031 Referring to FIGS. 13A — 13C and 14A ~ 14C, an isotropic etch process can be
performed to etch the material of the sacrificial material trips 342 selective to the matertals of
the insulating layers (132, 232), sacrificial material layers (142, 242}, the insulating cap
layers (170, 270}, and the first and second retro-stepped diclectric material portions (165,
265). In one embodiment, if the sacrificial material strips 342 include amorphous undoped
silicon or a sificon-germaniom alloy, a wet etch process asing hot trimethyl-2 hydroxvethyl
ammonium hydroxide (“bot TMY") or tetramethyl ammoninm hydroxide {TMAH) can be
performed to remove the sacrificial material strips 342 along the lengthwise direction of each
sacrificial material strips 342, i.e., the first horizontal direction hdl. The voids formed by
remnoval of the sacrificial material strips 342 are herein referred to as laterally-extending

cavities 343. Removal of the sacrificial material strips 342 maay be selective to the materials
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of the memory films 50. In this case, the laterally-extending cavities 343 can be laterally
bounded by the memory films 30 of the in-process memory opening fill structures 158,
{62841 Referring to FIGS. 15A — 15C, at least one isotropic etch process can be
performed while the sacrificial cover material layer 137 is present over the second-tier
insulating cap layer 270 to sequentially etch the portions of the blocking dielectric layers 52,
the charge storage layers 54, the tunneling dielectric layers 56, and the sacrificial conformal
spacers 160 that are adjacent to the laterally-extending cavities 343. The at least one
isotropic eich process can be 3 sequence of isotropic etch processes. A one or more (e.g., &
pair of) side apertures is formed on sidewalls of each memory opening 49 upon lateral
expansion of the laterally-extending cavities 343 by eiching each neighboring portion of the
memory films 50 and the sacrificial conformal spacers 160. The laterally-extending cavities
343 are connected to each memory cavity 49° through the side apertuves on the sidewalls of
the memory openings 49. The memory cavities 49° combine with the laterally-extending
cavitics 343 to form a network of cavities (343, 497} after the at least one isotropic ctch
Process.

{0205] Referring to FIGS. 16A — 16C, the sacrificial cover material layer 137 can be
removed, for cxample, by ashing. An isotropic cich process that etches the materials of the
memory films 50 can be performed to remove portions of the memory films 50 that contact
the epitaxial pedestal channel portions 11. An annular cavity 119 can be formed above a
peripheral portion of each epitaxial pedestal channel porton 11 after removing the bottom
portion of each memory film 50 over the peripheral portion of each epitaxial pedestal channel
portion 11. The entire topmost surface of each epitaxial pedestal chanuvel portion 11 may be
physically exposed after the isotropic etch process.

{0286] Referring to FIGS. 17A — 17D, a dielectric material such as undoped silicate glass
or a doped silicatc glass can be conformally deposited in the network of cavities (343, 497
and in the support openings 19. In one embodiment, the dielectric material can include a
doped silicate glass {such as borosilicate glass) that can be subsequently etched selective to
undoped silicate glass. Excess portions of the dielectric material can be removed from above
the horizontal plane including the top surface of the second-tier insulating cap layer 270.
Each remaining portion of the dielectric material that fills a support opening 19 constimutes a
support pillar structure 120, The remaining portions of the dielectric material that is

deposited in the volumes of the laterally-extending cavities 343 constituie diclectric strips
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346. The remaining portions of the dielectric material that is deposited in the memory
cavities 49° (i.e., within a volurne of a memory opening 49) constitutes dielectric cores 62.
The support pillar structures 120, the dielectric strips 346, and the dielectric cores 62 are
formed simultanzously. The support pillar structures 120, the dielectric strips 346, and the
dielectric cores 62 are interconnected to form a single integral structure, i.e., a single
continuous structure without any physically observable interfacial structures thereamongst.
In one embodiment, each of the dielectric cores 62 comprises a dielectric pillar portion 62P
vertically extending through the first-tier alternating stacks (132, 146) and the second-tier
alternating stacks (232, 246), and comprises dielectric peg portions 626 laterally extending
from the dielectric pillar portion 62P to respective side apertures to adjoin respective
dielectric strips 346 at each level of the dielectric strips 346. As used herein, the term “peg”
means an outward protrusion of any shape which is not limited to a cylindrical protrusion. In
one embodiment, a peg may be a brace or a strut that supports vertical pillar shaped
components in a lateral direction. In one embodiment, a pair of dielectric peg portions 62G
faterally extend from the dielectric pillar portion 62P to respective side apertures to adjoin a
respective pair of dielectric strips 346 at each level of the diclectric strips 346, However,
one diclectric peg portion or more than two dielectric peg portions may be formed in
alternative embodiments. In onc embodiment, each of the diclectric strips 346 can
encapsulate at east one laterally-extending void that extends along the first horizontal
direction hdl. Each laterally-extending void may be laterally spaced from sidewalls of the
memory openings 49.

{02671 Referring to FIGS. 18A ~ 18E, an cich process is performed, which etches the
material of the sacrificial conformal spacers 160 selective to the materials of the memory
films 50, the dielectric cores 62, the second-tier insulating cap layer 270, and the support
pillar structures 120, The etch process may be an isotropic etch process such as a wet etch
process. In one embodiment, the sacrificial conformal spacers 160 can include undoped
amorphous silicon or a silicon-germanium alioy, and the etch process can include a wet eich
process using hot trimethyl-2 hydroxyethyl ammonium hydroxide (“hot TMY™) or
tetramethyl ammonium hydroxide (TMAR).

{32481 Channel cavities 159 are formed, which include the combined volumes of the
sacrificial conformal spacers 160 and the annular cavities 119. Each channel cavity 159 can

include a void that includes the volume of a removed sacrificial conformal spacer 160 and an
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underlying annular cavity 119. An annular top surface of an epitaxial pedestal channel
portion 11 can be physically exposed at the bottom of each channel cavity 159, Fach channel
cavity 159 laterally surrounds a dielectric core 62. Hach vertically-extending portion of a
channel cavity 159 can have a uniform lateral width, which may be in a range from 10 nin to
120 nm, such as from 20 am to 80 nm, although lesser and greater uniform lateral widths can
also be used. The dielectric peg portions 62G of the dielectric cores 62 provide structural
suppott to the dielectric cores 62 by fixing the position of each dielectric core 62 relative to
the dielectric strips 346 and the insulating roaterial strips 332 at each level at which the
dielectric peg portions 62G during, and after, formation of the channel cavities 159,

{02691 Referring to FIGS. 19A — 19E. a selective epitaxy process can be performed to
grow a single crystalline semiconductor maierial having a doping of the first conductivity
type in the channel cavities 159, For example, the first exemplary structure can be placed in
a vacuum-tight selective epitaxy process chamber, and a combination of a semiconductor
precursor gas (such as silane, disilane, dichlorosilane, trichlorosilane, silicon tetrachloride,
germane, or a precursor gas for a compound semiconductor material), a dopant gas including
atoms of electrical dopants of the first conduactivity type (which can be, for example, diborane
for p-type dopants or phosphine, arsine, or stibine for n-type dopants}, and an etchant gas
(such as bydrogen chloride) is flowed into the selective epitaxy process chamber while the
first exemplary structure is maintained at an elevated temperature. The elevated temperature
can be in a range from 500 degrees Celsius to 900 degrees Celsius. An epitaxial
semiconductor channel 60 can grow upward from the physically exposed semiconductor
surface of an epitaxial pedestal channel portion 11 within cach memory opening 49 during
the selective gpitagy process. The selective epitaxy process grows a single crystalling
semiconductor material upward through the channel cavities 159 and around each of the
diclectric peg portions 62G of the dielectric cores 62. The epitaxial semiconductor channel
60 can fill the entire volume of a channel cavity 159, The dielectric peg portions 62G of the
dielectric cores 62 provide structural support to the dielectric cores 62 by fixing the position
of each diclectric core 62 relative to the dielectric strips 346 and the insulating material strips
332 at each level at which the dielectric peg portions 62G during the selective epitaxy
Process.

{0216] Excess portions of the single crystalline semiconductor material that grows above

the horizontal plane including the top surface of the second-ticr insulating cap faver 270 can
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be removed by a planarization process, which can use chemical mechanical planarization.
Each epitaxial semiconductor channel 60 can be epitaxially aligned to the single crystalline
semiconductor material layer of the substrate 8 (such as the single crystalline semiconductor
material of the first-conductivity-type doped well 202} through an intermediate singie
crystalline material of an intervening epitaxial pedestal channel portion 11.

{0211} A top portion of each dielectric core 62 can be vertically recessed selective to the
second-tier insulating cap layer 270. In one embodiment, the second-tier insulating cap layer
270 can include undoped silicate glass, and the dielectric cores 62 can include a doped
silicate glass such as borosilicate glass. In this case, a wet etch using dilute hydrofluoric acid
can be performed to vertically recess the dielectric cores 62 selective to the second-tier
insulating cap layer 270.

{0212] A doped semiconductor material having a doping of the second conductivity type
can be deposited in the recessed volumes overlying the dielectric cores 62, Excess portions
of the deposited doped semiconductor material can be removed from above the horizontal
plane including the top surface of the second-tier insulating cap layer 270, for example, by a
recess etch. Hach remaining portion of the doped semiconductor material having a doping of
the second conductivity type constitutes a drain region 63. The drain region 63 may include a
polycrystalline doped semiconductor material or a single crystalline doped semiconductor
material. The dopant concentration in the drain regions 63 can be in a range from 5.0 x
10%cm’ to 2.0 x 1% cm’, although lesser and greater dopant concentrations can also be
used.

{02131 Each contiguous conbination of a memory filma 50 and an epitaxial
semiconductor channel 60 constitutes a memory stack soucture 35 including a vertical stack
of memory clements therein. The vertical stack of memory clements can comprise portions
of a charge storage layer located at cach level of the sacrificial material layers (142, 242),
which are subsequently replaced with electrically conductive layers. A set of all material
portions that fills a memory opening after formation of the drain regions 63 constitutes a
memory opening fill structure 58, Each memory opening fill structure 38 includes an
epitaxial pedestal channel portion 11, a memory film 30, an epitaxial semiconductor channel
60, a dielectric core 62, and a drain region 63. Each dielectric core 62 includes a dielectric
pillar portion 62P and at least one pair of dielectric peg portions 62G. Each dielectric core 62

includes a dielectric pillar portion 62P and as many pairs of dielectric peg portions 62G as the
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number of lavers that contain a laterally alternating sequence of insulating material strips 332
and dielectric strips 346. In one embodiment, each dielectric core 62 includes a diclectric
pillar portion 629 and a plurality of dielectric peg portions 62G.

{0214] Referring to FIGS. 20A and 208, a first contact level dielectric layer 280 may be
formed over the second-tier insulating cap layer 270. The furst contact evel dielectric layer
280 includes a dielectric material such as silicon oxide, and may be formed by a conformal or
non-conformal deposition process. For example, the first contact level dielectric layer 280
may include vndoped silicate glass and may have a thickness in a range from 100 nm to 600
nn, although lesser and greater thicknesses may also be ased.

[0215] A photoresist layer (not shown) may be applied over the first contact level
dielectric layer 280, and may be lithographically patterned to form elongated openings
extending along the first horizontal direction hdl within the areas of the memory array region
100 and the staircase vregion 200. An anisotropic etch may be performed to form backside
trenches 79 having substantially vertical sidewalls that extend through the first contact level
diclectric layer 280, the second-tier structure (232, 242, 332, 346, 270, 265, 72), and the first-
tier structure (132, 142, 332, 346, 170, 165) may be formed underneath the openings in the
photoresist layer. A top surface of the first-conductivity-type doped well 202 may be
physically exposed af the bottom of each backside trench 79. In one embodiment, the
backside trenches 79 may be formed between clusters of memory stack structures 55. The
clusters of the memory stack structures 55 may be laterally spaced apart along the second
horizontal direction hd2 by the backside trenches 79. The photoresist layer may be removed,
for example, by ashing.

[021s6] Referring to FIG. 21, the sacrificial material layers {142, 242) are may be removed
selective to the insulating layers (132, 232), the insulating cap layers (170, 270), the first
contact level dielectric tayer 280, and the first-conductivity-type doped well 202.
Specifically, an etchant that selectively etches the materials of the sacrificial material layers
(142, 242) with respect to the materials of the insulating layers (132, 232), the insulating cap
fayers (170, 270, the retro-stepped dielectric material portions (1635, 265), and the material of
the outermost layer of the memory films 50 roay be introduced into the backside trenches 79,
for example, using an isotropic etch process. In one embodiment, the sacrificial material
layers (142, 242) may include silicon nitride, the materials of the insulating layers (132, 232),

the first and second-fier insulating cap layers (170, 270), the retro-stepped diclectric material
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portions (163, 265), and the outermost layer of the memory films 50 may include silicon
oxide materials.

{0217] The isotropic etch process may be a wet etch process using a wet etch solution, or
may be a gas phase (dry) etch process in which the etchant is introduced in a vapor phase into
the backside trench 79. For example, if the sacrificial material layers (142, 242} include
silicon nitride, the etch process may 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 used in the art.
{3218] Backside recesses (143, 243) are formed in volumes from which the sacrificial

material layers (142, 242 are removed. The backside recesses (143, 243) include first
backside recesses 143 that are formed in volumes from which the first-tier sacrificial material
layers 142 are removed and second backside recesses 243 that are formed in volumes from
which the second-tier sacrificial material layers 242 are removed. Each of the backside
recesses (143, 243) may 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 of
the backside recesses (143, 243) may be greater than the height of the respective backside
recess {143, 243). A plurality of backside recesses (143, 243) may be formed in the volumes
from: which the material of the sacrificial material layers (142, 242) is removed. Each of the
backside recesses (143, 243) may extend substantially parallel to the top surface of the first-
conductivity-type doped well 202, A backside recess (143, 243) may be vertically bounded
by a top swiface of an underlying insulating layer (132, 232) and a bottom surface of an
overlying insulating layer (132, 232). In one embodiment, each of the backside recesses
(143, 243) may have a uniform height throughout.

{0219] An oxidation process may be performed to oxidize physically exposed portions of
the epitaxial pedestal channel portions 11. Tubular semiconductor oxide spacers (not shown)
may be formed around cach epitaxial pedestal channel portion 11. A backside blocking
dielectric layer (not shown) may be optionally deposited in the backside vecesses (143, 243)
and the backside trenches 79 and over the first contact level] dielectric layer 280. The
backside blocking dielectric layer includes a diclectric material such as a diclectric metal
oxide, silicon oxide, or a combination thereof. For example, the backside blocking dielectric
layer may inchude aluminum oxide.

{0220] Referring to FIGS. 22A - 22C, at least one conductive material may be deposited
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in the pharality of backside recesses (243, 243), on the sidewalls of the backside trenches 79,
and over the first contact level dielectric layer 280. The at least one conductive material may
be deposited by a conformal deposition method, which may be, for example, chemical vapor
deposition ({CVD), atomic layer deposition (ALD), electroless plating, electroplating, or a
combination thereof. The at least one conductive material may include an elemental metal,
an intermetallic alloy of at least two elernental metals, a conductive nitride of at least one
elemental metal, a conductive metal oxide, a conductive doped semiconductor matenal, a
conductive metal-semiconductor alloy such as a metal silicide, alloys thercof, and
combinations or stacks thereof.

{62211 In one embodiment, the at least one conductive material may include at least ong
metallic material, i.e., an electrically conductive material that includes at least one metallic
clement. Non-limiting exemplary metallic materials that may be deposited in the backside
recesses (143, 243} include tungsten, tungsten nitride, titanium, titanium nitride, tantalum,
tantalum nitride, cobalt, and ruthenium. For cxample, the at {east one conductive material
may include a conductive metallic nitride liner that includes a conductive metallic nitride
material such as TiN, TaN, WN, or a combination thereof, and a conductive fill material such
as W, Co, Ru, Mo, Cu, or combinations thereof. In one embodiment, the at least one
conductive material for filling the backside recesses (143, 243} may be a combination of
titaninm nitride layer and a tungsten fill material.

{0222] Electrically conductive layers (146, 246) may be formed in the backside recesses
(143, 243) by deposition of the at least one conductive material. A plurality of first-tier
clectrically conductive layers 146 may be formed in the plurality of first backside recesses
143, a plurality of second-tier electrically conductive layers 246 may be formed in the
plurality of second backside recesses 243, and a continuous metallic material layer (not
shown) may be formed on the sidewalls of cach hackside trench 79 and over the first contact
level dielectric layer 280. Each of the first-tier electrically conductive layers 146 and the
second-tier electrically conductive layers 246 may include a respective conductive metallic
nitride liner and a respective conductive fill material. Thus, the first and second sacrificial
material layers (142, 242 may be replaced with the electrically conductive layers (146, 246),
respectively. Specifically, each first-tier sacrificial material layer 142 may be replaced with
an optional portion of the backside blocking dielectric layer and a first-tier electrically

conductive laver 146, and each sccond-tier sacrificial material layer 242 may be replaced
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with an optional portion of the backside blocking dielectric layer and a second-tier
clectrically conductive layer 246. A backside cavity is present in the portion of cach backside
trench 79 that is not filled with the continuous metallic material layer.

{6223} Residual conductive material may be removed from inside the backside trenches
79. Specifically, the deposited metallic material of the continuous metallic material layer
may be etched back from the sidewalls of each backside trench 79 and from above the first
contact level dielectric tayer 280, for example, by an anisotropic or isotropic etch. Bach
remaining portion of the deposited metallic material in the first backside recesses constituies
a first-tier electrically conductive layer 146. Each remaining portion of the deposited metallic
material in the second backside recesses constitutes a second-tier electrically conductive layer
246. Sidewalls of the first electrically conductive material layers 146 and the second-ticr
electrically conductive layers may be physically exposed to a respective backside trench 79.
The backside trenches may have a pair of curved sidewalls having a non-periodic width
variation along the first horizontal direction hdl and a non-lincar width variation along the
vertical direction.

{02241 Each electrically conductive layer (146, 246) may be a conductive sheet including
openings therein. A first subset of the openings through each electrically conductive layer
(346, 246) may be filled with memory opening fill structures 58. A second subset of the
openings through each electrically conductive layer (146, 246) may be filled with the support
pillar structures 120. Each electrically conductive layer (146, 246) may have a lesser area
than any underlying electrically conductive layer (146, 246) because of the first and second-
tier stepped surfaces. Each clectrically conductive layer (146, 246) may have a greater arca
than any overlying electrically conductive layer (146, 246) because of the first and second-
ticr stepped surfaces.

{0225] In some embodinents, drain-select-level isolation siructures 72 may be provided
at topmost levels of the second-tier electrically conductive layers 246, A subset of the
second-tier electrically conductive layers 246 located at the levels of the drain-select-level
isolation structures 72 constitutes drain select gate electrodes. A subset of the electrically
conductive layer (146, 246) located underneath the drain select gate electrodes may function
as combinations of a control gate and a word line located at the sarme level. The control gate
clectrodes within each electrically conductive layer (146, 246) are the control gate electrodes

for a vertical memory device including the memory stack structure 55.
o <
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{6226] A backside trench fill structure 76 may be formed within each backside trench 79.
Each backside trench fill structurve 76 may consist of at least one dielectric fill material such
as silicon oxide, stlicon nitride, and/or a dielectric metal oxide material. Alternatively, the
backside trench fill structure 76 may include a laterally-insulated source contact via structure
that includes a conductive via structure contacting the first-conductivity-type doped well 202
and a dielectric spacer that laterally surrounds the conductive via strucoure.

{0227} Referring to FIG. 23, a second contact level dielectric layer 282 may be formed
over the first contact level dielectric layer 280, The second countact level dielectric fayer 282
includes a dielectric material such as silicon oxide, and may have a thickness in a range from
100 nm to 600 nm, aithough lesser and greater thicknesses may also be used.

{0228] A photoresist layer (not shown) may be applied over the second contact level
diclectric layer 282, and may be lithographically patterned to form various contact via
openings. For example, openings for forming drain contact via stractures 88 may be formed
in the memory array region 100, and openings for forming staircase region contact via
structures 86 may be formed in the staircase region 200. An anisotropic etch process is
performed to transfer the pattern in the photoresist layer through the second and first contact
level dielectric layers (282, 280) and underlying dielectric material portions. The drain
regions 63 and the electrically conductive layers (146, 246) may be used as etch stop
structurcs. DPrain contact via cavities may be formed over each drain region 63, and staircase-
region contact via cavities may be formed over each electrically conductive layer (146. 246)
at the stepped surfaces underlying the first and second stepped dielectric material portions
(163, 265). The photoresist laver may be subsequently removed, for example, by ashing.
{32291 Dirain contact via structures 88 are formed in the drain contact via cavities and on
a top sttace of a respective one of the drain regions 63. Staircase-region contact via
structurcs 86 arc formed in the staircasc-region contact via cavitics and on a top surface of a
respective one of the electrically conductive layers (146, 246). The staircase-region contact
via structures 86 may include drain select level contact via structures that contact a subset of
the second-tier electrically conductive layers 246 that function as drain select level gate
clectrodes. Further, the staircase-region contact via structures 86 may include word line
contact via structures that contact electiically conductive layers (146, 246) that underlie the
drain select level gate clectrodes and function as word lines for the memory stack structures

55,
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{0230] First through-memory-level via cavities may be formed through the second and
first contact level dielectric layers (282, 280) and the second and first retro-stepped dielectric
material portions (265, 163) and to a respective one of the peripheral semiconductor devices
700. Second through-memory-level via cavities may be formed through the interconnection
region dielectric fill material portions 5384 to a respective one of the additional peripheral
semiconductor devices 700. At least one conductive material may be deposited in the first
through-memory-level via cavities and in the second through-memory-level via cavities.
Excess portions of the at least one conductive material may be removed from above the
horizontal plane including the top surface of the second contact level dielectric layer 282.
Each remaining portion of the at least one conductive material in a first through-memory-
level via cavity constitutes a first through-memory-level via structure 488, Each remaining
portion of the at least one conductive material in a second through-memory-level via cavity
constitutes a second through-memory-level via structure 388.

{62311 At least one additional diclectric layer may be formed over the contact level
diclectric layers (280, 2823, and additional metal interconnect structures (hercin referred to as
upper-level metal interconnect structures) may be formed in the at least one additional
dielectric layer. For example, the at least one additional dielectric layer may include a line-
level dielectric tayer 290 that is formed over the contact level diclectric layers (280, 282).
The upper-level metal interconnect structures may include bit lines 98 contacting a respective
one of the drain contact via structures 88, and interconnection line structures 96 contacting,
and/or electrically connected to, at least one of the staircase-region contact via structures 86
and/or the first through-memory-level via structures 488 and/or the second through-memory-
level via structures 588.

{0232] In one embodiment, the threc-dimensional memory device comprises a monolithic
three-dimensional NAND memory device, the electrically conductive strips (146, 246)
comprise, or are clectrically connected to, a respective word line of the monolithic three-
dimensional NAND memory device, the substrate 8 comprises a silicon substrate, the
monolithic three-dimensional NAND memory device comprises an array of monolithic three-
dimensional NAND strings over the silicon substrate, and at least one memory cell in a furst
device level of the array of monolithic three-dimensional NAND strings is located over
another memory cell in a second device level of the array of monolithic three-dimensional

NAND strings. The silicon substrate may contain an integrated circuit comprising a driver
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circuit for the memory device located thereon, the electrically conductive strips (146, 246}
comprise a phirality of control gate electrodes having a strip shape extending substantially
paraliel to the top swmface of the subswrate 8, the plurality of control gate electrodes comprise
at least a first control gate electrode located in the first device level and a second control gate
clectrode located in the second device level. The array of monolithic three-dimensional
NAND strings comprises a plurality of epitaxial semiconductor channels 60 that extends
substantially perpendicular to a top surface of the substrate 8. The array of monolithic three-
dimensional NAND strings comprises a plurality of charge storage clements {comprising
portions of the memory films 50). Bach charge storage clement can be located adjacent to a
respective one of the plurality of epitaxial semiconductor channels 60.

{0233] Referring collectively to FIGS. 1A — 23 and according to various embodiments of
the present disclosure, a three-dimensional memory device is provided, which comprises: a
first alternating stack of first insulating layers (such as first-tier insulating layers 132 or
second-tier insulating layers 232 that underlie a laterally alternating sequence of insulating
material strips 332 and dielectric strips 346) and first electrically conductive layers (such as
first-tier electrically conductive layers 146 or second-tier electrically conductive layers 246
that underlie the laterally alternating sequence of insulating material strips 332 and dielectric
strips 346) located over a subsirate §; a second alternating stack of second insulating layers
{such as first-tier insulating layers 132 or second-tier insulating layers 232 that overlic
taterally alternating sequence of insulating material strips 332 and dielectvic strips 346) and
second electrically conductive layers (such as first-tier electrically conductive layers 146 or
second-tier electrically conductive layers 246 that overlie the laterally alternating sequence of
insulating material strips 332 and dielectric strips 346) located over, and spaced from, the
first alternating stack; memory openings 49 vertically extending through the first alternating
stack and the second alternating stack, wherein cach of the memory openings 49 comprises a
pair of side apertures located between the first alternating stack and the second alternating
stack; and memory opening fill structures 58 located in a respective one of the memory
openings 49 and comprising a memory film 30, a semiconductor channel 60, and a dieleciric
core 62 coraprising a dielectric fill material, wherein the dielectric core 62 comprises a
dielectric piliar portion 62P and dielectric peg portions 62C laterally extending from the
dielectric piliar portion 62P through holes in the semiconductor channel 60 and adjoined to

respective side apertures.
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{0234] In one embodiment, the dielectric peg portions 62( are connected to dielectric
strips 346 of the diclectric fill material located outside the memory openings 49 and between
the first alternating stack and the second alternating stack. The dielectric strips 146 of the
dielectric fill material comprise a phurality of dielectric strips 146 laterally extending along a
first horizontal direction hd1 and spaced apart along a second horizontal direction hd2 that is
perpendicular (o the first horizontal direction hd2.

{0235] In one embodiment, the three-dimensional memory device comprises support
pillar structures 120 vertically extending through the first alternating stack and at least a
subset of lavers within the second alternating stack, comprising the dielectric fill material,
and adjoined to a respective one of the plurality of dielectric sirips 346.

{0236] In one embodiment, the first alternating stack comprises first stepped surfaces in
which the first electrically conductive lavers have a lateral extent that decreases with a
vertical distance from the substrate 8; the second alternating stack comprises second stepped
surfaces in which the second clectrically conductive layers have a lateral extent that decreases
with the vertical distance from the substrate 8; and a retro-stepped dielectric material portion
(such as a first retro-stepped dielectric material portion 165 and a second retro-stepped
dielectric material portion 265) overlying the first stepped surfaces and the second stepped
surfaces, wherein the support pillar structures 120 vertically extend through the retro-stepped
diclectric material portion.

{0237} in one embodiment, each of the plurality of dielectric strips 346 has two sets of
straight sidewall segments (that laterally extend along the first horizontal direction hdl),
wherein cach set of straight sidewall segments includes a plurality of straight sidewall
segments located within a respective vertical plane that extend along the first horizontal
direction hdl. A subsct of sidewall segments can laterally extend between a neighboring pair
of raemory openings 49 within a row of memory openings 49.

{0238] A subset of remaining portions of the insulating material strips 332 can include
insulating material platelets located between a neighboring pair of memory openings 49 that
are laterally spaced apart along the first horizontal divection hdl and located betweecn a
neighboring pair of dielectric strips 346. Each insulating material platelet can include a pair
of concave sidewalls that are coincident with sidewalls of a pair of memory openings 49. In
one embodiment, the three-dimensional memory device comprises a two-dimensional array

of insulating material platelets, wherein a row of insulating material platelets is located
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between cach neighboring pair of dielectric strips.

{0239] n one embodiment, the three-dimensional memory device comprises drain
regions 63 contacting an upper end of a respective one of the semiconductor channels 60 and
contacting a top surface of a respective one of the dielectric pillar portions 62P.

{0240] In one embodiment, a single crystalline semiconductor material layer {e.g., a
substrate semiconduoctor layer 18 is located in or over the substrate 8, wherein the
semiconductor channel 60 comprises an epitaxial semiconductor channel that is epitaxially
aligned to the single crystalline semiconductor material layver. The three-dimensional
memory device comprises epitaxial pedestal channel portions 11 contacting, and epitaxially
aligned to, the single crystalline semicondactor material layer and a respective one of the
epitaxial semiconductor channels 661, In one embodiment, cach of the epitaxial pedestal
channel portions 11 comprises an annular top surface that contacts an annular bottorn surface
of a respective one of the epitaxial semiconductor channels 60. A periphery of the annular
hottom surface of the respective one of the epitaxial semiconductor channels 60 contacts one
of the first insulating layers.

{02411 in one embodiment, each of the epitaxial pedestal channel portions 11 contacts a
bottom surtace of a respective onc of the dielectric pillar portions 62F and a bottom portion
of a cvlindrical sidewall of the diclectric pillar portions 62P.

[0242] In one embodiment, the epitaxial semiconductor channels 60 comprise a material
selected from single crystalline silicon, a single crystalline silicon-germanium alloy, or a
single crystailine [i-V compound semiconductor material; and the diclectric fill material is
selected from undoped silicate glass, a doped silicate glass, or organosilicate glass.

{32431 In one embodiment, each of the semiconductor channels 60 has an annular
horizontal cross-sectional shape at levels of the first alternating stack and at levels of the
sccond alternating stack, and has a horizontal cross-sectional shape of a pair of block arcs at a
level of the dielectric peg portions 62G. As used herein, a block arc refers to a shape that is
derived from the shape of an anmilus by limiting the range of the azimuthal angle of the
shape to less than 360 degrees arcund the geometrical center of the annulus,

{02441 in one embodiment, cach of the side apertures in the memory openings 49 has a
rectangular shape having a height that is the same as a vertical separation distance between
the first alternating stack and the second alternating stack, which is the same as the height of

insulating material strips 332
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{6245] In onc embodiment, the three-dimensional memory device compriscs at feast one
additional alternating stack of additional insulating layers (such as a third alternating stack of
second-tier insulating layers 232 and second-tier electrically conductive layers 246) and
additional electrically conductive layers (such as a tourth alternating stack of additional
sccond-tier insulating layers 232 and additional second-tier clectrically conductive layers
246} located over the second alternating stack (which can be a second alternating stack of
first-tier insulating layers 132 and first-tier electrically conductive layers 146 overlying the
fevel of a set of insulating material strips 332 and dielectric strips 346 in a first-tier structure),
wherein cach of the diclectric cores 62 comprises additional diclectric peg portions 62G
laterally extending from a respective dielectric pillar portion 62P above the at least one
additional alternating stack.

{0246] Referring to FIG. 24, a second exemplary structure according to a second
embodiment of the present disclosure includes a substrate 8. The substrate § includes a
substrate semiconductor layer 10, which can be a single crystalline semiconductor material
fayer such as a single crystalline silicon layer. The substrate semiconductor layer 10 may
have a doping of a first conductivity type. The atomic concentration of dopants of the first
conductivity type in the substrate semiconductor layer 10 may be in a range from 1.0 x
10%cm’ 1o 1.0 x 16" /cm’, although lesser and greater dopant concentrations can also be
used. Peripheral semiconductor devices 700 may be formed on a recessed surface of the
substrate semiconductor layer 10 in a peripheral device region 400. Shallow wench isolation
structures 12 may be provide to provide clectrical isolation between the peripheral
semiconductor devices 700 and devices to be subsequently formed in the memory array
region 100 and the staircase region 200.

{0247] A sacrificial etch stop liner 103 and a source-level sacrificial layer 104 can be
formed in the memory array region 100 and in the staircase region 200. The sacrificial cich
stop liner 103 includes a material that moay function as an etch stop material during removal
of the source-level saciificial layer 104. For exampie. the sacrificial etch stop liner 103 may
inchude silicon oxide, silicon nitride, and/or a dielectric metal oxide. In one embodiment, the
sacrificial etch stop liner 103 may include a silicon oxide layer having a thickness in a range
from 2 nm to 30 nm. although lesser and greater thicknesses may also be used.

{0248] The source-level sacrificial layer 104 includes a sacrificial material that may be

rernoved selective to the sacrificial etch stop liner 103 and first-tier insulating layers 132 o
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be subsequently formed. In one embodiment, the source-level sacrificial layer 104 can
include amorphous carbon. Alternatively, the source-level sacrificial layer 104 may include a
semiconductor material such as undoped amorphous siticon or a silicon-germanium alloy
with an atomic concentration of germanium greater than 20 %. The thickaess of the source-
tevel sacrificial layer 104 may be in a range from 30 nm to 400 niw, such as from 60 no o
200 nm, although lesser and greater thicknesses may also be used.

{0249] An alternating stack of first-tiev insulating layers 132 and first-tier sacrificial
material layers 142 can be formed over the source-level sacrificial layer 104, The first-tier
insulating layers 132 and the first-tier sacrificial material layers 142 can have the same
composition and the same thickness as in the first embodiment. The processing steps of FIG.
1 can be performed to form the alternating stack of first-tier insulating layers 132 and first-
tier sacrificial material layers 142, which is herein referred to as a first-tier alternating stack
(132, 142). The number of repetitions of a pair of a first-tier insulating layer 132 and a first-
tier sacrificial material layer 142 in the first-tier alternating stack (132, 142y may be in a
range from 16 to 1,024, and typically from 32 to 256, although a greater nurnber of
repetitions may also be used.

{02546] A first-tier insulating cap layer 170 is subsequently formed over the first-tier
alternating stack {132, 142). In one embodiment, the firsi-tier insulating cap layer 170
includes the same diclectric material as the first-tier insulating layers 132, The thickness of
the first-tier insulating cap layer 170 may be in a range from 20 nm to 300 nm, although
lesser and greater thicknesses may also be used.

{02511 Referring to FIG. 25, the first-tier insudating cap layer 170 and the first-tier
alternating stack (132, 142) may be patterned to form first stepped surfaces in the staircase
region 200. The staircase region 200 may include a respective first stepped area in which the
first stepped surfaces are formed, and a second stepped arca in which additional stepped
surfaces are to be subsequently formed in a second-tier structure (fo be subsequently formed
over a first-ter structure) and/or additional tier structures. The first stepped surfaces may be
formed, for example, by forming a mask layer (not shown) with an opening therein, ctching a
cavity within the levels of the first-tier insulating cap layer 170, and tteratively expanding the
ctched area and vertically recessing the cavity by ewching cach pair of a fivst-tier insulating
tayer 132 and a first-tier sacrificial material layer 142 located directly underneath the bottom

surface of the etched cavity within the etched area. In one embodiment, top surfaces of the
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first-tier sacrificial material layers 142 may be physically exposed at the first stepped
surfaces. The cavity overlying the first stepped surfaces is herein referred to as a first stepped
cavity.

{0252] A dielectric fill material (such as undoped silicate glass or doped silicate glass)
may be deposited to fill the first stepped cavity. Excess portions of the dielectric fill material
may be removed from above the horizontal plane including the top swrface of the first-tier
insulating cap layer 170. A remaining portion of the dielectric fill material that fills the
region overlying the first stepped surfaces constitute a first retro-stepped diclectric material
portion 165. As used berein, a “retro-stepped” elernent refers to an element that has stepped
surfaces and a horizontal cross-sectional area that increases monotonically as a function of a
vertical distance from a top surface of a substrate on which the element is present. The first-
tier alternating stack (132, 142) and the first retro-stepped dielectric material portion 163
collectively constitute a first-tier structure, which is an in-process structure that is
subsequently modified.

{02531 An inter-tier dielectric layer 180 may be optionally deposited over the first-tier
structure (132, 142, 170, 163). The inter-tier dielectric layer 180 includes a dielectric
material such as silicon oxide. In one embodiment, the inter-tier dielectric layer 180 may
include a doped silicate glass having a greater ctch rate than the material of the first-tier
insulating layers 132 (which may include an undoped silicate glass). For example, the inter-
tier dielectric layer 180 may include phosphosilicate glass. The thickness of the inter-tier
dielectric layer 180 may be in a range from 30 nm to 300 nm, although lesser and greater
thicknesses may also be used.

[0234] Referring to FIGS. 26A and 268, various first-tier openings (149, 129) may be
formed through the inter-tier dielectric layer 180, the first-tier structure (132, 142, 170, 165},
the source-level sacrificial layer 104, and into the subsirate semiconductor layer 10. A
photoresist layer (not shown) may be applied over the inter-tier diclectric layer 180, and may
be lithographically patterned to form various openings therethrough. The pattern of openings
in the photoresist layer may be transferred through the inter-tier dielectric layer 180 and the
first-tier structure (132, 142, 170, 165) and into the source-level sacrificial layer 104 by a first
anisotropic etch process to form the various first-tier openings (149, 129) concurrently, i.e.,
during the first isotropic etch process. The various first-tier openings (149, 129) may include

furst-tier memory openings 149 and first-tier support openings 129. Locations of steps S in
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the first alternating stack (132, 142) arc illustrated as dotted lines in FIG. 26B.

{02585] The first-tier memory openings 149 are openings that are formed in the memory
array region 100 through each layer within the first alternating stack (132, 142) and are
subsequently used to form memory stack structures therein., The first-tier memory openings
149 may be formed in clusters of first-ticr memory openings 149 that are laterally spaced
apart along the second horizontal direction hd2. Each cluster of first-tier memory openings
149 may be formed as a two-dimenstonal array of firsi-tier memory openings 149,

{0256] The first-tier support openings 129 are openings that are formed in the staircase
region 200, and are subsequently used to form support pillar structures. A subset of the first-
tier support openings 129 that is formed through the first retro-stepped diclectric material
portion 165 may be formed through a respective horizontal surface of the first stepped
surfaces.

{0257] In one embodiment, the first anisotropic etch process may include an initial step in
which the materials of the first-tier alternating stack (132, 142) are etched concurrently with
the material of the first retro-stepped diclectric material portion 165, The chemistry of the
initial etch step may alternate to optimize ctching of the first and second materials in the first-
tier alternating stack (132, 142) while providing a comparable average etch rate to the
material of the first retro-stepped dicleciric material portion 165, The first anisotropic etch
process may use, for exarmple, a series of reactive ion etch processes or a single reaction etch
process (e.g., CFy/ Oof Ar etch). The sidewalls of the various first-tier openings (149, 129)
may be substantially vertical, or may be tapered.

{02581 Optionally, the portions of the first-tier memory openings 149 and the first-tier
support openings 129 at the level of the inter-tier dielectric layer 180 may be lateraily
expanded by an isotropic etch. In this case, the inter-tier dielectric layer 180 may comprise a
dielectric material (such as borosilicate glass) having a greater eich rate than the first-tier
insulating layers 132 (that may include undoped silicate glass) in dilute bydrofluoric acid.
Axn isotropic etch (such as a wet eich using HF) may be used to expand the lateral disnensions
of the first-tier memory openings 149 at the Ievel of the inter-tier diclectric layer 180. The
portions of the first-tier memory openings 149 located at the level of the inter-tier dielectric
tayver 180 may be optionally widened to provide a larger landing pad for second-tier memory
openings to be subsequently formed through a second-tier alternating stack (to be

subsequently formed prior to formation of the sccond-tier memory openings).
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{0259] Referring to FIGS. 27A and 278, sacrificial first-tier opening fill portions (148,
128) may be formed in the various first-tier openings (149, 129). For example, a sacrificial
first-tier {ill material is deposited concurrently deposited in each of the first-tier openings
(149, 129). The sacrificial first-tier fill material includes a material that may be subsequently
removed selective to the materials of the first-ticr insulating layers 132 and the first-tier
sacrificial material layers 142,

§B260] In one embodiment, the sacrificial first-tier fill material may include a
serniconductor material such as silicon (e.g., a-St or polysilicon), a silicon-germanium alloy,
germanium, a HI-V compound semiconductor material, or a combination thereof. Optionally,
a thin etch stop Hner {such as a silicon oxide layer or a silicon nitride 1ayer having a thickness
in a range from 1 nm to 3 nm) may be used prior to depositing the sacrificial first-tier fill
material. The sacrificial first-ticr fill material may be formed by a non-conformal deposition
or a conformal deposition method.

{62611 In another embodiment, the sacrificial first-tier fill material may inciude a silicon
oxide material having a higher ctch rate than the materials of the first-tier insulating layers
132, the first-tier insulating cap layer 170, and the inter-tier dielectric layer 180. For
cxample, the sacrificial first-tier fill material may include borosilicate giass or porous or non-
porous organosilicate glass having an etch rate that is at least 100 times higher than the etch
rate of densified THOS oxide {(i.e., a silicon oxide material formed by decomposition of
tetracthylorthosilicate glass in a chemical vapor deposition process and subsequentdy
densified in an anneal process) in a 100:1 dilute hydrofluoric acid. In this case, a thin etch
stop liner (such as a silicon nitride layer baving a thickness in arange from 1 oo o 3 i)
may be used prior to depositing the sacrificial first-tier fill material. The sacrificial first-tier
fill material may be formed by a non-conformal deposition or a conformal deposition method.
{0262] In yet another embodiment, the sacrificial first-tier fill material may include
amorphous sificon or a carbon-containing material (such as amorphous carbon or diamond-
like carbon) that may be subseguently removed by ashing, or a silicon-based polymer that
may be subsequently removed selective to the materials of the first alternating stack (132,
142

[0263] Portions of the deposited sacrificial material may be removed from above the
topmost layer of the first-tier alternating stack (132, 142), such as from above the inter-tier

diclectric layer 180. For example, the sacrificial first-tier fill material may be recessed to a
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top surface of the inter-tier dielectric layer 180 using a planarization process. The
planarization process may include a recess etch, chemical mechanical planarization (CMP),
or a combination thereof. The top surface of the inter-tier dielectric layer 180 may be used as
an etch stop layer or a planarization stop layer.

{0264] Remaining portions of the sacrificial first-tier fill material comprise sacrificial
first-tier openming fill portions (148, 128). Specifically, each remaining portion of the
sacrificial material in a first-tier memory opening 149 constitutes a sacrificial first-tier
memory opening fill portion 148. Each remaining portion of the sacrificial material in a first-
tier support opening 129 constitutes a sacrificial first-tier support opening fill portion 128.
The various sacrificial first-tier opening fill portions (148, 128) are concurrenty formed, t.e.,
during a same set of processes including the deposition process that deposits the sacrificial
first-tier fill material and the planarization process that removes the first-tier deposition
process from above the fivst alternating stack (132, 142) (such as from above the top surface
of the inter-tier dielectric layer 180}). The top surfaces of the sacrificial first-tier opening fill
portions (148, 128} may be coplanar with the top surface of the inter-tier diclectric layer 180.
Each of the sacrificial first-tier opening fill portions (148, 128) may, or may not, inchide
cavitigs therein.

{0265] Referring to FIGS. 28A and 288, a photoresist layer (not shown) can be applied
over the inter-tier dielectric layer 180, and lithographically patterned to form a pattern of line-
shaped openings that laterally extend along the second horizontal direction hd2. The
locations and the widths of the line-shaped openings in the photoresist layer are selected such
that each sacrificial first-tier oerory opening fill portion 148 includes a peripheral region
that underlies a respective one of the Hne-shaped openings in the photoresist layer. In one
cmbodiment, each overlap arca between the top surfaces of the sacrificial first-tier memory
opening fill portion 148 and the areas of the line-shaped openings in the photoresist layer can
have a shape of a circular segment.  As used herein, a “circular segment” is aregion of a
civele which is “cut off” from the rest of the circle by a secant or a chord.

{0266] An anisotropic etch process is performed to etch the material of the inter-tier
dielectric layer 180 selective to the material of the sacrificial first-tier memory opening fill
portion 148. For example, the inter-ter dielectric layer 180 can include silicon oxide, and the
sacrificial first-tier memory opening fill portion 148 can include amorphous sidicon. In this

case, the anisotropic cich process can use an etch chemistry that ctches silicon oxide sclective
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to silicon. Line trenches 181 are formed through the inter-tier dielectric layer 180. Each of
the line trenches 181 can include a laterally altermating sequence of planar sidewall segments
and convex sidewall segments. Each of the convex sidewall segments can be a portion of a
cylindrical sidewall of a sacrificial first-tier memory opening fill portion 148,

{0267] The line trenches 181 may be formed as a one-dirensional array of line frenches
181 having a uniform center-to-center pitch along the first horizontal direction. In one
embodiment, the sacrificial first-tier memory opening fill portion 148 can be formed in
colurnns that laterally extend along the second horizontal direction hd2. In one embodiment,
the uniform center-to-center pitch within the one-dimensional array of line trenches 181 may
be twice the column-to-column distance of the colwmnns of sacrificial first-tier memory
opening fill portion 148. In one embodiment, only one side of cach sacrificial first-tier
memory opening fill portion 148 can he physically exposed to a respective one of the line
trenches 181, Each patterned portion of the inter-tier dielectric layer 180 between a
neighboring pair of line trenches 181 is herein referred to as an insulating material strip 182,
A laterally alternating scquence of insulating material strips 182 and line trenches 181 is
formed within the area of the memory array region 100.

{0268] Referring to FIGS. 29A and 298, a sacrificial material is deposited in the line
trenches 181 and over the mter-tier dielectric layer 180, The sacrificial material includes a
material that is different from the materials of the first-tier insulating layers 132, the first-tier
sacrificial material layers 142, the first-tier insulating cap layer 170, and the inter-tier
dielectric layer 180. In one embodiment, the sacrificial material can include amorphous
carbon, organosilicate glass, amorphous undoped silicon or a silicon-germanium alloy.
Excess portions of the sacrificial material can be removed from above the horizontal plane
including the top surface of the inter-ticr dielectric layer 180, Each remaining portion of the
sacrificial material in a respective one of the line trenches 181 constitutes a sacrificial
material strip 183, A laterally alternating sequence of insulating material strips 182 and
sacrificial material strips 183 is formed above the first-tier insulating cap layer 170, i.e., at the
fevel of the inter-tier dielectric layer 180, The remaining portion of the inter-tier dielectric
layer 180 can be located in the staircase region 200, and the laterally alternating sequence of
insulating material strips 182 and sacrificial material strips 183 can be located within the
memaory array region 100.

{0269] Referring to FIG. 30, a second-ticr structure may be formed over the first-tier
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structure (132, 142, 170, 148, 128). The second-tier structure may include an additional
alternating stack of insulating layers and spacer material lavers, which may be sacrificial
material layers. For example, a second alternating stack {232, 242) of material layers may be
subscquently formed on the top surface of the first alternating stack (132, 142). The second
alternating stack {232, 242) includes an alternating plurality of third material layers and
fourth material layers. Each third material layer may include a third matenal, and ecach fourth
material layer may include a fourth material that is different from the thivd material. In one
cmbodiment, the third material may be the same as the first material of the first-tier insulating
layer 132, and the fourth material may be the same as the second material of the first-tier
sacrificial material layvers 142,

{0276] In one embodiment, the third material Iayers may be second insulating layers 232
and the fourth material layvers may be second spacer material layers that provide vertical
spacing between cach vertically neighboring pair of the second insulating layers 232, In one
embodiment, the third material layers and the fourth material layers may be second insulating
fayers 232 and second-ticr sacrificial material layers 242, respectively. The third material of
the second insulating layers 232 may be at least one insulating material. The fourth material
of the second-tier sacrificial material layers 242 may be a sacrificial material that may be
rerooved selective to the third material of the second insulating layers 232, The second-tier
sacrificial material layers 242 may comprise an insulating material, a semiconductor material,
or a conductive material. The fourth material of the second-tier sacrificial material layers 242
may be subsequently replaced with electrically conductive electrodes which may function, for
cxample, as control gate electrodes of a vertical NAND device.

[6271] in one embodiment, each second insulating layer 232 may include a second
insulating material, and cach second-tier sacrificial material layer 242 may include a second
sacrificial material. In this case, the second alternating stack (232, 242) may include an
alternating plurality of second insulating layers 232 and second-tier sacrificial material layers
242. The third material of the second insulating layers 232 may be deposited. for example,
by chemical vapor deposition (CVD). The fourth material of the second-tier sacrificial
material layers 242 may be formed, for example, CVD or atomic layer deposition (ALD).
{6272] The third material of the second insulating iayers 232 may be at least one
insulating material. Insulating materials that may be used for the sccond insulating layers

232 may be any material that may be used for the first-tier insulating fayers 132, The fourth
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material of the second-tier sacrificial material layers 242 is a sacrificial material that may be
removed selective to the third material of the second insulating layers 232, Sacrificial
materials that may be used for the second-tier sacrificial material layers 242 may be any
material that may be used for the first-tier sacrificial material layers 142, In one embodiment,
the second insulating material may be the same as the first insulating material, and the second
sacrificial material may be the same as the first sacrificial material.

{0273] The thicknesses of the second insulating layers 232 and the second-tier sacrificial
material layers 242 may be in a range from 20 nm to 50 nm, although lesser and greater
thicknesses may be used for each second insulating layer 232 and for each second-ticr
sacrificial material laver 242, The number of repetitions of the pairs of a second insulating
layer 232 and a second-tier sacrificial material layer 242 may be in a range from 2 to 1,024,
and typically from 8 to 256, although a greater number of repetitions may also be used. In

one embodiment, each second-tier sacrificial material layer 242 in the second alternating
stack (232, 242) may have a uniform thickness that is substantially invartant within each
respective second-tier sacrificial material layer 242.

{02741 Second stepped surfaces in the second stepped arca may be formed in the staircase
region 200 using a same sct of processing steps as the processing steps used to form the first
stepped surfaces in the first stepped arca with suitable adjustment to the pattern of at least one
masking layver. A second retro-stepped diclectric material portion 265 may be formed over
the second stepped surfaces in the staircase region 200.

{0275] A second-tier insulating cap layer 270 may be subsequently formed over the
second alternating stack (232, 242). The second-tier insulating cap layer 270 includes a
dielectric material that is different from the material of the second-tier sacrificial material
layers 242. In one embodiment, the second-tier insulating cap layer 270 may include silicon
oxide. In one embodiment, the first and second-tier sacrificial material layers (142, 242) may
comprise silicon nitride.

{0276] Optionally, drain-select-level isolation structures 72 may be formed through a
subset of layers in an upper portion of the second-tier alternating stack (232, 242). The
second-tier sacrificial material layers 242 that are cut by the drain-select-level isolation
structures 72 correspond to the levels in which drain-select-level electrically conductive
layers are subsequently formed. The drain-select-level isolation structures 72 include a

diclectric material such as silicon oxide. The drain-sclect-level isolation structures 72 may
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laterally extend along a first horizontal direction hdl, and may be laterally spaced apart along
a second horizontal direction hd2 that is perpendicular to the first horizontal direction hdl.
The combination of the second alternating stack (232, 242), the second retro-stepped
dielectric material portion 265, the second-tier insulating cap layer 270, and the optional
drain-select-level isolation structures 72 collectively constitute a sccond-tier structure (232,
242,265, 270, 72).

{0277} Referring to FIGS. 31A and 31B, various second-tier openings (249, 229) may be
formed through the second-tier structure (232, 242, 265, 270, 72). A photoresist layer (not
shown) may be applied over the second-tier insulating cap layer 270, and may be
hithographically patterned to form various openings therethrough. The pattern of the
openings may be the same as the pattern of the various first-tier openings (149, 129), which is
the same as the sacrificial first-tier opening fill portions (148, 128). Thus, the lithographic
mask used to pattern the first-tier openings (149, 129) may be used to pattern the photoresist
fayer.

{02781 The pattern of openings in the photoresist layer may be transferred through the
second-tier structure (232, 242, 268, 270, 72} by a second anisotropic etch process to form
various second-tier openings (249, 229) concurrently, Le.. during the second anisotropic etch
process. The various second-tier openings (249, 229) may include second-tier emory
openings 249 and second-tier support openings 229.

{0279] The second-tier memory openings 249 are formed divectly on a top surface of a
respective one of the sacrificial first-tier memory opening fill portions 148, The second-tier
support openings 229 are formed directly on a top surface of a respective one of the
sacrificial first-tier support opening fill portions 128, Further, each second-tier support
openings 229 may be formed through a horizontal surface within the second stepped surfaces,
which include the interfacial surfaces between the second alternating stack (232, 242) and the
second retro-stepped diclectric material portion 265, Locations of steps S in the first-tier
alternating stack (132, 142) and the second-ticr alternating stack (232, 242} are illuswated as
dotted lines in FIG. 31B.

{02801 The second anisotropic etch process may include an etch step in which the
materials of the second-tier alternating stack (232, 247) are etched concurrently with the
material of the second retro-stepped diclectric material portion 265. The chemistry of the

ctch step may alternate to optimize ctching of the materials in the second-ticr alternating
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stack (232, 242) while providing a comparable average eich rate to the material of the second
retro-stepped dielectric material portion 265. The second anisotropic etch process may use,
for example, a series of reactive ion etch processes or a single reaction etch process {e.g.,
CF4f Oof Ar etch). The sidewalls of the various second-tier openings (249, 229) may be
substantially vertical, or may be tapered. A bottom periphery of each sccond-ticr opening
(249, 229) may be laterally offset, and/or may be located entirely within, a periphery of a top
surface of an underlying sacrificial first-tier opening fill portion (14§, 128). The photoresist
fayer may be subsequently removed, for example, by ashing.

{62813 Referring to FIG. 32, the sacrificial first-tier fill material of the sacrificial first-tier
opening fill portions (148, 128) may be removed using an etch process that etches the
sacrificial first-tier fill material selective to the materials of the first and second insulating
tayers (132, 232), the first and second-ticr sacrificial material layers (142,242), the first and
second-tier insulating cap layers (170, 270), and the inter-tier dielectric layer 180. A memory
opening 49, which is also referred to as an inter-tier memory opening 49, is formed in each
combination of a second-tier emory openings 249 and 2 volume from which a sacrificial
first-tier memory opening fill portion 148 is removed. A support opening 19, which is also
referred to as an inter-tier support opening 19, is formed in each combination of a second-tier
support openings 229 and a volume from which a sacrificial first-tier support opening fill
portion 128 is removed. Hach of the memory openings 49 cuts through a lengthwise edge of
a respective one of the sacrificial material strips 183.

{0282] FI(35. 33A - 33D provide sequential cross-sectional views of a memory opening
49 during formation of a memory opening fill structure. The same structural change occurs
in each of the memory openings 49 and the support openings 19.

{0283] Referring to FIG. 33A, a memory opening 49 in the first exemplary device
structure of FIG. 8 is illustrated. The memory opening 49 extends through the first-tier
structure and the second-tier structure.

{0284] Referring to FIG. 33B, a stack of layers inciuding a blocking dielectric layer 52, a
charge storage layer 54, a rwonneling dielectric layer 36, and a continuous sacrificial spacer
material layer 2608 may be sequentially deposited in the memory openings 49. The blocking
dielectric layer 52 may include a single dielectric material layer or a stack of a plurality of
dielectric material layers. In one embodiment, the blocking dielectric layer may include a

dielectric metal oxide layer consisting essentially of a dielectric metal oxide. As used herein,
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a dielectric metal oxide refers to a diclectric material that includes af least one metallic
clement 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
clement, oxygen, and at least one non-metallic element such as nitrogen. In one embodiment,
the blocking dieleciric laver 52 may include a dielectric metal oxide having a dielectric
constant greater than 7.9, t.e., having a dielectric constant greater than the dielectric constant
of silicon nitride. The thickness of the dielectric metal oxide layer may be in a range from |
nn to 20 nm, although lesser and greater thicknesses may also be used. The dielectric metal
oxide layer may subsequently function as a dielectric material portion that blocks leakage of
stored electrical charges to control gate clectrodes. In one embodiment, the blocking
dielectric layer 52 includes aluminum oxide. Alternatively or additionally, the blocking
diclectric layer 52 may include a diclectric semiconductor compound such as silicon oxide,
silicon oxynitride, silicon nitride, or a combination thereof.

{0285] Subsequently, the charge storage layer 54 may be formed. In one embodiment,
the charge storage layer 54 may be a continuous layer or patterned discrete portions of a
charge trapping material including a dielectric charge trapping material, which may he, for
example, silicon nitride. Alternatively, the charge storage layer 54 may 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
(142, 242). In one embodiment, the charge storage layer 54 includes a silicon nitride layer.
In one embodiment, the sacrificial material layers (142, 242) and the insulating layers (132,
232} may have vertically coincident sidewalls, and the charge storage layer 54 may be
formed as a singic continuous layer. Alternatively, the sacrificial material layers (142, 242)
may be laterally recessed with respect to the sidewalls of the insulating layers (132, 232), and
a comnbination of a deposition process and an anisotropic etch process may be used to form
the charge storage layer 54 as a plurality of memory material portions that are vertically
spaced apart. The thickness of the charge storage layer 54 may bhe in a range from 2 nm to 20
nn, although lesser and greater thicknesses may also be ased.

[0286] The tunneling dielectric layer 56 includes a dielectric material through which
charge tunneling may be performed under suitable elecirical bias conditions. The charge

tunnecling may be performed through hot-carrier injection or by Fowler-Nordheim tunncling
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induced charge transfer depending on the mode of operation of the monolithic three-
dimensional NAND string memory device to be formed. The tunneling diclectric layer 56
may inchude silicon oxide, silicon nitride, silicon oxynitride, diclectric 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 tunncling dielectric
tayer 36 may include a stack of a fivst 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 may include a silicon oxide layer that is substantially free of
carbon or a silicon oxyunitride layer that is substantially free of carbon. The thickness of the
tunneling dielectric layer 56 may be in a range from 2 nm to 20 nm, although lesser and
greater thicknesses may also be used. The stack of the blocking dielectric layer 52, the charge
storage layer 54, and the tunneling dielectric layer 56 constitutes 2 memory filin 50 that stores
memory bits.

{0287] The continuous sacrificial spacer material layer 260L is deposited on the memory
film 50. The continuous sacrificial spacer material layer 260L. includes a material that can be
removed selective to the materials of the memory fum 50. For example, the continuous
sacrificial spacer material layer 260L can include amorphous silicon, a silicon-germanium
alloy, or amorphous carbon. The continuous sacrificial spacer material layer 260L may be
formed by a conformal deposition method such as low pressure chemical vapor deposition
(LPCVD). The thickness of the continuous sacrificial spacer material layer 260L may be in a
range from 2 nm to 10 nm, although lesser and greater thicknesses may also be used. A
memory cavity 497 is present within each volume of the memory openings 49 that is not filled
with the deposited material layers (32, 54, 56, 260L).

{0288] Referring to FIG. 33C, in case the memory cavity 49 in each memory opening is
not completcly filled by the continuous sacrificial spacer material layer 260L., a diclectric
core layer may be deposited in the memory cavity 497 to fill any remaining portion of the
memory cavity 497 within each memory opening. The dielectric core layer includes a
diclectric material such as silicon oxide or organosilicate glass. The diclectric core layer may
be deposited by a conformal deposition method such as low pressure chemical vapor
deposition (LPCVD), or by a self-planarizing deposition process such as spin coating. The
horizontal portion of the dielectric core layer overlying the second-ticr insulating cap layer

270 may be removed, for example, by a recess etch. Optionally, the recess etch may continue
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until top surfaces of the remaining portions of the dielectric core layer are recessed to a height
between the top surface of the second-tier insulating cap layer 270 and the bottorn surface of
the second-tier insulating cap layer 270. Each remaining portion of the dielectric core layer
constitutes a dielectric core 62.

{0289] Referring to FIG. 33D, a sacrificial fil} material may be deposited in cavities
overlying the dielectric cores 62. The sacrificial fili material includes a material that is
different from the materials of the continuous sacrificial spacer material laver 260L and the
second-tier insulating cap layer 270. For example, the sacrificial fifl material can include a
doped silicate glass such as borosilicate glass. Portions of the sacrificial fill material, the
continuous sacrificial spacer material layer 260L, the mnneling dielectric layer 56, the charge
storage layer 54, and the blocking dielectric layer 52 that overlie the horizontal plane
including the top surface of the second-tier insulating cap layer 270 may be removed by a
planarization process such as a chemical mechanical planarization (CMP) process.

{6290] In case the dielectric cores 62 have top surfaces below the horizontal plane
including the top surface of the second-tier insulating cap layer 270 and if a sacrificial fill
material is used, each vemaining portion of the sacrificial fill material constitutes a drain-level
sacrificial pillar 91. Each remaining portion of the continuous sacrificial spacer material
layer 260L constitutes a sacrificial conformal spacer 260. A tunncling diclectric layer 536 is
surrounded by a charge storage layer 54, and laterally surrounds a sacrificial conformal
spacer 260. Hach adjoining set of a blocking dielectric laver 52, a charge storage layer 54,
and a tunneling dielectric layer 56 collectively constitute a memory film 50, which may store
clectrical 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
berein, a macroscopic retention tire yefers 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.
{0291] Fach combination of a memory film 50, a sacrificial conformal spacer 26, a
dielectric core 62, and a drain region 63 within a memory opening 49 constituies an in-
process memory opening fill structiure 258, The source-level sacrificial layer 104, the first-
tier structure (132, 142, 170, 165), the second-tier structure (232, 242, 270, 265, 72), the
inter-tier dielectric layer 180, and the in-process memory opening fill structures 258

collectively constitute a memory-level assembly.
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{0292] Referring to FIG. 34, the first exemplary structure is illustrated after formation of
the in-process memory opening fill structures 258. Support pillar structures 20 are formed in
the support openings 19 concurrently with formation of the in-process memory opening fill
structures 258, Each support pillar structure 20 may have a same set of components as an in-
process memory opening fill structure 258,

{0293] Referring to FIGS. 35A — 35E, a first contact level dielectric layer 280 may be
formed over the second-tier structure (232, 242, 270, 265, 72). The first contact level
dielectric layer 280 inchudes a dielectric material such as silicon oxide, and may be formed by
a conformal or non-conformal deposition process. For example, the first contact level
dielectric layer 280 may include undoped silicate glass and may have a thickness in a range
from 100 nm to 600 nm, although lesser and greater thicknesses may also be used.

[0294] A photoresist layer may be applied over the first contact level dielectric Jayer 280
and may be lithographically patterned to form clongated openings that extend along the first
horizontal direction hdl between clusters of in-process memory opening fill structures 238.
Backside trenches 79 may be formed by transferring the pattern in the photoresist layer (not
shown) through the first contact level dielectric layer 280, the second-tier structure (232, 242,
270, 265, 72}, the laterally alternating sequence of the insulating material strips 182 and the
sacrificial material strips 183 and the inter-tier dielectric layer 180, and the first-tier structure
(132, 142, 170, 163), and into the source-level sacrificial layer 104. Portions of the first
contact level dielectric fayer 280, the second-tier structuwe {232, 242, 270, 263, 72), the first-
tier structure {132, 142, 170, 165), the laterally alternating sequence of the insulating material
strips 182 and the sacrificial material strips 183 and the inter-tier dieleciric layer 180, and the
source-level sacrificial layer 104 that undertie the openings in the photoresist layer may be
removed to form the backside trenches 79. In one embodiment, the backside trenches 79 may
be formed between clusters of in-process memory opening fill structures 258, The clusters of
the in-process memory opening fill structures 258 oay be laterally spaced apart along the
second horizontal divection hd2 by the backside trenches 79.

{02951 Referring to FIGS, 36A ~ 36E, a first isotropic ctch process can be performed in
which a first isotropic etchant is provided into the backside trenches 79. The first isotropic
etchant etches the material of the sacrificial material trips 183 selective to the materials of the
insulating material strips 182 and the inter-tier dielectric layer 180, the insulating layers (132,

2323, sacrificial material layers (142, 242), the insulating cap layers (170, 270), and the first
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and second retro-stepped dielectric material portions (165, 263). In one embodiment, if the
sacrificial material strips 183 include amorphous carbon, the sacrificial material strips 183
can be removed by ashing. In one embodiment, if the sacrificial material strips 183 include
organosilicate glass or borosilicate glass, a wet etch using hydrotluoric acid may be used. In
one embodiment, if the sacrificial material strips 183 include amorphous undoped silicon or a
silicon-germanium alloy, a wet etch process using hot trimethyl-2 hydroxyethyl ammoniim
hydroxide {“hot TMY ™} or tetramethyl ammomom hydroxide {TMAR) can be performed to
remove the sacrificial material strips 183 along the lengthwise direction of cach sacrificial
material strips 183, i.e., the second horizontal direction hd?. The voids formed by removal of
the sacrificial material strips 183 are herein referred to as laterally-extending cavities 185.
Removal of the sacrificial material strips 183 may be selective to the materials of the memory
films 50. Laterally-extending cavities 185 are formed in volumes from which the sacrificial
material strips 183 are removed. In this case, the laterally-extending cavities 185 can be
taterally bounded by the memory films 50 of the in-process memory opening fill stuctures
258.

{0296] Subsequently, at least one second isotropic etch process can be performed by
providing at least one second isotropic etchant into the backside trenches 79 and into the
laterally-cxtending cavitics 185. The least one second isotropic eichant etches material
portions of the portions of the blocking diclectric layers 52, the charge storage layers 54, the
tanneling dielectric layers 36, and the sacrificial conformal spacers 260 that are adjacent to
the laterally-extending cavities 185, The at least one second isotropic etch process can be a
seqguence of isotropic etch processes. A pocket cavity 49P is formed within cach of the
memory openings 49 1n a volume adjoined to a respective one of the laterally-extending
cavities 185. Each removed portion of the memory films 50 and the sacrificial conformal
spacers 260 has a respective side aperture through which a pocket cavity 49P extends. Each
pocket cavity 49P is adjoined to a respective one of the laterally-extending cavities 185.

Each laterally-extending cavity 185 can be adjoined to at least one column of pocket cavities
49 that arc arranged along the second horizontal direction hd?.

{02971 Referring to FIGS. 37A — 37E, a dielectric material, such as undoped silicate glass
or a doped silicate glass, can be conformally deposited in the pocket cavities 49P, the
laterally-extending cavities 185, at peripheral regions of the backside trenches 79, and over

the first contact level dielectric layer 280, In one embodiment, the dielectric material can
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include undoped silicate glass or a doped silicate glass (such as borosilicate glass). An
isotropic etch-back process is performed to remove portions of the dielectric material from
the peripheral regions of the backside trenches 79 and from above the first contact level
dielectric layer 280.

{0298] Each remaining portion of the dielectric material in a pocket cavity 49P
constitutes a diclectric peg portion. Each remaining portion of the diclectric material in a
laterally-extending cavity 185 constitutes a dielectric rail portion. Each contiguous
combination of a dielectric rail portion and a plurality of diclectric peg portions is herein
referred to as a dielectric strip 187, The dielectric strips 187 are formed in the laterally-
extending cavities 185 and in the pocket cavities 49, i.e., the volumes from which portions of
the memory films 50 and the sacrificial conformal spacers 260 are removed. Thus, each of
the dielectric strips 187 comprises a dielectric rail portion that fills a volume of one of the
sacrificial material strips 183, and comprises dielectric peg portions that laterally protrude
from the diclectric rail portion and are located within a column of memory openings 49. The
dielectric sirips 187 are formed directly on the dielectric cores 62. The laterally alierating
sequence of the insulating roaterial strips 182 and the dielectric strips 187 is herein referred to
as an inter-tier insulating assembly (182, 187).

{6299 Referring to FIG. 38A, an ctchant that etches the material of the source-level
sacrificial layer 104 selective to the materials of the first alternating stack (132, 142), the
second alternating stack (232, 242), the inter-tier dielectric laver 180 and the insulating
material strips 182, the dielectric strips 187, the first and second-tier insulating cap layers
(170, 270), the first contact level dielectric layer 280, and the sacrificial cteh stop liner 103
may be introduced into the backside trenches in an isotropic eich process. For example, if the
source-level sacrificial layer 104 includes undoped amorphous silicon or an undoped
amorphous silicon-germaninm alloy, and the sacrificial etch stop liner 103 include silicon
oxide, a wet etch process using hot trimethyl-2 hydroxyethyt ammonium hydroxide ("hot
TMY"™) or tetramethyl ammonium hydroxide (TMAH) may be used to remove the source-
level sacrificial layer 104 selective to the sacrificial etch stop liner 103, Boron atoms in the
lower source layer 112 and the upper source layer 118 prevents unintended etching of the
lower source fayer 112 and/or the upper source layer 118 in case surfaces of the lower source
tayer 112 and/or the upper source layer 118 are accidentally exposed to hot TMY or TMAH

during the wet etch process. U the source-level sacrificial layer 104 includes organosilicate
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glass or borosilicate glass, a wet etch using didute hydrofluoric acid may be used. A source
cavity 109 is formed in the volume from which the source-level sacrificial layer 104 is
removed. Bach of the in-process memory opening fill structures 258 is physicaily exposed to
the source cavity 109.

{0300] Referring to FIG. 388, a scquence of isotropic etchants, such as wet ctchants, may
be applied to the physically exposed portions of the memory filims 50 to sequentially etch the
various component layers of the memory films 50 from outside to inside, and to physically
cxpose cylindrical surfaces of the sacrificial conformal spacers 260 at the level of the source
cavity 109. The sacrificial etch stop liner 103 may be collaterally etched during removal of
the portions of the memory films 50 located at the level of the source cavity 109. The source
cavity 109 may be expanded in volume by removal of the portions of the memeory films 50 at
the fevel of the source cavity 109 and the sacrificial etch stop liner 103, A top surface of the
substrate semiconductor layer 10 can be physically exposed to the source cavity 109. The
source cavity 109 is formed by isotropically etching the source-level sacrificial layer 104 and
a bottora portion of each of the memory films 50 selective to the substrate semiconductor
layer 10 and the sacrificial conformal spacers 260.

{0361} Referring to FIG. 39C, a semiconductor material having a doping of the second
conductivity type may be deposited on the physically exposed semiconductor surfaces around
the source cavity 109. The physically exposed semiconductor surfaces include bottom
portions of outer sidewalls of the sacrificial conformal spacers 260 and a horizontal surface of
the substrate semiconductor layer 10, In one embodiment, the doped semiconductor material
of the second conductivity type may be deposited on the physically exposed semiconductor
surfaces around the source cavity 109 by a selective epitaxy process. A semiconductor
precursor gas, an ctchant, and a dopant gas may be flowed concurrently into a process
chamber including the exemplary structure during the selective epitaxy process. For
example, the semiconductor precursor gas may include silane, disilane, or dichlorosilane, the
etchant gas may include gaseous hydrogen chloride, and the dopant gas may include a
hydride of a dopant atom such as phosphine, arsine, stibine, or diborane. In this case, the
selective epitaxy process grows a doped single crystalline semiconductor material having a
doping of the second conductivity type from physically exposed semiconductor surfaces
around the source cavity 109. The deposited doped single crystalline semiconductor material

forms a source contact layer 114, which may contact sidewalls of the sacrificial conformal
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spacers 260, The atomic concentration of the dopants of the second conductivity type in the
deposited semiconduactor material may be in a range from 1.0 x 1020/cm’ to 2.0 x 102 1/em?,
such as from 2.0 x 1020/cm” to 8.0 x 1020/cm’.

{0362] The source contact layer 114 as initially formed may consist essentially of
semiconductor atoms and dopant atoms of the second conductivity type. Optionally, one or
more etch back processes may be used i combination with a plurality of selective or non-
selective deposition processes to provide a seamless and/or voidless source contact layer 114
In one embodiment, the doped semiconductor material may include single crystalline silicon.
Thus, the source-level sacrificial layver 104 may be replaced with the source contact layer 114,
(Generally, the source-level sacrificial layver 104 is replaced with a source contact layer 114
including a doped single crystalline semiconductor material in epitaxial alignment with the
single crystalline semiconductor material layver such as the substrate semiconductor layer 10.
{0363] Referring to FIG. 38D, an oxidation process may be performed to convert
physically exposed surface portions of the source contact layer 114 into diclectric
semiconductor oxide plates 122,

{03041 Referring to FIG. 394, the sacrificial material layers (142, 242) are may be
remnoved selective to the insulating layers (132, 232), the inter-tier dielectric layer 180 and the
taterally alternating sequence of insulating material strips 182 and the dielectric strips 187,
the first and second-tier insulating cap layers (170, 270), the fust contact level dielectric layer
280, and the source contact layer 114, and the dielectric semiconductor oxide plates 122. For
example, an etchant that selectively ctches the materials of the sacrificial material layers
(142, 242) with respect to the materials of the insulating tayers (132, 232), the inter-tier
dielectric layer 180 and the laterally alternating sequence of insulating material strips 182 and
the dielectric strips 187, the first and second-tier insulating cap layers (170, 270). the retro-
stepped dielectric material portions (165, 265), and the material of the outermost layer of the
memory films 50 may be introduced into the backside trenches 79, for example, using an
isotropic ctch process. For example, the sacrificial material layers (142, 242) may include
silicon nitride, the materials of the insulating layers (132, 232), the inter-tier diclectric layer
180 and the laterally alternating sequence of insulating material strips 182 and the diclectric
strips 187, the first and second-tier insulating cap layers (170, 270), the retro-stepped
dielectric material portions (1635, 263}, and the outermost layer of the memory films 50 may

include silicon oxide materials.
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{0305] The isotropic etch process may be a wet ctch process using a wet etch solution, or
may be a gas phase (dry) etch process in which the etchant is introduced n a vapor phase into
the backside trench 79. For example, if the sacrificial material layers (142, 242} include
silicon nitride, the eich process may be a wet etch process in which the exemplary structure is
immersed within a wet etch tank including phosphoric acid, which etches silicon nitride
selective to silicon oxide, silicon, and various other materials used in the art.

16306] Backside recesses (143, 2433 are formed in volumes from which the sacrificial
material layers (142, 242 arc removed. The backside recesses (143, 243) include first
backside recesses 143 that are formed in volures from which the first-tier sacrificial material
layers 142 are removed and second backside recesses 243 that are formed in volumes from
which the seccond-tier sacrificial material layers 242 arc removed. Each of the backside
recesses (143, 243) may be a laterally extending cavity having a lateral dimension that is
greater than the vertical extent of the laterally extending cavity. In other words, the lateral
dimension of each of the backside recesses (143, 243} may be greater than the height of the
respective backside recess (143, 243). A plurality of hackside recesses (143, 243) may be
formed in the volumes from which the material of the sacrificial material layers (142, 242} is
rernoved. Each of the backside recesses (143, 243) may extend substantially parallel o the
top surface of the substrate semiconductor layer 10. A backside recess (143, 243) may be
vertically bounded by a top surface of an underlying insulating layer (132, 232) and a bottom
surface of an overlying insulating layer (132, 232). In one embodiment, each of the backside
recesses (143, 243) may have a uniform height throughout,

{03971 Referring to FIG. 398, a backside blocking diclectric layer (not shown)} may be
optionally deposited in the backside recesses (143, 243) and the backside trenches 79 and
over the first contact level dielectric layer 280. The backside blocking dielectric layer
includes a dielectric material such as a dielectric metal oxide, silicon oxtde, or a combination
thereof. For example, the backside blocking diclectric layer may include aluminum oxide.
The backside blocking dielectric layer may be formed by a conformal deposition process
such as atomic laver deposition or chemical vapor deposition. The thickness of the backside
blocking diclectric layer may be in a range from 1 nm to 20 nm, such as from 2 nm to 10 am,
although lesser and greater thicknesses may also be used.

{0368] At least one conductive material may be deposited in the plurality of backside

recesses (143, 243), on the sidewalls of the backside trenches 79, and over the first contact
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level dielectric layer 280. The at least one conductive material may be deposited by a
conformal deposition method, which may be, for example, chemical vapor deposition (CVD),
atomic layer deposition {ALD), electroless plating, electroplating, or a combination thereof,
The at least one conductive material may include an elemental metal, an intermetallic alloy of
at least two elemental metals, a conductive nitride of at least one elemental metal, a
conductive metal oxide, a conductive doped semiconductor material, a conductive metal-
semiconductor alloy such as a metal silicide, alloys thereof, and combinations or stacks
thereof.

{33991 In one embodiment, the at least one conductive material may include at least one
metallic material, i.e., an electrically conductive material that includes at least one metallic
clement. Non-limiting exemplary metallic materials that may be deposited in the backside
recesses (143, 243} include tungsten, tungsten nitride, titanium, titanium nitride, tantalum,
tantalom nitride, cobalt, and rutheniom. For example, the at least one conductive material
may inciude a conductive metallic nitride liner that includes a conductive metallic nitride
material such as TiN, TaN, WN, or a combination thereof, and a conductive fill material such
as W, Co, Ru, Mo, Cu, or combinations thereof. In one embodiment, the at least one
conductive material for filling the backside recesses (143, 243} may be a combination of
titanivm nitride layer and a tungsten fill material.

{0310] Electrically conductive layers (146, 246) may be formed in the backside recesses
(143, 243) by deposition of the at least one conductive material. A plurality of first
electrically conductive layers 146 may be formed in the plurality of first backside recesses
143, a plurality of second clectrically conductive layers 246 may be formed in the plurality of
second backside vecesses 243, and a continuous metallic material layer (not shown) may be
formed on the sidewalls of each backside rench 79 and over the first contact level dielectric
tayer 280. Hach of the first electrically conductive layers 146 and the second electrically
conductive lavers 246 may include a respective conductive metallic nitride liner and a
respective condactive fill material. Thus, the first and second-tier sacrificial material layers
(342, 242) may be replaced with the first and second electrically conductive lavers (146,
2463, respectively. Specifically, each first-tier sacrificial material layer 142 may be replaced
with an optional portion of the backside blocking dielectric layer and a first electrically
conductive laver 146, and each second-tier sacrificial material layer 242 may be replaced

with an optional portion of the backside blocking dielectric laver and a second electrically
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conductive layer 246. A backside cavity is present in the portion of each backside trench 79
that is not filled with the continuous metallic material layer.

{63111 Residual conductive matenial may be removed from inside the backside trenches
79. Specifically, the deposited metallic material of the continuous metallic material layer
may be etched back from the sidewalls of cach backside trench 79 and from above the first
contact level dielectric tayer 280, for example, by an anisotropic or isotropic etch. Bach
remaining portion of the deposited metallic material in the first backside recesses constitutes
a first electrically conductive layer 146, Hach remaining portion of the deposited roetallic
material in the second backside recesses constitutes a second electrically conductive layer
246. Sidewalls of the fivst electrically conductive material layers 146 and the second
clectrically conductive layers may be physically exposed to a respective backside trench 79.
The backside trenches may have a pair of curved sidewalls having a non-periodic width
variation along the first horizontal direction hdl and a non-lincar width variation along the
vertical direction.

{03121 Each electrically conductive layer (146, 246} may be 2 conductive sheet including
openings therein. A first subset of the openings through each electrically conductive layer
(146, 246) may be filled with in-process memory opening fill structures 258, A second
subset of the openings through cach clectrically conductive layer (146, 246) may be filled
with the support pillar structores 20. Each electrically conductive layer (146, 246) may bave
a lesser area than any underlying electrically conductive layer (146, 246) because of the first
and second stepped swfaces. Each electrically conductive layer (146, 246) may have a
greater arca than any overlying clectrically conductive layer (146, 246) because of the first
and second stepped surfaces.

{0313] In some embodiment, drain-select-level isolation simctures 72 may be provided at
topmost levels of the second electrically conductive layers 246, A subsct of the second
electrically conductive layers 246 located at the tevels of the drain-select-level isolation
structures 72 constitutes drain select gate electrodes. A subset of the electrically conductive
faver (146, 246) located underneath the drain select gate electrodes may function as
combinations of a control gate and a word line located at the same level.

[0314] Each of the memory films 50 comprises a vertical stack of memory elements
located at each level of the electrically conductive layers (146, 246). A subset of the

clectrically conductive layers (146, 246) may comprise word lines for the memory elerents.
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{0315] Referring to FIGS. 39C, 40A, and 40B, a diclectric material layer may be
conformally deposited in the backside trenches 79 and over the first contact level dielectric
tayer 280 by a conformal deposition process. The dielectric material layer may include, for
cxample, silicon oxide. Each deposited portion of the diclectric material in the backside
trenches 79 constitutes a backside trench fill structure 76, which may be a diclectric wall
structure. Horizontal portions of the dielectric material above the top surface of the first
contact level dielectric layer Z80 may be removed, or may be incorporated into the first
contact level dielectric fayer 280.

{3316] Referring to FIGS. 41A, 418, and 42, drain cavities 85 can be formed over each
of the in-process memory opening fill souctures 258. For example, a photoresist layer (not
shown} can be applied over the first contact kevel diclectric layer 280, and can be patterned
with discrete openings that overlie the in-process memory opening fill structures 258, An
anisotropic etch can be performed to transfer the pattern in the photoresist layer through the
first contact level dielectric layer 280. The photoresist layer can be subsequently removed.,
for example, by ashing.

{03171 Referring to FIGS. 43A — 43C, an etch process s performed, which etches the
material of the sacrificial conformal spacers 260 selective to the materials of the memory
films 50, the diclectric cores 62, the first contact level dielectric layer 280, and the source
contact layer 114. The etch process may be an isotropic etch process such as a wet etch
process. In one embodiment, the sacrificial conformal spacers 260 can include undoped
amorphous silicon or a silicon-germanium alloy, and the etch process can include a wet etch
process using hot trimethyl-2 hydroxyethyl ammonium hydroxide (“hot TMY™) or
tetramethyl ammonium hydroxide (TMAH). The drain-level sacrificial pillars 91, if present,
may be removed.

{0318] Channel cavities 259 are formed, which include the combined volumes of the
sacrificial conformal spacers 260. Each channel cavity 259 can inchide a void that includes
the volume of a removed sacrificial conformal spacer 260. An annuiar top suiface of the
single crystalline semiconductor material of the source contact layer 114 can be physically
exposed at the bottorn of each chanuvel cavity 259, Each channel cavity 259 laterally
surrouds a dielectric core 62. Each vertically-extending portion of a channel cavity 259 can
have a uniform lateral width, which may be in a range from 10 am to 120 nm, such as from

20 nm to 80 nm, although lesser and greater uniform lateral widths can also be used. The

T3



WO 2020/163005 PCT/US2019/063106

dielectric peg portions of the dielectric strips 187 provide structural support to the dielectric
cores 62 by fixing the position of each dielectric core 62 relative to the dielectric strips 187
and the insulating material strips 182 at the level of the inter-tier dielectric layer 180 during,
and after, formation of the channel cavities 159,

{0319] Referring to FIG. 44, a selective epitaxy process can be performed (o grow a
single crystailine semiconductor material having a doping of the first conductivity type in the
channel cavities 259. For example, the first exemplary structure can be placed in a vacuum-
tight selective epitaxy process chamber, and a combination of a semiconductor precursor gas
(such as silane, disilane, dichlorosilane, trichlorosilane, silicon tetrachloride, germane, or a
precursor gas for a compound semiconductor material}, a dopant gas including atoms of
clectrical dopants of the first conductivity type (which can be, for example, diborane for p-
type dopants or phosphine, arsine, or stibine for n-type dopants), and an ctchant gas (such as
hydrogen chloride) is flowed into the selective epitaxy process chamber while the first
exemplary structure is maintained at an clevated termperature. The clevated temperature can
he in a range from 500 degrees Celsius to 900 degrees Celsius. An in-process epitaxial
semiconductor channel 60P can grow apward from the physically exposed semiconductor
surface of the source contact layer 114 during the selective epitaxy process. The sclective
cpitaxy process grows a single crystalline semiconductor material upward through the
channel cavities 259 and around each of the dielectric peg portions of the dielectric strips
187. The in-process epitaxial semiconductor channel 60F can fill the entive volume of a
channel cavity 259. The dielectric peg portions of the dielectric strips 187 provide structural
support to the dielectric cores 62 by fixing the position of each dielectric core 62 relative o
the dielectric strips 187 and the insulating material strips 182 at the ievel of the inter-tier
dielectric layer 180 during the selective epitaxy process.

{0320] Excess portions of the single crystalline senticonductor material that grows above
the horizontal plane inchiding the top surface of the first contact level dielectric layer 280 can
be removed by a planarization process, which can use chemical mechanical planarization.
Each in-process cpitaxial semiconductor channel 60P can be epitaxially aligned to the single
crystalline semiconductor material layer of the substrate 8 (such as the substrate
semiconductor layver 10) through an intermediate single crystalline material of the source
contact layer 114.

{0321] Referring to FIGS. 45A ~ 45C, 46A, and 468, dopauts of the second conductivity
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type can be implanted into an upper portion of each in-process epitaxial semiconductor
channel GOP. Fach iraplanted upper portion of the in-process epitaxial semiconductor
channels 60P is converted into a drain region having a doping of the second conductivity
type. Each remaining underlying portion of the in-process epitaxial semiconductor channel
60F has a doping of the first conductivity type, and constitutes an epitaxial semiconductor
channel 60. The drain regions 63 can include a single crystalline doped semiconductor
material. The dopant concentration in the drain regions 63 can be in a range from 5.0 x
10%cm’® t0 2.0 x 10%/cm’, although lesser and greater dopant concentrations can also be
used.

{0322] Each contiguous combination of a memory film 50 and an epitaxial
semiconductor channel 60 constitutes a memory stack structure 55 including a vertical stack
of memory elements thercin. The vertical stack of memory elements can comprise portions
of a charge storage layer located at each level of the electrically conductive layers (146, 246).
A set of all material portions that fills a memory opening 49 after formation of the drain
regions 63 constifutes a memory opening fill structure 58. Hach memory opening fill
structure 38 includes a mernory flm 30, an epitaxial semiconductor channel 60, a dielectric
core 62, a drain region 63, and a dielectric peg portion of a dielectric strip 187. The epitaxial
semiconductor channels 60 are formed directly on, and with epitaxial alignment with, the
source contact layer 114

{0323] Referring to FIG. 47, the processing steps of FIG. 23 can be performed to form
first through-memory-level via structures 488, contact via structures (96, 88), and metal line
structures (96, 98).

[0324] Referring to all drawings and according to various embodiments of the present
disciosure, a three-dimensional memory device is provided, which comprises: a first-tier
alternating stack of first-ticr insulating layers 132 and fust-tier elecirically conductive layers
146 located over a substrate 8; an inter-tier insulating assembly (182, 187) located over the
first-tier alternating stack (132, 146) and including a plurality of dielectric strips 187, wherein
cach of the plurality of diclectric strips 187 includes diclectric peg portions that laterally
protrade from a diclectric rail portion; a second-tier alternating stack of second-tier insulating
tavers 232 and second-tier electrically conductive layers 246 located over the inter-tier
insulating assemnbly (182, 187); memory openings 49 vertically extending through the first-

ticr alternating stack (132, 146), the inter-ticr insulating assembly (182, 187), and the sccond-
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tier alternating stack (232, 246), wherein each of the memory openings 49 comprises a side
aperture through which a respective one of the diclectric peg portions extend inward; and
memory opening fill structures 38 located in a respective one of the memory openings 49 and
comprising a memory film 58, a semiconductor channel 60, and a dielectric core 62
comprising a dielectric fill material and adjoined to the respective one of the dielectric peg
portions.

§B3251 In one embodiment, each of the semiconductor channels 60 has a respective
annular horizontal cross-sectional shape at levels of the first-tier alternating stack (132, 146)
and at levels of the second-tier alternating stack (232, 246), and has a respective shape of a
block arc at a level of the inter-tier insulating assembly (182, 187), i.e., between a fivst
horizontal plane including a bottom surface of the inter-tier insulating assembly (182, 187)
and a second horizontal plane including a top surface of the inter-tier insulating assembly
(182, 187).

{6326] In onc embodiment, each of the memory films 50 has a respective annular
horizontal cross-sectional shape at the evels of the first-tier alternating stack (132, 146) and
at the levels of the second-tier alternating stack (232, 246), and has a respective shape of a
block arc at the level of the inter-tier insulating assembly (182, 187).

{63271 In one embodiment, each interface between the diclectric cores 62 and the
diclectric peg portions comprises a convex vertical surface of a respective one of the
dielectric cores 62 and a concave vertical surface of a respective one of the dielectric peg
pOrtions.

{03281 In one embodiment, the inter-tier insulating assembly (182, 187) compriscs
insulating material strips 182 that are interiaced with the pluvality of dielectric swrips 187,
wherein a laterally alternating sequence of insulating material strips 182 and dielectric strips
187 that alternate along a first horizontal direction hd1 is present between the first-tier
alternating stack (132, 146) and the second-tier alternating stack (232, 246).

{0329] in one embodiment, each of the plurality of insulating material strips 182 contacts
two colurnns of memory opening fill structures 58 that extend along a second horizontal
direction hd2 that is perpendicular to the first horizontal divection hdl.

{03341 in one embodiment, the three-dimensional memory device comprises: a backside
trench 79 vertically extending through the first-tier alternating stack (132, 146}, the inter-tier

insulating asscmbly (182, 187), and the second-ticr alternating stack (232, 246), laterally
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extending along the first horizontal direction hdl, and having a uniform width along a second
horizontal direction hd?2 that is perpendicular to the first horizontal divection hd}; and a
backside trench {ill structure 76 located in the backside trench 79, wherein each strip within
the laterally alternating sequence of insulating material strips 182 and dielectric strips 187
contacts a sidewsll of the backside trench fill structure 76.

{0331] in one embodiment, each of the plurality of dielectric strips 187 has two sets of
straight sidewall segments, wherein each set of straight sidewall segments includes a plurality
of straight sidewall segments located within a respective vertical plane that is perpendicular
to the first horizontal direction hdl.

{0332] in one embodiment, the three-dimensional memory device comprises a single
crystalline semiconductor material layer located in or over the substrate 8, wherein the
semiconductor channel 60 comprises an epitaxial semiconductor channel that is epitaxially
aligned to the single crystalline semiconductor material layer. The device also comprises
drain regions 63 comprising a doped epitaxial semiconductor material contacting an upper
end of, and epitaxially aligned to, a respective one of the epitaxial semiconductor channels 60
and contacting a top surface of a respective one of the dielectric cores 62.

{0333] In one embodiment, the three-dimensional memory device comprises: a source
contact layer 114 comprising a doped single crystalline semiconductor material and
contacting, and epitaxially aligned to, the single crystalline semiconductor material layer and
the epitaxial semiconductor channels 60. In one embodiment, the source contact layer 114
contacts and laterally surrounds each of the dielectric cores 62.

{6334} In onc ecmbodiment, cach interface between the source contact layver 114 and the
epitaxial semiconductor channels 60 comprises an annular convex tapered sarface of the
source contact layer 114 and an annular concave tapered surface of a respective one of the
epitaxial semiconductor channels 66.

{0335] In one embodiment, the epitaxial semiconductor channels 60 comprise a material
selected from single crystalline silicon, a single crystalline silicon-germanium alloy, or a
single crystalline -V compound semiconductor material; and the plurality of dieclectric
strips 187 comprises a material selected from undoped silicate glass, a doped silicate glass, or
organosilicate glass.

{0336] In one embodiment, the second exemplary structure can further include the

dielectric pegs 62G of the first exemplary structure in addition to the dielectric pegs of the
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diclectric strips 187 located in the inter-tier insulating assembly to provide additional support
to the semiconductor channels 60 and the dielectric cores 62.

{0337] The dielectric pegs of the first and/or second exemplary structures provide support
to the semiconductor channels 60 and the dielectric cores 62 to prevent them from collapsing
during fabrication steps (¢.g., during formation of the backside recesses 43).

{0338] The various epitaxial single crystalline semiconductor channels 60 {(e.g., single
crystal silicon channels) of some of embodiments of the present disclosure provide a higher
charge carricer mobility relative to polyerystalline semiconductor channels. Further, the
gpitaxial semiconductor channels 60 of the embodiments of the present disclosure are formed
in a tubular configuration, and thus, can be formed with a sufficiently small lateral thickness
to provide complete depletion of charge carriers within the epitaxial semiconductor channels
60 when the epitaxial semiconductor channels 60 are turned off. Thus, the epitaxial
semiconductor channels 60 of the embodiments of the present disclosure can provide high
on-current and low leakage current for NAND strings, thereby enhancing performance of a
three-dimensional memory device including the NAND strings. However, in alternative
embodiments, the semiconductor channels 60 may be polycrystalline, such as polysilicon
channels.

{0339] Referring to FIGS. 48A and 488, a third exemplary structure according to a third
embodiment of the present disclosure is illustrated.  The third exemplary structure includes a
substrate 908 that includes a upper substrate portion 918, The substrate 908 may be a
semiconductor substrate, such as a commercially available single crystalline silicon wafer. In
this case, the upper substrate portion 910 may include the top part of the silicon wafer, a
doped well, and/or an epitaxial silicon layer comprising a single crystalline semiconductor
(e.g., silicon) material that is free of carbon or that contains carbon. As used herein, a
structure is “free of carbon™ if the atomic concentration of carbon within the structure is
below trace level such as less than 0.1 roillion parts per million in atornic concentration.
{0340] A lower semiconductor layer 212 can be formed on the upper substrate portion
310. In one embodiment, the lower semiconductor layer 212 can be formed by ion
implantation or diffusion of p-type dopant (¢.g., boron) and optionally carbon into an upper
part of the upper substrate portion 410. Alternatively, a single crystalline semiconduactor
(e.g., silicon) material layer that is in-situ doped with boron and optionally carbon can be

deposited on a top surface of the upper substrate portion 910 to form the lower semiconductor
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fayer 212. Preferably, the p-type dopants in the lower semiconductor layer 212 comprise
boron atorms. In this case, the lower semiconductor Jayer 212 can include a carbon and
boron-doped semiconductor material, which s herein veferred (o as a first boron-doped
semiconductor material. In one embodiment, the first boron-doped semiconductor material
comprises a doped single crystalline semiconductor material that is epitaxially aligned to the
single crystalline semiconductor material of the substrate 908, i.e., the single crystalline
semiconductor material of the upper substrate portion 910.

{63411 in one embodiment, the first boron-doped semiconductor material can inchude

. . . . - 3 AT
boron atoms at an atomic concentration in a range from 1.0 x 10'%/cm’ to 2.0 x 107 em®.

In
one embodiment, the first boron-doped semiconductor material of the lower semiconductor
layer 212 can comprise single crystalline silicon that is doped with boron atoms and with
carbon atoms. In one embodiment, the first boron-doped semiconductor material can include
carbon atoms at an atornic concentration in a range from 1.0 x 10%%cm’ to 1.0 x 10%cm’.
The thickness of the lower semiconductor layer 212 can be in a range from 50 nm to 400 nm,
such as from 100 nm to 300 nm, although lesser and greater thicknesses can also be
cmployed.

{0342] A lower etch stop dielectric layer 103 can be formed on the top surface of the
lower semiconductor laver 212, The lower etch stop diclectric layer 103 includes a dieleciric
material that can function as an etch stop material during subsequently removal of a
sacrificial material. For example, the lower etch stop dielectric layer 103 can include silicon
oxide. The lower etch stop dielectric layer 103 may be formed by thermal oxidation or
plasma oxidation of a surface portion of the lower semiconductor layer 212. The lower etch
stop dielectric layer 103 can have a thickness in a range from 2 nm to 10 nm, although lesser
and greater thicknesses can also be employed.

{0343] A sacrificial source-level material can be deposited over the lower etch stop
diclectric liner 103 to form a sacrificial source-level material layer 104, The sacrificial
source-level material layer 104 includes a material that can be removed selective to the lower
eteh stop dielectric liner 103, For example, the sacrificial source-level material layer 104 can
include undoped amorphous silicon, andoped polysilicon, amorphous carbon, organosilicate
glass, or a polymer material. In one embodiment, the sacrificial souwrce-level material layer
104 includes undoped amorphous silicon or polysilicon. The sacrificial source-level material

layer 104 can have a uniform thickness throughout, which can be in a range from 20 nm to

79



WO 2020/163005 PCT/US2019/063106

360 nm, such as from 50 nm to 150 nm, although lesser and greater thicknesses can also be
cmployed.

{03441 An upper etch stop dielectric liner 107 can be formed on the sacrificial source-
level material layer 104, The upper etch stop dielectric liner 167 includes a dielectric
material that is selective to the cich process to be subsequently employed to remove the
sacrificial source-level material layer 104. In one embodiment, the upper etch stop dielectric
tiner 107 can include silicon oxide. The thickness of the upper etch stop dielectric Hiner 107
cab be in a range from 2 nio o 10 nm, although lesser and greater thicknesses can also be
cmployed.

[0345] An upper semiconductor fayer 218 can be formed over the upper etch stop
dielectric liner 107 by deposition of a polycrystalline or amorphous semiconductor material
having a p-type doping and including carbon atoms. In one embodiment, the p-type dopants
in the upper semiconductor layer 218 can comprise boron atoms. In this case, the upper
semiconductor laver 218 can include a boron-doped semiconductor material, which is herein
referred to as a second boron-doped semiconductor material.

{33461 n one embodiment, the second boron-doped semiconductor material can inclade
boron atoms at an atomic concentration in a range from 1.0 x 10'%/cm’® t0 2.0 x 10°Yem®. In
one embodiment, the second boron-doped scmiconductor material of the upper
semiconductor layer 218 can comprise polyerystalline or amorphous silicon that is doped
with boron atoms and with carbon atoms. In one embodiment, the second boron-doped
semiconductor material can inchide carbon atorns at an atomic concentration in a range from
1.0x 10%cm’ to 1.0 x 10%cem’. The thickness of the upper semiconductor layer 218 can be
in a range from 20 nm to 400 nm, such as from 50 nm to 200 nm, although lesser and greater
thicknesses can also be employed.

{0347] The layer stack of the lower semiconductor layer 212, the lower etch stop
diclectric liner 103, the sacrificial source-level material layer 104, the upper etch stop
dielectric liner 107, and the upper semiconductor taver 218 is herein referved to as in-process
source-level material layers 110, which is subsequently modified to provide source-level
material layers. The exemplary structure includes a memory arvay region 100 in which an
array of memory devices is to be subsequently formed, a staircase region 200 in which
stepped surfaces of an alternating stack of insulating layers and electrically conductive layers

are to be subsequently formed, and a peripheral region 400 from which layers within the
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alternating stack of insulating layers and electrically conductive layers arc removed.
Optionally, the in-process source-level material layers 110" may be lithographically patterned
to form an opening in the peripheral region 400 and to form at least one optional opening
within the memory array region 100. In this case, a dielectric material can be deposited in
regions from which portions of the in-process source-level material layers 1107 are removed
to provide diclectric isolation structures (not illustrated).

{0348] Generally, the in-process source-level material lavers 110" comprises a lower
semiconductor laver 212, an optional lower ctch stop diclectric liner 103, a sacrificial source-
level material layer 104, an optional upper etch stop diclectric liner 107, and an upper
semiconductor layer 218.

{0349] Referring to FIG. 49, an alternating stack of first material layers and second
material layers is subsequently formed. Each first material layer may include a first material,
and each second material layer may include a second material that is different from the furst
material. In case af feast another alternating stack of material layers is subsequently formed
over the alternating stack of the first material layers and the second material favers, the
alternating stack is herein referred to as a first-tier alternating stack. The level of the first-tier
alternating stack is herein referred to as a first-tier level, and the level of the alternating stack
to be subsequently formed immediately above the first-tier level is herein referred to as a
second-tier level, ete.

{0350] The first-tier alternating stack may include first insulting layers 132 as the first
material layers, and first spacer material layers as the second material fayers. In one
cmbodiment, the first spacer material layers may be sacrificial material layers that are
subsequently replaced with electrically conductive layers. In another embodiment, the first
spacer material layers may be clectrically conductive layers that are not subsequently
replaced with other layvers. While the present disclosure is described using embodiments in
which sacrificial material layers are replaced with electrically conductive layers,
embodiments in which the spacer material layers are formed as electrically conductive layers
(therchy obviating the need to perform replacement processes) arc expressly contemplated
herein.

[0351] in one embodiment, the first material layers and the second material layers may be
first insulating layers 132 and first sacrificial material layers 142, respectively. In one

crebodiment, each first insulating layer 132 may include a first insulating material, and cach
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first sacrificial material layer 142 may include a first sacrificial material. An alternating
plurality of first insulating layers 132 and first sacrificial material layers 142 is formed over
the in-process source-level matenial layers 1147, As used herein, a “sacrificial material”
refers to a material that is removed during a subsequent processing step.

{0352] As used herein, an alternating stack of first clements and second elements refers to
a structure in which instances of the fivst 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 sccond elements on both sides, and each instance
of the second elements that is not an end clement of the alternating plurality is adjoined by
two instances of the first elements on both ends. The fivst clements may have the same
thickness throughout, or may have different thicknesses. The second elements may have the
same thickness throughout, 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 sccond material layers, and may end with an
instance of the first material layers or with an instance of the second material layers. In one
cmbodiment, 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.

{0353] The first-tier alternating stack (132, 142) may include first insulating layers 132
composed of the first material, and first sacrificial material layers 142 composed of the
second material, which is different from the first matertal. The first material of the first
insulating layers 132 may be at least one insulating material. Insulating materials that may be
used for the first insulating layers 132 include, but are not Hmited to silicon oxide (inchuding
doped or undoped silicate glass), silicon nitride, silicon oxynitride, organosilicate glass
(OS(G), spin-on dielectric materials, dielectric metal oxides that are comumonly known as high
diclectric constant (high-k) dielectric oxides (¢.g., aluminum oxide, hafnium oxide, ete.) and
silicates thereof, diclectric metal oxynitrides and silicates thereof, and organic insulating
materials. In one embodiment, the first material of the first insulating layers 132 may be
silicon oxide.

{3334 The second material of the first sacrificial material layers 142 is a sacrificial
material that may be removed selective to the first material of the first insulating layers 132.
As used herein, a removal of a first material is “selective t0” 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
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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.

{0355] The first sacrificial material layers 142 may comprise an insulating material, a
semiconductor material, or a conductive material. The second material of the first sacrificial
material layers 142 may be subsequently replaced with electrically conductive electrodes
which may fonction, for example, as control gate electrodes of a vertical NAND device. In
one embodiment, the first sacrificial material layers 142 may be material layers that comprise
silicon nitride.

{0336] in one embodiment, the first insulating layers 132 may include silicon oxide, and
sacrificial material layers may include silicon nitride sacrificial material layers. The first
material of the first insulating layers 132 may be deposited, for example, by chemical vapor
deposition (CVD). For example, if silicon oxide is used for the first insulating layers 132,
tetracthylorthosilicate (TEOS) may be used as the precursor material for the CVD process.
The second material of the first sacrificial material layvers 142 may be formed, for example,
CVD or atomic layer deposition (ALD).

{0357] The thicknesses of the first insulating layers 132 and the first sacrificial material
tayers 142 may be in a range from 20 nm fo 50 nio, although lesser and greater thicknesses
may be used for each first insulating layer 132 and for each first sacrificial material layer 142.
The mumber of repetitions of the pairs of a first insulating layer 132 and a first sacrificial
material layer 142 may be in a range from 2 to 1,024, and typically from & to 256, although a
greater number of repetitions may also be used.  In one embodiment, each first sacrificial
material layer 142 in the first-tier alternating stack (132, 142) may have a uniform thickness
that is substantially invariant within each respective first sacrificial material fayer 142,
{0358] A first insulating cap tayer 170 is subscquently formed over the first alternating
stack (132, 142). The first insulating cap layer 170 includes a dielectric material, which may
be any dielectric material that may be used for the fivst insulating lavers 132, Inone
embodiment, the first insulating cap layer 170 inchudes the same dielectric material as the
first insulating tayers 132, The thickness of the first insulating cap layer 170 may beina
range from 20 nm to 300 nm, although lesser and greater thicknesses may also be used.
{0359] Referring to FIG. 50, the first insulating cap layer 170 and the first-tier alternating

stack (132, 142) may be patterned to form first stepped surfaces in the staircase region 200.
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The staircase region 200 may include a respective first stepped area in which the first stepped
surfaces are formed, and a second stepped area in which additional stepped surfaces are to be
subsequently formed in a second-tier structure (1o be subsequently formed over a first-ticy
structure) and/or additional tier structures. The first stepped surfaces may be formed, for
cxample, by forming a mask layer (not shown) with an opening therein, ctching a cavity
within the levels of the first insulating cap layer 170, and iteratively expanding the etched
area and vertically recessing the cavity by etching each pair of a first insulating layer 132 and
a first sacrificial material layer 142 located directly underneath the bottom surface of the
ctched cavity within the etched area. In one embodiment, top surfaces of the first sacrificial
material layers 142 may be physically exposed at the first stepped surfaces. The cavity
overlying the first stepped surfaces is herein referred to as a first stepped cavity.

{0360] A dielectric fill material (such as undoped silicate glass or doped silicate glass)
may be deposited to fill the first stepped cavity. Excess portions of the dielectric fill material
may be removed from above the horizontal plane including the top swrface of the first
insulating cap laver 170. A remaining portion of the diclectric fill material that fills the
region overlying the first stepped surfaces constitute a first retro-stepped dielectric material
portion 165. As used herein, a “retro-stepped” clement refers o an element that has stepped
surfaces and a horizontal cross-sectional area that increases monotonically as a function of a
vertical distance from a top surface of a substrate on which the element is present.  The first-
tier alternating stack (132, 142) and the first retro-stepped dielectric material portion 165
collectively constitute a first-tier structure, which is an in-process structure that is
subsequently modified.

{0361] An intev-tier dielectric layer 180 may be optionally deposited over the first-uer
structure (132, 142, 170, 165). The inter-tier dielectric layer 180 includes a dielectric
material such as silicon oxide. In one embodiment, the inter-tier dielectric layer 180 may
include a doped silicate glass having a greater etch rate than the material of the first insulating
tayers 132 (which may include an undoped silicate glass). For example, the inter-tier
diclectric layer 180 may include phosphosilicate glass. The thickness of the inter-ticr
dielectric layer 180 may be in a range from 30 nm to 300 nm, although lesser and greater
thicknesses may also be ased.

{0362] Referring to FIGS. 51 A and 518, various first-tier openings (149, 129) may be

formed through the inter-tier diclectric layer 180 and the first-tier structure (132, 142, 170,
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165) and into the in-process source-level material layers 110°. The first-tier openings (149,
129) can vertically extend into an upper portion of the lower semiconductor layer 212 outside
the areas of the sacrificial recess trench fili portions 104A. A photoresist layer (not shown)
may be applied over the inter-tier dielectric layer 180, and may be lithographically patterned
to form various openings therethrough. The pattern of openings in the photoresist layer may
be transferred through the inter-tier dielecwric layer 180 and the first-tier stracture (132, 142,
170, 165) and into the in-process source-level material layers 110’ by a first anisotropic etch
process to form the various first-tier openings (149, 129) concurrently, i.¢., during the first
isotropic etch process. The various first-tier openings (149, 129) may include first-tier
memory openings 149 and first-tier support openings 129. Locations of steps S in the first
alternating stack (132, 142} are illustrated as dotied lines in FiG. 51B.

{0363] The first-tier memory openings 149 are openings that are formed in the memory
array region 100 through cach layer within the first alternating stack (132, 142) and are
subsequently used to form memory stack structures therein. The first-ticr memory openings
14% may be formed in clusters of first-tier memory openings 149 that are laterally spaced
apart along the second horizontal divection hd2. Each chuster of first-tier memory openings
149 may be formed as a two-dimensional array of first-tier memory openings 149.

{0364] The first-tier support openings 129 are openings that are formed in the staircase
region 200, and are subsequently eraploved to form support pillar structures. A subset of the
first-tier support openings 129 that is formed through the first retro-stepped dielectric
material portion 165 may be formed through a respective horizontal surface of the first
stepped surfaces.

[0365] In one embodiment, the first anisowropic eich process may include an initial step in
which the materials of the first-tier alternating stack (132, 142) are etched concurrently with
the material of the first retro-stepped dielectric material portion 165. The chemisiry of the
initial etch step may alternate to optimize etching of the first and second materials in the first-
tier alternating stack (132, 142) while providing a comparable average etch rate to the
material of the first retro-stepped dielectric material portion 165, The first anisotropic etch
process may use, for example, a series of reactive ion etch processes or a single reaction ctch
process {e.g., CFy/ Oy Ar etch). The sidewalls of the various first-tier openings (149, 129)
may be substantially vertical, or may be tapered.

{0366] In one embodiment, the terminal portion of the first anisotropic etch process may
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etch through the source-select-level conductive layer 218, the source-level insulating layer
117, the upper semiconductor layer 218, the upper etch stop dielectric liner 107, the
sacrificial source-level material layer 104, and the lower etch stop dielectric liner 103, and at
least partly into the lower semiconductor layer 212, The terminal portion of the first
anisotropic etch process may include at least one etch chemistry for etching the various
semiconductor materials of the in-process source-level material lavers 114, The photoresist
layer may be subsequently removed, for exarple, by ashing.

{03671 Optionally, the portions of the first-tier memory openings 149 and the first-tier
support openings 129 at the level of the inter-tier diclectric layer 180 may be laterally
expanded by an isotropic etch. In this case, the inter-tier dielectric layer 180 may comprise a
dielectric material (such as borosilicate glass) having a greater eich rate than the first
insulating layers 132 (that may include undoped silicate glass) in dilute bydrofluoric acid.

An isotropic etch (such as a wet ctch using HF) may be used to expand the lateral dimensions
of the first-tier memory openings 149 at the Ievel of the inter-tier diclectric layer 180. The
portions of the first-tier oemory openings 149 located at the level of the inter-tier dielectric
layer 180 may be optionally widened to provide a larger landing pad for second-tier memory
openings to be subsequently formed through a second-tier alternating stack (to be
subsequently formed prior to formation of the sccond-tier memory openings).

[0368] Referring to FIG. 52, sacrificial first-tier opening fill portions (148, 128) may be
formed in the various first-tier openings (149, 129). For example, a sacrificial first-tier fili
material is deposited concurrently deposifed in each of the first-tier openings (149, 129). The
sacrificial first-tier fill material includes a material that may be subsequently removed
selective to the materials of the first insulating layers 132 and the first sacrificial material
layers 142.

{3369 In one embodiment, the sacrificial first-tier fill material may include a
semiconductor material such as silicon {(e.g., a-51 or polysilicon), a silicon-germanium alloy,
germaniom, a HI-V compound semiconductor matertal, or a combination thereof. Optionally,
a thin etch stop liner (such as a silicon oxide layer or a silicon nitride layer having a thickness
in arange from 1 nm to 3 nm) may be used prior to depositing the sacrificial first-tier fill
material. The sacrificial fivst-tier fill material roay be formed by a non-conformal deposition
or a conformal deposition method.

{63701 In another embodiment, the sacrificial first-tier fill material may include a silicon
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oxide material having a higher etch rate than the materials of the first insulating layers 132,
the first insulating cap layer 170, and the inter-tier dielectric layer 180. For example, the
sacrificial first-tier fill material may include borosilicate glass or porous or noN-porous
organosilicate glass having an etch rate that is at least 106} times higher than the etch rate of
densified TEOS oxide (i.c., a silicon oxide material formed by decomposition of
tetracthylorthosilicate glass in a chemical vapor deposition process and subsequentdy
densified in an anneal process) in a 100:1 dilute hydrofluoric acid. In this case, a thin etch
stop liner (such as a silicon nitride layer baving a thickness in arange from 1 oo to 3 )
may be used prior to depositing the sacrificial first-tier fill material. The sacrificial first-tier
fill material may be formed by a non-conformal deposition or a conformal deposition method.
{0371] In yet another embodiment, the sacrificial first-tier fill material may include
amorphous sificon or a carbon-containing material (such as amorphous carbon or diamond-
like carbon) that may be subsequently removed by ashing, or a silicon-based polymer that
may be subsequently removed selective to the materials of the first alternating stack (132,
147

{03721 Portions of the deposited sacrificial material may be removed from above the
topmost layer of the first-tier alternating stack (132, 142), such as from above the inter-tier
diclectric layer 180. For example, the sacrificial first-tier fill material may be recessed to a
top surface of the inter-tier dielectric layer 180 using a planarization process. The
planarization process may include a recess etch, chemical mechanical planarization (CMP),
or a combination thereof. The top surface of the inter-tier dielectric layer 180 may be used as
an ctch stop layer or a planarization stop layer.

{0373] Remaining portions of the sacrificial first-tier fill material comprise sacrificial
first-tier opening fill portions (148, 128). Specifically, each remaining portion of the
sacrificial material in a first-ticr memory opening 149 constituics a sacrificial first-tier
memory opening fill portion 148,  Each remaining portion of the sacrificial material in a
first-tier support opening 129 constitutes a sacrificial firsi-tier support opening fill porton
128. The various sacrificial first-tier opening fill portions {148, 128) are concurrently
formed, ie., during a same set of processes including the deposition process that deposits the
sacrificial first-tier fill material and the plananization process that removes the first-tier
deposition process from above the first alternating stack (132, 142) (such as from above the

top surface of the inter-tier dielectric layer 180). The top surfaces of the sacrificial first-tier
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opening fill portions (148, 128) may be coplanar with the top surface of the inter-tier
dielectric layer 180. Each of the sacrificial first-tier opening fill portions (148, 128) may, or
may not, include cavities therein.

{0374] Referring to FIG. 33, a second-tier structure may be formed over the first-tier
structure (132, 142, 170, 148). The second-tier structure may include an additional
alternating stack of insulating layers and spacer material layers, which may be sacnificial
material layers. For example, a second alternating stack (232, 242) of material layers may be
subsequently formed on the top surface of the first alternating stack (132, 142). The second
alternating stack (232, 242) includes an alternating plurality of third material layers and
fourth material layers. Each third material layer may include a third material, and each fourth
material layer may include a fourth material that is different from the third material. Inone
embodiment, the third material may be the same as the first material of the first insulating
tayer 132, and the fourth material may be the same as the second material of the first
sacrificial material layers 142.

{03751 In onc embodiment, the third material layers may be second insulating fayers 232
and the fourth material layers may be sccond spacer material layers that provide vertical
spacing between each vertically neighboring pair of the second insulating layers 232. In one
cmbodiment, the third material layers and the fourth material layers may be second insulating
layers 232 and second sacrificial material layers 242, respectively. The third material of the
second insulating layers 232 may be at least one insulating material. The fourth material of
the second sacrificial material layers 242 may be a sacrificial material that may be removed
selective to the third material of the sccond insulating lavers 232, The second sacrificial
material layers 242 may comprise an insulating material, a semiconductor material, or a
conductive material. The fourth material of the second sacrificial material layers 242 may be
subsequently replaced with clectrically conductive clectrodes which may function, for
example, as control gate electrodes of a vertical NAND device.

{0376] in one embodiment, each second insulating layer 232 may include a second
insulating material, and cach second sacrificial material layer 242 may include a second
sacrificial material. In this case, the second alternating stack (232, 242) may include an
alternating plurality of second insulating layers 232 and second sacrificial material layers
242. The third material of the second insulating layers 232 may be deposited, for example,

by chemical vapor deposition ({CVD), The fourth material of the second sacrificial material
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tavers 242 may be formed, for example, CVD or atomic layer deposition {ALD).

{03771 The third material of the second insulating layvers 232 may be at least one
insulating material. Insulating materials that may be used for the second insalating layers
232 may be any material that may be used for the first insulating layers 132. The fourth
material of the second sacrificial material layers 242 is a sacrificial material that may be
removed selective to the third material of the second insulating layers 232. Sacrificial
materials that may be used for the second sacrificial material layers 242 may be any material
that may be used for the first sacrificial material lavers 142, In one embodiment, the sccond
insulating material may be the same as the first insulating material, and the second sacrificial
material may be the same as the first sacrificial material.

{0378] The thicknesses of the second insulating layers 232 and the second sacrificial
material layers 242 may be in a range from 20 nm to 50 nm, although lesser and greater
thicknesses may be used for each second insulating layer 232 and for each second sacrificial
material layer 242, The aumber of repetitions of the pairs of a second insulating layer 232
and a second sacrificial material laver 242 may be in a range from 2 to 1,024, and typically
from § to 256, although a greater mumber of repetitions may also be used. In one
cmbodiment, each second sacrificial material layer 242 in the sccond alternating stack (232,
2425 may bave a uniformo thickness that s substantially invariant within each respective
second sacrificial material layer 242.

{0379] Second stepped surfaces in the second stepped area may be formed in the staircase
region 200 using a same set of processing steps as the processing steps used to form the first
stepped surfaces in the first stepped arca with suitable adjustment to the pattern of at least one
masking layer. A second retro-stepped dielectric material portion 265 may be formed over
the second stepped surfaces in the staircase region 200.

{0380G] A second insulating cap layer 270 may be subsequently formed over the second
alternating stack (232, 242). The second insulating cap layer 270 includes a dielectric
material that is different from the material of the second sacrificial material layers 242, In
one embodiment, the second insulating cap layer 270 may inchide silicon oxide. Inone
cmbodiment, the first and second sacrificial material layers (142, 242) may comprise silicon
nitride.

{0381} Generally speaking, at least one alternating stack of insulating layers (132, 232}

and spacer material layers (such as sacrificial material layers (142, 242)) may be formed over
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the in-process source-level material layers 1107, and at least one retro-stepped dielectric
material portion (165, 265) may be formed over the staircase regions on the at least one
alternating stack {132, 142, 232, 2473,

{0382] Optionally, drain-select-level isolation structures 72 may be formed through a
subsct of layers in an upper portion of the second-tier alternating stack (232, 242). The
second sacrificial material layers 242 that are cut by the drain-select-level] isolation stractures
72 correspond to the levels in which drain-select-level electrically conductive layers are
subsequently formed. The drain-select-level isolation structures 72 include a diclectric
material such as silicon oxide. The drain-sclect-level isolation stractures 72 may laterally
extend along a first horizontal divection hdl, and may be laterally spaced apart along a second
horizontal direction hd2 that is perpendicular to the first horizontal direction hdl. The
corabination of the second alternating stack (232, 242), the second retro-stepped dielectric
material portion 263, the second insulating cap layer 270, and the optional drain-select-level
isolation structures 72 collectively constituic a second-tier structure (232, 242, 265, 270, 72).
{03831 Referring to FIGS. 54A and 548, various second-ticr openings (249, 229) may he
formed through the second-tier structure (232, 242, 263, 270, 72). A photoresist layer (not
shown} may be applied over the second insulating cap layer 270, and may be lithographicaily
patterned to form various openings thercthrough. The pattern of the openings may be the
same as the pattern of the various first-tier openings (149, 129), which is the same as the
sacrificial first-tier opening fill portions (148, 128). Thus, the lithographic mask used to
pattern the first-tier openings (149, 129) may be used to pattern the photoresist layer.

{03841 The pattern of openings in the photoresist layer may be transferred through the
second-tier structure (232, 242, 265, 270, 72) by a second anisotropic etch process to form
various second-tier openings (249, 229) concurrently, Le.. during the second anisotropic etch
process. The various second-tier openings (249, 229) may include second-tier memory
openings 249 and second-tier support openings 229.

{0385] The second-tier memory openings 249 are formed divectly on a top surface of a
respective one of the sacrificial first-tier roermory opening fill portions 148, The second-tier
support openings 229 are formed directly on a top surface of a respective one of the
sacrificial first-tier support opening fill portions 128, Further, each second-tier support
openings 229 may be formed through a horizontal surface within the second stepped surfaces,

which include the interfacial surfaces between the second alternating stack (232, 242) and the
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second retro-stepped dielectric material portion 265. Locations of steps S in the first-tier
alternating stack (132, 142) and the second-tier alternating stack (232, 242) are illustrated as
dotted lines in FIG. 7B.

{0386] The second anisotropic etch process may include an etch step in which the
materials of the sccond-tier alternating stack (232, 242) are etched concurrently with the
material of the second retro-stepped dielectric material portion 265. The chemistry of the
etch step may alternate to optimuze ctching of the materials in the second-tier altcrnating
stack (232, 242) while providing a comparable average etch rate to the material of the second
retro-stepped dielectric material portion 265. The second anisotropic etch process may use,
for example, a series of reactive ion etch processes or a single reaction etch process {e.g.,
CF4f Oof Ar etch). The sidewalls of the various second-tier openings (249, 229) may be
substantially vertical, or may be tapered. A bottom periphery of each second-tier opening
(249, 229) may be laterally offset, and/or rnay be located entirely within, a periphery of atop
swrface of an underlying sacrificial first-tier opening fill portion (148, 128). The photoresist
fayer may be subsequently removed, for example, by ashing.

{33871 Referring to FIG. 55, the sacrificial first-tier fill material of the sacrificial first-tier
opening fill portions (148, 128) may be removed using an etch process that etches the
sacrificial first-tier fill material selective to the materials of the first and sccond insulating
tayers (132, 232), the first and second sacrificial material layers (142,242), the first and
second insulating cap layers (170, 270), and the inter-tier dielectric layer 180. A memory
opening 49, which is also referred to as an inter-tier memory opening 49, is formed in each
combination of a second-tier emory openings 249 and 2 volume from which a sacrificial
first-tier memory opening fill portion 148 is removed. A support opening 19, which is also
referred to as an inter-tier support opening 19, is formed in each combination of a second-tier
support openings 229 and a volume from which a sacrificial first-tier support opening fill
portion 128 is removed.

{0388] FIGS. 36A — 56D provide sequential cross-sectional views of a memory opening
49 during formation of a memory opening fill structure. The same structural change occurs
in each of the memory openings 49 and the support openings 19.

{0389] Referring to FIG. 56A, a memory opening 49 in the third exemplary device
structure of FIG. 55 is llustrated. The memory opening 49 extends through the first-tigr

structure and the second-tier structure.
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{0390] Referring to FIG. 56B, a stack of layers including a blocking dielectric layer 52, a
charge storage layer 34, a tunneling dielectric layer 56, and a semiconductor channel material
tayer 360L may be sequentially deposited in the memory openings 49. The blocking
dielectric layer 52 may include a single dielectric material layer or a stack of a plurality of
diclectric material layers. In one embodiment, the blocking diclectric layer may 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
clement 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 feast one metallic
clement, oxygen, and at least one non-metallic element such as nitrogen. In one embodiment,
the blocking dielectric layer 52 may include a dielectric metal oxide having a dielectric
constant greater than 7.9, t.e., having a dielectric constant greater than the dielectric constant
of silicon nitride. The thickness of the dielectric metal oxide layer may be in a range from |
nm to 20 nm, although lesser and greater thicknesses may also be used. The dielectric metal
oxide layer may subscquently function as a dielectric material portion that blocks leakage of
stored electrical charges to control gate clectrodes. In one embodiment, the blocking
dielectric layer 52 includes aluminum oxide. Alternatively or additionally, the blocking
diclectric layer 52 may include a diclectric semiconductor compound such as stlicon oxide,
silicon oxynitride, silicon nitride, or a combination thereof.

{0391] Subsequently, the charge storage layer 54 may be formed. In one embodiment,
the charge storage layer 54 may be a continuous layer or patterned discrete portions of a
charge trapping material including a diclectric charge trapping material, which may be, for
example, silicon nitride. Alternatively, the charge storage layer 54 may 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 cxample, by being formed within lateral recesses into sacrificial material layers
(142, 242). In one embodiment, the charge storage layer 54 includes a silicon nitride layer.
In one embodiment, the sacrificial material layers (142, 242) and the insulating layers (132,
232y may have vertically coincident sidewalls, and the charge storage laver 54 may be
formed as a single continuous layer. Altermatively, the sacrificial material layers (142, 242)
may be laterally recessed with respect to the sidewalls of the insulating layers (132, 232), and

a combination of a deposition process and an anisotropic etch process may be used to form
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the charge storage layer 54 as a plurality of memory material portions that are vertically
spaced apart. The thickuness of the charge storage layer 54 may be in arange from 2 nm to 20
nm, although lesser and greater thicknesses may also be ased.

{0392] The tunneling dielactric layer 56 includes a dielectric material through which
charge tunneling may be performed under suitable electrical bias conditions. The charge
tonneling may be performed through hot-carrier injection or by Fowler-Nordbeim tunneling
induced charge transfer depending on the mode of operation of the monolithic three-
dimensional NAND string merory device to be formed. The tunneling dielectric layer 56
may inclhude silicon oxide, silicon nitride, silicon oxynitride, dielectric metal oxides (such as
alominum oxide and hafinium oxide}, diglectric metal oxynimde, diclectric metal silicates,
alloys thereof, and/or combinations thereof. {n one embodiment, the tunneling diclectric
tayer 36 may 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 embodunent,
the tunneling dielectric layer 56 may include a silicon oxide layer that is substantially free of
carbon or a silicon oxynitride laycr that is substantially free of carbon. The thickness of the
tunneling dielectric layer 56 may be in a range from 2 nm to 20 nm, although lesser and
greater thicknesses may also be used. The stack of the blocking dielectric layer 52, the charge
storage layer 54, and the ronneling dielectric layer 36 constitutes a memory filin 50 that stores
memory bits.

{0393] The semiconductor channel material layer 360L includes a p-type semiconductor
material such as at least one clemental semiconductor material, at feast one HI-V compound
semiconductor material, at least one [I-V] compound semiconductor material, at least one
organic sermiconductor material, or other semiconductor materials known in the art. In one
cmbodiment, the semiconductor channel material layer 3601 may having a uniform doping.
In one embodiment, the semiconductor channel material layer 360L has a p-type doping in
which p-type dopants (such as boron atoms) are present at an atomic concentration in a range
from 1.0 x 10%cm’ to 1.0 x 18'%em’?, such as from 1.0 x 10%em® to 1.0 x 10en. Inone
cmbodiment, the semiconductor channel material layer 360L includes, and/or consists
cssentially of, boron-doped amorphous silicon or boron-doped polysilicon. The thickness of
the semiconductor channel material layer 360L may be in a range from 2 nm to 10 nm,
although lesser and greater thicknesses may also be used. A cavity 49 is formed in the

volume of cach memory opening 49 that is not filled with the deposited material layers (52,
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54, 56, 360L).

{03941 Referring to FIG. 56C, in case the cavity 49’ in each memory opening is not
completely filled by the semiconductor channel material layer 360L, a dielectric core layer
may be deposited in the cavity 497 to fill any remaining portion of the cavity 49 within each
memaory opening. The dielectric core layer includes a dielectric material such as silicon
oxide or organcsilicate glass. The diclectric core layer may be deposited by a conformal
deposition method such as low pressure chemical vapor deposition {LPCVD), or by a selt-
planarizing deposition process such as spin coating. The horizontal portion of the diclectric
core layer overlying the second insulating cap layer 270 may be removed, for example, by a
recess etch. The recess eich continues until top surfaces of the remaining portions of the
dielectric core layer arc recessed to a height between the top surface of the second insulating
cap laver 270 and the bottom surface of the second insulating cap layer 270. Each remaining
portion of the dielectric core layer constitutes a dielectric core 62.

{0395] Referring to FIG. 56D, an n-type doped semiconductor material may be deposited
in cavities overlying the dielectric cores 62. Portions of the deposited doped semiconductor
material, the serniconductor channel material layer 3601, the tunneling dielectric layer 56, the
charge storage layer 54, and the blocking dielectric tayer 52 that overlie the horizontal plane
including the top surface of the second insulating cap layer 270 may be removed by a
planarization process such as a chemical mechanical planarization (CMP) process.

{0396] Each remaining portion of the n-type semiconductor material constitutes a drain
region 3. The dopant concentration of the n-type dopants in the drain regions 63 may be in
a range from 5.0 x 10%/cm’ to 2.0 x 10°Yen?®, although lesser and greater dopant
concentrations may also be used. The doped semiconductor material may be, for example,
doped polysilicon.

{0397] Each remaining porttion of the semiconductor channel material layer 360L
constinites a vertical semiconductor channel 360 through which electrical current may flow
when a vertical NAND device including the vertical semiconductor channel 360 is turned on.
A tunneling dielectric layer 56 is surrounded by a charge storage layer 54, and laterally
sarrounds a vertical semiconduactor channel 360. Each adjoining set of a blocking dielectric
laver 52, a charge storage layer 54, and a tunneling dielectric layer 56 collectively constitute
a memory film 50, which may 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
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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 4 retention time
suitable for operation of a memory device as a permanent memory device such as aretention
time in excess of 24 hours.

{6398] Each combination of a memory film 50 and a vertical semiconductor channel 360
{which is 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 360, a tunneling diclectric layer 56, a plurality of memory clements
comprising portions of the charge storage layer 54, and an optional blocking dielectric layer
52. Each combination of a memory stack structure 55, a dielectric core 62, and a drain region
63 within a memory opening 49 constituies a memory opening fill structure 38. The in-
process source-level material layers 1107, the first-tier structare (132, 142, 170, 165), the
second-tier structure (232, 242, 270, 263, 72), the inter-tier diclectric layer 180, and the
memory opening fill structures 58 collectively constifute a memory-level assembly.

{03991 Referring to FIG. 57, the third exemplary structure is lustrated after formation of
the memory opening fill structures 58, Support pillar stractures 20 are formed in the support
openings 19 concurrently with formation of the memory opening fill stuctures 58. Each
support pillar structure 20 may bave a same set of components as a raemory opening fill
structure 58.

{0480] Referring to FIGS. 58A and 588, a first contact level dielectric layer 280 may be
formed over the second-tier structure (232, 242, 270, 265, 72). The first contact level
dielectric layer 280 inchudes a dielectric material such as silicon oxide, and may be formed by
a conformal or non-conformal deposition process. For example, the first contact level
dielectric layer 280 may include undoped silicate glass and may have a thickness in a range
from 100 nio o 600 nm, although lesser and greater thicknesses may also be used.

[0401] A photoresist layer (not shown) may be applied over the first contact level
dielectric layer 280, and may be lithographically patterned to form discrete openings within
the area of the memory array region 100 in which memory opening fill structures 58 are not
present. An anisotropic ctch may be performed to form vertical interconnection region
cavities 585 having substantially vertical sidewalls that extend through the first contact level
dielectric layer 280, the second-tier structure (232, 242, 276, 265, 72), and the first-tier

structure (132, 142, 170, 165) may be formed underneath the openings in the photoresist
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laver. A top surface of a lower-level metal interconnect structure 780 may be physically
cxposed at the bottom of each vertical interconnection region cavity 385, The photoresist
layer may be removed, for example, by ashing.

{0462] Referring to FIG. 59, a dielectric material such as silicon oxide may be deposited
in the vertical interconnection region cavities 585 by a conformal deposition process {such as
low pressure chemical vapor deposition) or a self-planarizing deposition process (such as spin
coating). Excess portions of the deposited dielectric material may be removed from above
the top surface of the first contact level dielectric layer 280 by a planarization process.
Remaining portions of the diclectric material in the vertical interconnection region cavities
585 constitute interconnection region dielectric fill material portions 584.

{0483] Referring to FIGS. 60A and 608, a photoresist layer may be applied over the first
contact level dielectric layer 280 and may be lithographically patterned to form clongated
openings that extend along the first horizontal direction hdl between clusters of memory
opening fill structures 38, Backside trenches 79 may be formed by transferring the pattern in
the photoresist layer (not shown) through the first contact level diclectric layer 280, the
second-tier structure (232, 242, 270, 265, 72}, and the first-tier structare (132, 142, 170, 165),
and into the in-process source-level material layers 11{. Portions of the first contact level
diclectric layer 280, the second-tier structurce (232, 242, 270, 265, 72), the first-tier structure
(132, 142, 170, 1635), and the in-process source-level material layers 1107 that underlie the
openings in the photoresist layer may be removed to form the backside renches 79. In one
embodiment, the backside trenches 79 may be formed between clusters of memory stack
structures 33, The clusters of the memory stack structures 55 may be laterally spaced apart
along the second horizontal direction hd2 by the backside wenches 79.

{0484] The upper semiconductor fayer 218 can be employed as an endpoint detection
layer during the anisotropic ctch process that forms the backside trenches. In one
embodiment, the anisotropic etch process can include an etch step that etches materials of the
alternating stack (32, 42) selective to the doped semiconductor material of the upper
sericonductor faver 218, Subsequently, the upper semiconductor layer 218 can be etched
through employing the upper etch stop dielectric liner 107 as an etch stop layer. The upper
etch stop dielectric liner 107 can be subsequently etched through employing an etch
chemistry that is selective to the material of the sacrificial source-level material layer 104.

The backside trenches 79 are formed within areas in which the sacrificial recess trench fill
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portions 104A are present. The sacrificial recess trench fill portions 104A provide protection
against process variations in which the depth of the backside trenches 79 exceeds a target
depth. Specifically, the additional thickness of the sacrificial source-level material layer 104
provided by the sacrificial recess trench fill portions 104 A prevents extension of the bottom
portions of the backside trenches 79 into the lower semiconductor layer 212, Generally, each
backside trench 79 can be formed through the alternating stack (32, 42) such that a bottom
surface of each backside trench 79 is formed within an area of a recess trench in the lower
semiconductor laver 212, The hottom surface of each backside trench 79 can be formed
between a top surface of the sacrificial source-level material layer 104 and the recessed
surface of the lower semiconductor layer 212.

{0485] Referring to FIGS. 61 and 62A, a backside trench spacer 74 may be formed on
sidewalls of each backside trench 79. For example, a conformal spacer material layer mnay be
deposited in the backside trenches 79 and over the first contact level dielectric layer 280, and
may be anisotropically etched to form the backside trench spacers 74. The backside trench
spacers 74 include a material that is different from the material of the sacrificial source-level
material layer 104, For example, the backside trench spacers 74 may include silicon nitride.
[G406] Referring to FIG. 628, an ctchant that ctches the material of the sacrificial source-
level material fayer 104 selective to the materials of the first alternating stack (132, 142), the
second alternating stack (232, 242), the first and second insulating cap layers {170, 270), the
first contact level dielectric layer 280, the upper etch stop dielectric liner 107, and the lower
etch stop dielectric liner 103 may be introduced into the backside trenches in an isotropic etch
process. For example, if the sacrificial source-level material layer 104 includes undoped
polysilicon, undoped amorphous silicon or undoped amorphous silicon-germanium alloy, the
backside trench spacers 74 include silicon nitride, and the upper and lower eich stop liners
(107, 103) include silicon oxide, a wet etch process using hot trimethyl-2 hydroxyethyl
ammmonium hydroxide (“hot TMY”) or tetramethy! ammonium hydrogide (TMAH) may be
used to remove the sacrificial source-level material layer 104 selective to the backside trench
spacers 74 and the upper and lower eteh stop liners (107, 103}, A source cavity 109 is
formed in the volume from which the sacrificial source-level material layer 104 is removed.
{04871 Wet etch chemicals such as hot TMY and TMAH selectively etch undoped silicon
compared to the boron doped silicon materials, such as the boron doped silicon materials of

the upper sermiconductor layer 218 and/or the lower semiconductor fayer 212, Thus, use of
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selective wet etch chemicals such as hot TMY and TMAH for the wet eich process that forms
the source cavity 109 provides a large process window against etch depth variation during
formation of the backside trenches 79. Specifically, even if sidewalls of the upper
semiconductor layer 218 are physically exposed or even if a surface of the lower
semiconductor layer 212 is physically exposed upon formation of the source cavity 109
and/or the backside trench spacers 74, collateral etching of the upper semiconductor layer 218
and/or the lower senpconductor layer 212 is minimal, and the stractural change to the third
cxemplary structure caused by accidental physical exposure of the surfaces of the upper
semiconductor layer 218 and/or the lower semiconductor layer 212 during manufacturing
steps do not result in device failures. BEach of the memory opening fill structures 58 is
physically exposed to the source cavity 109. Specifically, each of the memory opening fill
structures 58 includes a sidewall and that are physically exposed to the source cavity 109
{0408] Referring to FIG. 62C, a sequence of isotropic etchants, such as wet etchants,
may be applied to the physically exposed portions of the memory films 58 to sequentially
etch the various component layers of the memory films 50 from outside to inside, and to
physically expose cylindrical surfaces of the vertical semiconductor channels 360 at the level
of the source cavity 109. The upper and lower etch stop liners (107, 103) may be collaterally
ciched during removal of the portions of the memory films 50 located at the level of the
source cavity 109. The lower etch stop dielectric liner 103, the upper etch stop dielectric
liner 107, and portions of the memory films 50 physically exposed to the source cavity 109
are removed such that sidewalls of the vertical semiconductor channels 360 are physically
exposed. The source cavity 109 may be expanded in volume by removal of the portions of
the memory films 50 at the level of the source cavity 109 and the upper and lower etch stop
liners (107, 103). A top surface of the lower semiconductor layer 212 and a bottom surface
of the upper semiconductor tayer 218 may be physically exposed to the source cavity 109.
The source cavity 109 is expanded by isotropically etching the sacrificial source-level
material layer 104 and a bottom portion of each of the memory films 50 selective to at least
one source-level sericonductor fayer (such as the lower semiconductor layer 212 and the
upper semiconductor layer 218) and the vertical semiconductor channels 360.

{04491 Each remaining portion of the memory films 50 that remain underneath the
source cavity 109 constitutes a dielectric cap structure 150. The dielectric cap structures 150

are embedded within the lower semiconductor layer 212 below the source cavity 109, and
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surround and contact a respective one of the vertical semiconductor channels 36(0. In one
embodiment, each of the memory films 50 comprises a first laver stack including a charge
storage layer 54 and a tunneling dielectric 56, and each of the dielectric cap stuctures 150
comprises a second layer stack including a dielectric material layver 154 having a same
thickness as, and a samc material composition as, the charge storage laver 54 and another
dielectric material layer 156 having a same thickness as, and a same material composition as,
the tunneling dielectric 56. In one embodiment, the first layer stack can inciude a blocking
diclectric 52, and the second layer stack can include yot another diclectric layer 152 having a
same thickness as, and a sarne material composition as, the blocking dielectric 52.

[0410] Referring to FIG. 62D, a semiconductor material may be deposited on the
physically exposed semiconductor surfaces around the source cavity 109. The physically
exposed semiconductor surfaces include bottom portions of outer sidewalls of the vertical
semiconductor channels 360 and a horizontal surface of the at least one source-level
semiconductor laver (such as a bottom surface of the upper semiconductor layer 218 and/or a
top surface of the lower semiconductor layer 212). For cxample, the physically exposed
semiconductor surfaces may include the bottom portions of outer sidewalls of the vertical
semiconductor channels 360, the physically exposed surfaces of the lower semiconductor
layer 212, and the bottom surface of the upper semiconductor layer 218,

[0411] In one embodiment, the semiconductor material may be deposited on the
physically exposed semiconductor surfaces around the source cavity 109 by a selective
semiconductor deposition process. A semiconductor precursor gas, an ctchant, and an
optional dopant gas may be flowed concurrently into a process chamber including the third
cxemplary stracture during the sclective semiconductor deposition process. For example, the
semiconductor precursor gas may inciude silane, disitane, or dichlorosilane, the cichant gas
may include gaseous bydrogen chloride, and the dopant gas may include a hydride of p-type
dopant atom such as diborane. In this case, the selective sericonductor deposition process
grows a p-type semiconductor material from physically exposed semiconductor surfaces
around the source cavity 109. The deposited doped semiconductor material forms a source
contact layer 214, which may contact sidewalls of the vertical semiconductor channels 360.
The atomic concentration of the p-type dopants in the deposited semiconductor material may
be in arange from 1.0 x 10'%cm® ro 2.0 x 10°Y/em?, such as from 1.0 x 10"%cm’® t0 5.0 x

10%cn?’.
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{0412] In one embodiment, the source contact layer 214 may be deposited as an intrinsic
semiconductor material, into which boron atoms and carbon atoros diffuse from the lower
semiconductor laver 212 and from the upper semiconductor layer 218. In another
cmbodiment, the source contact layer 214 may be deposited within in-situ p-type doping such
that boron atoms are incorporated the source contact layer 214 from a dopant gas, and carbon
atoms and additonal boron atoms diffuse from the lower semiconductor tayer 212 and from
the upper semiconductor layer 218 into the source contact layer 214. In vet another
cmbodiment, the source contact layer 214 may be deposited within in-situ carbon doping and
with in-situ p-type doping such that carbon atorns and boron atoms are incorporated the
source contact layer 214 from dopant gases, and carbon atoms and additional boron atoms
diffuse from the lower semiconductor layer 212 and from the upper semiconductor layer 218
into the source contact layer 214, Thus, the source contact fayer 214 can consist include
semiconductor atoms, in-situ doped and/or diffused boron atoms, and in-situ doped and/or
diffused carbon.

{04131 Alternatively, at least one non-selective doped semiconductor material deposition
process may be used to form the source contact layer 214 in lieu of a selective semiconductor
material deposition process. The material composition of the source contact layer 214 can be
the same in this case as in the casc of a sclective semiconductor material deposition process.
Optionally, one or more ctch back processes may be used in combination with a plurality of
selective or non-selective deposition processes o provide a seamless and/or voidless source
contact layer 214. The source contact layer 214 is formed in the source cavity 109 directly on
the sidewalls of the vertical semiconductor channels 360,

[0414] The duration of the selective semiconductor deposition process may be selected
such that the source cavity 109 is filled with the source contact layer 214 except volumes that
overlic the recess trenches in the lower semiconductor layer 212, The source contact layer
214 may contact bottom end portions of outer sidewalls of the backside trench spacers 74, In
one embodiment, the source contact layer 214 may be formed by selectively depositing a p-
type from scmiconductor surfaces around the source cavity 109. In one embodiment, the
doped semiconductor material may include doped polysilicon.

[0415] Thus, the sacrificial source-level material layer 104 may be replaced with the
source contact layer 214, The layer stack including the lower semiconductor layer 212, the

source contact layer 214, and the upper semiconductor layer 218 constitutes source-level
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material layers 1160, In one embodiment, the vertical semiconductor channels 360 comprise a
p-type semiconductor material, and the source contact layer 214 can be formed by conformal
deposition of a third p-type semiconductor material within the source cavity 109. In this
case, the atomic concentration of boron atoms i the source contact layer 214 may be less
than the atomic concentration of boron atoms in the upper semiconductor layer 218 and/or in
the lower seniconductor layer 212 to reduce boron diffusion into the vertical semiconductor
channels 60.

{3416} In one embodiment, each of the vertical scmiconductor channels 360 comprises a
p-type serniconductor material having a lower atomic concentration of boron atoms than the
source contact layer 214, In one embodiment, the source contact layer 214 comprises an
cpitaxial semiconductor material portion 214E that is epitaxially aligned to the single
crystalline semiconductor material of the substrate 908 through the doped single crystalline
semiconductor material of the lower semiconductor layer 212, The source countact layer 214
can further comprise polycrystalline semiconductor material portion formed by growth of a
polyerystalline semiconductor material from surfaces of the upper semiconductor layer 218
and the vertical semiconductor channels 360. Carbon atoms can diffuse outward from the
lower semiconductor layer 212 and the upper semiconductor layer 218 into the source contact
layer 214 during growth of the source contact laver 214 and into the vertical semiconductor
channels 360. Each of the vertical semiconductor channels 60 can have a bottom portion
having a graded carbon dopant concentration that decreases with a distance from the source
contact layer 214. Generally, the sacrificial source-level material layer 104 is replaced with
the source contact layer 214 comprising a boron-doped semiconductor material.  if desired,
an anneal may be performed to diffuse boron into the materials at the bottom of the backside
trench 79 to form dense boron doped polysilicon region or regions.

{0417] Referring to FIG. 62E, an optional semiconductor oxide liner 122 can be formed
at the bottom of each backside trench 79, for exaraple, by thermal oxidation of the
semiconductor materials of physically exposed surface portions of the sowrce contact layer
214. Each semiconductor oxide liner 122 can have a thickness in a range from 3 nm to 30
nin, although lesser and greater thicknesses can also be eraploved.  Alternatively, the liner
122 may be omitted if dense boron doped polysilicon regions are formed in a prior siep.
{0418] Referring to FIG. 63, the backside trench spacers 74 may be removed selective to

the insulating layers (132, 232), the first and secound insulating cap layers (170, 270), the first
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contact level dielectric layer 280, and the semiconductor oxide liners 122 using an isotropic
ctch process. Por example, if the backside trench spacers 74 include silicon nitride, a wet
ctch process using hot phosphoric acid may be performed to remove the backside trench
spacers 74. In one cmbodiment, the isotropic etch process that removes the backside wrench
spacers 74 may be combined with a subsequent isotropic etch process that etches the
sacrificial material layers (142, 242} selective to the nsulating layers (132, 2323, the first and
second insulating cap layers {170, 270}, the fivst contact level dielectric layer 280, and the
semiconductor oxide Hners 122.

{0419] Referring to FIG. 64, the sacrificial material layers (142, 242) are may be removed
selective to the insulating layers (132, 232), the first and second insulating cap layers (170,
270), the first contact level dielectric layer 280, and the source contact layer 214, the
diclectric semiconductor oxide plates 122, and the annular dielectric semiconductor oxide
spacers 124. For cxample, an ctchant that selectively etches the materials of the sacrificial
material layers (142, 242) with respect to the materials of the insulating layers (132, 232), the
first and second insulating cap layvers (170, 270), the retro-stepped dielectric material portions
(165, 265), and the material of the outermost layer of the memory films 50 may be introduced
into the backside trenches 79, for example, using an isotropic etch process. For example, the
sacrificial material layers (142, 242) may inchude silicon nitride, the materials of the
insulating layers (132, 232}, the first and second insulating cap lavers (170, 270), the retro-
stepped dielectric material portions (165, 263), and the outermost layer of the memory films
58 may include silicon oxide materials.

{04201 The isotropic etch process may be a wet cich process using a wet etch solution, or
may be a gas phase (dry} etch process in which the stchant is introduced in a vapor phase into
the backside trench 79. For example, if the sacrificial material layers (142, 242) include
silicon nitride, the cich process may be a wet etch process in which the third exemplary
structure is immmersed within a wet etch tank including phosphoric acid, which etches silicon
nitride selective to silicon oxide, silicon, and various other materials used in the art.

{0421} Backside recesses (143, 2433 are formed in volumes from which the sacrificial
material layers (142, 242 are removed. The backside recesses (143, 243) inchude first
backside recesses 143 that are formed in volumes from which the first sacrificial material
layers 142 are removed and second backside recesses 243 that are formed in volumes from

which the second sacrificial material layers 242 are removed. Hach of the backside recesses
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(143, 243) may 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 cach of the backside
recesses (143, 243) may be greater than the height of the respective backside recess (143,
243). A plurality of backside recesses (143, 243) may be formed in the volumes from which
the material of the sacrificial material fayers (142, 242) is removed. Each of the backside
recesses (143, 243) may extend substantially parallel to the top surface of the subsirate
semiconductor layer 9. A backside recess (143, 243) may be vertically bounded by a top
surface of an underlying insulating layer (132, 232) and a bottom surface of an overlying
insulating layer (132, 232). In one embodiment, each of the backside recesses (143, 243)
may have a uniform height throughout.

{0422] Referring to FIGS. 65A and 658, a backside blocking dielectric layer 44 may be
optionally deposited in the backside recesses (143, 243) and the backside trenches 79 and
over the first contact level dielectric layer 280. The backside blocking dielectric layer 44
includes a dielectric material such as a dielectric metal oxide, silicon oxide, or a combination
thereof. For example, the backside blocking diclectric laver 44 may include aluminum oxide.
The backside blocking dielectric layer 44 may be formed by a conformal deposition process
such as atomic layer deposition or chemical vapor deposition. The thickness of the backside
blocking dielectric layer 44 may be in a range from 1 nm to 20 nm, such as from 2 no o 10
nm, although lesser and greater thicknesses moay also be used.

{6423] At least one conductive material may be deposited in the plurality of backside
recesses (143, 243}, on the sidewalls of the backside trenches 79, and over the first contact
fevel dielectric layer 280. The at least one conductive material may be deposited by a
conformal deposition method, which may be, for example, chemical vapor deposition (CVD),
atomic layer deposition {ALD), electroless plating, electroplating, or a combination thereof.
The at least one conductive material may include an clemental metal, an intermetallic alloy of
at least two elemental metals, a conductive mitride of at least one elemental metal, a
conductive metal oxide, a conductive doped semiconductor material, a conductive metal-
seraiconductor slloy such as a metal silicide, alloys thereof, and combinations or stacks
thereof.

{34241 In one embodiment, the at least one conductive material may include at least ong
metallic material, i.e., an electrically conductive material that includes at least one metallic

clement. Non-limiting exemplary metallic materials that may be deposited in the backside
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recesses (143, 243} include tungsten, tungsten nitride, titanium, titanium nitride, tantalum,
tantahum nitride, cobalt, and ruthenium. For exarmople, the at least one conductive material
may inchude a conductive metallic nitide hiner that inchides a conductive metallic muride
material such as TiN, TaN, W, or a combination thereof, and a conductive fill material such
as W, Co, Ru, Mo, Cu, or combinations thereof. In one embodiment, the at least one
conductive material for filling the backside recesses (143, 243) may be a combination of
titantum nitride layer and a tungsten il material.

{04251 Electrically conductive layers (146, 246) may be formed in the backside recesses
(143, 243) by deposition of the at least one conductive material. A plurality of first
electrically conductive layers 146 may be formed in the plurality of first backside recesses
143, a plurality of second electrically conductive layers 246 may be formed in the plurality of
second backside recesses 243, and a contimuous roetallic material layer (not shown) may be
formed on the sidewalls of each backside wench 79 and over the first contact level dielectric
tayer 280. Each of the first electrically conductive lavers 146 and the second electrically
conductive layers 246 may include a respective conductive metallic nitride liner and a
respective conductive fill material. Thus, the first and second sacrificial material layers (142,
2423 may be replaced with the first and second electrically conductive layers (146, 246),
respectively. Specifically, each first sacrificial material layer 142 may be replaced with an
optional portion of the backside blocking dielectric layer and a fivst electrically conductive
tayer 146, and each second sacrificial material layer 242 may be replaced with an optional
portion of the backside blocking diclectric layer and a sccond electrically conductive layer
246. A backside cavity is present in the portion of cach backside trench 79 that is not filled
with the continuous metallic material layer.

[0426] Residual conductive material may be removed from inside the backside trenches
79. Specifically, the deposited metallic material of the continuous metallic material layer
may be etched back from the sidewalls of each backside trench 79 and from above the first
contact level dielectric layer 280 and from within the backside trenches 79, for example, by
an anisoiropic cich process and/or an isotropic eich process. Each remaining portion of the
deposited metallic material in the first backside recesses constitutes a first electrically
conductive layer 146. Each remaining portion of the deposited metallic material in the
second backside recasses constitutes a second electrically conductive layer 246. Sidewalis of

the first electrically conductive material layers 146 and the second electrically conductive
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lavers may be physically exposed to a respective backside trench 79,

{04271 Each electrically conductive layer (146, 246) may be a conductive sheet including
openings therein. A first subset of the openings through cach electrically conductive layer
(146, 246) may be filled with memory opening fili structures 58. A second subset of the
openings through cach clectrically conductive layer (146, 246) may be filled with the support
pillar structures 2{. Each electrically conductive layer (146, 246) may have a lesser area than
any underlying electrically conductive layer {146, 246) because of the first and second
stepped surfaces. Each clectrically conductive layer (146, 240) may have a greater arca than
any overlying electrically conductive layer (146, 246) because of the first and second stepped
surfaces.

{0428] In some embodiment, drain-select-level isolation structures 72 may be provided at
topmost levels of the second electrically conductive layers 246. A subset of the second
electrically conductive layers 246 located at the tevels of the drain-select-level isolation
structures 72 constitutes drain select gate electrodes. A subset of the clectrically conductive
faver (146, 246) located underneath the drain select gate electrodes may function as
combinations of a control gate and a word line located at the same level.  The control gate
clectrodes within each electrically conductive layer (146, 246) are the control gate electrodes
for a vertical memory device including the memory stack structure 55.

[0429] Each of the memory stack structures 55 comprises a vertical stack of memory
elements located at each level of the electrically conductive lavers (146, 246). A subset of
the electrically conductive layers (146, 246) may comprise word lines for the memory
clements. The semiconductor devices in the underlying peripheral device region 700 may
comprise word line switch devices configured to control a bias voltage to respective word
lines. The memory-level asscmbly is located over the substrate semiconductor layer 9. The
memory-level assembly inchudes at least one alternating stack (132, 146, 232, 2463 and
memory stack structures 55 vertically extending through the at least one alternating stack
(132, 146, 232, 246).

{04301 Referring to FIGS. 66A — 66D, a diclectric material layer may be conformally
deposited in the backside trenches 79 and over the first contact level dielectric layer 280 by a
conformal deposition process. The dielectric material layer may inclade, for example, silicon
oxide. The thickness of the dielectric material can be in a range from 10 nm to 50 am,

although lesser and greater thicknesses can also be employed. An anisotropic etch process
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can be performed to remove horizontal portions of the diclectric material layer. Horizontal
portions of the dielectric material layer can be removed from above the first contact level
dielectric layer 280 and at the bottom of each backside wench 79. Further, a center portion of
a semiconductor oxide liner 122 can be removed from underneath each backside trench 79 to
physically exposc a surface of the source contact layver 214. Each remaining portion of the
dielectric material layer located at peripheral portion of a backside trenich 79 constitutes an
insulating spacer 124,

{64311 At least one conductive material can be deposited in unfilied volures of the
backside trenches 79. Excess portions of the at least one conductive material can be removed
from above the top surface of the first contact fevel dielectric layer 280 by a planarization
process. The planarization process may eraploy a recess etch process or a chemical
mechanical planarization process. Each remaining portion of the at least one conductive
material filling a backside trench 79 constitutes a backside contact via structure 76. Hach
hackside contact via structure 76 can be formed directly on an inner sidewall of a respective
insulating spacer 124 and directly on a surface of the source contact layer 214.

{0432] Referring to FIGS. 67A and 678, a second contact level dielectric layer 282 may
be formed over the first contact level dielectric layer 280. The second contact level diglectric
tayer 282 includes a dielectric material such as silicon oxide, and may have a thickness in a
range from 100 nm to 600 nm, although lesser and greater thicknesses may also be used.
{0433] A photoresist layer (not shown) may be applied over the second contact level
dielectric layer 282, and may be lithographically patterned to form various contact via
openings. For example, openings for forming drain contact via structures may be formed in
the memory array region 100, and openings for forming statrcase region contact via structures
may be formed in the staircase region 200. An anisotropic etch process is performed to
transfer the pattern in the photoresist layer through the secound and first contact level
dielectric layers (282, 280} and underlying dielectric material portions. The drain regions 63
and the electrically conductive layers (146, 246) may be used as etch stop structures. Drain
contact via cavitics may be formed over each drain region 63, and staircase-region confact via
cavities may be formed over each electrically conductive layer (146. 246) at the stepped
surfaces underlying the first and second retro-stepped dielectric material portions (1635, 265).
The photoresist layer may be subsequently removed, tfor example, by ashing.

{0434] Drain contact via structures 88 are formed in the drain contact via cavitics and on
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a top surface of a respective one of the drain regions 63. Staircase-region contact via
structures 86 are formed in the staircase-region contact via cavities and on a top surface of a
respective one of the electrically conductive layers (146, 246). The staircase-region contact
via structures 86 may include drain select level contact via structures that contact a subset of
the second electrically conductive layers 246 that function as drain select level gate
electrodes. Further, the staircase-region contact via structures 86 may include word line
contact via structures that contact electrically conductive layers (146, 246) that underlie the
drain select level gate clectrodes and function as word lines for the memory stack structures
[0435] Referring to FIG. 68, at least one additional dielectric layer may be formed over
the contact level diclectric layers (280, 282), and additional metal interconnect structures
{(herein referred to as upper-level metal interconnect structures) may be formed in the at least
one additional diclectric layer. For example, the at least one additional dielectric layer may
include a line-level dielectric layer 290 that is formed over the contact level dielectric layers
(280, 282). The upper-level metal interconnect structures may include bit lines 98 contacting
a respective one of the drain contact via structures 88, and interconnection line structures 96
contacting, and/or electrically connected to, at least one of the staircase-region contact via
structures 86.

{043s6] Referring to all drawings and according to various embodiments of the present
disclosure, a three-dimensional memory device s provided, which comprises: source-level
material layers 110 located over a substrate 908 and comprising a lower semiconductor layer
212, a source contact layer 214, and an vpper semiconductor layer 218, wherein the lower
semiconductor layer 212 comprises a first boron-doped semiconductor material, the upper
semiconductor layer 218 comprises a carbon doped second boron-doped semiconductor
material, and the source contact layer 214 comprises a boron-doped semiconductor material;
an alternating stack of insulating layers (132, 232) and electrically conductive layers (146,
246} located over the source-level material layers 110; and memory stack structures 53
vertically extending through the alternating stack {(132, 2463, (232, 2463}, the upper
semiconductor layer, and the source contact layer, wherein each of the memory stack
structures compriscs a respective memory film and a respective vertical semiconductor
channel that contacts the source contact layer.

{04371 In one embodiment, each of the first boron-doped semiconductor material and the
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second boron-doped semiconductor material comprise silicon layers that include carbon
atorns at an atomic concentration in a range from 1.0 x 10"%/em® to 1.0 x 10%em’. In one
crmbodiment, each of the first boron-doped semiconductor material and the second boron-
doped semiconductor material includes boron atoms at an atomic concentration in a range
from 1.0 x 10"%cm’ t0 2.0 x 10%/em’. In one embodiment, the source contact layer 214
comprises a third boron-doped semiconductor material comprising silicon containing boron
atoms at an atomic concentration in a range from 1.0 x 10"%cm’ to 1.0 x 10%Vem’,

{04381 In onc embodiment, the three-dimensional memory device comprises: a backside
trench 79 vertically extending through the alternating stack {(132, 1463, (232, 246)};and a
backside contact via structure 76 extending thvough the backside trench 79 and contacting the
source contact layer 214. In one embodiment, the three-dimensional memory device
comprises an insulating spacer 124 located in the backside trench 79 and laterally
surrounding the backside contact via structure 76 and contacting sidewalls of layers within
the alternating stack {(132, 146), (232, 246)} and a surface of the source contact layer 214.
{3439 In onc embodiment, cach of the vertical semiconductor channels 60 comprises a
p-type serniconductor material having a lesser atomic concentration of boron atoms than the
source contact layer 214. In one embodiment, cach of the memory filis 50 contacts a
respective annular surface portion of the source contact layer 214. Each annular surface of
the source contact layer 214 can be a convex annular surface.

{0440] in one embodiment, each of the memory films 50 comprises a charge storage layer
54 and a runneling dielectric layer 56 that contacts a respective one of the vertical
semiconductor channels 60. In one ermbodiment, a bottom end of each of the vertical
semiconductor channels 6{ is embedded within a respective dielectric laver stack 150 that
includes a dielectric material layer 154 having a same composition as, and a same thickness
as, the charge storage layers 54 and another diclectric material layer 156 having a same
composition as, and a same thickness as, the nmuneling diclectric layers 56.

{0441] in one embodiment, the subswrate 910 comprises a single crystalline
serniconductor material that is free of carbon; and the first boron-doped semiconductor
material comprises a doped single crystalline semicondoctor material that is epitaxially
aligned to the single crystalline semiconductor material of the substrate 908. In one
cmbodiment, the source contact layer 214 comprises an epitaxial semiconductor material

portion 214K that is epitaxially aligned to the single crystalline semiconductor material of the
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substrate 908 through the doped single crystalline semiconductor material of the lower
semiconductor layer 212,

{34421 In one embodiment, each of the vertical semiconductor channels 60 has a bottom
portion baving a graded carbon dopant concentration that decreases with a distance from the
source contact layer 214,

{06443] In one embodiment, the three-dimensional memory device comprises a monolithic
three-dimensional NAND memory device, the electrically conductive strips (146, 246)
comprise, or are electrically connected to, a respective word line of the monolithic three-
dimensional NAND memory device, the substrate 908 comprises a silicon substrate, the
monohithic three-dimensional NAND memory device comprises an array of monolithic three-
dimensional NAND strings over the silicon substrate, and at least one memory cell in a first
device level of the array of monolithic three-dimensional NAND strings is located over
another memory cell in a second device level of the array of monolithic three-dimensional
NAND strings. The silicon substrate may contain an integrated circuit comprising a driver
circuit for the memory device located thereon, the electrically conductive strips (146, 2463
comprise a phirality of control gate electrodes having a strip shape extending substantially
parallel to the top surface of the substrate 908, the plurality of control gate electrodes
comprise at least a first control gate electrode located in the first device level and a second
control gate clectrode located in the second device level. The array of monolithic three-
dimensional NAND strings comprises a plurality of semiconductor channels 360, wherein at
lcast one end portion of each of the plurality of semiconductor channels 360 extends
substantially perpendicular to a top surface of the substrate 908, and one of the plurality of
semiconductor channels including the vertical semiconductor channel 360. The array of
monolithic three-dimensional NAND strings comprises a plurality of charge storage elements
(cornprising portions of the memory films 583, each charge storage element located adjacent
to a respective one of the plurality of serniconductor channels 360.

{06444] Embodiments of the present disclosure prevent anwanted boron diffusion into
vertical semiconductor channels 60 in boost read operations. In boost read operations, a
source contact layver 214 has a p-type doping with a higher boron concentration than the
vertical semiconductor channeis 60. A negative threshold voltage setting can be employed
for a source select electrode (i.e., the bottommost first electrically conductive layer 146) and

drain sclect clectrode (i.e., topmost second electrically conductive layers 246). The carbon
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atoms suppress diffusion of boron atoms into the vertical semiconductor channels 60, which
improves the device threshold voltage and reduces unwanted channel feakage carrent in non-
selected blocks of memory stack structures 55. The boron-doping in the source contact layer
214 permits hole injection into the vertical semiconductor channels 60.

{0445] One of the advantages of embodiments of the present disclosure is that the source
contact layer 214 can be formed at least partly with epitaxial alignment with a single
crystalline material in the substrate 908 to provide high charge carrier mobility. Further,
there is no need to generate gate-induced drain leakage (GIDL) current in the devices of some
cmbodiments of the present disclosure because the source contact layer 214 can gencrate
sufficient amount of holes, which can be injected into the vertical serniconductor channels 60.
{0446] Although the foregoing refers to particular embodiments, it will be understood
that the claims are not so limited. Tt 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 claims. Compatibility is presumed ammong all
embodiments that are not alterpatives of one another. The word “comprise” or “include”
contemplates all embodiments in which the word “consist essentially of” or the word
“consists of” replaces the word “comprise” or “include,” uniess explicitly stated otherwise.
Where an embodirmment using a particular structure and/or configuration is illustrated in the
present disclosure, it is understood that the claims may be practiced with any other
compatible structures and/or configurations that are functionally equivalent provided that
such substitutions arc not explicitly forbidden or otherwise known to be impossibie 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:
Claims A
1. A three-dimensional memory device, comprising:

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

a sccond alternating stack of second insulating layers and second electrically
conductive tayers located over, and spaced from, the first alternating stack;

memory openings vertically extending through the first alternating stack and the
second alternating stack, wherein each of the memory openings compriscs one or more side
apertures located between the fivst alternating stack and the second alternating stack; and

memory opening fill structures located in a respective one of the memory openings
and comprising a memory fili, a semiconductor channel, and a diclectric core comprising a
dielectric fill material,

wherein the diclectric core comprises a dielectric pillar portion and one or more
diclectric peg portions laterally extending from the diclectric pillar portion through one or

more holes in the semiconductor channel and adjoined to respective side apertures.

2. The three-dimensional memory device of Claim 1, wherein:

the one or more dielectric peg portions are connected to diclectric strips of the
dielectric {ill material located outside the memory openings and between the ficst alternating
stack and the second alternating stack; and

the diclectric strips of the diclectric fill material comprise a plurality of diclectric
strips laterally extending along a first horizontal divection and spaced apart along a second

horizontal direction that is perpendicular to the first horizontal direction.

3. The three-dimensional memory device of Claim 2, further comprising support pillar
structures vertically extending through the first alternating stack and at least a subset of layers
within the second alternating stack, comprising the dielectric fill material, and adjoined to a

respective one of the plurality of dielectric strips.

4. The three-dimensional memory device of Claim 3, wherein:

the first alternating stack comprises first stepped surfaces in which the first
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electrically conductive layers have a lateral extent that decreases with a vertical distance from
the substrate;

the second alternating stack comprises second stepped surfaces in which the second
clectrically conductive layers have a lateral extent that decreases with the vertical distance
from the substrate; and

a retro-stepped diclectric material portion overlying the first stepped surfaces and the
second stepped surfaces, wherein the support pillar structures vertically extend through the

retro-stepped diclectric material portion.

5. The three-dimensional memory device of Claim 2, wherein each of the plurality of
dielectric strips has two sets of straight sidewall segments, wherein each set of straight
sidewall segments includes a plurality of straight sidewall segments located within a

respective vertical plane that extend along the first horizontal direction.

. The three-dimensional merory device of Claim 2, further comprising a two-dimensional
array of insulating material platelets, wherein a row of insulating material platelets is located

between each neighboring pair of dielectric strips.

7. The three-dimensional memory device of Clairn 1, further comprising drain regions
contacting an upper end of a respective one of the semiconductor channels and contacting a

top surface of a respective one of the dielectric pitlar portions.

8. The three-dimensional memory device of Claim 1, further comprising:

a single crystalline semiconductor material layer located in or over the substrate,
wherein the semiconductor channel comprises an epitaxial semiconductor channel that is
epitaxially aligned to the single crystalline semiconductor material laver; and

epitaxial pedestal channel portions contacting, and epitaxially aligned 1o the single
crystatline semiconductor material laver and a respective one of the epitaxial semiconductor

channels.

9. The three-dimensional memory device of Claim &, wherein each of the epitaxial pedestal

channel pottions contacts a bottom surface of a respective one of the dielectric pillar portions
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and a botiom portion of a cylindrical sidewall of the diclectric pillar portions.

10, The three-dimenstonal memory device of Claim 8, wherein:

the epitaxial semiconductor channels comprise a maierial selected from single
crystalline silicon, a single crystalline silicon-germanium alloy, or a single crystalline -V
compound semiconductor material; and

the dielectric fill material is selected from undoped silicate glass, a doped silicate

glass, or organosilicate glass.

11. The three-dimensional memory device of Claim 1, wherein each of the semiconductor
channels has an annular horizontal cross-sectional shape at fevels of the first alternating stack
and at levels of the second alternating stack, and has a horizontal cross-sectional shape of a

pair of block arcs at a level of the diclectric peg portions.

12. The three-dimensional memory device of Claim 1, wherein each of the side apertures in
the memory openings has a rectangular shape having a height that is the same as a vertical

scparation distance between the first alternating stack and the second alternating stack.

13. The three-dimensional memory device of Claim 1, further comprising at least one
additional alternating stack of additional insulating layers and additional electrically
conductive layers located over the second alternating stack, whercin each of the dielectric
cores coraprises an additional pair of dielectric peg portions laterally extending from a

respective diclectric pillar portion above the at least one additonal alternating stack.

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

forming a first alternating stack of first insulating layers and first sacrificial material
fayers located over a single crystalline semiconductor material layer;

forming a laterally alternating sequence of insulating material strips and sacrificial
material strips over the first alternating sack;

forming a second aliernating stack of second insulating layers and second electrically

conductive lavers over the laterally alternating sequence, wherein the first sacrificial material
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layers and the second material layers are subsequentily replaced with electrically conductive
layers:

forming memory openings extending through the {ivst alternating stack, the laterally
alternating sequence, and the second alternating stack;

forming a memory filio and a sacrificial conformal spacer within each memory
opening;

forming a network of cavities by removing the sacrificial material strips and the
sacrificial conformal spacers;

depostting a diclectric fill material in the network of cavities, wherein a dielectric core
is formed in each memory opening and dielectric strips are formed in volumes of the
sacrificial material strips;

forming a channel cavity in each memory opening by removing the sacrificial
conformal spacers selective to the diclectric cores and the memory films; and

forming an cpitaxial semiconductor channcl that is epitaxially aligned to the single

crystatline semiconductor material layer within each of the channel cavities.

15. The method of Claim 14, wherein:

cach memory opening cuts through a respective one of the sacrificial material strips;
and

one or more apertures 18 formed on sidewalls of cach memory opening after remnoval

of the sacrificial material strips.

16. The method of Claim 15, wherein each of the dielectric cores comprises a dieleciric piliar
portion vertically extending through the first alternating stack and the second alternating
stack and comprises one or more dielectric peg portions laterally extending from the
diclectric pillar portion to respective side apertures to adjoin the dielectric strips of the

dielectric {itl material.
17. The method of Claim 16, wherein the epitaxial semiconductor channels are formed in the

channel cavities by a selective epitaxy process that grows a single crystalline semiconductor

material upward through the channel cavities and around each of the diclectric peg portions.
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18. The method of Claim 14, further comprising:

forming support openings through the first alternating stack, the laterally alternating
seguence, and at least one layer of the second alternating stack, wherein each support opening
cuts through a respective one of the sacrificial material strips;

isotropically etching the sacrificial material strips to form laterally-extending cavities;
and

isotropically etching portions of the memory filims and portions of the sacrificial
conformal spacers that are adjacent to the laterallv-cxtending cavitics using at least one

isotropic etch process.

19. The method of Claim 18, wherein:

covering the memory openings with a sacrificial cover material, wherein a memory
cavity surrounded by a sacrificial conformal spacer is present within each of the memory
openings, and wherein the memory cavitics combine with the laterally-extending cavities to
form the network of cavities after the at least one isotropic etch process;

removing the sacrificial cover material; and

depositing the diclectric fill material in the laterally-extending cavitics and in the

memory cavities to form the diclectric cores and the diclectric strips simultancously.

20. The method of Claim 14, further comprising forming drain regions on an upperend of a
respective one of the epitaxial semiconductor channels and on a top suwrface of a respective

one of the diclectric pillar portions.

21. A three-dimensional memory device, comprising:

a first-tier alternating stack of first-ticr insulating layers and first-tier clectrically
conductive layers located over a substrate;

an inter-tier insulating assembly located over the first-tier alternating stack and
including a plurality of dielectric strips, wherein cach of the plurality of diclectric strips
includes diclectric peg portions that laterally protrude from a dielectric rail portion;

a second-tier alternating stack of second-tier insulating layers and second-tier
clectrically conductive layers focated over the inter-tier insulating assembly;

memory openings vertically extending through the first-ticr alternating stack, the
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inter-tier insulating assembly, and the second-tier alternating stack, wherein cach of the
memory openings comprises a side aperture through which a respective one of the dielectric
peg portions extend inward; and

memory opening fill structures located in a respective one of the memory openings
and comprising a memory film, a semiconductor channel, and a diclectric core comprising a

dielectric {ill material and adjoined to the respective one of the diclectric peg portions.

22. The three-dimensional memory device of Claim 21, wherein each of the semiconductor
channels has a respective annular horizontal cross-sectional shape at levels of the first-tier
alternating stack and at levels of the second-tier alternating stack, and has a respective shape

of a block arc at a level of the inter-tier insulating assermbly.

23. The three-dimensional memory device of Claim 22, wherein each of the memory films
has a respective annular horizontal cross-sectional shape at the levels of the first-tier
alternating stack and at the levels of the second-ticr alternating stack, and has a respective

shape of a block arc at the level of the inter-tier insulating assembly.

24, The three-dimensional memory device of Claim 21, wherein cach interface between the
diclectric coves and the dielectric peg portions comprises a convex vertical surface of a
respective one of the diglectric cores and a concave vertical surface of a respective one of the

diclectric peg portions.

25. The three-dimensional memory device of Claim 21, wherein the inter-tier insulating
assembly comprises insulating material strips that are interlaced with the plurality of
diclectric strips, wherein a faterally alternating sequence of insulating material strips and
diclectric strips that alternate along a first horizontal direction is present between the fivst-tier

alternating stack and the sccond-tier alternating stack.
26. The three-dimensional memory device of Claim 25, wherein each of the plurality of

insulating material strips contacts two columns of memory opening fill structures that extend

along a sccond horizontal direction that is perpendicular to the first horizontal direction.
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27. The three-dimensional memory device of Claim 25, further comprising:

a backside trench vertically extending through the first-tier alternating stack, the inter-
tier insulating assembly, and the second-tier alternating stack, laterally extending along the
first horizontal direction, and baving a uniform width along a second horizontal direction that
is perpendicular to the first horizontal direction; and

a backside rench fill structure focated in the backside trench, wherein each strip
within the laterally alternating sequence of insalating material strips and dielectric strips

contacts a sidewall of the backside trench fill structure.

28. The three-dimensional memory device of Claim 25, whercin each of the plurality of
dielectric strips has two sets of straight sidewall segments, wherein each set of straight
sidewall segments includes a plurality of straight sidewall segments located within a

respective vertical plane that s perpendicular to the first horizontal direction.

29. The three-dimensional memory device of Claim 21, further comprising:

a single crystalline semiconduoctor material layer located in or over the substrate,
wherein the semiconductor channel comprises an epitaxial semiconductor channel that is
cpitaxially aligned to the single crystalline scmiconductor material layer; and

drain regions comprising a doped epitaxial semiconductor material contacting an
upper end of, and epitaxially aligned to, a respective one of the epitaxial semiconductor

channels and contacting a top surface of a respective one of the diclectric cores.

30. The three-dimensional memory device of Claim 29, further comprising a source contact
layer comprising a doped single crystalline semiconductor material and contacting, and
cpitaxially aligned to, the single crystalline semiconductor material laver and the epitaxial

semiconductor channels.

31. The threc-dimensional memory device of Claim 30, wherein the source contact layer

contacts and laterally surrounds each of the dielectric cores.

32. The three-dimensional memory device of Claim 30, wherein cach interface between the

a source contact layer and the cpitaxial semiconductor channels compriscs an annular convex
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tapered surtace of the source contact layer and an annular concave tapered surface of a

respective one of the epitaxial semiconductor channels.

33. The thwce-dimensional memory device of Claim 21, wherein:

the epitaxial semiconductor channels comprise a material selected from single
crystalling silicon, a single crystalline silicon-germanium afloy, or a single crystalline -V
compound semiconductor material; and

the plurality of diclectric strips comprises a material selected from undoped silicate

glass, a doped silicate glass, or organosilicate glass.

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

forming a first-tier alternating stack of first-tier insulating layers and first-tier
sacrificial material layers over a single crystalline semiconductor material layer;

forming a laterally altcrnating stack of insulating material strips and sacrificial
material strips over the first-tier alternating stack;

forming a second-tier alternating stack of second-tier insulating layers and second-tier
sacrificial material layers located over laterally alternating stack, wherein the first-tier
sacrificial material layers and the second-ticr sacrificial material layers are subsequently
replaced with electrically conductive layers;

forming memory openings through the fiest-tier alternating stack, the laterally
alternating stack, and the second-tier alternating stack; and

forming an in-process memory opening fill structure in each memory opening,
wherein the in-process memory opening fill structure comprises a memory filim, a sacrificial
conformal spacer, and a dielectric core;

forming laterallv-extending cavitics by removing the sacrificial material strips;

removing portions of the memory films and the sacrificial conformal spacers that are
adjacent to the laterally-extending cavities;

forming diclectric strips in the laterally-extending cavities and in volumes from which
the portions of the memory films and the sacrificial conformal spacers are removed; and

replacing the sacrificial conformal spacers with epitaxial semiconductor channels.

35. The method of Claim 34, wherein:
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wherein each of the memory openings cuts through a lengthwise edge of a respective
one of the sacrificial material strips; and

the dielectric strips are formed directly on the dielectric cores.

36. The method of Claim 34, wherein each of the diclectric strips comprises a dielectric rail
portion that fills a volume of one of the sacrificial matenial stvips, and comprises diclectric
peg portions that laterally protrude from the diclectric rail portion and are located within a

colurnn of memory openings.

37. The method of Claim 34, further comprising:

forming a backside wrench through the first-tier alternating stack, the laterally
alternating stack, and the second-tier alternating stack after formation of the in-process
memory opening fill structures; and

providing a first isotropic etchant that ctches a material of the sacrificial material
strips sclective to a material of the insulating material strips into the backside trench in a first
isotropic etch process, wherein the laterally-extending cavitics ave formed by the first
isotropic etch process.
38. The method of Claim 37, further comprising providing at least one second isotropic
etchant that etches materials of the memory films and the sacrificial conformal spacers
through the backside trench and the laterally-extending cavities, wherein a pocket cavity is
formed within cach of the memory openings in a volume adjoined to a respective one of the
laterally-extending cavities, and wherein diglectric peg portions of the diclectric strips are

formed in the pocket cavities.

39. The method of Claim 34, further comprising:
forming channel cavities by removing the sacrificial conformal spacers selective to
the dielectric cores and the memory films after formation of the dielectric strips; and
forming the epitaxial semiconductor channels in the channel cavities by a selective
cpitaxy process that grows a single crystalline semiconductor material upward through the

channel cavities.
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40, The method of Claim 34, further comprising:

forming a source-level sacrificial layer over the single crystalline semiconductor
material layer, wherein the first-tier alternating stack is formed over the source-level
sacrificial layer; and

replacing the source-level sacrificial layer with a source contact ayer including a
doped single crystalline semiconductor material in epitaxial alignment with the single
crystalline semiconductor material layer,

wherein the epitaxial semiconductor channels are formed directly on, and with

cpitaxial alignment with, the source countact layer.

41. A three-dimensional memory device, comprising:

source-level material lavers located over a substrate and comprising a lower
semiconductor layer, a source contact layer, and an upper semiconductor layer, whercin the
lower semiconductor layer comprises a first boron-doped semiconductor material, the upper
serniconductor fayer comprises a carbon doped second boron-doped semiconductor material,
and the source contact layer comprises a boron-doped semicondoctor material;

an alternating stack of insulating layers and electrically conductive laycrs located over
the source-level material layers; and

memory stack structures vertically extending through the alternating stack, the upper
semiconductor layer, and the source contact fayer, wherein each of the memory stack
structures comprises a respective memory film and a respective vertical semiconductor

channel that contacts the source contact layer.

42. The three-dimensional memory device of Claim 41, whercin cach of the first boron-doped

semiconductor material and the second boron-doped semiconductor material comprise silicon
.. . . . . ) ; 5 3

layers containing carbon atoms at an atomic concentration in a range from 1.0 x 10%/cm’ to

E e 2
1.0 x 10%/em’.
43. The three-dimensional memory device of Claim 42, wherein each of the first boron-doped

semiconductor material and the second boron-doped semiconductor material includes boron

. . . P 187 2 1632 3
atoms at an atomic concentration in a range from 1.0 x 10%/cm? t0 2.0 x 10%em?®.
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44. The three-dimensional memory device of Claim 42, wherein the source contact layer
comprises a silicon layer containing boron atoms at an atomic conceniration in a range from

1.0x 18 7em’ to 1.0 x 102 em’

45, The three-dimensional memory device of Claim 41, further comprising:
a backside rench vertically extending through the alternating stack; and
a backside contact via structure extending through the backside trench and contacting

the source contact layer.

46. The three-dimensional memory device of Claim 45, further comprising an insulating
spacer located in the backside trench and laterally surrounding the backside contact via
structure and contacting sidewalls of layers within the alternating stack and a surface of the

source contact layer.

47. The three-dimensional memory device of Claim 41, whercin cach of the vertical
semiconductor channels comprises a p-type serniconductor material having a lesser atomic

concentration of boron atoms than the source contact layer.

48. The three-dimensional memory device of Clam 47, wherein each of the memory films

contacts a respective annular surface portion of the source contact layer.

49. The three-dimensional memory device of Claim 47, wherein each of the memory films
comprises a charge storage layer and a tunneling dielectric layer that contacts a respective

one of the vertical semiconductor channels.

50. The three-dimensional memory device of Claim 49, wherein a bottom end of each of the
vertical semiconductor channels is embedded within a vespective diclectric layer stack that
includes a dielectric material layer having a same composition as, and a same thickness as,
the charge storage layers and another dielectric material laver having a same composition as,

and a same thickness as, the tenneling diclectric layers.

31. The three-dimensional memory device of Claim 41, wherein:
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the substrate compriscs a single crystalline semiconductor material; and
the first horon-doped semiconductor material comprises a doped single crystalline
semiconductor material that is epitaxially aligned to the single crystalling semiconductor

material of the substrate.

52. The three-dimensional memory device of Claim 51, wherein the source contact layer
compriscs an epitaxial semiconductor material portion that is epitaxially aligned to the single
crystatline semiconductor material of the suhstrate through the doped single crystalline

semiconductor material of the lower semiconductor layer.

53. The three-dimensional memory device of Claim 41, wherein each of the vertical
semiconductor channels has a bottorn portion having a graded carbon dopant concentration

that decreases with a distance from the source contact layer.

54. A thres-dimensional memory device, comprising:

source-level material layers located over a substrate and comprising a lower
semiconductor layer, a source contact layer, and an upper semiconductor layer, wherein the
substrate comprises a single crystalline semiconductor material, and the lower semiconductor
layer comprises a first boron-doped semiconductor material that includes a doped single
crystalline semiconductor material that is epitaxially aligned to the single crystalline
semiconductor material of the substrate;

an alternating stack of insulating layers and electrically conductive layers located over
the source-level matenal layers; and

memory stack structures vertically extending through the alternating stack, the upper
semiconductor layer, and the source contact layer, wherein cach of the memory stack
structurcs comprises a respective memory film and a respective vertical semiconductor

channel that contacts the source contact layer.

55. The three-dimensional memory device of Claim 54, whercin:
the upper serniconductor layer comprises a second boron-doped semiconductor
material; and

and the source contact laver comprises a boron-doped semiconductor material.
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56. The three-dimensional memory device of Claim 54, whercin:

cach of the first horon-doped semiconductor material and the second boron-doped
semiconductor material comprise layers containing boron atoms at an atomic concentration in
a range from 1.0 x 10'%cm® t0 2.0 x 108 /cm’® and carbon atoms at an atomic concentration in
a range from 1.0 x 10%/cm” to 1.0 x 10%cm?®; and

the source contact layer comprises a silicon layer which mclodes boron atoms at an

3 - 3 M 187 3
atomic concentration in a range from 1.0 x 10'%cm’ 0 1.0 x 10°7//em’,

57. A method of forming a semiconductor structure, comprising:

forming a lower semiconductor layer comprising a first boron-doped semiconductor
material over a substrate;

forming a sacrificial source-level material layer over the lower semiconductor layer;

forming an upper scrmiconductor layer comprising a carbon doped second boron-
doped semiconductor material over the sacrificial source-level material layer;

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

forming memory stack structuves through the alternating stack, the upper
semiconductor layer, and the source contact fayer, and into the lower semiconductor layer,
wherein cach of the memory stack structures comprises a respective memory film and a
respective vertical serniconductor channel that contacts the source contact layer; and

replacing the sacrifictal source-level material layer with a source contact layer

comprising a boron-doped semiconductor material.

58. The method of Claim 57, wherein:

cach of the first boron-doped semiconductor material and the second boron-doped
semiconductor material comprise silicon layers containing carbon ators at an atomic
concentration in a range from 1.0 x 10%/cm” to 1.0 x 10%%cm® and boron atoms at an atomic
concentration in a range from 1.0 x 10'%cm” t0 2.0 x 10%/cm’; and

the source contact layer comprises a silicon layer containing boron atoms at an atomic

1

concentration in a range from 1.0 x 10"/em’ to 1.0 x 107V en?’.
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59. The method of Claum 57, further coraprising:

forming a backside wench through the alternating stack to a top surface of the
sacrificial source-level material layer; and

forming a backside contact via structure in the backside trench and directly on the

source contact layer.
66. The method of Claim 57, wherein the subsirate comprises a single crystalline silicon

wafer and the lower semiconductor layer comprises a single crystalline silicon layer that is

cpitaxially grown on the single crystalline silicon wafer.
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