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FIG. 38A

(57) Abstract: A three-dimensional memory device is provided, which comprises an alternating stack: of insulating layers 32 and elec-
trically conductive layers 46 located over a substrate (9, 10); first memory opening fill structures 58A extending through the alternating
stack: (32, 46), wherein each of the first memory opening fill structures (58 A) includes a respective first memory film (50), a respective
first vertical semiconductor channel (60) contacting an inner sidewall of the respective first memory film (50), and a respective first
dielectric core (62) having a circular or an elliptical horizontal cross-sectional shape at a lower portion thereof and having a semi-circular
or a semi -elliptical horizontal cross-sectional shape at an upper portion thereof.
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THREE-DIMENSIONAL MEMORY DEVICE WITH VERTICAL SEMICONDUCTOR
CHANNELS HAVING SEMI-TUBULAR SECTIONS AT THE DRAIN-SELECT-LEVEL
AND METHODS FOR MAKING THE SAME

RELATED APPLICATIONS
{00011 The instant application claims the benefit of priority from U.S. Non-Provisional
Application Serial No. 16/519,092 filed on July 23, 2019, which is a continuation-in-part
application of, and claims the benefit of priority from, U.5. Non-Provisional Application
Serial Nos. 16/267,592 filed on Febmary 5, 2019. Further, the instant application claims the
benefit of priority from U.5. Non-Provisional Application Serial No. 16/267,625 filed on
February 5, 2019 and from U.S. Non-Provisional Application Serial Nos. 16/388,054 filed on
April 18, 2019, which claims the benetit of priority from U.S. Non-Provisional Application

Sertal Nos. 16/267,592 filed on February 5, 2019,

FIELD
00o2 The present disclosure relates generally to the field of semuconductor devices, and
g
particular to a three-dimensional memory device including drain-select-level isolation

structures and methods of manufacturing the same.

BACKGROUND
{0083] Three-dimensional vertical NAND strings having one bit per cell are disclosed in
an article by T. Endoh er /., titded “Novel Ultra High Density Memory With A Stacked-
Swrrounding Gate Transistor (S-SGT) Stractured Cell”, IEDM Proc. (2001) 33-36.

SUMMARY

{0084] According to an embodiment of the present disclosure, a three-dimensional
memory device includes an alternating stack of insulating layers and electrically conductive
layers located over a substrate, fivst roemory opening fill structures extending through the
alternating stack, where cach of the first memory opening fill structures includes a respective
first drain region, a respective first memory film, a respective first vertical semiconductor
channel contacting an inner sidewall of the respective first memory film, and a respective
first dielectric core, and a drain-select-level isolation stucture having a pair of straight
lengthwise sidewalls that extend along a first horizontal direction and contact straight

-
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sidewalls of the first memory opening fill structures. Each first vertical semiconductor
channel inchides a tubular section that underlies a horizontal plane including a bottom surface
of the drain-select-level isolation structure and a semi-tobular section overlying the tobular
section.

{0005] According to an crabodiment of the present disclosure, a three-dimensional
memory device is provided, which comprises: an alternating stack of insulating layers and
electrically conductive layers located over a substrate; first memory opening fill structures
cxtending through the alternating stack, wherein cach of the first memory opening fill
structures includes a respective first memory film, a respective first vertical semiconductor
channel contacting an inner sidewall of the respective first memory filim, and a respective
first diclectric core having a circular or an elliptical horizontal cross-sectional shape at a
lower portion thereof and having a semi-circular or a semi-elliptical horizontal cross-
sectional shape at an upper portion thereof; and second memory opening fill structires
extending through the alternating stack, wherein each of the second memory opening fill
structures inchudes a respective second memory film, a respective second vertical
semiconductor channel contacting an inner sidewall of the respective second memory film,
and a respective second dielectric core having a circular or elliptical horizontal cross-
sectional shape at any height between a topmost surface thereof and a bottoramost surface
thereof.

{0006] According to another embodiment of the present disclosure, a method of forming
a three-dimensional memory device is provided, which compriscs: forming an alternating
stack of insulating layers and sacrificial material layers over a substrate; forming memory
openings vertically extending through the alternating stack; forming memory opemng fill
structures in the memory openings, wherein the memory opening fill structures comprise first
memory opening fill structures that are arvanged as a neighboring pair of rows that laterally
extend along a first horizountal direction and filling two rows of first memory openings, and
each of the first mewory opening fill structures comprises a fivst memory film, a first vertical
semiconductor channel having a lower tubular semiconductor channel portion and an upper
semi-tubular semiconductor channel portion, and a first dielectric core; replacing the
sacrificial material layers with electrically conductive layers; forming a drain-select-level

trench having a pair of straight sidewalls that laterally extend along the first horizontal
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ditection by etching an upper segment of each of the first memory opening fill structures; and
forming a drain-select-level isolation structure in a volume of the drain-select-level trench.
{00871 According to an embodiment of the present disclosure, a three-dimensional
memory device is provided, which comprises: an alternating stack of insulating layers and
clectrically conductive layers located over a substrate; first memory pillar structures
extending through the alternating stack, wherein each of the first memory pillar structures
includes a respective first memory film and a respective first vertical semiconductor channel;
diclectric cores contacting an inner sidewall of a respective one of the first vertical
semiconductor channels; and a drain-select-level isolation structure that laterally extends
along a first horizontal divection and contacts straight sidewalls of the dielectric cores at a
respective two-dimensional flat interface.

[0008] According to another embodiment of the present disclosure, a method of forming
a three-dimensional memory device is provided, which comprises: forming an alternating
stack of insulating layers and sacrificial material layers over a substrate; forming memory
pillar structures extending through the alternating stack, wherein each of the memory pillar
structures includes a respective memory fibm and a vespective vertical semiconductor
channel, wherein the memory pillar structures comprise first memory pillar structures
arranged in two rows that extend along a first horizontal direction; forming a drain-sclect-
level trench by ctching through an upper portion of the alternating stack and a first area of
each of the first memory pillar structures, wherein the drain-select-level trench includes a pair
of straight lengthwise sidewalls that extend along the first horizontal divection; replacing the
sacrificial material layers with clectrically conductive lavers; and forming a drain-sclect-level
isolation structure in a volume of the drain-select-level trench after formation of the
clectrically conductive layers.

{0009] According to an ernbodiment of the present disclosure, a three-dimensional
memory device is provided, which comprises: an alternating stack of insulating layers and
electrically conductive layers located over a substrate; first memory stack structures
cxtending through the alternating stack, wherein cach of the first memory stack structures
includes a respective first memory film and a respective first vertical semiconductor channel;
and a drain-select-level isolation stucture having a pair of straight Iengthwise sidewalls that
cxtend along a first horizontal direction and contact straight sidewalls of the first memory

stack structures, wherein each first vertical semiconductor channel comprises a tubular
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section that underlic a horizontal plane including a bottom surface of the drain-select-level
isolation structure and a semi-tubular section overlying the tubular section and contacting the
drain-select-level isolation structure.

{0016] According to another embodiment of the present disclosure, a method of forming
a three-dimensional memory device is provided, which comprises: forming an alternating
stack of insulating layers and spacer material layers over a substrate, wherein the spacer
material layers are formed as, or are subsequently replaced with, electrically conductive
fayers; forming memory stack structures extending through the alternating stack, whercin
cach of the memory stack structures includes a respective memory film and a respective
vertical semiconductor channel including dopants of a fivst conductivity type, wherein the
memory stack structures comprises first memory stack structures arranged in two rows that
extend along a first horizontal direction; forming a drain-select-level trench by etching
through an upper portion of the alternating stack and a first area of each of the first memory
stack structures, wherein the drain-select-level trench includes a pair of straight lengthwise
sidewalls that cxtend along the first horizontal direction; and forming a drain-select-level
isolation structure in the drain-select-level trench, wherein each vertical semmconductor
channel within the first memory stack structurces comprises a tubular section that underlie a
borizontal plane including a bottom surface of the drain-seleci-level isolation structure and a
semi-tubular section overlying the tubular section and contacting the drain-select-level
isolation structure.

{0011 According to yet another embodiment of the present disclosure, a three-
dimensional memory device is provided, which comprises: an alternating stack of insulating
layers and electrically conductive lavers located over a substrate; and first memory stack
structures extending through the alternating stack, wherein each of the first memory stack
structures inchides a respective first memory film and a respective first vertical
semiconductor channel, wherein each first vertical semiconductor channel comprises a
tubular section including dopants of a first conductivity type at a first atomic concentration, a
first semi-tubular section overlying the tubular section and including dopants of the first
conductivity type at the first atomic concentration, and a second semi-tubular section
overlying the tubular section and laterally adjoined to the fivst semi-tubular section and
including dopants of the first conductivity type at a second atomic concentration that is

greater than the first atomic concentration.
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{6012} According to still another embodiment of the present disclosure, a method of
forming a three-dimensional memory device is provided, which comprises: forming an
alternating stack of insulating layers and spacer material layers over a substrate, wherein the
spacer material layers are formed as, or are subsequently replaced with, electrically
conductive lavers; forming memory stack structures extending through the alternating stack,
wherein each of the memory stack stroctures includes a respective memory film and a
respective vertical semiconductor channel including dopants of a {ivst conductivity type at a
first atomic concentration, wherein the memory stack structures comprises first memory stack
structures arranged in two rows that extend along a fivst horizontal direction; partially
physically exposing upper portions of sidewalls of the two rows of the first memory stack
structures by forming a drain-select-level trench that extend through an upper portion of the
alternating stack and faterally extending between the two rows of the first memory stack
structurcs; and implanting dopants of the first conductivity type into scgments of vertical
semiconductor channcls within the first memory stack structures that are proximal to the
drain-select-level trench, wherein each vertical semiconductor channel within the first
memory stack structures comprises a tubular section inchiding dopants of the first
conductivity type at the first afomic concentration, a first semi-tubular section overlying the
tubular section and including dopants of the first conductivity type at the first atomic
concentration, and a second semi-tubular section overlying the tubular section and laterally
adjoined to the first semu-tubular section and including dopants of the first conductivity type

at a second atoric concentration that is greater than the first atomic concentration.

BRIEF DESCRIPTION OF THE DRAWINGS
{0013] FIG. 1 is a schematic vertical cross-sectional view of a first exemplary structure
after formation of at least one peripheral device, and a semiconductor material layer
according to a first embodiment of the present disclosure.
{00141 FIG. 2 is a schematic vertical cross-sectional view of the first exemplary structure
after formation of an aliernating stack of insulating layers and sacrificial material layers
according to the first embodiment of the present disclosure.
{0015] FIG. 3 is a schematic vertical cross-sectional view of the first exemplary structure
after formation of stepped terraces and a retro-stepped dielectric material portion according to

the first embodiment of the present disclosure.
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{6016] FIG. 4A is a schematic vertical cross-sectional view of the first exemplary
structure after formation of memory openings and support openings according to the first
embodiment of the present disclosure.

{0317] FIG. 4B is a top-down view of the first exemplary structure of FEG. 4A. The zig-
zag vertical plane A — A’ is the plane of the cross-section for FIG. 4A.

§BGIRY FIGS. 5A — 5H are sequential schematic vertical cross-sectional views of a
memory opening within the first exemplary strocture during formation of a8 memory stack
structure, an optional dielectric core, and a drain region thercin according to the first
cmbodiment of the present disclosure.

[0019] FIG. 6 is a schematic vertical cross-sectional view of the first exemplary stiucture
atter formation of memory stack structures and support piliar structures according to the first
embodiment of the present disclosure.

{0020] FIG. 7TA is a schematic vertical cross-sectional view of the first exemplary
structure atter formation of drain-select-level trenches according to the first embodiment of
the present disclosure.

{00211 FIG. 7B is a partial see-through top-down view of the first exemplary structure of
FIG. 7A. The zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-
sectional view of FIG. 7A.

[0022] FIG. 8A 1s a schematic vertical cross-sectional view of the first exemplary
structure after formation of drain-select-level isolation structures according to the first
embodiment of the present disclosure.

{00231 FIG. 8B is a partial see-through top-down view of the first exemplary structure of
FIG. 7A. The zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-
sectional view of FIG. 7A.

{0024] FIG. 9A is a schematic vertical cross-sectional view of the first exeraplary
structure after formation of backside trenches according to the first embodiment of the
present disclosure.

{00251 FIG. 9B is a partial sec-through top-down view of the first exemplary structure of
FIG. 7A. The zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-

sectional view of FIG. TA.
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{6026] FIG. 10 is a schematic vertical cross-sectional view of the first exemplary
structure after formation of backside recesses according to the fivst embodiment of the
present disclosure.

{0027] FIGS. 11A — 11D are sequential vertical cross-sectional views of a region of the
first exemplary structure during formation of electrically conductive layers according to the
first embodiment of the present disclosure.

{0028] FIG. 12 is a schematic vertical cross-sectional view of the first exempiary
structure at the processing step of FIG. 11D.

{0029] FIG. 13 is a schematic vertical cross-sectional view of the first exeroplary
structure after removal of a deposited conductive material from within the backside rench
according to the first embodiment of the present disclosure.

{00306] FIG. 14A is a schematic vertical eross-sectional view of the first exemplary
structure after formation of insulating spacers and backside contact via structures according
to the first embodiment of the present disclosure.

{00311 FIG. 14B is a magnified view of a region of the first exemplary structure of FiG.
14A.

{0032] FIG. 15A is a schematic vertical cross-sectional view of the first exemplary
structure after formation of additional contact via structures according to the first
embodiment of the present disclosure.

{0033] FIG. 15B is a top-down view of the first exemplary structure of FIG. 15A. The
zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
FIG. 15A.

[6034] FIG. 16 is a vertical cross-sectional view of the fivst exemplary structure after
formation of interconnect-ievel diclectric material layers, additional metal interconnect
structures, and bonding pads according to the first embodiment of the present disclosure.
[0035] FIG. 17 18 a vertical cross-sectional view of a second exemplary structiure after
formation of insulating spacers and backside contact via structures according to a second
cmbodiment of the present disclosure.

{0036] FIG. 18 1s a vertical cross-sectional view of the second exemplary structiure after
removal of a sacrificial planarizaton stopper layer according to the second embodiment of

the present disclosure.
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{6037] FIG. 19A is a vertical cross-section view of the second exemplary structure during
formation of drain-sclect-level trenches according to the second embodiment of the present
disciosure.

{0038] FIG. 19B is a top-down view of the second exemplary structure of FIG. 19A. The
zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
FIG. 19A.

{0039] FIG. 20 is a vertical cross-section view of the second exemplary stracture after
formation of drain-select-level trenches according to the second embodiment of the present
disclosure.

{00401 FIG. 2] is a vertical cross-section view of the second exemplary structure after
formation of drain-sclect-level isolation structures and a contact level dielectric fayer
according to the second embodiment of the present disclosure.

[0041] FIG. 22 A 1s a schematic vertical cross-sectional view of the second exemplary
structure atter formation of additional contact via structures according to the second
cmbodiment of the present disclosure.

{00421 FIG. 228 is a top-down view of the second exemplary structure of FIG. 22A. The
zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
Fi5. 224,

{6043} FIG. 23 s a vertical cross-section view of an aliernative embodiment of the
second exemplary strocture during formation of drain-select-level renches according to the
second embodiment of the present disclosure.

{6044 FIG. 24 is a vertical cross-section view of the alternative embodiment of the
second exemplary structure after formation of drain-select-level trenches according to the
second emboediment of the present disclosure.

[0045] FIG. 25A is a vertical cross-sectional view of a third exemplary structure after
formation of an alternating stack and a retro-stepped diclectric material portion according to a
third embodiment of the present disclosure.

{3046 FIG. 258 is a vertical cross-sectional view of an in-process source level material
layers according to the third embodiment of the present disclosure.

{00471 FIG. 26A i3 a vertical cross-sectional view of the third exemplary soucture after
formation of memory openings and support openings according to the third embodiment of

the present disclosure.
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{03048] FI(3. 26B is a top-down view of the third exemplary stracture of FI(G. 26A. The
zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
FIG. 26A.

{0049] FIG. 27 is a vertical cross-sectional view of the third exemplary structure after
formation of memory stack structures according to the third embodiment of the present
disclosure.

{0050] FIG. 28A is a vertical cross-sectional view of the third exemplary structure after
formation of drain-select-level renches according o the third embodiment of the present
disclosure.

[0031] FIG. 28B 1s a top-down view of the third exemplary strucouve of FIG. 28A. The
zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
FIG. 28A.

[0052] FIG. 29A 15 a vertical cross-sectional view of the third exerplary structure after
formation of drain-select-level isolation structures according to the third embodiment of the
present disclosure.

{00531 FIG. 298 is a top-down view of the third exemplary structuve of FIG. 29A. The
zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
Fi5. 29A.

[0054] FIG. 30A 1s a vertical cross-sectional view of the third exemplary structure after
formation of backside trenches according to the third embodiment of the present disclosure.
{0055] FI(3. 30B is a top-down view of the third exemplary stracture of FI(G. 30A. The
zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
FIG. 30A.

[G056] FIGS. 31A - 31E are sequential vertical cross-sectional views of a backside trench
and two memory opening fill structures during replacement of the in-process source level
material layers with source level material layers according to the third embodiment of the
present disclosure.

{00571 FIG. 32 is a schematic vertical cross-sectional view of the third exemplary
structure after formation of backside recesses according to the third ernbodiment of the

present disclosure.
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{G058] FIG. 33 is a schematic vertical cross-sectional view of the third exemplary
structure after formation of electrically conductive layers according to the third emnbodiment
of the present disclosure.

{0059] FIG. 34 is a schematic vertical cross-sectional view of the third exemplary
structure after formation of diclectric wall structures according to the third embodiment of the
present disclosure.

{0060] FIG. 35A is a schematic vertical cross-sectional view of the third exemplary
structure after removal of a sacrificial planarization stopper layer according to the third
cmbodiment of the present disclosure.

[0061] FIG. 35B is a top-down view of the third exemplary structire of FIG. 35A. The
zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
FIG. 35A.

[0062] FIG. 36 s a schematic vertical cross-sectional view of the third exemplary
structure atter formation of drain-select-level recesses according to the third embodiment of
the present disclosure.

{00631 FIG. 37A is a schematic vertical cross-sectional view of the third exemplary
structure after formation of a drain-seleci-level electrically conductive layer according to the
third embodiment of the present disclosure.

[0064] FIG. 378 is a top-down view of the third exemplary structure of FEG. 37A. The
zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
FIG. 37A.

{00651 FIG. 38A is a schematic vertical cross-sectional view of the third exemplary
structure after formation of additional contact via structures according to the third
cmbodiment of the present disclosure.

{0066] FIG. 388 is a top-down view of the third exemplary structure of FIG. 38A. The
zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
FIG. 38A.

{00671 FIG. 394 is a vertical cross-sectional view of a fourth exemplary structure after
formation of drain-select-level trenches according to a fourth embodimnent of the present

disclosure.
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{03068] FIG. 398 is a top-down view of the fourth exemplary structure of FIG. 39A. The
zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
FIG. 39A.

{0069] FIG. 40A is a vertical cross-sectional view of the fourth exemplary structure after
ton iroplantation of dopants of a first conductivity type into portions of vertical
semiconductor channels according to the fourth embodiment of the present disclosure,
{0070] FIG. 40B is horizontal cross-sectional view of a drain region at the processing
steps of FIG. 40A.

{00711 FIG. 41A is a vertical cross-sectional view of the fourth excmplary structure after
formation of drain-select-level isolation stractures according to the fourth embodiment of the
present disclosure.

[0072] FIG. 418 is a top-down view of the third exemplary structure of FIG. 41A. The
zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
FIG. 41A

{00731 FIG. 42 is 3 vertical cross-sectional view of the fourth exemplary structure after
formation of a contact level dielectric layer according to the fourth embodiment of the present
disclosure.

{0074] FIG. 43A is a schematic vertical cross-sectional view of the fourth exemplary
structure after formation of additional contact via structures according to the fourth
embodiment of the present disclosure.

{0075] FI(G. 438 is a top-down view of the fourth exemplary structure of FIG. 43A. The
zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
FIG. 43A.

{0076] FIG. 43 is a horizontal cross-sectional view of the fourth exemplary structure
along the horizontal plane C — O of FIG. 43A.

{0077] FIG. 44 A 1s a vertical cross-sectional view of a fifth exemplary structure after
formation of drain-select-level trenches according to a fifth embodiment of the present
disclosure.

{00781 FIG. 448 is a top-down view of the fifth exemplary structure of FIG. 44A. The
zig-zag vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of

FIG. 44A.
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{6079 FIG. 45 is a vertical cross-sectional view of the fourth exemplary structure after
ion implantation of dopants of a first conductivity type into portions of vertical
semiconductor channels according to the fifth embodiment of the present disclosure.

{008G] FIG. 46 is a vertical cross-sectional view of the fourth exemplary structure
formation of backside trenches according to the fifth embodiment of the present disclosure.
{0081] FIG. 47 is a vertical cross-sectional view of the fourth exemplary structure after
replacement of the sacrificial material layers with electrically conductive layers according (o
the fifth embodiment of the present disclosure.

{00821 FIG. 48 1s a vertical cross-sectional view of a region of a fifth exemplary structure
atter formation of memory openings, a memory film, and a first semiconducior channel layer
according to a sixth ecmbodiment of the present disclosure.

[0083] FIG. 49 is a vertical cross-sectional view of a region of the fifth exemplary
structure after formation of word-line-level dielectric cores according to the sixth
embodiment of the present disclosure.

{00841 FIG. 50 is a vertical cross-sectional view of a region of the fifth exemplary
structure after patterning a word-line-level semiconductor channel material layer according to
the sixth embodiment of the present disclosure.

{0085] FIG. 51 is a vertical cross-scctional view of a region of the fifth exemplary
structure after patterning a memory filo according to the sixth embodiment of the present
disclosure.

{0086] FI(3. 52 is a vertical cross-sectional view of a region of the fifth exemplary
structure after formation of a gate diclectric layer according to the sixth embodiment of the
present disclosure.

{0087] FIG. 53 is a vertical cross-sectional view of a region of the fitth exemplary
structure after formation of a drain-select-level cover semiconductor layer according to the
sixth embodiment of the present disclosure.

{0088] FIG. 54 is a vertical cross-sectional view of a region of the fifth exemplary
structure after removal of horizontal portions of the drain-select-level cover semiconductor
layer and the gate dielectric layer and formation of a drain-select-level cover semiconductor
portions by an anisotropic etch process according to the sixth embodiment of the present

disclosure.
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{0089] FI(3. 55 is a vertical cross-sectional view of a region of the fifth exemplary
structure after formation of a drain-select-level body semiconductor layer aceording to the
sixth embodiment of the present disclosure.

{0094G] FIG. 56 is a vertical cross-sectional view of a region of the fifth exemplary
structure after formation of drain-select-level dielectric cores, drain-select-fevel
semiconductor channel portions, and drain regions according to the sixth embodiment of the
present disclosure.

{00911 FIG. 57 is a vertical cross-sectional view of a region of the fifth exemplary
structure after formation of a contact level dielectric layer according to the sixth embodiment
of the present disclosure.

{0092] FIG. 58 is vertical cross-sectional view of a region of the fifth exemplary structure
after formation of a drain-select-level trench according to the sixth embodiment of the present
disclosure.

{6093] FI(3. 59 is vertical cross-sectional view of a region of the fifth cxemplary structure
after formation of semiconductor oxide liners according to the sixth embodiment of the
present disclosure.

{0094] FIG. 60A is vertical cross-sectional view of a region of the fifth exemplary
structure after formation of sacrificial drain-select-level trench fill structures and backside
trenches according to the sixth embodiment of the present disclosure.

{0095] FIG. 60B is a vertical cross-sectional view of the fifth exemplary structure after
the processing steps of FIG. 60A.

{00961 FIG. 61A is vertical cross-sectional view of a region of the fifth exemplary
structure after formation of backside recesses according to the sixth embodiment of the
present disclosure.

{0097] FIG. 61B is a vertical cross-sectional view of the fifth exemplary structure after
the processing steps of FIG. 61A.

{0098] FIG. 62A is a vertical cross-sectional view of a region of the fifth exemplary
structure after formation of electrically conductive tayers according to the sixth embodiment
of the present disclosure.

[0099] FIG. 62B is a horizontal cross-sectional view along the plane B — B™ of FIG. 62A.

13-
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{6160] FIG. 03A is a vertical cross-scctional view of a region of the fifth exemplary
structure after removal of trench-fill conductive material portions according to the sixth
embodiment of the present disclosure.

{0161} FIG. 63B is a horizontal cross-sectional view along the plane B - B’ of FIG. 63A.
{0162] FIG. 64A is a vertical cross-sectional view of a region of the fitth exemplary
structure after formation of a drain-select-level isolation structure according to the sixth
embodiment of the present disclosure.

{01931 FIG. 64B is a horizontal cross-sectional view along the planc B — B’ of FIG. 64A.
{31047 FIG. 63A is a vertical cross-sectional view of a region of an alternative
embodiment of the fifth exemplary structore after removal of semiconductor oxide Hners
according to the sixth embodiment of the present disclosure.

[0105] FIG. 658 is a horizontal cross-sectional view along the plane B — B’ of FIG. 65A.
[3106] FIG. 66A is a vertical cross-sectional view of a region of the alternative
embodiment of the fifth cxemplary structure after formation of a drain-select-level isolation
structure according to the sixth embodiment of the present disclosure.

{01071 FIG. 668 is a horizontal cross-sectional view along the plane B — B” of FIG. 66A.
{3108] FIG. 66C is a vertical cross-sectional view of the alternative embodiment of the
fitth exemplary stucture of FIGS. 66A and 668.

[0109] FIG. 67 A is a vertical cross-sectional view of a region of a sixth exemplary
structure atter deposition of a primary dielectric core material layer according to a seventh
embodiment of the present disclosure.

{61191 FIG. 678 is a vertical cross-sectional view of another region of the sixth
exemplary structure at the processing step of FIG. 67A.

{0111} FIG. 68A is a vertical cross-sectional view of a region of the sixth exemplary
structure after formation of a first patterned mask layer according to the seventh embodiment
of the present disclosure.

j0112] FIG. 68B is a top-down view of the sixth exemplary stucture at the processing
step of FIG. 68A.

{01131 FIG. 69 is a vertical cross-sectional view of a region of the sixth exemplary
structure after vertically recessing the primary dielectric core material layer according to the

seventh ernbodiment of the present disclosure.
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{0114] FI(3. 70 is a vertical cross-sectional view of a region of the sixth exemplary
structure after etching physically exposed portions of a semiconductor channel layer
according to the seventh embodiment of the present disclosure.

{0115] FIG. 71A is a vertical cross-sectional view of a region of the sixth exemplary
structure after formation of diclectric core fill structures according to the scventh embodiment
of the present disclosure.

j011s] FIG. 71B is a top-down view of the sixth exemplary stoucture at the processing
step of FIG. 71A. The vertical planc A — A’ is the plane of the vertical cross-sectional view
of FIG. 7T1A.

[0117] FIG. 72A i3 a vertical cross-sectional view of aregion of the sixth exemplary
structure after forming dielectric cores by vertically recessing the dielectric core fill structures
and the primary dielectric core material layer according to the seventh embodiment of the
present disclosure.

{0118] FI(3. 72B is a top-down view of the sixth exemplary structure at the processing
step of FIG. 72A. The vertical planc A — A’ is the plane of the vertical cross-sectional view
of FIG. 72A.

{3119] FIG. 72C is a vertical cross-sectional view of another region of the sixth
exemplary structure along the vertical plane C ~ O of FIG. 72B according to the seventh
embodiment of the present disclosure

{0120] FIG. 7T3A is a vertical cross-sectional view of a region of the sixth exemplary
structure atter forming drain regions according to the seventh embodiment of the present
disclosure.

[0121] FIG. 73B 1s a top-down view of the sixth exemplary structure at the processing
step of FIG. 73A. The vertical plang A — A’ is the plane of the vertical cross-sectional view
of FIG. T3A.

{3122} FIG. 73C is a vertical cross-sectional view of another region of the sixth
exemplary scucture along the vertical plane C — C of FIG. 73B according o the seventh
cmbodiment of the present disclosure.

{01231 FIG. 74A is a vertical cross-sectional view of a region of the sixth exernplary
structure after replacement of the sacrificial material layers with electrically conductive

layers according to the seventh embodiment of the present disclosure.
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{0124] FI(3. 74B is a vertical cross-sectional view of a region of the sixth exemplary
structure after formation of a second patterned mask layer according to the seventh
embodiment of the present disclosure.
{0125] FIG. 74C is a top-down view of the sixth exemplary structure at the processing
step of FIG. 748. The vertical plane B — B’ is the plane of the vertical cross-sectional view
of FIG. 74B.
{0126] FIG. 75 is a vertical cross-sectional view of a region of the sixth exemplary
structure after formation of drain-select-level trenches according to the seventh embodiment
of the present disclosure.
[0127] FIG. 76A i3 a vertical cross-sectional view of aregion of the sixth exemplary
structure after formation of drain-select-level isolation structures according to the seventh
embodiment of the present disclosure.
[0128] FIG. 768 is a top-down view of the sixth exemplary structiwe at the processing
step of FIG. 76A. The vertical plane A — A’ is the plane of the vertical cross-sectional view
of FIG. 76A.
{0129] FIG. 77A is a vertical cross-sectional view of the sixth exeroplary structure after
formation of various contact via structures according to the seventh embodiment of the
present disclosure.
{01306] FIG. 778 is a top-down view of the sixth exemplary structire at the processing
step of FIG. 77A. The vertical plane A — A’ is the plane of the vertical cross-sectional view
of FIG. 77A.
{01311 FIG. 77C is a horizontal cross-sectional view of a region of the sixth exemplary
structure along the plane C — C of FIG. 77A.
{0132] FIG. 77D is a horizontal cross-sectional view of a region of the sixth exemplary
structure along the plase D~ O of FIG. 77A,

DETAILED DESCRIPTION
§31331 As discussed above, the present disclosure is directed to three-dimensional
memory devices including a vertical stack of multilevel memory arrays and methods of
making thereof, the various embodiments of which are described below. The embodiments
of the disclosure may be used o form various structures including a multifevel memory

structure, non-limiting examples of which include semiconductor devices such as three-
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dimensional monolithic memuory array devices comprising a plurality of NAND memory
strings.

[0134] The drawings are not drawn to scale. Multiple instances of an element may be
duplicated where a single instance of the element is illustrated, unless absence of duplication
of clements is expressly described or clearly indicated otherwise. Urdinals such as “first,”
“second,” and “third” are used merely to identify similar elements, and different ordinals may
be 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 to 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 clement may 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
element is located “directly on” a second element if there exist a physical contact between a
surface of the first element and a surface of the second element. As used herein, a
“prototype” structure or an “in-process” structure refers to a transient structure that is
subsequently modified in the shape or composition of at icast one component therein.

{0135] As used herein, a “layer” refers to a material portion including a region having a
thickness. A layer may extend over the entirety of an underlying or overlying structure, or
may have an extent less than the extent of an underlying or overlying structure. Further, a
layer may be a region of a homogeneous or inhomogeneous continuous structure that has a
thickness less than the thickness of the continuous structure. For example, a layer may be
located between any pair of horizontal planes between, or at, a top surface and a bottom
surface of the continuous structure. A layer may extend horizontally, vertically, and/or along
a tapered surface. A substrate may be a layer, may include one or more layers therein, or
may have one or more layver thereupon, thereabove, and/or therebelow.

§3136] As used herein, a first surface and a second surface are “vertically coincident”
with cach other if the second surface overlies or underlies the first surface and there exists a
zig-zag vertical plane or a substantially zig-zag vertical plane that includes the first surface
and the second surface. A substantially zig-zag 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

zig-zag vertical plane or a substantially zig-zag vertical plane is straight along a vertical

-17-



WO 2020/163007 PCT/US2019/063461

direction or a substantially vertical direction, and may, or may not, include a curvature along
a direction that is perpendicular to the vertical direction or the substantially vertical direction.
{0137] A monolithic three-dimensional memory array is a memory array in which
multiple memory levels are formed above a single substrate, such as a semiconductor wafer,
with no intervening subsirates. The term “monolithic” means that layers of each level of the
array are directly deposited on the fayers of each underlying level of the arvay. In contrast,
two dimensional arrays may be formed separately and then packaged together to form a non-
monolithic memory device. For example, non-monolithic stacked memories have been
constructed by forming memory levels on separate substrates and vertically stacking the
memory levels, as described in ULS. Patent No. 5,913,167 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 various three-
dimensional memory devices of the present disclosure inclide a monolithic three-
dimensional NAND string memory device, and may be fabricated using the various
embodiments described berein.

{0138] Generally, a semiconductor package (or a “package”) refers to a unit
semiconductor device that may be attached to a circuit board through a sct of pins or solder
balls. A semiconductor package may mclude a semiconductor chip (or a “chip”™) or a
plarality of semiconductor chips that are bonded throughout, for example, by flip-chip
bonding or another chip-to-chip bonding. A package or a chip may include a single
seraiconductor die {or a “die”) or a plurality of semiconductor dies. A die is the smallest unit
that may independently execute external conmands or report status. Typically, a package or
a chip with muultiple dies is capable of simultanecusly cxecuting as many cxternal commands
as the total number of planes therein. Hach die includes one or more plancs. Identical
concurrent operations may be exccuted in each plane within a same die, although there may
be some restrictions. In case a die is a2 memory die, 1.¢., a die including memory elements,
concurrent read operations, concurrent write operations, Or concurrent erase operations may
be performed in cach plane within a same memory die. In a memory die, each plane contains
a murmber of memory blocks {or “blocks™), which are the smallest unit that may be erased by

in a single erase operation.  Each memory block contains a number of pages, which are the
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smallest units that may be selected for programming. A page is also the smallest unit that
may be selected to a read operation.

{0139] Referring to FIG. 1, a first exemplary structure according to the first embodiment
of the present disclosure is illustrated, which may be used, for example, o fabricate a device
structure containing vertical NAND memory devices. The first exemplary structure includes
a substrate (9. 10}, which may be a semiconductor subsirate. The substrate may include a
substrate semiconductor layer 9 and an optional semiconductor material layer 10. The
substrate semiconductor layer 9 may be a semiconductor wafer or a semiconductor material
layer, and may include at least one elemental semiconductor material {e.g., single crystal
silicon wafer or layer), at least one -V compound semiconductor material, at least one H-VI
compound semiconductor material, at feast one organic semiconductor material, or other
semiconductor materials known in the art. The substrate may have a major surface 7, which
may be, for example, a topmost surface of the substrate semiconductor layer 9. The major
surface 7 may be a semiconductor surface. In one embodiment, the major surface 7 may be a
single crystalline semiconductor surface, such as a single crystalline semiconductor surface.
{01401 As used herein, a “serniconducting 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
“semiconductor material” refers to a material having electrical conductivity in the range from
1.0 x 107 8/m to 1.0 $/m in the absence of electrical dopants therein, and is capable of
producing a doped material having electrical conduactivity in arvange from 1.0 S/mto 1.0x
1(¥° S/m upon suitable doping with an clectrical dopant. As used herein, an “clectrical
dopant” refers fo 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 clectrical conductivity greater
than 1.0 x 10° $/m. As used herein, an “insulator material” or a “dielectric material” refers to
a material baving electrical conductivity less than 1.0 x 107 S/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
anneal process (for example, from an initial amorphous staie), i.e., to have clectrical
conductivity greater than 1.0 x 10° $/m. A “doped semiconductor material” may be a heavily

doped semiconductor material, or may be a semiconductor material that includes electrical
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dopants (i.e., p-type dopants and/or n-type dopants} at a concentration that provides electrical
conductivity in the range from 1.0 x 107 8/m to 1.0 x 10° S/m. An “intrinsic semiconductor
material” refers to a semiconductor material that is not doped with electrical dopants. Thus, a
semiconductor material may be semiconducting or conductive, and may be an intrinsic
semiconductor material or a doped semiconductor material. A doped semiconductor material
may be semiconducting or conductive depending on the atomic concentration of electrical
dopants therein.  As used herein, a “metallic material” vefers to a conductive material
including at least one metallic clement therein.  All measurements for electrical
conductivities are rnade at the standard condition.

[0141] At least one semiconductor device 700 for a peripheral circuitry may be optionally
formed on a portion of the substrate semiconductor layer 9. The at least one semiconductor
device 700 may include, for example, field effect transistors. For example, at least one
shallow trench isolation stracture 720 may be formed by etching portions of the substrate
semiconductor layer 9 and depositing a diclectric material thercin. A gate dielectric layer, at
least one gate conductor layer, and a gate cap dielectric layer may be formed over the
substrate semiconductor layer 9, and may be subsequently patterned to form at least one gate
structure (756, 752, 754, 758). cach of which may include a gate diclectric 750, a gate
clectrode (752, 754), and a gate cap diclectric 758, The gate electrode (752, 754) may
include a stack of a first gate electrode portion 752 and a second gate electrode portion 754.
At least one gate spacer 736 may be formed around the at least one gate stucture (750, 752,
754, 758) by depositing and anisotropically etching a dielectric liner. Active regions 730
may be formed in upper portions of the substrate semiconductor layer 9, for example, by
introducing electrical dopants using the at least one gate structare (750, 752, 754, 758) as
masking structures. Additional masks may be used as needed. The active region 730 may
include source regions and drain regions of ficld effect wansistors. A first dielectric liner 761
and a second diclectric liner 762 may he optionally formed. Each of the first and second
dielectric liners (761, 762) may comprise a silicon oxide layer, a silicon nitride layer, and/or a
diclectric metal oxide layer. As used herein, sthicon oxide includes silicon dioxide as well as
non-stoichiometric silicon oxides having more or less than two oxygen atoms for each silicon
atoms. Silicon dioxide is preferred. In an illustrative example, the first dielectric liner 761
may be a silicon oxide layer, and the second dielectric liner 762 may be a silicon nitride

layer. The least one semiconductor device for the peripheral circuitry may contain a driver
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circuit for memory devices to be subsequently formed, which may include at least one
NAND device.

[0142] A dielectric material such as silicon oxide may be deposited over the at least one
semiconductor device 700, and may be subsequently planarized to form a planarization
diclectric layer 770. In one embodiment, the planarized top surface of the planarization
dielectric layer 770 may be coplanar with a top surface of the dielectric liners (761, 762).
Subsequently, the planarization dielectric layer 770 and the dielectric liners (761, 762) may
be removed from an arca to physically exposc a top surface of the substrate semiconductor
layer 9. As used herein, a surface is “physically exposed” if the surface is in physical contact
with vacuum, or a gas phase material {such as air).

{0143] The optional semiconductor material layer 10, if present, may be formed on the
top surface of the substrate semiconductor layer 9 prior to, or after, formation of the at least
one semiconductor device 700 by deposition of a single erystalline semiconductor material,
for example, by sclective epitaxy. The deposited semiconductor material may be the same as,
or may be different from, the semiconductor material of the substrate semiconductor layer 9.
The deposited semiconductor material roay be any material that may be used for the substrate
semiconductor layer 9 as described above. The single crystalline semiconductor material of
the semiconductor material layer 10 may be in epiiaxial slignment with the single crystalline
structure of the substrate semiconductor layer 9. Portions of the deposited semiconductor
material located above the top surface of the planarization dielecwric layer 770 may be
removed, for example, by chemical mechanical planarization (CMP). In this case, the
serniconductor material layer 10 may have a top surface that is coplanar with the top surface
of the planarization dielectric layer 770.

{0144 The region {(i.c., area) of the at least one semiconductor device 70 is herein
referved 1o as a peripheral device region 200, The region in which a memeory array is
subsequently formed is herein referred o as a memory array region 100. A staircase region
300 for subsequently forming stepped terraces of electiically conductive layers may be
provided between the memory array region 100 and the peripheral device region 200.

{0145] Referring to FIG. 2, a stack of an alternating plurality of first material layers
(which may be insulating layers 32) and second material layers (which may be sacrificial
material layer 42) may be formed over the top surface of the substrate (9, 10). As used

herein, a “material laver” refers to a layer including a material throughout the entirety thoreof.
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As used herein, an alternating plurality of first eleraents and second clements refers to a
structure in which instances of the first elernents and instances of the second elements
alternate. Each instance of the first elements that is not an end element of the alternating
plurality is adjoined by two instances of the second elements on both sides, and each instance
of the second elements that is not an end clement of the alternating plurality is adjoined by
two instances of the first elements on both ends. The first elements 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 second material layers, and may end with an
instance of the first material layers or with an instance of the second material layers. In one
embodiment, an instance of the first elements and an instance of the second elements may
form a unit that is repeated with periodicity within the alternating phirality.

{0146] Each first material layer includes a first material, and each seccond material layer
includes a second material that is different from the first material. In one embodiment, each
first material layer may be an insulating layer 32, and each second material layer moay be a
sacrificial material layer. In this case, the stack may inchude an alternating plurality of
insulating layers 32 and sacrificial material layers 42, and constituies a prototype stack of
alternating layers comprising insulating layers 32 and sacrificial material layers 42.

{6147] The stack of the alternating phurality is herein referred to as an alternating stack
(32, 42). In one embodiment, the alternating stack (32, 42) may include insulating layers 32
composed of the first material, and sacrificial material layers 42 composed of a second
material different from that of insulating layers 32. The first material of the insulating layers
32 may be at least one insulating material. As such, each insulating layer 32 may be an
insufating material layer. Insulating materials that may be used for the insulating layers 32
include, but are not limited to, silicon oxide (including doped or undoped silicate glass),
silicon nitride, silicon oxynitride, organosilicate giass (OSG), spin-on dielectric materials,
diclectric metal oxides that are commmonly known as high diclectric constant (high-k)
dielectric oxides (¢.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 insulating layers 32 may be silicon oxide.
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{63148} The second material of the sacrificial material layers 42 is a sacrificial material
that may be removed selective to the first material of the insulating layers 32. As used
herein, a rermoval of a first material is “selective t0” a second material if the removal process
removes the first material af a rate that is at least twice the rate of removal of the second
material. The ratio of the rate of rernoval of the first material to the rate of removal of the
second material is herein referved to as a “selectivity” of the removal process for the first
material with respect to the second material.

{01491 The sacrificial material layers 42 may comprise an insulating material, a
semiconductor material, or a conductive material. The second material of the sacrificial
material layers 42 may be subsequently replaced with electically conductive electrodes
which may function, for example, as control gate electrodes of a vertical NAND device.
Non-limiting exaroples of the second material include silicon nitride, an amorphous
semiconductor material (such as amorphous silicon), and a polyerystalline semiconductor
material (such as polysilicon). In one embodiment, the sacrificial material layers 42 may be
spacer material fayers that comprise silicon nitride or a semiconductor material including at
least one of silicon and germanium.

{0156] In one embodiment, the insulating lavers 32 may include silicon oxide, and
sacrificial material layers may include silicon nitride sacrificial material layers. The first
material of the insulating layers 32 may be deposited, for example, by chemical vapor
deposition (CVD). For example, if silicon oxide is used for the insulating layers 32,
tetracthyl orthosilicate {TEOS) may be used as the precursor material for the CVD process.
The second material of the sacrificial material layers 42 may be formed, for example, CVD or
atomic layer deposition {ALD).

{0151] The sacrificial material layers 42 may be suitably patternad so that conductive
material portions to be subsequently formed by replacement of the sacrificial material layers
42 may function as electrically conductive electrodes, such as the control gate electrodes of
the monolithic three-dimensional NAND string memory devices o be subsequently formed.
The sacrificial material layers 42 may comprise a portion having a strip shape extending
substantially paralle! to the major surface 7 of the substrate.

[0132] The thicknesses of the insulating layers 32 and the sacrificial material iayers 42
may be in a range from 20 nm to 50 nm, although lesser and greater thicknesses may be used

for cach insulating layer 32 and for cach sacrificial material layer 42. The number of
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repetitions of the pairs of an insulating layer 32 and a sacrificial material layer (e.g., a control
gate electrode or a sacrificial material layer) 42 may be in a range from 2 to 1,024, and
typically from 8 to 256, although a greater mumber of repetitions may also be used. The top
and bottom gate clectrodes in the stack may function as the select gafe electrodes. In one
cmbodiment, each sacrificial material layer 42 in the alternating stack (32, 42) may have a
uniform thickness that is substantially invariant within each respective sacrificial matenial
tayer 42.

{01531 While the present disclosure describe emnbodiments in which the spacer material
layers are sacrificial material layers 42 that are subsequently replaced with electrically
conductive layers, in other embodiments the sacrificial material layers may be formed as
clectrically conductive layers. In such embodiments, steps for replacing the spacer material
layers with electrically conductive lavers may be omitted.

[0154] Optionally, an insulating cap layer 70 may be formed over the alternating stack
(32, 42). The insulating cap layer 70 may include a dielectric material that is different from
the material of the sacrificial material layers 42. In one embodiment, the jnsulating cap layer
70 may include a dielectric material that may be used for the insulating layers 32 as described
above. The insulating cap layer 70 may have a greater thickness than each of the insulating
tayers 32. The insulating cap layer 70 may be deposited, for example, by chemical vapor
deposition. In one embodiment, the insulating cap layer 70 may be a silicon oxide layer.
{3155] Referring to FIG. 3, stepped surfaces may be formed at a peripheral region of the
alternating stack (32, 42}, which is herein referred to as a terrace region. As used herein,
“stepped surfaces” refer to a set of surfaces that include at Ieast two horizontal surfaces and at
least two vertical surfaces such that each horizontal surface is adjoined to a first vertical
surface that extends upward from a first edge of the horizontal surface, and is adjoined to a
sccond vertical surface that extends downward from a second edge of the horizontal surface.
A stepped cavity is formed within the volume from which portions of the alternating stack
(32, 42) are removed through formation of the stepped surfaces. A “stepped cavity” refers to
a cavity having stepped surfaces.

{0156] The terrace region may be formed in the staircase region 300, which is located
between the memory array region 100 and the peripheral device region 200 containing the at
least one semiconductor device 700 for the peripheral circuitry. The stepped cavity may have

various stepped surfaces such that the horizontal cross-sectional shape of the stepped cavity
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changes in steps as a function of the vertical distance from the top surface of the substrate (9,
13). In one embodiment, the stepped cavity may be formed by repetitively performing a set
of processing steps. The set of processing steps may include, for example, an etch process of
a first type that vertically increases the depth of a cavity by onc or more levels, and an etch
process of a second type that laterally expands the area to be vertically etched in a subsequent
etch process of the first type. As used herein, a “level” of a structure including alternating
plorality is defined as the relative position of a pair of a first material layer and a second
material layer within the structure.

{01571 Each sacrificial material layer 42 other than a topmost sacrificial material layer 42
within the alternating stack (32, 42} may laterally extend farther than any overlying sacrificial
material layer 42 within the alternating stack (32, 42) in the terrace region. The terrace
region may include stepped surfaces of the alternating stack (32, 42) that continuously extend
from a bottoramost layer within the alternating stack (32, 42) to a topmost layer within the
alternating stack (32, 42).

{0158] Each vertical step of the stepped surfaces may bave the height of one or more
pairs of an insulating layer 32 and a sacrificial material layer. In one embodirnent, each
vertical step may have the height of a single pair of an insulating layer 32 and a sacrificial
material layer 42. In another embodiment, multiple “columns” of staircases may be formed
along a first horizontal direction hdl such that each vertical step has the height of a plurality
of pairs of an insulating layer 32 and a sacrificial material layer 42, and the number of
columns may be at least the number of the plurality of pairs. Each column of staircase may
be vertically offset from one another such that each of the sacrificial material layers 42 has a
physically exposed top surface in a respective column of staircases. In the illustrative
cxample, two columns of staircases are formed for cach block of memory stack structures o
be subsequently formed such that one column of staircases provide physically exposed top
surfaces for odd-numbered sacrificial material layers 42 (as counted from the bottom) and
another column of staircases provide physically exposed top sarfaces for even-numbered
sacrificial material layers (as counted from the bottom}. Configurations using three, four, or
more columns of staircases with a respective set of vertical offsets from the physically
cxposed surfaces of the sacrificial material layers 42 may also be used. Each sacrificial
material layer 42 may have a greater lateral extent, at least along one direction, than any

overlying sacrificial material layers 42 such that each physically exposed surface of any
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sacrificial material layer 42 does not have an overhang. In one embodiment, the vertical
steps within cach column of staircases may be arranged along the first horizontal direction
hdl, and the columns of staircases may be arranged along a second horizontal divection hd2
that is perpendicular to the first horizontal ditection hdl. In onc embodiment, the first
borizontal direction hdl may be perpendicular to the boundary between the mermory array
region 100 and the staircase region 300.

{0159] A retro-stepped dielectric material portion 65 (i.e., an insulating fill material
portion) may be formed in the stepped cavity by deposition of a dielectric material therein.
For example, a diclectric material such as silicon oxide may be deposited in the stepped
cavity. Excess poruons of the deposited diclectric material may be removed from above the
top surface of the insulating cap layer 70, for example, by chemical mechanical planarization
(CMP). The remaining portion of the deposuted dielectric material filling the stepped cavity
constitutes the retro-stepped dielectric material portion 65. As used herein, a “retro-stepped”
element refers {o an clement that has stepped surfaces and a horizontal cross-sectional arca
that increases monotonically as a function of a vertical distance from a top surface of a
substrate on which the element is present. If stlicon oxide is used for the retro-stepped
dielectric material portion 635, the silicon oxide of the retro-stepped dielectric material portion
65 may, or may not, be doped with dopants such as B, P, and/or F.

{0160] Referring to FIGS. 4A and 4B, a lithographic material stack (not shown) including
at least a photoresist layer may be formed over the insuiating cap layer 70 and the vetro-
stepped dielectric material portion 65, and may be lithographically patterned to form
openings therein. The openings include a first set of openings formed over the memory array
region 100 and a second set of openings formed over the staircase region 300. The pattern in
the lithographic maierial stack may be transferred through the insulating cap layer 70 or the
retro-stepped dielectyic material portion 63, and through the alternating stack (32, 42) by at
least one anisotropic etch that uses the patterned lithographic material stack as an etch mask
tayer. Portions of the alternating stack (32, 42) underlying the openings in the patterned
lithographic material stack are ctched to form memory openings 49 and support openings 19.
As used herein, a “memory opening” refers to a structure in which memory elements, such as
a memory stack structure, is subsegquently formed. As used herein, a “support opening”
refers to a structure in which a support structure (such as a support pillar structure) that

mechanically supports other elements is subsequently formed. The memory openings 49 may
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he formed through the insulating cap layer 70 and the entirety of the alternating stack (32, 42)
in the memory array region 100. The support openings 19 may be formed through the retro-
stepped dielectric matevial portion 65 and the portion of the alternating stack (32, 42) that
underlic the stepped surfaces in the staircase region 300.

{0161] The memory openings 49 may exiend through the entivety of the alternating stack
(32, 42). The support openings 19 may extend through a subset of layers within the
alternating stack (32, 42). The chemistry of the anisotropic etch process used to etch through
the materials of the alternating stack (32, 42) may alternate to optimize ciching of the first
and second raterials in the alternating stack (32, 42). The anisotropic etch may be, for
example, a series of reactive ion etches. The sidewalls of the memory openings 49 and the
support openings 19 may be substantially vertical, or may be tapered. The patterned
lithographic material stack may be subsequently removed, for example, by ashing.

[0162] The memory openings 49 and the support openings 19 may extend from the top
surface of the alternating stack (32, 42) to at least the horizontal plane including the topmost
surface of the semiconductor material layer 10, In one embodiment, an overetch into the
semiconductor material fayver 10 may be optionally performed after the top surface of the
semiconductor matertal layer 10 is physically exposed at a bottom of each memory opening
49 and cach support opening 19. The overetch may be performed prior to, or after, removal
of the lithographic material stack. In other words, the recessed surfaces of the semiconductor
material layer 10 may be vertically offset from the un-recessed top surfaces of the
semiconductor matertal layer 10 by a recess depth. The recess depth may be, for example, in
a range from 1 nm to 30 nm, although lesser and greater recess depths may also be used. The
overetch is optional, and may be omitted. I the overctch i3 not performed, the botiom
surfaces of the memory openings 49 and the support openings 19 may be coplanar with the
topraost surface of the semiconductor material layer 10,

{0163] Each of the memory openings 49 and the support openings 19 may include a
sidewall {or a plurality of sidewalls) that extends substantially perpendicular to the topmost
surface of the substrate. A two-dimensional array of memory openings 49 may be formed in
the memory array region 100, A two-dimensional arvay of support openings 19 may be
formed in the staircase region 300. The substrate semiconductor layer 9 and the
semiconductor material layer 10 collectively constitutes a substrate (9, 10), which may be a

semiconductor substrate. Alternatively, the semiconductor material layer 10 may be omitted,

27



WO 2020/163007 PCT/US2019/063461

and the memory openings 49 and the support openings 19 may be extend to a top surface of
the substrate semiconductor layer 9.

[0164] The memory openings 49 may be arranged in rows that extend along a first
horizontal direction hdl and laterally spaced apart along a second horizontal direction hd2
that is perpendicular to the first horizontal direction hdl. Memory openings 4% in cach row
may have a untform intra-row pitch pl, which is the center-to-center distance between a
neighboring pair of memory openings 49 within a row of memory openings 49. Further, the
rows of memory openings 49 may be arranged along the sccond horizontal direction hd2 with
a uniform inter-row pitch p2, or a row-to-row pitch, which is the distance between a first
vertical plane passing through geometrical centers of a first row of memory openings 49 and
a second vertical plane passing through geometrical centers of a second row of memory
openings 49 that neighbors the first row of memory openings 49. In one embodiment, the
memory openings 49 may be arranged as two-dirnensional periodic arrays that are laterally
spaced apart along the second horizontal divection hd2. Each two-dimensional periodic array
of memory openings 49 may include multiple rows of memory openings 49 such that cach
neighboring pair of rows of memory openings 49 has a uniformo inter-row pitch p2. The
number of rows of memory openings 49 within each two-dimensional periodic array of
memaory openings 49 may be in arange from 4 to 32, such as from 8 to 16, although lesser
and greater number of rows may be used for each two-dimensional periodic array of memory
openings 49.

{0165] FIGS. 5A - 5H illustrate structural changes in a memory opening 49, which is
one of the memory openings 49 in the first exeraplary structure of FIGS. 4A and 48, The
same structural change occurs simultaneously in each of the other mermory openings 49 and
in each of the support openings 19.

{0166] Referring to FIG. SA, a memory opening 49 in the exeroplary device structure of
FIGS. 4A and 4B is illustrated. The memory opening 49 may extend through the insulating
cap layer 70, the alternating stack (32, 42), and optionally into an upper portion of the
semiconductor material faver 10. At this processing step, cach support opening 19 may
cxtend through the retro-stepped dielectric material portion 63, a subset of layers in the
alternating stack (32, 42), and optionally through the upper portion of the semiconductor
material layer 10. The recess depth of the bottom surface of cach memory opening with

respect to the top surface of the semiconductor material layer 10 may be in a range from 0 nm
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to 30 nm, although greater recess depths may also be used. Optionally, the sacrificial
material layers 42 may be laterally recessed partially to form lateral recesses (not shown), for
cxample, by an isotropic etch.

{0167] Referring to FIG. 3B, an optional pedestal channel portion (e.g., an epitaxial
pedestaly 11 may be formed at the bottom portion of cach memory opening 49 and each
support openings 19, for example, by selective epitaxy. Each pedestal channel portion 11
may comprise a single crystalline semiconductor material in epitaxial alignment with the
single crystalline semiconductor material of the semiconductor material layer 10, In one
cmbodiment, the top surface of each pedestal channel portion 11 may be formed above a
honzontal plane including the top swface of a bottommost sacrificial material layer 42, In
this case, a source sclect gate electrode may be subsequently formed by replacing the
bottommost sacrificial material layer 42 with a conductive material layer. The pedestal
channel portion 11 may be a portion of a transistor channel that extends between a source
region to be subsequently formed in the substrate (9, 10) and a drain region to be
subsequently formed in an upper portion of the mernory opening 49. A memory cavity 497
may be present in the vnfilled portion of the memory opening 49 above the pedestal channel
portion 11. In one embodiment, the pedestal channel portion 11 may comprise single
crystalline silicon. In one embodiment, the pedestal channel portion 11 may have a doping of
the first conductivity type, which is the same as the conductivity type of the semiconductor
material layer 10 that the pedestal channel portion contaces. H a semiconductor matertal fayer
10 is not present, the pedestal channel portion 11 may be formed directly on the substraie
semiconductor laver 9, which may have a doping of the first conductivity type.

[0168] Referring to FIG. 5C, a stack of iayers including a blocking dielectric layer 52, a
charge storage layer 54, a tunneling dielectric layer 56, and an optional first semiconductor
channel layer 601 may be sequentially deposited in the memory openings 49.

[0169] The blocking dielectric layer 52 may include a single dielectric matenial layerora
stack of a plurality of dielectric material layers. In one embodiment, the blocking diclectric
fayer may include a diclectric metal oxide layer consisting essentially of a diclectric metal
oxide. Asused herein, 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 consist
cssentially of the at least one metallic element and oxygen, or may consist essentially of the

at least onc metallic element, oxvgen, and at least one non-metallic element such as nitrogen.
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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
dielectric constant of silicon nitride.

{0176] Non-limiting exampies of diclectric metal oxides include aluminum oxide
{A1203), hatnium oxide (HfQ:), lanthanum oxide (La(n), yttrium oxide (Y20s3), tantalum
oxide (Tax0s), silicates thereof, nitrogen-doped compounds thereof, alloys thereof, and stacks
thereof. The diclectric metal oxide layer may be deposited, for example, by chemical vapor
deposition (CVD), atomic layer deposition (ALD), pulsed laser deposition (PLD), liquid
source misted chemical deposition, or a combination thereof. The thickness of the dielectric
metal oxide layer may be in a range from I nm to 20 nm, although iesser and greater
thicknesses may also be used. The dielectric metal oxide fayer may subsequently function as
a diclectric material portion that blocks leakage of stored electrical charges to control gate
clectrodes. In one embodument, the blocking dielectric tayer 32 includes aluminum oxide. In
one embodiment, the blocking dielectric layer 52 may include multiple dielectric metal oxide
fayers having different material compositions.

{01711 Alternatively, or additionally, the blocking dielectric layer 52 may include a
dielectric sericonductor compound such as silicon oxide, silicon oxynitride, silicon nitride,
or a combination thereof. In one embodiment, the blocking dielectric layer 52 may include
silicon oxide. In this case, the dielectric semiconductor compound of the blocking dielectric
tayer 52 may be formed by a conformal deposition method such as iow pressure chemical
vapor deposition, atomic layer deposition, or a combination thereof. The thickness of the
dielectric semiconductor compound may be in arange from 1 nm to 20 nim, although lesser
and greater thicknesses may also be used. Alternatively, the blocking dielectric layer 52 may
be omitted, and a backside blocking dielectric layer may be formed after formation of
backside recesses on surfaces of memory films to be subsequently formed.

{0172] 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
cxample, silicon nitride. Alternatively, the charge storage laver 54 may include a contimsous
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 42.
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I one embodiment, the charge storage layer 54 includes a silicon nitride layer. In one
embodiment, the sacrificial material layers 42 and the insulating layers 32 may have
vertically coincident sidewalls, and the charge storage layer 54 may be formed as a single
continous fayer.

{0173] In another embeodiment, the sacrificial material layers 42 may be laterally recessed
with respect to the sidewalls of the insulating fayers 32, 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 arc vertically spaced apart. While the present
disclosure describes some embodimnents in which the charge storage layer 54 is a single
continuous layer, in other embodiments the charge storage layver 54 is replaced with a
plurality of memory material portions (which may be charge trapping material portions or
clectrically isolated conductive material portions) that ave vertically spaced apart.

{0174] The charge storage layver 54 may be formed as a single charge storage layer of
homogeneous composition, or may inchude a stack of multipie charge storage layers. The
multiple charge storage lavers, if used, may comprise a plurality of spaced-apart floating gate
material layers that contain conductive materials (e.g., metal such as tungsten, molybdenum,
tantalum, titanium, platinum, ruthenivm, and alloys thereof, or a metal silicide such as
tungsten silicide, molybdenum silicide, tantalum silicide, titanium silicide, nickel silicide,
cobalt silicide, or a combination thereof) and/or semiconductor raterials {e.g., polycrystalline
or amorphous semiconductor material incloding at least one elemental semucondactor
element or at feast one compound semiconductor material).  Alternatively, or additionally,
the charge storage layer 54 may comprise an insulating charge trapping material, such as one
or more stlicon nitride segments. Alternatively, the charge storage layer 54 may comprise
conductive nanoparticics such as metal nanoparticles, which may be, for example, ruthenium
nanoparticles. The charge storage layer 54 may be formed, for example, by chemical vapor
deposition (CVD), atomic layer deposition (ALD), physical vapor deposition (PVD), or any
suitable deposition technique for storing electiical charges therein. The thickness of the
charge storage layer 54 may be in a range from 2 om to 20 nm, although lesser and greater
thicknesses may also be used.

[0175] 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.

{0178] The optional first semiconductor channel layer 601 may include a semiconductor
material such as at least one clemental semiconductor material, at least one HI-V corapound
semiconductor material, at least one [I-VI compound semiconductor material, at least one
organic semiconductor material, or other semiconductor materials known in the art. In one
embodiment, the first semiconductor channel layer 601 may include amorphous silicon or
polysilicon. The first semiconductor channel layer 601 may be formed by a conformal
deposition method such as low pressure chemical vapor deposition (LPCVD). The thickness
of the first semiconductor channel layver 601 may be in a range from 2 nm to 10 am, although
lesser and greater thicknesses may also be used. A memory cavity 49" may be formed in the
volume of cach memory opening 49 that is not filled with the deposited material layers (52,
54, 56, 601).

[0177] Referring to FIG. 5D, the optional first semiconductor channel layer 601, the
tunneling dielectric layer 56, the charge storage layer 54, and the blocking dielectric fayer 52
may be sequentially anisotropically etched using at least one anisotropic etch process. The
portions of the first semiconductor channel layer 601, the tunneling dielectric layer 56, the
charge storage layer 54, and the blocking dielectric layer 52 located above the top surface of
the insulating cap layer 70 may be removed by the at least one anisotropic ctch process.
Further, the horizontal portions of the first semiconductor channel layer 601, the tunneling
dielectric layer 56, the charge storage laver 54, and the blocking dielectric layer 532 at a
bottom of each memory cavity 49” may be removed to form openings in remaining portions

thereof. Each of the first semiconductor channel layer 601, the tunneling diclectric layer 36,
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the charge storage layer 54, and the blocking dielectric layer 52 may be etched by a
respective anisotropic etch process using a respective etch chemistry, which may, or may not,
be the same for the various material layers.

{0178] Each remaining portion of the first semiconductor channel layer 601 may have a
mbular configuration. The charge storage layer 54 may comprise a charge trapping material
or a floating gate material. In one embodiment, each charge storage layer 54 may include a
vertical stack of charge storage regions that store electrical charges upon programimng. In
one embodient, the charge storage layer 54 may be a charge storage layer in which each
portion adjacent to the sacrificial material layers 42 constitutes a charge storage region.
[0179] A surface of the pedestal channel portion 11 {or a surface of the semiconductor
material layer 10 in case the pedestal channel portions 11 are not used) may be physically
exposed underneath the opening through the first semiconductor channel layer 601, the
tanneling dielectric layer 56, the charge storage layer 34, and the blocking dielectric layer 52.
Optionally, the physically exposed semiconductor surface at the bottom of each memory
cavity 49” may be vertically recessed so that the recessed semiconductor surface underncath
the memory cavity 49° is vertically offset from the topmost surface of the pedestal channel
portion 11 {or of the semiconductor material layer 10 in case pedestal channel portions 11 are
not used) by a recess distance, A tunneling dielectric layer 56 may be located over the charge
storage layver 54. A set of a blocking dielectric layer 52, a charge storage layer 34, and a
tanneling dielectric layer 36 in a memory opening 49 may constitute a memory film 50,
which inclades a plurality of charge storage regions {comprising the charge storage layer 54)
that are insulated from swrrounding materials by the blocking dieleciric laver 52 and the
tunneling dielectric layer 56. In one embodiment, the first semiconductor channel laver 601,
the tunneling dielectric layer 56, the charge storage layer 54, and the blocking diclectric layer
52 may have vertically coincident sidewalls.

{0180] Referring to FIG. 5E, a second semiconductor channel fayer 682 may be deposited
directly on the semiconductor surface of the pedestal channel portion 11 or the semiconductor
material layer 10 if the pedestal chanuel portion 11 is omitted, and directly on the first
semiconductor channel layer 601. The second semiconductor channel layer 602 may include
a semiconductor material such as at least one elemental semiconductor material, at least one
[It-V compound semiconductor material, at least one [I-VI compound semiconductor

material, at least one organic semiconductor material, or other semiconductor materials
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known in the art. In one embodiment, the second semiconductor channel layer 602 may
include amorphous silicon or polysilicon. The second semiconductor channel layer 602 may
be formed by a conformal deposition method such as low pressure chemical vapor deposition
(LPCVD). The thickness of the second semiconductor channel layer 602 may be in a range
from 2 nm to 10 nip, although lesser and greater thicknesses may also be used. The secound
semiconductor channel layer 602 may partially fill the memory cavity 49” in each memory
opening, or may fully fill the cavity in cach memory opening.

{61811 The materials of the first semiconductor channel layer 601 and the second
semiconductor channel layer 602 are collectively referred to as a serniconductor channel
material. In other words, the semiconductor channel material is a set of all semiconductor
material in the first semiconductor channel layer 601 and the second semiconductor channel
tayer 602.

[0182] Referring to FIG. 5F, in emsbodiments in which the memory cavity 497 in each
memory opening is not completely fitied by the second semiconductor channel layer 602, a
dielectric core layer 621 may be deposited in the memory cavity 49° to fill any remaining
portion of the memory cavity 49 within each memory opening. The dielectric core layer 621
may inciude a dielectric material such as silicon oxide or organosilicate glass. The diclectric
core layer 621 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.

{0183] Referring to FIG. 5, the horizontal portion of the dielectric core layer 621 may
he removed, for example, by a recess eich from above the top surface of the insulating cap
tayer 70. Each remaining portion of the dielectric core layer 62L constitutes a dielectric core
62. Further, the horizontal portion of the second semiconductor channel layer 602 located
above the top surface of the insulating cap layer 70 may be removed by a planarization
process, which may use a recess etch or chemical mechanical planarization (CMP). Each
remaining portion of the second semiconductor chansel layer 602 may be located entirety
within a memory opening 49 or entirely within a support opening 19.

{01841 Each adjoining pair of a first semiconductor channel layer 601 and a second
semiconductor channel layer 602 may collectively form a vertical semiconductor channet 60
through which electrical current may flow when a vertical NAND device including the

vertical serniconductor channel 60 is turned on. A tunneling dielectric layer 56 may be
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surrounded by a charge storage layer 54, and laterally swrrounds a portion of the vertical
semiconductor channel 60. Each adjoining set of a blocking diclectric layer 52, a charge
storage layer 54, and a tunneling dielectric tayer 56 may collectively constitute a memory
film 50, which may store electrical charges with a macroscopic retention time. In some
crebodiments, a blocking diclectric layer 52 may not be present in the memory film 30 at this
step, and a blocking dielectric layer may be subsequently formed after formation of backside
recesses. As used herein, a macroscopic retention time refers to a retention time suitable for
operation of 2 memory device as a permanent memory device such as a retention time in
excess of 24 hours.

[0185] Referring to FIG. SH, the top surface of each dielectric core 62 may be further
recessed within each memory opening, for exarpie, by a recess ctch to a depth that is located
between the top surface of the insulating cap layver 70 and the bottom surface of the insulating
cap laver 70. Drain regions 63 may be formed by depositing a doped semiconductor material
within each recessed region above the diclectric cores 62. The drain regions 63 may have a
doping of a sccond conductivity type that is the opposite of the first conductivity type. For
cxample, if the first conductivity type is p-type, the second conductivity type is n-type, and
vice versa. The dopant concentration in the drain regions 63 may be in arange from 5.0 x
10%cm’ 10 2.0 x 107Yem®, although lesser and greater dopant concentrations may also be
used. The doped semiconductor material may be, for example, doped polysilicon. Excess
portions of the deposited semiconductor material may be removed from above the top surface
of the msulating cap layer 70, for example, by chemical mechanical planarization (CMP) or a
recess etch to form the drain regions 63.

{31861 Each combination of a memory filim 50 and a vertical semiconductor channel 6{
within a memory opening 49 constitutes a memory stack structure 35. The memory stack
structure 55 is a combination of a semiconductor channel, a wnuneling dielectric layer, a
plurality of memory clements comprising portions of the charge storage layer 54, and an
optional blocking dielectric layer 52. Each combination of a pedestal channel portion 11 (if
present), a memory stack structure 55, a dielectric core 62, and a drain region 63 within a
memory opening 49 is herein referred to as a memory opening fill structure 58. Each
combination of a pedestal channel portion 11 (if present), a memory film 50, a vertical

semiconductor channel 60, a dieleciric core 62, and a drain region 63 within each support
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opening 19 may fill the respective support openings 19, and constitutes a support pillar
structure.

[0187] Referring to FIG. 6, the {irst exemplary structure is ithustrated after formation of
memaory opening fill structures 58 and support pillar structure 20 within the memory
openings 49 and the support openings 19, respectively. An instance of a memory opening fill
structure 58 may be formed within each memory opening 49 of the structure of FIGS. 4A and
4B. An instance of the support pitlar structure 20 may be formed within each support
opening 19 of the structure of FIGS. 4A and 48.

{3188} Each memory stack structure 55 includes a vertical semiconductor channel 60,
which may comprise multiple semiconductor channel layers (601, 602), and a memory film
50. The memory film 50 may comprise a tunneling dielectric layer 56 laterally surrounding
the vertical semiconductor channel 60, a vertical stack of charge storage regions {(comprising
a charge storage layer 54) laterally surrounding the tunneling dielectric layer 56, and an
optional blocking dielectric layer 52. While the present disclosure is described using the
illustrated configuration for the memory stack structure, the methods of the present disclosure
may be applied to alternative memory stack structures including different layer stacks or
structures for the memory film 50 and/or for the vertical semiconductor channel 60.

{0189] Each memory stack structure 55 may be formed in a respective one of the memory
openings 49. As such, the memory stack stroctures 55 may be arranged in two rows that
extend along the first horizontal direction hdl. Memory stack structures 55 within each row
have a uniform intra-row pitch pl. In one embodiment, the memory stack structures 535 may
be arranged as a two-dimensional periodic array in which cach neighboring pair of rows of
memory stack structures 53 has a uniform inter-row pitch pZ.

{0194G] Referring to FIGS. 7A and 7B, a patterned etch mask layer 307 including
clongated openings may be formed over the alternating stack (32, 42) and the memory stack
structures 55, In one embodiment, the patterned etch mask layer 307 may be a patterned
photoresist layer formed by application and lithographic patterning of a photoresist material
over the alternating stack (32, 42) and the memaory stack structures 55. Each opening in the
patterned etch mask Jayer 307 may overlie a segment of each memory stack structure 55
within a neighboring pair of rows of memory stack structures 55. Hach memory stack
structure 55 of which a segment is located within an area of one of the openings in the

patterned etch mask layer 307 is berein referred €o as a first memory stack structure 35A,
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Memory stack structures 55 that are entirely covered with the patterned etch mask layer 307,
for example, by being located between neighboring pairs of first memory stack structures
55A and second memory stack structure 35B. Second memory stack structures 55B may, or
may not, be present in the first exemplary structure depending on the layout of the clongated
openings n the patierned eich mask layer 307, Each first memory stack structure 55A may
be only partly covered with the patterned etch mask layer 307, As such, a first area of cach
of the first memory stack structures S5A may be located within an avea of an elongated
opening in the patterned ctch mask layer 307, and a second area of cach of the first memory
stack structures 558 may be covered by the patterned etch mask layer 307. The first area
may be in arange from i5 % to 70 %, such as from 25 % to 30 %, of the entire area of each
first memory stack structurg 535A,

[0191] Drain vegions 63 at an upper end of the first memory stack structures 55A are
herein referred to as first drain regions 634, and drain regions 63 at an upper end of the
second memory stack structures 558 are herein referred to as second drain regions 63B.
Diclectric cores 62 formed within the first memory stack structurcs S3A are herein referred to
as first dielectric cores 624, and dielectric cores 62 formed within the second memory stack
structures 35B are herein referred to as second dielectric cores 62B.

{0192] An anisotropic etch process may be performoed to eteh an upper portion of the
alternating stack (32, 42) and unmasked segroents of the first memory stack structures 35A.
The unmasked segments of the first memory stack structures 55A inciude portions of vertical
semiconductor channels 60 and the memory films 50 of the first memory stack structures 55A
that are not masked by the patterned etch mask layer 307. A drain-select-level trench 309
may be formed underneath cach elongated opening within the patterned etch mask layer 307
by ctching through an upper portion of the alternating stack (32, 42) and a first area of cach
of the first memory stack structures SSA. Hach drain-seleci-level trench 309 may include s
pair of straight lengthwise sidewalls that extend along the first horizontal direction hdl. The
depth of the drain-select-level trenches 309 may be selected such that the drain-select-level
trenches 309 vertically extend through cach sacrificial material layer located at drain select
levels, i.e., levels in which drain-select-level electrically conductive layers that function as
drain select gate electrodes are to be subsequently formed.

{0193] The anisotropic etch process may etch portions of memory filrs 50 and vertical

semiiconductor channels 60 of the first memory stack structure 35A that undertic the
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elongated opening in the patterned etch mask layer 307. A portion of each first drain region
63 A may be removed during formation of the drain-select-level trenches 309, The pair of
straight lengthwise sidewalls of each drain-select-level trench 30% may comprise straight
sidewall segments of remaining portions of the first drain regions 63A and straight sidewall
segments of the dielectric cores 62, The memory stack structures 35 may comprise second
memory stack structures S5B that are masked with a patterned etch mask layer 307 during
formation of the drain-select-level trenches 309. Sidewalls of the second memory stack
structures 358 are not etched during formation of the drain-select-level trenches 309, Thus,
cach vertical semiconduoctor channel 60 of the second memory stack structures 55B has a
tubular configuration. The patterned etch mask layer 307 may be removed. for example, by
ashing after formation of the drain-select-level trenches 309,

[0194] Referring to FIGS. 8A and 8B, a drain-select-level isolation structure 320 may be
formed in each drain-select-level trench 309, for example, by depositing a dielectric material
such as silicon oxide in the drain-select-level trenches 309. Excess portions of the dielectric
material may be removed from above the horizontal plane including the top surface of the
insulating cap layer 70 by a planarization process, which may use a recess etch and/or
chemical mechanical planarization. Each drain-select-level isolation structure 320 may
include a pair of straight sidewalls that laterally extend along the first horizontal direction
hdl. Each drain-select-level isolation structure 320 may vertically extend through a plurality
of sacrificial material layers 42 including a topmost one of the sacrificial material layers 42
within the alternating stack (32, 42). Each vertical semiconductor channel 60 within the first
memory stack structures 55A may comprise a tubular section that underlie a borizontal plane
including a bottom surface of a drain-select-fevel isolation stucture 320 and a semi-tubuiar
section overlying the twbular scction and contacting the drain-select-level isolation structure
320. As used herein, 3 “tebular” element refers to an element that has a shape of a tube. As
used herein, a “semi-tubular” element refers to an element having a shape obtained by cutting
off a segment of a tubular element to provide two vertically-extending sidewalls it a
remaining portion of the tubular clement.

{0195] Referring to FIGS. 9A and 9B, a contact level dielectric layer 73 may be formed
over the alternating stack (32, 42) of insulating layer 32 and sacrificial material layers 42, and
over the memory stack structures 35 and the support pillar structures 20. The contact level

diclectric layer 73 includes a diclectric material that is different from the diclectric material of
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the sacrificial material layers 42. For example, the contact level dielectric layer 73 may
include stlicon oxide. The contact level diclectric layer 73 may have a thickness in a range
from 50 nm to 300 nm, although lesser and greater thicknesses may also be used.

{0196] A photoresist layer (not shown) may be applied over the contact level dielectric
tayer 73, and may be lithographically patterned fo form openings in areas between clusters of
memory stack structures 55. The pattern in the photoresist layer may be transferred through
the contact level dielectric layer 73, the alternating stack {32, 42} and/or the retro-stepped
dielectric material portion 65 using an anisotropic etch to form backside wenches 79, which
vertically extend from the top surface of the contact level dielectric layer 73 at least to the top
surface of the substrate (9, 10), and laterally extend through the memory array region 100 and
the staircase region 300.

{0197] In one embodiment, the backside trenches 79 may laterally extend along a first
horizontal direction hdl and may be laterally spaced apart from one another along a second
horizontal direction hd?2 that is perpendicular to the first horizontal divection hdl. The
memory stack structures 55 may be arranged in rows that extend along the first horizontal
direction hdl.

{0198] The drain-select-level isolation structures 320 may laterally extend along the first
horizontal direction hdl. Each backside trench 79 may have a uniform width that is invariant
along the lengthwise divection (i.c., along the first horizontal direction hdl). Hach drain-
select-level isolation structuve 320 may have a uniform vertical cross-sectional profile along
vertical planes that are perpendicular to the first horizontal direction hd1 that is invariant with
transfation along the first horizontal direction hdl. Each drain-select-level isolation structure
320 contacts two rows of first memory stack structures 55A. In one embodiment, the
backside trenches 79 may include a source contact opening in which a source contact via
structure may be suhsequently formed. The photoresist layer may be removed, for cxample,
by ashing.

[0199] Referring to FIGS. 10 and 11A, an etchant that selectively etches the second
material of the sacrificial material layers 42 with respect to the first material of the insulating
layers 32 may be introduced into the backside trenches 79, for example, using an etch
process. FIG. 9A illustrates a region of the {irst exemplary structure of FIG. 8. Backside
recesses 43 may be formed in volumes from which the sacrificial material layers 42 are

removed. The removal of the second material of the sacrificial material layers 42 may be
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selective to the first material of the insulating layers 32, the material of the retro-stepped
dielectric material portion 63, the semiconductor material of the semiconductor material layer
10, and the material of the outermost layer of the memory films 50. In one embodiment, the
sacrificial material layers 42 may include silicon nitride, and the materials of the insulating
layers 32 and the retro-stepped diclectric material portion 65 may be selected from silicon
oxide and diefectric metal oxides.

§6200] The etch process that removes the second material selective to the first material
and the outermost layer of the rermory films 50 may be a wet etch process using a wet etch
sohution, or may be a gas phase {(dry) etch process in which the etchant is introduced in a
vapor phase into the backside renches 79. For example, if the sacrificial material layers 42
inchude silicon nitride, the etch process may be a wet etch process in which the first
exemplary structure is immersed within a wet etch tank including phosphoric acid, which
etches sificon nitride selective to silicon oxide, silicon, and various other materials ased in the
art. The support pillar structure 26, the retro-stepped dielectric material portion 65, and the
memory stack structures 55 may provide structural support while the backside recesses 43 are
present within volumes previously occupied by the sacrificial material layers 42.

{0261} Each backside recess 43 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 backside recess 43 may be greater than the height of the backside recess
43. A plurality of backside recesses 43 may be formed in the volumes from which the second
material of the sacrificial material layers 42 is removed. The memory openings in which the
memory stack structures 55 are formed are herein referved to as front side openings or front
side cavities in contrast with the backside recesses 43. In one embodiment, the memory array
region 100 comprises an array of monolithic three-dimensional NAND strings having a
plurality of device levels disposed above the substrate (9, 10). In this case, each backside
recess 43 may define a space for receiving a respective word line of the array of monolithic
three-dimensional NAND strings.

{02021 Each of the plurality of backside recesses 43 may extend substantially parallel o
the top surface of the substrate (9, 10). A backside recess 43 may be vertically bounded by a
top surface of an underlying insulating layer 32 and a bottom surface of an overlying
insulating layer 32. In one embodiment, each backside recess 43 may have a uniform height

throughout.
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{6263] Physically exposed surface portions of the optional pedestal channel portions 11
and the semiconductor material layer 10 may be converted into diclectric material portions by
thermal conversion and/or plasma conversion of the semiconductor materials into dielectric
materials. For example, thermal conversion and/or plasma conversion may be used o
convert a surface portion of each pedestal channel portion 11 into a tubular diclectric spacer
216, and to convert each physically exposed surface portion of the semiconductor material
tayer 10 into a planar dielectric portion 616. In one embodiment, each tubular dielectric
spacer 216 may be topologically homeomorphic to a torus, i.¢., generally ring-shaped. As
used herein, an clement is topologically homeomorphic to a torus if the shape of the element
may be continuously stretched without destroying a hole or forming a new hole into the shape
of a torus. The mbular dielectric spacers 216 may inclide a dielectric material that includes
the same semiconductor clernent as the pedestal channcl portions 11 and additionally includes
at least one non-metallic element such as oxvgen and/or nitrogen such that the material of the
tubular dielectric spacers 216 is a dielectric material. In one embodiment, the tubular
diclectric spacers 216 may include a diclectric oxide, a diclectric nitride, or a diclectric
oxyniride of the semiconductor material of the pedestal channel portions 11, Likewise, each
planar dielectric portion 616 includes a dielectric material that includes the same
semiconductor element as the semiconductor material layer and additionally includes at least
one non-metatlic element such as oxygen and/or nitrogen such that the material of the planar
dielectric portions 616 is a dielectric material. In one embodiment, the planar dielectric
portions 616 may inclade a dielectric oxide, a dielectric nitride, or a diclectric oxyanitride of
the semiconductor material of the semiconductor material layer 10.

{62841 Referring to FIG. 11B, a backside blocking dielectric layer 44 may be optionally
formed. The backside blocking dielectric layer 44, if present, comprises a diclectric material
that functions as a control gate dielectric for the control gates o be subsequently formed in
the backside recesses 43, In embodiments in which the blocking dielectric layer 52 is present
within each memory opening, the backside blocking diclectric layer 44 is optional. In case
the blocking dielectric layer 52 ts omitied, the backside blocking dicleciric layer 44 is
present.

[02685] The backside blocking dielectric layer 44 may be formed in the backside recesses
43 and on a sidewall of the backside trench 79. The backside blocking dielectric layer 44

may be formed directly on horizontal surfaces of the insulating layers 32 and sidewalls of the
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memory stack structures 55 within the backside recesses 43. I the backside blocking
dielectric layer 44 is formed, formation of the tubular dielectric spacers 216 and the planar
dielectric portion 616 prior to formation of the backside blocking dielectric layer 44 is
optional. In one embodiment, the backside blocking diclectric layer 44 may be formed by a
conformal deposition process such as atomic layer deposition (ALD). The backside blocking
dielectric layer 44 may consist gssentially of aluminum oxide. The thickness of the backside
blocking dielectric layer 44 may be in a range from 1 nm to 15 am, such as 2 to 6 nm,
although lesser and greater thicknesses may also be used.

{0206] The dielectric material of the backside blocking dielectric layer 44 may be a
dielectric metal oxide such as aluminum oxide, a dielectric oxide of at least one transition
metal element, a dielectric oxide of at least one Lanthanide element, a dielectric oxide of a
corpbination of aluminum, at least one transition metal element, and/or at least one
Lanthanide clement. Alternatively, or additionally, the backside blocking diclectric layer 44
may inciude a silicon oxide layer. The backside blocking diclectric layer 44 may be
deposited by a conformal deposition method such as chemical vapor deposition or atomic
layer deposition. The backside blocking dielectric layer 44 is formed on the sidewalls of the
backside trenches 79, horizontal surfaces and sidewalls of the insulating layers 32, the
portions of the sidewall surfaces of the memory stack structures 55 that are physically
exposed to the backside recesses 43, and a top surface of the planar dielectric portion 616. A
backside cavity 797 is present within the portion of each backside trench 79 that is not fitled
with the backside blocking diclectric layer 44.

{02671 Referring to FIG. 11C, a metallic barder layer 46A may be deposited in the
backside recesses 43. The metallic barrier layer 46A includes an electrically conductive
metallic material that may function as a diffusion barrier layer and/or adhesion promotion
layer for a metallic fill material to be subsequently deposited. The metallic barrier layer 46A
may include a conductive metallic nitride material such as TiN, TaN, WN, or a stack thereof,
or may include a conductive metallic carbide material such as TiC, TaC, WC, or a stack
thereof. In one embodiment, the metallic barrier layer 46A may be deposited by a conformal
deposition process such as chernical vapor deposition (CVD) or atomic layer deposition
(ALD). The thickness of the metallic barrier layer 46A may be in a range from 2 nm to & nm,

such as from 3 nm to 6 nm, although lesser and greater thicknesses may also be used. Inone
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embodiment, the metallic barrier layer 46A may consist essentially of a conductive metal
nitride such as TiN.

[0288] Referring to FIGS. 11D and 12, a metal fill material may be deposited in the
plurality of backside recesses 43, on the sidewalls of the at [east one the backside trench 79,
and over the top surface of the contact level dielectric layer 73 to form a metallic fill material
tayer 46B. The metallic fill material may be deposited by a conformal deposition method,
which may be, for example, chemical vapor deposition (C'VD), atomic layer deposition
(ALD), clectroless plating, clectroplating, or a combination thercof. In one embodiment, the
metallic fill material layer 468 may consist essentially of at least one elernental rmetal. The at
least one elemental metal of the metallic fill material layer 46B may be selected, for example,
from tungsten, cobalt, ruthenium, titanium, and tantalum. In one embodiment, the metallic
ful material layer 468 may consist essentially of a single elemental metal. In one
embodiment, the metallic fill material layer 468 may be deposited using a fluorine-
containing precursor gas such as WFs. In one embodiment, the metallic fill material layer
468 may be a tungsten layer including a residual evel of fluorine atoms as impurities. The
metallic fill material layer 468 is spaced from the insulating layers 32 and the memory stack
structures 35 by the metallic barrier layer 46A, which is a metallic barrier layer that blocks
diffusion of fluorine atoms therethrough.

[0209] A plurality of electrically conductive layers 46 may be formed in the plurality of
backside recesses 43, and a continuous electrically conductive material layer 46L may be
formed on the sidewalls of each backside trench 79 and over the contact level dielectric layer
73. Hach electrically conductive fayer 46 includes a portion of the metallic barrier layer 46A
and a portion of the metallic fill material layer 46B that are located between a verticaily
neighboring pair of diclectric material layers such as a pair of insulating layers 32. The
continuous electrically conductive material layer 461 includes a continuous portion of the
metallic barvier layer 46A and a continuous portion of the metallic fill material layer 468 that
are located in the backside trenches 79 or above the contact level dielectric layer 73.

{02101 Each sacrificial material layer 42 may be replaced with an electrically conductive
layer 46. A backside cavity 797 is present in the portion of each backside trench 79 that is not
filled with the backside blocking diclectric layer 44 and the continuous electrically

conductive material layer 46L. A tubular dielectric spacer 216 laterally surrounds a pedestal
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channel portion 11, A bottommost electrically conductive layer 46 laterally surrounds each
tihular diclectric spacer 216 upon formation of the electrically conductive layers 46.

[0211] Referring to FIG. 13, the deposited metallic material of the continuous electrically
conductive material layer 461 may be etched back from the sidewalls of each backside trench
79 and from above the contact level dielectric layer 73, for exarple, by an isotropic wet etch,
an anisotropic dry etch, or a combination thereof. Fach remaining portion of the deposited
metallic material in the backside recesses 43 constitutes an electrically conductive layer 46.
Each electrically conductive layer 46 may be a conductive line structure. Thus, the sacrificial
material layers 42 may be replaced with the electrically conductive layers 46.

{0212] Each electrically conductive layer 46 may function as a combination of a plurality
of control gate electrodes located at a same level and a word line electrically interconnecting,
i.e., electrically connecting, the plurality of control gate electrodes located at the same level.
The plurality of control gate electrodes within cach electrically conductive layer 46 ave the
control gate clectrodes for the vertical memory devices inchuding the memory stack structures
55. In other words, cach electrically conductive layer 46 may be a word line that functions as
a comumon control gate electrode for the plarality of vertical memory devices.

{6213} In one embodiment, the removal of the continuous electrically conductive material
layer 461 may be selective to the material of the backside blocking diclectric layer 44, In this
case, a horizontal portion of the backside blocking dielectric layer 44 may be present at the
bottom of each backside trench 79. In another embodiment, the removal of the continuous
electrically conductive material layer 461 may not be selective to the material of the backside
blocking diclectric layer 44 or, the backside blocking dielectric layer 44 may not be used.
The planar dielectric portions 616 may be removed during removal of the continuous
clectrically conductive material layer 46L. A backside cavity 79’ may be present within each
backside french 79,

{0214] Referring to FIGS. 14A and 148, an insulating material layer may be formed in
the backside trenches 79 and over the contact level dielectric layer 73 by a conformal
deposition process. Exemplary conformal deposition processes include, but are not fimited
to, chemical vapor deposition and atomic layer deposition. The insulating material layer
inchudes an insulating material such as silicon oxide, silicon nitride, a dielectric metal oxide,
an organosilicate glass, or a combination thereof. In one embodiment, the insulating material

tayer may include silicon oxide. The insulating material layer may be formed, for example,
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by low pressure chemical vapor deposition (LPCVD) or atomic layer deposition {ALD). The
thickness of the insulating material layer may be in a range from 1.5 nm to 60 nro, although
lesser and greater thicknesses may also be used.

{0215] If a backside blocking dielectric layer 44 is present, the insulating material layer
may be formed directly on surfaces of the backside blocking diclectric layer 44 and directly
on the sidewalls of the electrically conductive layers 46. ¥ a backside blocking dielectric
layer 44 is not used, the insulating material layer may be formed directly on sidewalls of the
insulating fayers 32 and divectly on sidewalls of the electrically conductive layers 46.

{021s6] An anisotropic etch is performed to remove horizontal portions of the insulating
material layer from above the contact level dielectiic layer 73 and at the bottom of each
backside trench 79. Each remaining portion of the tnsulating material layer constitutes an
insulating spacer 74, A backside cavity 79’ may be present within a volume surrounded by
each insulating spacer 74. A top surface of the semiconductor material layer 10 may be
physically exposed at the bottom of each backside trench 79.

{02171 A source region 61 may be formed at a surface portion of the semiconductor
material layer 10 ander each backside cavity 797 by implantation of electrical dopants into
physically exposed surface portions of the semiconductor material layer 10. Each source
region 61 may be formed in a surface portion of the substrate (9, 10} that underlies a
respective opening through the insulating spacer 74. Due to the straggle of the implanted
dopant atoms during the implantation process and Iateral diffusion of the inplanted dopant
atoms during a subsequent activation anneal process, each source region 61 may have a
lateral extent greater than the lateral extent of the opening through the insulating spacer 74.
{6218] In one embodiment, the substrate (9, 10) may inclade the semiconductor material
layer 10, and the semiconductor material layer 10 and the first vertical semiconductor
channels 60 of the first memeory stack structures 55A have a doping of a first conductivity
type. Pedestal channel portions 11 may be disposed between bottom ends of the first vertical
semiconductor channels 60 and the substrate semiconductor layer 9, and a source region 61
having a doping of a second conductivity type may be formed within the semiconductor
material layer 10 and may be laterally spaced from the first memory stack structures S5A and
the pedestal channel portions 11,

{0219] An upper portion of the semiconductor material layer 10 that extends between the

source region 61 and the plurality of pedestal channel portions 11 may constitute a horizontal
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semiconductor channel 59 for a plurality of field effect ransistors. The horizontal
semiconductor channel 59 may be connected to multiple vertical semiconductor channels 60
through respective pedestal channel portions 11. The horizontal semiconductor channel 59
may contact the source region 61 and the plurality of pedestal channel portions 11. A
bottomumost electrically conductive layer 46 provided upon formation of the clectrically
conductive layers 46 within the alternating stack (32, 46) may comprise a select gate
electrode for the ficld effect transistors. Each source region 61 is formed in an upper portion
of the substrate (9, 10). Semiconductor channels (59, 11, 60) extend between cach source
region 61 and a respective set of drain regions 63. The semiconductor channels (59, 11, 60)
include the vertical semiconductor channels 60 of the memory stack structures 55.

{02246] A backside contact via structure 76 may be formed within each backside cavity
79°. Bach contact via structure 76 may fill a respective backside cavity 7%, The contact via
structurcs 76 may be formed by depositing at least one conductive material in the remaining
unfitled volume (i.e., the backside cavity 79°) of the backside trench 79. For example, the at
least one conductive material may include a conductive liner 70A and a conductive fill
material portion 76B8. The conductive liner 76 A may include a conductive metallic liner such
as TiN, TaN, WHN, TiC, TaC, W, an alloy thereof, or a stack thereof. The thickness of the
conductive liner 76A may be in a range from 3 nm to 30 nm, although lesser and greater
thicknesses may also be used. The conductive fill material portion 768 may include a metal
or a metallic alloy. For example, the condoctive fill material portion 768 may include W,
Cu, Al, Co, Ru, Ni, an alloy thereof, or a stack thercof.

{02211 The at least one conductive material may be planarized using the contact level
dielectric layer 73 overlying the alternating stack (32, 46) as a stopping layer. I chemical
mechanical planarization (CMP) process is used, the contact {evel dielectric layer 73 may be
used as a CMP stopping layer. Hach remaining continuous portion of the at least one
conductive material in the backside trenches 79 constitutes a backside contact via structure
76.

{02221 The backside contact via structure 76 may exiend through the alternating stack
(32, 46), and contacts a top surface of the source region 61. In embodiments in which a
backside blocking dielectric layer 44 is used, the backside contact via structure 76 may

contact a sidewall of the backside blocking diclectric layer 44.
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{6223} Referring to FIGS. 15A and 158, additional contact via structures (88, 86) may
be formed through the contact level dielectric layer 73, and optionally through the retro-
stepped dielectric matevial portion 65. For example, drain contact via structures 88 may be
formed through the contact level dielectric layer 73 on each drain region 63. Word line
contact via structures 86 may be formed on the clectrically conductive layers 46 through the
contact level dielectric layer 73, and through the retro-stepped dielectric material portion 65.
Peripheral device contact via structires (not shown) may be formed through the retro-stepped
dielectric material portion 63 divectly on respective nodes of the periphberal devices.

{02241 Each drain contact via structure 88 may contact a top surface of an underlying one
of the drain regions 63. Drain contact via structures 88 that contact first drain regions 63A
may contact a sidewall of a respective one of the first drain regions 63A. Drain contact via
structure that contact second drain regions 63B may contact only a top surface of a respective
one of the sccond drain regions 63B.

{0225] Referring to FIG. 16, memory-side dielectric material layers 960 may be
deposited over the contact level dielectric layer 73. Various memory-side metal interconnect
structures Y80 may be formed within the memory-side dielectric material layers 960. The
memory-side metal interconnect structures 980 may include bit lines 98 that overlie the
memory stack structures S35 and are electrically connected to a respective subset of the drain
regions 63. Further, the wemory-side metal interconnect structures 980 may include
additional metal via structures and additional metal bine structuves that provide electrical
wiring to and from the various underlying elements such as the backside contact via
structures 76, the word ling contact via structures 86, the bit lines 98, and other nodes of the
three-dimensional memory device that may be formed as needed. The thickness of the
memory-side diclectric material layvers 960 may be in a range from 300 am to 3,000 nm,
although lesser and greater thicknesses may also be used.

{0228] Pad cavities may be formed in the upper portion of the memory-side metal
interconnect structures 980 such that a vespective one of the memory-side metal interconnect
structures 980 is exposed at the bottom of cach pad cavity. In one embodiment, the pad
cavitics ay be arranged as a one-dimensional array or as a two-dimensional array, and may
have a respective polygonal, circular, elliptical, or generally-curvilinear shape. A conductive
material may be deposited in the pad cavitics to form various memory-side bonding pads 988.

The memory-side bonding pads 988 may be formed in memory-side dielectric material layers
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960, which is formed over the alternating stack (32, 46). The memory-side bonding pads 988
may be clectrically connected to nodes of the memory stack structures 55, Inone
embodiment, each bit line 98 may be electrically connected to a respective one of the
memory-side bonding pads 988. The first exemplary structure comprises a memory die 900
{6227} In erobodiments i which the at least one semiconductor device 700 m the
peripheral device region 200 includes a peripheral civeuitry for controlling operation of
memory stack structures 55 in the three-dimensional array of memory elements, the memory
stack structure 33, the electrically conductive layers 46 that function as word lines, and the bit
lines 98 of the three-dimensional memory device may be controlled by the peripheral
circuitry of the memory die 900. Alternatively, or additionally, a support die {(not shown)
may be used to control various nodes of the three-dimensional memory device. In this case,
the support die may inchide a peripheral circuitry for controlling operation of memory stack
structurcs 55 in the three-dimensional arvay of memory elements, the memory stack structure
55, the electrically conductive layers 46 that function as word lines, and the bit lines 98 of the
three-dimensional memory device. The support dic may be bonded to the memory dic 900
using the memory-side bonding pads 988.

{0228] Referring to FIG. 17, a second exemplary structure according to a second
cmbodiment of the present disclosure is illustrated, which may be derived from the first
exemplary structure of FIG. 6. A sacrificial planarization stopper layer 372 may be formed
over the insulating cap layer 70 after the processing steps of FIG. 6. The sacrificial
planarization stopper layer 373 includes a material that may be used as a planarization
stopper structure and is different from the material of the sacrificial material layers 42. In
one embodiment, the sacrificial planarization stopper layer 373 may include the same
material as the contact level dielectric layer 73. Subsequently, backside trenches 79 are
formed through the sacrificial planarization stopper layer 373 and the alternating stack (32,
42y by performing the processing steps of FIGS. 9A and 9B. Subsequently, the processing
steps of FIGS. 10, 11A - 11D, 12, 13, and 14A and 14B may be performed to provide the
second exemplary structure dlustrated in FIG. 17.

{0229] Referring to FIG. 18, portions of the second exemplary structure located above the
horizontal plane including the top smface of the insulating cap layer 70 may be removed by
performing at least one planarization process. The sacrificial planarization stopper layer 373

and portions of the insulating spacers 74 and the backside contact via structures 76 that
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protrude above the horizontal planc including the top surface of the insulating cap layer 70 by
chemical mechanical planarization and/or at least one recess etch process.

[6234¢] Referring to FIGS. 19A and 198, a patterned etch mask layer 317 including
clongated openings may be formed over the alternating stack (32, 46) and the memory stack
structures 55. In onc embodiment, the patterned etch mask layer 317 may bhe a patterned
photoresist layer formed by application and lithographic patterning of a photoresist material
over the alternating stack (32, 46) and the memory stack structures 55. Each opening in the
patterned etch mask layer 317 may overlie a segiment of each memory stack structure 55
within a neighboring pair of rows of memory stack structures 33. Each memory stack
structure 35 of which a segment is located within an area of one of the openings in the
patterned etch mask layer 317 is herein referred to as a first memory stack structure 55A.
Memory stack structuares 55 that are entirely covered with the patterned etch mask layer 317,
for example, by being located between neighboring pairs of first memory stack structures
S5A, are herein referred to as a second memory stack structure 558, Second memory stack
structures 358 may, or may not, be present in the first exemplary structure depending on the
layout of the elongated openings in the patterned ctch mask layer 317, Each first memory
stack structure 55A may only partly covered with the patterned etch mask layer 317, As
such, a first area of each of the first memory stack structures 55A may be located within an
arca of an elongated opening in the patterned etch mask layer 317, and a second area of each
of the first memory stack structures 558 is covered by the patterned etch mask layer 317.
The first area may be in a range from 15 % to 70 %, such as from 25 % to 50 %, of the entire
area of cach first memory stack structure 33A.

{6231] Drain regions 63 at an upper end of the first memory stack structures 55A are
herein referred to as first drain regions 63 A, and drain regions 63 at an upper end of the
second meraory stack structures 558 are herein referred to as second drain regions 63B.
Dielectric cores 62 formed within the first memory stack structures 55A are herein referred to
as first dielectric cores 62 A, and dielectric cores 62 formed within the second memory stack
structures 338 are herein referred 1o as secound dielectric cores 628,

{0232] Referring to FIG. 20, an anisotropic etch process may be performed to etch an
upper portion of the alternating stack (32, 46) and unmasked segments of the first memory
stack structures 55A. The unmasked segments of the first memory stack structures 55A may

include portions of vertical semiconductor channels 60 and the memory films 50 of the first
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memory stack structures 55A that are not masked by the patterned etch mask layer 317. A
drain-select-level trench 309 is formed underneath each elongated opening within the
patterned etch mask layer 317 by etching through an upper portion of the alternating stack
(32, 46) and a first arca of cach of the first memory stack structures 33A. Each drain-select-
tevel trench 309 may include a pair of straight lengthwise sidewalls that extend along the first
horizontal direction hdl. The depth of the drain-select-level trenches 309 may be selected
such that the drain-select-level trenches 309 vertically extend through each sacrificial
material layer located at drain select levels, Le., levels in which drain-select-level electrically
conductive layers that function as drain select gate electrodes are to be subsequently formed.
{0233] The anisotropic etch process may etch portions of memory films 50 and vertical
semiconductor channels 60 of the first memory stack structure 55A that undettlie the
elongated opening in the patterned etch mask layer 317. A portion of each first drain region
63A may be removed during formation of the drain-select-level trenches 309. The pair of
straight lengthwise sidewalls of cach drain-select-level trench 309 may comprise straight
sidewall scgments of remaining portions of the first drain regions 63A. The memory stack
structures 33 may comprise second memory stack structures S5B that are masked with a
patterned etch mask layer 317 during formation of the drain-select-level trenches 309,
Sidewalls of the second memory stack structures 558 are not eiched during formation of the
drain-select-level trenches 309, Thas, each vertical semiconductor channel 60 of the second
memory stack structures S5B has a tubular configuration. The patterned etch mask fayer 317
may be removed, for example, by ashing after formation of the drain-select-level trenches
309,

{0234] Referring to FIG. 21, a drain-select-level isolation structure 320 may be formed in
cach drain-select-level trench 309, for cxample, by depositing a diclectric material such as
silicon oxide in the drain-select-level trenches 309, Hxcess portions of the dielectric material
may be removed from above the horizontal plane including the top surface of the insulating
cap layer 70 by a planarization process, which may use a recess etch and/or chemical
mechanical planarization. Each drain-select-level isolation structure 320 may include a pair
of straight sidewalls that laterally extend along the first horizontal direction hdl. Hach drain-
select-level isolation structure 320 may vertically extend through a plurality of electrically
conductive layers 46 including a topmost one of the electrically conductive layers within the

alternating stack (32, 46). Each vertical semiconductor channel 60 within the first memory
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stack structures 55A comprises a tubular section that underlie a horizontal plane including a
bottom surface of a drain-select-level isolation structure 320 and a semi-tubular section
overlying the tubular section and contacting the drain-select-level isolation structure 32{.
{0235] Contimuing to refer to FIG. 21, a contact level dielectric laver 73 may be formed
over the alternating stack {32, 46) of insulating layer 32 and electrically conductive layers 46,
and over the memory stack structures 55 and the support pillar structures 20. The contact
level dielectric layer 73 may include a dielectric material that is different from the dielectric
material of the sacrificial material layers 42, For example, the contact level diclectric layer
73 may include silicon oxide. The contact level dielectric tayer 73 may have a thickness in a
range from 50 nm to 500 nm, although lesser and greater thicknesses may also be used.
{0236] Referring to FIGS. 22A and 228, the processing steps of FIGS. 15A and 158 may
be performed to form additional contact via structures (88, 86) through the contact level
diclectric layer 73, and optionally through the retro-stepped dielectric material portion 65.
For example, drain contact via structures 88 may be formed through the contact level
dielectric layer 73 on each drain region 63. Word line contact via structures 86 may be
formed on the electrically conductive layers 46 through the contact level dielectric layer 73,
and through the retro-stepped dielectric material portion 65. Peripheral device contact via
structures (not shown) may be formed through the retro-stepped dickectric material portion 65
directly on respective nodes of the peripheral devices.

{0237} Each drain contact via structure 88 may contact a top surface of an underlying one
of the drain regions 63. Drain contact via structures 88 that contact first drain regions 63A
may contact a sidewall of a respective one of the first drain regions 63A. Drain contact via
structure that contact second drain regions 63B may contact only a top surface of a respective
one of the second drain regions 63B.

{0238] Referring to FIG. 23, an alternative embodiment of the second exemplary
structure according to the second emnbodiment of the present disclosure is illustrated, which
may be derived from the second exemplary structure of FIG. 18 by forming a patterned etch
mask tayer 317 having the same pattern as the patterned etch mask layer of FIGS, 19A and
198, and by performing an anisotropic etch process with a different etch chernistry than the
anisotropic etch process of FIGS. 19A and 19B. Specifically, the etch chemisty of the
anisotropic etch process may be selected such that the anisotropic etch process eiches

uvnmasked portions of the insulating cap layer 70, the insulating layers 32, the electrically
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conductive layers 46, the drain regions 63, and the dielectric cores 62 selective to at least one
material of the memory films 50. For example, the charge storage layers 54 may include
silicon mtride, and the anisotropic etch process may have an etch chemistry that is selective
to silicon nitride. In this case, unetched portions of the memory films 50 may protrude inside
cach drain-select-level trench 309,

{0239] Referring to FIG. 24, portions of memory films 50 of the first memory stack
structures 55A that underlie the elongated opening in the patterned etch mask layer 317 may
be removed by performing an isotropic etch process after performing the anisotropic ctch
process at the processing steps of FIG. 23. Protruding portions of the memory films 50 inside
the drain-select-level trenches 309 may be removed during isotropic etch process. The etch
chemistry of the isotropic etch process may be selected to etch the material{s) of the
protruding portions of the memory films 50. For example, a wet etch process asing a
combination of hydrofluoric acid and ethylene glyeol may be used to isotropically etch the
protruding portions of the memory films 50. The patterned etch mask layer 317 may be
subsequently removed, for example, by ashing. The resulting structure may be substantially
the same as the second exemplary structure of FIG. 20 after removal of the patterned etch
mask laver 317, The processing steps of FIGS. 21, 22A, and 22B may be subsequently
performed to provide the second exemplary structure illustrated in FIGS. 22A and 22B.
{0240] Referring to FIGS. 25A and 258, a third exemplary structure according to a third
embodiment of the present disclosure may be derived from the fivst exemplary structure of
FiG. 1 by forming a layer stack including a diclectric isolation layer 768, an optional
conductive plate laver 6, and in-process source-level material layers 310 in lieu of the
semiconductor material layer 10. The dielectric isolation layer 768 electrically isolates the
in-process source-level material lavers 310" from the substrate semiconductor layer 9. The
optional conductive plate layer §, if present, provides a high conductivity conduction path for
clectrical current that flows into, or out of, the in-process source-level material fayers 310°.
{06241] The optional conductive plate layer 6 includes a conductive material such as a
metal or a heavily doped semiconductor material. The optional conductive plate layer 6, for
cxample, may include a tungsten layer having a thickness in arange from 3 nm to 100 nm,
although lesser and greater thicknesses may also be used. A metal nitride layer (not shown)
may be provided as a diffusion barrier layer on top of the conductive plate layer 6. The

conductive plate layer 6 may function as a special source fine in the coropleted device. In
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addition, the conductive plate layer 6 may comprise an etch stop layer and may comprise any
suitable conductive, semmiconductor or insulating layver. The optional conductive plate laver 6
may inchude a metallic compound material sach as a conductive metallic nitride (e.g., TilN}
and/or a metal {c.g., W). The thickness of the optional conductive plate layer 6 may bein a
range from 5 am to 100 nim, atthough lesser and greater thicknesses may also be used.

{0242] The in-process source-level material layers 310" may include various layers that
are subsequently modified to form source-level material layers. The source-level material
fayers, upon formation, include a source contact layer that functions as a comron source
region for vertical field effect transistors of a three-dirnensional memory device. In one
embodiment, the in-process source-level material layers 310" may include, from botiom to
top, a lower source-level semiconductor layer 112, a lower sacrificial liner 103, a source-level
sacrificial layer 104, an upper sacrificial liner 103, an upper source-level semiconductor layer
116, a source-level insulating layer 117, and an optional source-select-level conductive layer
118.

{02431 The lower source-fevel semiconductor layer 112 and the upper source-level
semiconductor layer 116 may inchude a doped semiconductor material such as doped
polysilicon or doped amorphous siticon. The conductivity type of the lower source-level
semiconductor layer 112 and the upper source-level semiconductor layer 116 may be the
opposite of the conductivity of vertical semiconductor channels to be subsequently formed.
For example, if the vertical semiconductor channels to be subsequently formed have a doping
of a first conductivity type, the lower source-level semiconductor layer 112 and the upper
source-level semiconductor layer 116 have a doping of a second conductivity type that is the
opposite of the first conductivity type. The thickness of each of the tower source-level
semiconductor layer 112 and the upper source-level semiconductor layer 116 may beina
range from 10 nm 10 300 nim, such as from 20 nm to 150 am, although lesser and greater
thicknesses may also be used.

{06244] The sowrce-level sacrificial layer 104 inclodes a sacrificial material that may be
removed selective to the lower sacrificial iner 103 and the upper sacrificial liner 105, In one
embodiment, the source-level sacrificial layer 104 may include a semiconductor material
such as andoped amorphous silicon or a siticon-germanium alloy with an atomic

concentration of germanium greater than 20 %. The thickness of the source-level sacrificial
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tayer 104 may be in a range from 30 nm to 400 nm, such as from 60 nm to 200 am, although
lesser and greater thicknesses may also be used.

[0245] The lower sacrificial liner 103 and the upper sacrificial liner 105 include materials
that may function as an etch stop material during removal of the source-level sacrificial layer
104. For example, the lower sacrificial liner 103 and the upper sacrificial liner 105 may
include silicon oxide, silicon nitride, and/or a diclectric metal oxide. In one embodiment,
each of the lower sacrificial liner 103 and the upper sacrificial liner 105 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.

[0246] The source-level insulating layer 117 includes a dielectric material such as silicon
oxide. The thickness of the source-level insulating layer 117 may be in a range from 20 nm
to 400 om, such as from 40 nm to 200 1, although lesser and greater thicknesses may also
be used. The optional source-select-fevel conductive layer 118 may include a conductive
material that may be used as a source-select-level gate electrode. For example, the optional
source-sclect-tevel conductive layer 118 may include a doped semiconductor material such as
doped polysilicon or doped amorphous silicon that may be subsequently converted into doped
polysilicon by an anncal process. The thickness of the optional source-select-level
conductive laver 118 may be in a range from 30 nm to 200 nm, such as from 60 wo to 100
nm, although lesser and greater thicknesses moay also be used.

{0247} The in-process source-level material layers 310° may be formed directly above a
subset of the semiconductor devices on the substrate (such as the substrate semiconductor
faver 9). As used herein, a first element is located “directly above” a second element if the
first element is located above a horizontal plane including a topmost surface of the second
clement and an area of the first element and an arga of the second element has an areal
overlap in a plan view (i.e., along a vertical plane or divection perpendicular to the top surface
of the substrate.

{0248] The optional conductive plate layer 6 and the in-process source-level material
favers 3107 moay be patierned o provide openings in areas in which through-memory-level
contact via structures and through-diclectric contact via structures are to be suhsequently
formed. Patterned portions of the stack of the conductive plate layer 6 and the in-process
source-level material layers 310" are present in each memory array region 100 in which three-

dimnensional memory stack structures are to be subsequently formed.
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{0249] Subsequently, the processing steps described with reference to FIG. 2 may be
performed with a modification such that the topmost sacrificial material layer 42 may be
replaced with a drain-select-level sacrificial material layer 342, and the insulating cap layer
70 may be replaced with a sacrificial insulating cap layer 370 that is subsequently removed.
In one embodiment, the drain-select-level sacrificial material layer 342 may bave a thickness
in a range from 1.0 times the average thickness of the sacrificial material layers 42 to 10 time
the average thickness of the sacrificial material layers 42, suach as from 2 times the average
thickness of the sacrificial material layers 42 to 6 tine the average thickness of the sacrificial
material layers 42, although lesser and greater thicknesses may also be used. In one
embodiment, the drain-select-level sacrificial material laver 342 may inchude the same
material as the sacrificial material layers 42, The sacrificial insulating cap laver 370 may
include the same material as the insulating cap layer 70 of the first embodiment.

{0250] Subsequently, the processing steps deseribed above with reference to FIG. 3 may
be performed to form stepped surfaces in the staircase region 300. A retro-stepped dielectric
material portion 65 may be formed over the stepped surfaces of the staircase region 300 by
deposition and planarization of a diclectric material.

{0251} Referring to FIGS. 26A and 268, the processing steps described above with
reference to FIGs . 4A and 4B may be performed to form memory openings 49 and support
openings 19. The layout of the memory openings 49 and the suppott openings may be the
same as in the first embodiment. The chemistry of the anisotropic etch process may be
selected such that each memory opening 49 extends through the optional source-select-level
conductive layer 118, the source-level insulating tayer 117, the upper source-level
semiconductor layver 116, the source-level sacrificial layver 104, and the lower sacrificial liner
103, and into an upper portion of the lower source-level semiconductor layer 112.

{0252] Referring to FIG. 27, a stack of layers including a blocking dielectric layer 52, a
charge storage layer 54, a tunneling dielectric layer 56, and a serniconductor channel material
tayer may be sequentially deposited in each of the memory openings 49 and the support
openings 19. Hach of the blocking dielectric layer 532, the charge storage layer 54, and the
tunneling dielectric layer 56 may have the same composition and the same thickness as in the
first embodiment. The semiconductor channel material layer may have the same thickness
and the same composition as the vertical semiconductor channel 60 of the first embodiment.

A dielectric material is deposited in vnfilled cavities in the memory openings 49 and in the
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support openings 19, and is vertically recessed to form dielectric cores 62. Excess portions of
the blocking dielectric layer 52, the charge storage layer 54, and the tunneling dielectric layer
56, the semiconductor channel material layer are removed from outside the memory openings
49 and the support openings 19. Each remaining portion of the semiconductor channel
material layer in a memory opening 49 or in a support opening 19 constitutes a vertical
semiconductor channel 60. A semiconductor material having a doping of a second
conductivity type may be deposited in recesses above the dielectric cores 62 to form drain
regions 63.

{02531 Referring to FIGS. 28A and 288, a patterned etch mask layer 307 including
elongated openings may be formed over the alternating stack (32, 42) and the memory stack
structures 35, In one embodiment, the patterned etch mask layer 307 may be a patterned
photoresist layer formed by application and lithographic patterning of a photoresist material
over the alternating stack (32, 42) and the memory stack structures 55. Hach opening in the
patterned ctch mask layer 307 may overlic a segment of cach memory stack structure 55
within a neighboring pair of rows of memory stack structures 33. An opening in the
patterned etch mask layer 307 is provided in each area in which backside trenches are to be
subscquently formed. Each row of memory stack structures 55 that are most proximal to an
area in which a backside trench is to be subsequently formed is partly exposed underneath
one of the openings in the patterned etch mask layer 307.

{0254] Fach memory stack structure 55 of which a segment is located within an area of
one of the openings in the patterned etch mask layer 307 is herein referred fo as a first
memory stack structure 55A. Mermory stack structures 55 that are entirely covered with the
patterned etch mask layer 307, for example, by being located between neighboring pairs of
first memory stack structures 35A, are herein referred (o as a second memory stack structure
338, Second memory stack structures 538 may, or may not, be present in the first exemplary
structure depending on the layout of the elongated openings in the patterned etch mask layer
347. Bach first memory stack structure S5A is only partly covered with the patterned etch
mask tayer 307. As such, a first area of each of the first memory stack structures 55A (s
located within an area of an clongated opening in the patterned etch mask layer 307, and a
second area of each of the first memory stack structures 55B is covered by the patterned etch
mask layer 307. The first area may be in a range from 15 % to 70 %, such as from 23 % to

30 %, of the entire arca of each first mermory stack structure 5SA. Hach row of memory stack
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structures 35 that neighbors an area in which a backside trench is to be subsequently formed
is a row of first memory stack structures 33A.

[0235] Drain regions 63 at an upper end of the first memory stack structures 55A are
herein referred to as first drain regions 63 A, and drain regions 63 at an upper end of the
second meraory stack structures 558 are herein referred to as second drain regions 63B.
Dielectric cores 62 formed within the first memory stack structures 55A are herein veferred w
as first dielectric cores 62A, and dielectric cores 62 formed within the second memory stack
structures 338 are herein referved 1o as second dielectric coves 628, Hach vertical
semiconductor channel 60A of the first memory stack structures 55A is herein referred to as a
first vertical semiconductor channel 60, and each vertical semiconductor channel 60 of the
second memory stack structures 55B is herein referred to as a second vertical semiconductor
channel 60B. Hach memory filrn 50 of the first memory stack structures 35A is herein
referred to as a first memory film 50A, and each memory filmn SO of the second mermory stack
structures 358 is hergin referred to as a second memory film 50B.

{0256] An anisotropic etch process may be performed to cich vnmasked portions of the
sacrificial insulating cap layer 370 and the drain-select-level sacrificial material layer 342 and
unmasked segments of the first memory stack structures 55A. The unmasked segments of the
first memory stack siructures 35A include portions of vertical semiconductor channels (604,
60B) and the memory films (50A, SOB) of the first memory stack structures 55A that are not
masked by the patterned etch mask layer 307. A drain-select-level trench 309 may be formed
underneath each elongated opening within the patterned etch mask layer 307 by etching
through unmasked portions of the sacrificial insulating cap layer 370 and the drain-select-
level sacrificial material layer 342 and a first area of each of the first memory stack structures
35A {i.e., unmasked portions of the first memory stack structures 55A). Each drain-select-

tevel trench 309 may include a pair of straight lengthwise sidewalls that extend along the first

1%

horizontal direction hdl. The depth of the drain-select-level trenches 309 may be selected
such that the drain-select-level trenches 309 vertically extend through the sacrificial
insulating cap layer 370 and the drain-select-level sacrificial material layer 342, and does not
cxtend into sacrificial material layers 42.

{6257] The anisotropic etch process etches portions of memory films (S0A, 50B) of the
first memory stack structure 55A that underlie the elongated opening in the patterned eich

mask layer 307. A portion of cach first drain region 63A may be removed during formation
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of the drain-select-level trenches 309. The pair of straight lengthwise sidewalls of each
drain-select-level trench 309 may comprise straight sidewall segments of remaining portions
of the first drain regions 63A and straight sidewall segments of the dielectric cores (62A,
62B). The memory stack structures (35A, 55B) may comprise second memory stack
structures 558 that are masked with a patterned cich mask layer 307 during formation of the
drain-select-level trenches 309. Sidewalis of the second memory stack stuctures 55B are not
etched during formation of the drain-select-level trenches 309, Thus, each vertical
semiconductor channel (60A, 60B) of the second memory stack structures 5S5B has a tubular
configuration. The patterned etch mask layer 307 may be removed, for example, by ashing
after formation of the drain-select-level trenches 309,

{0258] Referring to FIGS. 29A and 298, a drain-select-level isolation structure 320 may
be formed in each drain-select-level trench 309, for example, by depositing a dielectric
material such as silicon oxide in the drain-select-level trenches 209, Excess portions of the
diclectric material may be removed from above the horizontal planc including the top surface
of the sacrificial insulating cap layer 370 by a planarization process, which may use a recess
cteh and/or chemical mechanical planarization. Hach drain-select-level isolation structore
320 may include a pair of straight sidewalls that laterally extend along the first horizontal
direction hdl. Each drain-sclect-level isolation structure 320 may vertically extend through
the drain-select-level sacrificial material layer 342 and the sacrificial insulating cap layer 370.
Each vertical semiconductor channel {604, 60B) within the first memory stack structores
S55A comprises a tubular section that underlie a horizontal plane including a bottom surface of
a drain-select-level isolation structure 320 and a semi-tubular section overlying the tubular
section and contacting the drain-select-level isolation structure 320.

{0259] Referring to FIGS. 30A and 308, a sacrificial planarization stopper layer 373 may
be formed over the sacrificial insulating cap layer 370. The sacrificial planarization stopper
layer 373 may include a material that may be used as a planarization stopper structure and is
different from the material of the sacrificial material layers 42, In one embodiment, the
sacrificial planarization stopper layver 373 may include silicon oxide, and may have 3
thickness in a range from 50 nm to 500 nm.

[0260] A photoresist layer {not shown) may be applied over the sacrificial planarization
stopper layer 373, and lithographically patterned to form openings in areas between clusters

of memory stack structures (534, 358B). The pattern in the photoresist layer may be
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transterred through the sacrificial planarization stopper layer 373, the sacrificial insulating
cap layer 370, the drain-select-level sacrificial material layer 342, the alternating stack (32,
42, and/or the retro-stepped dielectric material portion 65 using an anisotropic eich to form
backside trenches 79. The backside trenches 79 may extend into the in-process source-level
material layers 3107, For example, bottom surfaces of the backside trenches 79 may be
recessed surfaces of the source-level sacrificial layer 104.

{0261} Referring to FIG. 31 A, a backside trench spacer 174 may be formed on sidewalls
of each bhackside trench 79. For cxample, a conformal spacer material layer may be deposited
in the backside trenches 79 and over the sacrificial planarization stopper laver 373, and may
be anisotropically etched to form the backside trench spacers 174, The backside trench
spacers 174 may include a material that is different from the material of the source-level
sacrificial layer 104. For example, the backside trench spacers 174 may include silicon
nitride. A backside cavity 79° may be present within each backside trench 79.

{6262] Referring to FIG. 31B, an etchant that etches the material of the source-level
sacrificial layer 104 selective to the materials of the backside trench spacers 174, the
sacrificial planarization stopper layer 373, the upper sacrificial liner 105, and the lower
sacrificial liner 103 may be introduced into the backside cavities 79’ in an isotropic etch
process. For example, if the source-level sacrificial layer 104 includes undoped amorphous
silicon or an undoped amorphous silicon-germanium alloy, the backside trench spacers 174
include silicon nitride, and the upper and lower sacrificial liners (105, 103) include silicon
oxide, a wet etch process using hot trimethyl-2 hydroxyethyl ammonium hydroxide (“hot
TMY ™) or tetramethyl ammonium hydroxide (TMAH) may be used to remove the source-
level sacrificial layer 104 selective to the backside trench spacers 174 and the upper and
lower sacrificial liners (103, 103). A source cavity 109 is formed in the volume from which
the source-level sacrificial layer 104 is removed,

{3263} Wet etch chemicals such as hot TMY and TMAH are selective to doped
semiconductor materials such as the p-doped semiconductor material and/or the n-doped
serniconductor material of the upper source-level semiconductor layer 116 and the lower
source-level semiconductor laver 112, Thus, use of selective wet etch chemicals such as hot
TMY and TMAH for the wet etch 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 source-level semiconductor layer 116 are
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physically exposed or even if a surface of the lower source-level semiconductor layer 112 is
physically exposed upon formation of the source cavity 109 and/or the backside trench
spacers 174, collateral etching of the upper source-level semiconductor layer 116 and/or the
lower source-level semiconductor layer 112 is minimal, and the structural change to the
cxemplary structure caused by accidental physical exposure of the surfaces of the upper
source-level sericonductor layer 116 and/or the lower source-level semiconductor layer 112
during manufacturing steps do not result in device failures. BEach of the memory opening fill
structures 38 is physically exposed to the source cavity 109. Specifically, cach of the
memory opening fill structures 58 includes a sidewall and a bottom surface that are
physically exposed to the source cavity 109.

{0264] Referring to FIG. 31C, a sequence of isotropic ctchants, such as wet etchants, may
be applied to the physically exposed portions of the memory films 50 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 60 at the level of the
source cavity 109. The upper and lower sacrificial liners (105, 103) may be collaterally
ctched 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 memory filros 50 at the evel of the source cavity 109 and the upper and lower
sacrificial liners (105, 103). A top surface of the lower source-level semiconductor layer 112
and a bottom surface of the upper source-level semiconductor layer 116 may be physically
exposed to the source cavity 109. The source cavity 109 may be formed by isotropically
etching the source-level sacrificial layer 104 and a bottom portion of each of the memory
films 30 selective to at least one source-level semiconductor layer (such as the lower source-
level semiconductor layer 112 and the upper source-level semiconductor layer 116) and the
vertical serniconductor channels 60,

[0265] Referring to FIG. 31D, 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 vertical semiconductor channels 60 and a doped horizontal
surface of the at least one source-level semiconductor laver (such as a bottom surface of the
upper source-level semiconductor layer 116 and/or a top surface of the lower source-level

semiconductor layer 112). For example, the physically exposed semiconductor surfaces may
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include the bottom portions of outer sidewalls of the vertical semiconductor channels 60, the
top horizontal surface of the lower source-level semiconductor layer 112, and the bottom
surface of the upper source-level semiconductor layer 116.

{0266] In one embodiment, the doped semiconductor material having a doping of the
sccond conductivity type 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 etchant, and a dopant gas may be flowed concurrently into a
process chamber including the exemplary structure during the selective semiconductor
deposition process. For example, the semiconductor precursor gas may inchide siane,
disilane, or dichlorosilane, the etchant gas may include gaseous hydrogen chloride, and the
dopant gas may include a hydride of a dopant such as phosphine, arsine, stibine, or diborane.
In this case, the selective semiconductor deposition process grows a doped semiconductor
material from physically exposed semiconductor surfaces around the source cavity 109, The
deposited doped semiconductor material forms a source contact layer 114, which may contact
sidewalls of the vertical semiconductor channels 60. The atomic concentration of the dopants
of the second conductivity type in the deposited semiconductor material moay be in arange
from 1.0 x 10%cm’ t0 2.0 x 107 /em?, such as from 2.0 x 10%%cm’ to 8.0 x 10%%cm’. The
source contact layer 114 as initially formed may consist essentially of semiconductor atoms
and dopant atoms of the second conductivity type. Alternatively, at least one non-sclective
doped semiconductor material deposition process may be used to form the sowrce contact
taver 114. Optionally, one or more etch back processes may be used in combination with a
plurality of selective or non-selective deposition processes to provide a scamless and/or
voidiess source contact layer 114,

{0267] The duration of the selective semiconductor deposition process may be selected
such that the source cavity 109 is filled with the source contact layer 114, and the source
contact layer 114 contacts bottom end portions of inner sidewalls of the backside trench
spacers 174, In one embodiment, the source contact layer 114 may be formed by selectively
depositing a doped semiconductor material from semiconductor surfaces around the source
cavity 109. In one embodiment, the doped semiconductor material may include doped
polysilicon. Thus, the source-level sacrificial layer 104 may be replaced with the source

contact layer 114.
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{0268] The layer stack including the lower source-level semiconductor fayer 112, the
source contact layver 114, and the upper source-level semiconductor layer 116 may constitute
a buried source layer (112, 114, 116). The set of layers including the buried source layer
(112, 114, 116), the source-level insulating layer 117, and the source-select-level conductive
layer 118 may constitute source-level material layers 310, which replaces the in-process
source-level material layers 310,

{0269] Referring to FIG. 31E, the backside rench spacers 174 may be removed selective
to the insulating layers 32, the sacrificial planarization stopper fayer 373, the drain-select-
level isolation structures 320, and the source contact layer 114 using an isotropic etch process.
For example, if the backside trench spacers 174 include silicon nitride, a wet etch process
using hot phosphoric acid may be performed to remove the backside trench spacers 174, In
one embodiment, the isotropic etch process that removes the backside trench spacers 174 may
be combined with a subsequent isotropic etch process that etches the sacrificial material
tavers 42 selective to the insulating layers 32, drain-select-level isolation structures 320, the
sacrificial planarization stopper layer 373, and the source contact layer 114,

{02701 The vertical semiconductor channels 60 may have a doping of the first
conductivity type, and the source contact layer 114 having a doping of the second
conductivity type that is an opposite of the first conductivity type is located over the substrate
that includes the substrate semiconductor layer 9. The source contact layer 114 may contact
bottom ends of each of the vertical semiconductor channels 6{.

{0271] An oxidation process may be performed to convert physically exposed surface
portions of semiconductor materials into dielectric semiconductor oxide portions. For
cxample, surfaces portions of the source contact layer 114 and the vpper source-level
semiconductor layer 116 may be converted into dielectric semiconductor oxide liners 122,
and surface portions of the source-select-level conductive layer 118 may be converted into
anmular dielectric semiconductor oxide spacers 124,

{0272} Referring to FIG. 32, the sacrificial material layers 42 may be removed selective
to the insulating layers 32, the drain-select-level isolation structures 320, the sacrificial
planarization stopper layer 373, and the source contact layer 114, the dielectric
semiconductor oxide Huers 122, and the annular diglectric semiconductor oxide spacers 124,
For exaraple, an etchant that selectively ctches the materials of the sacrificial material layers

42 with respect to the materials of the insulating layers 32, the drain-select-level isolation
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structures 320, the retro-stepped dielectric material portion 65, and the material of the
outermost layer of the memory films (50A, 50B) roay be introduced into the backside
trenches 79, for example, using an isotropic etch process. For example, the sacrificial
material layers 42 may include silicon nitride, the materials of the insulating lavers 32, the
drain-select-level isolation structures 324}, the retro-stepped diclectric material portion 65, and
the outermost layer of the memory films (30A, S0B) may include silicon oxide materials.
{6273] The isotropic ctch process may be a wet ctch process using a wet etch sobution, 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 42 include silicon
nitride, the etch process may be a wet eteh process in which the exeroplary 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.

{6274} Backside recesses 43 may be formed in volumes from which the sacrificial
material layers 42 are removed. Each of the backside recesses 43 may be a laterally
cxtending cavity having a lateral dimension that is greater than the vertical extent of the
cavity. In other words, the lateral dirnension of each of the backside recesses 43 may be
greater than the height of the respective backside recess 43, A plurality of backside recesses
43 may be formed in the volumes from which the material of the sacrificial material layers 42
is removed. Hach of the backside recesses 43 may extend substantially paralle! to the wop
surface of the substrate semiconductor fayer 9. A backside recess 43 may be vertically
hounded by a top surface of an underlying insulating layer 32 and a bottom surface of an
overlying insulating layer 32. In one embodiment, cach of the backside recesses 43 may have
a uniform height throughout. The drain-select-level sacrificial material layer 342 may be
protected from the etchant by a combination of the sacrificial planarization stopper layer 373,
the drain-select-level isolation structures 320, and a topmost insulating layer 32, i.e., the
topmost one of the insulating layers 32.

{0275] Referring to FIG. 33, a backside blocking dielectric tayer (not shown) may be
optionally deposited in the backside recesses 43 and the backside renches 79 and over the
sacrificial planarization stopper layer 373, The backside blocking dielectric layer may
include a dielectric material such as a dielectric metal oxide, stlicon oxide, or a combination
thereof. For example, the backside blocking dielectric layer may include aluminum oxide.

The backside blocking dielectric layer may be formed by a conformal deposition process
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such as atomic layer 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.

{0276] At least one conductive material may be deposited in the plurality of backside
recesses 43, on the sidewalls of the backside trenches 79, and over the sacrificial
planarization stopper layer 373. 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.

162771 In onc embodiment, the at fcast one conductive material may include at fcast one
metallic material, i.c., an electrically conductive material that includes at least one metallic
clement. Non-limiting exemplary metallic materials that may be deposited in the backside
recesses 43 include tungsten, tungsten nitride, titanium, titanium nitride, tantalum, tantalum
nitride, cobalt, and ruthentum. For example, the at least one conductive material may include
a conductive roetallic 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 43 may be a commbination of titanium nitride layer and a
tungsten fill material.

{0278] Electrically conductive layers 46 may be formed in the backside recesses 43 by
deposition of the at least one conductive material. A continuous metallic material layer (not
shown) may be formed on the sidewalls of each backside trench 79 and over the sacrificial
planarization stopper layer 373. Each of the electrically conductive layers 46 may include a
respective conductive metallic nitride liner and a respective conductive fill material. Thus,
the first and second sacrificial material lavers 42 may be replaced with the electrically
conductive layers 46, respectively. Specifically, each sacrificial material layer 42 may be

replaced with an optional portion of the backside blocking dielectric layer and an electrically
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conductive layer 46. A backside cavity may be present in the portion of each backside trench
79 that is not filled with the continuous metallic material laver.

{62791 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 each backside rench 79 and from above the
sacrificial planarization stopper layer 373, for example, by an anisotropic or isotropic etch.
Each remaining portion of the deposited metallic material in the backside recesses 43
constitutes an elecirically conductive layer 46. Sidewalls of the electrically conductive layers
46 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-linear width variation along the vertical direction.

{0280] Fach electrically conductive layer 46 may be a conductive sheet including
openings therein. A fivst subset of the openings through each electrically conductive layer 46
may be filled with memory opening fill structares 538, A second subset of the openings
through each electrically conductive layer 46 may be filled with the support pillar structures
20. Hach electrically conductive layer 46 may have a lesser area than any underlying
clectrically conductive layer 46 because of the first and second stepped surfaces. Each
clectrically conductive layer 46 may have a greater arca than any overlying clectrically
conductive laver 46 because of the first and second stepped surfaces.

{0281] The electrically conductive layer 46 may function as combinations of a control
gate and a word line located at the same level. The control gate clectrodes within each
clectrically conductive layer 46 arc the control gate electrodes for a vertical memory device
including the memory stack structure (35A, 55B). Fach of the memory stack structures (55A,
55B) comprises a vertical stack of memory elements located at each level of the clectrically
conductive lavers 46. A subset of the electrically conductive layers 46 may comprise word
lines for the memory clements. The semiconductor devices in the peripheral device region
200 may comyprise word line switch devices configured to control a bias voltage to respective
word lines. The memory-level assembly is located over the substrate semiconductor layer 9,
The memory-level assembly includes at least one alternating stack (32, 46) and memory stack
structures (55A, 55B) vertically extending through the at least one alternating stack (32, 46).
{0282] Referring to FIG. 34, a dielectric material may be conformally deposited in the

backside frenches 79 and over the sacrificial planarization stopper layer 373 by a conformal

-65-



WO 2020/163007 PCT/US2019/063461

deposition process. The dielectric material layer may include, for cxample, silicon oxide.
Each portion of the diclectric material deposited in a backside trench 79 constitutes a
dielectric wall structure 376. The horizontally-extending povtion of the deposited dielectric
material above the sacrificial planarization stopper layer 373 may be removed, for example,
by a recess ctch, which may use, for example, a wet cich or a dry cich. Alternatively, an
insulating spacer {not shown} may be formed at a periphery of each backside trenich 79, and a
backside contact via structure (not shown) contacting the source contact layer 114 may be
formed through cach dielectric semiconductor oxide liner 122 within a respective onc of the
insulating spacers.

[0283] Referring to FIGS. 35A and 35B, the sacrificial planarization stopper layer 373
and an upper portion of each dielectric wall structures 376 may be removed by a recess etch,
which may use an isotropic etch process such as a wet etch process using hydvofhusoric acid.
The sacrificial insulating cap layer 370, an upper portion of each drain-select-level isolation
structure 320, an upper portion of the retro-stepped diclectric material portion 63, and an
additional portion of each dielectric wall stucture 376 may be subsequently removed, for
cxample, by extending the recess cteh process. In one embodiment, sacrificial planarization
stopper layer 373, the sacrificial insulating cap layer 370, the drain-select-level isolation
structures 320, the retro-stepped dielectric material portion 635, and the diclectric wall
structures 376 may include a same dielectric material, which may be, for examople, undoped
silicate glass or doped silicate glass. In this case, the recess etch process may provide
recessed surfaces of the drain-select-level isolation structures 320, the retro-stepped dielectric
material portion 65, and the dielectric wall structures 376 within a same bhorizonial plane. A
top surface of each strip of the drain-select-level sacrificial material layer 342 may be
physically exposed after recessing the sacrificial planarization stopper layer 373, the
sacrificial insulating cap layer 370, the drain-select-level isolation structures 320, the retro-
stepped dielectric material portion 65, and the dielectric wall structures 376,

{0284] The recess etch process used to recess the sacrificial planarization stopper layer
373, the sacrificial insulating cap laver 370, the drain-select-level isolation structures 320, the
retro-stepped dielectric material portion 65, and the dielectric wall structures 376 may be
selective to the materials of the drain-select-level sacrificial material layer 342, the drain

regions (63A, 63B), the vertical semiconductor channels (60A, 60B), and a material layer
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within the memory films (S0A, 50B) such as a charge storage layer 54. For example, the
recess efch process may inchude a wet etch process using dilute hydrofhuoric acid.

[0285] Referring to FIG. 36, drain-select-level recesses 343 may be formed by removing
the drain-select-level sacrificial material layer 342 selective to the matertals of the drain-
sclect-level isolation structures 320, the retro-stepped dielectric material portion 63, and the
dielectric wail structures 376, selective to the semiconductor materials of the drain regions
(63A, 63B) and the vertical semiconductor channels (60A, 60B), and selective to the
dielectric material of the outermost fayer of the memory films (30A, 50B) (which may be, for
exarople, silicon oxide of the blocking dielectric layers 52). For exaraple, a wet etch process
using hot phosphoric acid may be used to remove the drain-select-level sacrificial material
tayer 342. The volumes from which the drain-select-level sacrificial material layer 342 is
rernoved constitutes the drain-select-level recesses 343.

[0286] Referring to FIGS. 37A and 378, at least one condactive material may be
deposited in the drain-select-level recesses 343 and over the drain-select-level isolation
structures 320, the retro-stepped dielectric material portion 63, and the dielectric wall
structures 376. Portions of the at least one deposited conductive material that overlie the
drain-select-level isolation structures 320, the retro-stepped diclectric material portion 65, and
the dielectric wall structures 376 are etched back, for example, by a recess etch. Portions of
the at least one conductive material that fill the drain-select-level recesses 343 constitute a
drain-select-level electrically conductive layer 346. The drain-select-level electrically
conductive layer 346 may be an electrically conductive layer that is formed at the drain select
level, i.e., a level at which drain sclect level electrodes. The drain-select-level electrically
conductive layer 346 are formed as multiple physically-disjoined fingers that are laterally
clectrically isolated one from another by the drain-sciect-level isolation structures 320.
{0287] Each strip of the drain-select-level electrically conductive layer 346 laterally
extends along the first horizontal divection hd1. Each strip of the drain-select-level
electrically conductive layer 346 may have two pairs of laterally unduiating sidewalls that
cxtend along the first horizontal direction hdl. Each laterally undulating sidewall of a strip of
the drain-select-level electrically conductive layer 346 may have a laterally alternating
seguence of planar sidewall segments and concave sidewall segments. Each strip of the
drain-select-level electrically conductive layer 346 contacts two rows of first memory stack

structures S5A. In case second memory stack structures 55B arc present, a strip of the drain-
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select-level electrically conductive layer 346 may contact one or more rows of second
memory stack structures 55B.

[0288] in one embodiment, each strip of the drain-seleci-level electrically conductive
layer 346 may include a combination of a drain-select-level metallic liner 346A and a drain-
select-level metal fill portion 3468, The drain-select-level metallic liner 346A includes an
electrically conductive metallic material that may function as a diffusion barrier layer and/or
adhesion promotion layer for a metallic fill material to be subsequently deposited. The drain-
select-level metallic liner 346A may include a conductive metallic nitride material such as
TiN, TaMN, WN, or a stack thereof, or may include a conductive metallic carbide material such
as TiC, TaC, W, or a stack thereof. The drain-select-level metallic liner 346A may be
deposited by a conformal deposition process such as chemical vapor deposition ({CVD) or
atomic layer deposition {ALD), or by a non-conformal deposition process such as physical
vapor deposition (PVD). The thickness of the drain-select-level metallic liner 346A may be
in a range from 2 nm o 8 nm, such as from 3 am to 6 nm, although lesser and greater
thicknesses may also be used. In one embodiment, the drain-select-level metallic liner 346A
may consist essentially of a conductive metal nitride such as TiN.

{0289] The drain-select-level metal fill portion 3468 may be deposited by a conformal or
non-conformal deposition method, which may be, for example, chemical vapor deposition
(CVD), atomic layer deposition {ALD), physical vapor deposition (PVD), electroless plating,
electroplating, or a combination thercof. In one embodiment, the drain-select-level metal fill
portion 346B may consist essentially of at least one elemental metal. The at least one
clemental metal of the drain-select-level metal fill portion 3468 may be selected, for
cxample, from tangsten, cobalt, ruthenium, Gtanium, and tantalum. In one embodiment, the
drain-select-level metal fill portion 3468 may consist essentially of a single elemental metal.
{0290] The drain-select-level elecirically conductive layer 346 may be formed on a
topmost one of the insulating layers 32, and may be added to the alternating stack (32, 46} as
a topmost electrically conductive layer. Each drain-select-level isolation structure 320 that
does not contact a backside trench 79 may vertically extend through the drain-select-level
clectrically conductive layer 346, which is a topmost clectrically conductive layer within an
expanded alternating stack (32, 46, 346). Each strip of the drain-select-level electrically
conductive layer 346 includes a drain-select-level metallic liner 346A and a drain-select-level

metal fill portion 3468 formed within the drain-select-level metallic liner 346A.,
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{0291] Referring to FIGS. 38A and 38B, a contact level dielectric layer 73 may be
formed over the drain-select-level electrically conductive layer 346 by deposition and
planarization of a diclectric material such as sihicon oxide. The contact level dielectric layer
73 contacts top surfaces of the drain-select-level metallic liner 346A and the drain-select-
level metal fill portion 3468 of cach strip of the drain-sclect-level electrically conductive
tayer 346, i.e., the topmost electrically conductive layer of the expanded alternating stack (32,
46, 346).

{2921 Additional contact via structures (88, 86} may be formed through the contact level
dielectric layer 73, and optionally through the retro-stepped dielectric material portion 65.
For example, drain contact via structures 88 may be formed through the contact level
dielectric layer 73 on each drain region (63A, 63B). Word line contact via structures 86 may
be formed on the electrically conductive layers 46 through the contact level dielectric layer
73, and through the retro-stepped dielectric material portion 65. Peripheral device contact via
structures (not shown) may be formed through the retro-stepped dielectric material portion 65
directly on respective nodes of the peripheral devices.

{02931 Referring to all drawings of the first, second, and third exemplary structures and
according to various cmbodiments of the present disclosure, a three-dimensional memory
device is provided, which comprises: an alternating stack of insulating layers 32 and
clectrically conductive layers (46 and 346 if present) located over a substrate (9 and 101
present}); first memory stack structures S5A extending through the alternating stack (32, 46,
346). wherein each of the first memory stack structures 35A includes a respective first
memory film (50, S0A) and a respective first vertical semiconductor channel (60, 60A); and a
drain-select-level isolation structure 320 having a pair of straight lengthwise sidewalls that
cxtend along a first horizontal direction hdl and contact straight sidewalls of the first memory
stack structures 55A, wherein cach first vertical semiconductor channel (60, 60A) comprises
a tubular section that underlic a horizontal plane including a bottom surface of the drain-
select-level isolation structuve 320 and a semi-tubular section overlying the tubular section
and contacting the drain-select-level isolation structure 320,

§0294] In one embodiment, cach of the first vertical semiconductor channels (66, 604A)
comprises: a tubular vertical semiconductor channel segment that extends through a first
plurality of electrically conductive layers 46 of the alternating stack (32, 46, 346) that are

located under the horizontal planc; and a semi-tubular vertical semiconductor channel
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segment that overlics the tubular vertical semiconductor channel segment and contacts a
respective one of the pair of straight lengthwise sidewalls of the drain-select-level isolation
structure 320.

{0295] In one embodiment, the three-dimensional memory device comprises first
dielectric cores 62 A located within a respective one of the first memory stack structures 334,
wherein each of the first dielectric cores 62A comprises: a cylindrical core portion that
extends through the first plarality of electrically conductive lavers 46 of the alternating stack
(32, 46, 346) that arc located under the horizontal plane; and a semi-cylindrical portion that
overlies the tubular vertical semiconductor channel segment and contacts a vespective one of
the pair of straight lengthwise sidewalls of the drain-select-level isolation structure 320.
{0296] In one embodiment, the first vertical semiconductor channels (60, 60A) may have
a doping of a first conductivity type; and first drain regions 63A having a doping of a second
conductivity type are located at an upper end of each of the first vertical semiconductor
channels (60, 60A).

{02971 In onc embodiment, cach of the first drain regions 63A may have a straight
sidewall that contacts a respective one of the pair of straight lengthwise sidewalls of the
drain-select-level isolation structure 320.

{0298] in one embodiment, the drain-select-level isolation structure 320 may vertically
extend through a plurality of electrically conductive layers (46 or 346) including a topmost
omne of the electrically conductive lavers within the alternating stack (32, 46, 346).

{6299] In onc embodiment, the drain-select-level isolation structure 320 may vertically
cxtend through a topmost one of the electrically conductive fayers 346 within the alternating
stack (32, 46, 346); the topmost one of the electrically conductive layers 346 comprises a
drain-select-level metallic liner 346 A and a drain-select-level metal fill portion 3468 formed
within the drain-seleci-level metallic liner 346A; and a dielectric layer (such as a contact
level dielectric layer 73) contacts top surfaces of the drain-select-level metallic liner 346A
and the drain-select-level metal fill portion 346B.

{0300] in one embodiment, the substrate (9, 10) comprises a semiconductor material
layer 10; the semiconductor material layer 10 and the first vertical semiconductor channels 60
have a doping of a first conductivity type; pedestal channel portions 11 are disposed between
bottom ends of the first vertical semiconductor channels 60 and the semiconductor material

layer 10; and a source region 61 having a doping of a second conductivity type is formed
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within the semiconductor material layer 10 and is laterally spaced from the first memory
stack structures 554 and the pedestal channel portions 11.

{63611 In one embodiment, the first vertical semiconductor channels 68A may have a
doping of a first conductivity type: a source contact layer 114 baving a doping of a second
conductivity type that is an opposite of the first conductivity type is located over the substrate
9; and the source contact layer 114 contacts bottom ends of each of the first vertical
semiconductor channels 60A.

{03921 in one embodiment, the three-dimensional memory device comprises second
memory stack structures 55B extending through the alternating stack (32, 46, 346). Each of
the second memory stack structures 55B includes a respective second memory film (50, 508)
and a respective second vertical semiconductor channel (60, 60B); and cach second vertical
semiconductor channel (60, 60B) has a tubular configuration and extends through each
electrically conductive layer (46, 346) in the alternating stack (32, 46, 346).

{6303] In onc embodiment, the first memory stack structures 55A are arranged in first
rows that extend along a first horizontal direction hd1 and have a uniform intra-row pitch pl
within each first row. The second memory stack structires 558 are arvanged in second rows
that extend along the first horizontal divection hdl and have the uniform intra-row pitch pi
within each second row. The first memory stack structires 55A and the second memory
stack structures 55B are arranged as a two-dimensional periodic array in which each
neighboring pair of rows sclected from the {irst rows and second rows has a uniform inter-
row pitch p2.

{03041 In onc embodiment, the three-dimensional memory device further comprises a
pair of backside trenches 79 vertically extending through the alternating stack (32, 46, 346)
and laterally extending along the first horizontal divection hd1, wherein the two-dimensional
periodic array and the drain-select-level isolation structure 320 are located between the pair
of backside trenches 79.

{0385] in one embodiment, the three-dimensional memory device comprises: first drain
regions 63A contacting an upper end of a respective one of the first vertical semiconductor
channels (60, 60A) and having a semi-cylindrical shape; second drain regions 638 contacting
an upper end of a respective one of the second vertical semiconductor channels (60, 60B) and
having a cylindrical shape; first drain contact via structures 88 having bottommost surfaces

that contact toproost surfaces of the first drain regions 63A; and second drain contact via

TFi-



WO 2020/163007 PCT/US2019/063461

structures 88 contacting a top surface and a sidewall of a respective one of the second drain
regions 638.

{0386] Referring to FIGS. 39A and 398, a fourth exemplary stracture according to a
fourth embodiment of the present disclosure may be derived from the second exemplary
structure of FIG, 18, Generally, the fourth exemplary structure may be provided by forming
an alternating stack of insulating layers 32 and spacer material layers over a substrate (9 and
optionally 10). The spacer material layers are formed as electrically conductive layers 46, or
are formed as sacrificial material layers 42 and are subsequently replaced with the electrically
conductive layers 46. Memory stack structures 35 extending through the alternating stack
(32, 46) are formed. Each of the memory stack structures 35 includes a respective memory
film 50 and a respective vertical semiconductor channel 60 including dopants of a first
conductivity type at a first atornic concentration. Drain regions 63 having a doping of a
second conductivity type that is an opposite of the first conductivity type is formed on an
upper end of each of the vertical semiconductor channels 60. The memory stack structures
55 may be arranged in two rows that extend along a first horizontal direction hdl. The
memory stack structures 55 are arranged as a two-dimensional periodic array in which cach
neighboring pair of rows of memory stack structures 55 has a uniform inter-row pitch p2.
Each two-dimensional perindic array of memory stack structures 55 may be formed between
the pair of backside trenches 79.

10387] A patterned etch mask layer 327 including elongated openings may be formed
over the alternating stack (32, 46) and the memory stack structures 55. In one embodiment,
the patterned etch mask layer 327 may be a patterned photoresist layer formed by application
and lithographic patterning of a photoresist material over the alternating stack (32, 46) and
the memory stack structures 535, Each opening in the patterned etch mask layer 327 may
overlie a segment of each memory stack structure 55 within a neighboring pair of rows of
memory stack structurves S5, Each memory stack structure 33 of which a segment is located
within an area of one of the openings in the patterned etch mask layer 327 is hevein referred
to as a first memory stack structure 33A. Each memory opening fill structure 38 including a
first memory stack structure 33A is herein referred to as a first memory opening fill structare
58A. Memory stack structares 55 that are entirely covered with the patterned etch mask layer
327, for example, by being located between neighboring pairs of first memory stack

structures 55A, are herein referred to as a second memory stack structure 55B. Second
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memory stack structures 55B may, or may not, be present in the first exemplary structure
depending on the layout of the elongated openings in the patterned etch mask layer 327.
Each memory opening fill structure 58 including a second memory stack structure 558 is
herein referred to as a second memory opening fill stucture 58B.

{0308] Each first memory stack structure S5A may be only partly covered with the
patterned etch mask layer 327. As such, a first area of each of the first memory stack
structures 55A is located within an area of an elongated opening in the patterned etch mask
fayer 327, and a second arca of cach of the first memory stack structures 55A is covered by
the patterned etch mask layer 327. The furst area may be in a range from 15 % to 70 %, such
as from 25 % to 50 %, of the entire area of each first memory stack structure 55A.

{0369] An anisotropic eich process may be performed to etch unmasked portions of the
insulating cap layer 70 and upper layers of the alternating stack (32, 46) located at the drain
select levels without etching the memory stack structures 33, A drain-select-level trench 309
may be formed underneath each clongated opening within the patterned etch mask layer 327
by etching through an upper portion of the alternating stack (32, 46) selective to the
physically exposed material portions of the memory opening fill structures 58. Each drain-
select-level trench 309 may include a pair of laterally undulating lengthwise sidewalls that
cxtend generally along the first horizontal direction hdl. Each latcrally undulating
lengthwise sidewall may include a laterally alternating sequence of straight sidewall
segments (that are sidewalls of the insulating cap layer 70 and upper layers of the alternating
stack (32, 46)) and concave sidewall segments (that are sidewalls of the memory opening fill
structures 38). The depth of the drain-select-level trenches 309 may be selected such that the
drain-select-level trenches 309 vertically extend through each electrically conductive layer 46
located at drain select levels, i.e., levels in which the electrically conductive layers function
as drain sclect level gate electrodes. Hach vertical semiconducior channel 60 of the memory
stack structures 55 has a tubular configuration.

{0310] The anisotropic etch process partially physically exposes upper portions of
sidewalls of two rows of the first memory stack structures S5A around cach drain-select-level
trench 309, Each drain-select-level trench 309 extends through an upper portion of the
alternating stack (32, 46) and laterally extends between two rows of first memory stack
structures 35A. The memory stack structures 55 includes first memory stack structures 55A

that arc partially exposcd to a respective onc of the drain-select-level trenches 309, and
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optionally includes second memory stack structures 55B that are masked with the patterned
ctch mask layer 317 during formation of the drain-sclect-level trenches 309. Thus, sidewalls
of the second memory stack structures 55B are not physically exposed after formation of the
drain-select-level trenches 309.

{0311] Referring to FIGS. 40A and 408, dopants of the first conductivity type are
implanted into segments of vertical semiconductor channels 68 within the first memory stack
structures 55A that are proximal to a respective one of the drain-select-level trenches 309.
Angled ion implantation may be performed using the patterned cich mask layer 307 as an
implantation mask. The tift angle of the angled ion implantation process may be selected
such that the dopants of the {ivst conductivity type are implanted into portions of the vertical
semiconductor channels 60 that are located above the horizontal plane including the top
surface of a toproost electrically conductive layer 46 that underlies the drain-select-level
trenches 309, For example, the tilt angle of the ion implantation process may be in a range
from 2 degree to 30 degrees, such as from 4 degrees to 15 degrees, although lesser and
greater tilt angles may also be used. In case the first conductivity type is p-type, the dopants
of the first conduactivity type may include boron atoms. In case the first conductivity type is
n-type, the dopants of the first conductivity type may include phosphor atoms, arsenic atoms,
and/or antimony atoms. In onc embodiment, diffusion suppressor atoms such as carbon
atoms may be implanted in addition to the dopant atoms of the first conductivity type to
reduce diffusion of the implanted dopants of the first conductivity type.

{63121 Each vertical semiconductor channel 60 within the first memory stack structures
55A (located within the first memory opening fill structures 58A) comprises a tubular section
60T including dopants of the first conductivity type at the fivst atomic concentration {which is
the atomic concentration of dopants of the first conductivity type as provided during
formation of the first and second semiconductor channel layers (601, 602)), a first semi-
tabular section 608 overlying the tubular section 607 and including dopants of the first
conductivity type at the first atomic concentration, and a second semi-tubular section 60U
overlying the tubular section 60T and laterally adjoined to the first semi-tubular section 605
and including dopants of the first conductivity type at a second atomic concentration that is
greater than the first atomic concentration.

{0313] In one embodiment, the second atomic concentration may be in a range from 5§

times the first atomic concentration to 1.0 x 10° times the first atomic concentration. n a

74



WO 2020/163007 PCT/US2019/063461

non-limiting ilustrative exaraple, the first atomic concentration may be in a range from 1.0 x
10%/cmn® to 1.0 x 10%/cm?, and the second atomic concentration may be in a range from 1.0 x
10 /cm’ to 1.0 x 10%cm’, although lesser and greater concentrations may be used for each
of the first atomic concentration and the second atomic concentration. In one embodiment,
the tubular section 607 of each first memory stack structure 35A (within a respective one of
the first memory opening fill souctures 58A) may be located underneath a horizontal plane
including bottom surfaces of the drain-select-level trenches 30%. Each tubular section 60T,
cach first semi-tubular section 608, and cach second semi-tubular section 60U may include a
respective portion derived from a first semiconductor channel layer 601 and arespective
portion derived from a second semiconductor channel layer 602. The second semi-tabular
section 60U may additionally include carbon atoms, for example, at an atomic concentration
in a range from 1.0 x 10%%/cm’ to 5.0 x 107/cm’, and the first semi-tubular section 608 and
the tubular section GOT may be free of carbon atoms, e.g., at a trace level below 1.0 x
169%cm’. Thus, the atomic concentration of carbon atoms in the second semi-tubular section
60U may be at least 10 times the atomic concentration of carbon atoms in the first semi-
tihular region 608, and at least 10 tiroes the atoric concentration of carbon atoms in the
tubular region 607,

{0314] The memeory stack structures 53 may include second memory stack structures 558
extending through the alternating stack (32, 46). Each of the second memory stack structures
558 includes a respective second memory {ilm 30 and a respective second vertical
semiconductor channel 60, and each second vertical semiconductor channel 60 may include a
portion having a tubular configuration, extend through cach electrically conductive layer 46
in the alternating stack (32, 46), and include dopants of the first conductivity type at the first
atomic concentration throughout an entire volurae thereof. The portion having the tubular
configuration may extend to the horizontal plane including the top surfaces of the drain
regions 63.

{0315] In one embodiment, each of the first semi-tubular sections 608 has a horizontal
cross-sectional shape of a first block arc that is invariant with translation along a vertical
direction hdi, and each of the second semi-tubular sections 60U has a horizontal cross-
sectional shape of a second block arc that is invartant with translation along the vertical

direction. As used herein, a “block arc™ is a shape that is obtained by limiting the azimuthal
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extent of a planar annular shape to less than 360 degrees around the geometrical center of the
planar annular shape (i.e., the shape of an anulus within a Eoclidean plane).

{031s] Dopants of the first conductivity type may be coliaterally implanted into a
segment of each of the first drain regions 63 during implantation of the dopants of the first
conductivity type into the toplanted segments of vertical semiconductor channels 60 (i.c.,
into the second semi-tubular sections 60U). The first drain regions 63 may contact an upper
end of a respective one of the first semi-tubular sections 603, contact an upper end of a
respective one of the second semi-tubular sections 60U, and have a doping of the second
conductivity type that is the opposite of the first conductivity type. In one embodiment, each
of the first drain regions 63 may include a {fivst drain segment 631 consisting essentially of a
semiconductor material and dopants of the second conductivity type and contacting the upper
end of the respective one of the first semi-tubular sections 608, and a second drain segment
632 consisting essentially of the semiconductor material, dopants of the second conductivity
type, and dopants of the first conductivity type, and contacting the upper end of the respective
one of the second semi-tubular sections 60U, The stomic concentration of dopants of the furst
conductivity type in a second drain segment 632 is less than the atomic concentration of
dopants of the second conductivity type in the second drain segment 632, and may be the less
than the atomic concentration of dopants of the first conductivity type in the second semi-
tabular sections 60U. The patterned etch mask layver 327 may be removed, for example, by
ashing after formation of the drain-select-level renches 309.

163171 Referring to FIGS. 41 A and 41B, drain-select-level isolation structure 322 may be
formed in each drain-select-level trench 309, for exaraple, by depositing a diclectric material
such as silicon oxide in the drain-select-level trenches 309. Excess portions of the dielectric
material may be removed from above the horizontal plane including the top surface of the
insulating cap layer 70 by a planarization process, which may use a recess etch and/or
chemical mechanical planarization. Each drain-select-level isolation structuve 322 may be
formed in a drain-select-level trench 309 on sidewalls of memory films 50 of the first
memory stack structures 55A. Each drain-select-level isolation structure 320 may include a
pair of laterally-undulating sidewalls that laterally extend along the first horizontal direction
hdl and including a laterally alternating sequence of straight sidewall segments and concave

sidewall segments. Each drain-select-level isolation structure 322 may vertically extend
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through each electrically conductive layer 46 within the alternating stack (32, 46} that is
located at a drain select level.

[0318] in one embodiment, the first memory stack structures 55A may be arranged in
first rows that extend along the first horizontal direction hd1 and has a uniform inira-row
pitch pl within cach first row. The sccond memory stack structures 55B are arranged in
second rows that extend along the first horzontal direction hdl and have the uniform intra-
row pitch pl within each second row. The first memory stack structures 55A and the second
memory stack structurcs 558 are arranged as a two-dimensional periodic array in which cach
neighboring pair of rows selected from the first rows and second rows has a uniform inter-
row pitch p2.

{0319] In one embodiment, a pair of backside trenches 79 may vertically extend through
the alternating stack (32, 46) and laterally extends along the first horizontal direction hdl.
The two-dimensional periodic array of memory stack structures 35 and at least one drain-
select-level tsolation structure 322 are located between the pair of backside trenches 79.
{03201 Referring to FIG. 42, a contact level dielectric layer 73 may be formed over the
insulating cap layer 70, the drain-select-level isolation structures 322, and over the memory
stack structures 55 and the support pillar structures 20. The contact level dielectric layer 73
includes a dielectric material such as silicon oxide. The contact level diclectric laver 73 may
have a thickness in a range from 50 nin to 500 nm, although lesser and greater thicknesses
may also be used.

{63213 Referring to FIGS. 43A - 43C, additional contact via structures (88, 86) may be
formed through the contact level dielectric layer 73, and optionally through the retro-stepped
dielectric material portion 65. For example, drain contact via structures 88 may be formed
through the contact fevel dielectric layer 73 on each drain region 63. Word line contact via
structures 86 may be formed on the electrically conductive layers 46 through the contact fevel
diclectric layer 73, and through the retro-stepped diclectric material portion 65. Peripheral
device contact via structires (not shown) may be formed through the retro-stepped dielectric
material portion 65 directly on respective nodes of the peripheral devices.

{03221 The drain-select-level gate clectrodes, comprising a subset of the electrically
conductive layers 46, may be self-aligned to the memory opening fill structures. Separation
of the drain-select-level gate electrodes may be performed after replacement of the sacrificial

material layers 42 with the electrically conductive layers 46. Separate processing steps for
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replacement of sacrificial material layers 42 at the drain select levels is not necessary, and
thus, total processing cost may be reduced. The drain-select-level gate electrodes are
laterally spaced from one another by drain-select-level isolation structure 320 and second
semi-tubular sections 60U that are inactive portions of a vertical semiconductor channel.
{0323] In one embodiment, the insulating layers 32 may include silicon oxide and the
electrically conductive layers 46 may inchude tungsten. In this case, formation of the drain-
select-level trenches 309 may be performed by using an anisotropic etch process that etches
silicon oxide and tungsten selective to the materials of the memory opening il structures 58.
Thus, the drain-select-level trenches 309 may be self-aligned to the memory opening fill
structures 58. A bottom surface of each drain-select-level trenches 309 may be formed on an
insulating layer 32 located between a topmost word line and a bottommost drain-select-level
gate electrode. The implantation of the dopants of the first conductivity type (such as boron
in case the first conductivity type is p-type) into the sccond semi-tubular sections 60U of the
vertical semiconductor channels 60 raises the threshold voltage of the second semi-tubular
sections H0L, effectively disabling the second semi-tubular sections 60U and preventing flow
of electrical current therethrough. In other words, high bias voltages applied to adjacent
drain-select-level gate clectrodes do not furn on the second semi-tubular sections 60U of the
vertical serniconductor channels 60, and a leakage current through the second semi-tubular
sections 60U is prevented by the high dose of the dopants of the first conductivity type during
the angled implantation process.

{6324 Formation of the drain-sclect-level trenches 309 provides for the implantation of
the first conductivity dopants into the second semi-tubular sections 60U. The angled
implantation may be a low energy imoplantation process, which reduces straggle of implanted
dopants and reduces electrical impact on the first semi-tubular sections 605 of the vertical
semiconductor channels 60, i.c., does not affect the threshold voltage of the first semi-tubular
sections 605, High temperature thermal anneal processes may be performed prior to
implantation of the dopants of the first conductivity type into the second semi-tubular
sections 60U, Thus, outdiffusion of the first conductivity type dopants from the second semi-
tithular sections 60U after the angled ton implantation process may be limited due to reduced
thermal cycling. Thus, the impact of formation of the second semi-tubular sections 60U on

the threshold voltage of the first semi-tubular sections 635 may be minimal.
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{0325] High threshold voltage for the second semi-tubular sections 60U may be
cffectively provided by a multi-twist ion implantation process to minimize shadowing of the
implanted dopants due to geometry. The dose, the tilt angle, and the energy of the ion
implantation process that implants the dopants of the first conductivity type into the second
semi-tubular sections 60U may be optimized based on the diffusivity of the dopants of the
first conductivity type and the subsequent thermal budget. In some embodiments, portions of
the memory films 50 may be at least partially vemoved prior to the ion implantation process,
in which case the parameters of the ion implantation process may be adjusted accordingly.
{0326] Referring to FIGS. 44A and 448, a fifth exerplary structure according to a fifth
embodiment of the present disclosure may be derived from the first exemplary structure of
FIG. 6. Generally, the fifth exemplary structure may be provided by forming an alternating
stack of insulating layers 32 and spacer material layers over a substrate (9 and optionally 10).
The spacer material layers are formed as sacrificial material layers 42, and may be
subsequently replaced with the electrically conductive layers. Memory stack structures 55
extending through the alternating stack (32, 42) are formed. Bach of the memory stack
structures 33 includes a respective memory film 30 and a respective vertical semiconductor
channel 60 including dopants of a first conductivity type at a first atomic concentration.
Drain regions 63 having a doping of a sccond conductivity type that is an opposite of the first
conductivity type is formed on an upper end of each of the vertical semiconductor channels
60. The memory stack structures 55 may be arranged in two rows that extend along a first
horizontal direction hdl. The memory stack structures 55 are arranged as a two-dimensional
periodic array in which each neighboring pair of rows of memory stack structures 55 has a
gniform inter-row pitch p2. Pach two-dimensional periodic array of memory stack structures
55 may be formed between the pair of backside trenches 79.

{0327] A patterned eich mask layer 327 including elongated openings may be formed
over the alternating stack (32, 42) and the memory stack structures 55. In one embodiment,
the patterned etch mask layer 327 may be a patterned photoresist layer formed by application
and lithographic patterning of a photoresist material over the alternating stack (32, 42) and
the memory stack structures 33, Hach opening in the patterned etch mask layer 327 may
overlie a segment of each memory stack structure 55 within a neighboring pair of rows of
memory stack structures 53. Each memory stack structure 35 of which a segment is located

within an area of one of the openings in the patterned etch mask layer 327 is herein referred
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to as a first memory stack structure 55A. Each memory opening fill structure 58 including a
first memory stack structure 33A is herein referred to as a first memory opening fill structare
58A. Memory stack structares 55 that are entirely covered with the patterned etch mask layer
327, for example, by being located between neighboring pairs of first memory stack
structures 55A, are herein referred to as a second memory stack structure 55B. Second
memory stack structures S5B may, or may not, be present in the first exemplary structure
depending on the layout of the elongated openings in the patterned etch mask layer 327.
Fach mermory opening fill structure 58 including a second memory stack structure 558 is
herein referred to as a second memory opening fill structure 58B.

{0328] Each first memory stack stucture 35A is only partly covered with the patterned
ctch mask laver 327. As such, a first arca of cach of the first memory stack structures 53A is
located within an area of an elongated opening in the patterned etch mask layer 327, and a
second area of each of the first memory stack structures 55A is covered by the patterned etch
mask layer 327. The first area may be in a range from 15 % to 70 %, such as from 25 % to
58 %, of the entire area of each first memory stack structure 35A,

{0329] An anisotropic etch process is performed to etch unmasked portions of the
insulating cap layer 70 and upper layers of the alternating stack (32, 42) located at the drain
select levels without etching the memory stack structures 55, A drain-select-level trench 309
is formed underneath each elongated opening within the patterned etch mask layer 327 by
etching through an upper portion of the alternating stack (32, 42} selective to the physically
exposed material portions of the memory opening fill structures 58. Each drain-select-level
trench 309 may include 3 pair of laterally undulating lengthwise sidewalls that extend
generally along the fivst horizontal direction hdl. Each laterally andulating lengthwise
sidewall may include a laterally alternating sequence of straight sidewall segments {that are
sidewalls of the insulating cap layer 70 and upper layers of the aliernating stack (32, 42)) and
concave sidewall segments (that are sidewalls of the memory opening fill structures 58). The
depth of the drain-select-level trenches 309 may be selected such that the drain-select-level
trenches 309 vertically extend through each sacrificial material layer 42 located at drain
select levels, 1.e., levels in which the sacrificial material layers 42 are subsequently replaced
with electrically conductive layers that function as drain select level gate electrodes. Each
vertical semiconductor channel 60 of the memory stack structures 55 has a tubular

configuration.
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{0330] The chemistry of the anisotropic eich process may be selective to the matertals of
the drain regions 63, the vertical semiconductor channels 60, and the outer layer of the
memory films 50. In one embodiment, the blocking dielectric layers 52 may include an
aluminum oxide layer as an outermost layer, and the anisotropic etch process may be
selective to aluminum oxide. The anisotropic etch process partially physically exposes upper
portions of sidewalls of two rows of the first memory stack structures 55A around each drain-
select-level rench 309. Hach drain-select-level trench 309 extends through an upper portion
of the alternating stack (32, 42) and laterally extends between two rows of first memory stack
structures 55A. The memory stack structures 55 includes first memory stack structures 55A
that are partially exposed to a respective one of the drain-select-level trenches 309, and
optionally includes second memory stack suuctures 55B that are masked with the patterned
etch mask layer 317 during formation of the drain-select-level trenches 309, Thus, sidewalls
of the second memory stack structures 538 are not physically exposed after formation of the
drain-select-level trenches 309.

{03311 Referring to FIG. 45, the processing steps of FIGS. 40A and 408 may be
performed to implant dopants of the first conductivity type into segments of vertical
semiconductor channels 60 within the first memory stack structures 55A that are proximal to
a respective one of the drain-sclect-level trenches 309, Each vertical semiconductor channel
60 within the first memory stack structures SSA (located within the first memory opening fill
structures 58A) comprises a tubular section 60T including dopants of the first conductivity
type at the first atomic concentration (which is the atomic concentration of dopants of the
first conductivity type as provided during formation of the first and second semiconductor
channel layers (601, 602)), a first semi-tubular section 60S overlying the tubular section 60T
and including dopants of the first conductivity type at the first atomic concentration, and a
sccond semi-tubular section 60U overlying the tubular section 60T and laterally adjoined to
the first semi-tubular section 60S and including dopants of the first conductivity type at a
second atomic concentration that is greater than the first atomic concentration.

{03321 in one embodiment, the second atomic concentration may be inarange from S
times the first atomic concentration to 1.0 x 10° times the first atomic concentration. In a
non-timiting ithustrative example, the first atomic concentration may be in a range from 1.0 x
10%/cm’ 1o 1.0 x 10'%/cm?, and the second atomic concentration may be in a range from 1.0 x

7 3 19 R B . .
10Y7ent’ to 1.0 x 10%/cn?’, although lesser and greater concentrations may be used for each
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of the first atomic concentration and the second atomic concentration. In one embodiment,
the tubular section 60T of each first memory stack structure 55A (within a respective one of
the first memory opening fill structures S8A) may be located underneath a horizontal plane
including bottom surtaces of the drain-sclect-level trenches 309. Each tubular section 60T,
cach first semi-tubular section 608, and cach second semi-tubular section 60U may include a
respective portion derived from a first semiconductor channel laver 601 and a respective
portion derived from a second semiconductor channel layer 602. The second semi-tubular
section 60U may additionally include carbon atoms, for cxample, at an atomic concentration
in a range from 1.0 x 10%/cm” to 5.0 x 10 /e, and the first seri-tubular section 608 and
the tubular section 60T may be free of carbon atorms, e.g., at a trace level below 1.0 x
16%/cm’. Thus, the atomic concentration of carbon atoms in the second semi-tubular section
60U may be at least 10 times the atomic concentration of carbon atoms in the first semi-
tubular region 60S, and at least 10 times the atomic concentration of carbon atoms in the
tubular region 60T.

{03331 The memory stack structures 55 may include second memory stack structures 5358
extending through the alternating stack (32, 46). Each of the second memory stack structures
558 includes a respective second memory film 50 and a respective second vertical
semiconductor chanuel 60, and cach second vertical semiconductor channe! 60 may include a
portion having a tubular configuration, extend through each electrically conductive layer 46
in the alternating stack (32, 46). and include dopants of the first conductivity type at the fivst
atomic concentration throughout an entire volume thereof. The portion having the wwbular
configuration may extend to the borizontal plane including the top swfaces of the drain
regions 63.

{63341 in one embodiment, each of the first semi-tubular sections 605 has a horizontal
cross-sectional shape of a first block arc that is invariant with translation along a vertical
direction hdl, and each of the second semni-tubular sections 60U has a borizontal cross-
sectional shape of a second block are that is invariant with wanslation along the vertical
direction. As used herein, a “block arc” is a shape that is obtained by limiting the azimuthal
extent of a planar annular shape to less than 360 degrees around the geometrical center of the
planar annular shape (i.¢., the shape of an anulus within a Hoclidean plane).

{0335] Dopants of the first conductivity type are collaterally implanted into a segment of

cach of the first drain regions 63 during tmplantation of the dopants of the first conductivity
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type into the implanted segments of vertical semiconductor channels 60 (i.e., into the second
semi-tubular sections 60U). The first drain regions 63 may contact an upperend of a
respective one of the first semi-tubular sections 603, contact an upper end of a respective one
of the second semi-tubuiar sections 60U, and have a doping of the second conductivity type
that is the opposite of the first conductivity type. In one embodiment, each of the first drain
regions 63 may inchide a first drain segment 631 consisting essentially of a semniconductor
material and dopants of the second conductivity type and contacting the upper end of the
respective one of the first semi-tubular sections 605, and a second drain segment 632
consisting essentially of the semiconductor material, dopants of the second conductivity type,
and dopants of the first conductivity type, and contacting the upper end of the respective one
of the second semi-tubuiar sections 60U. The atomic concentration of dopants of the first
conductivity type in a second drain segment 632 is less than the atomic concentration of
dopants of the second conductivity type in the second drain segment 632, and may be the less
than the atomic concentration of dopants of the first conductivity type in the second somi-
tubular sections 60U, The patterned etch mask layer 327 may be removed, for example, by
ashing after formation of the drain-select-level trenches 309.

{0336] Referring to FIG. 46, drain-select-level isolation structure 322 may be formed in
cach drain-select-level trench 309, for cxample, by depositing a diclectric material such as
silicon oxide in the drain-select-level trenches 309. Excess portions of the dielectric material
may be removed from above the horizontal plane including the top swrface of the insulating
cap layer 70 by a planarization process, which may use a recess etch and/or chemical
mechanical planarization. Each drain-select-level isolation structure 322 may be formed in a
drain-select-level trench 309 on sidewalls of memory films 50 of the first memory stack
structures 55A. Each drain-select-level isolation structure 320 may include a pair of laterally-
undulating sidewalls that laterally extend along the first horizontal direction hdl and
including a laterally alternating sequence of straight sidewall segments and concave sidewall
segments. Each drain-select-level isolation structure 322 may vertically extend through each
electrically conductive layer 46 within the alternating stack (32, 46) that is located at a drain
select level.

{0337] in one embodiment, the first memory stack structures 55A are arranged in first
rows that extend along the first horizontal direction hdl and has a uniform intra-row pitch pi

within each first row. The second meraory stack structures 558 are arranged in second rows
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that extend along the first horizontal direction hdl and have the uniform intra-row pitch pi
within each second row. The first memory stack structires 33A and the second memory
stack structures 55B are arranged as a two-dimensional periodic array in which each
neighboring pair of rows selected from the first rows and second rows has a uniform inter-
row pitch p2.

{0338] Subsequently, the processing steps described above with reference to FIGs. 9A
and 9B may be performed to form a contact level dielectric laver 73 and backside trenches
79.

{(3339] Referring to FIG. 47, the processing steps of FIGS. 10, 11A - 11D, 12, 13A and
138 may be performed to replace the sacrificial material layers 42 with electrically
conductive lavers 46. The processing steps of FIGS. 14A, 14B, 15A. and 158 may be
subsequently performed to provide a structure that is substantially identical to the structure of
FIGS. 43A — 43C.

{0340] Referring to all drawings of the fourth and fifth exemplary structures and
according to various embodiments of the present disclosure, a three-dimensional memory
device is provided, which comprises: an alternating stack of insulating layers 32 and
clectrically conductive layers 46 located over a substrate (9, 10); and first memory stack
structures 55A extending through the alternating stack (32, 46}, wherein each of the first
memory stack structurves S5A inchides a respective first memory film 50 and a respective furst
vertical serniconductor channel 60, wherein each first vertical semiconductor channel 60
comprises a tubular section 60T including dopants of a first conductivity type at a first atomic
concentration, a first semi-tubular section 608 overlying the tubular section and including
dopants of the first conductivity type at the first atomic concentration, and a second semi-
tubular section 60U overlying the mbular section and laterally adjoined to the first semi-
tubular section 60S and including dopants of the first conductivity type at a second atomic
concentration that is greater than the first atomic concentration.

{0341] In one embodiment, the three-dimensional mermory device comprises drain-select-
fevel isolation structures 322 vertically extending through an upper region of the alternating
stack (32, 46) and laterally extending along a first horizontal direction hdl, wherein cach of
the first memory stack structures 55A contacts a respective one of the drain-select-level

isolation structures 322.
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{6342} in one embodiment, the tubular section 60T of each first vertical semiconductor
channel 60 is located underneath a horizontal plane inclading bottom surfaces of the drain-
select-level isolation structures 322.

{63431 In one embodiment, each of the drain-select-level isolation structures 322
coraprises a pair of laterally-undulating sidewalls; and each of the laterally-undulating
sidewalls comprises an alternating sequence of straight sidewall segmenis and concave
sidewall segments that are adjoined to ong another. In one embodiment, each of the concave
sidewall scgments contacts an outer surface of a respective onc of the first memory films 50.
In one embodiment, each of the sccond semi-tubular sections GOU is laterally spaced from a
most proximal one of the drain-select-level isolation structures 322 by a uniform lateral
spacing that is the same as a lateral thickness of onc of the first memory films 50.

[0344] The various embodiments of the present disclosure may be used to provide drain-
select-level isolation structures (320, 322) without distarbing the periodicity of a two-
dimensional array of memory stack structures {55A, 558). First memory stack structures
55A contacting a respective onc of the drain-select-level isolation structures (320, 322) and
optional second memory stack structures 558 that do not contact any of the drain-select-level
isolation structures (32¢, 3223 may be within a same periodic two-dimensional periodic array,
thereby enabling reduction of footprint for a three-dimensional array of memory devices.
[0345] Referring to FIG. 48, a region of a fifth exemplary structure is illustrated, which
may be derived from the fivst exemplary structure described above with reference to FIGs.
4A and 4B by performing the processing steps described above with reference to FIGs. 5B
and 3C. A memory film 50 and a first semiconductor channel layer 601 may be formed
within each memory opening 49 and within each support opening 19. The alternating stack
of insulating tayers 32 and sacrificial material layers 42 may include a first subset SS1 of the
insufating layers 32 and the sacrificial material layers 42 that may be formed at the levels of
word lines to be subsequently formed, and a second subset 552 of the insulating layers 32
and the sacrificial material layers 42 that may be formed at the levels of drain select gate
clectrodes to be subsequently formed, i.e., at the drain select levels. A memory cavity 497
may be present within each void inside the memory openings 49 that are not filled with the
memory filrn 50 and the first semiconductor channel layer 601.

{0346] Referring to FIG. 49, the processing steps described above with reference to

FiGG5. 5D — 3F may be performed. The combination of the first semiconductor channel layer
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601 and a second semiconductor channel layer 602 (itlustrated in FIG. SE) is herein referred
to as a word-line-level semiconductor channel material layver 161, A dielectric material 62W
may be deposited in the memory cavities 49 and unfilled volumes of the support openings
19, and may be vertically recessed selective to the material of the word-line-level
semiconductor channel material layer 16L to a height between the first subset 851 of the
insulating layers 32 and the sacrificial matenial layers 42 and the second subset SS2 of the
insulating layers 32 and the sacrificial matenial layers 42. In one embodiment, the insulating
fayer 32 hetween the first subset 881 of the insulating layers 32 and the sacrificial material
layers 42 and the second subset $52 of the insulating layers 32 and the sacrificial material
lavers 42 may have a greater thickness than the insulating layers 32 in the first subset S§1
and in the second subset 32 to increase the process margin for the recess etch process that
etches the diclectric material. Each remaining portion of the dielectric material after the
recess etch process constinites a word-line-level dielectric core 62W.

{6347} Referring to FIG. 50, the word-line-level semiconductor channel material layer
161 may be patterned by removing physically exposed portions of the word-line-level
semiconductor channel material layer 16L selective to anderlying dielectric material layers.
For exaraple, a wet cich process using hot wrimethyl-2 hydroxyethyl ammonium hydroxide
(“hot TMY™) or tetramethy! ammonium hydroxide (TMAH) may be used to remove
physically exposed portions of the word-line-level semiconductor channel material layer 16L.
Alternatively, a dry etch process using gas phase hydrochloric acid may be ased to eich
physically exposed portions of the word-line-level semiconductor channel material layer 16L
selective to underdying dielectric material layers. Each remaining discrete portion of the
word-line-level semiconductor channel material layer 16L in a memory opening 49
constitutes a word-line-level semiconductor channel portion 60W.

{0348] Referring to FIG. 51, the unneling dielectric layer 56 and the charge storage layer
34 of the memory film 50 may be removed by isotropic etch processes, which may inchide
wet etch processes. In one embodiment, the charge storage layer 54 may be removed
selective to the material of the blocking dielectric layer 52. In one embodiment, the tunueling
dielectric layer 36 may include silicon oxide, the charge storage layer 54 may include silicon
nitride, and the blocking dielectric layer 52 may include silicon oxide. In this case, the
tunneling dielectric layers 56 may be eiched selective to the charge storage layers 54 by a wet

ctch process using dilute hvdrofluoric acid, and the charge storage layers 34 may be etched
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selective to the blocking dielectric layers 52 by a wet etch process using a mixture of
hydrofhioric acid and glycerol. The blocking diclectric layers 52 may be physically exposed
around each cavity located above the word-line-level dielectric coves 62W. A word-line-
level opening fill structure S8W is formed within a lower portion of each of the memory
openings 49. Each word-line-level opening fill structure 58 W includes a memory film 50, a
word-line-level semiconductor channel portion 60W, and a word-line-level dielectric core
62W.

{03491 Referring to FIG. 52, portions of the blocking diclectric layers 52 that protrude
above the top surfaces of the word-line-level diclectric cores 62W may, or may not, be
removed. A gate dielectric material may be conformally deposited directly on the sidewalls
of the insulating lavers 32 and the sacrificial material layers 42 and on the top surfaces of the
word-line-level dielectric cores 62W, or directly on the physically exposed vertical portions
of the blocking dielectric layers 52. The deposited gate dielectric material and any
underlying portion of the blocking dielectric layers 52, if any, may constitute a gate dielectric
faver 155.. The gate diclectric layer 151 may include silicon oxide and/or a dielectric metal
oxide (such as alominum oxide or hafnium oxide). The thickness of the gate dielectric layer
15L may be in a range from 1 nm to 6 nm, although lesser and greater thicknesses may also
be used.

{0350] Referring to FIG. 53, a drain-select-level cover semiconductor layer 261 may be
deposited over the gate dielectric layer 151 by a conformal deposition method. The drain-
select-level cover semiconductor tayer 261 may include the same material as the first
semiconductor channel layer 601, The thickness of the drain-select-level cover
semiconductor layer 261 may be in a range from 2 nim to 10 nm, although lesser and greater
thicknesses may also be used.

{0351] Referring to FIG. 54, an anisotropic ctch process may be performed to remove
horizontal portions of the drain-select-level cover semiconductor layer 261 and the gate
dielectric layer 15L. Each remaining cylindrical portion of the drain-seleci-level cover
semiconductor laver 261 constitutes a drain-select-level cover semiconductor portion 26 that
has a generally cylindrical configuration. Each remaining vertical portion of the gate
dielectric layer 151 constitutes a gate dielectric 150 that has a generally cylindrical
configuration. Each gate dielectric 150 laterally surrounds a drain-select-level cover

semiconductor portion 26. The top surface of each word-line-level diclectric core 62W may
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be vertically recessed by the anisotropic etch process so that an upper portion of an inner
sidewall of each word-line-level semiconductor channel portion 60W may be exposed.
{0332] Referring to FIG. 55, a drain-select-level body semiconductor layer 361 may be
deposited on the drain-select-level cover semiconductor portions 26, on the physically
cxposed surfaces of the word-line-level semiconductor channel portions 60W, and on the top
surfaces of the word-line-level dielectric cores 62W by a conformal deposition method. The
drain-select-level body semuiconductor layer 36L may include the same material as the second
sericonductor channel layer 602, The thickness of the drain-select-fevel body
semiconductor layer 361 may be in a range from 2 nm to 10 nim, although lesser and greater
thicknesses may also be ased.

{0353] Referring to FIG. 56, a dielectric material may be deposited in the cavities located
inside the memory openings 49. The dielectric material may include a silicon oxide material
having a higher etch rate than the material of the insulating cap layer 70. For example, the
insulating cap layer 70 may include undoped silicate glass, and the dielectric material
deposited in the cavities within the memory openings 49 may include a doped silicate glass
such as borosilicate glass or borophosphosilicate glass, or may include organosilicate glass.
An etchback process (such as an anisotropic cich process) may be performed to remove
portions of the deposited diclectric material from above the top surface of the insulating cap
tayer 70 and to vertically recess the deposited dielectric material below the horizontal plane
including the top surface of the insulating cap layer 70. Each remaining portion of the
deposited dielectric material in the memory openings 49 may constitute a drain-select-level
diclectric core 621, A doped semiconductor material having a doping of the second
conductivity type may be deposited in recessed volumes that overlie the drain-select-level
dielectric cores 62D. Excess portions of the doped semiconductor material may be removed
from: above the horizontal plane including the top surface of the insulating cap layer 70. Each
remaining portion of the doped semiconductor material constitutes a drain region 63.
Horizontal portions of the drain-select-level body semiconductor layer 36L overlying the top
surface of the insulating cap layer 70 may be collaterally removed during the planarization
process.

{33541 Each combination of a drain-select-level cover semiconductor portion 26 and a
remaining portion of the drain-select-level body semiconductor layer 361 constitutes a drain-

select-level semiconductor channel portion 6013, Each set of a gate dielectric 150, 2 drain-
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select-level semiconductor channel portion 68D, a drain-select-level diclectric core 62D, and
a drain region constitutes a drain-select-level opening fill structre 58D, Bach vertical stack
of a word-line-level opening fill structure 38W and a drain-select-level opening fill stracture
58D that fills a memory opening 49 constitutes a memory piliar structure (58W, 580). Each
combination of a word-line-level semiconductor channel portion 60W and a drain-select-level
semiconductor channel portion 60D constitutes a vertical semiconductor channel 60. Each of
the drain-select-level semiconductor channel portions 60D comprises a bottom plate portion
contacting an annular top surface of a respective one of the word-line-level semiconductor
channel portions 60W and a top surface a respective one of the word-line-level dielectric
cores 62W. One of the drain-select-level dielectric cores 62W is formed directly on a top
surface of the bottom plate portion.

{0355] Generally, a drain-select-level opening fill structure 58D may include a gate
diclectric 150, a drain-select-level semiconductor channel portion 60D, a drain-select-level
dielectric core 62D, and a drain region 63, and is formed within an upper portion of each of
the memory openings 49, Each vertical stack of a word-line-level opening fill structure 58W
and a drain-select-level opening full structure 58D constitutes a memory pillar structure
(38W, 58D3). The memory pillar structures (38W, 38D) extend through the alternating stack
(32, 42). Each of the memory pillar structures (58W, 58D) may include a respective memory
film 30 and a respective vertical semiconductor channel 60. The memory pillar structures
(538W, 58D} comprise first memory pillar structures arranged in two neighboring rows that
extend along a first horizontal direction hdl because cach memory pillar structure (S8W,
581D) is formed within a respective one of the memory openings 49 and the support openings
19 illustrated in FIG. 4B.

{0356] Referring to FIG. 57, a contact level dielectric laver 73 may be formed by
performing the processing steps described above with reference to FIGs. 9A and 9B.

{0357] Referring to FIG. 38, the processing steps described above with reference to FiGs.
TA and 7B may be performed with a modification 1o the anisotropic etch to form drain-select-
fevel trenches 309, The anisotropic etch process may be modified o eich through the contact
level dielectric layer 73 and to terminate the anisotropic etch process when the drain-select-
level trenches 309 reach a depth between a bottomimost layer of the second subset 552 of the
layers of the alternating stack (32, 42} and a topmost layer of the first subsct 5351 of the layers

of the alternating stack (32, 42). For example, a patterned etch mask layer 307 including
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elongated openings may be formed over the alternating stack (32, 42) and the memory piliar
structures (38W, 381). In one embodiment, the patterned etch mask layer 307 may be a
patterned photoresist layer formed by application and lithographic patterning of a photoresist
material over the alternating stack (32, 42) and the memory pillar structures {(38W, 58D,
Each opening in the patterned etch mask layer 307 may overlie a segment of cach memory
pillar structure (38W, 38D) within a neighboring pair of rows of memory pitlar structures
(38W, 58D). Each memory pillar structure (38W, 58D) of which a segment may be located
within an area of one of the openings in the patterned etch mask layer 307 is herein referred
to as a first memory pillar stracture (58W, 58D). Memory pillar structures (58W, 58D) that
are entirely covered with the patterned etch mask layer 307, for example, by being located
between neighboring pairs of first memory piliar structures (58W, 58D). are herein referred
to as a second memory pillar structure (58W, 58D). Second memory pillar structures (S8W,
38D) may, or may not, be present in the fifth exemplary structure depending on the layout of
the clongated openings in the patterned etch mask layer 307, Each first memory pillar
structure (58W, 5810 may only be partly covered with the patterned etch mask layer 307, As
such, a first area of cach of the first memory pillar structures (58W, 38D) may be located
within an area of an elongated opening in the patterned etch mask layer 307, and a second
arca of cach of the first memory pitlar structure (58W, 5813) may be covered by the patterned
etch mask laver 307. The first area may be in a range from 15 % 0 70 %, such as from 25 %
to 50 %, of the entire area of each first memory pitlar structure (58W, 58D).

{0358] An anisotropic etch process may be performed to cich through unmasked portions
of the contact level diclectric fayer 73 and through unmasked portions of the second subset
S52 of layers within the alternating stack (32, 42) that are located at drain select levels. A
segment of cach drain-select-level semiconductor channel portion 60D and a segment of cach
drain-select-level diclectric core 621 may be etched for each memory pillar structure (538W,
38D) that partially underlie the openings in the etch mask layer 307, A drain-select-leve
trench 309 is formed underneath each elongated opening within the patterned etch mask laver
307 by ctching through unmasked portions of the contact level diclectric layer 73, an upper
portion of the alternating stack (32, 42), and a first area of each drain-select-level opening fill
structure 38D selected from the first memory pillar structure (38W, 58D). Each drain-select-
level trench 309 may include a pair of straight lengthwise sidewalls that extend along the first

horizontal direction hdl. The depth of the drain-select-level trenches 309 may be selected

90-



WO 2020/163007 PCT/US2019/063461

such that the drain-select-level trenches 309 vertically extend through each sacrificial
material layer located at drain select levels, ie., levels in which drain-select-level electrically
conductive layers that function as drain select gate electrodes are to be subsequently formed.
The patterned etch mask layer 307 may be removed, for example, by ashing after formation
of the drain-select-level trenches 309, Flat sidewalls of the drain regions 63 and the drain-
select-level semiconductor channel portions 60D and semi-annuolar flat horizontal surfaces of
the drain-select-level semiconductor channel portions 60D are physically exposed in each
drain-select-level trench 309,

{0359] Referring to FIG. 59, an oxidation process may be optionally performed to convert
surface regions of physically exposed semuconductor material portions into semiconducior
oxide liners 312. The physically exposed surface portions of the semiconductor materials of
the drain-select-level semiconductor channel portions 60D and the drain regions 63 that
underlie the flat sidewalls of the drain-select-level trenches 309 and the serni-annular flat
horizontal surfaces of the drain-select-level semiconductor channel portions 60D located at
the bottom of the drain-select-level trenches 309 may be oxidized into the semiconductor
oxide liners 312, In one embodiment, the semiconductor oxide liners 312 may include silicon
oxide, and may have a thickness in a range from 1 nm to 10 nm, although lesser and greater
thicknesses may also be used. The semiconductor oxide liners 312 may be subsequently used
to protect the drain regions 63 and the drain-select-level semiconductor channel portions 60D
in a subsequent etch process.

{6360] Referring to FIGS. 60A and 60B, a sacrificial drain-select-level trench fill
structure 317 may be formed in each drain-select-level trench 309, A sacrificial material that
is different from the materials of the contact level dielectric layer 73, the insulating layers 32,
and the drain-select-level dielectric cores 62D may be deposited in the drain-select-level
trenches 309, and excess portions of the sacrificial material may be removed from above the
horizontal plane including the top surface of the contact level dielectric layer 73 by a
planarization process. The planarization process may use a recess etch process and/or a
chemnical mechanical planarization (CMP) process. Bach remaining pottion of the sacrificial
material that fills a drain-select-level trench 309 may constitute a sacrificial drain-select-level
trench fill soucture 317, In one embodiment, the sacrificial drain-select-fevel trench fill

structures 317 may include a sacrificial dielectric material such as silicon nitride. In one
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embodiment, the sacrificial drain-select-level trench fill structures 317 may have the same
material composition as the sacrificial material layers 42.

{0361] The processing steps as described above with reference to FIGs. 9A and 98 may
be performed to form backside trenches 79, A photoresist layer (not shown) may be applied
over the contact level dielectric layer 73, and may be lithographically patterned to form
openings in areas between clusters of memory pillar sructures (238A, 258B). The memory
pillar structures (258A, 2588) include first memory pillar structures 258A that contact, and is
partially cut by, a respective one of the sacrificial drain-sclect-level trench fill structures 317,
and second memory pillar structures 2388 that do not contact any of the sacrificial drain-
select-level trench fill stractures 317. Each of the memory pillar structuves (2584, 258B)
includes a vertical stack of a word-line-level opening fill structure S8W and a drain-select-
level opening fill structire 58D,

{0362] The pattern in the photoresist layer may be transferred through the contact leve
dielectric layer 73, the alternating stack (32, 42) and/or the retro-stepped dielectric material
portion 65 using an anisotropic etch to form backside trenches 79, which vertically extend
from the top surface of the contact level dielectric layer 73 at least to the top surface of the
substrate (9, 10} as tllustrated in FIGS. 9A and 9B, and laterally extend through the memory
array region 100 and the staircase region 300. The sixth exemplary structure af this
processing step may have the same configuration as the first exemplary structire of FIGS. 9A
and 9B with the modification that each of the memory opening fili structures 58 in FIGS. 9A
and 9B is replaced with a memory pillar structure (258A, 258B), and each of the support
pillar structures 20 in FIGS. 9A and 98 is replaced with a respective support pillar structure
120 having a same structure as a second memory pillar structure (38W, 58D}, 1.e., a memory
pillar structure {258A, 258B) that does not contact a sacrificial drain-select-level trench fill
structure 317, In one embodiment, the backside trenches 79 may laterally extend along a furst
horizontal direction hdl and may be laterally spaced apart from one another along a second
horizontal divection hd?2 that is perpendicular to the fivst horizontal direction hdl. The
memory pillar structures (25384, 2588) may be arranged in rows that extend along the first
horizontal direction hdl.

{0363] Referring to FIGS. 61 A and 618, an etchant that selectively etches the second
material of the sacrificial material layers 42 with respect to the first material of the insulating

tayers 32 may be introduced info the backside trenches 79, for exaraple, using an cich
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process. Backside recesses 43 may be formed in volumes from which the sacrificial material
layers 42 are removed. The removal of the second material of the sacrificial material layers
42 may be selective to the first matertal of the insulating layers 32, the material of the retro-
stepped dielectric material portion 65, the semiconductor material of the semiconductor
material layer 10, the material of the outermost layer of the memory films 30, and the
material of the outer sidewall surfaces of the gate dielectrics 150. The sacrificial drain-select-
level tench fill scuctures 317 may be removed concurrently with removal of the sacrificial
material layers 42, In one embodiment, the sacrificial material layers 42 and the sacrificial
drain-select-level trench fill structures 317 may include silicon nitride, and the materials of
the insulating layers 32 and the retro-stepped dielectric material portion 65 may be selected
from silicon oxide and dielectric metal oxides.

{3364} The etch process that removes the second material selective to the first material
and the outermost layer of the memory filins 50 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 trenches 79. For example, if the sacrificial material layers 42
and the sacrificial drain-select-level trench fill structures 317 include silicon nitride, the etch
process may be a wet cich process in which the fifth exemplary structure is immersed within
a wet etch tank including phosphoric acid, which ctches silicon nitride selective to silicon
oxide, silicon, and various other materials used in the art. The support pillar stracture 120,
the retro-stepped dielectric material portion 65, and the memory stack structures 35 provide
structural support while the backside recesses 43 are present within volumes previously
occupied by the sacrificial material layers 42.

[0365] Each backside recess 43 may be a laterally extending cavity having a lateral
dimension that is greater than the vertical exient of the cavity. In other words, the lateral
dimnension of each backside recess 43 may be greater than the height of the backside recess
43, A plurality of backside recesses 43 may be formed in the volumes from which the second
material of the sacrificial material layers 42 is removed. The memory openings in which the
memory stack structures 55 are formed are herein referved to as front side openings or front
side cavities in contrast with the backside recesses 43. In one emmbodiment, the memory array
region 100 comprises an array of monolithic three-dimensional NAND strings having a

plurality of device levels disposed above the substrate (9, 10). In this case, cach backside
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recess 43 may define a space for receiving a respective word line of the array of monolithic
three-dimensional NAND strings.

[0366] Each of the plurality of backside recesses 43 may extend substantially parallel to
the top surface of the substrate (9, 10). A backside recess 43 may be vertically bounded by a
top surface of an underlying insulating layer 32 and a bottorn surface of an overlying
insulating layer 32. In one embodiment, each backside recess 43 may have a uniform height
throughout.

{03671 Physically exposed surface portions of the optional pedestal channel portions 11
and the semiconductor material layer 10 may be converted into diclectric material portions by
thermal conversion and/or plasma conversion of the semiconductor materials into dielectric
materials. For example, thermal conversion and/or plasma conversion may be used o
convert a surface portion of each pedestal channel portion 11 into a tubular diclectric spacer
216, and to convert cach physically exposed surface portion of the semiconductor material
layer 10 into a planar dielectric portion 616. In once embodiment, cach tubular dielectric
spacer 216 may be topologically homeomorphic to a torus, i.¢., generally ring-shaped. As
used herein, an clement is topologically homeomorphic to a torus if the shape of the element
may be continuously stretched without destroying a hole or forming a new hole into the shape
of atorus. The mbhular dieleciric spacers 216 include a dicleciric material that includes the
same semiconductor element as the pedestal channel portions 11 and additionally includes at
least one non-metallic element such as oxygen and/or nitrogen such that the material of the
tubular dielectric spacers 216 is a dielectric material. In one embodiment, the tubular
diclectric spacers 216 may include a diclectric oxide, a diclectric nitride, or a diclectric
oxynitride of the semiconductor material of the pedestal channel portions 11, Likewise, each
planar dielectric portion 616 includes a dielectric material that includes the same
semiconductor element as the semiconductor material layer and additionally includes at least
one non-metatlic element such as oxygen and/or nitrogen such that the material of the planar
dielectric portions 616 is a dielectric material. In one embodiment, the planar dielectric
portions 616 may include a dielectric oxide, a diclectric nitride, or a diclectric oxynitride of
the semiconductor material of the semiconductor material layer 10.

[0368] Generally, materials of the sacrificial material layers 42 and the sacrificial drain-

select-level trench fill struoctire 317 may be simultaneously removed. Backside recesses 43
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are formed in volumes from which the sacrificial material layers 42 are formed. A void is
formed in the volume of each drain-select-level trench 309.

[0369] Referring to FIGS. 62A and 62B, the processing steps described above with
reference to FIGs. 11B — 11D may be performed to form an optional backside blocking
diclectric layer (not expressly shown), and to conformally deposit at least one electrically
conductive material in the backside recesses 43, peripheral portions of the backside trenches
79, over the contact level dielectric layer 73, and inside the voids of the drain-select-level
trenches 309. Electrically conductive layers 46 are formed in the backside recesses 43, and a
continwous electrically conductive material layver 461 may be formed at peripheral portions of
the backside trenches 79 and above the contact level dielectric layer 73. A wrench electrically
conductive laver 447 may be formed inside each void of the drain-select-level trenches 309.
{0376] Referring to FIGS. 63A and 63B, the processing steps of FHG. 13 may be
performed to vemove the continuous electrically conductive material laver 46L and the trench
electrically conducive layers 447. In other words, portions of the clectrically conductive
material within the volurmes of the drain-select-level trenches 309, at peripheral regions of the
backside trenches 79, and above the contact level dielectric material layer 73 may be
removed by a recess cich process, which may include an isotropic eich process and/or an
anisotropic etch process. Remaining portions of the clectrically conductive material in the
backside recesses constitute the electrically conductive layers 46. A subset of the electrically
conductive lavers 46 that are formed at the drain select levels is herein referred to as drain-
select-level electrically conductive layers 446 (46). The drain-select-level electrically
conductive layers 446 (46} arc physically exposed to the volumes of the drain-select-level
trenches 309.

{0371] In one embodiment, an isotropic etch process may be performed atter portions of
the electrically conductive material(s}) in the drain-select-Ievel trenches 309 arc removed. In
this case, sidewalls of the drain-select-level electrically conductive layers 446 (46) may be
laterally recessed from sidewalls of the insulating layers 32 that are physically exposed to the
drain-select-level trenches 309.

{03721 Referring to FIGS. 64 A and 648, the processing steps described above with
reference to FiGs. 14A and 14B may be performed to conformally deposit and nsulating
material layer and to anisotropically etch the insulating material layer. The width of cach

drain-select-level trench 309 may be less than twice the thickness of the insulating material
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layer, and the width of each backside trench 79 may be greater than twice the thickness of the
insulating material layer. Each drain-select-level trench 309 may be entirely filled with the
material of the insulating material layer, and a cavity may be present within vertically-
extending portions of the insulating material layer within each backside trench 79. An
anisotropic etch process may be performed 1o remove horizontal portions of the insulating
material layer. An insulating spacer 74 (llustrated in FIGS. 14A and 148} may be formed
within each backside trench 79, and a drain-select-level isolation structure 320 may be
provided within each drain-select-level trench 309. Each drain-select-level isolation structure
320 may fill the volume of the void of a vespective one of the drain-select-level trenches 309.
{0373] Subsequent processing steps of the first embodiment may be performed to form
backside contact via structures 76 in remaining volumes of the backside trenches 79, and to
form various contact via structures (88, 86) as illustrated in FIGS. 15A and 13B. The
processing steps of FIG. 16 may be subsequently performed.

{6374} Referring to FIGS. 65A and 65B, an alternative embodiment of the fifth
exeroplary structiure may be derived from the fifth exemplary structure illustrated in FIGS,
63A and 63B by removing the semiconductor oxide liners 312 selective to the semiconductor
materials of the drain-select-level semiconductor channel portions 60D and the drain regions
63. For example, a wet ctch process using dilute hydrofluoric acid may be performed.
{0375] Referring to FIGS. 66A — 66C, the processing steps described above with
reference to FIGs. 14A and 14B and 15A and 15B may be performed to form drain-select-
level isolation structures 320, insulating spacers 74, backside contact via structures 76, and
additional contact via structures (88, 86).

{0376] Referring to all drawings and according to various embodiments of the present
disclosure, a three-dimensional memory device is provided, which comprises: an alternating
stack of insulating layers 32 and clectrically conductive layers 46 located over a substrate (9,
10y; fivst memory pillar structures 258 A extending through the alternating stack (32, 463,
wherein each of the first memory pillar structures 258A (or the first memory opening fill
structures 38A) includes a respective first memory film 50 and a respective first vertical
semiconductor channel 60; dielectric cores (such as dielectric cores 62 of the first through
third embodiments or the drain-select-level dielectric cores 62D of the {ifth exemplary
structure) contacting an inner sidewall of a respective one of the first vertical semiconductor

channels 60; and a drain-select-level solation structure 320 that laterally extends along a first
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horizontal direction hdl and contacts straight sidewalls of the diclectric cores (such as
dielectric cores 62 of the first through third embodiments or the drain-select-level dielectric
cores 62D of the fifth exemplary structure) at a respective two-dimensional flat interface.
{63771 In one embodiment, the drain-select-level isolation structure 320 contacts flat
horizontal surfaces of the dielectric cores (such as dielectric cores 62 of the first through third
emtbodiments or the drain-select-level diglectric cores 62D of the fifth exemplary structure} at
two-dimensional horizontal interfaces, which may be within vertical planes or within
substantially vertical planes having a taper angle less than 5 degrees with respect 1o the
vertical direction.

{0378] in one embodiment, each of the two-dimensional flat interface may be adjoined to
a respective one of the two-dimensional horizontal interfaces, at which a bottom surface of
the drain-select-level isolation structuve 320 contacts a horizontal surface of a dielectric core
(such as dielectric cores 62 of the first through third erobodiments or the drain-select-level
dielectric cores 62D of the fifth exemplary structure).

{63791 In onc cmbodiment, the drain-select-level isolation structure 320 may contact
semi-annular flat horizontal surfaces of the furst vertical sericonductor channels 60 within a
horizontal plane including the two-dimensional horizontal interfaces.

{0380G] In one embodiment, the three-dimensional memory device may comprise drain
regions 63 contacting 4 planar top surface of a respective one of the dielectric cores {(such as
dielectric cores 62 of the first through third embodiments or the drain-select-level] dielectric
cores 62D of the fifth exemplary structure).

{03811 In onc embodiment, the three-dimensional memory device may comprise
semiconductor oxide Hners 312 comprising an oxide of a matertal of the drain regions 63 and
the vertical semiconductor channel 60, contacting a sidewall of a respective one of the drain
regions 63 and a respective one of the vertical semiconductor channels 60, and contacting the
drain-select-level isolation structure 320.

§63821 In one embodiment, the semiconductor oxide liners 312 may be absent, and
sidewalls of the drain regions 63 contact the drain-select-level isolation structure 320 with a
respective mnterface that laterally extends along the first horizontal direction hdl.

{33831 In one embodiment, each of the first vertical semiconductor channels 60
comprises: a word-line-level semiconductor channel portion 60W vertically extending

through a first subset of the clectrically conductive layers 46 that underlie a horizontal plane
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including a bottom surface of the drain-select-level isolation structure 320; and a drain-select-
level semiconductor channel portion 60D vertically extending through a second subset of the
electrically conductive layers 46 that overlie the horizontal plane including the bottom
surface of the drain-select-level isolation structure 320.

{0384] In onec embodiment, the drain-select-level semiconductor channel portion 60D
compriscs a bottom plate portion {i.e., a horizontally-extending portion that is laterally
bounded by a bottom periphery of the outer sidewall of the drain-select-level semiconductor
channel portion 6013) contacting a bottom surface of the a respective one of the dielectric
cores {such as the drain-select-level dielectric cores 620133, In one embodiment, the bottom
plate portion contacts an annular top surface of the word-line-level semiconductor channel
portion 60W and a top surface of an additional dielectric core {i.e., the word-line-fevel
diclectric cove 62W) that is laterally surrounded by the word-line-level semiconductor
channel pottion 60W.

{0385] In one embodiment, each of the first memory films 50 comprises a layer stack
including, from outside to inside, a charge storage layer 54 and a tunneling dielectric layer 56
that contacts a respective one of the first vertical semiconductor channels 60; and cach of the
first vertical semiconductor channels 60 contacts a semi-cylindrical gate dielectric layer 150
adjoined to an upper end of a respective one of the first wemory films 50 and contacting the
drain-select-level isolation structure 320 and a subset of the electrically conductive layers 46,
i.e., the drain-select-level electrically conductive lavers 446 (46).

{0386 In onc embodiment, the three-dimensional memory device comprises sccond
memory pillar structures 2588 extending through the alternating stack (32, 463, wherein: each
of the second memory pillar structures 258B includes a respective second memory film 50
and a respective second vertical semiconductor channel 60; and gach second vertical
semiconductor channel 60 includes a portion having a wbular configuration and extending
through each electrically conductive layer 46 in the alternating stack (32, 46).

{0387] In one embodiment, the first memory pillar structures 258 A of the fifth exemplary
structure may be arranged in first rows that extend along a first horizontal direction hdl and
have a uniform intra-row pitch within each first row (for example, by being positioned at
locations of the first memory opening fill structures 58A of the fivst exemplary stracture); the
second memory pillar structires 2588 may be arranged in second rows that extend along the

first horizontal direction bdl and have the uniform imtra-row pitch within each second row
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(for example, by being positioned at locations of the second memory opening fill structures
588 of the fust exemplary structure); and the first memory pillar structures 258A and the
second memory pillar stractures 258B may be arranged as a two-dimensional periodic array
in which ecach neighboring pair of rows selected from the first rows and second rows has a
uniform inter-row pitch.

{0388] The memory pillar structures (258A, 258B) of the present disclosure may be
formed on-pitch as a two-dimensional periodic array, and the drain-select-level isolation
structures 320 may cut through upper portions of the first memory pillar stactures 258A 1o
minimize areas occupied by the drain-select-level isolation structures 320, while providing
clectrical isolation from the drain-select-level electrically conductive fayers 446 (46).

{0389] Referring to FIGS. 67A and 678, a first configuration of the sixth exemplary
structure according to a first aspect of the seventh embodiment of the present disclosure is
tllustrated. This structure may be derived from the fivst exemplary structure illustrated in
FiG. 5E by depositing a diclectric material in each memory cavity 49°. The diclectric
material can be conformally deposited in the memory cavities 49’ to form a continuous
dielectric material layer, which is herein referred to as a primary dielectric core material layer
162L. In one embodiment, the primary dielectric core material layer 162L can include a
diclectric material that can provide a greater ctch rate in a subsequent anisotropic etch process
relative to the diclectric material of the insulating cap layer 70. For example, the insulating
cap layer 70 can include a densified undoped silicate glass material {e.g., densified silicon
oxide from TEOS source (“dTEOS™)), and the primary dielectric core material layer 1621
can include a doped silicate glass material such as borosilicate glass, phosphosilicate glass, or
borophosphosilicate glass, or undensified silicon oxide or organosilicate glass. In one
embodiment, the primary dielectric core material layer 1621 can include a dielectric material
that can be ctched selective to the semiconducior material of the second semiconducior
channel layer 602. For example, the primary dielectric core material {ayer 1621 can inclade
undoped silicate glass or a doped silicate glass such as borosilicate glass. The primary
dielectric core material layer 1621 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.

{0384G] Referring to FIGS. 68A and 688, a first patterned mask layer 407 can be formed

over a planar top surface of a horizontal portion of the primary diclectric core material fayer
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1621 that overlies the alternating stack (32, 42). The first patterned mask layer 407 can be a
photoresist layer that is patterned by lithographic exposure and development. The first
patterned mask layer 407 includes a set of first line-shaped openings having straight edges
laterally extending along the first horizontal direction hdl.

{0391] The subset of the memory openings 49 that underie the straight edges of the first
patterned mask layer 407 is herein referred to as first memory openings. The subset of the
memory openings 49 that do not undertie the straight edges of the fivst patterned mask laver
447 is herein referred to as sccond memory openings. As used herein, a first clement that
underlies a second element is located undermeath a horizontal plane including a bottommost
surface of the second element, and has an arcal overlap in a plan view, which is a view along
a vertical direction. Thus, the first memory openings have an areal overlap with a respective
one of the straight edges of the first patterned mask layer 407, and the second memory
openings do not have any areal overlap with any of the straight edges of the first patterned
mask layer 407.

{03921 Each straight edge of the openings through the first patterned mask layer 407
overlies a row of first memory openings that are arranged along the first horizontal direction
hdl. A pair of straight edges of a rectangular opening in the first patterned mask layer 407
can overlie a neighboring pair of fist memory openings of the set of all memory openings 49
of the sixth exemplary structure.

{0393] Referring to FIG. 69, an anisotropic etch process can be performed to vertically
recess portions of the primary dielectric core material layer 162L that are not masked by the
first patterned mask layer 407. The anisotropic etch process can employ an etch chemistry
that etches a silicate glass material selective to the sermiconductor material of the second
semiconductor channel layer 602. For example, the anisotropic etch process can employ an
cich chemistry that eroploys CHE/On. (oFs, Cabe, and CsFe/CO/O0/Ar, The unmasked
portions of the primary dielectric core material layer 1621 are anisotropically ctched selective
to the semiconductor channel layers (601, 602) to form rvecessed surfaces of the primary
dielectric core material layer 162L. The recessed surfaces of the primary dielectric core
material layer 1621 are formed within the first roernory openings at a depth that is below the
bottommost surface of an upper subset of the sacrificial material layers 42 to be subsequently
replaced with drain-select-level electrically conductive layers, and above the topmost surface

of a lower subset of the sacrificial material layers 42 to be subsequently replaced with word-
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line-level electrically conductive layers, i.c., clecirically conductive layers that are ernployed
as word lines. The total number of the sacrificial material layers 42 to be subsequently
replaced with drain-select-level electrically conductive layers may be in arange from 1 to 6,
such as from 2 to 4, although a greater number of sacrificial material layers 42 may be
subsequently replaced with drain-select-level electrically conductive layers.

{0394] A semi-cylindrical cavity 49C can be formed in an upper portion of each first
memory opening that underlics a respective lengthwise edge of the first patterned mask layer
447 that laterally extend along the first horizontal direction. Two rows of semi-cylindrical
cavitics 49C may be formed within the area of each opening in the first patterned mask layer
4G7. Each semi-cylindrical cavity 49C can have a vertical or substantially vertical planar
sidewall, a vertical or substantially vertical semi-cylindrical sidewall, and a bottom surface,
which can be a horizontal surface having a shape of a semi-circle. As used herein, a “semi-
circle” refers to any shape formed by cutting a curcle or an ellipse with a straight line such
that the remaining shape has an area in a range from 20 % to 80 % of the area of the shape
prior to cutting. As used herein, a “semi-cylindrical” shape refers to a shape that is ohtained
by vertically translating a semi-circle within a horizontal plane.

{0395] Referring to FIG. 70, physically exposed portions of the semiconductor channel
tayers (601, 602) can be removed by an isotropic etch process that etches the semiconductor
materials of the semiconduactor channel layers (601, 602) selective to the memory films 50.
For example, the semiconductor materials of the semiconductor channel layers (601, 602) can
be isotropically etched selective to the material of the tunneling diclectric layer 56. For
exarople, if the semiconductor channel layers (601, 602) include silicon, a wet etch process
using trimethyi-2 hydroxvethyl ammonivim hydroxide (*“TMY™) or a chemical dry etch
(“CDE”) may be performed to remove the semiconductor materials of the semiconductor
channel layers (601, 602) selective to the material of the tunneling dielectric layer 56. Outer
surfaces of the tunneling diclectric layers 56 and a topmost surface of the insulating cap layer
70 can be physically exposed within the areas of the openings in the first patterned mask
faver 4007, The first patterned mask layer 407 can be removed for example, by ashing,
selective to the materials of the memory films 50, the insulating cap layer 70, and the primary
dielectric core material layer 1621, before ov after etching the semiconductor channel layers

(601, 602).
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{6396] Referring to FIGS. 71A and 71B, a dielectric core fill material can be deposited in
the semi-cylindrical cavities 40C in the first memory openings (i.c., the subset of the memory
openings 49 that inciudes a vespective semi-cylindrical cavity). The dielectric core fill
material can include a silicate glass material, which may be the same as, or different from, the
material of the primary dielectric core material layer 1621, Excess portions of the diclectric
core fill material can be removed from above the horizontal plane including the topmost
surface of the primary dielectric core material layer 1621, for example, by a recess etch
process. Bach remaining portion of the diclectric core fill material constitutes a diclectric
core fill structure 262R.

{33971 In one embodiment, the dielectric core fill stracture 262R can include a dielectric
material that can provide a greater etch rate in a subsequent anisotropic etch process relative
to the dielectric material of the insulating cap layer 70. Por example, the insulating cap layer
70 can include a densified undoped silicate glass material, and the dielectric core fill structure
262R can include a doped silicate glass material such as borosilicate glass, phosphosilicate
glass, or borophosphosilicate glass, undensified silicon oxide or organosilicate glass. In one
embodiment, the dielectric core fill structure 262R can include a horizontally-extending plate
portion that overlies two rows of first memory openings and two rows of vertically-extending
semi-cylindrical diefectyic material portions that vertically extend downward from a botiom
surface of the horizontally-extending plate portion into a respective one of the first memory
openings. The dielectric core fill structures 262R do not overlie or contact any of the second
MENOry Openings.

{03981 Referring to FIGS. 72A - 72C, horizontal portions of the primary dielectric core
material layer 162L and the dielectric cove fill structures 262R that overlie the insulating cap
layer 70 can be removed selective to the materials of the semiconductor channel layers (601,
602) and the insulating cap layer 70 by performing an anisotropic cich process. Further, the
anisotropic etch process can be continued to remove portions of the primary dielectric core
material layer 1621 and the dielectric core fill structures 262R located in upper portions of
the memory openings 49.  In one embodiment, the primary diclectric core material layer
1621, and the dielectric core fUll structures 262R can include a dielectric material that has a
higher etch rate than the material of the insulating cap layer 70. For exampie, the primary
dielectric core material layer 1621 and the dielectric core fill structures 262R can include a

doped silicate glass or undensified silicon oxide, and the insulating cap layer 70 can inchude
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densified undoped silicate glass. The recessed surfaces of the primary dielectric core material
layer 1621, and the diclectric core fill structures 262R can be located between the horizontal
plane including the bottom surface of the insulating cap layer 70 and the horizontal plane
including the top surface of the insulating cap layer 70.

{0399] Horizonial portions of the second semiconductor channel layer 602 that overlie
the top surface of the insulating cap layer 70 can be yremoved by an anisotropic etch process
after recessing the primary dielectric core material layer 162L and the dielectric core fill
structures 262R. Each remaining portion of the primary dielectric core material layer 1621 in
a memory opening 49 constitutes a primary dielectric core portion 162. Each remaining
portion of the dielectric core fill structures 262R in a first mermory opening constifutes a
complementary dielectric core portion 262. Each of the complementary dielactric core
portions 262 is formed directly on sidewalls of a respective subset of the insulating layers 32
and the sacrificial material layers 42.

{0460] Each combination of a primary diclectric core portion 162 and a complementary
dielectric core portion 262 in a first memory opening constitutes a first dielectric core 62.
Each primary diclectric core portion 162 in a second memory opening constitutes a second
dielectric core 162. Each remaining portion of the first and second semiconductor channel
tayers (601, 602) in a respective memory opening consiitites a vertical semiconductor
channel 60. The vertical semiconductor channels 60 inchide first serniconductor channels
60A that are formed in a respective one of the first memory openings 49A. Each first
semiconductor channel 60A includes a lower cylindrical portion and an upper semi-
cylindrical portion, as shown in FIG. 72A. The vertical semiconductor channels 60 further
include second semiconductor channels 608 that are formed in a respective one of the second
memaory openings 49B. Hach second semiconductor channel 60B includes a cylindrical
portion, and does not include any semi-cylindrical portion, as shown in FiG. 72C.

[0401] Referring to FIGS. 73A - 73C, a doped semiconductor material having a doping
of the second conductivity type can be deposited in the cavitics that overlie a first dielectric
core 62 or a second dielectric core 162, Alternatively, an undoped semiconductor material
may be deposited followed by ion implantation of dopants of the second conductivity type
{e.g., phosphorus or arsenic) into the undoped semiconductor material to form the doped
semiconductor material having a doping of the second conductivity type. The second

conductivity type can be the opposite of the first conductivity type. For example, if the first
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conductivity type is p-type, the sccond conductivity type is n-type, and vice versa. Excess
portions of the doped semiconductor material overlying the horizontal plane including the top
surface of the insulating cap layer 70 can be removed by a planarization process, which can
cmploy a recess etch or chemical mechanical planarization. Each remaining portion of the
doped semiconductor material contacting a respective vertical semiconductor channel 60
constitutes a drain region 63. The atomic concentration of dopants of the second conductivity

type in the drain regions 63 can be in arange from 3.0 x 108%7em? to 2.0 x 10 em®, although

i

lesser and greater dopant concentrations can also be emploved. A drain region 63 formed in
a first memory opening is formed directly on a sidewall of a respective first vertical
semiconductor channel 60 and a respective one of the memory films 50. A drain region 63
formed in a second memory opening is formed directly on a sidewall of a respective second
vertical serniconductor channel 60. In one embodiment, drain region 63 formed in a second
memory opening does not contact any memory film 50.

{03402] Generally, upper portions of the primary dielectric core material layer 1621, the
semiconductor channel fayer 60, and memory films 50 within the two rows of first memory
openings that are not masked by the first patierned roask layer 407 can be replaced with
replacement structures (262, 63). Each of the replacement structures (262, 63) comprises a
combination of a secondary diclectric core portion 262 and a drain region 63. First and
second mermory opening fill structures 58 that include the semiconductor channel layer 60,
memory film 50, drain region 63 and a dielectvic core are formed in the memory openings 49.
A first memory opening fill structure S8A is formed within each first memory opening 49A
includes a first dielectric core 62 that comprises a combination of a primary dieleciric core
portion 162 and a secondary dielectric core portion 262. A second memory opening fill
structure S8B is formed within each memory opening 498 includes a second diclectric core
162 that consists of a primary diclectric core portion 162. Each of the first memory opening
fill structures 58A comprises a respective memory film 50, a respective remaining portion of
the semiconductor channel layers (601, 602}, a respective remaining portion of the primary
dielectric core material layer 1621, and a respective one of the replaceraent structures (262,
63).

[0483] The first memory opening fill structures 58A and the second memory opening fili
structures 38B are collectively referred to as memory opening fill sauctures 538, A set of the

first memory opening fill structures 58A can be arranged as a neighboring pair of rows that
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laterally extend along the first horizontal direction hdl and filling two rows of first memory
openings. Each of the first memory opening fill structures 58A includes a first memory film
50, a first vertical semiconductor channel 60 having a lower tubular semiconductor channel
portion and an upper semi-tubular semiconductor channel portion, and a first dielectric core
62,

{0484] Referring to FIG. 74A, the sacrificial material layers 42 are replaced with
electrically conductive layers 46 using the process steps described above with respect
FIGS. 9A to 14B. Specifically, the backside trench 79 is formed, the sacrificial material
layers 42 are removed through the backside trench 79 to form backside recesses 43, and the
electrically conductive layers 46 are formed in the backside recesses 43 through the backside
trench 79. Optional source regions 61, insulating spacers 74 and backside contact via
structures 76 can be formed in the backside trenches.

[0405] A contact level diclectric laver 73 may be deposited over the insulating cap layer
70 as a blanket dielectric material layer, i.c., as an unpatterned diclectric material layer before
or after replacing the sacrificial material layers 42 with the electrically conductive layers 46.
The contact level dielectric layer 73 can include a dielectric material such as undoped silicate
glass and/or a doped silicate glass. The thickness of the contact level dielectric layer 73 can
be in arange from 50 nm t© 500 nm, although fesser and greater thicknesses can also be
employed.

{0486] Referring to FIGS. 74B and 74C, a second patierned mask layer 417 can be
formed over the contact level dielectric layer 73. The second patterned mask layer 417 can
he a pbotoresist layer that is patterned by lithographic exposure and development. The
second patterned mask layer 417 includes a set of second line-shaped openings having
straight edges laterally extending along the first horizontal dircction hdl. In one
cmbodiment, the edges of the second line-shaped openings can be laterally offset inward
relative to the edges of the first line-shaped openings in the first patterned mask layer 407 so
that each opening in the second patternied mask layer 417 has a lesser area than a
corresponding opening in the first patterned mask laver 407 formed in a same region at the
processing steps of FIGS. 68A and 68B.

{04871 The straight edges of the second patterned mask layer 417 overlie a respective row
of first memeory openings 49A containing the first memory opening fill structures 58A that

are arranged along the first horizontal direction hdl. The second memory openings 49B
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containing the second memory opening fill structures 58B do not underlie any of the edges of
the openings in the sccond patterned mask layer 417, Thus, the first memory openings have
an areal overlap with a respective one of the straight edges of the second patterned mask layer
417, and the second memory openings do not have any areal overlap with any of the straight
cdges of the sccond patterned mask layer 417, A pair of straight edges of a rectangular
opening in the sccond patterned mask layer 417 can overlie a neighboring pair of first
memory openings 49A of the set of all memory openings 49 of the sixth exemplary stracture.
{04081 Referring to FIG. 75, a non-selective anisotropic eich process can be performed to
etch unmasked portions of the contact level dielectric layer 73, the nsulating cap layer 70,
upper portions of the alternating stack (32, 46), the drain regions 63, and the complementary
dielectric core portions 262. The anisotropic etch process includes, for example, a first etch
step that etches the material of the contact level diclectric layer 73, a second etch step that
etches the material of the insulating cap layer 70 selective to the material of the drain regions
63, a third etch step that ciches the material of the drain regions 63 selective to the materials
of the alternating stacks (32, 46), and a serics of etch steps that etches through the matcrials
of the upper portions of the alternating stack (32, 46) and the complementary dielectric core
portions 262 at approximately the same average eich rate. The upper portions of the
alternating stack (32, 46} include drain-sclect-level clectrically conductive layers (i.c., drain
select electrodes, SGD) 46D, but do not include the word-line-level electrically conductive
layers (i.e., word lines) 46W.

{03409] In one embodiment, the anisotropic etch process does not etch any portion of the
vertical semiconductor channels 60. Remaining portions of the vertical semiconductor
channels 60 of the first memory opening fill structures 58A located in first memory openings
49A above the horizontal plane inchuding the bottom surfaces of the comaplementary
dielectric core portions 262 are located within areas that are masked by the second patterned
mask layver 417. Thus, the material portions removed by the anisotropic etch process do not
include portions of the vertical semiconductor channels 60.

{04101 According to an aspect of the sixth embodiment of the present disclosure,
preventing or reducing etching of the vertical semiconductor channels 60 during the
anisotropic etch process has the advantage of providing a uniform shape for the first
semiconductor channels 6{ formed in the first memory openings 49A. If the vertical

semiconductor channels 60 are present within the etched region (i.e., in a drain-select-level
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trench 309) underlying the openings in the sccond patterned mask layer 417, the vertical
semiconductor channels 60 can be vertically recessed collaterally during ctching of the
physically exposed portions of the drain regions 63 and subsequent etching of upper portions
of the alternating stacks (32, 46), thereby resulting in undesirable variations in the height in
reroaining portions of the vertical semiconductor chanuels 60 within areas that are not
covered by the second patterned mask layer 417, By removing portions of the vertical
semiconductor channels 60 from the regions {i.e., the drain-select-level trenches 309) to be
subsequently etched by the anisotropic ctch process, the geometrical shape of each first
vertical semiconductor channel 60 in the first rermory openings 49A can be substantially the
same and well controlled.

{0411} The drain-select-level trench 309 can be formed underneath each opening in the
second patterned mask layer 417, Each drain-select-level trench 309 can include a pair of
lengthwise sidewalls that laterally extend along the first horizontal direction hdl. Hach pair
of lengthwise sidewalls of the drain-select-level wenches 309 can have a uniform width and
vertical or substantially vertical sidewalls. The bottom surface of cach drain-select-level
trench 309 can be formed below the borizontal plane including the bottom surface of the
bottommost drain-select-level electrically conductive layer (i.e., SGD) 46D, and above the
horizontal plane including the top surface of the topmost word-line-level electrically
conductive laver (i.e., word line) 46. Sidewalls of the drain-select-level electrically
conductive lavers 46D are physically exposed in each drain-select-level trench 309, The
second patierned mask layer 417 can be subsequently removed, for example, by ashing.
{04121 Generally, unmasked portions of the replacement structures (262, 63) and
unmasked portions of upper layers of the alternating stack (32, 46) can be anisotropically
etched to form the drain-select-level wenches 309. Each drain-select-level trench 309
comprises volumes from which materials of the replacement structures (162, 63) and
materials of the alternating stack (32, 46) are removed. An upper segment of each of the first
memory opening fill structures 58A is etched during formation of the drain-select-level
trenches 309. Each drain-select-level rench 309 includes a pair of straight lengthwise
sidewalls that laterally extend along the first horizontal divection hdl. Remaining portions of
the primary dielectric core material layer 162L in the memory openings can be spaced from
the drain-select-level trenches 309 by a respective remaining portion of the secondary

dielectric core portions 262,
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{0413] Referring to FIGS. 76A and 76B, an insulating material can be conformally
deposited to fill each drain-select-level trench 309 without filling the backside trenches 79
foilowed by planarization {e.g., CMP) or etch back. Each remaining portion of the insulating
material that fills a drain-select-level trench 309 constitutes a drain-select-level isolation
structure 320,

{6414 Referring to FIGS. 77A — 77D, various contact via stroctures {88, 86) can be
formed through the contact level dielectric layer 73, the drain-select-level isolation structures
320, and the retro-stepped dielectric material portions 65. For example, drain contact via
structures 885 may be formed through the contact level dielectric layer 73 on each drain region
63. Word line contact via structures 86 may be formed on the electrically conductive layers
46 through the contact level dielectric layer 73, and through the retro-stepped dielectric
material portion 65. Peripheral device contact via structures (not shown) may be formed
through the retro-stepped dielectric material portion 63 directly on respective nodes of the
peripheral devices. A subset of the drain contact via structures 88 can directly contact a
respective one of the drain-seleci-level isolation structures 320, Hach drain contact via
structure §8 may contact a top surface of an underlying one of the drain regions 63.

{0415] In an alternative second configuration of the sixth exemplary structure according
to a second aspect of the seventh embodiment of the present disclosure, the steps described
above with respect to FIGS. 67A 10 768 are performed in a different order. After performing
the steps shown in FIGS. 67A and 67B, the drain regions 63 are formed using the steps
described above with respect to FIG. SH or FIGS. 72A to 73C. Then, the sacrificial material
tayers 42 arc replaced with the clectrically conductive layers 46 using the steps described
above with respect to FIGS. 9A — 13 or FIG. 74A. Then, the first patterned mask layer 407 is
formed over the structure, as described above with respect to FIGS. 68A — 68B. The first
patterned mask layer 407 also fills the open backside trenches 79.

{041s] Then, the etching step described above with respect to FIGS. 69 and 70 is
performed using the first patterned mask layer 407 to remove both the exposed portions of
the drain regions 63 and the semiconductor channels 60 in the first memory opening fill
structures 38A without etching the drain vegions 63 and the semiconductor channels 60 in the
second memory opening fill structures 58B. The dielectric core fill structures 262R are then

formed in the resulting openings, as described above with respect to FIGS. 71A ~ 71B.
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{64171 Then, the steps described above with respect to FIGS. 74B, 74C and 75 are
performed to form the drain-select-level trench 309 using the second patterned mask layer
417. The drain-select-level isolation structare 320 is then formed in the drain-select-level
trench 309 as described above with respect to FIGS. 76A and 76B. Various contact via
structures (88, 86} arc then formed as described above with respect to FIGS. 77A - 77D,
{0418] In the second aspect of the seventh embodiment, the drain regions 63 and the
semiconductor channels 60 are etched at the same time as opposed to being etch separately as
described in the first aspect of the seventh erobodiment. Furthermore, the first and second
patterned mask layers (407, 417) are not necessarily offset from each other, such that the
offsets illustrated in FIGS. 77C and 77D may be omitted, and the edge of the drain regions 63
may be aligned to edge of the underlying semiconductor channel 60 in the first memory
opening fill structures 58A. However, the semiconductor channel 60 is still recessed and
covered with a dielectric cover prior to forming the drain-select-level trench 309 in the
second aspect of the seventh cmbodiment as in the first aspect of the seventh embodiment, to
reduce or avoid over etching the semiconductor channels 60 in the first memory opening fill
structures SEA.

{0419] Referring to all drawings and according to various cmbodiments of the present
disclosure, a three-dimensional memory device includes an alternating stack of insulating
tayers 32 and electrically conductive layers 46 located over a substrate (9, 10), first memory
opening fill structures S8 A extending through the alternating stack (32, 46), where each of the
first memory opening fill structures 38 A includes a respective first drain region 63, a
respective first memory film 50, a respective first vertical semiconductor channel 60
contacting an inner sidewall of the respective first memory film 50, and a respective first
dielectric core 62, and a drain-select-level isolation structure 320 having a pair of straight
lengthwise sidewalls that extend along a first horizontal direction hdl and contact straight
sidewalls of the first memory opening fill structures 58 A. Each furst vertical semiconductor
channel 60 includes a wbular section 60T that underlies a horizontal plane including a botiom
surface of the drain-select-level isolation structure 320 and a semi-tubular section 605
overlying the tubular section 60T, as shown in FIG. 7T7A.

{04201 in one embodiment, the device aiso includes second memory opening fill
structures 38B extending through the alternating stack (32, 46), wherein each of the second

memaory opening fill structures 588 includes a respective second drain region 63, a respective
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second memory film 58, a respective second vertical semiconductor channel 60 contacting an
inner sidewall of the respective sccond memory film 50, and a respective second diclectric
core 162

{0421} In one embodiment, the respective first dielectric core 62 has a circular or an
clliptical horizontal cross-sectional shape at a lower portion thereof and having a semi-
civcular or a semi-elliptical horizontal cross-sectional shape at an upper portion thereof, while
the respective second dielectric core 162 has a civcular or elliptical horizontal cross-sectional
shape at any height between a topmost surface thercof and a bottommost surface thereof.
{34221 in one embodiment, the drain-select-level isolation structure 320 laterally extends
along a first horizontal divection hdl and contacts swaight sidewalls of a subset of the first
dielectric cores 62 within a Euclidean two-dimensional plane. As used herein, a “Euclidean
two-dimensional plane” refers to a two-dimensional plane located within a flat surface.
{3423 In one embodiment, the drain-select-level isolation structure 320 contacts
sidewalls of at least two clectrically conductive layers 46 of the electrically conductive layers
46 of the alternating stack (32, 46). In onc embodiment, a backside blocking diclectric layer
44 may be located between each vertically neighboring pair of an insulating layer 32 and an
clectrically conductive layer 46 within the alternating stack (32, 46), and a pair of sidewalls
of a semi-tubular portion of the backside blocking diclectric layer 44 contacts the drain-
select-level isolation structure 320 as illustrated in FIG. 77D.

{(3424] In one embodiment, the drain-select-level isolation structure 320 contacts
sidewalls of two rows of drain regions 63 that contact a top end of a respective one of the first
vertical semuconductor channels 60, In one embodiment, the drain-select-level isolation
structure 320 does not directly contact any of the first vertical semiconductor channels 60, as
shown in FEGS 77C and 77D (i.c., the semi-tubular portions 608 of the first semiconductor
channels 60 is offset from the drain-select-level isolation structure 320).

{3425} In one embodiment, the tubular section 607 of cach of the first vertical
semiconductor channels 60 comprises a word-line-level semiconductor channel portion
vertically extending through a first subset of the electrically conductive layers 46 that
underlie a horizontal plane including a bottom surface of the drain-select-level isolation
structure 320, as shown in FHG. 77A. The semi-tubular section 605 of each of the first
vertical semiconductor channels 60 comprises drain-select-level semiconductor channel

portion vertically extending through a second subset of the electrically conductive layers 46
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that overlie the horizontal plane including the bottom surface of the drain-sclect-fevel
isolation structure 320.

{34261 In one embodiment, the word-line-level semiconductor channel portion has a
tubular horizontal cross-sectional shape; and the drain-select-level semiconductor channel
portion has a scmi-tubular horizontal cross-sectional shape, and has a same thickness as the
word-line-level semiconductor channel portion. In one embodiment, each of the semi-tubular
semiconductor channel portions is laterally spaced from the drain-select-level isolation
structure 320 by a respective one of the first dielectric cores 62.

{04271 in one embodiment, the upper portion of each first dielectric core 62 within the
subset of the first dielectric cores 62 comprises: an outer upper dielectric core portion (i.e., an
upper portion of a primary dielectric core portion 162) having a horizontal cross-sectional
shape of a segment of a circle or an cllipse and having a same material composition as the
lower portions of the first diclectric cores and contacting a respective one of the first vertical
semiconductor channels 60, and an inner upper dielectric core portion (i.e., a secondary
dielectric core portion 262) having a first straight sidewall contacting the drain-select-level
isolation structure 320 and a second straight sidewall contacting the outer upper dielectric
core portion.

{0428] in one embodiment, each of the first memory films 530 coraprises a layer stack
including, from outside to inside, a first charge storage layver 54 and a first tunneling
dielectric layer 56 that contacts a respective one of the fivst vertical semiconductor channels
64); and each of the second memory films 50 comprises a layer stack including, from outside
to inside, a second charge storage layer 54 and a second tunneling dielectric layer 56 that
contacts a respective one of the second vertical semiconductor channels 60.

{0429] In one embodiment, each of the second vertical semiconductor channels 60 has a
tubular horizontal cross-sectional shape between a horizontal plane including a top surface of
a topmost one of the electrically conductive layers 46 and a horizontal plane including hottom
surfaces of the first dielectric cores 62.

{04301 in one embodiment, the first memory opening fill structures 58A are arranged in
first rows that extend along a first horizontal direction hdl and bave a uniform intra-row pitch
within each first row along the first honizontal direction hdl; the second memory opening fill
structures 38B are arranged in second rows that extend along the first horizontal direction hdl

and have the uniform intra-row pitch within cach second row; and the first memory opening
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fill structures 58A and the second memeory opening fill structures S8B are arranged as a two-
dimeunsional periodic array in which ecach neighboring pair of rows selected from the first
rows and second rows has a uniform inter-row pitch.

{0431] Referring to all drawings and according to various cmbodiments of the present
disclosure, a three-dimensional memory device is provided, which comprises an alternating
stack of insulating layers 32 and electrically conductive layers 46 located over a substrate (9,
10y; fivst memory opening fill structures S8A extending through the alternating stack (32, 46),
wherein each of the first memory opening fill stractures 58A includes a respective first
memory film 50, a respective first vertical semiconductor channel 60 contacting an inner
sidewall of the respective first memory film 50, and a respective first dielectric core 62
having a circular or an elliptical horizontal cross-sectional shape at a lower portion thereof
and having a semi-circular or a semi-elliptical horizontal cross-sectional shape at an upper
portion thereof; and second memory opening fill structures 388 extending through the
alternating stack (32, 46), wherein each of the second memaory opening fill structures 588
includes a respective second memory filin 50, a respective second vertical semiconducior
channel 60 contacting an inner sidewall of the respective second memory film 50, and a
respective second dielectric core 162 having a circular or elliptical horizontal cross-sectional
shape at any height between a topmost surface thercof and a bottommost surface thereof.
{3432} In one embodiment, portions of the vertical semiconductor channels 60 can be
removed from regions in which drain-select-level isolation structures 42{ are to be
subsequently formed. By avoiding an anisotropic over ctch of the vertical semiconductor
channels 60 during formation of the trenches 309, the geometry of the vertical semiconductor
channels 60 can be uniformly controlled for each first memory opening fill structure S8A,
thereby providing uniform device characteristics for the vertical semiconductor channels 60
formed in the first memory opening fill structures 38A.

{0433] Although the foregoing refers to particular preferred embodiments, it will be
understood that the disclosure is not so Hmited. It will occuy to those of ordinary skill in the
art that various modifications may be made to the disclosed embodiments and that such
modifications are intended to be within the scope of the disclosure. Compatibility is
presumed among all embodiments that are not alternatives of one another. The word
“comprise” of “include” contemplates all embodiments in which the word “consist essentially

of” or the word “consists of” replaces the word “comprise” or “inchude,” unless explicitly
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stated otherwise. Where an embodiment using a particular structure and/or configuration is
illustrated in the present disclosure, 1t is understood that the present disclosure may be
practiced with any other compatible structures and/or contigurations that are functionally
cquivalent provided that such substitutions are not explicitly forbidden or otherwise known to
be impossible to one of ordinary skill in the art. All of the publications, patent applications

and patents cited herein are incorporated herein by reference in their entirvety.
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WHAT IS CLAIMED 15:

Claum A

1. A three-dimensional memory device comprising:

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

first memory stack structures extending through the alternating stack, wherein cach of
the first memory stack structures includes a respective first memory film and a respective first
vertical semiconductor channel; and

a drain-select-level isolation structure having a pair of straight lengthwise sidewalls
that extend along a first horizontal direction and contact straight sidewalls of the first memory
stack structures,

wherein each first vertical semiconductor channel comprises a tubular section that
underlie a horizontal plane including a bottom surface of the drain-select-level isolation
structure and a semi-tubular section overlying the tubular section and contacting the drain-

select-level isolation structure.

2. The three-dimensional memory device of Claim 1, wherein each of the first vertical
semiconductor chaninels comprises:

a tubular vertical semiconductor channel segment that extends through a first plurality
of electrically conductive layers of the alternating stack that are located under the horizontal
plane; and

a semi-tubular vertical semiconductor channel segment that overlies the tubular
vertical serniconductor channel segment and contacts a respective one of the pair of straight

lengthwise sidewalls of the drain-select-level isolation structure.

3. The three-dimensional merory device of Claim 2, further comprising first dielectric cores
located within a respective one of the first memory stack structures, wherein each of the first
dielectric cores comprises:

a cylindrical core portion that cxtends through the first plurality of electrically

conductive layers of the alternating stack that are located under the horizontal plane; and
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a semi-cylindrical portion that overlies the tubular vertical semiconductor channel
segment and contacts a respective one of the pair of straight lengthwise sidewalls of the

drain-select-level isolation structure.

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

the first vertical semiconductor channels have a doping of a first conductivity type;
and

first drain regions having a doping of a second conductivity type are located at an
upper end of cach of the first vertical semiconductor channels.
5. The three-dirnensional rnemory device of Claim 4, wherein each of the first drain regions
has a straight sidewall that contacts a respective one of the pair of straight lengthwise

sidewalls of the drain-select-level isolation structure.

6. The three-dimensional memory device of Clatn 1, wherein the drain-select-level isolation
structure vertically extends through a plurality of electrically conductive layers including a

topmost onc of the clectrically conductive layers within the alternating stack.

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

the drain-select-level isolation structure vertically extends through a topmost one of
the electrically conductive layers within the alternating stack;

the topmost one of the electrically conductive layers comprises a drain-select-level
metallic lner and a drain-select-level metal fill portion embedded within the drain-select-
level metallic liner; and

a diclectric layer contacts top surfaces of the drain-select-level metallic liner and the

drain-select-level metal fill portion.

8. The three-dimensional memory device of Claim 1, wherein:
the substrate comprises a semiconductor material layer;
the semiconductor material laver and the first vertical semiconductor channels have a

doping of a first conductivity type:;
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pedestal channel portions are disposed between bottom ends of the first vertical
semiconductor channels and the semiconductor material layver; and

a3 source region having a doping of a second conductivity type is embedded within the
semiconductor material layer and 1s laterally spaced from the {irst memory stack structures

and the pedestal channel portions.

9. The three-dimensional memory device of Claim 1, wherein:
the {irst vertical semiconductor channels have a doping of a first conductivity type;
a source contact layer having a doping of a second conductivity type that is an
opposite of the first conductivity type is located over the substrate; and
the source contact layer contacts bottom ends of cach of the first vertical

semiconducior channels.

10. The three-dimensional memory device of Claim 1, further comprising second mermory
stack structures extending through the alternating stack,
wherein:

cach of the sccond memory stack structures includes a respective second mermory film
and a respective second vertical serniconductor channel; and

each second vertical semiconductor channel includes a portion having a twhular
configuration and extending through ecach clectrically conductive layer in the alternating

stack.

1. The three-dimensional memory device of Claim 10, wherein:

the first memory stack structures are arranged in first rows that extend along a first
horizontal direction and have a uniform intra-row pitch within cach first row;

the second memory stack structures are arranged in second rows that extend along the
first horizontal divection and have the uniform intra-row pitch within cach second row; and

the first memory stack structures and the second memaory stack structures are arranged
as a two-dimensional periodic array in which each ncighboring pair of rows among the first

rows and second rows has a uniform inter-row pitch.
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12. The three-dimensional memory device of Claim 11, further comprising a pair of backside
trenches vertically extending through the alternating stack and laterally extending along the
first horizontal direction, wherein the two-dimensional periodic array and the drain-select-

level isolation structure are located between the pair of backside trenches.

13, The three-dimensional memory device of Claim 10, further comprising:

first drain regions contacting an upper end of a respective one of the first vertical
semiconductor channels and having a semi-cylindrical shape;

second drain regions contacting an upper end of a respective one of the second
vertical semiconductor channels and having a cylindrical shape;

first drain contact via structures having bottoromost surfaces that contact topmost
surfaces of the first drain regions; and

second drain contact via structures contacting a top surface and a sidewall of a

respective one of the second drain regions.

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

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

forming memuory stack structures extending through the alternating stack, wherein
cach of the memory stack structures includes a respective memory filim and a respective
vertical serniconductor channel including dopants of a first conductivity type, wherein the
memory stack structures comprise first memory stack structures arranged in two rows that
extend along a first horizontal direction;

forming a drain-select-level trench by ctching through an upper portion of the
alternating stack and a first area of each of the first memory stack structures, wherein the
drain-sclect-level wench includes a pair of swaight lengthwise sidewalls that extend along the
first horizontal direction; and

forming a drain-sclect-level isolation structure in the drain-sclect-fevel trench,
wherein each vertical semiconductor channel within the first memory stack structures

COMprises:
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a tubular section that underlics a horizontal plane including a bottom surface
of the drain-select-level isolation structure; and
a semi-tubular section overlying the tubular section and contacting the drain-

select-level isolation structure.

15. The method of Claim 14, further comprising:
forming a patterned etch mask layer including an elongated opening over the
alternating stack and the memory stack stractures, wherein the first area of cach of the first
memory stack structures is located within an area of the elongated opening and a sccond arca
of each of the first memory stack structures is covered by the patterned etch mask layer; and
performing an anisotropic etch process that etches the upper portion of the alternating
stack and at least portions of vertical semiconductor channels of the first memory stack

structures that are not masked by the patterned etch mask layer.

16. The method of Claim 15, wherein the anisotropic etch process etches portions of memory
films of the first memory stack structure that underlie the elongated opening in the patterned

ctch mask layer.

17. The method of Claim 15, further comprising removing portions of memory films of the
first memory stack structure that underlic the elongated opening by performing an isotropic

ctch process after performing the anisotropic etch process.

18. The method of Claim 14, further comprising:

forming drain regions having a doping of a second conductivity type that is an
opposite of the first conductivity type on an upper end of cach of the vertical semiconductor
channels, wherein the drain regions comprise first drain regions that contact a respective one
of the first memory stack stuctires; and

removing a portion of each first drain region during formation of the drain-select-level
trench, wherein the pair of straight lengthwise sidewalls of the drain-select-level trench

comprise straight sidewall segments of remaining portions of the first drain regions.
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19. The method of Claim 14, wherein:

the memory stack structures comprise second memory stack structures that are
masked with a patterned etch mask layer during formation of the drain-select-level trench
such that sidewalls of the second memory stack stractures are not etched during formation of
the drain-select-level trench; and

each vertical semiconductor channel of the second memory stack structures includes a
portion having a tubular configuration and extending through each electrically conductive

tayer in the alternating stack.

20. The maethod of Claim 19, wherein:
the first memory stack structures within the two rows have a uniform intra-row pitch;
the second memory stack structures are arranged in rows that extend along the first

horizontal direction with the uniform intra-row piich; and

the first memory stack structures and the second memory stack structures arc arranged as a
two-dimensional periodic array in which each neighboring pair of rows of memory stack

structures has a uniform inter-row pitch.

Claim B

21. A three-dimensional memory device comprising:

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

first memory stack structures extending through the alternating stack, wherein cach of
the first memory stack structures includes a respective first memory film and a respective first
vertical semiconductor channel,

wherein each first vertical semiconductor channel comprises a tobular section
including dopants of a first conductivity type at a first atomic conceniration, a first semi-
tubuiar section overlying the mibular section and including dopants of the first conductivity
type at the first atoric concentration, and a second semi-tubular section overlying the tubular
section and laterally adjoined to the first semi-tubular section and including dopants of the
first conductivity type at a second atomic concentration that is greater than the first atomic

concentration.
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22. The three-dimensional memory device of Claim 21, further comprising drain-select-level
isolation structures vertically extending through an upper region of the alternating stack and
laterally extending along a first hovizontal direction, wherein each of the first memory stack

structures contacts a respective one of the drain-select-level isolation structures.

23. The three-dimensional memory device of Claim 22, wherein the tubular section of each
first vertical semiconductor channel is located underneath a honzontal plane including

bottom surfaces of the drain-select-level isolation structures.

24. The three-dimnensional memory device of Claim 22, wherein:

cach of the drain-select-level isolation structures comprises a pair of laterally-
undulating sidewalls; and

cach of the laterally-undulating sidewalls comprises an alternating sequence of
straight sidewall segments and concave sidewall segments that are adjoined among one

another.

25. The three-dimensional memory device of Claim 23, wherein each of the concave sidewall

segments contacts an outer surface of a respective one of the first memory films.

26. The three-dimensional memory device of Claim 22, wherein each of the second semi-
tubular sections is laterally spaced from a most proximal one among the drain-select-level
isolation structures by a uniform lateral spacing that is the same as a lateral thickness of one

of the first memory films.

27. The three-dimensional memory device of Claim 21, further comprising second memory
stack structures extending through the alternating stack,

wherein each of the second memory stack structures includes a respective second
memory film and a respective second vertical semiconductor channel; and

wherein each second vertical semiconduoctor channel includes a portion having a

tobuiar configuration, extending through cach electnically conductive layer in the alternating
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stack, and including dopants of the first conductivity type at the first atomic concentration

throughout an entire volume thereof.

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

the first memory stack structures are arranged in first rows that extend along the first
horizontal direction and has a uniform intra-row pitch within cach first row;

the second memory stack structures are arranged in second rows that extend along the
first horizontal direction and have the uniform intra-row pitch within each second row; and

the first memory stack structures and the second memory stack structures arc arranged
as a two-dimensional periodic array in which cach neighboring pair of rows among the first

rows and second rows has a aniform inter-row pitch.

29. The three-dimensional memory device of Claim 28, further comprising a pair of backside
trenches vertically extending through the alternating stack and laterally extending along the
first horizontal direction, wherein the two-dimensional periodic array and the drain-select-

level isolation structure are located between the pair of backside trenches.

30. The three-dimensional memory device of Claim 21, wherein:

each of the first semi-tubular sections has a horizontal cross-sectional shape of a {ivst
block arc that is invariant with translation along a vertical divection; and

cach of the second seni-tubular sections has a horizontal cross-sectional shape of a

second block arc that is invariant with translation along the vertical direction.

31. The three-dimensional memory device of Claim 21, further comprising first drain regions
contacting an upper end of a respective one of the first semi-tubular sections, contacting an
upper end of a respective one of the second semu-tubular sections, and having adoping of a

second conductivity type that is an opposite of the fivst conductivity type.
32. The three-dimensional memory device of Claim 31, wherein cach of the first drain
regions comprises:

a first drain segment consisting essentially of a semiconductor material and dopants of
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the second conductivity type and contacting the upper end of the respective one of the first
semi-tubular sections; and

a second drain segment consisting essentially of the semiconductor material, dopants
of the sccond conductivity type, and dopanis of the first conductivity type, and contacting the

upper end of the respective one of the second semi-tubular sections.

33. The three-dimensional memory device of Claim 21, wherein the second atomic
concentration is in a range from 5 times the first atomic concentration to 1.0 x 10” times the

first atomic concentration.

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

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

forming memory stack structures extending through the alternating stack, wherein
cach of the memory stack structures inciudes a respeciive memory film and a respective
vertical semiconductor channel including dopants of a first conductivity type at a first atomic
concentration, wherein the memory stack striuctures comprises first roemory stack structures
arranged in two rows that extend along a first horizontal direction;

partially physically exposing upper portions of sidewalls of the two rows of the first
memory stack structurcs by forming a drain-select-level trench that extends through an upper
portion of the alternating stack and laterally extends between the two rows of the first
memory stack strucoures; and

implanting dopants of the first conductivity type into segments of vertical
semiconductor channels within the first memory stack structures that are proximal to the
drain-select-level wench, wherein each vertical semiconductor channel within the first
memory stack structures comprises a tubular section including dopants of the first
conductivity type at the first atomic concentration, a first semi-tubular section overlying the
tubular section and including dopants of the first conductivity type at the first atomic
concentration, and a second semi-tubular section overlying the tubular section and laterally

adjoined to the first semi-tubular section and including dopants of the first conductivity type
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at a second atomic concentration that is greater than the first atomic concentration.

35. The metbod of Claim 34, wherein:
the drain-select-level rench comprises a pair of laterally-undulating sidewalls; and
cach of the laterally-undulating sidewalls comprises an alternating sequence of
straight sidewall segments and concave sidewall segments that are adjoined among one

another.

34. The method of Claim 35, further comprising forming a drain-select-fevel isolation
structure in the drain-sclect-level trench on sidewalls of memory films of the first memory

stack structures.

37. The method of Claim 34, further comprising forming drain regions having a doping of a
second conductivity type that is an opposite of the first conductivity type on an upper end of
each of the vertical semiconductor channels, wherein:

dopants of the first conductivity type are implanted into a segment of cach of the first
drain regions during implantation of the dopants of the first conductivity type info the
segments of vertical semiconductor channels; and

each of the first drain regions comprises:

a first drain scgment consisting essentially of a semiconductor material and
dopants of the second conductivity type and contacting the upper end of the respective
one of the first senu-tubular sections, and

a second drain segment consisting essentially of the semiconductor material,
dopants of the second conductivity type, and dopants of the first conductivity type,
and contacting the upper end of the respective one of the second semi-tubular

sections.

38. The method of Claim 34, wherein:
the memory stack structures comprise sccond memory stack structures that are
masked with a patterned etch mask layver during formation of the drain-sclect-level trench

such that sidewalls of the second memory stack structures are not physically exposed after
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formation of the drain-select-level rench; and

cach of the sccond memory stack structures comprises a respective second vertical
semiconductor channel having a tubular configuration, extending through each clectrically
conductive layer in the alternating stack, and including dopants of the first conductivity type

at the first atomic concentration throughout an entire volume thereof.

39. The method of Claim 38, wherein:

the {irst memory stack structures within the two rows have a untform intra-row pitch;

the second memory stack structures are arranged in rows that extend along the first
horizontal direction with the uniform intra-row pitch; and

the first memory stack strictures and the sccond memory stack structures are arranged
as a two-dimensional periodic array in which each neighboring pair of rows of memory stack

structures has a uniform inter-row pitch.

40. The method of Claim 34, further comprising forming a pair of backside trenches through
the alternating stack, wherein:
the pair of backside trenches laterally extend along the first horizontal direction; and
the two-dimensional periodic array and the drain-select-level trench are disposed

between the pair of backside trenches.

41. The method of Claim 34, wherein the spacer material layers are replaced with the

clectrically conductive layers before or after forming the drain-select-level trench.

42. The method of Claim 34, further comprising co-implanting dopants of the first
conductivity type together with carbon, wherein the dopants of the first conductivity type

comprise boron.
Claims CIP

43. A three-dimensional memory device comprising:
an alternating stack of insulating lavers and clectrically conductive layers located over

a substrate;
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first memory pillar structures extending through the alternating stack, wherein cach of
the first memory pillar structures includes a respective first memory film and a respective
first vertical semicondoctor channel;

dielectric cores contacting an inner sidewall of a respective one of the {first vertical
semiconducior channels; and

a drain-select-level isolation structure that laterally extends along a first horizontal
direction and contacts straight sidewalls of the dielectric cores at a respective two-

dimensional flat interface.

44. The three-dimensional memory device of Claim 43, wherein the drain-select-level
isolation structure contacts flat horizontal surfaces of the dielectric cores at two-dimensional

horizontal interfaces.

45. The three-dimensional memory device of Claim 44, wherein each of the two-dimensional

flat interface is adjoined to a respective one of the two-dimensional horizontal interfaces.

46. The three-dimensional memory device of Claim 44, wherein the drain-select-level
isolation structure contacts semi-anmular flat horizontal surfaces of the first vertical
semiconductor channels within a horizontal plane inchuding the two-dimensional horizontal

interfaces.

47. The three-dimensional memory device of Claim 44, further comprising drain regions

contacting a planar top surface of a respective one of the diclectric cores.

48. The three-dimensional memory device of Claim 47, further comprising semiconductor
oxide liners comprising an oxide of a material of the drain regions, contacting a sidewall of a

respective one of the drain regions, and contacting the drain-select-level isolation structure.
49. The three-dimensional memory device of Claim 47, wherein sidewalls of the drain
regions contact the drain-sclect-level isolation stracture with a respective interface that

laterally extends along the first horizontal direction.
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56. The three-dimaensional memory device of Claim 44, wherein each of the first vertical
semiconductor channels comprises:

a word-line-level semiconductor channel portion vertically extending through a first
subset of the electrically conductive layers that underlic a horizontal plane including a bottom
surface of the drain-sclect-level isolation structure; and

a drain-select-level semiconductor channel portion vertically extending through a
second subset of the electrically conductive layers that overlic the horizontal plane including

the bottom surface of the drain-select-level isolation structure.

51. The three-dimensional memory device of Claim 50, wherein the drain-select-level
semiconductor channel portion comprises a bottom plate portion contacting a bottom surface

of the a respective one of the diclectric cores.

32. The three-dimensional memory device of Claim 51, wherein the bottom plate portion
contacts an annular top surface of the word-line-level semiconductor channel portion and a
top surface of an additional dielectric core that is laterally surrounded by the word-line-level

semiconductor channel portion.

531. The three-dimensional memory device of Claim 43, wherein:

cach of the first memory films compriscs a layer stack including, from outside to
inside, a charge storage layer and a tunneling dielectric layer that contacts a respective one of
the first vertical semiconductor channels; and

cach of the first vertical semiconductor channels contacts a semi-cylindrical gate
diclectric layer adjoined to an upper end of a respective one of the first memory films and
contacting the drain-select-level isolation structure and a subset of the electrically conductive

layers.
34. The three-dimensional memory device of Claim 43, further comprising second memory
pillar structures extending through the alternating stack,

wherein:
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cach of the second memory pillar structures includes a respective second memory film
and a respective second vertical semiconductor channel; and

each second vertical serniconductor channel includes a portion having a tubular
configuration and extending through each clectrically conductive layer in the alternating

stack.

35. The three-dimensional memory device of Claim 54, wherein:

the {irst memory pillar structures are arranged in fivst rows that extend along a fivst
horizontal direction and have a uniform intra-row pitch within cach first row;

the second memory pillar structures arc arranged in second rows that extend along the
first horizontal direction and have the uniform intra-row pitch within cach sccond row; and

the first memory pillar structures and the second memory pillar structures are
arranged as a two-dimensional periodic array in which each neighboring pair of rows selected

from the first rows and second rows has a uniform inter-row pitch.

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

forming an alternating stack of insulating fayers and sacrificial material lavers over a
substrate;

forming memory pillar structires extending through the alternating stack, wherein
cach of the memory pillar structures includes a respective merory film and a respective
vertical sericonductor channel, wherein the memory pillar structures comprise first memory
pillar structures arranged in two rows that extend along a first horizontal direction;

forming a drain-select-level trench by etching through an upper portion of the
alternating stack and a first area of each of the first memory pillar structures, wherein the
drain-sclect-level trench includes a pair of straight lengthwise sidewalls that extend along the
first horizontal divection;

replacing the sacrificial material layers with electrically conductive layers; and
forming a drain-seiect-level isolation structure in a volume of the drain-select-level trench

after formation of the electrically conductive layers.

57. The method of Claim 56, further comprising:
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forming a sacrificial drain-select-level trench fill structure prior to replacing the
sacrificial material layers with the electrically conductive layers; and

forring a void within a volume of the drain-select-level trench by removing an
clectrically conductive material from the drain-select-level trench after formation of the
clectrically conductive layers, wherein the drain-sclect-level isolation structure subsequently

fills the void.

58. The method of Claim 57, further comprising:

simultancously removing materials of the sacrificial material layers and the sacrificial
drain-select-level trench fill structure, wherein backside recesses are formed in volumes from
which the sacrificial material layers are formed, and wherein the void is formed in the volume
of the drain-select-level trench;

conformally depositing an clectrically conductive material in the backside recesses
and in the void formed by removal of the sacrificial drain-select-level trench fill struchure;
and

removing portions of the clectrically conductive material within the volume of the
drain-select-level trench, wherein remaining portions of the electrically conductive material

in the backside recesses constitute the electrically conductive layers.

59. The method of Claim 58, further comprising laterally recessing a subset of the electrically
conductive lavers that is physically exposed to the volume of the drain-sclect-level trench
using an isotropic etch process after formation of the void, wherein the drain-select-level
isolation structure is formed on recessed sidewalls of the subset of the clectnically conductive

layers.

60, The metbod of Claim 57, wherein:

flat sidewalls of the drain-select-level semiconductor channel portions and semi-
annular flat horizontal surfaces of the drain-select-level semiconductor channel portions are
physically exposed after forming the drain-select-level trench; and

the method further comprises forming semiconductor oxide liners by oxidizing

strface portions of a semiconductor material of the drain-select-level semiconductor channel

-128-



WO 2020/163007 PCT/US2019/063461

portions that underlie the flat sidewalls and the semi-anmular flat horizontal surfaces of the
drain-select-level sericonductor channel portions, wherein the sacrificial drain-select-level

trench fill structure is formed on the semiconductor oxide portions.

61. The method of Claim 56, wherein forming the memory pillar structures comprises:

forming memory openings through the alternating stack;

forming a word-line-level opening fill structure including a memory film, a word-line-
level semiconductor channel portion, and a word-line-level dielectric core within a lower
portion of each of the memory openings; and

forming a drain-select-level opening fill structure including a gate diclectric, a drain-
select-level semiconductor channel portion, and a drain-select-level dielectric core within an
upper portion of each of the memory openings, wherein cach vertical stack of a word-line-
level opening fill structure and a drain-select-level opening fill structure constitutes a memory

pillar structure.

62. The method of Claim 61, wherein:

each of the drain-select-level semiconductor channel portions comprises a bottom
plate portion contacting an annular top surface of a respective one of the word-line-level
semiconductor channel portions and a top sarface a respective one of the word-line-level
dielectric cores; and

one of the drain-select-level diclectric cores is formed directly on a top surface of the

bottom plate portion.

Claims CIP2

63. A three-dimensional memory device, comprising:

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

first memory opening fill structures extending through the alternating stack, wherein
cach of the first memory opening fill structures includes a respective first drain region, a
respective first memory film, a respective first vertical semiconductor channel contacting an

inner sidewall of the respective first memory film, and a respective first dielectric core; and
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a drain-select-level isolation structure having a pair of straight lengthwise sidewalls
that extend along a first horizontal direction and contact straight sidewalls of the first memory
opening fill structures,

wherein cach first vertical semiconductor channel comprises a tubular section that
underlies a horizontal plane including a bottom surface of the drain-select-ievel isolation

structure and a semi-tubular section overlying the tubular section.

64. The three-dimensional memory device of Claim 63, further comprising second memory
opcning fill structures cxtending through the alternating stack, wherein cach of the second
memory opening fill structures includes a respective second drain region, a respective sccond
memory filn, a respective second vertical semiconductor channel contacting an inner

sidewall of the respective second memory film, and a respective second dicleciric core.

65. The three-dimensional memory device of Claim 63, wherein:

the respective first diclectric core has a circular or an elliptical horizontal cross-
sectional shape at a lower portion thereof and having a semi-circular or a semi-eliiptical
horizontal cross-sectional shape at an upper portion thereof; and

the vespective second diclectric cove has a circular or elliptical horizontal cross-
sectional shape at any height between a topmost surface thereof and a bottommost surface

thereof.

66. The three-dimensional memory device of Claim 63, wherein:

the drain-select-level isolation structure that laterally extends along the first horizontal
direction and contacts straight sidewalls of a subset of the first dicleciric cores within a
Euclidean two-dimensional plane; and

the drain-select-level isolation structire contacts sidewalls of at least two electrically

conductive layers of the electrically conduoctive layers of the alternating stack.
67. The three-dimensional memory device of Claim 66, wherein the drain-select-level
isolation structure contacts sidewalls of two rows of drain regions that contactatopend of a

respective one of the first vertical semiconductor channels.
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68. The three-dimensional memory device of Claim 67, wherein:

a backside blocking dielectric layer is located between each vertically neighboring
pair of an insulating layer and an electrically conductive layer within the alternating stack;
and

a pair of sidewalls of a semi-tubular portion of the backside blocking dielectric layer

contacts the drain-select-level isolation structure.

69. The three-dimensional memory device of Claim 66, wherein the drain-select-level

isolation structure does not directly contact any of the first vertical semiconductor channels.

70. The three-dimensional memory device of Claim 66, wherein:

the tubular section of the vertical semiconductor channel comprises a word-line-level
semiconductor channel portion vertically extending through a first subset of the electrically
conductive layers that underlie the horizontal plane inchiding a bottom surface of the drain-
select-level isolation structure;

the semi-tubular section of the vertical semiconductor channel comprises a drain-
select-level semiconductor channel portion vertically extending through a second subset of
the electrically conductive layers that overlie the horizontal plane including the bottom
surface of the drain-select-level isolation structure;

the word-line-level semiconductor channel portion has a tbular horizontal cross-
sectional shape; and

the drain-select-level semiconductor channel portion has a semi-tubular horizontal
cross-sectional shape, and has a same thickness as the word-line-level semiconductor channel

portion.
71. The three-dimensional memory device of Claim 70, wherein each of the semi-tubular

semiconductor channel portions is laterally spaced from the drain-select-level isolation

structure by a respective one of the first diclectric cores.
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72. The three-dimensional memory device of Claim 66, wherein the upper portion of each
first dielectric core within the subset of the first diclectric cores comprises:

an outer upper diclectric core portion having a horizontal cross-sectional shape of a
segment of a circle or an ellipse and having a same material composition as the lower
portions of the first diclectric cores and contacting a respective one of the first vertical
semiconductor channels; and

an inner upper dielectric core portion having a fivst straight sidewall contacting the
drain-select-level isolation structure and a second straight sidewall contacting the outer upper

diclectric core portion.

73. The three-dirmnensional memory device of Claim 64, wherein:

cach of the first memory films comprises a layer stack including, from outside to
inside, a first charge storage layer and a first tunneling dielectric layer that contacts a
respective one of the first vertical semiconductor channels; and

cach of the second memory films comprises a layer stack including, from outside to
inside, a second charge storage layer and a second tunneling diclectric layer that contacts a

respective one of the second vertical semiconductor channcls.

74. The three-dimensional memory device of Claim 64, wherein each of the second vertical
semiconductor channels has a tubular horizontal cross-sectional shape between a horizontal
plane including a top surface of a topmost one of the electrically conductive layers and a

horizontal plane including bottorn surfaces of the first dielectric cores.

75. The threc-dimensional memory device of Claim 74, wherein:

the first memory opening fill structures are arranged in first rows that extend along a
first horizontal direction and have a uniform intra-row pitch within each first row;

the second memory opening {ill structares are arranged in second rows that extend
along the first horizontal direction and have the uniform intra-row pitch within each second

row; and
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the first memory opening fill structures and the second memory opening fill structures
are arranged as a two-dimensional periodic array in which each neighboring pair of rows

selected from the first rows and second rows has a uniform inter-row pitch.

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

forming an alternating stack of insulating layers and sacrificial material layers over a
substrate;

forming memory openings vertically extending through the alternating stack;

forming memory opening fill structures in the memory openings, wherein the memory
opening fill structures comprise first memory opening fill structures that are arranged as a
neighboring pair of rows that laterally extend along a first horizontal direction and filling two
rows of first memory openings, and cach of the first memory opening fill structures
comprises a first memory film, a first vertical semiconductor channel having a lower tubular
semiconductor channel portion and an upper semi-tubular serniconductor channel portion,
and a first dielectric core;

replacing the sacrificial material layers with electrically conductive layers;

forming a drain-select-level trench having a pair of straight sidewalls that laterally
cxtend along the first horizontal direction by etching an upper segment of each of the first
memory opening fill structures; and

forming a drain-sclect-level isolation structure in a volume of the drain-select-level

77. The method of Claim 76, further comprising:

forming a memory film within each of the memory openings;

forming a semiconductor channel layer on the memory films and over the alternating
stack: and

forming a primary dielectric core material layer on the semiconductor channel layer.
78. The method of Claim 77, further comprising:
forming a first patterned mask layer over the primary dielectric core material layer,

wherein the first patterned mask layer comprises a first line-shaped opening having straight
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edges that overlic a respective row of first memory openings of the two rows of first memory
openings; and

replacing upper portions of the primary dielectric core material layer, the
semiconductor channel layer, and memory films within the two vows of first memory
openings that are not masked by the first patterned mask layer with replacement structures,
wherein cach of the replacement structures comprises a combination of a sccondary dielectric
core portion and a drain region, and wherein cach of the first memory opening fill structures
compriscs a respective memory film, a respective revnaining portion of the semiconductor
channel layer, a respective remaining portion of the primary diclectric core material layer,

and a respective onc of the replacement structures.

79. The method of Claim 78, further comprising:

etching unmasked portions of the primary dielectric core material layer selective to
the sericonductor channel layer; and

etching physically exposed portions of the semiconductor channel layer selective to

the memory films.

80. The method of Claim 78, wherein:

each remaining portion of the semiconductor channel layer in the first memory
openings constitutes a first vertical semiconductor channel; and

each of the drain regions is formed directly on a sidewall of a respective first vertical

semiconductor channel and a respective one of the memory films.

81. The method of Claim 78, wherein forming the drain-select-level trench comprises:
forming a second patterned ctch mask layer having a second line-shaped opening over
the alternating stack; and
anisotropically etching unmasked portions of the deain regions, unmasked portions of
the replacement structures, and unmasked portions of the insulating layers and the clectrically
conductive layers, wherein the drain-select-level trench comprises volumes from which
materials of the replacement structures, the insulating layers and the electrically conductive

layers are anisotropically etched.
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82. The method of Claim 81, wherein the remaining portions of the primary dielectric core
material layer in the memory openings are spaced from the drain-select-level trench by a
respective remaining portion of the secondary dielectric core portions after formation of the

drain-select-level trench.
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