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a set of processing sequences at least once. The set of processing sequences includes forming a patterned etch mask layer and etching
an unmasked subset of the 2 x N array. One or more patterned etch mask layer has a respective continuous opening including an entire
area of a respective 2 x M array of stepped surfaces that is a subset of the 2 x N array of stepped surfaces. Vertical stacks of memory
clements are formed through the vertically alternating sequence.
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THREE-DIMENSIONAL MEMORY DEVICE WITH HYBRID STAIRCASE
STRUCTURE AND METHODS OF FORMING THE SAME

RELATED APPLICATIONS

{00011 This application claims the benefit of priotity of U.S. Non-Provisional Application
No. 17/224,370, filed April 7, 2021, the entire contents of which are hevein incorporated by

reference.

FIELD

{0062} The present disclosure relates generally to the field of semiconductor devices, and
particularly to a three-dimensional memory device including a hvbrid staircase structure and

methods of forming the same.

BACKGROUND

{0063] A three-dimensional memory device including three-dimensional vertical NAND
strings having one bit per cell are disclosed in an article by T. Endoh er ¢f., titled “Novel
Ulera High Density Memory With A Stacked-Surrounding Gate Transistor (S-SGT)

Structired Cell”, IEDM Proc. (2001) 33-36.

SUMMARY

{00041 According to an embodiment of the present disclosure, a three-dimensional
memory device is provided, which comprises: first alternating stacks of first insolating layers
and first electrically conductive layers located over a substrate, wherein the first alternating
stacks latcrally extend along a first horizontal direction and are laterally spaced apart along a
second horizontal divection that is perpendicular to the first honzontal direction by line
trenches, and wherein each of the first alterpating stacks comprises a respective first staircase
region in which a lateral extent of the first electrically conductive lavers along the first
horizontal direction decreases with a vertical distance from the sabstrate; trench fill sucnives
located between and contacting a respective neighboring pair of the first alternating stacks
and filling a respective one of the line trenches; arrays of memory stack structures vertically
extending through a respective one of the furst alternating stacks, wherein each of the memory
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stack structures comprises a respective vertical stack of memory clements located at levels of
the first elecirically conductive layers; first retro-stepped diclectric material portions
overlying a first staircase region of a respective one of the first alternating stacks, wherein
one of the first retro-stepped diclectric material portions has a vertical cross-sectional profile
within a vertical plane that is perpendicular 1o the first horizontal direction in which: a first
boundary of the one of the first retro-stepped dielectric material portions continuously
extends from a first horizontal plane including a bottommaost surface of the one of first vetro-
stepped dielectric material portions to a second horizontal plane including topraost surfaces
of the first alternating stacks; and a second boundary of the one of the first retro-stepped
dielectric material portions continuously exiends from the first horizontal plane to a first
point on a sidewall of a tespective one of the trench fill structures, the first point being
located at 4 height located between the first horizontal plane and the second horizontal plane.
{0005] According to another aspect of the present disclosure, a method of forming a
three-dimensional memory device is provided. The method comprises: forming a vertically
alternating sequence of unit layer stacks over a substrate, wherein each of the unit layer
stacks corprises 4 first insulating laver and a first spacer material layer, wherein the first
spacer material fayers are formed as, or are subsequently replaced with, first elecirically
conductive layers; forming a 2 x N array of stepped surfaces within an upper region of the
vertically alternating sequence by patterning a subset of the unit layer stacks, wherein N
stepped swrfaces are arranged in each row extending along a first horizontal direction within
the 2 x N array and two stepped surfaces are arranged in cach colurn extending along a
second horizontal direction within the 2 x N array, and wherein N is an integer greater than 1;
vertically extending each column of stepped swrfaces other than one column of stepped
surfaces by performing a set of processing sequences at least once, wherein the sct of
processing sequences comprises forming a patterned etch roask layer and etching an
unmasked subset of the 2 x N array employing a respective anisotropic etch process, wherein
one or more patterned etch mask layer employed within the set of processing steps has a
respective continuous opening including an entire area of a respective 2 x M array of stepped
surfaces that is a subset of the 2 x N array of stepped surfaces, and wherein cach M is an
integer less than N; and forming vertical stacks of memory elements through the vertically

alternating sequence.
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BRIEF DESCRIPTION OF THE DRAWINGS

{0006] FIG. 1A is a plan view of an cxemplary semiconductor dic including raultiple
three-dimensional memory array regions according to an embodiment of the present
disciosure.

{60071 FIG. 1B is a schematic see-through top-down view of region M1 of FIG. 1A,
{00081 FIG. 1 is a schematic vertical cross-sectional view of a region of the cxemplary
serpiconductor die along the vertical plane C — O of FIG. 1B.

{000Y] FIG. 1D is a schematic vertical cross-sectional view of a region of the exemplary
semiconductor die along the vertical plane D - D’ of FIG. 1B.

{00106] FIG. 1E is a schematic vertical cross-sectional view of a region of the exemplary
semiconductor die along the vertical plane E— E’ of FIG. 1B.

{6011 FIG. 2 is a vertical cross-sectional view of an exemplary structure for forming a
serpiconductor die after formation of optional semiconductor devices, optional lower level
dielectric layers, optional lower metal interconnect structures, a semiconductor material layer,
and a first vertically alternating sequence of first continuous insulating layers and first
continuous sacrificial material layers according to an embodiment of the present disclosure.
{0012] FIG. 3A is a vertical cross-sectional view of the exemplary structure after
formation of a hard mask layer and a trimmable etch mask layer in the inter-array region
according 1o an embodiment of the present disclosure.

{0013] FIG. 3B is a top-down view of the exemplary structure of FIG. 3A. The vertical
plane A — A’ corresponds to the plane of the vertical cross-sectional view of FIG. 3A.
{0314] FIG. 4A is a vertical cross-sectional view of the exemplary structure along a first
horizontal divection after formation of first stepped surfaces in the inter-array region
according to an embodiment of the present disclosure.

{6015] FIG. 4B is a vertical cross-sectional view of the exemplary structure along a
vertical plane B — B of FIG. 4A that laterally extends along a second horizontal direction.
{3016] FIG. 5A is a vertical cross-sectional view of the exemplary sinicture along the
first horizontal divection after formation of a first recess etch mask layer according to an
cmbodiment of the present disclosure.

{0017] FIG. 58 is a vertical cross-sectional view of the exemplary structure along a
vertical plane B — B’ of FIG. SA.

{0018] FIG. 6A 1s a vertical cross-sectional view of the cxemplary structure along the
-3
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first horizontal direction after a first arca recess cteh process according to an embodiment of
the present disclosure.

{0019] FIG. 6B is a vertical cross-sectional view of the exemplary structure along a
vertical plane B - B’ of FI(3. 6A.

{00206] FIG. 7A is a vertical cross-sectional view of the exeroplary structare along the
first horizontal divection after formation of a second recess etch mask layer according to an
embodiment of the present disclosure.

{00211 FIG. 78 is a vertical cross-sectional view of the exemplary structure along a
vertical plane B — B of FIG. 7A.

{0022] FIG. BA is a vertical cross-sectional view of the exemplary structure along the
first horizontal direction after a second area recess etch process according to an embodiment
of the present disclosure.

{0023] FIG. 8B is a vertical cross-sectional view of the exemplary structure along a
vertical plane B — B’ of FIG. BA.

{00241 FIG. 94 is a vertical cross-sectional view of the exemplary structure along the
first horizontal divection after formation of a first retro-stepped dielectric material portion
according to an embodiment of the present disclosure.

{0025] FIG. 98 is a vertical cross-sectional view of the exemplary structure along a
vertical plane B — B’ of FIG. 9A.

{0026] FIG. 9C is a vertical cross-sectional view of the exemplary structure along a
vertical plane C - {7 of FIG, 9A.

{00271 FIG. 9D 15 a vertical cross-sectional view of the exemplary structure along a
vertical plane D — D7 of FIG. A,

{0028] FIG. S is a vertical cross-scctional view of the exemplary structure along a
vertical plane F - B of FIG. 9A.

[0029] FIG. 10 is a vertical cross-sectional view of the exemplary structare after
formation of first-ticr openings and sacrificial first-tier opening fill portions according to an
cmbodiment of the present disclosure.

{00341 FIG. 11 1s a vertical cross-sectional view of the exemplary structure after
formation of a second vertically alternating sequence of second continnous insulating layers
and second continuous sacrificial material layers according to an embodiment of the present

disclosure.
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{6031 FHG. 12A is a vertical cross-sectional view of the exemplary structure along a
second horizontal direction after formation of sceond stepped surfaces in the inter-array
region according to an embodiment of the present disclosure.

{0832] FIG. 12B is a top-down view of the exemplary structure of FIG. 12ZA. The
vertical plane A — A’ corresponds to the plane of the vertical cross-sectional view of FIG.
1ZA.

{0033] FIG. 13A is a vertical cross-sectional view of the exemplary structore along the
first horizontal direction after formation of a second retro-stepped dielectric material portion
according to an embodirnent of the present disclosure.

{0034] FIG. 13B is a vertical cross-sectional view of the exemplary structure along a
vertical plane B - B of FIG. 13A.

{0035] FIG. 13C is a vertical cross-sectional view of the exemplary structure along a
vertical plane C — C of FIG. 13A.

{6036] FiG. 13D is a vertical cross-sectional view of the exemplary structure along a
vertical plane ¥ - ¥ of FIG. 13A.

{0037] FIG. 13E 18 a vertical cross-sectional view of the exemplary structure along a
vertical plane E ~ E™ of FIG. 13A.

{0038] FIG. 13F is a vertical cross-sectional view of the exemplary structure along a
vertical plane FF— I of FIG. 13A.

{003%] FIG. 13G is a vertical cross-sectional view of the exemplary structure along a
vertical plane G - G of FIG. 13A.

{00401 FIG. 13H is a vertical cross-sectional view of the exemplary structure along a
vertical plane H — H’ of FIG. 13A.

{0041} FIG. 14 is another vertical cross-sectional view of the exemplary structure at the
processing steps of FIGS. 13A ~ 13H.

[0042] FIG. 15 s a vertical cross-sectional view of the exemplary structure after
formation of second-tier opemngs through the second vertically alternating sequence
according 1o an embodiment of the present disclosure.

{0043] FIG. 16 1s a vertical cross-sectional view of the exemplary structure after
formation of inter-tier memory openings and inter-tier support openings according to an
cmbodiment of the present disclosure.

{0044] FIGS. 17A - 17D illustrate sequential vertical cross-sectional views of a memory

-5.
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opening during formation of a memory opening fill structure according to an embodiment of
the present disclosure.

{0045] FIG. 18 is a schematic vertical cross-sectional view of the exemplary stucture
after formation of a contact-level dieleciric fayer, backside trenches, and source regions
according to an embodiment of the present disclosure.

{0046] FIG. 19A is another vertical cross-sectional view of the exemplary structure of
FIG. 18.

{00471 FIG. 198 is a vertical cross-sectional view of the exeroplary structure along a
vertical plane B — B of FIG. ISA.

{0048] FIG. 20 is a schematic vertical cross-sectional view of the exemplary stucture
after formation of backside recesses according to an embodiment of the present disclosure.
[0049] FIGL 21 1s a schematic vertical cross-sectional view of the exeroplary stracture
after formation of electrically conductive layers and trench fill stractures according to an
embodiment of the present disclosure.

{00561 FiG. 22 is a schematic vertical cross-sectional view of the exemplary structure
after formation of layer contact via structures according o an embodiment of the present
disciosure.

{0051] FIG. 23A is a vertical cross-sectional view of the exeraplary structure of FIG. 22
according to an embodiment of the present disclosure.

{0052] FIG. 23B is a vertical cross-sectional view of the exemplary structure along a
vertical plane B — B’ of FIG, 23A.

{00531 FIG. 23C is a vertical cross-sectional view of the exeroplary structure along a
vertical plane ¢ — O of FIG. 23A.

{0054] FIG. 23D is a vertical cross-sectional view of the exemplary structure along a
vertical plane D - 137 of FIG. 23A.

{0055] FIG. 23K is a vertical cross-sectional view of the exemplary structure along a
vertical plane E - E” of FIG. 23A.

{0056] FIG. 23F is a vertical cross-sectional view of the exemplary structure along a
vertical plane F — F of FIG. 23A.

{0037] FIG. 23G is a vertical cross-sectional view of the exemplary stucture along a
vertical plane G - &7 of FIG. 23A

{0058] FIG. 23H is a vertical cross-sectional view of the exeraplary structure along a
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vertical plane H - H' of FIG. 23A.

{3059 FIG. 24 A 15 a vertical cross-sectional view of an alternative configuration of the
cxemplary structure along a first horizontal divection after a first area recess etch process
according to a second embodiment of the present disclosure.

{0060] FIG. 24B is a vertical cross-sectional view of the exemplary structure along a
vertical plane B — B’ of FIG. 24A.

{60611 FIG. 25A is a vertical cross-sectional view of the alternative configuration of the
cxemplary structure along the first horizontal direction after a second arca recess ctch process
according to the second embodiment of the present disclosure.

{0062] FIG. 258 1s a vertical cross-sectional view of the exemplary structure along a
vertical plane B - B’ of FIG. 25A.

{3663 FIG. 26A is a vertical cross-sectional view of the alternative configuration of the
exemplary structure of after formation of layer contact via structires according to the sccond
embodiment of the present disclosure.

{00641 FIG. 268 is a vertical cross-sectional view of the exeroplary structure along a
vertical plane B — B’ of FIG. 26A.

{0065] FIG. 26( is a vertical cross-sectional view of the exemplary structure along a
vertical plane C — C of FIG. 26A.

{00686] FIG. 261 is a vertical cross-sectional view of the exemplary structure along a
vertical plane D — 13 of FIG. 26A.

{6067 FIG. 20F is a vertical cross-sectional view of the exemplary structure along a
vertical plane B - B of FiG. 26A.

{0068] FIG. 26F is a vertical cross-sectional view of the exemplary structure along a
vertical plane F - F of FIG. 26A.

{0069] FIG. 26G is a vertical cross-sectional view of the exeraplary structure along a
vertical plane G — G of FIG. 26A.

{0070] FIG. 26H is a vertical cross-sectional view of the exemplary structure along a

vertical plane H — H’ of FIG. 26A.

DETAILED DESCRIFPTION

{0071] As discussed above, an embodiments of the present disclosure are divected to a
three-dirpensional memory device including a hybrid staircase structure and methods of

-
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forming the same, the various aspects of which are now described in detail. As used herein, a
“hybrid” staircase structure refers a staircase stroctore in which two sets of stepped surfaces
of a neighboring pair of insulating layers and electrically conductive fayers are neither fully
connected to each other nor are fully separated from cach other during a formation process,
but arc connected in upper regions and are disconnected in fower regions.

{0072] The drawings are not drawn to scale. Multiple instances of an element may be
duphicated where a single instance of the element is illustrated, unless absence of duplication
of elerpents is expressly described or clearly indicated otherwise. Ordinals such as “first,”
“second,” and “third” are emploved merely to identify similar elements, and different
ordinals may be employed across the specification and the claims of the instant disclosure.
The term “at least one” element refers to all possibilities inchuding the possibility of a single
element and the possibility of multiple elements.

{6673 The same reference numerals refer to the same element or stnifar element. Unless
otherwise indicated, clements having the same reference numerals are presumed to have the
sarmne composition and the sarae function. Unless otherwise indicated, a “contact” between
clements refers to a divect contact between elements that provides an edge or a surface shared
by the elements. If two or more clements are not in direct contact with each other or from
cach other, the two clements are “disjoined from™ each other or “disjoined among” one
another. As used herein, a first element located “on” a second element can be located on the
exterior side of a surface of the second element or on the interior side of the second element.
As used herein, a first clement is located “directly on” a second clement if there exist a
physical contact between a surface of the first clement and a surface of the second clement.
As used herein, a first element is “electrically connected 67 a second element if there exists a
conductive path consisting of at lcast one conductive material between the first element and
the second clement. As used herein, a “prototype” structure or an “in-process” structure
refers to a transient structure that is subsequently modified in the shape or composition of at
least one component thergin.

{00741 As used herein, a “layer” refers to a material portion including a region having a
thickness. A layer may extend over the entivety of an undertying or overlying stracture, or
may have ap extent less than the extent of an underlying or overlying structure. Further, a
layer may be a region of a homogeneous or inhomogencous continuous structure that has a

thickness less than the thickness of the first continuous structure. For exarople, a layer may
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e located between any patr of horizontal planes between, or at, a top surface and a bottom
surface of the first continuous structure. A layer may extend horizontally, vertically, and/or
along a tapered surface. A subsirate may be a layer, may include one or more layers therein,
or may have one of more layer thereupon, thereabove, and/or therchelow.

{B075] As used herein, a first surface and a second surface are “vertically coincident”
with each other if the second surface overlies or underlies the first surface and there exists a
vertical plane or a substantially vertical plane that includes the first surface and the second
surface. A substantially vertical plane is a plane that extends straight along a direction that
deviates from a vertical direction by an angle less than 5 degrees. A vertical plane or a
substandally vertical plane is straight along a vertical divection or a substantially vertical
direction, and may, or may not, include a curvature along a divection that is perpendicular to
the vertical direction or the substantially vertical direction.

{0078] As used herein, a “memory level” or a “mermory array level” refers to the level
corresponding to a gencral region between a first horizontal plane (i.c., a plane parallel to the
top surface of the substrate} including topmost surfaces of an array of memory clements and a
second horizontal plane including bottommost surfaces of the array of memory elements. As
used herein, a “through-stack™ element refers to an element that vertically extends through a
memory level.

{0077] As used herein, a “semiconducting material” refers to a material having electrical
conductivity in the range from 1.0 x 107 S/mto 1.0 x 10° S/m. As used herein, a
“semiconductor material” vefers to a material having clectrical conductivity in the range from
1.0 x 107 S/m to 1.0 S/m in the absence of electrical dopants therein, and is capable of
producing a doped material having electrical conductivity in a range from 1.0 5/m o 1.0 x
107 S/m upon suitable doping with an electrical dopant. As used herein, an “electrical
dopant” refers to a p-type dopant that adds a hole to a valence band within a band structure,
ot an n-type dopant that adds an electron to a conduction band within a band structure.  As
used herein, a “conductive material” refers to a material having electrical conductivity greater
than 1.0 x 10° S/m. As used herein, an “insulator material” or a “dielectric material” refers to
a mmaterial having electrical conductivity less than 1.0 x 107 S/m. As ased herein, a “heavily
doped semiconductor material” refers to a semiconductor material that is doped with
clectrical dopant at a sufficiently high atomic concentration {o become a conductive material

cither as formed as a crystalline material or if converted into a crystalline material through an
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anneal process (for example, from an initial amorphous state), i.¢., to provide electrical
conductivity greater than 1.0 x 10° S/m. A “doped senuconductor material” may be a heavily
doped semiconductor material, or may be a semiconductor material that includes electrical
dopants (i.e., p-type dopants and/or n-type dopants} at a concentration that provides electrical
conductivity in the range from 1.0 x 107 $/m to 1.0 x 107 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
serniconductor material or a doped semiconductor material. A doped semiconductor material
may be semiconducting or conductive depending on the atomic concentration of clectrical
dopants therein. As vsed herein, a “metallic material” refers to 3 conductive material
inchuding at least one metallic cloment therein. Al measurements for electrical
conductivities are made at the standard condition.

{0078] A monolithic three-dirnensional memory array is one in which multple memory
fcvels are formed above a single substrate, such as a semiconductor wafer, with no
intervening substrates. The term “monolithic” means that fayers of cach level of the arcay are
directly deposited on the layers of each underlying level of the array. In contrast, two
dimensional arrays may be formed separately and then packaged together 1o 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. 5,815,167 utled “Three-dimensional Structure
Memory.” The substrates may be thinned or removed from the memory levels before
bonding, but as the merory levels are initially formed over separate substrates, such
memories are not tue monolithic three-dimensional memory arrays.  The substrate may
inchude integrated circuits fabricated thercon, such as driver circuits for a memory device.
{6079] The various three-dimensional memory devices of the present disclosure include a
monolithic three-dimensional NAND string memory device, and may be fabricated using the
various embodiments described herein. The monolithic three-dimensional NAND siing is
focated in a roonolithic, three-dimensional array of NAND strings located over the substrate.
At feast one memory cell in the {ivst device level of the three-dimensional array of NAND
strings is located over another memory cell in the second device level of the three-
dimensional array of NAND strings.

{6080] Jenerally, a semiconducior package (or a “package”) refers to a unit

10
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semiconductor device that may be attached o a circuit board throtgh a sct of pins or solder
balls. A semiconductor package may include a semiconductor chip (or a “chip™ ora
phurality of semiconducior chips that are bonded throughout, for example, by tlip-chip
bonding or anocther chip-to-chip bonding. A package or a chip may include a single
semiconductor die (or a “die”) or a plurality of semiconductor dies. A dic is the smallest unit
that may independently execute external commands or veport status. Typically, a package or
a chip with musltiple dies is capable of simultaneously execuung as many number of external
commands as the total number of dies thercin. Each dic includes one or more planes.
Identical concurrent operations may be exccuted in each plane within a same die, although
there may be some restrictions. In case a die is a memory die, t.e., a die including memory
clements, concurrent read operations, concurrent write operations, 0r CORCUITENt £rase
operations may be performed in each plane within a same memory die. In a memory die,
each plane contains a number of memory blocks {or “blocks™), which are the smallest unit
that may be erased by in a single crase operation.  Each memory block contains a number of
pages, which arce the smallest units that may be selected for programming. A page is also the
smaliest vnit that may be selected to a read operation.

{0081 ] Referring to FIGS. 1A - 1E, an exemplary semiconductor die 1000 according to
an ernbodiment of the present disclosure s illustrated. The exemplary semiconductor dic
1000 includes multiple three-dimensional memory array regions and multiple inter-arvay
regions. The exemplary semiconductor die 1000 can include multiple planes, each of which
includes two memory array regions 100, such as a first memaory array region 100A and a
second memory arvay region 100B that are laterally spaced apart by a respective inter-array
region 200. Generally, a semiconductor die 1000 may include a single plane or multiple
planes. The total number of plancs in the semiconductor die 1600 may be selected based on
performance requirernents on the semiconductor die 1000, A pair of merory array regions
100 1n a plane may be laterally spaced apart along a first horizontal direction hdl {(which may
bie the word bine direction). A second horizontal divection hd2 (which may be the bit line
direction) can be perpendicular to the first horizontal divection hdl.

{0082] Each memory array region 100 includes first-tier alternating stacks of first
insulating lavers 132 and first electrically conductive layers 146 (which function as first word
lines) and sccond-tier alternating stacks of second insulating layers 232 and second

clectrically conductive layers 246 (which function as second word lines). Each second-tier

13-



WO 2022/216331 PCT/US2021/065582

alternating stack (232, 246) overlics a respective first-tier alternating stack (132, 146}, and
each first-tier alternating stack (132, 146} underlies a respective second-tier alternating stack
(232, 246). Each combination of a first-tier alternating stack (132, 146) and an overlying
second-tier alternating stack (232, 246) may be laterally spaced apart from neighboring
cornbinations of 2 respective first-tier alternating stack (132, 146) and a respective second-
tier alternating stack (232, 246) by wench fill structures 76 that laterally extend along the first
horizontal direction hdl.

{00831 The exeroplary structure can include an optional semiconducior material layer 110
that includes a single crystalline or polyerystallive semiconductor material, such as single
crystalline silicon or polysilicon. In one embodiment, the semiconductor material layer 110
may be a substrate. Optionally, underlying dielectric material layers may be provided
underneath the semiconductor material layver 110, In this case, the underlying dielectric
material layers are referred to as lower-level diglectric material layers 760.

{6084] A first-ticr alternating stack of first insulating layers 132 and first electrically
conductive layers 146 is located over a substrate {(which may include the semiconductor
material layer 110 or another structure, such as a silicon wafer that underlies the
semiconductor material layer 110} between each neighboring pair of trench fill stuctures 76
A first-tier retro-stepped diclectric material portion 165 overlies, and contacts, first stepped
surfaces of the {irst-tier alternating stack (132, 146). A second-tier alternating stack of
second insulating layers 232 and second electrically conductive layers 246 overlies the fivst-
tier alternating stack (132, 146), and overlies a horizontal plane including a planar top surface
of the first-tier retro-stepped diclectric material portion 165 between each neighboring pair of
wench fill souctures 76, A second-tier retro-stepped dielectric material portion 265 overlies,
and contacts, second stepped surfaces of the second-tier alternating stack (232, 246). Vertical
steps S of the first stepped surfaces and the second stepped surfaces laterally extend along the
second horizontal direction hd2 (e.g., bit line direction}.

{00858] Memory opening fill stroctures 58 can be located within each memory array
region 100 (which includes a first memeory array region 1J0A and a second memory array
region 1008) between each neighboring pair of trench fill structures 76, The memory
opening fill structures 58 can be located within memory openings that vertically extend
through each layer within the first-tier alternating stack (132, 146) and the second-tier

afternating stack (232, 246) that are located between a respective neighboring pair of trench
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fill structures 76.

{3086] Each memory opening fill structure 38 includes a respective memory stack
structure, which includes a respective memory film and a respective vertical semiconductor
channel. The memory openings and the memory opening fill structures 38 are formed in
region in which each layer of a first-tier alternating stack and each layer of the sccond-tier
alternating stack are present.  Por each area within which a continucus combination of a
first-tier alternating stack (132, 146} and a second-tier alternating stack (232, 246)
continuously laterally extends, first oemory stack structures can be located within a
respective first memory array region 100A and second memory stack structares can be
located within a respective second memory array region 100B. The second memory array
region 1008 can be connected to the first memory array region 100A through a respective
inter-atray region 200, tn which a first-tier retro-stepped dielectric material portion 165 and a
second-tier retro-stepped dielectric material portion 265 are located.

{6087 A first-tier retro-stepped dielectric material portion 165 can be located between
cach neighboring pair of trench fill structures 76. Each first-tier retro-stepped dielectric
material portion 165 overlies first stepped surfaces of a respective first-tier alternating stack
(132, 146). Each first-tier retro-stepped diclectric material portion 165 can have a sidewall
that laterally extends along the first horizontal direction hdl and contacts a respective trench
fill siructure 76. The first stepped surfaces comprise vertical steps of the first-tier alternating
stack (132, 146) that are laterally spaced apart along the first horizontal direction hdl and
vertically offset from each other.

{00881 A second-tier retro-stepped diclectric material portion 265 can be located between
each neighboring pair of trench {ill structures 76. Each second-tier retro-stepped dielectric
matertal portion 265 overlies second stepped surfaces of a respective second-tier alternating
stack (232, 246). Hach second-tier retro-stepped dielectric material portion 263 can have a
sidewall that laterally extends along the second horizontal direction hdl and contacts a
respective wrench fill structure 76. The second stepped surfaces comprise vertical steps of the
second-fier alternating stack (232, 246) that are laterally spaced apart along the first
horizontal direction hdl and vertically offset from cach other. In one embodiment, each
second-tier retro-stepped dielectric material portion 265 overlies, and contacts, a respective
one of the first-tier retro-stepped dielectric material portions 165.

{6089] Backside trenches can laterally extend along the first horizontal direction hdl.
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Fach backside twrench can be filled with a trench fill structure 76, which may include a
combination of a backside contact via structire and an insulating spacer that laterally
surround the backside contact via structure. Alternatively, each trench fill structure 76 may
consist of an insulating fill structure. Each contiguous combination of a first-tier alternating
stack (132, 146} and an overlying second-ticr alternating stack (232, 246) can be located
between a neighboring pair of trench {ill stracture 76.

{0080] For each contiguous combination of a first-tier alternating stack (132, 146) and an
overlying second-tier alternating stack (232, 2463, a respective first trench fill structure 76
{aterally extends along the first horizontal direction hdl {e.g., word line direction} and
contacts first sidewalls of the fivst-tier alternating stack (132, 146) and first sidewalls of the
sccond-tier alternating stack (232, 246), and a second trench fill structure 76 laterally extends
along the first horizontal divection hdl and contacts second sidewalls of the first-tier
alternating stack (132, 146) and second sidewalis of the second-tier alternating stack (232,
2463 The fust rench fill structure 76 can contact each layer within the first-tier alternating
stack (132, 146} and the sccond-tier alternating stack (232, 746), and can contact a sidewall
of the first-tier retro-stepped dielectric material portion 165, The second trench U stracture
76 can contact each layer within the first-tier alternating stack (132, 146) and the second-tier
afternating stack (232, 246), and can be faterally spaced from the first-tier retro-stepped
dielectric material portion 165.

{0081] A contact-level dielectric layer 280 can be provided over gach second-tier
alternating stack (232, 246). in one embodiment, first contact via structurcs 86A vertically
extend through a second retro-stepped diclectric material portion 265 and a first-tier retro-
stepped dielectric material portion 1635, and contact a respective one of the first electrically
conductive layers 146, Second contact via structures 86B vertically extend through a second-
tier retro-stepped dielectric material portion 2635 and contact a respective one of the second
electrically conductive layers 246.

{0092] For each contiguous combination of a first-tier alternating stack (132, 146) and an
overlying second-tier alternating stack (232, 2463, a second-tier retro-stepped dieleciric
material portion 2635 overlies second stepped surfaces of the second-tier alternating stack
(232, 246}, and second contact via suuctures 86B vertically extend through the second-tier
retro-stepped dielectric material portion 263 and contact a respective one of the second

clectrically conductive layers 246,
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{60931 For cach contiguous combination of a first-tier alternating stack (132, 146) and an
overlying second-tier alternating stack (232, 246), first memory opening fill structures 58 can
be located within a first memory array region 100A in which each layer of the first-tier
alternating stack and each layer of the second-tier alternating stack are present. Second
memory opening fill structures 38 can be located within a second memory array region 1008
that is laterally offset along the first horizontal divection hdl from the first memory array
region 100A by the first-tier retro-stepped dielectric material portion 163 and the second-tier
retro-stepped dielectric material portion 265, Each fayer of the fust-tier alternating stack
{132, 146) and cach layer of the second-tier alternating stack (232, 246) are present within the
second memory array region 100B. At least a portion of the first electrically conductive
layers 146 and at least a portion of the second electrically conductive layers 246 contimuously
extend from the first memory array region 100A to the second memory array region 1008
through a strip-shaped connection region within an inter-array region 200 located between a
trench {ill structures 76 and the second-tier retro-stepped dielectric material portion 263 at the
fevel of the second-ticr alternating stack (232, 246), and between the trench fill structure 76
and the first-tier retro-stepped dielectric material portion 165 at the level of the first-tier
alternating stack {132, 146).

{0094] Fach combination of a first-tier alternating stack {132, 146) and an overdying
second-tier alternating stack (232, 246) can be located between a respective neighboring pair
of trench fill structures 76. Thus, for each combinadon of a firse-tier alternating stack (132,
146} and an overlying second-tier alternating stack (232, 246}, a neighboring combination of
an additional first-tier alternating stack (132, 146) and an additional second-tier alternating
stack (232, 246) may be provided. A structure that is adjacent to each combination of a first-
ticr alternating stack (132, 146) and an overlying second-tier alternating stack (232, 246) can
include an additional first-ticr alternating stack of addinional first insulating lavers 132 and
additional first electrically conductive layers 146 located over the substrate, an additional
first-tier vetro-stepped dielectric material portion 165 overlying additional first stepped
surfaces of the additional first-tier alternating stack (132, 146), an additional sccond-tier
alternating stack of additional second insulating layers 232 and additional second electrically
conductive layers 246, additional memory opening fill structures 38 located within an
additional memory array region 1008 and vertically extending through each layer within the

additional first-ticr alternating stack (132, 146) and the additional second-tier alternating
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stack (232, 246), an additional second-tier retro-stepped dieleciric material portion 265
overlying additional second stepped surfaces of the additional second-tier alternating stack
(232, 246}, and a trench fill strucoure 76 laterally extending along the first horizontal divection
hdl and contacting sidewalls of the first-tier alternating stack (132, 146), sidewalls of the
sccond-tier alternating stack (232, 246}, sidewalls of the additional first-tier alternating stack
(132, 146}, and sidewalls of the additional second-tier alternating stack (232, 246}, The
additional second-tier alternating stack (232, 246) overlies the additional first-tier alternating
stack (132, 146} and overlies a horizontal plane including the planar top surface of the first-
tier retro-stepped dieleciric material portion 165,

{0095] Statrcases including the first stepped surfaces and the second stepped surfaces of
combinations of a first-tier alternating stack (132, 146) and an overlying second-fier
alternating stack (232, 246) can rise from the substrate along the first horizontal divection
hdl, or along the opposite direction of the first horizontal direction hdl. Tn one emsbodiment,
the direction of vise of the staircases can change for every other pair of combinations of a
respective first-tier alternating stack {132, 146) and a respective second-tier aliornating stack
(232, 246). In other words, the divection of rise is staggered in adjacent alternating stacks that
are separated along the second horizontal direction. For example, upon scquentially
numbering cach combination of a respective first-tier alternating stack (132, 146)and a
respective second-tier alternating stack (232, 246) with positive integers N starting with 1,
each {4N+1)-th combination and cach (4N+-2)-th combination of a respective first-tier
alternating stack (132, 146) and a respective sccond-tier alternating stack (232, 246) can have
stairs that rise along the first horizontal direction hdl, and cach (4N+3)-th combination and
cach {4N+4)-th combination of a respective {irst-tier alternating stack (132, 146) and a
respective second-tier alternating stack (232, 246) can have stairs that rise along the opposite
direction of the first horizontal divection hdl. In this embodinent, a vertical distance
between the first stepped surfaces and the substrate increases along the first horizontal
direction hdl, a vertical distance between the second stepped surfaces and the substrate
increases along the first horizontal direction hdl, a vertical distance between the additional
first stepped surfaces and the substrate decreases along the first horizontal direction hdl, and
a vertical distance between the additional second stepped surfaces and the substrate decreases
along the first horizontal direction hdl.

{0096] In an afternative enbodunent, the direction of rise of the staircases does not
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change for cvery other pair of combinations of a respective first-tier alternating stack (132,
146} and a respective second-tier alternating stack (232, 246). In other words, the divection of
rise 1s the same (1.e., non-staggered) in adjacent aliernating stacks that are separated along the
second hortzontal direction.

{0097] The inter-arcay region 200 includes strips of the first insulating layers 132, the
first electrically conductive layers 146, the second insulating layers 232, and the second
electrically conductive layers 246 between each laterally neighboring pair of trench fill
structures 76, The strip have a narrower width along the second horizontal direction hdZ than
portions of the alternating stacks (132, 146, 232, 246) located in the memory arvay regions
100, and can be located adjacent to a respective fivst-tier retro-stepped dieleciric material
portion 165 and a respective second-tier retro-stepped diclectric material portion 265, EHach
tayer within the first-tier alternating stack (132, 146) and the second-tier alternating stack
{232. 246} comprises a respective strip portion located within the inter-arvay region 200 and
faterally extending continuously from the first memory arcay region F00A © the second
memory array region 1008, Thus, cach strip of the first insulating lavers 132, the first
electrically conductive layers 146, the second insalating layers 232, and the second
clectrically conductive layers 246 can continuously extend from the first memory array
region 100A to the second memory array region 1008,

{6098] Laterally-isolated vertical interconnection structures (484, 486) can be formed
through the inter-array region 280, Each laterally-isolated vertical interconnection structume
(484, 486) can include a through-memory-level conductive via structure 486 and a tubular
insulating spacer 484 that laterally surrounds the conductive via structure 486, Fach through-
memory-level conductive via structure 486 can contact a lower-level metal interconnect
structure 780 located in the lower-level diclectric material layers 760, as shown in FIG. 1E.
The lower-level metal interconnect structures 780 can be embedded in the lower-level
diclectric material layers 760, which are located between the first-tier alternating stack (132,
146} and a substrate (not shown) that can be provided underneath the lower-level dielectric
material layers 760, The laterally-isolated vertical interconnection structures (484, 486}
vertically extend through the strip portions of the first-tier alternating stack (132, 146) and the
second-tier alternating stack (232, 246), and contact a respective one of the lower-level metal
interconnect structures 780

{6099] Dirain contact via structures {(not ilhustrated) can extend through the contact-level
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diclectric layer 280, and can contact an upper portion of a respective memory opening fill
struciure 38 (such as a drain region within the respective rnemory opening fill structure 58).
Bit lines (not illustrated) can laterally extend along the second horizontal direction hd?2, and
can contact top surfaces of a respective subset of the deain contact via structures. Additional
metal interconnect structures embedded in overlying diclectric raterial layers (not shown}
may be employed to provide electrical connection among the various nodes of the three-
dimensional memory device located in the semiconductor die 1000, According to an aspect
of the present disclosure, upon sequentially numbering the trench fill structures 76 along the
second horizontal direction with positive integers such that each odd-numbered wrench fill
structire 76 contacts a respective pair of first retro-stepped dielectric matenial potions 165
{and a respective pair of second retro-stepped diclectric material portions 263), and each
even-nurnbered trench fill structare 76 does not contact any of the first retro-siepped
dielectric material portions 165 {or any of the second retro-stepped dielectric material
portions 265).

{01061 Fach trench fill structure 76 includes an insulating material portion that contacts
sidewalls of a neighboring pair of alternating stacks (132, 146, 232, 246). Inone
cmbodiment, each insulating material portion may comprise as an insulating spacer that
laterally surrounds a contact via structure such as a backside contact via structure (not
expressly shown) or a dielectric wall structure that does not laterally sarrounded a contact via
structure. In one embodiment, cach sidewall of the first alternating stacks (132, 146) can be
contacted by a sidewall of an insulating material portion of a respective one of the trench fili
structires 76,

{0161] The exemplary semiconductor die 1000 of FIGS. 1A - 1E can be manufactured
employing a sequence of processing steps. Referring to FIG. 2, an exemplary structure for
formation of the structure of FIGS. TA ~ 1H is tHustrated in a vertical cross sectional view
along the first horizontal divection hdl {(e.g., the word line direction} according to an
embodiment of the present disclosure. The structure shown in FIG. 2 is provided after
formation of semiconductor devices 720 on a substrate semiconducior layer 9 (which is
provided at least within an upper portion of a substrate §), lower level dielectric layers 760,
lower-level metal interconnect structures 730 (schematically represented by a dotted area
inchuding physical implementations of the lower level metal interconnect structures) that are

cmbedded in the lower-level dieleciric layers 760, a semiconductor material layer 110, and a
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fiest vertically alternating sequence of first continmuous insulating layers 1321 and first
continuons sacrificial material layers 1421, The substrate sericonductor layer 9 may
comprise a top portion (e.g., a doped well) of a substrate 8, such as silicon water, or a
semiconductor layer located over a subsirate, such as a silicon on insulator substrate or a
semiconductor substrate. The semiconductor devices 720 may include field effect transistors
that are formed over a top surface of the substrate 8. The lower-level diglectric layers 760
may be interconnect-level dielectric material layers that embed the lower-level metal
interconnect structures 780,

{8162] As used herein, a vertically alternating sequence refers to a sequence of multiple
instances of a first element and multiple instances of a second element that s arranged such
that an instance of a second clement is located between each vertically neighboring pair of
mstances of the first element, and an instance of 4 first element is located between each
vertically neighboring pair of instances of the second element.

{6183] The first continuous insulating layers 1321 can be composed of the first material,
and the first continuous sacrificial material layers 1421 can be composed of the second
material, which is different from the fivst material. Hach of the first contimnious insulating
layers 1321 is an insulating layer that continuously extends over the entive arca of the
substrate 8, and maay have a uniform thickness throughout. Each of the first continuous
sacrificial material layers 1421 inchides 1s a sacrificial material layer that includes a
dielectric material and continuously extends over the entire area of the substrate 8, and may
have a uniform thickness throughout. Insulating materials that may be used for the first
continuous insufating layers 1321 include, but are not limited to silicon oxide (including
doped or undoped silicate glass), silicon nitride, silicon oxynitride, organosilicate glass
(OS(3), spin-on diclectric materials, dielectric metal oxides that are commonly known as high
diclectric constant (high-k} diclectric oxides {¢.g., alurminum oxide, hafnium oxide, ctc.) and
silicates thereof, diclectric metal oxynirides and silicates thereof, and organic insulating
materiais. In one embodiment, the first material of the first continuous insulating lavers 1321
may be silicon oxide.

{3104} The second material of the fivst continuous sacrificial material layers 1421 4s a
dielectric material, which is a sacrificial material that may be removed selective to the first
material of the first countinuous insulating layers 1325, As used herein, a removal of a first

material is “selective 107 a second material if the removal process removes the first material
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at 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 berein referred
o as a “selectivity” of the removal process for the first material with respect to the second
material.

{0105] The second material of the first continuous sacrificial material layers 1421 may be
subsequently replaced with electrically conductive electrodes which may function, for
example, as control gate electrodes of a vertical NAND device.  In one embodiment, the first
continugous sacrificial material layers 1421 mayv be material layvers that comprise silicon
nitride.

{0106] Generally, a vertically alternating sequence of unit layer stacks is located over a
substrate. Each of the unit layer stacks comprises a first insulating layer (such as a first
continuous insulating layer 132L) and a first spacer material layer (such as a first continuous
sacrificial material layer 142L). Generally, the first spacer material layers are formed as, or
are subscquently replaced with, first electrically conductive layers. While the present
disclosure is described eroploving an embodirpent in which the first spacer material layers are
formed as {ivst continoous sacrificial material layers 1421 that are subsequently replaced with
first electrically conductive layers, embodiments are expressly conternplated herein in which
the first spacer material layers are formed as first electrically conductive layers. In such
embodiments, steps for replacing the material of the first spacer material layers with an
electrically conductive material can be omitted.

{6167] Referring to FIGS. 3A and 38, a first hard mask layer 120 can be deposited over
the first vertically altemnating sequence of first continuous insulating tayers 1321 and first
continuous sacrificial material layers 1421, The first hard mask layer 120 includes a hard
mask material that is different from the materials of the first vertically altemating sequence of
first continvous insufating layers 1321 and first continuous sacrificial material layers 1421
For exarople, the first hard mask layer 120 may include a metallic material, sach as TiN,
Tal, or WN, a dielectric metal oxide material, such as amorphous aluminum oxide, a
serniconductor material such as stficon, and/for a carbon-based material such as amorphous
carbon or diamond-like carbon (BLC).

{01608] The first hard mask layer 120 can be patterned to define aveas in which stepped
surfaces are to be subsequently formed. First openings 121 are formed through the first hard

mask laver 120 within each arca in which first stepped surfaces are to be subscquently
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formed. A row of N rectangular openings can be formed within cach area located between
areas of a neighboring pair of backside trenches 79 that are formed in 4 suhsequent
processing step. The arcas of the backside trenches 79 can be the same as the areas of the
trench fill structures 76 ilustrated in FIGS. 1A — 1E. The mamober N may be in a range from
2 1o 10, such as from 3 o 6.

{0169] According to an aspect of the present disclosure, a pair of rows of N first openings
121 can be arvanged as a rectanguolar 2 x N array of first openings 121 through the first hard
mask layer 120. Eachrectangular 2 x N array of furst openings 121 formos a cluster of 2N first
openings 121, Clusters of 2N first openings 121 can be alternately laterally offset along the
first horizontal divection hdl. In other words, upon sequentially mumbering each closter of
2N first openings with a positive integer beginning with 1 from one end of an inter-array
region 200 to another end of the inter-array region along the second horizontal divection hd2,
each odd-numbered cluster of 2N first openings 121 may be laterally offset toward a first
memory array region 100A, and each even-numbered cluster of 2N first openings 121 may be
faterally offset toward a second memory array region 1008, Each first opening 121 through
the first hard mask layer 120 may be rectanguiar, and may have a pair of sides that are
parallel to the first horizontal divection hdl and a pair of sides that are paralicl to the second
horizontal direction hd2. Each row of N furst openings 121 within cach rectangular 2 x N
array of first openings 121 may be laterally spaced from the other row of N first openings 121
within the same rectangular 2 x N array of first openings 121 along the second horizontal
direction hd2 by the area of a respective backside trench 79 to be subsequently formed
through the cxemplary structure. Each 2 x N array of first opening 121 may be laterally
spaced from a neighboring 2 x N array of first openings 121 by the area of a respective
backside trench 79 to be subsequently formed through the exemplary struciure.

{0116] According to an aspect of the present disclosure, a first trimmable etch mask layer
122 can be applied over the first bard mask layer 120, and can be lithographically patterned
to form hine-shaped patterns that laterally extend along the second horizontal direction hdZ.
The first rimmable ctch mask layer 122 includes a trimmable etch mask material that can be
isotropically recessed at a controlled recess rate, for example, employing a recess etching or
ashing process. For example, the first trivamable etch mask layer 122 may include an organic
material, such as photoresist. In one embodiment, cach patterned portion of the first

trimmable eich mask layer 122 can have a respective first lengthwise edge that overlies a
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peripheral region of a respective first opening in the fivst hard mask layer 120 and a
respective second lengthwise edge that overlies the first hard mask layer 120, In one
embodiment, a straight edge of each first opening 121 in the first hard mask layer 120 can
underlic a respective paticrned portion of the first trimmable etch mask layer 122, and can be
located at about the same lateral distance from two straight lengthwise edges of the respective
patterned portion of the first trimmable eteh mask layer 122.

{6111] Referring to FIGS. 4A and 48, sets of first stepped surfaces can be formed within
the areas of the first openings 121 in the first hard mask layer 120 by iteratively performing a
set of layer patterning processing steps for a number of times that is less than the total
number of fivst continuous sacrificial material layers 1421 within the first vertically
alternating sequence. One set of first stepped surfaces can be formed within each first
opening 121 in the first hard mask layer. In one embodiment, the number of times by which
the set of layer patterming processing steps is performed may be in a range from about 20 %
to 68 % of the total number of the first continuous sacrificial material layers 1421 {which
may be the same as the total mumber of the first insulating layers 1321 and/or the fotal
nurnher of a umit layer stack of a first insulating laver 1321 and a first spacer material layer).
If the total number of the first continuous sacrificial material layers 1421 in the vertically
alternating sequence (1321, 1421} is My, the total number of times (i.c., number of
repetitions) by which the set of layer patterning processing sieps is repeated may be in a
range from 20 % to 60 %, such as from 25 % tw 5G %, of the number M. In the iHustrative
example emploved to describe the invention herein, the total number of times by which the
set of laver patterning processing steps is repeated is My/3.

{0112] The set of layver patterning processing steps comprises an anisotropic etch process
that etches unmasked portions of a pair of a first continuous insulating layer 1321 and a first
continuous sacrificial material layer 1421, and a mask irimming process in which the first
trimmable etch mask layer 122 is isotropically trimmed to provide shafted sidewalls that are
shifted by a respective trimming distance. FIGS. 4A and 4B illustrates the exemplary
structure after a final anisotropic etch process, which s performed after the last mask
IMmMing process.

{0113] A fivat stepped cavity 123 can be formed within each area of the rectangular
opening in the first hard mask layer 120. Each first stepped cavity 123 can include a cldf

region in which a tapered sidewall of the first vertically alternating sequence vertically
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extends from the bottommost patterned layer of the first vertically alternating sequence
{1321, 1421 to the toproost layer of the first vertically alternating sequence (1325, 1421).
Each first stepped cavity 123 has respective first stepped surfaces as stepped bottom surfaces.
Each first stepped cavity 123 has a pair of sicpped sidewalls that laterally extend along the
first horizontal direction hd1l. Each stepped sidewall of the first siepped cavity 123 adjoins
the first stepped surfaces at the bottom edge, and extends to the top surface of the topmost
tayer of the first vertically alternating sequence (1321, 142L) to form a staircase region.
{01144 Pairs of staircase regions can be arranged along the second horizontal direction
hd? with an alternating lateral offsets along the fivst horizontal direction hdl to provide a
staggered configuration for the staircase regions. In other words, upon sequentially
numerically labeling pairs of staircase regions with positive integers starting with 1 along the
seccond horizontal divection hd? (each pair being labeled with a same number), every odd-
numbered pair of statrcase region (such as a first pair PSR of staircase regions) may be
closer to the first memory array region 100A than to the second memory array region 1008,
and every even-numbered pair of staircase regions {such as a sccond pair PSR2 of staircase
regions) may be closer to the second memory array region 100B than to the first memory
array region 100A,

{0115] Referring to FIGS. SA and 5B, the first trimunable ctch mask layer 122 can be
removed after the final anisotropic etch process, for example, by ashing. The first bard mask
tayer 120 can be removed selective to the materials of the first vertically alternating sequence
(1321, 142L), for example, by an isotropic etch process {such as a wet eich process).

{0116} A first recess eich mask layer 125 can be formed over the exemplary structure by
applying and Hthographically patterning an etch mask material. In one embodiment, the first
recess etch mask layer 125 may include a photoresist material that is applied over the
cxemplary structure, and is subscquently patierned by lithographic exposure and
development. The first recess etch mask layer 125 may cover a set of {irst stepped surfaces
within each row of N sets of first stepped surfaces that are arranged along the first horizontal
direction hdl, and may inchide a rectangular opening in which all other sets of first stepped
surfaces within the vow of N sets of first stepped surlaces are physically exposed. Inan
ilustrative example, if three sets of first stepped surfaces underlying a respective first stepped
cavity 123 is present within each cluster of first stepped surfaces, a first set of first stepped

surfaces can be covered with the first recess eich mask layer 125 while a second setand a
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third set of stepped surfaces are physically cxposed within an opening in the first recess cich
mask layer 125.

{0117] According to an aspect of the present disclosure, two disjoined rectangular
openings may be formed through the first recess etch mask layer 125 over each 2 X N array of
first stepped cavities 123, in this case, one first stepped cavity 123 per each row of N first
stepped cavities may be covered by the first recess etch mask layer 125, A row of (N-1) first
stepped cavities 123 may be physically exposed within a first opening in the first recess etch
mask layer 125 within the area of the 2 x N array of first stepped cavities 123, Another row
of (N-1} first stepped cavities 123 may be physically exposed within a second opening in the
first recess etch mask laver 125 within the area of the 2 x N array of first stepped cavities
123. A strip of the first recess etch mask layer 125 is present between the two openings
{which may he rectangular openings) in the fivst recess etch mask tayer 125 that overlic a
respective row of (N-1) first stepped cavities 123

{0118] Referring to FIGS. 6A and 6B, a first arca recess cich process can be performed o
vertically shift the levels of the physically exposed first stepped surfaces by a first vertical
recess distance. In one embodiment, the first vertical recess distance may be the same as, or
may be substantially the same as, the maximum depth of each first stepped cavity 123 as
formed af the processing steps of FIGS. 44 and 48 (as moeasured from the horizontal plane
including the topmost surface of the fivst vertically alternating sequence (1325, 142100,

Thus, the levels of the physically exposed first stepped surfaces can shift downward by the
first vertical recess distance within cach arca that is not masked by the first recess etch mask
fayer 125, in the dlustrative example, the total number of times by which the set of layer
patterning processing steps is repeated can be My/3, and the first vertical recess distance can
be the same as the total thickness of Mi/3 unit fayer stacks of a respective first confinuous
insulating layer 1321 and a first continuous sacrificial material layer 1421, The total number
of first continuous sacrificial material layers 1421 having a respective first stepped surface
cant be 2 x M1 at the end of this processing step. The first recess etch mask layer 125 can be
subsequently reraoved, for example, by ashing.

{8119] Referving to FIGS. 7A and 7B, a sccond recess etch mask layver 127 can be formed
over the exemplary structure by applying and lithographically patterning an etch mask
material. In one embodiment, the second recess etch mask layer 127 may include a

photoresist material that is applied over the exemplary structure, and is subscquently
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patterned by lithographic exposure and development. According to an aspect of the prosen
disclosure, the second recess etch mask layer 127 may cover two sets of first stepped surfaces
among the multiple sets of {ivst stepped swfaces that are arvanged along the first horizontal
direction hdl, and may inchude a rectangular opening in which all other sets of first stepped
surfaces among the multiple sets of first stepped surfaces are physically exposed. In an
illustrative example, if three sets of first stepped surfaces underlying a respective first stepped
cavity 123 is present within each cluster of first stepped surfaces (i.e., if Nis 3), a first set and
a second set of first stepped surfaces can be covered with the second recess etch mask layer
127 while a third set of second stepped surfaces is physically exposed within an opening in
the second recess etch mask layer 127,

{01246] According to an aspect of the present disclosure, a single rectangular opening may
be formed through the second recess etch mask layer 127 over each 2 x N array of first
stepped cavities 123, In this case, two first stepped cavities 123 per each vow of N first
stepped cavities may be covered by the second recess ctch mask fayver 127, Two rows of {N-
2) first stepped cavities 123 may be physically exposed within an opening in the second
recess efch mask layer 127 within the area of the 2 x N array of first stepped cavities 123,
Thus, a strip-shaped area between the two rows of (N-2) first stepped cavities 123 is
physically exposcd within the opening in the second recess ctch mask layer 127 within the
area of the 2 x N array of first stepped cavities 123,

{0121} Referring to FIGS. BA and 8B, a second area recess gich process can be performed
to vertically shift the levels of the physically exposed first stepped surfaces by a second
vertical recess distance. In one embodiment, the second vertical recess distance may be the
same as, or may be substandally the same as, the maximum depth of cach first stepped cavity
123 as formed at the processing steps of FIGS. 4A and 4B (as measured from the horizontal
plane including the topmost surface of the first vertically alternating sequence (1325, 1421)).
Thus, the levels of the physically exposed first stepped surfaces can shift downward by the
sccond vertical recess distance within cach area that is not masked by the second recess etch
mask layer 127, In the illustrative example, the total rumber of times by which the setof
layer patterning processing steps is repeated can be Mi/3, and the second vertical recess
distance can be the same as the total thickness of M1/3 unit layer stacks of a respective fivst
continuous insulating fayer 1321 and a first continous sacrificial material layer 1421, The

total nurnber of first continuous sacrificial material layvers 1421 having a respective first
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stepped suwrface can be 3 x My at the end of this processing step. In this case, the bottommost
tayer within the first vertically alternating sequence (1321, 1421} can be patterned hy the
second area recess etch process. The second recess etch mask layer 127 can be subsequently
removed, for cxampie, by ashing.

{0122] senerally, at least one etch mask layer (125, 127}, such as two or more recess cich
mask lavers (125, 127}, can be employed according to an aspect of the present disclosure.
According to an aspect of the present disclosure shown in FIG. 8B, at least one recess eich
mask tayer (125, 127) can include a single rectangular opening within cach arca of a 2 x N
array of first stepped surfaces such that a strip portion 130 of the first vertically altermating
sequence {1321, 142L) between the two rows of N first stepped surfaces is stched during a
subsequent arca recess cich process. Additionally, at least another recess etch mask layer
{125, 127} can include a pair of rectangular openings within cach area of 4 2 x N arvay of first
stepped surfaces such that a strip portion of the first vertically alternating sequence (1321,
1421} between the two rows of N first stepped surfaces is not ¢tched during a subsequent
area recess efch process. The set of processing steps of FIGS. 4A and 48 that forros the fust
stepped sorfaces do not ctch the strip portion of the first vertically alternating sequence
(1321, 1421 between the two rows of N first stepped surfaces.

{0123] According to an aspect of the present disclosure, the combination of etch process
is emploved such that a first subset of the etch processes does not etch a strip portion of the
first vertically alternating sequence (1321, 142L) between two rows of N first stepped
swrfaces within cach 2 x N array of first stepped surfaces, and a second subset of the ctch
processes efches the strip portion of the first vertically alternating sequence (1321, 14213,
This combination results in a hybrid etch profile, in which the strip portion 130 of the first
vertically alternating sequence (1321, 142L) between two rows of N first stepped surfaces
within each 2 x N array of first stepped surfaces is only partially ctched to provide a recessed
horizontal surface of the first vertically alternating sequence (1321, 142L) between the two
rows of N first stepped surfaces within each 2 x N array of first stepped surfaces.

{01241 Upon removal of the second recess etch mask layer 127, a continuous stepped
cavity 123 can be formed within each arca of the 2 x N array of first stepped surfaces such
that the continuous stepped cavity inchides two pairs of staircase swfaces that are
interconunected with a partly recessed volume (e.g., volume above the strip portion 130}

between the two deepest portions of the two pairs of staircase surfaces. The resulting

26



WO 2022/216331 PCT/US2021/065582

topographical profile is conducive to lithographic patterning of the recess etch mask layers
{1235, 127) because the height variation of the recess etch mask lavers (125, 127y can be
reduced and the possibility of photoresist pattern collapse into the cavity 123 can also be
reduced by not fully etching the steip portion 130 of the first vertically alternating sequence
(1321, 142L) between the two rows of N first stepped surfaces within each 2 x N array of
first stepped surfaces. Anomalous lithographically patterned shapes in the recess etch mask
tayers (123, 127} due to an excessive thickness of the recess etch mask layers (125, 127} can
be avoided. Further, the resulting topographical profile is conducive to subsequent filling of
the continuous stepped cavity with a dielectric fill material becaose narrow and deep cavity
volumes can be avoided, which would have resulted if the strip portion 130 of the {first
vertically alternating scquence (1321, 142L) between the two rows of N first stepped surfaces
within each 2 x N array of first stepped surfaces were not etched at all. Thas, the
topographical profile of embodiments of the present disclosure provides lithographic
patterning of the recess etch mask layers (125, 127) with a sufficiently wide lithographic
process window and filling of the continuous stepped cavitics that are formed in the first
vertically alternating sequence (1321, 1421 without gaps or while minimizing the size of
gaps.

{0125] Referring collectively to the processing steps of FIGR. 3A - 88, a 2 x N amray of
stepped surfaces (such as the first stepped surfaces) can be formed within an upper region of
a vertically alternating sequence (such as the first vertically alternating sequence (1321,
1421}) by patterning a subset of the unit layer stacks (such as unif layer stacks of a first
continuous nsuwlating layer 1321 and a first continuous sacrificial material layer 14215, N
stepped surfaces can be arranged in each row extending along a first horizontal direction
within the 2 x N array, and two stepped surfaces are arranged in each column extending along
a second horizontal direction hdl within the 2 x N array. N is an integer greater than 1, such
as an integer between, and including, 2 and 10, and/or between, and including, 3 and 5.
{0126] Each column of stepped surfaces other than one columa of stepped surfaces can
be vertically extended by performing a set of processing scquences at least once. The sct of
processing sequences comprises forming a patterned etch mask layer (such as a first patterned
etch mask layer 125 or a second patterned etch mask layer 127}, and etching an unmasked
subsct of the 2 x N array employing a respective anisotropic etch process (such as a first arca

recess etch process or a second arca recess etch process). One or more patterned etch mask
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fayer employed within the set of processing steps has a respective Continuous opening
inchuding an entire area of a respective 2 x M array of stepped surfaces {such as the second
patterned eich mask layer 127 described above) that is a subset of the 2 x N array of stepped
surfaces. Hach M is an integer less than N, Optionally, at least one additional patterned etch
mask faver (such as the first patterned etch mask laver 123 described sbove) emploved within
the set of processing steps has a pair of disjoined openings within an area of a respecave 1 x
Q array of stepped swrfaces that is a subset of the 2 x N array of stepped swfaces. Fach Q is
an integer less than N.

{8127] According to an aspect of the present disclosure, a first staivcase region is formed
within & continuous area including an entire arca of a first 1 x N array of stepped surfaces
within the 2 x N array of stepped surfaces, and a second staircase region is formed within a
continuous area including an entire area of a second 1 x N array of stepped surface within the
2 x N array of stepped surfaces. In one embodiment, the first statrcase region and the second
staircase region arc interconnecied to cach other along the second horizontal divection hd2
within an arca of at least one colurn of stepped surfaces {(such as a pair of the two decpest
first stepped surfaces). In one emmbodiment, the fivst staircase region and the second staircase
region are not interconnected to cach other along the second horizontal direction hd2 within
an arca of at least another column of the stepped surfaces (such as a pair of the two
shallowest first stepped surfaces).

{31281 In one embodiment, each first continuous sacrificial material layer 1421 within
the first vertically alternating sequence (1321, 142L) comprises a respective surface that is
physically exposed to the first staircase region, and each first continuous sacrificial material
layer 1421 within the first vertically alternating sequence (1321, 142L) comprises a
respective additional surface that is physically exposed to the second staircase region.

{0129] According to an aspect of the present disclosure, a first continuous retro-stepped
cavity is formed in a continuous volume from which the material of the first vertically
alternating sequence (1321, 142L)} is removed within the area of the 2 X N array of first
stepped surfaces. The first continuous refro-stepped cavity overlics two staircase regions of
the first vertically alternating sequence (1321, 142L). The first continuous retro-stepped
cavity has a vertical cross-sectional profile within a vertical plane that is perpendicular to the
first horizontal divection, in which a first boundary {c.g., sidewallj B1 of the first continuous

retro-stepped cavity continuously extends from a first borizontal plane HP1 including a
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bottommost surface of the first continuous retro-stepped cavity to a second horizonial plane
HP2 including topmost surfaces of the fivst vertically alternating sequence (1321, 142L), and
a second boundary {e.g., sidewall} B2 of the first contnuous retro-stepped cavity
continuously extends from the first horizontal plane HP1 to a horizontal plane including a top
surface of a recessed portion (i.¢., the strip portion 130) of the first vertically alternating
sequence (1321, 1421 that is located at a height between the first horizontal plane HP1 and
the second horizontal plane HPZ.

{01361 in one embodireent, the second boundary B2 in the vertical cross-sectional profile
extends 1o a horizontal line HL {e.g., the top of the strip portion 130). In one embodiment, a
vertical distance between the horizontal Hpe HL and the first borizontal plane HP1 is in a
range from 20 % to 80 % of a vertical distance between the first horizontal plane HP1 and the
sccond horizontal plane HP2. In one embodiment, the second boundary B2 in the vertical
cross-sectional profile coroprises at least one tapered sidewall of the first vertically
alternating sequence (1321, 1421},

{0134 In one cmbodiment, first boundary B1 compriscs a phurality of tapered sidewalls
that are interconnected to each other by at least one horizontal step. One of the at least one
horizontal step is located at a same height as the horizontal line HL of the second boundary
B2 in the vertical cross-sectional profile. In one embodiment, two disjoined portions of a top
surface of a semiconductor material layer 110 within the substrate roay be physically exposed
to the first continuous retro-stepped cavity.

{61321 Referring to FIGS. 9A - 9E, a first dielectric fill material (such as undoped silicate
glass {i.c., silicon oxide} or a doped silicate glass) can be deposited in cach first continuous
retro-stepped cavity. The first dielectric fill material can be planarized tw remove excess
portions of the first diclectric fill material from above the horizontal plane including the
topraost surface of the first vertically alternating sequence (1321, 142L). Each remaining
portion of the first dielectric fill material that fills a respective first continuous rvetro-stepped
cavity constitutes a first-tiey retro-stepped dielectric material portion 165, In one
cmbodiment, each first retro-stepped dicleciric material portion 165 can be formed within
volumes of the first staircase region and the second staircase region and an interconnecting
volume focated between the first staircase region and the second staircase region and
overlying the strip portion 130 that has a top surface in a horizontal plane that includes the

horizontal line HL illustrated in FIG. 8B.
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{6133] Referring to FIG. 10, various first-fier openings may be formed through the first
vertically alternating sequence (1321, 1421} and into the semiconductor material layer 110,
A photoresist layer (not shown) may be applied over the first vertically altemating sequence
(1321, 142L), and may be lithographically patterned to form various openings therethrough.
The pattern of openings in the photoresist layer may be transferred through the first vertically
alternating sequence (1321, 1421} and into the semiconductor material layer 110 by a first
anisotropic etch process to form the various first-tier openings concurrently, L.e., during the
first isotropic etch process. The various first-tier openings may include first-tier memory
openings formed in the memory array regions 100 and first-tier support openings formed in
the inter-array region 200. Each cluster of firse-tier memory openings may be formed as a
two-dimensional array of first-tier memory openings. The first-ticr support openings arc
openings that are formed in the inter-array region 200, and are subsequently employed to
form support pillar strucoires. A subset of the first-tier support openings may be formed
through a respective horizontal surface of the first stepped surfaces.

{01341 Sacrificial first-tier opening fill portions (148, 128) may be formued in the various
first-tier openings. For example, a sacrificial first-tier fill roaterial is deposited concurrently
deposited in cach of the first-ticr openings. The sacrificial first-tier fill material includes a
material that may be subsequently removed sclective to the materials of the first continuous
insulating layers 1321 and the fivst continuous sacrificial material lavers 1421, Inone
embodiment, the sacrificial first-tier fill material may include a semiconductor material such
as silicon (e.g., a-Si or polysilicon}, a silicon-germanium alloy, germanivm, a HL-V
compound semiconductor material, or a cornbination thereof. OUptionally, a thin etch stop
Liner {(such as a silicon oxide layer or a silicon nitride layer having a thickness in a range from
1 nm to 3 nm) may be used prior 1o depositing the sacrificial first-tier fill material. The
sacrificial fust-tier fill material oay be formed by a non-conformal deposition or a conformal
deposition method.

{31351 In another embodiment, the sacrificial fivst-tier fill matertal may include a silicon
oxide material having a higher eich rate than the materials of the first contirwous insulating
fayers 1321, VFor exaraple, the sacrificial first-tier fill material may include borosilicate glass
or porous or non-porous organosilicate glass having an etch rate that is at least 100 times
higher than the etch rate of densified TEOS oxide (i.e., a silicon oxide material formed by

decomposition of tetracthylorthosilicate in a chemical vapor deposition process and
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subsequently densified in an anncal process) in a 100:1 dilute hydrofiuoric acid. In this case,
a thin etch stop Hiner (such as 4 silicon mitride layer having a thickness in a range from 1 nm
t0 3 nm) may be used prior to depositing the sacrificial first-tier fill material. The sacrificial
first-ticr fill material may be formed by a non-conformal deposition or a conformal
deposition method.

{0136] In vet another embodiment. the sacrificial first-tier fill material may include
carbon-containing material (such as amorphous carbon or diamond-like carbon} that may be
subsequently removed by ashing, or a silicon-based polymer that may be subsequently
removed selective to the materials of the first vertically alternating sequence (1321, 1421).
{0137] Portions of the deposited sacrificial material may be removed from above the
topmost layer of the first vertically alternating sequence (1321, 142L), such as from above
the topmost first contimuous insulating laver 1321 For example, the sacrificial fivst-tier fill
material may be recessed to a top surface of the toprost first continuous nsulating layer
1321 using a planarization process. The planarization process may include a recess etch,
chemical mechanical planarization (CMP), or a combination thercof. The top surface of the
topmost first continuous insulating layer 1321 may be used as an etch stop layer or a
planarization stop laycer.

{0138] Remaining portions of the sacrificial firsi-tier fill material comprise sacrificial
first-tier opening ful portions (148, 128). Specifically, each remaining portion of the
sacrificial material in a first-tier memory opening constitutes a sacrificial first-ticr memory
opening fill portion 148, Each remaining portion of the sacrificial material in a first-tier
support opening constitutes a sacrificial first-tier support opening fill portion 128, The
various sacrificial first-tier opening fill portions (148, 128) are concurrently formed, i.e.,
during a same set of processes including the deposition process that deposits the sacrificial
first-ticr fill material and the planarization process that removes the first-tier deposition

process from above the fivst vertically alternating sequence (1321, 1421 {(such as from above

the top surface of the topmost first continuous insulating layer 132L). The top surfaces of the
sacrificial first-tier opening fill portions (148, 128 may be coplanar with the top surface of
the topmost first continuous tnsulating layer 1320, Hach of the sacrificial first-tier opening
fill portions (148, 128) may, or may not, include cavitigs therein. The set of all structures
located between the bottommuost surface of the first vertically alternating sequence {1321,

1421} and the topmost surface of the first vertically alternating sequence (1321, 1471y or
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embedded within the first vertically alternating sequence (1321, 1421} constitutes a first-tier
structure.

{0139] Referring to FIG. 11, a second verucally alternating sequence of second
continuous insulating fayers 2321 and second continuous sacyificial material layers 2421 can
be formed. Hach of the sccond continuous insulating lavers 2321 is an insulating layer that
continuously extends over the entire area of the substrate §, and may have a uniform
thickness throughout. Each of the second sacrificial material layers 24261 includes is a
sacrificial material layer that includes a dielectric material and continuously extends over the
entire area of the substrate 8, and may have a uniform thickness throughout. The second
continuous insulating tayers 2321 can have the same material composition and the same
thickness as the first continuous insulating favers 1321, The second sacrificial material
layers 2421, can have the sarmme material composition and the same thickness as the first
continuous sacrificial material layers 1421,

{06140] {Generally, at least one additional vertically alternating sequence of additional
contingous insulating layers and additional continuous sacrificial material layers can be
optionaily formed over the first vertically alternating sequence (1321, 142L) and the first-tier
retro-stepped dielectric material portions 1635,

{0141} Referring to FIGS. 124 and 128, 2 second hard mask layer 220 can be deposited
over the second vertically alternating sequence of second continuous insulating layers 2321
and second continuous sacrificial material layers 242L. The second hard mask layer 220
inchudes a hard mask material that is different from the materials of the second vertically
alternating sequence of second continuous insulating layers 2321 and second continuous
sacrificial material layers 242L. For example, the second hard mask layer 220 may include a
metallic material such as TiN, TaN, or WN, a diclectric metal oxide material such as
amorphous aluminum oxide, a semiconductor material such as silicon, and/or a carbon-based
material such as amorphous carbon or diamond-tike carbon (DLC).

{0142] The second hard mask layer 22{ can be patterned to define openings in areas that
overlie the first retro-stepped dielectric material portions 165 and areas in which stepped
surfaces are to be subsequently formed. Second openings 221 are formed through the second
hard mask layer 220 within each area in which second stepped surfaces are to be
subsequently formed. A row of P rectangular openings can be formed within each arca

located between arcas of a neighboring pair of backside wenches 79 that are formed in a
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subsequent processing step. The areas of the backside trenched 79 can be the same as the
areas of the wench fill sroctures 76 lostrated in FIGS. 2A - 28, The number Pray be ina
range from 2 to 20, such as from 3 to 6. The number P may. or may not, be the same as the
number N,

{0143] According to an aspect of the present disclosure, a pair of rows of P second
openings 221 can be arranged as a rectangolar 2 x P array of second openings 221 through
the second hard mask layer 220. Each rectangular 2 x P array of second openings 221 forms
a cluster of 2P second openings 221, Clusters of 2P second openings 221 can be alternately
{aterally offset along the second horizontal direction hdl. Tn other words, upon sequentially

numbering each cluster of 2P second openings with a positive integer beginming with 2 from

=9

one end of an inter-array region 200 to another end of the inter-array region along the secon
horizontal direction hd2, each odd-numbered cluster of 2P second openings 221 may be
laterally offset toward a second memory arvay region 2004, and each even-numbered cluster
of 2P second openings 221 may be laterally offset toward a second memory array region
2008,

{01441 Each second opening 221 through the second hard mask layer 220 mayv be
rectanguiar, and may have a pair of sides that are parallel o the second horizontal direction
hdl and a pair of sides that are parallel to the second horizontal direction hd2. With cach row
of P second openings 221, {(P-1) second openings may have a same size and may be laterally
offset relative to a most proximal underlying first retro-stepped diglectric material portion
165 along the first horizontal direction. Within cach row of P second openings 221, ong
second opening may overlic a row of N first stepped surfaces that are arranged along the first
horizontal direction hdl, and may laterally extend further outside the areas of the row of N
stepped surfaces for forming a sct of second stepped surfaces. Thus, cach row of P second
openings 221 may include (P-1) second openings of approximately the same size, and a
larger second opening 221 that overlic a respective underlying vow of N first steppe

surfaces.

{0145] Each row of P second openings 221 within each rectangular 2 x P array of second
openings 221 may be laterally spaced from the other row of P second openings 221 within the
same rectangular 2 x P array of second opening 221 along the second horizontal direction hd2
by the area of a respective backside trench 79 to be subsequently formed through the

cxemplary structure. Each 2 x P array of sccond opening 221 may be laterally spaced from a
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neighboring 2 x P array of sccond openings 221 by the area of a respective backside trench
79 to he subsequently formed through the exemplary structure.

{0ids6] According to an aspect of the present disclosure, a second trimmable etch mask
layer 222 can be applied over the second hard mask layer 220, and can be lithographically
patterned to form line-shaped patterned that laterally extend along the second horizontal
direction hd2. The second trimmable etch mask layer 222 includes a trisnmable etch mask
material that can be isotropically recessed at a controlled recess rate, for example, employing
an ashing process. For exarple, the second trimmable etch mask layer 222 may include an
organic material. In one emwbodiment, cach patternied portion of the second trimnable etch
mask layer 222 can have a respective second lengthwise edge that overlies a peripheral region
of a respective second opening in the second hard mask layer 220 and a respective second
lengthwise edge that overlies the second hard mask laver 220, In one embodiment, a straight
edge of cach second opening 221 in the second hard mask layer 220 can underlie a respective
patterned portion of the second trimmable eich mask layer 222, and can be focated at about
the same lateral distance from two straight lengthwise edges of the respective patterned
portion of the second triromable etch mask layer 222, The triramable etch mask layer 222
does not cover the arcas that overlie the first retro-stepped dielectric material portions.
{0147] Sets of second stepped surfaces can be formed within the arcas of the seccond
openings 221 in the sccond hard mask layer 220 by iteratively performing a set of layer
patterning processing sieps for a number of tmes that is less than the total number of second
continuous sacrificial material layers 2421 within the second vertically alternating sequence.
A set of second stepped surfaces can be formed within cach second opening 221 in the
second hard mask layer 220. In one embodiment, the number of times by which the set of
layer patterning processing steps is performed may be in a range from about 20 % to 60 % of
the total number of the second continuous sacrificial material layers 2421 (which may he the
same as the total number of the second insulating layers 232 andfor the total number of a unit
tayer stack of a second insulating laver 232 and a second spacer material layer). If the total
number of the second continuous sacrificial material layvers 2421 in the vertically alternating
sequence (1321, 2421 is Mo, the total number of times (ie., number of repetitions) by which
the set of layer patterning processing steps is repeated may be in a range from 20 % to 60 %,
such as from 25 % o 50 %, of the number M. In the dlustrative example employed to

describe the tnvention herein, the total number of tirnes by which the set of layer patterning
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processing steps is repeated is Ma/3.

{3148] The set of layer patterning processing steps comprises an anisotropic etch process
that etches unmasked portions of a pair of a second continuous insulating layer 2321 and a
sccond continuous sacrificial material layer 2421, and a mask trimuning process in which the
sccond trimmmabie cich mask layer 227 is isotropically trimumed to provide shifted sidewalis
that are shifted by a respective trimmung distance. FIGS. 12A and 12B illustrates the
exemplary structure after a final anisotropic etch process, which is performed after the last
mask trimming process.

{3149] A second stepped cavity 223 can be formed within cach area of the rectanguolar
opening in the second hard mask tayer 220. Each second stepped cavity 223 can include a
cliff region in which a tapered sidewall of the second vertically alternating sequence
vertically extends from the bottommost patterned layer of the second vertically alternating
sequence (2321, 2421.) o the topmost layer of the second vertically alternating sequence
(2321, 2421). FHach second stepped cavity 223 has respective second stepped surfaces as
stepped bottom surfaces. Each second stepped cavity 223 has a pair of stepped sidewalls that
{aterally extend along the first horizontal direction hdl. Fach stepped sidewall of the second
stepped cavity 223 adjoins the second stepped surfaces at the bottom edge, and extends to the
top surface of the topmost layer of the second vertically alternating sequence (2321, 2421 to
form a staircase region.

{0150] Pairs of staircase regions can be arranged along the second horizontal direction
hd2 with an alternating lateral offsets along the first horizontal direction hdl to provide a
staggered configuration for the statrcase regions. In other words, upon sequentially
numerically labeling pairs of staircase regions with positive integers starting with 1 along the
sccond horizontal direction hd2 (cach pair being labeled with a same number), every odd-
numbered pair of staircase regions {(such as a first pair PSR1 of staircase regions) may be
closer to the first memory array region 100A than to the second memory array region 1008,
and every even-numbered pair of staircase regions (such as a second pair PSRZ of staircase
regions) may be closer 10 the second wermory array region 1008 than to the fitst memory
array region 100A.

{0151} Referring to FIGS. 13A — 13H and 14, the processing steps of FIGS3. SA — 9E can
be performed second staircase regions including respective P sets of second stepped surfaces.

For exarople, the second triramable ctch mask fayer 222 can be removed after the final
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anisotropic etch process, for exaraple, by ashing. The second hard mask layer 320 can be
removed selective to the materials of the second vertically alternating sequence (2321, 242L),
for example, by an isotropic etch process (such as a wet etch process).

{0152] A first sccond-tier recess cich mask layer {not shown} can be formed over the
cxemplary structure by applying and lithographically patterning an ctch mask material. In
one embodiment, the first sccond-tier recess etch mask layer may include a photoresist
material that is applied over the exemplary structure, and is subsequently patterned by
fithographic exposure and developraent. The first second-tier recess ctch mask layer may
cover a set of second stepped surfaces within each row of P sets of second stepped surfaces
that are arranged along the first horizontal direction hdl, and may inclade a rectangular
opening in which all other sets of second stepped surfaces among the row of P sets of second
stepped surfaces are physically exposed. In an illustrative example, if three sets of second
stepped surfaces underlying a vespective second stepped cavity 223 is present within cach
cluster of second stepped surfaces (i.e., if P is 3), a first set of second stepped surfaces can be
covered with the first second-tier recess eich mask layer while a sccond set and a third set of
second stepped surfaces are physically exposed within an operung in the first second-tier
recess etch mask layver. An opening in the first sccond-tier etch mask layer overlics each
staircase region underlying the first retro-stepped dielectric material portions 165.

{0153] According to an aspect of the present disclosure, two disjoined rectangular
openings may be formed through the first sccond-tier recess etch mask layer over cach 2 x P
array of second stepped cavities 223, In this case, one second stepped cavity 223 per each
row of P second stepped cavities may be covered by the first second-tier recess ctch mask
layer. A row of (P-1) second stepped cavities 223 may be physically exposed within a fivst
opening in the first second-tier recess etch mask layer within the arca of the 2 x P array of
sccond stepped cavities 223, Another row of (P-1) sccond stepped cavities 223 may be
physically exposed within a second opening in the first second-tier recess etch mask layer
within the area of the 2 X P array of second stepped cavities 223. A strip of the first second-
ticr recess cich mask layer is present between the two openings (which may be rectangular
openings) in the fivst second-tier recess etch mask layer that overlie a respectve row of (P-1)
second stepped cavities 223,

{0154] A first sccond-tier arca recess etch process can be performed to vertically shift the

levels of the physically exposed second stepped surfaces by a vertical recess distance. in one
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embodiment, the vertical recess distance may be the same as, or may be substantially the
sarpe as, the maximuom depth of cach second stepped cavity 223 as formed at the processing
steps of FIGS. 12A and 12B (as measured from the horizontal plane including the topmost
surface of the second vertically alternating sequence {2321, 242L). The first second-tier etch
mask laver can be subsequently removed, for example, by ashing.

{3155] A second second-tier recess eteh mask layer (not shown} can be formed over the
exemplary structure by applying and lithographically patterning an etch mask material. In
one embodiment, the second second-tier recess etch mask layer may include a photoresist
material that is applied over the exemplary structure, and is subsequently patterned by
Lithographic exposure and development. According (o an aspect of the present disclosure, the
sccond second-ticr recess etch mask layer may cover two sets of second stepped surfaces
among the multiple sets of second stepped surfaces that are arranged along the first horizontal
direction hdl (such as a row of P sets of second stepped surfaces), and may inchude a
rectangular opening in which all other sets of second stepped surfaces among the multiple
seis of sccond stepped surfaces are physically exposed. In an illustrative cxample, if three
seis of second stepped surfaces underlying a respective second stepped cavity 223 is prosent
within each cluster of sccond stepped surfaces (Le., if P is 3}, a first set and a second set of
second stepped surfaces can be covered with the second second-tier recess etch mask layer
while a third set of sccond stepped surfaces is physically exposed within an opening in the
sccond second-tier recess etch mask layer.

{03156] According to an aspect of the present disclosure, a single rectangular opening may
be formed through the sccond sccond-tier recess etch mask layer over cach 2 x P array of
second stepped cavities 223, In this case, two second stepped cavities 223 per each row of P
sccond stepped cavities may be covered by the second second-tier recess etch mask layer.
Two rows of (P-2) second stepped cavities 223 may be physically exposed within an opening
in the second second-tier recess eich mask layer within the area of the 2 x P array of second
stepped cavities 223. Thus, a strip-shaped area between the two rows of (P-2) second stepped
cavitics 223 is physically exposed within the opening in the second second-tier recess cich
mask layer within the area of the 2 x P array of second stepped cavities 223,

{0187] A second second-tier area recess etch process can be performed to vertically shift
the levels of the physically exposed second stepped surfaces by a vertical recess distance. In

one embodiment, the vertical recess distance may be the same as, or may be substanitially the
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sarae as, the maximum depth of cach second stepped cavity 223 as formed at the processing
steps of FIGS. 12A and 12B (as measured from the borizontal plane including the topmost
surface of the second vertically alternating sequence (2321, 242L). The second second-tier
recess etch mask layer can be subsequently removed, for cxample, by ashing.

{0158] senerally, the processing steps of FIGS. 3A - 913 can be performed with any
needed changes to form two interconnected staircase regions within cach area of a 2 x P array
of sets of second stepped surfaces. According to an aspect of the present disclosure, at least
one recess otch mask layer can include 4 single rectangular opening within cach arca of 2 2 x
P array of second stepped surfaces such that a strip pottion 230 of the second vertically
alternating sequence {2321, 242L) between the two rows of P second stepped surfaces is
ctched during a subsequent arca recess eich process. Additionally, at least another recess cich
mask layer can inchude a pair of rectangular openings within each area of a 2 x P array of
sccond stepped surfaces such that a strip portion 230 of the second vertically aliernating
sequence (2321, 2421 between the two rows of P second stepped surfaces is not etched
during a subscquent arca recess cich process. The set of processing steps of FIGS. 12A and
128 that forms the second stepped surfaces do not eteh the strip portion 230 of the second
vertically alternating sequence (2321, 242L) between the two rows of P second stepped
surfaces,

{0159] According to an aspect of the present disclosure, the combination of etch process
is emploved such that a first subset of the etch processes does not etch a strip portion 230 of
the second vertically alternating sequence {2321, 242L) between two rows of P second
stepped surfaces within each 2 x P array of second stepped surfaces, and a second subset of
the etch processes etches the sirip portion 230 of the second vertically altemnating sequence
(2321, 2421, This combination results in a hybrid ctch profile, in which the strip pottion
230 of the second vertically alternating sequence (2321, 242L) between two rows of P
sccond stepped surfaces within each 2 x P arvay of second stepped surfaces is only partially
etched to provide a recessed horizontal surface of the second vertically alternating sequence
(2321, 2421 between the two rows of P sccond stepped surfaces within cach 2 x P array of
second stepped surfaces.

{0160] A continuous stepped cavity can be formed within each avea of the 2 X P array of
sccond stepped surfaces such that the continuous sicpped cavity includes two pairs of

staircase surfaces that are interconnected with a partly recessed volume between the two
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deepest portions of the two pairs of staircase surfaces. The resulting topographical profile is
conducive to lithographic patterning of the recess etch mask layers because the height
variation of the recess etch mask layers can be reduced by not fully etching the strip portion
230 of the second vertically alternating sequence (2321, 2421} between the two rows of P
sccond siepped surfaces within each 2 x P arvay of second stepped surfaces. Anomalous
lithographically patterned shapes in the recess etch mask layers due to an excessive thickness
of the recess etch mask layers can be avoided. Further, the resulting topographical profile is
conducive to subsequent filling of the continuous stepped cavity with a dielectric fill material
because narrow and deep cavity volumes can be avoided, which would have resulted if the
strip portion of the second vertically alternating sequence (2321, 242L) between the two rows
of P second stepped surfaces within cach 2 x P array of second stepped surfaces were not
etched at all. Thus, the topographical profile of embodiments of the present disclosure
provides lithographic patterming of the recess etch mask layers with a sufficienty wide
lithographic process window and filling of the continuous stepped cavities that arc formed in
the second vertically alternating sequence (2321, 2421) without gaps or while minimizing
the size of the gaps.

{0161} A second dielectric fill material (such as undoped silicate glass {(i.c., silicon oxide)
or a doped silicate glass} can be deposited in cach second countinuous refro-stepped cavity.
The second dielectric fill material can be planarized to remove excess portions of the second
dielectric fill material from above the horizontal plane including the topmost surface of the
second vertically alternating sequence (2321, 242L). Each remaining portion of the second
diclectric fill material that fills a respective second contingous retro-stepped cavity
constituies a second-tier retro-stepped dielectric material portion 265. In one embodiment,
cach second retro-stepped dicleciric material portion 265 can be formed within volumes of a
pair of staircase regions and an interconnecting volume located between the second staircase
region and the second staircase region and overlying the horizontal plane that includes the
horizontal surface of a recessed portion of the second vertically alternating sequence (2321,
24720

{8162] Generally, a 2 x P array of siepped surfaces (such as the second stepped surfaces)
can be formed within an upper region of a vertically alternating seguence (such as the second
vertically alternating sequence (1321, 2421)) by patterning a subset of the unit layer stacks

(such as unit layer stacks of a sccond continuous insulating laver 2321 and a second
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continuous sacrificial material layer 242L). P stepped surfaces can be arranged in cach row
extending along a second horizontal direction hd2 within the 2 x P array, and two stepped
surfaces are arranged in cach column extending along a second horizontal direction hdl
within the 2 x P array. P is an integer greater than 2, such as an integer between, and
including, 2 and 26, and/or between, and including, 3 and 3.

{0163] Each column of stepped surfaces other than one columa of stepped surfaces can
be vertically extending by performing a set of processing sequences at least once. The set of
processing scquences corprises forming a patterned etch mask laver, and etching an
unmasked subset of the 2 x P array employing 4 respective anisotropic eich process. One or
more patierned ctch mask layer employed within the set of processing steps has a respective
continuous opening including an entire arca of a respective 2 X R array of stepped surfaces
that is a subset of the 2 x P array of stepped surfaces. Hach R is an integer less than P
Optionally, at least one additional patterned etch mask layer employed within the set of
processing steps has a pair of disjoined openings within an area of a respective 2 X S array of
stepped surfaces that is a subset of the 2 x P array of stepped surfaces. Hach S is an integer
tess than P

{0164] According to an aspect of the present disclosure, a first staircase region is formed
within a continuous arca including an cutire arca of a second 2 x P array of stepped surfaces
within the 2 x P array of stepped surfaces, and a second staircase region is formed within a
continuous area including an endre area of a second 2 x P array of stepped surface within the
2 x P array of stepped surfaces. In one ernbodiment, the first staircase region and the second
staircasc region are interconnected to each other along the second horizontal divection hd2
within an area of at least one colomn of stepped surfaces {sach as a pair of the two deepest
sccond stepped surfaces). In onc embodiment, the first staircase region and the second
staircase region arc not inferconnected to cach other along the second horizontal direction
hd2 within an arca of at least another column of the stepped surfaces (such as a pair of the
two shallowest second stepped surfaces}.

{3165} in one cmbodiment, cach sccond continuous sacrificial material layer 2421 within
the second vertically alternating sequence (2321, 2421)) comprises a respective surface that is
physically exposed to the first staircase region, and each second continuous sacrificial
material layer 2421 within the second vertically alternating sequence (2321, 242L) comprises

a respective additional surface that is physically exposed to the second staircase region.
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{3166] According to an aspect of the present disclosure, a second retro-stepped dielectric
material portion 263 is formed in a continuous volume from which the material of the second
vertically alternating sequence (2321, 242L) is vemoved within the area of the 2 x P airay of
second stepped surfaces, The second retro-stepped dielectric material portion 265 overlies
two staircase regions of the second vertically aliernating sequence (1321, 2421). The second
retro-stepped dielectric material portion 265 has a vertical cross-sectional profile within a
vertical plane that is perpendicular to the second horizontal divection hd2, in which a first
boundary B (liustrated in FIG. 13H) of the second retro-stepped dielectric material portion
265 continvously extends from the second horizontal plane HP2 including 4 bottoramost
surface of the second retro-stepped dielectric material portion 265 to a third horizontal plane
HP3 including topmost surfaces of the second vertically alternating sequence (2321, 2421,
and a second boundary B2’ (llustrated in FIG. 13H) of the second rewro-stepped dielectric
material portion 263 continuously extends from the second horizontal plane HP2 to a
horizontal planc including a top surface of a recessed portion {e.g., the strip portion 230} of
the sccond vertically alternating sequence (2321, 2421 that is located a height located
between the second horzontal plane HP2 and the third borizontal plane HP3.

{31671 In one embodiment, the second boundary B2’ in the vertical cross-sectional
profile extends to the horizontal plane which inchides the horizontal line HL {e.g., the top
surface of the strip portion 230 illastrated in FIG. 13H). In one embodiment, a vertical
distance between the horizontal line HL and the second horizontal plane HP2 is in a range
from 20 % to 80 % of a vertical distance between the second horizontal plane HP2 and the
third horizontal plane HP3. In one embodiment, the second boundary B2 in the vertical
cross-sectional profife comprises at least ong tapered sidewall of the second vertically
alternating sequence (1321, 24ZL),

{0168] In one embodiment, first boundary B17 comprises a plurality of tapered sidewalls
that are interconnected to cach other by at least one horizontal step. One of the at least one
horizontal step 1s located at a same height as the horizontal line HL' of the second boundary
B2 in the vertical cross-sectional profile.

{§169] Referving to FIG. 15, various second-tier openings (249, 229) may be formed
through the second vertically alternating sequence (2321, 2421} and over the sacrificial first-
ticr opening fill portions (148, 128). A photoresist layer (not shown} may be applied over the

second vertically alternating sequence (2321, 2421, and may be lithographically patterned to
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form various openings therethrough. The pattern of openings in the photoresist layer may be
transferred through the second vertically alternating sequence (2321, 2421 to form the
various second-tier openings (249, 229) concurrenty, i.e., during the second isotropic etch
PYOCess

{0176] The various second-tier openings (249, 229) may include second-tier memory
opentngs 249 formed in the memory arvay regions 100 and second-tier support openings 229
formed in the inter-array region 200, Each second-tier opening (249, 229) may be formed
within the area of a respective one of the sacrificial first-tier opening fill portions (148, 128).
Thus, a top surface of a sacrificial first-tier opening fill portion (148, 128} can be physically
exposed at the bottom of each second-tier opening {249, 229). 3pecifically, each second-tier
memory openings 249 can be formed directly over a respective sacrificial first-tier memory
opening fill portion 148, and each second-tier support opening 229 can be formed directly
over a respective sacrificial first-tier support opening {ill portion 128, Each cluster of
second-tier merory openings 249 may be formed as a two-dimensional array of second-tier
memory openings 249, The second-tier support openings 229 arc openings that are formed in
the inter-array region 200, and are subsequently emploved to form support pillar structures.
A subset of the second-tier support openings may be formed through a respective horizontal
surface of the second stepped surfaces.

61713 Referring to FIGS. 16 and 17A, the sacrificial first-tier fill material of the
sacrificial first-tier opening fill pordons (148, 128} may be removed using an etch process
that etches the sacrificial first-tier fill material selective to the materials of the first and
second continuots insulating favers (1321, 2321) and the fivst and second continuous
sacrificial material layers (1421, 2421}, A memory opening, which is also referved to as an
nter-tier memory opening 49, is formed in each combination of a second-tier memory
openings and a volume from which a sacrificial first-tier mermory opening fill portion 148 is
removed. A support opening, which is also veferred to as an inter-tier support opening 19, is
formed in each combination of a second-tier support openings and a vohune from which a
sacrificial ficst-tier support opening fill portion 128 (s removed. The tnter-tier roemory
opening 49 extends through the first-tier structure and the second-tier structure. Generally,
memory openings 49 can be formed within each memory arvay region 100, in which each
layer of the first vertically alternating sequence (1321, 142L) and cach layer within the

second vertically alternating sequence (2321, 2421) are present.
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{6172] Referring to FIG. 17B, a stack of layers including a blocking diclectric layer 32, a
charge storage layer 54, a tunneling dielectric layer 56, and a semiconductor channel material
layer 60L may be sequentially deposited in the inter-tier memory openings 49. The biocking
dielectric layer 52 may include a single dielectric material layer or a stack of a plurality of
diclectric material lavers. In one embodiment, the blocking diclectric laver ay include a
dielectric metal oxide layer consisting essentially of a dielectric metal oxide. As used herein,
a dielectric metal oxide refers to a dieleciric material that includes at least one metallic
clement and at feast oxygen. The diclectric metal oxide may consist cssentially of the at least
one metallic element and oxygen, or may consist essentially of the at feast one metallic
clement, oxygen, and at least one non-metallic element such as nitrogen. In one embodiment,
the blocking dielectric layver 52 may include a dielectric metal oxide having a dielectric
constant greater than 7.9, 1.e., having a dielectric constant greater than the dielectric constant
of silicon nitride. The thickness of the dielectric mwetal oxide layer may be in a range from |
nm o 20 nm, although lesser and greater thicknesses may also be used. The dielectric metal
oxide fayer may subsequenily function as a dielectric material portion that blocks leakage of
stored electrical charges to control gate clecirodes. In ove embodiment, the blocking
dielectric layer 52 includes aluminum oxide. Alternatively or additionally, the blocking
diclectric layer 52 may include a diclectric semiconductor compound such as silicon oxide,
silicon oxynitride, silicon nitride, or a combination thereof.

{0173} 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 bhe, for
example, silicon mitride. Alternatively, the charge storage layer 54 may include a continuous
layer or patterned discrete portions of a conductive material such as doped polysilicon or a
metallic material that is patterned into multiple electrically isolated portions (e.g., floating
gates), for example, by being formed within lateral recesses into continuous sacrificial
material layers (1421, 2421). In one embodiment, the charge storage layer 54 includes a
silicon nitride layer. In one embodiment, the continuous sacrificial material lavers (1421,
2421y and the continuous insulating layers (1321, 232L) may bave vertically coincident
sidewalls, and the charge storage fayer 54 may be formed as a single continuous layer.
Alicrnatively, the continuous sacrificial material layers (1421, 2421 may be laterally

recessed with respect to the sidewalls of the continuous insulating layers (1321, 2321, and a
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combination of a deposition process and an anisotropic etch process may be used © form the
charge storage layer 34 as a plurality of memory material portions that are vertically spaced
apart. The thickness of the charge storage laver 54 may be in a range from 2 nm to 20 nm,
although lesser and greater thicknesses may also be used.

{0174] The tunneling dielectric layer 56 includes a diclectric material through which
charge nmneling may be performed under suitable electrical bias conditions. The charge
tonneling may be performed through hot-carrier injection or by Fowler-Nordheim tunneling
induced charge transfer depending on the mode of operation of the monolithic three-
dimensional NAND string moemory device to be formed. The tunneling dielectric layer 56
may inchude silicon oxide, silicon nitride, silicon oxynitride, diclectric metal oxides {such as
aluminum oxide and hafnium oxide}, diclectric metal oxynitride, dielectric metal silicates,
alioys thereof, and/or combinations thereof. In one embodiment, the tunneling dielectric
layer 56 may include a stack of a first silicon oxide layer, a silicon oxynitride layer, and a
second silicon oxide layer, which is comumonly known as an ONQ stack. In one embodiment,
the unneling diclectric fayer 56 may include a silicon oxide layer that is substantially free of
carbon or a silicon oxynitride layer that is substantially free of carbon. The thickness of the
tunneling diclectric layer 56 may be in a range from 2 nm to 20 nm, although lesser and
greater thickuesses may also be used. The stack of the blocking dielectric layer 52, the charge
storage layer 54, and the tunneling dielectric tayer 36 constitutes a memory filim 50 that stores
memory bifs.

{6175] The semiconductor channel material layer 60L includes a p-doped semiconductor
material such as at least one elemental serniconductor material, at [east one -V compound
semiconductor material, at least one -VI compound semiconductor material, at least one
organic semiconductor material, or other semiconductor materials known in the art. Inone
cmbodiment, the semiconductor channel material layer 601 may bave a uniform doping. In
one emnbodiment, the semiconductor channel material layer 60L has a p-type doping in which
p-type dopants (such as boron atoms) are present at an atomic concentration in a range from
1.0 % 10%em® to 1.0 x 10%/cm®, such as from 1.0 x 10%em? 0 1.0 x 10 e, Inone
embodiment, the semiconductor channel material layver 60L includes, and/or consists
essentially of, boron-doped amorphous silicon or boron-doped polysilicon. In another
cmbodiment, the semiconductor channel material layer 60L has an n-type doping in which n-

type dopants (such as phosphor atoms or arsenic atoms} are present at an atomic
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concentration in a range from 1.0 x 10%em® to 1.0 x 10"%/em’, such as from 1.0 x 10*%cm® 10
1.0 x 107/em’. The semiconductor channel material layer 60L may be formed by a
conformal deposition method such as low pressure chemical vapor deposition (LPCVD). The
thickness of the semiconductor channel material layer 60L may be in a range from 2 nm to 10
am, although lesser and greater thicknesses may also be used. A cavity 497 is formed in the
volume of each inter-tier memory opening 49 that is not filled with the deposited material
layers (52, 54, 56, 60L).

{01761 Refercing to FIG. 17C, in case the cavity 49° in each memory opening is not
completely filled by the semiconductor channel material layer 60L, a dielectric core layer
may be deposited in the cavity 47 to fill any remaining portion of the cavity 49 within each
memory opening. The dielectric core layer includes a diclectric material such as silicon
oxide or organosilicate glass. The dielectric core layer may be deposited by a conformal
deposition method such as low pressure chemical vapor deposition (LPCVD), or by a self-
planarizing deposition process such as spin coating. The horizontal portion of the diclectric
core laver overlying the top second continuous insulating laver 2321 may be removed, for
example, by a recess eich. The recess etch continues until top surfaces of the remaining
portions of the diclectric core layer are recessed to a height between the top and bottom
surfaces of the topmost second insulating layer 2321 Each rernaining portion of the
diclectric core layer constitutes a dielectric core 62,

{8177} Referring to FIG. 17D, a doped semiconductor material having a doping of a
second conductivity type may be deposited in cavitics overlying the dielectric cores 62. The
seconid conductivity type is the opposite of the first conductivity type. For example, if the
first conductivity type is p-type, the second conductivity type is n-type, and vice versa.
Portions of the deposited doped semiconductor material, the semiconductor channel material
tayer 601, the tunneling dielectric layer 56, the charge storage layer 54, and the blocking
dielectric layer 52 that overlie the horizontal plane including the top surface of the topmost
second continuous insulating layer 2321 may be removed by a planarization process such as
a chernical mechanical planarization (CMP} process.

{0178] Each remaining portion of the doped semiconductor material of the second
conduoctivity type constitutes a drain region 63. The dopant concentration in the drain regions
63 may be in a range from 5.0 x 10%/em’® to 2.0 x 10%Yem?, although lesser and greater

dopant concentrations may also be used. The doped semiconductor material may be, for
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example, doped polysilicon.

{8179] Each remaining portion of the semiconductor channel material laver 60L
constitutes a vertical semiconductor channel 60 through which electrical carrent may tlow
when a vertical NAND device including the vertical semiconductor channel 60 is turned on.
A tunneling diclectric layer 36 is swrrounded by a charge storage layer 54, and laterally
surrounds a vertical semiconductor channel 60. Each adjoining set of a blocking dielectric
tayer 52, a charge storage layer 54, and a tunneling dielectric layer 56 coliectively constitute
a wemory fum 50, which may store electrical charges with 2 macroscopic retention fime. In
some embodiments, a blocking dielectric layer 52 may not be present in the memory film 50
at this step, and a blocking dielectric layer may be subsequently formed after formation of
backside recesses. As usced herein, a macroscopic retention time refers €0 a retention time
suttable for operation of a memory device as a permanent memory device such as a retention
time in excess of 24 hours.

{61801 Each combination of a memory film 50 and a vertical semiconductor channel 60
(which is a vertical semiconductor channel) within an inter-ticr memory opening 49
constitutes a roernory stack structore 55. The memory stack structure 535 s a commbination of
a vertical semiconductor channel 60, a tunneling dielectric layer 56, a plurality of memory
clements comprising portions of the charge storage layer 54, and an optional blocking
dielectric layer 52. The memory stack structures 55 can be formed through memory array
regions 100 of the first and second vertically alternating sequences in which all layers of the
first and sccond vertically alternating scquences are present. Each combination of a memory
stack structure 53, a dielectric core 62, and a drain region 63 within an infer-tier oemory
opening 49 constitutes a memory opening fill strocture 58, Generally, memory opening fill
structures 58 are formed within the memory openings 49, Each of the memory opening fill
structures 38 coraprises a respective memory film SO and a respective vertical semiconductor
channel 60.

{0181} In one embodiment, each of the memory stack structures 535 comprises vertical
NAND string including the respective vertical stack of memory elements {as cmbodied as
portions of a charge storage layer 54 located at levels of the continuous sacrificial material
lavers (1421, 2421} and a vertical semiconductor channel 60 that vertically extends through
the continuous sacrificial material layers {1421, 2421} adjacent to the respective vertical

stack of memory clemenis.

46



WO 2022/216331 PCT/US2021/065582

{0182] Referring to FIGS. 18, 19A, and 19B, each inter-tier support opening can be filled
with a respective set of material portions having the same material composition as a
corresponding component in a memory opening {ill structure 58 during the processing steps
of FIGS. 178 — 17D. Each set of material portions filling an inter-tier support opening is
berein referred to as a support pillar structure 20. 1t is noted that the support pillar structures
26 are not illustrated in FIGS. 1A — 1E for the purpose of clarity. The semiconductor
material layer 110, the first-tier structure (1321, 1421, 165), the second-ter structure (2321,
2425, 265), the merpory opening fill structures 58, and the support pillar structures 20
collectively constitute a memory-level assemnbly.

{0183] Generally, the support pillar structures 20 are formed in the inter-arvay region 200
The support pillar structures 20 inciude first support pillar structures 20 that vertically extend
through the second vertically alternating sequence (2321, 242L), a fivst-tier retro-stepped
diclectric material portion 165, and a portion of the first vertically alternating sequence
(1321, 142L) that underlies the first-tier retro-stepped dielectric material portion 165. The
support pillar structures 20 further include second support pillar structures 26 that vertically
extend through a second-tier retro-stepped dielectric material portion 265, a portion of the
second vertically alternating sequence (2321, 242L) that underlies the second-tier retro-
stepped dielectric material portion 2635, and each layer within the first vertically alternating
sequence (1321, 142L).

{0184] A contact-level dielectric laver 280 may be formed over the second vertically
alternating sequence (2321, 242L). The contact-level dielectric layer 280 includes a
dielectric roaterial such as silicon oxide, and meay be formed by a conformal or non-
conformal deposition process. For example, the contact-level dielectric layer 280 may
include undoped silicate glass and may have a thickness in a range from 100 nm to 600 nm,
although lesser and greater thicknesses may also be used.

{0185] A photoresist layer (not shown) may be applied over the contact-level dielectric
tayer 280, and may be lithographically patterned to form linear openings laterally extending
atong the first horizontal direction hdl and laterally spaced apart along the second horizontal
direction hd2. The pattern of the lincar openings in the photoresist layer can be identical to
the pattern of the rench fill structures 76 illustrated in FIGS. 1B — 1E. The linear openings in
the photoresist layer can be formed within areas in which memory opening fill structures 58

or the support pillar structures 20 are not present.
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{3186] Backside trenches 79 be formed by transferring the pattern in the photoresist layer
{not shown) throogh the contact-level diglectric layer 280, the second-tier stracture (2321,
2421, 263}, and the first-tier structore (1321, 1421, 163), and into the semiconductor
material layer 110, The pattern of the backside trenches 79 can be identical to the paticrn of
the wench fill structures 76 dlustrated in FIGR. 18 ~ 1B, Portions of the contact-level
dielectric layer 280, the second-tier structure (2321, 2421, 263), the first-tier structure (1321,
1421, 165}, and the semiconductor material layer 110 that underlie the linear openings in the
photoresist layer may be removed by an anisotropic etch process to form the backside
trenches 79. In one emnbodiment, the hackside trenches 79 may be formoed between clusters
of memory stack souctures 55. The clusters of the memory stack souctures 55 may be
laterally spaced apart along the sccond horizontal direction hd?2 by the backside trenches 79.
{0187] The backside trenches 79 can be formed as a periodic one~-dimnensional array with
a periodicity along the second horizontal divection hd2. The backside trenches 79 can be
sequentially nuraerically numbered with positive integers from one side o another along the
second horizontal direction hd2. In one ermnbodiment, every odd-nsummbered backside french
79 can extend through the second vertically alternating sequence (2321, 2421 and the first
vertically alternating sequence (1321, 142L) without etching through the first-tier retro-
stepped dielectric material portions 165 or the second-tier retro-stepped dielectric material
portions 263. Every even-nurnbered backside trench 79 can extend through the second
vertically alternating sequence (2321, 242L) and the first vertically alternating sequence
(1321, 142L) and cut through a respective first-tier retro-stepped diclectric material portion
165 and a respective sccond-tier retro-stepped dielectric material portion 265 and through the
respective strip portions {130, 230) of the first and second alternating sequences.

{0188] Each vertically alternating sequence {{132L, 142L), (2321, 2421)} is divided into
a plurality of alternating stacks of insulating layers (132 or 232) and sacrificial material layers
{142, 242} (which correspond to volures of memory blocks) by the backside trenches 79,
Each backside wench 79 can laterally extend along the {irst borizontal direction hdl through
the inter-array region 200 and a pair of memory array regions 100 that are adjoined to inter-
array region 200. Further, cach backside trench 79 can vertically extend through an entive
thickness of the vertically alternating sequences {{132L, 142L), (2321, 24213}, Each
patterned portion of the first vertically alternating sequence (1321, 142L) located between a

neighboring pair of backside trenches 79 constitutes a first-tier alicrnating stack of first
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insulating favers 132 and first sacrificial material layers 142. Each patterned portion of the
second vertically alternating sequence located between a neighboring pair of backside
trenches 79 constitutes a second-tier alternating stack of second insulating layers 2321 and
sccond sacrificial material layers 242, A plurality of alternating stacks of insulating layers
(132 or 232 and sacrificial material layers (which may be first sacrificial material lavers 142
or second sacrificial mategial layers 2423 can be formed.

{0189] Each first-tier retro-stepped dielectric material portion 165 may be divided into
two disjoined first-tier retro-stepped dielectric material portions 165 by a backside trench 79.
Each second-tier retro-stepped dielectric material portion 268 may be divided into two
disjoined second-tier retro-stepped dielectric material portions 263 by a backside trench 79
Each contiguous combination of a first-tier alternating stack (132, 142} and a second-tier
alternating stack (232, 242) can be laterally bounded by a neighboring pair of backside
trenches 79, Oue of the neighboring pair of backside trenches 79 can divide a first-tier retro-
stepped dielectric material portion 165 into two discrete dielectric material portions, such as a
first portion of the first-tier retro-stepped dielectric material portion 165 and a second portion
of the first-tier retro-stepped dielectric material portion 165, Further, one of the neighboring
pair of backside trenches 79 can divide a second-tier retro-stepped dielectric material portion
265 into two discrete dielectric material portions, such as a first portion of the second-tier
retro-stepped dielectric material portion 265 and a second portion of the second-tier retro-
stepped dielectric material portion 265, Furthermore, every other backside trench 79 can
divide the strip portions (130, 23() along the first horizontal divection hdl into two separate
portions which are spaced apart along the second horizontal direction hd2.

{0190¢] in one embodiment, the semiconductor material layer 110 can have a doping of
the same conductivity type as the vertical semiconductor chanuels 64, Le., a first conductivity
type, and a source region 61 having a doping of a second conductivity type {which is the
same conductivity type as the doping of the drain regions 63) can be formed underneath each
backside rench 79 by implantation of dopants of the second conductivity type.

{0191 Refercing to FIG. 20, the sacrificial material layers (142, 242) are removed
selective to the insulating layers (132, 232), the contact-level dielectric layer 280, and the
semiconductor material fayer 110, For example, an etchant that selectively etches the
materials of the sacrificial material layers {142, 242} with respect to the materials of the

insulating layers (132, 232), the retro-stepped diclectric material portions (165, 265), and the
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material of the outermost layer of the memory films 50 may be inroduced into the backside
trenches 79, for example, using an isotropic etch process. For example, the sacrificial
material layers (142, 242) may include silicon nitride, the materials of the insulating layers
(132, 232}, the retro-stepped dielectric material portions (165, 265}, and the outermost layer
of the memory films 50 may include silicon oxide materials.

{0192] The isowropic etch process may be a wet etch process using a wet etch solution, or
may be a gas phase (dry} etch process in which the etchant is introduced in a vapor phase into
the backside trench 79. For exarple, if the sacrificial material layers (142, 242) include
silicon mitride, the etch process may be a wet etch process in which the exemplary structure is
immersed within a wet etch tank including phosphoric acid, which etches silicon nitride
selective to silicon oxide, silicon, and various other materials used in the art.

§6193] Backside recesses (143, 243) are formed in volumes from which the sacrificial
material layers (142, 242) are vremoved. The backside recesses (143, 243) include first
backside recesses 143 that are formed in volumes from which the first sacrificial material
fayers 142 arc removed and second backside recesses 243 that are formed in volumes from
which the second sacrificial material layers 242 are removed. Hach of the backside recesses
(143, 243) may be a laterally extending cavity having a lateral dimension that is greater than
the vertical extent of the cavity. In other words, the lateral dimension of each of the backside
recesses (143, 243) may be greater than the height of the respective backside recess. A
plurality of backside recesses (143, 243) may be formed in the volumes from which the
material of the sacrificial material layers (142, 242) is removed. Each of the backside
recesses (143, 243 may extend substantially paraliel to the top surface of the subsirate
semiconductor layer 8. A backside recess (143, 243) may be vertically bounded by a top
surface of an underlying nsulating layer (132, 232) and a bottom surface of an overlying
insulating layer (132, 232). In one embodiment, cach of the backside recesses (143, 243)
may have a umiform height throughout.

{0184] Generally, the backside recesses (143, 243) can be formed by removing the
paticrned portions of the first continuous sacrificial material layers 1421 and the second
sacrificial material layers 2421 selective to patterned portions of the first continnous
insulating lavers 1321 and the second continuous insulating layers 2321 after formation of
the backside trenches 79, The backside recesses (143, 243) can be formed by performing an

isotropic etch process that supplies an isotropic ctchant that etches the patterned portions of
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the first continuous sacrificial material fayers 1421 and the second continuous sacrificial
material lavers 2421 sclective to patterned portions of the first continuous insulating layers
1321 and the second continuous insulating layers 2321

{0195] Referring to FIG. 21, an optional backside blocking dielectric layer (not shown)
may be optionally deposited in the backside recesses (143, 243) and the backside trenches 79
and over the contact-level dielectric layer 280. The backside blocking dielectric layer
includes a dielectric material such as a dielectric metal oxide (e.g., aluminum oxide}, silicon
oxide, or a combination thereof.

{3196] At least one conductive material may be deposited in the plurality of backside
recesses (143, 243), on the sidewalls of the backside wenches 79, and over the contact-level
dielectric layer 280, The at least one conductive material may be deposited by a conformal
deposition method, which may be, for example, chemical vapor deposition (CVD), atomic
layer deposition (ALD), electroless plating, electroplating, or a combination thereof. The at
fcast one conductive material may include an clemental metal, an intermetallic alloy of at
feast vwo elemental metals, a conductive mitride of at least one elemental metal, a conductive
metal oxide, a conductive doped senuconducior material, a conductive metal-semicondoctor
alioy such as a metal silicide, alioys therecof, and combinations or stacks thercof.

{31971 In one embodiment, the at least one conductive material may include at least one
metatlic material, i.c., an electrically conductive material that inchides at least one metallic
element. Non-limiting exemplary metallic materials that may be deposited in the backside
recesses (143, 243} include tungsten, tungsten nitride, titaninm, titanium nitride, tantalum,
tantafum nitride, cobalt, and ruthenium. For example, the at least one conductive material
may inchude a conductive metallic nitride liner that inchides a conductive metallic nitride
material such as TiN, TaN, WN, or a combination thereof, and a conductive fill material such
as W, Co, Ru, Mo, Cu, or combinations thereof. In one embodiment, the at least one
conductive material for filling the backside recesses (143, 243) may be a combination of
titamium nitride layer and a tungsten fill material.

{01981 Electrically conductive lavers (146, 246) may be formed in the backside recesses
{143, 243) by deposition of the at feast one conductive material. A plurality of first
electrically conductive layers 146 may be formed in the plurality of first backside recesses
143, a plurality of second electrically conductive layers 246 may be formed in the plurality of

sccond backside recesses 243, and a continuous retallic material layer (not shown) may be
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formed on the sidewalls of each backside trench 79 and over the contact-level dielectric layer
280, Each of the first clectrically conductive layers 146 and the second electrically
conductive layers 246 may include a respective conductive metallic nitride liner and a
respective conductive fill material. Thus, the first and second sacrificial material layers (142,
2472y may be replaced with the first and second clectrically conductive layers (146, 2463,
respectively. Specifically, each first sacrificial material layer 142 may be replaced with an
optional portion of the backside blocking dielectric 1ayer and a {irst electrically conductive
fayer 146, and cach sccond sacrificial material layer 242 may be replaced with an optional
portion of the backside blocking dielectric layer and a second electrically conductive layer
246. A backside cavity is present in the portion of each backside trench 79 that is not filled
with the continuous metaliic material layer.

{3199] Residual conductive material may be removed from inside the backside wrenches
79. Spectfically, the deposited metallic material of the continnous metallic material layer
may be etched back from the sidewalls of each backside trench 79 and from above the
contaci-level dielectric fayer 280, for exarople, by an anisotropic or isotropic etch. Bach
remaining portion of the deposited metallic material in the first backside recesses constitutes
a first electrically conductive layer 146. Each remaining portion of the deposited metallic
material in the second backside recesses constitutes a second electrically conductive layer
246. Sidewalls of the first electrically conductive layers 146 and the second elecirically
conductve layers 246 may be physically exposed to a respective backside trench 79. The
backside trenches 79 may have a pair of curved sidewalls having a non-periodic width
variation along the first horizontal direction hd? and a non-linear width variation along the
vertical direction.

{6204] Fach electrically conductive layer (146, 2463 may be a conductive sheet inchuding
openings thorein., A first subsct of the openings through each electrically conductive layer
{146, 246} may be filled with memory opening il stractures S8, A second subset of the
opentngs through each electrically conductive layer (146, 246) may be filled with the support
pillar structures 20.

{02611 A subset of the electrically conductive layers (146, 246) may comprise word lines
for the memory elements. The semiconductor devices in the underlying semiconductor
devices 720 may comprise word line switch devices configured to conirol a bias voltage to

respective word lines, and/or bit line driver devices, such as sense aroplificrs. The memory-
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fevel assembly is located over the substrate semiconductor layer 9. The memory-level
assembly includes at least one alternating stack (132, 146, 232, 246) and memory stack
structures 55 vertically extending through the at least one alternating stack (132, 146, 232,
2463, Each of the memory stack structures 55 comprises a vertical stack of memory
clements located at each level of the electrically conductive fayers (146, 246).

{0282] Generally, the patterned portions of the first continuous sacrificial material layers
1421 and the second continuous sacrificial material layers 2421 are replaced with the
electrically conductive layers {146, 246). A first-tier alternating stack of first jnsulating
fayers 132 and first electrically conductive layers 146 can be formed between each
neighboring pair of backside trenches 79. The first insulating layers 132 comprise patterned
portions of the first continuous insulating layers 1321, and the first electrically conductive
tayers 146 comprise the first subset of the electrically conductive layers (146, 246) and are
interfaced with the first insulating lavers 132, A second-tier alternating stack of second
insulating favers 232 and second electrically conductive layers 246 s formed between the
neighboring patr of backside trenches 79. The second insulating layers 232 comprise
patterned portions of the second continuous insulating layers 2321, and the second
clectrically conductive layers 246 comprise a second subset of the elecirically conductive
tayers (146, 246) that is interlaced with the second insulating layers 246.

{3263} A trench fill strocture 76 can be formed in each backside trench 79, In one
embodiment, an insulating liner layer incloding a dielectric material {such as silicon oxide}
can be conformally deposited at a periphery of each backside trench 79, and can be
anisotropically etched to form an insulating spacer 76A within cach backside trench 79. At
least one conductive material can be deposited in remaining volumes of the backside trenches
79, and cxcess portions of the at least one conductive material can be removed from above
the top surface of the contact-level diclectric layer 280 by a planarization process. Each
remaining portion of the at least one conductive material contacting a source region 61 and
taterally surrounded by a respective insulating spacer 76A constitutes a backside contact via
structure 768, which laterally extends along the first horizontal direction hd}. Bach
contigoous cornbination of an inselating spacer 76A and a backside contact via structure 76B
that fills a backside trench 79 constitutes a trench fill structure 76.

{0284] Alternatively, at least one dielectric material, such as silicon oxide, may be

conformally deposited in the backside trenches 79 by a conformal deposition process. Hach

3.

o



WO 2022/216331 PCT/US2021/065582

portion of the deposited dielectric material that fills a backside trench 79 constitutes a trench
fill structure 76. In this case, each trench fill structure may fill the entive volume of a
backside trench 79 and may consist essentially of at least one dielectric material. In this
alternative embodiment, the source region 61 may be omitted, and a horizontal source line
{e.g.. a direct strap contact layver) may contact a side of the lower portion of the
semiconductor channel 60.

{0285] The trench fill structures 76 can be arranged in a configuration illustrated in FIGS.
18 — 1E. In one embodiment, cach first-ticr retro-stepped dielectric material portion 165 and
cach second-tier retro-stepped dielectric material portion 265 can be located between a
neighboring pair of the trench fill stractures 76.

{02061 Referring to FIGS. 22 and 23A - 23H, various contact via structures (88, 864,
8618} can be formed through the contact-level dielectric layer 280 and optionally through
underlying material portions onto a respective underlying conductive structure. The various
contact via structures (88, 86A, 86B) can include drain contact via structures {c.g., drain
electrodes) 88 that are formed in the memory array regions 100 through the contact-level
dielectric layer 280 on a top surface of a vespective drain region 63. The various contact via
structures (88, 86A, 86B) can include layer contact via structures (86A, 86B) that are formed
in the inter-array region 2(0. The layer contact via structures (86A, 86B) can include first
contact via structures 86A that contact a respective first electrically conduetive layer 146 and
second contact via structures 368 that contact a vespective second electrically conductive
fayer 246,

{02071 For example, a photoresist layer (not shown) can be applied over the second-tier
alternating stacks (232, 246}, and can be lithographically patterned to form openings within
areas of the memory opening fill structures 58, and the second-tier retro-stepped dielectric
material portion 265 which is located over the horizontal surfaces of the second siepped
surfaces of the second-tier alternating stacks {232, 246). An anisotropic etch process can be
performed to transfer the pattern of the openings in the photoresist layer through the contact-
fevel diclectric laver 280, the first-tier retro-stepped diclectric material portions 165, and the
second-tier retro-stepped diclectric material portions 265.

{0288] Dirain contact via cavities can be formed over cach memory opening fill structure
38. Top portions of the memory opening fill structures 5§, such as the drain regions 63, may

be emaployed as etch stop structures during the anisotropic etch process. In one embodiment,
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the drain contact via cavitics may be formed concurrently with formation of the first contact
via cavities and the second contact via cavities. Alternatively, the drain contact via cavities
may be formed prior to, or after, formation of the first contact via cavities and the second
contact via cavities employing an additional lithographic patterning process and an additional
anisotropic eich process.

{62091 At least one conductive malerial can be deposited in each of the first contact via
cavities, the second contact via cavities, and the drain contact via cavities. The at least one
conductive material can include, for example, a metallic barrier material (such as TiN, TaN,
and/or WIN)Y and a metallic fill material (such as W, Cu, Mo, Co, Ru, ete.). Hxcess portions of
the at least one conductive material can be removed from above the horizontal plane
inchuding the top surface of the contact-level diclectric layer employing a planarization
process {such as a chemical mechanical planarization process). Each remaining portion of
the at least one conductive material filling the first contact via cavities comprises a first
contact via structire 80A. Hach remaining pottion of the at least one conductive material
filling the sccond contact via cavitics coraprise a second contact via structure 86B. Bach
remaining portion of the at least one conductive material filling the drain contact via cavities
comprises drain contact via structures 88,

{0216] The first contact via structures 8GA can be formed through a respective second
retro-stepped dielectric material portion 265 and through a respective first-tier retro-stepped
dielectric material portion 165 and directly on a first subset of the electiically conductive
fayers, t.e., the first electrically conductive layers 146. The second contact via structures 868
can be formed through a respective second-tier retro-stepped diclectric material portion 265
and directly on a second subset of the electrically conductive layers (i.e., the second
clectrically conductive layers 246) that is located over a horizontal plane including top
surfaces of the first-tier retro-stepped dielectric material portions 163,

§0211] Bit Hnes (not shown) are then formed in a manner that provides electrical contact
with the drain contact via structures 88. The bit lines may directly contact top surfaces of a
respective subset of the drain contact via structures 88, or intermediate confact via struchires
{not shown) roay be employved between the drain contact via structures 88 and the bit lines.
This completes the exemplary structure of the first embodiment of the present disclosure.
{0212} Referring to FIGS. 24 A and 248, an alternative configuration of the exemplary

structure according to the second embodiment is tllustrated at the processing steps of FIGS.
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6A and 6B. The alternative configuration of the exemplary structure can be derived from the
exemplary structore of FIGS. 5A and 5B by modifying the pattern of the {irst recess etch
mask layer 125 such that each neighboring pair of vectangular openings in the first recess etch
mask laver 125 that overlie a 2 x N array of sets of first stepped surfaces {i.e., ZN sets of fixst
stepped surfaces arranged as a 2 x N rectangular array) is merged to provide a single
rectangular opening in which a 2 x (N-1} array of sets of first stepped surfaces (t.e., 2{N-1}
sets of first stepped surfaces arranged as a 2 x (N-1) vectangular arcay) are physically
exposed. Thus, a strip portion of the first vertically alternating sequence (1321, 1421} that
faterally extends along the first horizontal direction hdl is physically exposed within the
rectangular opening in the first recess etch mask layer 125, and s subsequently vertically
recessed during the a area recess eich process, which can be the same as the first area recess
etch process of FIGS. 6A and 6B.

{0213] Referring to FIGS. 2534 and 258, the processing steps of FIGS. 7A and 7B and the
processing steps of FIGS. 8A and 8B can be subseguently formed.

{02144 Referring to FIGS. 26A — 26H, the processing steps of FIGS. 9A — 23H may be
performed with, or without, modification during the processing steps employed to pattern the
second continuous retro-stepped cavities overlying a respective 2 X P array of second stepped
surfaces. In case a modification to the processing steps is emploved, one or more of the
recess etch mask layers may be modified to employ a pattern in which a single rectangular
openming within a recess etch mask layer s employed over an arca of a 2 x K array of second
stepped surfaces (K being less than P} in licu of a pair of rectangular openings. In such cases,
the height of a horizontal line HL (i.c., the height of the strip portion 230) of the second
embodiment can be lower (as illustrated in FIG. 26H) than the height of a corresponding
horizontal line HL (i.e., the height of the strip portion 230) in the exemplary structure of
FIGS. 23A - 23H (as illustrated 1o FIG. 23H) of the first embodiment.

{0215] Referring collecuvely to all drawings of the present disclosure and according to
various embodiments of the present disclosure, a three-dimensional memory device is
provided, which compriscs: first alternating stacks of first insulating lavers 132 and first
glectrically conductive layers 146 located over a substrate (8, 720, 760, 780, 110}, wherein
the first alternating stacks laterally extend along a first horizontal direction hdl and are
laterally spaced apart along a second horizontal direction hd? that is perpendicular to the first

horizontal direction hd2 by line trenches (such as the backside trenches 79), and wherein cach
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of the first alternating stacks {132, 146) comprises a respective first staircase region in which
a lateral extent of the first electrically conductive layers 146 along the first horizontal
direction hdi decreases with a vertical distance from the substrate (8, 720, 760, 780, 11();
trench fill structures 76 located between and contacting a respective neighboring patr of the
first alternating stacks (132, 146) and filling a respective one of the line trenches 79; arrays of
mermnory stack structures 55 vertically extending through a respective one of the first
alternating stacks (132, 146}, wherein each of the memory stack structures 55 comprises a
respective vertical stack of memory elements {comprising portions of the charge storage
layers 54 located at levels of the first electrically conductive layers 146) located at levels of
the first electrically conductive layers 146; first retro-stepped dielectric material portions 165
overlying a first staircase region of a respective one of the first aiternating stacks (132, 146},
wherein one of the first retro-stepped dielectric material portions 163 has a vertical cross-
sectional profile (such as a vertical cross-sectional profile shown in FIG. 23H or in FIG. 26H)
within a vertical plane that is perpendicular to the first horizontal direction hdl in which: a
first boundary B1 of the one of the first retro-stepped dielectric material portions 163
continuounsly extends from a first horizontal plane HP1 including a bottommost surface of the
one of first retro-stepped dielectric material portions 165 to a second horizontal plane HP2
inchuding toproost surfaces of the fivst alternating stacks (132, 146); and a second boundary
B2 of the one of the first retro-stepped dieleciric material portions 165 continuously extends
from the first horizontal plane HP to a first point on a sidewall of a respective one of the
trench fill structures 76, the first point being located at a height located between the first
horizontal plane HP1 and the second horizontal plane HP2.

{0216] in one embodiment, the second boundary B2 in the vertical cross-sectional profile
coraprises a horizontal line HL that contacts the sidewall of the respective onc of the trench
fill structures 76. In one embodiment, a vertical distance between the horizontal line HIL. and
the first horizontal plane HP1 is in a range from 20 % to 80 % of a vertical distance between
the first horizontal plane HP1 and the second horizonial plane HP2.

{62171 in one embodireent, strip portions 13€ (e.g., pedestals) of the first insulating layers
and first electrically conductive tayers are located between the first alternating stacks,
wherein the horizontal line HL is located in top surfaces of the strip portions 130

{0218] In one embodiment, upon scquentially numbering the trench fill structures 76

along the second horizontal direction hd2 with positive integers, cach odd-numbered trench
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fill structure contacts 76 a respective pair of first retro-stepped diclectric material potions 165
and extends through one of the respective strip portions 130, and each even-numbered rench
fill structure does not contact any of the first retro-stepped dielectric material portions 165
and does not contact any of the strip portions 130,

{0219] In one embodiment, the second boundary B2 in the vertical cross-sectional profile
comprises at least one tapered sidewall contacting a respective subset of the first electrically
conductive layers 146 within a respective one of the first alternating stacks (132, 146).
{02261 in one cmbodiment, the first boundary Bl comprises a plurality of tapered
sidewalls that are interconnected to cach other by a plurality of horizontal steps, wherein one
of the plurality of horizontal steps 15 located at a same height as the horizontal line HL of the
sccond boundary B2 in the vertical cross-sectional profile.

{0221} In one embodiment, the three-dirnensional memory device comprises second
alternating stacks of second insulating layers 232 and second electrically conductive layers
246 located over a respective one of the first alternating stacks (132, 146), wherein: the
trench fill structures 76 vertically cxtend through the sccond alternating stacks (232, 2463,
and are located between, and contact, a respective neighboring pair of the second alternating
stacks {232, 246); and the arrays of memory stack structures 53 vertically extend through a
respective one of the second alternating stacks (232, 246).

{0222] In one embodiment, each of the second alternating stacks (232, 246) comprises a
respective second staircase region in which a lateral extent of the second electrically
conductive layers 246 along the first horizontal direction hdl decreases with a vertical
distance from the substrate (8, 720, 760, 780, 110); and sccond retro-stepped dielectric
material portions 263 overlie a second staircase region of a respective one of the second
alternating stacks (232, 246} and contacts a top surface of a respective one of the first retro-
stepped dielectric material portions 165.

{0223] In one embodiment, one of the second retro-stepped dielectric material portions
165 has an additional vestical cross-sectional profile within the vertical plane of the vertical
cross-sectional profile of the one of the first retro-stepped diclectric material portions 165
such that, within the additional vertical cross-sectional profile: a fivst boundary B1” of the one
of the second retro-stepped dielectric material portions 265 continuously extends from a top
surface of the one of first retro-stepped diclectric material portions 165 to a third horizontal

plane HP3 including tfopmost surfaces of the second aliernating stacks (232, 246); and a
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second boundary B2’ of the onc of the sccond retro-stepped diclectric material portions 265
continuonsly extends from the top surface of the one of first retro-stepped dielectric material
portions 163 to a second point on the sidewall of the respective one of the wench fill
structures 76, the second point being located at a height located the second horizontal plane
HP2 and the third borizontal plane HP3.

{6224] In one embodiment, the bottommost surface of the one of the first retro-stepped
dielectric material portions 165 contacts a top surface of a semiconductor material layer 110
within the substrate (8, 720, 760, 780, 110},

{3225} in one embodiment, cach sidewall of the first alternating stacks {132, 146) 18
contacted by a sidewall of an insulating material portion {(such as an insulating spacer 76A) of
a respective one of the trench fill structurces 76.

{3226] In one embodiment, each of the rench fill structiwes 76 comprises: a contact via
structure 768 contacting a respective doped semiconductor region (sach as a source region
61) located within a semiconductor material layer 110 in the substrate (8, 720, 760, 780,
110} and an insulating spacer 76A laterally surrounding the contact via structure 768 and
continuonsly extending from the sobsirate (8, 720, 760, 780, 110} at least to the second
horizontal plane HP2 {and above the third horizontal plane HP3).

{0227} In one embodiment, each of the wemory stack structures 55 coraprises vertical
NAND string including the respective vertical stack of memory elements and a vertical
semiconductor channel 60 that vertically extend through the first electrically conductive
fayers 146 adjacent to the respective vertical stack of memory clements.

{02281 The various erabodiments of the present disclosure can be emploved to increase
the lithographic process wintdow for recess etch mask layers and to increase the process
window for depositing the dielectric materials of the retro-stepped dicleciric material portions
(165, 265) without formung a void or while miniraizing the size of a void within the retro-
stepped dielectric material portions (165, 263).

{02281 Although the foregoing refers to particular embodiments, 1t will be understood
that the disclosure is not so limited. K will occur to those of ordinary skill in the art that
various modifications may be made to the disclosed embodiments and that such
modifications are intended to be within the scope of the disclosure. Compatibility is
presumed among all erobodiments that are not alternatives of one another. The word

“comprise” or “include” conternplates all embodiments in which the word “consist essentially
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of” or the word “consists of” replaces the word “corprise” or “include,” uniess explicitly
stated otherwise. Where an embodirnent using a particular structure and/or configuration is
illustrated in the present disclosure, it is understood that the present disclosure may be
practiced with any other compatible structures and/or configurations that are functionally
cquivalent provided that such substitutions arc 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 heremn by reference in their entivety.

60-



WO 2022/216331 PCT/US2021/065582

WHAT IS CLAIMED IS:

1. A three-dimensional memory device, comprising:

first alternating stacks of first insulating layers and first electrically conductive layers
tocated over a substrate, wherein the first alternating stacks laterally extend along a first
horizontal direction and ave laterally spaced apart along a second horizontal divection that is
perpendicular to the first horizontal divection by line wenches, and wherein cach of the first
alternating stacks comprises a respective first staircase region in which a lateral extent of the
first electrically conductive layers along the first horizontal divection deereases with a vertical

distance trom the substrate;

wench fill souctres located between and contacting a respective neighboring pair of

the first alternating stacks and filling a respective one of the line trenches;

atrays of mergory stack structures vertically extending through a respective one of the
first alternating stacks, wherein each of the memory stack structures comprises a respective

vertical stack of memory elements located at levels of the first electrically conductive layers;

figst retro-stepped dielectric material portions overlying a fivst staircase region of a
respective one of the first alternating stacks, wherein one of the first retro-stepped dielectric
material portions has a vertical cross-sectional profile within a vertical planc that is

perpendicular to the first horizontal direction in which:

a first boundary of the one of the first retro-stepped dielectric material portions
continuously extends from a first horizontal plane including a bottommost sinface of the one
of first retro-stepped dielectric material portions to a sccond horizontal plane including

topmost surfaces of the first alternating stacks; and

a sccond boundary of the one of the first retro-stepped dielectric material portions
continuously extends from the first horizonial plane o a first point on a sidewall of a
respective one of the french fill structures, the first point being located at a height located

between the first borizontal planc and the second horizontal plane.
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2. The three-dimensional memory device of Claim 1, wherein the second boundary in the
vertical cross-sectional profile comprises a horizontal line that contacts the sidewall of the
respective one of the rench i soructures, and a vertical distance between the horizontal line
and the first horizontal plane is in a range from 20 % o 80 % of a vertical distance between

the first horizontal planc and the second horizontal plane.

3. The three-dirnensional mernory device of Claim 2, further comprising strip portions of the
first msulating tayers and first electrically conductive layers located between the first

alternating stacks, wherein the horizontal line is located in top surfaces of the strip portions.

4. The three-dimensional memory device of Claim 3, wherein upon sequentially numbering
the wench fill structures along the second horizontal direction with positive integers, cach
odd-numbered trench fill siructure contacts a respective pair of first retro-stepped diclectric
material potions and extends through one of the respective strip portions, and each even-
numbered trench fill structure docs not contact any of the first retro-stepped dielectric

material portions and does not contact any of the strip portions.

5. The three-dirensional mernory device of Claim 2, wherein the second boundary in the
vertical cross-sectional profile comprises at least one tapered sidewall contacting a respective
subset of the first clectrically conductive layers within a respective one of the first alternating

stacks.

. The three-dirnensional mernory device of Claim 2, wherein the first boundary comprises a
plurality of tapered sidewalls that are interconnected to each other by a plurality of horizontal
steps, wherein one of the plurality of horizontal steps is located at a same height as the

horizontal line of the second boundary in the vertical cross-sectional profile.

N .

7. The three-dimensional memory device of Claim 1, further comprising second alternating
stacks of second insulating layers and second electrically conductive layers located over a

respective one of the first alternating stacks, wherein:

the trench fill structires vertically extend through the second aliernating stacks, and
are located between and contact a respective neighboring pair of the second alternating

stacks; and
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the arrays of memory stack structures vertically extend through a respective one of the

second alternating stacks.

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

cach of the sccond alicrnating stacks comprises a respective second staircase region in
which a lateral extent of the second electrically conductive layers along the first horizontal

direction decreases with a vertical distance from the substrate; and

second retro-stepped dieleciric material portions overlic a sccond staircase region of a
respective one of the second alternating stacks and contacts a top swiface of 2 respective one

of the first retro-stepped dielectric material portions.

4. The three-dimensional memory device of Clairn 8, wherein one of the second retro-stepped
dielectric material portions has an additional vertical cross-sectional profile within the
vertical plane of the vertical cross-sectional profile of the one of the first retro-stepped

dielectric material portions such that, within the additional vertical cross-sectional profile:

a first boundary of the one of the second retro-stepped diclectric material portions
continuously extends from a top surface of the one of first retro-stepped dielectric material
portions to a thivd horizontal plane inchuiding topmost surfaces of the second alternating

stacks; and

a second boundary of the one of the sccond retro-stepped diclectric material portions
continuously extends from the top surface of the one of first retro-stepped dicleciric material
portons to a second point on the sidewall of the respective one of the trench fill structures,
the second point being located at a height located the sccond horizontal plane and the third

horizontal plane.

10. The three-dimensional memory device of Claim 1, wherein the bottommost surface of the
one of the first retro-siepped dielectric material portions contacts a top surface of a

semiconductor material layer within the substrate.

11. The three-dimeusional memory device of Claim 1, wherein each sidewall of the first
alternating stacks is contacted by a sidewall of an insulating material portion of a respective
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one of the trench fill structures.

12. The three-dimensional memory device of Claim 1, wherein each of the trench fill

structures comprises:

4 contact via structure confacting a respective doped serniconductor region focated

within & semiconductor material layer in the substrate; and

an insulating spacer laterally sirrounding the contact via stracture and continuously

extending from the substrate at least to the sccond horizontal plane.

13. The three-dimeusional memory device of Claim 1, wherein each of the memory stack
structures comprises vertical NAND string including the respective vertical stack of memory
elements and a vertical semiconductor channel that vertically extend through the first

electrically conductive layers adjacent to the respective vertical stack of memory elements.

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

forming a vertically alternating sequence of umit layer stacks over a substrate, wherein
cach of the unit layer stacks comprises a first insulating layer and a first spacer material layer,
wherein the first spacer material layers are formed as, or are subsequently replaced with, first

clectrically conductive layers;

forming a 2 x N array of stepped surfaces within an upper region of the vertically
alternating sequence by patterning a subset of the unit tayer stacks, wherein N stepped
surfaces are arranged in cach row extending along a first horizontal direction withinthe 2 x N
array and two stepped surfaces are arranged in each columy extending along a second

horizontal direction within the 2 X N array, and wherein N is an integer greater than 1;

vertically extending each colummn of stepped surfaces other than one column of
stepped swrfaces by performing a set of processing sequences at keast once, wherein the set of
processing sequences comprises forming a patterned etch mask layer and etching an
unmasked subset of the 2 x N array employing a respective anisotropic etch process, whergin
one or more patterned ctch mask layer employed within the set of processing steps has a
respective continuous opening including an entire area of a respective 2 x M array of stepped

-G
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surfaces that is a subset of the 2 x N array of stepped swrfaces, and wherein cach M is an

integer less than N; and

forming vertical stacks of memory elements through the vertically alternating

SCquUenee.

15. The method of Claim 14, wherein:

a first statrcase region is formed within a continuous area including an entire area of a

first 1 x N array of stepped swrfaces within the 2 x N array of stepped swifaces; and

a second staircase region is formed within a continuous arca including an entire area

of a second 1 x N array of stepped surface within the 2 x N array of stepped surfaces.

16. The method of Claim 15, wherein:

the first staircase region and the second staircase region are mterconnected to cach
other along the second horizontal direction within an arca of at least one colurnn of stepped

surfaces; and

the first staircase region and the second staivcase region are not inlerconnected to cach
other along the second horizontal direction within an arca of at least another column of the

stepped surfaces.

17. The moethod of Claim 16, wherein:

cach first electrically conductive layer within the vertically alternating sequence

comprises a respective surface that is physically exposed to the fivst stajrease region; and

cach first electrically conductive layer within the vertically alternating sequence
comprises a vespective additional surface that is physically exposed to the second staircase

{egion.

18. The method of Claim 16, wherein:

at icast one additional patterned ctch mask layer employed within the sct of
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processing steps has a pair of disjoined openings within an area of a respective 1 x {3 array of

stepped sorfaces that is a subset of the 2 X N array of stepped surfaces; and

cach (3 is an integer loss than N.

19. The method of Claim 16, further comprising:

forming a first retro-stepped diclectric material portion within volumes of the first

staircase region and the second staircase vegion; and

forming a line trench laterally extending along the first borizontal divection through
the first retro-stepped dielectric material portion, wherein the first retro-stepped diclectric

material portion is divided into a pair of retro-stepped diclectric material portions.

28, The method of Claim 19, further comprising forming layer contact via structures through
the pair of retro-stepped dielectric material portions on a top surface of a respective one of the

first electrically conductive layers.
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