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(57) Abstract: A memory die including a three-dimensional array of memory elements and a logic die including a peripheral circuitry
that support operation of the three-dimensional array of memory elements can be bonded by die-to-die bonding to provide a bonded
assembly. External bonding pads for the bonded assembly can be provided by forming recess regions through the memory die or through
the logic die to physically expose metal interconnect structures within interconnect-level dielectric layers. The external bonding pads
can include, or can be formed upon, a physically exposed subset of the metal interconnect structures. Alternatively or additionally,
laterally-insulated external connection via structures can be formed through the bonded assembly to multiple levels of the metal inter-
connect structures. Further, through-dielectric external connection via structures extending through a stepped dielectric material portion
of the memory die can be physically exposed, and external bonding pads can be formed thereupon.
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THREE-DIMENSIONAL DEVEICE WITH BONBED STRUCTURES INCLUDING A
SUPPORT DIE AND METHODS OF MAKING THE SAME

RELATED APPLICATION

{00011 This present application claims the benefit of priority from U.S. Non-Provisional
Patent Application Serial Nos. 16/291,457, 16/291,504 and 16/291,577 filed on March 4,
2019, and the entire contents of which are incorporated herein by reference.
FIELD
{0062] The present disclosure relates generally to the field of semiconductor devices, and
particularly to three-dimensional memory devices with bonded structures including a support
dic and methods of manufacturing the same.
BACKGROUND
[00683] Three-dimensional memory devices including a three-dimensional vertical NAND
strings having one bit per cell are disclosed in an article by T. Endoh et al., titled “Novel
Ultra High Density Memory With A Stacked-Suarrounding Gate Transistor (5-SGT)
Strectured Cell”, IEDM Proc. (2001) 33-36.
SUMMARY
{00041 According to an aspect of the present disclosure, a bonded assembly is provided,
which comprises: a first semiconductor die comprising a first substrate including a first distal
planar surface and a first proximal planar surface, first semiconductor devices located on, or
over, the first proximal planar surface of the first substrate, first interconnect-level dielectric
layers including first metal interconneet structures that are electrically connected to the first
semiconductor devices, and first die-to-die bonding pads located at a surface portion of the
first interconnect-level dieleciric layers and clectrically connected to the first metal
interconuect structures; and a second semiconductor die comprising a second substrate
inchuding a second distal planar surface and a second proximal planar surface, second
semiconductor devices located on, or over, the second proximal planar surface of the second
substrate, second interconnect-level diclectric layers including sccond metal interconnect
structurcs that are electrically connected to the second semiconductor devices, and second
die-to-die bonding pads located at a surface portion of the second interconnect-level dielectric

favers and elecirically connected to the second metal interconnect structures, wherein: the
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second dic-to-die bonding pads are bonded to the first die-to-die bonding pads to provide die-
to-dic bonding between the first semiconductor die and the second semiconduactor die; an
external bonding pad located on, or in, one of the first interconnect-level diclectric layers and
the second interconnect-level dielectric layers that has a physically exposed horizontal
surface; and the external bonding pad is located entirely within a first horizontal plane
including the first proximal planar surface of the first substrate and a second horizontal plane
including the second proximal planar surface of the second substrate.

{00051 According to another aspect of the present disclosure, a method of forming a
bonded assembly is provided, which comprises: providing a first semiconductor die, wherein
the first semiconductor die comprises a first substrate including a first distal planar surface
and a first proximal planar surface, first scmiconductor devices located on, or over, the first
proximal planar surface of the first substrate, first interconnect-level dielectric layers
including first metal interconnect structures that are electrically connected to the first
semiconductor devices, and first dic-to-die bonding pads located at a surface portion of the
first interconnect-level diclectric layers and clectrically connected to the first metal
interconuect structures; providing a second semiconductor die, wherein the second
semiconductor die compriscs a sccond substrate including a second distal planar surtace and
a second proximal planar surface, second semiconductor devices located on, or over, the
second proximal planar surface of the second substrate, second interconnect-level diclectric
layers incloding second metal interconnect structures that are electrically connected to the
second semiconductor devices, and second die-to-die bonding pads located at a surface
portion of the sccond interconnect-level diclectric fayers and electrically connected to the
second metal interconnect structures; bonding the second die-to-die bonding pads to the first
die-to-die bonding pads to provide die-to-dic bonding between the first semiconductor dic
and the second semiconductor die; forming a recess region by removing material portions
within volumes vertically extending from the second distal planar surface through the second
substrate and to the second proximal planar surface, to provide a physically exposed
horizontal surface of one of the first interconnect-level diclectric layers and the second
interconunect-level dielectric layers; and providing an external bonding pad located on, or in,
the one of the first interconnect-level dielectric layers and the second interconnect-level
dielectric layers.

{0006] According to yet another aspect of the present disclosure, a bonded assembly is

o
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provided, which comprises: a first semiconductor dic comprising a first substrate including a
first distal planar surface and a first proximal planar surface, first semiconductor devices
located on, or over, the first proximal planar surface of the first substrate, first interconnect-
level dielectric fayers including first metal interconnect structures that are electrically
connected to the first semiconductor devices, and first die-to-dic honding pads located at a
strface portion of the first interconnect-level dielectric layers and electrically connected to
the first metal interconnect structures; and a second semiconductor die comprising a second
substrate including a second distal planar surface and a second proximal planar surface,
second semiconductor devices located on, or over, the second proximal planar surface of the
second substrate, second interconnect-level diclectric layers inchuding second metal
interconnect structures that are electrically connected to the second semiconductor devices,
and second die-to-die bonding pads located at a surface portion of the second interconnect-
level dielectric tayers and electrically connected to the second metal interconnect structures,
wherein: the second dic-to-dic bonding pads are bonded to the first die-to-die bonding pads to
provide die-to-die bonding between the furst semiconductor die and the second semiconductor
die; a first external bonding pad is located on, or over, the second distal planar surface of the
second substrate; and a first laterally-insulated external connection via structure vertically
cxtends at least from the second distal planar surface of the second substrate, through the
second substrate, the second interconnect-level dielectric layers, a horizontal plane including
an interface between the first semiconductor die and the second semiconductor die, and a
subset of layers within the first interconnect-level diclectric layers, and to one of the first
metal interconnect structures and contacts the first bonding pad.

{00871 According to still another aspect of the present disclosure, a method of forming a
bonded assembly is provided, which comprises: providing a first semiconductor die, wherein
the first semiconductor die comprises a first substrate including a first distal planar surface
and a first proximal planar surface, first semiconductor devices located on, or over, the first
proximal planar surface of the first substrate, first interconnect-level dielectric layers
including first metal interconnect structures that are electrically connected to the first
semiconductor devices, and first die-to-die bonding pads located at a surface portion of the
first interconnect-level diclectric layers and electrically connected to the first metal
interconnect structures; providing a second semiconductor die, wherein the second

senmiconductor dic comprises a sccond substrate including a second distal planar surface and
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a second proximal planar surface, second semiconductor devices located on, or over, the
second proximal planar surface of the second substrate, second interconnect-level dielectric
layers including second metal interconnect structures that are electrically connected to the
second semiconductor devices, and second die-to-dic bonding pads located at a surface
portion of the second interconnect-level dielectric tayers and electrically connected to the
second metal interconnect structures; bonding the second die-to-die bonding pads to the first
die-to-die bonding pads to provide die-to-die bonding between the first semiconductor die
and the second semiconductor die; forming a first connection via cavity through the second
substrate, the second interconnect-level diclectric layers, a borizontal plane including an
interface between the first semiconductor die and the second semiconductor die, and a subset
of layers within the first interconnect-level dielectric layers, wherein one of the first metal
interconnect structures is physically exposed at a bottom of the first connection via cavity;
forming a first laterally-insulated external connection via structure in the first connection via
cavity on the one of the first metal interconnect structures; and forming a first external
honding pad on the first laterally-insulated external connection via structure.

{00081 According to even another aspect of the present disclosure, a bonded assembly is
provided, which comprises: a memory die comprising an alternating stack of insulating layers
and electrically conductive layers that has stepped surfaces, memory stack structures
vertically extending through the alternating stack, a stepped diclectric material portion
contacting the stepped surface of the altermating stack, a through-dielectric external
connection via structure vertically extending through the stepped dielectric material portion;
memory-side metal interconnect structures included in memory-side interconnect-tevel
dielectric layers, and memory-side bonding pads; a logic die comprising a semiconductor
substrate, semiconductor devices iocated on the semiconductor substrate and including a
peripheral circuitry configurated to control operation of the memory stack structures within
the memory die, logic-side metal interconnect structures included in logic-side interconnect-
level dielectric fayers, and logic-side bonding pads that are bonded to the memory-side
bonding pads of the memory dic at a die-to-dic bonding interface; and an external honding
pad located on a surface of the stepped dielectric material portion and contacting a distal
planar surface of the through-dielectric external connection via stracture.

{0069] According to further another aspect of the present disclosure, a method of forming

a bonded assembly is provided, which comprises: providing a memory dic comprising a
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memory-side substrate, an alternating stack of insulating layers and electrically conductive
layers that has stepped surfaces and is located on the memory-side substrate, memory stack
structures vertically extending through the alternating stack, a stepped diclectvic material
portion contacting the stepped surface of the alternating stack, a through-dielectric external
connection via structure vertically extending through the stepped diclectric material portion,
memory-side metal interconnect structures included 1n memory-side interconnect-level
dielectric layers, and memory-side bonding pads; providing a logic die comprising a
semiconductor substrate, semiconductor devices located on the semiconductor substrate and
including a peripheral circuitry configurated to control operation of the memory stack
structures within the memory die, logic-side metal interconnect structures included in logic-
side interconnect-level diclectric layers, and logic-side bonding pads; bonding the memory-
side bonding pads to the logic-side bonding pads, wherein a die-to-die bonding interface is
formed; physically exposing a distal planar sirface of the through-dielectric external
connection via structure by removing at least a portion of the memory-side substrate; and
forming an external bonding pad on the distal planar surface of the through-dielectric external
connection via structure.

BRIEF DESCRIPTION OF THE DRAWINGS
{0010] FIG. 1 is a vertical cross-sectional view of a first cxemplary structure after
formation of a first alternating stack of first insulating layers and first spacer material layers
according to an embodiment of the present disclosure.
{60113} FIG. 2 is a vertical cross-sectional view of the first exemplary structure after
formation of 3 first-tier staircase region, a first stepped dieleciric material portion, and an
inter-tier dielectric layer according to an embodiment of the present disclosure.
{0312] FIG. 3A is a vertical cross-sectional view of the first exemplary structure atter
formation of first-ticr memory openings and first-ticr suppott openings according to an
embodiment of the present disclosure.
{0013] FIG. 3B is a horizontal cross-sectional view of the first exemplary structure of
FIG. 4A. The hinged vertical plane A — A’ corresponds to the plane of the vertical cross-
sectional view of FIG. 34,
[6014] FIG. 4 i3 a vertical cross-sectional view of the first exemplary strocture after
formation of various sacrificial fill structures according to an embodiment of the present
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{6015] FIG. 5 is a vertical cross-sectional view of the first exemplary structure after
formation of a second alternating stack of second insulating layers and second spacer material
layers, second stepped surfaces, and a second stepped dielectric material portion according to
an ermabodiment of the present disclosure.

{0016] FIG. 6A is a vertical cross-sectional view of the first exemplary structure after
formation of second-tier memory openings and sceond-tier support openings according to an
embodiment of the present disclosure.

{00171 FIG. 6B is a horizontal cross-sectional of the first exemplary structure along the
horizontal plane B — B” of FIG. 6A. The hinged vertical plane A — A’ corresponds to the
plane of the vertical cross-sectional view of FIG. 6A.

{0318] FIG. 7 is a vertical cross-sectional view of the first exemplary structure after
formation of inter-tier memory openings and inter-tier support openings according to an
embodiment of the present disclosure.

{6019 FIGS. 8A — 8H illustrate sequential vertical cross-sectional views of a memory
opening during formation of a memory opening fill structure according 1o an embodiment of
the present disclosure.

{00246] FIG. 9A is a vertical cross-sectional view of the first exemplary structure atter
formation of memory opening fill structures and support pillar structures according to an
embodiment of the present disclosure.

{0021] FIG. 9B is a horizontal cross-sectional view of the first exemplary structure along
the horizontal plane B — B’ of FI(;. 9A. The hinged vertical plane A — A’ corresponds to the
plane of the vertical cross-sectional view of FIG, 9A.

[0022] FIG. 10A 15 a vertical cross-sectional view of the {irst exemplary structore after
formation of a first contact level dielectric layer and backside trenches according to an
cmbodiment of the present disclosure.

[0023] FIG. 10B is a horizontal cross-sectional view of the first exemplary structure
along the hovizontal plane B — B” of FIG. 10A. The hinged vertical plane A — A’ corresponds
to the planc of the vertical cross-scctional view of FIG. 10A.

{00241 FIG. 11 is a vertical cross-sectional view of the first exemplary structare after
formation of backside trenches according to an embodiment of the present disclosure.

{0025] FIGS. 12A - 12E illustrate sequential vertical cross-sectional views of memory

opening fill structures and a backside trench during formation of electrically conductive
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layers in the backside recesses according to an embodiment of the present disclosure.
{0026] FIG. 13 is a vertical cross-sectional view of the first exemplary structure after
formation of clectrically conductive layers according to an embodiment of the present
disclosure.

{0027] FIG. 14A is a vertical cross-sectional view of the first exemplary structure after
formation of dielectric wall structures in the backside trenches according 1o an embodiment
of the present disclosure.

{00281 FIG. 14B is a horizontal cross-sectional view of the first exemplary structure
along the borizontal plane B — B” of FIG. 14A. The hinged vertical plane A — A’ corresponds
to the plane of the vertical cross-sectional view of FIG. 14A.

{0029] FIG. 14C is a vertical cross-scctional view of the first exemplary structure along
the vertical plane C - C of FIG. 14B.

[0030] FIG. 15A is a vertical cross-sectional view of the first exemplary structure after
formation of a second contact level dielectric layer and various contact via structures
according to an embodiment of the present disclosure.

{00311 FIG. 138 is a horizontal cross-sectional view of the fivst exemplary structure
along the vertical plane B — B’ of FIG. 15A. The hinged vertical plane A — A’ corresponds to
the plane of the vertical cross-sectional view of FIG. 15A.

[0032] FIG. 16 is a vertical cross-sectional view of the first exemplary structure after
formation of a memory die that includes interconnect-level diclectric layers and metal
interconnect structures according to an embodiment of the present disclosure.

{00331 FIG. 17 is a vertical cross-sectional view of a logic die to be subsequently
incorporated into the first exemplary structure according to an embodiment of the present
disclosure.

{6034] FIGS. 18A — 18D arc sequential vertical cross-sectional views of a first
configuration of the first exernplary structure during formation of a bonded assembly
including recess regions containing external bonding pads, solder balls, and bonding wires
according to an embodiment of the present disclosure.

{30353 FIG. 18E is another vertical cross-sectional view of the first configuration of the
first exemplary structure of FIG. 18D,

[6036] FIG. 18F is a vertical cross-sectional view of a first alternative configuration of

the first exemplary structure at the processing step of FIG. 18D.
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{60371 FIG. 186G is a vertical cross-sectional view of a second alternative embodiment of
the first configuration of the first exemplary structure of FIG. 18D.

{30381 FIGS. 19A — 19C are sequential vertical cross-sectional views of a second
configuration of the first exeraplary structure during tormation of a bonded assembly
including recess regions containing cxternal bonding pads, solder balls, and bonding wires
according to an embodiment of the present disclosure.

§B639] FIG. 20A 1s a vertical cross-sectional view of a configuration of the {ivst
cxemplary structure after formation of a memory dic that includes interconnect-level
dielectric layers and metal interconnect structures according to an erabodiment of the present
disciosure.

{0044] FIG. 20B is a vertical cross-sectional view of a configuration of a logic dic to be
subsequently incorporated into the first exemplary structure of FIG. 20A according to an
embodiment of the present disclosure.

{60411 FI(GS. 20C — 20F arc sequential vertical cross-sectional views of a third
configuration of the first exemplary structure during formation of a bonded assembly
including recess regions containing external bonding pads, solder balls, and bonding wires
according to an embodiment of the present disclosure.

{6042] FIG. 20G is another vertical cross-sectional view of the third configuration of the
first exemplary structure.

§B06431 FIGS. 20H 1s a vertical cross-sectional view of a fourth configuration of the first
exemplary structure according to an embodiment of the present disclosure.

{6044 FIG. 21 A is a vertical cross-sectional view of a configuration of the first
cxemplary stracture afier formation of a memory die that includes interconnect-level
dielectric layers and metal interconnect structures according to an embodiment of the present
disclosure.

[0045] FIG. 218 is a vertical cross-sectional view of a configuration of a logic die to be
subsequently incorporated into the first exemplary structure of FIG. 21 A according to an
cmbodiment of the present disclosure.

{30461 FIGS. 21C - 21F are sequential vertical cross-sectional views of a fifth
configuration of the first exemplary structure during formation of a bonded assembly
including recess regions containing external bonding pads, solder balis, and bonding wites

according to an embodiment of the present disclosure.
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{6047 FIG. 21G is a vertical cross-sectional view of an alternative embodiment of the
fifth configuration of the first excmplary structure.

{30481 FIG. 21H is a vertical cross-sectional view of a sixth configuration of the first
cxempdary structure.

{6049] FIG. 22 A is a vertical cross-sectional view of a configuration of the first
exemplary structure after formation of a memory die that includes interconnect-level
dielectric layers and metal interconnect structures according (o an embodiment of the present
disclosure.

{00501 FIG. 228 is a vertical cross-sectional view of a configuration of a logic dic to be
subseguently incorporated into the first exemplary structure of FIG. 22A according to an
cmbodiment of the present disclosure.

{6051 FIGS. 220 — 22F are sequential vertical cross-sectional views of a seventh
configuration of the first exernplary structure during formation of a bonded assembly
including recess regions containing external bonding pads, solder balls, and bonding wires
according to an embodiment of the present disclosure.

{00521 FIG. 2243 is a vertical cross-sectional view of an eighth configuration of the first
cxemplary structure according to an embodiment of the present disclosure.

{0053] FIG. 23A is a vertical cross-sectional view of a configuration of a memory die that
includes interconnect-level dielectric layers and metal interconnect structures according to an
embodiment of the present disclosure.

{6054 FIG. 238 is a vertical cross-sectional view of a condiguration of a logic die to be
subsequently incorporated info the first exeroplary stiucture of FIG. 21 A according to an
embodiment of the present disclosure.

[G055] FIGS. 23C - 23E arc sequential vertical cross-sectional views of a first
configuration of the sccond exemplary structure during formation of a bonded assembly
including laterally-insulated external connection via structures, external bonding pads, solder
balls, and bonding wives according to an embodiment of the present disclosure.

{6056 FIG. 23F is a vertical cross-sectional view of a sccond configuration of the second
cxeraplary stracture according to an embodiment of the present disclosure.

{30571 FIG. 23( i3 a vertical cross-sectional view of an alternative second configuration
of the second exemplary structure according to an embodiment of the present disclosure.

{0058] FIG. 24A is a vertical cross-sectional view of a configuration of a memory die that

0.
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includes interconnect-level diclectric layers and metal interconnect structures according to an
cmbodiment of the present disclosure.

[0039] FIG. 24B is a vertical cross-sectional view of a configuration of a logic die to be
subsequently incorporated into the first exemplary structure of FIG. 24 A according to an
cmbodiment of the present disclosure.

§B060] FIGS. 24C — 24F are sequential vertical cross-sectional views of a third
configuration of the second exemplary structire during formation of a bonded assembly
including laterally-insulated external connection via structures, external bonding pads, solder
balls, and bonding wires according to an embodiment of the present disclosure.

{60611 FIG. 24F is a vertical cross-sectional view of a fourth configuration of the second
cxemplary structure according to an embodiment of the present disclosure.

[0062] FIG. 25A 1s a vertical cross-sectional view of an exemplary in-process memory
die after formation of through-diclectric external connection via structures according to an
embodiment of the present disclosure.

{00631 FIG. 258 is a vertical cross-sectional view of a first exemplary memory die
according to an embodiment of the present disclosure.

[6064] FIGS. 25C - 25F are sequential vertical cross-sectional views of a first
configuration of the third exemplary structure during formation of a bonded assembly
including through-dielectric external connection via structures, external bonding pads, solder
balls, and bonding wives according to an embodiment of the present disclosure.

{6065 FIG. 25G is an alternative embodiment of the first configuration of the third
cxemplary structure according to an embodiment of the present disclosure.

[0066] FIG. 26A is a vertical cross-sectional view of a second exemplary in-process
memory die after formation of a first alternating stack of first insulating layers and first
spacer material layers according to an embodiment of the present disclosure.

[0067] FIG. 268 is a magnified vertical cross-sectional view of a vegion of the second
exemplary in-process memory die of FIG. 26A.

{00681 FIGS. 27A ~ 27D are sequential vertical cross-sectional view of a memory
opening of the second exemplary in-process memory die during formation of a memory
opening fill structure according to an embodiment of the present disclosure.

{0069] FIG. 28 is a vertical cross-sectional view of the second exemplary in-process

memaony dic after formation of backside trenches according to an embodiment of the present
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disclosure.
{00701 FIGS. 29A — 29E are sequential vertical cross-sectional views of a region of the
second exemplary in-process memory die that inclodes two memory opemng fill stractores
and a backside trench during replacement of in-process source-level material layers with
source-level material layvers according to an embodiment of the present disclosure.
{0071] FIG. 30 is a vertical cross-sectional view of the second exemplary in-process
memory die after formation of dielectric wall structures according to an embodiment of the
present disclosure.
{00721 FIG. 31 is a vertical cross-sectional view of the second exemplary in-process
memory die after formation of through-diclectric external connection via structures according
to an embodiment of the present disclosure.
{0073] FIG. 32 1s a vertical cross-sectional view of a second exemplary memory die
according to an embodiment of the present disclosure.
{6074} FIGS. 33A — 330 are sequential vertical cross-sectional views of a second
configuration of the third exemplary structure during formation of a bonded assembly
including through-diclectric external connection via structures, external bonding pads, solder
balls, and bonding wires according to an embodiment of the present disclosure.

DETAILED DESCRIFTION
{B075] As discassed above, the various embodiments of the present disclosure are
directed 1o three-dimensional memory devices. A support (.e., driver) circuitry is provided to
perform write, read, and crase opcerations of the memory cells in the vertical NAND strings.
Typically, complementary metal oxide semiconductor (CMOS) devices are formed on a same
substrate as the three-dimensional memory device. However, degradation of CMOS devices
due to collateral thermal cycling and hydrogen diffusion during manufacture of the three-
dimensional memory device can place a severe constraint on performance of the support
civcuitry inchuding the CMOS devices. Various ernhodiments provide bonded stracture that
incorporates a high-performance support circuitry on a different substrate than the three-
dimensional memory array followed by bonding the substrates to cach other. The
cmbodiments of the disclosure can be used to form various structures including a multilevel
memory structure, non-limiting examples of which include semiconductor devices such as
three-dimensional monolithic memory array devices comprising a plurality of NAND

memeory strings.
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{6076] The drawings are not drawn to scale. Multiple instances of an element may be
duplicated where a single instance of the element is itlustrated, unless absence of duplication
of elements is expressly described or clearly indicated otherwise. Ordinals such as “first,”
“second,” and “third” are used merely to identify similar elements, and different ordinals may
be used across the specification and the claims of the instant disclosure. The same reference
numerals refer to the same element or similar element. Unless otherwise indicated, elements
having the same reference numerals are presumed to have the same composition. Unless
otherwise indicated, a “contact” between clements vefers to a divect contact between clements
that provides an edge or a surface shared by the elements. 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 element is
located “directly on” a second element if there exist a physical contact between a surface of
the first element and a surface of the second element. As used berein, a “prototype” structure
or an “in-process” structure refers to a transient structure that is subsequently modified in the
shape or composition of at [east one component therein. As used herein, a first electrical
component is electrically connected to a second electrical component if theve exists an
clectrically conductive path between the first electrical component and the second electrical
component.

{0077] As used herein, a “layver” refers to a material portion including a region having a
thickness. A layer may extend over the entirety of an underlying or overlying structure, or
may have an extent less than the extent of an underlying or overlying structure. Further, a
faver may be a region of a homogeneous or inhomogeneous continuous structure that has a
thickness less than the thickness of the continuous structure. For example, a layer may be
located between any pair of horizontal planes between, or at, a top surface and a bottom
surface of the continuous structure. A layer may exiend horizontally, vertically, and/or along
a tapered surface. A substrate may be a layer, may include one or more layers therein, or
may have one or more layer thereupon, thereabove, and/or therebelow.

{00781 A monolithic three-dimensional memory array is one in which multiple memory
levels are formed above a single substrate, such as a semiconductor wafer, with no
intervening substrates. The term “monolithic” means that fayers of each level of the array are
directly deposited on the layers of cach underlying level of the array. In contrast, two

dimensional arrays may be formed separately and then packaged together to form a non-
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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 1n ULS. Patent No. 5,913,167 titled “Three-dimensional Structure
Memory.” The substrates may be thinned or removed from the memory levels before
bonding, but as the memory levels are initially formed over separate substrates, such
memories are not troe monolithic three-dimensional mermory arvays. Three-dimensional
memory devices according to various embodiments of the present disclosure include a
monolithic three-dimensional NAND string memory device, and can be fabricated using the
various embodiments described herein.

{60791 Generally, a semiconductor package (or a “package”) refers to a unit
semiconductor device that can be attached to a circuit board through a set of pins or solder
balls. A semiconductor package may mclude a semiconductor chip (or a “chip”) or a
plurality of semiconductor chips that are bonded thereamongst, for example, by flip-chip
bonding or another chip-to-chip bonding. A package or a chip may include a single
seraiconductor die {or a “die”) or a plurality of semiconductor dies. A die is the smallest unit
that can independently execute external commands or report status. Typically, a package or a
chip with multiple dies is capable of simultancously executing as many cxternal commands
as the total number of dies therein. Each dic includes one or more plancs. ldentical
concurrent operations can be executed in each plane within a same die, although there may be
some restrictions. In case a die is a mewmory die, i.e., a die mchuding memory elements,
concurrent read operations, concurrent write operations, or concurrent erase operations can be
performed in cach plane within a same memory die. In a memory die, cach plane contains a
number of memory blocks {or “blocks”), which are the smallest gnit that can be erased by in
a single crase operation. Each memory block contains a number of pages, which are the
smallest units that can be sclected for programming, i.¢., a smallest unit on which a
programuyping operation can be performed.

{0080] Referring to FIG. |, a first exemplary stracture according to a first embodiment of
the present disclosure is tllustrated. The first exemplary structure inchudes a substrate, which
is herein referred to as 2 memory-side sabstrate 310. The memory-side substrate 310 may be
a semiconductor substrate, an insulating substrate, or a conductive substrate. In one
cmbodiment, a comunercially availabice silicon wafer may be used for the memory-side

substrate 310.
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{0081] An alternating stack of first material layers and second material layers is
subsequently formed. Each first material layer can include a first material, and cach second
material layer can include a second material that is different from the first material. In case at
least another alternating stack of material layers is subscquently formed over the alternating
stack of the first material layers and the seccond material ayers, the alternating stack is herein
referred to as a first alternating stack. The level of the first alternatung stack 1s herein referred
to as a first-tier level, and the level of the alternating stack o be subsequently formed
immediately above the first-tier level is herein referred to as a second-tier level, etc.

{00821 The first alternating stack can include first insulating layers 132 as the fust
material layers, and first spacer material layers as the second material layers. In one
cmbodiment, the first spacer material layers can be sacrificial material layers that are
subsequently replaced with electrically conductive layers. In another embodiment, the first
spacer material layers can be electrically conductive fayers that are not subsequently replaced
with other layers. While the present disclosure is described using embodiments in which
sacrificial material layers are replaced with electrically conductive fayers, in other
cmbodiments the spacer material layers are formed as electrically conductive layers, thereby
obviating the need to perform replacement processes.

{0083] In one embodiment, the first matertal layers and the second material layers can be
first insulating lavers 132 and first sacrificial material layers 142, respectively. In one
embodiment, each first insulating layer 132 can include a first insulating material, and each
first sacrificial material layer 142 can include a first sacrificial material. An alternating
plurality of first insulating layers 132 and first sacrificial material layers 142 is formed over
the memory-side substrate 310, As used herein, a “sacrificial material” refers to a material
that is removed during a subsequent processing step.

{6084} As used herein, an alternating stack of first clements and second elements refers to
a structure in which instances of the first elements and instances of the second elements
alternate. Each instance of the first elements that is not an end element of the alternating
plurality is adjoined by two instances of the sccond elements on both sides, and each instance
of the second elements that is not an end clement of the alternating plurality is adjoined by
two instances of the first elements on both ends. The fivst clements may have the same
thickness thereamongst, or may have different thicknesses. The second elements may have

the same thickness thercamongst, or may have different thicknesses. The alternating plurality
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of first material layers and second material layers may begin with an instance of the first
material layers or with an instance of the second material lavers, and may end with an
instance of the first material layers or with an instance of the second material layers. In one
cmbodiment, an instance of the first elements and an instance of the second elements may
form: a unit that is repeated with periodicity within the alternating plurality.

{0085] The tirst alternating stack (132, 142) can include first insulating layers 132
composed of the first material, and first sacrificial material layers 142 composed of the
second material, which is different from the first material. The first material of the first
insulating layers 132 can be at least one insulating material. Insulating materials that can be
used for the first insulating layers 132 include, but are not limited to silicon oxide (including
doped or undoped silicate glass), silicon nifride, silicon oxynitride, organosilicate glass
{O5G), spin-on dielectric materials, dielectric metal oxides that are commonly known as high
diclectric constant (high-k} dielectric oxides {e.g., aluminum oxide, hafnium oxide, etc.) and
silicates thereod, diclectric metal oxynitrides and silicates thereof, and organic insulating
materials. In one embodiment, the first material of the first insulating layers 132 can be
silicon oxide.

[G086] The second material of the first sacrificial material layers 142 is a sacrificial
material that can be removed selective to the first material of the first insulating layers 132,
As used herein, a removal of a first material is “selective 107 a second material if the removal
process removes the fivst material at a rate that is at least twice the rate of removal of the
second material. The ratio of the rate of removal of the first material to the rate of removal of
the second material is herein referred to 38 a “selectivity” of the removal process for the first
material with respect to the second material.

{0087] The first sacrificial material layers 142 may comprise an insulating material, a
semiconductor material, or a conductive material. The second material of the first sacrificial
material layers 142 can be subscquently replaced with electrically conductive electrodes
which can fonction, for example, as control gate electrodes of a vertical NAND device. In
one embodiment, the first sacrificial maierial layers 142 can be material layers that comprise
silicon nitride.

[0088] in one embodiment, the first insulating layers 132 can include silicon oxide, and
sacrificial material layers can include silicon nitride sacrificial material layers. The first

material of the first insulating layers 132 can be deposited, for example, by chemical vapor
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deposition (CVD). For cxample, if silicon oxide is used for the first insulating layers 132,
tetracthylorthosilicate (TEOS) can be used as the precursor material for the CVD process.
The second material of the first sacrificial material layers 142 can be formed, for example,
CVD or atomic layer deposition (ALD).

{0089] The thicknesses of the furst insulating layers 132 and the first sacrificial material
tayers 142 can be in a range from 20 nm to 50 nm, although lesser and greater thicknesses
can be used for each first insulating layer 132 and for each first sacrificial material layer 142.
The number of repetitions of the pairs of a first insulating layer 132 and a first sacrificial
material layer 142 can be in arange from 2 to 1,024, and typically from 8 to 256, although a
greater number of repetitions can also be used. In one embodiment, cach first sacrificial
material layer 142 in the first alternating stack (132, 142) can have a uniform thickness that is
substantially invariant within cach respective first sacrificial material layer 142.

[0090] A first insulating cap layer 170 is subsequently formed over the stack (132, 142).
The first insulating cap layer 170 includes a dielectric material, which can be any dielectric
material that can be used for the first insulating layers 132, In one embodiment, the first
insulating cap layer 170 includes the same dielectric material as the first insulating layers 132.
The thickness of the first insulating cap layer 170 can be in a range from 20 nm to 300 nm,
although lesser and greater thicknesses can also be used.

[0091] Referring to FIG. 2, the first insulating cap tayer 170 and the first alternating stack
(132, 142) can be patterned to form first stepped surfaces in the staircase region 200. The
staircase region 200 can include a respective first stepped area in which the first stepped
surfaces are formed, and a second stepped arca in which additional stepped surfaces are to be
subsequently formed in a second-tier structure (o be subsequently formed over a first-tier
structure) and/or additional tier structures. The first stepped surfaces can be formed, for
cxample, by forming a mask layer with an opening therein, ctching a cavity within the levels
of the first insulating cap laver 170, and iteratively expanding the etched arca and vertically
recessing the cavity by etching each patr of a first insulating layer 132 and a first sacrificial
material layer 142 located directly underneath the bottom surface of the etched cavity within
the etched arca. In one embodiment, top surfaces of the first sacrificial material layers 142
can be physically exposed at the fivst stepped surfaces. The cavity overlying the first stepped

surfaces is herein referred to as a first stepped cavity.
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{6092] A dielectric fill material (such as undoped silicate glass or doped silicate glass)
can be deposited to fill the first stepped cavity. Excess portions of the dielectric fill material
can be removed from above the horizontal plane including the top surface of the first
insulating cap layer 170. A remaining portion of the diclectric fill material that fills the
region overlying the first stepped surfaces constitutes a first stepped diclectric material
portion 165. As vsed herein, a “stepped” element refers to an element that has stepped
strfaces and a horizontal cross-sectional area that increases monotonically as a function of a
vertical distance from a top surface of a substrate on which the clement is present. The first
alternating stack {132, 142) and the first stepped dielectric material portion 165 collectively
constitute a first-ticr structure, which is an in-process structure that is subsequently modified.
{0093] An inter-tier dielectric layer 180 may be optionally deposited over the first-tier
structure (132, 142, 170, 1635). The inter-tier dielectric layer 180 includes a diclectric
material such as silicon oxide. In one embodiment, the inter-tier dielectric layer 180 can
include a doped silicate glass having a greater etch rate than the material of the first insulating
favers 132 (which can include an undoped silicate glass). For example, the inter-tier
dielectric layer 180 can include phosphosilicate glass. The thickness of the inter-tier
dielectric layer 180 can be in a range from 30 nm to 300 am, although lesser and greater
thicknesses can also be used,

[0094] Referring to FIGS. 3A and 3B, vartous first-tier openings (149, 129) can be
formed through the inter-tier dielectric layer 180 and the first-tier structure (132, 142, 170,
165) and into the memory-side substrate 310. A photoresist layer (not shown) can be applied
ovey the inter-tier dielectric laver 180, and can be lithographically patterned to form various
openings therethrough. The pattern of openings in the photoresist layer can be wansferred
through the inter-tier dielectric layer 180 and the first-tier structure (132, 142, 170, 165) and
into the memory-side substrate 310 by a first anisotropic etch process to form the various
first-tier openings (149, 129) concurrently, i.e., during the first isotropic etch process. The
various first-tier openings (149, 129) can include first-tier memory openings 149 and first-tier
support openings 129. Locations of steps S in the first alternating stack (132, 142) are
itlustrated as dotted lines in FIG. 3B.

[0095] The first-tier memory openings 149 are openings that are formed in the memory
array region 100 through each layer within the first alternating stack (132, 142) and are

subsequently used to form memory stack structures therein. The first-ticr memory openings
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149 can be formed in clusters of first-tier memory openings 149 that are laterally spaced apart
along the second horizontal direction hd2. Each cluster of first-tier memory openings 149
can be formed as a two-dimensional array of first-tier memory openings 149,

{0096] In one embodiment, the first anisotropic etch process can include an initial step in
which the materials of the first aliernating stack (132, 142) are etched during the material of
the first stepped dielectric material portion 165. The chemustry of the initial etch step can
alternate to optimize etching of the first and second materials in the first alternating stack
(132, 142) while providing a comparable average ctch rate to the material of the first stepped
dielectric material portion 165. The first anisotropic etch process can use, for example, a
series of reactive 1on etfch processes or a single reaction etch process (e.g., CFy/ Oz Ar etch).
The sidewalls of the various first-tier openings (149, 129) can be substantially vertical, or can
be tapered. The photovesist layer can be subsequently removed, for example, by ashing.
[0097] Optionally, the portions of the first-tier memory openings 149 and the first-tier
support openings 129 at the level of the inter-tier dielectric layer 180 can be laterally
expanded by an isotropic etch. In this case, the inter-tier dielectric layer 180 can comprise a
dielectric material (such as borosilicate glass) having a greater etch rate than the first
insulating layers 132 (that can include undoped silicate glass) in dilute hydrofluoric acid. An
isotropic etch (such as a wet etch using HF) can be used to expand the fateral dimensions of
the first-tier memory openings 149 at the level of the inter-tier dielectric layer 180, The
portions of the first-tier memory openings 149 located at the level of the inter-tier dielectric
tayver 180 may be optionally widened to provide a larger landing pad for second-tier memory
openings to he subsequently formed through a second alternating stack (to be subsequently
formed prior to formation of the second-tier memory openings).

{0098] Referring to FIG. 4, sacrificial first-tier opening fill portions (148, 128) can be
formed in the various first-tier openings (149, 129). For example, a sacrificial first-tier fill
material is deposited concurrently in each of the first-tier openings (149, 129). The sacrificial
firse-tier fill material includes a material that can be subseguently removed selective to the
materials of the first insulating layers 132 and the first sacrificial material layers 142,

{30991 fn one embodiment, the sacnificial first-tier fill material can include a
semiconductor material such as silicon {e.g., a-St or polysilicon), a silicon-germanium alloy,
germanium, a HI-V corapound semiconductor material, or a combination thereof. Optionally,

a thin etch stop liner (such as a silicon oxide layer or a silicon nitride layer having a thickness
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in a range from 1 nm t©0 3 nm} may be used prior to depositing the sacrificial first-tier fill
material. The sacrificial first-tier fill material may be formed by a non-conformal deposition
or a conformal deposition method.

{G100] In another embodiment, the sacrificial first-tier fill material can include a silicon
oxide material having a higher etch rate than the materials of the first insulating layers 132,
the first insulating cap layer 170, and the inter-tier dielectric layer 180. For example, the
sacrificial first-tier fill matenial may include borosilicate glass or porous or HON-poOrcus
organosilicate glass having an ctch 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 glass in a chemical vapor deposition process and subsequently
densified in an anneal process) in a 10{:1 dilute hydrofluoric acid. In this case, a thin etch
stop liner (such as a silicon nitride layer having a thickness in a vange from 1 nm to 3 no)
may be used prior to depositing the sacrificial first-tier fill material. The sacrificial first-tier
fill material may be formed by a non-conformal deposition or a conformal deposition method.
{61013 in another embodiment, the sacrificial first-tier fill material can include
amorphous silicon or a carbon-containing material (such as amorphous carbon or diamond-
like carbon) that can be subsequently removed by ashing, or a silicon-based polymer that can
be subsequently removed selective to the materials of the first alternating stack (132, 142).
{3192} Portions of the deposited sacrificial material can be removed from above the
topmost layer of the first alternating stack (132, 142), such as from above the inter-tier
dielectric layer 180. For example, the sacrificial first-tier fill material can be recessed to a top
surface of the inter-tier dielectric layer 180 using a planarization process. The planarization
process can include a recess etch, chemical mechanical plananization (CMP), or a
combination thereof. The top surface of the inter-tier dielectric layer 180 can be used as an
ctch stop layer or a planarization stop layer.

{0163] Remaining portions of the sacrificial first-tier fill material comprise sacrificial
first-tier openming fill portions (148, 128). Specifically, each remaining portion of the
sacrificial material in a first-ticr memory opening 149 constitutes a sacrificial first-tier
memory opening fill portion 148. Each remaining portion of the sacrificial material in a first-
tier support opening 129 constitutes a sacrificial fivst-tier support opening fill portion 128.
The various sacrificial first-ticr opening fill portions (148, 128) are concurrently formed, ie.,

during a same set of processes including the deposition process that deposits the sacrificial
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first-tier fill material and the planarization process that removes the first-tier deposition
process from above the first alternating stack (132, 142) (such as from above the top surface
of the nter-tier dielectric layer 180). The top surfaces of the sacrificial first-tier opening fill
portions (148, 128) can be coplanar with the top swrface of the inter-tier dielectric layer 180.
Each of the sacrificial first-tier opening fill portions (148, 128) may, or may not, include
cavities therein.

§31841 Referring to FIG. 3, a second-tier structure can be formed over the first-tier
structure (132, 142, 170, 148). The sccond-tier structure can inchide an additional alternating
stack of insulating layers and spacer material layers, which can be sacrificial material layers.
For example, a second aiternating stack (232, 242) of material layvers can be subsequenily
formed on the top surface of the first alternating stack (132, 142). The second alternating
stack (232, 242) includes an alternating plurality of third material layers and fourth material
layers. Hach third material layer can include a third material, and each fourth material layer
can include a fourth material that is different from the third material. In one embodiment, the
third material can be the same as the first material of the first insulating layer 132, and the
fourth material can be the same as the second material of the first sacrificial material layers
142.

{0105] In one embodiment, the third material layers can be second insulating layers 232
and the fourth material layers can be second spacer material layers that provide vertical
spacing between each vertically neighboring pair of the second insulating layers 232. In one
embodiment, the third material layers and the fourth material layers can be second insulating
fayers 232 and second sacrificial material layers 242, respectively. The third material of the
second insuiating layers 232 may be at least one insulating material. The fourth material of
the second sacrificial material layers 242 may be a sacrificial material that can be removed
selective 1o the third material of the second tnsulating layers 232, The second sacrificial
material layers 242 may comprise an insulating material, a semiconductor material, or a
conductive material. The fourth material of the second sacrificial material layers 242 can be
subsequently replaced with electrically conductive clectrodes which can function, for
cxample, as control gate electrodes of a vertical NAND device.

[0166] in one embodiment, each second insulating layer 232 can include a second
insulating material, and cach second sacrificial material layer 242 can include a second

sacrificial material. In this case, the second alternating stack (232, 242) can include an
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alternating plurality of second insulating layers 232 and second sacrificial material layers 242.
The third material of the second insulating layers 232 can be deposited, for example, by
chemical vapor deposition (CVD). The fourth material of the second sacrificial material
layers 242 can be formed, for example, CVD or atomic layer deposition (ALD).

{0167] The third material of the second insulating ayers 232 can be at least one
insulating material. Insulating materials that can be used for the second insulating layers 232
can be any material that can be used for the first insulating layers 132. The fourth material of
the sccond sacrificial material layers 242 is a sacrificial material that can be removed
selective to the third material of the sccond insulating layvers 232, Sacrificial materials that
can he used for the second sacrificial material layers 242 can be any material that can be used
for the first sacrificial material layers 142, In one embodiment, the second insulating material
can be the same as the first insulating material, and the second sacrificial material can be the
same as the first sacrificial moaterial.

{61908] The thicknesses of the second insulating layers 232 and the sccond sacrificial
material layers 242 can be in a range from 20 nem to 50 nm, although lesser and greater
thicknesses can be used for each second insulating layer 232 and for each second sacrificial
material layer 242, The number of repetitions of the pairs of a second insulating layer 232
and a second sacrificial material layer 242 can be in a range from 2 to 1,024, and typically
from 8 to 256, although a greater number of repetitions can also be used. In one embodiment,
each second sacrificial material layer 242 in the second alternating stack {232, 242) can have
a uniform thickness that is substantially invariant within each respective second sacrificial
material layer 242,

[0169] Second stepped surfaces in the second stepped area can be formed in the staircase
region 200 using a same sct of processing steps as the processing steps used to form the first
stepped surfaces in the first stepped arca with suitable adjustment to the pattern of at least one
masking layver. A second stepped diclectric material portion 2635 can be formed over the
second stepped surfaces in the staircase region 200.

{01161 A second insulating cap layer 270 can be subscquently formed over the second
alternating stack (232, 2423, The second insulating cap layer 270 includes a dielectric
material that is different from the material of the second sacrificial material layers 242, In

one embodiment, the second insulating cap layer 270 can inciude silicon oxide. In one
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embodiment, the first and second sacrificial material layers (142, 242} can comprise silicon
nitride.

{0111} Generally speaking, at least one alternating stack of insulating layers (132, 232)
and spacer material layers (such as sacrificial material layers (142, 242}) can be formed over
the memory-side substrate 310, and at least one stepped dieleciric material portion (163, 265)
can be formed over the staircase regions on the at least one alternating stack (132, 142, 232,
2423.

{01121 Optionally, drain-select-level isolation structures 72 can be formed through a
subset of lavers in an upper portion of the second alternating stack {232, 242). The second
sacrificial material layers 242 that are cuot by the select-drain-level isolation structures 72
correspond to the levels in which drain-select-level electrically conductive layers are
subsequently formed. The drain-select-level isolation structures 72 include a dielectric
material such as silicon oxide. The drain-select-level isolation structures 72 can laterally
extend along a first horizontal divection hdl, and can be laterally spaced apart along a second
horizontal direction hd?2 that is perpendicular to the first horizontal direction hdl. The
combination of the second alternating stack (232, 242), the second stepped dielectric material
portion 263, the second insulating cap layer 270, and the optional drain-select-level isolation
structurcs 72 collectively constitute a second-tier structure (232, 242, 265, 270, 72).

{0113] Referring to FIGS. 6A and 68, various second-tier openings (249, 229) can be
formed through the second-tier structure (232, 242, 265, 270, 72). A photoresist layer (not
shown) can be applied over the second insulating cap layer 270, and can be lithographically
paticrned to form various openings therethrough. The pattern of the openings can be the
same as the pattern of the various first-tier openings (149, 129), which is the same as the
sacrificial first-tier opening fill portions (148, 128}, Thus, the lithographic mask used to
pattern the first-tier openings (149, 129) can be used o pattern the photoresist layer.

[0114] The pattern of openings in the photoresist layer can be transferred through the
second-tier stracture (232, 242, 265, 270, 72) by a second anisotropic etch process to form
various second-tier openings (249, 229) concurrently, i.c., during the sccond anisotropic ctch
process. The various second-tier openings (249, 229) can include second-tier memory
openings 249 and second-tier support openings 229

{0115] The second-tier memory openings 249 are formed directly on a top surface of a

respective one of the sacrificial first-tier memory opening fill portions 148, The second-tier
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support openings 229 are formed directly on a top surface of a respective one of the
sacrificial first-tier support opening fill portions 128, Further, each second-tier support
openings 229 can be formed through a horizontal surface within the second stepped surfaces,
which include the interfacial surtaces between the sccond alternating stack (232, 242) and the
second stepped diclectric material portion 265, Leocations of steps S in the first alternating
stack (132, 142} and the second alternating stack (232, 242} are illustrated as dotted lines in
FIG. 6B.

{0116] The second anisotropic etch process can include an etch step in which the
materials of the second alternating stack (232, 242} are etched during the material of the
second stepped dielectric material portion 265. The chemistry of the etch step can alternate
to optimize etching of the materials in the second alternating stack (232, 242) while providing
a comnparable average etch rate to the material of the second stepped dielectric material
portion 265. The second anisotropic ctch process can use, for example, a series of reactive
ton etch processes or a single reaction etch process (e.g., CFy/ Oof Ar etch). The sidewalls of
the various second-tier openings (249, 229} can be substantially vertical, or can be tapered. A
bottom periphery of each second-tier opening (249, 229) may be laterally offset, and/or may
be located entirely within, a periphery of a top surface of an underlying sacrificial first-tier
opening fill portion (148, 128). The photoresist layer can be subsequently removed, for
example, by ashing.

101171 Referring to FIG. 7, the sacnificial first-tier fill material of the sacrificial first-tier
opening fill portions (148, 128) can be removed using an etch process that etches the
sacrificial first-tier fill material selective to the materials of the first and second insulating
tayers (132, 232}, the fivst and second sacrificial matenal layers (142,242, the first and
second insulating cap layers (170, 270), and the inter-tier dielectric layer 180. A memory
opening 49, which is also referred to as an inter-tier memory opening 49, is formed in cach
combination of a sccond-tier memory openings 249 and a volume from which a sacrificial
first-tier memory opening fill portion 148 is removed. A support opening 19, which is also
referred to as an inter-tier support opening 19, is formed in each combination of a second-tier
support openings 229 and a vohume from which a sacrificial first-tier support opening fill

portion 128 is removed.
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{0118] FIGS. 8A — 8D provide sequential cross-sectional views of a memory opening 49
during formation of a memory opening fill structure. The same structural change occurs in
each of the memory openings 49 and the support openings 19.

{0119] Referring to FIG. 8A, a memory opening 49 in the first exemplary device
structure of FIG. 7 ts illustrated. The memory opening 49 extends through the first-tier
structure and the second-tier structure, and into an upper portion of the memory-side substrate
310. At this processing step, each support opening {9 can extend through the second stepped
dielectric material portion 265 and optionally through the first stepped dielectric material
portion 165, through a subset of layers in the alternating stacks {{132, 142), (232, 2423}, and
down to the memovy-side substrate 31{0. The recess depth of the bottom surface of each
memaory opening with respect to the top surface of the memory-side substrate 310 canbeina
range from 0 nm to 30 nm, although greater recess depths can also be used. Optionally, the
sacrificial material layers (142, 242) can be laterally recessed partially to form lateral recesses
(not shown}, for example, by an isotropic etch.

{01201 Referring to FIG. 88, an optional pedestal chaunel portion (e.g., an epitaxial
pedestal) 11 can be formed at the bottom portion of each memory opening 49 and each
support openings 19, for example, by selective epitaxy. The pedestal channel portion 11 can
be a portion of a transistor channel that extends between a source region to be subsequently
formed in the memory-side substrate 310 and a drain region to be subsequently formed in an
upper portion of the memory opening 49. A memory cavity 497 is present in the unfilled
portion of the memory opening 49 above the pedestal channel portion 11. In one
cmbodiment, the pedestal channel portion 11 can comprise single crystalline silicon. In one
crbodiment, the pedestal channel portion 11 can have a doping of the first conductivity type,
which is the same as the conductivity type of the memory-side substrate 310 that the pedestal
channel portion contacts.

{0121] Referring to FIG. 8C, a stack of layers including a blocking dielectric layer 52, a
charge storage layer 54, a tunneling dielectric layer 56, and an optional fivst semiconductor
channel layer 601 can be sequentially deposited in the moemory openings 49.

{01221 The blocking dielectric layer 52 can include a single dielectric material layer or a
stack of a phurality of diclectric material layers. In one embodiment, the blocking diclectric
layer can include a dielectric metal oxide layer consisting essentially of a dielectric metal

oxide. As used herein, a dielectric metal oxide refers to a dielectric material that includes at
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lcast one metaliic clement and at Icast oxygen. The dielectric metal oxide may consist
cssentially of the at least one metallic element and oxygen, or may consist essentially of the
at least one metallic element, oxygen, and at least one non-metallic element such as nitrogen.
In one embodiment, the blocking dielectric layer 52 can include a dielectric metal oxide
baving a dielectric constant greater than 7.9, L.e., having a dielectric constant greater than the
dielectric constant of silicon nitride.

{6123] Non-limiting examples of dieleciric metal oxides include alominum oxide
(Ad2(33), hafnium oxide (Hf(Oy), lanthanum oxide (LaQs), yttrium oxide (Y204}, tantalum
oxide (Ta;0s), silicates thereof, nitrogen-doped compounds thereof, alloys thereof, and stacks
thereof. The diclectric metal oxide layer can be deposited, for example, by chemical vapor
deposition (C'VD), atomic layer deposition (ALD), pulsed laser deposition (PLDY), liquid
source misted chemical deposition, or a combination thereof. The thickness of the dielectric
metal oxide layer can be in a range from 1 nm to 20 nimy, although lesser and greater
thicknesses can also be used. The dieleciric metal oxide layer can subsequently function as a
diclectric material portion that blocks leakage of stored electrical charges to control gate
clectrodes. In one ermnbodiment, the blocking dielectric layer 52 inchides aluminum oxide. In
one embodiment, the blocking dielectric layer 52 can include multiple dielectric metal oxide
layers having different material compositions.

{0124] Alternatively or additionally, the blocking dielectric tayer 52 can include a
dielectric semiconductor compound such as silicon oxide, silicon oxynitride, silicon mitride,
or a combination thereof. In one embodiment, the blocking dielectric layer 52 can include
silicon oxide. In this case, the dielectric semiconductor compound of the blocking dielectric
tayer 52 can be formed by a conformal deposition method such as low pressure chemical
vapor deposition, atomic layer deposition, or a combination thereof. The thickness of the
diclectric semiconductor compound can be in a range from I nm to 20 am, although lesser
and greater thicknesses can also be used.  Alternatively, the blocking dielectric layer 52 can
be omitted, and a backside blocking dielectric layer can be formed after formation of
backside recesses on surfaces of memory films to be subsequently formed.

{0125] Subsequently, the charge storage layer 54 can be formed. In one embodiment, the
charge storage layer 54 can be a continuous layer or patterned discrete portions of a charge
trapping material including a diclectric charge trapping material, which can be, for example,

silicon nitride. Alternatively, the charge storage layer 54 can include a continuous layer or
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patterned discrete portions of a conductive material such as doped polysilicon or a metallic
material that is patterned into multiple electrically isolated portions (e.g., floating gates), for
cxample, by being formed within lateral recesses into sacrificial material layers (142, 2423,

In one embodiment, the charge storage layer 54 includes a silicon nitride layer. In one
cmbodiment, the sacrificial material layers (142, 242) and the insulating layers (132, 232) can
have vertically cotncident sidewalls, and the charge storage layer 54 can be formed as a
single continuous layer.

{31261 In another embodiment, the sacrificial material layers (142, 242) can be laterally
recessed with respect to the sidewalls of the insulating layers (132, 232), and a combination
of a deposition process and an anisotropic etch process can be used to form the charge storage
layer 54 as a plurality of memory material portions that are vertically spaced apart. While the
present disclosure is described using an embodiment in which the charge storage layer 34 is a
single continuous layer, in other ernhodiments the charge storage layer 54 is veplaced with a
plurality of memory material portions (which can be charge trapping material portions or
clectrically isolated conductive material portions) that are vertically spaced apart.

{01271 The charge storage layer 34 can be formed as a single charge storage layer of
homogencous composition, or can include a stack of multipie charge storage layers. The
multiple charge storage layers, if used, can comprise a plurality of spaced-apart floating gate
material layers that contain conductive materials (e.g., metal such as tungsten, molybdenurm,
tantalom, titamiom, platinem, ruthentum, and alloys thereof, or a metal silicide such as
tungsten silicide, molybdenum silicide, tantalum silicide, titanium silicide, nickel silicide,
cobalt silicide, or a combination thereof) and/or semiconductor materials (e.g., polycrystalline
or amorphous sermiconductor material inchuding at least one elemental semiconductor
clement or at least one compound semiconductor materialy. Alternatively or additionally, the
charge storage layer 54 may comprise an insulating charge frapping material, such 2s one or
more silicon nitride segments. Alternatively, the charge storage layer 54 may comprise
conductive nanoparticles such as metal nanoparticles, which can be, for example, rutheniim
nanoparticles. The charge storage layer 54 can be formed, for example, by chemical vapor
deposition (CVD), atomic layer deposition (ALD), physical vapor deposition (PVD), or any
suitable deposition technigue for storing electrical charges therein. The thickness of the
charge storage layer 54 can be in a range from 2 nm to 20 nm, although lesser and greater

thicknesses can also be used.
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{0128] The tunneling dielectric layer 56 inchudes a diclectric material through which
charge tunneling can be performed under suitable electrical bias conditions. The charge
tnneling may be performed through hot-carvier injection or by Fowler-Nordhetmn tunneling
induced charge transfer depending on the mode of operation of the monolithic three-
dimnensional NAND siring memory device to be formed. The wunneling dielectric layer 56
can include silicon oxide, silicon nitride, silicon oxynitride, dielectric metal oxides (such as
aluminum oxide and hafnium oxide}, dielectric metal oxynitride, dielectric metal silicates,
alloys thereof, and/or combinations thereof. In one embodiment, the tunneling dielectric
layer 56 can include a stack of a first silicon oxide laver, a silicon oxynutride laver, and a
second stlicon oxide layer, which is commonly known as an ONO stack. In one embodiment,
the tunneling dielectric layer 56 can include a silicon oxide layer that is substantially free of
carbon or a silicon oxynitride layer that is substantially free of carbon. The thickness of the
tunneling diclectric layer 56 can be in a range from 2 nm to 20 ni, although lesser and
greater thicknesses can also be used.

{01291 The optional first semiconductor channel laver 601 includes a semiconductor
material such as at least one elemental serniconductor material, at feast one HI-V compound
semiconductor material, at least one [I-VI compound semiconductor maierial, at feast one
organic serniconductor material, or other seraiconductor materials known in the art. Inone
embodiment, the first semiconductor channel layer 601 includes amorphous silicon or
polysilicon. The first semiconductor channel layer 681 can be formed by a conformal
deposition method such as low pressure chemical vapor deposition (LPCVD). The thickness
of the first semiconductor channel laver 601 can be in a range from 2 nm to 10 nm, although
lesser and greater thicknesses can also be used. A memory cavity 497 is formed in the
volume of cach memory opening 49 that is not filled with the deposited material layers (52,
34, 56, 601).

{01306] Referring to FIG. 8D, the optional first semiconductor channel tayer 601, the
tanneling dielectric layer 36, the charge storage layer 54, the blocking dielectric layer 52 are
seqguentially anisotropically etched using at least one anisotropic etch process. The portions
of the first semiconductor channel layer 601, the tunneling dielectric layer 56, the charge
storage layer 54, and the blocking dielectric layer 52 located above the top surface of the
second insulating cap layer 270 can be removed by the at least one anisotropic etch process.

Further, the horizontal portions of the first semiconductor channel layer 601, the tunneling
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dielectric layer 56, the charge storage laver 54, and the blocking dielectric layer 52 at a
bottorn of cach memory cavity 49° can be removed to form openings in remaining portions
thereof. Hach of the first semiconductor channel layer 601, the tunneling dielecric fayer 56,
the charge storage layer 54, and the blocking dielectric laver 52 can be etched by a respective
anisotropic etch process using a respective etch chemistry, which may, or may not, be the
same for the various material layers.

{0131] Each remaining portion of the fivst semiconductor channel layer 601 can have a
tubular configuration. The charge storage layer 54 can comprise a charge frapping material
or a floating gate material. In one embodiment, each charge storage layer 54 can include a
vertical stack of charge storage regions that store electrical charges upon programming. In
one embodiment, the charge storage layer 54 can be a charge storage layer in which each
portion adjacent to the sacrificial material layers (142, 242) constinutes a charge storage
region.

{0132] A surtace of the pedestal channel portion 11 (or a surface of the memory-side
substrate 310 in case the pedestal channel portions 11 are not used) can be physically exposed
underneath the opening through the first semiconductor channel layer 601, the tunneling
dielectric layer 56, the charge storage layer 54, and the blocking dielectric layer 52.
Optionally, the physically exposed semiconductor surface at the bottom of each memory
cavity 497 can be vertically recessed so that the recessed semiconductor surface underneath
the memory cavity 49’ is vertically offset from the topmost surface of the pedestal channel
portion 11 (or of the memory-side substrate 310 in case pedestal channel portions 11 are not
used) by a recess distance. A funneling dielectric layer 56 is located over the charge storage
laver 54. A set of a blocking dielectric layer 52, a charge storage layer 54, and a tunneling
dielectric layer 56 in a memory opening 49 constitutes a memory film 50, which includes a
plurality of charge storage regions (comprising the charge storage layer 54) that are insulated
from surrounding materials by the blocking dielectric layer 52 and the tunneling dielectric
tayer 36. In one embodiment, the first semiconductor channel layer 601, the tanneling
dielectric layer 56, the charge storage layer 54, and the blocking dielectric layer 52 can have
vertically coincident sidewalls.

[0133] Referring to FIG. 8E, a second semiconductor channel layer 602 can be deposited
directly on the semiconductor surface of the pedestal channel portion 11 or the memory-side

substrate 310 if the pedestal chanuel portion 11 is omitted, and directly on the first
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semiconductor channel layer 601. The second semiconductor channel layer 602 includes a
semiconductor material such as at least one elemental serniconductor material, at least one
[IE-V compound semiconductor material, at least one [I-VI compound semiconductor
material, at least one organic semiconductor material, or other semiconductor materials
known in the art. In one embodiment, the sccond semiconductor channel layer 602 includes
amorphous silicon or polysilicon. The second semiconductor channel tayer 602 can be
formed by a conformal deposition method such as low pressure chemical vapor deposition
(LPCVD). The thickness of the second semiconductor channel layer 602 can be in a range
from 2 nim to 10 nm, although lesser and greater thicknesses can also be used. The second
semiconductor channel layer 602 may partially fill the memory cavity 4% in each memory
opening, or may fully fill the cavity in each memory opening.

{3134} The materials of the first semiconductor channel layer 601 and the second
semiconductor channel layer 602 are collectively referred to as a semiconductor channel
material. In other words, the semiconductor channel material is a set of all semiconductor
material in the first semiconductor channel layer 601 and the second semiconductor channel
fayer 602.

{0135] Referring to FIG. 8F, in case the memory cavity 49° in each memory opening is
not completely filled by the second semiconductor channel layer 602, a dielectric core layer
621. can be deposited in the roemory cavity 497 to fill any remaining portion of the memory
cavity 49" within each memory opening. The dielectric core layer 62L includes a dielectric
material such as silicon oxide or organosilicate glass. The dielectric core layer 621 can 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.

{0136] Referring to FIG. 8G, the horizontal portion of the dielectric core layer 621 can be
removed, for example, by a recess cteh from above the top surface of the second insulating
cap layer 270. Each remaining portion of the diclectric core layer 621 constitutes a dielectric
core 62. Further, the horizontal portion of the second semiconductor channel layer 602
located above the top surface of the second insulating cap layer 270 can be removed by a
planarization process, which can use a recess etch or chemical mechanical planarization
(CMP). Each remaining portion of the second semiconductor channel layer 602 can be
located entirety within a memory opening 49 or entirely within a support opening 19.

{0137] Each adjoining pair of a first semiconductor channel layer 601 and a second
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semiconductor channel layer 602 can collectively form a vertical semiconductor channel 60
through which electrical current can flow when a vertical NAND device including the
vertical semiconductor channel 60 is turned on. A tunneling dielectric layer 36 is survounded
by a charge storage layer 54, and laterally surrounds a portion of the vertical semiconductor
channel 60. Each adjoining set of a blocking dielectric layer 52, a charge storage layer 54,
and a tunneling dielectric laver 56 collectively constitute a memory film 50, which can store
electrical charges with a macroscopic retention time.  In some embodiments, a blocking
dielectric layer 52 may not be present in the memory film 50 at this step, and a blocking
dielectric layer may be subsequently formed after formation of backside recesses. As used
herein, a macroscopic retention tme vefers to a retention time suitable for operation of a
memory device as a permanent memory device such as a retention time in excess of 24 hours.
{0138] Referring to FIG. 8H, the top surface of each dielectric core 62 can be further
recessed within each memory opening, for example, by a recess etch to a depth that is located
hetween the top surface of the second insulating cap layer 270 and the bottom surface of the
second insulating cap layer 270. Drain regions 63 can be formed by depositing a doped
semiconductor material within each recess region above the dielectric cores 62. The drain
regions 63 can have a doping of a second conductivity type that is the opposite of the first
conductivity type. For example, if the first conductivity type i8 p-type, the second
conductivity type is n-type, and vice versa. The dopant concentration in the drain regions 63
can be in a range from 5.0 x 10%%cm” to 2.0 x 10°Yem?, although lesser and greater dopant
concentrations can also be used. The doped semiconductor material can be, for exaraple,
doped polysilicon. Excess portions of the deposiied semiconductor material can be removed
from above the top surface of the second insulating cap layer 270, for example, by chemical
mechanical planarization (CMP) or a recess etch to form the drain regions 63.

{3139 Each combination of a memory film 50 and a vertical semiconductor channel 60
within a memory opening 49 constitutes a moemory stack structure 53. The memory stack
structure 55 i3 a combination of a vertical semiconductor channel 60, a tunneling dielectric
fayer 56, a plurality of memory elements comprising portions of the charge storage layer 54,
and an optional blocking dielectric layer 52. Hach combination of a pedestal channel portion
11 (if present), a memory stack stiucture 55, a dielectric core 62, and a drain region 63 within
a memory opening 49 is herein referred to as a memory opening fill structure 58, Each

combination of a pedestal channel portion 11 (if present), a memory film 50, a vertical
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semiconductor channel 60, a dielectric core 62, and a drain region 63 within each support
opening 19 fills the respective support openings 19, and coustitutes a support pillar structure.
Each memory film 50 may comprise a tununeling dielectric layer 56 laterally surrounding the
vertical semiconductor channel 60, a vertical stack of charge storage regions (comprising a
charge storage laver 54) laterally surrounding the tunneling diclectric layer 56, and an
optional blocking dielectric layer 52.

{0140] Referring to FIGS. 9A and 9B, the first exemplary structure is illustrated after
formation of memory opening fil structures 58 and support pillar structure 20 within the
memory openings 49 and the support openings 19, respectively. An instance of a memory
opening fill soucture 38 can be formed within each memory opening 49 of the structure of
FiG. 7. An instance of the support pillar structure 20 can be formed within cach support
opening 19 of the structure of FIG. 7. The support pillar structures 20 are formed in the
support openings 19 during formation of the memory opening fill structures 58. Each sapport
pillar structure 20 can have a same set of components as a memory opening il structure 38,
While the present disclosure is described using the iHustrated configuration for the memory
stack structure, the methods of various embodiments can be applied to alternative memory
stack structures including different layer stacks or structures for the memory film 50 and/or
for the vertical semiconductor channel 60.

[0141] Referring to FIGS. 10A and 108, a first contact level dielectric tayer 280 can be
formed over the second-tier structure (232, 242, 270, 265, 72). The first contact level
dielectric layer 280 includes a dielectric material such as silicon oxide, and can be formed by
a conformal or non-conformal deposition process. For example, the first contact level
dielectric layer 280 can include undoped silicate glass and can have a thickness in a range
from 100 nm to 600 nm, although lesser and greater thicknesses can also be used.

{0142] A photoresist layer can be applied over the first contact level dielectric layer 280
and can be lithographically patterned to form elongated openings that extend along the first
horizontal direction hdl between clusters of memory opening fill structures 58, Backside
trenches 79 can be formed by transferring the pattern in the photoresist layer through the first
contact level dielectric fayer 280, the second-tier structure (232, 242, 270, 268, 72), and the
first-tier struceure (132, 142, 170, 165), and into the memory-side substrate 310. Portions of
the first contact level dielectric layer 280, the second-tier structure (232, 242, 270, 265, 72),

the first-tier structure (132, 142, 170, 163), and the memory-side substrate 310 that underlic
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the openings in the photoresist layer can be removed to form the backside trenches 79. In one
cmbodiment, the backside trenches 79 can be formed between clusters of memory stack
structures 55. The clusters of the memory stack structuves 55 can be laterally spaced apart
along the second horizontal direction hd2 by the backside trenches 79.

{3143] Referring to FIGS. 11 and 12A, the sacrificial material layers (142, 242) are can
be removed selective to the insulating layers (132, 232), the first and second insulating cap
tayers (170, 270), the first contact level dieleciric layer 280, and the source contact laver 114,
the diclectric semiconductor oxide plates 122, and the annular diclectric semiconductor oxide
spacers 124. 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
first and second insulating cap layers (170, 270), the stepped dielectric material portions (1635,
2635}, and the material of the outermost layer of the memory filros 50 can be introduced into
the backside trenches 79, for example, using an isotropic etch process. For example, the
sacrificial material layers (142, 242} can include silicon nitride, the materials of the insulating
fayers (132, 232), the first and sccond insulating cap layers (170, 270}, the stepped diclectric
material portions (165, 263), and the outermost layer of the memory films 30 can include
silicon oxide materials.

{0144] The isotropic etch process can be a wet etch process using a wet etch solution, or
can be a gas phase (dry) etch process in which the etchant is introduced in a vapor phase into
the backside trench 79. For example, if the sacrificial material layers (142, 242) include
silicon nitride, the etch process can be a wet etch process in which the exemplary structure is
immersed within a wet ctch tank including phosphoric acid, which etches silicon nitride
selective to silicon oxide, silicon, and vartous other materials used in the art.

[0145] Backside recesses (143, 243) are formed in volumes from which the sacrificial
material layers (142, 242) are removed. The backside recesses (143, 243) include first
backside recesses 143 that are formed in volumes from which the first sacrificial material
tayers 142 are removed and second backside recesses 243 that are formed in volumes from
which the second sacrificial material layers 242 are removed. Hach of the backside recesses
(143, 243) can be a laterally extending cavity having a lateral dimension that is greater than
the vertical extent of the cavity. In other words, the lateral dimension of cach of the backside
recesses (143, 243) can be greater than the height of the respective backside recess (143,

243). A plurality of backside recesses (143, 243) can be formed in the volumes from which
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the material of the sacrificial material fayers (142, 242) is removed. Each of the backside
recesses (143, 243) can extend substantially parallel to the top surface of the memory-side
substrate 310. A backside recess {143, 243) can be vertically bounded by a top surface of an
underlying insulating layer (132, 232) and a bottom surface of an overlying insulating layer
{132, 232). In one embodiment, each of the backside recesses (143, 243) can have a uniform
height throughout.

{0146] Physically exposed surface portions of the optional pedestal channel portions 11
and the memory-side substrate 310 can be converted into diclectric material portions by
thermal conversion and/or plasma conversion of the semiconductor materials into dielectric
materials. For example, thermal conversion and/or plasma conversion can be used to convert
a surface portion of cach pedestal channel portion 11 into a tubular dielectric spacer 316, and
to convert cach physically exposed surface portion of the memory-side substrate 310 into a
planar dielectric portion 616.

{0147] Referring to FIG. 12B, a backside blocking diclectric layer 44 can be optionally
formed. The backside blocking dielectric layer 44, if present, comprises a dielectric material
that functions as a control gate diclectric for the control gates to be subsequently formed in
the backside recesses (143, 243). In case the blocking dielectric layer 52 is present within
cach memory opening, the backside blocking diclectric laver 44 is optional. In case the
blocking dielectric layer 32 is omitted, the backside blocking diclectric layer 44 is present.
{0148] The backside blocking dielectric layer 44 can be formed in the backside recesses
(143, 243) and on a sidewall of the backside trench 79. The backside blocking dielectric
fayer 44 can be formed directly on horizontal surfaces of the insulating layers (132, 232) and
sidewalls of the memory stack structures 35 within the backside recesses (143, 243). H the
backside blocking diclectric layer 44 is formed, formation of the tubular diclectric spacers
316 and the planar dieleciric portion 616 prior to formation of the backside blocking
diclectric layer 44 is optional. In one embodiment, the backside blocking dielectric layer 44
can be formed by a conformal deposition process such as atomic layer deposition (ALD).
The backside blocking diclectric layer 44 can consist essentially of aluminum oxide. The
thickness of the backside blocking dielectric layer 44 can be in a range from 1 nm to 15 om,
such as 2 to 6 nm, although lesser and greater thicknesses can also be used.

{0149] The dielectric matertal of the backside blocking dielectric layer 44 can be a

diclectric metal oxide such as aluminum oxide, a diclectric oxide of at least one transition
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metal element, a dielectric oxide of at least one Lanthanide element, a dieleciric oxide of a
combination of alomunum, at least one transition metal eleruent, and/or at least one
Lanthanide element. Alternatively or additionally, the backside blocking diclectric layer 44
can include a silicon oxide layer. The backside blocking dielectric layer 44 can be deposited
by a conformal deposition method such as chenical vapor deposition or atomic layer
deposition. The backside blocking dielectric layer 44 is formed on the sidewalls of the
backside trenches 79, horizontal sinfaces and sidewalls of the insulating layers (132, 232}, the
portions of the sidewall surfaces of the memory stack structures 55 that are physically
exposed to the backside recesses (143, 243), and a top surface of the planar dielectric pottion.
A backside cavity 797 is present within the portion of each backside trench 79 that is not
filled with the backside blocking diclectric layer 44.

{0150] Referring to FIG. 120, a metallic barrier layer 46A can be deposited in the
backside recesses (143, 243). The metallic barrier layer 46A includes an electrically
conductive metallic material that can function as a diffusion barrier layer and/or adhesion
promotion layer for a metallic fill material to be subsequently deposited. The metallic barrier
layer 46A can include a conductive metallic nitride material such as TiN, TalN, WN, or a
stack thereof, or can include a conductive metallic carbide material such as TiC, TaC, WC, or
a stack thereof. In one embodiment, the metallic barrier fayer 46A can be deposited by a
conformal deposition process such as chemical vapor deposition (CVD) or atomic layer
deposition (ALD). The thickness of the metaliic barrier layer 46A can be in a vange from 2
nm to 8 nm, such as from 3 nm to 6 nm, although lesser and greater thicknesses can also be
used. In one embodiment, the metallic barrier layer 46A can consist cssentially of a
conductive metal nitride such as TiN.

{0151] Referring to FIG. 12D, a metal fill material is deposited in the plarality of
backside recesses (143, 243), on the sidewalls of the at least one the backside trench 79, and
over the top surface of the first contact level dielectric layer 280 to form a metallic fill
material layer 46B. The metailic fill material can be deposited by a conformal deposition
method, which can be, for example, chemical vapor deposition (CVD), atomic layer
deposition (ALD), electroless plating, electroplating, or a combination thereof. In one
cmbodiment, the metallic fill material layer 46B can consist essentially of at least one
clemental metal. The at least one elemental metal of the metallic fill material layer 46B can

be selected, for example, from tungsten, cobalt, ruthenium, titanium, and tantalum. In one
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embodiment, the metallic fill material layer 46B can consist essentially of a single elemental
metal. In one embodiment, the metallic fill material layer 468 can be deposited using a
fluorine-containing precursor gas such as WFs. In one embodiment, the metallic fill material
layer 46B can be a tungsten layer including a residual level of fluorine atorms as impurities.
The metallic fill material layer 46B is spaced from the insulating layers (132, 232) and the
memory stack structures 55 by the metallic barier layer 46A, which is a metallic barrier layer
that blocks diffusion of fluorine atoms therethrough.

{01521 A phurality of electrically conductive layers (146, 246) can be formed in the
plurality of backside recesses (143, 243), and a continuous metallic material layer 461 can be
formed on the sidewalls of each backside trench 79 and over the {ivst contact level dielectric
tayer 280. Each electrically conductive layer (146, 246) includes a portion of the metallic
barrier layer 46 A and a portion of the metallic fill material layer 468 that are located between
a vertically neighboring pair of dielectric material layers such as a pair of insulating layers
(132, 232). 'The continuous metallic material layver 46L includes a continuous portion of the
metallic barrier layer 46A and a continuous portion of the metallic fill material layer 468 that
are located in the backside trenches 79 or above the first contact level dielectric layer 280,
{0153] Each sacrificial material layer (142, 242) can be replaced with an electrically
conductive laver (146, 246). A backside cavity 79’ is present in the portion of each backside
trench 79 that is not filled with the backside blocking dielectric layer 44 and the contimious
metallic material layer 461, A tubular dielectric spacer 316 laterally sarrounds a pedestal
channel portion 11, A bottommost electrically conductive layer (146, 246) laterally
surrounds cach tubular dislectric spacer 316 upon formation of the electrically conductive
layers (146, 246).

{0154] Referring to FIGS. 12E and 13, the deposited metallic material of the continuous
clectrically conductive material layer 46L. is etched back from the sidewalls of each backside
trench 79 and from above the first contact level dielectric layer 280, for example, by an
isotropic wet etch, an anisotropic dry etch, or a combination thereof. Each remaining portion
of the deposited metallic material in the backside recesses (143, 243) constitutes an
electrically conductive layer (146, 246). Each electrically conductive layer (146, 246) can be
a conductive line stractore. Thus, the sacrificial material layers (242, 242) are replaced with
the electrically conductive fayers (146, 246).

{0155] Each electrically conductive layer (146, 246} can function as a combination of a
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plurality of control gate electrodes located at a same level and a word line electrically
interconuecting, i.e., electrically connecting, the plurality of control gate clectrodes located at
the same level. The phurality of control gate electrodes within each electrically conduoctive
layer (146, 246) are the control gate electrodes for the vertical memory devices including the
memory stack structures 53, In other words, each clectrically conductive layer (146, 246) can
be a word line that functions as a common control gate electrode for the plurality of vertical
memory devices.

{3156} In onc cmbodiment, the removal of the continuous clectrically conductive material
layer 461, can be sclective to the material of the backside blocking dielectric layer 44, In this
case, a horizontal portion of the backside blocking diclectric layer 44 can be present at the
botton of ecach backside trench 79. In another embodiment, the removal of the continuous
electrically conductive material layer 461 may not be selective to the material of the backside
blocking dielectric layer 44 or, the backside blocking dielectric layer 44 may not be used.
The planar dielectric portions 616 can be removed during removal of the continuous
clectrically conductive material layer 46L. A backside cavity 79’ is present within each
backside trench 79.

{0157] Each electrically conductive layer (146, 246) can be a conductive sheet including
openings therein. A first subsct of the openings through each electrically conductive layer
{146, 246) can be filled with memory opening fill stractures 58. A second subset of the
openings through each electrically conductive layer (146, 246) can be filled with the support
pillar structures 20, Each electrically conductive layer (146, 246) can have a lesser area than
any underlying clectrically conductive layer (146, 246) becausce of the first and second
stepped surfaces. Each electrically conductive layer (146, 246) can have a greater area than
any overlying clectrically conductive layer (146, 246) because of the first and second stepped
surfaces.

[0158] In some embodunents, drain-select-level isolation structures 72 may be provided
at topmost levels of the second electrically conductive layers 246. A subset of the second
electrically conductive layers 246 located at the levels of the drain-select-level isolation
structures 72 constitutes drain select gate electrodes. A subset of the electrically conductive
layers (146, 246) located underneath the drain select gate electrodes can function as

combinations of a control gate and a word line located at the same level. The control gate
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electrodes within each electrically conductive layer (146, 246) are the control gate electrodes
for a vertical memory device including the memory stack structure 53.

[0139] Each of the memory stack structures 55 comprises a vertical stack of memory
clements located at cach level of the elecirically conductive layers (146, 246). A subset of
the electrically conductive layers (146, 246 can comprise word lines for the memory
elements. The memory-level assembly is located over the memory-side substrate 310. The
memory-level assembly includes at least one alternating stack (132, 146, 232, 246) and
memory stack structurcs 55 vertically extending through the at least one alternating stack
(132, 146, 232, 246).

[0160] Referring to FIGS. 14A — 14C, an insulating material layer can be formed in the
backside trenches 79 and over the first contact kevel diclectric layer 280 by a conformal
deposition process. Exemplary conformal deposition processes include, but are not limited
to, chernical vapor deposition and atomic layer deposition. The insulating material layer
includes an insulating material such as silicon oxide, silicon nitride, a diclectric metal oxide,
an organosilicate glass, or a combination thereof. In one embodiment, the insulating material
layer can inchude silicon oxide. The insulating material layer can be formed, for example, by
low pressure chemical vapor deposition (LPCVD) or atomic layer deposition {ALD). The
thickness of the insulating material layer can be in a range from 1.5 nim to 60 nm, although
lesser and greater thicknesses can also be psed.

{6161] if a backside blocking dielectric layer 44 is present, the insulating material laver
can be formed directly on surfaces of the backside blocking diclectric layer 44 and directly on
the sidewalls of the clectrically conductive layers (146, 246). If a backside blocking
dielectric layer 44 is not used, the insulating material laver can be formed directly on
sidewalls of the insulating layers (132, 232) and directly on sidewalls of the electrically
conductive lavers (146, 246).

[0162] An anisotropic eich is performed to remove horizontal portions of the insulating
material layer from above the first contact level dielectric fayer 280 and at the bottom of each
hackside trench 79. Hach remaining portion of the insulating material layer constitutes an
insulating spacer 74. A backside cavity 797 is present within a volume surrounded by each
insulating spacer 74. A top surface of the memory-side substrate 310 can be physically
exposed at the bottom of each backside trench 79.

{0163] A source region 61 can be formed at a surface portion of the memory-side
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substrate 310 under each backside cavity 79" by implantation of electrical dopants into
physically exposed surface portions of the memory-side substrate 310. Each source region 61
is formed in a surface portion of the memory-side substrate 310 that underiies a respective
opening through the insulating spacer 74. Due to the straggle of the implanted dopant atoms
during the implantation process and lateral diffusion of the implanted dopant atoms during a
subsequent activation anneal process, each source region 61 can have a lateral extent greater
than the lateral extent of the opening through the insulating spacer 74,

{0164] An upper portion of the memory-side substrate 310 that extends hetween the
source region 61 and the plurality of pedestal chanvel portions 11 constifutes a horizontal
semiconductor channel 59 for a plurality of field effect transistors. The horizontal
semiconductor channgl 59 is connected to multiple vertical semiconductor channels 60
through respective pedestal channel portions 11. The horizontal semiconductor channel 59
contacts the source region 61 and the plurality of pedestal channel portions 11. A
hottommost electrically conductive layer (146, 246) provided upon formation of the
clectrically conductive layers (146, 246) within the alternating stacks {(132, 146), (232,
2463} can comprise a select gate electrode for the field effect transistors. Each source region
61 is formed in an upper portion of the memory-side substrate 310. Semiconductor channels
(59, 11, 60) exiend between each source region 61 and a respective set of drain regions 63.
The semiconductor channels (39, 11, 60} include the vertical senuconductor channels 60 of
the memory stack structures 55.

{0165 A backside contact via structure 76 can be formed within each backside cavity
79°. Each contact via structure 76 can fill a respective backside cavity 79°. The contact via
structures 76 can be formed by depositing at teast one conductive material in the remaining
untilled volume (i.e., the backside cavity 79°) of the backside trench 79. For example, the at
least one conductive material can include a conductive liner and a conductive fill material
portion. The conductive liner can include a conductive metallic liner such as TiN, TaN, WN,
TiC, Tal, W, an alloy thereof, or a stack thercof. The thickness of the conductive liner can
he in a range from 3 nm to 30 nm, although lesser and greater thicknesses can also be used.
The conductive fill material portion can include a metal or a metallic alloy. For example, the
conductive fill material portion can include W, Cu, Al Co, Ry, Ni, an alloy thereof, or a stack
thereof.

{0166] The at least one conductive material can be planarized using the first contact level
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dielectric layer 280 overlying the alternating stacks {(132, 146}, (232, 246)} as a stopping
layer. If chemical mechanical planarization (CMP) process is used, the first contact level
dielectric layer 280 can be used as a CMP stopping layer. Each remaining continuous portion
of the at least ong conductive material in the backside trenches 79 constitutes a backside
contact via structure 76. The backside contact via structure 76 extends through the
alternating stacks {(132, 146}, (232, 246} }, and contacts a top surface of the source region 61
{6167] Referring to FIGS. 15A and 13B, a second contact level dielectric layer 282 may
he formed over the first contact level dielectric layer 280. The second contact level dielectric
layer 282 includes a diclectric material such as silicon oxide, and can have a thickness in a
range from 100 nm to 600 nm, although lesser and greater thickuesses can also be used.
{0168] A photoresist layer can be applied over the second contact level dielectric layer
282, and can be lithographically patterned to form various contact via openings. For
example, openings for forming drain contact via structures can be formed in the memory
array region 100, and openings for forming staircase region contact via structures can be
formed in the staircase region 200. An anisotropic etch process is performed to transfer the
pattern in the photoresist layer through the second and first contact level diclectric layers
(282, 280) and underlying dielectric material portions. The drain regions 63 and the
clectrically conductive layers (146, 246) can be used as etch stop structures. Drain contact
via cavities can be formed over each drain region 63, and staircase-region contact via cavities
can be formed over each elecivically conductive layer (146. 246) at the stepped surfaces
underlying the first and second stepped dielectric material portions (163, 265). The
photoresist layer can be subsequently removed, for example, by ashing.

{31691 Dirain contact via structures 88 are formed in the drain contact via cavities and on
a top sttace of a respective one of the drain regions 63. Staircase-region contact via
structurcs 86 arc formed in the staircasc-region contact via cavitics and on a top surface of a
respective one of the electrically conductive layers (146, 246). The staircase-region contact
via structures 86 can include drain select level contact via structures that contact a subset of
the second clectrically conductive layers 246 that function as drain select level gate
clectrodes. Further, the staircase-region contact via structures 86 can include word line
contact via structures that contact electiically conductive layers (146, 246) that underlie the
drain select level gate clectrodes and function as word lines for the memory stack structures
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{6370] Referring to FIG. 16, a bit-line-level diclectric layer 284 can be formed over the
contact level diclectric layers (280, 282), and bit-line-level metal interconnect structuves (98,
86) can be formed in the bit-line-level dielectric layer 284. The bit-line-level metal
interconnect structures (98, 96) include bit lines 98 that are clectrically connected to a
respective subset of the drain regions 63 through a respective subset of the drain contact via
structures 88. The bit-line-level metal interconnect structures (98, 96) include
interconnection line structures 96, which are electrically connected to at ieast one of the

staircasc-region contact via structures 86 or other via structures.

{01711 Memory-side interconnect-level dielectric layers 390 can be formed over the bit-
hine-level dielectric layer 284 and the bit-line-level metal interconnect structures (98, 96},

Various memory-side metal interconnect structures 370 can be formed in the memory-side
interconnect-fevel dielectric layers 390 to provide electrical connections to the bit lines 938
and the interconnection line structures 96. The memory-side metal interconnect structures
370 can be include interconnect-level metal line structures 374 and interconnect-level metal
via structures 376, Memory-side bonding pads 378 can be formed in, or on, an uppermost
layer of the memory-side interconnect-level diclectric layers 390. The memory-side bonding
pads 378 can include copper bonding pads for copper-to-copper bonding or an underbump
metatlurgy (UBM) stack pads that can be bonded to other UBM stack pads through solder
balls. The first exemplary structure constitutes a memory die 1000, which includes a three-
dimensional memory arrays and memory-side bonding pads 378 that may inchide copper
bonding pads or UBM stack pads. The memory-side bonding pads 378 are die-to-die
honding pads that provide bonding of the memory die 1000 to another die.

[6172] Referring to FIG. 17, a logic die 90{ to be subsequently incorporated into the first
exemplary structure is illustrated. The logic die 900 includes a peripheral circuitry 940 that
includes various semiconductor devices for operation of three-dimensional memory arrays in
the moemory die 1000. Tn particular, the peripheral circuitry can include a word line driver
that drives the electrically conductive layers (146, 246) within the memovy die 1000, a bit
fine driver that drives the bit lines 98 iz the memory die 1000, a word line decoder circuitry
that decodes the addresses for the electrically conductive layers (146, 246), a bit line decoder
circuitry that decodes the addresses for the bit lines 98, a sense amplifier circuitry that senses
the states of memory clements within the memory stack structures 55 in the memory die

1000, a power supply/distribution circuitry that provides power to the memory die 1000, a2
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data buffer and/or latch, and/or any other semiconductor circuifry that can be used to operate
the array of memory stack structures 55 in the memory die 1000. The logic die 900 can
include a logic-die substrate 910, which can be a semiconductor substrate. The logic-die
substrate 910 can inchude a semiconductor wafer or a semiconductor material layer. The
logic-die substrate 910 includes at least onc clemental semiconductor material (e.g., single
crystal silicon wafer or layer), at least one HI-V compound semiconductor material, at least
one H-VI compound semiconductor material, at least one organic semiconductor material, or
other semiconductor materials known in the art.

{01731 Shallow trench isolation structures 920 can be formed in an upper portion of the
logic-die substrate 910 to provide electrical isolation between semiconductor devices of the
sense amplifier circuitry. The various semiconductor devices can inciude field effect
transistors, which include respective transistor active regions 942 (i.e., source regions and
drain regions), a channel 946, and a gate structure 950. The field effect transistors may be
arranged in a CMOS configuration. Each gate structure 950 can include, for example, a gate
dielectric 952, a gate electrode 954, a dielectric gate spacer 956 and a gate cap dielectric 958,
For example, the semiconductor devices can include word line drivers for electrically biasing
word lines of the memory die 1000, which comprise the electrically conductive layers (146,
246).

{3174} Diclectric material layers are formed over the semiconductor devices, which are
herein referred to as logic-side interconnect-level dielectric layers 990. Optionally, a
dielectric liner 962 (such as a silicon nitride liner) can be formed to apply mechanical stress
to the vartous field effect fransistors and/or to prevent diffusion of hydrogen or impuritics
from the logic-side interconnect-level dielectric layers 990 into the semiconductor devices.
Logic-side metal interconnect structures 970 are included within the logic-side interconnect-
level dielectric tayers 990. The logic-side metal interconnect structures 970 can include
various device contact via structures 972 {e.g., source and drain electrodes which contact the
respective source and drain nodes of the device or gate clectrode contacts), interconnect-level
metal line structures 974, interconnect-level metal via structures 976, and logic-side bonding
pads 978, which may inchide copper bonding pads or UBM stack pads. The logic-side
bonding pads 978 are die-to-die bonding pads that provide bonding of the logic die %00 to the

memory die 1000,
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{63175 In onc embodiment, onc of the ievels for the logic-side metal interconnect
structures 970 can include at least one metallic material for forming external bonding pads.
The at least one metallic material can include, for example, aluminum or an underbomp
metallurgy stack. The at least ong metallic material for forming external bonding pads can be
patterned into intermmediate metal interconnect structures 975 that function as components of
the logic-side metal interconnect structures 970 and external bonding pads 9835 that are
subsequently used to bond a bonding wire thercupon. In one embodiment, a level of
intercomnect-fevel metal line structures 974 can be replaced with a combination of the
intermediate metal interconnect structures 975 and the external bonding pads 9835.

{31761 In one embodiment, the at least one metallic material can include, and/or consist
cssentially of, aluminum. In another embodiment, the at least one metallic material can
include, and/or consist essentially of, a UBM layer stack and an optional copper layer located
on top of the UBM stack. The UBM layer stack can contain at least two metallic barrier
material layers, such as two, three, or four metallic barrier material layers. The UBM layer
stack can include a material on which a solder material portion can be subseguently formed.
In case the solder material portions to be subsequently used include gold, the UBM layer can
include a stack of a titanium-tungsten layer and a gold layer, or a stack of titanium layer and a
gold layer. In case the solder material portions to be subsequently used include a lead-tin
alloy or a tin-silver-copper alloy, the UBM laver stack can include a stack of a titanium layer
and a copper layer; a titanium-tongsten layer and a copper layer; an alominum layer, a nickel-
vanadium layer, and a copper layer; or a chromium layer, a chromium-copper layer, and a
copper layer.

[0177] in one embodiment, a logic-side eich stop dielectric layer 964 can be formed as a
component of the logic-side interconnect-level dielectric fayers 990 before formation of the
intermediate metal interconnect structures 975 and the external bonding pads 985 within the
logic-side interconnect-level dielectric layers 990. The logic-side etch stop dielectric layer
964 includes a dielectric matexial that is different from the predominant component materials
(such as silicon oxide or organosilicate glass) of the logic-side interconnect-level diclectric
layers 9940, and provides a higher etch resistance than the predominant component material of
the logic-side interconnect-level dielectric layers 990. As used herein, predominant
component materials refer to the set of the least number of materials that collectively provide

maore than 50 % of the total volume of the logic-side intcrconnect-level diclectric layers 990,
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In an itlustrative example, if 45 % of the total volume of the logic-side interconnect-level
dielectric layers 990 is filled with organosilicate glass, 35 % of the total volume of the logic-
side interconnect-level dielectric layers 990 is filled with a doped silicate glass, and if 15 %
of the total volume of the logic-side interconnect-level dielectric layers 990 is filled with
undoped silicate glass, the predominant component materials include organosilicate glass and
doped silicate glass. In one embodiment, the logic-side etch stop dielectric layer 964 can
include dielectric metal oxide (such as aluminum oxide) or silicon nitride. The thickness of
the logic-side etch stop diclectric layer 964 can be in a range from 3 nm to 100 am, although
lesser and greater thicknesses can also be used. The logic-side etch stop diclectric layer 964
can contact bottom surfaces of the aluminum portions or the UBM layer stacks of the external
bonding pads 985.

[0178] Referring to FIG. 18A, the memory die 1000 and the logic die 900 are positioned
such that the logic-side bonding structures 978 of the logic die 900 face the memory-side
bonding pads 378 of the memory die 1000. In ong embodiment, the memory die 1000 and
the logic die 900 can be designed such that the pattern of the logic-side bonding pads 978 of
the logic die 900 mirrors the pattern of the memory-side bonding pads 378 of the memory die
1000. The memaory die 1000 and the logic die 900 can be bonded to each other by metal-to-
metal bonding such as copper-to-copper bonding,

[0179] In the case of metal-to-metal bonding, facing pairs of a memory-side bonding pad
378 of the memory die 1000 and a logic-side bonding structure 378 of the logic die 900 can
be brought into direct contact with each other, and can be subjected to an clevated
temperature to induce material diffusion across the interfaces between adjoined pairs of die-
to-die bonding pads (378, 978). The interdiffusion of the metallic material can induce
bonding between each adjoined pairs of die-to-die bonding pads (378, 978). In addition, the
logic-side interconnect-level dielectric layers 990 and the memory-side interconneci-level
dielectric layers 390 can include a dielectric material (such as a silicate glass material) that
can be bonded o each other. In this case, physically exposed surfaces of the logic-side
interconnect-fevel diclectric layers 990 and the memory-side interconnect-level dielectric
layers 390 can be hrought to direct contact with each other and can be subjected to thermal
annealing to provide additional bonding.

{018G] Each of the memory die 1000 and the logic die 900 is a semiconductor die. The

side of each semiconductor dic that is bonded to the other semiconductor die is herein
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referred to as a proximal side, and the opposiic side of each semiconductor dic is herein
referred to as a distal side. In other words, the reference for determining a proximal side and
a distal side of each semiconductor die is the interface between the two semiconductor dies.
{0181] Referring to FIG. 18B, the logic-side substrate 910 can be thinned from the
backside, for example, by grinding to provide a thinned logic-side substrate 902, which is a
semiconductor substrate. The thinned logic-side substrate 902 can have a thickness in a
range from 1 um to 100 um, such as from 3 pm to 30 wm, although lesser and greater
thicknesses can also be used.

{0182] Referring to FIG. 18C, a photoresist layer 977 can be applied over the backside of
the thinned logic-side substrate 902, and lithographically patterned to form at least one
opening therein. Bach of the at least one opening in the patterned photoresist layer 977 can
overlie a respective one of the external bonding pads 985. In one embodiment, each opening
in the patterned photoresist layer 977 may have a greater area than the total area of at least
one underlying external bonding pad 985. An anisotropic etch process can be used to form
recess regions RR. The anisotropic etch process sequentially etches the materials of the
thinned logic-side substrate 902 and the distal portions of the logic-side interconnect-level
diclectric layers 990. The logic-side etch stop dielectric layer 964 can be used to prevent
overetch through the level of the external bonding pads 985. The terminal step of the
anisotropic ctch process can include an etch step that eiches physically exposed portions of
the logic-side etch stop dielectric layer 964 selective to the material of the external bonding
pads 985. Each recess region RR can vertically extend from the distal planar surface of the
logic die 900 through the thinned logic-side substrate 902, through the proximal planar
surface of the thinned logic-side substrate 902, through distal portions of the logic-side
interconnect-level dielectric layers 990, through the logic-side etch stop dielectric layer 964,
and down to a distal planar surtace of each external bonding pad 985. A horizontal surface of
one of the logic-side interconnect-level dielectric layers 990 can be physically exposed at the
bottomn of cach recess region RR.

[0183] An external bonding pad 985 is provided at the bottom of each recess vegion RR.
Each external bonding pad 983 can be located in a physically exposed one of the logic-side
interconnect-fevel dielectric layers 990. The external bonding pads 985 can be initially
formed within the logic-side interconneci-level dielectric layers 990 during formation of the

logic-side interconnect-level diclectric layers 990, and can be physically exposed after

-44-



WO 2020/180358 PCT/US2019/063075

bonding of the memory die 1000 and the logic die 900 and the anisotropic ctch process that
forms the recess regions RR. A planar horizontal surface of each external bonding pad 985
can be physically exposed after formation of the recess regions RR. The patterned
photoresist layver 977 can be subsequently removed, for example, by ashing.

{G184] Referring to FIG. 18D and 18E, a solder ball 995 can he attached to each external
bonding pad 985. The solder balls 985 can be applied to the bottom of each recess region RR
using a solder material dispensation tool. In one embodiment, the recess regions RR can be
arranged as a one-dimensional periodic array or as a two-dimensional periodic array.
Alternatively, an array of external bonding pads 985 and a corresponding array of solder balls
G95 can be formed within each recess region RR. A single recess region RR or an array of
recess regions RR may be formed. The bottom surfaces of the recess regions RR can be
recessed relative to the distal planar surface of the thinned logic-side substrate 902 by a
recess distance in a range from 1 micron to 150 microns, such as from 3 microns to 50
microns, although lesser and greater recess distances can also be used. In one embodiment,
cach combination of an external bonding pad 985 and a solder ball 995 can be located
entirely within a first borizontal plane HP1 including a proximal horizontal surface of the
memory-side substrate 310 and a second horizontal plane HP2 including a proximal
borizontal surface of the thinned logic-side substrate 902, A bonding wire 997 can be bonded
to each solder ball 995,

{0185] Referring to FIG. [8F, a fivst alternative configuration of the first exemplary
structure of FIGS. 18D and 18E is illustrated. In this case, interconnect-level metal line
structures 974 can be formed within logic-side interconnect-level diclectric fayvers 990 at the
processing steps of FIG. 17 in hieu of the intermediate metal interconnect structures 975 and
the external bonding pads 985, In this case, a subset of the interconnect-level metal line
structures 974 is formed in leu of the external bonding pads 985, The processing steps of
FIGS. 18A — 18C are subsequently performed. The subset of the intercomnect-level metal
line structures 974 are physically exposed at the bottom of each recess region RR. A metallic
honding pad material such as aluroinure or a UBM layer stack can be deposited by an
anisotropic deposition process or an isotropic deposition process, and can be patterned by
forming discrete photoresist material portions fo cover regions of physically exposed portions
of the interconnect-level metal line structures 974 at the bottom of the recess regions, and by

a subsequent etch process that removes unmasked portions of the metallic bonding pad
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material. Remaining portions of the metallic bonding pad material underneath the discrete
photoresist material portions constitute external bonding pads 985.

[0186] An external bonding pad 985 is provided at the bottom of each recess vegion RR.
Each external bonding pad 985 can be located on a physically exposed one of the memory-
side interconnect-level dielectric layers 390, The external bonding pads 985 can be formed
after bonding of the memory die 1000 and the logic die 900 and after the anisotropic etch
process that forms the recess regions RR. The discrete photoresist material portions can be
subsequently removed, for example, by ashing.

{01871 A solder ball 995 can be attached to each external bonding pad 985, The solder
balls 995 can be applied to the bottom of each recess region RR using a solder material
dispensation tool. In one embodiment, the recess regions RR can be arranged as a one-
dimensional periodic array or as a two-dimensional periodic array. Alternatively, an array of
external bonding pads 985 and a corresponding array of solder balls 995 can be formned
within each recess region RR. A single recess region RR or an array of recess regions RR
may be formed. The bottom surfaces of the recess regions RR can be recessed relative to the
distal planar surface of the thinned logic-side substrate 902 by arecess distance in a range
from: 2 micron to 130 microns, such as from 3 microns to 30 microns, although lesser and
greater recess distances ¢an also be used. In one embodiment, each combination of an
external bonding pad 985 and a solder ball 995 can be located entively within a first
horizontal plane HP1 inclading a proximal horizontal surface of the memory-side substrate
310 and a second horizontal plane HP2 including a proximal horizontal surface of the thinned
fogic-side substrate 902, A bonding wire 997 can be bonded to each solder ball 995.

[0188] Referring to FIG. 183G, a second alternative configuration of the first exemplary
structure of FIGS. 18D and 18E is illustrated. Via cavities may be formed through the logic-
side interconnect-level dielectric layers 990 such that a back side of a respective logic-side
bonding pad 978 is physically exposed at the bottom of each via cavity. At least one bonding
pad material (such as an underbump metaliurgy (UBM) laver stack) may be deposited in the
via cavities and may be subseguently patterned fo form external bonding pads 1085, A solder
ball and a bonding wire can be subsequently attached to cach external bonding pad 1085, In
this embodiment, the external bonding pad 1085 is formed divectly on the logic-side bonding
pad (e.g., copper pad)} 978.

{0189] in an alternative configuration to any of the embodiments described ahove, the
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memory die may optionally contain a silicon-on-insulator type substrate, such as a substrate
301 and a semiconductor material layer 309 that is electrically isolated from the sabstrate 301
by an insulating laver 308. The semiconductor material layer 309 overlies a top surface of
the substrate 301 instead of a memory-side substrate 310, as shown in FI(G. 18G. In this
alternative configuration, bottom ends of vertical semiconductor channels can be electrically
connected to the semiconductor material layer 309.

{0190] Referring to FIG. 19A, a second configuration of the first exemplary structure is
illustrated, which can be derived from the first configuration of the first exemplary structure
itlustrated in FIG. 18C by omitting the terminal step of the anisotropic etch process. In this
case, a top surface of the logic-side eich stop dieleciric layer 964 can be physically exposed at
the bottom of each of the recess regions RR. The photoresist layer 977 can be subsequently
removed, for example, by ashing.

[0191] Referring to FIG. 198, a conformal dielectric material layer 992 can be deposited
on the distal planar surface and the sidewall of the thinned logic-side substrate 902, the
sidewall(s} of the logic-side interconnect-level diclectric layers 990, and over the logic-side
etch stop dielectric layer 964. For example, the conformal dielectric material layer 992 can
include silicon oxide and/or silicon nitride that can provide passivation of the logic die 900
from the distal side. Another photoresist layer 979 can be applied over the conformal
diclectric material layer 992, and can be lithographically patterned to form openings over
areas of the external bonding pads 985. An etch process can be performed to etch through
physically exposed regions of the conformal dielectric material layer 992 and the logic-side
etch stop dielectric layer 964, Planar distal planar surfaces of the external bonding pads 985
are physically exposed underneath each opening in the photoresist fayer 979. The photoresist
tayer 979 can be subsequently removed, for cxample, by ashing.

{0192] Referring to FIG. 19C, a solder ball 995 can be attached to each external bonding
pad 985. The solder balls 995 can be applied to the bottom of each recess region RR using a
sclder material dispensation tool. In one embodiment, the recess regions RR can be arranged
as a one-dimensional periodic array or as a two-dimensional periodic array. Alternatively, an
array of external bonding pads 985 and a corresponding array of solder balls 995 can be
formed within cach recess region RR. A single recess region RR or an array of recess regions
RR may be formed. The bottom surfaces of the recess regions RR can be recessed relative to

the distal planar surface of the thinned logic-side substrate 902 by a recess distance in a range
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from 1 micron to 150 microns, such as from 3 microns to 30 microns, although lesser and
greater recess distances can also be used. In one embodiment, cach combination of an
external bonding pad 985 and a solder ball 995 can be located entirely within a first
horizontal plane HP1 including a proximal borizontal surface of the memory-side substrate
310 and a second horizontal plane HP? including a proximal horizontal surface of the thinned
logic-side substrate 902. A bonding wire 997 can be bonded to each solder bali 995.

{0193] Referring to FIG. 20A, a configuration of the first exemplary structure is
itlustrated after formation of a memory die 1000. The memory die 1000 of FIG. 16 can be
modified such that one of the levels for the memory-side metal interconnect structures 370
inchudes at least one metallic material for forming external bonding pads. The at least one
metallic material can include, for example, aluminum or an underbump metallurgy stack,
which can be any of the underbump metallurgy stacks described above. The at least one
metallic material for forming external bonding pads can be patterned into intermediate metal
interconnect structires 375 that function as components of the memory-side metal
interconmnect structures 370 and external bonding pads 383 that are subsequently used to bond
a bonding wire thereupon. In one embodiment, a level of interconnect-level metal line
structures 374 can be replaced with a combination of the intermediate metal interconnect
structures 375 and the external bonding pads 385.

[0194] In one embodiment, a memory-side etch stop dielectric layer 364 can be formed as
a component of the logic-side interconnect-level dielectric layvers 990 after formation of the
intermediate metal interconnect structures 375 and the external bonding pads 385 within the
memory-side interconnect-level diclectric layers 390, The memory-side ctch stop diclectric
taver 364 inciudes a dielectric material that is different from the predominant component
materials (such as silicon oxide or organosilicate giass) of the memory-side interconnect-
level dielectric tayers 390, and provides a higher etch resistance than the predominant
coraponent material of the memory-side interconnect-level dielectric layers 390. In one
embodiment, the memory-side etch stop dielectric layer 364 can include dielectric metal
oxide (such as aluminum oxide) or silicon nitride. The thickness of the memory-side etch
stop dielectric layer 364 can be in a range from 5 om to 100 nm, although lesser and greater
thicknesses can also be used. The memory-side etch stop dieleciric layer 364 can contact

bottom surtaces of the aluminum portions or the UBM layer stacks of the external bonding
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pads 385, The external bonding pads 385 are more distal from the memory-side substrate
310 than the memory-side bonding pads 378 are from the memory-side substrate 310.

[0195] Referring to FIG. 20B, a logic die 900 to be subsequently bonded with the
memory die 1000 of FIG. 20A is illustrated. The logic die 900 includes a peripheral circuitry
tike the logic die of FIG. 17. The logic die 900 can include a logic-die substrate 910, which
can be a semiconductor substrate. The logic-die substrate 910 can inciude a semiconductor
wafer or a semiconductor material iayer. The logic die 900 of FIG. 208 can be derived from
the logic die 900 of FIG. 17 by forming interconnect-level metal line structures 974 in lieu of
the cornbination of the intermediate roetal interconnect structures 975 and the external
bonding pads 385. The memory die 1000 of FIG. 20A and the logic die 900 of FIG. 208 can
be designed such that the pattern of the logic-side bonding pads 978 of the logic dig 900
mirrors the pattern of the memory-side bonding pads 378 of the memory die 1000.

{019s] Referring to FIG. 200, the memory die 1000 of FIG. 20A and the logic die 900 of
Fi(G. 20B can be bonded to each other by metal-to-metal bonding such as copper-to-copper
honding.

{01971 Referring to FIG. 20D, the logic-side substrate 910 can be thinned from the
backside, for example, by grinding to provide a thinned logic-side substrate 902, which is a
semiconductor subsirate. The thinned logic-side stbstrate 902 can have a thickness in a
range from 1 wm to 100 wm, such as from 3 um to 30 pm, although lesser and greater
thicknesses can also be used.

[0198] Referring to FIG. 20K, a photoresist layer 977 can be applied over the backside of
the thinned logic-side substrate 902, and lithographically patterned to form at least one
opening therein. Hach of the at least one opening in the patterned photoresist layer 977 can
overlie a respective one of the external bonding pads 385. In one embodiment, each opening
in the patterned photoresist layer 977 may have a greater area than the total area of at least
one underlying external bonding pad 385. An anisotropic etch process can be used to form
recess regions RR. The anisotropic etch process sequentially etches the materials of the
thinned logic-side substrate 902, the logic-side interconnect-level dielectric layers 990, the
proximal portions of the memory-side interconnect-level diclectric layers 390, and the
physically exposed portions of the memory-side etch stop dielectric layer 364, The memory-
side etch stop dielectric layer 364 can be used to prevent overetch through the level of the

external bonding pads 385, The terminal step of the anisotropic eich process can include an
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etch step that etches physically exposed portions of the memory-side etch stop dielectric fayer
364 selective to the material of the external bonding pads 385. Each recess region RR
vertically extends underneath a respective opening in the patierned photoresist layer 977 {from
the distal planar surface of the logic dig 900 through the thinned logic-side substrate 902,
through the proximal planar surface of the thinned logic-side substrate 902, through the entire
thickness of the logic-side interconnect-level dielectric layers 990, through the interface
between the logic die 900 and the memory die 1000, through proximal portions of the
memory-side interconnect-fevel diclectric layers 390, through the memory-side etch stop
dielectric layer 364, and down to a proximal planar surface of each external bonding pad 385.
A horizontal surface of one of the logic-side interconnect-level dielectric layers 990 can be
physically exposed at the bottom of each recess region RR.

[0199] An external bonding pad 385 is provided at the bottorn of each recess region RR.
Each external bonding pad 385 can be located in a physically exposed one of the memory-
side interconnect-level dielectric layers 390. The external bonding pads 385 can be initially
formed within the memory-side interconnect-level diclectric layers 390 during formation of
the memory-side interconnect-level dielectric layers 390, and can be physically exposed after
bonding of the memory die 1000 and the logic die 900 and the anisotropic etch process that
forms the recess regions RR. A planar horizontal surface of cach external bonding pad 385
can be physically exposed after formation of the recess regions RR. The patterned
photoresist layer 977 can be subseguently removed, for example, by ashing.

{0200] Referring to FIG. 20F and 200, a solder ball 993 can be attached to cach external
honding pad 385, The solder balls 995 can be applied to the bottom: of each recess region RR
using a solder material dispensation tool. In one embodiment, the recess regions RR can be
arranged as a one-dimensional periodic array or as a two-dimensional periodic array.
Alternatively, an array of external bonding pads 385 and a corresponding array of solder balls
995 can be formed within each recess region RR. A single recess region RR or an array of
recess regions RR may be formed. The bottom surfaces of the recess regions RR can be
recessed relative to the distal planar surface of the thinned logic-side substrate 902 by a
recess distance in a range from 2 micron to 150 microns, such as from 3 roicrons to 50
microns, although lesser and greater recess distances can also be used. In one embodiment,
cach combination of an external bonding pad 383 and a solder ball 995 can be located

entirely within a first horizontal plane HP1 including a proximal horizontal surface of the
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memory-side substrate 310 and a second horizontal plane HP? including a proximal
horizontal surface of the thinned logic-side substrate 902. A bonding wire 997 can be bonded
to each solder ball 995.

{0261} Referring to FIG. 20H, a fourth configuration of the first exemplary structure is
tilustrated. In this case, interconnect-level metal line structures 374 can be formed within
memory-side interconnect-level dielectric layers 390 at the processing steps of FIG. 20A
lieu of the intermediate metal interconnect structures 375 and the external bonding pads 383.
In this case, a subset of the interconnect-level metal line structures 974 is formed in the fourth
configuration of the first exemplary structure in Heu of the external bonding pads 383 in FIG.
20A. The processing steps of FIGS. 20 — 20F are subsequently performed. The subset of
the interconnect-level metal line structures 374 are physically exposed at the bottom of each
recess region RR. A metallic bonding pad material such as alominom or a UBM laver stack
can be deposited by an anisotropic deposition process or an isotropic deposition process, and
can be patterned by forming discrete photoresist material portions to cover regions of
physically exposed portions of the interconnect-level metal line structures 974 at the bottom
of the recess regions, and by a subsequent etch process that removes unmasked portions of
the metallic bonding pad material. Remaining portions of the metallic bonding pad material
underneath the discrete photoresist material portions constitute external bonding pads 385.
{0202] An external bonding pad 385 is provided at the bottorn of each recess region RR.
Fach external bonding pad 385 can be located on a physically exposed one of the logic-side
interconnect-tevel dielectric layers 990. The external bonding pads 385 can be formed after
honding of the memory die 1000 and the logic die 900 and after the anisoiropic etch process
that forms the recess regions RR. The discrete photoresist material portions can be
subsequently removed, for example, by ashing.

{02603] A solder ball 995 can be attached to each external bonding pad 385, The solder
balls 993 can be applied to the bottom of each recess region RR using a solder material
dispensation tool. In one embodiment, the recess regions RR can be arranged as a one-
dimensional periodic array or as a two-dimensional periodic array. Alternatively, an array of
cxternal bonding pads 385 and a corresponding array of solder balls 995 can be formed
within each recess region RR. A single recess region RR or an array of vecess regions RR
may be formed. The bottom surtaces of the recess regions RR can be recessed relative to the

distal planar surface of the thinned logic-side substrate 902 by a recess distance in a range
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from 1 micron to 150 microns, such as from 3 microns to 30 microns, although lesser and
greater recess distances can also be used. In one embodiment, cach combination of an
external bonding pad 385 and a solder ball 995 can be located entirely within a first
horizontal plane HP1 including a proximal borizontal surface of the memory-side substrate
310 and a second horizontal plane HP? including a proximal horizontal surface of the thinned
logic-side substrate 902. A bonding wire 997 can be bonded to each solder bali 995.

{0284] Referring to FIG. 21 A, a configuration of the first exemplary structure can be
derived from the first exemplary structure of FIG. 16 including the memory dic 1000 by
forming a combination of intermediate roetal interconnect structures 375 and external
bonding pads 385 in lieu of a level of interconnect-level metal line structures 374. In thus
case, one of the levels for the memory-side metal interconnect structures 370 can include at
least one metallic material for forming external bonding pads. The at least one metallic
material can include, for example, aluminum or an underbump metallorgy (UBM) layer
stack. The at least one metallic material for forming external bonding pads can be patterned
into the intermediate metal interconnect structures 375 that function as components of the

Y]

memory-side metal interconnect structures 370 and external bonding pads 385 that are
subsequently used to bond a bonding wire thereupon. Thus, a level of interconnect-level
metal line structures 374 can be replaced with a combination of the intermediate metal
interconnect structures 375 and the external bonding pads 385.

§32051] In one embodiment, the at least one metallic material can include, and/or consist
essentially of, alumimim. In another embodiment, the at least one metallic material can
include, and/or consist essentially of, a UBM layer stack and an optional copper layer located
on top of the UBM stack. The UBM layer stack can contain at least two metallic barier
material layers, such as two, three, or four metallic barrier material layers. The UBM layer
stack can include a material on which a solder material portion can be subseguently formed.
In case the solder material portions to be subsequently used include gold, the UBM layer can
include a stack of a ttanivm-tungsten layer and a gold layer, or a stack of titanium layer and a
gold tayer. In case the solder material portions to be subsequently used include a lead-tin
alloy or a tin-silver-copper alloy, the UBM layer stack can include a stack of a titanium layer
and a copper layer; a titanium-tungsten layer and a copper layer; an aluminem layer, a nickel-
vanadium layer, and a copper layer; or a chromium iayer, a chromium-copper layer, and a

copper layer.
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{0206] In one embodiment, a memory-side etch stop dielectric layer 364 can be formed as
a component of the memory-side interconnect-level dielectric layers 390 before formation of
the intermediate metal interconnect structures 375 and the external bonding pads 385 within
the memory-side interconnect-level diclectric layers 390. The memory-side etch stop
dielectric layer 364 includes a dielectric material that is different from the predominant
component materials (such as silicon oxide or organosilicate glassy of the memory-side
interconnect-level dielectric layers 390, and provides a higher etch resistance than the
predominant component material of the memory-side interconnect-level dielectric tayers 390.
In one embodiment, the memory-side etch stop dielectric layer 364 can inchide diclectric
metal oxide {such as aluminum oxide} or silicon nitmde. The thickness of the memory-side
etch stop dielectric layer 364 can be in a range from 5 nm to 100 nm, although lesser and
greater thicknesses can also be used. The memory-side etch stop dielectric layer 364 can
contact bottom surfaces of the aluminum portions or the UBM layer stacks of the external
bonding pads 385.

{02671 Referring to FIG. 218, a logic die 900 is provided, which can be derived from the
logic die 900 of FIG. 17 by replacing the combination of the intermediate metal interconnect
structures 975 and the external bonding pads 985 with interconnect-level metal line stuctures
974. The logic-side etch stop diclectric layer 964 of FIG. 17 may be omitted in the logic die
500 of FIG. 21. The memory die 1000 of FIG. 21 A and the logic die 900 of FIG. 218 can be
designed such that the pattern of the logic-side bonding pads 978 of the logic die 900 murrors
the pattern of the memory-side bonding pads 378 of the memory die 1000

{02081 Referring to FIG. 21C, the memory die 1000 of FIG. 21A and the logic die 900 of
FIG. 218 can be bonded to each other by metal-to-metal bonding such as copper-to-copper
bonding.

{0209] Referring to FIG. 21D, the memory-side substrate 310 can be thinned from the
backside, for example, by grinding to provide a thinned mermory-side substrate 302, which is
a semiconductor substrate. The thinned memory-side substrate 302 can have a thickness in a
range from 1 pm to 100 pim, such as from 3 im to 30 pm, although lesser and greater
thicknesses can also be used,

{0210] Referring to FIG. 20E, a photoresist layer 977 can be applied over the backside of
the thinned memory-side substrate 302, and lithographically patterned to form at least one

opening therein. Each of the at least one opening in the patterned photoresist layer 977 can
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overlie a respective one of the external bonding pads 385. In one embodiment, each opening
in the patterned photoresist layer 977 may have a greater area than the total area of at least
one underlying external bonding pad 385. An anisotropic etch process can be used to form
recess regions RR. The anisotropic etch process sequentially etches the materials of the
thinned memory-side substrate 302 and distal portions of the memory-side interconnect-level
dielectric layers 390, and the physically exposed portions of the memory-side etch stop
dielectric layer 364. The memory-side etch stop dielectric iayer 364 can be used to prevent
overetch through the level of the external bounding pads 385, The terminal step of the
anisotropic etch process can include an etch step that etches physically exposed portions of
the memory-side etch stop dielectric layer 364 selective to the material of the external
bonding pads 385. Each recess region RR vertically extends underneath a respective opening
in the patterned photoresist layver 977 from the distal planar surface of the memory die 1000
through the thinned memory-side substrate 302, through the proximal planar surface of the
thinned memory-side substrate 302, through the distal portion of the memory-side
interconnect-fevel diclectric layers 390, through the memory-side etch stop dielectric layer
364, and down to a distal planar surface of each external bonding pad 385, A borizontal
surface of one of the memory-side interconnect-level dielectric layers 390 can be physically
cxposed at the bottom of each recess region RR.

{0211] An external bonding pad 385 is provided at the bottorn of each recess region RR.
Each external bonding pad 385 can be located in a physically exposed one of the memory-
side interconnect-level dielectric layers 390. The external bonding pads 385 can be initially
formed within the memory-side interconnect-level diclectric layers 390 during formation of
the memory-side interconnect-level dielectric layers 390, and can be physically exposed after
bonding of the memory die 1000 and the logic die 900 and the anisotropic etch process that
forms the recess regions RR. A planar horizontal surface of cach external bonding pad 385
can be physically exposed after formation of the recess regions RR. The patterned
photoresist layer 977 can be subseguently removed, for example, by ashing.

{02121 Referring to FIG. 21F, a solder ball 995 can be attached (o each external bonding
pad 385, The solder balis 995 can be applied to the bottor of each recess region KRR using a
solder material dispensation tool. In one embodiment, the recess regions KRR can be arranged
as a one-dimensional periodic array or as a two-dimensional periodic array. Alternatively, an

array of external bonding pads 385 and a corresponding array of solder balls 995 can be
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formed within each recess region RR. A single recess region RR or an array of recess regions
RR may be formed. The bottom surfaces of the recess regions RR can be recessed relative to
the distal planar surface of the thinned memory-side substrate 302 by a recess distance in a
range from 2 micron to 150 microns, such as from 3 microns to 50 microns, although lesser
and greater recess distances can also be used. In one embodiment, each combination of an
external bonding pad 385 and a solder ball 995 can be located entirely within a first
horizontal plane HP1 including a proximal horizontal surface of the logic-side substrate 910
and a second horizontal plane HP2 including a proximal horizontal surface of the thinned
memory-side substrate 302. A bonding wire 997 can be bonded to each solder ball 995.
{0213] Referring to FIG. 21G, an alternative embodiment of the fifth configuration of the
first exemplary structure is illustrated. In this case, interconnect-level metal line structures
374 can be formed within memory-side interconnect-level dielectric layers 390 at the
processing steps of FIG. 21A 10 leu of the intermediate metal interconnect structures 375 and
the external bonding pads 385. In this case, a subset of the interconnect-level metal line
structures 374 is formed in the alternative embodiment of the fifth configuration of the first
cxeraplary stracture in lieu of the external bonding pads 385 in FIG. 21A. The processing
steps of FIGS. 21C ~ 21E are subsequently performed. The subset of the interconnect-level
metal Hne structures 374 are physically exposed at the bottom of each recess region RR. A
metallic bonding pad material such as aluminom or a UBM layer stack can be deposited by
an anisotropic deposition process or an isgtropic deposttion process, and can be patterned by
forming discrete photoresist material portions {0 cover regions of physically exposed portions
of the inferconnect-level metal line structures 374 at the bottom of the recess regions, and by
a subsequent etch process that removes ginasked portions of the metallic bonding pad
material. Remaining portions of the metallic bonding pad material underneath the discrete
photoresist matcrial portions constitute external bonding pads 383.

{0214] An external bonding pad 385 is provided at the bottorn of each recess region RR.
Each external bonding pad 385 can be located on a physically exposed one of the memory-
side interconnect-level dielectric layers 390, The external bonding pads 385 can be formed
after bonding of the memory die 1000 and the logic die 900 and after the anisotropic etch
process that forms the recess regions RR. The discrete photoresist material portions can be
subsequently removed, for example, by ashing.

{0215] A solder ball 995 can be attached to each external bonding pad 385, The solder
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balls 995 can be applicd to the botiom of cach recess region RR using a solder material
dispensation tool. In one embodiment, the recess regions KR can be arranged as a one-
dimensional periodic array or as a two-dimensional periodic array. Alternatively, an array of
external bonding pads 385 and a corresponding array of solder balls 995 can be formed
within each recess region RR. A single recess region RR or an array of recess regions RR
may be formed. The bottom surfaces of the recess regions RR can be recessed relative to the
distal planar surface of the thinned memory-side substrate 302 by a recess distance in a range
from 1 micron to 150 microns, such as from 3 microns to 50 microns, although lesser and
greater recess distances can also be used. In one embodiment, cach combination of an
external bonding pad 385 and a solder ball 995 can be located entirely within a first
horizontal plane HP1 including a proximal borizontal surtace of the logic-side substrate 910
and a second horizontal plane HPZ2 including a proximal horizontal surface of the thinned
memory-side substrate 302, A bonding wire 997 can be bonded to each solder ball 995.
{6216} Referring to FIG. 21H, a sixth configuration of the first cmbodiment is illustrated.
In this configuration, memory-side bonding pads 378 are provided within the area of the
recess regions RR, and via cavities can be formed within the recess regions RR in areas that
overlie the memory-side bonding pads 378. The via cavities can vertically extend to the
backside surface of a respective one of the memory-side bonding pads 378. Atleast onc
bonding pad material (such as an underbump metallurgy (UBM) layer stack) may be
deposited in the via cavities and may be subseguently patterned o form external bonding
pads 1385. A solder ball and a bonding wire can be subsequently attached to cach external
bhonding pad 13853, In this embodiment, the external bonding pad 1385 s formed directly on
the memory-side bonding pad {(e.g., copper pad) 378.

{0217] In any of alternative embodiments that use the silicon-on-insulator type substrate
shown in FIG. 18G, the substrate 301 may be removed completely to expose the insulating
tayer 308, as shown in FIG. 21H.

{0218] Referring to FIG. 22A, a seventh configuration of the exemplary structure
includes a memory die 1006, which can be the same as the memory die 1000 of FIG. 16.
{02191 Referring to FIG. 228, a logic die 900 to be bonded to the memory die 1000 of
FIG. 22 A is illustrated. The logic die of FIG. 22B can be derived from the logic die 900 of
FIG. 17 by forming the logic-side etch stop dielectric layer 964 prior to formation of the

cornbination of the intermediate metal interconnect structures 975 and the external bonding
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pads 985, The thickness of the memory-side etch stop dielectric layer 364 can be in a range
from 35 nm to 100 om, although lesser and greater thicknesses can also be used. The logic-
side etch stop dielectric layer 964 can contact top surfaces of the aluminum portions or the
UBM layer stacks of the external bonding pads 983.

{0220] Referring to FIG. 22C, the memory die 1000 of FIG. 20A and the logic die 900 of
FIG. 208 can be bonded to each other by metal-to-metal bonding such as copper-to-copper
bonding.

{02211 Referring to FIG. 21D, the memory-side substrate 310 can be thinned from the
backside, for example, by grinding to provide a thinned memory-side substrate 302, which is
a semiconductor substrate. The thinned memory-side substrate 302 can have a thickness in a
range from 1 pgm to 100 um, such as from 3 uim to 30 pm, although lesser and greater
thicknesses can also be used.

{02221 Referring to FIG. 22E, a photoresist layer 977 can be applied over the backside of
the thinned mernory-side substrate 302, and lithographically patterned to form at least one
opening therein. Each of the at least one opening in the patterned photoresist layer 977 can
overlie a respective one of the external bonding pads 985. In one embodiment, each opening
in the patterned photoresist layer 977 may have a greater area than the total area of at least
one underlying external bonding pad 985. An amisotropic etch process can be used to form
recess regions RR. The anisotropic cich process sequentially etches the materials of the
thinned memory-side substrate 302, the memory-side interconnect-level dielectric layers 390,
the proximal portions of the logic-side interconnect-level dielectric layers 990, and the
physically exposed portions of the logic-side etch stop dielectric layer 964. The logic-side
etch stop dielectric layer 964 can be used to prevent overetch through the level of the external
bonding pads 985. The terminal step of the anisotropic etch process can include an etch step
that etches physically cxposed portions of the logic-side etch stop diclectric layer 964
selective to the material of the external bonding pads 985. Hach recess region RR vertically
cxtends underneath a vespective opening in the patterned photoresist layer 977 from the distal
planar surface of the memory die 1000 through the thinned memory-side substrate 302,
through the proximal planar surface of the thinned memory-side substrate 302, through the
entire thickness of the memory-side interconnect-level dielectric layers 390, through the
interface between the memory die 1000 and the logic die 900, through proximal portions of

the memory-side interconnect-level dielectric fayers 390, through the logic-side etch stop
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dielectric layer 964, and down to a proximal planar surtace of each external bonding pad 985.
A horizontal surface of one of the memory-side interconnect-level diclectric layers 390 can
be physically exposed at the bottom of each recess region RR.

{0223] An external bonding pad 9835 is provided at the bottom of each recess region RR.
Each external bonding pad 983 can be located in a physically exposed one of the logic-side
interconnect-tevel dielectric layers 990. The external bounding pads 985 can be initially
formed within the logic-side interconneci-level dielectric layers 990 during formation of the
logic-side interconnect-level diclectric layers 990, and can be physically exposed after
bonding of the memory die 1000 and the logic die 900 and the anisotropic ctch process that
forms the recess regions RR. A planar horizontal surface of each external bonding pad 985
can be physically exposed after formation of the recess regions RR. The patterned
photoresist layer 977 can be suhsequently removed, for example, by ashing.

{0224] Referring to FIG. 22F, a solder ball 995 can be attached to each external bonding
pad 985. The solder balls 995 can be applied to the bottom of each recess region RR using a
solder material dispensation tool. In one cmbodiment, the recess regions RR can be arranged
as a one-dimensional periodic array or as a two-dimensional periodic arvay. Alternatively, an
array of external bonding pads 985 and a corresponding array of solder balls 995 can be
formed within each recess region RR. A single recess region RR or an array of recess regions
RR may be formed. The bottom sirfaces of the recess regions RE can be recessed relative to
the distal planar surface of the thinned memory-side subswrate 302 by a recess distance in a
range from 2 micron to 150 microns, such as from 3 microns to 50 microns, although lesser
and greater recess distances can also be used. In one embodiment, each combination of an
external bonding pad 985 and a solder ball 995 can be located entirely within a first
horizontal plane HP1 including a proximal borizontal surface of the memory-side substrate
310 and a second horizontal plane HP? including a proximal horizontal surface of the thinned
memory-side substrate 302, A bonding wire 997 can be bonded to each solder ball 995.
{0225] Referring to FIG. 22, an eighth configuration of the first exemplary structure is
tlustrated. In this case, interconnect-level metal line stuctures 974 can be formed within
logic-side interconnect-level dielectric layers 990 at the processing steps of FIG. 22B in lieu
of the intermediate metal interconnect structures 375 and the external bonding pads 985. in
this case, a subset of the interconnect-level metal line structures 974 is formed in the eighth

configuration of the first exemaplary structure in lieu of the external bonding pads 985 in FIG,
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22B. The processing steps of FIGS. 22C - 22F are subsequently performed. The subset of
the interconnect-level metal line structures 374 are physically exposed at the bottom of each
recess region RR. A metallic bonding pad material such as aluminum or a UBM layer stack
can be deposited by an anisotropic deposition process or an isotropic deposition process, and
can be patterned by forming discrete photoresist material portions to cover regions of
physically exposed portions of the interconnect-level metal line structures 974 at the bottom
of the recess regions, and by a subsequent etch process that removes unmasked portons of
the metallic bonding pad material. Remaining portions of the metallic bonding pad material
underneath the discrete photoresist material portions constitute external bonding pads 983,
[0226] An external bonding pad 985 is provided at the bottom of each recess vegion RR.
Each external bonding pad 985 can be located on a physically exposed one of the logic-side
interconnect-level dielectric layers 990. The external bonding pads 985 can be formed after
bonding of the memory die 1000 and the logic die 900 and after the anisotropic etch process
that forms the recess regions RR. The discrete photoresist material portions can be
subsequently removed, for example, by ashing.

{02271 A solder ball 995 can be attached to each external bonding pad 985, The solder
balls 995 can be applied to the bottom of each recess region RR using a solder material
dispensation tonl. in one embodiment, the recess regions RR can be arranged as a one-
dimensional periodic array or as a two-dimensional periodic array. Alternatively, an array of
external bonding pads 985 and a corresponding array of solder balls 995 can be formed
within each recess region RR. A single recess region RR or an array of recess regions RR
may be formed. The bottom surfaces of the recess regions RR can be recessed relative to the
distal pianar surface of the thinned memory-side substrate 302 by a recess distance in a range
from: 2 micron to 130 microns, such as from 3 microns to 30 microns, although lesser and
greater recess distances ¢an also be used. In one embodiment, each combination of an
external bonding pad 985 and a solder ball 995 can be located entively within a first
horizontal plane HP1 including a proximal horizontal surface of the logic-side substrate 910
and a second horizontal plane HP2 including a proximal horizontal surface of the thinned
memory-side substrate 302. A bonding wire 997 can be bonded to each solder ball 995.
[0228] Generally, a first semiconductor die and a second semiconductor die are provided,
which include a memory die 1000 and a logic die 900. In one embodiment, the memory die

1000 can be the first semiconductor die and the logic die 900 can be the second
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semiconductor die. In another embodiment, the logic die 900 can be the first semiconductor
die and the memory die 1000 can be the second serniconductor die. The first semiconductor
die comprises a first substrate including a first distal planar surface and a first proximal
planar surface, first semiconductor devices {which may include a three-dimensional memory
array ot a peripheral circuitry) located on, or over, the first proximal planar surface of the first
substrate, first interconnect-level dielectric layers (which may be memory-side interconnect-
level dielectric layers 390 or logic-side interconnect-level dielectric layers 990) including
first metal interconnect structures (which may be memory-side metal interconnect structures
370 or logic-side metal interconnect structures 970) that are electrically connected 1o the first
semiconductor devices, and first die-to-dic bonding pads {which may be memory-side
bonding pads 378 or logic-side bonding pads 978) located at a surface portion of the first
interconnect-level dielectric layers and electrically connected to the first metal intercomnect
structurcs. The second semiconductor die comprises a second substrate including a second
distal planar surface and a second proximal planar surtace, second semiconductor devices
(which may include a three-dimensional memeory array or a peripheral circuitry) located on,
or over, the second proximal planar surface of the second substrate, second interconnect-level
dielectric layers (which may be memory-side interconnect-level dielectric layers 390 or logic-
side interconnect-level dielectric layers 990) including second metal interconnect structures
{which may be roemory-side metal interconnect structures 370 or logic-side metal
interconnect structures 970) that are electvically connected to the second semiconductor
devices, and second die-to-die bonding pads (which may be memory-side bonding pads 378
or logic-side bonding pads 978) located at a surface portion of the second interconnect-level
dielectric layers and electrically connected to the second metal interconnect structures.

{0229] The second dig-to-die bonding pads can be to the first die-to-die bonding pads to
provide die-to-die bonding between the first semiconductor die and the second semiconductor
die. In one embodiment, the second die-to-die bonding pads can be bonded to the first die-to-
die bonding pads by copper-to-copper bonding. At least one recess region RR can be formed
by removing material portions within volumes vertically extending from the second distal
planar surface through the second substrate and to the second proximal planar surface, to
provide a physically exposed horizontal surface of one of the first interconnect-level
dielectric layers and the second interconnect-level dielectric layers. OUne of the first

semiconductor dic and the second semiconductor die comprises a memory die 1000 including
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a three-dimensional array of memory clements, another of the first semiconductor dic and the
second semiconductor die comprises a logic die 900 including a peripheral circuitry
configured to operate the three-dimensional arvay of memory elements.

{6230] In one embodiment, the first substrate and the second substrate coraprise
semiconductor substrates, the memory die 1000 comprises a set of word lines for the three-
dimensional array of memory elements and a set of bit lines for the three-dimensional array
of memory clements, and the peripheral circuitry is configured to drive at least one set among
the set of word lines and the set of bit lines.

{02311 in one embodiment, the physicaily exposed horizontal surface is a horizontal
surface of one of the second interconnect-level diclectric layers.

{0232] In one embodiment, an external bonding pad (385 or 985) can be located on, or in,
the one of the first interconnect-level diclectric layers and the second interconnect-level
dielectric layers. The external bonding pad (385 or 985) can be formed within the one of the
first interconnect-level diclectric layers and the second interconnect-level diclectric layers
during formation of the first metal interconnect structures or during formation of the second
metal interconnect structures. A planar borizontal surface of the external bonding pad is
physically exposed afier formation of the recess region RR. A solder ball to a surface of the
external bonding pad (385 or 985).

{0233] Referring to all drawings of configurations related to the first exemplary structure
and according to various embodiments, a bonded assembly is provided, which comprises: a
first semiconductor dig (900 or 1000} comprising a first substrate including a first distal
planar surface and a first proximal planar surface, first semiconductor devices located on, or
over, the first proximal planar surface of the {irst substrate, first interconnect-level dielectric
layers (990 or 390) including first metal interconnect structures {970 or 370) that are
clectrically connected to the first semiconductor devices, and first dic-to-die bonding pads
(978 or 378) located at a surface portion of the first interconnect-level diclectric layers (990
or 390 and electrically connected to the first metal interconnect stractures (870 or 370); and
a second semiconductor die (1000 or 900) comprising a second substrate including a second
distal planar surface and a second proximal planar surface, second semiconductor devices
located on, or over, the second proximal planar surface of the second substrate, second
interconnect-level dielectric layers (390 or 990) including second metal interconnect

structurcs (370 or 970) that arc clectrically connected to the second semiconductor devices,
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and second die-to-dic bonding pads {378 or 978) located at a surface portion of the second
interconnect-fevel diclectric layers and electrically connected to the second metal
interconnect structures. The second die-to-die bonding pads (378 or 978) are bonded to the
first die-to-die bonding pads (978 or 378} to provide die-to-die bonding between the first
semiconductor dic and the second semiconductor die. An external bonding pad (385 or 985)
located on, or in, one of the first interconnect-level dielectric layers (990 or 390) and the
second interconneci-level dielectric layers (390 or 990) that has a physically exposed
horizontal surface. The external bonding pad is located entirely within a first horizontal
plane HP1 including the first proximal planar surface of the first substrate (910 or 310) and a
second horizontal plane HP2 including the second proximal planar surface of the second
substrate (302 or 902).

{3234} In one embodiment, a solder ball 995 1s bonded to the external bonding pad (385
or 985). In one embodiment, the second die-to-die bonding pads (378 or 978) are bonded to
the first die-to-dic bonding pads (978 or 378) by copper-to-copper bonding.

{02351 in one embodiment, a recess region RR including a void can be provided. The
recess region RR vertically extends from the second distal planar surface, through the second
proximal planar surface, and to the physically exposed horizontal surface.

{0236] In one embodiment, the recess region RR comprises at least one vertical or
substantially vertical sidewall that continuously extends from the second distal planar surface
to the physically exposed horizontal surface and to a surface of the external bonding pad (385
or 985).

{02371 in one embodiment, the external bonding pad (385 or 9835) is located directly on,
or is incloded within, one of the second interconnect-level dielectric layers (390 or 8990} in the
second semiconductor die, and the physically exposed horizontal surface comprises a
horizontal surface of one of the second interconnect-level dielectric layers (390 or 990).
{0238] In one embodiment, the external bonding pad (385 or 985) is located directly on,
or 1s included within, one of the first interconnect-level dielectric layers (990 or 390} in the
first semiconductor die, and the physically exposed horizontal surface comprises a horizontal
surface of one of the first interconnect-level dielectric layers (990 or 390).

{32391 In one embodiment, an edge of an interface between the first semiconductor die
(900 or 1000) and the second semiconductor die (1000 or 900) can be physically exposed to

the recess region RR.
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{6240] In one embodiment, one of the first semiconductor die and the second
semiconductor die comprises a memory die 1000 including a three-dimensional array of
memory elements, and another of the first semicondactor die and the sccond semiconductor
die comprises a logic die 900 including a peripheral circuitry configured to operate the three-
dimensional array of memory elements.

{03241} In one embodiment, the first substrate and the second substrate comprise
semiconductor substrates, the memory die 1000 comprises a set of word lines for the three-
dimensional array of mermory elements and a set of bif lines 98 for the three-dimensional
array of memory elements, and the peripheral circuitry s configured to drive at least one set
among the set of word lines and the set of bit lines 98.

{0242] In one embodiment, the memory die 1000 comprises an alternating stack of
insulating layers (132, 232} and electrically conductive tayers (146, 246), and a two-
dimensional array of memory stack structures 55 that extend through the alternating stack
{{132, 146). (232, 246)}. Each of the memory stack structures 35 comprises a respective
vertical stack of memory elements located adjacent to a respective vertical semiconductor
channel G0, the two-dimensional array of memory stack structures 35 constitutes the three-
dimensional array of memory elements, the bit lines 9% are connected to a respective subset
of the vertical semiconductor chanuels 60, and the elecirically conductive layers (146, 246
comprise the word lines.

{0243] Referring to FIG. 23A, a second exemplary structure including a memory die
1000 is provided. The memory die 1000 of FIG. 23A can be derived from the memory die
1000 of FIG. 16 by forming a subset of the interconnect-level metal line structures 374 in the
shape of memory-side via landing pads 374P. The memory-side via landing pads 374P can
have a rectangular, circular, or oval horizontal cross-sectional shapes, and can have a
maxuoum lateral dimension in a range from 1 maicron to 60 microns such as from 3 microns
to 30 microns, although lesser and greater maximum lateral dimensions can also be used. In
addition, patterned memory-side etch stop dielectric lavers 364 can be formed on the top
surface of each of the memory-side via landing pads 374P. Each patterned memory-side etch
stop dielectric layer 364 includes a dielectric material that is different from the predorninant
component materials (such as stlicon oxide or organosilicate glass} of the memory-side
interconnect-tevel dielectric layers 390, and provides a higher etch resistance than the

predominant component material of the memory-side interconnect-level dielectric layers 390.
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In one embodiment, cach memory-side etch stop dielectric layer 364 can include dielectric
metal oxide (such as aluminum oxide) or silicon nutride. The thickness of cach memory-side
etch stop dielectric layer 364 can be in a range from 5 nm to 100 nm, although lesser and
greater thicknesses can also be used. Each memory-side etch stop dielectric layer 364 can be
patterned such that patierned portions of the memory-side etch stop dielectric layers 364 are
located within each area in which connection via cavity is to be subsequently formed.

{0244] Referring to FIG. 23B, a logic die 900 to be bonded to the memory die 1000 of
FIG. 23A is iHlustrated. The logic die 900 of FIG. 238 can be derived from the logic die of
FIG. 208 by forming a subset of the interconnect-level metal line structures 974 in the shape
of logic-side via landing pads 974P. The logic-side via landing pads 974P can have a
rectanguliar, circular, or oval horizontal cross-sectional shapes, and can have a maximuig
tateral dimension in a range from 1 micron to 60 microns such as from 9 microns to 90
microns, although lesser and greater maximum fateral dimensions can also be used. In
addition, cach of the logic-side via landing pads 974P can be formed on the top surface of a
respective patterned logic-side etch stop dielectric layer 964 . Each patterned logic-side etch
stop dielectric layer 964 includes a dielectric material that is different from the predorinant
component materials (such as silicon oxide or organosilicate glass) of the logic-side
intercounect-tevel dielectric layers 990, and provides a higher etch resistance than the
predominant component material of the logic-side interconnect-level dielectric layers 990. In
one embodimeint, each logic-side eich stop dielectric layer 964 can include dielectric metal
oxide (such as aluminum oxide) or silicon nitride. The thickness of each logic-side etch stop
dielectric layer 964 can be in a range from 5 sm to 100 nio, although lesser and greater
thicknesses can also be used. Each logic-side etch stop dielectric layer 964 can be patterned
such that patterned portions of the logic-side etch stop dielectric layers 964 are located within
cach arca in which connection via cavity is to be subsequently formed. The memory dic
1000 of FIG. 23A and the logic die 900 of FIG. 238 can be designed such that the pattern of
the logic-side bonding pads 978 of the logic die 900 mirrors the pattern of the memory-side
honding pads 378 of the memory die 1000.

{6245] Referring to FIG. 23C, the memory die 1000 of FIG. 23A and the logic die 900 of
FIG. 238 can be bonded to each other by metal-to-metal bonding such as copper-to-copper
bonding. Subsequently, the logic-side substrate 910 can be thinnad from the backside, for

cxample, by grinding to provide a thinned logic-side substraiec 902, which is a semiconductor
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substrate. The thinned logic-side substrate 902 can have a thickness in a range from | pm to
100 um, such as from 3 i to 30 pun, although lesser and greater thicknesses can also be
used. A planar diclectric isolation layer 930 can be formed on the distal planar surface of the
thinned logic-side substrate 902. The planar dielectric isolation layer 930 includes an
insulating material such as silicon oxide, stlicon nitride, and/or a dielectric metal oxide. For
example, the planar dielectric isolation layer 930 can include silicon nitride that can suppress
ingress of moisture or contaminants from the ambient into the thinned logic-side substrate
902. The thickness of the planar diclectric isolation layer 930 can be in a range from 10 nm
to 500 nm, although lesser and greater thicknesses can also be usad.

{0246] Referring to FIG. 2313, a photoresist layer 977 can be applied over the planar
dielectric isolation layer 930 above the planar distal planar surface of the thinned logic-side
substrate 902, and lithographically patterned to form a plurality of openings therein. Each
opening in the patterned photoresist layer 977 can be formed entirely within the arca of a
respective one of the logic-side via landing pads 974P and the memory-side via landing pads
374P. In one embodiment, the pattern of the discrete openings in the photovesist layer 977
can match the general pattern of the logic-side via landing pads 974P and the memory-side
via landing pads 374P with a scaling factor less than 1 such that cach opening in the patterned
photoresist layer 977 has a lesser area than the underlying one of the logic-side via landing
pads 974P and the memory-side via landing pads 374P. In one embodiment, the area of each
discrete opening in the photoresist layer 977 can be entirely within the area of a respective
underlying one of the logic-side via landing pads 974P and the memory-side via landing pads
374P in a plan view, i.e., in a view along a vertical direction. In one embodiment, the array
of the logic-side via landing pads 974P and the memory-side via landing pads 374P and the
discrete openings i the photoresist layer 977 can be arranged as a periodic one-dimensional
array. In one embodiment, the arvay of the logic-side via landing pads 974P and the memory-
side via landing pads 374P and the discrete openings in the photoresist layer 977 can be
arranged as a periodic two-dimensional array.

[0247] An anisotropic etch process can be performed to eteh through portions of the
thinned logic-side substrate 902, the logic-side interconnect level dielectric layers 990, and
proximal portions of the memory-side interconnect-level diclectric layers 390 using the
patterned photoresist layer 977 as an etch mask. The anisotropic etch process can include a

first etch step that etches the material of the thinned logic-side substrate 902 selective to the
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dielectric materials of the logic-side interconnect-level dielectric layers 990, and a second
ctch step that etches the materials of the logic-side interconnect-level dielectric layers 990
and the memory-side interconnect-level dielectric layers 390 selective to the material of the
logic-side etch stop dielectric layer{s) 964 and the memory-side etch stop dielectric layer(s)
364. Each etch stop diclectric layer (364 or 964 other than the etch stop dielectric layer that
contacts most distal ones of the memory-side via landing pads 374F {as measured from the
horizontal plane inciuding the distal planar surface of the thinned logic-side subsirate 902)
can be patterned during formation of the logic-side interconnect-level diclectric layers 990 or
during formation of the memory-side interconnect-level dielectric layers 390 to ensure that
each connection via cavity 935 formed by the first and second steps of the anisotropic etch
process reaches a respective one of the etch stop diclectric layers (364, 964) without being
prematurely stopped by an intervening etch stop dielectric tayer (364 or 964).

[0248] The anisotropic etch process includes a third step that etches through physically
exposed portions of the etch stop dielectric layers (364, 964) to expose a center portion of the
logic-side via landing pads 974P and the memory-side via landing pads 374P. Optionally, the
third step of the anisotropic etch process may be replaced with an isotropic etch process such
as a wet eich process that etches the materials of the etch stop material layers (364, 964)
selective to the material of the via landing pads (%74P, 374P} and the interconneci-level
diglectric layers (990, 390). The patterned photoresist layer Y77 can be removed, for
example, by ashing. A suitable cleaning process may be subsequently performed.

{(249] The connection via cavities 935 include first connection via cavities 935A that
extend through the thinned logic-side subsirate 902, the logic-side interconnect-level
dielectric layers 990, and proximal portions of the memory-side interconnect-level dielectric
layers 390 to a proximal planar surface of a respective one of the memory-side via landing
pads 374P, and second connection via cavities 9358 that extend through the thinned logic-
side substrate 902 and the distal portion of the logic-side interconnect-level dielectric layers
990 to a distal planar surface of a respective one of the logic-side via landing pads

9749, Each first connection via cavity 935A includes at least one straight sidewall that
extends through the thinned logic-side substrate 902, the logic-side interconnect-level
dielectric layers 990, and proximal portions of the memory-side interconnect-level dielectric
layers 390 to a proximal planar surface of a respective one of the memory-side via landing

pads 374P. Each second connection via cavity 9358 extends through the thinned logic-side
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substrate 902 and the distal portion of the logic-side interconnect-level diclectric layers 990
to a distal planar surface of a respective one of the logic-side via landing pads 974P.

[0230] The memory-side via landing pads 374P can be formed at multipie levels within
the memory-side interconnect-level diclectric layers 390. In this case, the first connection via
cavities 935A can include multiple subsets of first connection via cavitics 935A that extend to
proximal planar surfaces of the memory-side via landing pads 374P located at ditferent
depths. Likewise, the logic-side via landing pads 974P can be formed at multiple levels
within the logic-side interconneci-level dielectyic layers 990, In this case, the second
connection via cavities 9358 can include multiple subsets of second connection via cavities
G358 that extend to distal planar surfaces of the logic-side via landing pads 974P located at
different depths.

{0251] Each connection via cavity 935 includes at least one straight sidewall. Each
straight sidewall of the connection via cavities 935 can be vertical or substantially vertical,
t.e., straight with a taper angle less than 5 degrees with respect to the vertical direction. The
maximum lateral dimension (such as a diameter, a major axis, or a diagonal of a rectangular
shape} of each connection via cavity 935 can be in a vange from 3 microns to 30 microns,
such as from 6 microns to 15 microns although lesser and greater maximum lateral
dimnensions can also be used,

{0252] Referring to FIG. 23E, a continuous dielectric material layer can be deposited by a
conformal deposition process at a periphery of each connection via cavity 935 and over the
thinned logic-side substrate 902. The continuous dielectric material layer can include silicon
oxide, silicon nitride, and/or a dielectric metal oxide such as aluminum oxide. The thickness
of the continuous dielectric material layer can be in a range from 10 nm to 200 nm, such as
from 20 nm to 100 nm, although lesser and greater thicknesses can also be used. An
anisotropic etch process can be performed to remaove horizontal portions of the continuous
dielectric material layer. A tobular insulating spacer 934 can be formed at a periphery of
each connection via cavity 935 by a respective remaining portion of the continuous dielectric
material layer after the anisotropic etch process. A top surface of a via landing pad (974P or
374P), which can be a distal planar surface of a logic-side via landing pad 974P or a proximal
planar surface of a memory-side via landing pad 374P, 1s physically exposed at the bottom of
cach unfilied portion of the connection via cavities 933,

{0253] At least one conductive material can be deposited in remaining volumes of the
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connection via cavitics 935, The at least one conductive material can include, for example, a
condoctive metathic nitride Hner material such as TiN, TaN, and/or WN and at feast one
conductive fill matertal such as W, Cu, Mo, and/or heavily doped polysilicon. Excess
portions of the at lcast one conductive material can be removed from above the horizontal
plane including the distal planar surface of the thinned logic-side substrate 902 by a
planarization process. The plananzation process can use chemical mechanical planarization
(CMP) and/or a vecess etch. The planarvization process may be selective to the semiconductor
material of the thinned logic-side substrate 902, Each remaining portion of the at least one
conductive material in the connection via cavities 933 constitutes a conductive pillar structure
a36.

{0254] The conductive pillar structures 936 include first conductive pillar structures 936A
extending through the thinned logic-side substrate 902, the logic-side interconnect-level
diclectric layers 990, and the proximal portions of the memory-side interconnect-level
dielectric layers 390 and contacting a proximal planar surface of a memory-side via landing
pad 374P, and second conductive pillar structures 9368 extending through the thinned logic-
side substrate 902 and distal portions of the logic-side interconnect-level diclectric layers 990
and contacting a distal side of a logic-side via landing pad 974P. Each contiguous
cornbination of a first conductive pillar structure 936A and a tbular insulating spacer 934
constitutes a first laterally-insulated external connection via structure (9364, 934), and cach
continuous combination of a second conductive pillar structure 9368 and a wbular insulating
spacer 934 constitutes a second laterally-insuiated external connection via structure (9368,
9343,

{32551 Each first faterally-insulated external connection via structure (9364, 934}
contacts a proximal planar surface of a respective memory-side via landing pad 374P. In case
the memory-side via landing pads 374P are located at multiple levels of the memory-side
interconnect-level dielectric layers 390, multiple types of first laterally-insulated external
connection via structares (936A, 934) having different heights can be formed. Each second
laterally-insulated external connection via structure (9368, 934) contacts a distal planar
surface of a respective logic-side via landing pad 974P. In case the logic-side via landing
pads 974P are located at multiple levels of the logic-side interconnect-level dielectric layers
990, multiple types of second laterally-insulated external connection via structures (9364,

934} having different heights can be formed.
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{0256] A metallic bonding pad material such as aluminum or a UBM layer stack can be
deposited by an anisotropic deposition process or an isotropic deposition process, and can be
subseguently patterned to form external bonding pads 938. For example, discrete photoresist
material portions can be formed over the deposited metallic bonding pad material to cover
discrete areas of the metallic bonding pad material that cover the laterally-insulated external
connection via structare (936, 934). An etch process can be performed to remove unmasked
portions of the metallic bonding pad material. Remaining portions of the metallic bonding
pad material underncath the discrete photoresist material portions constitute the cxternal
bonding pads 938.

[02587] A solder ball 995 can be attached to each external bonding pad 938. The solder
balls 995 can be applied to the external bonding pads 938 using a solder material dispensation
tool. In one embodiment, the laterally-insulated external connection via structure (936, 934}
and the external bonding pads 938 can be arranged as a one-dimensional periodic array or as
a two-dimensional periodic array. A bonding wire 997 can be bonded to each solder ball 995.
{02581 Referring to FIG. 23F, a second configuration of the second cxemplary structure is
illustrated, in which an clectrical connection to a node within the periphery circuitry on the
thinned logic-side substrate is provided using a generally U-shaped conductive path that
includes a first conductive pillar structure 930A in a first laterally-insulated external
connection via structure (9364, 934), a memory-side via landing pad 374P, one or move of
the memory-side metal interconnect structures 370, a pair of a logic-side bonding pad 978
and a memory-side bonding pad 378, and one or more of the logic-side metal interconnect
structures 970,

[0239] Referring to FIG. 23G, an alternative second contiguration of the second
cxemplary structure can be derived from the second exemplary structure by forming via
cavities extending through the thinned logic-side substrate 902 and the logic-side
interconnect-fevel dielectric layers 990 to the backside of a respective one of the logic-side
bonding pad 978. Laterally-insulated external connection via structure (936, 934) can be
formed in the via cavities. The conductive pillar structures 936 can function as conductive
paths between the logic-side bonding pads 978 and the backside of the logic die. An external
bonding pad 938 can be formed on each of the conductive pillar structures 938. In this
embodiment, the conductive pillar structures 936 are formed directly on the logic-side

<

bonding pads 978
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{6260] Referring to FIG. 24A, a memory die 1000 is provided, which can be derived
from the memory die 1000 of FIG. 23 A by forming each of the memory-side via landing pads
374F on a top surface of a respective patterned memory-side etch stop dielectric layer 364.
Each patterned memory-side etch stop dielactric layer 364 can include the same dielectric
material as the patterned memory-side eich stop dieleciric layers 364 of FIG. 23A.

{0261} Referring to FIG. 24B, a logic die 900 to be bonded to the memory die 1000 of
FIG. 24A is illustrated. The logic die 900 of FIG. 24B can be derived from the logic die of
FIG. 238 by forming cach patterned logic-side etch stop dielectric laver 964 on a top surface
of a respective one of the logic-side via landing pads 974P. Hach patterned logic-side etch
stop dielectric layer 964 can include the same dielectric material as the patterned logic-side
etch stop dielectric layers 964 of FIG. 23A. The memory die 1000 of FIG. 24A and the logic
die 900 of FI(. 248 can be designed such that the pattern of the logic-side bonding pads 978
of the logic die 900 mirrors the pattern of the memory-side bonding pads 378 of the memory
die 1000,

{02621 Referring to FIG. 24C, the memory die 1000 of FIG. 24A and the logic die 900 of
FIG. 248 can be bonded to each other by metal-to-metal bonding such as copper-to-copper
bonding. Subsequently, the memory-side substrate 310 can be thinned from the backside, for
cxample, by grinding to provide a thinned memory-side substrate 302, which is a
semiconductor substrate. The thinned memory-side substrate 302 can bave a thickness in a
range from 1 wm to 100 wm, such as from 3 ym to 30 pm, although lesser and greater
thicknesses can also be used. A planar dielectric isolation layer 330 can be formed on the
distal planar surface of the thinned memory-side substrate 302. The planar dielectric
isolation layer 330 includes an insulating material such as silicon oxide, silicon nitride, and/or
a dielectric metal oxide. For example, the planar dielectric isolation layer 330 can include

silicon nitride that can suppress ingress of moisture or contaminants from the ambient into the

thinned memory-side substrate 302. The thickness of the planar dielectric isolation layer 330
can be in a range frora 10 nm to 300 am, although lesser and greater thicknesses can also be
used.

{0263] Referring to FIG. 24D, a photoresist layer 977 can be applied over the planar
dielectric isolation layer 330 above the planar distal planar surface of the thinsned memory-
side substrate 302, and lithographically patterned to form a plurality of opemings therein.

Each opening in the patterned photoresist layer 977 can be formed entively within the area of
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a respective one of the logic-side via landing pads 974P and the memory-side via landing
pads 374P. In one embodiment, the pattern of the discrete openings in the photoresist layer
@77 can match the general pattern of the logic-side via landing pads 974F and the memory-
side via landing pads 374P with a scaling factor less than 1 such that each opening in the
patterned photoresist layer 977 has a lesser area than the underlying one of the logic-side via
tanding pads 974F and the memory-side via landing pads 374P. In one embodiment, the area
of each discrete opening in the photoresist layer 977 can be entirely within the area of a
respective underlying one of the logic-side via landing pads 974F and the memory-side via
landing pads 374P in a plan view, i.e., in a view along a vertical direction. In one
cmbodiment, the array of the logic-side via landing pads 974P and the memory-side via
landing pads 374P and the discrete openings in the photoresist layer 977 can be arranged as a
periodic one-dimensional array. In one embodiment, the array of the logic-side via landing
pads 974P and the memory-side via landing pads 374P and the discrete openings in the
photoresist layer 977 can be arranged as a periodic two-dimensional array.

{02641 An anisotropic etch process can be performed to ctch through portions of the
thinned memory-side substrate 302, the memory-side interconnect level diclectric layers 390,
and proximal portions of the logic-side interconnect-level dielectric layers 990 using the
patterned photoresist layer 977 as an etch mask. The anisotropic etch process can include a
first etch step that etches the material of the thinned memory-side substrate 302 selective to
the dielectric materials of the mermory-side interconnect-ievel dielectric layers 390, and a
second eich step that etches the materials of the memory-side interconnect-level diclectric
fayers 390 and the logic-side interconnect-level dielectric lavers 990 selective to the material
of the logic-side etch stop dielectric layer(s) 964 and the memory-side etch stop dielectric
laver(s) 364. Each etch stop dielectric layer (364 or 964) other than the etch stop dielectric
layer that contacts most distal ones of the logic-side via landing pads 974P (as measured from
the horizontal plane inchiding the distal planar surface of the thinned memory-side substrate
302) can be patterned during formation of the logic-side interconnect-level dielectric layers
990 or during formation of the memory-side interconnect-level dielectric layers 390 o ensure
that each connection via cavity 335 formed by the first and second steps of the anisotropic
etch process reaches a respective one of the etch stop dielectric layers (364, 964) without
being prematurely stopped by an intervening etch stop dielectric layer (364 or 964).

{0265] The anisotropic etch process includes a third step that etches through physically
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exposed portions of the etch stop dielectric layers (364, 964) to expose a center portion of the
logic-side via landing pads 974P and the memory-side via landing pads 374P. Optionally, the
third step of the anisotropic etch process may be replaced with an isotropic etch process such
as a wet eich process that etches the materials of the etch stop material layers (364, 964)
selective to the material of the via landing pads (%74P, 374P} and the interconneci-level
dielectric layers (990, 390). The patterned photoresist layer 977 can be removed, for example,
by ashing. A suitable cleaning process may be subsequently performed.

{6266] The connection via cavities 335 include first connection via cavities 335A that
extend through the thinned mermory-side substrate 302, the merory-side interconnect-level
dielectric layers 390, and proximal portions of the logic-side interconnect-level dielectric
layers 990 to a proximal planar surface of a respective one of the logic-side via landing pads
9749, and second connection via cavities 3358 that extend through the thinned memory-side
substrate 302 and the distal portion of the memory-side interconnect-level dielectric layers
390 to a distal planar surface of a respective one of the memory-side via landing pads

374P. Hach first connection via cavity 335A includes at least one straight sidewall that
extends through the thinned memory-side substrate 302, the memory-side interconnect-level
dielectric layers 390, and proximal portions of the logic-side interconnect-ievel dielectric
tayers 990 to a proximal planar surface of a respective one of the logic-side via landing pads
74P, Each second connection via cavity 3358 extends through the thinned memory-side
substrate 302 and the distal portion of the memory-side interconnect-level dielectric layers
390 to a distal planar surface of a respective one of the memory-side via landing pads 374P.
{02671 The logic-side via landing pads 974P can be formed at multiple levels within the
logic-side interconunect-level dielectric layers 990. In this case, the first connection via
cavities 335A can include multiple subsets of first connection via cavities 335A that extend to
proximal planar surfaces of the logic-side via landing pads 974PF located at different depths.
Likewise, the memory-side via landing pads 374P can be formed at roultiple levels within the
memory-side interconnect-level dielectric layers 390. In this case, the second connection via
cavitics 3358 can include multiple subsets of second connection via cavities 3358 that
cxtend to distal planar surfaces of the memory-side via landing pads 374P located at different
depths.

{0268] Each connection via cavity 335 includces at least one straight sidewall. Each

straight sidewall of the connection via cavities 335 can be vertical or substantially vertical,
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t.e., straight with a taper angle less than 5 degrees with respect to the vertical direction. The
maximum lateral dimension (such as a diameter, a major axis, or a diagonal of a rectangular
shape) of each connection via cavity 335 can be in a range from 3 microns to 30 microns,
such as from 6 microns to 15 microns although lesser and greater maximum lateral
dimnensions can also be used,

{0269] Referring to FIG. 23E, a continuous dielectric material layer can be deposited by a
conformal deposition process at a periphery of each connection via cavity 335 and over the
thinned memory-side substrate 302, The coutinuous diclectric material layer can include
silicon oxide, silicon nitride, and/or a diefectric metal oxide such as ahumioum oxide. The
thickness of the continuous dielectric material layer can be in a range from 10 nm to 200 nm,
such as from 20 nm to 100 nm, although lesser and greater thicknesses can also be used. An
anisotropic etch process can be performed to remove horizontal portions of the continvous
dielectric material layer. A tobular insulating spacer 334 can be formed at a periphery of
each connection via cavity 335 by a respective remaining portion of the continuous dielectric
material layer after the anisotropic etch process. A top surface of a via landing pad (374P or
G74P), which can he a distal planar surface of a memory-side via landing pad 374P or a
proximal planar surface of a logic-side via landing pad 974P, is physically exposed at the
bottom of cach unfilled portion of the conncction via cavities 333,

{0276] At least one conductive material can be deposited in remaining volumes of the
connection via cavities 335. The at least one conductive material can include, for example, a
conductive metallic nitride Hner material such as TiN, TaN, and/or W and at least one
conductive fl material such as W, Cu, Mo, and/or heavily doped polysilicon. Excess
portions of the at icast one conductive material can be removed from above the horizontal
plane including the distal planar surface of the thinned memory-side substrate 302 by a
planarization process. The planarization process can use chemical mechanical planarization
{CMP) and/or a recess etch. The planarization process may be selective to the semiconductor
material of the thinned memory-side substrate 302, Each remaining portion of the at least
one conductive material in the connection via cavities 335 constitutes a conductive pillar
structure 336,

[6271] The conductive pillar stuctures 336 include first conductive pillar structures 336A
extending through the thinned memory-side substrate 302, the memory-side interconnect-

level dielectric tayers 390, and the proximal portions of the logic-side interconnect-level
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dielectric layers 990 and contacting a proximal planar surface of a logic-side via landing pad
G749, and second conductive pillar structures 3368 extending through the thinned memory-
side substrate 302 and distal portions of the memory-side interconnect-level dielectric layers
390 and contacting a distal side of a memory-side via landing pad 374P. Each contiguous
cornbination of a first conductive pillar structure 336A and a tubular insulating spacer 334
constitutes a first lateratlynsulated external connection via stracture (3364, 334), and each
continuous combination of a second conductive pillar structure 3368 and a wbular insulating
spacer 334 constitutes a second laterally-insulated external connection via structure (3368,
334).

{62721 Each first faterally-insulated external connection via structure (3364, 334}
contacts a proximal planar surface of a respective logic-side via landing pad 974P. In case
the logic-side via landing pads 974F are located at multiple levels of the logic-side
interconnect-level dielectric layers 990, multiple types of first laterally-insulated external
connection via structures (336A, 334) having different heights can be formed. Each second
laterally-insulated external connection via structure (3368, 334) contacts a distal planar
surface of a respective mermory-side via landing pad 374P. In case the memory-side via
landing pads 374P arc located at mulitiple levels of the memory-side interconnect-level
diclectric layers 390, multiple types of second laterally-insulated external connection via
structures (336A, 334) having different beights can be formed.

{6273] A metallic bonding pad material such as aluminum or a UBM layer stack can be
deposited by an anisotropic deposition process of an isotropic deposition process, and can be
subsequently patterned to form external bonding pads 938. For example, discrete photoresist
material portions can be formed over the depostted metallic bonding pad material to cover
discrete arcas of the metallic bonding pad material that cover the laterally-insulated external
connection via structure (336, 334). An ctch process can be performed to remove unmasked
portions of the metallic bonding pad material. Remaining portions of the metallic bonding
pad material underneath the discrete photoresist material portions constitite the external
honding pads 338,

{02741 A solder ball 9935 can be attached to each external bonding pad 935. The solder
balls 995 can be applied to the external bonding pads 938 using a solder material dispensation
tool. In onc embodiment, the laterally-insulated external connection via structure (336, 334}

and the external bonding pads 938 can be arranged as a one-dirnensional periodic array or as
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a two-dimensional periodic array. A bonding wire 997 can be bonded to each solder ball 995.
{02751 Generally, a first semiconductor die and a second semiconductor die are provided,
which include a memory die 1000 and a logic die 900. In one embodiment, the memory die
1000 can be the first semiconductor dig and the logic die 900 can be the second
senmiiconductor die. In another embodiment, the logic dic 900 can be the first semiconductor
die and the memory die 1000 can be the second semiconductor die. The first semiconductor
die comprises a first substrate including a first distal planar surface and a first proximal
planar surface, first semiconductor devices (which may include a three-dimensional memory
array or a peripheral circuitry) located on, or over, the first proximal planar surface of the first
substrate, first interconnect-level diclectric layers {which may be memory-side interconnect-
level dielectric layers 390 or logic-side interconnect-level dielectric layers 990) including
first metal interconnect structures (which may be memory-side metal interconnect structures
370 or logic-side metal interconnect structures 970) that are electrically connected to the first
semiconductor devices, and first die-to-die bonding pads {which may be memory-side
honding pads 378 or logic-side bonding pads 978) located at a surface portion of the first
interconnect-level diclectric layers and electrically connected to the first metal interconnect
structures. The second semiconductor dic comprises a second substrate including a second
distal planar surface and a second proximal planar surface, second semiconductor devices
{which may include a three-dimensional memory array or a peripheral circuitry) located on,
or over, the second proximal planar surface of the sccond substrate, second interconnect-level
dielectric layers (which may be memory-side interconnect-level dielectric layers 390 or logic-
side interconnect-level dieleciric layers 990) including second metal interconnect struciures
(which may be memory-side metal interconnect structures 373 or logic-side metal
interconnect structures 970) that are electrically connected to the second semiconductor
devices, and second die-to-die honding pads (which may be memory-side bonding pads 378
or logic-side bonding pads 978) located at a surface portion of the second interconnect-level
dielectric layers and electrically connected to the sccond metal interconnect structures. The
second die-to-die bonding pads are bonded to the first die-to-die bonding pads to provide die-
to-dic bonding between the first semiconductor die and the second semiconductor die. In one
cmbodiment, the second die-to-die bonding pads are bonded to the first die-to-die bonding
pads by copper-to-copper bonding.

{0276] A first connection via cavity (935A or 3354A) is formed through the second
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substrate {902 or 302), the second interconnect-level dielectric layers (990 or 390), a
horizontal plane including an interface between the first semiconductor die and the second
semiconductor die, and a subset of layers within the first interconnect-level dielectric layers
(390 or 990}, One of the first metal interconnect structures (974F or 374P) is physically
cxposed at a bottom of the first connection via cavity (935A or 335A). A sccond connection
vig cavity (9358 or 3358 is formed through the second sabstrate (902 or 302) and a subset
of layers within the second interconnect-level dielectric layers (990 or 390). One of the
second metal interconnect structures (374P or 974P) is physically exposed at a bottom of the
second connection via cavity (9358 or 335B). A third connection via cavity (935A or 335A)
can be formed through the second sabstrate (902 or 302), the second interconnect-level
dielectric layers (990 or 390), the horizontal plane including the interface batween the first
semiconductor die and the second semiconductor die, and another subset of layers within the
first interconnect-level dielectric layers (390 or 990), and to an additional one of the first
metal interconnect structures (974P or 374F) that is focated at a different vertical distance
from the interface between the first semiconductor dic and the second semiconductor die than
the one of the first metal interconnect structurves (974P or 374P) is from the interface between
the first semiconductor die and the second semiconductor die.

{6277} In one embodiment, the first interconnect-level diclectric layers (390 or 990)
coraprise a patterned first etch stop dielectric fayer (364 or 964) contacting a surface of the
one of the first metal interconnect structures (974P or 374P), and the second interconnect-
fevel dielectric fayers (990 or 390) comprise a patterned second cich stop dielectric layer (964
or 364) contacting a surface of the one of the second metal interconnect structures (374F or
G74P), and the first connection via cavity (935A or 335A), the second connection via cavity
(9358 or 335B), and the third connection via cavity (335A or 335A) are formed by a same
anisotropic etch process that includes a first etch step that etches through the second substrate
(902 or 302), a second etch step that etches portions of the second interconnect-level
dielectric layers 390 and the first interconnect-level dieleciric layers 990 selective to
materials of the patterned second etch stop dielectric layer (364 or 964} and the patterned first
cteh stop dielectric layer (964 or 364), and a third etch step that etches through the patterned
second etch stop dielectric layer (364 or 964) and the patterned first etch stop dielectric layer
{364 or 964,

{0278] A first laterally-insulated external connection via structure {{9364, 934), (336A,
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334)} is formed in the first connection via cavity (933A, 335A) on the onc of the first metal
interconuect structures (374P, 974P), a second laterally-insulated external connection via
structure {{9368, 934), (3368, 334)} is formed in the second connection via cavity (9358,
3358) on the one of the second metal interconnect structures (974P, 374P), and a third
laterally-insulated external connection via structure {{9364A, 934), (336A, 334)} is formed in
the third connection via cavity {(935A, 335A) on an additional one of the first metal
interconnect structures (374P, 974P).

{02791 Each laterally-insulated external connection via structure {{936, 934), (336, 3343}
can be simultancously formed by conformally depositing a continuous diclectric material
taver at a periphery of the connection via cavities (935, 335) and over the second substrate
(902, 302), forming a tubular insulating spacer (934, 334) within each connection via cavity
{933, 335) by anisotropically etching the continvous dielectric material fayer, and forming a
conductive pillar structare (936, 336) within a remaining voluroe of each connection via
cavity (935, 335) inside the tubular insulating spacers (934, 334).

{02801 A first external bonding pad (938, 338) can be formed on the first laterally-
insulated external connection via structure {(936A4, 934), (336A, 334)}, a second external
bonding pad (938, 338) can be formed on the second laterally-insulated external connection
via structure {(9368, 934), (3368, 334)}, and a third cxternal bonding pad (938, 338) can be
formed on the third laterally-insulated external connection via structare {(936A, 934), (336A,
3343}, A solder bail 995 can be attached to a surface of each external bonding pad (938,
338).

{02811 Referring to all drawings of configurations related fo the second exemplary
structure and according to various embodiments, a bonded assembly is provided, which
comprises: a first semiconductor die (1000 or 900) comprising a first substrate (310 or 910}
including a first distal planar surface and a first proximal planar surface, first semiconductor
devices {(which may include a three-dimensional memory array or a peripheral cireuitry)
located on, or over, the first proxamal planar sarface of the first substrate, first interconnect-
level diclectric fayers (which may be memory-side interconnect-level dielectric layers 390 or
logic-side interconnect-level dielectric layers 990) including first roetal interconnect
structures (which may be memory-side metal interconnect structares 370 or logic-side metal
interconnect structures 970) that are electrically connected to the first semiconductor devices,

e
I

and first die-to-die bonding pads (which may be memory-side bonding pads 378 or logic-side
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bonding pads 978) located at a surface portion of the first interconnect-level dielectric layers
and electrically connected to the first metal interconnect structures, and a second
semiconductor die (900 or 1000) comprising a second substrate {902 or 302} including a
second distal planar surface and a second proximal planar suiface, second semiconductor
devices (which may include a peripheral circuitry or a three-dimensional memory array}
located on, or over, the second proximal planar surface of the second substrate, second
interconnect-tevel diclectric layers (which may be memory-side interconnect-level diclectric
fayers 390 or logic-side interconnect-level dielectric layers 990) including second metal
interconuect structures (which may be memory-side metal interconnect structires 370 or
logic-side metal interconnect structures 970) that are electrically connected to the second
semiconductor devices, and sccond die-to-die bonding pads (which may be memory-side
bonding pads 378 or logic-side bonding pads 978) located at a surface portion of the second
interconnect-tevel dielectric layers and electrically connected to the second metal
interconnect structures. The second die-to-die bonding pads are bonded to the first die-to-die
honding pads to provide die-to-dic bonding between the first semiconductor die and the
second semiconductor die. A first external bonding pad (938, 338) is located on, or over, the
second distal planar surface of the second substrate (902, 302). A first laterally-insulated
cxternal connection via structure {(936A, 934), (3364, 334} vertically extends at least from
the second distal planar surface of the second substrate (902, 302), through the second
substrate {902, 302), the second interconnect-level dielectric layers (998 or 390}, a horizontal
plane including an interface between the first semiconducior die and the second
semiconductor die, and a subset of layers within the first interconnect-level diclectric layers
(390 or 990, and to one of the first metal interconnect structures (374P or 974P) and contacts
the first external bonding pad (938, 338). The bonded assembly can include a solder ball 995
bonded ¢o the first exicrnal bonding pad (938, 338). In one embodiment, the second die-to-
die bonding pads are bonded to the first die-to-die bonding pads by copper-to-copper
bonding.

{02821 in one embodiment, the bonded assembly can comprise a second external bonding
pad (938, 338) located on, or over, the second distal planar surface of the second substrate,
and a second laterally-insulated external connection via structare {9368, 934}, (336B, 334)}
vertically extending at least from the second distal planar surface of the second substrate

(902, 302}, through the second substrate (902, 302) and a subset of layers within the second
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interconnect-fevel dielectric layers (902, 302), and to one of the second metal interconnect
structures (370 or 970), and contacting the second external bonding pad (938, 338).

[0283] in one embodiment, the bonded assembly comprises a third external bonding pad
(938, 338) located on, or over, the second distal planar surface of the second substrate (902,
302}, and a third laterally-insulated external connection via structure { (93064, 934}, (336A,
3343} contacting the third external bonding pad (938, 338) and vertically extending at least
from the second distal planar surface of the second substrate (902, 302), through the second
substrate (902, 302), the second interconnect-fevel dielectric layers (990 or 390}, the
horizontal plane including the interface between the first semiconductor die and the second
semiconductor die, and another subset of layvers within the first interconnect-level dielectric
layers (390 or 990}, and to an additional one of the first metal interconnect structures (374P
or 974P) that is located at a different vertical distance from the interface between the first
semiconductor die and the second semiconductor die than the one of the first metal

interconnect structuras (374P or 974P) is from the interface between the first semiconductor

dic and the second semiconductor die.
{02841 in one embodiment, the bonded assembly comprises a first etch stop dielectric

laver (364 or 964) contacting a surface of the one of the first metal interconnect structures
(374P or 974F) and laterally surrounding an end postion of the first laterally-insulated
external connection via structure {{936A, 934), (336A, 334y}, and a second etch stop
dielectric layer (864 or 364) contacting a surface of the one of the second metal interconnect
structures (974P or 374P) and laterally surrounding an end portion of the second laterally-
insulated external connection via structure {(936A, 934}, (3364, 334)}.

{32851 In one embodiment, cach laterally-insolated external connection via stracture
{(936, 934), (336, 334)} comprises a tubular insulating spacer (934, 334) contacting
sidewalls of the sccond substrate (902, 302), the second interconnect-level dielectric layers
{990 or 390}, and the subset of fayers within the first intercomect-level dieleciric layers {390
or 99}, and a conductive pitlar structure (836, 336) laterally surrounded by the tubular
insulating spacer (934, 334) and contacting a planar surface of the one of the first metal
interconmnect structures (374P or 974P).

[0286] A planar dielectric isolation layer (930, 330} can be located on the second distal
planar sttace of the second substrate (902, 302) and can contact a planar surface of each

exiernal bonding pad (938, 338).
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{62871 In one embodiment, one of the first semiconductor die and the second
semiconductor die comprises a memory die 1000 including a three-dimensional array of
memory elements, and another of the first semicondactor die and the sccond semiconductor
die comprises a logic die 900 including a peripheral circuitry configured to operate the three-
dimensional array of memory elements.

{2881 In one embodiment, the first substrate and the second substrate comprise
semiconductor substrates, the memory die 1000 comprises a set of word lines for the three-
dimensional array of mermory elements and a set of bif lines 98 for the three-dimensional
array of memory elements, and the peripheral circuitry s configured to drive at least one set
among the set of word lines and the set of bit lines 98.

{0289] In one embodiment, the memory die 1000 comprises an alternating stack of
insulating layers (132, 232} and electrically conductive tayers (146, 246), and a two-
dimensional array of memory stack structures 55 that extend through the alternating stack
{{132, 146). (232, 246)}. Each of the memory stack structures 35 comprises a respective
vertical stack of memory elements located adjacent to a respective vertical semiconductor
channel G0, the two-dimensional array of memory stack structures 35 constitutes the three-
dimensional array of memory elements, the bit lines 9% are connected to a respective subset
of the vertical semiconductor chanuels 60, and the elecirically conductive layers (146, 246
comprise the word lines.

{0290] Referring to FIG. 23A, a third exemplary structure is llustrated, which includes
an exemplary in-process memory dig. The in-process memory die of FIG. 25A can be
derived from the exemplary structure of FIGS. 154 and 138 by forming through-dielectric
external connection via structures 386 through the stepped dielectric material portions (165,
2653, Specifically, a photoresist layer (not shown) can be applied over the second contact
level dielectric tayer 282 and lithographically patterned to form openings within arcas of the
interface between the first stepped diclectric material portion 165 and the memory-side
substrate 310. An anisotropic etch process is performed to form via cavities exiending
through the first and sccond contact level diclectric layers (280, 282) and the first and second
stepped dielectric material portions (165, 265). A terminal portion of the anisotropic etch
process can use the memory-side substrate 310 as an etch stop structure. The photoresist
layer can be subsequently removed, for example, by ashing.

{62911 At least one conductive material can be deposited in the via cavities and over the
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first and second contact level dielectric layers (280, 282). Excess portions of the at least one
conductive material can be removed from above the horizontal plane including the top
surface of the second contact level dielectric layer 282. Remaining portions of the at least
one conductive material in the via cavities constitute through-diclectric external connection
via structures 386. In one embodiment, the at least one conductive material can be
simultanecuslty deposited in the via cavities extending to the top surface of the memory-side
substrate 310 and in the via cavities for forming the drain contact via structares 83 and the
statrcase-region contact via structures 86. In this case, the through-dielectric external
connection via structures 386 can include the same conductive material as the drain contact
via structures 88 and the staircase-region contact via stractures 86. Alternatively, the at least
one conductive material can be deposited in the via cavities extending to the top surface of
the memory-side substrate 310 before, or after, formation of the drain contact via structures
88 and the staircase-region contact via structures §6.

{0292] Referring to FIG. 25B, the processing steps of FIG. 16 can be performed. A bit-
line-level diclectric layer 284 can be formed over the contact level dielectric layers (280,
2821, and bit-hne-level metal interconnect sfructures {98, 96) can be formed in the bit-line-
level dielectric fayer 284. The bit-line-level metal interconnect structures (98, 96) include bit
lines 98 that are electrically connected to a respective subset of the drain regions 63 through a
respective subset of the drain contact via structures 8. The bit-line-level metal interconnect
structures {98, 96) include interconnection line structures 96, which are electrically connected
to at least one of the staircase-region contact via structures 86 or other via structures.

{02931 Memory-side interconnect-level dielectric layers 390 can be formed over the bit-
hine-level dielectric layer 284 and the bit-line-level metal interconnect structures (98, 96},
Various memory-side metal interconnect structures 370 can be formed in the memory-side
interconnect-tevel dielectric layers 390 to provide clectrical connections to the bhit lines 98
and the interconnection line structures 96. The memory-side metal interconnect structures
370 can be include interconnect-level metal line structures 374 and interconnect-level metal
via structures 376, Memory-side bonding pads 378 can be formed in, or on, an uppermost
layer of the memory-side interconnect-level diclectric layers 390. The memory-side bonding
pads 378 are die-to-die bonding pads that provide bonding of the memory die 1000 to another
die. In one embodiment, a subset of the memory-side interconnect-level dielectric layers 390

and the memory-side bonding pads 378 are formed over the through-dielectric external
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connection via structures 386. A subset of the memory-side bonding pads 378 can be
clectrically connected to the through-diclectric external connection via structures 386.

{6294] The third exemplary structure includes a memory die 1000. The memory die 1006
includes a memory-side substrate 310, an alternating stack of insulating layers (132, 232) and
clectrically conductive layers (146, 246) that has stepped swfaces and is focated on the
memory-side substrate 310, memory stack structures 55 vertically extending through the
alternating stack {(132, 146), (232, 246)}, a stepped diglectric material portion (165 and/or
265} contacting the stepped surface of the alternating stack {{(132, 146), (232, 2463}, a
through-dielectric external connection via structure 386 vertically extending through the
stepped dielectric material portion (165 and/or 265), memory-side metal interconnect
structures 370 included in memory-side interconnect-level dielectric layvers 390, and memory-
side bonding pads 378. The memory stack structures 35 can comprise a three-dimensional
array of memory elements.

{0295] The memory die 1000 can comprise a set of word lines (comprising the
electrically conductive layers (146, 246); for the three-dimensional array of memory elements
and a set of bit lines 98 for the three-dimensional array of memory elements. Each of the
memaory stack structures 55 can comprise a respective vertical semiconductor channel 60
including a distal end that is electrically connected to a surface portion of the memory-side
substrate 310 directly or through a respective pedestal channel portion 11 (as illastrated in
FIG. 8H).

{0296] Referring to FIG. 25C, a logic die 900 such as the logic die 900 of FIG. 20 B is
provided. The logic die 900 comprises a logic-side substrate, which is a semiconductor
substrate. The logic die 900 comprises semiconductor devices located on the semiconductor
substrate and including a peripheral circnitry configurated to control operation of the memory
stack structures 535 within the memory die 1000, logic-side metal interconnect structures 970
included in logic-side interconnect-level dielectric layers 990, and logic-side bonding pads
978. Specifically, the logic die 900 includes a peripheral circuitry that is configured to drive
at least one set among the set of word lines (comprising the clectrically conductive layers
(146, 246)) and the set of hit lines 98 in the memory die 1000. In one embodiment, the
memory die 1000 and the logic die 900 can be designed such that the pattern of the logic-side
bonding pads 978 of the logic die 900 mirrors the pattern of the memory-side bonding pads

378 of the memory dis 1000
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{02971 The memory die 1000 and the logic die 900 can be bonded to each other by metal-
to-metal bonding such as copper-to-copper bonding. The memory-side honding pads 278 can
be bonded to the logic-side bonding pads 978 to form a die-to-die bonding interface between
the memory die 1000 and the logic die 900. The bit lines 9% are connected to a respective
subsct of the vertical semiconductor channels 60, and are connected to bit line drivers within
the peripheral civeuitry through first electrically conductive paths including a first bonded
subset of the memory-side bonding pads 378 and the logic-side bonding pads 978. The
clectrically conductive layers (146, 246) comprise the word lines, and are connected to word
line drivers within the peripheral circuitry through second electrically conductive paths
including a second bonded subset of the memory-side bonding pads 378 and the logic-side
bonding pads 978.

[0298] Referring to FIG. 25D, the memory-side substrate 310 can be thinned from the
backside, for example, by grinding a backside portion of the memory-side substrate 310 to
provide a thinned memory-side substrate 302, which is a semiconductor material layer that
functions as a source contact layer for the vertical semiconductor channels 60. The source
semiconductor layer is electrically connected to distal ends (i.c., ends located at opposite
sides of the drain regions 63} of the vertical semiconductor channels 6. The thinned
memory-side substrate 302 can bave a thickuess in a range from 100 nin to 100 wo, such as
from: 3 pum to 30 wm, although lesser and greater thicknesses can also be used. Optionally,
ton iroplantation may be performead into the thinned memory-side subsirate 302 to provide
suitable doping to the source layer.

0299] Referring to FIG. 23E, a distal planar surface of each through-dielectric external
connection via structure 386 can be physically exposed by removing at least a portion of the
thinned memory-side substrate 302, For example, a photoresist layer (not shown) can be
applied over the backside of the thinned memory-side substrate 302, and lithographically
patterned to over memory array regions 100 without covering areas of the interface between
the first stepped diclectric material portion 165 and the thinned memory-side substrate 302,
Areas of the staircase region may, or may not, be covered by the patterned photoresist layer.
An anisotropic etch that etches the material of the thinned memory-side substrate 302
selective to the material of the first stepped-dielectric material portion 165 and the through-
dielectric external connection via structures 386 can be performed using the photovesist layer

as an etch mask. The thinned memory-side substrate 302 is patterned by the anisotropic etch.
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Distal surfaces of the through-diclectric external connection via structures 386 are physically
cxposed. In one embodiment, the distal surface of the through-diclectric external connection
via stracturcs 386 may be coplanar with a distal planar surface of the first stepped diclectric
material portion 165,

{0300] Referring to FIG. 25F, a metallic bonding pad material such as aluminum or a
UBM laver stack can be deposited by an anisotropic deposition process or an isotropic
deposition process, and can be subsequently patterned to form external bonding pads 338.
For example, discrete photoresist material portions can be formed over the deposited metallic
bonding pad material to cover discrete areas of the metallic bonding pad material that cover
the through-dielectric external connection via structures 386 and a portion of the thinned
memory-side substrate 302, which is a source contact layer. An etch process can be
performed to vemove snmasked portions of the metallic bonding pad material. Remaining
portions of the metallic bonding pad material underncath the discrete photoresist material
portions constifute the external bonding pads 338&.

{03611 A solder ball 993 can be attached to each external bonding pad 338. The solder
balls 995 can be applied to the external bonding pads 338 using a solder material dispensation
tool. In one embodiment, the through-dielectric external connection via structures 386 and
the external bonding pads 938 can be arranged as a one-dimnensional periedic array or as a
two-dimensional periodic array. A bonding wire 997 can be bonded to each solder ball 995.
{0362] Generally, an external bonding pad 338 can be formed on the distal planar surface
of each through-dielectric external connection via structure 386. Each through-dielectric
external connection via structure 386 contacts sidewalls of diclectric material portions such as
the stepped dielectric material portions (165, 263) and the first and second contact level
dielectric layers (280, 2823, In one embodiment, the entire sidewall of each through-
dielectric external connection via structure 386 can contact only dielectric swifaces.

{0363] in one embodiment, the memory die 1000 comprises a source contact layer
{comprising the thinned memory-side substrate 302) electrically connected to distal ends of
the vertical semiconductor channcls 60 after physically exposing the distal planar surface of
the through-dielectric external connection via structures 386. In one embodimeny, each of the
memory stack structures 53 comprises a respective vertical semiconductor channel 60
including a distal end that is electrically connected to a source contact layer cmbodied as the

thinned memory-side substrate 302. The thinned memory-side subsirate 302 is a remaining
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portion of the memory-side substrate 310 after removal of a distal portion of the memory-side
substrate 310. 1In this case, the source contact layer comprises a remaining portion of the
doped semiconduactor material portion provided within the memory-side substrate 310.
{0384] Generally, the external bonding pads 338 can be formed by deposition and
patterning of a conductive material on the distal planar surface of the through-diclectric
external connection via stractures 386 and a first planar horizontal surface, i.e., a distal planar
surface, of a stepped dielectric material portion 165. A solder ball 995 can be bonded to each
external bonding pad 338, An additional external bonding pad 338 can be formed on a distal
planar surface of the source semiconductor layer.

[03685] Referring to FIG. 25G, an alternative configuration of the third exemplary
structure can be derived from the third exemplary structure. If a silicon-on-insulator type
substrate is used, then the memory-side substrate 301 may be completely removed to expose
the insulating layers 308. In this case, bottom ends of vertical serniconductor channels can
be electrically connected to the semiconductor material layer 309, The substrate 301 can be
removed after bonding the memory dic to the logic die, for example, by grinding, polishing,
isotropic etching, and/or anisotropic etching. Via cavities may be formed through the retro-
stepped dielectric material portions (165, 265) and the memory-side interconnect-level
diclectric layers 390 such that a back side of a respective memory-side bonding pad 378 is
physically exposed at the bottom of each via cavity. Through-diclectric external connection
via structures 386 can be formed in the via cavities. The through-dielectric external
connection via structures 386 can function as conductive paths between the memory-side
honding pads 378 and the backside of the memory die. An external bonding pad 338 can be
formed on each of the through-dielectric external connection via structures 386. In this
embodiment, the through-dielectric external connection via structures 386 can be formed
directly on the memory-side bounding pads 378.

{030s] Referring to FIGS. 26A and 268, another in-process memory die is illustrated,
which can be used for another configuration of the third exemplary strucmure. The in-process
memory dic of FIGS. 26A and 26B can be derived from the first exemplary structure of FIG.
1 by forming in-process source-level material layers 1017 between the memory-side substrate
310 and the first alternating stack (132, 142).

{0367] The in-process source-level material layers 1017 can include various layers that

are subsequently modified to form source-level material layers. The source-level material
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layers, upon formation, include a source contact fayer that functions as a common source
region for vertical field effect transistors of a three-dirnensional memory device. In one
embodiment, the in-process source-level material layer 18° can include, from bottom to top, a
lower sacrificial liner 103, a source-level sacrificial layer 104, an upper sacrificial liner 103,
an upper source-level material layer 116, a source-level insulating tayer 117, and an optional
source-select-level conductive layer 1135,

{0388] The lower sacrificial liner 103 and the upper sacrificial liner 105 inchude materials
that can function as an ctch stop material during removal of the source-level sacrificial layer
104. For example, the lower sacrificial liner 103 and the upper sacrificial liner 105 can
inchide silicon oxide, silicon nitride, and/or a dielectric metal oxide. In one embodiment,
cach of the lower sacrificial liner 103 and the upper sacrificial liner 105 can include a silicon
oxide layer having a thickness in a range from 2 nrm to 30 nm, although lesser and greater
thicknesses can also be used.

{6309 The source-level sacrificial layer 104 includes a sacrificial material that can be
removed selective to the lower sacrificial iner 103 and the upper sacrificial liner 105, In one
embodiment, the source-level sacrificial layer 104 can inchide a semiconduactor material such
as undoped amorphous silicon or a silicon-germanium alioy with an atomic concentration of
gerraniurm greater than 20 %. The thickness of the source-level sacrificial layer 104 can be
in a range from 30 nro to 400 nm, such as from 60 nm to 200 nm, although lesser and greater
thicknesses can also be used.

{0310] The upper source-fevel material layer 116 can include a doped semiconductor
material such as doped polysilicon or doped amorphous silicon. The conductivity type of the
upper source-level material layer 116 can be the opposite of the conductivity of vertical
semiconductor channels to be subsequently formed. For example, if the vertical
semiconductor channels to be subsequently formed have a doping of a first conductivity type,
the upper source-level material layer 116 have a doping of a second conductivity type that is
the oppostte of the first conductivity type. The thickness of the upper source-level material
faver 116 can be in a range from 10 nm to 300 nm, such as from 20 no 1o 150 nm, although
lesser and greater thicknesses can also be used.

[0311] The source-level insulating layer 117 includes a dielectric material such as silicon
oxide. The thickness of the source-level insulating layer 117 can be in a range from 20 nm to

400 nm, such as from 40 am to 200 nio, although lesser and greater thicknesses can also be
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used. The optional source-select-level conductive laver 118 can include a conductive
material that can be used as a source-select-level gate electrode. For example, the optional
source-select-level conductive layer 118 can include a doped semiconductor material, such as
doped polysilicon or doped amorphous silicon that can be subsequently converted into doped
polysilicon by an anneal process. The thickness of the optional source-select-level
conductive laver 118 can be in arange from 30 nm to 200 nm, such as from 60 nm to 100
nm, although lesser and greater thicknesses can also be used.

{03121 Subsequently, the processing steps of FIGS. 2 - 7 can be performed to form
memory openings 49 and support openings 19, Processing steps illustrated in FIGS. 27A -
270 can be performed to form a memory opening fill structure 58 within each memory
opening 49 and to form a support pillar structure 20 within each support openings 19,

{0313] Referring to FIG. 27A, a memory opening 49 in the third exernplary device
structure of FIGS. 26A and 26B is illustrated. The roemory opening 49 extends through the
first-tier structure and the second-tier structure.

{03141 Referring to FIG. 278, a stack of layers including a blocking dielectric layer 52, 3
charge storage layer 34, a tunneling dielectric layer 56, and a semiconductor channel material
layer 60L can be scquentially deposited in the memory openings 49. The blocking diclectric
tayer 52 can include a single dielectric material layer or a stack of a plurality of dielectric
material layers. In one embodiment, the blocking dielectric layer can include a dielectric
metal oxide layer consisting essentially of a dielectric metal oxide. As used herein, a
dielectric metal oxide refers to a dielectric material that includes at least one metallic element
and at least oxygen. The diclectric metal oxide may consist cssentially of the at least one
metallic clement and oxygen, or may consist essentially of the at least one metallic element,
oxygen, and at least one non-metallic elerment such as nitrogen. In one embodiment, the
blocking diclectric layer 532 can include a diclectric metal oxide having a diclectric constant
greater than 7.9, i.e., having a dielectric constant greater than the dielectric constant of silicon
nitride. The thickness of the diglectric metal oxide layer can be in a range from 1 am to 28
n, although lesser and greater thicknesses can also be used. The diclectric metal oxide layer
can subsequently function as a diclectric material portion that blocks leakage of stored
clectrical charges to control gate elecirodes. In one embodiment, the blocking dislectric layer
52 mcludes aluminum oxide. Alternatively or additionally, the blocking dielectric layer 52

can include a dielectric semiconductor compound such as silicon oxide, silicon oxynitride,
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silicon nitride, or a combination thereot.

{0315] Subsequently, the charge storage layer 54 can be formed. In one embodiment, the
charge storage layer 54 can be a continuous layer or patterned discrete portions of a charge
trapping material including a diclectric charge trapping material, which can be, for example,
silicon nitride. Alternatively, the charge storage layer 54 can include a continuous layer or
patterned discrete portions of a conductive material such as doped polysiticon or a metallic
material that is patterned into multiple electrically isolated portions (e.g.. floating gates), for
cxample, by being formed within lateral recesses into sacrificial material layers (142, 242).
In one embodiment, the charge storage layer 54 includes a silicon nitride layer. In one
embodiment, the sacrificial material layers (142, 242} and the insulating layers (132, 232) can
have vertically coincident sidewalls, and the charge storage layer 534 can be formed as a
single continuous layer. Alternatively, the sacrificial material layers (142, 242) can be
laterally recessed with respect to the sidewalls of the insulating layers (132, 2323, and a
combination of a deposition process and an anisotropic etch process can be used to form the
charge storage layer 54 as a phurality of memory material portions that are vertically spaced
apart. The thickness of the charge storage layer 54 can be in a range from 2 nmm to 20 nm,
although lesser and greater thicknesses can also be used.

{0316] The tunneling dielectric layer 56 inchudes a diclectric material through which
charge tunneling can be performed under suitable electrical bias conditions. The charge
tonneling may be performed through hot-carrier injection or by Fowler-Nordbeim tunneling
induced charge transfer depending on the mode of operation of the monolithic three-
dimensional NAND string merory device to be formed. The tunneling dielectric layer 56
can include silicon oxide, silicon nitride, silicon oxynitride, dislectric metal oxides (such as
aluminum oxide and hafnium oxide}, dielectric metal oxynitride, dielectric metal silicates,
alloys thereof, and/or combinations thereof. In one embodiment, the tunncling dielectric
tayer 36 can include a stack of a first silicon oxide layer, a silicon oxynitride layer, and a
second silicon oxide layer, which is commonly known as an ONO stack. In one embodiment,
the tunneling dielectric layer 56 can include a silicon oxide layer that is substantially free of
carbon or a silicon oxyunitride layer that is substantially free of carbon. The thickness of the
tunneling dielectric layer 56 can be in a range from 2 nm to 20 nm, although lesser and
greater thicknesses can also be used. The stack of the blocking dielectric layer 52, the charge

storage layer 54, and the ronneling dielectric layer 36 constitutes a memory filin 50 that stores
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memory bits.

{63171 The semiconductor channel material layer 60L includes a semiconductor material
such as at teast one elemental semiconductor material, at least one -V compound
semiconductor material, at least one [I-VI compound semiconductor maierial, at feast one
organic serniconductor material, or other seraiconductor materials known in the art. Inone
embodiment, the semiconductor channel material layer 60L includes amorphous stlicon or
polysilicon. The semiconductor channel material laver 60L can be formed by a conformal
deposition method such as low pressure chemical vapor deposition (LPCVD). The thickness
of the semiconductor channel material layer 60L can be in a range from 2 nm to 10 nim,
although lesser and greater thicknesses can also be used. A memory cavity 497 is formed in
the volume of each memory opening 49 that is not filled with the deposited material layers
(52, 54, 56, 60L).

[0318] Referring to FIG. 27C, in case the memory cavity 49° in each memory opening s
not completely filled by the semiconductor channel material layer 60L, a dielectric core layer
can be deposited in the memory cavity 49 to fill any remaining portion of the memory cavity
49" within cach memory opening. The diclectric core layer includes a diclectric material
such as silicon oxide or organosilicate glass. The diclectric core layer can be deposiied by a
conformal deposition method such as low pressure chemical vapor deposition (LPCVD), or
by a self-planarizing deposition process such as spin coating. The horizontal portion of the
dielectric core layer overlying the second insuiating cap layer 270 can be removed, for
example, by a recess cich. The recess etch continues until top surfaces of the remaining
portions of the dielectric core layer are recessed to a height between the top surface of the
second insuiating cap layer 270 and the bottom surface of the second insulating cap layer
279, Each remaining portion of the diclectric core layer constitutes a dielectric core 62.
{0319] Referring to FIG. 27D, a doped semiconductor matertal can be deposited in
cavities overlying the dielectric cores 62. The doped semiconductor material has a doping of
the opposite conductivity type of the doping of the semiconductor channel material layer 60L.
Thus, the doped semiconductor material has a doping of the second conductivity type
Portions of the deposited doped semiconductor material, the semiconductor channel material
layer 60L., 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 second

insulating cap layer 270 can be removed by a planarization process such as a chemical
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mechanical planarization {CMP) process.

{03201 Each remaining portion of the doped semiconductor material having a doping of
the second conductivity type constitutes a drain region 63. The drain regions 63 can have a
doping of a second conductivity type that is the opposite of the first conductivity type. For
cxample, if the first conductivity type is p-type, the second conductivity type is n-type, and
vice versa. The dopant concentration in the drain regions 63 can be in a range from 5.0 x
10%cm?’® to 2.0 x 10M/em’, although lesser and greater dopant concentrations can also be
used. The doped semiconductor material can be, for example, doped polysilicon.

{03211 Each remaining portion of the semiconductor channel material layver 60L
constitutes a vertical semiconductor channel 60 through which electrical current can flow
when a vertical NAND device including the vertical semiconductor channel 60 is turned on.
A tunneling dielectric layer 56 is surrounded by a charge storage layer 54, and laterally
surrounds a vertical semiconductor channel 60. Each adjoining set of a blocking dielectric
taver 52, a charge storage layer 54, and a tunneling dielectric layer 56 collectively constitute
a memory film 30, which can store electrical charges with 2 macroscopic retention time, In
some embodiments, a blocking dielectric layer 52 may not be present in the memory film 50
at this step, and a blocking dielectric layer may be subsequently formed after formation of
backside recesses. As used herein, a macroscopic retention time refers o 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.

{63221 Each combination of a memaory film 50 and a vertical semiconductor channel 60
(which is a vertical semiconductor channel) within a memory opening 49 constitutes a
memory stack structure 55. The memory stack structure 53 is a combination of a vertucal
semiconductor channel 60, a tunneling dielectric layer 56, a phurality of memory elements
cornprising portions of the charge storage layer 54, and an optional blocking dielectric layer
32. FHach combination of a memory stack structure 33, a dielectric core 62, and a drain region
63 within a memory opening 49 constitutes a memory opening {ill stracture 158, The in-
process source-level material layvers 1017, the first-tier structure (132, 142, 170, 165}, the
second-tier structure (232, 242, 270, 265, 72}, the inter-tier dielectric layer 180, and the
memory opening fill structures 158 collectively constitute a memory-level assembly.

{0323] Referring to FIG. 28, a first contact level dielectric layer 280 and backside

trenches 79 can be formed by performing the processing steps of FEGS. 10A and 10B. The
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backside trenches can vertically extend through the in-process source-level material layers
1017, the first-tler structure (132, 142, 170, 165), the second-tier structure (232, 242, 270,
265, 72}, the inter-tier dielectric layer 180, and into a top portion of the memory-side
substrate 310.

{0324] Referring to FIG. 29A, a backside trench spacer 174 can be formed on sidewalls
of each backside trench 79. For example, a conformal spacer material layer can be deposited
in the backside trenches 79 and over the first contact level dielectric layer 280, and can be
anisotropically etched to form the backside trench spacers 174, The hackside trench spacers
174 include a material that is different from the material of the source-level sacrificial layer
104. For example, the backside wench spacers 174 can include silicon nitride.

{G325] Referring to FIG. 298, an ctchant that ctches the material of the source-level
sacrificial layer 104 selective to the materials of the first alternating stack (132, 142), the
second alternating stack (232, 242), the first and second insulating cap layers {170, 270), the
first contact level dielectric layer 280, the upper sacrificial liner 105, and the lower sacrificial
liner 103 can be introduced into the backside trenches in an isotropic ctch process. For
exarople, if the source-level sacrificial layer 104 includes undoped amorphous silicon ot an
undoped amorphous silicon-germanivm alloy, the backside trench spacers 174 include silicon
nitride, and the upper and lower sacrificial liners (103, 103) include silicon oxide, a wet etch
process using hot trimethyl-2 hydroxyethyl ammoniom hydroxide Chot TMY ) or
tetramethyl ammonium hydroxide (TMAH) can be used to remove the source-level sacrificial
tayer 104 selective to the backside trench spacers 174 and the upper and lower sacrificial
liners (103, 103). A source cavity 109 is formed in the volume from which the source-level
sacrificial layer 104 is removed.

{0326] Wet etch chemicals such as hot TMY and TMAH are selective to doped
semiconductor materials such as the p-doped semiconductor material and/or the doped
semiconductor material of the vpper source-level semiconductor layver 116 and the memory-
side substrate 310. Thus, use of selective wet eteh chemicals such as hot TMY and TMAH
for the wet etch process that forms the source cavity 109 provides a large process window
against etch depth variation during formation of the backside trenches 79. Specifically, even
if sidewalls of the upper source-level semiconductor layer 116 are physically exposed or even
if a surface of the memory-side substrate 310 s physically exposed upon formation of the

source cavity 109 and/or the backside trench spacers 174, collateral etching of the upper
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source-level semiconductor layer 116 and/or the memory-side substrate 310 is minimal, and
the structural change to the exemplary structure caused by accidental physical exposure of the
surfaces of the upper source-level semiconductor layer 116 and/or the memory-side substrate
310 during manufacturing steps do not result in device failures. Each of the memory opening
fill structurcs 158 is physically exposed to the source cavity 109. Specifically, each of the
memory opening fill structures 138 includes a sidewall and a bottom surface that are
physically exposed to the source cavity 109.

{03271 Referring to FIG. 29C, a sequence of isotropic etchants, such as wet ctchants, can
be applied to the physically exposed portions of the memory films 50 to sequentially etch the
various cornponent layers of the memory films 50 from outside to inside, and to physicaily
expose cylindrical surfaces of the vertical semiconductor channels 60 at the level of the
source cavity 109, The upper and lower sacrificial liners (105, 103) can be collaterally
etched during removal of the portions of the memory films 50 located at the level of the
source cavity 109. The source cavity 109 can be expanded in volume by removal of the
portions of the memory films 50 at the level of the source cavity 109 and the upper and lower
sacrificial liners (105, 103). A top surface of the memory-side substrate 310 and a botiom
surface of the upper source-ievel semiconductor layer 116 can be physically exposed to the
source cavity 109, The source cavity 109 is formed by isotropically etching the source-level
sacrificial laver 104 and a bottom portion of cach of the memory films 50 selective to at least
one source-level semiconductor layer (such as the memory-side substrate 310 and the upper
source-level semiconductor layer 116) and the vertical semiconductor channels 60.

{03281 Referring to FIG. 29D, a semiconductor material having a doping of the second
conductivity type can be deposited on the physically exposed semiconductor surfaces around
the source cavity 109. The physically exposed semiconductor surfaces include bottom
portions of outer sidewalls of the vertical semiconductor channels 60, a bottom surface of the
upper source-level semiconductor layer 116, and a top surface of the memory-side substrate
310.

{03291 In one embodiment, the doped semiconductor material of the second conductivity
type can be deposited on the physically exposed semiconductor surfaces around the source
cavity 109 by a selective semiconductor deposition process. A semiconductor precursor gas,
an etchant, and an n-type dopant precursor gas can be flowed concurrently into a process

chamber including the exemplary structure during the selective semiconductor deposition
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process. For example, the semiconductor precursor gas can include silane, disilane, or
dichlorosilane, the etchant gas can include gascous hydrogen chloride, and the n-type dopant
precursor gas such as phosphine, arsine, or stibine. In this case, the selective semiconductor
deposition process grows an n-doped semiconductor material from physically exposed
semiconductor surfaces around the source cavity 109, The deposited n-doped semiconductor
material forms a source contact layer 114, which can contact sidewalls of the vertical
semiconductor channels 60. The atomic concentration of the n-type dopants in the deposited
semiconductor material can be in a range from 1.0 x 10°%cm? to 2.0 x 10°*Y/em?, such as from
2.0 x 10%cm® to 8.0 x 10%%cm’. The source contact layer 114 as initially formed can consist
cssentially of semiconductor atoms and n-type dopant ators. Alternatively, at least one non-
sciective n-doped semiconductor material deposition process can be used to form the source
contact layer 114, Optionally, one or move etch back processes may be used in combination
with a plurality of selective or non-selective deposition processes to provide a scamless
and/or voidiess source contact layer 114.

{03301 The duration of the selective semiconductor deposition process can be selected
such that the source cavity 109 is filled with the source contact layer 114, and the source
contact layer 114 contacts bottom ¢nd portions of inner sidewalls of the backside trench
spacers 174, In onc embodiment, the source contact layer 114 can be formed by selectively
depositing a doped semiconductor material from semiconductor surfaces around the source
cavity 109. In one embodiment, the doped semiconductor material can include doped
polysilicon. Thus, the source-level sacrificial layer 104 can be replaced with the source
contact layer 114.

{0331] The layer stack including the source contact layer 114 and the upper source-level
semiconductor layer 116 constitutes a buried source layer (114, 116). The set of layers
including the buried source layer (114, 116), the source-level insulating layer 117, and the
source-select-fevel conductive layer 118 constitutes source-level material layers 101, which
replaces the in-process source-level material layers 1017,

{03321 Referring to FIG. 29E, the backside trench spacers 174 can be removed selective
to the insulating layers (132, 232), the first and second insulating cap layers (170, 270), the
first contact level dielectric layer 280, and the source contact layer 114 using an isotropic etch
process. For example, if the backside trench spacers 174 include silicon nitride, a wet ctch

process using hot phosphoric acid can be performed to remove the backside trench spacers
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174. In one embodiment, the isotropic etch process that removes the backside trench spacers
174 can be combined with a subsequent isotropic etch process that efches the sacrificial
material layers (142, 242} selective to the insulating layers (132, 232}, the first and second
insulating cap layers (170, 278, the first contact level dielectric layer 280, and the source
contact layer 114.

{0333] An oxidation process can be performed to convert physically exposed surface
portions of semiconductor materials into dielectric semiconductor oxide portions. For
cxample, surfaces portions of the source contact fayer 114 and the upper source-level material
layer 116 can be converted into diclectric semiconductor oxide plates 122, and surface
portions of the somrce-select-level conductive layer 118 can be converted into annular
dielectric semiconductor oxide spacers 124.

{0334] Referring to FIG. 30, the processing steps of FIGS. 11, 12A - 12E, and 13 can be
performed to veplace the sacrificial material layers (142, 242) with electrically conductive
tavers (146, 246). First electrically conductive Iayers 146 replace first sacrificial material
fayers 142, and second electrically conductive layers 246 replace second sacrificial material
layers 242, A diclectric material is deposited in the backside trenches 79 1o form diclectric
wall structures 176. Each of the dielectric wall structures 176 can laterally extend along the
first horizontal direction hd1 and can vertically extend through cach layer of an alternating
stack of the insulating layvers (132, 232) and the electrically conductive layers (146, 246).
Each dielectric wall stracture 176 can contact sidewalls of the first and second insulating cap
tavers (170, 270).

{03351 Referring to FIG. 31, a second contact level diclectric layer 282, drain contact via
structures 88, and staircase-region contact via structures 86 can be formed by performing the
processing steps of FIGS. 15A and 158, The processing steps of FIG. 25A can be performed
to form through-diclectric external connection via structures 386 through the stepped
diglectric material portions (163, 263).

{033s6] Referring to FIG. 32, the processing steps of FIG. 25B can be performed to form a
hit-line-level dielectric layer 284, bit-line-level metal interconnect structures (98, 96),
memory-side interconnect-level dielectric layers 390, various mermory-side metal
interconnect structures 370, and memory-side bonding pads 3738.

{0337] The third exemplary structure includes a memory die 1000. The memory die 1000

includes 2 memory-side substrate 310, an alternating stack of insulating layers (132, 232) and
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electrically conductive layers (146, 246) that has stepped surfaces and is located on the
memory-side substrate 310, memory stack structures 55 vertically extending through the
alternating stack {{(132, 146), (232, 246)}, a stepped dielectric material portion {165 and/or
265) contacting the stepped surface of the alternating stack {(132, 146}, (232, 246)}, a
through-diclectric external connection via structure 386 vertically extending through the
stepped dielectric material portion (165 and/or 265), memory-side metal interconnect
structures 370 included in memory-side interconnect-level dielectric lavers 390, and memory-
side bonding pads 378, The memory stack structures 55 can comprise a three-dimensional
array of memory clements.

{0338] The memory die 1000 can comprise a set of word lines (comprising the
clectrically conductive layers (146, 246)) for the three-dimensional array of memory elements
and a set of bit lines 98 for the three-dimensional array of memory clements. Hach of the
memory stack structurves S5 can comprise a vespective vertical semiconductor channel 60
including a distal end that is electrically connected to a surface portion of the memory-side
substrate 310 directly or through a respective pedestal channel portion 11 (as iHustrated in
FIG. 8H).

{0339] Referring to FIG. 33A, a logic die 900 such as the logic die 900 of FIG. 20 B is
provided. The logic die 900 comprises a logic-side substrate, which is a semiconductor
substrate. The logic die 900 comprises semiconductor devices located on the semiconductor
substrate and including a peripheral civcuitry configurated to control operation of the memory
stack structures 55 within the memory die 1000, logic-side metal interconnect structures 970
included in logic-side interconnect-level diclectric layers 990, and logic-side bonding pads
G738, Specifically, the logic die 900 includes a peripheral circuitry that is configured to drive
at least onc set among the set of word lines (comprising the electrically conductive layers
(146, 246)) and the set of bit lines 98 in the memory dic 1000. In one ecmbodiment, the
memory die 1000 and the logic die 900 can be designed such that the pattern of the logic-side
bonding pads 978 of the logic die 900 mirrors the pattern of the memory-side bonding pads
378 of the memory die 1000.

{03401 The memory die 1000 and the logic die 900 can be bonded to each other by metal-
to-metal bonding such as copper-to-copper bonding. The memory-side bonding pads 378 can
be bonded to the logic-side bonding pads 978 to form a die-to-die bonding interface between

the memory die 1000 and the logic die 900. The bit lines 98 are connected to a respective
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subset of the vertical semiconductor channels 60, and are connected to bit line drivers within
the peripheral circuitry through fivst electrically conductive paths including a first bonded
subset of the memory-side bonding pads 378 and the logic-side bouding pads 978. The
clectrically conductive layers (146, 246) comprise the word lines, and are connected to word
line drivers within the peripheral circuitry through second electrically conductive paths
including a second bonded subset of the memory-side bonding pads 378 and the logic-side
bonding pads 978. The memory die 1000 comprises source-level material layers 131 located
between the memory-side substrate 310 and the alternating stack {(132, 146), (232, 246)}.
The source-level material layers comprise a source contact layer 114 in contact with
sidewalls of the vertical semiconductor chanuels 60. The source contact layer 114 comprises
a doped semiconductor material portion provided between the memory-side substrate 310 and
the alternating stack {(132, 146), (232, 2463 1.

[0341] Referring to FIG. 33B, the memory-side substrate 310 can be thinned from the
hackside, for example, by grinding. A backside portion of the memory-side substrate 310 to
provide a thinned memory-side substrate 302, which is a semiconducior material layer that
functions as a source contact layer for the vertical semiconductor channels 60. The source
semiconductor layer is clecirically connected to distal ends (i.c., ends located at opposite
sides of the drain regions 63} of the vertical semiconductor channels 60. The thinned
memory-side substrate 302 can have a thickness in a range from 100 nin to 100 W, such as
from 3 pm to 30 wm, although lesser and greater thicknesses can also be used. Optionally,
ton implantation may be performed into the thinned memory-side substrate 302 to provide
suitable doping to the source layer.

{0342] Referring to FIG. 33C, the thinned memory-side substrate 302 can be removed by
an ctch process selective to the material of the first stepped dielectric material portion 165
and the through-dielectric external connection via structures 386. In one embodiment, an
anisotropic etch process can be performed using the first stepped dielectric material portion
165 as an end point detection ayer. The thinned memory-side substrate 302 can be removed
to physically expose a horizontal surface of the source-level material layers 101, For
example, a distal surface of the source contact layer 114 can be physically exposed after
removal of the thinned memory-side substrate 302.

{03431 The entirety of the memory-side substrate 310 is removed to physically expose a

planar surface of the source-level material layers 101 after the memory-side bonding pads
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378 are bonded to the logic-side bonding pads 978. The source-level material layers 101
include a source contact layer 114,

{03441 Referring to FIG. 33D, a metallic bonding pad material such as aluminum or a
UBM layer stack can be deposited by an anisotropic deposition process or an isofropic
deposition process on the distal planar surface of the first stepped diclectric material portion
165 and the source-level material tavers 101 (such as a distal surface of the source contact
tayer 114}, and can be subsequently patterned to form external bonding pads 338. For
cxample, discrete photoresist material portions can be formed over the deposited metallic
bonding pad material to cover discrete areas of the metallic bonding pad material that cover
the through-dielectric external connection via structures 386 and a portion of the source
contact layer 114, An cich process can be performed to remove unmasked portions of the
metallic bonding pad material. Remaining portions of the metallic bonding pad material
underneath the discrete photoresist material portions constitute the external bonding pads
338.

{03451 A solder ball 995 can be attached to cach external bonding pad 338. The solder
balls 995 can be applied to the external bonding pads 338 using a solder material dispensation
tool. In one embodiment, the through-dielectric external connection via structures 386 and
the external bonding pads 338 can be arranged as a one-dimensional periodic array or as a
two-dimensional periodic array. A bonding wire 997 can be bonded to each solder ball 995.
{0346] Generally, an external bonding pad 338 can be formed on the distal planar surface
of each through-dielectric external connection via structure 386. Each through-dielectric
external connection via structure 386 contacts sidewalls of diclectric material portions such as
the stepped dielectric material portions (165, 263) and the first and second contact level
dielectric layers (280, 2823, In one embodiment, the entire sidewall of each through-
dielectric external connection via structure 386 can contact only dielectric swifaces.

[0347] In one embodiment, the rnemory die 1000 comprises a source contact layer 114
electrically connected to distal ends of the vertical semiconductor channels 60 after
physically exposing the distal planar surface of the through-dielectric external connection via
structures 386. In one ernbodiment, each of the memory stack structures 53 comprises a
respective vertical semiconductor channel 60 including a distal end that is electrically
connected to the source semiconductor layer 114.

{0348] senerally, the external bonding pads 338 can be formed by deposition and
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patterning of a conductive material on the distal planar surface of the through-diclectric
external connection via structures 386 and a first planar horizontal surface, i.e., a distal planar
surface, of a stepped dielectric material portion 165. A solder ball 995 can be bonded to each
external bonding pad 338. An additional external bonding pad 338 can be formed on a distal
planar surface of the source semiconductor layer.

{0349] Referring to all drawings related to the third exemplary structure and according to
various embodiments of the present disclosure, 2 bonded assembly comprising: a memory die
1000 comprising an aliernating stack of insulating lavers (132, 232) and electrically
conductive layers (146, 246) that has stepped surfaces, memory stack structures 35 vertically
extending through the alternaung stack [(132, 146), (232, 246}, a stepped diclectric material
portion 165 contacting the stepped surface of the alternating stack {(132, 146), (232, 246)}, a
through-dielectric external connection via structure 386 vertically extending through the
stepped dielectric material portion; memory-side metal interconnect structures 370 included
in memory-side interconnect-level dielectric layers 390, and memory-side bonding pads 378;
a logic die 900 comprising a semiconductor substrate (910 or 902), semiconductor devices
located on the semiconductor substrate (910 or 902) and including a peripheral civcuitry
configurated to control operation of the memory stack structures 55 within the memory die,
logic-side metal interconnect structures 970 included in logic-side interconnect-level
diclectric layers 990, and logic-side bonding pads 978 that are bonded to the memory-side
bonding pads 378 of the memory die 1000 at a die-to-die bonding interface; and an external
bonding pad 338 located on a surface of the stepped dielectric material portion 165 and
contacting a distal planar surface of the through-dielectric external connection via structure
386.

{03546] In one embodiment, the distal planar surface of the through-dielectric external
conpection via structure 386 is within a horizontal plane including a first planar horizontal
surface of the stepped dielectric material portion 165,

{63511 In one embodiment, the through-dielectric external connection via structie 386
comprises a proximal planar surface that contacts one of the memory-side metal interconnect
structures 370; and the proximal planar surface is vertically spaced from a horizontal plane
inchuding the dic-to-dic bonding interface by a lesser vertical separation distance than the
memory stack structures 53 are from the horizontal plane including the die-to-dic bonding
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{63521 In onc embodiment, a solder ball 995 can be bonded to cach external bonding pad
{0333] in one embodiment, the logic-side bonding pads are bonded to the memory-side
bonding pads by copper-to-copper bonding.

{0354] In one embodiment, each of the mwemory stack structures 55 comprises a
respective vertical semiconductor channel 60 including a proximal end and a distal end that is
vertically spaced from a horizontal plane including the die-to-die bonding interface by a
greater vertical distance than the proximal end is from the horizontal planc including the dic-
to-die bonding interface; and a source semiconductor layer (114 or 302) is located on the
alternating stack {(132, 146), (232, 246)}, and is electrically connected to the distal ends of
the vertical semiconductor channels 60.

{0355] In one embodiment, the distal planar surface of the through-diclectric external
connection via structure 386 is located within a horizontal plane including a planar surface of
the source semiconductor layer (114 or 302) that is parallel to the horizontal plane including
the die-to-dic bonding interface.

{0356] in one embodiment, the source semiconductor layer, comprising a thinned
memory-side substrate 302, is electrically connected fo the distal ends of the vertical
senticonductor channels 60 through direct contacts between the source semiconductor fayer
{114, 302) and horizontal planar surfaces of the distal ends of the vertical semiconductor
channels 60 (in case pedestal channel portions 11 are not present), or through pedestal
channel portions 11 directly contacting the source semiconductor layer (114, 302) and
horizontal planar surfaces of the distal ends of the vertical semiconductor channcls 60.
{0337] in one embodiment, the source contact layer is electrically connected to the distal
ends of the vertical semiconductor channels 66 through direct contact between cylindrical
sidewall smfaces of the distal ends of the vertical semiconductor channels 60 and the source
semiconductor layer 114,

{0358] in one embodiment, an additional external bonding pad 338 can be located on a
distal planar surface of the source semiconductor layer (302, 114).

{0359] n one embodiment, the memory stack structures 55 comprise a three-dimensional
array of memory elements; the memory die 1000 comprises a set of word lines for the three-
dimensional array of memory elements and a set of bit lines 98 for the three-dimensional

array of memory clements; and the peripheral circuitry is configured to drive at least one set
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among the set of word lines and the set of bit lines 98.

{33641 n one embodiment, the bit lines 98 are connected to a respective subset of the
vertical semiconductor channels 60, and are connected to bit line drivers within the peripheral
circuitry through first electrically conductive paths including a first bonded subset of the
memory-side bonding pads 378 and the logic-side bonding pads 978; and the electrically
conductive lavers (146, 246) comprise the word lines, and are connected to word line drivers
within the peripheral civeuitry through second electrically conductive paths inclading a
second bonded subset of the memory-side bonding pads 378 and the logic-side bonding pads
973.

{33611 Various embodiments include bonded semiconductor structures and methods of
making such structures suitabie for three dimensional memory devices that are less expensive
to manufactire than conventional structures and methods, providing manufacturing cost
savings.

{0362] Although the foregoing refers to particular preferred embodiments, it will ba
understood that the disclosure is not so limited. It will occur to those of ordinary skill in the
art that various modifications may be made to the disclosed embodiments and that such
maodifications are intended to be within the scope of the claims. Compatibility is presumed
among all embodirents that are not aliernatives of one another. The word “comprise” or
“include” contemplates all embodiments 1n which the word “consist essentially of” or the
word “consists of” replaces the word “comprise” or “include,” unless explicitly stated
otherwise. Where an embodiment using a particular structure and/or configuration is
illustrated in the present disclosure, it is understood that the claims may be practiced with any
other compatible stuctures and/or configurations that are functionally equivalent provided
that such substitutions are not explicitly forbidden or otherwise known to be impossible to
one of ordinary skill in the art. All of the publications, patent applications and patents cited

herecin are incorporated herein by reference in their entivety.
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WHAT IS CLAIMED 15

1. A bonded assembly comprising:

a first semiconductor die comprising a first substrate including a first distal planar surface
and a first proximal planar surface, first semiconductor devices located on, or over, the first
proximal planar surface of the first substrate, first interconnect-level dielectric layers including
first metal interconnect structures that are electrically connected to the first semiconductor
devices, and first die-to-die bonding pads located at a surface portion of the first interconnect-
level dielectric lavers and electrically connected to the first metal interconnect structures; and

a second semiconductor die comprising a second substrate including a second distal
planar surface and a second proximal planar surface, second semiconductor devices located on,
or over, the second proximal planar surface of the second substrate, second interconnect-level
dielectric layers including second metal interconnect structures that are electrically connected to
the second semiconductor devices, and second die-to-die bonding pads located at a surface
portion of the second interconnect-level dielectric layers and electrically connected to the second
metal interconnect structures,
wherein:

the second die-to-die bonding pads are bonded to the first die-to-die bonding pads to
provide die-to-die bonding between the first serniconductor die and the second semiconductor
die;

an external bonding pad located on, or in, one of the first interconnect-level dielectric
favers and the second interconnect-level dielectric layers that has a physically exposed horizontal
surface; and

the external bonding pad is located entirely within a first horizontal plane including the
first proximal planar surface of the first substrate and a second horizontal plane including the

second proximal planar surface of the second substrate.

2. The bonded assembly of Claim 1, further comprising a solder ball bonded to the external

bonding pad.
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3. The bonded assembly of Claim 1, wherein the second die-to-die bonding pads are bonded to

the first die-to-die bonding pads by copper-to-copper bonding.

4. The bonded assembly of Claim 1, further comprising a recess region including a void, wherein
the recess region vertically extends from the second distal planar surface, through the second

proximal planar surface, and to the physically exposed horizontal surface.

L

. The bonded assembly of Claim 4, wherein the recess region comprises at least one vertical or
substantially vertical sidewall that continuously extends from the second distal planar surface to

the physically exposed horizontal surface and to a surface of the external bonding pad.

6. The bonded assernbly of Claim 4, wherein:

the external bonding pad is located directly on, or is included within, one of the second
interconnect-level dielectric layers in the second semiconductor die; and

the physically exposed horizontal surface comprises a horizontal surface of one of the

second interconnect-level dielectric layers.

7. The bonded assembly of Claim 4, wherein:

the external bonding pad is located directly on, or is included within, one of the first
interconnect-level dielectric layers in the first semiconductor die; and

the physically exposed horizontal surface comprises a horizontal surface of one of the

first interconnect-level dielectric layers.

&. The bonded assembly of Claim 7, wherein an edge of an interface between the first

semiconductor die and the second semiconductor die is physically exposed to the recess region.

9. The bonded assembly of Claim 1, wherein:

one of the first semiconductor die and the second semiconductor die comprises a memory
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die including a three-dimensional array of memory elements; and
another of the first semiconductor die and the second semiconductor die comprises a
logic die including a peripheral circuitry configured to operate the three-dimensional array of

memory elements.

10. The bonded assembly of Claim 9, wherein;

the first substrate and the second substrate comprise semiconductor substrates;

the memory die comprises a set of word lines for the three-dimensional array of memory
elements and a set of bit lines for the three-dimensional array of memory elements; and

the peripheral circuitry is configured to drive at least one set among the set of word lines

and the set of bit Hoes.

11. The bonded assembly of Claim 10, wherein the mnemory die comprises;

an alternating stack of insulating layers and electrically conductive layers; and

a two-dimensional array of memory stack structures that extend through the alternating
stack,
wherein:

each of the memory stack structures comprises a respective vertical stack of memory
elements located adjacent to a respective vertical semiconductor channel;

the two-dimensional array of memory stack structores constitutes the three-dimensional
array of memory elements;

the bit lines are connected to a respective subset of the vertical semiconductor channels;
and

the electrically conductive layers comprise the word lines.

12. The bonded assembly of Claim 1, wherein the external bonding pad is electrically connected
to one of the first die-to-die bonding pads and the second die-to-die bonding pads by a vertically-
extending portion of the external bonding pad or a vertically extending conductive structure that

directly contacts the external bonding pad and one of the first die-to-die bonding pads and the
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second die-to-die bonding pads.

13. A method of forming a bonded assembly, comprising:

providing a first semiconductor die, wherein the first semiconductor die comprises a first
substrate including a first distal planar surface and a first proximal planar surface, first
semiconductor devices located on, or over, the first proximal planar surface of the first substrate,
first interconnect-level diclectric layers including first metal interconnect structures that are
electrically connected to the first semiconductor devices, and first die-to-die bonding pads
located at a surface portion of the first interconnect-level dielectric layers and electrically
conunected to the first metal interconnect structures;

providing a second semiconductor die, wherein the second semiconductor die comprises
a second substrate including a second distal planar surface and a second proximal planar surface,
second semiconductor devices located on, or over, the second proximal planar surface of the
second substrate, second interconnect-level dielectric layers including second metal interconnect
structures that are electrically connected to the second semiconductor devices, and second die-to-
die bonding pads located at a surface portion of the second interconnect-level dielectric layers
and electrically connected to the second metal interconnect stractures;

bonding the second die-to-die bonding pads to the first die-to-die bonding pads to provide
die-to-die bonding between the first semiconductor die and the second semiconductor die;

forming a recess region by removing material portions within volumes vertically
extending from the second distal planar surface through the second substrate and to the second
proximal planar sarface, to provide a physically exposed horizontal surface of one of the first
interconnect-level dielectric layers and the second interconnect-level dielectric lavers; and

providing an external bonding pad located on, or in, the one of the first interconnect-level

dielectric layers and the second interconnect-level dielectric layers.

14. The method of Claim 13, wherein:
the external bonding pad is formed within the one of the first interconnect-level dielectric

layers and the second interconnect-level dielectric layers during formation of the first metal
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interconnect structures or during formation of the second metal interconnect structures; and
a planar horizontal surface of the external bonding pad is physically exposed after

formation of the recess region.

15. The method of Claim 13, wherein the external bonding pad is formed by depositing and
patterping a metallic material on a planar horizontal surface of a metal interconnect structure that
18 included within the one of the first interconnect-level dielectric layers and the second

interconnect-level dielectric layers that is physically exposed after formation of the recess region.

16. The method of Claim 13, further comprising attaching a solder ball to a surface of the

external bonding pad.

17. The method of Claim 13, wherein the second die-to-die bonding pads are bonded to the first

die-to-die bonding pads by copper-to-copper bonding.

18. The method of Claim 13, wherein the physically exposed horizontal surface is a horizontal

surface of one of the second interconnect-level dielectric layers.

19. The method of Claim 13, wherein the physically exposed horizontal surface is a horizontal

sarface of one of the first interconnect-level dielectric layers.

20. The mwethod of Claim 13, wherein:

one of the first semiconductor die and the second semiconductor die comprises a memory
die including a three-dimensional array of memory elements; and

another of the first semiconductor die and the second semiconductor die comprises a
logic die including a peripheral circuitry configured to operate the three-dimensional array of

memory elements.

21. The method of Claim 20, wherein:
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the first substrate and the second substrate comprise semiconductor subsirates;

the memory die comprises a set of word lines for the three-dimensional array of memory
elements and a set of bit lines for the three-dimensional array of memory elements; and

the peripheral circuitry is configured to drive at least one set among the set of word lines

and the set of bit lines.

Claims B
22. A bonded assembly comprising:

a first semiconductor die comprising a first substrate including a first distal planar surface
and a first proximal planar surface, first semiconductor devices located on, or over, the first
proximal planar surface of the first substrate, first interconnect-level dielectric layers inchuding
first metal interconnect structures that are electrically connected to the first semiconductor
devices, and first die-to-die bonding pads located at a surface portion of the first interconnect-
level dielectric layers and electrically connected to the first metal interconunect structures; and

a second semiconductor die comprising a second substrate jncluding a second distal
planar surface and a second proximal planar surface, second semiconductor devices located on,
or over, the second proximal planar surface of the second substrate, second interconnect-level
dielectric layers including second mwetal interconuect structures that are electrically connected to
the second semiconductor devices, and second die-to-die bonding pads located at a surface
portion of the second interconnect-level dielectric layers and electrically connected to the second
metal interconnect structures,
wherein:

the second die-to-die bonding pads are bonded to the first die-to-die bonding pads to
provide die-to-die bonding between the first semiconductor die and the second semiconductor
die;

a first external bonding pad is located on, or over, the second distal planar surface of the
second subsirate; and

a first laterally-insulated external connection via structure vertically extends at least from

the second distal planar surface of the second substrate, through the second substrate, the second
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interconnect-level diglectric layers, a horizontal plane including an interface between the first
semiconductor die and the second semiconductor die, and a subset of layers within the first
interconnect-level dielectric layers, and to one of the first metal interconnect structures and

contacts the first bonding pad.

23. The bonded assembly of Claim 22, further comprising a solder ball bonded to the first

external bonding pad.

24. The bonded assembly of Claim 22, wherein the second die-to-die bonding pads are bonded to

the first die-to-die bonding pads by copper-to-copper bonding.

25. The bonded assembly of Claim 22, further comprising:

a second external honding pad located on, or over, the second distal planar surface of the
second substrate; and

a second laterally-insulated external connection via structure vertically extending at least
from the second distal planar surface of the second substrate, through the second substrate and a
subset of layers within the second interconnect-level dielectric layers, and to one of the second

metal interconnect structures, and contacting the second external bonding pad.

26. The bonded assembly of Claim 25, further comprising:

a third external bonding pad located on, or over, the second distal planar surface of the
second substrate; and

a third laterally-insulated external connection via structure contacting the third external
bonding pad and vertically extending at least from the second distal planar surface of the second
substrate, through the second substrate, the second interconnect-level dielectric layers, the
horizontal plane including the interface between the first semiconductor die and the second
semiconductor die, and another subset of layers within the first interconnect-level dielectric
layers, and to an additional one of the first metal interconnect structures that is located at a

different vertical distance from the interface between the first semiconductor die and the second
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semiconductor die than the one of the first metal interconnect structures is from the interface

between the first semiconductor die and the second semiconductor die.

27. The bonded assembly of Claim 25, further comprising:

a first etch stop dielectric layer contacting a surface of the one of the first metal
interconnect structures and laterally surrounding an end portion of the first laterally-insulated
external connection via structure; and

a second etch stop dielectric layer contacting a surface of the one of the second metal
interconnect structures and laterally surrounding an end portion of the second laterally-insulated

external connection via structure.

28. The bonded assembly of Claim 22, wherein the first laterally-insulated external connection
via structure comprises:

a tubular insulating spacer contacting sidewalls of the second substrate, the second
interconnect-level dielectric layers, and the subset of layers within the first interconnect-level
dielectric lavers; and

a conductive piliar structure laterally surrounded by the tubular insulating spacer and

contacting a planar surface of the one of the first metal interconnect structures.

28. The bonded assembly of Claim 22, further comprising a planar dielectric isolation layer
located on the second distal planar surface of the second substrate and coutacting a planar

sarface of the first external bonding pad.

30. The bonded assembly of Claim 22, wherein:

one of the first semiconductor die and the second semiconductor die comprises a memory
die including a three-dimensional array of memory elements; and

another of the first semiconductor die and the second semiconductor die comprises a
logic die including a peripheral circuitry configured to operate the three-dimensional array of

memory elements.
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31. The bonded assembly of Claim 30, wherein:
the first substrate and the second substrate comprise semiconductor subsirates;
the memory die comprises a set of word lines for the three-dimensional array of memory
elements and a set of bit lines for the three-dimensional array of memory elements; and
the peripheral circuitry is configured to drive at least one set among the set of word lines and the

set of bit Hnes,

32. The bonded assembly of Claim 31, wherein the memory die comprises:

an alternating stack of insulating layers and electrically conductive layers; and
a two-dimensional array of memory stack structures that extend through the alternating stack,
wherein;

each of the memory stack structures comprises a respective vertical stack of memory
elerments located adjacent to a respective vertical semiconductor channel;

the two-dimensional array of memory stack structures constitutes the three-dimensional
array of memory elements;

the bit lines are connected to a respective subset of the vertical semiconductor channels;
and

the electrically conductive layers comprise the word lines.

33. A method of forming a bonded assembly, comprising:

providing a {irst semiconductor die, wherein the first semiconductor die comprises a first
substrate including a first distal planar surface and a first proximal planar surface, first
semiconductor devices located on, or over, the first proximal planar surface of the first substrate,
first interconnect-level dielectric layers including first metal interconnect structures that are
electrically connected to the first semiconductor devices, and first die-to-die bonding pads
located at a surface portion of the first interconnect-level dielectric layers and electrically
connected to the first metal interconnect structures;

providing a second semiconductor die, wherein the second semiconductor die comprises
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a second substrate including a second distal planar surface and a second proximal planar surface,
second semiconductor devices located on, or over, the second proximal planar surface of the
second substrate, second interconnect-level dielectric layers including second metal interconnect
structures that are electrically connected to the second semiconductor devices, and second die-to-
die bonding pads located at a surface portion of the second interconnect-level dielectric layers
and electrically connected to the second metal interconnect structures;

bonding the second die-to-die bonding pads to the first die-to-die bonding pads to provide
die-to-die bonding between the first semiconductor die and the second semiconductor die;

forming a first connection via cavity through the second substrate, the second
interconnect-level dielectric layers, a horizontal plane including an interface between the first
semiconductor die and the second semiconductor die, and a subset of layers within the first
interconnect-level dielectric layers, wherein one of the first metal interconnect structures 18
physically exposed at a hbottom of the first connection via cavity;

forming a first laterally-insulated external connection via structure in the first connection
via cavity on the one of the first metal interconnect structures; and

forming a first external bonding pad on the fivst Jaterally-insulated external conpection

via structure.

34. The method of Claimn 33, further comprising attaching a solder ball to a surface of the

external bonding pad.

35. The method of Claim 33, wherein the second die-to-die bonding pads are bonded to the first
die-to-die bonding pads by copper-to-copper bonding.
36. The method of Claim 33, further comprising:

forming a second connection via cavity through the second substrate and a subset of
layers within the second interconnect-level dielectric layers, wherein one of the second metal
interconnect structures is physically exposed at a bottom of the second connection via cavity;

forming a second laterally-insulated external connection via structure in the second

-110-



WO 2020/180358 PCT/US2019/063075

connection via cavity on the ong of the second metal interconnect structures; and
forming a second external bonding pad on the second laterally-insulated external

connection via structure.

37. The method of Claim 36, further comprising:

forming a third connection via cavity through the second substrate, the second
interconnect-level dielectric layers, the horizontal plane including the interface between the first
semiconductor die and the second semiconductor die, another subset of layers within the first
interconnect-level dielectric layers, and to an additional one of the first metal interconnect
structures that is located at a different vertical distance from the interface between the first
semiconductor die and the second semiconductor die than the one of the first metal interconnect
structures is from the interface between the first semiconductor die and the second
semiconductor die;

forming a third laterally-insulated external connection via structure in the third
connection via cavity on the additional one of the second metal interconnect structures; and

forming a third external bonding pad on the third laterally-insulated external connection

via structure.

38. The method of Claim 36, wherein:

the first interconnect-level dielectric layers comprise a patterned first etch stop dielectric
layer contacting a surface of the one of the first metal interconnect structures;

the second interconnect-level dielectric lavers comprise a patterned second etch stop
dielectric layer contacting a surface of the one of the second metal interconnect structures; and

the first connection via cavity and second connection via cavity are formed by a same
anisotropic etch process that includes a first etch step that etches through the second substrate, a
second etch step that etches portions of the second interconnect-level dielectric layers and the
first interconnect-level dielectric layers selective to materials of the patterned second etch stop
dielectric layer and the patterned first etch stop dielectric layer, and a third etch step that etches

through the patterned second etch stop dielectric layer and the patterned first etch stop dielectric
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laver.

39. The method of Claim 33, wherein the first laterally-insulated external connection via
structure is formed by:

conformally depositing a continuous dielectric material layer at a periphery of the first
connection via cavity and over the second substrate;

forming a tubular insulating spacer within the first connection via cavity by
anisotropically etching the continuous dielectric material layer; and

forming a conductive pillar structure within a remaining volume of the first connection

via cavity inside the tubular insulating spacer.

40. The method of Claim 33, wherein:

one of the first semiconductor die and the second semiconductor die comprises a memory
die including a three-dimensional array of memory elements; and

another of the first semiconductor die and the second semicondactor die coroprises a
logic die including a peripheral circuifry configured to operate the three-dimensional array of

memory elements.

41. The method of Claim 40, wherein:

the first substrate and the second sebstrate comprise semiconductor substrates;

the memory die comprises a set of word lines for the three-dimensional array of memory
elements and a set of bit Hnes for the three-dimensional array of memory elements; and
the peripheral circuitry is contfigured to drive at least one set arnong the set of word hines and the

set of bit lines.

Claim C
42. A bonded assembly comprising:

a memory die comprising an alternating stack of insulating layers and electrically
conductive layers that has stepped surfaces, memory stack structures vertically extending
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through the alternating stack, a stepped dielectric material portion contacting the stepped surface
of the alternating stack, a through-dielectric external connection via structure vertically
extending through the stepped dielectric material portion; memory-side metal interconnect
structures included in memory-side interconnect-level dielectric layers, and memory-side
bonding pads;

a logic die comprising a semiconductor substrate, semiconductor devices located on the
semiconductor substrate and including a peripheral circuitry configurated to control operation of
the memory stack structures within the memory die, logic-side metal interconnect structures
included in logic-side interconnect-level dielectric layers, and logic-side bonding pads that are
bonded to the memory-side bonding pads of the memory die at a die-to-die bonding interface;
and

an external bonding pad located on a surface of the stepped dielectric material portion

and contacting a distal planar surface of the through-dielectric external connection via structure.

43. The bonded asserably of Claim 42, wherein the distal planar surface of the through-dielectric
external connection via structure is within a horizontal plane including a first planar horizontal

surface of the stepped dielectric material portion.

44. The bonded assembly of Claim 43, wherein:

the through-dielectric external connection via stroctire comprises a proximal planar
surface that contacts one of the memory-side metal interconnect structures; and

the proximal planar surface is vertically spaced from a horizontal plane including the die-
to-die bonding interface by a lesser verfical separation distance than the memory stack structures

are from the horizontal plane including the die-to-die bonding interface.

45. The bonded assembly of Claim 42, further comprising a solder ball bonded to the external

bonding pad.

46. The bonded assembly of Claim 42, wherein the logic-side bonding pads are bonded to the
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memory-side bonding pads by copper-to-copper bonding.

47. The bonded assembly of Claim 42, wherein:

each of the memory stack structures comprises a respective vertical semiconductor
channel including a proximal end and a distal end that is vertically spaced from a horizontal
plane including the die-to-die bonding interface by a greater vertical distance than the proximal
end is from the horizontal plane including the die-to-die bonding interface: and

a source semiconductor layer is located on the alternating stack, and is electrically

connected to the distal ends of the vertical semiconductor channels,

48. The bonded asserably of Claim 47, wherein the distal planar surface of the through-dielectric
external connection via structure is located within a horizontal plane including a planar surface
of the source semiconductor layer that is parallel to the horizountal plane including the die-to-die

bonding interface.

49. The bonded assembly of Claim 47, wherein the source semniconductor layer is electrically
connected to the distal ends of the vertical semiconductor channels through:

direct contacts between the source semiconductor layer and horizontal planar surfaces of
the distal ends of the vertical semiconductor channels; or

pedestal channel portions directly contacting the source semiconductor layer and

horizontal planar surfaces of the distal ends of the vertical semiconductor channels.

50. The bonded assembly of Claim 47, wherein the source contact layer is electrically connected
to the distal ends of the vertical semiconductor channels through direct contact between
cylindrical sidewall surfaces of the distal ends of the vertical semiconductor channels and the

source semiconductor layer.

51. The bonded assembly of Claim 47, further comprising an additional external bonding pad

located on a distal planar surface of the source semiconductor layer.
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52. The bonded assembly of Claim 42, wherein:
the memory stack structures comprise a three-dimensional array of memory elements;
the memory die comprises a set of word lines for the three-dimensional array of memory
elements and a set of bit lines for the three-dimensional array of memory elements; and
the peripheral circuitry is configured to drive at least one set among the set of word lines

and the set of bit lines.

53. The bonded assembly of Claim 52, wherein:

the bit lines are connected to a respective subset of the vertical semiconductor channels,
and are connected to bit line drivers within the peripheral circuitry through first electrically
conductive paths inclading a first bonded subset of the memory-side bonding pads and the logic-
side bonding pads; and

the electrically conductive layers comprise the word lines, and are connected to word line
drivers within the peripheral circuitry through second electrically conductive paths including a

second bonded subset of the memory-side bonding pads and the logic-side bonding pads.

54. A mwethod of forming a bonded asserably, comprising:

providing a wemory die comprising a memory-side substrate, an alternating stack of
msulating layers and electrically conductive layers that has stepped surfaces and is located on the
memory-side substrate, memory stack structures vertically extending through the alternating
stack, a stepped dielectric material portion contacting the stepped surface of the alternating stack,
a throngh-dielectric external connection via structare vertically extending through the stepped
dielectric material portion, memory-side metal interconnect structures included in memory-side
interconnect-level dielectric layers, and memory-side bonding pads;

providing a logic die comprising a semiconductor substrate, semiconductor devices
located on the semiconductor substrate and including a peripheral circuitry configurated to
control operation of the memory stack structures within the memory die, logic-side metal

interconnect structures included in logic-side interconnect-level dielectric layers, and logic-side
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bonding pads;

bonding the memory-side bonding pads to the logic-side bonding pads, wherein a die-to-
die bonding interface is formed;

physically exposing a distal planar surface of the through-dielectric external connection
via structure by removing at least a portion of the memory-side substrate; and

forming an external bonding pad on the distal planar surface of the through-dielectric

external connection via structure,

55. The method of Claim 54, wherein the external bonding pad is formed by deposition and
patterning of a conductive material on the distal planar surface of the through-dielectric external
connection via structure and a first planar horizontal surface of the stepped dielectric material

portion.

56. The method of Claim 34, wherein the through-dielectric external connection via structure is
formed by:

forming a via cavity extending through the stepped dielectric material portion after
formation of the alternating stack and the rwemory stack structures, wherein the via cavity
extends to a surface of the memory-side substrate; and

depositing a conductive material in the via cavity to form the through-dielectric external
connection via structure, wherein a subset of the memory-side interconnect-level dielectric lavers
and the memory-side bonding pads are formed over the through-dielectric external connection

via structure.

57. The method of Claim 54, further comprising bonding a solder ball to the external bonding
pad, wherein the second die-to-die bonding pads are bonded to the first die-to-die bonding pads

by copper-to-copper bonding.

58. The method of Claim 54, wherein:

each of the memory stack structures comprises a respective vertical semiconductor
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channel including a distal end that is electrically connected to a surface portion of the memory-
side subsirate; and

a remaining portion of the memory-side substrate after removal of the portion of the
memory-side substrate comprises a source semiconductor layer that is electrically connected to

the distal ends of the vertical semiconductor channels.

59. The method of Claim 54, wherein:

the memory die comprises source-level material layers located between the memory-side
substrate and the alternating stack;

the source-level material layers comprise a source contact layer in contact with sidewalls
of the vertical semiconductor channels; and

an entirety of the memory-side substrate is removed to physically expose a planar surface
of the source-level material layers after the memory-side bonding pads are bonded to the logic-

side bonding pads.

6. The method of Claim 54, wherein:

the memory die coraprises a source contact layer electrically connected to distal ends of
the vertical semiconductor channels after physically exposing the distal planar surtace of the
through-dielectric external connection via structure, wherein the source contact layer comprises a
doped semiconductor material portion provided within the memory-side substrate or between the
memory-side substrate and the alternating stack; and

the roethod further comprises forming an additional external bonding pad located on a

distal planar surface of the source semiconductor layer.

61. The method of Claim 54, wherein:
the memory stack structures comprise a three-dimensional array of memory elements;
the memory die comprises a set of word lines for the three-dimensional array of memory
elements and a set of bit lines for the three-dimensional array of memory elements;

the peripheral circuitry is configured to drive at least one set among the set of word lines
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and the set of bit lines;
the bit lines are connected to a respective subset of the vertical semiconductor channels,
and are connected to bit line drivers within the peripheral circuitry through first electrically
conductive paths including a first bonded subset of the memory-side bonding pads and the logic-
side bonding pads; and
the electrically conductive layers comprise the word lines, and are connected to word line drivers
within the peripheral circuitry through second electrically conductive paths including a

second bonded subset of the memory-side bonding pads and the logic-side bonding pads.
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B. FIELDS SEARCHED:

* Mimimum documentation searched (classification system followed by classification symbols)
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23/31, HO1L 23/5384, HO1L 24/02, HO1L 24/03, HO1L 24/07
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