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(57) ABSTRACT

A memory device includes a substrate, a stack over the
substrate, and a gate line slit extending along a first direction
and dividing the stack into two portions. The stack includes
a connection portion that connects the two portions of the
stack. The connection portion includes at least two sub-
connection portions along a second direction perpendicular
to the first direction. The gate line slit includes at least two
portions along the first direction. Each sub-connection por-
tion is between adjacent two portions of the gate line slit.
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WORD LINE STRUCTURE OF
THREE-DIMENSIONAL MEMORY DEVICE

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 17/509,891, filed on Oct. 25, 2021, which is a
continuation of U.S. application Ser. No. 16/843,714, filed
on Apr. 8, 2020, which is a divisional of U.S. application Ser.
No. 16/046,814, filed on Jul. 26, 2018, which is a continu-
ation of International Application No. PCT/CN2018/
077927, filed on Mar. 2, 2018, which claims the benefit of
priority to C.N. Application No. 201710132422.8, filed on
Mar. 7, 2017, all of which are incorporated herein by
reference in their entireties.

BACKGROUND

[0002] Flash memory devices have undergone rapid
development. Flash memory devices can store data for a
considerably long time without powering, and have advan-
tages such as high integration level, fast access, easy erasing,
and rewriting. To further improve the bit density and reduce
cost of flash memory devices, three-dimensional NAND
flash memory devices have been developed.

[0003] A three-dimensional NAND flash memory device
includes a stack of gate electrodes arranged over a substrate,
with a plurality of semiconductor channels through and
intersecting word lines, into the substrate. The bottom/lower
gate electrodes function as bottom/lower selective gates.
The top/upper gate electrodes function as top/upper selective
gates. The word lines/gate electrodes between the top/upper
selective gate electrodes and the bottom/lower gate elec-
trodes function as word lines. The intersection of a word line
and a semiconductor channel forms a memory cell. The
top/upper selective gates are connected to word lines for row
selection, and the bottom/lower selective gates are con-
nected to bit lines for column selection.

BRIEF SUMMARY

[0004] Embodiments of three-dimensional memory
device architectures and fabrication methods therefore are
disclosed herein. The disclosed structures and methods
provide numerous benefits, including, but not limited to
simplifying the fabrication process, reducing the size of the
three-dimensional memory device, and improving the space
utility of the chip which the three-dimensional memory
device is formed on.

[0005] In some embodiments, a three-dimensional
memory device includes: a substrate, the substrate including
a device region and a connection region adjacent to one
another; a plurality of separate stack structures in the device
region and the connection region, the stack structures
including a plurality of stacking word lines (e.g., gate
electrodes); and separation layers (e.g., gate line slits) over
the portions of substrate between adjacent stack structures.
The three-dimensional memory device also includes con-
nection structures over the connection region and conduc-
tively connecting adjacent stack structures. The connection
structure includes a plurality of repeating conductive con-
nection portions, and the two ends of each conductive layer
each connects word lines of a same height in adjacent stack
structures. The three-dimensional memory device further
includes a plurality of contact vias on the top surface of word
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lines of each height. Each contact via is conductively
connected to the contacting word line, other word lines of
the same height as the contacting word line, and the con-
ductive connection portion of the same height as the con-
tacting word line.

[0006] In some embodiments, the conductive connection
portions are made of a same material as the word lines.
[0007] In some embodiments, the conductive connection
portions and the word lines are made of one or more of
tungsten, aluminum, and copper.

[0008] In some embodiments, the stack structures further
include a first insulating portion between adjacent gate
structures; and the connection structures further include a
second insulating portion between adjacent conductive con-
nection portions.

[0009] In some embodiments, the first insulating portion
and the second insulating portion are made of silicon oxide.
[0010] In some embodiments, the substrate further
includes a channel region adjacent to one or more of the
connection region and the device region. The stack struc-
tures extend to the portion of the substrate of the channel
region. In some embodiments, the three-dimensional
memory device further includes a plurality of semiconductor
channels over the portion of the substrate of the channel
region, the semiconductor channels being through the stack
structures.

[0011] In some embodiments, the three-dimensional
memory device further includes a gate dielectric layer
between the word lines and the semiconductor channels.
[0012] In some embodiments, a method for forming a
three-dimensional memory device includes: providing a
substrate, the substrate including a device region and a
connection region adjacent to one another; forming a plu-
rality of separate stack structures in the device region and the
connection region, the stack structures including a plurality
of stacking word lines; and forming separation layers (e.g.,
gate line slits) over the portions of substrate between adja-
cent stack structures. The method also includes forming
connection structures over the connection region and con-
ductively connecting adjacent stack structures. The connec-
tion structure includes a plurality of repeating conductive
connection portions, and the two ends of each conductive
layer each connects word lines of a same height in adjacent
stack structures. The method further includes forming a
plurality of contact vias on the top surface of word lines of
each height. Each contact via is conductively connected to
the contacting word line, other word lines of the same height
as the contacting word line, and the conductive connection
portion of the same height as the contacting word line.
[0013] In some embodiments, the stack structures further
include an insulating portion between adjacent gate struc-
tures, and the connection structures further include an insu-
lating portion between adjacent conductive connection por-
tions. In some embodiments, the operations to form the stack
structures and the insulating portions include: forming a
composite structure over the portions of the substrate of the
device region and the connection region. The composite
structure includes a plurality of insulating portions and a
plurality of sacrificial layers alternatingly arranged. The
composite structure can be patterned to remove portions of
the composite structure in the device region and form
vertical trenches, where the vertical trenches extend through
the composite structure along a direction perpendicular to
the substrate. The direction the vertical trenches extend can
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be perpendicular to the boundary between the device region
and the connection region. Further, separation layers (e.g.,
gate line slits) can be formed in the vertical trenches. After
the separation layers are formed, sacrificial layers in the
device region and the connection region can be removed,
and a horizontal trench can be formed between adjacent
insulating portions. Word line layers can be formed in the
horizontal trenches in the device region and the connection
region. The portion of the word line layers in the device
region and the portion of word line layers in the connection
region neighboring the separation layers can form word
lines. The word line layers in the connection regions can be
connected to form the conductive connection portions.
[0014] In some embodiments, patterning the composite
structure includes forming a mask layer over the composite
structure, the mask layer covering the portion of the com-
posite structure in the connection region and a portion of the
composite structure in the device region. The mask layer can
be used as an etch mask to etch the composite structure.
[0015] Insomeembodiments, etching the composite struc-
ture includes dry etch and/or wet etch.

[0016] In some embodiments, before forming the word
lines, the method further includes forming a gate dielectric
layer at the bottoms and the sidewalls of the portion of
horizontal trenches in the device region and the connection
region.

[0017] In some embodiments, the substrate further
includes a channel region adjacent to one or more of the
connection region and the device region. The stack struc-
tures extend to the portion of the substrate of the channel
region. In some embodiments, before removing the sacrifi-
cial layers in the device region and the connection region,
the method further includes forming a plurality of semicon-
ductor channels over the portion of the substrate of the
channel region, the semiconductor channels being through
the stack structures

[0018] In some embodiments, the insulating portions
include silicon oxide; the sacrificial layers include poly-
silicon, poly-germanium, and/or silicon nitride; and the
word line layers include tungsten, aluminum, and/or copper.
[0019] In some embodiments, removing the sacrificial
layers in the device region and the connection region
includes isotropic dry etch and/or wet etch.

[0020] In some embodiments, forming the word lines
includes chemical vapor deposition (CVD).

[0021] In some embodiments, the conductive connection
portions include tungsten, aluminum, and/or copper.
[0022] Compared to conventional technology, the present
disclosure includes the following advantages.

[0023] Using the three-dimensional memory device pro-
vided by the present disclosure, a conductive connection
portion can connect word lines of the same height in
adjacent stack structures, electrical connection of word lines
of the same height in adjacent stack structures can be
obtained. Accordingly, word lines of the same height in
adjacent stack structures can share a same contact via so that
these word lines can be connected to an external circuit.
Thus, the disclosed method can reduce the number of
contact vias, simplify fabrication of the three-dimensional
memory device, reduce the size of the memory device, and
improve the space utilization of the chip.

[0024] Using the method for forming a three-dimensional
memory device provided by the present disclosure, connec-
tion structures can be formed over the portion of the sub-
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strate of the connection region. The connection structure can
connect adjacent stack structures. Flectrical connection of
word lines of the same height in adjacent stack structures can
be obtained through the stack structures, and word lines of
the same height in adjacent stack structures can share a same
contact via so that these word lines can be connected to an
external circuit. Thus, the disclosed method can reduce the
number of contact vias, simplify fabrication of the three-
dimensional memory device, reduce the size of the memory
device, and improve the space utilization of the chip.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] Aspects of the present disclosure are best under-
stood from the following detailed description when read
with the accompanying figures. It is noted that, in accor-
dance with the common practice in the industry, various
features are not drawn to scale. In fact, the dimensions of the
various features may be arbitrarily increased or reduced for
clarity of illustration and discussion.

[0026] FIG. 1 is an illustration of a three-dimensional
memory device.

[0027] FIGS. 2A, 3A, 4A, 5A, 6A, 7A, 8A, and 9A are
each an illustration of a top view of a three-dimensional
memory structure at different stages of an exemplary fabri-
cation process, according to some embodiments.

[0028] FIG. 2B is an illustration of a cross-sectional view
of the three-dimensional memory structure in FIG. 2A,
according to some embodiments.

[0029] FIG. 3B is an illustration of a cross-sectional view
of the three-dimensional memory structure in FIG. 3A,
according to some embodiments.

[0030] FIG. 4B is an illustration of a cross-sectional view
of the three-dimensional memory structure in FIG. 4A,
according to some embodiments.

[0031] FIG. 5B is an illustration of a cross-sectional view
of the three-dimensional memory structure in FIG. 5A,
according to some embodiments.

[0032] FIG. 6B is an illustration of a cross-sectional view
of the three-dimensional memory structure in FIG. 6A,
according to some embodiments.

[0033] FIG. 7B is an illustration of a cross-sectional view
of the three-dimensional memory structure in FIG. 7A,
according to some embodiments.

[0034] FIG. 7C is an illustration of another cross-sectional
view of the three-dimensional memory structure in FIG. 7A,
according to some embodiments.

[0035] FIG. 8B is an illustration of a cross-sectional view
of the three-dimensional memory structure in FIG. 8A,
according to some embodiments.

[0036] FIG. 9B is an illustration of a cross-sectional view
of the three-dimensional memory structure in FIG. 9A,
according to some embodiments.

[0037] FIG. 10 is an illustration of a top view of another
three-dimensional memory structure, according to some
embodiments.

[0038] FIG. 11 is an illustration of a fabrication process for
forming a three-dimensional memory structure, according to
some embodiments.

DETAILED DESCRIPTION

[0039] Although specific configurations and arrangements
are discussed, it should be understood that this is done for
illustrative purposes only. A person skilled in the pertinent
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art will recognize that other configurations and arrangements
can be used without departing from the spirit and scope of
the present disclosure. It will be apparent to a person skilled
in the pertinent art that the present disclosure can also be
employed in a variety of other applications.

[0040] It is noted that references in the specification to
“one embodiment,” “an embodiment,” “an example embodi-
ment,” “some embodiments,” etc., indicate that the embodi-
ment described may include a particular feature, structure, or
characteristic, but every embodiment may not necessarily
include the particular feature, structure, or characteristic.
Moreover, such phrases do not necessarily refer to the same
embodiment. Further, when a particular feature, structure or
characteristic is described in connection with an embodi-
ment, it would be within the knowledge of a person skilled
in the pertinent art to effect such feature, structure or
characteristic in connection with other embodiments
whether or not explicitly described.

[0041] In general, terminology may be understood at least
in part from usage in context. For example, the term “one or
more” as used herein, depending at least in part upon
context, may be used to describe any feature, structure, or
characteristic in a singular sense or may be used to describe
combinations of features, structures or characteristics in a
plural sense. Similarly, terms, such as “a,” “an,” or “the,”
again, may be understood to convey a singular usage or to
convey a plural usage, depending at least in part upon
context.
[0042] It should be readily understood that the meaning of
“on,” “above,” and “over” in the present disclosure should
be interpreted in the broadest manner such that “on” not only
means “directly on” something but also includes the mean-
ing of “on” something with an intermediate feature or a layer
therebetween, and that “above” or “over” not only means the
meaning of “above” or “over” something but can also
include the meaning it is “above” or “over” something with
no intermediate feature or layer therebetween (i.e., directly
on something).

[0043] Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper,” and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as illustrated in the figures. The spatially relative terms are
intended to encompass different orientations of the device in
use or operation in addition to the orientation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

[0044] As used herein, the term “substrate” refers to a
material onto which subsequent material layers are added.
The substrate itself can be patterned. Materials added on top
of the substrate can be patterned or can remain unpatterned.
Furthermore, the substrate can include a wide array of
semiconductor materials, such as silicon, germanium, gal-
lium arsenide, indium phosphide, etc. Alternatively, the
substrate can be made from an electrically non-conductive
material, such as a glass, a plastic, or a sapphire wafer.
[0045] As used herein, the term “layer” refers to a material
portion including a region with a thickness. A layer can
extend over the entirety of an underlying or overlying
structure, or may have an extent less than the extent of an
underlying or overlying structure. Further, a layer can be a
region of a homogeneous or inhomogeneous continuous
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structure that has a thickness less than the thickness of the
continuous structure. For example, a layer can be located
between any pair of horizontal planes between, or at, a top
surface and a bottom surface of the continuous structure. A
layer can extend horizontally, vertically, and/or along a
tapered surface. A substrate can be a layer, can include one
or more layers therein, and/or can have one or more layer
thereupon, thereabove, and/or therebelow. A layer can
include multiple layers. For example, an interconnect layer
can include one or more conductor and contact layers (in
which contacts, interconnect lines, and/or vias are formed)
and one or more dielectric layers.

[0046] As used herein, the term “nominal/nominally”
refers to a desired, or target, value of a characteristic or
parameter for a component or a process operation, set during
the design phase of a product or a process, together with a
range of values above and/or below the desired value. The
range of values can be due to slight variations in manufac-
turing processes or tolerances. As used herein, the term
“about” indicates the value of a given quantity that can vary
based on a particular technology node associated with the
subject semiconductor device. Based on the particular tech-
nology node, the term “about” can indicate a value of a given
quantity that varies within, for example, 10-30% of the value
(e.g., £10%, £20%, or £30% of the value).

[0047] As used herein, the term “3D memory device”
refers to a semiconductor device with vertically oriented
strings of memory cell transistors (referred to herein as
“memory strings,” such as NAND strings) on a laterally-
oriented substrate so that the memory strings extend in the
vertical direction with respect to the substrate. As used
herein, the term “vertical/vertically” means nominally per-
pendicular to the lateral surface of a substrate.

[0048] The trend in three-dimensional NAND memory
industry includes the reduction of device dimensions and the
simplification of fabrication process. In a three-dimensional
NAND memory device, memory cells for storing data are
embedded in a stack of word lines (control gate electrodes)
and the semiconductor channels formed through the stack.
Each word line is separately connected to a metal contact
via, which is further connected to a metal interconnect, a bit
line, and/or an external circuit (e.g., control circuit), so that
writing and erasing data in the memory cells can be con-
trolled from the external circuit. Thus, the number of metal
contact vias is often equal to the number of word lines. As
the demand of storage capacity increases, numerous
memory cells, which are formed by an increased number of
word lines and semiconductor channels, are formed in a
NAND memory device. Accordingly, more metal contact
vias need to be formed to connect to the word lines.
Meanwhile, the size of a NAND memory device keeps
decreasing. It is thus more difficult to form an increased
number of metal contact vias (i.e., as well as metal inter-
connects) in a reduced device space. For example, to arrange
an increased number of metal contact vias into a smaller
NAND memory device, the fabrication of the word lines and
metal contact vias need to adapt to the reduced dimensions
of these parts so that a desired number of word lines and
metal contact vias can be formed in a smaller NAND
memory device. As a result, the fabrication of the smaller
NAND memory device becomes more challenging, and the
space in the smaller NAND memory device is not efficiently
utilized.
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[0049] In the present disclosure, for ease of description,
“tier” is used to refer to elements of substantially the same
height along the vertical direction. For example, a word line
and the underlying gate dielectric layer can be referred to as
“atier,” a sacrificial layer and the underlying insulating layer
can together be referred to as “a tier,” a word line and the
underlying insulating layer can together be referred to as “a
tier,” word lines of substantially the same height can be
referred to as “a tier of word lines” or similar, and so on.

[0050] FIG. 1 illustrates a block 100 of a three-dimen-
sional NAND flash memory device. The flash memory
device includes a substrate 101, an insulating layer 103 over
substrate 101, a tier of lower selective gate electrodes 104
over the insulating layer 103, and a plurality of tiers of
control gate electrodes 107 stacking on top of bottom
selective gate electrodes 104. The flash memory device also
includes a tier of upper selective gate electrodes 109 over the
stack of control gate electrodes 107, doped source line
regions 120 in portions of substrate 101 between adjacent
lower selective gate electrodes 104, and semiconductor
channels 114 through upper selective gate electrodes 109,
control gate electrodes 107, lower selective gate electrodes
104, and insulating layer 103. Semiconductor channel 114
includes a memory film 113 over the inner surface of
semiconductor channel 114 and a core filling film 115
surrounded by memory film 113 in semiconductor channel
114. The flash memory device further includes a plurality of
bit lines 111 connected to semiconductor channels 114 over
upper selective gate electrodes 109 and a plurality of metal
interconnects 119 connected to the gate electrodes through a
plurality of metal contacts 117. Insulating layers between
adjacent tiers of gate electrodes are not shown in FIG. 1. The
gate electrodes include upper selective gate electrodes 109,
control gate electrodes 107 (e.g., also referred to as the word
lines), and lower selective gate electrodes 104.

[0051] In FIG. 1, for illustrative purposes, three tiers of
control gate electrodes 107-1, 107-2, and 107-3 are shown
together with one tier of upper selective gate electrodes 109
and one tier of lower selective gate electrodes 104. Each tier
of gate electrodes have substantially the same height over
substrate 101. The gate electrodes of each tier are separated
by gate line slits 108-1 and 108-2 through the stack of gate
electrodes. Each of the gate electrodes in a same tier is
conductively connected to a metal interconnect 119 through
a metal contact via 117. That is, the number of metal contacts
formed on the gate electrodes equals the number of gate
electrodes (i.e., the sum of all upper selective gate electrodes
109, control gate electrodes 107, and lower selective gate
electrodes 104). Further, the same number of metal inter-
connects is formed to connect to each metal contact via. As
the dimensions of the flash memory device decrease, it
becomes more difficult to form the metal contact vias and
metal interconnects that can be fit into the decreased space
of the device.

[0052] The present disclosure describes a three-dimen-
sional NAND memory device in which one or more word
lines of a same tier in a block are conductively connected
together and the connected word lines are conductively
connected to a shared metal contact via to reduce the number
of metal contact vias and metal interconnects. The disclosed
method and structure simplitfy the fabrication process to
form the three-dimensional NAND memory device. A ben-
efit, among others, of conductively connecting the word
lines of a same tier is largely decreasing the number of metal
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interconnects connecting to control signals. In other words,
in a same tier, connected word lines can share a same metal
interconnect. The formed three-dimensional NAND
memory device can thus have a reduced number of metal
contact vias and metal interconnects, and the total number of
metal contact vias is smaller than the total number of word
lines. The fabrication of the three-dimensional NAND
memory device can thus be simplified, the dimensions of the
memory device can be further reduced, and the space in the
memory device can be more efficiently utilized.

[0053] For illustrative purposes, similar or same parts in a
three-dimensional NAND device are labeled using same
element numbers. However, element numbers are merely
used to distinguish relevant parts in the Detailed Description
and do not indicate any similarity or difference in function-
alities, compositions, or locations. The structures 200-1000
illustrated in FIG. 2 to FIG. 10 are each part of a three-
dimensional NAND memory device. Other parts of the
memory device are not shown for ease of description.
Although using a three-dimensional NAND device as an
example, in various applications and designs, the disclosed
structure can also be applied in similar or different semi-
conductor devices to, e.g., reduce the number of metal
connections or wiring. The specific application of the dis-
closed structure should not be limited by the embodiments
of the present disclosure. For illustrative purposes, word
lines and gate electrodes are used interchangeably to
describe the present disclosure.

[0054] FIGS. 2A and 2B illustrate an exemplary structure
200 for forming a three-dimensional memory structure,
according to some embodiments. FIG. 2A is a top view 201
of structure 200, and FIG. 2B is a cross-sectional view 202
of structure 200 along the 2-2' direction. In some embodi-
ments, structure 200 includes a base substrate 210 and a
material layer 240 over base substrate 210. Base substrate
210 can provide a platform for forming subsequent struc-
tures. Material layer 240 can include an alternating stack
(e.g., dielectric layer pairs/stack) having a first material/
element 211' and a second material/element 212' arranged
alternatingly. Material layer 240 can be used to form sub-
sequent word lines over base substrate 210. For illustrative
purposes, three tiers/pairs of first material 211'/second mate-
rial 212' are shown to describe the present disclosure. In
various applications and designs, material layer 240 can
include any suitable number of tiers/pairs of first material/
second material stacking together, depending on the design
of the three-dimensional memory device. For example,
material layer 240 can include 64 tiers/pairs of first material/
second material stacking together, which subsequently
forms 64 tiers of word lines in a three-dimensional memory
device.

[0055] In some embodiments, base substrate 210 includes
any suitable material for forming the three-dimensional
memory device. For example, base substrate 210 can include
silicon, silicon germanium, silicon carbide, silicon on insu-
lator (SOI), germanium on insulator (GOI), glass, gallium
nitride, gallium arsenide, and/or other suitable III-V com-
pounds.

[0056] In some embodiments, material layer 240 includes
an alternating stack of sacrificial material layers 211' (i.e.,
first element or first material) and insulating material layers
212' (i.e., second element or second material), arranged
vertically (along the z-axis) over base substrate 210. For
illustrative purposes, a sacrificial material layer 211' and the
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corresponding underlying insulating material layer 212' are
referred to as a material pair or material pair of the same tier.
Sacrificial material layers 211' can each have the same
thickness or have different thicknesses. Insulating material
layers 212' can each have the same thickness or have
different thicknesses. In some embodiments, material layer
240 includes more sacrificial material layers and/or more
insulating material layers than the material pairs. The addi-
tional sacrificial material layer/layers can each have a thick-
ness same as or different from sacrificial material layers 211"
of the material pairs, and the additional insulating material
layer/layers can each have a thickness same as or different
from insulating material layers 212' of the material pairs. In
some embodiments, sacrificial material layers 211' are
removed subsequently for depositing gate material for form-
ing word lines. In some embodiments, sacrificial material
layers 211' include any suitable material different from
insulating material layers 212'. For example, in various
embodiments, sacrificial material layers 211' can include
poly-crystalline silicon, silicon nitride, poly-crystalline ger-
manium, and/or poly-crystalline germanium-silicon. In
some embodiments, sacrificial material layers 211' include
silicon nitride. Insulating material layers 212' can include
any suitable insulating materials, e.g., silicon oxide. Mate-
rial layer 240 can be formed by alternatingly depositing
insulating material layers 212" and sacrificial material layers
211" over base substrate 210. For example, an insulating
material layer 212' can be deposited over base substrate 210,
and a sacrificial material layer 211' can be deposited on
insulating material layer 212", and so on and so forth. The
deposition of sacrificial material layers 211' and insulating
material layers 212' can be include any suitable deposition
methods such CVD, physical vapor deposition (PVD),
plasma-enhanced CVD (PECVD), sputtering, metal-organic
chemical vapor deposition (MOCVD), and/or atomic layer
deposition (ALD). In some embodiments, sacrificial mate-
rial layers 211' and insulating material layers 212' are each
formed by CVD.

[0057] For illustrative purposes, structure 200 (e.g., or
base substrate 210) is divided into three regions, i.e., regions
A, B, and C. In the subsequent fabrication of the three-
dimensional memory structure, word lines (gate electrodes)
are formed through regions A (e.g., device region), B (e.g.,
connection region), and C (e.g., array region) along a
horizontal direction (e.g., y-axis) substantially parallel to the
top surface of base substrate 210, semiconductor channels
(e.g., also known as memory strings) are formed substan-
tially in region C, and connection portions that conductively
connect word lines are substantially formed in region B. It
should be noted that, regions A, B, and C are presented for
ease of description only, and are not intended to indicate
physical division of structure 200 or dimensions of structure
200.

[0058] FIGS. 3A and 3B illustrate an exemplary structure
300 for forming the three-dimensional memory device,
according to some embodiments. FIG. 3A is a top view 301
of structure 300, and FIG. 3B is a cross-sectional view 302
of structure 300 along 3-3' direction. The structure illustrated
by FIGS. 3A and 3B can be referred to as a “staircase
structure” or a “stepped cavity structure.” The terms “stair-
case structure,” “stepped cavity structure,” or similar refer to
a structure having stepped surfaces. In the present disclo-
sure, “‘stepped surfaces” refer to a set of surfaces that include
at least two horizontal surfaces (e.g., along x-y plane) and at
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least two (e.g., first and second) vertical surfaces (e.g., along
the z-axis) such that each horizontal surface is adjoined to a
first vertical surface that extends upward from a first edge of
the horizontal surface, and is adjoined to a second vertical
surface that extends downward from a second edge of the
horizontal surface. A “step” or “staircase” refers to a vertical
shift in the height of a set of adjoined surfaces.

[0059] The staircase structure can have various stepped
surfaces, referring to FIGS. 3A and 3B, such that the
horizontal cross-sectional shape of the staircase structure
changes in step as a function of the vertical distance from the
top surface of structure 300. In some embodiments, structure
300 is formed from structure 200 by repetitively etching
sacrificial material layers 211' and insulating material layers
212' of material layer 240, e.g., along vertical direction (i.e.,
z-axis), using a mask. For illustrative purposes, the structure
formed by etching material layer 240, which is over base
substrate 210 is referred to as stack 240'. Accordingly, as
shown in FIGS. 3A and 3B, structure 300 can have a
plurality of sacrificial layers (e.g., 211-1 to 211-4) and a
plurality of insulating layers (e.g., 212-1 to 212-4). Each
sacrificial layer 211 can form a pair or a tier with an adjacent
and underlying insulating layer with substantially the same
length/shape along the y-axis. For example, sacrificial layer
211-1 and insulating layer 212-1 form a first tier, and
sacrificial layer 211-2 and insulating layer 212-2 form a
second tier, so on and so forth. The etching of the sacrificial
layer and the insulating layer in each pair can be performed
in one etching process or different etching processes. After
the formation of the stepped surfaces, the mask can be
removed, e.g., by asking. In some embodiments, multiple
photoresist layers and/or multiple etching processes are
employed to form the stepped surfaces. As shown in FIG.
3A, in structure 300, the sacrificial layer (i.e., 211-1 to
211-4) of each tier is exposed along the z-axis. In various
embodiments, in each pair/tier, insulating layer 212 can also
be over sacrificial layer 211. In this case, an additional
insulating layer can be disposed between material layer 240
and base substrate 210. The fabrication process to form the
word lines can be similar to the fabrication process provided
in this disclosure. Subsequently, metal contact vias that
conductively connect to the word lines can be formed by
penetrating the insulating layers of each tier and forming a
contact with the underlying word line. Details of the fabri-
cation process can be referred to in the present disclosure
and are omitted herein.

[0060] FIGS. 4A and 4B illustrate an exemplary structure
400 for forming the three-dimensional memory device,
according to some embodiments. FIG. 4A is a top view 401
of structure 400, and FIG. 4B is a cross-sectional view 402
of structure 400 along the 4-4' direction. In some embodi-
ments, structure 400 includes a plurality of semiconductor
channels 220 formed in region C. Semiconductor channels
220 can be distributed as arrays along the x-axis, and each
array is separated by a suitable distance of, e.g., Ax, which
can be any reasonable distance according to the design/
layout of the three-dimensional memory device. Each array
of semiconductor channels 220 can have the same number or
different numbers of semiconductor channels 220. For illus-
trative purposes, referring to FIG. 4A, in the present disclo-
sure, each array includes 4 semiconductor channels 220,
forming a 2 by 2 array arrangement. Semiconductor chan-
nels 220 can be formed through stack 240 substantially
along the z-axis and into base substrate 210 for the subse-
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quent formation of source and/or drain of the three-dimen-
sional memory device. Semiconductor channels 220 and
subsequently formed word lines can form memory cells,
e.g., for storing data, of the three-dimensional memory
device.

[0061] Each semiconductor channel 220 can substantially
have a shape of a pillar along the z-axis and can include a
plurality of layers surrounding one another (not shown in the
figures of the present disclosure). For example, semicon-
ductor channel 220 can include a dielectric core positioned
along the z-axis and substantially in the center of semicon-
ductor channel 220. The dielectric core can be surrounded
by a semiconductor channel film. The semiconductor chan-
nel film can be surrounded by a memory film. The dielectric
core, the semiconductor channel film, and the memory film
can each include one or more layers, and can together fill in
a channel hole to form semiconductor channel 220. In some
embodiments, the channel holes can be formed by patterning
stack 240" using a mask, e.g., etching the portions of stack
240" exposed by a patterned mask using a suitable etching
process, e.g., dry etch and/or wet etch. The channel holes can
be through stack 240 and substantially into base substrate
210. The mask can be removed after the channel holes are
formed.

[0062] For example, the memory film can be formed over
and contacting the sidewall of a channel hole. In some
embodiments, the memory film can include one or more
block dielectric layers over the sidewall of the channel hole
to insulate other layers in the channel hole from stack 240'
surrounding the channel hole. The memory film can also
include a storage unit layer (memory layer) over and sur-
rounded by the block dielectric layers for trapping charges
and forming a plurality of charge storage regions along the
z-axis. The memory film can also include a tunneling layer
(e.g., tunneling dielectric) over and surrounded by the
memory layer. Charge tunneling can be performed through
the tunneling layer under a suitable electric bias. In some
embodiments, charge tunneling can be performed through
hot-carrier injection or by Fowler-Nordheim tunneling
induced charge transfer, depending on the operation of the
three-dimensional memory device.

[0063] The one or more block dielectric layers can include
a first block layer which includes a dielectric metal oxide
layer with a relatively high dielectric constant. The term
“metal oxide” can include a metallic element and non-
metallic elements such as oxygen, nitrogen, and other suit-
able elements. For example, the dielectric metal oxide layer
can include aluminum oxide, hafnium oxide, lanthanum
oxide, yttrium oxide, tantalum oxide, silicates, nitrogen-
doped compounds, alloys, etc. The first block layer can be
deposited, for example, by CVD, ALD, pulsed laser depo-
sition (PLD), liquid source misted chemical deposition,
and/or other suitable deposition methods.

[0064] The one or more block dielectric layers can also
include a second block layer which includes another dielec-
tric layer over the dielectric metal oxide. The other dielectric
layer can be different from the dielectric metal oxide layer.
The other dielectric layer can include silicon oxide, a
dielectric metal oxide having a different composition than
the first block layer, silicon oxynitride, silicon nitride, and/or
other suitable dielectric materials. The second block layer
can be deposited, for example, by low pressure chemical
vapor deposition (LPCVD), ALD, CVD, and/or other suit-
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able deposition methods. In some embodiments, the one or
more block dielectric layers include silicon oxide, which is
formed by CVD.

[0065] The storage unit layer can be sequentially formed
over the one or more block dielectric layers. The storage unit
layer can include a charge trapping material, e.g., a dielectric
charge trapping material (e.g., silicon nitride) and/or a
conductive material (e.g., doped polysilicon). In some
embodiments, the dielectric charge trapping material
includes silicon nitride and can be formed by CVD, ALD,
PVD, and/or other suitable deposition methods.

[0066] The tunneling layer can be sequentially formed
over the memory layer. The tunneling layer can include
silicon oxide, silicon nitride, silicon oxynitride, dielectric
metal oxides, dielectric metal oxynitride, dielectric metal
silicates, alloys, and/or other suitable materials. The tunnel-
ing layer can be formed by CVD, ALD, PVD, and/or other
suitable deposition methods. In some embodiments, the
tunneling layer includes silicon oxide, which is formed by
CVD.

[0067] The semiconductor channel film can be sequen-
tially formed over the tunneling layer. The semiconductor
channel film can include one or more layers of any suitable
semiconductor materials such as silicon, silicon germanium,
germanium, III-V compound material, 1I-VI compound
material, organic semiconductor material, and/or other suit-
able semiconductor materials. The semiconductor channel
film can be formed by a suitable deposition method such as
metal-organic chemical vapor deposition (MOCVD),
LPCVD, CVD, and/or other suitable deposition methods. In
some embodiments, the semiconductor channel film is
formed by depositing a layer of amorphous silicon using
CVD, followed by an annealing process such that the
amorphous silicon is converted to single-crystalline silicon.
In some embodiments, other amorphous material can be
annealed to be crystallized to form the semiconductor chan-
nel film.

[0068] The dielectric core can be formed over the semi-
conductor channel film and to fill in the space at the center
ofthe channel hole. The dielectric core can include a suitable
dielectric material such as silicon oxide and/or organosili-
cate glass. The dielectric core can be formed by a suitable
conformal deposition method (e.g., LPCVD) and/or self-
planarizing deposition method (e.g., spin coating). In some
embodiments, the dielectric core includes silicon oxide and
is formed by LPCVD.

[0069] In various embodiments, the number of layers, the
methods to form these layers, and the specific order to form
these layers may vary according to different designs and
should not be limited by the embodiments of the present
disclosure.

[0070] FIGS. 5A and 5B illustrate structure 500 for form-
ing the three-dimensional memory device, according to
some embodiments. FIG. 5A is a top view 501 of structure
500, and FIG. 5B is a cross-sectional view 502 of structure
500 along the 5-5' direction. Structure 500 includes a plu-
rality of insulating trenches or vertical trenches, each formed
between two arrays of semiconductor channels 220 substan-
tially along the y-axis, to divide stack 240" into a plurality of
fingers, each finger extending substantially along the y-axis.
In the present disclosure, term “vertical” refers to “along the
z-axis” or “substantially perpendicular to the x-y plane.”
Word lines can be subsequently formed in each finger. A
vertical trench can include one or more openings along the
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y-axis. An opening can vertically form aligned sub-openings
in different tiers to allow adjacent fingers of the same tier to
be connected through the sub-opening(s) in the tier by
material connection portions (i.e., the openings being filled
with portions of the material layer 240). The sub-openings
formed from the same opening can be aligned with one
another along the x-axis, y-axis, and z-axis (i.e., having the
same projected area on the top surface of base substrate
210). The vertical trenches can be subsequently filled with a
suitable insulating material to form gate line slits, also
referred to as insulating spacers. That is, subsequently-
formed word lines in adjacent fingers can be insulated at the
locations filled with the insulating material and connected at
the locations of the openings. In other words, two adjacent
word lines of the same tier can be conductively connected
through the connection portions formed by the one or more
openings (connection portions not filled with the insulating
material and filled with the gate metal material).

[0071] For illustrative purposes, two adjacent vertical
trenches 221' and 222' are shown in FIGS. 5A and 5B. As
shown in FIG. 5A, vertical trench 221' includes an opening
223" formed through stack 240' and vertical trench 222'
includes an opening 224' formed through stack 240'. Open-
ings 223' and 224' can be formed in region B, and divide
vertical trench 221' into first portion 221'-1 and second
portion 221'-2 and divide vertical trench 222' into first
portion 222'-1 and second portion 222'-2, along the y-axis.
The two adjacent vertical trenches 221' and 222' divide
structure 500 into fingers 1, 2, and 3, each including an array
of' semiconductor channels 220. The first portions 221'-1 and
222'-1 of the vertical trenches are formed in region C to
divide arrays of semiconductor channels 220 in different
fingers along the x-axis, and second portions 221'-2 and
222'-2 are formed in region A to divide subsequently-formed
word lines in different fingers. The arrays of semiconductor
channels 220 can respectively form memory cells with
subsequently-formed word lines in fingers 1, 2, and 3. The
sacrificial layer/insulating layer pair of each tier of structure
500 is connected through the openings. For example, FIG.
5B illustrates the cross-sectional view of structure 500
between fingers 2 and 3. For fingers 2 and 3, sacrificial layer
211-1/insulating layer 212-1 pair is connected through open-
ing 224'. Similarly, the sacrificial layer/insulating layer of
other tiers (211-2/212-2, 211-3/212-3, and 211-4/212-4) in
fingers 2 and 3 are connected through sub-openings of
openings 223' and 224' in different tiers. Sacrificial layer/
insulating layers in fingers 1 and 2 are connected in a similar
configuration. In other words, fingers of stack 240' are
connected through region B and separated in regions A and
C by vertical trenches 221' and 222'. Accordingly, in sub-
sequent fabrication steps, word lines can be formed in each
finger. Adjacent word lines of the same tier can be conduc-
tively connected through region B. Also, adjacent insulating
layers of the same tier can be connected through the open-
ings 223' and 224' (in region B). In some embodiments,
fingers 1, 2, and 3 are together referred to as a block, and
word lines of the same tier in the block are connected
through region B.

[0072] Vertical trenches (e.g., 221' and 222') can be
formed by forming a mask layer over stack 240' and
patterning the mask using, e.g., photolithography, to form
openings corresponding to the vertical trenches in the pat-
terned mask layer. A suitable etching process, e.g., dry etch
and/or wet etch, can be performed to remove portions of
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stack 240" exposed by the openings until the vertical
trenches expose base substrate 210. The mask layer can be
removed after the formation of vertical trenches. In some
embodiments, vertical trenches are through each of the tiers
in stack 240' and divide stack 240" into a plurality of fingers
along the y-axis. A vertical trench can include one or more
openings as described above along the y-axis so that sacri-
ficial layer/insulating layer of adjacent fingers in each tier
can be connected through opening(s) of the vertical trench in
between. In the present disclosure, the term “vertical” refers
to “substantially perpendicular to the x-y plane,” or “sub-
stantially along the z-axis.” In some embodiments, the
vertical trenches are substantially perpendicular to the top
surface of base substrate 210.

[0073] In some embodiments, a vertical trench can have
more than one opening to allow adjacent sacrificial layer/
insulating layer of a tier in stack 240' to be connected at
more than one locations. For example, region B can include
a plurality of sub-regions, separated by portions of the
vertical trench, along the y-axis. That is, subsequently-
formed word lines of adjacent fingers of each tier can be
conductively connected at more than one locations. In some
embodiments, a vertical trench can have more than one
opening to allow sacrificial layer/insulating layer of some of
the tiers in stack 240' to be connected at more than one
locations. For example, a vertical trench can have one or
more openings distributed in region A along the y-axis. That
is, subsequently-formed word lines of adjacent fingers of
some of the tiers can be conductively connected at more than
one locations. Details are described below.

[0074] FIGS. 6A and 6B illustrate structure 600 for form-
ing the three-dimensional memory device, according to
some embodiments. FIG. 6A is a top view 601 of structure
600, and FIG. 6B is a cross-sectional view 602 of structure
600 along the 6-6' direction. Structure 600 includes a plu-
rality of insulating layers in stack 240'. In some embodi-
ments, structure 600 is formed from structure 500 by remov-
ing the sacrificial layers. The insulating layers of each tier
can be connected at location(s) not separated by the vertical
trenches. Accordingly, horizontal trenches can be formed
between the insulating layers of adjacent tiers, i.e., at
positions/spaces where the sacrificial layers are removed. A
horizontal trench can be divided by the vertical trenches
along the z-axis. In the present disclosure, the term “hori-
zontal” refers to “substantially along the x-y plane,” or
“substantially perpendicular to the z-axis.”. Similarly, a
horizontal trench of each tier can be connected at location(s)
not separated by the vertical trenches. The top surface of the
insulating layer of each tier, and the outside sidewall por-
tions of semiconductor channels 220 previously surrounded
by the sacrificial layers can be exposed.

[0075] For example, as shown in FIGS. 6A and 6B,
structure 600 includes vertical trenches 221' and 222', sepa-
rating fingers 1, 2, and 3 from one another at locations (e.g.,
in regions A and C) filled with the insulating material.
Insulating layer 212 of each tier is connected at location not
separated by vertical trenches 221' and 222' (e.g., locations
of'openings 223' and 224"). After sacrificial layer 211 of each
tier is removed, horizontal trenches (e.g., 230-1, 230-2,
230-3, and 230-4) are formed. Accordingly, the top surface
of'insulating layer of each tier (e.g., 212-1, 212-2, 212-3, and
212-4), and outside sidewall portions of semiconductor
channels 220 previously surrounded by sacrificial layers 211
are exposed. Horizontal trench 230 and insulating layer 212
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of each tier are respectively connected at region B. In some
embodiments, other supporting structures can be formed
(e.g., dummy/auxiliary channels in stack 240") to support
stack 240" during the removal of sacrificial layers 211.
Details of the supporting structures are not described herein.

[0076] The sacrificial layers 211 can be removed by a
suitable etching process, e.g., an isotropic dry etch or a wet
etch. The etching process can have sufficiently high etching
selectivity of the material of sacrificial layers 211 over the
materials of other parts of substrate 200, such that the
etching process can have minimal impact on the other parts
of substrate 200. The isotropic dry etch and/or the wet etch
can remove sacrificial layers 211 in various directions to
expose the top and bottom surfaces of each insulating layer
212, and the outside sidewall portions of semiconductor
channels 220 previously surrounded by sacrificial layers
211. Horizontal trenches 230 can then be formed in each tier.
In some embodiments, sacrificial layers 211 include silicon
nitride and the etchant of the isotropic dry etch includes one
or more of CF,, CHF;, C4F,, C4F, and CH,F,. The radio
frequency (RF) power of the isotropic dry etch can be lower
than about 100 W and the bias can be lower than about 10
V. In some embodiments, sacrificial layers 211 include
silicon nitride and the etchant of the wet etch includes
phosphoric acid.

[0077] FIGS. 7A, 7B, and 7C illustrate structure 700 for
forming the three-dimensional memory device, according to
some embodiments. FIG. 7A is a top view 701 of structure
700, FIG. 7B is a cross-sectional view 702 of structure 700
along the 7-7' direction, and FIG. 7C is a cross-sectional
view 703 of structure 700 along the 7"-7" direction. In
structure 700, stack 240" includes alternatingly arranged gate
material layers 231" and insulating layers 212. For example,
each tier of structure 700 includes a gate material layer 231'
over the respective insulating layer 212. In some embodi-
ments, structure 700 can be formed from structure 600
illustrated in FIGS. 6A and 6B by filling the horizontal
trenches 230 with a suitable gate material (e.g., conductor
and/or metal). The gate material can fill each horizontal
trench along the x-y plane and cover the respective insulat-
ing layer 212. Gate material layers 231' can provide the base
material for the subsequently-formed word lines (i.e., gate
electrodes). After horizontal trenches 230 are filled with the
gate material, connection portions, made of the gate mate-
rial, can be formed at the opening(s) of the vertical trenches
in each tier of stack 240'. A connection portion refers to the
portion of gate material layer 231' deposited over the respec-
tive insulating layer 212 at an opening formed by a vertical
trench. A connection portion can vertically form a plurality
of sub-connection portions from the sub-openings aligned in
different tiers. The sub-connection portions formed from one
opening can be aligned with one another along the x-axis,
y-axis, and z-axis (i.e., having the same projected area on the
top surface of base substrate 210). A connection portion can
conductively connect different portions of the respective
gate material layer 231' that are in the same tier and are
connected to the connection portion (i.e., the gate material
deposited in the fingers adjacent/connected to the connection
portion, or the gate material deposited in adjacent fingers).
For the ease of description, the portion of insulating layer
212 under a word line (i.e., in a finger) is referred to as a first
insulating portion 2121, and the portion of insulating layer
212 under a connection portion (i.e., between fingers) is
referred to as a second insulating portion 2122.
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[0078] For example, as shown in FIG. 7A, gate material
can be deposited into a horizontal trench of each tier (230-1,
230-2, 230-3, and 230-4) of stack 240" to form conductor/
dielectric layer pairs/stack. Gate material (e.g., conductor)
can fill in the respective horizontal trench 230 to form gate
material layer of each tier (231'-1, 231'-2, 231'-3, and 231'-4)
of stack 240'. At least a portion of each gate material layer
231' is exposed along the x-y plane. Connection portions 223
and 224 of can be formed by the portion of gate material
deposited at the openings 223' and 224'. Accordingly, sub-
connection portions of connection portions 223 and 224 of
each tier can be formed by the portion of gate material
deposited at the openings 223' and 224' of each tier. As
shown in FIG. 7B, gate material is formed in finger 2 over
the respective first insulating portion (2121-1, 2121-2, 2121-
3, and 2121-4), and each first insulating portion 2121
electrically insulates the adjacent gate material on both sides
of first insulating portion 2121 along the z-axis. As shown in
FIG. 7C, connection portion is formed at the location of
opening 224, including sub-connection portions 224-1, 224-
2,224-3, and 2244 in different tiers aligned along the z-axis
(in region B). Each sub-connection portion 224 is formed
over the respective second insulating portion 2122, and each
second insulating portion 2122 electrically insulates the
adjacent sub-connection portion 224 from one another along
the z-axis. Sub-connection portion 224 of each tier conduc-
tively connects the respective gate material in fingers 1 and
2. For example, sub-connection portion 224-1 conductively
connects gate material deposited in fingers 1 and 2 (e.g., the
subsequently-formed word lines) of the first tier. Similarly,
sub-connection portions 224-2 to 224-4 conductively con-
nect gate material deposited in fingers 1 and 2 of the second
to the fourth tiers, respectively. Gate material layer 231" of
each tier surrounds the respective outside sidewall portions
of semiconductor channels 220.

[0079] The gate material can include any suitable conduc-
tive material, e.g., tungsten, aluminum, and/or copper, for
forming the word lines (i.e., gate electrodes or conductor
layers). The gate material can be deposited in horizontal
trenches 230 using a suitable deposition method such as
CVD, sputtering, MOCVD, and/or ALD. In some embodi-
ments, the gate material includes tungsten, which is formed
by CVD.

[0080] In some embodiments, a gate dielectric material
layer (not shown in the figures of the present disclosure) can
be formed in a horizontal trench before the deposition of
gate metal material. The gate dielectric material layer can be
formed over the opposing surfaces of the adjacent insulating
layers that forms the horizontal trench, the outside sidewall
portions of semiconductor channels 220 between the oppos-
ing surfaces, and respective vertical trench. The gate dielec-
tric material layer provides the base material for the subse-
quently-formed gate dielectric layer. The gate dielectric
layer can insulate the respective word line from the under-
lying insulating layer 212. The gate insulating material layer
can include any suitable dielectric material that is electri-
cally insulating. For example, the gate insulating material
layer can include one or more of silicon oxide, silicon
nitride, and/or silicon oxynitride. In some embodiments, the
gate insulating material layer can include a high-k dielectric
material (k less than 3.9). In some embodiments, the gate
insulating material layer can include a first silicon oxide
layer, a silicon nitride layer over the first silicon oxide layer,
and a second silicon oxide layer over the silicon nitride
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layer. The formation of the gate dielectric material layer can
include one or more of CVD, PECVD, PVD, and/or ALD.
[0081] A connection portion (e.g., 223 or 224) can con-
ductively connect the gate material deposited in the fingers
adjacent/connected to the connection portion. In some
embodiments, a vertical trench incudes more than one
opening in a tier, so that more than one connection portion
is formed from the openings after the deposition of the gate
metal material. In some embodiments, each tier includes the
more than one sub-connection portions. The more than one
sub-connection portions in one tier can enhance/improve the
conductive connection between the gate materials deposited
in the fingers adjacent/connected to the more than one
sub-connection portions such that electrical connection
between these fingers can be ensured. Accordingly, subse-
quently-formed word lines in the connected fingers can
share a same metal contact via, which is further connected
to a respective metal interconnect for transmitting electrical
signals from an external circuit. The number of metal
contact vias can thus be reduced and the fabrication of the
three-dimensional memory device can be simplified.

[0082] FIGS. 8A and 8B illustrate structure 800 for form-
ing the three-dimensional memory device, according to
some embodiments. FIG. 8A is a top view 801 of structure
800, and FIG. 8B is a cross-sectional view 802 of structure
800 along the 8-8' direction. Structure 800 includes a plu-
rality of gate line slits substantially along y-axis. The gate
line slits can be formed from filling the vertical trenches
described in FIGS. 5A-7C with a suitable insulating mate-
rial. The formed gate line slits electrically insulate and
separate adjacent fingers and subsequently-formed word
lines of different tiers at locations filled with the insulating
material. A gate line slit can include one or more openings
along the y-axis that connect gate material layer/insulating
layer of adjacent fingers.

[0083] For illustrative purposes, two gate line slits 221 and
222, formed from vertical trenches 221" and 222,' are shown
in FIG. 8A. Gate line slit 221 includes connection portion
223 that divides gate line slit 221 to first portion 221-1 and
second portion 221-2, and gate line slit 222 includes con-
nection portion 224 that divides gate line slit 222 to first
portion 222-1 and second portion 222-2. Gate line slits 221
and 222 divide stack 240" into fingers 1, 2, and 3. Each of
gate line slits 221 and 222 insulates adjacent gate material
layer/insulating layer of each tier at locations filled with the
insulating material (e.g., in regions A and C). Adjacent gate
material layer/insulating layer of each tier at locations not
filled with the insulating material (e.g., region B) are con-
nected. For example, as shown in FIG. 8B, first portion
222-1 and second portion 222-2 of gate line slit 222 insulate
finger 2 from finger 3 in regions A and C through stack 240,
and gate material layer/insulating layer pairs of fingers 2 and
3 of the same tier (e.g., 231'-1/2121-1, 231'-2/2121-2, 231'-
3/2121-3, and 231'-4/2121-4) are connected in region B.

[0084] In some embodiments, gate line slits (e.g., 221 and
222) can be formed by filling vertical trenches (e.g., 221' and
222') with a suitable insulating material. For example, a
suitable deposition method, such as CVD, PVD, PECVD,
and/or ALD, can be utilized to deposit the insulating mate-
rial into the vertical trenches. The insulating material can
include any suitable material that provides electric insulation
between fingers. For example, the insulating material can
include silicon oxide, silicon nitride, and/or silicon oxyni-
tride. In some embodiments, the insulating material includes
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silicon oxide. In some embodiments, a recess etch and/or a
chemical-mechanical planarization (CMP) are used to
remove excessive insulating material over stack 240' after
the deposition such that gate material layer 231'-1 is exposed
and the top surfaces of gate line slits level with the top
surface of gate material layer 231'-1.

[0085] In some embodiments, a doping process is per-
formed before the formation of the gate line slit to dope base
substrate 210 at the bottom of a vertical trench (221' and
222") with dopant types opposite of base substrate 210. The
doped region at the bottom of a vertical trench can form a
source region. The insulating material can then be deposited
at the bottom and over the sidewall of the vertical trench.
Subsequently, a source contact via can be formed in the
vertical trench by filling the center of the vertical trench with
a source material. Thus, the insulating material can provide
electrical insulation between the source contact via and the
rest of stack 240'. In some embodiments, the annular bottom
surface of the gate line slit contacts the source region and the
source contact via is electrically connected with the source
region. In some embodiments, ion implantation is utilized to
dope base substrate 210 at the bottom of a vertical trench to
form the source region, and the insulating material can be
deposited to cover the sidewall of the vertical trench such
that a cavity is formed in the vertical trench, surrounded by
the insulating material. A suitable source metal can be
deposited to fill in the cavity and form the source contact via.
The insulating material can include silicon oxide, silicon
nitride, and/or silicon oxynitride. The source metal can
include tungsten and/or other suitable conductive materials.
In some embodiments, a barrier layer, e.g., TiN, is formed
between the gate line slit and the source contact via to
prevent the source metal from penetrating into stack 240'.

[0086] FIGS. 9A and 9B illustrate structure 900 for form-
ing the three-dimensional memory device, according to
some embodiments. FIG. 9A is a top view 901 of structure
900, and FIG. 9B is a cross-sectional view 902 of structure
900 along the 9-9' direction. Structure 900 includes a plu-
rality of tiers of word lines stacking along the z-axis and
each tier includes a plurality of word lines, each word line
being aligned in a different finger. An insulating layer is
formed between word lines of adjacent tiers to electrically
insulate word lines of the two adjacent tiers. One or more
word lines of the same tier can be conductively connected
through one or more connection portions. The connected
word lines can share a same metal contact via. One or more
metal contact vias can be formed on each tier for electrically
connecting the connected word lines.

[0087] In some embodiments, structure 900 can be formed
from structure 800 illustrated in FIGS. 8A and 8B. In some
embodiments, excessive gate material and gate dielectric
material on the sidewall of stack 240' (e.g., sidewalls of
insulating layers 212) can be removed using suitable etching
processes (e.g., dry etch and/or wet etch). The remaining
portions of the gate material layers can form word lines of
each tier, and the remaining portions of the gate dielectric
material layers can form the gate dielectric layer of each tier.
In some embodiments, each word line is formed over a
respective gate dielectric layer. Further, metal contact vias
can be formed over each tier to connect word lines of each
tier to the external circuit. In some embodiments, structure
900 includes a dielectric stack (not shown) over/surrounding
stack 240" to electrically insulate the subsequently-formed
metal contact vias from one another. In some embodiments,
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the metal contact vias are formed by patterning the dielectric
stack to form a plurality of contact openings exposing the
contact areas on each tier, and filling the contact openings
with a suitable conductive material to form the metal contact
vias. The patterning process can include forming a mask
over the dielectric stack, performing a photolithography
process to define the contact openings in the mask, and
removing the material in the contact openings until contact
areas of stack 240' are exposed. The contact areas of each
tier can be on one or more word lines. Further, the contact
openings can be filled with a suitable conductive material,
e.g., tungsten, aluminum, and/or copper.

[0088] As shown in FIGS. 9A and 9B, after excessive gate
material and gate dielectric material are removed from stack
240", the remaining gate material in each tier of stack 240'
form word lines (231-m-wln, m=1-4, n=1-4) in different
fingers substantially along the y-axis. In some embodiments,
each finger (e.g., fingers 1-3) includes a plurality of word
lines 231-m-wln stacking along the z-axis, each word line
231-m-wln being insulated from one another along the
z-axis by the adjacent first insulating portion(s). Gate line
slits 221 and 222 provide electrical insulation between
adjacent fingers in regions A and C to separate word lines
231-m-wln of different fingers and to separate arrays of
semiconductor channels 220 of different fingers, respec-
tively. Adjacent word lines 231-m-wln (or word lines 231-
m-wln of adjacent fingers) of the same tier are conductively
connected by sub-connection portions (e.g., 223-1 to 223-4
and/or 224-1 to 224-4, referring to FIGS. 7C and 9A) of the
same tier. That is, two or more word lines 231-m-wln of the
same tier can be conductively connected by one or more
sub-connection portions of the same tier so that the con-
nected word lines 231-m-wln can share a same metal contact
via. In some embodiments, each word line 231-m-wln is
connected with the other word lines 231-m-wln of the same
tier through connection portions such that word lines 231-
m-win of the same tier can share one metal contact via.

[0089] For example, structure 900 includes fingers 1, 2,
and 3. Word lines 231-1-wll1, 231-2-wll, 231-3-wll, and
231-4-wll stack along the z-axis in finger 1; word lines
231-1-wl12, 231-2-wl12, 231-3-wl2, and 231-4-wl2 stack
along the z-axis in finger 2; and word lines 231-1-wl3,
231-2-wl3, 231-3-wl13, and 231-4-wl13 stack along z-axis in
finger 3. Word lines 231-1-wll, 231-1-wl2, and 231-1-wl13
are in same tier 1 and are conductively connected by
connection portions 223 and 224 (e.g., or the sub-connection
portions of connection portions 223 and 224). Metal contact
via 232-1 is formed over word line 231-1-wl2 to connect
word lines 231-1-wl1, 231-1-w12, and 231-1-w13. Similarly,
word lines 231-2-wll, 231-2-wl2, and 231-2-wlI3 are in
same tier 2 and are conductively connected by connection
portions 223 and 224; word lines 231-3-wll, 231-3-w12, and
231-3-wl3 are in same tier 3 and are conductively connected
by connection portions 223 and 224; and word lines 231-
4-wll, 231-4-wl2, and 231-4-wl3 are in same tier 4 and are
conductively connected by connection portions 223 and 224.
Metal contact vias 232-2, 232-3, and 232-4, are respectively
formed over tiers 2-4 to conductively connect to the word
lines of each of the tiers. In some embodiments, two adjacent
word lines 231-m-wln are conductively connected by more
than one connection portions. In some embodiments, some
word lines 231-m-wln of the same tier are conductively
connected and the connected word lines share one or more
metal contact vias 232. In some embodiments, more than
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one metal contact via 232 is formed to connect to the
connected word lines 231-m-wln to ensure/enhance electri-
cal connection between the connected word lines 231-m-win
and the corresponding metal interconnect(s). Depending on
the designs, metal contact vias 232 can be formed at any
suitable location(s) (in the x-y plane) of a tier. In some
embodiments, other structures, e.g., drain region, can be
formed in structure 900. For the ease of description, details
of formation of the other structures are omitted in the present
disclosure.

[0090] By using the disclosed method and structure illus-
trated in FIGS. 2-9, the number of metal contact vias in a
three-dimensional memory device can be greatly reduced. In
some embodiments, each word line of the same tier can be
conductively connected to other word lines by more than
one connection portions such that electrical connection can
be improved during operation and the memory device is less
susceptible to connection failure of these connection por-
tions. In some embodiments, one metal contact via is formed
to connect each tier of a block of word lines, of which all the
word lines are conductively connected. Assuming each tier
includes N word lines, only 1 metal contact vias needs to be
formed on this tier. Compared to conventional method and
structure, the number of metal contact vias is reduced by
(N-1) for each tier of word lines. In some embodiments,
from fabrication consideration, connection portions of dif-
ferent tiers are aligned along z-axis, as shown in FIG. 7C. In
various embodiments, some of the connection portions in
different tiers are misaligned along the z-axis. That is, the
specific locations of the connection portions in each tier can
be determined separately, according to different design
requirements. In some embodiments, other components of
the three-dimensional memory device can be adjusted to
apply an electrical signal on the desired word line, in
operation. For example, the external circuit can be pro-
grammed or adjusted to select the desired word line and
apply an electrical signal/bias on the word line. Other
suitable means can also be applied.

[0091] FIG. 10 illustrates the top view 1001 of another
exemplary structure 1000 of the three-dimensional memory
device. Different from structure 900, structure 1000 includes
more than one connection portions in each tier to conduc-
tively connect the word lines of each tier with the shared
metal contact via(s). For illustrative purposes, one metal
contact via for each tier (232-1, 232-2, 232-3, and 232-4) are
shown. Each of the gate line slits 221 and 222 includes more
than one opening substantially along the y-axis so that more
than one connection portion (e.g., in regions B1, B2, B3, B4,
and BS) is formed substantially along the y-axis. Because a
stack of connection portions is formed vertically (along the
z-axis) at the location of an opening of a gate line slit, in
FIG. 10, word lines of the first tier (i.e., 231-1-wln (n=1-3))
are conductively connected by four connection portions 223,
224, 225, and 229; word lines of the second tier (i.e.,
231-2-wln (n=1-3)) are conductively connected by six con-
nection portions 223, 224, 225, 229, 226, and 230; word
lines of the third tier (i.e., 231-3-wln (n=1-3)) are conduc-
tively connected by eight connection portions 223, 224, 225,
229, 226, 230, 227, and 231; and word line of the fourth tier
(i.e., 231-4-wln (n=1-3)) are conductively connected by ten
connection portions 223, 224, 225, 229, 226, 230, 227, 231,
228, and 232. An increased number of connection portions
in a tier of word lines can more effectively connect desired
word lines and reduce the probability of connection failure



US 2023/0413560 Al

between word lines. In various embodiments, the total
number of metal contact vias is smaller than the total number
of word lines. Thus, the number of metal contact vias can be
reduced and the fabrication of the three-dimensional
memory device can be simplified. Space in the three-
dimensional memory device can be more efficiently utilized.
[0092] For ecase of description, connection portions
formed between different fingers align substantially along
the x-axis. In various other embodiments, connection por-
tions formed between different fingers can also be staggered
or misaligned along the x-axis. For example, in FIG. 10,
connection portions 223 and 224 may or may not align with
one another along the x-axis. In various designs and appli-
cations, the number and the location of connection portions
can vary according to different design rules and should not
be limited by the embodiments of the present disclosure.
[0093] FIG. 11 is an illustration of an exemplary method
1100 for forming three-dimensional memory device, accord-
ing to some embodiments. For explanation purposes, the
operations shown in method 1100 are described in the
context of FIGS. 2-9. In various embodiments of the present
disclosure, the operations of method 1100 can be performed
in a different order and/or vary.

[0094] In operation 1101, a substrate can be provided.
FIGS. 2A and 2B illustrate an exemplary substrate in this
operation. The substrate can include a base substrate and a
material layer over the substrate. The base substrate can
include any suitable material for forming the three-dimen-
sional memory structure. For example, the base substrate
can include silicon, silicon germanium, silicon carbide,
silicon on insulator (SOI), germanium on insulator (GOI),
glass, gallium nitride, gallium arsenide, and/or other suitable
compound. In some embodiments, the material layer can
include an alternating stack of sacrificial material layers and
insulating material layers, arranged along a vertical direction
over base substrate. In some embodiments, the sacrificial
material layers include silicon nitride and the insulating
material layers include silicon oxide.

[0095] Inoperation 1102, a plurality of word lines extend-
ing horizontally over the base substrate and at least one
connection portion conductively connecting two or more
word lines can be formed. FIGS. 3A, 3B, 4A, 4B, 5A, 5B,
6A, 6B, 7A-7C, 8A, 8B, 9A, and 9B illustrate exemplary
structures in this operation. Referring to FIGS. 3A and 3B,
an alternating stack, having a staircase structure, can be
formed from the substrate provided in operation 1101. A
plurality of alternatingly stacked sacrificial layer/insulating
layer pairs can be formed in the stack. A portion of the top
surface of each sacrificial layer can be exposed and the
respective insulating layer can be under the sacrificial layer.
Further, as shown in FIGS. 4A and 4B, a plurality of
semiconductor channels can be formed through the stack
and substantially into the base substrate. The semiconductor
channels can each include at least a dielectric core, a
semiconductor channel film, and a memory film. The semi-
conductor channels can be formed by sequentially deposit-
ing the memory film, the semiconductor channel film, and
the dielectric core using suitable deposition methods.
[0096] Further, referring to FIGS. 5A, 5B, 6A, and 6B,
vertical trenches through the stack can be formed along the
horizontal direction to divide the stack into a plurality of
fingers. The vertical trenches can subsequently form gate
line slits. At least one of the vertical trenches include one or
more openings along the horizontal direction to connect the
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sacrificial layer/insulating layer pairs of adjacent fingers of
the same tier. The vertical trenches can be formed by
patterning a mask over the stack and etching the portions of
the stack exposed by the mask. Further, the sacrificial layers
in the stack can be removed using a suitable isotropic
etching process such that horizontal trenches can be formed.
The horizontal trenches can expose the remaining insulating
layers and sidewall portions of the semiconductor channels.

[0097] Further, referring to FIGS. 7A-7C, a gate material
can be deposited to fill in the horizontal trenches and a gate
material layer can be formed over each insulating layer. The
portions of the gate material layer deposited in different
fingers can form word lines in subsequent steps. The portion
of a gate material layer at the location of an opening of a
vertical trench can form a connection portion that conduc-
tively connects the subsequently-formed word lines adjacent
to the opening. In some embodiments, the gate material
includes one or more of tungsten, aluminum, and copper,
and can be deposited by any suitable deposition method such
as CVD, sputtering, and/or ALD. Further, referring to FIGS.
8A and 8B, gate line slits can be formed by depositing a
suitable dielectric material into the vertical trenches. A
recess etch and/or a CMP process can be used to planarize
the top surface of the stack after the dielectric material is
deposited.

[0098] Further, referring to FIGS. 9A and 9B, excessive
gate material on the sidewalls of the stack can be removed
(e.g., through a suitable etching process) such that word
lines can be formed along the horizontal direction in differ-
ent fingers. In some embodiments, the stack can include a
plurality of fingers aligned horizontally, each fingers includ-
ing a plurality of word lines stacked vertically. One or more
of the plurality of word lines can be conductively connected
to other word lines of the same tier through one or more
connection portions. In some embodiments, word lines of
each tier are conductively connected through one or more
conduction portions.

[0099] In operation 1103, metal contact vias can be
formed on the word lines. FIGS. 9A and 9B illustrate an
exemplary structure of this operation. One or more metal
contact vias can be formed on the connected word lines to
conductively connect the connected word lines with an
external circuit. In some embodiments, word lines of the
same tier are conductively connected and one metal contact
via is formed on one of the word lines.

[0100] In various embodiments, the total number of
formed metal contact vias is smaller than the total number of
word lines. Thus, the number of metal contact vias can be
reduced and the fabrication of the three-dimensional
memory device can be simplified. The volume of the three-
dimensional memory device can be further reduced and the
space in the three-dimensional memory device can be more
efficiently utilized.

[0101] The present disclosure describes various embodi-
ments of three-dimensional NAND memory device and
methods of making the same. In some embodiments, the
three-dimensional memory device includes an a substrate, a
first tier of conductor layers of a first length comprising a
first plurality of conductor layers extending along a first
direction over the substrate. The first direction is substan-
tially parallel to a top surface of the substrate. The memory
device also includes at least one connection portion conduc-
tively connecting two or more conductor layers of the first
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tier, and a first metal contact via conductively shared by
connected conductor layers of the first tier and connected to
a first metal interconnect.

[0102] In some embodiments, the method to form the
three-dimensional memory device includes: providing a
substrate; forming an alternating stack over the substrate, the
alternating stack comprising a plurality of tiers of sacrificial
layer/insulating layer pairs extending along a first direction
substantially parallel to a top surface of the substrate;
forming a plurality of tiers of conductor layers extending
along the first direction based on the alternating stack;
forming at least one connection portion conductively con-
necting two or more of the conductor layers of the plurality
of tiers of conductor layers; and forming at least one metal
contact via conductively shared by connected conductor
layers, the at least one metal contact via being connected to
at least one metal interconnect.

[0103] In some embodiments, the three-dimensional
memory device includes a substrate; a plurality of semicon-
ductor channels, wherein one end portion of each of the
plurality of semiconductor channels extends a direction
substantially perpendicular to a top surface of the substrate;
a drain region over the end portion of each of the plurality
of semiconductor channels; a plurality of charge storage
regions, each charge storage region being surrounded by a
respective one of the plurality of semiconductor channels;
and a source region in the substrate. The three-dimensional
memory device also includes a plurality of bit lines each
over a respective end portion of each of the plurality of
semiconductor channels; a plurality of word lines extending
along a direction substantially parallel to the top surface of
the substrate and comprising an upper selective gate, a lower
selective gate, and a plurality of word lines between the
upper word line and the lower selective gate; a plurality of
metal contact vias connecting to the plurality of word lines
through a plurality of metal contact vias; and a driver circuit
above the plurality of bit lines. Two or more of the plurality
of word lines of substantially a same height over the
substrate are conductively connected through at least one
connection portion of substantially the same height. The two
or more of the plurality of word lines share a metal contact
via that electrically connects to a respective metal intercon-
nect, the metal contact via being formed on one of the two
or more of the plurality of word lines.

[0104] The foregoing description of the specific embodi-
ments will so fully reveal the general nature of the present
disclosure that others can, by applying knowledge within the
skill of the art, readily modify and/or adapt for various
applications such specific embodiments, without undue
experimentation, without departing from the general concept
of the present disclosure. Therefore, such adaptations and
modifications are intended to be within the meaning and
range of equivalents of the disclosed embodiments, based on
the teaching and guidance presented herein. It is to be
understood that the phraseology or terminology herein is for
the purpose of description and not of limitation, such that the
terminology or phraseology of the present specification is to
be interpreted by the skilled artisan in light of the teachings
and guidance.

[0105] Embodiments of the present disclosure have been
described above with the aid of functional building blocks
illustrating the implementation of specified functions and
relationships thereof. The boundaries of these functional
building blocks have been arbitrarily defined herein for the
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convenience of the description. Alternate boundaries can be
defined so long as the specified functions and relationships
thereof are appropriately performed.

[0106] The Summary and Abstract sections may set forth
one or more but not all exemplary embodiments of the
present disclosure as contemplated by the inventor(s), and
thus, are not intended to limit the present disclosure and the
appended claims in any way.

[0107] The breadth and scope of the present disclosure
should not be limited by any of the above-described exem-
plary embodiments, but should be defined only in accor-
dance with the following claims and their equivalents.

What is claimed is:

1. A memory device, comprising:

a substrate;

a stack over the substrate; and

a gate line slit extending along a first direction and

dividing the stack into two portions,

wherein the stack comprises a connection portion that

connects the two portions of the stack, the connection
portion comprises at least two sub-connection portions
along a second direction perpendicular to the first
direction, the gate line slit comprises at least two
portions along the first direction, and each sub-connec-
tion portion is between adjacent two portions of the
gate line slit.

2. The memory device of claim 1, wherein the stack
comprises gate material layers and insulating layers alter-
natingly arranged and extending along the first direction.

3. The memory device of claim 2, further comprising:

a first metal contact via shared by the gate material layers

of a first tier.

4. The memory device of claim 3, wherein the first metal
contact via conductively connects with the gate material
layers of the two portions of the stack.

5. The memory device of claim 2, wherein the sub-
connection portion is connected with the gate material layers
of a same tier.

6. The memory device of claim 2, wherein:

the stack comprises a first tier and a second tier on the first

tier; and

a first sub-connection portion that connects the gate

material layers of the first tier is different from a second
sub-connection portion that connects the gate material
layers of the second tier.

7. The memory device of claim 2, wherein a material of
the sub-connection portion is same as a material of the gate
material layers.

8. The memory device of claim 1, further comprising:

a source region in the substrate; and

a source contact via in the gate line slit and connected to

the source region, wherein the two portions of the stack
are insulated from the source contact via.

9. A memory device, comprising:

a substrate;

a stack over the substrate;

at least one gate line slit extending along a first direction

and dividing the stack into at least two portions;

a source region in the substrate; and

a source contact via in the at least one gate line slit and

connected to the source region,

wherein the at least two portions of the stack are insulated

from the source contact via, the stack comprises at least
one connection portion that connects the two portions
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of the stack, the connection portion comprises at least
two sub-connection portions along a second direction
perpendicular to the first direction, the gate line slit
comprises at least two portions along the first direction,
and each sub-connection portion is between adjacent
two portions of the gate line slit.

10. The memory device of claim 9, wherein the stack
comprises gate material layers and insulating layers alter-
natingly arranged and extending along the first direction.

11. The memory device of claim 10, further comprising:

a first metal contact via shared by the gate material layers

of a first tier.

12. The memory device of claim 11, wherein the first
metal contact via conductively connects with the gate mate-
rial layers of the two portions of the stack.

13. The memory device of claim 10, wherein the sub-
connection portion is connected with the gate material layers
of a same tier.

14. The memory device of claim 10, wherein:

the stack comprises a first tier and a second tier on the first

tier; and

a first sub-connection portion that connects the gate

material layers of the first tier is different from a second
sub-connection portion that connects the gate material
layers of the second tier.

15. The memory device of claim 10, wherein a material of
the sub-connection portion is same as a material of the gate
material layers.

16. A method for forming a memory device, comprising:

providing a substrate;

forming a stack structure on the substrate;
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forming at least one gate line slit extending along a first
direction and dividing the stack structure into at least
two portions, wherein the gate line slit comprises at
least two portions along the first direction; and

forming at least one connection portion comprising at
least two sub-connection portions along a second direc-
tion perpendicular to the first direction, wherein each
sub-connection portion is between adjacent two por-
tions of the gate line slit.

17. The method of claim 16, further comprising:

forming a dielectric stack on the substrate, the dielectric
stack including sacrificial layers and insulating layers
alternatingly arranged and extending along the first
direction; and

replacing the sacrificial layers with gate material layers to
transform the dielectric stack to the stack structure.

18. The method of claim 17, further comprising:

forming metal contact vias each shared by the gate
material layers of a same tier.

19. The method of claim 17, further comprising:

forming the connection portion and the gate material
layers by using a same material.

20. The method of claim 16, wherein forming the gate line

slit comprises:

forming at least one trench dividing the stack structure
into the at least two portions and extending along the
first direction;

forming a source region by doping the substrate at a
bottom of the trench;

depositing an insulating material on a sidewall of the
trench; and

forming a source contact via in the trench by filling a
center of the trench with a source material.

#* #* #* #* #*



