MULTIPLE-STACK THREE-DIMENSIONAL MEMORY DEVICE AND
FABRICATION METHOD THEREOF

BACKGROUND

{0081] Flash memory devices have undergone rapid development. Flash memory devices
can store data for a considerably long time without powering, and have advantages 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.

[0062] A three-dimensional (3D} NAND memory device includes one or more stacks of
word lines {or gate electrodes) arranged over a substrate, with a plurality of semiconductor
channels, through and ntersecting word lines, into the substrate. A stack of word lines
mcludes word hnes of different levels/tiers stacking along a direction perpendicular to the
substrate, where a different level/tier represents a different height from the surface of the
substrate.

{0083} A multiple-stack (or multiple-level} 3D NAND memory device often includes
multiple stacks of word hines arranged along the direction perpendicular to the substrate.
Channel holes are respectively formed in each stack for the subsequent formation of
semiconductor channels through the multiple-stack 3D memory device. This arrangement
can have the advantages of, e g, allowing more memory celis to be formed along the
direction perpendicular to the substrate, reducing the number of photomasks during staircase
formation, and avoiding substrate over etch during high aspect ratio etches. To form this
multiple-stack memory device, supporting pillars are used in the fabrication process to
provide mechanical support and prevent pattern collapse. However, the fabrication processes

of semiconductor channels and supporting pillars are time-consuming and costly.

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, inchuding, but not limited to simphfying the fabrication process, reducing



the size of the three-dimensional memory device, and improving the space uithity of the chip
which the three-dimensional memory device 15 formed on.

{0065] In some embodiments, a memory device includes a substrate and a multiple-stack
staircase structure. The multiple-stack staircase structure can include a plurality of staircase
structures stacked over the substrate. Each of the plurality of staircase structures can include
a plurality of conductor lavers, and each of the plurality of conductor layers 1s located
between two insulating layers. In some embodiments, the memory device also includes a
filling structure surrounding the multiple-stack staircase structure, a semiconductor channel
extending through the multiple-stack staircase structure, and a supporting pillar extending
through the multiple-stack staircase structure and the filling structure. The semiconductor
channel can imclude unaligned sidewall surfaces, and the supporting pillar can include
aligned sidewall surfaces.

{0006} In some embodiments, the multi-stack staircase structure includes a first staircase
structure over the substrate and a second staircase structure over the first staircase structure.

{0087] In some embodiments, the supporting pillar extends from a top surface of the
second staircase structure to a bottom surface of the first staircase structure.

{0008] In some embodiments, supporting pillar and the semiconductor channel include
same filling layers.

{0009] In some embodiments, the supporting pillar and the semiconductor channel is
each filled with at least one of a charge trapping film, a semiconductor channel film, and a
dielectric core.

{0010] In some embodiments, the supporting pillar and the semiconductor channel are
filled with different filling lavers.

[0011] In some embodiments, the supporting pillar is filled with at least one of an
msulating matenial and a pillar-support material surrounded by the insulating matenial. In
some embodiments, the semiconductor channel s filled with at least one of a charge trapping
film, a semiconductor channel film, and a dielectric core,

[0612] In some embodiments, the mmsulating material includes silicon oxide and the metal

material includes at least one of copper, cobalt, nickel, and aluminum,



{0613] In some embodiments, the memory device further includes a joint msulating layer
between the first staircase structure and the second staircase structure, and an insulating cap
layer over the second staircase structure.

{0614] In some embodiments, the memory device further inchudes a drain region over the
semiconductor channel.

{6015] In some embodiments, the memory device further includes a connection layer in
the semiconductor channel between two adjacent staircase structures. The connection layer
can include a doped semiconductor matenal, and portions of the semiconductor channel
separated by the connection layer can each form a semiconductor sub-channel.

{0616] In some embodiments, a method for forming a memory device includes forming a
plurality of dielectric stacks stacked on one another over a substrate to create a multiple-stack
statrcase structure. Each one of the plurality of dielectric stacks can include a plurality of
dielectric patrs arranged along a direction perpendicular to a top surface of the substrate. In
some embodiments, the method further includes forming a multiple-stack staircase structure
based on the plurality of dielectric stacks, forming a filling structure that surrounds the
multiple-stack staircase structure, and fornming a semiconductor channel extending through
the multiple-staircase structure. The semiconductor channel can include unaligned sidewall
surfaces. The method can further include forming a supporting pillar extending through at
least one of the multiple-staircase structure and the filling structure. The supporting pillar can
mclude aligned sidewall surfaces.

{0017} In some embodiments, forming the supporting pillar includes forming a
photoresist layer over at least one of the filling structure and the multiple-stack staircase
structure, and patterning the photoresist layer to form a patterned photoresist layer with an
opening that exposes a portion of the filling structure. A location of the opening can
correspond to a location of the supporting pillar. In some embodiments, forming the
supporting pillar further includes using the patterned photoresist layer as an etch mask to etch
through at least one of the filling structure and the multiple-stack starcase structure to forma
pillar hole, wherein a bottom of the pillar hole contacts the substrate, and filling the pillar

hole with a first material.



[6018] In some embodiments, forming the semuconductor channel includes forming a
first sub-channel hole in a first dielectric stack of the plurality of dielectric stacks and filling
the first sub-channel hole with a sacrificial filling maternial to form a sacrificial filling
structure. The method further includes forming a second diglectric stack over the first
dielectric stack and forming a second sub-channel hole in the second dielectric stack. In some
embodiments, the second sub-channel hole aligns with the sacrificial filling structure along
the direction perpendicular to the top surface of the substrate and the second sub-channel
hole adjoins the first sub-channel hole to form a channel hole through the plurality of
dielectric stacks and into the subsirate. In some embodiments, the method also includes
removing the sacrificial filling structure in the first sub-channel hole, and filling the channel
hole with a second material.

{0019] In some embodiments, the first material is same as the second material and are
formed by same fabrication operations, and the same fabrication operations includes
sequentially depositing at least one of a charge trapping film, a semiconductor channel film,
and a dielectric core into the channel hole and the pillar hole.

{0020] In some embodiments, the pillar hole 1s formed before a formation of the second
sub-channel hole.

{0021] In some embodiments, the pillar hole 1s formed before the formation of the second
sub-channel hole and after the sacrificial filling structure.

[0622] In some embodiments, the pillar hole 1s formed after a formation of the first sub-
channel hole and the second sub-channel hole.

[0023] In some embodiments, the first material 1s different from the second material and
15 formed by a different deposition operation than the second material.

[0024] In some embodiments, the first material includes at least one of an insulating
material and a pillar-support material surrounded by the insulating material, and the second
matenal includes at least one of a charge trapping film, a semiconductor channel film, and a
dielectric core.

[0025] In some embodiments, the insulating material includes silicon oxide and the

piliar-support material includes at least one of copper, cobalt, nickel, and aluminum.



[6026] In some embodiments, forming the semuconductor channel includes forming a
first semiconductor sub-channel 1n the first dielectric stack, forming a connection layer over
the first semiconductor sub-channel, wherein the connection layer comprises a doped
semiconductor material, and forming a second dielectnic stack and a second semiconductor
sub-channel in the second dielectric stack. The second semiconductor sub-channel can align
with and adjoin the first semiconductor sub-channel to form a semiconductor channel
extending through the plurality of dielectric stacks and into the substrate.

{0627} In some embodiments, forming the first semiconductor sub-channels includes
forming a first sub-channel hole in the first dielectric stack of the plurality of dielectric stacks
and depositing a second material into the first sub-channel hole. In some embodiments,
forming the second semiconductor sub-channel hole includes forming the second dielectric
stack over the first dielectric stack of the plurality of dielectric stacks and a second sub-
channel hole in the second dielectric stack, and depositing the second material into the
second sub-channel hole. The second sub-channel hole can align with and adjoin the first
sub-channel hole along the direction perpendicular to the top surface of the substrate.

{0028] In some embodiments, the first material is same as the second matenal and are
formed by same fabrication operations and the same fabrication operations imcludes
sequentially depositing at least one of a charge trapping film, a semiconductor channel film,
and a dielectric core nto the channel hole and the pillar hole.

[0629] In some embodiments, the pillar hole 1s formed before a formation of the second
sub-channel hole.

{0030] In some embodiments, the pillar hole 13 formed after the formation of the furst
semiconductor sub-channel and before the second sub-channel hole.

[0031] In some embodiments, the pillar holes are formed after a formation of the fust
semiconductor sub-channel and the second sub-channel hole.

[0032] In some embodiments, the first material 1s different from the second material and
is formed by a different deposition operation than the second matenal.

{0033] In some embodiments, the first material includes at least one of an msulating

material and a pillar-support material surrounded by the insulating material, and the second



matenial includes at least one of a charge trapping film, a semiconductor channel film, and a
dielectric core.

{0034] In some embodiments, the insulating maternal includes silicon oxide and the
pillar-support material includes at least one of copper, cobalt, nickel, and aluminom.

{0035} In some embodiments, the pillar hole ts formed after a formation of the multiple-
stack staircase structure and the first sub-channel hole.

{0036} In some embodiments, a method for forming a memory device includes
depostting a plurality of dielectric stacks one another over a substrate to form a multiple-
dielectric-stack structure. Each one of the plurality of dielectric stacks can include a plurality
of first material layer and second material layer alternatingly arranged along a direction
perpendicular to a top surface of the substrate. The method can also include forming a first
semiconductor sub-channel in a first dielectric stack of the plurality of dielectric stacks, and
forming a second dielectric stack of the plurality of dielectric stacks over the first dielectric
stack. The method can further include forming a second semiconductor sub-channel in the
second dielectric stack. The second semiconductor sub-channel can align with the first
semiconductor sub-channel along the direction perpendicular to the top surface of the
substrate. The method can further include patterning the multiple-dielectric-stack structure to
form a multiple-stack staircase structure.

[0037] In some embodiments, patterning the multiple-dielectric~-stack structure includes a
single staircase-forming patierning process.

{0038] In some embodiments, the staircase-forming patterning process includes forming
a photoresist layer over the multiple-dielectric-stack structure, trimming the photoresist layer
along a first divection parallel to a top surface of the substrate, and etching the multiple-
dielectric-stack structure, using the trimmed photoresist layer as an etch mask to form a
staircase.

{0039] In some embodiments, forming the first semiconductor sub-channel and the
second semiconductor sub-channel inclade forming a first sub-channel hole 10 the first
dielectric stack and a second sub-channel hole in the second dielectric stack, and filling the

first sub-channel hole and the second sub-channel hole each with channel-forming layer.



{0040] In some embodiments, the channel-forming matenals include at least one of a
charge trapping film, a semuconductor channel film, and a dielectric core.

{06041} In some embodiments, the method further includes forming a joint insulating
material layer between the first dielectric stack, forming an opening in the joint insulating
material laver to expose the first semiconductor sub-channel, and performing a recess etch to
remove a top portion of the channel-forming layvers of the first semiconductor sub-channel
and form a recess region. The method can also include forming a connection layer in the
recess region and patterning the joint insulating material layer to form a joint insulating layer.

{0042} In some embodiments, forming the connection layer includes depositing a doped
semiconductor material

{0043} In some embodiments, the doped semiconductor matenal includes doped silicon.

{0044] In some embodiments, the method further includes forming a drain region over

the second semiconductor sub-channel.

BRIEF DESCRIPTION OF THE DRAWINGS

{0045] Aspects of the present disclosure are best understood from the following detailed
description when read with the accompanying figures. It is noted that, in accordance with the
common practice in the industry, various features are not drawn to scale. In fact, the
dimensions of the various features may be arbitranily increased or reduced for clanty of
tHustration and discussion. Multiple instances of an element may be duplicated where a
single instance of the element s 1llustrated, unless absence of duphication of element 1s
expressly described or clearly indicated otherwise,

{0046] FIGs. 1-12 are each an itlustration of a cross-sectional view of a 3D memory

device at different stages of an exemplary fabrication process, according to some

embodiments.
{0047] FIG. 13 13 an exemplary fabrication process to form a 3D memory device,

according to some embodiments.



DETAILED DESCRIPTION

{0048] 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 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.
[6049] It 1s noted that references in the specification to “one embodiment,” “an
embodiment,” “an example embodiment,” “some embodiments,” etc., indicate that the

embodiment described may nclude 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 15 described in connection with an embodiment,

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.

{0650] 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 phural sense.
Similarly, terms, such as “a,” “an,” or “the.” again, may be understood to convey a singular
usage of to convey a plural usage, depending at least in part upon context.

23 ¢k

{6051} 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 meaning of “on” something with an
intermediate feature or a laver 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

“gver” something with no intermediate feature or laver therebetween (1.e, directly on

something).



{0052] Further, spatially relative terms, such as “beneath,” “below,” “lower,” “above,”
“uapper,” and the like, may be used heren for ease of description to describe one element or
feature’s relationship to ancther element(s) or feature(s) as illustrated i 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 accordingly.

{0653] 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, gallium 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.

{80541 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 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 laver can extend horizontally, vertically, and/or along a
tapered surface. A substrate can be a laver, can include one or more layers theren, and/or can
have one or more layer thereupon, thereabove, and/or therebelow. A layer can include
multiple layers. For example, an mnterconnect layer can include one or more conductor and
contact lavers (in which contacts, interconnect lines, and/or vias are formed) and one or more
dielectric layers.

{0055] As used herem, the term “nominal/nomimally” 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 n manufacturing processes

or tolerances. As used heren, the term “about” indicates the value of a given quantity that
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can vary based on a particular technology node associated with the subject semiconductor

device. Based on the particular technology 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).

{0056} 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

3

“vertical/vertically” means nomunally perpendicular to the lateral surface of a substrate.

{0657} In the present disclosure, for ease of description, “tier” ts 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 “a tier,” 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.

{0058] The trend in three-dimenstonal NAND memory industry includes the reduction of
device dimensions and the simplification of fabrication process. In a multiple-stack 3D
memory device, word lines {control gate electrodes) of multiple stacks are arranged along a
direction perpendicular to the top surface of a substrate. A “stack” refers to a pile of objects,
arranged along a designated direction. These word lines are arranged to form a multiple-stack
staircase structure. Memory cells for storing data are embedded in stacks of word lines, and
the semiconductor chanunels formed through the stacks of word lines. This configuration
allows more memory cells to be formed within a unit area.

[0059] To form a multiple-stack 3D NAND memory device, word lines of different tiers
n different stacks are formed by replacing sacrificial material layers with a conductive
material in the multiple-stack statrcase structure. Supporting pillars are formed through the
multiple-stack staircase structure to prevent pattern collapse during the formation of word
hines. In an example, multiple dielectric stacks or multiple stacks of dielectric pairs {e.g.,
sacrificial matenial layer/imsulating material layer pairs) are formed sequentially along a

direction perpendicular to the surface of a substrate. The multiple dielectric stacks can
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melude the same number of different numbers of dielectric stairs, e.g., 32 tiers, 48 tiers, and
64 tiers. The dielectric stack at the bottom {e.g., a lower dielectric stack that 15 closest to the
top surface of the substrate) 1s first formed, and sub-channel holes and sub-pillar holes are
formed 1n this stack. A patterning process 13 performed on the dielectric pairs of the lower
dielectric stack to form a staircase structure {e.g., a lower staircase structure}. Another
dielectric stack s then formed over the lower dielectric stack and undergoes a similar
fabrication process to form an upper staircase structure with sub-channel holes and sub-pillar
holes. The sub-channel holes and the sub-piilar holes in the upper staircase structure align
and adjoin the sub-channel holes and the sub-pillar holes in the lower staircase structure
along the direction perpendicular to the surface of the substrate. The upper staircase structure
and the lower staircase structure form the multiple-stack staircase structure. The adjoined
sub-channel holes and adjoined sub-piliar holes are then filled with suitable materials to form
semiconductor channels and supporting pillars, respectively. In the present disclosure, sub-
channel holes and sub-piliar holes respectively refer to the cavity structures formed in one
dielectric stack/staircase structure, and are used to merely distinguish the channel hole and
pillar hole (adjoined cavity structure} through the multiple-stack staircase structure. The
terms “sub-channel hole” and “sub-pillar hole” do not imply any difference in other aspects
such as fabrication order or functions.

{0060] In this fabrication process, dielectric stacks {(e.g., upper dielectric stack and lower
dielectric stack) are patterned separately to form respective staircase structures {e.g., upper
staircase structure and lower staircase structure), and separate photomasks are used to
perform the patterning processes. Sub-channel holes and sub-pillar holes of different
staircase structure are formed before the deposition of next dielectric stack. Semiconductor
channels and supporting pillars through the multiple-stack staircase structure are then often
formed by respectively adjoining sub-channel holes and sub-pillar holes of adjacent dielectric
statrcase structures along the direction perpendicular to the surface of the substrate and filling
the adjomed sub-channel holes and sub-piliar holes with suitable materials, such as materials
that fill semiconductor channels.

{0061] The fabrication process described above can have several issues. First, because a

different photomask {or a different set of photomasks) 1s often used to pattern sub-channel
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holes and sub-pitlar holes of each dielectric stack, the number of photomasks and
corresponding photolithography operations used to form multiple-stack staircase structures
can be undesirably large, increasing cost and processing time of the fabrication process.
Second, because an upper dielectric stack 1s often formed after the formation of the lower
statrcase structure and its dielectric filling structure (e.g., the lower dielectric filling
structure), processing {e.g., etching} on the lower staircase and the lower dielectric filling
structure often affect film qualities of the upper dielectric stack. For example, topography of
the lower staircase and the lower dielectric filling structure can cause defects i the upper
dielectric stack, adversely affect the film quality of the upper dielectric stack. Third, sub-
channel holes and sub-pillar holes of the same dielectric stack often have different
dimensions and are often formed from the same patterning/etching process, making it
challenging to form them together with high umiformity, Further, because channel holes and
pillar holes through the multiple-stack staircase structure are formed by adjoining sub-
channel holes and sub-pillar holes of each staircase structure along the direction
perpendicular to the surface of the subsirate, the etching and aligning of sub-channel holes
and sub-pillar holes may require higher precision control.

{0062} Inner sidewall {or sidewall) of a pillar hole through the memory structure can be
formed by respectively adjoining sidewalls of supporting pillars of the multiple staircase
structures stacked together. A supporting pillar formed by the fabrication processes described
above can be referred to having an “adjoined/connected sidewall,” which can include one or
more connection portion formed by the adjoining of sub-pillar holes (e.g., at the interface of
two adjoined sidewalls). The sidewall can thus have unaligned (or disjointed) surfaces at the
connection portions. The unaligned surfaces can refer to the inconsistent hole dimnensions
caused by etching holes with high aspect-ratio (e g., greater than 4). For example, when a
first sub-pillar hole adjoins a second sub-pillar hole underneath, the diameter of the bottom of
the first sub-pillar hole can be smaller than the diameter of the top of the second sub-pillar
hole, creating unahigned surfaces along the vertical direction at the adjoiming mterface. In
contrast, a pillar hole formed without adjoiming sub-pillar holes can be referred to having a

sidewall of aligned {or non-disjointed) surfaces. For example, the pillar hole formed by the
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present disclosure can extend through the memory structure and can have aligned sidewall
surfaces.

{6063} For simplicity, the fabrication process of repeatedly etching dielectric pairs of a
dielectric stack to from a staircase structure based on the dielectric stack 1s referred to as a
“staircase-forming patterning” process. Fach staircase-forming pattern can include a plurality
of repeated etching/patterning of dielectric pairs of the respective dielectric stack. In some
embodiments, two staircase-forming patterning processes are often emploved to form a two-
stack staircase structure.

{0064] The present disclosure describes structures and methods for forming a 3D
memory device. According to the disclosed structures and methods, dielectric pairs of
multiple stacks that form a multiple-stack memory device are patterned by one staircase-
forming patterning process to form the multiple-stack staircase structure. Etching of the
dielectric pairs of the multiple dielectric stacks can be performed after the dielectric pairs of
the multiple dielectric stacks are deposited. Pillar holes through the multiple-stack staircase
structure can be formed after the formation of the multiple-stack staircase structures by one
patterning process. Pillar holes can be formed, e.g., before or after the formation of the
channel holes of the upper dielectric stack. Supporting pillars of the memory device can be
formed by filling the pillar holes with any suitable materials, e g., the same material that
forms the semiconductor channels employing the film deposition of semiconductor channels.
Strnilar processes can also be used to form supporting pillars in a double-chanvel memory
device.

[0065] By using the disclosed structures and methods, multiple-stack staircase structures
can be formed by one staircase-forming patterning process, thereby avouding multiple
patterning of different dielectric stacks. A reduced number of photomasks and
photolithography processes can be used to form multiple~stack staircase structures with
serniconductor channels and supporting pillars. The formation of 3D memory devices can be
simphified and less time consuming. Meanwhile, formation of supporting pilars 13
compatible with the formation of multiple-stack staircase structures. Less patterning 18

needed for the formation of supporting pillars and the fabrication process of the 3D memory
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device 18 thus simplified and less costly which can 1n turn improves device yield and
performance.

{0066] For illustrative purposes, a 3D NAND memory device ts used to describe the
present disclosure. The exemplary 3D NAND memory device includes an upper stack of
word lines and a lower stack of word lines, which are respectively formed from an upper
dielectric stack and a lower dielectric stack. The disclosed methods can be used to form any
suitable multiple-stack memory device with an increased number of stacks. In various
embodiments, the upper dielectric stack can represent the last dielectric stack of the multiple
diglectric stacks.

{8067} In the present disclosure, a “staircase structure” or a “stepped cavity structure,” or
similar refer to a structure having stepped surfaces. In the present disclosure, “stepped
surfaces” refer to a set of surfaces that include at least two horizontal surfaces (e.g., along x-y
plane} and at least two {e.g., first and second) vertical surfaces {e.g., along the z axis} such
that each horizontal surface s adjoined to a first vertical surface that extends upward froma
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. In the figures of the present
disclosure, x axis propagates along a direction perpendicular to the v-z plane.

[0068] In the present disclosure, a dielectric stack or a stack of dielectric pawrs refers to a
pile of (or a plurality of) dielectric pairs stacked along the direction perpendicular to the top
surface of the substrate. The dielectric stack can undergo a patterning and/or etching process
to form a stawrcase structure. For example, a lower/bottom dielectric stack can be
patterned/etched to form a lower/bottom staircase structure, and so on. Accordingly, multiple
dielectric stacks, one on top of another over the substrate, can be patterned/etched to form a
multiple-stack staircase structure. Channel holes formed i each staircase structure can align
with and adjoin channel holes of adjacent {e.g., upper or lower} staircase structure to form
adjoined/combined channel holes through the multiple-stack staircase structure. The term
“through™ an object refers to bemng from the top surface/portion to the bottom surface/portion
of the object. For example, channel holes through each staircase structure can be adjomed to

form channel holes through the multiple-stack staircase structure, and pillar holes can be
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formed to be through the memory structure. For descriptive simplicity, “multiple-stack
statrcase structure” can be mterchangeable with “staircase structure” m the embodiments.

[6069] Fabrication processes to form a 3D memory device are illustrated. FIGs. 1-6
itlustrate exemplary processes to form supporting pillars through a multiple-stack staircase
structure of a 3D multiple-stack memory device, and FIGs. 7-12 iliustrate an exemplary
process to form the multiple-stack staircase structure in the 3D multiple-stack memory device.

{0670} FIG. 1 ilustrates a cross-sectional view of 3 memory structure 100 at the
beginning of a fabrication process to form a 3D NAND memory device, according to some
embodiments. As shown in FIG. 1, memory structure 100 includes a substrate 107, a first
doped region 106 in substrate 107, a second doped region 105 in first doped region 106, a
dielectric layer 104 over substrate 107, a plurality of transistors 108 over substrate 107 and
covered by an isolation layer 109, and a first dielectric stack 103 over dielectric layer 104
and isolation layer 109. Memory structure 100 can be divided into a core region 110 and a
periphery region 120, for illustrative purposes. Periphery region 120 can include the plurality
of transistors 108 for providing control signals and can surround core region 110. Periphery
region 120 can also be under core region 110, depending on the type of the memory device.

{0071} In core region 110, first dielectric stack 103 {e.g., lower dielectric stack) can
include a plurality of dielectric pairs repeatedly arranged along a direction perpendicular to
the top surface of substrate 107 (e.g., the z axis). A dielectric pair can include a sacrificial
material layer and an msulating matenal layer. First dielectric stack 103 can mclude
sacrificial matenial layers and insulating material layers alternatingly stacked along the z axis.
In a dielectric pair, 102 and 101 can each be one of a sacrificial material layer and an
msulating matenial layer. In the present disclosure, 102 represents an msulating material layer
and 101 represents a sacrificial material layer. The sacrificial matenial layers 101 and the
msulating matenial layers 102 can include different materials. In some embodiments,
sacrificial material layers 101 includes silicon nitride and insulating material layers 102
mclude sthicon oxide. In subsequent fabrication processes, memory cells can be formed in
core region 110, In some embodiments, dielectric layer 104 13 a gate dielectric layer and

mcludes a suitable oxide, e g, silicon oxide.
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[0672] Periphery region 120 mncludes any peripheral devices {e.g., represented by
transistors 108}, 1solation layer 109 over the peripheral devices, and a plurality of dielectric
pairs repeatedly arranged over the peripheral devices. Isolation layer 109 can mclude any
suitable insulating materials (e.g., silicon oxide} and can protect and i1solate the peripheral
devices from other devices or structures. In some embodiments, first doped region 106
inciudes a deep N-well (DNW) and second doped region 105 includes a high-voltage P well
(HVPW). For illustrative purposes, only elements relevant to the present disclosure are
depicted and labeled in the figures. In some embodiments, peripheral devices are formed
prior to the deposttion of first dielectric stack 103, Due to the height of the peripheral devices,
dielectric pairs of first dielectric stack 103 can have a vertical shift in the height between core
region 110 and peripheral region 120.

{6073} In some embodiments, substrate 107 includes any suitable material for forming
the three-dimensional memory device. For example, substrate 107 can include silicon, silicon
germanium, silicon carbide, silicon on msulator (SOI), germanium on insulator (GOT), glass,
gallium nitride, gallium arsenide, and/or other suitable IH-V compound. First doped region
106 and second doped region 105 can each be formed by a suitable doping process such as
ion implantation.

{0074] Memuory structure 100 provides the base for the fabrication of the 3D memory
device and can be formed using any suitable processes. For example, memory structure 100
can be formed by depositing a dielectric material stack {not shown) over substrate 107 and
planarizing the dielectric material stack. In some embodiments, substrate 107 with first doped
region 106 and second doped region 105 is provided, and penipheral devices (e g, the
plurality of transistors 108) and solation laver 109 are formed over substrate 107. A
dielectric film can be deposited over substrate 107 and patterned to form dielectric layer 104,
A dielectric material stack can be formed over dielectric layer 104 and 1solation layer 109 by
alternatingly depositing msulating matenial lavers 102 and sacrificial material layers 101 over
substrate 107. Sacrificial material layer 101 and msulating matenial layer 102 can have same
or different thicknesses. A sacrificial material layer 101 can include any suitable matenal
different from an insulating material layer 102, For example, in some embodiments,

sacrificial material layers 101 can mnclude poly-crystaliine silicon, silicon nitride, poly-
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crystalline germanium, and/or poly-crystalline germaniume-silicon. In some embodiments,
sacrificial material layers 101 mnclude silicon nitride. Insulating matenal layers 102 can
melude any suitable msulating materials, e g, silicon oxide. The deposition of sacrificial
material layers 101 and insulating material layers 102 can include any suitable deposition

g, atomic layer deposition

o0

methods such as plasma-enhanced CVD {(PECVD), sputterin
{ALD}, and so on.

{0675} Further, a planarization process can be performed to planarize the dielectric
material stack into a suitable thickness. First dielectric stack 103 can thus be formed. In some
embodiments, the top surface of core region 110 levels with the top surface of periphery
region 120. In some embodiments, sacrificial matenal layer 101 15 exposed in core region
110 by the planarization process. In some embodiments, the planarization process includes a
chemical mechanical planarization {CMP) process.

{0076} FIG. 2 illustrates a cross-sectional view of memory structure 200 formed based on
memory structure 100, according to some embodiments. As shown in FIG. 2, memory
structure 200 can be formed by forming a plurality of first sub-channel holes 205 in first
dielectric stack 103, filling first sub-channel holes 205 with a sacrificial filling structure 207,
and forming a second dielectric stack 206 (e.g., upper dielectric stack) over first dielectric
stack 103. First dielectric stack 103 and second dielectric stack 206 can form two-stack
dielectric stack 203 (the term “dielectric stack 2037 can also refer to two-stack dielectric
stack 203}, For illustrative purposes, memory structure 200 15 divided into core region 210
and periphery region 220, each respectively corresponding to core region 110 and periphery
region 120 of FIG. 1. In some embodiments, the top surface of core region 210 levels with
the top surface of periphery region 220

{0677} Memory structure 200 can be formed using any suitable processes. In some
embodiments, first sub-channel holes 205 are {irst formed 1 first dielectric stack 103 before
second dielectric stack 206 1s deposited thereon. First sub-channel holes 205 can be formed
by, e.g., patterning a photoresist layer using photolithography over first dielectric stack 103
to form openings 1n the patterned photoresist layer, and performing an etching process to
remove the diglectric materials 1n first dielectric stack 103 defined by the openings. The

locations of the openings can correspond to the locations of first sub-channel holes 205, The
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etching process can include any suitable wet etch and/or dry eich. In some embodiments, an
anisotropic etch s performed to remove the materials vertically (e.g., along the z axis). Furst
sub~channel holes 205 can extend through first dielectric stack 103 and substantially into
second doped region 105 and/or extend into substrate 107, In some embodiments, first sub-
channel holes 205 can have a substantially rectangular cross-section shape. In some
embodiments, first sub-channel holes 205 can have a substantially trapezoidal cross-section
shape. In some embodiments, the horizontal dimension {e.g., along the x axis) of first sub-
channel hole 205 can, e g., decrease towards the substrate due to fabrication processes. Any
variation of the shape of first sub-channel hole 205 15 still within the scope of the present
disclosure.

{0078] A sacrificial filling material can further be deposited to fill in first sub-channel
holes 205, Any suitable deposition process can be performed to deposit the sacrificial filling
material into first sub-channel holes 205 and other areas over first dielectric stack 103. The
sacrificial filling material deposited in first sub-channel hole 205 can form sacrificial filling
structure 207. Any suitable planarization method (e.g., CMP) and/or recess etch (e g, dry
etch and/or wet etch) can be performed to remove any excessive sacrificial filling material
over first dielectric stack 103, The sacrificial filling maternial can include any suitable non-
conductive material {(e.g., amorphous silicon, polysilicon, sthicon germanium, amorphous
carbon, sihicon nitride, diarmond-like carbon, and porous organosilicate glass), and can be
deposited by any suitable deposition method such as CVD and/or spin coating.

[0079] In some embodiments, an msulating layer (not shown n FIG. 2) can be deposited
over first dielectric stack 103, The insulating layer can include a suitable insulating materal
such as one or more materials that form first dielectric stack 103, The insulating layer can be
formed before the formation of first sub-channel holes 203 or after the deposition of the
sacrificial filling material. If the insulating layer is formed before the formation of first sub-
channel holes 205, the formation of first sub-channel holes 205 can include forming openings
m the nsulating layer and removing portions of first dielectric stack 103 exposed by the
opemngs. A suifable planarization method {e.g., CMP) and/or recess etch {e.g., dry etch
and/or wet etch) can be performed to remove any excessive material of the insulating layer

over first dielectric stack 103,
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{0080] In some embodiments, a channel epitaxial portion 204 can be formed at the
bottom of a first sub-channel hole 205 by a suitable deposition process. Channel epitaxial
portion 204 can function as a portion of a semiconductor channel. For example, a selective
epitaxial deposition can be performed to deposit a semiconductor material at the bottom of
first sub-channel hole 205, In some embodiments, channel epitaxial portion 204 includes a
single crystalline semiconductor in epitaxial alignment {e.g., same crystal orientation) with
second doped region 105, In some embodiments, channel epitaxial portion 204 includes
single crystalline silicon. The top surface of channel epitaxial postion 204 can be between a
pair of sacrificial material layers 101 and the periphery of epitaxial channel portion 204 can
be 1 physical contact with insulating material layers 102,

{0081} Further, second dielectric stack 206 can be formed over furst dielectric stack 103,
in some embodiments, second dielectric stack 206 is formed over core region 210 and
periphery region 220. Second dielectric stack 206 can include a plurality of dielectric patrs,
each including a sacrificial material layer 201 and an insulating material layer 202, Sacrificial
material layers 201 and msulating material layers 202 can be arranged alternatingly along the
z axis. First dielectric stack 103 and second dielectric stack 206 can form a dielectric stack
203 The structure and deposition methods to form second dielectric stack 206 can refer to
the structure and deposition methods of first dielectric stack 103.

[0082] FIG. 3 illustrates an exemplary memory structure 300 formed based on memory
structure 200, according to some embodiments. As shown in FIG. 3, memory structure 300
can be formed by fornung a two-stack staircase structure 303 from dielectric stack 203,
filling space formed by the formation of staircase structure 303 with a dielectric filling
structure 311, and forming a plurality of pillar holes 309, For dlustrative purposes, memory
structure 300 15 divided into core region 310 and periphery region 320, each respectively
corresponding to core region 210 and periphery region 220 of FIG. 2,

{0083] The portion of dielectric stack 203 n periphery region 320 can be removed and
the top surface of 1solation layer 109 can be exposed. Staircase structure 303 can be formed
by repetitively patterming/etching sacrificial matenial layers 201 and insulating matenial layers
202 of dielectric stack 203 1n core region 310, Dielectric pairs of different tiers can be etched

to form staircases extending along the x-y plane. Each staircase can include an insulating
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layer {e.g., 302} and a pairing sacrificial layer (e.g., 301). The dielectric stacks can be
patterned/etched through one staircase-forming patterming process to form staircase structure
303 {or multiple-stack starcase structure 303 or two-stack staircase structure 303). Details of
the formation of staircase structure 303 are described in FIGs. 7-12.

{0084} Further, a dielectric filling matenial can be deposited after staircase structure 303
is formed to fill in the space formed by the removal of the portions of dielectric stack 203.
Dielectric filling structure 311 s deposited in periphery region 320 and core region 310 to fill
in the space formed by the removal of the portions of dielectric stack 203. A suitable
planarization method (e.g., CMP and/or recess etch) can be performed to remove any
excessive dielectric filling material overlying the topmost surface of staircase structure 303,
The remaining portion of the deposited dielectric filling material {e.g., over staircase
structure 303 and isolation layer 109) can form dielectric filhing structure 311 that surrounds
statrcase structure 303, Dielectric filling structure 311 can be retro-stepped. In the present
disclosure, a retro-stepped element refers to an element that has stepped surfaces and a
horizontal cross-section area that increases monotonically as a function of a vertical distance
from a top surface of a substrate on which the element 1s present. Dielectric filling structure
311 can include any suitable dielectric material that provides electrical insulation for
staircase structure 300 and can be deposited by any suitable deposition methods such as CVD,
ALD, and/or PVD. In some embodiments, dielectric filling structure 311 includes silicon
oxide and 15 formed by CVD. An insulating cap material layer can be deposited to cover
staircase structure 303 and dielectric filling structure 311, The insulating cap material layer
can have sufficient thickness along the z axis to allow drain regions to be formed within. The
msulating cap material layer can include any suitable insulating material such as silicon
oxide.

{0085] Further, pillar holes 309 can be formed in memory structure 300. Pillar holes 309
can be formed m any suitable location m core region 310, e.g., mtersecting with staircase
structure 303, In some embodiments, pillar holes 309 can be formed adjacent to first sub-
channel holes 205, In some embodiments, piliar holes 309 can be formed m the staircase
structure. In some embodiments, some pillar holes 309 can be formed in a portion of

peripheral region 320, Pillar holes 309 can be formed by, e.g., patterming a photoresist layer
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using photolithography over the msulating cap matenial layer over staircase structure 303 and
dielectric filling structure 311 to form opemings in the patterned photoresist layer that
correspond to the locations of pillar holes 309, and performing an etching process {e.g., using
the patterned photoresist fayer as an etch mask} to remove the portions of insulating cap
material laver and portions of staircase structure 303 exposed/defined by the openings. The
etching process can include any suitable wet etch and/or dry etch. In some embodiments, an
amsotropic etch is performed to etch portions of the insulating cap matenial layer, staircase
structure 303 and dielectric filling structure 311 to form pillar holes 309. The patterned
photoresist layer can then be removed after the formation of piliar holes 309, Insulating cap
layer 312 can then be formed. Pillar hole 309 can extend from a top surface of insulating cap
layer 312 to substrate 107. The cross-section of pillar hole 309 along the x-z plane can have a
trapezoid shape. In some embodiments, a horizontal dimension {(e.g., along the x axis) of
pillar hole 309 can, e g., decrease towards the substrate due to fabrication processes. Any
variation of the shape of pillar hole 309 1s still within the scope of the present disclosure. In
some embodiments, pillar holes 309 are formed before the formation of second sub-channel
holes of upper dielectric stack. In some embodiments, pillar holes 309 are formed after the
formation of second sub-channel holes of upper dielectric stack.

{6086} FIG. 4 illustrates an exemplary memory structure 400 formed based on memory
structure 300, according to some embodiments. As shown in FIG. 4, memory structure 400
can be formed by forming a plurality of second sub-channel holes over first sub-channel
holes 208, filling the first and second sub-channel holes and pillar holes 309 to form
sermiconductor channels 415 and supporting pillars 409, and forming drain regions 419 over
semiconductor channels 415 and dummy drain regions 414 over supporting pillars 409, For
itlustrative purposes, core region is described in FIG. 4.

{0087] To form second sub-channel holes, a photoresist layer can be formed over
msulating cap laver 410. The photoresist layer can cover/close the top portions of pillar holes
309 so that the subsequent etching of second sub-channel holes has Iittle or no mpact on
pitlar holes 309, The photoresist layer can then be patterned to form openings that expose
portions of insulating cap laver 410 and correspond to the locations of the second sub-

channel holes. The patterned photoresist layer can be used as an etch mask to remove
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portions of insulating cap layer 410 and portions of staircase structure 303 exposed/defined
by the openings. Insulating cap layer 410 can be formed. The horizontal projection {e.g., on
the x-y plane} of the second sub-channel holes can substantially overlap with the horizontal
projection of first sub-channel holes 205, In some embodiments, the second sub-channel
holes substantially align with respective first sub-channel holes 205 along the z axis. In some
embodiments, the number of second sub-channel holes equals to the number of first sub-
channel holes 205, and the horizontal projection of each second sub-channel hole overlaps
with the horizontal projection of a respective first sub-channel hole 205 underneath. The
patterned photoresist laver can then be removed after the formation of the second sub-
channel holes.

{0088] In some embodiments, the second sub-channel holes can each adjoin respective
first sub-channel hole 205 so that the formed channel hole combines the volumes of first sub-
channel hole 205 and the respective second sub-channel hole, and extends through staircase
structure 303. In some embodiments, the bottom of second sub-channel hole exposes
sacrificial filling structure 207 of the respective furst sub-channel hole 205,

{0089] Inner sidewall (or sidewall) of a channel hole extending through staircase
structure 303 can be formed by respectively adjoining sidewalls of first sub-channel holes
205 and respective second sub-channel holes stacked together. A semiconductor channel
formed by these fabrication operations can be referred to having an “adjoined/connected
sidewall,” which can include one or more connection portion formed by the adjoining of sub-
pillar holes (e.g., at the mterface of two adjoined sidewalls). The sidewall can thus have
unaligned surfaces at the connection portions. The unaligned surfaces can refer to the
meonsistent hole dimensions caused by etching holes with high aspect-ratio (e.g., greater
than 4). For example, when a second sub-channel hole adjoins a first sub-channel hole, the
diameter of the bottom of the second sub-channel hole can be smaller than the diameter of
the top of the first sub-pilar hole, creating unaligned surfaces along the vertical direction at
the adjoining interface. In contrast, a channel hole formed without adjoining sub-pillar holes
can be referred to having a sidewall of aligned surfaces. For example, the channel hole
formed by the present disclosure can extend through the memory structure and can have

unaligned sidewall surface.
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{0690] Sacrificial filling structures 207 can then be removed by a suitable etching process
{e.g., dry etch and/or wet etch). For example, a selective etch can be performed. The selective
etch can be an 1sotropic eiching process or an anisotropic etching process.

{0691] Further, channel holes and pillar holes 309 can be filled by the same fabrication
operations {e.g., at the same time). A series of channel-forming layers can be sequentially
deposited into the channel holes (e.g., having the combined volume of first sub-channel holes
205 and adjoined second sub-channel holes) and pillar holes 309 to fill in the channel holes
and ptllar holes 309.

{06092} In some embodiments, a charge trapping film 416 (e.g., or sacrificial film} 15
deposited over the sidewall of channel holes and pillar holes 309, Charge trapping film 416
can include one or more block dielectric layers over the sidewall of channel hole to insulate
other layers in the channel hole from staircase structure 303, Charge trapping film 416 can
also include a storage unit layer {(memory layer) over and surrounded by the block dieleciric
layers for trapping charges and forming a plurality of charge storage regions along the z axis.
Charge trapping film 416 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 has.

{0093] The one or more block dielectric layers can include a first block layer, which
meludes 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 suitable elements. For example, the dielectric metal oxide layer can
mclude alummum oxide, hatruum oxide, lanthanum oxide, yitrium oxide, tantalum oxade,
silicates, nitrogen-doped compounds, alloys, etc. The first block layer can be deposited, for
example, by CVD, ALD, pulsed laser deposition (PLD), hiquid source misted chemical
deposttion, and/or other suitable deposition methods.

[0094] The one or more block dielectric layers can also include a second block layer,
which includes another dielectric layer over the dielectric metal oxide. The other dielectric
layer can be different from the dielectric metal oxade layer. The other dielectric layer can
mclude sthicon oxade, a dielectric metal oxide having a different composition than the first

block laver, silicon oxynitride, silicon mitride, and/or other sustable dielectric materials. The
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second block layer can be deposited, for example, by low pressure chemical vapor deposition
(LPCVD), ALD, CVD, and/or other suitable deposition methods. In some embodiments, the
one or more block dielectric layers mnclude stlicon oxide, which 1s formed by CVD.

{0695] 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 materal {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 suttable deposition
methods.

{0696] The tunneling layer can be sequentially formed over the memory laver. 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 tunneling 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.

{6097} Further, a semiconductor channel film 417 can be formed over charge trapping
film in channel holes and pillar holes 309, Semiconductor channel film 417 can include one
or more layers of any suitable semiconductor matenials such as silicon, silicon germanium,
germantum, HI-V compound material, II-VI compound material, organic semiconductor
material, and/or other suitable senuconductor materials. Semiconductor channel film 417 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,
semiconductor channel film 417 15 formed by depositing a layer of amorphous silicon using
CVD, followed by an annealing process such that the amorphous stlicon is converted to
single-crystalline silicon. In some embodiments, other amorphous material can be annealed
to be crystallized to form semiconductor channel film 417.

{8098} Further, dielectric core 418 can be formed by depositing a suitable dielectric
matenal over semiconductor channel films in channel holes and pillar holes. Dielectric core
418 can fill in the space at the center of the channel hole and the pillar hole. Dielectric core

418 can include a suitable dielectric material such as silicon oxide and/or organosilicate glass.
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Dielectric core 418 can be formed by a suitable conformal deposition method (e g, LPCVD)
and/or setf-planarizing deposition method (e.g., spin coating}. In some embodiments,
dielectric core 418 includes silicon oxide and 15 formed by LPCVD. In some embodiments, a
suitable planarization process {e.g., CMP and/or recess etch} is performed to remove any
excessive materials over the top of staircase structure 303.

{6099} When different lavers {e.g., charge trapping film 416, semiconductor channel film
417, and dielectric core 418) are being formed in the channel holes, the matenials for forming
those layers can also be respectively deposited in pillar holes 309. Because these layers have
little or no active electrical functions, for illustrative purposes, these lavers in pillar holes 309
are referred to as dummy charge trapping films 411, dummy semiconductor channel films
417, and dummy dielectric cores 413. Supporting pillars 409 can thus be formed.

{0100] Further, top portions of supporting pillars 409 and semiconductor channels 415
can be removed by any suitable recess etching processes. In some embodiments, a selective
etch is performed to remove top portions of supporting pillars 409 and semiconductor
channels 415 In some embodiments, the depth of the recess region is substantially equal to
the thickness of msulating cap layer 410,

{0101} Further, drain regions 419 {e.g., over semiconductor channels 415} and dummy
drain regions 414 (e.g., over supporting pillars 409} can be formed in the recess regions.
Drram regions 419 and dumimy drain regions 414 can be formed by, e.g., depositing a doped
sermniconductor material in the recess regions. The deposition can include any suitable
deposition methods, such as CVD and/or area selective deposition (ASD). Optionally, an ion
implantation process is employed to adjust the doping level of the recess region. The doped
semiconductor material can include, for example, doped polysilicon. The doped
serniconductor material can have a conductivity type that 1s opposite from the conductivity
type of substrate 107. Excess portions of the deposited doped semiconductor matenial can be
removed from above the top surface of mmsulating cap layer 410 by, e.g., CMP and/or a recess
etch.

[0162] FIG. 5 illustrates an exemplary memory structure 500 formed based on memory
structure 200, according to some embodiments. Different from memory structure 400, in

memory structure 500, pillar holes 509 can be formed after the formation of staircase
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structure 303, sermconductor channels S01, and drain regions 505, Semiconductor channels
501, drain regions 505, and insulating cap layer 510 can respectively be the same as or
similar to semiconductor channels 415, drain regions 419, and insulating cap layer 410 of
FI1G. 4. Charge trapping film 502, semiconductor channel film 503, and dielectric core 504
can be respectively the same as or similar to charge trapping film 416, semiconductor
channel film 417, and dielectric core 418 of FIG. 4.

{0103} In an example, after the formation of dielectric filling structure 311 and the
insulating cap material laver, second sub-channel holes can be formed in staircase structure
303. The second sub-channel holes can be the same as or similar to the second-channel holes
depicted in FIG. 4. The second sub-channel holes can be formed by any suitable process. For
example, a photoresist layer can be formed to cover at least a top surface of staircase
structure 303, The photoresist layer can be patterned to form openings that expose portions of
the insulating cap material layer. The locations of the openings can correspond to the
locations of the second sub-channel holes. The patterned photoresist layer can then be used
as an etch mask to remove portions of exposed msulating cap material layer and staircase
structure 303 to form second sub-channel holes each extending from the top surface of the
msulating cap layer 510 to the respective first sub-channel hole. Channel holes that extend
from the top surface of the staircase structure 303 into substrate 107 can be formed. The
patterned photoresist layer can be removed after the formation of the second sub-channel
holes.

[0104] Channel-forming layers (similar to or the same as the channel-forming layers
depticted 1n FIG. 4) can be forroed to fill in the channel holes and form senuconductor
channels 501. Further, top portions of semiconductor channels 501 can be removed and filled
with a doped semiconductor material (e.g., doped polysilicon) to form drain regions 505,
Drram regions 505 can have a thickness that 1s substantially the same as the insulating cap
layer 510. A patterned photoresist layer with openings that define the locations of the pillar
holes 509 can then be formed over the insulating cap layer 510, In some embodiments, the
opemngs expose portions dielectric filing structure 311, A suitable etching process (e.g., dry
etch and/or wet etch) can be performed (e.g., using the patterned photoresist layer} to remove

portions of statrcase structure 303 and dielectric filling structure 311 so that pillar holes 509
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can be formed through nsulating cap layer 510, statrcase structure 303, and dielectric filling
structure 311,

{0105] Any suitable pillar-filling matenals (e g., nsulating materials such as silicon
oxide and/or silicon nitride} can be deposited to fill in pillar holes 509 and form supporting
pillars. In some embodiments, the pillar-filling materials can inchide pure dielectric materials
such as pure silicon oxide and/or pure silicon nitride. In some embodiments, suitable
dopants/impurities can be doped into the silicon oxide and/silicon nitride to enhance support.
In some embodiments, the pillar-filling material includes an insulating liner/spacer layer 1s
formed over the sidewalis of pillar holes 509 and another support material that fills up the
rest of pillar holes 509. In some embodiments, the insulating Hiner/spacer layer surrounds the
support material. Any suitable material with sufficient stiffness and/or support functions can
be used as the support material. For example, the support material can include one or more of
copper, cobalt, nickel, and aluminum.

{01006] FIG. 6 illustrates another memory structure 600 formed based on memory
structure 200, according to some embodiments. Different from memory structures 400 and
500, memory structure 600 (e.g., multiple-channel structure) can include semiconductor
channels each including more than one semiconductor sub-channels stacked along the z axis.
Multiple-channel structure can further increase memory cell density of the 3D memory
device. In some embodiments, as shown in FIG. 6, semiconductor channel 601 extends
through staircase structure 603 and includes semiconductor sub-channel 601-1 {e.g., formed
n the lower statrcase structure) and 601-2 {e.g , formed in the upper staircase structure).
Semiconductor sub-channels 601-1 and 601-2 can be connected by a connection layer 606, In
some embodirnents, semiconductor sub-channels {e.g., 601-1 and 601-2) bave same or
sumilar functions as semiconductor channels 415 and 501 of FIGs. 4 and 5.

{0107} In an example, supporting pillars 613 can be formed by similar fabrication
operations as in FIGs. 1-5. That 1s, pillar holes can be formed before or after the formation of
sub-channel holes that form semiconductor sub-channels 601-2. The filing of the pillar holes
can be performed at the same time with or after the filling of sub-channel holes of

semiconductor sub-channels 601-2.
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{6108] In contrast to the fabrication operations iustrated in FIGs. 1-4, to form memory
structure 600, before the deposition of second dielectric stack {e.g., upper dielectric stack)},
sermicondactor sub-channels 601-1 can be formed in the first dielectric stack {e.g., lower
dielectric stack) before the deposition of second dielectric stack {e.g., upper dielectric stack).
In the description of FIG. 6, the first dielectnic stack and the second dielectric stack {e.g., the
same as or sinular to first dielectric stack 103 and second dielectric stack 206) can each
include a plarality of alternatingly arranged sacrificial material layers and insulating material
layers. In some embodiments, semiconductor sub-channels 601-2 are formed by, e.g.,
forming first sub-channel holes of semiconductor sub-channels 601-2 in first dielectric stack,
respectively depositing charge trapping film 602, semiconductor channel film 604, and
dielectric core 605 in the first sub-channel holes. The formation of the first sub-channel holes
and the deposition of the films in the first sub-channel holes can be referred to the operations
that form first sub-channel holes 205 and charge trapping film 502, semiconductor channel
film 503, and dielectric core 504, respectively. Optionally, a recess etch {e g., dry etch and/or
wet etch) and/or a planarization process (e.g., CMP) can be performed to remove excessive
dielectric material over the top surface of first dielectric stack.

{0109] Memory structure 600 can include a joint insulating layer 618 between
semiconductor sub-channels 601-1 and 601-2 and a plurality of connection layers 606 in joint
msulating layer 618. Connection layers 606 can function as drain regions and can connect
serniconductor sub-channels 601-1 and 601-2. Joint insulating layer 618 can insulate
connection layers 606 from one another. can be formed over the first dielectric stack before
the formation of the first sub-channel holes. In some embodiments, joint insulating layer 618
meludes silicon oxide and connection layers 606 include doped silicon. The formation of
jomnt isulating layer 618 and connection lavers 606 can be referred to the formation of
msulating cap laver 410 and drain regions 419. The deposition can include any suitable
deposition methods, such as CVD and/or area selective deposition {ASD). Optionally, an ion
maplantation process 1s employed to adjust the doping level of the recess region. The
conductivity type of connection layer 606 can be the same as the conductivity type of
semiconductor sub-channels 601-1. Optionally, a recess etch {e.g., dry etch and/or wet eich)

and/or a planarization process {e.g., CMP} can be performed to remove excessive doped
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serniconductor material over the top surface of first dielectric stack. Optionally, an additional
dielectric material can be deposited over the top surface of second dielectric stack to cover
serniconductor sub~-channels 601-1. The additional dielectric material can mclode one or
more of the dielectric materials that form first dielectric stack 103.

{0110} Further, the second dielectric stack can be formed over the first diglectric stack,
and staircase siructure 603 can be formed by repeatedly etching/patterning the dieleciric
stack formed by the first dielectric stack and the second dielectric stack. A dielectric filling
material can be deposited over staircase structure 603 to filling the space formed by the
removal of portions of dielectric pairs and dielectric filling structure 611 (e g., similar to
dielectric filling structure 311} can be formed.

{0111} Semiconductor sub-channels 601-2 can be formed by any suitable methods after
staircase structure 603 is formed. In some embodiments, second sub-channel holes of
semiconductor sub-channels 601-2 are formed over semiconductor sub-channels 601-1. The
hottom of the second sub-channel hole of semiconductor sub-channel 601-2 can expose
connection layers 606. Further, a sequence of layers can be deposited into the second sub-
channel holes to form second semiconductor sub-channels 601-2. The formation of the
second sub-channel holes of semiconductor sub-channels 601-2, charge trapping film 607,
semiconductor channel film 608, dielectric core 609, drain regions 612, and msulating cap
layer 610 can be similar to the second sub-channel holes of semiconductor channels 415,
charge trapping film 416, semiconductor channel film 417, dielectric core 418, drain regions
419, and 1nsulating cap layer 410.

{0112] Supporting pillars 613 can be formed by the same fabrication operations that form
semiconductor sub-channels 601-2 or after the formation of semiconductor sub-channels
601-2. The formation of dummy charge trapping film 614, dummy semiconductor channel
film 615, dummy dielectric core 616, and dummy drain region 617 can be similar to or the
same as the formation of dummy charge trapping film 411, dummy semiconductor channel
film 412, dummy dielectric core 413, and dummy drain region 414,

{6113} FiGs. 7-12 illustrate an exemplary process to form a two-stack staircase structure
from two dielectric stacks employing one staircase-forming patterning process, according to

some embodiments. For viewing simphicity, FIGs. 7-12 depict the fabrication process to form
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the starcase structure 1o the core region shown in FIGs. 1-6. Same or simtilar operations
performed n the method 1Hustrated by FIGs. 7-12 can be referred to the operations described
m FIGs. 1-6. For llustrative purposes, the formation of a double-channel structure (e g,
similar to memory structure 600 of FIG. 6} 1s described.

{0114} FIG. 7 ddlustrates memory structure 700 similar to core region 110 of FIG. 1,
according to some embodiments. Memory structure 700 can include a first dielectric stack
703 over gate dielectric layer 704, which 1s further over substrate 707, Substrate 707 can
mclude a first doped region 706, and a second doped region 705, First diglectric stack 703
can include a plurality of dielectric pairs, each including a sacrificial material layer 701 and
an nsulating material layer 702. Respectively, substrate 707, first doped region 706, second
doped region 7035, gate dielectric layer 704, and first dielectric stack 703 can be the same as
or similar to substrate 107, first doped region 106, second doped region 105, dielectric layer
104, and first dielectric stack 103, Description of structure and formation methods of
memory structure 700 can be referred to the description of memory structure 100,

[0115] FIG. 8 illustrates memory structure 800 formed based on memory structure 700,
according to some embodiments. Memory structure 800 can be formed from memory
structure 700 by forming a plurality of channel epitaxial regions 806 extending from first
dielectric stack 703 to second doped region 705, a joint msulating material layver 810 over
first dielectric stack 703, a plurality of first sub-channel holes 801 extending from the top
surface of joint insulating material layer 810 mnto channel epitaxial regions 806, and filling
first sub-channel holes 801 with a series of channel-forming layers 802 {charge trapping film,
serniconductor channel film, and dielectric core) to form semiconductor sub-channels 805 . A
plurality of connection layers 804 can be formed m jomt insulating material laver 810 and
can each be over a semiconductor sub-channel 803, In some embodiments, a recess etch
and/or a suitable planarization process {CMP) can be performed to remove any excessive
material of channel-forming layers 802 from the top surface of memory structure 800,

{0116] As an example, a joint insulating material layer can first be formed over first
dielectric stack 703. A plurality of first sub-channel holes 801 can then be formed n first
dielectric stack 703 to extend from the top surface of the jomt insulating material into

channel epitaxial regions 806, Joint insulating material layer 810 can be formed from the
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jomnt wsulating material layer and first dielectric stack 803 can be formed from first dielectric
stack 703. A series of channel-forming layers 802 can then be deposited to fill 1o first sub-
channel holes 801. A suitable recess etch (e.g., dry etch and/or wet etch) can be performed to
remove a top portion of channel-forming lavers 802 in each first sub-channel hole 861 and a
doped semiconductor material can be deposited into first sub-channel holes 801 to form
connection layers 804 in joint insulating maternial layer 810. Optionally, additional insulating
material can be deposited over connection layers 804 to insulate connection lavers 804 from
neighboring structures that are formed in subsequent operations. Details of the formation of
semiconductor sub-channels 805 and connection layers 804 can be referred to the description
of semiconductor channels 501 and drain regions 505.

0117] FIG. 9 illustrates an exemplary memory structure 900 formed based on memory
structure 800, according to some embodiments. Memory structure 900 can be formed by
forming second dielectric stack 906 over first dielectric stack 803. Simular to first dielectric
stack 703 and 103, second dielectric stack 906 can include a plurality of dielectric pairs
arranged over first dielectric stack 703 {(e.g., joint insulating layer 810} along the z axis. Fach
dielectric pair can include a sacrificial material layer 901 and an insulating material layer 902,
First dielectric stack 803 and second dielectric stack 906 can form dielectric stack 903 (e.g,,
two-stack dielectric stack). In some embodiments, an nsulating cap material layer 910 {e g,
similar to the joint insulating material layer of FIG. 8 and the insulating cap matenal layer of
FIG. 3) 15 forred over second dielectric stack 906. In sore embodumnents, second dielectric
stack 906 1s similar to first dielectric stack 703, Description of structure and formation
methods of second dielectric stack 906 and msulating cap material laver 910 can be referred
to the description of first dielectric stack 103 and the insulating cap material layer of FIG. 3.

[0118] FIG. 10 illustrates an exemplary memory structure 1000 formed based on memory
structure 900, according to some embodiments. Memory structure 1000 can be formed by
forming a plurality of second semiconductor sub-channels 1007 that alight with and adjomn
senmiconductor sub-channels 865 to form semiconductor channels 1001 through dielectric
stack 1003, and a plurality of draim regions 1005 m insulating cap material layer 1010,
Dielectric stack 1003 can be formed from dielectric stack 903 after the formation of second

serniconductor sub-channels 1007, and msulating cap material layer 1010 can be formed
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from msulating cap matenial layer 910 after the formation of second sub-channel holes 1002,
In some embodiments, second semiconducior sub-channels 1007 are formed by depositing a
series of channel-forming layers 1004 {charge trapping film, semiconductor channel film,
and dielectric core) into second sub-channel holes 1002, In some embodiments, drain regions
1005 are formed by forming a recess region in msulating cap material layer 1010 and at the
top portions of second sub-channel holes 1002, and depositing a doped semiconductor
material {e.g., doped polysilicon) in the recess region. The fabrication processes of second
semiconductor sub-channels 1007, drain regions 1005, and insulating cap material layer 1010
can be referred to the fabrication processes of semiconductor sub-channels 805, joint
insulating material laver 810, and connection layers 804

{0119} FIG. 11 illustrates memory structure 1100 formed based on memory structure
1000, according to some embodiments. Memory structure 1100 can be formed by performing
a staircase-forming patterning process on dielectric stack 1003 to form staircase structure
1104. By performing the staircase-forming patterning process, first dielectric stack 803 can
be etched to form first staircase structure 1103, and second dielectric stack 1006 can be
etched to form second staircase structure 1106, First staircase structure 1103 and second
staircase structure 1106 can stack along the z axis to form staircase structure 1104, In some
embodiments, joint insulating material layer 810 and insulating cap material layer 1010 can
be etched to form joint insulating laver 1111 and msulating cap laver1 110, respectively. The
statrcase-forming patterning process can include forming a photoresist layer over dielectric
stack 1003, In some embodiments, the photoresist layer can be patterned (e.g., using a
photolithography process) to cover the core region. The photoresist laver can have a
sufficient thickness along the z axis so that it can be trimmed and used as an etching mask for
forming staircases from dielectric stack 1003, During the staircase-forming patterning
process, the photoresist laver 1s repeatedly trimmed (e.g., etched by a suitable dry etch
and/wet etch) along various directions {e.g., the x axis, the v axas, and the = axis) so dielectric
pairs of dielectric stack 1003 can be repeatedly exposed. Same or different etchant {e.g., wet
etchant and/or dry etchant) can be used to etch the sacrificial matenal layer (e.g., 701 or 901}
and the msulating material layer {e.g., 702 or 802). In some embodiments, the trimming time

of the photoresist layer 15 controlled so that the trimming/etching rate of the photoresist layer
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can be controlled. Accordingly, the dimension of the staircase along the x direction can be
controlled. In some embodiments, the sacrificial matenial layers can be etched to form the
sacrificial layers, and the msulating material layers can be etched to form the msulating
layers. One sacrificial layer can be pairing with one insulating layer. Depending on different
memory device structures, the sacrificial layer can be on top of the pairing insulating layer,
Of VICE VEFsa.

{0120} For dlustrative purposes, as shown in FIG. 11, memory structure 1100 1s divided
into core array region 1120, first staircase region 1121, and second staircase region 1122
First staircase region 1121 and second staircase region 1122 ¢an each surround memory
structure 1100 along the x-y plane. First staircase region 1121 can represent the region where
statrcases of first dielectric stack 703 are formed, and second staircase region 1122 can
represent the region where staircases of second dielectric stack 906 are formed. In some
embodiments, the photoresist layer (e.g., etch mask) can be trimmed to expose dielectric
stack 1003 along, e.g., the x direction - from first staircase region 1121 towards core array
region 1120, and staircases of staircase structure 1104 can be formed along the same
direction the photoresist layer is trimmed. In some embodiments, staircases of first staircase
structure 1103 {e g., lower/bottom staircase structure) are formed in first staircase region
1121, and staircases of second staircase structure 1106 (e.g., upper/top staircase structure) are
formed 1n second staircase region 1122, In some embodiments, the trimming of the
photoresist layer can stop when the staircases in first staircase region 1121 and second
staircase region 1122 are formed. The trimmed photoresist layer can cover the top surface of
core array region 1120 so that semuconductor channels 1001 can remain intact. Photoresist
layer can then be removed, and memory structure 1100 can be formed.

[0121] In various embodiments, semiconductor channels 1001 can be formed before or
after the formation of staircase structure 1104, That is, the second semiconductor sub-
channels {(e.g., formed n second dielectric stack 1006) can also be formed after staircase
structure 1104 1s formed. The different orders to form semiconductor channels 1001 and
statrcase structure 1104 should still be within the scope of the present disclosure.

{0122] FIG. 12 sllustrates memory structure 1200 formed based on memory structure

1100, according to some embodiments. Memory structure 1200 can be formed by forming
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dielectric filling structure 1201 to fill in the space formed by the removal of portions of
dielectric stack 1003, Dielectric filling structure 1201 can be retro-stepped {(not shown n FIG.
12}, In some embodiments, dielectric filling stracture 1201 15 formed by depositing a suitable
dielectric filling structure to fill in the space and performing a suttable planarization process
(e.g., CMP and/or recess etch) to remove any excessive dielectric fithing structure over the
top surface of memory structure. In some embodiments, dielectric filling structure 1201 is
simular to or as same as dielectric filling structure 311, Description of structure and formation
methods of dielectric filling structure 1201 can be referred to the description of dielectric
filling structure 311,

{0123} Further, the sacrificial layers can be removed by a suitable 1sotropic etching
process, and space formed by the removal of the sacrificial layers can be filled with a suitable
metal, e.g., one or more of copper, tungsten, and aluminum. Optionally, a recess etch can be
performed to remove excessive metal over staircase structure 1104, The deposited metal can
then form the word lines of the 3D memory device. In some embodiments, each word line is
insulated from adjacent word lines by the insulating layers in between.

{0124] Method illustrated by F1Gs. 7-12 can be employed to form the staircase structure
in FIGs. 1-6 and semiconductor channels embedded in the staircase structure. By using the
disclosed method, one statrcase-forming pattern can be used to form the staircase structure
that contains at least two sub-staircase structures stacked along the z axis. No staircase-
forming pattern 15 needed to separately form the sub-staircase structures. The fabrication
process of the 3D memory device can be simplified.

[0125] Further, supporting pillars through the multiple-stack staircase structure can be
formed by one etching process that forms pillar holes through the multiple-stack staircase
structure and subsequent filling process. In some embodiments, the pillar holes are formed at
the same time or by same fabrication operations as a part of the semiconductor channels. In
some embodiments, the pillar holes are formed after the formation of the sermiconductor
chamnels. Compared to existing technology, the number of operations to form supporting
pillars s reduced. The fabrication of the 3D memory device 1s thus simpler and less costly.

{8126} FIG. 13 13 an illustration of an exemplary method 1300 for forming three-

dimensional memory structure, according to some embodiments. For explanation purposes,
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the operations shown in method 1300 are described in the context of FIGs. 1-12. In various
embodiments of the present disclosure, the operations of method 1300 can be performed mn a
different order and/or vary.

{0127} At operation 1301, a first dielectric stack can be formed over a substrate. In some
embodiments, the substrate can include any suitable matenials such as silicon. In some
embodiments, the first dielectric stack includes a plurality of alternatingly arranged sacrificial
material lavers and insulating materials. The sacrificial matenial lavers and the insulating
material layers can include different dielectric matenials. In some embodiments, a gate
dielectric layer 1s formed between the first dielectric stack and the substrate. Detatls of the
first dielectric stack, the gate dielectric layer, and the substrate can be referred to the
description of FIG. 1.

{0128] At operation 1302, a plurality of first sub-channel holes can be formed in the first
dielectric stack and the first sub-channel holes can be filled with suitable materials. In some
embodiments, the first sub-channel holes can be formed with surtable patterning and etching
processes 50 that the bottoms of the first sub-channel holes contact or expose the substrate.
The first sub-channel holes can be through the first dielectric stack. Optionally, a channel
epitaxial region can be formed at the bottom of each first sub-channel hole. A sacrificial
filling structure can be formed in the first sub-channel holes by depositing a sacrificial filling
material, as e g., place holders, to provide support for the formation of subsequent second
dielectric stack over the first dielectric stack. A planarization process can be performed to
remove any excessive sacrificial filling material over the first dielectric stack.

{0129] When the 3D memory device 15 a double-channel memory device, a series of
channel-forming layers for forming a semiconductor channel can be sequentially deposited
nto the plurality of first sub-channel holes so that first semiconductor sub-channels can be
formed. The series of layers can include a charge trapping film, a semiconductor channel film,
and a dielectric core, being deposited from the sidewall to the center of the channel hole. A
connection layer {e.g., a doped semiconductor laver} can be formed over each semiconductor
sub-channel. Details of the first sub-channel holes, the sacrificial filling structure, the
seniconductor sub-channels, and the channel epitaxial region can be referred to the

description of FIGs. 2 and 6.
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{0130] At operation 1303, a second dielectric stack can be formed over the first dielectric
stack. Sumilar to the first dielectric stack, the second dielectric stack can nclude a plarality of
alternatingly arranged sacrificial material layers and imsulating matenials. Details of the
second dielectric stack can be referred to the description of FIG. 2.

{0131} At operation 1304, a multiple-stack staircase structure can be formed. The
multiple-stack {&.g., two-stack) staircase structure can include a first staircase structure (e.g.,
formed based on the first dielectric stack) and a second staircase structure {e.g., formed based
on the second dielectric stack}. The multiple-stack staircase structure can be formed by a
statrcase-forming patierning process so that dielectric pairs of the first dielectric stack and the
second dielectric stack can be etched to form staircases. A dielectric filling structure can be
formed to fill up the space formed by the removal of portions of the dielectric pairs. Details
of the process to form the multiple-stack staircase structure can be referred to the description
of FiGs. 7-12.

{0132] At operation 1305, a plurality of second sub-channel holes can be formed in the
second staircase structure. The second sub-channel holes can adjoin the first sub-channel
holes along a direction perpendicular to the top surface of the substrate. In some
embodiments, a second sub-channel hole and the adjoined first sub-channel hole forma
channel hole through the multiple-stack staircase structure. When the 3D memory device s a
double-channel memory device, the second sub-channel holes can also be referred to as sub-
channel holes of the second staircase structure. The formation of second sub-channel holes
can be similar to the formation of first sub-channel holes described in operation 1302,

{0133} At operation 1306, a plurality of pillar holes can be formed in the multiple-stack
staircase structure. The pillar holes can be formed by any suitable patterning/etchung process.
In some embodiments, the pillar holes can be through the multiple-stack staircase structure
and can contact the substrate. Details of the process to form the pillar holes can be referred to
the description of FIGs. 3 and S.

{0134] At operation 1307, a plurality of supporting pillars and semiconductor channels
can be formed m the multiple-stack staircase structure. The senuconductor channels can be
formed by removing the sacrificial filling structures 1n the first sub-channel holes and filling

the first sub~channel holes and the adjoined second sub-channel holes with a series of layers
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{(e.g., a charge trapping {ilm, a semmiconductor channel film, and a dielectric core). When the
3D memory device 15 a double-channel memory device, the senies of lavers can be deposited
1 the second sub-channel holes {e.g., sub-channel holes) to form semiconductor sub-
channels in the second staircase structure.

{0135} The supporting ptllars can be formed by filling the same series of layers of the
semiconductor channels in the pillar holes. The filling of the supporting pillars can be
performed at the same time and/or through the same fabrication processes when the
semiconductor channels (or semiconductor sub-channels of the second/upper staircase
structure) are being formed. The supporting pillars can also be formed using any other
suitable pillar-forming material such as a dielectric material with or without other support
materials (such like metal). In some embodiments, the dielectric material is deposited into a
pillar hole to form an insulating liner/spacer layer over the sidewall of the pillar hole, and the
metal material is deposited to fill up the pillar hole. The insulating liner/spacer layer can
insulate the metal material from the rest of memory structure 1200, and the metal material
can provide further support to the supporting pillar. In some embodiments, the dielectric
material includes silicon oxide, and the metal material includes copper. The insulating
liner/spacer layer can include a single layer or a multiple laver. In an example, the msulating
liner/spacer layer can include a single layer of silicon oxide or multiple layers of silicon
oxide/silicon oxynitride/silicon oxide. The silicon oxide can be pure or doped with suitable
impurities such as tungsten, copper, cobalt, nickel, and/or aluminum. The dielectric material
can be deposited using any suitable process such as ALD, CVD, and/or spin-on-coating. The
metal material can be deposited by, e.g., sputtering, spin-on-coating, and/or CVD.

{0136} In various embodiments, the order of operations 1304-1306 can vary. For
example, the second sub-channel holes can be formed before or after the formation of
multiple-stack staircase structure, and the pillar holes can be formed before or after the
formation of second sub-channel holes. In some embodiments, the pillar holes can be formed
at the same time with the second sub-channel holes by a same etching/patierning process.
The filling of pillar holes can also be at the same time as or a different time than the filling of
the second sub-channel holes. The specific orders of operations can be dependent on different

fabrication requirements and should not be limited by the embodiments of the present
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disclosure. Details of the formation of supporting piliars and semiconductor channels can be
referred to the description of FIGs. 4-6.

{0137] The foregoing description of the specific embodiments 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 phraseclogy of the present specification is to be interpreted by the skilled
artisan in light of the teachings and guidance.

{0138} 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
arbitranily defined herein for the convenience of the description. Alternate boundaries can be
defined so long as the specified functions and relationships thereof are appropriately
performed.

[0139] The Sumumary and Abstract sections may set forth one or more but not all
exemplary embodiments of the present disclosure as conteraplated by the inventor(s), and
thus, are not intended to limot the present disclosure and the appended claims 1n any way.

{0140] The breadth and scope of the present disclosure should not be limited by any of
the above-described exemplary embodiments, but should be defined only 1n accordance with

the following claims and their equivalents.
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WHAT IS CLAIMED IS:

1. A memory device comprising:

a substrate;

a multiple-stack staircase structure comprising a plurality of staircase structures
stacked over the substrate, wherein each of the plurality of staircase structures comprises a
plurality of conductor layers, wherein each of the plurality of conductor layers is located
between two insulating layers;

a filling structure surrounding the multiple-stack staircase structure;

a semiconductor channel extending through the multiple-stack staircase structure,
wherein the semiconductor channel comprises first and second sub-channels having
unaligned sidewall surfaces;

a supporting pillar extending through at least one of the multiple-stack staircase
structure and the filling structure, wherein the supporting pillar comprises aligned sidewall
surfaces; and

a connection layer in the semiconductor channel between two adjacent staircase
structures, wherein the connection layer comprises a doped semiconductor material, and
portions of the semiconductor channel separated by the connection layer within the

semiconductor channel each form a semiconductor sub-channel.

2. The memory device of claim 1, wherein:

the multi-stack staircase structure comprises a first staircase structure over the
substrate and a second staircase structure over the first staircase structure; and

the supporting pillar extends from a top surface of the second staircase structure to a

bottom surface of the first staircase structure.

3. The memory device of claim 2, wherein:
the supporting pillar and the semiconductor channel comprise same filling layers; and
the supporting pillar and the semiconductor channel are each filled with a charge

trapping film, a semiconductor channel film, and a dielectric core.

4. The memory device of claim 2, wherein:
the supporting pillar and the semiconductor channel are filled with different filling

layers; and
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the supporting pillar is filled with an insulating material and a pillar-support material
surrounded by the insulating material, and the semiconductor channel is filled with a charge

trapping film, a semiconductor channel film, and a dielectric core.

5. The memory device of claim 4, wherein the insulating material comprises
silicon oxide and the pillar-support material comprises at least one of copper, cobalt, nickel,

and aluminum.

6. A method for forming a memory device, comprising:
forming a plurality of dielectric stacks stacked on one another over a substrate to
create a multiple-stack staircase structure, wherein each one of the plurality of dielectric
stacks comprises a plurality of dielectric pairs arranged along a direction perpendicular to a
top surface of the substrate;
forming a filling structure that surrounds the multiple-stack staircase structure;
forming a semiconductor channel extending through the multiple-staircase structure,
wherein the semiconductor channel comprises unaligned sidewall surfaces; and
forming a supporting pillar extending through at least one of the multiple-staircase
structure and the filling structure, wherein the supporting pillar comprises aligned sidewall
surfaces;
wherein forming the semiconductor channel comprises:
forming a first semiconductor sub-channel in the first dielectric stack;
forming a connection layer over the first semiconductor sub-channel, wherein
the connection layer comprises a doped semiconductor material; and
forming a second dielectric stack and a second semiconductor sub-channel in
the second dielectric stack, wherein the second semiconductor sub-channel aligns
with and adjoins the first semiconductor sub-channel to form a semiconductor channel
extending through the plurality of dielectric stacks and into the substrate and wherein
portions of the semiconductor channel separated by the connection layer within the

semiconductor channel each form a semiconductor sub-channel.

7. The method of claim 6, wherein forming the supporting pillar comprises:
forming a photoresist layer over the at least one of the filling structure and the

multiple-stack staircase structure;
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patterning the photoresist layer to form a patterned photoresist layer with an opening
that exposes a portion of the filling structure, wherein a location of the opening corresponds
to a location of the supporting pillar;

using the patterned photoresist layer as an etch mask to etch through at least one of
the filling structure and the multiple-stack staircase structure to form a pillar hole, wherein a
bottom of the pillar hole contacts the substrate; and

filling the pillar hole with a first material.

8. The method of claim 7, wherein forming the semiconductor channel comprises:
forming a first sub-channel hole in a first dielectric stack of the plurality of dielectric
stacks;
filling the first sub-channel hole with a sacrificial filling material to form a sacrificial
filling structure;
forming a second dielectric stack over the first dielectric stack;
forming a second sub-channel hole in the second dielectric stack, wherein:
the second sub-channel hole aligns with the sacrificial filling structure along
the direction perpendicular to the top surface of the substrate, and
the second sub-channel hole adjoins the first sub-channel hole to form a
channel hole through the plurality of dielectric stacks and into the substrate;
removing the sacrificial filling structure in the first sub-channel hole; and

filling the channel hole with a second material.

9. The method of claim 8, wherein:

the first material is same as the second material and are formed by same fabrication
operations; and

the same fabrication operations comprises depositing a charge trapping film, a

semiconductor channel film, and a dielectric core into the channel hole and the pillar hole.

10.  The method of claim 9, wherein the pillar hole is formed before a formation of

the second sub-channel hole.

11.  The method of claim 9, wherein the pillar hole is formed after a formation of

the first sub-channel hole and a formation of the second sub-channel hole.
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12. The method of claim 8, wherein the first material is different from the second

material.

13.  The method of claim 12, wherein the first material comprises at least one of an
insulating material and a pillar-support material surrounded by the insulating material; and
the second material comprises a charge trapping film, a semiconductor channel film, and a
dielectric core.

14.  The method of claim 6, wherein:

the first material is same as the second material and are formed by same fabrication
operations; and

the same fabrication operations comprises depositing a charge trapping film, a

semiconductor channel film, and a dielectric core into the channel hole and the pillar hole.

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

depositing a plurality of dielectric stacks over one another over a substrate to form a
multiple-dielectric-stack structure, wherein each one of the plurality of dielectric stacks
comprises a plurality of first material layer and second material layer alternatingly arranged
along a direction perpendicular to a top surface of the substrate;

forming a first semiconductor sub-channel in a first dielectric stack of the plurality of
dielectric stacks;

forming a connection layer over the first semiconductor sub-channel, wherein the
connection layer comprises a doped semiconductor material;

forming a second dielectric stack of the plurality of dielectric stacks over the first
dielectric stack;

forming a second semiconductor sub-channel in the second dielectric stack in a
similar way as forming the first semiconductor sub-channel, wherein the second
semiconductor sub-channel aligns with the first sesmiconductor sub-channel along the
direction perpendicular to the top surface of the substrate, wherein sidewalls of the first and
second semiconductor sub-channels are unaligned, and wherein portions of the
semiconductor channel separated by the connection layer within the semiconductor channel

each form a semiconductor sub-channel; and
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patterning the multiple-dielectric-stack structure to form a multiple-stack staircase

structure.

16.  The method of claim 17, wherein patterning the multiple-dielectric-stack

structure comprises a single staircase-forming patterning process.

17.  The method of claim 18, wherein the staircase-forming patterning process
comprises:

forming a photoresist layer over the multiple-dielectric-stack structure;

trimming the photoresist layer along a first direction parallel to a top surface of the
substrate; and

etching the multiple-dielectric-stack structure, using the trimmed photoresist layer as

an etch mask to form a staircase.

18.  The method of claim 19, wherein forming the first semiconductor sub-channel
and the second semiconductor sub-channel comprise:

forming a first sub-channel hole in the first dielectric stack and a second sub-channel
hole in the second dielectric stack; and

filling the first sub-channel hole and the second sub-channel hole each with channel-
forming layers, wherein the channel-forming layers comprise a charge trapping film, a

semiconductor channel film, and a dielectric core.



