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TRENCH STRUCTURES FOR THREE-DIMENSIONAL MEMORY DEVICES

CROSS-REFERENCE TO RELATED APPLICATIONS

(60617 This apphication claims the prionty of Chinese Patent Application No.
201710131738.5 filed on March 7, 2017, the entire content of which is incorporated herein

by reference.

BACKGROUND

[G062] Flash memory devices have undergone rapid development. Flash memory devices can
store data for a considerably long time without powering, and have the advantages such as
high integration level, fast access, easy erasing and rewriting. Flash memory devices have
thus been widely used in different fields such as automation and control. To further improve
the bit density and reduce cost, three-dimensional NAND flash memory devices have been
developed.

[6003] A three-dimensional NAND flash memory device often includes a stack of gate
electrodes arranged over a substrate, with a plurality of semiconductor channels through and
intersecting the wordlines, nto the substrate. The bottom gate electrodes function as bottom
select gates. The top gate electrodes function as top select gates. The word lines/gate
electrodes between the top select gate electrodes and the bottom gate electrodes function as
wordlines. The intersection of a wordline and a semiconductor channel forms a memory cell.
The top select gates are connected to wordlines for row selection, and the bottom select gates

are connected to bithines for column selection.

BRIEF SUMMARY

[(304] Embodiments of 3D memory architectures and fabrication methods thereof are
disclosed herein.

[G065] In some embodiments, a shit structure layout includes a shit opening which mncludes a
wordline staircase shit opening and an array slit opening. The shit structure layout also

includes channel openings located between adjacent slit openings. The wordline staircase shit
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opening abuts the array shit opening. The length of the slit openings extend along a lateral
direction and the widths of the slit openings are measured perpendicular to the lateral
direction. A width of the wordline staircase shit opening 18 greater than a width of the array
sitt opening.

100061 In some embodiments, the width of the wordline staircase shit opening 1s greater than
the width of the array shit opening by about 10nm to about 30um (inclusive}. The width of the
wordline staircase sht opening can be uniform.

[0007] In some embodiments, the end structure of the wordline staircase slit opening that is
further away from the array slit includes a curved end structure. The curved end structure can
include an arc-shaped structure with the arc facing the array slit opening.

[3808] In some embodiments, the width of the wordline staircase sht opening increases
towards the end structure that is further away from the array slit opening.

16009 In some embodiments, a slit structure layout also inchides contact structures formed
adjacent to the wordline staircase slit opening, and respective portions of a contact structure
and the end structure of the wordline staircase slit opening that are furthest away from the
array slit opening are separated by about 0.5um to about 2um, inclusive.

[6016] In some embodiments, a semiconductor device can include any one of the shit
structure layout design described above, and the semiconductor device can include a
substrate, a slit structure formed mn the substrate. The shit structure includes wordline
staircase slits and array slits. Channels can be located between adjacent slits. The wordline
statrcase slits abut the array shits. Width of the wordline staircase shit opening is greater than
a width of the array slit opening, and the widths are measured along a direction that is
perpendicular to the direction in which the shis extend along. In some embodiments, the
semmiconductor device 1s a three-dimensional memory device.

[0l In some embodiments, the present disclosure provides a method for making a
semmiconductor device, the method includes providing a substrate having a wordhne staircase
region and an array region. Forming a mask pattern on the substrate, the mask pattern
corresponds to the slit structure layvout described above. Etching the substrate according to

the mask pattern and form wordling staircase shit and array shit.



WO 2018/161832 PCT/CN2018/077706

-3

166121 According to the above disclosure, the present disclosure describes a shit structure
layout, semuconductor structures, and methods of makimg semiconductor structures. The
width of a wordline staircase slit 1s greater than the width of an array shit. The widths of the
shit opemings are measured along a direction that 15 perpendicular to the direction of the sht
length. Due to the increased width of the wordline staircase slit opening, a bottom width of
the wordline staircase slit opening is also increased. Metal material disposed in the wordline
staircase shits with increased widths can result in more uniform metal dispose and avoid
metal material agglomeration, which in turn provides at least the benefits of effectively
separating wordline structures from different tiers and avoid shorts or leakage current

between wordline structures.
BRIEF DESCRIPTION OF THE DEAWINGS

[6013] The accompanying drawings, which are incorporated herein and form a part of the
specification, illustrate embodiments of the present disclosure and, together with the
description, further serve to explain the principles of the present disclosure and to enable a

person skilled 1o the pertinent art to make and use the present disclosure.

(0314} Fig. 1 iHlustrates an exemplary three-dimensional memory device.
g pLar; k
[G015] Figs. 2A and 2B illustrate respectively a top and a cross-section of a three-

dimensional memory structure, according to some embodiments.
[(G016] Figs. 3A and 3B illustrate respectively a top and cross-section of a three-dimensional

memory structure, according to some embodiments.

[G017] Fig. 4A illustrate a top of a three-dimensional memory structure, according to some
embodiments.
[4018] Figs. 4B-4D illustrate cross-sections of a three-dimensional memory structure,

according to some embodiments.

[0019] Figs. 5A and 5B illustrate cross-sections of a three-dimensional memory structure,
according to some embodiments.

[6026] Figs. 6-8 illustrate tops of a three-dimensional memory structure, according to some

embodiments.
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[6021] Fig. 9 illustrates an exemplary fabrication process for forming a three~-dimensional

memory structure, according to some embodiments,

DETAILED DESCRIPTION

[¢6622] Although specific configurations and arrangements are discussed, 1t 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.

(6023 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 include a particular feature, structure, or characteristic, but every embodiment
may not necessarily include the particular feature, structure, or characteristic. Moreover, such
phrases do not necessarily refer to the same embodiment. Further, when a particular feature,
structure or characteristic 15 described in connection with an embodiment, 1t would be within
the knowledge of a person skilled 1o the pertinent art to effect such feature, structure or
characteristic in connection with other embodiments whether or not explicitly described.

[6024] In general, terminology may be understood at least in part from usage m 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 combnations of features, structures or characteristics n a plural sense. Suwilarly,
terms, such as “a,” “an,” or “the,” agan, may be understood to convey a singular usage or to
convey a plural usage, depending at least in part upon coniext.

39

10025] 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 layer therebetween, and that “above” or “over” not only means the

meaning of “above” or “over” something but can also include the meaning it 1s “above” or
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“over” something with no intermediate feature or layer therebetween (1e, directly on
soroething).

13026] Further, spatially relative terms, such as “beneath,” “below,” “lower,” “above”
“apper,” and the hike, may be used herem for ease of description to describe one element or
feature’s relationship to another element(s} or feature(s) as illustrated 1o the figures. The
spatially relative terms are intended to encompass different orientations of the device n use
or operation n addition to the ortentation 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.

(66271 As used herein, the term “substrate” refers to a matenial 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 unpatiterned. Furthermore, the substrate can include
a wide array of semiconductor materials, such as silicon, germanium, gallium arsemide,
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.

[6028] 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 underlyimg or overlying structure. Further, a
layer can be a region of a homogeneous or mhomogeneous 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 swrface and a bottom
surface of the continuous structure. A layer can extend horizontally, vertically, and/or along a
tapered surface. A substrate can be a layer, can mclude one or more lavers theremn, and/or can
have one or more layer thereupon, thereabove, and/or therebelow. A layer can include
multiple layers. For example, an interconnect layer can include one or more conductor and
countact layers {in which contacts, interconnect lines, and/or vias are formed) and one or more
dielectric layers.

10029 As used herein, the term “nominal/nominally” refers to a desired, or target, value of a
characteristic or parameter for a component or a process operation, set during the design

phase of a product or a process, together with a range of values above and/or below the
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desired value. The range of values can be due to slight varations in manufacturing processes
or tolerances. As used herein, the terro “about” indicates the value of a given quantity that
can vary based on a particular technology node associated with the subject semiconductor
device. Based on the particular 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).

134036] As used herein, the term “three-dimensional memory device” refers to a
semiconductor device with vertically oriented strings of memory cell transistors {referred to
herein as “memory strings,” such as NAND strings) on a laterally-oriented substrate so that
the memory strings extend in the vertical direction with respect to the substrate. As used
herein, the term “vertical/vertically” means nominally perpendicular to the lateral surface of
a substrate.

[6831] Trends in three-dimensional NAND memory industry include the reduction of device
dimensions and the sumplification of fabrication process. In a three-dimensional NAND
memory device, memory cells for storing data are embedded in a stack of wordlines {(control
gate electrodes) and the semiconductor channels formed through the stack. Each wordline is
separately connected to a metal contact via, which s further connected to a metal
interconnect and an external circuit (e g., control circuit). This permits writing and erasing
data in the memory cells to be controlled from an external curcuit. Thus, the number of metal
contact vias 1s often equal to the number of wordlines. As the demand of storage capacity
ncreases, numerous memory cells, which are formed by an increased number of wordlines
and senuconductor channels, can be formed in a NAND memory device.

[G632] Adjacent stacks of wordlines or control gate electrodes are separated by gate line slits,
which are deep trenches formed vertically through the stacks and filled with insulating
material. The gate line shits can extend through an array region as well as a wordline staircase
region. Accordingly, as the need for more wordlines increases, the stack height of the
wordline layers can be increased, which leads to gate line slits with higher aspect ratios
(trench height divided by trench width}. Trenches with a high aspect ratio can be challenging
for device fabrication processes due to the difficuity of uniform dispose and/or etching within

the trenches. For example, an array region and a wordline staircase region are typically
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formed of different materials. As gate line shit extends through both regions, the etching
profile can vary due to different etching performance on different materials. The variation n
etching profile can be exacerbated by increased trench aspect ratio, which can cause
additional metal remaining at the bottom of the trench after gate electrodes are separated by
etching back the disposed metal. And current leakage or shorts between adjacent gate
electrodes caused by the remaining metal can lead to device failure.

100331 The present disclosure describes a three-dimensional NAND memory device in which
the width of gate line slit 15 increased in the wordline staircase regions in comparison to its
width in the array region. The disclosed method and structure can be mcorporated into three-
dimensional NAND memory device design and manufacture without adding any additional
fabrication steps or additional masks. Increasing the gate hine slit width at the top surface of
the wordline staircase region can lead to an mncreased width at the bottom of the gate line shit.
A benefit, among others, of increasing the gate line shit width i the wordline staircase region
facilitates uniform metal dispose and avoids metal agglomeration at the bottom of the gate
line shit. Uniform metal dispose within the gate line slit in turn provides uniform gate
electrode material etch back and prevents current leakage or shoris between adjacent gate
electrodes.

(0334} In the present disclosure, for ease of description, “tier” 1s used to refer to elements of
substantially the same height along the vertical direction. For example, a wordline and the
underlying gate dielectric layer can be referred to as “a tier,)” a sacrificial laver and the
underlying insulating layer can together be referred to as “a tier,” a wordline and the
underlying insulating layer can together be referred to as “a tier,” wordlines of substantially
the same height can be referred to as “a tier of wordlines” or similar, and so on.

(09357 Fig. 1 illustrates a block 100 of a three-dimensional NAND flash memory device. The
flash memory device includes a substrate 101, an insulating layer 103 over substrate 101, a
fier of bottom select gate electrodes 104 over nsulating layer 103, and a plurality of tiers of
control gate electrodes 107 {(e.g., 107-1, 107-2, and 1G7-3} stacking on top of bottom select
gate electrodes 104, Flash memory device 100 also includes a tier of top select gate
electrodes 109 over the stack of control gate electrodes 107, doped source line regions 120 1n

portions of substrate 101 between adjacent bottom select gate electrodes 104, and
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semiconductor channels 114 through top select gate electrodes 109, control gate electrodes
107, bottom select gate electrodes 104, and insulating layer 103, Semiconductor channel 114
(illustrated by a dashed eclipse) includes a memory film 113 over the nner surface of
senconductor channel 114 and a core filling film 115 surrounded by memory film 113 mn
semiconductor channel 114, The flash memory device 100 further includes a plurality of
bithnes 111 disposed on and connected to senuconductor channels 114 over top select gate
electrodes 109. A plurality of metal interconnects 119 are connected to the gate electrodes
{e.g., 104, 107, and 109) through a plurality of metal contacts 117, Insulating layers between
adjacent tiers of gate electrodes are not shown in Fig. 1, but would be apparent to a person of
ordinary skill in the memory art. The gate electrodes are also referred to as the wordlings,
which include top select gate electrodes 109, conirol gate electrodes 107, and bottom select
gate electrodes 104

[3836] In Fig. 1, for ilustrative purposes, three tiers of control gate electrodes 107-1, 107-2,
and 107-3 are shown together with one tier of top select gate electrodes 109 and one tier of
bottom select gate electrodes 104, Fach tier of gate electrodes have substantially the same
height over substrate 101. The gate electrodes of each tier are separated by gate line shits 108-
1 and 108-2 through the stack of gate electrodes. Fach of the gate electrodes in a same tier ig
conductively connected to a metal interconnect 119 through a metal contact via 117. That 1s,
the number of metal contacts formed on the gate electrodes equals the number of gate
electrodes (i.e., the sum of all top select gate electrodes 109, control gate electrodes 107, and
bottom select gate electrodes 104). Further, the same number of metal interconnects is
formed to connect to each metal contact via 117,

[4037] For illustrative purposes, similar or same parts m a three-dimensional NAND
device are labeled using same element numbers. However, element numbers are merely used
to distinguish relevant parts in the Detatled Description and do not indicate any similanity or
difference in functionalities, compositions, or locations. The structures 200-800 1Hustrated m
Figs. 2A to Fig. & are each portions of a three-dimensional NAND memory device. OUther
parts of the memory device are not shown for ease of description. Although using a three-
dimensional NAND device as an example, in various applications and designs, the disclosed

structure can also be applied in similar or different semiconductor devices to, e.g., reduce the
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leakage current between adjacent wordhines. The specific application of the disclosed
structure should not be limited by the embodiments of the present disclosure. For illustrative
purposes, wordhines and gate electrodes are used mterchangeably to describe the present
disclosure. In various embodiments, the number of layers, the methods to form these layers,
and the specific order to form these layers may vary according to different designs and
should not be hmited by the embodiments of the present disclosure. It should be noted that
the “x” and “y” directions Hustrated i these figures are for clanty purposes and should not
be hmiuting. Exemplary structures shown in Figs. 2A-8 can be portions of three-dimensional
memory devices, and the three-dimensional memory device can include wordline staircase
regions extending in any suitable direction such as, for example, positive v direction,
negative y direction, positive x direction, negative x direction, and/or any suitable directions.

[(438] Figs. 2A and 2B illusirate an exemplary substrate 200 for forming a three-
dimensional memory structure, according to some embodiments. Fig. ZA 1s a top view 201 of
structure 200, and Fig. 2B is a cross-sectional view 202 of structure 200 along 2-2° direction.
In some embodiments, substrate 200 includes a base substrate 210 and a material layer 240
over substrate 210. Base substrate 210 can provide a platform for forming subseguent
structures. Material layer 240 can mclude an alternating stack (eg., dielectric layer
pairs/stack) having a first matenial/element 211 and a second matenial/element 212 arranged
alternatingly. Material layer 240 can be used to form subsequent wordlines over base
substrate 210. For illustrative purposes, four tiers/pairs of first material 211/second material
212 are shown to describe the present disclosure. In vanous applications and designs,
material layer 240 can include any suitable number of tiers/pairs of first material/second
material stacking together, depending on the design of the three-dimensional memory device.
For example, matenal layer 240 can imnclude 64 tiers/pawrs of first material/second matenial
stacking together, which subsequently forms 64 tiers of wordhine mn the three-dimensional
memory device.

(64391 In some embodiments, base substrate 210 mcludes any suitable material for forming
the three-dimensional memory structure. For example, base substrate 210 can include silicon,
silicon germanium, silicon carbide, silicon on msulator (SOI), germanium on insulator {GOI),

glass, galliom nitride, gallium arsenide, and/or other suitable HI-V compound.
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[6040] In some embodiments, material layer 240 includes an alternating stack of 1nsulating

layers 211 (1e, first elervent or first roaterialy and sacrificial layers 212 (i.e, second element
or second matenal), arranged vertically {along =z-axis) over base substrate 210. For
tustrative purposes, the insulating layer 211 and the corresponding underlying sacrificial
layer 212 are referred to as an element pair or material pawr of the same tier. In some
embodiments, sacrificial lavers 212 are removed subsequently for disposing gate metal
material for forming wordlines. In some embodiments, sacrificial layers 212 include any
suitable material different from insulating layers 211. For example, sacrificial layers 212 can
include poly-crystalline stlicon, silicon nitnide, poly-crystalline germanium, and/or poly-
crystalline germanium-silicon. In some embodiments, sacrificial layers 212 include silicon
nitride. Insulating lavers 211 can include any suitable insulating materials, e.g | silicon oxide.
Material laver 240 can be formed by alternatingly disposing insulating layers 211 and
sacrificial layers 212 over base substrate 210. For example, an insulating layer 211 can be
disposed over base substrate 210, and a sacrificial layer 212 can be disposed on msulating
layer 211, and so on and so forth. The dispose of insulating layers 211 and sacrificial layers
212 can be include any suitable methods such as chemical vapor deposition (CVD), physical
vapor deposition (PVD), plasma-enhanced CVD (PECVD), sputtering, metal-organic
chemical vapor deposition (MOCVD), and/or atomic layer deposition {ALD). In some
embodiments, insulating lavers 211 and sacnificial layers 212 are each formed by CVD.
For tlustrative purposes, substrate 200 1s divided into two regions, e, regions A and B. In
the subsequent fabrication of the three-dimensional memory structure, wordlines (gate
electrodes) are formed through regions A and B along a horizontal direction {e.g., x-axis)
substantially parallel to the top surface of substrate 200. After the subsequent fabrication
steps discussed below, wordhine statrcase structures are substantially formed in region A, and
semiconductor channels are formed substantially n region B. It should be noted that, regions
A and B are for ease of description only, and are not intended to mdicate physical division of
substrate 200 or dimensions of substrate 200.

[6841] Figs. 3A and 3B illustrate an exemplary structire 300 for forming the three-
dimensional memory device, according to some embodiments. Fig. 3A is a top view 301 of

structure 300, and Fig. 3B 1s a cross-sectional view 302 of structure 360 along 3-3” direction.
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The structure illustrated by Figs. 3A and 3B can be referred to as a “staircase structure” or a

2% <t

“stepped cavity structure.” Terms “staircase structure,” “stepped cavity structure,” or similar
refer 10 a structure having stepped surfaces. In the present disclosure, “stepped surfaces”
refer to a set of surfaces that inclade 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 z-axis) such that each of
a first horzontal surface and a second horizontal surface s adjoined to a first vertical surface
that extends upward from a first edge of the furst honzontal surface, and the second
horizontal surface is also adjoined to a second vertical surface that extends downward from a
second edge of the second horizontal surface. A “step” or “staircase” refer to a vertical shift
in the height of a set of adjoined surfaces.

[6842] The statrcase structure can have various stepped surfaces, referring to Figs. 3A and
3B, such that the horizontal cross-sectional shape of the staircase structure changes in step as
a function of the vertical distance from the top surface of structure 3060 (1e., top surface of
structure 300). In some embodiments, structure 300 s formed from structure 200 by
repetitively etching insulating lavers 211 and sacrificial layers 212 of maternial layer 240, e g,
along vertical direction (1e, z-axis}, using a mask. For illustrative purposes, the structure
formed by etching material layer 240 1s referred to as stack 240’ over base substrate 210,
Accordingly, as shown m Figs. 3A and 3B, structure 300 can have a plurality of nsulating
layers (e.g., 211-1 to 211-4) and a plurality of sacrificial lavers (e.g., 212-1 to 212-3). Except
for the bottom insulating layer 211-4, each msulating layer 211 can form a pair or a tier with
an adjacent and underlying sacrificial layer with substantially same length/shape along v axis.
For example, insulating layer 211-1 and sacrificial Javer 212-1 form a first tier, and insulating
layer 211-2 and sacrificial layer 212-2 form a second tier, so on and so forth. The etching of
the msulating laver and the sacrificial layer mn each pair can be performed mn one etching
process or different etching processes. The etching processes can be plasma processes such
as, for example, a reactive 1on etching (RIE) process using oxygen-based plasma. In some
embodiments, the RIE etching process may include etchant gas such as, for example, carbon
tetrafluoride (CFy), sulfur hexafluoride {(SF¢), fluoroform (CHF;), and/or other suitable gases.
Numerous other etching methods can also be suitable. After the formation of the stepped

surfaces, the mask can be removed, e.g., by ashing, or by using a photoresist stripper. In
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some embodiments, multiple photoresist layers and/or multiple etching processes are
emploved to form the stepped surfaces. As shown in Fig. 3A, in structure 300, the insulating
layer (1.e, 211-1 to0 211-4) of each tier 1s exposed along z axas.

[(043] Figs. 4A-4D illustrate an exemplary structure 400 for forming the three-dimensional
memory device, according to some embodiments. Fig. 4A 1s a top view 401 of structure 400,
and Fig. 4B 15 a cross-sectional view 402 of structure 400 along the 4a-4a’” direction. Fig. 4C
15 a cross-sectional view 403 of structure 400 along the 4b-4b” direction. Fig. 4D 1s a cross-
sectional view 404 of structure 400 along the 4c-4¢” direction. In some embodiments,
structure 400 inclodes a plurality of semiconductor channels 220 formed in region B.
Semiconductor channels 220 can be distributed as arrays along y-axis, and each array is
separated by a suitable distance of which can be any reasonable distance according to the
design/layout of the three-dimensional memory device. Each array of semiconductor
channels 220 can have the same number or different numbers of semiconductor channels 220.
For iHustrative purposes, referring to Fig. 4A, in the present disclosure, each array includes 5
semiconductor channels 220, forming a 3 by 2 array arrangement Semiconductor channels
220 can be formed through stack 240 substantially along z-axis and into base substrate 210
for the subsequent formation of source and/or drain of the three-dimensional memory device.
Semiconductor channels 220 and subsequently formed wordlines can form memory cells, e.g.,
for storing data, of the three-dimensional memory device.

[6044] Each semiconductor channel 220 can substantially have a shape of a pillar along the
z-axis and can include a plurality of layers surrounding one another (not shown in the figures
of the present disclosure). For example, semiconductor channel 220 can nclude a dielectric
core positioned along z-axis and substantially in the center of semiconductor channel 220,
The dielectric core can be surrounded by a semiconductor channel film. The semiconductor
channel film can be surrounded by a memory film. The dielectric core, the semiconductor
channel film, and the memory film can each mclude one or more layers, and can together fill
in a channel hole to form semiconductor channel 220. In some embodiments, the channel
holes can be formed by patterning stack 2407 using a mask and etching the portions of stack

240 exposed by the patterned mask using a suitable etching process, e.g., dry eich and/or wet
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etch. The channel holes can be through stack 240 and substantially into base substrate 210,
The mask can be removed after the channel holes are formed.

[3045] For example, the memory film can be formed over and contacting the sidewall of a
channel hole. In some embodiments, the memory film can include one or more block
dielectric layers over the sidewall of the channel hole to insulate other layers 1n the channel
hole from stack 2407 surrounding the channel hole. The memory film can also mclude a
storage unit layer {(memory laver} over and surrounded by the block dielectric layers for
trapping charges and forming a plurality of charge storage regions along z-axis. The memory
film can also include a tunneling layer {e.g., tunneling dielectric}) over and surrounded by the
memory layer. Charge tunneling can be performed through the tunneling layer under a
suitable electric bias. In some embodiments, charge tunneling can be performed through hot-
carrigr injection or by Fowler-Nordheim tunneling induced charge transfer, depending on the
operation of the three-dimensional memory device.

{80467 The one or more block dielectric layers can include a first block layer which includes
a dielectric metal oxide layer with a relatively high dielectric constant. 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 include aluminum oxide,
hatruum oxide, lanthanum oxide, yitriumn oxide, tantalum oxide, silicates, nitrogen-doped
compounds, alloys, etc. the first block layer can be disposed, for example, by CVD, ALD,
pulsed laser deposttion (PLD), higuid source misted chemical deposition, and/or other
suitable dispose methods.

09471 The one or more block dielectric fayers can also mclude a second block layer which
mncludes another dielectric laver over the dielectric metal oxide. The other dielectric layer can
be different from the dielectric metal oxide layer. The other dielectric layer can include
silicon oxide, a dielectric metal oxide having a different composition than the first block
layer, silicon oxynitride, silicon mitride, and/or other suitable diglectric materials. The second
block laver can be disposed, for example, by low pressure chemical vapor deposition
(LPCVD)}, ALD, CVD, and/or other suitable dispose methods. In some embodiments, the one

or more block dielectric layers include silicon oxide, which is formed by CVD.
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The storage unit layer can be sequentially formed over the one or more block
dielectric layers. The storage umit layer can include a charge trapping materal, eg., a
dielectric charge trapping material {e.g., silicon nitride) and/or a conductive material {e.g.,
doped polysilicon). In some embodiments, the dielectric charge trapping matenial mcludes
silicon mitride and can be formed by CVD, ALD, PVD, and/or other suitable methods.

The tunneling layer can be sequentially formed over the memory layer. The tunneling
layer can wnclude silicon oxide, silicon nutnide, sthicon oxynitride, diclectric metal oxides,
dielectric metal oxynitride, dielectric metal silicates, alloys, and/or other suitable materals.
The tunneling layer can be formed by CVD, ALD, PVD, and/or other suitable methods. In
some embodiments, the tunneling layver includes silicon oxide, which is formed by CVD.

The semiconductor channel film can be sequentially formed over the tunneling layer.
The semiconductor channel film can include one or more layers of any suitable
semiconductor materials such as silicon, stlicon germanium, germanium, HE-V compound
material, H-YI compound material, organic semiconductor material, and/or other suitable
semiconductor materials. The semiconductor channel film can be formed by a suitable
method such as metal-organic chemical vapor deposition (MOCYD), LPCVD, CVD, and/or
other suitable methods. In some embodiments, the semiconductor channel film is formed by
depositing a layer of amorphous silicon using CVD, followed by an annealing process such
that the amorphous silicon s converted to single-crystalline silicon. In some embodiments,
other amorphous material can be annealed to be crystallized to form the semiconductor
channel film.

The dielectric core can be formed over the semiconductor channel filim and to fill in
the space at the center of the channel hole. The dielectric core can nclude a suitable
dielectric matenial such as silicon oxide and/or organosilicate glass. The dielectric core can
be formed by a surtable conformal method (e.g., LPCVD) and/or self-planarizing method
{e.g., spin coating). In some embodiments, the dielectric core includes silicon oxide and 15
formed by LPCVD.

Insulating material 413 can be formed semiconductor structure 400, For example,
msulating material 413 can be formed on region A and the top surtace of insulating material

413 can be coplanar with the top surface of nsulating layer 211-1. In some embodiments,
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insulating material 413 5 also formed on insulating layer 211-1, and channels 220 also
penetrate insulating material 413, Insulating material 413 can include any suitable insulating
materials, e.g., stheon oxide. The dispose of msulating material 413 can be include any
suitable methods such as CVD, PVD, PECVD, sputterimg, MOCVD, and/or ALD. In some
embodiments, nsulating matenial 413 15 formed by CVD. A plananzation method such as,
for example, chemical mechanical polishing {CMP) can be used to plananize the top surface
of msulating material 413

[G853] Structure 400 further includes a plurality of msulating trenches or vertical trenches,
each formed between two arrays of semiconductor channels 220 substantially along x-axis, to
divide stack 240 inio a plurality of fingers, each finger extending substantially along x-axis.

In the present disclosure, term “vertical” refers to “along z-axis,” “substantially
perpendicular to x-y plane,” or simular. Wordlines can be subsequently formed in each finger.
A vertical trench can include one or more openings along x-axis. In some embodiments, the
vertical trenches can be used to replace sacrificial layers 211 with metal gate electrode
material. For example, after gate electrode material 15 disposed between adjacent sacrificial
layers 212 to forms wordline structures, an etch back process can be used to remove
excessive metal gate electrode matenial from within the trench such that wordlines from
different tiers can be electrically insulated. The trenches can be subsequently filled with a
suitable insulating material to form gate hine slits, also referred to as nsulating spacers or
insulating slits. That 1s, subsequently-formed wordlines in adjacent fingers can be insulated at
the locations filled with the insulating maternial.

100541 For illustrative purposes, two adjacent vertical trenches 221 and 222 are shown n
Figs. 4A-4D of the present disclosure. Vertical trench 221 includes vertical trench 221 A and
221B, respectively formed i regions A and B. Sumilarly, vertical trench 222 includes vertical
trench 222A and 222B, respectively formed in regions A and B. The two adjacent vertical
trenches 221 and 222 divide structure 400 nto Fingers 1, 2, and 3, each including an array of
semiconductor channels 220 Vertical trenches 221A and 222A are used to divide
subsequently-formed wordlines in different fingers, while 221B and 222B of the vertical

trenches are formed in region B to divide arrays of semiconductor channels 220 in different
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fingers along x-axis. The arrays of semiconductor channels 220 can respectively form
memory cells with subsequently-formed wordlines in Fingers 1, 2, and 3.

(8551 Vertical trenches {e.g., 221 and 222} can be formed by forming a mask layer over
stack 240" and patierming the mask using, eg., photolithography, to form openings
corresponding to the vertical trenches in the patterned mask layer. A suitable etching process,
e.g., dry etch and/or wet etch, can be performed to remove portions of stack 240 exposed by
the openings until the vertical trenches expose base substrate 210. The etching processes can
be plasma processes such as, for example, an RIE process using oxygen-based plasma. In
some embodiments, the RIE etching process may include etchant gas such as, for example,
CFy, SF¢, CHF;, and/or other suitable gases. Numerous other etching methods can also be
suitable. The mask layer can be removed after the formation of vertical trenches. In some
embodiments, vertical trenches are through each of the tiers 1n stack 240 and divide stack
2407 into a plurabity of fingers along x-axis. A vertical trench can include one or more
openings as described above along x-axis so that sacrificial layer/insulating layer of adjacent
fingers 1n each tier can be connected through opening(s) of the vertical trench in between.

[8056] Figs. 4C and 4D are respective cross-sectional view from lines 4b-4b° and 4c¢-4¢’,
which represents cross-sectional views of regions B and A respectively. As shown in Fig. 4C,
vertical trenches 221B and 222B are formed in region B where the semiconductor channels
are formed, and therefore are formed through alternating dielectric stacks of insulating layers
211-1 through 211-4 and sacrificial layers 212-1 through 212-3. The etching process
described above can continue until the trench reaches substrate 210, Due to matenal
composition differences between regions A and B, the etching processes produce different
etching profiles mn these regions. For example, trenches 221A and 222A n region A are
substantially formed through insulating materials and one or more staircase structures, while
trenches 2218 and 2228 are formed through the stack of alternating dielectric matenials. As
described above, in some embodiments, the insulating layer 211 and mmsudlating layer 413 can
mclude silicon oxide. In some embodiments, sacrificial layver 212 mcludes silicon nitride.
The etching processes can be wet etching processes that can lead to a more amisotropic
etching profile performance on silicon nitnide material. The etchant for silicon nitride wet

etching process can react with silicon nitride material and produce a layer of polymer
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material on the sidewall during etching that protects the sidewalls from lateral etching. In
contrast, less polymer material 1s formed during silicon oxide wet etching process and more
lateral etching can be observed, which results i a less amsotropic etching protfile on silicon
oxtde material. As a result, trenches in region A forms etching profiles that contain a tilted
sidewall, which causes trench width at the top of the trench to be greater than trench width at
the bottom of the trench. In contrast, etch profiles i region B show substantially vertical
sidewalls, which indicates trench width at the top substantially equals the trench width at the
bottom.

(38571 Figs. 5A and 5B illustrate structure 500 for forming the three-dimensional memory
device, according to some embodiments. Figs. SA and 5B illustrates the structures shown mn
Figs. 4A and 4B after sacrificial material 1s replaced by metal gate electrode material and an
etch back process has been performed to isolate each layver of gate electrode material and
form wordlines 532-1 through 532-3. In some embodiments, the sacrificial lavers can be
removed by any suitable etching processes such as, for example, a dry etching process, a wet
etching process, any other suitable etching processes, and/or combinations thereof. After the
sacrificial layers are removed, horizontal trenches are formed between insulating layers and
gate electrode material is disposed in the place of the sacrificial layers and i the horizontal
trenches. For example, each tier of structure 500 includes a gate metal material layer over the
respective insulating layer 211, In some embodiments, structure 500 can be formed from
structure 400 illustrated in Figs. 4A-4D by filling replacing sacrificial layers 212 with a
suitable gate electrode metal material. The gate electrode metal material can fill each
horizontal trench along x-v plane and cover the respective insulating layer 211, Gate metal
material layers can provide the base material for the subsequently-formed wordlines (1.¢e.,
gate electrodes) 532-1 through 532-3 after the etch back process. In some embodiments, gate
electrode material can be formed by filling vertical trenches and the horizontal trenches with
a suitable conductive material. For example, a suitable dispose method, such as ALD can be
used. In some embodiments, CVD, PVD, PECVD, other suitable methods, and/or
combinations thereof, can be utilized to deposit the gate electrode material.

[G058] After the gate electrode matenial i1s disposed in the vertical and horizontal trenches, an

etch back process can be performed to remove excessive gate electrode material from the
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vertical trenches such that wordlines from different tiers can be electrically msulated. Etch
profiles of the vertical trenches 1n region B show substantially vertical sidewalls which can
facilitate uniform metal dispose and in turn provides umiform etch back of gate electrode
material throughout the height of the trench. For example, as shown in Fig. SA, each layer of
the formed wordline 532-1 through 532-3 formed after the etch back process s electrically
msulated from one another because excessive gate electrode matenial 1s removed from the
sidewalls of vertical trenches 2218 and 222B. In contrast, trenches n region A forms etching
profiles that contain a tilted sidewall, which causes trench width at the top of the trench to be
greater than trench width at the bottom of the trench. The tapered profile causes non-uniform
dispose of gate electrode matenial into trenches 221 A and 222A. For example, gate electrode
material tend to agglomerate at the bottom of trenches 221 A and 222A, and the etch back
process may not completely remove excessive gate elecirode material from the trench
sidewalls at the bottom of the trenches. The remaining gate electrode material (illustrated by
dashed circles 540} on the trench sidewalls can cause shorts or current leakage between tiers
of wordline structures. For example, as shown in Fig. 5B, wordline 532-2 is electrically
connected to wordhine 532-3 due to the excessive gate electrode material remaining on the
sidewall after the etch back process.

[6059] Further structures are formed on exemplary structures to complete the three-
dimensional NAND memory devices and for the ease of description the details of formation
of the other structures are omutted in the present disclosure. For example, metal contact vias
can be formed over each tier to connect wordlines of each tier to an external circuit. In some
embodiments, the metal contact vias are formed by patterning the dielectric stack to form a
number of contact openings exposing the contact areas on each tier, and filling the contact
openings with a suitable conductive material to form the metal contact vias. The patterning
process can include forming a mask over the dielectric stack, performing a photolithography
process to define the contact openings 1n the mask, and removing the material in the contact
openings until desired contact areas of wordline staircase region are exposed. The contact
areas of each tier can be on one or more wordlines. Further, the contact openings can be

filled with a suitable conductive matenal, e g., tungsten, aluminum, and/or copper.
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10060} Figs. 6-8 illustrate top views of three-dimensional NAND memory devices in which
the width of gate line slit 15 increased n the wordhine staircase regions in comparison to s
width in the array region. Increasing the gate line shit width at the top surface of the wordhine
staircase region can lead to an mncreased width at the bottom of the gate line shit. A benefit,
among others, of increasing the gate line slit width in the wordhine staircase region 1s
facibitating uniform metal dispose and avoiding metal agglomeration at the bottom of the gate
hine slit. Untform metal dispose within the gate line slit n turn provides uniform gate
elecirode material etch back and prevents current leakage or shorts between adjacent gate
electrodes. In various designs and apphications, design and location of gate line shits can vary
according to different design rules and should not be limited by the embodiments of the
present disclosure.

(G061 Fig. 6 illustrates exemplary structure 600 for forming the three-dimensional memory
device, according to some embodiments. Fig. 6 15 a top view 601 of exemplary structure 600
which includes wordline staircase region A and array region B. Regions A and B abut eac
other at a region boundary 602, marked by the dotted line. An array of semiconductor
channels 620 are formed in region B and an array of metal contact vias 624 are formed in
region A The semiconductor channels and metal contact vias are formed between a pair of
gate line slits 621 and 622, Gate line slit 621 includes gate line shit 621 A formed in region A
and gate line shit 6218 formed 1n region B. Similarly, gate line slit 622 includes gate hne shit
622A and 622B formed in regions A and B respectively. Gate line slits 621A, 621B, 622A,
and 6228 can each have a rectangular shape as in the top view 601. Exemplary structure 600
also includes other structures and/or features and are not shown in Fig. 6 for simplicity and
clarity.

[6062] To reduce gate electrode matenial agglomeration at the bottom of the vertical trenches,
gate line slits in the wordline staircase region can have greater widths than the array region.
For example, gate line shits 6218 and 622B have width a and gate hine shits 621A and 622A
have width b which can be greater than the width a. The increased width of gate hine shit in
the wordling staircase region can improve the eiching rate at the bottom of the trench by
providing chemical reactants or reactive ions of wet/dry eiching processes easier access to

the bottom of the trench. Therefore, the wider opening can result in a wider opening at the
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bottom of the vertical trenches, which in turn facilitates uniform gate electrode material
dispose without metal agglomeration at the trench bottoms. During the subsequent etch back
process, the uniform gate electrode matenal dispose in the wordline staircase structures can
lead to uniform etch back rate on the trench sidewalls and electrically insulate wordlines
from different tiers.

(631 The top view of exemplary structure 600 shown in Fig. 6 dlustrates gate hne shits
621 A and 622A having rectangular openings. The width “b” of gate line shits 621 A and 622A
measured in the y direction can be different. For example, the width “b” can be greater than
the width “a” by a nominal amount that 1s determined by various factors. For example, a
minimal increase in width would likely result in mimimal increase in the width increase at the
trench bottom, thus providing limited benefits. On the other hand, as the gate line sht 1
formed adiacent to the semiconductor channels and metal contact vias, increasing the width
also reduces the separation between the gate line slits and their adjacent structures, which
mcreases the risk of etching through the separation and form undesirable electrical contact
between the gate line slits and adjacent structures. In addition, increasing the gate line slit
also occupies more device space and therefore has an impact on device density. The gate line
shit design should consider and weigh at least the above factors to provide nonunal design for
specific devices. In some embodiments, width b can be greater than width by an amount that
is between about 10nm to about SOnm. For example, width b can be greater than width a for
about 20nm. In some embodiments, gate line slits 621 A and 622A can have substantially the
same width. Tn some embodiments, gate line shits 621 A and 622A can have different widths,
depending on the device needs and design. In some embodiments, depending on the material
composition of the dielectric matenial stack, width “a” may also be greater than width “b” to
reduce metal agglomeration.

[(064] Fig. 7 sllustrates exemplary structure 700 for forming the three-dimensional memory
device, according to some embodiments. Fig. 7 1s a top view 701 of exemplary structure 700
which includes wordline staircase region A and array region B. Regions A and B abut each
other at a region boundary 702, marked by the dotted line. Similar to exemplary structure 600
in Fig. 6, an array of semiconductor channels 720 are formed in region B and an array of

metal contact vias 724 are formed in region A. The semiconductor channels and metal
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contact vias are formed between a pair of gate line shits 721 and 722, Gate line slit 721
mncludes gate hine shit 721A formed in region A and gate line shit 721B formed i region B,
Similarly, gate line shit 722 includes gate line shit 722A and 722B formed in regions A and B
respectively. Exemplary structure 700 also includes other structures and/or features and are
not shown n Fig. 7 for simphicity and clarity

[6065] The top view of exemplary structure 700 shown 1o Fig. 7 illustrates gate line shits
721A and 722A having rectangular openings with a curved end extending m the x direction.
(Gate electrode material disposed at a corner of rectangular shaped slit (1.e., joints of sidewalls
that are perpendicular to each other) is more challenging to achieve uniform dispose and eich
back. Metal agglomeration can be formed in tight spaces (&.g., spaces formed in a corner
between two sidewalls that are placed at 90° with each other) because dispose on both
sidewalls accumulate in substantially the same region and can cause metal agglomeration. A
curved end can reduce the agglomeration and further improves uniform dispose and eich
back which in turn provides the benefit of effectively separating adjacent wordline structures.
In some embodiments, the respective curved ends 731 and 732 of gate line shits 721A and
722A can be half circles connecting both sides (top and bottom sides shown in Fig 7) of the
gate line slits using width b as the diameter. In some embodiments, the curved ends can be
anv structure having curvature designs or curved degrees suitable for the specific device
needs and design goals. For example, the curved ends can include an arc-shaped structure
and the radius of the arc can be any suitable value In some embodiments, curved ends 731
and 732 can have substantially the same curvature design. In some embodiments, the curved
ends can have different curvature designs. Similar to the embodiments described above in Fig,
6, depending on the material composition of the dielectric material stack, width “a” may also
be greater than width “b” {0 reduce metal agglomeration, 1 accordance with some
embodiments.

[8066] Fig. 8 illustrates exemplary structure 800 for forming the three-dimensional memory
device, according to some embodiments. Fig. 8 s a top view 801 of exemplary structure 800
which includes wordline staircase region A and array region B. Regions A and B abut each
other at a region boundary 802, marked by the dotted line. Similar to exemplary structures

600 and 700 in Figs. 6 and 7 respectively, an array of semiconductor channels 820 are
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formed in region B and an array of metal contact vias 824 are formed n region A The
semiconductor channels and metal contact vias are formed between a pair of gate line shis
821 and 822 Gate line shit 821 mcludes gate hine shit 821 A formed m region A and gate line
siit 821B formed m region B. Similarly, gate hine shit 822 includes gate line slit 822A and
822B formed in regions A and B respectively. Exemplary structure 300 also mncludes other
structures and/or features and are not shown m Fig. 8 for simphicity and clarity.

The top view of exemplary structure 800 shown in Fig. 8 illustrates gate line slits
821 A and 822A having gradually increased openings with a curved end. The widths of the
gate line slits increases as they extend in the x direction. As shown in Fig. 8 gate line slits
821A and 822A abut gate line slits 218 and 822B respectively at the boundary between
regions A and B, and can be in close proximity to semiconductor channels 820. Therefore,
gradually increasing the widths of gate line slits 821 A and 822A rather than having a uniform
increased width can reduce the risk of impacting the semiconductor channels 820 by
reducing the likelihood of causing undesirable shorts or affecting the shapes of
semiconductor channels 820, As shown above in Figs. 4A-4D, as region A extends in the
positive x direction from the boundary between regions A and B, the number of underlying
wordline staircase structures decreases and the depth of insulating material 413 gradually
increases. Exemplary structure 800 shown in Fig. 8 can be a portion of a three-dimensional
memory device, and the three-dimensional memory device can include wordline staircase
regions extending in other direction such as, for example, negative y direction, positive
and/or negative x direction, and/or any suitable directions. The gradually mcereased gate hine
shit openings can be designed to adapt to the increasing depth of 1nsulating matenal 413 to
provide uniform dispose and etch back rate i the trench along the x direction which further
prevents metal agglomeration. Sinular to the curved end described above in Fig 7, the
curved end can reduce the agglomeration and further improves uniform dispose and etch
back which i turn provides the benefit of effectively separating adjacent wordhne structures.
In some embodiments, the respective curved ends 831 and 832 of gate line shits 821 A and
822A can be simlar to the respective curved ends 731 and 732 described above in Fig. 7. In
some embodiments, curved ends 831 and 832 can have substantially the same curvature

design. The curved ends can include an arc-shaped structure and the radius of the arc can be
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any suitable value In some embodiments, the curved ends can have different curvature
designs. In sorme embodiments, a horizontal distance “¢” (measured in the x-direction)
between the ends of gate line slits 821A and 822A (1.e., portions of the gate line slits that are
furthest away in the x direction from the region boundary) and an end portion {a portion of
the metal contact via that 1s furthest away from the region boundary i the x direction} of the
last metal contact via (the metal contact via that 1s furthest away from the region boundary n
the x direction) 1s between about 0.5um and about 2Zpm. In some embodiments, the distance
can be about T.5um. Similar to the embodiments described above in Fig. 6, depending on the
material composition of the dielectric material stack, width “a” may also be greater than
width “b” to reduce metal agglomeration, in accordance with some embodiments.

[3868] Fig. 9 13 an illustration of an exemplary method 900 for forming three-dimensional
memory device, according to some embodiments. For explanation purposes, the operations
shown n method 900 are described in context of Figs. ZA-8. In various embodiments of the
present disclosure, the operations of method 900 can be performed in a different order and/or
vary.

[6069] In operation 902, a substrate can be provided. Figs. 2A and 2B illustrate an exemplary
substrate in this operation. The substrate can include a base substrate and a matenal layer
over the substrate. The base substrate can include any suitable material for forming the three-
dimensional memory structure. For example, the base substrate can include silicon, silicon
germaniur, silicon carbide, silicon on insulator (SO1), germanium on insulator (GOT), glass,
galhum mitride, gallium arserude, and/or other suitable IH-V compound In some
embodiments, the material layer can imclude an alternating stack of msulating lavers and
sacrificial layers, arranged along a vertical direction over base substrate. In some
embodiments, the sacrificial layers mclude silicon nitride and the insulating layers include
silicon oxide.

007841 In operation 904, an alternating dielectric material stack, having a staircase structure,
can be formed from the substrate provided in operation 902. Referring to Figs. 2A-2B, a
number of alternatingly stacked insulating layer/ sacrificial layer pairs can be formed in the
stack. Referring to Figs. 3A-3B, a staircase structure can be formed on the alternating

dielectric material stack. Further, as shown 1n Figs. 4A and 4B, a plurality of semiconductor
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channels can be formed through the stack and substantially into the base substrate. The
sentconductor channels can each include at least a dielectric core, a semiconductor channel
film, and a memory film. The semiconductor channels can be formed by sequentially
depositing the memory film, the semiconductor channel film, and the dielectric core using
suitable methods.

[G071] In operation 906, gate hne slits can be formed through the stack by opening trenches
and removing the sacrificial layers, followed by depositing and etching back the gate
elecirode matenial. Further, referring to Figs. 4A-4B gate line slits through the stack can be
formed from vertical trenches along the horizontal direction to divide the stack mnto a
plurality of fingers. At least one of the gate line slits include one or more openings along the
horizontal direction to connect the sacrificial layer/insulating layer pairs of adjacent fingers
of the same tier. The vertical trenches can be formed by patterning a mask over the stack and
etching the portions of the stack exposed by the mask. A recess etch and/or a CMP process
can be used to planarize the top surface of the stack after the dielectric material is disposed.
Metal contact vias can be formed on the wordlines. One or more metal contact vias can be
formed on the connected wordlines to conductively connect the connected wordlines with an
external circuit.

[6672] Further, referring to Figs. 6-8, etching processes in the dielectric stack structure can
form gate line shits having different widths along the x direction. In some embodiments, the
widths of gate line shits in the wordline staircase region is greater than widths of gate line
sitts in the array region. The increased width of gate line shit in the wordline staircase region
can be determined by the matenal compositions n the dielectric stack structure, and can be
designed to improve the etching rate at the bottom of the trench by providing chemical
reactants or reactive ions of wet/dry etching processes easier access to the bottom of the
trench. Therefore, the wider opening can result in a wider opening at the bottom of the
vertical trenches, which in turn facilitates uniform gate electrode material dispose without
metal agglomeration at the trench bottoms. During the subsequent etch back process, the
uniform gate electrode material dispose in the wordline staircase structures can lead to
untform etch back rate on the trench sidewalls and electrically insulate wordlines from

different tiers. The width can be determined by weighing a number of factors such as, for
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example, the material composition in the wordline staircase region and array regions, the risk
of an increased gate line shit width affecting the senuconductor channels, and the impact on
device density due to the space needed for an increased gate line shit width.

[GO73] Referring to Fig. 6, gate line slis in the wordhne statrcase region can have
rectangular openings where the width measured in the v direction can be greater than the
width of gate hne shits n the array regions. In some embodiments, gate line shit width i the
wordline statrcase region can be greater than its width in the array region by an amount that
is between about 10nm to about S0nm. For example, the width difference can about 20nm. In
some embodiments, the gate hne slits in the wordline staircase regions can have substantially
the same width. In some embodiments, gate line slits in the wordline staircase regions can
have different widths, depending on the device needs and design.

[6474] Referring to Fig. 7, gate hine slits can have rectangular openings with a curved end. A
curved end can reduce the agglomeration at the bottom of the gate line slits and further
improves uniform dispose and etch back which in turn provides the benefit of effectively
separating adjacent wordline structures. In some embodiments, the curved ends of the gate
line slits can be half circles connecting both top and bottom sides of the gate line slits {(as
viewed from the top) using gate line shit width as the diameter. In some embodiments, the
curved ends can be any structure having curvature designs or curved degrees suitable for the
specific device needs and design. In some embodiments, curved ends of gate line slits formed
in the wordhne staircase region can have substantially the same curvature design. In some
embodiments, the curved ends can have ditferent curvature designs.

[6675] Referring to Fig. &, gate hine slhits n the wordline staircase region can have gradually
increased openings with a curved end. The widths of the gate line slits increases as they
extend in the x direction. The gradually increased widths of gate line slits can reduce the risk
of impacting the semiconductor channels by reducing the hkelihood of causing undesirable
shorts or affecting the shapes of semiconductor channels. In addition, the gradually mcreased
gate line slit openings can be designed to adapt to the increasing depth of insulating material
formed in the wordline staircase region and provide uniform dispose and etch back rate in the
trench along the x direction, which further prevents metal agglomeration. Further, the curved

end at the end of gate line shits in the wordline staircase region can reduce the agglomeration
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and further improves unuform dispose and etch back which in turn provides the benefit of
effectively separating adjacent wordline structures. In some embodiments, the curved ends of
gate line shits m the wordling staircase structure can have substantially simular designs. In
some embodiments, the curved ends can have different curvature designs. In some
embodiments, a horizontal distance between the ends of gate hine slits {a point on the curved
end that i1s furthest away from the region boundary) and the last metal contact via (ie,
furthest away from the region boundary} 1s between about 0.5um and about 2um. In some
embodiments, the distance can be about I Sum.

10076] The present disclosure describes a three-dimensional NAND memory device in which
gate line slits can have a greater width in the wordline staircase region compared to the
widths in the array region. Increasing the gate hine slit width at the top surface of the
wordline staircase region can lead to an increased width at the bottom of the gate line shit. A
benefit, among others, of increasing the gate line slit width in the wordline staircase region is
facilitating uniform metal deposition and avoid metal agglomeration at the bottom of the gate
line slit. Uniform metal deposition within the gate line slit in turn provides uniform gate
electrode material etch back and prevents current leakage or shoris between adjacent gate
electrodes.

(60771 In some embodiments, a memory device mcludes a substrate and a plurality of
wordlines extending along a first direction over the substrate. The first direction 1s along the
x direction. The plurality of wordlines form a staircase structure in a first region. A plurality
of channels are formed in a second region and through the plurality of wordlines. The second
region abuts the first region at a region boundary. The memory device further includes a
plurality of contact structures formed in the second region. Each one contact structure of the
plurality of contact structures 1s electrically connected to at least one wordhne of the plurality
of wordlines. The memory device also mncludes an msulating shit formed in the first and
second regions and along the first direction. A first width of the msulating shit in the first
region measured in a second direction is greater than a second width of the insulating shit in
the second region measured in the second direction.

[6478] In some embodiments, a memory device includes a wordling staircase region

extending along a first direction. The memory device also includes an array region. The
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memory device further includes a plurality of channels formed between adjacent slit
structures of the plurality of shit structures. The memory device also mcludes a plurality of
shit structures where each shit structure mcludes first and second shit structures formed in the
wordhine staircase region and the array region respectively. The widths of the first and
second slit structures are different.

1664791 In some embodiments, g sermconductor device mcludes a substrate and a shit formed
n the substrate. The shit includes a wordline staircase slit abutting an array shit. The wordhine
staircase shit and array slit are respectively formed in wordline staircase and array regions. A
width of the wordline staircase slit is greater than a width of the array sht.

[G080] The foregoing description of the specific embodiments will so fully reveal the general
nature of the present disclosure that others can, by applving 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 1s to be understood that the phraseology or termunology herein is for the
purpose of description and not of limitation, such that the terminology or phraseology of the
present specification 1s to be interpreted by the skilled artisan in light of the teachings and
guidance.

(30311 Embodiments of the present disclosure have been described above with the aid of
functional building blocks dlustrating the umplementation of specified functions and
relationships thereof The boundaries of these functional buwilding blocks have been
arbitrarily 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.

[6082] The Summary and Abstract sections may set forth one or more but not all exemplary
embodiments of the present disclosure as contemplated by the inventor(s), and thus, are not

intended to himit the present disclosure and the appended claims in any way.
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[6083] The breadth and scope of the present disclosure should not be hnuted by any of the
above-described exemplary embodiments, but should be defined only 10 accordance with the

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

1. A memory device comprising;

a substrate;

a plurality of wordlines extending along a first direction over the substrate, wheren the
plurality of wordhines form a staircase structure m a first region;

a plurality of channels formed n a second region and through the plurality of wordlines,
wherein the second region abuts the first region at a region boundary; and

an insulating slit formed in the first and second regions and along the first direction, wherein
a first width of the insulating shit in the first region measured in a second direction is greater than a

second width of the insulating slit in the second region measured in the second direction.

2. The memory device of claim 1, wherein the first direction is parallel to a top surface
of the substrate.
3. The memory device of any of claim 1 or 2, wherein the second direction is

perpendicular to the first direction.

4. The memory device of any of claims 1-3, wherein the first width 13 uniform along the
first direction.
5. The memory device of any of claims 1-4, wherein the first width 1s greater than the

second width by about 10nm to about S0nm.

6. The memory device of any of claims 1-5, wherein the first width increases along the

first direction and away from the region boundary.

7. The memory device of any of claims 1-6, wherein the insulating slit in the first region

comprises a rectangular shape.
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8. The memory device of any of claims 1-6, wherein the mnsulating slit in the first region

comprises a curved end structure.

9. The memory device of claim &, wherein the curved end structure comprises an arc-

shaped structure.

10. The memory device of any of claim 8 or 9, further comprising a plurality of contact
structures formed in the first region, wherein each contact structure of the plurality of contact
structures 1S electrically connected to at least one wordline of the plurality of wordhlines, and
respective portions of a contact structure of the plurality of contact structures and the curved end
structure that are furthest away from the region boundary are separated in the first direction by about

0.5um to about Zum.

11 A memory device comprising:

a wordline staircase region extending along a first direction;

an array region; and

a plurality of slit structures, wherein each slit structure comprises first and second shit
structures formed in the wordline staircase region and the array region respectively, and widths of

the first and second slit structures are different.

12, The memory device of claim 11, wherein the plurality of slit structures extend along
the first direction and the widths are measured m a second direction perpendicular to the first

direction.

3. The memory device of any of claim 11 or 12, wherein the first width s uniform along

the first direction.

14 The memory device of any of claims 11-13, wherein the width of the first slit

structure is greater than the width of the second shit structure by about 10nm to about 50nm.
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1S, The memory device of any of claims 11-14, wherem the fust width gradually
increases along the first direction.

16. The memory device of any of claims 11-14, wherein a shit structure of the phurality of
shit structures comprises a rectangular shape.

17. The memory device of any of claims 11-15, wherein a shit structure of the plurality of
shit structures a curved end structure.

18. The memory device of claim 17, wherein the curved end structure comprises an arc-
shaped structure.

19 The memory device of any of claims 11-17, wherein the width of the first siit

structures 1s greater than the width of the second slit structures.

20. A memory device comprising:

a substrate; and

a shit formed in the substrate and comprising a wordhine staircase slit abutting an array slit,
wherein the wordline staircase sht and the array slit are respectively formed i wordhne staircase
and array regions of the substrate and a width of the wordline staircase shit 15 greater than a width of

the array slit.

21. A method for forming a8 memory device, the method comprising:

providing a substrate comprising a wordline staircase region and an array region;

etching the substrate to form a wordhine staircase shit in the wordline staircase region; and
etching the substrate to form an array shit in the array region, wherein a width of the wordhine

statrcase slit 13 greater than a width of the array slit
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