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(57) Abstract: Embodiments of a method for forming a staircase struc-
ture of 3D memory devices are disclosed. The method comprises (i)
forming an alternating layer stack including multiple layers disposed
on a substrate in a vertical direction; (ii) removing a portion of the alter-
nating layer stack to form multiple step-platforms in a staircase region
of the alternating layer stack; (iii) forming a hard mask layer to cover
top surfaces of the step-platforms; (iv) forming multiple openings in
the hard mask layer to expose a portion of each of the step-platforms;
(v) forming a photoresist layer to cover the top surfaces of the step-
platforms and the hard mask layer; (vi) using a same set of trim-etch
processes to pattern the photoresist layer to form a set of staircases on
each of the step-platforms; (vii) removing the photoresist layer and the
hard mask layer; and repeating (iii), (iv), (v), (vi) and (vii) sequentially.
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METHOD FOR FORMING STAIRCASE STRUCTURE OF THREE-DIMENSIONAL
MEMORY DEVICE

TECHNICAL FIELD

(0001 ] The present disclosure generally relates to the field of semiconductor technology,
and more particularly, to a method for forming a staircase structure of three-dimensional

(3D) memory devices,

BACKGROUND

10602} Planar memory cells are scaled to smaller sizes by improving process techuology,
circuit design, programiing algorithm, and {abrication process. However, as feature sizes
of the memory cells approach a lower hmit, planar process and fabrication technigues
become challenging and costly. As such., memory density for planar memory cells
approaches an upper Hmit. Three-dimensional (3D) memory architecture can address the
density limitation in planar memory cells.

[0003] As semiconductor technology advances, 3D memory devices, sach as 3D NAND
memory devices, keep scaling more oxide/nitride (ON) layers. As a result, the existing
multi-cycle trim and eich processes for forming the dual deck staircase structure (88)

suffer a low product throughput problem and consume an expensive fabricating cost.

BRIEF SUMMARY
(0041 Embodiments of a method for forming a staircase structure of 3D memory devices
are disclosed herein.
EHHIRY Disclosed is a method for forming a staircase structure in a three-dimensional (3D)

memeory device. The moethod can comprise (1) {orming an aliernating layer stack including
a plurality of layers disposed on a substrate in a vertical direction; (i1} removing a portion
of the alternating layer stack to form a plurality of step-platforms in a staircase region of
the alternating layer stack; (111} forming a hard mask layer to cover top surfaces of the
step-platforms; (iv) forming a plurality of openings in the hard mask layer to expose a
portion of each of the step-platforms; (v) forming a photoresist layer to cover the top

surfaces of the step-platforms and the hard mask layer; (vi) using a same set of trim-etch
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processes to pattern the photoresist layer to form a set of staircases on each of the step-
platforms; (vii) removing the photoresist layer and the hard mask layer; and (viii)
repeating (111}, (1v), {v), {(vi) and (vii) sequentially.

In some cmbodiments, process (1) further includes forming an alternating layer
stack including a plurality of dielectric layer pairs in the vertical direction, each dielectric
layer pair including a first dielectric layer and a sccond diclectric layer.

In some embodiments, process (1) further includes forming an alternating layer
stack including a plurality of dielectric layer pairs in the vertical direction, each dielectric
layer pair including a silicon oxide layer and a silicon niiride layer.

In some embodiments, process (i) further includes forming an alternating layer
stack including a plurality of dielectric/conductor layer pairs in the vertical direction.

In some embodiments, process (i) further includes forming an alternating layer
stack including a plurality of diclectric/conductor layer pairs in the vertical direction, cach
dielectric/conductor layer pair including a silicon oxide layer and a tangsten layer.

In some embodiments, process (1) further includes forming an alternating layer
stack including a number 7 of layers in the vertical direction, wherein 7 is equal to or
larger than 64, and the alternating layer stack includes the staircase region having a width
W in a lateral direction.

In some embodiments, process (ii) further includes removing a portion of the
alternating layer stack to form a number x of step-platforms in the staircase region of the
alternating layer stack, each step-platform having a number 7/x of layers in the vertical
direction and a width Wix in the lateral direction.

In some embodiments, process (iv) further includes forming a number x of
openings 1n the hard mask layer to expose a portion of cach of the siep-platforms. A
width of each opening substantially equals to nxmxW/7, n being a number of layers in
cach staircase to be formed and m being a number of staircases to be formed in each
opentng.

In some embodiments, process (iit) further includes forming a polysilicon layer to
cover top surfaces of the step-platforms as the hard mask layer.

In some embodiments, process {vi) further includes patterning the photoresist
layer to expose a portion of a top surface of each step-platform; removing at least two top

fayers of the alternating layer stack exposed by the photoresist layer on each step-
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platform; and trimming the photoresist layer to expose a larger portion of the top surface
of cach step-platform.

[0615] In some embodiments, process (vi) f{urther includes patterning the photoresist
layer to expose a portion of a top surface of cach step-platform, wherein a width of the
portion substantially equals to nx W/T.

(0016} In some embodiments, process (vi} further includes removing a {irst layer of the
alternating layer stack on each step-platform by using the photoresist layer as a mask; and
removing a second layer of the alternating layer stack on each step-platform by using the
first layer as a mask.

10617] In some embodiments, process {vi) further includes trimming the photoresist layer
to expose a larger portion of the top surface of each step-platform, wherein a width of the
larger portion substantially equals to 2nx W/7.

[0018] In some embodiments, process (viil) further inclades: forming a second hard mask
tayer to cover top surfaces of the remaining alternating layer stack; forming a plurality of
sccond openings in the hard mask layer to expose a larger portion of each of the step-
platforms; forming a second photoresist layer to cover the exposed surfaces of the step-
platforms and the sccond hard mask layer; using a second same sct of trim-ctch processes
to pattern the photoresist layer to form another set of staircases on each of the siep-
platforms; and removing the second photoresist layer and the second hard mask laver.

[0019] In some embodiments, forming the plurality of second openngs includes forming
a number x of second openings in the second hard mask layer to expose a larger portion
of each of the step-platforms. A width ol each second opening substantially equals to
Zaxmx W/T.

16020] Other aspects of the present disclosure can be understood by those skilled in the

art in light of the description, the claims, and the drawings of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

10621} 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 in the pertinent art to make and use the present disclosure.
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FIGS. 1-10 illustrate schematic cross-sectional views of a staircase region of an
exemplary 3D memory device at certain fabricating stages in accordance with some
embodiments of the present disclosure; and

FIG. 11 illustrates a flow diagram of an exemplary method for forming a staircase
structure of a 3D memory device in accordance with some embodiments of the present
disclosure.

Embodiments of the present disclosure will be described with reference to the

accompanying drawings.

DETAILED DESCRIPTION

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.

It is noted that references in the specification to “one embodiment,” “an
embodiment,” “an example embodiment,” “some embodiments,” etc., indicate that the

cmbodiment described may include a particular feature, structure, or characteristic, but
every embodiment may not necessarily include the particular feature, structure, or
characteristic. Morcover, such phrases do not necessarily refer to the same cmbodiment.
Further, when a particular feature, structure or characteristic is 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.

In general, terminology may be undersiood 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

99 4K

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

context.
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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 inclades the meaning of “on” something
with an intermediate feature or a layer therchetween, and that “above” or “over” not only
means the meaning of “above” or “over” something but can also include the meaning it is
“above” or “over” something with no intermediate feature or layer therebetween (i,
directly on something).

Further, spatially relative terms, such as “beneath,” “below,” “lower,” “above,”
“upper.” and the like, may be used herein for case of description to describe one element
or feature’s relationship to another element(s) or feature(s) as illustrated in the figures.
The spatially relative terms are intended to encompass dilferent 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.

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
inchude 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.

As used herein, the term “layer” refers to a material portion including a region
with a thickoess. 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 laver can be a region of a homogeoncous or inhomogeneous
continuous stracture that has a thickoess 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 structare. A layer can
extend horizontally, vertically, and/or along a tapered surface. A substrate can be a layer,
can include one or more layers therein, and/or can have one or more layer thereupon,
thereabove, and/or therebelow. A layer can include multiple layers. For example, an
inlerconnection layer can include one or more conductor and contact layers (in which

contacts interconnect lines, and/or vias are formed) and one or more dielectric layers.
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As used herein, the term “nominal/nominally” refers to a desired, or target, value
of a characteristic or parameter for a component or a process operation, set during the
design phase of a product or a process, together with a range of values above and/or
below the desired value. The range of values can be due to slight variations in
manufacturing processes or tolerances. As used herein, the term “about” indicates the
value of a given quantity that can vary based on a particular technology node associated
with the subject semiconductor device. Based on the particular 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).

Various embodiments in accordance with the present disclosure provide a method
for forming staircase structures of 3D memory devices. As used herein, the terra “3D
memory device” refers to a semiconductor device with vertically-oriented strings of
memory cell transistors (i.e., region 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 a lateral surface of a substrate.

In some embodiments, a NAND string includes a semiconductor channel {e.g., a
siticon channel) that extends vertically through a plurality conductor/dielectric layer pairs.
The plurality of conductor/dielectric layer pairs are also referred o herein as an
“alternating conductor/dielectric  stack.” The conductor layer of the alternating
conductor/dielectric stack can be used as a word line (elecirically connecting one or more
control gates). Vertically-oriented memory strings require an electrical counnection
between the conductive materials {e.g., word line plates or control gates) and access lines
{e.g., word lines) so that woemory cells in the 3D memory device may be uniquely
selected for writing or reading fanctions.

One method of forming an clectrical connection includes forming a staircase
structure (S5) at the edge of the alternating conductor/dielectric stack. As the desired
number of the conductive/dielectric pairs in the alternating conductor/dielectric stack
increases, the margin of error associated with each act in the process of forming the
staircases correspondingly decreases.

The conventional methods for forming the staircase structore include multi-cycle

trim and etch processes. Each iteration of the conventional method includes trimming the
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mask, etching the insulating material, and etching the conductive material. The desired
number of staircases is formed by repeating these actions as many times as the number of
conductive materials in the stack. Each action of the conventional methods has an
associated ctch control error because the size of cach staircase s designed to fall within a
particular range (e.g., tolerance) to allow enough room for a contact to be formed thereon
while keeping the overall size of the staircase structure small.

Additionally, the relative locations of the staircases are designed to fall within a
range of locations in order to accurately form contacts thereon. As the number of
iterations increases, any deviation from a target staircase width or location may be
compounded because errors in one material are transferred to an underlying material. For
a larger number of staircases {(e.g., 64, 96, 128, etc.) in the staircase structure, the margin
of error to be achieved for the etch rate control may be very small (e.g., less than 0.5%).
Small margins of error are difficult and costly to attain using conventional methods.

Furthermore, because the mask is repeatedly trimmed, the conventional method
may start with a mask of high thickness, which may be difficult to repeatedly pattern and
trimy with the precision needed to have the necessary control over staircase width.
Alternatively, the conventional mcthod may use a unique mask for cach cteh act to form
the staircases, which reguives significant cost because the large amount of
photolithographic reticies used (o form the masks 1s expensive and the fabrications of a
large nomber of masks are time-consuming.

The disclosed method for forming the staircase structure of 3D memory devices,
including staircase region overall division, hard-mask poly deposition, and roulti-cycle
trim and etch processes, can significantly reduce the {abricating cost and improve product
throughput by decreasing the cycle time and the number of masks. In some embodiments,
staircase division patiern (SDP) of the staircase region can be applied into different
directions and different decks with trim-etch processes.

Referring to FIG. 11, a flow diagram of an exemplary method for forming
a staircase structure of a 3D memory device is illustrated in accordance with some
embodiments of the present disclosure. FIGS. 1-10 llustrate schematic cross-sectional
views of a staircase region of an exemplary 3D memory device at certain fabricating

stages of the method shown in FIG. 11,
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As shown in FIG. 11, the method starts at operation S2, in which an alternating
layer stack is formed on a substrate. In some embodiments, the substrate can be any
suitable semiconductor substrate having any suitable structure, such as a monocrystalline
single-layer substrate, a polycrystalline silicon (polysilicon) single-layer substrate,
a polysilicon and metal multi-layer substrate, etc.

As shown in FIG. 1, an alternating layer stack 110 can be formed on the substrate
100. The alternating layer stack 110 can be either an alternating dielectric stack 110 or an
alternating conductor/dielectric stack 110. It is noted that, the X-, Y- and Z-directions are
illustrated for ease of description in the subsequent processes.

In some embodiments, the alternating dielectric stack 110 can include a plurality
of dielectric layer pairs arranged in a vertical direction that 1s perpendicular to the surface
of the substrate. Each dielectric layer pair can include a {irst dielectric layer 110a and a
second diclectric layer 110b that 1s different from first diclectric layer. The plurality of
first dielectric layers 110a and second dielectric layers 110b are extended in a lateral
direction that is parallel to a surface of the substrate 100. In some cmbodiments, there arc
more layers than the dielectric layer pairs made of different materials and with different
thicknesses in the alternating diclectric stack 110. The alternating diclectric stack 110 can
be formed by one or more thin film deposition processes including, but not himited to,
Chemical Vapor Deposition (CVD), Physical Vapor Deposition (PVD), Atomic Layer
Deposition (ALD), or any combination thereof.

In some embodiments, the alternating dielectric stack 110 can include a plurality
of oxide/nitride layer pairs. Each dielectric layer pair includes an oxide layer 110a (e.g.,
silicon oxide layer) and a nitride layer 110b (e.g., silicon nitride layer). The plurality of
oxide/nitride layer pairs are also referred to herein as an “alternating oxide/niiride stack.”
That is, in the aliernating dielectric stack 100, multiple oxide layers 110a and multiple
nitride layers 110b alternate in the vertical direction. In other words, except a top and a
bottom layer of a given alternating oxide/nitride stack, each of the other oxide layers 110a
can be sandwiched by two adjacent nitride layers 110b, and cach of the nitride layers
110b can be sandwiched by two adjacent oxide layers 110a.

Oxide layers 110a can each have the same thickness or have different thicknesses.
For example, a thickness of each oxide layer can be in a range from 90om to 160nm,

preferably about 150nm. Similarly, nitride layers 110b can each have the same thickness
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or have different thicknesses. For example, a thickness of each nifride layer can be in a
range {rom 80nm to 110nm, preferably about 100nm.

[(G45] It is noted that, in the present disclosure, the oxide layers 110a and/or nitride
layers 110b can include any suitable oxide materials and/or nitride materials. For example,
the oxide layers can be silicon oxide layers, and the nitride layers can be silicon nitride
layer. The alternating dielectric stack 110 can include any suitable number of layers of the
oxide layers 110a and the nitride layers 110b. In some embodiments, a total number of
layers 7 of the oxide layers 110a and the nitride layers 110b in the alternating dielectric
stack 110 18 equal to or larger than 64. For example, the number 7 can be 64, 96, 128, etc.
That is, a number of oxide/nitride layer pairs can be equal to or larger than 32. In some
ernbodiments, alternating oxide/nitride stack includes more oxide layers or more nitride
layers with different materials and/or thicknesses than the oxide/nitride layer pair.

[0046] In some embodiments, a gate replacement process can be performed to replace
second dielectric layers 110b (e.g., silicon nitride) of the alternating dielectric stack 110
with conductive layers. In some embodiment, the element of the conductive layers can
inchude, but not limited to, tungsten (W), cobalt (Co), copper (Cu), aluminum (Al), doped
siticon, silicides, or any combination thercof. As a result, after the gate replacement
process, the altemating dielectric stack 110 becomes the alternating conductor/dielectric
stack 110. The replacement of second diclectric layers 110b with conductive layers can be
performed by wel etching second dielectric layers 110b (e.g., silicon nitride) selective to
first dielectric layers 110a (e.g., silicon oxide) and filling the structure with conductive
layers (e.g., W). Conductive layers can be filled by PVD, CVD, ALD, any other suitable
process, or any combination thereof. Conductive layers can include conductive materials
including, but not hmited to, W, Co, Cu, Al polysilicon, silicides, or any combination
thereof. As such, the formed alternating conductor/dielectric stack 110 can include a
plurality of conductor/dielectric/ layer pairs.

130471 As shown in FIG. 11, the method processes to operation S4, in which two or more
step-platforms can be formed in a staircase region of the alternating layer stack. In some
embodiments, a number x of step-platforms can be formed in the staircase region of the
alternating layer stack. The number x of step-platforms can have a substantially equal
width. That is, when the total width of the staircase region of the alternating layer stack is

W, the width of each of the number x of step-platforms can substantially equal to W/x. In
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the following description of the present disclosure and the corresponding figures, the
number x is selected as two as a simplest example for description purpose. It is noted that,
the number v can be any suitable integer that can be determined by a total number T of
layers in the alternating layer stack and a layer number # in each staircase to be formed.

13048] As shown in FIG. 2, the staircase region of the alternating layer stack 110 can be
divided into two or even more sub-regions in the lateral direction. e.g., a first sub-region
112 at the edge of the alternating layer stack 110, and a second sub-region 114 that is
connected {0 a core array region (not shown in the figures} of the 3D memory device. The
width of the first sub-region 112 and the width of the second sub-region 114 can be
substantially equal to each other, that is, substantially equal to a half of the total width W
of the staircase region of the alternating layer stack 110.

[6649] In operation S4, a half depth of the first sub-region 112 in the vertical direction
can be removed. For example, when the alternating layer stack 110 has a number T of the
tayers (7 1s an even number as described above), a number 772 of layers can be removed
int the first sub-region 112 as shown in FIG. 2. In some embodiments, one or more wet
etch processes, dry etch processes, or combinations thereof can be used to remove the half
depth of the first sub-region 112. As such, two step-platforms 112 and 114 are formed in
the staircase region of the alternating layer stack 110, each having a width Wr2.

[3050] As shown in FIG. 11, the method processes to operation $6, in which a hard mask
layer can be formed to cover the exposed surfaces of the alternating layer stack. As shown
in FIG. 3, the hard mask layer 120 can be formed to cover the top surfaces of the two
step-platforms of the alternating layer stack 110, and the side wall of the alternating layer
stack 110 at the boundary of the two step-platforms. In some embodiments, the hard mask
layer can be a polysilicon layer {formed by any suitable deposition process, such as CVD,
PVD, ALD, etc.

(0658 As shown in FIG. 11, the method processes to operation S8, in which two or more
openings can be formed in the hard mask layer to expose a portion of each of the two or
more step-platforms of the alternating layer stack. As shown in FIG. 4, still using two
openings as an example. A first opening 122 can be formed in the first step-platform 112
at the edge of the alternating layer stack 110, and a second opening 124 can be formed in
the second step-platform 124 adjacent to the boundary between the first step-platform 112

and the second step-platform 114,
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10652] The first opening 122 and the second opening 124 can be formed by removing
a portion of the hard mask layer 120 using any suitable removal processes, including, but
not limited to, patterning process, etching process, cleaning process, etc. A width Wi22 of
the first opening 122 and a width W/24 of the second opening 124 can be substantially
equal to each other. In some embodiments, the width W/i22 of the first opening 122 and
the width Wi24 of the second opening 124 can be substantially equal to nxmxW/7,
where W is the total width of the staircase region of the alternating layer stack 110, T is
the total layer numbers of the alternating layer stack 110, »n is the layer numbers in each
staircase to be formed, m is the number of staircases to be formed in the first opening 122
or the second opening 124.

[(GG53] As shown in FIG. 11, the method processes to operation 310, in which a
photoresist laver can be formed to cover the top surfaces of the alternating layer stack and
the hard mask layer. As shown in FIG. 5, a photoresist layer 130 can be formed by using
a spin-on coating process to cover the top surfaces of the alternating layer stack 110 and
the hard mask layer 120. A top surface of the photoresist layer 130 can be substantially
flat in a lateral direction. The material of the photoresist layer 130 can include any
suitable light-sensitive material, such as photo polyroeric material, photo decomposing
material, photo crosslinking material, ete.

10054} As shown in FIG. 11, the method processes to operation S12, in which multiple
etch-trim processes can be performed repeatedly to form a set of staircases in each of the
two or more openings. In some embodiments, the etch-trim processes can include a same
or different {when necessary) set of repeating etch-trim processes to form two sets of in
two or more step-platforms of the alternating layer stack, e.g., the first step-platform 112
exposed by the first opening 122 and the second step-platform 114 exposed by the second
opening 124 as shown i FIG. 6. For example, the “same set” of etch-trim processes can
inchade a first ctch-trim process to form first staircases in the {irst region and the second
region simultaneously, a second etch-trim process to form second staircases in the first
region and the sccond region simultancously, and so on.

[(G55] In some embodiments, it is noted that as more and more staircases are formed
from top of alternating film stack 110 down to the bottom substrate 100, the multiple

eich-trim process 1s not only performed along X-direction (as shown in FIG. 5) with the
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staircase division pattern (SDP), a multi-lane process divided by another staircase
division pattern can be also performed in Y-direction.

10656} Specifically, as shown in FIG. 6, the photoresist layer 130 can be used as a mask
to be patterned to expose a portion of the top surface of the alternating layer stack 100 in
each of the first opening 122 and the second opening 124. A width of the exposed top
surface of the first step-platform 112, and/or a width of the exposed top surface of the
second step-platform 114, which is so-called one “step width” of the staircase structure,
can be substantially equal to nxW/7, where W is the total width of the staircase region of
the alternating layer stack 110, 7 is the total layer numbers of the alternating layer stack
110, # is the layer numbers in each staircase to be formed.

(0057} In some embodiments, an anisotropic eiching process, such as a reactive iop
etching (RIE) process, or other suitable dry/ wet etching process, can be performed to
remove the exposed layers {(e.g., the sccond dielectric layers 110b) of the first step-
platform 112 and the second step-platform 114 that are exposed through the mask (i.e.,
the photoresist layer 130). The patiern in the mask (i.e., the photoresist layer 130 is then
transferred to the layers (e.g., the second dielectric layers 110b) that have been etched.
The exposed layers (e.g., the second dielectric layers 110b) of the first step-platform 112
and the second step-platform 114 can be removed by one dry eiching process that stops
on the next lower layers (¢.g.., the first dielectric layers 110a), and the exposed next lower
layers {e.g., the {irst dielectric layers 110a) can be theo removed by another dry etching
process that stops on the next lower layers {e.g., the second dielectric layers 110b). The
two-step eiching processes can be repeated n/2 times, where n 15 an even number
representing the layer numbers in each staircase. As such, two staircases can be
stimultaneously formed, i which one is in the first opening 122 and the other is in the
second opening 124.

[0058] Next, the mask (i.e., the photoresist layer 130) can be reduced in size by removing
a portion of the mask {(also known as “trimuning”) above the first step-platform 112 and
the second step-platform 114, such as by an isotropic etching process, to expose another
step width of the first step-platform 112 and anocther step width of the second step-
platform 114. The method can repeated by subjecting the structure to an anisotropic
eiching process, incloding removing exposed portions of the two exposed layers of the

first step-platform 112 and the second step-platform 114 {e.g., the second diclectric layers
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110b), and subsequently removing exposed portions of the two exposed next lower layers
{e.g., the second diclectric layers 110b). The two-step etching processes can be repeated
#/2 times, such that two staircases can be formed in the first opening 122 while two
staircases can be formed in the second opening 124,

13059 In some embodiments, the successive reduction in size of the mask {(i.e., the
photoresist layer 130) and the repeated etching processes can be repeated m times until
the hard mask layer 120 is exposed. As such, a same number of staircases 200 can be
formed in both of the first opening 122 and the second opening 124. In some
embodiments, a nurnber m of staircases can be {ormed 1o the {irst opening 122 and a
number m of staircases can be formed in the second opening 124. Each staircase can
include number 1 of layers, and each staircase has a step width that 1s substantially equal
to nxW/T, where W is the total width of the staircase region of the alternating layer stack
110, 7'is the total layer numbers of the alternating layer stack 110. For example, FIG. 6
shows four statrcases 200 formed in the {irst opening 122 and four staircases 200 {formed
int the second opening 124. Each staircase includes two layers, 1.e., a first diclectric layer
110a (e.g., silicon oxide layer)} in the bottom and a second dielectric layer 110b (silicon
nitride layer) in the top, or a dielectric layer 110a (e.g., silicon oxide layer) in the bottom
and a conductor layer 110b {e.g., tungsten layer) in the top.

[(060] As shown in FIG. 11, the method processes to operation S14, in which the
photoresist layer and the hard mask layer can be removed. In some embodiments, the
removal process can include any suitable etching processes and cleaning processes. As
shown in FI1G. 7, the photoresist layer 130 and the hard mask layer 120 can be removed.
The remaining portion of the alternating layer stack 110 can include same number of
staircases 200 in the first sub-region 112 and the second sub-region 114,

16061 As shown in FIG. 11, the method processes back to operation $6, in which
another hard mask layer 220 can be formed to cover the exposed surfaces of the
alternating layer stack 110, as shown in FIG. 8. Then at operation 88, two larger openings
222 and 224 can be formed in the hard mask layer 220 to expose a larger portion of each
of the two sub-regions of the alternating layer stack 110, as shown in FIG. 9. Next, the
method can further process to the above described operations 510, S12 and Si4
sequentially. The method can repeat the above operations 56-5S14 ontl the formed

staircases in the first sub-region 112 being connected to the formed staircases in the
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sccond sub-region 114, as shown in FIG. 10. As such, the staircase structure of the
alternating layer stack 110 can be completely formed.

By using the disclosed method to {orm the staircase structure in the 3D memory
device, a number of required photo masks can be significantly reduced, thereby reducing
the fabricating cost and manufacturing period. It is noted that, since the alternating layer
stack 1s divided into two or more sub-regions in the disclosed method, the method is
suitable for doal or multiple deck alternating layer stack structure. The upper deck
staircase structure and the lower deck staircase structure can be formed together within
the same trim-cich cycles. Thas, the process time can be reduced and the product
throughput can be increased. Further, the method can be applied to multi-deck alternating
layer stack structure by forming multiple step-platforms in the staircase region of the
alternating layer stack in operation 54 as described above. As such, the staircase structure
can be formed in each of the multiple decks of the alternating layer stack together within
the same trim-etch cycles.

Accordingly, a method for forming a staircase structure in a three-dimensional
(3D memory device is provided in some embodiments of the present disclosure. The
method can includes: (i) forming an alternating layer stack including a plurality of layers
disposed on a substrate 1o a vertical direction; (1) removing a portion of the alternating
layer stack to form a plurality of step-platforms in a staircase region of the alternating
layer stack; (i11) forming a hard roask layer {e.g.. a polysilicon layer) to cover top surfaces
of the step-platforms; (iv) forming a plurality of openings in the hard mask layer to
expose a portion of each of the step-platforms; (v) forming a photoresist layer to cover the
top surfaces of the step-platforms and the hard mask layer; (vi) using a same set of trim-
etch processes (o pattern the photoresist layer to form a set of staircases on each of the
step-platforms; (vil) removing the photoresist layer and the hard mask layer; and (viit)
repeating (1), (iv), (v}, (vi) and (vii) sequentially.

In some embodiments, the alternating layer stack includes a plarality of dielectric
layer pairs, each dielectric layer pair including a first dielectric layer and a second
diclectric layer, such as a silicon oxide layer and a silicon nitride layer. In some other
embodiments, the alternating layer stack includes a plurality of dielectric/conductor layer
paurs in a vertical direction, each dielectric/conductor layer pair including a dielectric

fayer and a metal layer, such as a silicon oxide layer and a tungsten layer.
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In some embodiments, the alternating layer stack including a number 7 of layers
in a vertical direction, 7 being equal to or larger than 64. The alternating layer stack
includes the staircase region having a width W in a lateral direction. A namber x of step-
platforms can be formed in the staircase region by removing a portion of the alternating
tayer stack. Each step-platform can have a number 7/x of layers in the vertical direction
and a width W/x in the lateral direction.

In some embodiments, a number x of openings can be formed in the hard mask
layer to expose a portion of each of the step-platforms. A width of each opening
substantially equals to nxmxW/T, n being a number of layers in cach staircase to be
formed and m being a number of staircases to be formed in cach opening.

In some embodiments, operation (vi) (the trim-eich processes) further includes
patterning the photoresist layer to expose a portion of a top surface of each step-platform.
A width of the portion substantially equals to axW/T. Operation (vi) further includes
removing a first layer of the alternating layer stack on each step-platform by using the
photoresist layer as a mask, and removing a second layer of the alternating layer stack on
cach step-platform by using the first layer as a mask. In some embodiments, operation (vi)
turther includes trimming the photoresist layer to expose a larger portion of the top
surface of each step-platform. A width of the larger portion substantially equals to
2axW/T.

In some embodiments, the repeating operation (viit) further inclodes: forming a
second hard mask layer to cover top surfaces of the remaining alternating layer stack;
forming a plurality of second openings in the hard mask layer to expose a larger portion
of each of the step-platforms; forming a second photoresist layer to cover the exposed
surfaces of the step-platforros and the second hard mask layer; using a same set of trim-
etch processes to pattern the photoresist layer to form another set of staircases on each of
the step-platforms; and removing the second photoresist layer and the second hard mask
tayer. In some embodiments, a number x of second openings can be formed 1n the second
hard mask layer to expose a larger portion of cach of the step-platforms. A width of each
second opening substantially equals to ZenxmxW/7.

The foregoing description of the specific embodiments will so fully reveal the
general natore 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
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embodiments, without undue experimentation, withont departing from the general
concept of the present disclosure. Therefore, such adaptations and modifications arc
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
phraseclogy or terminology herein is for the purpose of description and not of limitation,
such that the terminology or phraseology of the present specification is to be interpreted
by the skilled artisan in light of the teachings and guidance.

(6670 Embodiments of the present disclosure have been described above with the aid of
functional buoilding blocks illustrating the implementation of specified functions and
relationships thereof. The boundaries of these functional building 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.

10871 The Summary and Abstract sections may set forth one or more but not all
exemplary emmbodiments of the present disclosure as conternplated by the inventor(s), and
thus, are not intended to fimit the present disclosure and the appended claims in any way.

[0672] The breadth and scope of the present disclosure should not be limited by any of
the above-described exemplary embodiroents, but should be defined only in accordance

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

1. A roethod for forming a staircase structure in a three-dimensional (3D) mermory
device, comprising:

(i) forming an alternating layer stack including a plurality of layers disposed on a
substrate in a vertical direction;

(i1} removing a portion of the alternating layer stack to form a plurality of step-
platforms in a staircase region of the alternating layer stack;

(1it)  forming a hard mask layer to cover top surfaces of the step-platforms;

{iv)  forming a plurality of openings in the hard mask layer to expose a portion of each
of the step-platforms;

(v} forming a photoresist layer to cover the top surfaces of the step-platforms and the
hard mask layer;

(vi)  using a same set of trirn-etch processes to patiern the photoresist layer to form a
set of staircases on each of the step-platforms;

{(vii) removing the photoresist layer and the hard mask layer; and

{viii) repeating (iii), (iv}, (v), (vi} and (vii) sequentially.

2. The method of claim 1, wherein (i) further includes:
forming an alternating layer stack including a plurality of diclectric layer pairs in the
vertical direction, each dielectric layer pair including a {irst dielectric layer and a second

diclectric layer.

3. The method of claim 2, wherein (1) further includes:
forming an alternating layer stack including a plurality of diclectric layer pairs in the
vertical direction, each dielectric layer pair including a silicon oxide layer and a silicon nitride

layer.
4. The method of claim 1, wherein (1) further includes:
forming an alternating layer stack including a plurality of dielectric/conductor layer pairs

in the vertical direction.

5. The method of claim 4, wherein (1) further includes:
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forming an alternating layer stack including a plurality of dielectric/conductor layer pairs
in the vertical direction, each dielectric/conductor layer pair including a silicon oxide laver and a

tangsten layer.

6. The method of claim 1, wherein (i) further includes:
forming an alternating layer stack including a number 7 of layers in the vertical direction,
wherein T is equal to or larger than 64, and the alternating layer stack includes the staircase

region having a width W in a lateral direction.

7. The method of claim 6, wherein (i1) further includes:
removing a portion of the alternating layer stack to form a mumber x of step-platforms n

the staircase region of the alternating layer stack, each step-platform having a number 7/x of

layers in the vertical direction and a width W/x in the lateral direction.

8. The method of claim 7, wherein (iv) further includes:

forming a number x of openings in the hard mask layer to expose a portion of each of the
step-platforms;

wherein a width of each opening substantially equals to nxmx W/T, n being a number of
layers in cach staircase to be formed and m being a nomber of staircases to be formed in cach

opening.

9. The method of claim 8, wherein (i1) further includes:
forming a polysilicon layer to cover top surfaces of the step-platforms as the hard mask

layer.

10. The method of claim 8, wherein (vi) further includes:

patterning the photoresist layer to expose a portion of a top surface of each step-platform;

removing at least two top layers of the alternating layer stack exposed by the photoresist
layer on each step-platform; and

triniming the photoresist layer to expose a larger portion of the top surface of each step-

platform.



WO 2019/200565 PCT/CN2018/083562
- 19 -

11. The method of claim 10, wherein (vi) further includes:
patterning the photoresist layer to expose a portion of a top surface of each step-platform,

wherein a width of the portion substantially equals to axW/7.

12. The method of claim 10, wherein (vi) further includes:

removing a fivst layer of the alternating layer stack on each step-platform by using the
photoresist layer as a mask; and

removing a second layer of the alternating layer stack on each step-platform by using the

first layer as a mask.

13. The method of claim 10, wherein {vi) further includes:

trimiming the photoresist layer to expose a larger portion of the top surface of cach step-
platform, wherein a width of the larger portion substantially equals to 2ax W/7T.

14. The method of claim 8, wherein (viil) further includes:

forming a second hard mask layer to cover top surfaces of the remaining alternating layer
stack:

forming a phurality of second openings in the hard mask layer to expose a larger portion
of each of the step-platforms;

forming a second photoresist layer to cover the exposed surfaces of the step-platforms
and the second hard mask layer;

using a second same set of trim-etch processes to pattern the photoresist layer to form
another set of staircases on each of the step-platforms; and

removing the second photoresist layer and the second hard mask layer.

15. The method of claim 14, wherein forming the plurality of second openings
includes:

forming a number x of second openings in the second hard mask layer to expose a larger
portion of each of the step-platforms;

wherein a width of each second opening substantially equals to Zaxmx W/T.
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16. A method for forming a staircase structure in a three-dimensional (3D) memory
device, comprising:
(i) forming an alternating layer stack including a plurality of layers on a substrate in a

vertical direction;

(i1} removing a portion of the alternating layer stack to form a lower region and a
upper region in a staircase region of the alternating layer stack;

(iit)  forming a hard mask layer to cover top surfaces of the lower region and the upper
region of the alternating layer stack;

(iv)  forming a {irst openung in the hard roask layer o expose a {irst portion of the
alternating layer stack in the lower region and a second opening in the hard mask layer to expose
a second portion of the alternating layer stack in the upper region;

(v} forming a photoresist layer to cover the top surfaces of the alternating layer stack
in the first opening and the second opening. and the top surfaces of the hard mask layer;

{vi)  wsing a same set of trim-etch processes to pattern the photoresist layer to form a
set of staircases in the first opening and the second opening;

{(vi1) removing the photoresist layer and the hard mask layer; and

(viti) repeating (iii), (iv}), (v), (vi) and (vii) scquentially.

17. The method of claim 16, wherein (i) further includes:
forming an alternating layer stack including a plurality of diclectric layer pairs in the
vertical direction, each dielectric layer pair including a first dielectric layer and a second

dielectric layer.

i8. The method of claim 17, wherein () further includes:
forming an alternating layer stack including a plurality of dielectric layer pairs in the
vertical direction, each dielectric layer pair inchuding a silicon oxide layer and a silicon nitride

layer.

19. The method of claim 16, wherein (1) further includes:
forming an alternating layer stack including a plurality of dielectric/conductor layer pairs

i the vertical direction.



WO 2019/200565 PCT/CN2018/083562
21

20. The method of claim 19, wherein (i) further includes:
forming an alternating layer stack including a plurality of diclectric/conductor layer pairs
in the vertical direction, each dielectric/conductor layer pair including a silicon oxide layer and a

tungsten layer.

21. The method of claim 16, wherein (i) further includes:
forming an alternating layer stack including a number 7 of layers in the vertical direction,
wherein 7' is equal to or larger than 64, and the alternating layer stack includes the staircase

region having a width W in a lateral divection.

22. The method of claim 21, wherein {11} further includes:

removing a portion of the alternating layer stack to form a lower region and a upper
region in a staircase region of the alternating layer stack, wherein the lower region has a number
772 of layers 1u the vertical direction, the lower region and the upper have a width W/2 in the

lateral direction.

23. The method of claim 22, wherein (iv) further includes:

forming a first opening in the hard mask layer to expose a first portion of the alternating
layer stack in the lower region and a second opening in the hard mask layer to expose a second
portion of the aliernating layer stack in the upper region;

wherein a width of the first opening and the second opening substantially equals to
nxmxW/T, n being a number of layers in each staircase to be formed and m being a number of

staircases to be formed in cach opening.

24. The method of claim 23, wherein (111) further includes:
forming a polysilicon layer to cover top surfaces of the lower region and the upper region

of the alternating layer stack.

25. The method of claim 23, wherein {(vi) forther includes:
patterning the photoresist layer to expose a portion of the top surface of the lower region

and the upper region of the aliernating layer stack;
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removing at least two top layers of the lower region and the upper region of the
alternating layer stack exposed by the photoresist layer on cach step-platform; and
trimming the photoresist layer to expose a larger portion of the top surface of the lower

region and the upper region of the alternating layer stack.

26. The method of claim 23, wherein (vi) further includes:
patterning the photoresist layer to expose a portion of the top surface of the top surface of
the lower region and the upper region of the alternating layer stack, wherein a width of the

portion substantially equals to nx W/T.

27. The method of claim 23, wherein (vi) further includes:

removing a {irst layer of the alternating layer stack in the lower region and a {irst layer of
the alternating layer stack in the upper region by using the photoresist layer as a mask; and

removing a second layer of the alternating layer stack layer in the lower region and a
second layer of the alternating layer stack in the upper region by using the first layers of the

alternating layer stack in the lower region and the upper region as a mask.

23. The method of claim 25, wherein (vi) further includes:
trimming the photoresist layer to expose a larger portion of the top surface of the
alternating layer stack in the lower region and the upper region, wherein a width of the larger

portion substantially equals to 2ux W/T.

29. The method of claim 23, wherein {viii) further includes:

forming a second hard mask layer to cover top surfaces of the lower region and the upper
region of the remaining alternating layer stack;

torming a third opening in the hard mask layer to exposc a third portion of the alternating
layer stack in the lower region and a fourth opening in the hard mask layer to expose a fourth
portion of the alternating layer stack in the upper region;

forming a second photoresist layer to cover the top surfaces of the alternating layer stack
in the third opening and the fourth opening, and the top surfaces of the hard mask layer;

using a second same set of trim-etch processes to pattern the photoresist layer to form

another set of staircases in the first opening and the second opening; and
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removing the second photoresist layer and the second hard mask layer.

30 The method of claim 29, further includes:

torming a third opening in the hard mask layer to expose a third portion of the alternating
layer stack in the lower region and a fourth opening in the hard mask layer to expose a fourth
portion of the alternating layer stack in the upper region, wherein a width of the third opening

and the fourth opening substantially equals to 2nxmxW/T.
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