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DESCRIPTION

WORD LINE CONTACT STRUCTURE FOR THREE-DIMENSIONAL
MEMORY DEVICES AND FABRICATION METHODS THEREOQOF

CROSS-REFERENCE TO RELATED APPLICATIONS AND
INCORPORATION BY REFERENCE

{00061} Thus application claims priority to Chinese Patent Application No. 2017107747346,

filed on August 31, 2017, which 1s mncorporated herein by reference in its entirety.

TECHNICAL FIELD

{0602] The present disclosure generally relates to the field of semiconductor technology, and

more particularly, to a method for forming a three-dimensional (3D} memory device.

BACKGROUND

{0003] Planar memory cells are scaled to smaller sizes by improving process technology,
circuit design, programming algorithm, and fabrication process. However, as feature sizes of
the memory cells approach a lower limit, planar process and fabrication techniques become
challenging and costly. As such, memory density for planar memory cells approaches an
upper limit. A three-dimensional (3D} memory architecture can address the density imitation

in planar memory cells.

BRIEF SUMMARY

{0004] Embodiments of a word line contact structure for three-dimensional (3D} memory
array and methods for forming the same are described in the present disclosure.
{0065} In some embodiments, a method for forming a 3D memory structure is described. The

method includes forming a stack of films on a substrate. The stack of films includes a
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plurality of alternatingly-arranged oxide and niiride layers. The method also includes etching
the stack of films to form a staircase structure. The method further includes forming a second
oxide layer on the stack of films. The method includes forming an etch-stop layer on the top
surface of the second oxide layer of the staircase structure.

{0006} The method further includes disposing a filling material on the etch-stop layer of the
staircase structure. The filling material can be a third oxide layer. Using chemical-
mechanical-polishing (CMP) processes, for example, the top surface of the third oxide layer
over each level of statrcase structure 18 made coplanar with the top surface of the uppermost
portion of the etch-stop layer.

{0007] The method also includes etching through the stack of films, from the top surface of
the uppermost etch-stop layer down to the substrate surface, to form openings that expose the
substrate. Through these openings, nitride layers of the staircase structure can be removed
and replaced by high-k dielectric materials and metal films.

{0008] The method also includes etching the third oxide layer with highly selective etching
and exposing the etch-stop layer of each level of the staircase structure for vertical
mterconnect access {VIA). The method also mncludes removing exposed etch-stop layer in the
openings of contact VIAs by reverse selective etchung and further exposing the second oxide
layer on each level of the statrcase structure. The method mcludes removing the exposed
second oxide layer and high-k dielectric matenial 1o the openings of contact VIAs and
exposing the metal film of each level of the staircase structure. The method also mmcludes
forming metallic connections to the metal film of each level of the staircase structure through
subsequent metal filling and polishing,

{0009] In some embodiments, the etch-stop laver can include silicon nitride.

{0010} In some embodiments, the metal film surrounded by high-k dielectric material can
mclude tungsten.

{6011} In some embodiments, the high-k dielectric material can include hathium oxide,
zirconium oxide, aluminum oxide, tantalum oxide, lanthanum oxide films, or a combination
thereof.

{0612] In some embodiments, the 3D memory structure can be formed with any one of the

processes stated above.



WO 2019/042178 PCT/CN2018/101308

{0013} In some embodiments, a 3D memory structure includes a substrate and a film stack
having a plurality of alternatingly-arranged first oxide and metal films surrounded by high-k
dielectric layers. The film stack has a staircase shape and is formed on the surface of the
substrate. The 3D memory structure further includes a second oxide layer, a Iso in the shape
of staircase, over the film stack of the staircase structure. The 3D memory structure also
includes an etch-stop film, in the shape of staircase, over the second oxide layer of the
statrcase structure. The 3D memory structure further includes a third oxide film formed on
the etch-stop laver. A top surface of the thurd oxide film 1s formed coplanar with a top surface
of the uppermost portion of etch-stop laver over the staircase structure. The 3D memory
structure further includes openings for vertical interconnect access (VIA) that extend through
the third oxide laver, the etch-stop film, the second oxide layer, and the high-k dielectric
layers to expose the metal film. The 3D memory structure further includes contact operungs
that extend through the staircase structure that expose the substrate to facilitate the formation
of contacts.

{8014} Other aspects of the present disclosure can be understood by those skilled in the art in

hight of the description, the claims, and the drawings of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

{0015} 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.

{0016} Fig. 1 illustrates a cross-sectional view of a staircase structure with a stack of films
mcluding a plurality of alternatingly insulating layers and sacrificial layers, in accordance
with some embodiments of the present disclosure.

{0017] Fig. 2 illustrates a cross-sectional view of a staircase structure and an insulating layer
formed on the staircase structure, in accordance with some embodiments of the present
disclosure.

{0018] Fig. 3 illustrates a cross-sectional view of a staircase structure and an etch-stop layer
formed on the staircase structure, in accordance with some embodiments of the present

disclosure.
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{0019}

10020}

{6021}

[0622]

[0023]

[0624]

[0025]

[0026]

[0627]

{0028}

Fig. 4 illustrates a cross-sectional view of a staircase structure filled with an
msulating material, in accordance with some embodiments of the present disclosure.

Fig. SA and 5B illustrate cross-sectional views of a staircase structure having
alternatingly-arranged insulating and gate materials, in accordance with some embodiments
of the present disclosure.

Fig. 6 illustrates a cross-sectional view of a staircase structure after the etching of the
msulating films, in accordance with some embodiments of the present disclosure.

Fig. 7 illustrates a cross-sectional view of a staircase structure after the etchung of an
etch-stop layer and exposing of an insulating layer, in accordance with some embodiments of
the present disclosure.

Fig. 8A and 8B illustrate cross-sectional views of a staircase structure after the
etching of an insulating laver and a high-k dielectric layer, in accordance with some
embodiments of the present disclosure.

Fig. 9A and 9B illustrate cross-sectional views of a staircase structure after the filling
of openings with a conductive film, in accordance with some emnbodiments of the present
disclosure,

Fig. 10 dlustrates a process flow for forming multi-level contacts in a 3D memory
structure, in accordance with some embodiments of the present disclosure.

The features and advantages of the present invention will become more apparent from
the detailed description set forth below when taken n conjunction with the drawings, n
which ike reference characters identify corresponding elements throughout. In the drawings,
like reference numbers generally indicate identical, functionally similar, and/or structorally
similar elements. The drawing in which an element first appears 1s indicated by the leftmost
digit(s) n the corresponding reference number.

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

accompanyving drawings.

DETAILED DESCRIPTION

Although specific configurations and arrangements are discussed, it should be
understood that this 1s done for illustrative purposes only. A person skilled in the pertinent art

will recognize that other configurations and arrangements can be used without departing
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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.

{0029] It 1s noted that references in the specification to “one embodiment,” “an embodiment,”

29 ¢s

“an example embodiment,” “some embodiments,” etc., indicate that the embodiment
described can include a particular feature, structure, or characteristic, but every embodiment
can 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 1s described in connection with an embodiment, it would be within
the knowledge of a person skilled in the pertinent art to affect such feature, structure or
characteristic in connection with other embodiments whether or not exphicitly described.

[0630] In general, termunology can be understood at least in part from usage in context. For
example, the term “one or more” as used herein, depending at least in part upon context, can
be used to describe any feature, structure, or characteristic 1n a smgular sense or can be used
to describe combinations of features, structures or charactenistics in a plural sense. Sumilarly,
terms, such as “a,” “an,” or “the,” agam, can be understood to convey a singular usage or to
convey a plural usage, depending at least in part upon context. In addition, the term “based
on” can be understood as not necessarily intended to convey an exclusive set of factors and
may, nstead, allow for existence of additional factors not necessarily expressly described,
agan, depending at least in part on context.

99 <L

{0031] It should be readily understood that the meaning of “on,” “above,” and “over” m the
present disclosure should be mterpreted m 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. Moreover, “above” or “over” not only means
“above” or “over” something, but can also include the meaning it is “above” or “over”
something with no intermediate feature or layer therebetween {(1.e, directly on something}.

{6032] Further, spatially relative terms, such as “beneath,” “below,” “lower,” “above,”

“upper,” and the like, can be used herein for ease of description to describe one element or

feature’s relationship to another element(s} or feature(s) as tllustrated in the figures. The

spatially relative terms are intended to encompass different orientations of the device in use

or process step in addition to the orientation depicted in the figures. The apparatus can be
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|0033]

[0034]

{0035}

otherwise oriented {(rotated 90 degrees or at other orientations) and the spatially relative
descriptors used herein can likewise be interpreted accordingly.

As used herein, the term “substrate” refers to a material onto which subsequent
material layers are added. The substrate includes a top surface and a bottom surface. The top
surface of the subsirate is where a semiconductor device is formed, and therefore the
semiconductor device is formed at a top side of the substrate. The bottom surface is opposite
to the top surface and therefore a bottom side of the substrate is opposite to the top side of the
substrate. The substrate itself can be patterned. Matenals added on top of the substrate can be
patterned or can remain unpatterned. Furthermore, the substrate can include a wide array of
semiconductor materials, such as silicon, germanium, galhium 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
thickness. A layer has a top side and a bottom side where the bottom side of the layer is
relatively close to the substrate and the top side 1s relatively away from the substrate. A laver
can extend over the entirety of an underlying or overlying structure, or can have an extent
less than the extent of an underlying or overlying structure. Further, a laver 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 set of
horizontal planes between, or at, a top surface and a bottom surface of the continuous
structure. A layver 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 lavers. For
example, an interconnect layer can include one or more conductor and contact layers (in
which contacts, interconnect lines, and/or vias are formed) and one or more dielectric layers.

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 step, 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 shight vanations in manufacturing processes or tolerances.
As used herein, the term “about” indicates the value of a given guantity that can vary based

on a particular technology node associated with the subject semiconductor device. Based on
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|0036]

[0037]

[0038]

[0039]

16640}

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).

In the present disclosure, the term “horizontal/horizontally/lateral/laterally” means
nominally parallel to a lateral surface of a substrate. In the present disclosure, the term “each”
may not only necessarily mean “each of all,” but can also mean “each of a subset”

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

In some embodiments, a NAND string or a 3D memory device includes a
semiconductor pillar (e g., silicon pillar) that extends vertically through a plurality
conductor/dielectric layer pairs. The plurality of conductor/dielectric layer pairs are also
referred to herein as an “alternating conductor/dielectric stack.” The conductor laver of the
alternating conductor/dielectric stack can be used as a word line (electrically connecting one
or more control gates). An intersection of a word line and the semiconductor pillar forms a
memory cell. Vertically-oriented memory strings require an electrical connection between the
conductors materials {e.g., word line plates or control gates) and access lines {e.g., back end
of hine interconnection) so that each of the memory cells along the memory strings or in the
3D memory device can be uniquely selected for writing or reading functions. One method of
forming electrical connections mcludes forming a statrcase structure on an alternating
conductor/dielectric stack.

As the demand for higher storage capacity continues to increase, the number of
vertical fevels of the memory cells and staircase structures also increases. Accordingly, it is
challenging to balance the manufacturing throughput and the process complexity/cost.

Lithography and etching processes can be used to open contact areas for forming
electrical connection to the conductive layer on each level of the staircase structure. Due to
topology of staircase structures, depth of the contact hole from the top surface to each level
of the staircase depends on the location of each level. For example, contact holes for lower
levels may be deeper than contact holes for upper levels. Typically, all of the contact holes

are formed with a single lithography mask and etching process. Often, before contact holes to
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[0041]

[0042]

[0043]

10644

[0645]

the bottom levels are entirely formed, the materials exposed in contact holes at the upper
levels are over-etched and lost. To resolve this issue, two or more lithography masks are used
to separate etching processes, which adds cost and complexity to the fabrication process.

Various embodiments in the present disclosure provide methods and structures for
mmproving word hine contacts for 3D memory devices. In the present disclosure, a single
lithography mask can be used to form contact areas for word lines of 3D memory array. By
adding an etch-stop film over the staircase structure, openings of the vertical interconnect
access (VIA) contacts for each level of the staircase structure can be formed simultaneously.
The etch-stop film protects underlying layers during etching processes that form contact
VIAs. The etch-stop film 1s exposed on each level of the staurcase structure by a selective
etching process, and then removed by reverse selective etching. Accordingly, the disclosed
methods and structures can improve fabrication yield and reduce cost. The methods and
structures described herein can be used to form semiconductor interconnect structures for
mter-connecting components at different layers with an uneven topology.

Fig. 1 illustrates a staircase structure 100 having an alternating layer stack on a top
surface of a substrate 101, Bach stawrcase step includes a staircase layver (8C layer) 102,
wherein the SC layer 102 includes an exposed top surface 1027 and a side surface 1028,
Each SC layer 102 includes a first insulating layer 104 and a sacrificial layer 106, The
bottommost and the uppermost material of the staircase structure 100 can mclude the first
msulating layer 104

In some embodiments, the substrate 101 mcludes any suitable matenal for supporting
the 3D memory structure. For example, the substrate 101 can include silicon, silicon
germanum, sthicon carbide, silicon on msulator (SOI), germanium on insulator (GO, glass,
gallium nitride, gallium arsenide, any suitable HI-V compounds, any other suitable material,
and/or combinations thereof.

In some embodiments, the first insulating layer 104 can include any suitable
msulating matenals, for example, silicon oxide, silicon oxymitride, silicon nitride, TEOS,
aluminum oxide, or silicon oxide with F-, C-, N-, and/or H- incorporation.

In some embodiments, the sacrificial layer 106 includes any suitable material that 15
different from the first msulating layer 104 and can be removed selectively. For example, the

sacrificial layer 106 can include silicon oxide, silicon oxynitride, silicon nitride, TEOS, poly-



WO 2019/042178 PCT/CN2018/101308

crystalline silicon, poly-crystalline germanium, poly-crystailine germanium-silicon, and/or
combinations thereof In some embodiments, the sacrificial layer 106 also includes
amorphous semiconductor materials, such as amorphous silicon or amorphous germanium.

{00406] In some embodiments, the first insulating layver 104 can be silicon oxide and the
sacrificial layer 106 can be silicon nitride.

{60471 In some embodiments, a thickness of the first insulating layer 104 or the sacrificial
layer 106 can be between about 10 nm and about 200 nm. In some embodiments, a thickness
of the SC layer 102 can be ditferent for each staircase level.

{0048] The formation of the first insulating layer 104 and the sacrificial layer 106 can
mclude any suitable deposition methods such as, chemical vapor deposition (CVD), physical
vapor deposition (PVD), plasma-enhanced CVD (PECVD), low pressure chemical vapor
deposition (LPCVD), sputtering, metal-organic chemical vapor deposition (MOCVD),
atoroic layer deposition (ALD), any other suitable deposition method, and/or combinations
thereof. In some embodiments, poly-crystalline semiconductor matenial can be deposited in
an amorphous state and converted to poly-crystalline through subsequent thermal treatments.

{0049] The plural steps of the staircase structure 100 1s formed by applying a repetitive eich-
trimn process on the disposed film stacks using a mask stack (not shown). In some
embodiments, the mask stack can mclude a photoresist or carbon-based polymer material. In
some embodiments, the mask stack 1s removed after forming the staircase structure 100.

{0050] The etch-trim process includes an etching process and a trimming process. During the
etching process, the portion of SC layer 102 with exposed top surface 1027 are removed. The
etch depth s a thickness of the SC layer 102, The etching process for the first insulating laver
104 can have a high selectivity over the sacrificial layer 106, and/or vice versa. Accordingly,
an underlying SC layer 102 can function as an etch-stop layer. As a result, one staircase step
is formed during each etch-trim cvele.

{0051} In some embodiments, the SC layer 102 can be etched using an anisotropic etching
such as a reactive ion etch (RIE) or sther dry etch processes. In some embodiments, the
etchant can include fluorine based gases such as, for example, carbon-fluorine (CFy) based
gases, hexafluoroethane {C)F) based gases, and/or any other suitable gases. In some
embodiments, the SC layer 102 can be removed by wet chemistry, such as hydrofluoric acid

or a mixture of hydrofluoric acid and ethylene glycol. In some embodiments, a timed etching
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approach can be used. The methods and eichants to remove a single layer stack should not be
limited by the embodiments of the present disclosure.

{0052] The trimming process mcludes applying a suitable etching process {e. g., an isotropic
dry etch or a wet etch} on the mask stack such that the mask stack can be pulled back
laterally. The lateral pull-back dimension determines the lateral dimension “a” of each step of
the staircase structure 100, as illustrated in Fig 1. After mask stack trimming, one portion of
the topmost SC layer 102 is exposed and the other potion of the topmost SC layer 102
remains covered by the mask stack. The next cycle of etch-trim process resumes with the
etching process.

[0053] In some embodiments, the mask stack trimmung process can include dry etching, such
as RIE using Gy, Ar, N, etc.

[0054] In some embodiments, the topmost SC layer 102 can be covered by the first
msulating layer 104. A process step of removing the first insulating laver 104 can be added to
the etching process of each etch-trim cycle to form the staircase structure 100,

[0055] Referring to Fig. 2, a staircase structure 200 1s formed by disposing a second
msulating layer 208 on the staircase structure 100, The second msulating layver 208 covers the
statrcase structure 100, including a top surface 1027 and a side surface 1028 of each SC
layer 102 {shown mn Fig. 1}. In some embodiments, the second insulating layer 208 can be an
optional barrier layer. For example, the second insulating layer 208 can be used as a barner
layer for protecting the underlying structure during subsequent etching processes. In some
embodiments, thicknesses of the second msulating layer 208 can be about the same on a side
surface 1028 and a top surface 1027, In some embodiments, thickness of the second
msulating layer 208 on the side surface 102S can be thicker or thinner than that on the top
surface 1027, In some embodiments, a thickness of the second insulating layer 208 can be in
a range between 1 nmto 200 nm (e.g., 1 nm, 2 nm, 3 nm, 4 nm, S nm, 6 am, 7 nm, 8 nm, 9
am, 10 nm, 20 nmy, 40 nm, 50 nm, 60 nm, 830 num, 90 nmy, 100 nm, 140 nmy, 160 nm, 170 nm,
200 nm, any range bounded by the lower end by any of these values, or in any range defined
by any two of these values). In some embodiments, the second insulating layer 208 can be
made of similar material as the first insulating laver 104, In some embodiments, the second
imsulating layer 208 can be formed using similar techniques as the processes used to form the

first insulating layer 104,

10
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{0056} Referring to Fig. 3, a staircase structure 300 1s formed by disposing an etch-stop layer
310 on the staircase structure 200. A thickness of the etch-stop layer 310 can be in a range
between 10 nm to 1000 nm (e.g, 10 nm, 20 nm, 30 nm, 40 nm, 50 nm, 60 nm, 70 nm, 80 nm,
90 nm, 100 nm, 200 nm, 300 nm, 400 nm, 500 nm, 600 nm, 700 nm, 800 nm, 900 nm, 1000
nm, any range bounded by the lower end by any of these values, or in any range defined by
any two of these values). The etch-stop layer 310 can be made of any suitable msulating
material that s different from the second insulating laver 208, In some embodiments, the
etch-stop laver 310 can be disposed on the second msulating layer 208. In some
embodiments, the second insulating layer 208 is optional and the etch-stop layer 310 can be
directly disposed on the staircase structure 100, In some embodiments, the etch-stop layer
310 can cover the staircase structure 200, including the top surface 1027 and the side surface
1028 of each SC layer 102, In some embodiments, the thickness of the etch-stop layer 310 on
a side surface 1028 can be the same as that on a top surface 1027, In some embodiments, the
thickness of the etch-stop layer 310 on the side surface 1028 can be thicker or thinner than
that on the top surface 102T. In some embodiments, etch-stop layer 310 can be made of
silicon mitride, silicon oxynitride, spin-on-dielectric, and/or high-k dielectric films such as
hafnium oxade, mirconium oxide, aluminum oxide, tantalum oxide, or lanthanum oxade films.
In some embodiments, etch-stop layer 310 can be disposed by any suitable methods such as
CVD, PVD, PECVD, LPCVD, sputtering, MOCVD, ALD, spin-coating, or any other
suitable deposition method, and/or combinations thereof.

{0057] Referring to Fig. 4, a staircase structure 400 is formed by disposing a third insulating
layer 420 over the staircase structure 300, with a top surface 4208 being coplanar with the
top surface 3108 of the uppermost portion of the etch-stop layer 310. The third insulating
layer 420 can be made of any a suitable insulator that is different from the etch-stop laver
310. In some embodiments, the third insulating layer 420 is made of a similar material as the
first insulating layer 104, In some embodiments, the forming of the third insulating layer 420
can use similar techniques as forming the first insulating layer 104, In some embodiments,
the forming of the third insulating layer 420 can use any suitable processes such as, for
example, a spin-coating process, CVD or high density plasma (HDP) deposition. In some

embodiments, the forming of the third msulating laver 420 further includes a planarization
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process such as chemical-mechanical planarization (CMP). In some embodiments, the third
msulating layer 420 can cover each step of the staircase structure 300

{0058] Referring to Fig. SA, a substrate opening 522 s formed in a staircase structure 500 by
etching through the entire film stack of the staircase structure 400, exposing the surface of
the substrate 101, {Although Figs. 5A and 5B illustrate one substrate opening 522, it is noted
that, the location, shape, total number, and arrangement of the substrate opening 522, relative
to the staircase structure 400, 1s only used for illustration purpose in the present disclosure,
which does not limit the scope of the present disclosure.)

{0059] In some embodiments, through the substrate opening 522, the sacrificial laver 106 of
each SC layer 102 in the staircase structure 400 is removed and replaced by a gate stack 525,
The staircase structure 500 includes a plurality of replacement SC layers 526, wherein the
replacement SC layer 526 includes the first insulating layer 104 and the gate stack 525, The
first insulating layer 104 and the gate stack 525 are alternatingly arranged 1n the staircase
structure 500.

[0060] In some embodiments, removing the sacrificial layer 106 includes wet etching or
isotropic dry etching that s selective to the first msulating layver 104, For example, the
etching rate of the first insulating layer 104 15 slower than the etching rate of the sacrificial
layer 106, In some embodiments, removing the sacrificial layer 106 15 also selective to the
second msulating layer 208, In some embodiments, the second msulating layer 208 13
optional, and removing the sacrificial layer 106 1s selective 1o the etch-stop layer 310.

{0061] Fig. 5B illustrates the details of a region 527 in Fig. SA, in accordance with some
embodiments of the present disclosure. The gate stack 525 can include a high-k dielectric
layer 525H and a gate conductive layer 525M. The gate conductive layer 525M 15 surrounded
by the high-k dielectric layer S25H, with one side next to the substrate opening 522.

{6062} In some embodiments, the high-k dielectric layer 525H can include hafnium oxide,
zirconium oxide, aluminum oxide, tantalum oxide, or lanthanum oxide films, and/or any
combination thereof The high-k dielectric layer S25H can be disposed by any suitable
methods such as CVD, PVD, PECVD, LPCVD, MOCVD, ALD, and/or combinations
thereof.

{0063} In some embodiments, the gate conductive layer 525M can be made from a metal,

such as tungsten, cobalt, nickel, copper, or aluminum, and/or combinations thereof. The
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metal can be formed by any suitable deposition methods, for example, sputtering, thermal
evaporation, e-beam evaporation, ALD, PVD, and/or combinations thereof.

{0064] In some embodiments, the gate conductive layer S25M can also be poly-crystalline
semiconductors, such as poly-crystalline silicon, poly-crystalline germanium, poly-crystalline
germanium-sthicon and any other suitable material, and/or combinations thereof In some
embodiments, the poly-crystaliine material can be incorporated with any suitable types of
dopant, such as boron, phosphorous, or arsenic, and in the form of elements or a compound.
In some embodiments, the gate conductive layer 525M can also be amorphous
semiconductors.

[0065] In some embodiments, the gate conductive layer 525M can be made from a metal
silicide, mcluding WSi,, CoSiy, NiSig, or AlSiy, ete. The forming of the metal silicide
material can include forming a metal laver and a poly-crystalline serniconductor using suutlar
techniques described above. The forming of metal silicide can further include applying a
thermal annealing process on the deposited metal layer and the poly-crystalline
semiconductor laver, followed by removal of unreacted metal.

{0066] In some embodiments, the gate stack 525 includes an interface material between the
high-k dielectric layer 525H and the gate conductive layer 325M. The interface matenial can
melude silicon oxide or silicon oxynitnide, etc.

{0067] The portion of the gate conductive layer 525M located on the sidewalls of the
substrate opening 522 (not illustrated 1n Fig. 5A or SB for simplicity), can be removed and
replaced by a fifth msulating Iaver 530. Removal of sidewall portions of gate conductive
layer S25M can be achieved by wet-etching or dry-etching. In some embodiments, the fifth
msulating layer 530 can be made of the same matenal as the first insulating layer 104 or the
etch-stop layer 310, and formed by similar techniques. In some embodiments, a portion of
the fifth insulating layer 530 can be removed from the top surface of substrate 101 and the
substrate surface can be exposed for electrical contacts in the subsequent processes.
Removing the fifth insulating layer 530 from the substrate surface can be achieved by, for
example, anisotropic dry-etching.

{0668] Referring now to Fig. 6, a staircase structure 600 includes vertical interconnect access
{(VIA) openings 640 for each replacement SC layer 526. In some embodiments, photoresist or

polymer material can be used as a mask fayer {not shown in the figure). A selective etching
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process can be used such that the etching rate of the third insulating layer 420 15 higher than
the etching rate of the etch-stop layer 310. During the one or more etching processes that
torm the VIA openings 640, the etch-stop layer 310 protects the underlying structure until all
the VIA openings 640 are formed throughout the staircase structure 600. For example, a VIA
opening 640L for a lower replacement SC layer 526L requires longer etch time than a VIA
opening 640U for an upper replacement SC layer 526U. An additional thickness H of the
third insulating layer 420 needs to be removed. The etch-stop laver 310 can protect
underlying materials of the replacement SC layers 526 on upper levels, before the VIA
openings 640 are formed for the replacement SC layers 526 on lower levels. For example,
during the removal process of the extra thickness H of third insulating layer 420, the etch-
stop layer 310 on top of the upper replacement SC layer 526U 1s not etched through, with a
remaining etch stop layer 310R. The remaining etch-stop layer 310R provides protection for
the replacement SC layers 526U, where the VIA openings 640U are already formed. The
staircase structure 600 is formed after the portion of the third msulating layer 420 mside all
the VIA openings 640 are removed for each replacement SC layer 526. The VIA openings
640 extend through the third msulating layer 420 and expose the underlying etch-stop layer
310. In some embodiments, the etch-stop laver 310 can be partially etched i some VIA
openings 640, as shown i Fig. 6. In some embodiments, the thickness of the etch-stop layer
310 remains substantially the same during the one or more etching processes that form the
VIA openings 640, because etch-stop layer 310 can be mert to the etchant used i the etching
processes. In some embodiments, the selective etching mcludes anisotropic dry etching using
chemical etchant such as, for example, CFy, CHF;, CoF, or CsFs, and/or other suitable
etchants.

{0069} In some embodiments, prior to forming VIA openings 640, a second conductive
material can be disposed inside the substrate opening 522 of the staircase structure 500 (see
FI(3. S) to form a substrate conductive structure 643 (see FIG. 6}. Accordingly, an electrical
connection s provided to the substrate 101 from the surface of the staircase structure 600, In
some embodiments, the substrate conductive structure 643 can be formed with any suitable
conductive material that can be the same as or can be different from the gate conductive layer
525M, and can be disposed using similar technigues. Additional planarization process can be

mcluded to form a top surface coplanar with the top surface of the third insulating layer 420
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{06076} Referring to Fig. 7, portions of the etch-stop laver 310 inside VIA openings 740 are
removed by reverse selective etching. During reverse selective etching, the etch-stop layer
316 can be etched faster than the second insulating layer 208, In some embodiments, the
reverse selective etching process includes anisotropic or isotropic dry etching using
chemistry, for example, O, N,, CF,, NF;, Cly, HBr, BCls, and/or combinations thereof. In
some embodiments, the reverse selective etching process includes wet chemical etching, for
example, phosphorus acid. A staircase structure 700 1s formed after the portion of etch-stop
layer 310 inside the VIA openings 740 is removed for each replacement SC layer 526

{0071} Referring to Fig. 8A and 8B, a portion of the second insulating layer 208 and a
portion of the high-k dielectric layer S25H n gate stack 525 are removed inside the VIA
openings 840, forming VIA openings 840 that extend through the third insulating layer 420,
the etch-stop layer 310, the second 1nsulating layer 208, and the high-k dielectric layer 525H
and exposing the gate conductive layer S25M. In some emnbodiments, the etching process for
etching the second insulating layer 208 and the high-k dielectric layer SZ5H can be sinular to
that used for etching the third msulating layer 420 or the etch-stop laver 310, A staircase
structure 8300 includes a portion of gate conductive layer 525M, which 1s exposed inside the
VIA openings 840 for each replacement SC layer 526, enabling gate contacts for every 3D
memory cell.

{06672] In some embodiments, the second insulating layver 208 15 optional and the etching of
the etch stop laver 310 exposes the high-k dielectric layer 525H inside the VIA openings
740/840. The high-k dielectric layer 525H can be removed in the subsequent etching process
to further expose the gate conductive layer 525M inside the VIA openings 740/840. The VIA
openings 8340 extend through the third insulating layer 420, etch-stop layer 310 and the high-
k dielectric layer 525H, exposing the gate conductive layer 525M.

{0673] Referring to Fig. 9A and 9B, a staircase structure 900 includes disposing a third
conductive material to form VIA conductive structures 945 in the VIA openings 840. The
VIA conductive structures 945 can be formed by disposing a third conductive material in the
formed openings 840 and directly on the exposed portions of gate conductive layer 525M. In
some embodiments, the VIA conductive structures 945 are directly disposed on the exposed
gate conductive layer 525M. In some embodiments, the VIA conductive structures 945 can

be made from a simtlar material as the gate conductive laver 525M. In some embodiments,
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the VIA conductive structures 945 can be disposed using a similar technique as the gate
conductive laver S25M. In some embodiments, the VIA conductive structures 945 can be
coplanar with the third insulating layer 420 using a planarization process such as, for
example, a CMP process. In the staircase structure 900, the VIA conductive structures 945
can extend through the third insulating layer 420, the etch-stop layer 310, the second
msulating layer 208 and the gate dielectric layer 525H, directly contacting and electrically
connecting to the gate conductive layer 525M for each corresponding replacement SC layer
526. As discussed above, the second msulating layer 208 can be optional and 1 such
scenarios the VIA conductive structures 945 can extend through the third insulating layer 420,
the etch-stop layer 310 and the gate dielectric layer SZSH, directly contacting and connected
to the gate conductive layer 525M for each corresponding replacement SC layer 526
Therefore, the electrical conductive path for gate stack 525 of each memory cell can be wired
up to the surface of the wafer, enabling various configurations of word hines for the 3D
memory in the back-of-line process.

[0074] Fig. 10 dlustrates an exemplary method 1000 for forming the word line contacts for a
three~-dimensional memory array, according to some embodiments. The processing steps of
the method 1000 can be used to form memory device structures tlustrated in Figs. 1-9. The
processing steps shown in method 1000 are not exhaustive and other processing steps can be
performed as well before, after, or between any of the illustrated process steps. In some
embodiments, some processing steps of exemplary method 1000 can be omitted or include
other processing steps that are not described here for simplicity. In some embodiments,
processing steps of method 1000 can be performed i a different order and/or vary.

{0675] At process step 1010, an alternating layer stack 1s disposed over a substrate, followed
by a repetitive etch-trim process to form a staircase structure. An example of the substrate
can be the substrate 101 described in Fig. 1. A layer stack within the alternating layer stack
can include a dielectric layer pair with a first insulating layer over a sacrificial laver. The first
msulating layer can be the first insulating layer 104 1in Fig. 1 and the sacrificial layer can be
the sacrificial layer 106 in Fig 1, and the dielectric layer pair can be formed using similar
techniques as the first insulating layer 104 and the sacrificial laver 106.

{0676} One cvele of the repetitive etch-trim process inchudes an eiching process that eiches a

height of a staircase step and a trimming process that determines a width of a staircase step.
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The etch-trim process 1s repeated for a number of ¢ycles, corresponding to the number of
steps or the number of dielectric layer pairs on the staircase structure. A mask stack can be
used for patterning and can be removed after the etch-trim process.

{0077] At process step 1020, a second insulating layer is disposed on the staircase structure
with alternating film stacks. The second insulating layer can be the second insulating laver
208 in Fig. 2 and can be formed using a similar technique.

{0078] At process step 1030, an etch-stop layer 1s disposed on the top surface of the second
msulating layer on the stawrcase structure. The etch-stop layer can be the etch stop layer 310
in Fig. 3, and can be formed using a similar technique.

[0679] At process step 1040, a third insulating layver 15 disposed on the top surface of the
etch-stop layer over the staircase structure, followed by an optional planarization process, to
form a surface coplanar with the uppermost portion of the etch-stop layer. The third
msulating layer can be the third 1nsulating layer 420 in Fig. 4, and can be formed using a
similar techoique.

{0080] At process step 1050, an opening to the substrate is formed by etching through the
entire film stack. Through the opening, the sacrificial layer of each dielectric layer pair in the
staircase structure 1s removed and replaced by a gate stack. A simular structure 1s shown in
Fig. 5A and 5B. The gate stack can be the gate stack 525 in Fig. SA and 5B. The opening to
the substrate can be the substrate opening 522 in Fig. SA. Removing the sacrificial layer
meludes wet etching or 1sotropic dry etching that 1s selective to the surrounding first and
second msulating layer. Disposing the gate stack mcludes first disposing a high-k dielectric
layer and then a gate conductive layer. The high-k dielectric layer can be the high-k dielectric
fayer 525H m Fig. 5B, and can be formed using a sumilar technique. The gate conductive
layer can be the gate conductive layer 525M, and can also be formed using a similar
technique.

{0081} Process step 1050 also includes removing the gate conductive layer (or the conductive
portion} from the sidewalls of the substrate opening and forming an isolation barrier layer.
Removing the gate conductive layer from the sidewall can be achieved by wet-etching or
dry-etching. The sidewall isolation layer can be fifth insulating layer 530 in Fig. 5A and 5B,
and can be formed using a similar technique. The sidewall 1solation matenal deposited on the

substrate surface at the bottom of the opening can be removed by anisotropic dry-etching.
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{0082} At process step 1060, a second conductive material can be disposed over the staircase
structure, forming a substrate conductive structure inside the substrate opening. The substrate
conductive structure can be the substrate conductive structure 643 in Fig. 6. A planarization
process, for example, chemical mechanical polishing, can be used to form coplanar top
surfaces between the substrate conductive structure and the third insulating layer.

{0083] At process step 1060, contact VIA openings are also formed for each staircase level
with selective etching. The contact VIA openings can be the same VIA openings 640 in Fig,
6. The etching rate of the third insulating layer can be tugher than the etching rate of the eich-
stop layer. Therefore, deep openings can be made for the bottom staircase level, while the
etch-stop laver 15 not punched through on the uppermost staircase level.

{0084] At process step 1070, the etch-stop materials inside the VIA openings are removed by
reverse selective etching. During reverse selective etching, the etch-stop layer can be etched
faster than the second insulating layer. At thus step, the VIA openings can be the VIA

operings 740 1 Fig 7.

{0085] At process step 1080, the second insulating layer and the high-k dielectric layer of the
gate stack 1s removed 1nside the VIA openings, by using a similar etching process as that for

the third insulating layer or the etch-stop layer. The conductive material of the gate stack is
exposed inside the VIA opemings, enabling electrical connections to the gate of every 3D
memory cell. At this step, the VIA openings can be the VIA openings 840 in Fig. 8A and 8B,
{06036] At process step 1090, VIA conductive structures are formed by disposing and filling a
third conductive material in all the VIA openings in the structure. The VIA conductive
structure can be the VIA conductive structures 945 m Fig. 9A and 9B. The third conductive
material can be plananzed subsequently to form a coplanar surface with the top surface of the
third insulating layer. The planarization process includes chemical mechanical polishing
(CMP). Residual conductive materials outside the VIA openings can be removed by touch-up
dry etching or wet etching. As a result, the conductive material in the VIA openings is
connected with the conductive material of the gate stack for each level of the staircase
stracture. Therefore, the embedded gates of the vertically stacked 3D memory cells can be
electrically connected from a planar surface on the top of the structure in the subsequent
back-of-line processes, enabling various configurations of word lines for the 3D memory

array.
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{0087]

[0688]

[0089]

[0690]

Process steps 1010-1050 illustrate the formation of the staircase structure 500 in Fig,
5, in accordance with some embodiments of the present disclosure, using a replacement gate
technique. In this example, the sacrificial layer 106 1s formed first on the staircase structure
100 n Figs. 1 at process steps 1010. The sacrificial layer 106 can be replaced by the gate
stack 525 at process step 1050 to form staircase structure 500. Detailed structure and method
of 3D memory with replacement gate is described 1n co-pending U.S. patent application,
titled “Method for Forming Gate Structure of Three-Dimensional Memory Device,”
{Application No. 16/047,158 and filed on July 27, 2018), which is incorporated herein by
reference in it endirety.

In some embodiments, the staircase structure 500 can also be formed with a so called
“gate~-first” approach, where a gate conductive laver can be disposed in Fig. 1 and at process
steps 1010, 1n place of the sacrificial layer 106, The gate conductive layer can be a similar
material as the gate conductive layer S25M 1n Fig. 5B and can be formed using similar
techniques. The etch-trim process to form the staircase structure 100 can be modified
accordimgly so that the gate conductive layer 325M can be etched instead of the sacrificial
layer 106. As such, the sacnificial layer 106 10 Figs. 2-4 can also be replaced by the gate
conductive layer 525M. At process step 1050, the step of removing the sacrificial layer 106
can be skipped in this embodiment. The substrate opening 522, the VIA openings
640/740/840, and the conductive structures 643/945 can be formed similarly as the ones in
Figs. 5-9 and using similar methods n process steps 1050-1090.

In some embodiments, a semiconductor structure includes a staircase structure having
a plurality of steps, and each step includes a conductive layer disposed over a dielectric layer,
The semiconductor structure further mcludes a barner layer disposed over a portion of the
conductive laver of the each step. The semiconductor structure also mcludes an etch-stop
layer disposed on the barrier layer and an insulating laver disposed on the etch-stop fayer.
The semiconductor structure also includes a plurality of conductive structures formed in the
msulating layer and extending through the etch-stop layer and the barrier laver. Fach
conductive structure directly contacts the conductive layer of the each step.

In some embodiments, a semiconductor structure includes a staircase structure having
a plurality of steps, and each step includes a conductive layer disposed over a dielectric layer.

The semiconductor structure further includes an etch-stop layer disposed over a portion of

19



WO 2019/042178 PCT/CN2018/101308

the conductive layer of the each step and an insulating layer disposed on the etch-stop layer.
The semiconductor structure further includes a plurality of conductive structures formed in
the insulating layer and extending through the etch-stop layer. Each of the conductive
structure directly contacts the corresponding conductive laver of the each step.

{0091] In some embodiments, a method for forming a semiconductor structure includes
forming a plurality of steps of a staircase structure. Forming each step of the plurality of
steps includes disposing a sacrificial layer over a dielectric laver and disposing an etch-stop
layer on each step of the plurality of steps. The method further includes disposing an
msulating layer on the etch-stop layer and replacing the sacrificial laver with a conductive
layer for each step of the staircase structure. The method also includes fornung a plurahity of
openings in the insulating layer and exposing portions of the etch-stop laver. The method
also includes etching the exposed portions of the etch-stop layer in the plurality of openings
and exposing the conductive layer of each step. The method also includes forming a plurality
of conductive structures and each conductive structure 1s respectively formed in each opening
of the plurality of openings.

[0692] The foregoing description of the specific embodiments will so fully reveal the general
nature of the present disclosure that others can, by applving knowledge withun the skill of the
art, readity modify and/or adapt, for various applications, such specific embodiments,
without undue experimentation, and 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 equuvalents of the disclosed embodiments, based on the disclosure
and guidance presented herein. It 1s to be understood that the phraseology or termimology
herem 13 for the purpose of description and not of limitation, such that the terminology or
phraseclogy of the present specification is to be interpreted by the skilled artisan in light of
the disclosure and guidance.

{0093} Embodiments of the present disclosure have been described above with the aid of
functional building blocks illustrating the implementation of specified functions and
relationships thereof. The boundaries of these functional building blocks have been
arbitrarily defined herein for the convenience of the description. Alternate boundaries can be
defined so long as the specified functions and relationships thereof are appropriately

performed.
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{0094} The Summary and Abstract sections can set forth one or more but not all exemplary
embodiments of the present disclosure as contemplated by the inventor(s), and thus, are not
intended to limit the present disclosure and the appended claims in any way.

{0095] The breadth and scope of the present disclosure should not be limited by any of the
above-described exemplary embodiments, but should be defined only in accordance with the

following claims and thetr equivalents.
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CLAIMS

A sermiconductor structire, comprising:

a staircase structure comprising a plurality of steps, wherein each step comprises a
conductive layer disposed over a dielectric layer;

a barrier layver disposed over a portion of the conductive layer of the each step;

an etch-stop layer disposed on the barrier layer;

an insulating layer disposed on the etch-stop laver; and

a plurality of conductive structures formed tn the insulating layer, wherein each

conductive structure is formed on the conductive layer of the each step.

The semiconductor structure of claim T, wherein the plurality of conductive structures extend

through the barrier layer.

The semiconductor structure of claim 1, wherein the plurality of conductive structures extend

through the etch-stop layer.

The semiconductor structure of claim I, wherein the barrier layer comprises silicon oxide.

The semiconductor structure of claim 1, wherein the etch-stop layer comprises one or more

of silicon mitride, a spin-on-dielectric, and a high-k dieleciric.

The semiconductor structure of claim 1, wherein the each conductive structure directly

contacts a corresponding one of the conductive layer of the each step.

The semiconductor structure of claim 1, wherein top surfaces of the plurality of conductive

structures, the insulating layer, and a portion of the etch-stop layer are coplanar.

The semiconductor structure of claim 1, wherein the plurality of conductive structures

comprise one or more of tungsten, cobalt, nickel, copper, and aluminum.
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The semiconductor structure of claim 1, wherein the barrier laver 1s formed on side and top

surfaces of the plurality of steps.

The semiconductor structure of claim 1, wherein a thickness of the etch-stop layer ts ina

range between 10 nm and 1000 nm.

A semiconductor structure, comprising:

a staircase structure comprising a plurality of steps, wherein each step comprises a
conductive laver disposed over a dielectric layer;

an etch-stop layer disposed over a portion of the conductive layer of the each step;

an insulating layer disposed on the etch-stop layer; and

a plurality of conductive structures formed in the insulating layer and extending
through the etch-stop laver, wherein each conductive structure directly contacts the

corresponding conductive layer of each step.

The semiconductor structure of claim 11, wherein the etch-stop layer is formed on a side

surface and a top surface of each step.

The semiconductor structure of claim 12, wherein thicknesses of the etch-stop laver is the

same on the side and top surfaces of each step.

The semiconductor structure of claim 11, wherein the etch-stop layer comprises one or more

of silicon nitride, a spin-on-dielectric, and a high-k dielectric.

The semiconductor structure of claim 11, wherein a thickness of the etch-stop layeris ma

range between 10 nm and 1000 nm.
A method for forming a semiconductor structure, comprising:

formuing a staircase structure having a plurality of steps, wherein the forming of each

step of the plurality of steps comprises disposing a sacrificial layer over a dielectric laver;
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disposing an etch-stop laver on each step of the plurality of steps;

disposing an insulating laver on the etch-stop laver;

replacing the sacrificial layer of each step with a conductive layer;

forming a plurality of openings in the msulating layer exposing portions of the etch-
stop laver;

etching the exposed portions of the etch-stop laver in the plurality of openings and
exposing at least a portion of the conductive layer of each step; and

forming a plurality of conductive structures in each of the plurality of openings.

The method of claim 16, wherein the forming the plurality of openings comprises performing
an etching process on the insulating layer, wherein an etching rate of the msulating layer is

higher than an etching rate of the etch-stop layer.
The method of claim 16, wherein the etching the exposed portions of the etch-stop layer
comprises etching the exposed etch-stop layer at a higher etching rate than an etching rate of

the conductive layer.

The method of claim 16, wherein disposing an etch-stop layer comprises disposing one or

more of stlicon mitride, a spin-on-dielectric, and a high-k dielectric.

The method of claim 16, wherein forming the plurality of conductive structures comprises

disposing conductive materials directly on the exposed conductive layer of the each step.
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