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MULTI-LAYER STACKS FOR 3D NAND EXTENDABILITY

BACKGROUND
Field

{0001} Embodiments of the present disclosure generally relate to methods
and materials for forming semiconductor devices. More specifically,
embodiments described herein relate to multi-layer stacks for three dimensional
(3D) not AND (NAND) extendability.

Description of the Related Art

00023 The designs of memory and other semiconductor devices have
undergone rapid development in recent years. Current memory devices are able
{0 retain stored data for a very long period of time without applying a voltage
thereto, and the reading rate of such memory devices is relatively high. It is
relatively easy to erase stored data and rewrite data into the memory devices.
Thus, memory devices have been widely used in micro-compuiers, and
automatic control systems, etc. To increase the bit density and reduce the cost
per bit of memory devices, 3D NAND (three-dimensional Not AND) memory
devices have been developed. Other memory devices, such as ReRAM
(resistive random access memory), and advanced hardmask materials are also
being developed to further facilitale advances in the semiconductor industry.

[0003} Vertical gate 3D memory cells are being explored for 3D NAND
technologies 1o reduce cost as the number of memory cell layers increase.
Oxidefsilicon and oxide/nitride [ayer stacks are useful due to material integration
advantages, but with an increasing number of memory cell layers, thickness of
the lavers becomes a limiting Tactor. Thus, reducing the thickness of the memory
cell layers is desirable, however, issues of oxide quality (i.e. breakdown voltage),
silicon resistivity, and high aspect ratio etching persist with reduced layer
thickness.
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[0004] Thus, what is needed in the art are improved methods and materials
for fabricating semiconductor devices. More specifically, what is needed are
multi-layer stacks for 3D NAND extendability.

SUMMARY

[0605] In one embodiment, @ memory device fabrication method is provided.
The methoed includes forming a hole in a stack of alternating insulator layers and
memory cell layers. The insulator layers include a second oxide material layer
disposed between a plurality of first oxide material layers. A first portion of gach
memory cell layer is removed to form a piurality of first cavities, a charge trap
material is deposiied in the plurality of first cavilies, and a second portion of each
memory cell is removed to form a plurality of second cavities. A control gale is
formed within each of the second cavities and the second oxide material is

removed to form an air gap.

[ooos] In anocther embodiment, a memory device fabrication method is
provided. The method includes forming a hole in a stack of alternating insulator
fayers and memory cell layers. The insulator layers include a nitride maierial
layer disposed between a plurality of first oxide material layers. A first portion of
each memory cell laver is removed to form a pluralily of first cavities, a charge
frap material is deposited in the plurality of first cavities, and a second portion of
each memory cell is removed to form a plurality of second cavilies. A control
gate is formed within each of the second cavities and the nitride material is

removed to form an air gap.

[0067] In yet another embodiment, a three-dimensional NAND device is
provided. The device includes a first memory cell coupled to a gate oxide layer
and a second memory cell coupled to the gate oxide layer. An air gap is
disposed between the first memory cell and the second memory cell and an
oxide material layer is disposed on surface of the first memory cell and the
sacond memory celi adjacent to the air gap.
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BRIEF DESCRIPTION OF THE DRAWINGS

[oooa] So that the manner in which the above recited features of the present
disclosure can be understood in detail, a more particular description of the
disclosure, briefly summarized above, may be had by reference to embodiments,
some of which are iliustrated in the appended drawings. It is 1o be noted,
however, that the appended drawings iliustrate only exemplary embodiments and
are therefore not to be considered limiting of scope, as the disclosure may admit
to other equaliy effective embodiments.

[0009] Figure 1 is a schematic cross-sectional view of a portion of a
conventional three-dimensional (3D) NAND memory device.

[0010} Figure 2 shows a schematic cross-sectional view of a portion of a 3D
NAND memory device, according io an embodiment of the disclosure.

[0011} Figure 3 is a flow chart of process operations for forming memory cells
in a 3D NAND memory device, according fo various embodiments of the

disclosure.

00121 Figures 4A-41 are schematic cross-sectional views of the 3D NAND
memory device of Figure 2 corresponding to different stages of the process of
Figure 3, according to various embodiments of the disclosure.

[0013] Figures 5A-5B are schematic cross-sectional views of the 3D NAND
memory device of Figure 2 corresponding to different stages of the process of
Figure 3, according to various embodiments of the disclosure.

0014} Figures BA-6B are schematic cross-sectional views of the 3D NAND
memory device of Figure 2 corresponding to different stages of the process of
Figure 3, according to various embodiments of the disclosure.

[0015] To facilitate understanding, identical reference numerals have been
used, where possible, to designate identical elements that are common o the
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figures. It is contemplated that elements and features of one embodiment may be
beneficially incorporated in other embodiments without further recitation.

DETAILED DESCRIPTION

o016} Embodiments described herein relate o methods and materials for
fabricating semiconductor devices, such as memory devices and the like. In one
embodiment, a memory layer stack includes materials having differing etch rates
in which one material is selectively removed {0 form an airgap in the device
structure. in another embodiment, silicon containing materials of 8 memory layer
stack are doped or fabricated as a silicide material to reduce shest resistance of
the silicon containing material. In another embodiment, a silicon nitride material
is uiilized as an interfacial layer between oxide containing and silicon containing
layers of a memory layer stack io improve adhesion between the oxide and

silicon containing layers.

0017} In a conventional three-dimensional {(3D) NAND memory device, the
charge storage region of a memory cell may be susceptible to leakage of irapped
charge into or out of the charge sicrage region of adjacent memory cells,
compromising stored data, as illusirated in Figure 1. Figure 1 is a schematic
cross-sectional view of a portion 150 of a conventional three-dimensional (3D)
NAND memory device 100. Portion 150 includes memory cells 131, 132, and
133, each separated by insulator layers 110, such as silicon dioxide layers. Each
of memory cells 131-133 includes a separate control gate 123 for programming
the associated memory cell. By conirast, a single blocking gaie oxide layer 104
forms the gate oxide for each of memory cells 131-133, a singie charge trap layer
121 provides the charge trap region 125 for each of memory celis 131133, and a
single blocking oxide layer 122 is generally disposed between control gates 123
and charge trap layer 121,

[0018] At a positive gate bias, slectrons can tunnel from channel layer 105
through ultra-thin gate oxide laver 104 to charge trap layer 121, and are
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subsequently trapped. Silicon nitride {SigNg), for example, has an intrinsic
property of trapping charge (electrons or holes). As thickness T of insulator
fayers 110 is reduced in thickness, charge trapped in the charge trap region 125
of one memory cell can leak info the charge trap region of an adjacent memory
cell, for example via electron hopping 126. For example, when thickness T is
less than about 15-20 nm, electron hopping 126 can occur. In addition, the
relatively sharp corners of control gates 123 can produce fringing effects 127 that
can alse affect charge trapped in the charge trap region 125 of adjacent memory
cells.

[0019] Embodiments described herein generally relate to 3D NAND memory
devices with improved word-line isolation and methods of forming the same.
Specifically, for each memory cell of a vertical NAND string, the charge trap
region, which serves as the charge storage region of each memory celi, is
formed as a separate charge-trap “island.” As a resull, the charge-trap region of
one memory cell is elecirically isolated from adjacent charge-trap regions in
adjacent memory cells. Thus, a single charge-trap layer that is adjacent to all
memory calls in the vertical NAND string is not present.  in some embodiments,
the charge trap region of one memory cell is separated from the charge frap
regions of adjacent memory cells by a dielectric structure, such as a silicon oxide
film. In ofher embodiments, the charge trap region of a memory cell is separated
from the charge trap regions of adjacent memory cells by an air, gas, or vacuum-
containing spatial gap.

6620} Figure 2 shows a schematic cross-sectional view of a portion of a 3D
NAND memory device 200, according to an embodiment of the disclosure. 3D
NAND memory device 200 includes a string 201 of vertically stacked memaory
cells formed on a semiconductor subsirate 202, String 201 includes a plurality of
memory cells 220 alternately disposed between g plurality of insulator layers 210,
As shown, insulator layers 210 and memory celis 220 are formed around a
memory hole 203, in which a gate oxide layer 204, a polysilicon channel 205, and
a filler material 206 are disposed.
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{0021} String 201 further includes a select gaie coupled to a source line (not
shown) and a select gate coupled to a bit line (not shown) that are each
separately coupled to control gates 223 within the various memory cells 220. In
the embodiment Hlustrated in Figure 2, string 201 is configured as a single
vertical structure, but in other embodiments, siring 201 may be configured as a
U-shaped structure with two vertical columns. “Top,” “up,” and “upward” are
used herein to describe elements or directions perpendicularly distal from the
plane of semiconducior substraie 202 and the center of mass of semiconductor
substrate 202, Similarly, “vertical” is used to describe elements or directions

aligned in the “upward” direction, i.e., towards the “top”.

00622} Semiconductor substrate 202 may be any suitable starting material for
forming integrated circuits, such as a silicon (5i) wafer or a germanium {Ge)
substrate. In one example, semiconductor subsirate 202 is a silicon
semiconductor substrate having a layer or layers formed thereon, such as a film
stack, employed {o form a structure on semiconductor substrate 202, such as 3D
NAND memory device 200. Semiconductor substrate 202 may include a material
such as crystalline silicon {e.g., Si<100> or Bi<111>), silicon oxide, strained
silicon, silicon germanium, doped or undoped polysilicon, doped or undoped
silicon, patierned or non-patierned wafer, silicon on insulator (SO}, carbon-
doped silicon oxides, silicon nitride, doped silicon, germanium, gallium arsenide,
glass, sapphire, metal layers disposed on silicon, and the like. Semiconductor
substrate 202 may be configured as a 200 mm, 300 mm, or 450 mm diameter
substrate, or as a rectangular or square panel.

[0023} Gate oxide layer 204 is configured as a gate oxide for sach of memory
cells 220, and includes a suilable disleclric maternial, such as silicon dioxide.
Channsl 205 is a conductive structure that provides electrons to the charge trap
region {described below) of each memory cell 220, For example, in some
embodiments, channel 205 includes a doped or undoped polycrystalline silicon
material.
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[0024] Isolator layers 210 are disposed between and electrically isolate
memory cells 220, A thickness 208 of each of the isolator layers 210 is less than
about 200nm, for example, less than about 50 nm, such as between about 20 nm
and about 30 nm or less. Implementation of the embodiments described herein
enables utilization of thin isolator layers 210, which reduce the overall height of
the string 201, while maintaining a quality of the oxide material used for the
isolator layers 210. i is believed the isolator layers 210 and materials thergof
described herein maintain an appreciable breakdown voltage of leakage current,
even al reduced thicknesses. As ulilized herein, “breakdown voltage of leakage
current” is the minimum voltage that causes an insulator to become electrically

conductive.

[0025] Isolator layers 210 may be any suitable elecirically isolating material,
such as a TEOS-formed silicon dioxide. In one example, the isolator layers 210
are formed from a high wet etch rate oxide material. As ulilized herein, “high wet
etch rate” is an etch rate of an oxide material ({e. isolator layers 210) that is
greater than an eich rate of another oxide material (i.e. gate oxide layer 204)
utilized in the memory device 200. 1t is contemplated that the high wet elch rate
oxide material has an eich selectivity of greater than about 10:1, such as about
100:1 or greater. For exampie, isolator layers 210 formed form a high wet etch
rate material would be removed at a rate of between about 10 times and about
100 times or more faster than a removal rate of the gale oxide layer 204, In
certain embodiments, an HF or dilute HF material is utilized as an etchant {o

remove the high wet efch rate material.

0026} in one embodiment, the high wet etch rate material is a stressed oxide.
For example, the stressed oxide material may exhibit a tensile stress, such as a
stress of about 300 MPa or greater. The deposition parameters utilized to
deposit the isolator layers 210 may be selected o influence the stress of the as
deposited isolator layers 210, It is believed that the siressed oxide has a
reduced density when comparad to conventional oxides which advantageously
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increases the etch rate of the siressed oxide, thus aiding in preferential removal
of the stressed oxide.

00271 In ancther embodiment, the isolator layers 210 are formed from a
doped oxide material. in one example, the isolator layers 210 are doped with
boron. In another example, the isolator layers 210 are doped with phosphorous.
In another example, the isolator layers 210 are doped with boron and
phosphorous. In this example, the isclator layers 210 are formed from a

borophosphesilicate glass maiterial.

[0028] Each of memory cells 220 corresponds to a word line of 3D NAND
memory device 200, each word line extending info the page to form additional
memory cells of 3D NAND memory device 200 that are not visible. Thus, each
memory cell 220 is configured to store one or more bits of data. As such, each
memory cell 220 includes a charge trap region 221, a blocking oxide 222, and a
control gate 223. Charge trap region 221 is the charge storage region of a
memory cell 220. According to embaodiments of the disclosure, each charge trap
region 221 is formed from a portion of a charge trap laver, such as a silicon
nitride {SisNg) layer, that is ultimately separated into individual “charge trap

istands,” one for each memory cell 220, as described below.

[0023] Blocking oxide 222 includes a material that prevents or reduces
diffusion of metal atoms from control gate 223 into gate oxide 204 and isolates
the control gate 223 from the charge trap region 221. Control gate 223 includes
a conductive material and is configured {o enable a particular voltage to be
applied proximate charge trap region 221 when programming the memory cell
220,

[0030] Because each charge trap region 221 is physically separated from the
charge trap region 221 of adiacent memory cells, electron hopping can no longer
oceur, even when the thickness of insulator layers 210 is [ess than about 200 nm.
in addition, because insulalor layers 210 extend between charge irap regions
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221 of adjacent memory cells 220, charge trap regions 221 are electrically
shielded from fringing effects caused by the relatively sharp comers of control
gates 223.

[0031} According to various embodiments, a novel charge-trap region may be
formed via a “gate-last” fabrication process, in which the gate structure for each
memory cell in a 3D NAND device is formed after substantially all other elements
of the memory cell have been formed. Alternatively, the novel charge-trap layer
may be formed via a “gate-first” fabrication process, in which at least a portion of
the gate structure for each memory cell is formed from conductive material
originally deposited between the insulator layers of the memory cell string.

[0032] Figure 3 is a flow chart of process operations for forming memory cells
in a 3D NAND memory device, according to various embodiments of the
disclosure. Figures 4A-4] are schematic cross-sectional views of 3D NAND
memeory device 200 corresponding to different stages of the process of Figure 3,

according to various embodiments of the disclosure.

[0033} Method 300 begins at operation 301, in which memory hole 203 is
formed in a stack of alternating insulator layers 210 and sacrificial memory cell
layers 340 deposited on semiconductor substrate 202, as shown in Figure 4A.
Any suitable etching method may be employed fo form memory hole 203, such
as deep reactive-ion etching (DRIE), a highly anisotropic eich process employed
to create high aspect-ratio holes and trenches in semiconductor wafers or other
subsirates.

[6634] in some embodiments, sacrificial memory cell layers 340 are SigNg
layers. In other embodiments, the sacrificial memory cell layers 340 are
polysilicon layers. In one embodiment, if the sacrificial memory cell layers 340
are g polysilicon material, the sacrificial memory cell layers 340 are doped with
arsenic. For example, the sacrificial memory cell layers 340 may be formed by &
PECVD process in which an in-sifu arsenic doping process utilizing an arsanic

g
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containing precursor, such as AsHj, is performed. It is believed that diffusion of
the arsenic within the [attice structure of the polysilicon material of the sacrificial
memory cell layers 340 is reduced upon subsequent high temperature
processing resulting in an advantageous reduction of the dopant at inlerfaces
between the sacrificial memory cell layers 340 and the insulator fayers 210,

[0035] In another embodiment, the sacrificial memory cell layers 340 are
formed form an oxide materigl, such as a high wet etch rate oxide material, for
example, a doped oxide such as borophosphosilicate glass. Other high wet etch
rate oxide materials include oxides having a dielectric constant of less than about
3.0, for example, porous carbon doped silicon oxide materials. In this
embodiment, the isolator layers 210 are formed from a silicon dioxide material. it
is bhelieved that by ulilizing a high wet etch rate oxide material and a silicon
dioxide material for the sacrificial memory cell layers 340 and the isolator layers
210, respectively, sufficient etch seleclivity is achieved to enable selective
removal of the sacrificial memory cell fayers 340 during subsequent recess
and/or stripping processes. In one example, HF or dilute HF etch chemistries are

utilized for performing the recess and/or stripping processes.

[0036} in operation 302, a recess process s performed {o remove an exposed
portion of sacrificial memory cell layers 340, as shown in Figure 4B. The recess
process of operation 302 is performed on edge surfaces of insulator layers 210
and sacrificial memory cell layers 340 that are exposed to memory hole 203,
Generally, any isotropic eich process that is selective o at least the material of
insuiator layers 210 may be emploved in operation 302 to remove a portion of

sacrificial memory cell layers 340 with high selectivity.

[6637] For example, in some embodimenis, a portion of sacrificial memary
cell layers 340 is removed with a reaclive species that is formed via a remote
plasma from a process gas comprising oxygen (Op) and nitrogen triflucride (NF;).
More specifically, a fluorine-containing precursor and, in some embodiments, an

oxygen-containing precursor are fliowed into a remote plasma region while
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striking a plasma to form plasma effluents that then flow through a showerhead
intc a substrate processing region housing semiconductor substrate 202
Generally, selective etching processes that may be used for the removal of the
sacrificial memory cell layers 340 are selected depending on the material of the
sacrificial memory cell layers 340. For example, wet or dry etch chemistries are
selected in response io, in various embodiments, silicon nitride sacrificial
memory cell layers, polysilicon sacrificial memory cell layers, or high wet eich
rate oxide material sacrificial memory cell layers.

[0038] In one example of a dry eiching process, a flow of nitrogen trifluoride
and oxygen {Og) is infroduced into a remote plasma region separate from and
fluidly coupled to a substrate processing region, where the nitrogen trifluoride is
excited in a remote plasma struck within the remote plasma region. More
generally, a fluorine-containing precursor and an oxygen-containing precursor
may be flowed into the remote plasma region. The fluorine-containing precursor
comprises at least one precursor selected from the group consisting of atomic
fluorine, diatomic fluorine, bromine {riflucride, chiorine triflucride, nitrogen
trifluoride, hydrogen fluoride, fluorinated hydrocarbons, sulfur hexafluoride and
xenon diftuoride in embodiments. The oxygen-containing precursor may be one
of atomic oxygen, molecular oxygen (Oy), ozone (Os), nitrogen dioxide or nitrous
oxide, including combinations thereof. Plasma effluents are formed and passed
into the substrate processing region housing semiconductor substrate 202, thus
removing a portion of sacrificial memory cell layers 340, as shown in Figure 3B.
The plasmas described herein may include one or more relatively inert gases,
such as He, Nz, Ar, that can be used to improve plasma stability or process
uniformity. Flow rates and ratios of the different gases may be used o contral

etch rates and etch selectivity.

[0039] in embodiments described herein, the fluorine-containing gas (e.q.,
NF3) is supplied at 3 flow rate of between about § scem (standard cubic
centimeters per minute) and 400 scom, helium at a flow rate of between about O

sim {standard liters per minute) and 3 sim, and N; at a flow rate of between about
11
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0 sim and 3 slm. One of ordinary skill in the art would recognize that other gases
andior flows may be used depending on a number of factors, including
processing chamber configuration, substrate size and geometlry, and layout of
features being etched.

[0040] In addition o the other embodiments described herein, the pressure in
the remote plasma region and/or the substrate processing region during all
selective etch processes may be between about .01 Torr and about 30 Torr or
between about 1 Torr and about 5 Torr in embodiments. In embodiments, an ion
suppressor (which may be a showerhead) may he used to provide radical and/or
neutral species for gas-phase eiching. The ion suppressor may also be referred
to as an ion suppression element. In embodiments, for example, the ion
suppressor is used to filter etching plasma effluents {including radical-fluorine) en
route from the remote piasma region to the substrate processing region. The ion
suppressor may be used 1o provide a reaclive gas having a higher concentration
of radicals than ions. Plasma efffuents pass through the ion supprassor disposed
between the remote plasma region and the substrate processing region. The ion
suppressor functions to dramatically reduce or substantially eliminate ionic
species traveling from the plasma generation region {o the substrate.

[0041] Generally, the quantity of sacrificial memory cell layer material
removed in operation 302 is sufficient for the subsegquent formation of the
isolated charge trap regions 221, shown in Figure 2. Thus, cavities 421 formed
between insulator layers 210 in operation 302 have substantially the same size
as the subsequenily formed charge trap regions 221.

[0042] The recessing process of operation 302 may be performed in a
suitable eich chamber that is configured to selectively remove a portion of
sacrificial memaory cell layers 340, such as the Selectra™ process chambaer,
available from Applied Materials, Inc. of Santa Clara, Calif., and the like. In
particular, an etch chamber configured with a dual channel showerhead enables

an etching process that allows for separation of eichanis outside of the
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processing region, thus providing limited interaction with chamber components
and each other prior to being delivered into the processing region. The etch
chamber employed in operation 302 may be a standalone chamber, or part of a
cluster tool, such as one of the ENDURA® line of cluster tools, also available
from Applied Materials, Inc. 1t is also contemplated that suitably configured
process apparatus from other manufacturers may be used in accordance with the
embodiments described herein.

[0043] In operation 303, a radical oxidation process is performed to form
blocking oxides 222 by oxidizing an exposed portion of sacrificial memory cell
layers 340, as shown in Figure 4C. Generally, any isctropic oxidation process
suitable for uniformly oxidizing sacrificial memory cell layers 340 for each
memory celi 220 of 3D NAND memory device 200 may be employed in operation
302, For example, a portion of sacrificial memory cell layers 340 is converted {o

blocking oxide 222 with a reactive species that is formed via a remote plasma.

[0044] Generally, the guantity of SisNg or polysilicon converted to blocking
oxide 222 is determined based on what thickness of blocking oxide 222 is
suitabie for the specific materials employed in memory celis 220 and the process
temperatures employed in forming the same. Upon completion of operation 303,
a portion of sacrificial memory cell layers 340 is converted o blocking oxide 222
and a remainder porlion 341 of sacrificial memory cell layers 340 remains

disposed between insulator layers 210,

[0045] The radical oxidation process of operation 303 may be performed in
any suitable deposition chamber, such as the Decoupled Plasma Oxidation
(DPQ) reactors available from Applied Materiails, Inc., of Santa Clara, California,
or the like. The deposition chamber empioyed in operation 302 may be a
standalone chamber, or part of a cluster tool, such as one of a Gate Stack
CENTURA®, available from Applied Materials, inc., of Santa Clara, California. It

is contemplated that other suitably configured reactors andfor cluster {ools from
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other manufacturers may be advantageously utilized in accordance with the
embodiments described herein.

[0045] In operation 304, a nitride deposition process is performed on exposed
surfaces within memory hole 203 fo form SigNy layer 348, as shown in Figure 4D.
Charge trap regions 221 of memory cells 220 are formed by this nitride
deposiiion process when cavities 421 (shown in Figure 4C) are filled with SigNg
layer 345. Generally, any nitride deposition process suilable for filling cavities
421 in sacrificial memory cell layers 340 for each memory cell 220 may be
employed in operation 304,

[0047] In operation 305, a nitride removal process is performed to remove a
portion of SisNg layer 345 and form separate charge trap regions 221 from each
other, as shown in Figure 4E. In some embodiments, the nitride removal process
of operation 305 may be substantially similar to the nitride etch process
employed in operation 302. In some embodiments, the nitride etch process of
operation 305 is modified with respect to the nitride etch process of operation
302 to have a significantly slower etch rate and provide finer thickness control.
Upon completion of operation 305, charge trap regions 221 are physically and
electrically separated from each other.

[0048] In operation 306, a channel formation process is performed on
exposed surfaces in memory hole 203, Thus, in some embodiments, gate oxide
fayer 204 is deposited on exposed surfaces of charge trap regions 221 and
insulator layers 210, polysilicon channel 205 is deposited on exposed surfaces of
gate oxide layer 204, and a remainder of memaory hole 203 is filled with filler
material 208, as shown in Figure 4F. [t is contemplated that the gate oxide layer
204 is also eifched to expose the underlying substrate 202 and the polysilicon
channel 205 is deposited in contact with the substrate 202. Conventional oxide
deposition techniques may be employed {o form gate oxide layer 204 and filler
material 208, and conventional polysilicon deposition techniques may be

employed fo form polysilicon channel 205, Etching of the gate oxide layer 204 to
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enable contact between the polysilicon channel 205 and the substrate 202

includes convention masking and etching techniques known in the art.

[0049] In operation 307, a nitride strip process is performed on remainder
portions 341 of sacrificial memory cell layers 340, as shown in Figure 4G. In
some embodiments, the nitride removal process of operation 307 may be
substantially similar to the nitride etch process employed in operation 302. Upon
completion of operation 307, cavities 342 are formed between insulator layers
210. Cavities 342 are subsequently filled to form control gates 223 of memory
cells 220.

[0050] In operation 308, control gates 223 are formed via a gate formation
process, as shown in Figure 4H. In some embodiments, in operation 308 a high-
k layer 343 is deposited on exposed surfaces of cavities 342 and insulator layers
210, control gates 223 are formed via a metal deposition process, for example
via a chemical-vapor deposition (CVD) or atomic-layer depaosition (ALD) process,
and exposed portions of high-k layer 343 are eiched from insulator layers 210,
The high-k layer 343 may include an aluminum oxide (AlQy), hafnium oxide
(HfO,) or other suitable high-k material. In addition, in some embodiments, an
adhesion or barrier layer, such as a titanium nitride (TiN) or silicon nitride (SiN)
fayer (not shown for clarity) may be deposited in cavilies 342 prior {0 the metal
deposition process.

[0051] Upon completion of operation 308, the charge trap region 221 of each
memory cell 220 is physically and electrically separated from the charge trap
region of adjacent memory cells 220 by insulator layers 210, Thus, the charge
frap regions 221 of memaory cells 220 are not susceptible to electron hopping or
other leakage, and the word lines of 3D NAND memory device 200 are
electrically isolated from each other.

[6652] in operation 309, some or all of insulator layers 210 are removed, 30
that the charge trap region 221 of each memory cell 220 is separated from the
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charge trap region of adjacent memory cells 220 by an “air gap” 344, as
flustrated in Figure 41. 1t is noted that the term “air gap” may also refer any other
gas-filled gap andfor to a vacuum containing gap. As described above, the
material of insulaior layers 210 is selected {0 be suitable for use as g sacrificial
oxide layer, and a suitable silicon oxide etch process can be employed in
operation 309,

[0653] Figures 5A-5B are schematic cross-sectional views of the 3D NAND
memory device 200 of Figure 2 corresponding to different stages of the process
of Figure 3, according to various embodiments of the disclosure.  More
specifically, Figure 5A corresponds to operation 301 of Figure 3. In one
embodiment, the isolator layers 210 include a first material layer 502 and a
second material layer 504. The first material layer 502 is deposited on surfaces
of adjacent sacrificial memory cell layers 340 and the second material layer 504

is disposed between two of the first material layers 502.

[6654] in one embodiment, the first material layer 502 is formed from an oxide
material, such as silicon dioxide or the like. The second material layer 504 is
formed from a high wet eich rate oxide material. In another embodiment, the first
material layer 502 is formed from an oxide material and the second material layer
504 is formed from a nitride material, such as silicon nitride or the like. In this
embodiment, the sacrificial memory cell layers 340 are formed from a polysilicon
material.  In both embodiments, the materials selected for each of the first
material layer 502 and the second material layer 504 are sufficiently different o
enable selective etching of the second material layer 504 relative to the first
material layer 502.

[0055] The device 200 described with regard to Figure 5A is processed in
accordance with the operations of Figure 3 illustratad in conjunction with Figures
4B8-4H. Figure 5B illustrates operation 308, where the second material layer 504
of the insulator layers 210 is removed, so that the charge trap region 221 of each

memory celi 220 is separated from the charge trap region of adjacent memory
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cells 220 by an “air gap” 544. As illustrated, the first material layer 502 further
defines the air gap 544. It is noted that the term “air gap” may also refer any
other gas-filled gap and/or to a vacuum containing gap. As described above, the
material of the second material layer 504 is selected to be suitable for use as a
sacrificial oxide or nitride layer, depending upon the starting material utilized, and
a suitable oxide eich process can be employed in operation 309 to remove the
second material layer 504,

[0056] It is contemplaied that advaniages associated with both oxides and air
gaps for insulator layers are realized as the first material layer 502 provides
isclation of the memory cell 220 while alsc benefiting from the advantages of the
air gap 544. It is believed that the air gap 544 enables the first material layer 502
{0 be relatively thin, such as having a thickness of about 10 nm or less, and of

high oxide quality o reduce Rc delay.

[0057] Figures 6A-6B are schematic cross-sectional views of the 3D NAND
memory device 200 of Figure 2 corresponding to different stages of the process
of Figure 3, according fo various embodiments of the disclosure. More
specifically, Figure B8A corresponds to operation 301 of Figure 3. In one
embaodiment, the sacrificial memory cell layers 340 include a first material layer
802 and a second material layer 804, The first material layer 802 is deposited on
surfaces of adjacent isolator layers 210 and the second material layer 604 is
disposed between two of the first material layers 602, A thickness of each of the
first material fayer 802 and the second material layer 604 is about 10 nm or less.
in this embodiment, a thickness of the sacrificial memory cell layers 340 having
the stacked first material layer 802 and second material layer 604 is about 30 nm
or iess.

[©058] in one embodiment, the first material layer 802 is formed from a silicon
material, such as amorphous or polysilicon. The second material layer 504 is

formed from a metallic material, such as fungsten materials, fianium material,
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nickel materials, and the like. A resuiting silicon/metalfsilicon stack is formed

which comprises the sacrificial memory cell layers 340.

[0059] The device 200 described with regard fo Figure S8A is process in
accordance with the operations of Figure 3 illustrated in conjunction with Figures
4B8-4F. In this embodiment, operation 307 is not performed and operation 308 is
g high temperature anneal to form a silicide as the conirol gate 606, The high
temperature anneal is performed at a temperature sufficient to cause the first
material layer 602 and the second material layer 804 o form a metal silicide. In
one embodiment, a temperature of the anneal is about 850°C or greater. The

anneal may be performed by a rapid thermal annealing process or the like.

[0060] it is contemplated thai utilizing a silicide as the control gate may
provide advantageous reductions in sheet resistance within the device 200 while
improving efficiency of the device formation process. Operation 308, which
forms an air gap, may also be implemented in embodiments utilizing a silicide

material control gate 606.

[0061} As described herein, improved 3D NAND devices and methods of
fabrication thereof are contemplated in accordance with the disclosed
embodiments. By utilizing an air gap in the device structure, oxide thickness
reduction is achieved without sacrificing material qualily. In addition,
embodiments described herein enable 3D NAND devices which exhibit reduced
sheet resistance and Rc delay. Accordingly, improved 3D NAND device
fabrication methods and device structures may be realized in accordance with
implementation of the disclosed embodiments.

[0062] While the foregoing is directed to embodiments of the present
disclosure, other and further embodiments of the disclosure may be devised
without departing from the basic scope thereof, and the scope thereof is
determined by the claims that follow.
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