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MEMORY DEVICE WITH MULTI-LAYER CHANNEL AND
CHARGE TRAPPING LAYER

PRIORITY
[0001] This Application is an International Application of U.S. Application Number
15/078,156, filed on March 23, 2016, which claims priority to U.S. Provisional Application No.
62/212,315, filed on August 31, 2015, which is incorporated by reference herein in its entirety.
The present application also claims the priority and benefit under 35 U.S.C. § 119(e) of U.S.
Provisional Application No. 62/279,068, filed on January 15, 2016, all of which are incorporated

by reference herein in their entirety.

TECHNICAL FIELD

[0002] The present disclosure relates generally to non-volatile (NV) memory devices, and
more particularly to three-dimensional (3-D) or vertical NV memory cell strings and methods of

manufacturing thereof including forming multiple layer channel and/or charge trapping layer.

BACKGROUND

[0003] Flash memory, both the NAND and NOR types, includes strings of NV memory
elements or cells, such as floating-gate metal-oxide—semiconductor field-effect (FGMOS)
transistors and silicon-oxide-nitride-oxide-silicon (SONOS) transistors. The fabrication of two-
dimensional or planar flash memory devices is down to10-nm lithography, and the reduction in
scale has started to create potential issues as each NV memory element is getting smaller and
physically closer to one another. In these NV memory elements, their charge trapping gates hold

much fewer electrical charges due to the smaller scale. As a result, any small imperfection in the
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fabrication process may cause logic/memory states of the NV memory elements to become
difficult to differentiate, which may result in a false reading of logic states. Moreover, control
electrodes are getting so small and closely spaced that their effects, such as in biasing gates, may
spread over more than one memory cells or strings, which may lead to unreliable reading and

writing of data.

[0004] To overcome the limitations of available arca on a semiconductor substrate, in 3-D or
vertical geometry, NV memory cell strings are oriented vertically and NV memory cells are
stacked on a semiconductor substrate. Accordingly, memory bit density is much enhanced

compared to the two-dimensional (2-D) geometry having a similar footprint on the substrate.

[0005] In 3-D NV memory cell strings, channels are disposed inside openings formed in a
dielectric/gate stack on a substrate. In certain applications, channels are mainly composed of
polycrystalline silicon (Poly-Si), allowing electric current (charge carriers) to flow along the
channels. Poly-Si channels may include silicon crystals of small grain sizes, contributing to
more severe potential defects such as grain boundaries. Defects such as grain boundaries may
cause charge carriers to scatter. As a result, the current flowing along channels may be reduced
significantly. In 3-D memory cell strings, such as 3-D NAND, the reduction in reading current
may affect the margin for read operations adversely. Moreover, in order to maintain a threshold
reading or on-current, the number of layers in the dielectric/gate stack will be restricted, which in

turn limit the number of memory cells (FGMOS, SONOS, etc.) in one NV memory string.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The present disclosure is illustrated by way of example, and not by way of limitation,

in the FIGS. of the accompanying drawings.

[0007] FIG. 1is a flowchart illustrating an embodiment of a method for fabricating a vertical

NV memory device including strings of NV memory cells;

[0008] FIGS. 2A and 2B are representative diagrams illustrating isometric views of a portion

of a vertical NV memory device during fabrication according to the method of FIG. 1;

[0009] FIG. 2C is a representative cross-sectional view of a portion of a vertical NV memory

array;

[0010] FIGS. 2D to 2U are representative diagrams illustrating cross-sectional views of a

portion of a vertical NV memory device during fabrication according to the method of FIG. 1;

[0011] FIGS. 2V to 2Z are representative diagrams illustrating cross-sectional views and a
schematic diagram of a portion of a finished vertical NV memory device including multiple
vertical strings of NV memory cells and common source line fabricated according to the method

of FIGS. 1 and 2A-2U.
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DETAILED DESCRIPTION

[0012] The following description sets forth numerous specific details such as examples of
specific systems, components, methods, and so forth, in order to provide a good understanding of
several embodiments of the present subject matter. It will be apparent to one skilled in the art,
however, that at least some embodiments may be practiced without these specific details. In
other instances, well-known components or methods are not described in detail or are presented
in a simple block diagram format in order to avoid unnecessarily obscuring the techniques
described herein. Thus, the specific details set forth hereinafter are merely exemplary.

Particular implementations may vary from these exemplary details and still be contemplated to

be within the spirit and scope of the present subject matter.

[0013] Embodiments of a vertical or three-dimensional (3-D) non-volatile (NV) memory
device including strings of non-volatile memory (NVM) transistors and/or field-effect transistors
(FET), and methods of fabricating the same are described herein with reference to figures. Itis
the understanding that NV memory includes memory devices that retain their states even when
operation power is removed. While their states may eventually dissipate, they are retained for a
relatively long period of time. However, particular embodiments may be practiced without one
or more of these specific details, or in combination with other known methods, materials, and
apparatuses. In the following description, numerous specific details are set forth, such as
specific materials, dimensions, concentrations, and processes parameters etc. to provide a
thorough understanding of the present subject matter. In other instances, well-known
semiconductor design and fabrication techniques have not been described in particular detail to

avoid unnecessarily obscuring the present subject matter. Reference in the description to “an

4.
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embodiment”, “one embodiment”, “an example embodiment”, “some embodiments”, and
“various embodiments” means that a particular feature, structure, or characteristic described in
connection with the embodiment(s) is included in at least one embodiment of the subject matter.

LEINTS LT

Further, the appearances of the phrases “an embodiment”, “one embodiment”, “an example

embodiment”, “some embodiments”, and “various embodiments” in various places in the

description do not necessarily all refer to the same embodiment(s).

[0014] The description includes references to the accompanying drawings, which form a part
of the detailed description. The drawings show illustrations in accordance with exemplary
embodiments. These embodiments, which may also be referred to herein as “examples,” are
described in enough detail to enable those skilled in the art to practice the embodiments of the
claimed subject matter described herein. The embodiments may be combined, other
embodiments may be utilized, or structural, logical, and electrical changes may be made without
departing from the scope and spirit of the claimed subject matter. It should be understood that
the embodiments described herein are not intended to limit the scope of the subject matter but

rather to enable one skilled in the art to practice, make, and/or use the subject matter.

ELINY3 B

[0015] The terms “over”, “overlying”, “under”, “between”, and “on” as used herein refer to a
relative position of one layer with respect to other layers. As such, for example, one layer
deposited or disposed over or under another layer may be directly in contact with the other layer
or may have one or more intervening layers. Moreover, one layer deposited or disposed between
layers may be directly in contact with the layers or may have one or more intervening layers. In
contrast, a first layer “on’ a second layer is in contact with that second layer. Additionally, the

relative position of one layer with respect to other layers is provided assuming operations

-5
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deposit, modify and remove films relative to a starting wafer without consideration of the

absolute orientation of the wafer.

[0016] Summary of Embodiments:

[0017] A memory device including an opening or openings disposed in a stack including first
stack layers and second stack layers over a wafer, a multi-layer dielectric disposed over at least
an inner sidewall of the openings, a first channel layer disposed over the multi-layer dielectric,
and a second channel layer disposed over the first channel layer, in which at least one of the first
or second channel layers includes germanium (Ge). In some embodiments, the openings may be
substantially perpendicular to a top surface of the wafer and may include a cross-sectional shape
selected from a group of circle, oval, square, diamond, and rectangle. In one embodiment, the
first and second stack layers may be disposed over one another in an alternating manner to form
the stack, the first stack layers include silicon dioxide (SiO,) or other dielectric, and each of the
second stack layers includes a gate layer, wherein the gate layer may include one of a doped
polycrystalline silicon (Poly-Si) layer or a tungsten/titanium nitride (W/TiN) composite layer or

other metal gate layers.

[0018] In one embodiment, at least one of the first or second channel layers may include a
silicon-germanium (Si-Ge) composite layer, and the Si-Ge composite layer may include Ge
concentration by number of atoms in an approximate range of 5% to 95%. In another

embodiment, the first and second channel layers may include a poly-crystalline structure.

[0019] In one embodiment, at least one additional channel layer may be disposed over the

second channel layer, wherein the at least one additional channel layer includes Ge.
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[0020] In one embodiment, there may be a channel interface between the first and second
channel layers, wherein the first and second channel layers are deposited in two separated
deposition steps and each includes a silicon-germanium composite layer of different Ge

concentration.

[0021] In one embodiment, the multi-layer dielectric may include a blocking dielectric layer
disposed over at least the inner sidewall of the openings, a charge-trapping layer over the
blocking dielectric layer, and a tunnel dielectric layer over the charge-trapping layer, wherein the
charge-trapping layer may include a multi-layer structure. In another embodiment, the multi-
layer structure of the charge-trapping layer may include an outer nitride layer, a middle dielectric
layer, and an inner nitride layer, wherein at least one of the outer or inner nitride layers may
include silicon oxynitride. Moreover, one of the outer and inner nitride layers may be oxygen-
rich and the other may be silicon-rich, and wherein the middle dielectric layer may be oxygen-

rich and mostly charge-trap free.

[0022] In one embodiment, at least one of the first or second channel layers is positively
doped and may include a dopant selected from a group of boron, gallium, or indium, and doped

at an approximate concentration range of 1el5 cm™ to 1el8 cm™.

[0023] In one embodiment, a thickness ratio between the first and the second channel layers

may be in an approximate range of 1:5 to 1:0.2.

[0024] The NVM transistor may include memory transistors or devices related to Silicon-
Oxide-Nitride-Oxide-Silicon (SONOS) or floating gate technology. An embodiment of a

method for fabricating a vertical memory device including string(s) of NV memory elements will
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now be described in detail with reference to FIG. 1 and FIGS. 2A through 2Z. FIG. lis a
flowchart illustrating an embodiment of a method or process flow for fabricating a 3-D or
vertical NV memory device. FIGS. 2A-2U are block and schematic diagrams illustrating cross-
sectional and isometric views of a portion of a vertical NV memory device during fabrication of
the memory cells according to the method of FIG. 1. FIGS. 2T-2Z are representative diagrams
illustrating a cross-sectional view of a portion of one embodiment of the finished memory device
or array. In one embodiment, the vertical NV memory device may include a single or multiple

vertical memory cell strings, such as NAND flash memory strings.

[0025] Referring to FIG. 1 and FIG. 2A, the fabrication process 1000 begins with forming a
stack 105 of alternating layers of multiple inter-cell dielectric layers or first stack layers 104 and
gate layers or second stack layers 106 over a substrate or wafer 102, in step 1002 of fabrication
process 1000. In one embodiment, each inter-cell dielectric layer 104 is stacked between two
gate layers 106 and vice versa, either throughout the entire stack 105 or at least in parts of stack
105. Wafer 102 may be a bulk wafer composed of any single crystal material suitable for
semiconductor device fabrication, or may include a top epitaxial layer of a suitable material
formed on a wafer. In one embodiment, suitable materials for wafer 102 include, but are not
limited to, silicon, germanium, silicon-germanium or a Group III-V compound semiconductor
material. In one embodiment, stack 105 is formed adopting a stair geometry or a pyramid
configuration having a plurality of steps. In one embodiment, each step includes an inter-cell
dielectric layer 104 and a gate layer 106 to form a pair 103. According to the stair geometry
formed in step 1004, in one embodiment, the surface area of inter-cell dielectric layer 104 and

gate layer 106 pair 103 may get smaller as they are disposed higher in stack 105. The stair
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geometry of stack 105 may facilitate more effective word-line connections to gate layers 106. In
other embodiments, stack 105 may adopt other configurations and all inter-cell dielectric layer
104 and gate layer 106 pairs 103 may have approximately the same surface area. As illustrated
in FIG. 2A, inter-cell dielectric layer 104 of the bottom pair 103 may be disposed directly
overlying and in contact with wafer 102, or there may be intervening layers between them (not
shown). In one embodiment, the intervening layers may be dielectric layers, gate layers,
semiconductor layers used to manufacture intervening devices between the string of NV memory
cells and wafer 102. In another embodiment, there may be additional layers formed over the top
inter-cell dielectric layer 104 and gate layer 106 pair 103 of the stack 105. In one embodiment,
the bottom intervening layers and top additional layers may be utilized to form semiconductor
devices other than NV memory cells, such as field-effect transistors (FET) or connecting

elements according to system requirements.

[0026] In one embodiment, inter-cell dielectric layers 104 may be formed by any suitable
deposition methods known in the art, such as sputtering, chemical vapor deposition (CVD),
molecular beam epitaxy (MBE), atomic layer deposition (ALD), etc. The inter-cell dielectric
layers 104 may include silicon dioxide (S10;) or other dielectric material having a thickness of
from about 20 nanometers (nm) to about 50 nm or other appropriate thicknesses. In some
embodiments, inter-cell dielectric layers 104 may have variable thicknesses throughout stack
105. In one alternative embodiment, some or all of the inter-cell dielectric layers 104 may be
grown by a thermal oxidation process, in-situ steam generation process or plasma or radical

oxidation technique.
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[0027] Generally, gate layers 106 may eventually become or electrically coupled to control
gates of NV transistors in vertical NV memory device 200 (not shown in this figure). In one
embodiment, gate layers 106 may be coupled to word-lines. As best shown in FIG. 2A, gate
layers 106 may be formed over a top surface of each inter-cell dielectric layer 104. In one
embodiment, when polysilicon control gates are desired, gate layers 106 may be formed by a
deposition process like those discussed above, and include a single doped polysilicon layer,
either positively or negatively doped (p+ doped or n+ doped) with appropriate dopants and
concentration known in the art. The gate layers 106 may have a thickness of from about 30 nm
to about 60 nm or other thicknesses. In some embodiments, gate layers 106 may have variable
thicknesses throughout stack 105. In one alternative embodiment, when metal control gates are
desired, gate layers 106 may be formed by a deposition process and composed of a single layer
of silicon nitride (Si3N4) having a thickness of from about 30 nm to about 60 nm or other
thicknesses. Gate layers 106 that are composed of silicon nitride, may then be replaced by or

converted to metal gate layers 123 in step 1022, which will be discussed in later sections.

[0028] Referring to FIG. 1 and FIG. 2B, vertical openings 108, which are substantially
perpendicular to the plane of wafer 102, may be formed in locations where vertical channels of
NV memory cell strings 100 of vertical NV memory device 200 may be subsequently formed. In
one embodiment, there may be multiple NV memory cell strings 100 in one vertical NV memory
device 200. It is the understanding that the vertical axis of openings 108 may be disposed at a
right angle (90°) or an approximate right angle to the top surface of wafer 102. In one
embodiment, openings 108 may be formed by etching stack 105 using suitable etching processes,

such as plasma etching, wet etching, etc. There may be a plurality of slits 151 to form common

-10 -
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source line (CSL) 152 in stack 105 in block 1024. In one embodiment, slits 151 are deep

trenches formed throughout stack 1035.

[0029] As illustrated in FIG. 2C, an NV memory array 500 may include multiple vertical NV
memory devices 200 disposed on wafer 102. In one embodiment, a layer of dielectric, such as
Si0,, is formed and subsequently planarized to form interlayer dielectric layer (ILD) 202, in step

1004.

[0030] FIG. 2D features a side cross-sectional view along line Y-Y’ of FIG. 2B and FIG. 2E
features a top cross-sectional view along X-X" of FIG. 2D. In one embodiment, openings 108
may be etched to reach or beyond a top surface of wafer 102, in step 1006. Optical emission
intensity and/or spectroscopic reflectometry technique may be used to detect the end point of and
subsequently terminate the openings 108 formation process. Openings 108 may have an
approximately uniform diameter 110 of from about 60 nm to about 130 nm or other dimensions
throughout the entirety of stack 105. In other embodiments, openings 108 may have a variable
cross-sectional diameter, such as a tapered shape (not shown). There may be multiple openings
108 formed in a single stack 105 of vertical NV memory device 200. To ensure proper
operations and insulation of the vertical NV memory cell strings 100, each opening 108 may be
distributed to maintain a minimum spacing, which is the distance from the perimeter of one
opening 108 to another. In one embodiment, the minimum spacing may be maintained at about
20 nm to about 130 nm or other dimensions. In another embodiment, openings 108 may be
distributed such that NV memory cells in area 92 to be formed may share the same set of control

gates and connections to the same set of word-lines and/or CSL 152.

-11 -
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[0031] Referring to FIG. 1, FIGS. 2D and 2E, a portion of vertical NV memory device 200
featuring a single opening 108 (one NV memory cell string 100 when completed), having four
alternating inter-cell dielectric layers 104 and gate layers 106, is illustrated. It will be the
understanding that this is an exemplary embodiment, for illustration and not limitation purposes,
to illustrate the subject matter as vertical NV memory device 200 may have other quantities and
combinations of openings 108, alternating inter-cell dielectric layers 104 and gate layers 106 pair
103. Moreover, a vertical NV memory device 200 may include additional semiconductor
devices formed at its two ends (in top additional layers and bottom intervening layers as
discussed above). A vertical NV memory device 200 that has multiple openings 108 may contain
multiple NV memory cell strings 100, each may be fabricated in similar processes, either
concurrently or sequentially. In one embodiment, a vertical NV memory device 200 may be
formed in openings 108 by forming a string of NV memory cells 94 in areas 92 connected in
series. Each NV memory cell 94 may be formed in the area 92 which includes two inter-cell
dielectric layers 104 and one gate layer 106. In one embodiment, NV memory cells 94 of the
same NV memory cell strings 100 may be coupled in series, which resembles a NAND flash
memory cell string embodiment. As best illustrated in FIG. 2E, opening 108 may have a circular
cross-section with a diameter 110 of from about 60 nm to about 130 nm or other dimensions. In
other embodiments, as best illustrated in FIG. 2F, opening 108’ may have a cross-section of
other shapes, such as a square, a rectangle, a diamond, an oval, etc. In some embodiments,
openings 108’ of other shapes may also maintain a minimum spacing at about 20 nm to about

130 nm from one another.

-12 -
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[0032] Referring to FIG. 1 and FIG. 2G, selective epitaxial growth (SEG) structure 154 is
formed at the bottom of opening 108 and overlying wafer 102, in step 1008. In one embodiment,
SEG structure 154 may be disposed in contact with wafer 102 and fills up the bottom of opening
108 corresponding to multiple alternating layers and/or intervening layers in stack 105. SEG
structure 154 may be composed of silicon, fabricated using SEG techniques in which growth
may occur on exposed silicon areas of wafer 102. Regions on which silicon growth is not
desired may be masked by a dielectric film, typically silicon dioxide or silicon nitride. Silicon
grown in the SEG structure may be undoped. Alternatively, silicon may be doped. In some
embodiments, silicon in SEG structure 154 may be positively doped, negatively doped, and the
doping may be in-situ doping. Doping of SEG structure 154, if performed, may be carried out
either during the SEG formation step 1008 or after. In one embodiment, SEG structure 154 for
each NV memory cell string 100 may be connected to CSL 152 (not shown in this figure) with a

coupling structure either formed on or within wafer 102.

[0033] FIG. 2H is a side cross-sectional view of one embodiment of a portion of vertical NV
memory device 200 and FIG. 21 is a top cross-sectional view along X-X’ of FIG. 2H. Referring
to FIG. 1, FIGS. 2H and 21, blocking dielectric layer 112 is formed in opening 108 in step 1010.
In one embodiment, blocking dielectric layer 112 may include a single layer or multiple layers,
and may include layers of SiO, or other dielectric materials coating the inside wall of opening
108 and the top surface of SEG structure 154. The blocking dielectric layer 112 may be formed
by suitable conformal deposition process, such as CVD and ALD, and have a relatively uniform
thickness of about 30 A to about 70A or other thicknesses. For example, the blocking dielectric

layer 112 may be deposited by a CVD process using a process gas including gas mixtures of

-13 -
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silane or dichlorosilane (DCS) and an oxygen-containing gas, such as O3 or N2O, in ratios and at
flow rates tailored to provide a silicon dioxide (SiO,) blocking dielectric layer 112. In another
embodiment, blocking dielectric layer 112 may include other high-k dielectric materials, such as
hafnium oxide, alternatively or additionally to silicon dioxide. In various other embodiments,
such as when gate layers 106 are composed of Poly-Si, blocking dielectric layer 112 may be
formed by thermal oxidation or in-situ steam generation or plasma, radical, or other oxidation

processes.

[0034] FIG. 2J is a side cross-sectional view of one embodiment of a portion of vertical NV
memory device 200 and FIG. 2K is a top cross-sectional view along X-X’ of FIG. 2J. Referring
to FIG. 1 and FIGS. 2J and 2K, charge-trapping layer 114 is formed in opening 108, in step
1012. In various embodiments, charge-trapping layer 114 is a single layer and may include a
layer of silicon nitride and/or silicon oxynitride formed on or overlying or in contact with the
blocking dielectric layer 112. The charge-trapping layer 114 may be formed by suitable
conformal deposition process, such as CVD and ALD. In one embodiment, charge-trapping
layer 114 may have a relatively uniform thickness of from about 50 A to about 100A or other
thicknesses. As best shown in FIG. 2J, charge-trapping layer 114 is a continuous layer, or
coating the entire length of opening 108. In one embodiment, charge-trapping layer 114 may
cover portions where NV memory cells 94 are formed in opening 108. NV memory cells 94
formed in different layers in stack 105 do not interfere with one another because charge carriers
trapped in the charge-trapping layer 114 may not move from layer to layer vertically along
opening 108. The electric fields associated with gate layers 106 closely confine charge carriers

in the charge-trapping layer 114 to the gate layer 106 they are trapped in.

-14 -
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[0035] In another embodiment, as illustrated in the exploded view in FIG. 2K, an alternative
embodiment of charge trapping layer 114’ may include multiple layers including at least a first
charge-trapping layer or outer charge-trapping layer 114a that is formed on or overlying or in
contact with the blocking dielectric layer 112, and a second charge-trapping layer or inner
charge-trapping layer $#4e that is formed on or overlying or in contact with the first charge-
trapping layer 114a. The first charge-trapping layer 114a may be oxygen-lean relative to the
second charge-trapping layer 114¢ and may comprise a majority of a charge traps distributed in
multi-layer charge-trapping layer 114’. In one embodiment, the first charge-trapping layer 114a
may include a silicon nitride and silicon oxynitride layer having a stoichiometric composition of
oxygen, nitrogen and/or silicon that is different from that of the second charge-trapping layer
114¢. The first charge-trapping layer 114a may include a silicon oxynitride layer which may be
formed or deposited by a CVD process using a process gas including DCS/NHzand N>O/NH;3 gas
mixtures in ratios and at flow rates tailored to provide a silicon-rich, oxygen-lean top nitride
layer. In various other embodiments, mono-silane SiH4 (MS), di-silane Si;Hg (DS), tetra-chloro-
silane SiCly (TCS), and hexa-chloro-di-silane Si2Cls (HCD) may be used as a source of silicon in
the CVD process. The second charge-trapping layer 114¢ of a multi-layer charge-trapping layer
114" may include a silicon nitride (Si3N4), silicon-rich silicon nitride or a silicon oxynitride
(SiOxNy) layer. For example, the second charge-trapping layer 114¢ may include a silicon
oxynitride layer formed by a CVD process using dichlorosilane (DCS)/ammonia (NH3) and
nitrous oxide (N,O)/NH3gas mixtures in ratios and at flow rates tailored to provide a silicon-rich
and oxygen-rich oxynitride layer. In one alternative embodiment, the stoichiometric
composition of oxygen, nitrogen and/or silicon of first and second charge-trapping layers 1i4a &

114¢ may be identical or approximate to one another.
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[0036] In another embodiment, there may be a middle dielectric and/or oxide layer 114b
formed between the first and second charge-trapping layers 114a & 114¢, making the multi-layer
charge trapping layer 114’ an Nitride-Oxide-Nitride (NON) structure/stack. In one embodiment,
the middle oxide layer 114b may include SiO, and/or oxygen-rich dielectric that is charge traps
free. The middle oxide layer 114b may substantially reduce the probability of electron charge
that accumulates at the boundaries of the first charge-trapping layer 114a during programming
from tunneling into the second charge-trapping layer 114¢, resulting in lower leakage current
than for conventional memory devices. In one embodiment, the middle oxide layer 114b is
formed by oxidizing to a chosen depth using thermal or radical oxidation or deposition

processes, such as CVD and ALD.

[0037] As used herein, the terms “oxygen-rich” and “silicon-rich” are relative to a
stoichiometric silicon nitride, or “nitride,” commonly employed in the art having a composition
of (Si3Ny4) and with a refractive index (RI) of approximately 2.0 at 633 nm. Thus, “oxygen-rich”
silicon oxynitride corresponds to a shift from stoichiometric silicon nitride toward a higher
weight percentage of silicon and oxygen (i.e. reduction of nitrogen). An oxygen rich silicon
oxynitride film is therefore more like silicon dioxide and the RI is reduced toward the 1.45 RI of
pure silicon dioxide. Similarly, films described herein as “silicon-rich” correspond to a shift
from stoichiometric silicon nitride toward a higher weight percentage of silicon with less oxygen
than an “oxygen-rich” film. A silicon-rich silicon oxynitride film is therefore more like silicon

and the Rl is increased toward the 3.5 RI of pure silicon.

[0038] FIG. 2L is a side cross-sectional view of one embodiment of a portion of vertical NV

memory device 200 and FIG. 2M is a top cross-sectional view along X-X of FIG. 2L. Referring
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to FIG. 1 and FIGS. 2L and 2M, tunnel dielectric layer 116 is formed in opening 108, in step
1014. In one embodiment, tunnel dielectric layer 116 may be formed on or overlying or in
contact with the charge-trapping layer 114 within opening 108. For example, a layer of
dielectric material may be deposited by CVD or ALD process. In various embodiments, the
layer of dielectric material may include, but not limited to silicon dioxide, silicon oxynitride,
silicon nitride, aluminum oxide, hafnium oxide, zirconium oxide, hafnium silicate, zirconium
silicate, hafnium oxynitride, hafnium zirconium oxide and lanthanum oxide. Generally, tunnel
dielectric layer 116 has a relatively uniform thickness of from about 20 A to about 50 A or other
thicknesses suitable to allow charge carriers to tunnel into the charge-trapping layer 114 under an
applied control gate bias while maintaining a suitable barrier to leakage when the applied gate is
unbiased. In certain embodiments, tunnel dielectric layer 116 s silicon dioxide, silicon
oxynitride, or a combination thereof and can be grown by a thermal oxidation process, using
plasma or radical oxidation of a portion of second charge-trapping layer 114¢. In yet another
embodiment, tunnel dielectric layer 116 may be a bi-layer dielectric region including a first layer
of a material such as, but not limited to, silicon dioxide or silicon oxynitride and a second layer
of a material which may include, but is not limited to silicon nitride, aluminum oxide, hafnium
oxide, zirconium oxide, hafnium silicate, zirconium silicate, hafnium oxynitride, hafnium

zirconium oxide and lanthanum oxide.

[0039] In one embodiment, blocking dielectric layer 112, charge trapping layer 114 and
tunnel dielectric layer 116 may be referred to collectively as charge trapping dielectric or multi-

layer dielectric 107.
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[0040] FIG. 20 is a side cross-sectional view of one embodiment of a portion of vertical NV
memory device 200 and FIG. 2P is a top cross-sectional view along X-X" of FIG. 20. In one
embodiment, first channel layer or outer channel layer 118a may be formed on, overlying or in
contact with the tunnel dielectric layer 116 within opening 108. In general, the first channel
layer 118a may include any suitable semiconductor materials, such as silicon, germanium,
silicon germanium, or other compound semiconductor materials, such as III-V, II- VI, or
conductive or semi-conductive oxides, etc. The semiconductor material may be amorphous,
polycrystalline, or single crystal. The first channel layer 118a may be formed by any suitable
deposition process, such as low pressure chemical vapor deposition (LPCVD), CVD and ALD.
In certain embodiments, the semiconductor channel material may be a recrystallized
polycrystalline semiconductor material formed by recrystallizing an initially deposited

amorphous semiconductor material.

[0041] As previously discussed, it is imperative to maintain an adequately high reading
current or on-current flowing through NV memory cell strings 100 to avoid errors during read
operations. The potential problem of a weak reading current is made worse when stack 105
includes more inter-cell dielectric layer 104 and gate layer 106 pairs 103 (stair steps) to
incorporate more NV memory cells 94 in the NV memory cell strings 100. In certain
conventional embodiments, Poly-Si is primarily used to form the channels. The relatively small
grain sizes of Poly-Si may lead to a more severe defect of grain boundaries, contributing to more
scattering of charge carriers (weak on-current). In one embodiment, it is proposed to form a
multi-layer channel 118 in at least two separate steps (steps 1016 and 1018). Referring to FIG. 1,

FIGS. 20 and 2P, first channel layer 118a is formed in opening 108, in step 1016. As illustrated
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in FIG. 20, first channel layer 118a of vertical NV memory device 200 is vertical and
substantially perpendicular to a top surface of substrate 102, which has an opposite orientation of
the channels in 2-D geometry. First channel layer 118a is disposed using a CVD process, such
as LPCVD and plasma-enhanced chemical vapor deposition (PECVD). The first channel layer
118a may include a silicon-germanium (Si-Ge) composite layer. The concentration of Ge in the
Si-Ge composite layer may range from 1% to 99% by no. of Ge atoms. In one embodiment, the
concentration is kept at around 5% Ge to 95% Ge. In certain embodiments, first channel layer
118a may include only Poly-Si or Poly-Ge. In one embodiment, the first channel layer 118a
may have a relative uniform thickness of from about 50 A to about 150 A or other thicknesses.
One advantage of having Ge in first channel layer 118a is that Si-Ge composite layer may have
higher electron and/or hole mobility. Consequently, reading or on-current through first channel
layer 118a may be maintained at a higher level. During the deposition process, semiconductor
source may be selected from the group of GeH,Cly, GeoHg, GeHy, SiH,Clo, SisHg, SioHg, SiHy,
and a combination thereof. Gas LTO520 may be used to enhance seed formation during the
deposition process in small openings, such as opening 108. Moreover, Si-Ge layer has a lower
melting point than Si/Poly-Si and thus yields relatively larger grains than Si/Poly-Si. Hence, the
Si-Ge layer of first channel layer 118a may have less defects such as grain boundaries which
may adversely affect reading current as previously discussed. The Si-Ge layer also allows
possible Band-gap engineering in first channel layer 118a since Si-Ge layer may have different

band-structure depending on the Ge concentration.

[0042] In some embodiments, first channel layer 118a may contain un-doped or electrically

neutral semiconductor channel material as discussed above. Depending on the device
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performance requirements, in another embodiment, the semiconductor channel material may be
lightly doped with positive-typed dopants, such as boron. In one embodiment, first channel layer
118a is formed by in-situ boron-doped CVD technique. During the deposition process,
approximately 0.01% to 1% of boron source, such as BCl; or BoHg in SiHy is introduced, and the
process is carried out in a temperature at approximately 530°C. In one embodiment, the
concentration of dopant in first channel layer 118a may be from about 1e15 em™ to about 1e18
cm”™ or other appropriate concentrations. In other embodiments, dopants such as gallium or
indium may be used alternatively or additionally. Deposition processes, such as conformal
implant technique, plasma-immersion ion implantation, that are capable of high aspect ratio may

also be used.

[0043] FIG. 2Q is a side cross-sectional view of one embodiment of a portion of vertical NV
memory device 200. Referring to FIGS. 1 and 2Q), the process of multi-layer punch or etch is
performed, in step 1018. In one embodiment, the multi-layer punch may be performed to
remove a portion of the semiconductor-oxide-nitride-oxide (SONO) layers and/or other layers.
As illustrate in FIG. 20, first channel layer 118a is physically and electrically isolated from SEG
structure 154 by at least the blocking dielectric layer 112, charge trapping layer 114 and tunnel
dielectric layer 116. An etching process is performed to remove layers previously deposited at
the bottom of opening 108. In one embodiment, plasma etch process is performed until the
bottom of opening 108 at least reaches or gouges into SEG structure 154. Etchant may include
fluorine-based chemicals, such as CF,4, C4Fs, CH-F,, NF;5, and O and Ar. In one embodiment,
multi-layer punch is performed to remove a portion of multi-layer dielectric 107 and first channel

layer 118a disposed at the bottom of opening 108 until SEG structure 154 is exposed. In one
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embodiment, after the multi-layer punch, first channel layer 118a may be physically and/or

electrically isolated from SEG structure 154.

[0044] FIG. 2R is a side cross-sectional view of one embodiment of a portion of vertical NV
memory device 200. Referring to FIGS. 1 and 2R, second channel layer or inner channel layer
118b is formed in opening 108, in step 1018. As illustrated in FIG. 2R, second channel layer
118b is deposited and over first channel layer 118a and the bottom of opening 108 created by the
previously discussed multi-layer punch or etch process. Second channel layer 118b is disposed
using similar CVD process as those used in forming the first channel layer 118a in step 1016.
Same as the first channel layer 118a, second channel layer 118b may include a silicon-
germanium (Si-Ge) composite layer. The concentration of Ge in the Si-Ge composite layer may
range from 1% to 99%. In one embodiment, the concentration is kept at around 5% Ge to 95%
Ge concentration (no. of Ge atoms based). In certain embodiments, second channel layer 118b
may include only Poly-Si or Poly-Ge. In one embodiment, the second channel layer 118b may
have a relative uniform thickness of from about 50 A to about 150 A or other thicknesses.
Second channel layer 118b may also be either undoped or slightly and positively doped by
similar processes and concentration in forming the first channel layer 118a. In one embodiment,
first and second channel layers 118a and 118b form the channel 118 for the NV memory cell
strings 100. In another embodiment, channel 118 may be a single layer. As best illustrated in
FIG. 2R, second channel 118b is electrically and may be physically coupled to SEG structure
154 and first channel layer 118a, reconnecting the two elements. SEG structure 154 may then be
electrically coupled to common source line 152 (not shown in this figure). Second channel 118b

may, in some embodiments, physically connecting SEG structure 154 to first channel layer 118a.
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In various embodiment, first and second channel layers 118a and 118b may have different Ge
concentration in each of its Si-Ge composite layer. In one embodiment, Ge concentration is
higher in the first channel layer 118a and the silicon/Poly-Si concentration in the second channel
layer 118b is higher. In this embodiment, the higher Ge concentration may increase the on-
current in the first channel layer 118a, while the higher Si/Poly-Si concentration in the second
channel layer 118b may provide better lattice matching with SEG structure 154, and effective
back interface with dielectric filler 120 (not shown in this figure) formed subsequently. The
formation of dielectric filler 120 will be discussed in later sections. Thickness ratio between the
first and second channel layers 118a and 118b may range from about 1:5 to about 1:0.2. In one
embodiment, the thickness ratio between the first and second channel layers 118a and 118b is

configured to be about 1:1.

[0045] FIG. 2S is a top cross-sectional view along X-X’ of FIG. 2R. As illustrated in FIG.
28, first and second channel layers 118a and 118b are adjacent to and/or in contact with one
another. There may be a channel interface 118¢ between the two channel layers 118a and 118b
for the following possible reasons: 1. Difference in Ge concentration; 2. Difference in grain
sizes; 3. Difference in Band-structure; 4. Two separated deposition steps (steps 1016 and 1018)
separated by an etching step; and 5. Inner (top) surface of first channel layer 118a is treated with
etchants during the multi-layer punch or etch step 1018 before receiving the second channel layer

118b.

[0046] In one embodiment, one or more additional channel layer (not shown) may be
deposited over second channel layer 118b according to system requirements. The additional

channel layer(s) over the second channel layer 118b may be deposited in a similar process steps
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as the first and second channel layers 118a & 118b. The Ge concentration, thickness of the
additional channel layer(s) may be similar or different from the first and second channel layers
118a & 118b. In one embodiment, the inner most channel layer may have a relatively lower Ge
concentration to reduce formation of Ge oxide during formation of dielectric filler 120 (not
shown in this figure). The additional channel layer(s) may be formed in one step or multiple

steps.

[0047] FIG. 2T is a side cross-sectional view of one embodiment of a portion of vertical NV
memory device 200 and FIG. 2U is a top cross-sectional view along X-X" of FIG. 2T. Referring
to FIG. 1, FIGS. 2T and 2U, dielectric filler 120 is formed in opening 108 to fill out empty space
in opening 108 after second channel layer 118b is formed, in step 1020. In one embodiment,
dielectric filler 120 includes dielectric materials, such as silicon dioxide, silicon nitride, and
silicon oxynitride. Dielectric filler 120 may be formed by deposition methods, such as CVD or

ALD, or oxidation methods, such as plasma or radical oxidation technique or thermal RTO.

[0048] FIG. 2V is a side cross-sectional view of one embodiment of a portion of NV memory
cell string 100 of vertical NV memory device 200 and FIG. 2X is a top cross-sectional view
along X-X’ of FIG. 2V. Referring to FIG. 1, FIGS. 2V and 2X, metal gate layer 123 is formed to
replace gate layers 106 disposed between inter-cell dielectric layers 104 in stack 105, in step
1022. In one embodiment, gate layers 106, which include silicon nitride, are removed firstly
using a wet etch process. Vertical NV memory device 200 is dipped in wet etch chemical, such
as phosphoric acid (H3PQOy) in a temperature range of from about 150°C to about 170°C, for
about 50 minutes (mins) to about 120 mins. In one embodiment, photoresist layers or hard

marks (not shown) may be formed to protect other layers from etchants. Once gate layers 106
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are removed, the removed gate layers 106 are then replaced by metal gate layers 123, in which
each metal gate layer 123 includes a gate coating layer 124 and a gate filler layer 122. In one
embodiment, the process may start by forming gate coating layer 124 of titanium nitride (TiN)
using a suitable deposition process, such as metalorganic CVD (MOCVD) or ALD. When the
process is completed, the deposited layer becomes gate coating layer 124 that coats or lines the
space defined by two neighboring inter-cell dielectric layers 104 and blocking dielectric layer
112. In various embodiments, the coating of the space may be complete or partial.
Subsequently, the remaining space is filled by a layer of conductive material, such as tungsten
(W), using a metal CVD process. In one embodiment, TiN coating as the gate coating layer 124
improves surface properties. The combination of TiN and W to form metal gate layer 123 is one
of the combinations of the present embodiment. Other combinations using different conductive
materials to form metal gate layers 123 may include but are not limited to metal nitrides, metal
carbides, metal silicides, hafnium, zirconium, titanium, tantalum, aluminum, ruthenium,
tungsten, palladium, platinum, cobalt, and nickel, which are known in the art and may be
adopted. In one alternative embodiment, instead of forming metal gate layers 123, polysilicon
gate layers is formed by deposition process, such as CVD and ALD. In one embodiment,
polysilicon doped with appropriate dopants at an operational concentration that are known in the
art may be deposited. In another alternative embodiment, before gate coating layer 124 is
deposited, a layer of high-K dielectric 125 is deposited to coat or line the space defined by two
neighboring inter-cell dielectric layers 104 and blocking dielectric layer 112, either completely

or partially. The layer of high-K dielectric 125 may include Al,O3 and be deposited by ALD.
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[0049] In one embodiment, as shown in FIGS. 2V and 2Y, after metal gate layers 123 or
polysilicon gate layers are formed, NV memory cell strings 100 is primarily completed. The
embodiment shown in FIG. 2V features five NV memory cells 94. It will be understood by one
having ordinary skill in the art that other quantities of NV memory cells 94 in one NV memory
cell strings 100 may be fabricated using the process steps disclosed herein by having more stair
steps 103 in stack 105. In one embodiment, the completed NV memory cell string 100 includes
a string of NV memory cells 94 connected in series (by channel layer 118), in which metal gate
layers 123 or polysilicon layers correspond to control gates and portions of channel layer 118
adjacent to inter-cell dielectric layers 104 to source/drain regions of individual NV memory cells
94. As mentioned, there may be semiconductor devices other than NV memory cells 94, such as
field-effect transistors (FET) or connecting elements formed in the bottom intervening layers and
top additional layers in stack 105 and over/within wafer 102. For example, a connecting
structure (not shown) is formed on or within wafer 102 to connect SEG structure 154 to common
source line 152. In one embodiment, channel layer 118, including first and second channel
layers 118a and 118b, represents a shared channel for all NV memory cells 94 within one

opening 108 of the NV memory cell strings 100.

[0050] Referring to FIGS. 2B and 2Y, in one embodiment, vertical NV memory cell strings
100 in the same vertical NV memory device 200 may be fabricated concurrently or sequentially.
Each NV memory cell 94 on the same layer of stack 105 shares a same metal gate layer 123
which includes gate coating layer 124 and gate filler layer 122. In one embodiment, metal gate
layer 123 either functions as a common word-line or is coupled to a common word-line for NV

memory cells 94 of the same vertical layer in vertical NV memory device 200. Vertical NV
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memory cell strings 100 may have one top end coupled to a bit-line and one bottom end coupled
to a common source-line 152 via channel layer 118 and SEG structure 154. In one embodiment,
one or more vertical NV memory cell strings 100 may share one bit-line. In another
embodiment, one or more vertical NV memory cell strings 100 may share one common source-
line 152. In one embodiment, channel layer 118 may be connected to bit-line via channel plug
(not shown) at the top of channel layer 118. It is understood that channel plugs and/or other
connecting elements to bit-lines are fabricated in methods practiced by ordinary skill in the art,

and will be not be discussed in details herein.

[0051] FIG. 27 is a side cross-sectional view along Z-Z’ of FIG. 2B of one embodiment of a
portion of vertical NV memory device 200 showing common source line structure 152.
Referring to FIGS. 2B, in one embodiment, according to system requirements, there may be
multiple vertical deep CSL slits or trenches 151 created in a particular pattern in stack 105, by
etching method such as plasma etching and wet etching . Within each deep CSL trench 151, as
best illustrated in FIG. 27, a CSL structure 152 is formed. In one embodiment, a layer of
dielectric 156, such as silicon oxide, is deposited by CVD or ALD in CSL trench 151.
Subsequently, source-line 158 that may include electrical conducting material, such as W, may
be deposited. In one embodiment, source-line 158 may extend and gouge into wafer 102 and
further connected to SEG structure 154 of one or multiple vertical NV memory cell strings 100.
The circuit diagram illustrated in FIG. 2Z shows that four vertical NV memory cell strings 100,
each has its own bit-line BL.1-4, are each coupled electrically to CSL 152. It will be understood
that different numbers of vertical NV memory cell strings 100 may share one or multiple CSL

152 and/or bit-lines, according to system requirements.
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[0052] Thus, embodiments of vertical/3-D NV memory devices/strings/apparatus and
methods of fabricating the same have been described. Although the present disclosure has been
described with reference to specific exemplary embodiments, it will be evident that various
modifications and changes may be made to these embodiments without departing from the
broader spirit and scope of the disclosure. Accordingly, the specification and drawings are to be

regarded in an illustrative rather than a restrictive sense.

[0053] The Abstract of the Disclosure is provided to comply with 37 C.F.R. §1.72(b),
requiring an abstract that will allow the reader to quickly ascertain the nature of one or more
embodiments of the technical disclosure. It is submitted with the understanding that it will not be
used to interpret or limit the scope or meaning of the claims. In addition, in the foregoing
Detailed Description, it can be seen that various features are grouped together in a single
embodiment for the purpose of streamlining the disclosure. This method of disclosure is not to be
interpreted as reflecting an intention that the claimed embodiments require more features than

are expressly recited in each claim. Rather, as the following claims reflect, inventive subject
matter lies in less than all features of a single disclosed embodiment. Thus, the following claims
are hereby incorporated into the Detailed Description, with each claim standing on its own as a

separate embodiment.

[0054] Reference in the description to one embodiment or an embodiment means that a
particular feature, structure, or characteristic described in connection with the embodiment is
included in at least one embodiment of the circuit or method. The appearances of the phrase one
embodiment in various places in the specification do not necessarily all refer to the same

embodiment.
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[0055] In the foregoing specification, the subject matter has been described with reference to
specific exemplary embodiments thereof. It will, however, be evident that various modifications
and changes may be made thereto without departing from the broader spirit and scope of the
subject matter as set forth in the appended claims. The specification and drawings are,

accordingly, to be regarded in an illustrative sense rather than a restrictive sense.
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What is claimed is:

1. A memory device, comprising:

an opening disposed in a stack including first stack layers and second stack layers over a
wafer;

a multi-layer dielectric disposed over at least an inner sidewall of the opening;

a first channel layer disposed over the multi-layer dielectric; and

a second channel layer disposed over the first channel layer,

wherein at least one of the first or second channel layers includes germanium (Ge).

2. The memory device of claim 1, wherein the at least one of the first or second
channel layers includes a silicon-germanium (Si-Ge) composite layer, and wherein the Si-Ge
composite layer includes Ge concentration by number of atoms in an approximate range of 5% to

95%.

3. The memory device of claim 1, wherein the first and second channel layers

include a poly-crystalline structure.

4. The memory device of claim 1, further comprising:
at least one additional channel layer disposed over the second channel layer, wherein the

at least one additional channel layer includes Ge.

3. The memory device of claim 1, further comprising:
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a channel interface between the first and second channel layers, wherein the first and
second channel layers are deposited in two separated deposition steps and each includes a

silicon-germanium composite layer of different Ge concentration.

6. The memory device of claim 1, wherein the opening is substantially perpendicular

to a top surface of the wafer.

7. The memory device of claim 1, wherein the opening includes a cross-sectional

shape selected from a group of: circle, oval, square, diamond, and rectangle.

8. The memory device of claim 1, wherein the multi-layer dielectric comprises a
blocking dielectric layer over at least the inner sidewall of the opening, a charge-trapping layer
over the blocking dielectric layer, and a tunnel dielectric layer over the charge-trapping layer,

wherein the charge-trapping layer includes a multi-layer structure.

9. The memory device of claim 8, wherein the multi-layer structure of the charge-
trapping layer includes an outer nitride layer, a middle dielectric layer, and an inner nitride layer,
wherein at least one of the outer or inner nitride layers includes silicon oxynitride, wherein one
of the outer and inner nitride layers is oxygen-rich and the other is silicon-rich, and wherein the

middle dielectric layer is mostly charge-trap free.

10. The memory device of claim 1, wherein:
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the first and second stack layers are disposed over one another in an alternating manner to
form the stack;

the first stack layers include silicon dioxide (SiO,); and

each of the second stack layers includes a gate layer, wherein the gate layer includes one
of a doped polycrystalline silicon (Poly-Si) layer or a tungsten/titanium nitride (W/TiN)

composite layer.

11. The memory device of claim 1, wherein the at least one of the first or second

channel layers is positively doped.

12. The memory device of claim 11, wherein the at least one of the first or second
channel layers includes a dopant selected from a group of boron, gallium, or indium, and doped

at an approximate concentration range of 1el5 em” to lel8 cm™.

13. The memory device of claim 1, wherein a thickness ratio between the first and the

second channel layers is in an approximate range of 1:5 to 1:0.2.

14. A memory device, comprising:
a stack formed over a wafer, the stack including dielectric layers and gate layers;
a plurality of vertical NAND strings, each formed within a vertical opening formed in the
stack and comprising:
a blocking dielectric layer disposed over at least an inner sidewall of the vertical

opening;
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a multi-layer charge-trapping layer disposed over the blocking dielectric layer;
a tunnel dielectric layer disposed over the multi-layer charge-trapping layer;
a channel including germanium (Ge) disposed over the tunnel dielectric layer; and
a selective epitaxial growth (SEG) structure formed at the bottom of the vertical
opening; and
at least one common source-line (CSL), each formed within a vertical CSL slit formed in
the stack,
wherein at least one of the plurality of vertical NAND string is electrically coupled to one

of the at least one CSL via the SEG structure.

15. The memory device of claim 14, wherein the channel includes a multi-layer
structure comprising an outer channel disposed over the tunnel dielectric layer and an inner
channel disposed over the outer channel, wherein at least one of the outer or inner channel layers
includes a polycrystalline silicon-germanium (Si-Ge) composite layer including Ge

concentration in a range of 5% - 95%.

16. The memory device of claim 14, wherein the channel includes a multi-layer
structure comprising an outer channel disposed over the tunnel dielectric layer and an inner
channel disposed over the outer channel, wherein at least one of the outer or inner channel layers

includes a polycrystalline Ge (Poly-Ge) layer.

17. The memory device of claim 14, wherein the multi-layer charge-trapping layer

includes an outer nitride layer, a middle dielectric layer, and an inner nitride layer, wherein the

-32-



WO 2017/039784 PCT/US2016/038229

outer nitride layer is oxygen-lean and includes a majority of charge traps distributed in the multi-
layer charge-trapping layer, and wherein the middle dielectric layer includes an oxygen-rich

dielectric that is mostly charge traps free.

18. A memory array, comprising:
a stack formed over a wafer including dielectric layers and gate layers;
a plurality of vertical NAND strings, each formed within a vertical opening formed in the
stack and comprising:
a multi-layer dielectric disposed over at least an inner sidewall of the vertical
opening;
a first channel layer disposed over the multi-layer dielectric;
a second channel layer disposed over the first channel layer, wherein at least one
of the first or second channel layers includes germanium (Ge);
a selective epitaxial growth (SEG) structure formed at the bottom of the vertical
opening, the SEG structure is in direct contact with the second channel layer;
a plurality of word-lines, each coupled to one of the gate layers;
a plurality of bit-lines, wherein each bit-line is coupled to at least one of the plurality of
vertical NAND strings at a top end of the first or second channel layers; and
a common source-line (CSL) formed within a CSL slit in the stack, wherein the CSL is
coupled to at least one of the plurality of vertical NAND strings at a bottom end of the first or

second channel layers via the SEG structure.
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19. The memory array of claim 18, wherein at least one of the first or second channel
layers include a silicon-germanium composite layer comprising Ge concentration in a range of

5% - 95%.

20. The memory array of claim 18, wherein Ge concentration of the first channel

layer is higher than Ge concentration of the second channel layer.
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INTERNATIONAL SEARCH REPORT International application No.

PCT/US16/38229

Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they arc dependent claims and are nut drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. II1  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See extra sheet

1. I:] As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the requil;ed additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. % No required additional search fees were timely paid by the applicant. Cpnsequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Claims 1-13 & 18-20

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:l No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - HO1L 27/115, 29/792, 21/3205, 21/02 (2016.01)
CPC - HO1L 27/11524, 29/66666, 29/7926, 27/11582

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

IPC(8): HO1L 21/3205, 21/02, 27/115, 29/66, 29/792, (2016.01)

Minimum documentation searched (classification system followed by classification symbols)

CPC: HO1L 21/3205, 21/02, 21/32055, 27/115, 27/11575, 27/11524, 27/11582, 29/66, 29/66833, 29/66666, 29/792, 29/7926

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

PatSeer (US, EP, WO, JP, DE, GB, CN, FR, KR, ES, AU, IN, CA, RU, AT, CH, TH, BR, PH, CN, SE, NO, DK, FI, BE, NL, LU, MX,
INPADOC Data); EBSCO; IEEE; Google Scholar; Google Patents; Lens; KEYWORDS: memory, transistor, NAND, flash, FET, stack,
array, layer, substrate, film, wafer, string, insulator, dielectric, SEG, selective epitaxial growth, epitaxy, germanium, Ge, line, CSL, SL

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
US 2014/0273373 A1 (SANDISK TECHNOLOGIES, INC.) September 18, 2014; figures 2A-2B, |1, 3, 6-8, & 10-11
- 4A-4B; paragraphs {0025, 0040-0041, 0046-0048, 0050, 0053-0055, 0077, 0080, 0091, -
0108-0109, 0164]; claim 7 2,4,5,9,12-13, 18-20
Y US 2013/0193514 A1 (LOUBET, N et al.) August 1, 2013; paragraph [0029] 2,19
Y US 2015/0236126 A1 (SK HYNIX INC.) August 20, 2015; figure 8; paragraphs [0028, 0036] 4-5, 20
Y US 8,592,891 B1 (POLISHCHUK, | et al.) November 26, 2013; figure 4A; column 13, lines 60-65 (9
Y US 2010/0322009 A1 (SHIMANE, T et al.) December 23, 2010; figure 4, paragraphs [0049, 12
0063]
Y US 2015/0072488 A1 (SANDISK TECHNOLOGIES, INC.) March 12, 2015; figures 1A-1B, 13
paragraph [0087]
Y US 2015/0115348 A1 (NAM, P et al.) April 30, 2015; figures 2, 4A; paragraphs [0036-0037) 18-20

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T”  later document published after the international filing date or priority
date and not in conflict with the apﬁlication but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

06 October 2016 (06.10.2016)

Date of mailing of the international search report

310CT 2016

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 5§71-273-8300

Authorized officer
Shane Thomas

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US16/38229

-***-Continued from Box Il -***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fee must be paid.

Group I: Claims 1-13 & 18-20 appear to be oriented towards a selective epitaxial growth structure in direct contact with a second channel
layer.

Group |I: Claims 14-17 appear to be oriented towards a blocking dielectric layer disposed over a multi-layer charge trapping layer with a
tunnel dielectric layer disposed over the multi-layer charge-trapping layer.

The inventions listed as Groups |-l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features.

The special technical features Group | include at least wherein a stack including first stack layers and second stack layers over a wafer;
a first channel layer disposed over the multi-layer dielectric; a second channe! layer disposed over the first channel layer; the SEG
structure is in direct contact with the second channel layer; a plurality of word-lines, each coupled to one of the gate layers; a plurality of
bit -lines, wherein each bit -line is coupled to at least one of the plurality of vertical NAND strings at a top end of the first or second
channe! layers; wherein the CSL is coupled to at least one of the plurality of vertical NAND strings at a bottom end of the first or second
channel layers via the SEG structure, which are not present in Group II.

The special technical features Group Il include at least wherein a multi-layer charge-trapping layer disposed over the blocking dielectric
layer; a tunnel dielectric layer disposed over the multi-layer charge-trapping layer, which are not present in Group |.

The common technical features shared by Groups |-1| are a memory device; a stack formed over a wafer including dielectric layers and
gate layers; a plurality of vertical NAND strings, each formed within a vertical opening formed in the stack; a dielectric layer disposed
over at least an inner sidewall of the vertical opening; a channel including germanium (Ge); a selective epitaxial growth (SEG) structure
formed at the bottom of the vertical opening; a common source-line (CSL) formed within a CSL slit in the stack, wherein the CSL is
coupled to at least one of the plurality of vertical NAND strings via the SEG structure.

Howaever, these common features are previously disclosed by US 2015/0115348 A1 (NAM, P et al.). Nam discloses a memory device (a
vertical-type nonvolatile memory device; abstract); a stack formed over a wafer including dielectric layers and gate layers (a first stacked
structure formed with first interlayer insulating layers with alternating gate layers over a substrate 100 may be a bulk wafer; abstract,
paragraph [0034]); a plurality of vertical NAND strings, each formed within a vertical opening formed in the stack (memory cell strings 11
(a plurality of vertical NAND strings) arranged in the z-direction along a side surface of the channel region 130 of the vertical channel
structure S formed in the first opening; figure 2; paragraph [0033]., claim 19, Nam); a dielectric layer disposed over at least an inner
sidewall of the vertical opening (a buried insulating layer 175 disposed over an inner side wall of the channel region 130 of the vertical
channel structure S formed in the first opening as shown; figure 2, paragraphs [0037]); a channel (the channel region; paragraph [0133]);
a selective epitaxial growth (SEG) structure formed at the bottom of the vertical opening (a selective epitaxial growth SEG layer 132
(SEG structure) formed at the bottom of the vertical channel structure S formed in the first opening; figure 2, paragraph [0097] claim 19,
Nam); a common source-line (CSL) formed within a CSL slit in the stack (a dopant/doped region 105 is formed in the third openings

Tb' (a CSL slit) formed with a common source line CSL 106; figures 2,10K, paragraph [0150]), wherein the CSL is coupled to at least
one of the plurality of vertical NAND strings via the SEG structure (the CSL 106 is coupled by the interlayer insulating layer 161 to the
SEG layer 132 that is electrically connected to the channel region 130 containing one of the memory cell strings 11; figure 2, paragraphs
[0036, 0050]). Nam fails to explicitly disclose a channel including germanium (Ge). US 2014/0273373 A1 (SANDISK TECHNOLOGIES,
INC.), SanDisk Technologies further discloses a channel including germanium (Ge) (a channel 1 can be made of germanium; paragraph
[0046)). it would have been obvious to one of ordinary skill in the art at the time the invention was made to have modified the device of
memory device of Nam, to provide a channel including germanium (Ge), as taught by SanDisk Technologies, in order to provide the
advantage of implementing channels formed with germanium being a semiconductor material with effective conductive characteristics
(Sandisk; paragraph [0040]).

Since the common technical features are previously disclosed by the Nam and SanDisck reference, these common features are not
special and so Groups I-ll lack unity.

Form PCT/ISA/210 (extra sheet) (January 2015)
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