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MEMORY CELL THAT EMPLOYS A SELECTIVELY FABRICATED
CARBON NANO-TUBE REVERSIBLE RESISTANCE-SWITCHING
ELEMENT AND METHODS OF FORMING THE SAME

REFERENCE TO RELATED APPLICATIONS

This application claims priority to U.S. Patent
Application Serial No. 13/235,409, filed
September 18, 2011, and titled “MEMORY CELL THAT EMPLOYS A
SELECTIVELY FABRICATED CARBON NANO-TUBE REVERSIBLE
RESISTANCE-SWITCHING ELEMENT AND METHODS OF FORMING THE
SAME,” which is a continuation-in-part of U.S. Patent
Application Serial No. 11/968,154, filed December 31, 2007,
and titled “MEMORY CELL THAT EMPLOYS A SELECTIVELY
FABRICATED CARBON NANO-TUBE REVERSIBLE RESISTANCE-SWITCHING
ELEMENT AND METHODS OF FORMING THE SAME,” each of which is
hereby incorporated by reference herein in its entirety for
all purposes.

This application is related to the following patent
applications, each of which is hereby incorporated by
reference herein in its entirety for all purposes:

U.S. Patent Application Serial No. 11/968,156,
filed December 31, 2007, and titled “MEMORY CELL THAT
EMPLOYS A SELECTIVELY FABRICATED CARBON NANO-TUBE
REVERSIBLE RESISTANCE-SWITCHING ELEMENT FORMED ON A BOTTOM
CONDUCTOR AND METHODS OF FORMING THE SAME.”

U.S. Patent Application Serial No. 11/968,159,
filed December 31, 2007, and titled “MEMORY CELL WITH
PLANARIZED CARBON NANOTUBE LAYER AND METHODS OF FORMING THE
SAME . ”
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BACKGROUND

The present invention relates to non-volatile
memories and more particularly to a memory cell that
employs a selectively fabricated carbon nano-tube (“CNT”)
reversible resistance-switching element and methods of
forming the same.

Non-volatile memories formed from reversible
resistance-switching elements are known. For example, U.S.
Patent Application Serial No. 11/125,939, filed May 9, 2005
and titled “REWRITEABLE MEMORY CELL COMPRISING A DIODE AND
A RESISTANCE-SWITCHING MATERIAL” (hereinafter “the Y939
Application”), which is hereby incorporated by reference
herein in its entirety, describes a rewriteable non-
volatile memory cell that includes a diode coupled in
series with a reversible resistivity-switching material
such as a metal oxide or metal nitride.

However, fabricating memory devices from
rewriteable resistivity-switching materials is technically
challenging; and improved methods of forming memory devices

that employ resistivity-switching materials are desirable.

SUMMARY

In a first aspect of the invention, a method is
provided that includes fabricating a steering element above
a substrate, and fabricating a reversible-resistance
switching element coupled to the steering element by
selectively fabricating CNT material above the substrate,
wherein the CNT material comprises a single CNT.

In a second aspect of the invention, a memory cell
is provided that includes a steering element, and a

reversible resistance-switching element coupled to the
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steering element. The reversible resistance-switching
element includes a selectively fabricated CNT material,
wherein the CNT material includes a single CNT.

In a third aspect of the invention, a monolithic
three dimensional memory array is provided that includes a
first memory level formed above a substrate, and at least a
second memory level monolithically formed above the first
memory level. The first memory level includes a plurality
of memory cells, wherein each memory cell of the first
memory level includes a steering element and a reversible
resistance-switching element coupled to the steering
element. The reversible resistance-switching element
includes a selectively fabricated CNT material, wherein the
CNT material includes a single CNT.

Numerous other aspects are provided in accordance
with these and other embodiments of the invention. Other
features and aspects of the present invention will become
more fully apparent from the following detailed
description, the appended claims and the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of an example
memory cell provided in accordance with the present
invention.

FIG. 2A is a simplified perspective view of a first
embodiment of a memory cell provided in accordance with the
present invention.

FIG. 2B is a simplified perspective view of a
portion of a first memory level formed from a plurality of

the memory cells of FIG. 2A.
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FIG. 2C is a simplified perspective view of a
portion of a first example three dimensional memory array
provided in accordance with the present invention.

FIG. 2D is a simplified perspective view of a
portion of a second example three dimensional memory array
provided in accordance with the present invention.

FIG. 3A is a cross-sectional view of a first
example embodiment of the memory cell of FIG. 2A.

FIG. 3B is a cross-sectional view of a second
example embodiment of the memory cell of FIG. 2A.

FIG. 3C is a cross-sectional view of a third
example embodiment of the memory cell of FIG. 2A.

FIG. 3D is a cross-sectional view of a fourth
example embodiment of the memory cell of FIG. 2A.

FIG. 3E is a cross-sectional view of a fifth
example embodiment of the memory cell of FIG. 2A.

FIGS. 4A-4D illustrate cross sectional views of a
portion of a substrate during fabrication of a single
memory level in accordance with the present invention.

FIGS. HA-5D illustrate cross sectional views of a
portion of a substrate during an alternative example
fabrication of a single memory level in accordance with the
present invention.

FIGS. 6A-6D illustrate cross sectional views of a
portion of a substrate during an alternative example
fabrication of a single memory level in accordance with the
present invention.

FIG. 7 is a cross sectional view of a first
alternative memory cell provided in accordance with the

present invention.



10

15

20

25

30

WO 2013/066496 PCT/US2012/054571

DETAILED DESCRIPTION

Some CNT materials have been shown to exhibit
reversible resistivity-switching properties that may be
suitable for use in non-volatile memories. However, the
thin film of deposited or grown CNT material has a rough
surface topography, with pronounced thickness variations,
such as numerous peaks and valleys. These thickness
variations make CNT materials difficult to etch without
excessive etching of the underlying substrate, increasing
fabrication costs and complexity associated with their use
in integrated circuits.

In accordance with the present invention,
difficult-to-etch, CNT rewriteable resistivity-switching
materials may be used within a memory cell without being
etched. In an example embodiment, a memory cell is
provided that includes a CNT reversible resistivity-
switching material formed by: (1) depositing or forming a
CNT seeding layer; (2) patterning and etching the CNT
seeding layer; and (3) selectively fabricating CNT material
on the patterned and etched CNT seeding layer. The CNT
seeding layer may be a layer that facilitates CNT
formation, such as a surface-roughened and/or conducting
layer. Selective formation of CNT material on the CNT
seeding layer can eliminate or minimize the need to etch
the CNT material.

In another example embodiment, a memory cell is
provided that includes a CNT reversible resistivity-
switching material formed by: (1) depositing or forming a
CNT seeding layer; (2) patterning and etching the CNT
seeding layer; (3) surface-roughening the patterned and

etched CNT seeding layer; (4) forming a dielectric layer
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over the surface-roughened CNT seeding layer;

(5) patterning and etching the dielectric layer to create

an opening or void to expose the CNT seeding layer; and

(6) selectively fabricating a single CNT in the opening or

void on the exposed, surface-roughened CNT seeding layer.
In still another exemplary embodiment, a memory

cell is provided that includes a CNT reversible

resistivity-switching material formed by: (1) depositing
or forming a conductive layer; (2) forming a dielectric
layer over the conductive layer; (3) patterning and etching

the dielectric layer to create an opening or void to expose
the conductive layer; (4) forming or depositing a CNT
seeding particle in the opening or void; and

(5) selectively fabricating a single CNT on the CNT seeding
particle.

In alternative embodiments of the invention, the
selectively fabricated single CNT may include a first
portion that operates as reversible resistance-switching
element, and a second portion that operates as a p-n or a
p-i-n diode. The first (switching) portion may be above or
below the second (diode) portion of the selectively
fabricated single CNT.

Example CNT seeding layers include titanium
nitride, tantalum nitride, nickel, cobalt, iron, titanium,
molybdenum or the like. In some embodiments, a titanium
nitride or tantalum nitride layer may be surface-roughened
for use as a CNT seeding layer. Such surface-roughened
titanium nitride or tantalum nitride may itself serve as a
CNT seeding layer.

In other embodiments, CNT seeding layers include a
surface-roughened titanium or tantalum nitride layer coated

with a metal catalyst layer to facilitate CNT material
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formation. Such a metal catalyst layer may be patterned
and etched with the titanium or tantalum nitride layer, or
selectively deposited on the titanium nitride or tantalum
nitride layer after the titanium nitride or tantalum
nitride layer is patterned and etched. Example metal
catalyst layers include nickel, cobalt, iron, titanium,
molybdenum, etc. In still other embodiments, CNT seeding
layers include only a metal catalyst layer (e.g., without
including an underlying surface-roughened titanium nitride
or tantalum nitride layer).

Example CNT seeding particles include nickel,
cobalt, iron, titanium, molybdenum or other similar metal
catalyst particles. 1In some embodiments, one or more CNT
seeding particles may be formed on a smooth or a surface-
roughened titanium nitride or tantalum nitride layer.

As used herein, CNT material refers to material
that includes one or more single and/or multi-wall CNTs.
In some embodiments, the individual tubes of the CNT
material may be vertically aligned. Vertically aligned
CNTs allow vertical current flow with little or no lateral
conduction. In some embodiments, the individual tubes of
the CNT material may be fabricated to be substantially
vertically aligned to reduce or prevent the formation of
lateral or bridging conduction paths between adjacent
memory cells. This vertical alignment reduces and/or
prevents the state of a memory cell from being influenced
or “disturbed” by the state and/or programming of adjacent
memory cells.

Note that individual tube isolation may or may not
extend over the entire thickness of the CNT material. For
example, during the initial growth phase, some or most of

the individual tubes may be vertically aligned and
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separated. However, as the individual tubes increase in
length vertically, portions of the tubes may come in
contact with one another, and even become entangled or
entwined. Example techniques for forming CNT materials are

described below.

EXAMPLE INVENTIVE MEMORY CELL

FIG. 1 is a schematic illustration of an example
memory cell 100 provided in accordance with the present
invention. Memory cell 100 includes a reversible
resistance-switching element 102 coupled to a steering
element 104.

Reversible resistance-switching element 102
includes a reversible resgsistivity-switching material (not
separately shown) having a resistivity that may be
reversibly switched between two or more states. For
example, the reversible resistivity-switching material of
element 102 may be in an initial, low-resistivity state
upon fabrication. Upon application of a first voltage
and/or current, the material is switchable to a high-
resistivity state. Application of a second voltage and/or
current may return the reversible resistivity-switching
material to a low-resistivity state.

Alternatively, reversible resistance-switching
element 102 may be in an initial, high-resistance state
upon fabrication that is reversibly switchable to a low-
resistance state upon application of the appropriate
voltage (s) and/or current(s). When used in a memory cell,
one resistance state may represent a binary “0” while
another resistance state may represent a binary “1,”
although more than two data/resistance states may be used.

Numerous reversible resistivity-switching materials and
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operation of memory cells employing reversible resistance-
switching elements are described, for example, the Y939
Application, previously incorporated.

In at least one embodiment of the invention,
reversible resistance-switching element 102 is formed using
a selectively deposited or grown CNT material. As will be
described further below, use of a selectively formed CNT
material eliminates the need to etch the CNT material.
Fabrication of reversible resistance-switching element 102
thereby is simplified.

Steering element 104 may include a thin film
transistor, a diode, or another suitable steering element
that exhibits non-ohmic conduction by selectively limiting
the voltage across and/or the current flow through
reversible resistance-switching element 102. In this
manner, memory cell 100 may be used as part of a two or
three dimensional memory array and data may be written to
and/or read from memory cell 100 without affecting the
state of other memory cells in the array.

Example embodiments of memory cell 100, reversible
resistance-switching element 102 and steering element 104

are described below with reference to FIGS. 2A-7.

FIRST EXAMPLE EMBODIMENT OF A MEMORY CELL

FIG. 2A is a simplified perspective view of a first
embodiment of a memory cell 200 provided in accordance with
the present invention. With reference to FIG. 2A, memory
cell 200 includes a reversible resistance-switching
element 202 coupled in series with a diode 204 between a
first conductor 206 and a second conductor 208.

In some embodiments, a barrier layer 210, a

conductive layer 212 and/or a CNT seeding layer 214 may be
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formed between reversible resistance-switching element 202
and diode 204. For example, barrier layer 210 may include
titanium, titanium nitride, tantalum, tantalum nitride,
tungsten, tungsten nitride, molybdenum, etc., and
conductive layer 212 may include tungsten or another
suitable metal layer.

In some embodiments, CNT seeding layer 214 may
include a conducting layer that promotes CNT material
formation, such as titanium nitride, tantalum nitride,
nickel, cobalt, iron, titanium, molybdenum or the like. In
one example embodiment, CNT seeding layer 214 may be
titanium nitride or tantalum nitride with a surface-
roughened by chemical mechanical polishing (“CMP”) or
another suitable process.

In other embodiments, CNT seeding layer 214 may
include a metal catalyst layer of nickel, cobalt, iron,
titanium, molybdenum, etc., that promotes CNT material
formation deposited or formed on a surface-roughened or
smooth titanium nitride, tantalum nitride or similar layer.
In still other embodiments, CNT seeding layer 214 may be a
metal catalyst layer such as nickel, cobalt, iron,
titanium, molybdenum or the like that promotes CNT
formation.

Although not shown in FIG. 2A, in some embodiments,
CNT seeding layer 214 may include one or more metal
catalyst particles that promote CNT material formation,
such as nickel, cobalt, iron, titanium, molybdenum or the
like. 1In some embodiments, CNT seeding layer 214 may
include one or more metal catalyst seed particles of
nickel, cobalt, iron, titanium, molybdenum, etc., that

promote CNT material formation deposited or formed on a

10
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surface-roughened or smooth titanium nitride, tantalum
nitride or similar layer.

As will be described further below, barrier
layer 210, conductive layer 212 and/or CNT seeding
layer 214 may serve as a hard mask during formation of
diode 204. Use of metal hard masks is described, for
example, in U.S. Patent Application Serial No. 11/444,936,
filed May 13, 2006 and titled “CONDUCTIVE HARD MASK TO
PROTECT PATTERNED FEATURES DURING TRENCH ETCH” (hereinafter
“the ‘936 Application”) which is hereby incorporated by
reference herein in its entirety. An additional barrier
layer 216, such as titanium, titanium nitride, tantalum,
tantalum nitride, tungsten, tungsten nitride, molybdenum,
etc., also may be formed between diode 204 and first
conductor 206.

Patterning of CNT seeding layer 214 with conductive
layer 212, barrier layer 210, diode 204 and/barrier
layer 216 simplifies fabrication of memory cell 200 as
additional patterning and etch steps are not required for
CNT seeding layer 214. Further, CNT material will
selectively (e.g., only) form on the patterned and etched
CNT seeding layer 214 so that etching of CNT material is
not required. The selectively formed CNT material serves
as reversible resistance-switching element 202. In some
embodiments, only a portion, such as one or more filaments,
of the CNT material that forms reversible resistance-
switching element 202 may switch and/or be switchable.

Diode 204 may include any suitable diode, such as a
vertical p-n or p-i-n diode, whether upward pointing with
an n-region above a p-region of the diode or downward
pointing with a p-region above an n-region of the diode.

As described in more detail below, diode 204 may be a

11
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semiconductor diode, such as a polycrystalline
semiconductor diode, or may be a CNT-based diode (referred
to in the remaining description as a “CNT diode”). Example
embodiments of diode 204 are described below with reference
to FIGS. 3A-3E.

First and/or second conductor 206, 208 may include
any suitable conductive material such as tungsten, any
appropriate metal, heavily doped semiconductor material, a
conductive silicide, a conductive silicide-germanide, a
conductive germanide, or the like. 1In the embodiment of
FIG. 227, first and second conductors 206, 208 are rail-
shaped and extend in different directions (e.g.,
substantially perpendicular to one another). Other
conductor shapes and/or configurations may be used. 1In
some embodiments, barrier layers, adhesion layers,
antireflection coatings and/or the like (not shown) may be
used with first and/or second conductors 206, 208 to
improve device performance and/or aid in device
fabrication.

FIG. 2B is a simplified perspective view of a
portion of a first memory level 218 formed from a plurality
of memory cells 200 of FIG. 2A. For simplicity, reversible
resistance-switching element 202, CNT seeding layer 214,
diode 204, barrier layers 210 and 216 and conductive
layer 212 are not separately shown. Memory array 218 is a
“cross-point” array including a plurality of bit lines
(second conductors 208) and word lines (first
conductors 206) to which multiple memory cells are coupled
(as shown). Other memory array configurations may be used,
as may multiple levels of memory.

For example, FIG. 2C is a simplified perspective

view of a portion of a monolithic three dimensional

12
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array 220 that includes a first memory level 222 positioned
below a second memory level 224. 1In the embodiment of
FIG. 2C, each memory level 222, 224 includes a plurality of
memory cells 200 in a cross-point array. It will be
understood that additional layers (e.g., an interlevel
dielectric) may be present between first and second memory
levels 222 and 224, but are not shown in FIG. 2C for
simplicity.

Other memory array configurations may be used, as
may additional levels of memory. In the embodiment of
FIG. 2C, all diodes may “point” in the same direction, such
as upward or downward depending on whether p-i-n diodes
having a p-doped region on the bottom or top of the diodes
are employed, simplifying diode fabrication.

In some embodiments, the memory levels may be
formed, as described, for example, in U.S. Patent
No. 6,952,030, “High-density three-dimensional memory cell”
which is hereby incorporated by reference herein in its
entirety for all purposes. For instance, the second
conductors of a first memory level may be used as the first
conductors of a second memory level that is positioned
above the first memory level as shown in FIG. 2D. In such
embodiments, the diodes on adjacent memory levels
preferably point in opposite directions as described in
U.S. Patent Application Serial No. 11/692,151, filed
March 27, 2007 and titled “LARGE ARRAY OF UPWARD POINTING
P-I-N DIODES HAVING LARGE AND UNIFORM CURRENT” (hereinafter
“the ‘151 Application”), which is hereby incorporated by
reference herein in its entirety for all purposes.

For example, the diodes of first memory level 222

may be upward pointing diodes as indicated by arrow 2A;

(e.g., with p regions at the bottom of the diodes), while

13
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the diodes of second memory level 224 may be downward
pointing diodes as indicated by arrow Az (e.g., with n
regions at the bottom of the diodes), or vice versa.

A monolithic three dimensional memory array is one
in which multiple memory levels are formed above a single
substrate, such as a wafer, with no intervening substrates.
The layers forming one memory level are deposited or grown
directly over the layers of an existing level or levels.

In contrast, stacked memories have been constructed by
forming memory levels on separate substrates and adhering
the memory levels atop each other, as in Leedy, U.S. Patent
No. 5,915,167, “THREE DIMENSIONAIL STRUCTURE MEMORY.” The
substrates may be thinned or removed from the memory levels
before bonding, but as the memory levels are initially
formed over separate substrates, such memories are not true
monolithic three dimensional memory arrays.

FIG. 3A is a cross-sectional view of a first
example embodiment of a memory cell 200a in accordance with
this invention. With reference to FIG. 3A, memory
cell 200a includes reversible resistance-switching
element 202, diode 204 and first and second
conductors 206, 208.

As previously stated, diode 204 may be a vertical
p-n or p-i-n diode, which may either point upward or
downward. In the embodiment of FIG. 2D in which adjacent
memory levels share conductors, adjacent memory levels
preferably have diodes that point in opposite directions
such as downward-pointing p-i-n diodes for a first memory
level and upward-pointing p-i-n diodes for an adjacent,
second memory level (or vice versa).

In some embodiments, diode 204 may be formed from a

polycrystalline semiconductor material such as polysilicon,

14
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a polycrystalline silicon-germanium alloy, polygermanium or
any other suitable material. For example, referring again
to FIG. 3A, diode 204 may include a heavily doped n+
polysilicon region 204a, a lightly doped or an intrinsic
(unintentionally doped) polysilicon region 204b above n+
polysilicon region 204a and a heavily doped, pt+ polysilicon
region 204c above intrinsic region 204b. As described in
more detail below, in some embodiments, diode 204
alternatively may be formed from a CNT material.

In some embodiments, a thin germanium and/or
silicon-germanium alloy layer (not shown) may be formed on
n+ polysilicon region 204a to prevent and/or reduce dopant
migration from n+ polysilicon region 204a into intrinsic
region 204b. Use of such a layer is described, for
example, in U.S. Patent Application Serial No. 11/298,331,
filed December 9, 2005 and titled “DEPOSITED SEMICONDUCTOR
STRUCTURE TO MINIMIZE N-TYPE DOPANT DIFFUSION AND METHOD OF
MAKING” (hereinafter “the ‘331 Application”), which is
hereby incorporated by reference herein in its entirety for
all purposes. In some embodiments, a few hundred angstroms
or less of silicon-germanium alloy with about 10 at% or
more of germanium may be employed.

It will be understood that the locations of the n+
and p+ regions may be reversed. A barrier layer 216, such
as titanium, titanium nitride, tantalum, tantalum nitride,
tungsten, tungsten nitride, molybdenum, etc., may be formed
between first conductor 206 and n+ region 204a (e.g., to
prevent and/or reduce migration of metal atoms into the
polysilicon regions).

When diode 204 is fabricated from deposited silicon
(e.g., amorphous or polycrystalline), a silicide layer 230

may be formed on diode 204 to place the deposited silicon
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in a low resistivity state, as fabricated. Such a low
resistivity state allows for easier programming of memory
cell 200a as a large voltage is not required to switch the
deposited silicon to a low resistivity state.

For example, a silicide-forming metal layer 232
such as titanium or cobalt may be deposited on p+
polysilicon region 204c. During a subsequent anneal step
(described below) employed to crystallize the deposited
silicon that forms diode 204, silicide-forming metal
layer 232 and the deposited silicon of diode 204 interact
to form silicide layer 230, consuming all or a portion of
silicide-forming metal layer 232.

As described in U.S. Patent No. 7,176,004, “MEMORY

CELL COMPRISING A SEMICONDUCTOR JUNCTION DIODE CRYSTALLIZED

ADJACENT TO A SILICIDE,” which is hereby incorporated by
reference herein in its entirety, silicide-forming
materials such as titanium and/or cobalt react with
deposited silicon during annealing to form a silicide
layer. The lattice spacings of titanium silicide and
cobalt silicide are close to that of silicon, and it
appears that such silicide layers may serve as
“crystallization templates” or “seeds” for adjacent
deposited silicon as the deposited silicon crystallizes
(e.g., silicide layer 230 enhances the crystalline
structure of silicon diode 204 during annealing). Lower
resistivity silicon thereby is provided. Similar results
may be achieved for silicon-germanium alloy and/or
germanium diodes.

In the embodiment of FIG. 3A, reversible
resistance-switching element 202 is formed by a selective
fabrication process in which CNT material is formed on a

patterned and etched CNT seeding layer 214. Example CNT
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seeding layer materials include titanium nitride or
tantalum nitride and/or nickel, cobalt, iron, titanium,
molybdenum or another suitable metal and/or catalyst. 1In
some embodiments, CNT seeding layer 214 may be a single
layer of roughened metal nitride, such as surface-roughened
titanium nitride or tantalum nitride, or may be a single
layer of a metal catalyst such as nickel, cobalt, iron,
titanium, molybdenum, etc.

In some embodiments, CNT seeding layer 214 and
reversible resistance-switching element 202 may be formed
over conductive silicide-forming metal layer 232. 1In such
embodiments, CNT seeding layer 214 and silicide-forming
metal layer 232 may be patterned and etched during
formation of diode 204 as described below with reference to
FIGS. 4A-4D. In other embodiments, a metal hard mask may
be formed over silicide-forming metal layer 232 prior to
formation of CNT seeding layer 214 and resistance-switching
element 202.

For example, a barrier layer 210 and/or a
conductive layer 212 may be formed over silicide-forming
metal layer 232. CNT seeding layer 214 then may be formed
over conductive layer 212. Barrier layer 210 may include
titanium, titanium nitride, tantalum, tantalum nitride,
tungsten, tungsten nitride, molybdenum, etc., and
conductive layer 212 may include tungsten or another
suitable metal layer.

As will be described further below, barrier
layer 210 and/or conductive layer 212, as well as CNT
seeding layer 214, may serve as a hard mask during
formation of diode 204 and may mitigate any over-etching

that may occur during formation of second conductor 208 (as
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described in the ‘936 Application, previously
incorporated) .

For example, CNT seeding layer 214, barrier
layer 210 and conductive layer 212 may be patterned and
etched, and then serve as a mask during etching of
diode 204. Etching of CNT seeding layer 214, conductive
layer 212, barrier layer 210, silicide-forming metal
layer 232, diode 204 (p+ polysilicon layer 204c, intrinsic
layer 204b, n+ polysilicon layer 204a) and barrier
layer 216 creates a pillar structure 234.

Dielectric material 236 is deposited on top of and
around pillar structure 234 to isolate pillar structure 234
from other similar pillar structures of other memory cells
(not shown) fabricated on a memory level that includes
memory cell 200a. A CMP or dielectric etchback step then
is performed to planarize dielectric material 236 and
remove the dielectric material from the top of CNT seeding
layer 214.

Such a CMP or dielectric etchback step may also
roughen the surface of CNT seeding layer 214. For example,
in some embodiments, CNT seeding layer 214 may include
titanium nitride that is roughened by the CMP or dielectric
etchback step just described and/or by an additional
roughening step. Such a roughened, titanium nitride
surface may be employed as a seeding surface for CNT
fabrication.

For example, roughened titanium nitride has been
shown to facilitate formation of vertically aligned CNTs,
as described by Smith et al., “Polishing TiN for Nanotube
Synthesis,” Proceedings of the 16" Annual Meeting of the

American Society for Precision Engineering, Nov. 2001.

(See also Rao et al., “In situ-grown carbon nanotube array
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with excellent field emission characteristics,” Applied
Phy. Letters, 76:25, June 19, 2000, pp. 3813-3815).

As an example, CNT seeding layer 214 may be
about 1000 to about 5000 angstroms of a metal nitride, such
as titanium nitride or tantalum nitride, with an arithmetic
average surface roughness Ra of about 850 to about 4000
angstroms, and more preferably about 4000 angstroms.

In still other embodiments, CNT seeding layer 214
may include about 1 to about 200 angstroms, and more
preferably about 20 angstroms or less, of a metal catalyst
layer such as nickel, cobalt, iron, titanium, molybdenum,
etc. The nickel, cobalt, iron, titanium, molybdenum or
other metal catalyst layer may be a continuous or non-
continuous film. Other materials, thicknesses and surface
roughness conditions may be used.

Following planarization of dielectric material 236,
a CNT fabrication process is performed to selectively grow
and/or deposit CNT material on CNT seeding layer 214. The
grown or deposited CNT material serves as reversible
resistance-switching element 202. For simplicity, the
grown or deposited CNT material will be referred to in the
remaining discussion as “CNT material 202.”

Any suitable method may be used to form CNT
material 202 on CNT seeding layer 214. For example,
chemical wvapor deposition (“CVD”), plasma-enhanced CVD
("PECVD”), laser vaporization, electric arc discharge or
the like may be employed. 1In one example embodiment, CNTs
may be formed on a surface-roughened TiN CNT seeding
layer 214 by CVD at a temperature of about 675 to 700°C in
xylene, argon, hydrogen and/or ferrocene at a flow rate of
about 100 sccm for about 30 minutes. Other temperatures,

gases, flow rates and/or growth times may be used.
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In another example embodiment, CNTs may be formed
on a nickel catalyst CNT seeding layer 214 by CVD at a
temperature of about 650°C in about 20% CyHg and 80% Argon
at a pressure of about 5.5 Torr for about 20 minutes.

Other temperatures, gases, ratios, pressures and/or growth
times may be used.

In yet another embodiment, CNTs may be formed on a
metal catalyst CNT seeding layer 214 such as nickel,
cobalt, iron, titanium, molybdenum, etc., using PECVD at a
temperature of about 600 to 900°C in about 20% methane,
ethylene, acetylene or another hydrocarbon diluted with
about 80% argon, hydrogen and/or ammonia using an RF power
of about 100-200 Watts for about 8-30 minutes. Other
temperatures, gases, ratios, powers and/or growth times may
be used.

As stated, CNT material 202 forms only over CNT
seeding layer 214 of pillar structure 234 (and other
similar pillar structures (not shown) of other memory cells
fabricated on a memory level that includes memory
cell 200a). In some embodiments, CNT material 202 may have
a thickness of about 1 nanometers to about 1 micron (and
even tens of microns), and more preferably about 10 to
about 20 nanometers, although other CNT material
thicknesses may be used.

The density of the individual tubes in CNT

material 202 may be, for example, about 6.6 x 103 to
about 1 x 10° CNTs/micronz, and more preferably at least
about 6.6 x 10% CNTs/micronz, although other densities may

be used. For example, assuming pillar structure 234 has a
width of about 45 nanometers, in some embodiments, 1t is

preferred to have at least about 10 CNTs, and more
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preferably at least about 100 CNTs, in CNT material 202
(although fewer CNTs, such as 1, 2, 3, 4, 5, etc., or more
CNTs, such as more than 100, may be employed). Indeed, as
described in more detail below, in some embodiments in
which pillar structure 234 has a width of less than

about 10 nanometers, it i1s desirable that CNT material 202
includes a single CNT.

To improve the reversible resistivity-switching
characteristics of CNT material 202, in some embodiments it
may be preferable that at least about 50%, and more
preferably at least about 2/3, of the carbon nano-tubes of
CNT material 202 are semiconducting. As multiple wall CNTs
are generally metallic while single wall CNTs may be
metallic or semiconducting, in one or more embodiments, it
may be preferable for CNT material 202 to include primarily
semiconducting single wall CNTs. In other embodiments,
fewer than 50% of the CNTs of CNT material 202 may be
semiconducting.

Vertically aligned CNTs allow vertical current flow
with little or no lateral conduction. To prevent the
formation of lateral or bridging conduction paths between
adjacent pillar structures 234, in some embodiments,
individual tubes of CNT material 202 may be fabricated to
be substantially vertically aligned (e.g., thereby reducing
and/or preventing the state of a memory cell from being
influenced or “disturbed” by the state and/or programming
of adjacent memory cells).

Note that this vertical alignment may or may not
extend over the entire thickness of CNT material 202. For
example, during the initial growth phase, some or most of
the individual tubes may be vertical aligned (e.g., not

touching). However, as the individual tubes increase in
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length vertically, portions of the tubes may come in
contact with one another, and even become entangled or
entwined.

In some embodiments, defects may be intentionally
created in CNT material 202 to improve or otherwise tune
the reversible resistivity-switching characteristics of CNT
material 202. For example, after CNT material 202 has been
formed on CNT seeding layer 214, argon, nitrogen, oxygen,
or another species may be implanted into CNT material 202
to create defects in CNT material 202. In a second
example, CNT material 202 may be subjected or exposed to an

argon or Oz plasma (biased or chemical) to intentionally

create defects in CNT material 202.

Following formation of CNT material 202, dielectric
material 238 is deposited on top of and around CNT
material 202 to isolate CNT material 202 from other similar
CNT material regions of other memory cells (not shown)
fabricated on a memory level that includes memory
cell 200a. A CMP or dielectric etchback step then is
performed to planarize dielectric material 238 and remove
the dielectric material from the top of CNT material 202.

Following planarization of dielectric material 238,
second conductor 208 is formed. In some embodiments, one
or more barrier layers and/or adhesion layers 240 may be
formed over CNT material 202 prior to deposition of a
conductive layer 242. Conductive layer 242 and barrier
layer 240 may be patterned and/or etched together to form
second conductor 208. In some embodiments, second
conductor 208 may be formed using a damascene process as
described below with reference to FIGS. 4A-4D.

Following formation of second conductor 208, memory

cell 200a may be annealed to crystallize the deposited
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semiconductor material of diode 204 (and/or to form
silicide layer 230). 1In at least one embodiment, the
anneal may be performed for about 10 seconds to about 2
minutes in nitrogen at a temperature of about 600 to 800°C,
and more preferably between about 650 and 750°C. Other
annealing times, temperatures and/or environments may be
used. As stated, silicide layer 230 may serve as a
“crystallization template” or “seed” during annealing for
underlying deposited semiconductor material that forms
diode 204. Lower resistivity diode material thereby is
provided.

In some embodiments, CNT seeding layer 214 may
include one or more additional layers. For example,

FIG. 3B is a cross-sectional view of a second example
embodiment of a memory cell 200b in accordance with this
invention, in which CNT seeding layer 214 includes a metal
catalyst layer 244. Metal catalyst layer 244 may be
selectively deposited over the CMP or etchback-exposed CNT
seeding layer 214.

For instance, in some embodiments, a nickel,
cobalt, iron, titanium, molybdenum, etc., metal catalyst
layer 244 may be selectively formed over a surface-
roughened titanium or tantalum nitride CNT seeding
layer 214 by electroless deposition, electroplating or the
like. CNT material 202 then may be formed over metal
catalyst coated CNT seeding layer 214,

In example embodiments, CNT seeding layer 214 may
include about 20 to about 500 angstroms of smooth or
surface-roughened titanium, tantalum or similar metal
nitride coated with metal catalyst layer 244 including
about 1 to about 200 angstroms, and more preferably

about 20 angstroms or less, of nickel, cobalt, iron,
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titanium, molybdenum, etc. The nickel, cobalt, iron,
titanium, molybdenum or other metal catalyst layer may be a
continuous or non-continuous film.

In some embodiments, use of metal catalyst
layer 244 may eliminate the need for a catalyst precursor
during CNT formation. Example metal catalyst layer
thicknesses range from about 1 to 200 angstroms, although
other thicknesses may be used. Such an embodiment may be
used with or without metal hard mask layers 210 and 212.

As described above, in some embodiments, CNT
material 202 includes fewer than 10 CNTs. 1Indeed, as
device dimensions shrink (e.g., embodiments in which pillar
structure 234 has a width less than about 10 nanometers),
it is desirable that CNT material 202 includes a single
CNT. For example, FIG. 3C is a cross-sectional view of a
third example embodiment of a memory cell 200c in
accordance with this invention, in which CNT material 202
includes a single CNT.

As device dimensions decrease, the number of outer
walls of multi-wall CNTs can be reduced to reduce the
cross-gsectional area of each tube. For example, double-
wall CNTs may be fabricated with a 2 nanometer diameter,
and single-wall CNTs can be fabricated with a 1.4 nanometer
diameter. Such diameters for single wall and double-wall
CNTs and other CNT diameters below 5 nanometers are
compatible with advanced scaling techniques (e.g.,
embodiments in which pillar structure 234 has a width less
than about 5 nanometers).

In the embodiment in FIG. 3C, CNT material 202 is
formed on a CNT seeding layer 214 using a damascene
process. Example CNT seeding layer 214 materials include

titanium nitride or tantalum nitride and/or nickel, cobalt,
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iron, titanium, molybdenum or another suitable metal and/or
catalyst. In some embodiments, CNT seeding layer 214 may
be a single layer of roughened metal nitride, such as
surface-roughened titanium nitride or tantalum nitride, or
may be a single layer of a metal catalyst such as nickel,
cobalt, iron, titanium, molybdenum, etc.

Dielectric material 236 is deposited on top of and
around pillar structure 234 to isolate pillar structure 234
from other similar pillar structures of other memory cells
(not shown) fabricated on a memory level that includes
memory cell 200c. A CMP or dielectric etchback step may
then be performed to planarize dielectric material 236 and
remove the dielectric material from the top of CNT seeding
layer 214.

Such a CMP or dielectric etchback step may also
roughen the surface of CNT seeding layer 214. For example,
in some embodiments, CNT seeding layer 214 may include
titanium nitride that is roughened by the CMP or dielectric
etchback step just described and/or by an additional
roughening step. Such a roughened, titanium nitride
surface may be employed as a seeding surface for CNT
fabrication.

As an example, CNT seeding layer 214 may be
about 1000 to about 5000 angstroms of a metal nitride, such
as titanium nitride or tantalum nitride, with an arithmetic
average surface roughness Ra of about 850 to about 4000
angstroms, and more preferably about 4000 angstroms.

In still other embodiments, CNT seeding layer 214
may include about 1 to about 200 angstroms, and more
preferably about 20 angstroms or less, of a metal catalyst
layer such as nickel, cobalt, iron, titanium, molybdenum,

etc. The nickel, cobalt, iron, titanium, molybdenum or
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other metal catalyst layer may be a continuous or non-
continuous film. Other materials, thicknesses and surface
roughness conditions may be used.

Dielectric material 238 is then formed on
planarized dielectric material 236 and CNT seeding
layer 214. For example, dielectric material 238 may be
between about 100 angstroms and about 2000 angstroms, more
generally between about 10 angstroms and about 2 microns of
silicon dioxide, silicon nitride, silicon oxynitride, or
other similar insulating material. Other dielectric
materials such as low K dielectrics, etc., and/or other
dielectric layer thicknesses may be used. Example low K
dielectrics include carbon doped oxides, silicon carbon
layers, or the like. Dielectric material 238 may be formed
by CVD, high density plasma, or other similar method.

Dielectric material 238 may then be patterned and
etched to create openings or voids 250, which are
substantially aligned with pillar structures 234, as shown
in FIG. 3C. For example, dielectric material 238 may be
covered with a photoresist and exposed. Appropriate BARC,
DARC and/or APF hard masks may be deposited on dielectric
material 238 prior to patterning. The exposed (or
unexposed) photoresist may be removed, and dielectric
material 238 in the exposed (or unexposed) areas etched
away to define openings or voids 250. The etch continues
until CNT seeding layer 214 is exposed at the bottom of
openings or voids 250.

Various patterning techniques may be used to form
openings or voids 250 in dielectric material 238. For
example, imprint lithography, immersion lithography,
extreme ultraviolet (“EUV”) lithography, or other similar

lithography techniques may be used to form openings or
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voids 250 having features (e.g., widths and lengths) less
than about 10 nanometers.

Following formation of openings or voids 250, a CNT
fabrication process is performed to selectively grow and/or
deposit CNT material 202 on CNT seeding layer 214. By
virtue of the narrow width of openings or voids 250, CNT
material 202 preferably includes a single CNT.

Any suitable method may be used to form CNT
material 202 on CNT seeding layer 214. For example, CVD,
PECVD, laser vaporization, electric arc discharge or the
like may be employed. In one example embodiment, a single
CNT may be formed on a surface-roughened TiN CNT seeding
layer 214 by CVD at a temperature of about 675 to 700°C in
xylene, argon, hydrogen and/or ferrocene at a flow rate of
about 100 sccm for about 30 minutes. Other temperatures,
gases, flow rates and/or growth times may be used.

In another example embodiment, a single CNT may be
formed on a nickel catalyst CNT seeding layer 214 by CVD at
a temperature of about 650°C in about 20% CzHg and 80%

Argon at a pressure of about 5.5 Torr for about 20 minutes.
Other temperatures, gases, ratios, pressures and/or growth
times may be used.

In yet another embodiment, a single CNT may be
formed on a metal catalyst CNT seeding layer 214 such as
nickel, cobalt, iron, titanium, molybdenum, etc., using
PECVD at a temperature of about 600 to 900°C in about 20%
methane, ethylene, acetylene or another hydrocarbon diluted
with about 80% argon, hydrogen and/or ammonia using an RF
power of about 100-200 Watts for about 8-30 minutes. Other
temperatures, gases, ratios, powers and/or growth times may

be used.
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For example, Table 1, below, illustrates example
process ranges for forming CNT material 202 on CNT seeding

layer 214 by CVD.

Table 1: Example CVD Process Parameters

PROCESS PARAMETER EXEMPLE RANGE PREFERRED RANGE
Argon Flow Rate (sccm) 0 - 400 2 - 60
Hydrocarbon (CpHg4 and or 0.01 - 1500 10 - 1000
CH4) Flow Rate (sccm)

Ho Flow Rate (sccm) 0 - 800 0 - 500
Pressure (Torr) 0.1 - 5.5 0.4 -1
Power (Watts) 0 - 500 50 - 200
Process Temperature (°C) 300 - 950 400 - 900
Deposition Time (sec) 30 - 1800 180 - 600

Following formation of CNT material 202, dielectric
material 238 is deposited on top of and around CNT
material 202 to substantially fill the remaining area
around CNT material 202 in openings or voids 250. A CMP or
dielectric etchback step then is performed to planarize
dielectric material 238 and remove the dielectric material
to expose the top of CNT material 202. Following
planarization of dielectric material 238, second
conductor 208 is formed, such as described above in
connection with FIG. 3A.

In example embodiments of the invention,
electrochemical decoration (“ECD”) of exposed tips of CNT
material 202 may be used to improve contact between CNT
material 202 and second conductor 208 prior to formation of
second conductor 208. For example, researchers at IMEC
have demonstrated ECD of copper or nickel onto CNTs, which

can then be used as a metal cap. See, e.g.,
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http://www.imec.be/ScientificReport/SR2009/HTML/1213427.htm
1.

As an alternative to using such a metal cap on CNT
material 202, cleaning procedures may be used following CMP
to improve the connection between CNT material 202 and
second conductor 208. For example, plasma sputter etching

with argon or Np, or a dilute wet clean with hydrofluoric

or sulfuric acid may be used.

For advanced scaling nodes having very high aspect
ratios (e.g., in which the ratio of the height/width of
openings or voids 250 is much greater than about 10),
diffusion limitations may inhibit reliable CNT growth in
openings or voids 250. For such scaling nodes, alterative
CNT seeding options may be used.

For example, FIG. 3D is a cross-sectional view of a
fourth example embodiment of a memory cell 200d in
accordance with this invention, in which a CNT seed
particle 252 is selectively deposited in opening or
void 250, and CNT material 202 is grown on CNT seed
particle 252. Although CNT seed particle 252 is depicted
in FIG. 3D as spherical in shape, persons of ordinary skill
in the art will understand that CNT seed particles 252 in
accordance with this invention may have other shapes.

Example CNT seed particles 252 may include cobalt,
titanium, iron, molybdenum, nickel, or other similar
metals, organo-metallic precursors derived from cobalt,
titanium, iron, molybdenum, nickel, or other similar metals
(e.g., ferrocene from iron, etc.), ferritin particles with

between about 5-400 atoms of Fe, iron acetate ((CaH303)2Fe)

dissolved in ethanol/ethylene glycol or other organic
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solution, or other similar seed particle or catalyst
materials.

CNT seed particle 252 may be selectively deposited
in openings or voids 250 by any suitable method. For
example, organco-metallic precursors derived from cobalt,
titanium, iron, molybdenum, nickel, or other similar metals
may be dissolved in a solvent such as ethanol, and the
solution may be used to coat the substrate by dip-coating,
spin-coating, or other similar method. Other similar
techniques may be used.

For example, Do-Yoon Kim et al., “Selective
Deposition of Catalyst Nanoparticles Using the
Gravitational Force for Carbon nanotubes Interconnect,”
Thin Film Solids, 516:3534-3537 (2008) describes a
technique for depositing catalyst at the bottom of vias by
(1) forming a catalyst solution by dissolving iron acetate
in ethanol and ethylene glycol, (2) spin-coating the
solution on a sample including a large number of vias,

(3) placing the sample on a horizontal plane to allow the
catalyst to be pulled down into the vias by gravity, and
(4) selectively removing catalyst layer not pulled into the
bottom of the holes by treating the surface with
tetramethylammonium hydroxide (“TMAH") .

Although example memory cell 200d is shown
including CNT seed particle 252 formed on CNT seeding
layer 214, persons of ordinary skill in the art will
understand that CNT seeding layer 214 optionally may be
omitted, and CNT seed particle 252 may be formed on
conductive layer 212.

Following selective deposition of CNT seed
particle 252 in openings or voids 250, a CNT fabrication

process is performed to selectively grow and/or deposit CNT
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material 202 on CNT seed particle 252. By virtue of the
narrow width of openings or voids 250, CNT material 202
preferably includes a single CNT.

Any suitable method may be used to form CNT
material 202 on CNT seed particle 252. For example, CVD,
PECVD, laser vaporization, electric arc discharge or the
like may be employed. In one example embodiment, a single
CNT may be formed on a nickel catalyst CNT seed
particle 252 by CVD at a temperature of about 650°C in

about 20% CoHg4 and 80% Argon at a pressure of about 5.5

Torr for about 20 minutes. Other temperatures, gases,
ratios, pressures and/or growth times may be used.

In yet another embodiment, a single CNT may be
formed on a metal catalyst CNT seed particle 252 such as
nickel, cobalt, iron, titanium, molybdenum, etc., using
PECVD at a temperature of about 600 to 900°C in about 20%
methane, ethylene, acetylene or another hydrocarbon diluted
with about 80% argon, hydrogen and/or ammonia using an RF
power of about 100-200 Watts for about 8-30 minutes. Other
temperatures, gases, ratios, powers and/or growth times may
be used.

In addition, the example process parameter ranges
specified in Table 1, above may be used to form CNT
material 202 on CNT seed particle 252.

Following formation of CNT material 202, dielectric
material 238 is deposited on top of and around CNT
material 202 to substantially fill the remaining area
around CNT material 202 in openings or voids 250. A CMP or
dielectric etchback step then is performed to planarize
dielectric material 238 and remove the dielectric material
from the top of CNT material 202. As described above in

connection with FIG. 3C, following planarization of
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dielectric material 238, second conductor 208 is formed.
As also described above in connection with FIG. 3C, ECD or
cleaning procedures may be used following CMP to improve
the connection between CNT material 202 and second
conductor 208.

As described above, in some embodiments of this
invention, memory cells may include a CNT diode instead of
a semiconductor diode. Researchers have demonstrated that
CNT diodes have demonstrated rectification performance
within a tolerance limit of a memory array, and compatible
with a CNT switching element (referred to in the remaining
description as a “CNT switch”).

Thus, some example embodiments of this invention
include a memory cell that has a single CNT that includes a
CNT diode coupled to a CNT switch. 1In particular, FIG. 3E
is a cross-sectional view of a fifth example embodiment of
a memory cell 200e in accordance with this invention that
includes a single CNT that includes a first portion 202
that operates as reversible resistance-switching element
(referred to in the remaining discussion as “CNT
switch 202”), and a second portion that operates as a p-n
or a p-i—-n diode (referred to in the remaining discussion
as “CNT diode 2047”). Although not wanting to be bound by
any particular theory, it is believed that forming a single
CNT that includes both a switching portion and a diode
portion may simplify process flow, and may reduce
processing costs.

In the embodiment of FIG. 3E, a CNT seeding
layer 214 is formed over first conductor 206. CNT seeding
layer 214 may be a single layer of roughened metal nitride,
such as surface-roughened titanium nitride or tantalum

nitride, or may be a single layer of a metal catalyst such
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as nickel, cobalt, iron, titanium, molybdenum, etc. CNT
seeding layer 214 and first conductor 206 may be patterned
and etched together during formation of first

conductor 206.

CNT seeding layer 214 may be about 1000 to
about 5000 angstroms of a metal nitride, such as titanium
nitride or tantalum nitride, with an arithmetic average
surface roughness Ra of about 850 to about 4000 angstroms,
and more preferably about 4000 angstroms.

Alternatively, CNT seeding layer 214 may include
about 1 to about 200 angstroms, and more preferably
about 20 angstroms or less, of a metal catalyst layer such
as nickel, cobalt, iron, titanium, molybdenum, etc. The
nickel, cobalt, iron, titanium, molybdenum or other metal
catalyst layer may be a continuous or non-continuous film.
Other materials, thicknesses and surface roughness
conditions may be used.

Dielectric material 236 is then formed on CNT
seeding layer 214. For example, dielectric material 236
may be between about 100 angstroms and about 5000
angstroms, more generally between about 10 angstroms and
about 2 microns of silicon dioxide, silicon nitride,
silicon oxynitride, or other similar insulating material.
Dielectric material 236 may be formed by CVD, high density
plasma, or other similar method. Other thickness values
may be used.

Dielectric material 236 may then be patterned and
etched to create openings or voids 250 that extend to CNT
seeding layer 214, such as described above in connection
with FIGS. 3C-3D. Openings or voids 250 are substantially
aligned with first conductors 206 and second

conductors 208. As described above, various patterning
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techniques may be used to form openings or voids 250 in
dielectric material 236. For example, imprint lithography,
immersion lithography, EUV lithography, or other similar
lithography techniques may be used to form openings or
voids 250 having features (e.g., widths and lengths) less
than about 10 nanometers.

Following formation of openings or voids 250, a CNT
fabrication process is performed to selectively grow and/or
deposit CNT switch 202 and CNT diode 204 on CNT seeding
layer 214. By virtue of the narrow width of openings or
voids 250, CNT switch 202 and CNT diode 204 each preferably
includes a single CNT.

CNT switch 202 and CNT diode 204 may be formed by
CVD, PECVD, laser vaporization, electric arc discharge or
the like may be employed, such as described above in
connection with FIGS. 3C-3D. CNT switch 202 may be formed
above CNT diode 204, or vice-versa. For example, as shown
in FIG. 3E, CNT diode 204 may be formed on CNT seeding
layer 214, and CNT switch 202 may be formed above CNT
diode 204. Persons of ordinary skill in the art will
understand that CNT switch 202 may be formed on CNT seeding
layer 214, and CNT diode 204 may be formed above CNT
switch 202.

CNT diode 204 may be a p-n or p-i-n diode, whether
upward pointing or downward pointing. As shown in FIG. 3E,
CNT diode 204 may be a downward pointing diode that
includes a heavily doped n+ CNT region 204a, a lightly
doped or intrinsic (unintentionally doped) CNT region 204b
above n+ CNT region 204a, and a heavily doped p+ CNT
region 204c above intrinsic CNT region 204b.

Any suitable method may be used to form CNT
switch 202 and CNT diode 204 on CNT seeding layer 214. For
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example, CVD, PECVD, laser vaporization, electric arc
discharge or the like may be employed, such as described
above in connection with FIG. 3C. In particular, the
example process parameters of Table 1, above may be used to
form CNT switch 202. To form CNT diode 204, N and P
sections (such as heavily doped n+ CNT region 204a and
heavily doped p+ CNT region 204c, respectively) are
required. For example, during formation of CNT diode 204
by CVD, heavily doped n+ CNT region 204a and heavily doped
pt CNT region 204c may be formed by sequentially injecting
or pulsing N or P doping precursors into the CVD chamber
during CNT growth.

For instance, heavily doped n+ CNT region 204a may
be created by in-situ doping with nitrogen, such as
described in Kai Xiao et al., “'n-Type Field-Effect
Transistors Made of an Individual Nitrogen-Doped
Multiwalled Carbon Nanotube,” J. A. Chem. Soc., 127:8614-
8617 (2005), which is incorporated by reference herein in
its entirety for all purposes. Lightly doped or intrinsic
CNT region 204b may be formed by continuing CNT growth but
without nitrogen doping. Heavily doped p+ CNT region 204c
may be formed by in-situ injection of a halogen element
(e.g., bromine, iodine, etc.), such as described in Park et
al. U.S. Patent No. 7,501,650 for “P-TYPE SEMICONDUCTOR
CARBON NANOTUBE USING HALOGEN ELEMENT AND FULLERENE OR
ALKALI ELEMENT,” or by in-situ doping using a boron
precursor during CNT growth, such as described in Kartick
C. Mondal et al., “Physical Properties of CVD Boron-Doped
Multiwalled Carbon Nanotubes,” Mat. Ch. & Phys., Vol. 111,
Issues 2-3, pp. 386-390 (Oct. 15, 2008), each of which is
incorporated by reference herein in its entirety for all

purposes.
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In addition to these examples, Tables 2-4, below,
illustrate example process ranges for forming heavily
doped n+ CNT region 204a, intrinsic region 204b and heavily

doped p+ CNT region 204c, respectively, by CVD.

Table 2: Example CVD Process Parameters for forming
heavily doped n+ CNT region 204a

PROCESS PARAMETER EXAMPLE RANGE PREFERRED RANGE
Argon Flow Rate (sccm) 0 - 400 2 — 60
Hydrocarbon (CsHs and or 0.01 - 600 5 - 100
CH4) Flow Rate (sccm)

N2 and or NH3 Flow Rate 0.01 - 400 0.5 - 100
(sccm)

H, Flow Rate (sccm) 0 - 400 10 - 200
Pressure (Torr) 0.1 - 5.5 0.4 -1
Power (Watts) 0 - 500 50 - 200
Process Temperature (°C) 500 - 950 600 — 900
Deposition Time (sec) 0.1 - 500 0.1 - 180
Table 3: Example CVD Process Parameters for forming

intrinsic CNT region 204b

PROCESS PARAMETER EXAMPLE RANGE PREFERRED RANGE
Argon Flow Rate (sccm) 0 - 400 2 - 60
Hydrocarbon (CpHg4 and or 0.01 - 1500 10 - 1000
CHy4) Flow Rate (sccm)

Hyo Flow Rate (sccm) 0 - 800 0 - 500
Pressure (Torr) 0.1 - 5.5 0.4 -1
Power (Watts) 0 - 500 50 - 200
Process Temperature (°C) 500 - 950 600 — 900
Deposition Time (sec) 30 - 1800 180 - 600
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Table 4: Example CVD Process Parameters for forming
heavily doped p+ CNT region 204c

PROCESS PARAMETER EXAMPLE RANGE PREFERRED RANGE
Argon Flow Rate (sccm) 0 - 400 2 — 60
Hydrocarbon (CsHs and or 0.01 - 600 5 - 100
CH4) Flow Rate (sccm)

BF3 Flow Rate (sccm) 0.01 - 400 0.5 - 50

Ho Flow Rate (sccm) 0 - 400 0 - 200
Pressure (Torr) 0.1 - 5.5 0.4 -1
Power (Watts) 0 - 500 50 - 200
Process Temperature (°C) 500 - 950 600 — 900
Deposition Time (sec) 0.1 - 500 0.1 - 180

Following formation of CNT diode 204 and CNT
switch 202, dielectric material 236 is deposited on top of
and around CNT diode 204 and CNT switch 202 to
substantially fill the remaining area around CNT diode 204
and CNT switch 202 in openings or voids 250. A CMP or
dielectric etchback step then is performed to planarize
dielectric material 236 and remove the dielectric material
from the top of CNT switch 202. As described above in
connection with FIG. 3C, following planarization of
dielectric material 236, second conductor 208 is formed.

As also described above in connection with FIG. 3C, ECD or
cleaning procedures may be used following CMP to improve
the connection between CNT switch 202 and second

conductor 208.

In single carbon nanotube switching, switching with
low current preferably occurs in a CNT with a local defect.
Without wanting to be bound by any particular theory, it is
believed that localized heating is needed to break and/or

physically modify the CNT at the defect point (RESET), and
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then mend the CNT with high electric field (SET). The
switching location along the CNT should be limited to a
non-diode section of the CNT (e.g., switching should occur
in CNT switch 202, not CNT diode 204).

In accordance with example embodiments of this
invention, to create a predetermined switch location on CNT
switch 202, a high resistance location in the CNT may be
made by intentionally introducing defects into the CNT.
Preferably, defects may be introduced by modifying the in-
situ growth conditions to reduce crystallinity and
introduce defects in a controlled way.

For example, Franz Kreupl et al., “Carbon nanotubes
for Interconnect Applications,” Electron Devices
Meeting, 2004, IEDM Tech. Digest, pp. 683-686 (Dec. 2004),
which is incorporated by reference herein in its entirety
for all purposes, indicates that interrupting CNT growth
introduces defects at the interface of “interrupted
growth.”

An alternative method of creating intentional
defects during CNT growth is to implant, such as with
argon, nitrogen, oxygen or other similar implant species.
Without wanting to be bound by any particular theory, it is
believed that implantation increases resistance in the CNT.
If the implant is to be implemented, a light implant post
CMP can be used, or a deeper implant through second
conductor 208 to the CNT/metal interface can also be done.

Alternatively, controlling CNT defects at second
conductor 208 also might be used. Without wanting to be
bound by any particular theory, it is believed that second
conductor 208 guality is also directly linked to the number
of CNT shells contacted as well as the etch back or CMP on

second conductor 208. Annealing in a reducing gas before
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subsequent gap fill and CMP may help insure that first
conductor 206 has lower resistance than second

conductor 208. In each of the above-described techniques,
the resistance of the CNT increases with increasing number
of defects introduced in the CNT.

In the embodiment of FIG. 3E, single CNT switch 202
and CNT diode 204 are formed on CNT seeding layer 214 in
openings or voids 250. Alternatively, single CNT
switch 202 and CNT diode 204 may be formed in openings or
voids 250 CNT using seed particle 252, without the need for
a CNT seeding layer 214. 1In particular, FIG. 3F is a
cross—-sectional view of a sixth example embodiment of
memory cell 200f in accordance with this invention that
includes a single CNT switch 202 and CNT diode 204 formed
on CNT seed particle 252.

In the embodiment of FIG. 3F, dielectric
material 236 is formed on first conductor 206. For
example, dielectric material 236 may be between
about 100 angstroms and about 5000 angstroms, more
generally between about 10 angstroms and about 2 microns of
silicon dioxide, silicon nitride, silicon oxynitride, or
other similar insulating material. Dielectric material 236
may be formed by CVD, high density plasma, or other similar
method. Other thickness values may be used.

Dielectric material 236 may then be patterned and
etched to create openings or voids 250 that extend to first
conductor 206, such as described above in connection with
FIGS. 3C-3D. As described above, wvarious patterning
techniques may be used to form openings or voids 250 in
dielectric material 236. For example, imprint lithography,
immersion lithography, EUV lithography, or other similar

lithography techniques may be used to form openings or
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voids 250 having features (e.g., widths and lengths) less
than about 10 nanometers.

Following formation of openings or voids 250, a CNT
seed particle 252 is formed in each opening or void. 1In
one example embodiment, CNT seed particle 252 is
selectively deposited in each opening or void 250, and a
single CNT including CNT switch 202 and CNT diode 204 is
grown on CNT seed particle 252. Although CNT seed
particle 252 is depicted in FIG. 3F as spherical in shape,
persons of ordinary skill in the art will understand that
CNT seed particles 252 in accordance with this invention
may have other shapes.

Example CNT seed particles 252 may include cobalt,
titanium, iron, molybdenum, nickel, or other similar
metals, organo-metallic precursors derived from cobalt,
titanium, iron, molybdenum, nickel, or other similar metals
(e.g., ferrocene from iron, etc.), ferritin particles with
between about 5-400 atoms of Fe, iron acetate ((CaH303)2Fe)
dissolved in ethanol/ethylene glycol or other organic
solution, or other similar CNT seed particle or catalyst
materials.

CNT seed particles 252 may be selectively deposited
in openings or voids 250 by any suitable method, such as
those described above in connection with FIG. 3D.

Following selective deposition of CNT seed particles 252 in
openings or voids 250, a CNT fabrication process is
performed to selectively grow and/or deposit CNT switch 202
and CNT diode 204 on CNT seed particle 252. By virtue of
the narrow width of openings or voids 250, CNT switch 202
and CNT diode 204 preferably include a single CNT.

Any suitable method may be used to form CNT
switch 202 and CNT diode 204 on CNT seed particle 252, such
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as the techniques described above in connection with

FIG. 3D. To form CNT diode 204, N and P sections (such as
heavily doped n+ CNT region 204a and heavily doped p+ CNT
region 204c, respectively) are formed, such as using the
techniques described above in connection with FIG. 3E.

CNT diode 204 may be formed above CNT switch 202,
or vice-versa. For example, as shown in FIG. 3F, CNT
switch 202 may be formed on CNT seed particle 252, and CNT
diode 204 may be formed above CNT switch 202. Persons of
ordinary skill in the art will understand that CNT
diode 204 may be formed on CNT seed particle 252, and CNT
switch 202 may be formed above CNT diode 204.

CNT diode 204 may be a p-n or p-i-n diode, whether
upward pointing or downward pointing. As shown in FIG. 3F,
CNT diode 204 may be an upward pointing diode that includes
a heavily doped p+ CNT region 204c, a lightly doped or
intrinsic (unintentionally doped) CNT region 204b above p+
CNT region 204c, and a heavily doped n+ CNT region 204a
above intrinsic CNT region 204b.

Following formation of CNT switch 202 and CNT
diode 204, dielectric material 236 is deposited on top of
and around CNT switch 202 and CNT diode 204 to
substantially fill the remaining area around CNT switch 202
and CNT diode 204 in openings or voids 250. A CMP or
dielectric etchback step then is performed to planarize
dielectric material 236 and remove the dielectric material
from the top of CNT diode 204. 1In cases where the width of
the CNT completely fills the trench, a dielectric fill in
the remaining area around the CNT may be unnecessary. A
CMP may or may not be needed to reduce the CNT protruding

from the trench after the growth is finished.
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As described above in connection with FIG. 3C,
following planarization of dielectric material 236, second
conductor 208 is formed. As also described above in
connection with FIG. 3C, ECD or cleaning procedures may be
used following CMP to improve the connection between CNT
diode 204 and second conductor 208. As described above in
connection with FIG. 3E, defects may intentionally be
introduced in the CNT to create a predetermined switch
location on CNT switch 202.

As an alternative to selective formation of CNT
seed particles 252 in openings or voids 250, CNT seed
particles 252 may be non-selectively deposited. 1In
particular, after dielectric material 236 is formed on
first conductor 206, and then patterned and etched to
create openings or voids 250 that extend to first
conductor 206, numerous CNT seed particles 252 may be non-
selectively sputter deposited on dielectric material 236.
Some CNT seed particles 252 will form inside openings or
voids 250, and some CNT seed particles 252 will form on an
upper surface of dielectric material 236.

Following non-selective deposition of CNT seed
particles 252, a CNT fabrication process is performed to
grow and/or deposit CNT switch 202 and CNT diode 204 on CNT
seed particles 252. By virtue of the narrow width of
openings or voids 250, CNT switch 202 and CNT diode 204
preferably includes a single CNT in openings or voids 250.
Any suitable method may be used to form CNT switch 202 and
CNT diode 204 on CNT seed particles 252, such as the
techniques described above in connection with FIG. 3D.
Because CNT seed particles 252 were non-selectively formed

on dielectric material 236, CNT switches 202 and CNT
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diodes 204 will form not only in openings or wvoids 250, but
also on the upper surface of dielectric material 236.
Following formation of CNT switches 202 and CNT
diodes 204, additional dielectric material 236 is deposited
on top dielectric material 236 to substantially fill the
remaining area around CNT switch 202 and CNT diode 204 in
openings or voids 250. A CMP or dielectric etchback step
then is performed to planarize dielectric material 236 and
remove the CNT switches 202 and CNT diodes 204 that formed
on the upper surface of dielectric material 236. As
described above in connection with FIG. 3C, following
planarization of dielectric material 236, second

conductor 208 1is formed.

EXAMPLE FABRICATION PROCESS FOR A MEMORY CELL

FIGS. 4A-4D illustrate cross sectional views of a
portion of a substrate 260 during fabrication of a first
memory level in accordance with the present invention. As
will be described below, the first memory level includes a
plurality of memory cells that each include a reversible
resistance-switching element formed by selectively
fabricating CNT material above a substrate. Additional
memory levels may be fabricated above the first memory
level (as described previously with reference to
FIGS. 2C-2D).

With reference to FIG. 4A, substrate 260 is shown
as having already undergone several processing steps.
Substrate 260 may be any suitable substrate such as a
silicon, germanium, silicon-germanium, undoped, doped,
bulk, silicon-on-insulator (“S0I”) or other substrate with

or without additional circuitry. For example,
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substrate 260 may include one or more n-well or p-well
regions (not shown).

Isolation layer 262 is formed above substrate 260.
In some embodiments, isolation layer 262 may be a layer of
silicon dioxide, silicon nitride, silicon oxynitride or any
other suitable insulating layer.

Following formation of isolation layer 262, an
adhesion layer 264 is formed over isolation layer 262
(e.g., by physical vapor deposition (“PVD”) or another
method). For example, adhesion layer 264 may be about 20
to about 500 angstroms, and preferably about 100 angstroms,
of titanium nitride or another suitable adhesion layer such
as tantalum nitride, tungsten nitride, combinations of one
or more adhesion layers, or the like. Other adhesion layer
materials and/or thicknesses may be employed. In some
embodiments, adhesion layer 264 may be optional.

After formation of adhesion layer 264, a conductive
layer 266 is deposited over adhesion layer 264. Conductive
layer 266 may include any suitable conductive material such
as tungsten or another appropriate metal, heavily doped
semiconductor material, a conductive silicide, a conductive
silicide-germanide, a conductive germanide, or the like
deposited by any suitable method (e.g., CVD, PVD, etc.).

In at least one embodiment, conductive layer 266 may
comprise about 200 to about 2500 angstroms of tungsten.
Other conductive layer materials and/or thicknesses may be
used.

Following formation of conductive layer 266,
adhesion layer 264 and conductive layer 266 are patterned
and etched. For example, adhesion layer 264 and conductive

layer 266 may be patterned and etched using conventional
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lithography techniques, with a soft or hard mask, and wet
or dry etch processing.

In at least one embodiment, adhesion layer 264 and
conductive layer 266 are patterned and etched to form
substantially parallel, substantially co-planar first
conductors 206 (as shown in FIG. 4A). Example widths for
first conductors 206 and/or spacings between first
conductors 206 range from about 200 to about 2500
angstroms, although other conductor widths and/or spacings
may be used.

After first conductors 206 have been formed, a
dielectric layer 236a is formed over substrate 260 to fill
the voids between first conductors 206. For example,
approximately 3000-7000 angstroms of silicon dioxide may be
deposited on substrate 260 and planarized using CMP or an
etchback process to form a planar surface 270.

Planar surface 270 includes exposed top surfaces of
first conductors 206 separated by dielectric material 236a
(as shown). Other dielectric materials such as silicon
nitride, silicon oxynitride, low K dielectrics, etc.,
and/or other dielectric layer thicknesses may be used.
Example low K dielectrics include carbon doped oxides,
silicon carbon layers, or the like.

In other embodiments of the invention, first
conductors 206 may be formed using a damascene process in
which dielectric layer 236a is formed, patterned and etched
to create openings or voids for first conductors 206. The
openings or voids then may be filled with adhesion
layer 264 and conductive layer 266 (and/or a conductive
seed, conductive fill and/or barrier layer if needed).
Adhesion layer 264 and conductive layer 266 then may be

planarized to form planar surface 270. In such an
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embodiment, adhesion layer 264 will line the bottom and
sidewalls of each opening or wvoid.

Following planarization, the diode structures of
each memory cell are formed. With reference to FIG. 4B, a
barrier layer 216 is formed over the planarized top
surface 270 of substrate 260. Barrier layer 216 may be
about 20 to about 500 angstroms, and preferably about 100
angstroms, of titanium or another suitable barrier layer
such as titanium nitride, tantalum, tantalum nitride,
tungsten, tungsten nitride, molybdenum, combinations of one
or more barrier layers, barrier layers in combination with
other layers such as titanium/titanium nitride,
tantalum/tantalum nitride or tungsten/tungsten nitride
stacks, or the like. Other barrier layer materials and/or
thicknesses may be employed.

After deposition of barrier layer 216, deposition
of the semiconductor material used to form the diode of
each memory cell begins (e.g., diode 204 in FIGS. 2A-3).
Each diode may be a vertical p-n or p-i-n diode as
previously described. In some embodiments, each diode is
formed from a polycrystalline semiconductor material such
as polysilicon, a polycrystalline silicon-germanium alloy,
polygermanium or any other suitable material. For
convenience, formation of a polysilicon, downward-pointing
diode is described herein. It will be understood that
other materials and/or diode configurations may be used.

With reference to FIG. 4B, following formation of
barrier layer 216, a heavily doped n+ silicon layer 204a is
deposited on barrier layer 216. In some embodiments, n+
silicon layer 204a is in an amorphous state as deposited.
In other embodiments, n+ silicon layer 204a is in a

polycrystalline state as deposited. CVD or another

46



10

15

20

25

30

WO 2013/066496 PCT/US2012/054571

suitable process may be employed to deposit n+ silicon
layer 204a.

In at least one embodiment, n+ silicon layer 204a
may be formed, for example, from about 100 to about 1000
angstroms, preferably about 100 angstroms, of phosphorus or
arsenic doped silicon having a doping concentration of

-3

about 10%' cm Other layer thicknesses, doping types

and/or doping concentrations may be used. n+ silicon
layer 204a may be doped in situ, for example, by flowing a
donor gas during deposition. Other doping methods may be
used (e.g., implantation).

After deposition of n+ silicon layer 204a, a
lightly doped, intrinsic and/or unintentionally doped
silicon layer 204b is formed over n+ silicon layer 204a.
In some embodiments, intrinsic silicon layer 204b is in an
amorphous state as deposited. In other embodiments,
intrinsic silicon layer 204b is in a polycrystalline state
as deposited.

CVD or another suitable deposition method may be
employed to deposit intrinsic silicon layer 204b. In at
least one embodiment, intrinsic silicon layer 204b may be
about 500 to about 4800 angstroms, preferably about 2500
angstroms, in thickness. Other intrinsic layer thicknesses
may be used.

A thin (e.g., a few hundred angstroms or less)
germanium and/or silicon-germanium alloy layer (not shown)
may be formed on n+ silicon layer 204a prior to deposition
of intrinsic silicon layer 204b to prevent and/or reduce
dopant migration from n+ silicon layer 204a into intrinsic
silicon layer 204b (as described in the ‘331 Application,

previously incorporated).
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Heavily doped, p-type silicon is either deposited
and doped by ion implantation or is doped in situ during
deposition to form a p+ silicon layer 204c. For example, a
blanket p+ implant may be employed to implant boron a
predetermined depth within intrinsic silicon layer 204b.

Example implantable molecular ions include BF,, BRF3, B and

the like.
In some embodiments, an implant dose of

about 1-5x10%° ions/cm? may be employed. Other implant

species and/or doses may be used. Further, in some
embodiments, a diffusion process may be employed. In at
least one embodiment, the resultant p+ silicon layer 204c
has a thickness of about 100-700 angstroms, although other
p+ silicon layer sizes may be used.

Following formation of p+ silicon layer 204c, a
silicide-forming metal layer 232 is deposited over p+
silicon layer 204c. Example silicide-forming metals
include sputter or otherwise deposited titanium or cobalt.
In some embodiments, silicide-forming metal layer 232 has a
thickness of about 10 to about 200 angstroms, preferably
about 20 to about 50 angstroms and more preferably about 20
angstroms. Other silicide-forming metal layer materials
and/or thicknesses may be used.

A barrier layer 210 is deposited over silicide-
forming metal layer 232. Barrier layer 210 may be about 20
to about 500 angstroms, and preferably about 100 angstroms,
of titanium or another suitable barrier layer such as
titanium nitride, tantalum, tantalum nitride, tungsten,
tungsten nitride, molybdenum, combinations of one or more
barrier layers, barrier layers in combination with other

layers such as titanium/titanium nitride, tantalum/tantalum
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nitride or tungsten/tungsten nitride stacks, or the like.
Other barrier layer materials and/or thicknesses may be
employed.

Following formation of barrier layer 210, a
conductive layer 212 is formed over barrier layer 210.
Conductive layer 212 may be about 50 to about 1000
angstroms, and preferably about 500 angstroms of conductive
material such as tungsten or another suitable metal. Other
thickness values may be used.

Following formation of conductive layer 212, a CNT
seeding layer 214 is formed over conductive layer 212. 1In
some embodiments, CNT seeding layer 214 may be about 1000
to about 5000 angstroms of titanium nitride or tantalum
nitride, although other thicknesses may be used.

Barrier layer 216, silicon regions 204a, 204b,
and 204c, silicide-forming metal layer 232, barrier
layer 210, conductive layer 212 and CNT seeding layer 214
are then patterned and etched into pillars 234. For
example, initially, CNT seeding layer 214, conductive
layer 212 and barrier layer 210 are etched.

The etch continues, etching silicide-forming metal
layer 232, silicon regions 204c, 204b, and 204a and barrier
layer 216. CNT seeding layer 214, conductive layer 212 and
barrier layer 216 serve as a hard mask during the silicon
etch. A hard mask is an etched layer which serves to
pattern the etch of an underlying layer; if all of the
photoresist present on CNT seeding layer 214 has been
consumed, the hard mask can provide the pattern in its
stead.

In this manner, pillars 234 are formed in a single
photolithographic step. Conventional lithography

techniques, and wet or dry etch processing may be employed
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to form pillars 234. Each pillar 234 includes a p-i-n,
downward-pointing diode 204. Upward-pointing p-i-n diodes
may be similarly formed.

After pillars 234 have been formed, a dielectric
layer 236b is deposited over pillars 234 to fill the voids
between pillars 234. For example, approximately 200 - 7000
angstroms of silicon dioxide may be deposited and
planarized using CMP or an etchback process to form a
planar surface 272. Planar surface 272 includes exposed
top surfaces of pillars 234 separated by dielectric
material 236b (as shown). Other dielectric materials such
as silicon nitride, silicon oxynitride, low K dielectrics,
etc., and/or other dielectric layer thicknesses may be
used. Example low K dielectrics include carbon doped
oxides, silicon carbon layers, or the like.

After formation of planar surface 272, CNT
material 202 (FIG. 4C) is selectively formed on CNT seeding
layer 214 of each pillar 234. TIf CNT seeding layer 214 is
titanium nitride, tantalum nitride or a similar material,
the surface of CNT seeding layer 214 may be roughened to
allow CNTs to be formed directly on CNT seeding layer 214.

For example, Smith et al., “Polishing TiN for

(4

Nanotube Synthesis,” Proceedings of the 16™ Annual Meeting

of the Am. Soc. for Prec. Eng., Nov. 10-15, 2001, and Rao
et al., “In situ-grown carbon nanotube array with excellent
field emission characteristics,” Applied Phy.
Letters, 76:25, June 19, 2000, pp. 3813-3815, describe
techniques for forming CNTs on surface-roughened CNT
seeding layers.

In one or more embodiments, CNT seeding layer 214
may be roughened to have an arithmetic average surface

roughness Ra of at least about 850 to 4000 angstroms, and
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more preferably at least about 4000 angstroms. Other
thickness values and/or surface roughness values may be
employed.

In some embodiments, an additional metal
catalyst/seeding layer (not shown) such as nickel, cobalt,
iron, titanium, molybdenum, etc., may be selectively
deposited over a surface-roughened CNT seeding layer 214
prior to formation of CNT material 202 to provide the
benefits a metal catalyst during CNT formation (as
described previously with reference to FIG. 3B). In other
embodiments, a metal catalyst layer may be used without an
underlying, surface-roughened seeding layer (as described
previously with reference to FIG. 3A).

In either case, a CNT fabrication process is
performed to selectively grow and/or deposit CNT
material 202 on each pillar 234. Any suitable method may
be used to form CNT material 202 on each pillar 234. For
example, CVD, PECVD, laser vaporization, electric arc
discharge or the like may be emplovyed.

In one example embodiment, CNTs may be formed on a
TiN seeding layer by CVD at a temperature of about 675
to 700°C in xylene, argon, hydrogen and/or ferrocene at a
flow rate of about 100 sccm for about 30 minutes. Other
temperatures, gases, flow rates and/or growth times may be
used.

In another example embodiment, CNTs may be formed
on a nickel catalyst layer by CVD at a temperature of

about 650°C in about 20% CyHg and 80% Argon at a pressure

of about 5.5 Torr for about 20 minutes. Other
temperatures, gases, ratios, pressures and/or growth times

may be used.
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In yet another embodiment, CNTs may be formed on a
metal catalyst layer such as nickel, cobalt, iron,
titanium, molybdenum, etc., using PECVD at a temperature of
about 600 to 900°C in about 20% methane, ethylene,
acetylene or another hydrocarbon diluted with about 80%
argon, hydrogen and/or ammonia using an RF power of
about 100-200 Watts for about 8-30 minutes. Other
temperatures, gases, ratios, powers and/or growth times may
be used.

As stated, CNT material 202 forms only over CNT
seeding layer 214 of each pillar 234. 1In some embodiments,
CNT material 202 may have a thickness of about 1 nanometers
to about 1 micron (and even tens of microns), and more
preferably about 10 to about 20 nanometers, although other
CNT material thicknesses may be used. The density of
individual tubes in CNT material 202 may be, for example,

about 6.6 x 103 to about 1 x 106 CNTs/micronz, and more

preferably at least about 6.6 x 104 CNTs/micronz, although

other densities may be used.

For example, assuming pillars 234 have a width of
about 45 nanometers, in some embodiments, it is preferred
to have at least about 10 CNTs, and more preferably at
least about 100 CNTs, in CNT material 202 formed on each
pillar 234 (although fewer CNTs, such as 1, 2, 3, 4, 5,
etc., or more CNTs, such as more than 100, may be
employed) .

Following formation of CNT material 202 on each
pillar 234, dielectric material 238 is deposited on top of
and around the regions of CNT material 202 to isolate
adjacent CNT material regions from one another. A CMP or

dielectric etchback step then is performed to planarize
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dielectric material 238 and remove the dielectric material
from the top of the regions of CNT material 202.

For example, approximately 200 - 7000 angstroms,
and in some embodiments a micron or more, of silicon
dioxide may be deposited and planarized using CMP or an
etchback process. Other dielectric materials such as
silicon nitride, silicon oxynitride, low K dielectrics,
etc., and/or other dielectric layer thicknesses may be
used. Example low K dielectrics include carbon doped
oxides, silicon carbon layers, or the like.

With reference to FIG. 4D, following planarization
of dielectric material 238, second conductors 208 may be
formed above pillars 234 in a manner similar to the
formation of first conductors 206. For example, as shown
in FIG. 4D, in some embodiments, one or more barrier layers
and/or adhesion layers 240 may be deposited over CNT
material 202 prior to deposition of a conductive layer 242
used to form second conductors 208.

Conductive layer 242 may be formed from any
suitable conductive material such as tungsten, another
suitable metal, heavily doped semiconductor material, a
conductive silicide, a conductive silicide-germanide, a
conductive germanide, or the like deposited by any suitable
method (e.g., CVD, PVD, etc.). Other conductive layer
materials may be used.

Rarrier layers and/or adhesion layers 240 may
include titanium or another suitable layer, such as
titanium nitride, tantalum, tantalum nitride, tungsten,
tungsten nitride, molybdenum, combinations of one or more
layers, or any other suitable material(s). The deposited
conductive layer 242 and barrier and/or adhesion layer 240,

may be patterned and etched to form second conductors 208.

53



10

15

20

25

30

WO 2013/066496 PCT/US2012/054571

In at least one embodiment, second conductors 208 are
substantially parallel, substantially coplanar conductors
that extend in a different direction than first
conductors 206.

In other embodiments of the invention, second
conductors 208 may be formed using a damascene process in
which a dielectric layer is formed, patterned and etched to
create openings or voids for second conductors 208. As
described in the ‘936 Application, conductive layer 212 and
barrier layer 210 may mitigate the effects of over-etching
of such a dielectric layer during formation of the openings
or voids for second conductors 208, preventing accidental
shorting of diodes 204.

The openings or voids may be filled with adhesion
layer 240 and conductive layer 242 (and/or a conductive
seed, conductive fill and/or barrier layer if needed).
Adhesion layer 240 and conductive layer 242 then may be
planarized to form a planar surface.

Following formation of second conductors 208, the
resultant structure may be annealed to crystallize the
deposited semiconductor material of diodes 204 (and/or to
form silicide regions by reaction of silicide-forming metal
layer 232 with p+ region 204c). In at least one
embodiment, the anneal may be performed for about 10
seconds to about 2 minutes in nitrogen at a temperature of
about 600 to 800°C, and more preferably between about 650
and 750°C. Other annealing times, temperatures and/or
environments may be used.

The silicide regions formed as each silicide-
forming metal layer region 232 and p+ region 204c react may
serve as “crystallization templates” or “seeds” during

annealing for underlying deposited semiconductor material
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that forms diodes 204 (e.g., changing any amorphous
semiconductor material to polycrystalline semiconductor
material and/or improving overall crystalline properties of
diodes 204). Lower resistivity diode material thereby is

provided.

EXAMPLE SINGLE CNT/SEMICONDUCTOR DIODE MEMORY CELL

FIGS. HA-5D illustrate cross sectional views of a
portion of a substrate 260 during fabrication of a first
memory level in accordance with an alternative example
embodiment of this invention. As will be described below,
the first memory level includes a plurality of memory cells
that each include a reversible resistance-switching element
formed by selectively fabricating a single CNT above a
substrate. Additional memory levels may be fabricated
above the first memory level (as described previously with
reference to FIGS. 2C-2D).

With reference to FIG. 5A, substrate 260 is shown
as having already undergone several processing steps,
including formation of pillar structures 234 separated by
dielectric material 236b, and planarization of dielectric
material 236b using CMP or an etchback process to form a
planar surface 272, as described above in connection with
FIGS. 4A-4B. The CMP or etchback stops on CNT seeding
layer 214, which may be titanium nitride, tantalum nitride
or a similar material, and the surface of CNT seeding
layer 214 may be roughened to allow CNTs to be formed
directly on CNT seeding layer 214.

For example, as described above, in one or more
embodiments, CNT seeding layer 214 may be roughened to have
an arithmetic average surface roughness Ra of at least

about 850 to 4000 angstroms, and more preferably at least
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about 4000 angstroms. Other thicknesses and/or surface
roughness values may be employed.

In some embodiments, an additional metal
catalyst/seeding layer (not shown) such as nickel, cobalt,
iron, titanium, molybdenum, etc., may be selectively
deposited over a surface-roughened CNT seeding layer 214
prior to formation of CNT material 202 to provide the
benefits a metal catalyst during CNT formation (as
described previously with reference to FIG. 3B). In other
embodiments, a metal catalyst layer may be used without an
underlying, surface-roughened seeding layer (as described
previously with reference to FIG. 3A).

Next, dielectric layer 238 is deposited over planar
surface 272, resulting in the structure shown in FIG. bHA.
Dielectric material 238 may be between about 100 angstroms
and about 2000 angstroms, more generally between about 10
angstroms and about 2 microns of silicon dioxide, silicon
nitride, silicon oxynitride, or other similar insulating
material. Other dielectric materials such as low K
dielectrics, etc., and/or other dielectric layer
thicknesses may be used. Example low K dielectrics include
carbon doped oxides, silicon carbon layers, or the like.
Dielectric material 238 may be formed by CVD, high density
plasma, or other similar method.

Dielectric material 238 may then be patterned and
etched to create openings or voids 250, which are
substantially aligned with pillar structures 234, as shown
in FIG. 5B. For example, dielectric material 238 may be
covered with a photoresist and exposed. Appropriate BARC,
DARC and/or APF hard masks may be deposited on dielectric
material 238 prior to patterning. The exposed (or

unexposed) photoresist may be removed, and dielectric
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material 238 in the exposed (or unexposed) areas etched
away to define openings or voids 250. The etch continues
until CNT seeding layer 214 is exposed at the bottom of
openings or voids 250.

Various patterning techniques may be used to form
openings or voids 250 in dielectric material 238. For
example, imprint lithography, immersion lithography, EUV
lithography, or other similar lithography techniques may be
used to form openings or voids 250 having features (e.g.,
widths and lengths) less than about 10 nanometers.

Following formation of openings or voids 250, a CNT
fabrication process is performed to selectively grow and/or
deposit CNT material 202 on CNT seeding layer 214. By
virtue of the narrow width of openings or voids 250, CNT
material 202 preferably includes a single CNT, such as
shown in FIG. 5C.

Any suitable method may be used to form CNT
material 202 on CNT seeding layer 214. For example, CVD,
PECVD, laser vaporization, electric arc discharge or the
like may be employed. In one example embodiment, a single
CNT may be formed on a surface-roughened TiN CNT seeding
layer 214 by CVD at a temperature of about 675 to 700°C in
xylene, argon, hydrogen and/or ferrocene at a flow rate of
about 100 sccm for about 30 minutes. Other temperatures,
gases, flow rates and/or growth times may be used.

In another example embodiment, a single CNT may be
formed on a nickel catalyst CNT seeding layer 214 by CVD at
a temperature of about 650°C in about 20% CzHg and 80%

Argon at a pressure of about 5.5 Torr for about 20 minutes.
Other temperatures, gases, ratios, pressures and/or growth

times may be used.
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In yet another embodiment, a single CNT may be
formed on a metal catalyst CNT seeding layer 214 such as
nickel, cobalt, iron, titanium, molybdenum, etc., using
PECVD at a temperature of about 600 to 900°C in about 20%
methane, ethylene, acetylene or another hydrocarbon diluted
with about 80% argon, hydrogen and/or ammonia using an RF
power of about 100-200 Watts for about 8-30 minutes. Other
temperatures, gases, ratios, powers and/or growth times may
be used.

In addition, the example process parameter ranges
specified in Table 1, above may be used to form CNT
material 202 on CNT seeding layer 214.

Following formation of CNT material 202, dielectric
material 238 is deposited on top of and around CNT
material 202 to substantially fill the remaining area
around CNT material 202 in openings or voids 250. A CMP or
dielectric etchback step then is performed to planarize
dielectric material 238 and remove the dielectric material
from the top of CNT material 202. As described above in
connection with FIG. 3C, following planarization of
dielectric material 238, second conductor 208 is formed.

As also described above in connection with FIG. 3C, ECD or
cleaning procedures may be used following CMP to improve
the connection between CNT material 202 and second

conductor 208.

EXAMPLE SINGLE CNT/CNT DIODE MEMORY CELL

FIGS. 6A-6D illustrate cross sectional views of a
portion of a substrate 260 during fabrication of a first
memory level in accordance with another alternative example
embodiment of this invention. As will be described below,

the first memory level includes a plurality of memory cells
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that each include a selectively fabricated single CNT that
includes a CNT switch and a CNT diode above a substrate.
Additional memory levels may be fabricated above the first
memory level (as described previously with reference to
FIGS. 2C-2D).

With reference to FIG. 6A, substrate 260 is shown
as having already undergone several processing steps,
including formation of first conductors 206, and formation
of dielectric material 236b on dielectric material 236a and
first conductors 206. For example, dielectric
material 236b may be between about 100 angstroms and
about 5000 angstroms, more generally between about 10
angstroms and about 2 microns of silicon dioxide, silicon
nitride, silicon oxynitride, or other similar insulating
material. Dielectric material 236b may be formed by CVD,
high density plasma, or other similar method. Other
thickness values may be used.

Dielectric material 236 may then be patterned and
etched to create openings or voids 250 that extend to first
conductor 206, such as described above in connection with
FIGS. 3C-3D. The resulting structure is shown in FIG. 6B.
As described above, various patterning techniques may be
used to form openings or voids 250 in dielectric
material 236. For example, imprint lithography, immersion
lithography, EUV lithography, or other similar lithography
techniques may be used to form openings or voids 250 having
features (e.g., widths and lengths) less than about 10
nanometers.

Following formation of openings or voids 250, a CNT
seed particle 252 is formed in each opening or void. The
resulting structure is shown in FIG. 6C. In one example

embodiment, CNT seed particle 252 is selectively deposited
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in each opening or void 250, and a single CNT including CNT
switch 202 and CNT diode 204 is grown on CNT seed
particle 252. Although CNT seed particle 252 is depicted
in FIG. 6C as spherical in shape, persons of ordinary skill
in the art will understand that seed particles in
accordance with this invention may have other shapes.
Example CNT seed particles 252 may include cobalt,
titanium, iron, molybdenum, nickel, or other similar
metals, organo-metallic precursors derived from cobalt,
titanium, iron, molybdenum, nickel, or other similar metals
(e.g., ferrocene from iron, etc.), ferritin particles with

between about 5-400 atoms of Fe, iron acetate ((CaH303)2Fe)

dissolved in ethanol/ethylene glycol or other organic
solution, or other similar CNT seed particle or catalyst
materials.

CNT seed particles 252 may be selectively deposited
in openings or voids 250 by any suitable method, such as
those described above in connection with FIG. 3D.

Following selective deposition of CNT seed particles 252 in
openings or voids 250, a CNT fabrication process is
performed to selectively grow and/or deposit CNT diode 204
and CNT switch 202 on CNT seed particle 252. By virtue of
the narrow width of openings or voids 250, CNT diode 204
and CNT switch 202 preferably include a single CNT.

Any suitable method may be used to form CNT
diode 204 and CNT switch 202 on CNT seed particle 252, such
as the techniques described above in connection with
FIG. 3D. To form CNT diode 204, N and P sections (such as
heavily doped n+ CNT region 204a and heavily doped p+ CNT
region 204c, respectively) are formed, such as using the

techniques described above in connection with FIG. 3E.
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CNT switch 202 may be formed above CNT diode 204,
or vice-versa. For example, as shown in FIG. 6D, CNT
diode 204 may be formed on CNT seed particle 252, and CNT
switch 202 may be formed above CNT diode 204. Persons of
ordinary skill in the art will understand that CNT
switch 202 may be formed on CNT seed particle 252, and CNT
diode 204 may be formed above CNT switch 202.

CNT diode 204 may be a p-n or p-i-n diode, whether
upward pointing or downward pointing. As shown in FIG. 6D,
CNT diode 204 may be a downward pointing diode that
includes a heavily doped n+ CNT region 204a, a lightly
doped or intrinsic (unintentionally doped) CNT region 204b
above n+ CNT region 204a, and a heavily doped p+ CNT
region 204c above intrinsic CNT region 204b.

Following formation of CNT switch 202 and CNT
diode 204, dielectric material 236b is deposited on top of
and around CNT switch 202 and CNT diode 204 to
substantially fill the remaining area around CNT switch 202
and CNT diode 204 in openings or voids 250. A CMP or
dielectric etchback step then is performed to planarize
dielectric material 236 and remove the dielectric material
from the top of CNT diode 204. As described above in
connection with FIG. 3C, following planarization of
dielectric material 236, second conductor 208 is formed.
The resulting structure is shown in FIG. 6D. As also
described above in connection with FIG. 3C, ECD or cleaning
procedures may be used following CMP to improve the
connection between CNT diode 204 and second conductor 208.

As described above in connection with FIG. 3E, as
an alternative to selective formation of CNT seed
particles 252 in openings or voids 250, CNT seed

particles 252 may be non-selectively deposited.
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ALTERNATIVE EXAMPLE MEMORY CELL

FIG. 7 is a cross sectional view of an example
memory cell 700 provided in accordance with the present
invention. Memory cell 700 includes a thin film transistor
("TFT”), such as a thin film, metal oxide semiconductor
field effect transistor (“MOSFET”) 702 coupled to a
reversible resistance-switching element 704 formed above a
substrate 706.

For example, MOSFET 702 may be an n-channel or a p-
channel thin film MOSFET formed on any suitable substrate.
In the embodiment shown, an insulating region 708 such as
silicon dioxide, silicon nitride, oxynitride, etc., is
formed above substrate 706 and a deposited semiconductor
region 710 such as deposited silicon, germanium, silicon-
germanium, etc., is formed above insulating region 708.
Thin film MOSFET 702 is formed within deposited
semiconductor region 710 and is insulated from
substrate 706 by insulating region 708.

MOSFET 702 includes source/drain regions 712, 714
and channel region 716, as well as gate dielectric
layer 718, gate electrode 720 and spacers 722a-b. In at
least one embodiment, source/drain regions 712, 714 may be
doped p-type and channel region 716 may be doped n-type,
while in other embodiments source/drain regions 712, 714
may be doped n-type and channel region 716 may be doped p-
type.

Any other MOSFET configuration or any suitable
fabrication techniques may be employed for thin film
MOSFET 702. 1In some embodiments, MOSFET 702 may be
electrically isolated by isolation regions (not shown)
formed using an STI, LOCOS or other similar process.

Alternatively, gate, source and/or drain regions of
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MOSFET 702 may be shared with other transistors (not shown)
formed on substrate 706.

Reversible resistance-switching element 704
includes a reversible resistivity-switching CNT
material 724 formed over a conductive plug 728. In at
least one embodiment, reversible resistivity-switching CNT
material 724 is formed using a selective formation process
as previously described with reference to the embodiments
of FIGS. 1-6D. For example, a CNT seeding layer 726 such
as titanium nitride or tantalum nitride and/or a metal
catalyst such as nickel, cobalt, iron, titanium,
molybdenum, etc., may be formed over conductive plug 728.
CNT material 724 then may be selectively formed over CNT
seeding layer 726 as previously described.

As shown in FIG. 7, reversible resistance-switching
element 704 is coupled to source/drain region 714 of
MOSFET 702 by first conductive plug 728 and to a first
metal level (M1) line 730 by a second conductive plug 732
(which extend through a dielectric layer 734). Likewise, a
third conductive plug 736 couples source/drain region 712
of MOSFET 702 to an Ml line 738. The conductive plugs
and/or lines may be formed from any suitable materials
(without or without barriers layers) such as tungsten,
another metal, heavily doped semiconductor material, a
conductive silicide, a conductive silicide-germanide, a
conductive germanide, or the like.

Note that when MOSFET 702 is an n-channel device,
region 712 serves as the drain and region 714 serves as the
source for MOSFET 702; and when MOSFET 702 is an p-channel
device, region 712 serves as the source and region 714
serves as the drain for MOSFET 702. Dielectric layer 734

may include any suitable dielectric such as silicon
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dioxide, silicon nitride, silicon oxynitride, low K
dielectrics, etc.

In memory cell 700, thin film MOSFET 702 operates
as a steering element in a manner similar to that of the
diodes employed in the memory cells of FIGS. 2A-4D,
selectively limiting the voltage applied across and/or the
current flow through reversible resistance-switching
element 704.

The foregoing description discloses only example
embodiments of the invention. Modifications of the above
disclosed apparatus and methods which fall within the scope
of the invention will be readily apparent to those of
ordinary skill in the art.

Accordingly, while the present invention has been
disclosed in connection with example embodiments thereof,
it should be understood that other embodiments may fall
within the spirit and scope of the invention, as defined by

the following claims.
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CLAIMS

1. A method of fabricating a memory cell comprising:
fabricating a steering element above a substrate;
and
fabricating a reversible-resistance switching
element coupled to the steering element by selectively
fabricating carbon nano-tube (“CNT”) material above the

substrate, wherein the CNT material comprises a single CNT.

2. The method of claim 1, wherein fabricating the
reversible-resistance switching element includes:
fabricating a CNT seeding layer;
patterning and etching the CNT seeding layer; and
selectively fabricating a single CNT on the CNT

seeding layer.

3. The method of claim 2, wherein fabricating the CNT
seeding layer includes:
depositing titanium nitride; and
roughening a surface of the deposited titanium

nitride.
4. The method of claim 3, further comprising
selectively depositing a metal layer on the roughened

titanium nitride surface.

5. The method of claim 4, wherein the metal lavyer

comprises nickel, cobalt or iron.
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6. The method of claim 2, wherein fabricating the CNT
seeding layer includes:
depositing titanium nitride above the first
conductor; and
selectively depositing a metal catalyst layer on

the titanium nitride.

7. The method of claim 6, wherein the metal layer

comprises nickel, cobalt or iron.

8. The method of claim 2, wherein the CNT seeding

layer comprises nickel, cobalt or iron.

9. The method of claim 1 wherein fabricating the
reversible-resistance switching element includes:
fabricating a CNT seed particle; and
selectively fabricating a single CNT on the CNT

seeding particle.

10. The method of claim 9, wherein the CNT seed
particle comprises one or more of cobalt, titanium, iron,
molybdenum, nickel, and an organo-metallic precursor

derived from cobalt, titanium, iron, molybdenum or nickel.

11. The method of claim 1, wherein fabricating the
steering element comprises fabricating a p-n or p-i-n

diode.
12. The method of claim 11, wherein fabricating the

steering element comprises fabricating a polycrystalline

diode.
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13. The method of claim 11, wherein fabricating the

steering element comprises fabricating a CNT diode.

14. The method of claim 1, further comprising
fabricating the reversible-resistance switching element

above the steering element.

15. The method of claim 1, further comprising
fabricating the steering element above the reversible-

resistance switching element.

16. A memory cell formed using the method of claim 1.

17. A memory cell comprising:

a steering element; and

a reversible resistance-switching element coupled

to the steering element, wherein the reversible resistance-

switching element comprises a selectively fabricated carbon

nano-tube (“CNT”) material, wherein the CNT material

comprises a single CNT.

18. The memory cell of claim 17, wherein the steering

element comprises a p-n or p-i-n diode.

19. The memory cell of claim 18, wherein the diode

comprises a polycrystalline diode.

20. The memory cell of claim 18, wherein the diode

comprises a CNT diode.
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21. The memory cell of claim 17, further comprising a
patterned and etched CNT seeding layer on which the CNT
material is selectively fabricated.

22. The memory cell of claim 21, wherein the CNT
seeding layer comprises one or more of titanium nitride,

tantalum nitride, nickel, cobalt and iron.

23. The memory cell of claim 17, wherein the
reversible-resistance switching element is above the

steering element.

24. The memory cell of claim 17, wherein the steering
element is above the reversible-resistance switching

element.

25. A monolithic three dimensional memory array

comprising:

a first memory level formed above a substrate, the
first memory level comprising:

a plurality of memory cells, wherein each memory
cell of the first memory level comprises:

a steering element; and

a reversible resistance-switching element coupled
to the steering element, wherein the reversible resistance-
switching element comprises a selectively fabricated carbon
nano-tube (“CNT”) material, wherein the CNT material
comprises a single CNT; and

at least a second memory level monolithically

formed above the first memory level.
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26. The monolithic three dimensional memory array of
claim 25, wherein the steering element comprises a p-n or

p-i-n diode.

27. The monolithic three dimensional memory array of
claim 26, wherein the diode comprises a polycrystalline

diode.

28. The monolithic three dimensional memory array of

claim 26, wherein the diode comprises a CNT diode.

29. The monolithic three dimensional memory array of
claim 25, further comprising a patterned and etched CNT
seeding layer on which the CNT material is selectively

fabricated.

30. The monolithic three dimensional memory array of
claim 29, wherein the CNT seeding layer comprises one or
more of titanium nitride, tantalum nitride, nickel, cobalt

and iron.

31. The monolithic three dimensional memory array of
claim 25, wherein in each memory cell of the first memory
level, the reversible-resistance switching element is above

the steering element.

32. The monolithic three dimensional memory array of
claim 25, wherein in each memory cell of the first memory
level, the steering element is above the reversible-

resistance switching element.
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