wo 20097137222 A2 [ A0FO OO 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

ot VAP,
(19) World Intellectual Property Organization /g [} 1M1 NI00 WA 1.0 00 O A A
ernational Bureau V,& ‘ ) |
. . . ME' (10) International Publication Number
(43) International Publication Date \,!:,: #

12 November 2009 (12.11.2009) WO 2009/137222 A2
(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
HO1L 51/00 (2006.01) kind of national protection available). AE, AG, AL, AM,
(21) International Application Number: ég’ éﬁ’ ég’ éé’ gg’ gg’ gg’ gg > ]])31}({, 3\1\}[]’ gg’ gé’
PCT/US2009/040222 EC. EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN.
(22) International Filing Date: HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
10 April 2009 (10.04.2009) EZG II\I/IAKLISH\?I?\/I\I{/RI\/I[“)S( IIC/EY LI\I/J[ZL?\{IAMSGMI\]I)I 1\1\/#(1%
(25) Filing Language: English NZ, OM, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE, SG,
(26) Publication Language: English SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT, TZ, UA,

UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data:

61/044,328 11 ApI’ll 2008 (1 1042008) Us (84) Designated States (unless otherwise indicated, fO}" every

kind of regional protection available): ARIPO (BW, GH,

(71) Applicant (for all designated States except US): SAN- GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
DISK 3D, LLC [US/US]; 601 McCarthy Blvd., Milpitas, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,

CA 95035 (US). TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,

ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, TR),
OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML,
MR, NE, SN, TD, TG).

(72) Inventors; and

(75) Inventors/Applicants (for US only): SCHRICKER,
April, D. [US/US]; 255 Manzanita Avenue, Palo Alto,
CA 94306 (US). CLARK, Mark, H. [US/US]; 1526

Shady Glen Avenue, Santa Clara, CA 95050 (US). Published:

(74) Agents: DUGAN, Brian, M. et al.; Dugan & Dugan, PC, —  without international search report and to be republished
245 Saw Mill River Road, Suite 309, Hawthorne, NY upon receipt of that report (Rule 48.2(g))
10532 (US).

(54) Title: MEMORY CELL THAT INCLUDES A CARBON NANO-TUBE REVERSIBLE RESISTANCE-SWITCHING ELE-
MENT AND METHODS OF FORMING THE SAME

(57) Abstract: Methods of forming planar carbon

10 nanotube ("CNT") resistivity-switching materials
for use in memory cells are provided, that include
) depositing first dielectric material, patterning the

first dielectric material, etching the first dielectric

140 material to form a feature within the first dielectric
22 — material, depositing CNT resistivity-switching ma-
{ 26 terial over the first dielectric material to fill the fea-
— ture at least partially with the CNT resistivity-
33/... }1 8 switching material, depositing second dielectric ma-
18b - terial over the CNT resistivity-switching material,
183/. 52 and planarizing the second dielectric material and
8 — \ the CNT resistivity-switching material so as to ex-
= 14¢ 50 pose at least a portion of the CNT resistivity-switch-
14b ing material within the feature. Other aspects are
142 — 14 also provided.
24\a.
12\\17
20

FIG. 3



WO 2009/137222 PCT/US2009/040222

5
10 MEMORY CELL THAT INCLUDES A
CARBON NANO-TUBE REVERSIBLE RESISTANCE-SWITCHING
ELEMENT AND METHODS OF FORMING THE SAME
REFERENCE TO RELATED APPLICATIONS
15
This application claims the benefit of U.S. Provisional Patent Application
Serial No. 61/044,328, filed April 11, 2008, and titled “Damascene Integration Methods
For Carbon Nano-Tube Films In Non-Volatile Memories And Memories Formed
Therefrom,” which is hereby incorporated by reference herein in its entirety for all
20  purposes.

BACKGROUND

The present invention relates to non-volatile memories and more
25  particularly to a memory cell that includes a carbon nano-tube reversible resistance-
switching element and methods of forming the same.

Non-volatile memories formed from carbon nano-tube (“CNT”) materials
are known. For example, U.S. Patent Application Serial No. 11,968,156, filed
December 31, 2007 and titled “Memory Cell That Employs A Selectively Fabricated

30  Carbon Nano-Tube Reversible Resistance-Switching Element Formed Over A Bottom
Conductor And Methods Of Forming The Same” (the ““156 Application™), which is
hereby incorporated by reference herein in its entirety for all purposes, describes a
rewriteable non-volatile memory cell that includes a diode coupled in series with a

reversible resistivity-switching element formed from CNT material.
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However, fabricating memory devices from CNT materials is technically
challenging, and improved methods of forming memory devices that employ CNT

materials are desirable.
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SUMMARY

In accordance with a first aspect of the invention, a method of forming a
planar CNT resistivity-switching material for use in a memory cell is provided, the
method including: (1) depositing first dielectric material, (2) patterning the first
dielectric material, (3) etching the first dielectric material to form a feature within the
first dielectric material, (4) depositing CNT resistivity-switching material over the first
dielectric material to fill the feature at least partially with the CNT resistivity-switching
material, (5) depositing second dielectric material over the CNT resistivity-switching
material, and (6) planarizing the second dielectric material and the CNT resistivity-
switching material so as to expose at least a portion of the CNT resistivity-switching
material within the feature.

In accordance with a second aspect of the invention, a method of forming a
memory cell is provided, the method including: (1) forming a feature above a substrate,
(2) forming a memory element comprising CNT resistivity-switching material by
(a) forming CNT resistivity-switching material in the feature, wherein a surface of the
CNT resistivity-switching material comprises a void or valley, and (b) forming a
dielectric material above the CNT resistivity-switching material, wherein the dielectric
material substantially fills the void or valley, and (3) forming a steering element above
the substrate, wherein the steering element is coupled to the CNT resistivity-switching
material.

In accordance with a third aspect of the invention, a memory cell is
provided that includes: (1) a feature above a substrate, (2) a CNT resistivity-switching
material in the feature, wherein a surface of the CNT resistivity-switching material
comprises a void or valley, (3) a dielectric material above the CNT resistivity-switching
material, wherein the dielectric material substantially fills the void or valley, and (4) a
steering element above the substrate, wherein the steering element is coupled to the
CNT resistivity-switching material.

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.



WO 2009/137222 PCT/US2009/040222

10

15

20

BRIEF DESCRIPTION OF THE DRAWINGS

Features of the present invention can be more clearly understood from the
following detailed description considered in conjunction with the following drawings,
in which the same reference numerals denote the same elements throughout, and in
which:

FIG. 1 is a diagram of an exemplary memory cell in accordance with this
invention;

FIG. 2A is a simplified perspective view of an exemplary memory cell in
accordance with this invention;

FIG. 2B is a simplified perspective view of a portion of a first exemplary
memory level formed from a plurality of the memory cells of FIG. 2A;

FIG. 2C is a simplified perspective view of a portion of a first exemplary
three-dimensional memory array in accordance with this invention;

FIG. 2D is a simplified perspective view of a portion of a second exemplary
three-dimensional memory array in accordance with this invention;

FIG. 3 is a cross-sectional view of an exemplary embodiment of a memory
cell in accordance with this invention; and

FIGS. 4A-4] illustrate cross-sectional views of a portion of a substrate
during an exemplary fabrication of a single memory level in accordance with this

invention.
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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,
when CNT material is used in forming a memory cell, the deposited or grown CNT
material often has a rough surface topography, with pronounced thickness variations,
such as numerous peaks and valleys. The rough surface topography of CNT material
can cause difficulties in forming a memory cell. For example, the rough surface
topography of CNT material can 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 addition, voids in the
surface of CNT material can be penetrated by conductive material deposited above the
CNT material and cause vertical short circuits to occur. Although peaks on the surface
of CNT material can be removed by planarization, any valleys, or voids, that remain
after planarization may hinder the fabrication of the memory cells.

Exemplary methods in accordance with this invention form a memory cell
that includes a memory element formed from CNT material. In particular, exemplary
methods in accordance with this invention form a memory cell by forming a first layer
of dielectric material, patterning and etching the first dielectric layer to form a feature,
such as a via or a trench, within the first dielectric layer, forming CNT material in the
feature, forming a second layer of dielectric material over the CNT material to fill voids
in the surface of the CNT material, and planarizing the second dielectric layer and the
CNT material to expose at least a portion of the CNT material within the feature. In this
manner, the CNT material need not be etched. The CNT material may include a CNT
reversible resistivity-switching material, for example, and be used to form a reversible
resistance switching element. A steering element such as a diode may be formed and
coupled to the CNT material.

In at least some embodiments, the CNT material is formed by spray- or
spin-coating a CNT suspension over the first dielectric layer and in the feature, creating
random CNT material. Forming CNT material using a spray-coating technique, and
forming CNT material using a spin-coating technique, are known. In alternative
exemplary embodiments, CNT material is selectively grown on a CNT seeding layer
formed in the feature by chemical vapor deposition (“CVD”), plasma-enhanced CVD

(“PECVD”), laser vaporization, electric arc discharge or the like.

5



WO 2009/137222 PCT/US2009/040222

10

15

20

25

30

EXEMPLARY INVENTIVE MEMORY CELL

FIG. 1 is a schematic illustration of an exemplary memory cell 10 provided
in accordance with the present invention. Memory cell 10 includes a reversible
resistance-switching element 12 coupled to a steering element 14.

Reversible resistance-switching element 12 includes a reversible resistivity-
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 12 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 12 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,” whereas another resistance state may
represent a binary “1”, although more than two data/resistance states may be used.
Numerous reversible resistivity-switching materials and operation of memory cells
employing reversible resistance-switching elements are described in, 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” (the ““939
Application”), which is hereby incorporated by reference herein in its entirety for all
purposes.

In at least some embodiments of this invention, reversible resistance-
switching element 12 is formed using a CNT material deposited or grown using a
damascene integration technique. As will be described further below, use of a
damascene integration technique to form the CNT material eliminates the need to etch
the CNT material. Fabrication of reversible resistance-switching element 12 thereby is
simplified.

Steering element 14 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 12. In this manner, memory cell 10 may be used as part of a two or three
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dimensional memory array and data may be written to and/or read from memory cell 10
without affecting the state of other memory cells in the array.
Exemplary embodiments of memory cell 10, reversible resistance-switching

element 12 and steering element 14 are described below with reference to FIGS. 2A-3.

EXEMPLARY EMBODIMENT OF A MEMORY CELL

FIG. 2A is a simplified perspective view of an exemplary memory cell 10 in
accordance with this invention. Memory cell 10 includes reversible resistance-
switching element 12 coupled in series with a diode 14 between a first conductor 20 and
a second conductor 22. Memory cell 10 also includes a region 18 which may serve as a
metal hard mask during fabrication. In some embodiments, a barrier layer 24 may be
formed between reversible resistance-switching element 12 and diode 14. In addition,
in some embodiments, a barrier layer 28 may be formed between diode 14 and hard
mask region 18, and a barrier layer 33 may be formed between hard mask region 18 and
second conductor 22. Barrier layers 24, 28, and 33 may include titanium nitride,
tantalum nitride, tungsten nitride, etc., or other suitable barrier layer.

Reversible resistance switching element 12 may include a carbon-based
material (not separately shown) having a resistivity that may be reversibly switched
between two or more states. In the embodiment of FIG. 2A, reversible resistance
switching element 12 includes a CNT rewriteable resistivity-switching material. In
some embodiments, only a portion, such as one or more filaments, of the CNT material
that forms reversible resistance-switching element 12 may switch and/or be switchable.

Diode 14 may include any suitable diode such as a vertical polycrystalline
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. For
example, diode 14 may include a heavily doped n+ polysilicon region 14a, a lightly
doped or an intrinsic (unintentionally doped) polysilicon region 14b above the nt+
polysilicon region 14a, and a heavily doped p+ polysilicon region 14c above intrinsic
region 14b. It will be understood that the locations of the n+ and p+ regions may be
reversed. Exemplary embodiments of diode 14 are described below with reference to
FIG. 3.

In some embodiments, hard mask region 18 may include a first metal
layer 18a which may include titanium nitride, tantalum nitride, tungsten nitride, etc.,

and a second metal layer 18b which may include tungsten, for example. As will be
7
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described further below, hard mask layers 18a and 18b may serve as a hard mask during
formation of diode 14. 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” (the “‘936
Application”), which is hereby incorporated by reference herein in its entirety for all
purposes.

First and/or second conductor 20, 22 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. In the embodiment of FIG. 2A, first and second conductors 20, 22 are rail-shaped
and extend in different directions (e.g., substantially perpendicular to one another).
Other conductor shapes and/or configurations may be used. In some embodiments,
barrier layers, adhesion layers, antireflection coatings and/or the like (not shown) may
be used with the first and/or second conductors 20, 22 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 30 formed from a plurality of memory cells 10, such as memory cell 10 of
FIG. 2A. For simplicity, reversible resistance switching element 12, diode 14, and
barrier layers 24, 28 and 33 are not separately shown. Memory array 30 is a “cross-
point” array including a plurality of bit lines (second conductors 22) and word lines
(first conductors 20) 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 array 40a that includes a first memory level 42 positioned
below a second memory level 44. Memory levels 42 and 44 each include a plurality of
memory cells 10 in a cross-point array. Persons of ordinary skill in the art will
understand that additional layers (e.g., an interlevel dielectric) may be present between
the first and second memory levels 42 and 44, but are not shown in FIG. 2C for
simplicity. Other memory array configurations may be used, as may additional levels
of memory. Inthe 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.
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For example, in some embodiments, the memory levels may be formed as
described in U.S. Patent No. 6,952,030, titled “High-Density Three-Dimensional
Memory Cell,” which is hereby incorporated by reference herein in its entirety for all
purposes. For instance, the upper conductors of a first memory level may be used as the
lower conductors of a second memory level that is positioned above the first memory
level as shown in the alternative exemplary three dimensional array 40b illustrated 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” (the ““151 Application), which is hereby incorporated by
reference herein in its entirety for all purposes. For example, as shown in FIG. 2D, the
diodes of the first memory level 42 may be upward pointing diodes as indicated by
arrow Al (e.g., with p regions at the bottom of the diodes), whereas the diodes of the
second memory level 44 may be downward pointing diodes as indicated by arrow A2
(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, titled “Three
Dimensional 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. 3 is a cross-sectional view of an exemplary embodiment of memory
cell 10 of FIG. 2A. Memory cell 10 includes reversible resistance-switching
clement 12, diode 14 and first and second conductors 20, 22. Reversible resistance-
switching element 12 includes CNTs formed using a damascene integration technique,
described in more detail below.

Diode 14 is formed above reversible resistance switching element 12. As
stated, diode 14 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
9
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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).

If diode 14 is formed from deposited silicon (e.g., amorphous or
polycrystalline), a silicide layer 50 may be formed on diode 14 to place the deposited
silicon in a low resistivity state, as fabricated. Such a low resistivity state allows for
easier programming of memory cell 10, as a large voltage is not required to switch the
deposited silicon to a low resistivity state. For example, a silicide-forming metal
layer 52 such as titanium or cobalt may be deposited on p+ polysilicon region 14c.
During a subsequent anneal step (described below) employed to crystallize the
deposited silicon that forms diode 14, silicide-forming metal layer 52 and the deposited
silicon of diode 14 interact to form silicide layer 50, consuming all or a portion of
silicide-forming metal layer 52.

In at least some embodiments, a metal hard mask region 18 may be formed
over silicide-forming metal layer 52. For example, a barrier layer 18a and/or a
conductive layer 18b may be formed over silicide-forming metal layer 52. Barrier
layer 18a may include titanium nitride, tantalum nitride, tungsten nitride, etc., and
conductive layer 18b may include tungsten or another suitable metal layer.

As will be described further below, barrier layer 18a and/or conductive
layer 18b may serve as a hard mask during formation of diode 14 and may mitigate any
overetching that may occur during formation of top conductor 22 (as described in
the ‘936 Application, previously incorporated). For example, barrier layer 18a and
conductive layer 18b may be patterned and etched, and then serve as a mask during
etching of diode 14.

Barrier layer 33 is formed over hard mask region 18. Barrier layer 33 may
include titanium nitride, tantalum nitride, tungsten nitride, etc., or other suitable
material.

Second conductor 22 is formed above barrier layer 33. In some
embodiments, second conductor 22 may include one or more barrier layers and/or

adhesion layers 26 and a conductive layer 140.

EXEMPLARY FABRICATION PROCESS FOR A MEMORY CELL
FIGS. 4A-4K illustrate cross sectional views of a portion of a substrate 100
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
10
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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 100 is shown as having already
undergone several processing steps. Substrate 100 may be any suitable substrate such
as a silicon, germanium, silicon-germanium, undoped, doped, bulk, silicon-on-insulator
(“SOTI”) or other substrate with or without additional circuitry. For example,
substrate 100 may include one or more n-well or p-well regions (not shown).

An isolation layer 102 is formed above substrate 100. In some
embodiments, isolation layer 102 may be a layer of silicon dioxide, silicon nitride,
silicon oxynitride or any other suitable insulating layer.

Following formation of isolation layer 102, an adhesion layer 104 is formed
over isolation layer 102 (e.g., by physical vapor deposition (“PVD”) or another
method). For example, adhesion layer 104 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 104 may be optional.

After formation of adhesion layer 104, a conductive layer 106 is deposited
over adhesion layer 104. Conductive layer 106 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 106 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 106, adhesion layer 104 and
conductive layer 106 are patterned and etched. For example, adhesion layer 104 and
conductive layer 106 may be patterned and etched using conventional lithography
techniques, with a soft or hard mask, and wet or dry etch processing. In at least one
embodiment, adhesion layer 104 and conductive layer 106 are patterned and etched to
form substantially parallel, substantially co-planar conductors 20 (as shown in

FIG. 4A). Exemplary widths for conductors 20 and/or spacings between conductors 20

11
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range from about 200 to about 2500 angstroms, although other conductor widths and/or
spacings may be used.

After conductors 20 have been formed, a dielectric layer 58a is formed over
substrate 100 to fill the voids between the conductors 20, as shown in FIG. 4A. For
example, approximately 3000-7000 angstroms of silicon dioxide may be deposited on
substrate 100 and planarized using chemical mechanical polishing (“CMP”) or an
etchback process to form a planar surface 110. Planar surface 100 includes exposed top
surfaces of conductors 20 separated by dielectric material 58a (as shown). Other
dielectric materials such as silicon nitride, silicon oxynitride, low K diclectrics, etc.,
and/or other dielectric layer thicknesses may be used. Exemplary low K dielectrics
include carbon doped oxides, silicon carbon layers, or the like.

In other embodiments of the invention, conductors 20 may be formed using
a damascene process in which dielectric layer 58a is formed, patterned and etched to
create openings or voids for conductors 20. The openings or voids then may be filled
with adhesion layer 104 and conductive layer 106 (and/or a conductive seed, conductive
fill and/or barrier layer if needed). Adhesion layer 104 and conductive layer 106 then
may be planarized to form planar surface 110. In such an embodiment, adhesion
layer 104 will line the bottom and sidewalls of each opening or void.

Following planarization, reversible resistance switching element 12 is
formed using a damascene integration technique. In particular, a dielectric layer 58b is
formed above planar surface 110, as shown in FIG. 4B. For example,
approximately 200 angstroms to 1 micron of silicon dioxide may be deposited above
substrate 100 to form dielectric layer 58b. Other dielectric materials such as silicon
nitride, silicon oxynitride, low K dielectrics, etc., and/or other dielectric layer
thicknesses may be used. Exemplary low K dielectrics include carbon doped oxides,
silicon carbon layers, or the like.

With reference to FIG. 4C, dielectric layer 58b is patterned and etched to
create features 136. Any suitable method may be used to form features 136. In at least
one embodiment, a layer of photoresist (not shown) is deposited on dielectric layer 58b,
and a mask is used to pattern the photoresist on top of dielectric layer 58b. The
patterned photoresist is developed to create an opening (e.g., a trench) in the
photoresist, through which dielectric layer 58b is etched until the underlying
conductor 20 is exposed. The photoresist is then removed, leaving dielectric

material 5&b and features 136.
12
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With reference to FIG. 4D, a reversible resistance-switching element 12 is
created by forming CNTs above dielectric layer 58b and at least partially within
features 136. In the remaining discussion, reversible resistance-switching element 12
will also be referred to as CNT layer 12.

CNT layer 12 may be formed by any suitable method. In some
embodiments, CNT layer 12 may be formed by depositing a CNT seeding layer (not
shown) on the bottom of features 136, and selectively fabricating CNT material on the
CNT seeding layer. The CNT seeding layer may be a layer that facilitates CNT
formation, such as a single layer of roughened metal nitride, such as surface roughened
titanium or tantalum nitride, a multi-layer structure formed from a smooth or surface
roughened metal nitride coated with a metal catalyst, a single layer of a metal catalyst
such as nickel, cobalt, iron, etc., or a non-metal silicon-germanium seed layer. As used
herein, silicon-germanium, or “Si/Ge,” refers to a deposited or otherwise formed
material including any ratio of silicon (“Si”) to germanium (“Ge”) or of a layered
laminate of thin films or nanoparticle islands including Si-rich and Ge-rich layers in any
order. Exemplary techniques for selectively fabricating CNT material on CNT seeding
layers are described in U.S. Patent application Serial No. 12/410,771, filed
March 25, 2009, and titled “Memory Cell That Employs A Selectively Fabricated
Carbon Nano-Tube Reversible Resistance-Switching Element, And Methods Of
Forming The Same, ” U.S. Patent application Serial No. 12/410,789, filed
March 25, 2009, and titled “Memory Cell That Employs A Selectively Fabricated
Carbon Nano-Tube Reversible Resistance-Switching Element Formed Over A Bottom
Conductor And Methods Of Forming The Same, ” 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,” and
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
incorporated by reference herein in their entireties for all purposes.

In one exemplary 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
13
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ferrocene at a flow rate of about 100 scem for about 30 minutes. Other temperatures,
gases, flow rates and/or growth times may be used.

In another exemplary embodiment, CNTs may be formed on a nickel
catalyst layer by CVD at a temperature of about 650°C in about 20% C,H4 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
seeding layer such as nickel, cobalt, iron, 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 still another embodiment, CNTs may be formed on a Si/Ge seeding layer
using CVD or PECVD. To grow CNTs using the carbon implanted Si/Ge seeds, a CVD
technique may be used with approximately 850 °C for approximately 10 minutes using
methane diluted with H, gas. Other carbon precursors might be used to form CNTs as
well. Any other suitable CNT formation techniques and/or processing conditions may
be used.

In alternative embodiments, CNT layer 12 may be formed spray-coating or
spin-coating a CNT suspension over dielectric layer 58b. For example, techniques for
forming CNT material using spray-coating or spin-coating techniques are described in
Rueckes et al. U.S. Patent No. 6,706,402, titled “Nanotube Films And Articles,” which
is incorporated by reference herein in its entirety for all purposes.

In some embodiments, CNT layer 12 may have a thickness of about 1
nanometer 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 layer 12 may be, for example, about 6.6x10? to
about 1x10® CNTs/micron?, and more preferably at least about 6.6x10* CNTs/micron?,
although other densities may be used. For example, it is preferred to have at least
about 10 CNTs, and more preferably at least about 100 CNTs, in CNT layer 12
(although fewer CNTs, such as 1, 2, 3, 4, 5, etc., or more CNTs, such as more than 100,
may be employed).

To improve the reversible resistivity-switching characteristics of CNT

layer 12, in some embodiments it may be preferable that at least about 50%, and more
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preferably at least about 2/3, of the carbon nano-tubes of CNT layer 12 are
semiconducting. Multiple wall CNTs are generally metallic, whereas single wall CNTs
may be metallic or semiconducting. In one or more embodiments, it may be preferable
for CNT layer 12 to include primarily semiconducting single wall CNTs. In other
embodiments, fewer than 50% of the CNTs of CNT layer 12 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 memory cells, in some embodiments, the individual tubes of CNT layer 12
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 layer 12. 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 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 the CNT
material to improve or otherwise tune the reversible resistivity-switching characteristics
of the CNT material. For example, after CNT material layer 12 has been formed, argon,
nitrogen, O, or another species may be implanted into the CNT material to create
defects in the CNT material. In a second example, the CNT material may be subjected
or exposed to an argon, chlorine, nitrogen or O, plasma (biased or chemical) to
intentionally create defects in the CNT material.

In some embodiments in accordance with this invention, following
formation of CNT layer 12, an anneal step may be performed prior to depositing
dielectric material. In particular, the anneal may be performed in a vacuum or the
presence of one or more forming gases, at a temperature in the range from about 350°C
to about 900°C, for about 30 to about 180 minutes. The anneal preferably is performed
in about an 80%(N3):20%(H») mixture of forming gases, at about 625°C for about one
hour.

Suitable forming gases may include one or more of Ny, Ar, and H,, whereas
preferred forming gases may include a mixture having above about 75% N; or Ar and
below about 25% H,. Alternatively, a vacuum may be used. Suitable temperatures may

range from about 350°C to about 900°C, whereas preferred temperatures may range
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from about 585°C to about 675°C. Suitable durations may range from about 0.5 hour to
about 3 hours, whereas preferred durations may range from about 1 hour to about 1.5
hours. Suitable pressures may range from about ImT to about 760T, whereas preferred
pressures may range from about 300mT to about 600mT.

A queue time of preferably about 2 hours between the anneal and the
dielectric deposition preferably accompanies the use of the anneal. A ramp up duration
may range from about 0.2 hours to about 1.2 hours and preferably is between about 0.5
hours and 0.8 hours. Similarly, a ramp down duration also may range from about 0.2
hours to about 1.2 hours and preferably is between about 0.5 hours and 0.8 hours.

Although not wanting to be bound by any particular theory, it is believed
that CNT material may absorb water from the air over time. Likewise, it is believed
that the moisture may increase the likelihood of de-lamination of the CNT material. In
some cases, it also might be acceptable to have a queue time of 2 hours from the time of
CNT growth to dielectric deposition, skipping the anneal altogether.

Incorporation of such a post-CNT-formation-anneal preferably takes into
account other layers present on the device that includes the CNT material, because these
other layers will also be subject to the anneal. For example, the anneal may be omitted
or its parameters may be adjusted where the aforementioned preferred anneal
parameters would damage the other layers. The anneal parameters may be adjusted
within ranges that result in the removal of moisture without damaging the layers of the
annecaled device. For instance, the temperature may be adjusted to stay within an
overall thermal budget of a device being formed. Likewise, any suitable forming gases,
temperatures and/or durations may be used that are appropriate for a particular device.
In general, such an anneal may be used with any carbon-based layer or carbon-
containing material, such as layers having CNT material, graphite, graphene,
amorphous carbon, etc.

As previously discussed, CNT material often has a rough surface
topography, with pronounced thickness variations, such as numerous peaks, as well as
valleys, or voids. As a result, CNT material can be difficult to etch. In addition, if a
conductive material such as titanium nitride is deposited above the CNT material, the
conductive material may penetrate voids in the surface of the CNT material and cause
vertical short circuits to occur between the conductive material and a conductor under

the CNT material. Although peaks on the surface of CNT material can be removed by
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planarization, any valleys, or voids, that remain after planarization may hinder the
fabrication of the memory cells.

Accordingly, in accordance with this invention, a dielectric layer 112 is
deposited on top of CNT layer, as shown in FIG. 4E. For example, approximately 100
to 1200 angstroms, and in some embodiments a micron or more, of silicon dioxide may
be deposited. Other diclectric materials such as silicon nitride, silicon oxynitride, low K
dielectrics, etc., and/or other dielectric layer thicknesses may be used. Exemplary low
K dielectrics include carbon doped oxides, silicon carbon layers, or the like.

Dielectric layer 112 covers CNT layer 12 and substantially fills exposed
voids in CNT layer 12. Following formation of dielectric layer 112, a planarization
process is used to remove portions of dielectric layer 112 and to planarize the surface of
CNT layer 12. As shown in FIG. 4F, the planarization step exposes dielectric layer 58b
and portions of CNT layer 12 that remain within features 136. For example, dielectric
layer 112 and CNT layer 12 may be planarized using CMP or an etchback process. The
portion of CNT layer 12 that remains in features 136 will form reversible resistance-
switching element 12. As shown in FIG. 4F, after planarization, voids within CNT
layer 12 remain substantially filled with dielectric material 112.

The diode structures of each memory cell are now formed. With reference
to FIG. 4G, a barrier layer 24 is formed above reversible resistance switching
clement 12 and diclectric layer 58b. Barrier layer 24 may be about 20 to about 500
angstroms, and preferably about 100 angstroms, of titanium nitride or another suitable
barrier layer such as tantalum nitride, tungsten nitride, 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 24, deposition of the semiconductor
material used to form the diode of each memory cell begins (e.g., diode 14 in FIGS. 2A
and 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.
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With reference again to FIG. 4G, following formation of barrier layer 24, a
heavily doped n+ silicon layer 14a is deposited on barrier layer 24. In some
embodiments, n+ silicon layer 14a is in an amorphous state as deposited. In other
embodiments, n+ silicon layer 14a is in a polycrystalline state as deposited. CVD or
another suitable process may be employed to deposit n+ silicon layer 14a. In at least
one embodiment, n+ silicon layer 14a 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 about 10*! cm™. Other layer thicknesses,
doping types and/or doping concentrations may be used. N+ silicon layer 14a 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 14a, a lightly doped, intrinsic and/or
unintentionally doped silicon layer 14b is formed over n+ silicon layer 14a. In some
embodiments, intrinsic silicon layer 14b is in an amorphous state as deposited. In other
embodiments, intrinsic silicon layer 14b is in a polycrystalline state as deposited. CVD
or another suitable deposition method may be employed to deposit intrinsic silicon
layer 14b. In at least one embodiment, intrinsic silicon layer 14b 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 14a prior to
deposition of intrinsic silicon layer 14b to prevent and/or reduce dopant migration
from n+ silicon layer 14a into intrinsic silicon layer 14b. 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” (the ““331 Application), which is hereby
incorporated by reference herein in its entirety for all purposes.

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 14c. For
example, a blanket p+ implant may be employed to implant boron a predetermined
depth within intrinsic silicon layer 14b. Exemplary implantable molecular ions include
BF,, BF3, 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
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embodiment, the resultant p+ silicon layer 14c has a thickness of about 100-700
angstroms, although other p+ silicon layer sizes may be used.

Following formation of p+ silicon layer 14c, a silicide-forming metal
layer 52 is deposited over p+ silicon layer 14c. Exemplary silicide-forming metals
include sputter or otherwise deposited titanium or cobalt. In some embodiments,
silicide-forming metal layer 52 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 first metal layer 18a, which may include titanium nitride, tantalum nitride,
tungsten nitride, etc., and a second metal layer 18b which may include tungsten, for
example, are formed above silicide-forming metal layer 52. Metal layers 18a and 18b
may serve as a hard mask during formation of diode 14. 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” (the ““936 Application”) which is hereby incorporated by reference herein
in its entirety for all purposes.

A barrier layer 33 is deposited over metal layer 18b. Barrier layer 33 may
be about 20 to about 500 angstroms, and preferably about 100 angstroms, of titanium
nitride or another suitable barrier layer such as tantalum nitride, tungsten nitride,
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.

Barrier layer 33, hard mask metal layers 18a-18b, silicide-forming metal
layer 52, silicon layers 14a-14c, and barrier layer 24 are then patterned and etched into
pillars 132, resulting in the structure shown in FIG. 4H. For example, initially, barrier
layer 33 and hard mask metal layers 18a-18b are etched. The etch continues, etching
silicide-forming metal layer 52, silicon layers 14a-c, and barrier layer 24. Barrier
layer 33 and hard mask metal layers 18a-18b 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. In this manner, pillars 132 are formed in a single photolithographic step.
Conventional lithography techniques, and wet or dry etch processing may be employed

to form the pillars 132. In the embodiment illustrated in FIGS. 4A-4J, each pillar 132
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includes a p-i-n, downward-pointing diode 14. Upward-pointing p-i-n diodes may be
similarly formed.

After the pillars 132 have been formed, a dielectric layer 58c is deposited
over pillars 132 to fill the voids between pillars 132. For example, approximately 800
to 4500 angstroms of silicon dioxide may be deposited and then planarized using CMP
or an etchback process to form a planar surface, resulting in the structure illustrated in
FIG. 41. The planar surface includes exposed top surfaces of the pillars 132 separated
by dielectric material 58c (as shown). Other dielectric materials such as silicon nitride,
silicon oxynitride, low K diclectrics, etc., and/or other dielectric layer thicknesses may
be used. Exemplary low K dielectrics include carbon doped oxides, silicon carbon
layers, or the like.

With reference to FIG. 4], a second set of conductors 22 may be formed
above pillars 132 in a manner similar to the formation of the bottom set of
conductors 20. For example, as shown in FIG. 4], in some embodiments, one or more
barrier layers and/or adhesion layers 26 may be deposited over pillars 132 prior to
deposition of a conductive layer 140 used to form the upper, second set of
conductors 22.

Conductive layer 140 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. Barrier layers and/or adhesion layers 26 may include titanium
nitride or another suitable layer such as tantalum nitride, tungsten nitride, combinations
of one or more layers, or any other suitable material(s). The deposited conductive
layer 140 and barrier and/or adhesion layer 26, may be patterned and etched to form
second conductors 22. In at least one embodiment, second conductors 22 are
substantially parallel, substantially coplanar conductors that extend in a different
direction than first conductors 20.

In other embodiments of the invention, second conductors 22 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 22. Conductive layer 140 and
barrier layer 26 may mitigate the effects of overetching of such a dielectric layer during
formation of the openings or voids for second conductors 22, preventing accidental

shorting of the diodes 14. The openings or voids may be filled with adhesion layer 26
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if needed). Adhesion layer 26 and conductive layer 140 then may be planarized to form
a planar surface.

Following formation of second conductors 22, the resultant structure may be
annealed to crystallize the deposited semiconductor material of the diodes 14 (and/or to
form silicide regions by reaction of the silicide-forming metal layer 52 with p+
region 14¢). 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 52 and p+ region 14¢ react may serve as “crystallization templates™
or “seeds” during annealing for underlying deposited semiconductor material that forms
the diodes 14 (e.g., changing any amorphous semiconductor material to polycrystalline
semiconductor material and/or improving overall crystalline properties of the
diodes 14). Lower resistivity diode material thereby is provided.

The foregoing description discloses only exemplary 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. For instance, in any of the above embodiments, CNT layer 12 may be located
above diodes 14.

Accordingly, although the present invention has been disclosed in
connection with exemplary embodiments thercof, 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 forming a planar carbon nanotube (“CNT”)

resistivity-switching material for use in a memory cell, the method comprising:

depositing first diclectric material;

patterning the first dielectric material;

etching the first diclectric material to form a feature within the first
diclectric material;

depositing CNT resistivity-switching material over the first diclectric
material to fill the feature at least partially with the CNT resistivity-switching material;

depositing second dielectric material over the CNT resistivity-switching
material; and

planarizing the second dielectric material and the CNT resistivity-switching
material to expose at least a portion of the CNT resistivity-switching material within the

feature.

2. The method of claim 1, wherein depositing CNT resistivity-switching

material over the first dielectric material comprises using a spray-coating technique.

3. The method of claim 1, wherein depositing CNT resistivity-switching

material over the first dielectric material comprises using a spin-coating technique.

4. The method of claim 1, wherein depositing CNT resistivity-switching
material over the first dielectric material comprises:
forming a seeding layer above the first dielectric material; and

forming CNT resistivity-switching material on the seeding layer.

5. The method of claim 1, wherein the CNT resistivity-switching material
comprises a surface having a void or valley, and depositing the second dielectric

material comprises substantially filling the void or valley.

6.  The method of claim 5, wherein after planarization, the void or valley

remains substantially filled with the second dielectric material.
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7. The method of claim 1, further comprising forming a steering element

coupled to the CNT resistivity-switching material.

8. The method of claim 7, wherein the steering element comprises a thin film

5  transistor.

9. The method of claim 7, wherein the steering element comprises a thin film

diode.

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

11. A method of forming a memory cell, the method comprising:
forming a feature above a substrate;
forming a memory element comprising carbon nanotube (“CNT”)
15  resistivity-switching material by:
forming CNT resistivity-switching material in the feature, wherein a
surface of the CNT resistivity-switching material comprises a void or valley; and
forming a dielectric material above the CNT resistivity-switching
material, wherein the dielectric material substantially fills the void or valley; and
20 forming a steering element above the substrate, wherein the steering

element is coupled to the CNT resistivity-switching material.

12.  The method of claim 11, further comprising:
forming a dielectric layer above the substrate; and

25 forming the feature in the dielectric layer.

13.  The method of claim 11, wherein the memory element comprises a

reversible resistance switching element.

30 14. The method of claim 11, wherein the steering element comprises a p-n or

p-i-n diode.

15.  The method of claim 11, wherein the steering element comprises a

polycrystalline diode.
23



WO 2009/137222 PCT/US2009/040222

10

15

20

25

30

16. The method of claim 11, wherein forming the CNT resistivity-switching

material comprises using a spray-coating technique.

17.  The method of claim 11, wherein forming the CNT resistivity-switching

material comprises using a spin-coating technique.

18. The method of claim 11, wherein forming the CNT resistivity-switching
material comprises:
forming a seeding layer above the substrate; and

forming CNT resistivity-switching material on the seeding layer.

19. The method of claim 11, wherein the steering element comprises one or
more layers of silicon, the method further comprising forming one or more metal layers

above the steering element.

20. The method of claim 19, further comprising etching the one or more metal

layers and the one or more layers of silicon.

21. A memory cell formed using the method of claim 11.

22.  An array of memory cells formed using the method of claim 11.

23. A memory cell comprising:
a feature above a substrate;
a CNT resistivity-switching material in the feature, wherein a surface of the
CNT resistivity-switching material comprises a void or valley;
a dielectric material above the CNT resistivity-switching material, wherein
the dielectric material substantially fills the void or valley; and
a steering element above the substrate, wherein the steering element is

coupled to the CNT resistivity-switching material.
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