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STRUCTURES INCORPORATING AND METHODS OF FORMING METAL LINES
INCLUDING CARBON
BACKGROUND
Field
[0001]  Disclosed technology relates generally to integrated circuits, and more

particularly to metal lines for memory arrays and methods for fabricating the same.

Description of the Related Art

[0002]  Integrated circuits comprising deposited wmetal, such as tungsten
metallization, may be fornd in a wide range of clectronic devices, including computers,
digital cameras, cellular telephones, personal digital assistants, etc. Metallization comprising
tungsten ean offer certain advantages, e.g., good conductivity and availability of dry etch
chemistries. The metallization can form paortions of the overall metallization scheme that are
used, for example, to interconnect discrete devices, such as transistors or memory cells, with
electrical input/output pins. As the metal interconnects are scaled in dimensions, there is an
increasing need to reduce the electrical resistivity and sweface roughness of the metal

interconnects.

BRIEF DESCRIPTION OF THE DRAWINGS

{6003} FIG. 1 is a schematic cross-sectional depiction of a memory array
inchuding conductive lines.

[6084] FIG. 2A 1§ a schematic cross-sectional depiction of a memory array
including conductive lines comprising a metal and carbon according to some embodiments.

[0005] FIG. 2B is a schematic cross-sectional depiction of a memory array
including conductive lines comprising a metal and carbon according to seme embodiments.

00661 FIG. 3A 1y a schematic iHustration of the microstructure of a conductive
material comprising a metal,

[0007] FI(. 3B is a schemaiic illustration of the microstruciure of a conductive

material comprising a metal and carbon according to some embodiments.
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[0008] FIG. 4 is a graph showing measured resistivity of a conductive material
comprising tungsten and carbon as a function of carbon concentration according to some
embodiments,

[0009]  FIG. 5 is a graph showing measured x-ray diffraction patterns of various
conductive materials comprising tungsten and varying amounts of carbon according to
various embodiments,

{00107 FIG. 6A is a schematic cross-sectional depiction of a memory array
including conductive lines comprising a metal and carbon according to some embodiments.

[0011] FIG. 6B is a schematic cross-sectional depiction of a memory arvay
including conductive lines comprising a metal and carbon according to some embodiments.

10012] FIGS. 7A-7D illustrate three-dimensional isomeric views of a portion of a
memory array inclhuding conductive lines comprising a metal and carbon at various stages of
fabrication according to some embodiments.

[6013] Features in the drawings are not necessarily drawn to scale and may extend
in different directions from that iflustrated. While various axes and directions are illustrated
to facilitate the discussion herein, it will be appreciated that the features may extend in

different directions.

DETAILED DESCRIPTION

[(D14] Metallization structures, such as conductive lines of an integrated circuit
(IC} provide electrical connections amaong discrete devicas, such as transistors, resistors, or
memory cells and external electrical inputs and outputs, such as FO pins. As IC’s continue to
shrink in size, the metallization structures also continue to scale. As metallization stractures,
e.g., conductive lines, are scaled in dimensions, many challenges can arise. For example,
etching increasingly smaller metallization structures poses challenges at least in part due to
increasing aspect ratio of the metallization structures. In order to alleviate problems
associated with high aspect ratios, the thicknesses of the metallization structures are often
reduced in addition to the lateral dimensions. Such reduction in both lateral and vertical
dimensions can lead to other related process integration challenges and/or degradation in

electrical performance of the resulting devices. An example of process integration challenges
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includes minimizing the surface roughness of the conductive lines, whose values as a relative
percentage of the conduetive line dimensions increase with decreasing thickness, Reduction
in thickness and/or increasing relative surface roughness can in turp Increase the resistance of
the conductive lines and/or cause problems for integration processes after forming the metal
lines. In the following, embodiments that can alleviate challenges associated with scaling of
the metallization structures are disclosed in the context of cross-point memory asrays.
However, it will be appreciated that the concepts disclosed herein are generally applicable to
other IC devices.

[6015] Generally, @ cross-point memory array refers to a memory array having
memory cells disposed and electrically connecied at cross-junctions between a first st of
conductive lines (e.g., word lines) and a second set of conductive lines (e.g., digit lines)
overlapping and crossing the first set of conductive lines. The mewory cells can change their
memory sfate in response to an electrical signal, such as & voltage or a current pulse. Some
memory cells, sometimes called the variable resistance memory cells, incorporate variable
resistance materials whose electrical registance can be changed by the electrical signals
provided through the first and second conductive lines connecied to the variable resistance
materials., One category of variable resistance materials is phase change materials, such as
but not limited to chalcogenide materials,

[¢016] FIG, 1 depicts a cross-point memory array 10 having a plurality of
ntemory cells 30, The memory cell 30 in FIG. 1 can include a variable resistance memory
cell, e.g.. a phase change memory cell, arranged in a stacked configuration between an upper
conductive line 20 extending in a first direction (the y-direction in FIG. 1) and a lower
conductive line 22 extending in a second direction that crosses with the first direction (the x-
direction in FIG. 1}. The upper and lower conductive lines 20 and 22 are conductive lines
configured to carry electrical signals such as, for example, a voltage or a cumrent pulse,
between memory cells 30 and driver circuitry (not shown). The memory cell 30 includes a
first active element 38, e.g,, a selector element, and a second active element 34, e.g., a storage
element, and in the illustrated embodiment these elements are separated by a middle
electrode 36. The memory cell 30 additienally includes a lower electrode 40 between the

first active element 38 and the lower conductive line 22 and an upper electrode 32 between
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the apper conductive line 20 and the second active element 34. In some embodiments, the
lower electrode 40 forms a line which co-extends with the lower conductive line 22 in the x
direction, In addition, while not shown in the two-dimensional depiction of FIG. 1, the first
active element 38, the middle electrode 36, the second active element 34 and the upper
elecirode 32 form a column structure extending in the z-direction and are electrically
confined in both the x-direction (as shown) and y-direction. The illustrated electrodes 32, 36
and 40 can include, e.g., carbon, and can also serve to prevent material interaction among the
active materials and conductive lines and can be omitied for embodiments in which such
interaction is not a concern.

{6017} As noted above, one of the challenges arising from scaling the upper and
lower conductive lines 20 and 22 is minimizing the surfaces roughness of the conductive
lines, which can be measuyed by, for example, root-mean-square (RMS) roughness as used in
the industry. Still referring to FIG. 1, for typical conductive lines 20 and 22, e.g., comprising
tungsten, having heights hyand by between about 50 nm and abowt 70 nm, the corresponding
surfaces 20s and 23s can have typical independent RMS roughness that can have values as
high as between about | mm and aboul 5 nm, or between about 2% and about 109 of the
heights of the conductive hines. These valuves of independent RMS roughness can pose
various challenges described above as the widths of the lines, £.g., w of the upper conductive
line 20, are scaled below, e.g., about 50 nm., As used herein, 4o independent RMS roughness
refers to an RMS roughness associated with a deposited material itself, independent of an
RMS roughness that may be transferred from lower materials over which the material is
deposited.

[G018] In addition, an RMS roughness of a surface 22s of the lower conductive
line 22 can translate to structures formed on and over the lower conductive Hne 22, such that
at least some of all of materials subsequently formed on and over the swface 22s can have
surfaces whose RMS roughness values are comparable or exceeds the typical independent
RMS roughness value associated with the rough surface 225 of the lower conductive line 22.
Thus, the lower electrode 40, the first active element 38, the middle electrode 36, the second
active element 34, the upper electrode 32 and the upper conductive line 20, respectively, can

have corresponding surfaces 40s, 38s, 36s, 34s, 328, and 20s, each of which can have RMS



WO 2016/1121592 PCT/US2016/012492

roughnesses whose values exceed the typical independent RMS roughness values of the
surface 223 of the lower conductive line 22. Without being bound to any theory, rough
surfaces of the electrodes 40, 36 and 32 and/or rough surfaces of the active elements 34, 38
can give rise to effects such as higher threshold voltage (Vi) distribution widths of the
memory cells 30. In addition, the rough sufaces can increase the resistance of the conductive
lines due to increased surface scattering of electrons. In addition, the rough surfaces can lead
to incomplete removal of a previons material during etch or chemical mechanical polishing
leading to what is known as “stringers” of the previous material, which can in turn lead to
electrical shorting of the memory cells 30,

00197 In the following. varions embodiments relating to memory deviess and
methods of forming the memory devices are disclosed, which can advantageously include
conductive lines comprising a metal and carbon that can provide smoother susrfaces and/or
lower resistance of the conductive lines. The inventors have found the various embodiments
to substantially reduce the surface roughness and/or electrical resistivity of the conductive
lines.

[6020]  FIG. 2A depicts a memory array 12 having at least one conductive line
comprising a metal and carbon, according to some embodiments. The memory array 12
comprises a lower conductive line 52 extending in a x-direction and an upper conductive line
50 extending in an y-direction and crossing the lower conductive line 50. In some
embodiments, one of both of the upper and lower conductive lines 50 and 52 do not centain
catbon. The memory array 12 additionally comprises a2 memory cell 60 interposed at a
crossing between the upper and lower conductive lines 50 and 52, The memory cell 60
includes a first active element 38 over the lower conductive line 52 and a second active
element 34 over the first active element 38, wherein one of the first and second active
elements 38 and 34 comprises a storage clement and the other of the first and second active
elements 38 and 34 comprises a selector element. In addition, in the illustrated embodiment
of FIG. 2A., the memory cell 60 additionally includes a lower electrode line 7 co-extending
in the x-direction with the lower conductive line 52 and. inferposed between the lower
conductive line 52 and the first active element 38, a middle electrode 66 interposed between

the first and second active elements 38 and 34, and an upper electrode 62 interposed between
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the vpper conductive line 50 and the second active element 34, The first active element 38,
the middle electrode 66, the second active element 34 and the upper electrode 62 form a
column structure extending in the z-direction and are electrically isolated in both the x-
direction {as shown) and y-direction. It will be appreciated that while only one lower
conductive line 52 and three upper conductive lines 50 are shown for clavity in the cross-
sectional view of FIG. 2A, it will be understood that there can be any number of lower
conductive lines 52 and upper conductive lines 5. State of the art memory arrays can have,
e.g., between about 1 million (e.g., 1,024 x 1.024) and about 100 million. {e.g.. 10.240 x
10,240) memory cells,

{00211 Still refersing to FIG. 2A, according to some embodiments, the at least one
of the upper and/or lower conductive lines 50 and 52 can comprise a metallic material and
carbon, e.g.. an alloy of a metal and carbon. Examples of the mefallic nyaterials include
elemental metals including, e.g., Al, Cu, Ni, Cr, Co, Ry, Rh, Pd, Ag, Pt, Au, Ir, Ta, and W;
conductive metal pitrides including, e.g., TiN, TalN, and WN; conductive borides inchding
TiB, TaB, WB; conductive metal silicides including tantalum silicides, tungsten silicides,
nickel silicides, cobalt silicides and titanium silicides; and conductive metal oxides including
RuQsand InQO,,. In a particular embodiment, the metallic material is tungsten (W) and the at
least one of the upper and/or lower conductive lines 50 and 52 has a tungsten concentration
of between about 75% and about 99.9% and a carbon concentration of between about 0.1%
and abowt 25% by atomic percentage, or between about 80 at. % and 99.5 at. % W and
between about 0.5 at. % and 20 at, % C. More particularly, the conductive line that includes
carbon can have between about 90 at. % and 99 at. % W and between about 1 at, % and 10 at,
% C, even more patticularly between about 95 at, % and 98 at. % W and between gbout 2 at.
% and about 5 at. % C. The inventors have found that the concentration of carbon affects the
surface roughness of the at [east one of the upper andfor lower conductive lines 50 and 52
that contains carbon. In other embodiments, carbon in the relative amounts listed in the
above ranges can be combined with conductive materials other than tungsten.

[0022] It will be appreciated that while metals deposited by chemical vapor
deposition (CVD) or atomnic layer deposition (ALD) can inherently have some residual

carbon incorporated from precursors used to deposit the metals, the Tesulting concentration is
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generally less than the amount according to some embodiments, e.g., less than about 1 atomic
%. Moreover, such vapor deposition processes often consume too much thermal budget,
particularly for thermally sensitive variable resistance materials, such as chalocogenide
inaterials. In addition, it will be appreciated that while some metals form stable carbides in
the presence of carbon, many such carbides have stoichiometries represented by, e.g., MC,
MaC, MaCs and MaCs, where M can be one of the metals described above, and have
relatively high atomic carbon concentrations. For exarmple, there are two known carbide
phases of mungsten, namely W.(C and WC, which have 33% and 50% of nominal carbon
concentrations by atomic percentage. In some embodiments, conductive lines 50 and 52
comprising a metal, e.g., tungsten, and carbon can contain cartbon concentration that is
insufficient to form a stable carbide phase.

[6023] It will be appreciated that according to embediments described hesein, the
surfaces 52 and/or 50s of the at least one of the lower and upper conductive lines 52 and 50
comprising a metallic material and carbon, respectively, has a roughness value that is
substantially lower compared to the corresponding upper surfaces 22s and 20s in FIG. 1. In
addition, when the lower conductive line 52 comprises the meiallic material and the carbon,
the relatively low surface roughness value of the conducive line 52 can result in relatively
low surface roughness values of other surfaces 70s, 385, 665, 34s, 62s and 50s in the stack,
corresponding to lower electrode 70, the selector element 33, the middle clectrode 66, the
storage element 34, the upper electrode 62 and the upper conductive line 50, respectively.

{0024 In some embediments, the at least one of upper and/or lower conductive
lines 50 and 32 comprising a metal and carbon, e.g., at a carbon content between about 0,5%
and about 20% by atomic percentage, has a surface ronghness having an RMS roughness
value that is substantially less than those of conductive Tines of a similar material but without
carbon By way of illustration, in some embodiments where conductive lines 50 and 52
including carbon have heights hy” and ha’ less than or equal to about 100 nm, e.g., between
about 50 nm and about 70 nm, a typical root-mean square (RMS) roughness can be less lower
than or equal to about I nm, or even lower than or equal to about 0.5 nm. In some other
embodiments where the conduoctive line including carbon has a height h)" or hs’ less than

about 100 nm. e.g., between about 50 nm and about 70 nm. a typical reot-mean square
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(RMS) roughness can be ess than or equal to about 2.5% of the line heights, or less than or
equal to about 1,.5% of the line heights. or even less than or equal to about 15% of the line
heights. Various embodiments can have these values of smface roughness for the upper
and/or lower conductive lines 50 and 52 having lateral widths similar to those of upper and/or
lower conductive lines 20 and/or 22 of FIG. 1.

[0025]  Still referring to FIG. 2A, examples of the second active element 34,
which can be a variable resistance storage element, include a chalcogenide-based phase
change storage element, a dielectric-based resistive random access memory (RRAM) storage
element {e.g., NiQ, BfO,, ZrO:, Cuy0, Ta0y, TayOs, TiOs, Si0s, AlaOy), a conductive bridge
random access memory (CBRAM) storage element (e.g.. metal-doped chalcogenide), and/or
a spin transfer torgue random access memory (STT-RAM) storage element, among other
types of sterage elements.

[0026] Examples of the first active element 38, which can be a selector element,
can include a two terminal device (e.g., a switch), such as a diode, an ovonic threshold switch
(OTS), a tunnel junction, or a mixed ionic electronic conduction switch (MIEC), among other
two terminal devices, Alternatively, examples of the selector element include a three
terminal device (e.g., a switch), such ag a field effect transistor (FET) or a bipolar junction
transistor {(BJT), among other switching elements.

{86027 Still referring to FIG. 2A, in some embodiments, one or both of the first
and second active elements 38 and 34, which can be sclector and storage clements,
respectively, can comprise chalcogenide materials. When both storage and selector elements
comprise chalcogenide materials, the storage element can comprise a chalcogenide imaterial
that can undergo a phase change that is nonvolatile at room temperature. On the other hand,
the selector element can comprise a chalcogenide material that does not undergo a similar
nenvolatile phase change.

{06028} In some embodiments, the siorage element includes a chalcogenide
material such as an alloy including at least two of the elements within the indium{In)-
antimony{Sb)-tellurinm(Te) (IST) alloy system, e.g., InaSbaTes, In;SbyTe,, Iy SbuTes, ete., or
an alloy including at least two of the elemerits within the germaniom(Ge)-antimony(Sb)-

tellurium(Te) (GST) alloy system, e.g., GepSbsTes, (Ge:SbaTes, GeiSbyTeas, GeiShaTer,
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GegsbiTey, or an alloy including a mixture of an IST alloy and a GST alloy, which can
includes the three or more of elements Ge, In, Sb and Te, among various other chalcogenide
alloy systems.

{0029] In some embodimetits, the selector eleinent includes a chalcogenide
material. A selector device having a chalcogenide material can sometimes be referred to ag
an Ovonic Threshold Switch (OTS). An OTS may include a chalcogenide composition
including any one of the chalcogenide alloy systems described above for the storage element
and, in addition, further include an element that can suppress crystallization, such as arsenie
{As), Examples of OTS materials include Te-As-Ge-$i, Ge-Te-Pb, Ge-Se-Te, Al-As-Te, Se-
As-Ge-8i, Se-As-Ge-C, Se-Te-Ge-Si, Ge-Sh-Te-Se, Ge-Bi-Te-Se, Ge-As-Sb-Se, (Ge-As-Bi-
Te, and Ge-As-Bi-Se, among others,

[0630] Still referring to FIG. 2A, the upper, middle and lower elecirodes 62, 66
and 70 can comprise materials that electrically connect the operational elements of the
memory cell but prevent inferactions and/or interdiffusion among adjacent materials. For
example, a suitable electrode materials include one or more conductive and semiconductive
materials such as, for example, carbon (C); n-doped polysilicon and p-doped polysilicon;
metals incloding, Al, Cu, Ni, Cr, Co, Ru, Rh, Pd, Ag, Pt, Au, Ir, Ta, and W; conductive metal
nitrides including TiN, TaN, WN; conductive borides including TiB, TaB, WB; conductive
metal silicides including tantaluin silicides, tungsten silicides, nickel silicides, cobalt silicides
and titanium silicides; and conductive metal oxides including RuQ: and TnOa,

[6031] In some embodiments, one or more of the upper, middle and lower
electrodes 62, 66 and 70 can advantageously be formed using same or similar materials as
described abeove for forming the at least one of the upper or lower conductive lines 50 and 52,
which includes a metal, e.g. tungsten, and carbon. In such embodiments, the electrodes 62,
66 and 7} serve o prevent interactions / interdiffusion of adjacent materials, while also
serving to improve surface roughness.

[6032]  FIG. 2B depicts a memory array 14 having at least one conductive line
comprising a metal and carbon, according to some other embodiments. The memory array
14 comprises similar components as the memory artay 12 of FIG. 2A except that at least one

of a lower conductive line 56 and an upper conductive line 34 of the memory array 14
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comprises a stack of layers, which can sometimes be referred to as a nanolaminate, wherein
at least one of the layers of the stack comprises a metallic material and carbon. For example,
the lower conductive line 36 and/or the upper conductive line 54 can compiise a stack
comprising a mixture line 564 comprising a metallic material and carbon and & metal line 56b
comprising a metallic material without catbon. Alternatively or additionally, the upper
conductive line 34 can comprise a stack comprising a niixture line 54a (including carbon) and
metal line 54b (not including carbon). The metal lines 56b andfor 54b can comprise any of
the metallic materials described above with respect to the upper and/or lower conductive
lines 50 and 52 of FIG. 2A, including elemental metals including, e.g., Al, Cu, Ni, Cr, Co,
Ru, Rh, Pd, Ag, Pt, Au, Ir, Ta, and W; conductive metal nitrides including TiN, TaN, WN;
conductive borides including TiB, TaB, WB; conductive metal silicides including tantalum
silicides, tungsten silicides, nickel silicides, cobalt silicides and titanium silicides; and
conductive metal oxides including Ru(); and TnQ,. The mixture lines 56a andfor 542 can
comprise any of the metallic materials described above with respect to the upper and/or lower
conductive lines 50 and 52 of FIG. 2A, and further comprise different amounts of carbon
compared to metal lines 56b and 54b. In sume embodiments, one of both of the metal lines
56b andfor 54b do not contain carbon. Tt will be appreciated that, while in the illustrated
embediment of FIG. 2B, the metal lines 54b and 56b are disposed over and on lowermost
mixture Hnes S4a and 56a, respectively, the relative positions of the metal lines 34b andfor
56b can be mterchanged with the cotresponding mixture lnes 34a andfor 36a, respectively,
As used herein, “over” will be understood as relative to .the underlving substrate. In some
embodiments, forming the metal lines 34b and 56b without carbon over initial the mixture
lines 54a and 56a can be advantageous in achieving a lower overall RMS roughness of the at
least one of the upper and lower conductive lines 54 and 56 compared to embodiments where
the mixiure lines S4a and 56a are formed over initial metal lines 54b and 56b,

16033]  Still referring to FIG. 2B, the mixture lines 54a and 56a of the upper and
lower conductive lines 54 and 56 can have material concentrations and physical properties,
e.g., carbon concentration and surface roughness, similar to those of the at least one of the

upper and lower conductive lines 50 and 52 described with respect to FIG. 2A,
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[6034]  In some embodiments, the at least one of the lower and upper conductive
lines 56 and 54 comprises a stack of alternating layers comprising at least one mixture line
comprising a metallic material and carbon, and at least one metal line comprising carbon and
a metallic material witheut or with a different carbon content compared to the mixed lines,
Tn the illustrated embodiment, the lower conductive line 56 comprises alternating metal lines
56b and mixiure lines 56a, and the upper conductive line 54 comprises alternating metal lines
54b and mixture lines 54a. In some embodiments, the at least one of a lower and upper
conductive lines 36 and 54 comprises a nanolaminate comprising a stack of altemating metal
lines (56b, 54b) having a thickness between about 0.5 mn and about 3 nm, or between about
I om and about 2 nm, and mixture lines (56a, 34a) having a thickness between about 0.5 nin
and about 3 nm, or between about 1 nm and about 2 nm.

[GD35] In the illustrated embodiment of FIG. 2B, the stacks of the at least one of
the lower and upper conductive lines 56 and 54 have metal lines 36b and 54b as topmost
lines, which can be advantageous, in some embodiments, for forming certain stroctures
thereon, In other embodiments, however, the at least one of the lower and upper conductive
lines 56 and 54 have mixture lines 56a and 544 as toprnost lines, which can be advantageous
for forming certain other structures thereon.

[0036] It will be appreciated that. embodiments modified from the illustrated
embodiments of FIGS. 2A and 2B are possible. For example, while the embodiment in FIG.
2A has the lower electrode 70 configured as a line structure while the upper electrode 62 is
configured as a stincture laterally confined in both x and y directions, the opposite
configuration is possible, where the lower electrode 70 is configured as a structure laterally
confined in x and y directions and the upper electrode 62 is configured as a line structure. In
other embodiments, both the upper and lower electrodes 62 and 70 can be confined in one or
two lateral dimensions. In addition, the positions of the active elements 34 and 38 are
interchangeable such that either of the active elements 34 and 38 can be a storage or a
selector element. In yet other embodiments, a selector element may be omitted. In yet other
embodiments, one or more of the upper, middle, and lower electrodes 62, 66 and 70 may be

omitted.
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(00371  In some embodiments, the conductive lines having an RMS roughness
value less than about 2.5% of the height of the conductive lines can be achieved by
controlling the nanostructure of the conductive lines. Without being bound to any theory, in
some embodiments, the surface roughness can be cotrelated to the grain size and distribution,
phases of the material present and/or impurities present. In the following embodiments,
nanostructures of the conductive lines are described, to achieve at least some of the particular
attributes discussed above, e.g., surface roughness.

[6038] FIG. 3A depicts a schematic nanostructure 80 of conductive lines
comprising a metal, e.g.. tungsten, but do not have significant amounts of carbon. As used
herein, a significant amount of carbon refers to carbon contént equal to or greater than about
0.5 atomic %, and more particularly greater than about 1 at. % carbon, as described above
with respect to FIG. 2A. The nanostructure 80 can correspond to, for example, upper and/for
lower conductive lines 20 and/or 22 of FIG 1. The nanostructure 80 comprises metailic
crystalline grains 82 having an average diameter d;. The magnitude of &; can depend upon,
among other things, the composition, the thickness, the surface, and the temperature
associated with the deposited conductive material from which the conductive lines 20 and 22
are formed. In embodiments where the metal comprises tungsten, the crystalline grains 82
can comprise grains of at least one of two known solid crystalline phases: a lower resistivity
alpha-phase having a body-centered cubic (bee) structure and a higher resistivity beta-phase
having a cubic {A15) structure. The former is understood to be an equilibrium phase.

{06039} FIG, 3B depicts a schematic nanostructure 90 corresponding to conductive
lines having an alloy comprising a metal, e.g., tungsten, and further comprising carbon, e.g.,
between about 0.5% and about 25% by atomic percentage, according to some embodiments.
The nanostructure 90 can correspond to, for example, upper and/or lower conductive lines of
FIGS 2A and 2B, The nanostructwre 90 comprises crystalline grains 92 having an average
diameter da smaller than d; of the grains 82 of the nanostructure 80 (FIG. 3A) corresponding
to a metal, e.g., tungsten, that does not have significant amounts of carbon, Similar with
respect to the nanostructure 80 of FIG. 3A, the magnitude of ds can depend upon, among
other things, the composition, the thickness, the surface, and the temperatore associated with

the deposited conductive materia]l from which the conductive lines are formed, Also similar
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to the nanostructure 80 of FIG. 3A, in embodiments whese the alloy comprises tungsten, the
crystalline grains 22 can comprise grains of one of an alpha-phase and a beta-phase of
tungsten or a carbide phase.

{0040] Still referring to FIG. 3B, the nanostructure 90 further coinprises a matrix
94 according to some embodiments. In some embodiments, the matrix 94 can be at Teast
partially amorphous. In some other embodiments, the matrix can have a carbon content
greater than a carbon content of the erystalline grains 92. Without being bound to any theory,
the presence of carbon can suppress nucleation and/or growth of the crystalline grains 92,

[6041] FIG. 4 is a graph 100 showing a trend 102 of measured resistivity of
conductive lines comprising tungsten and carbon, similar to conductive materials described
above with respect to FIGS. 2A and 2B, according to some embodiments. In graph 102, the
x-axis represents the carbon concentration in atomic percentage and y-axis represents the
resistivity, The trend 102 indicates that the resistivity of the conductive lines generally
increases with increasing carbon concentration. As illustrated, within carhon content
between about 0.5% and about 25% by atomic percentage, the resulting resistivity remains
within less than about 10x of a comparable conductive line not having a substantial amount
of carbon, e.g.. 0%.

[6042]  FIG. 5 is a graph 120 illustrating measured x-ray diffraction patterns of
various conductive materials comprising tungsten and varying amounts of carbon according
to some embodiments, The x-ray diffraction patterns 122, 124, 126, 128 and 130 correspond
to conductive materials having about (0%, about 20%, about 45%, about S0% and about 55%
by atomic concentrations, respectively, after being annealed at 450°C in nitrogen flow
ambient for 30 minutes. Without being bound to any theory, the diffraction peak 136 at 2
theta of about 40.3° of the x-ray diffraction pattern 122 is generally atiributed to the (110)
plane of the ¢-phase tungsten. In addition, without being bound to any theory, higher widths
of the x-ray peaks near, for example, 2 theta of about 40.3° of the x-ray diffraction patterns
124, 126, 128 and 130 compared to the x-ray diffraction pattern 122 may indicate smaller
average grain sizes of the nanostructures in conductive materials corresponding to the
diffraction patterns 124, 126, 128 and 130, compared to the average grain size of the

caonductive material corresponding to the diffraction pattern 122. T addition, without being
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bound to any theory, decreasing intensities of the x-ray peaks relative to adjacent
backgrounds with increasing atomic coneentration of carbon, as indicated by the x-ray peaks
near, for example, 2 theta of about 40.3° of the x-ray diffraction patterns 122, 124, 126, 128
and 130 may indicate an increasing fraction of an amorphous material of the conductive
materials corresponding to the x-ray diffraction patterns 122, 124, 126, 128 and 130.

[0043]  FIG. 6A depicts a memory array 160 having at least one conductive line
comprising a stack comprising a metallic conductive line and a conductive carbon-containing
line, according to some other embodiments, The memory array 160 comprises similar
components as the memory array 12 of FIG. 2A except that at least one of a lower conductive
line 152 and an upper conductive line 130 of the memory array 160 comprises a stack
comprising a metallic conductive line (152a and/or 150a) and a conductive carbon-containing
ling (152b and/or 150b), wherein the conductive carbon-containing line €132b and/or 150b)
has an electrical resistivity in a direction of line extension that is lower than an electrical
resistivity of amorphous carbon. At least one of the metallic conductive lines 152a and 150a
comprises one of the metallic materials described dbove with respect to with respect to the
upper and/or lower conductive lines 50 and 52 of FIG. 2A including elemental metals
including, e.g., Al, Cu, Ni, Cr, Co, Ru, Rh, Pd, Ag, Pt. Au, Ir, Ta, and W; conductive borides
including TiB, TaB, WB; conductive metal silicides including tantalum silicides, tungsten
silicides, nickel silicides, cobalt silicides and titdanium silicides; and conductive metal oxides
including RuQO; and In(),.  Additionally, at least one of the conductive carbon-containing
lines [52b and 150b comprises a carbon material having an electrical resistivity lower than
amorphous carbon in the direction of line extension directions (i.e., x and y directions for
lower and upper conductive lines 152 and 150, respectively). At least one of the conductive
carbon-containing lines 152b and 150b comprises a different carbon amount compared (o the
metallic conductive lines 152a and 150a. In some embodiments, one of both of metallic
conductive lines 152a and 150a do not contain carbon.

{0044} In some embodiments, the at least one of conductive carbon-containing
lines 152b and 150b comprise one or more sheets, sometimes referred to as monolayers, of
graphene extending generally in the x-y plane in FIG. 6A. As used herein, graphene refers to

a 2-dimensional, crystalline allotrope of carbon packed in a regular sp’-bonded hexagonal
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pattern. A sheet of graphene can be described as a one-atom thick layer of graphite. In some
embodiments, the at least one of the conductive earbon-containing lines 152b and 150h
comprises between 1 and 20 sheets of graphene, or between 1 and 10 sheets of graphene, or
between 1 and 5 sheets of graphene, between upper and lower surfaces of the at least one of
the conductive carbon-containing lines 152b and 150b. At least one sheet of graphene, at
least five sheets of graphene, or at least ten sheets of graphene form continuous sheet(s) of
graphene along the lengthwise direction of the at least one of conductive carbon-containing
lines 152b and 130b for lengths longer than about 100 nm, longer than about 500 nm, longer
than about 1 wum, or across an entire length of the at least one of conductive carbort-
containing lines 152b and 150b, accerding to various embodiments. Such cross-sectional
sogments can be imaged using, for cxample, cross-sectional transmission clectron
niicroscopy. In various embodiments, the at least one of the conductive carbon-containing
lines 152b and 150b can have widths less than about 50 nm, less than about 20 um, or less
than about 10 nn,

[6045] In some embodiments, the sheets of graphene are stacked to form the at
least one of the conductive carbon-containing lines [52b and 130b having a thickness
between about .3 nm and about 20 nm, more particularly between about 0.3 nm and about 10
nm, and i cerlain embodiments belween about 0.3 nm and about 3 om.  In some
embodiments, the at least one of the metallic conductive lines 1522 and 150a has thickness
between about 1 nm and about 20 nm, or between about 1 nm and about 10 nm, or between
about 1 nm and about 3 nm, In some embodiments, the at least one of the lower and upper
conductive lines 132 and 150 has a combined thickness (hs and hy in FIG. 6A) between about
1.3 nm and about 40 nm, or between about 1,3 nm and 20 nm, or between about 1.3 nm and
about 10 nm. In varions embodiments, the various thicknesses of the various layers
described. herein may be particulasly chosen where the widths {e.g.. w)} of the various layers
are less than about 50 nm, less than about 20 nm, or less than about 10 nm.

{0046]  Accordingly, the thickness of the conductive lines can be greatly reduced,
which simplifies processing due to reduced aspect ratios. Whereas for a line width of about
50 nm (e.g., for a 50 nm technology node), tungsten thickness of about 50 nm to 70 nm might

be employed for suitable conductivity, a bilayer with thicknesses of about 5 nm tungsten and
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5 nm graphene may provide substantially equivalent conductivity, Thus, an aspect ratio less
than 1 can be achieved.

[G047] Referring now to FIG. 6B, a memory array 170 according to some other
embodiments can have at least one of lower and upper conductive lines 156 and 154 which
comprises a stack of alternating layers comprising at least one conductive carbon-containing
line and at least one melallic conductive line. In the iRustrated embodiment, the lower
conductive line 156 comprises alternating metallic. conductive lines 156a and conductive
carbon-containing lines 156b, and the upper conductive line 154 comprises alternating
metallic conductive lines 154a and carbon-containing lines 154b. In some embodiments, the
at least one of conductive carbon-containing lines 156b and 154b comprise one or more
sheets, sometimes referred to as monolayers, of gruphene extending generally in the x-y plane
in FIG. 6B, In some embodiments, the at least one of the lower and upper conductive lines
156 and 154 comprises a nanolaminate comprising a stack of alternating metallic conductive
lines (156a, 154a) having a thickness between about 0.5 nm and about 3 nm, more
particularly between aboui 1 nm and about 2 nm, and conductive carbon-containing lines
{156b, 154b) having a thickness between about 0.3 nm and about 3 nm, more particularly
between about 1 n and. about 2 nm. In some embodiments, the at least one of lower and
upper conductive lines 156 and 154 has a combined thickness (ks and hy’ in FIG. 6B)
between about 0.8 nm and about 40 nm, more particularly between about 0.8 nm and abeut
20 nm, and in certain embodiments between about 0.8 nm and about 10 .  In various
embodiments described herein, the various thicknesses of the conductive lines, carbon-
containing lines and metallic conductive lines described herein may be particularly chosen
where the widths (e.g.. wi) of the various layers are fess than about 50 nm, more particularly
less than about 20 nm, and in some embodiments less than about 10 am, such that a particular
resistance of the conductive lines may be achieved,

[0048] 1t will be appreciated that, in some embodiments, by having at least one
carbon-containing line (152b and/or 150b for memory array 160 in FIG. 6A and 156b and/or
154b for memory array 170 in FIG. 6B), the at least one of the lower and upper conductive
lines 150 and 152 of FIG. 6A and the at least one of the lower and upper conductive lines

156 and 154 of FIG, 6B can have substantially smaller heights (hs and hs in FIG, 6A and hs’
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and hy” in FIG. 6B, respectively) compared to heights (hs and hy) of the corresponding one of
the lower and upper conduetive lines 22 and 20 of the memory array 10 of FIG. 1. The lower
heights for similar resistances can be enabled at least in pant by low electrical resistivity of
araphene, and can facilitate processing with lower aspect ratios for closely spaced features,

[¢049] Tt will be appreciated that, in the illustrated embodiments of FIGS, 6A and
6B, the conduclive carbon-containing lines 152b and 150b, and 156b and 154b, we formed
on the corresponding metallic conductive lines 152a and 150a, and 156a and 154a, which can
be advantageous for choosing a suitable surface of the metallic conductive material on which
the carbon-containing material, e.g., graphene, is formed. For example, having a suitable
surface, e.g.. lungsten, as a depositing surface can be advantageous for forming the graphene.
However, in other embodiments, the relative positions of the metallic conductive lines 152a
and 150z (156a and 134a} can be interchanged with the correspending cenductive carbon-
containing lines 152b and 150b (156b and 154b), respectively.

{6050} It will be forther appreciated that, in the illustrated embodiments of FIGS.
GA and 6B, the conductive carbon-containing lines 152b and 150b {(156b and 154b) are
formed as topmost lines, which can be advantageous for forming certain structures thereon.
Conversely, for example, having the metallic conductive lines 152a and 150a (156a and
154a) as topmost lines can be advantageous in providing an oxidation barder for the
underlying carbon-containing material, e.g., graphene,

00511 Referring to FIGS. 6A and 6B, in embodiments where the at least one
carbon-containing line comprises graphene, the electrical resistivity of the at least one
carbon-containing line can be lower than comparable conductive lines that do not comprise
graphene by a factor exceeding five. Thus, as an example, where tungsten has electrical
resistivity ranging between about 5 and 25 uOhm-cm, a carbon-containing line comprising
graphene can have an electrical resistivity ranging between about 1 and 5 uOhm-cm,

{0052} It will be appreciated that in some embodiments of memory arrays, various
embodiments of the upper conductive lines and the lower conductive lines described above
with respect to FIGS. 24, 2B, 6A, and 6B can be mixed and matched to have any of the
structures and materials described above with vespect to the at least one of the upper and

lower conductive lines 50 and 52 of FIG. 2A, 54 and 56 of FI(G, 2B, 150 and 152 of FIG. 6A,
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and 154 and 156 of FIG. 6B. For example, in some embodiments, at 1east.one or both of the
upper and lower conductive lines may comprise any one of; a metallic material and carbon
{described above with respect to FIG. 2A), a metallic material without caibon {described
above with respect to FIG, 2A), a stack of layers having a layer which includes a metallic
material and carbon and a layer which includes a metallic material without carbon (described
above with respect to FIG. 2B), a conductive carbon (e.g., graphene, deseribed above with
respect to FIG. 6A), or a stack of layers having a layer which includes conductive carbon
{e.g.. graphene) and a layer which includes a metallic material (described above with respect
to F1G, 6B).

{0053} FIGS. 7TA-7D are schematic three-dimensional depictions of intermediale
memory array structures illustrating a method of fabricating a memory cell stack, depicted at
various stages of fabrication according to some embodiments. The method includes
providing a substrate and forming a lower conductive line 52 extending in a first direction by
forming and patterning a lower conductive material 52a over the substrate (FIGS. 7A-7C).
The method additionally includes forming and patterning a memory cell mateérial stack 142
on the lower conductive line 52 (FIGS 7B-7D). The method additionally includes forming an
upper conductive line 50 extending iv a second direction by forming and patterning an upper
conductive material 50b over the lower conductive line {(FIGS. 7C-7D).  Furthermore,
forming the memory cell stack 142 includes forming an electrode {62 and/or 70) interposed
between the at least one of the upper and lower conduetive lines (50 and/or 52) and. the closer
of the first and second active clements. Materials of the cell material stack, the conductive
lines, and the electrodes comprise similar comesponding materials described above with
respect to FIGS.2A-2B, FIGS. 3-5, and FIGS. 6A-6B, In particular, at least one of the upper
and lower conductive lines 50 and 32 can comprise carbon as described with respect to FIGS,
2A-2B and 6A-6B

[0034] While not shown for clarity and ease of illustration, it will be understood
that the illustrated array structures are formed over a substrate, which can include, among
other things, a bulk semiconductor substrate as well as integrated structures formed

thereover,

18-



WO 2016/112192 PCT/US2016/012:492

[0055]  As used herein and throughout the specification, “subtractive patterning”
refers to a process sequence where structures to be defined are patterned by the removal of
material. For example, a “subtractive patterning process” may inclode first lithographically
providing etch mask structures overlapping areas to be patterned, followed by etching, such
that materials in areas covered by the mask structures are protected while materials in
exposed areas are removed by the etch removal process.

[0056] In the following, only short segmenis of two upper conductive lines and
two lower conductive lines and four memory cell stacks disposed therebatween at their
intersections will be used to illustrate 2 method of fabricating a memory cell, The skilled
artisan will appreciate, however, that in practice many parallel lines may be formed to span a
MIEmory array.

[0057] Referring to intermediate amray structure 140a of FIG, 7A, according to
some embodiments, the method of fabricating the memory cell inclodes forming a lower
conductive material 52a over a substrate (not shown) and forming a memory cell material
stack 142a over the lower conductive material 52a. In the illustrated embodiment, the
memory cell material stack 142a includes a lower electrode material 70a on the lower
conductive material 52a, a first active material, e.g.. a selector element material 38a, on the
lower electrode material 70a, a middle electrode material 66a on the selector element material
38a, a second active material, e.g., a storage element material 34a, on the middle electrode
material 66a, and an vpper electrode material 62a on the storage element material 34a, The
foregoing features of the lower conductive material 52a and the memory cell material stack
142a may be formed, for example, by deposition techniques such as physical deposition
{(PVD), chemical vapor deposition (CVD), and atomic layer deposition (ALD), among other
deposition techniques, Each feature may be initially formed as a blanket laver over an entire
substrate, such as a silicon wafer.

[0058] Similar to material stacks described above with respect to the lower
conductive lines 52 and 56 of FIGS. 2A and 2B, respectively, the lower conductive material
52a of FIG. 7A can include a metal, e.g., tungsten, and carbon. In these embodiments, the
metal and carbon can be co-sputtered in a miuviti-target PYD chamber using a first target

comprising the metal, e.g., tungsten, and a second target comprising carbon. In other
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embodiments, the metal and carbon can be co-sputiered in a single-target PVD chamber
using a single target which comprises a mixtare of the metal, e.g., tunigsten, and carbon.

[0039] Also similar to material stacks described above with respect to the lower
conductive lines 152 and 156 of FIGS. 6A and 6B, respectively, the lower conductive
material 52a of FIG, 7A can include a stack comprising a metallic conductive material and a
conductive carbon-containing material. In these embodiments, the metallic conductive
maferial, eg., a tungslen-containing melal, can be formed using a PVD process, followed by
formation of the carbon-containing material, e.g., praphene-containing material, wsing a
chemical vapor deposition process. Advantageously, in some embodiments, the carbon-
containing material, which includes graphene, can be formed after forming the metallic
conductive material having a surface adapted for growth of a relatively large single sheet of
graphene, which can have an area exceeding about 100 nm x 100 nm, exceeding aboul 500
nm x 500 om, or exceeding about 1 wm x 1 pnr. The graphene sheet can be formed, for
example, across 200 mm Si wafers, 300 mm 81 wafers, or 45¢ mm Si wafers.

[6060] In addition, as described with respect to FIG, 2B, any one or more of the
lower electiode material 70z, the middie electrode material 66a on the selector element
material 38a and the upper electrode material 62a can comprise amorphous carbon, or can
comprise 4 metal, e.g., tungsten, and carbon, which may have similar or different atomic
percentages of the metal and carbon compared to the lower conductive material 52a.

[0061]  Referring to intermediate array structure 140b of FIG, 7B, according to
some embodiments, the method of fabricating the memory cell includes subtractively
patterning the memory cell material stack 142a and the lower conductive material 52a (FIG.
7A) to form a memory cell line stack 142b on a lower conductive line 52, both extending in
the x-direction. In some embodiments, the memory cell line stack 142b and the lower
conductive line 52 are patterned using a single mask and/or a single etch process, such as a
dry reactive ion etch process in which different etch chemistries are emploved as different
matesials are encountered, or a sputter etch. The cell line stack 142b includes a lower
electrode line 70 on the lower conductive line 22, a gelector element line 38b on the lower

electrode line 70, a middle ¢lectrode line 66b on the selector element line 38b, a storage
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element line 34b on the middle electrode line 66b, and an upper electrode line 62b on the
storage elentent line 34b.

{G062] As described abave, any one of the lines of the cell line stack 142b can be
omitted by omitting them from the blanket cell material stack 142a (FIG. 7A). For example,
one or more of the upper lines, e.g., the storage element line 34b and/or the upper electrode
line 62b can De omitted and can be deposited and patierned as lines extending in the y-
direction at a later process {described more with respect to FIGS, 7C and 713). Tn addition,
one or more of the lower electrode line 70, the middle electrode line 66b and the upper
electrode line 62b can be omitied,

[6063] Still referring to FIG. 7B, according to some embodiments, inter-line
spaces between adjacent line. stacks are filled with a dielectric material to form isolation
dielectric regions 48. Suitable dielectric materials to fill the spaces can include, for example,
silicon oxide and silicon nitride, which may be deposited by a suitable gap-filling process
known in the art. Inclusion of carbon in the conductive lines 52 can reduce roughness and/or
thickness and thus facilitate subsequent gapfill processes. Once the inter-line spaces between
adjacent Jower line stacks are filled with the dielectric material to form the isolation dielectrie
regions 48a. the intermediate array structure 140b can be chemical-mechanically polished to
expose a substantially planar surface comprising alternating surfaces of fthe upper electrode
line 62b interposed by isolation dielectric regions 48,

[6064] Referring to intermediate array structure 140c of FIG. 7C, according to
some embodiments, the method of fabricating the memory cell stack additionally includes
depositing an upper conductive matetial 50b on the substantially planar surface of FIG, 7B.
The upper conductive material 50b can comprise substantially similar or same materials and
can be formed using substantiafly similar or same processes as discussed above for forming
the lower conductive material 52a of FIG. 7A, which can include a metal, e.g., tungsten, and
carbon, or a stack comprising a metallic conductive material and a comductive carbon-
containing material.

{0065]  Referring to intermediate array structure 140d of FIG. 7D, according to
some embodiments, the method of fabricating the memory cell additionally includes

subtractively patterning to form a wall strocture 144 extending in the y-direction. The wall
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structure 144 includes an upper conductive line 50 extending in a v direction and at least part
of the memory cell stack 142, Thus, the memory cell line stack 142b of FIG. 78 is patterned
into an isolated, e.g., pillar-shaped, memory cell stack 142, In the illustrated embodiment,
the at least part of the memory cell stack 142 that is formed by subtractively patterning to
form the wall structure 144 includes an upper elecirode 62, a storage element 34, a middle
electrode 66 and a selector element 38.

{0066]  In the illustrated embodiment of FIG. 7D, etching is stopped afier etching
to form the selector element 38 such that the resulting cell stack 142 includes the upper
electrode 62, the storage element 34, the middle electrode 66, the selector element 38, and the
lower electrode line 70, However, the etching can be stopped after etching any layer of the
wall structure such that any one of the cell stack component layers, e.g., the selector element
38 can form a line similar to the lower electrode line 70.

[00571 In some embodiments, where the lower conductive line 52 andfor the
upper conductive 50 includes a conductive maferial that is af least partially amorphous,
forming the lower conducive line 52 and/or the uwpper conductive lines 50 includes
precipitating grains comprising at least one of alpha or betd phase tungsten and forming a
matrix having a carbon content that is greater than a carbon content of the grains.

f0068] In embodiments where the storage element line 34b andfor the upper
electrode line 62b are omitted from the memory cell stack 142b as described above with
respect to FIGS. 7A and 7B, the storage clement material 34a (FIG, 7A) and/or the upper
electrode material 62a (FIG. 7A) can be deposited with upper conductive material 50c (FIG.
7C) and patterned thereafter to form lines extending in the y-direction, In addition, one or
more of the lower electrode line 70, the middle electrode 66 and the upper electrode 62 can
be omitted,

[0469] While vartous embodiments described herein have been described in the
context of memory devices and methods of forming thereof, the inventive aspects are not s0
limited and can be applied in other contexts of integrated circuit (IC) devices and methods of
forming thereof. In one example, an IC device may comprise a condective line, eg., a
metallization line, for providing electrical connections between varicus discrete devices.

Such conductive line caiy include tungsten and carbon. In addition, such conductive line may
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be at least partially amorphous. For example, a conductive line can have between about 0,5%
and about 20% of carbon by atomic percentage. The conductive line has a surface roughness
having a root mean square value less than about 2.5% of a thickness of the conductive line.
In some embodiments, the conductive line comprises a stack of alternating layers comprising
at least one metal line and at least one alloy line comprising tungsten and carbon, wherein the
at least one alloy line may be at least partially amorphous. The conductive line can be
formed wsing similar processes described above with respect to FIGS. 7TA-7D

[0070} In another example, an IC device may comprise a conductive line, e.g., a
metallization line, which comprises a stack comprising a metallic conductive line and a
conductive carbon-containing line, whers the conducive carbon-containing line has an
electrical resistivity in a direction of line extension that is lower than an electrical resistivity
of amorphous carbon. The conductive carbon-containing line may comprise grapheme and/or
the wherein the metallic conductive line may comprise tungsten, In some embodiments, the
conductive line comprises a stack comprising alternating layers of the metallic conductive
lines and the conductive carbon-containing lines, An aspect ratio of the conduetive Jine may
be less than about one. The conductive line can be formed using similar processes described
above with respect to FIGS. 7A-7D

[6071]  Although this invention has been described in terms of certain
embodiments, other embodiments that are apparent to those of ordinary skill in the art,
including embediments that do not provide all of the features and advantages set forth herein,
are also within the scope of this invention. Moreover, the various embodiments described
above can be combined to provide forther embodiments. In addition, certain features shown
in the context of one embodiment can be incorporated into other embodiments as well.
Accordingly, the scope of the present invention is defined only by reference 1o the appended

claims.



CLAIMS

1. A memory device, comprising:

a lower conductive line extending in a first direction, the lower conductive line
comprising alternating layers of at least a first material and at least a second material;

an upper conductive line extending in a second direction and crossing the lower
conductive line, the upper conductive line comprising alternating layers of at least a third
material and at least a fourth material;

wherein at least one of the alternating layers of the upper and lower conductive lines
comprises tungsten and carbon; and

a memory cell stack interposed at an intersection between the upper and lower
conductive lines, the memory cell stack including:

a first active element over the lower conductive line and a second active element over
the first active element, wherein one of the first and second active elements comprises a
storage element and the other of the first and second active elements comprises a selector
element;

a first electrode interposed between the first active element and the lower conductive
line; and

a second electrode interposed between the second active element and the upper

conductive line.

2. The memory device of Claim 1, wherein the memory device is a phase change memory
device, and wherein the first active element is a storage element comprising a first chalco-
genide composition and the second active element is a selector element comprising a second

chalcogenide composition.

3. The memory device of Claim 1, wherein the at least one of the upper and lower conductive

lines is at least partially amorphous.

4. The memory device of Claim 1, wherein the at least one of the upper and lower conductive

lines comprises between about 0.5% and about 20% of carbon by atomic percentage.

5. The memory device of Claim 1, wherein the at least one of the upper and lower conductive
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lines has a surface roughness having a root mean square value less than about 2.5% of a

thickness of the at least one of upper and lower conductive lines.

6. The memory device of Claim 5, wherein the thickness of the at least one of the upper and
lower conductive lines is less than or equal to about 100 nm, and wherein a width of the at

least one of the upper and lower conductive lines is less than or equal to about 50 nm.

7. The memory device of Claim 1, wherein the at least one of the upper and lower conductive
lines comprises a stack of alternating layers comprising at least one metal line and at least one

alloy line comprising tungsten and carbon.

8. The memory device of Claim 7, wherein the at least one alloy line is at least partially

amorphous.

9. A memory device, comprising;

a lower conductive line extending in a first direction, the lower conductive line
comprising alternating layers of at least a first material and at least a second material;

an upper conductive line extending in a second direction and crossing the lower
conductive line, the upper conductive line comprising alternating layers of at least a third
material and at least a fourth material; and

a phase change memory cell formed at an intersection between the upper and lower
conductive lines, the phase change memory cell including an active element comprising a
chalcogenide material,

wherein at least one of the first material, the second material, the third material, or the
fourth material comprises a metallic conductive line; and

wherein at least one of the first material, the second material, the third material, or the
fourth material comprises a conductive carbon-containing line, and wherein the conductive
carbon-containing line has an electrical resistivity in a direction of line extension that is lower

than an clectrical resistivity of amorphous carbon.

10. The memory device of Claim 9, wherein a layer comprising the conductive carbon-

containing line comprises graphene.
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11. The memory device of Claim 10, wherein the layer comprising the conductive carbon-

containing line comprises less than 20 monolayers of graphene.

12. The memory device of Claim 10, wherein the layer comprising the conductive carbon-
containing line has a thickness between about 1 nm and about 10 nm, and wherein a width of

the at least one of the upper and lower conductive lines is less than or equal to about 50 nm.

13. The memory device of Claim 9, wherein a layer comprising the metallic conductive line

comprises tungsten.

14, The memory device of Claim 9, wherein thicknesses of the carbon-containing lines are
between about 0.5 nm and about 3 nm, and wherein a width of the at least one of the upper

and lower conductive lines is less than or equal to about 50 nm.

15. The memory device of Claim 9, wherein an aspect ratio of the at least one of upper and

lower conductive lines is less than about one.

16. The memory device of Claim 9, wherein the phase change memory cell comprises an

electrode contacting the at least one of the upper and lower conductive lines.

17. A memory device, comprising:

a lower conductive line extending in a first direction;

an upper conductive line extending in a second direction and crossing the lower
conductive line; and

a variable resistance memory cell formed at an intersection between the upper and
lower conductive lines,

wherein at least one of the upper and lower conductive lines comprises:

grains comprising at least one of alpha or beta phase tungsten; and

a matrix having a carbon content greater than a carbon content of the grains.

18.  The memory device of Claim 17, wherein the at least one of the upper and lower

conductive lines is at least partially amorphous.
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19. The memory device of Claim 18, wherein the matrix is at least partially amorphous.

20. A method of fabricating a memory device, comprising:

providing a substrate;

forming a lower conductive line extending in a first direction by forming and
patterning a lower conductive material over the substrate, the lower conductive line
comprising alternating layers of at least a first material and at least a second material;

forming a memory cell stack on the lower conductive line by forming and patterning a
memory cell material stack, wherein the memory cell material stack includes a first active
material and a second active material over the first active material, wherein one of the first
and second active materials comprises a storage material and the other of the first and second
active materials comprises a selector material; and

forming an upper conductive line extending in a second direction by forming and
patterning an upper conductive material over the lower conductive line, the upper conductive
line comprising alternating layers of at least a third material and at least a fourth material;

wherein at least one of the alternating layers of the upper and lower conductive lines
comprises tungsten and carbon, and

wherein forming the memory cell stack includes forming a first electrode interposed
between the first active element and the lower conductive line and forming a second electrode

interposed between the second active element and the upper conductive line.

21. The method of Claim 20, wherein forming the memory cell material stack comprises
forming the first active material comprising a first chalcogenide composition and forming the

second active material comprising a second chalcogenide composition.

22. The method of Claim 20, wherein at least one of forming the lower conductive line and
forming the upper conductive line comprises forming a conductive material that is at least

partially amorphous.

23. The method of Claim 20, wherein the at least one of the upper and lower conductive lines

comprises between about 1% and about 20% of carbon by atomic percentage.

24. The method of Claim 22, wherein forming the conductive material that is at least partially
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amorphous comprises:
precipitating grains comprising at least one of alpha or beta phase tungsten; and

forming a matrix having a carbon content greater than a carbon content of the grains.

25. The method of Claim 20, wherein forming the lower conductive material comprises
forming the lower conductive material having surface roughness having a root mean square

value between about 2.5% and about 7.5% of a thickness of the lower conductive material.

26. The method of Claim 20, wherein at least one of forming the lower conductive line or
forming the upper conductive line comprises forming a stack comprising at least one metal

line and at least one alloy line comprising tungsten and carbon.

27. The method of Claim 20, wherein forming the memory cell stack comprises patterning a
memory cell line stack and the lower conductive line extending in the first direction using a

single mask.

28. The method of Claim 27, wherein forming the memory cell stack further comprises, after
patterning the memory cell line stack, separating the first and second active materials of the
memory cell line stack in the second direction, wherein separating the memory cell line stack

and forming the upper conducive line are performed using a single mask.

29. The method of Claim 22, wherein forming the at least one of upper and lower conductive

lines comprises depositing using physical vapor deposition.

30. The method of Claim 31, wherein depositing using physical vapor deposition comprises

co-sputtering a first target comprising tungsten and a second target comprising carbon.

31. A method of fabricating a memory device, comprising;

providing a substrate;

forming a lower conductive line extending in a first direction by forming and
patterning a lower conductive material over the substrate, the lower conductive line
comprising alternating layers of at least a first material and at least a second material;

forming an upper conductive line extending in a second direction by forming and
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patterning an upper conductive material over the lower conductive line, the upper conductive
line comprising alternating layers of at least a third material and at least a fourth material; and

forming a phase change memory cell, between and at an intersection of the lower
conductive line and the upper conductive line, the phase change memory cell comprising a
selector element and a storage element, wherein the lower conductive line and at least one of
the selector element and the storage element is patterned in the first direction using a single
mask process, and the upper conductive line and the at least one of the selector element and
the storage element is patterned in the second direction using a single mask process, such that
the at least one of the selector material and the storage material is isolated, in both first and
second directions after forming the phase change memory cell, ‘

wherein at least one of the first material, the second material, the third material, or the
fourth material comprises a metallic conductive line; and

wherein at least one of the first material, the second material, the third material, or the
fourth material comprises a conductive carbon containing line, and wherein the conductive
carbon-containing line has an electrical resistivity in a direction of line extension that is lower

than an electrical resistivity of amorphous carbon.

32.  Themethod of Claim 31, wherein forming the at least one of lower and upper

conductive lines comprising deposiﬁng graphene.

33. A method of fabricating a memory device, comprising:

providing a substrate;

forming a lower conductive line extending in a first direction by forming and
patterning a lower conductive material over the substrate;

forming a variable resistance memory cell comprising a storage element and a selector
element; and

forming an upper conductive line extending in a second direction by forming and
patterning an upper conductive material over the lower conductive line,

wherein at least one of forming the upper conductive line and forming the lower
conductive line comprises:

forming grains comprising at least one of alpha or beta phase tungsten; and

forming a matrix having a carbon content greater than a carbon content of the grains.
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34. The method of Claim 33, wherein at least one of forming the upper conductive line and
forming the lower conductive line comprises forming a conductive material that is at least

partially amorphous.
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