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MEMORY CELL THAT INCLUDES A 
CARBON-BASED MEMORY ELEMENT AND 

METHODS OF FORMING THE SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Patent Application Ser. No. 61/087,164, ?led Aug. 7, 
2008, “Methods And Apparatus For Forming Memory Cells 
Using Carbon Read Writable Materials,” Which is hereby 
incorporated by reference herein in its entirety for all pur 
poses. 

TECHNICAL FIELD 

[0002] This invention relates to non-volatile memories, and 
more particularly to a memory cell that includes a carbon 
based memory element, and methods of forming the same. 

BACKGROUND 

[0003] Non-volatile memories formed from reversible 
resistance switching elements are knoWn. For example, US. 
patent application Ser. No. 11/968,154, ?led Dec. 31, 2007, 
titled “Memory Cell That Employs A Selectively Fabricated 
Carbon Nano-Tube Reversible Resistance SWitching Ele 
ment And Methods Of Forming The Same” (the “’ 1 54 Appli 
cation”), 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 carbon-based reversible resistivity sWitching material. 
[0004] HoWever, fabricating memory devices from carbon 
based materials is technically challenging, and improved 
methods of forming memory devices that employ carbon 
based materials are desirable. 

SUMMARY 

[0005] In a ?rst aspect of the invention, a method of form 
ing a memory cell is provided, the method including forming 
a single layer of a carbon-based reversible resistance sWitch 
ing material above a substrate, Wherein the single layer of 
carbon material has a thickness greater than about three 
monolayers of the carbon-based reversible resistance sWitch 
ing material, and prior to forming an additional layer above 
the carbon layer, thermally annealing the carbon layer. 
[0006] In a second aspect of the invention, a method of 
forming a memory cell is provided, the method including 
forming a layer of a carbon-based reversible resistance 
sWitching material above a substrate, and prior to forming an 
additional layer above the carbon layer, treating the carbon 
layer With ultraviolet radiation. 
[0007] In a third aspect of the invention, a method of form 
ing a memory cell is provided, the method including forming 
a layer of a carbon-based reversible resistance sWitching 
material above a substrate, and prior to forming an additional 
layer above the carbon layer, thermally annealing the carbon 
layer and treating the carbon layer With ultraviolet radiation. 
[0008] In a fourth aspect of the invention, a method of 
forming a memory cell is provide, the method including 
forming a layer of a carbon-based reversible resistance 
sWitching material above a substrate, and prior to forming an 
additional layer above the carbon layer, thermally annealing 
the carbon layer in an environment that includes a gas com 
prising any of nitrogen, argon, hydrogen, carbon monoxide, 
carbon dioxide, helium, or xenon. 
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[0009] Other features and aspects of the present invention 
Will become more fully apparent from the folloWing detailed 
description, the appended claims and the accompanying 
draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] 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: 
[0011] FIG. 1 is a diagram ofan exemplary memory cell in 
accordance With this invention; 
[0012] FIG. 2A is a simpli?ed perspective vieW of an exem 
plary memory cell in accordance With this invention; 
[0013] FIG. 2B is a simpli?ed perspective vieW of a portion 
of a ?rst exemplary memory level formed from a plurality of 
the memory cells of FIG. 2A; 
[0014] FIG. 2C is a simpli?ed perspective vieW of a portion 
of a ?rst exemplary three-dimensional memory array in 
accordance With this invention; 
[0015] FIG. 2D is a simpli?ed perspective vieW of a portion 
of a second exemplary three-dimensional memory array in 
accordance With this invention; 
[0016] FIG. 3 is a cross-sectional vieW of an exemplary 
embodiment of a memory cell in accordance With this inven 
tion; and 
[0017] FIGS. 4A-4H illustrate cross-sectional vieWs of a 
portion of a substrate during an exemplary fabrication of a 
single memory level in accordance With this invention. 

DETAILED DESCRIPTION 

[0018] Carbon ?lms such as amorphous carbon (“aC”) con 
taining nanocrystalline graphene (referred to herein as “gra 
phitic carbon”), graphene, graphite, carbon nano-tubes, 
amorphous diamond-like carbon (“DLC”) (described beloW), 
silicon carbide, boron carbide and other similar carbon-based 
materials may exhibit resistivity-sWitching behavior that may 
make such materials suitable for use in microelectronic non 
volatile memories. 
[0019] Indeed, some carbon-based materials have demon 
strated reversible resistivity-switching memory properties on 
lab-scale devices With a 100>< separation betWeen ON and 
OFF states and mid-to-high range resistance changes. Such a 
separation betWeen ON and OFF states renders carbon-based 
materials viable candidates for memory cells formed using 
the carbon materials in memory elements in series With steer 
ing elements, such as tunnel junctions, diodes, thin ?lm tran 
sistors, or the like. 
[0020] A carbon-based resistivity-switching material may 
be characterized by its ratio of forms of carbon-carbon bond 
ing. Carbon typically bonds to carbon to form either an sp2 
bond (a trigonal carbon-carbon double bond (“C:C”)) or an 
sp3 -bond (a tetrahedral carbon-carbon single bond 
(“C4C”)). In each case, a ratio of sp2-bonds to sp3-bonds can 
be determined via Raman spectroscopy by evaluating the D 
and G bands. In some embodiments, the range of materials 
may include those having a ratio such as MyNZ Where M is the 
sp3 material and N is the sp2 material and y and Z are any 
fractional value from Zero to 1 as long as y+Z:1. To provide 
suf?cient resistivity-switching behavior useful in a memory 
device, the carbon-based material should have a relatively 
high concentration of sp2 graphene crystallinity. DLC tends 
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to be sp3-hybridiZed, and to be amorphous with respect to 
long range order, and also has found to be switchable. 
[0021] A carbon-based memory element may be formed by 
arranging a carbon-based material between two electrodes to 
form a metal-insulator-metal (“MIM”) structure. In such a 
con?guration, the carbon-based material sandwiched 
between the two metal or otherwise conducting layers serves 
as a reversible resistance-switching element. A memory cell 
may then be formed by coupling the MIM structure in series 
with a steering element, such as a diode. 
[0022] Attempts to integrate the carbon material using tra 
ditional semiconductor processing techniques, however, have 
proven technically challenging. For example, carbon material 
is typically deposited using plasma enhanced chemical vapor 
deposition (“PECVD”) process at temperatures of about 550° 
C. or lower. However, carbon-based materials formed by 
PECVD may contain greater than 15 (“at %”) hydrogen con 
tent, which has several disadvantages when used as a resis 
tivity-switching material in memory cells. 
[0023] First, the hydrogen content is thermally unstable. In 
particular, dissociation of hydrogen occurs at process tem 
peratures greater than about 4500 C. When hydrogen disso 
ciates, the structure of the carbon material changes, and the 
resistivity of the memory cell will vary. Indeed, memory cells 
that include carbon-based material containing high hydrogen 
content exhibit a broad distribution of resistivity. Second, a 
high hydrogen content hinders formation of sp2 clusters in the 
carbon material. Consequently, a reduction of hydrogen will 
facilitate ordered sp2 cluster formation. Third, a high hydro 
gen content in a carbon-based material can reduce material 
reliability, and increase OFF-state current. Thus, it is desir 
able to provide methods for reducing hydrogen content in 
carbon-based material used is memory cells. 
[0024] Exemplary methods in accordance with this inven 
tion use post-deposition processing steps to reduce hydrogen 
content in the carbon-based material, which may form more 
ordered nanographitic carbon-based material. In particular, in 
an exemplary embodiment in accordance with this invention, 
a single layer of carbon-based material is formed having a 
thickness greater than about three monolayers of the carbon 
based material. As used herein, a monolayer of a carbon 
based material is about one atomic layer of the carbon-based 
material. Following formation of the single carbon material 
layer, and prior to forming additional layers above the carbon 
material layer, the carbon material layer is thermally 
annealed. During thermal annealing, the carbon material 
layer optionally may be doped with another element, such as 
nitrogen, argon, hydrogen, helium, xenon, carbon monoxide, 
carbon dioxide, or other similar element or combination of 
elements. 
[0025] In an alternative exemplary embodiment in accor 
dance with this invention, a single layer of carbon-based 
material is formed, and prior to forming additional layers 
above the carbon material layer, the carbon material layer is 
thermally annealed and doped with another element, such as 
nitrogen, argon, hydrogen, helium, xenon, carbon monoxide, 
carbon dioxide, or other similar element or combination of 
elements. 
[0026] In still another alternative exemplary embodiment 
of this invention, following formation of a single layer of 
carbon material, and prior to forming additional layers above 
the carbon material layer, the carbon material layer is treated 
with UV radiation. Such UV treatment may greatly reduce 
overall thermal budget by the carbon material. During UV 
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treatment, the carbon material layer optionally may be doped 
with another element, such as nitrogen, argon, hydrogen, 
helium, xenon, carbon monoxide, carbon dioxide, or other 
similar element or combination of elements. 
[0027] In yet another alternative exemplary embodiment of 
this invention, following formation of a single layer of carbon 
material, and prior to forming additional layers above the 
carbon material layer, the carbon material layer is treated with 
UV radiation and then thermally annealed. In this combined 
embodiment, the UV treatment may supply energy to disrupt 
unstable bonds, and may therefore break carbon-hydrogen 
bonds and reduce hydrogen content in the carbon material. 
The subsequent thermal annealing step may supply thermal 
energy to form more ordered graphitic structure. During UV 
treatment and/ or thermal annealing, the carbon material layer 
optionally may be doped with another element, such as nitro 
gen, argon, hydrogen, helium, xenon, carbon monoxide, car 
bon dioxide, or other similar element or combination of ele 
ments. 

[0028] Subj ecting carbon-based material to a thermal 
anneal treatment, and/ or exposing the material to a UV treat 
ment may reduce hydrogen content, and may improve mate 
rial reliability, reduce off-state current, and/or promote sp2 
graphene formation and sp2 graphene crystallization. Also, 
doping the carbon material layer (e.g., with nitrogen) may 
further promote sp2 graphene crystallinity formation. 
Increasing sp2 graphene crystallinity in a carbon-based mate 
rial may improve the material’s switching behavior and may 
enhance its use as a memory element. Higher crystallinity 
within a carbon-based material may facilitate better electrical 
performance, and may be associated with a higher ON-OFF 
ratio. 

Exemplary Inventive Memory Cell 

[0029] FIG. 1 is a schematic illustration of an exemplary 
memory cell 10 in accordance with this invention. Memory 
cell 10 includes a carbon-based reversible resistance-switch 
ing element 12 coupled to a steering element 14. Carbon 
based reversible resistance-switching element 12 includes a 
carbon-based reversible resistivity-switching material (not 
separately shown) having a resistivity that may be reversibly 
switched between two or more states. 

[0030] For example, carbon-based reversible resistivity 
switching material of element 12 may be in an initial, low 
resistivity state upon fabrication. Upon application of a ?rst 
voltage and/or current, the material is switchable to a high 
resistivity state. Application of a second voltage and/or cur 
rent may return reversible resistivity-switching material to a 
low-resistivity state. Alternatively, carbon-based 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 ele 
ments are described, for example, in US. patent application 
Ser. No. 11/125,939, ?led May 9, 2005 and titled “Rewrite 
able 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. 
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[0031] Steering element 14 may include a thin ?lm transis 
tor, a diode, metal-insulator-metal tunneling current device, 
or another similar steering element that exhibits non-ohmic 
conduction by selectively limiting the voltage across and/or 
the current ?oW through carbon-based reversible resistance 
sWitching element 12. In this manner, memory cell 10 may be 
used as part of a tWo or three dimensional memory array and 
data may be Written to and/ or read from memory cell 10 
Without affecting the state of other memory cells in the array. 

[0032] Exemplary embodiments of memory cell 10, car 
bon-based reversible resistance-switching element 12 and 
steering element 14 are described beloW With reference to 
FIGS. 2A-2D and FIG. 3. 

Exemplary Embodiments of Memory Cells and Memory 
Arrays 

[0033] FIG. 2A is a simpli?edperspective vieW of an exem 
plary embodiment of a memory cell 10 in accordance With 
this invention. Memory cell 10 includes a pillar 11 coupled 
betWeen a ?rst conductor 20 and a second conductor 22. Pillar 
11 includes a carbon-based reversible resistance-switching 
element 12 coupled in series With a steering element 14. In 
some embodiments, a barrier layer 24 may be formed 
betWeen carbon-based reversible resistance-switching ele 
ment 12 and steering element 14, a barrier layer 28 may be 
formed betWeen steering element 14 and ?rst conductor 20, 
and a barrier layer 33 may be formed betWeen carbon-based 
reversible resistance-switching element 12 and a metal layer 
35. Barrier layers 24, 28 and 33 may include titanium nitride, 
tantalum nitride, tungsten nitride, or other similar barrier 
layer. In some embodiments, barrier layer 33 and metal layer 
35 may be formed as part of upper conductor 22. 

[0034] Carbon-based reversible resistance-switching ele 
ment 12 may include a carbon-based material suitable for use 
in a memory cell. In exemplary embodiments of this inven 
tion, carbon-based reversible resistance-switching element 
12 may include graphitic carbon. For example, in some 
embodiments, graphitic carbon reversible resistivity sWitch 
ing materials may be formed as described in Us. patent 
application Ser. No. 12/499,467, ?led Jul. 8, 2009 and titled 
“Carbon-Based Resistivity-Switching Materials And Meth 
ods Of Forming The Same” (the “’467 application”) (Docket 
No. SD-MXA-294), Which is hereby incorporated by refer 
ence herein in its entirety for all purposes. In other embodi 
ments, carbon-based reversible resistance-switching element 
12 may include other carbon-based materials such as 
graphene, graphite, carbon nano-tube materials, DLC, silicon 
carbide, boron carbide, or other similar carbon-based mate 
rials. For simplicity, carbon-based reversible resistance 
sWitching element 12 Will be referred to in the remaining 
discussion interchangeably as “carbon element 12,” or “car 
bon layer 12.” 
[0035] In an exemplary embodiment of this invention, 
steering element 14 includes a diode. In this discussion, steer 
ing element 14 is sometimes referred to as “diode 14.” Diode 
14 may include any suitable diode such as a vertical polycrys 
talline 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 
1411, a lightly doped or an intrinsic (unintentionally doped) 
polysilicon region 14b above the n+ polysilicon region 14a, 
and a heavily doped p+ polysilicon region 140 above intrinsic 
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region 14b. It Will be understood that the locations of the n+ 
and p+ regions may be reversed. 
[0036] First conductor 20 and/ or second conductor 22 may 
include any suitable conductive material such as tungsten, 
any appropriate metal, heavily doped semiconductor mate 
rial, a conductive silicide, a conductive silicide-germanide, a 
conductive gerrnanide, or the like. In the embodiment of FIG. 
2A, ?rst and second conductors 20 and 22, respectively, are 
rail-shaped and extend in different directions (e.g., substan 
tially perpendicular to one another). Other conductor shapes 
and/or con?gurations may be used. In some embodiments, 
barrier layers, adhesion layers, antire?ection coatings and/or 
the like (not shoWn) may be used With the ?rst conductor 20 
and/or second conductor 22 to improve device performance 
and/or aid in device fabrication. 
[0037] FIG. 2B is a simpli?ed perspective vieW of a portion 
of a ?rst memory level 30 formed from a plurality of memory 
cells 10, such as memory cell 10 of FIG. 2A. For simplicity, 
carbon element 12, diode 14, barrier layers 24, 28 and 33, and 
metal layer 35 are not separately shoWn. Memory array 30 is 
a “cross-point” array including a plurality of bit lines (second 
conductors 22) and Word lines (?rst conductors 20) to Which 
multiple memory cells are coupled (as shoWn). Other 
memory array con?gurations may be used, as may multiple 
levels of memory. 
[0038] For example, FIG. 2C is a simpli?ed perspective 
vieW of a portion of a monolithic three dimensional array 40a 
that includes a ?rst 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 addi 
tional layers (e.g., an interlevel dielectric) may be present 
betWeen the ?rst and second memory levels 42 and 44, but are 
not shoWn in FIG. 2C for simplicity. Other memory array 
con?gurations may be used, as may additional levels of 
memory. In the embodiment of FIG. 2C, all diodes may 
“point” in the same direction, such as upWard or doWnWard 
depending on Whether p-i-n diodes having a p-doped region 
on the bottom or top of the diodes are employed, simplifying 
diode fabrication. 

[0039] For example, in some embodiments, the memory 
levels may be formed as described in Us. Pat. 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 ?rst memory level may be used as the loWer conductors of 
a second memory level that is positioned above the ?rst 
memory level as shoWn in FIG. 2D. In such embodiments, the 
diodes on adjacent memory levels preferably point in oppo 
site directions as described in Us. patent application Ser. No. 
11/692,151, ?led Mar. 27, 2007 and titled “Large Array Of 
UpWard Pointing P-I-N Diodes Having Large And Uniform 
Current” (the “’ 151 Application”), Which is hereby incorpo 
rated by reference herein in its entirety for all purposes. For 
example, as shoWn in FIG. 2D, the diodes of the ?rst memory 
level 42 may be upWard pointing diodes as indicated by arroW 
D1 (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 D2 (e. g., With n regions 
at the bottom of the diodes), or vice versa. 

[0040] 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 sub 
strates. The layers forming one memory level are deposited or 
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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, US. Pat. 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. 

[0041] FIG. 3 is a cross-sectional vieW of an exemplary 
embodiment of memory cell 10 of FIG. 2A formed on a 

substrate, such as a Wafer (not shoWn). In particular, memory 
cell 10 includes a pillar 11 coupled betWeen ?rst and second 
conductors 20 and 22, respectively. Pillar 11 includes carbon 
element 12 coupled in series With diode 14, and also may 
include barrier layers 24, 28, and 33, a silicide layer 50, a 
silicide-forming metal layer 52, and a metal layer 35. A 
dielectric layer 58 substantially surrounds pillar 11. In some 
embodiments, a sideWall liner 54 separates selected layers of 
pillar 11 from dielectric layer 58. Adhesion layers, antire?ec 
tive coating layers and/or the like (not shoWn) may be used 
With ?rst and/ or second conductors 20 and 22, respectively, to 
improve device performance and/or facilitate device fabrica 
tion. 

[0042] First conductor 20 may include any suitable conduc 
tive material such as tungsten, any appropriate metal, heavily 
doped semiconductor material, a conductive silicide, a con 
ductive silicide-germanide, a conductive germanide, or the 
like. Second conductor 22 includes a barrier layer 26, Which 
may include titanium nitride or other similar barrier layer 
material, and conductive layer 140, Which may include any 
suitable conductive material such as tungsten, any appropri 
ate metal, heavily doped semiconductor material, a conduc 
tive silicide, a conductive silicide-germanide, a conductive 
germanide, or the like. 

[0043] 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 directions such as doWnWard-pointing p-i-n diodes 
for a ?rst memory level and upWard-pointing p-i-n diodes for 
an adjacent, second memory level (or vice versa). 
[0044] In some embodiments, diode 14 may be formed 
from a polycrystalline semiconductor material such as poly 
silicon, a polycrystalline silicon-germanium alloy, polyger 
manium or any other suitable material. For example, diode 14 
may include a heavily doped n+ polysilicon region 1411, a 
lightly doped or an intrinsic (unintentionally doped) polysili 
con region 14b above the n+ polysilicon region 14a, and a 
heavily doped p+ polysilicon region 140 above intrinsic 
region 14b. It Will be understood that the locations of the n+ 
and p+ regions may be reversed. 

[0045] In some embodiments, a thin germanium and/or 
silicon-germanium alloy layer (not shoWn) may be formed on 
n+ polysilicon region 1411 to prevent and/or reduce dopant 
migration from n+ polysilicon region 1411 into intrinsic region 
14b. Use of such a layer is described, for example, in US. 
patent application Ser. No. 11/298,33 1, ?led Dec. 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 refer 
ence herein in its entirety for all purposes. In some embodi 
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ments, a feW hundred angstroms or less of silicon-germanium 
alloy With about 10 at % or more of germanium may be 
employed. 
[0046] A barrier layer 28, such as titanium nitride, tantalum 
nitride, tungsten nitride, or other similar barrier layer mate 
rial, may be formed betWeen the ?rst conductor 20 and the n+ 
region 1411 (e.g., to prevent and/ or reduce migration of metal 
atoms into the polysilicon regions). 
[0047] If diode 14 is fabricated 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+ poly 
silicon region 14c. In some embodiments, an additional 
nitride layer (not shoWn) may be formed at a top surface of 
silicide-forming metal layer 52. In particular, for highly reac 
tive metals, such as titanium, an additional cap layer such as 
TiN layer may be formed on silicide-forming metal layer 52. 
Thus, in such embodiments, a Ti/TiN stack is formed on top 
of p+ polysilicon region 140. 
[0048] A rapid thermal anneal (“RTA”) step may then be 
performed to form silicide regions by reaction of silicide 
forming metal layer 52 With p+ region 140. The RTA step may 
be performed at a temperature betWeen about 650° C. to about 
750° C., more generally betWeen about 600° C. to about 800° 
C., preferably at about 750° C., for a duration betWeen about 
10 seconds to about 60 seconds, more generally betWeen 
about 10 seconds to about 90 seconds, preferably about 1 
minute, and causes silicide-forming metal layer 52 and the 
deposited silicon of diode 14 to interact to form silicide layer 
50, consuming all or a portion of the silicide-forming metal 
layer 52. 
[0049] As described in US. Pat. No. 7,176,064, titled 
“Memory Cell Comprising A Semiconductor Junction Diode 
Crystallized Adjacent To A Silicide,” Which is hereby incor 
porated by reference herein in its entirety for all purposes, 
silicide-forming materials such as titanium and/or cobalt 
react With deposited silicon during annealing to form a sili 
cide layer. The lattice spacing of titanium silicide and cobalt 
silicide are close to that of silicon, and it appears that such 
silicide layers may serve as “crystallization templates” or 
“seeds” for adjacent deposited silicon as the deposited silicon 
crystallizes (e.g., silicide layer 50 enhances the crystalline 
structure of silicon diode 14 during annealing). LoWer resis 
tivity silicon thereby is provided. Similar results may be 
achieved for silicon-germanium alloy and/or germanium 
diodes. 
[0050] In embodiments in Which a nitride layer Was formed 
at a top surface of silicide-forming metal layer 52, folloWing 
the RTA step, the nitride layer may be stripped using a Wet 
chemistry. For example, if silicide-forming metal layer 52 
includes a TiN top layer, a Wet chemistry (e.g., ammonium, 
peroxide, Water in a 1:111 ratio) may be used to strip any 
residual TiN. 
[0051] A barrier layer 33, such as titanium nitride, tantalum 
nitride, tungsten nitride, or other similar barrier layer mate 
rial, may be formed above carbon layer 12. 
[0052] As discussed above, carbon-based materials formed 
by PECVD techniques may contain greater than 15 at % 
hydrogen content, Which has several disadvantages When 
used as a resistivity-switching material in memory cells. 
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Hydrogen content in a carbon-based material can reduce 
material reliability, increase off-state current, and hinder sp2 
graphene crystallinity formation. 
[0053] Methods in accordance With this invention seek to 
reduce hydrogen content in carbon layer 12 by forming car 
bon layer 12, and then using various post-carbon-deposition 
treatment processes to remove hydrogen from the deposited 
carbon material. The exemplary post-carbon-deposition 
treatment processes preferably occur after the carbon layer 12 
has been formed, but before additional layers are formed 
above carbon layer 12. In particular, exemplary methods in 
accordance With this invention form carbon layer 12, and then 
treat the deposited carbon layer 12 by thermally annealing 
carbon layer 12, exposing carbon layer 12 to ultraviolet 
(“UV”) radiation, or UV irradiating and then thermally 
annealing carbon layer 12. In addition, during the thermal 
annealing and/or the UV irradiation steps, carbon layer 12 
may be doped With another element, such as such as nitrogen, 
argon, hydrogen, oxygen, helium, xenon, or other similar 
element. Each of these exemplary processes Will be discussed 
in turn. 

Thermal Annealing 

[0054] In a ?rst exemplary method of this invention, carbon 
layer 12 is formed as a single layer of carbon-based material 
having a thickness betWeen about three monolayers to about 
?ve monolayers of the carbon-based material. After forming 
the single layer of carbon-based material, carbon layer 12 is 
then thermally annealed, preferably before additional mate 
rial layers are formed on carbon layer 12. This process is 
iteratively repeated, until carbon layer 12 has a desired thick 
ness. In some embodiments of this invention, carbon layer 12 
may be formed having a desired thickness betWeen about 100 
and about 600 angstroms, more generally betWeen about 1 
and about 1000 angstroms. Other thicknesses may be used. 
[0055] Thermal annealing can be done by tWo different 
methods: conventional thermal annealing or RTA. In conven 
tional thermal annealing, carbon layer 12 is thermally heated 
at a ramp-up rate betWeen about 5° C./ sec to about 30° C./ sec, 
and is cooled at a ramp doWn rate betWeen about 5° C./ sec to 
about 30° C./sec. The anneal may be performed for about 5 
minutes to about 120 minutes, at a temperature of betWeen 
about 540° C. and about 750° C. More generally, the thermal 
anneal may be performed for about 1 minute to about 300 
minutes, at a temperature of betWeen about 500° C. and about 
1200° C. Other annealing times, temperatures and ramp 
up/doWn rates may be used. 
[0056] Alternatively, in RTA, carbon layer 12 is thermally 
heated at a ramp-up rate betWeen about 10° C./sec to about 
100° C./ sec, and is cooled at a ramp doWn rate betWeen about 
10° C./ sec to about 100° C./ sec. The anneal may be performed 
for about 60 seconds to about 10 minutes, at a temperature of 
betWeen about 540° C. and about 750° C. More generally, the 
thermal anneal may be performed for about 60 seconds to 
about 20 minutes, at a temperature of betWeen about 500° C. 
and about 1000° C. 

[0057] The thermal annealing (conventional or RTA) may 
performed in vacuum. Alternatively, thermal annealing 
optionally may be performed in an environment that includes 
that includes a gas comprising any of N2, Ar, H2, carbon 
monoxide, carbon dioxide, or other similar gas, or He, Xe, or 
other inert gas, at gas ?oW rates ranging from about 1000 to 
about 5000 standard cubic centimeters per minute (“sccm”). 
In particular, such treatment may facilitate doping carbon 
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material layer 12 With another element, such as such as nitro 
gen, argon, hydrogen, carbon monoxide, carbon dioxide, 
helium, xenon, or other similar element. For example, to dope 
carbon layer 12 With nitrogen, the thermal anneal may be 
performed in a nitrogen source, such as ammonia, nitrous 
oxide, or other similar source of nitrogen. 
[0058] In an alternative exemplary method of this inven 
tion, carbon layer 12 is formed as a single layer of carbon 
based material, and then carbon layer 12 is thermally 
annealed and doped With another element, such by perform 
ing the anneal in a nitrogen, argon, hydrogen, carbon mon 
oxide, carbon dioxide, helium, xenon, or other similar source. 
The thermal anneal/doping preferably is performed before 
additional material layers are formed on carbon layer 12. The 
exemplary times, temperatures and queue/ramp times speci 
?ed above may be used. 
[0059] Although not Wanting to be bound to any particular 
theory, it is believed that conventional thermal annealing may 
supply thermal energy to form more ordered graphitic struc 
ture in carbon layer 12. In contrast, it is believed that RTA may 
break carbon-hydrogen bonds and reduce hydrogen content 
in the carbon material. Removal of hydrogen may further 
facilitate carbon-carbon bond formation. Also, doping (e.g., 
With nitrogen or other element) may promote sp2 graphene 
crystallinity formation. 

UV Irradiation 

[0060] In accordance With a second exemplary method of 
this invention, carbon layer 12 is formed, and the deposited 
carbon layer 12 is then exposed to UV radiation, preferably 
before additional material layers are formed on carbon layer 
12. In some embodiments of this invention, carbon layer 12 
may be formed having a thickness betWeen about 200 and 
about 800 angstroms, more generally betWeen about 1 and 
about 1000 angstroms. Other thicknesses may be used. The 
Wavelength of UV irradiation may be selected to optimiZe 
absorption by carbon-hydrogen bonds in carbon layer 12, 
Which may facilitate disruption of carbon-hydrogen bonds 
and their replacement by more desirable stable carbon-carbon 
bonds. 
[0061] In exemplary embodiments of this invention, the 
Wafer is held at a temperature betWeen about 25° C. to about 
250° C., and UV treatment is performed for about 10 seconds 
to about 15 minutes, at Wavelengths betWeen about 230 
nanometers to about 300 nanometers, and at a poWer of 
betWeen about 1 [JAN/CH12 to about 2000 mW/cm2. More gen 
erally, the UV treatment may be performed for about 1 second 
to about 60 minutes, at Wavelengths of betWeen about 230 
nanometers to about 400 nanometers, and at a poWer of 
betWeen about 1 [.LW/CIIIZ to about 3000 mW/cm2. The UV 
treatment may be performed under vacuum, or optionally 
may be performed at a pressure betWeen about 30 mT to about 
760 T, With at least one of N2, Ar, H2, CO, CO2, or other 
similar gas, or He, Xe, or other inert gas, at gas ?oW rates 
ranging from about 100 sccm to about 5000 sccm. 

[0062] During the UV treatment, carbon material layer 12 
optionally may be doped With another element, such as such 
as nitrogen, oxygen, or other similar element. For example, to 
dope carbon layer 12 With nitrogen, the UV treatment may be 
performed in a nitrogen source, such as ammonia, nitrous 
oxide, or other similar source of nitrogen. 
[0063] Although not Wanting to be bound to any particular 
theory, it is believed that exposing carbon layer 12 to UV 
radiation at Wavelengths less than about 400 nanometers may 
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cause dissociation of CH bonds in the material and may 
facilitate hydrogen removal from carbon layer 12. As previ 
ously mentioned, doping (e.g., With nitrogen) may further 
promote sp2 graphene crystallinity formation. 

UV Irradiation and Thermal Annealing 

[0064] In accordance With a third exemplary embodiment 
of this invention, carbon layer 12 is formed, and the deposited 
carbon layer 12 is then UV treated and then thermally 
annealed, preferably before additional material layers are 
formed on carbon layer 12. In some embodiments of this 
invention, carbon layer 12 may be formed having a thickness 
betWeen about 200 and about 800 angstroms, more generally 
betWeen about 1 and about 1000 angstroms. Other thick 
nesses may be used. As in the other exemplary methods, 
carbon layer 12 also may be doped during the UV treatment 
and/ or the thermal anneal. 

Exemplary Fabrication Processes for Memory Cells 

[0065] Referring noW to FIGS. 4A-4H, a ?rst exemplary 
method of forming an exemplary memory level in accordance 
With this invention is described. In particular, FIGS. 4A-4H 
illustrate an exemplary method of forming an exemplary 
memory level including memory cells 10 of FIG. 3. As Will be 
described beloW, the ?rst memory level includes a plurality of 
memory cells that each include a steering element and a 
carbon-based reversible resistance sWitching element 
coupled to the steering element. Additional memory levels 
may be fabricated above the ?rst memory level (as described 
previously With reference to FIGS. 2C-2D). 
[0066] 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, germa 
nium, silicon-germanium, undoped, doped, bulk, silicon-on 
insulator (“SOI”) 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). 
[0067] 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 
similar insulating layer. 
[0068] FolloWing formation of isolation layer 102, an adhe 
sion layer 104 is formed over isolation layer 102 (e.g., by 
physical vapor deposition (“PVD”) or other similar method). 
For example, adhesion layer 104 may be about 20 to about 
500 angstroms, and preferably about 100 angstroms, of tita 
nium nitride or another suitable adhesion layer such as tanta 
lum 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. 
[0069] 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 semi 
conductor material, a conductive silicide, a conductive sili 
cide-germanide, a conductive germanide, or the like depos 
ited by any suitable method (e. g., chemical vapor deposition 
(“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 thick 
nesses may be used. 
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[0070] Following formation of conductive layer 106, adhe 
sion 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 lithog 
raphy 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 ?rst con 
ductors 20. Exemplary Widths for ?rst conductors 20 and/or 
spacings betWeen ?rst conductors 20 range from about 200 to 
about 2500 angstroms, although other conductor Widths and/ 
or spacings may be used. 
[0071] After ?rst conductors 20 have been formed, a dielec 
tric layer 5811 is formed over substrate 100 to ?ll the voids 
betWeen ?rst conductors 20. For example, approximately 
3000-7000 angstroms of silicon dioxide may be deposited on 
the substrate 100 and planariZed using chemical mechanical 
polishing or an etchback process to form a planar surface 110. 
Planar surface 110 includes exposed top surfaces of ?rst 
conductors 20 separated by dielectric material (as shoWn). 
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. 
[0072] In other embodiments of the invention, ?rst conduc 
tors 20 may be formed using a damascene process in Which 
dielectric layer 5811 is formed, patterned and etched to create 
openings or voids for ?rst conductors 20. The openings or 
voids then may be ?lled With adhesion layer 104 and conduc 
tive layer 106 (and/or a conductive seed, conductive ?ll 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. 
[0073] FolloWing planariZation, the diode structures of 
each memory cell are formed. With reference to FIG. 4B, a 
barrier layer 28 is formed over planariZed top surface 110 of 
substrate 100. Barrier layer 28 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 tung 
sten/tungsten nitride stacks, or the like. Other barrier layer 
materials and/or thicknesses may be employed. 
[0074] After deposition of barrier layer 28, deposition of 
the semiconductor material used to form the diode of each 
memory cell begins (e.g., diode 14 in FIGS. 2 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 con 
?gurations may be used. 
[0075] With reference to FIG. 4B, folloWing formation of 
barrier layer 28, a heavily doped n+ silicon layer 1411 is 
deposited on barrier layer 28. In some embodiments, n+ sili 
con layer 1411 is in an amorphous state as deposited. In other 
embodiments, n+ silicon layer 1411 is in a polycrystalline state 
as deposited. CVD or another suitable process may be 
employed to deposit n+ silicon layer 1411. In at least one 












