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DELECTRIC-BASED MEMORY CELLS 
HAVING MULTI-LEVEL ONE-TIME 
PROGRAMMABLE AND BI-LEVEL 

REWRITEABLE OPERATING MODES AND 
METHODS OF FORMING THE SAME 

BACKGROUND 

0001. This invention relates to non-volatile memories, and 
more particularly to dielectric-based memory cells having 
multi-level one-time programmable and bi-level rewriteable 
operating modes and methods of forming the same. 
0002. Non-volatile memory cells that include a diode and 
dielectric memory element in series (“diode-dielectric 
memory cells') are known. For example, Johnson et al. U.S. 
Pat. No. 6,034.882, which is incorporated by reference in its 
entirety for all purposes, describes a memory cell that 
includes a diode in series with a dielectric rupture antifuse. In 
general, previously known diode-dielectric memory cells 
have two memory states (e.g., the dielectric rupture antifuse is 
either intact or broken down), and are one-time program 
mable. 
0003. It would be advantageous to devise a rewriteable 
dielectric-based memory cell having multi-level one-time 
programmable and bi-level rewriteable operating modes. 

SUMMARY 

0004. In a first aspect of the invention, a memory cell is 
provided that includes a steering element and a memory ele 
ment. The memory element includes a first conductive mate 
rial layer, a first dielectric material layer disposed above the 
first conductive material layer, a second conductive material 
layer disposed above the first dielectric material layer, a sec 
ond dielectric material layer disposed above the second con 
ductive material layer, and a third conductive material layer 
disposed above the second dielectric material layer. One or 
both of the first conductive material layer and the second 
conductive material layer comprise a stack of a metal material 
layer and a highly doped semiconductor material layer. 
0005. In a second aspect of the invention, a method of 
programming a memory cell is provided. The memory cell 
includes a memory element having a first conductive material 
layer, a first dielectric material layer disposed above the first 
conductive material layer, a second conductive material layer 
disposed above the first dielectric material layer, a second 
dielectric material layer disposed above the second conduc 
tive material layer, and a third conductive material layer dis 
posed above the second dielectric material layer. One or both 
of the first conductive material layer and the second conduc 
tive material layer comprises a stack of a metal material layer 
and a highly doped semiconductor material layer. The 
memory cell has a first memory state upon fabrication corre 
sponding to a first read current. The method includes applying 
a first programming pulse to the memory cell with a first 
current limit. The first programming pulse programs the 
memory cell to a second memory state that corresponds to a 
second read current greater than the first read current. 
0006. In a third aspect of the invention, a method of pro 
gramming a memory cell is provided. The memory cell 
includes a memory element having a first conductive material 
layer, a first dielectric material layer disposed above the first 
conductive material layer, a second conductive material layer 
disposed above the first dielectric material layer, a second 
dielectric material layer disposed above the second conduc 
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tive material layer, and a third conductive material layer dis 
posed above the second dielectric material layer. One or both 
of the first conductive material layer and the second conduc 
tive material layer comprises a stack of a metal material layer 
and a highly doped semiconductor material layer. The method 
includes applying Voltage pulses to the memory cell to revers 
ibly switch the memory element between a low-resistivity 
state and a high-resistivity state. 
0007. In a fourth aspect of the invention, a monolithic 
three-dimensional memory array is provided that includes a 
first memory level monolithically formed above a substrate, 
and a second memory level monolithically formed above the 
first memory level. The first memory level includes a plurality 
of memory cells, wherein each memory cell includes a steer 
ing element and a memory element. The memory element 
includes a first conductive material layer, a first dielectric 
material layer disposed above the first conductive material 
layer, a second conductive material layer disposed above the 
first dielectric material layer, a second dielectric material 
layer disposed above the second conductive material layer, 
and a third conductive material layer disposed above the 
second dielectric material layer. One or both of the first con 
ductive material layer and the second conductive material 
layer comprise a stack of a metal material layer and a highly 
doped semiconductor material layer. 
0008. 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 

0009 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: 
0010 FIG. 1 is a diagram of an example memory cell in 
accordance with this invention; 
0011 FIG. 2A is a simplified perspective view of an 
example memory cell in accordance with this invention; 
0012 FIG.2B is a simplified perspective view of a portion 
of a first example memory level formed from a plurality of the 
memory cells of FIG. 2A; 
0013 FIG. 2C is a simplified perspective view of a portion 
of a first example three-dimensional memory array in accor 
dance with this invention; 
0014 FIG. 2D is a simplified perspective view of a portion 
of a second example three-dimensional memory array in 
accordance with this invention; 
0015 FIG. 3A is a cross-sectional view of an example 
memory cell in accordance with this invention; 
(0016 FIGS. 3B-3H are cross-sectional views of example 
memory elements in accordance with this invention; 
0017 FIGS. 3I-3J are cross-sectional views of alternative 
example memory cells in accordance with this invention; 
0018 FIG. 4A is a diagram of example I-V characteristics 
of a memory cell in accordance with this invention; 
0019 FIG. 4B is a diagram of example memory states, 
programming conditions and read currents of a memory cell 
in accordance with this invention; 
(0020 FIGS.5A-5C illustrate example current and voltage 
characteristics of memory elements in accordance with this 
invention; and 
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0021 FIGS. 6A-6E illustrate cross-sectional views of a 
portion of a Substrate during an example fabrication of a 
single memory level in accordance with this invention. 

DETAILED DESCRIPTION 

0022. A previously known diode-dielectric memory cell 
includes a dielectric antifuse in series with a diode, such as a 
vertical polysilicon diode. As formed, a dielectric antifuse is 
in an initial high-resistance State. Accordingly, if a read volt 
age is applied across Such a memory cell, little or no current 
flows through the device. If a larger programming Voltage is 
applied across the device, the dielectric antifuse breaks down, 
and a low-resistance rupture region forms through the dielec 
tric antifuse. As a result, if a read voltage is applied across a 
programmed memory cell. Substantially more current flows 
through the device. 
0023 The difference in current between an unpro 
grammed memory cell having an intact antifuse and a pro 
grammed memory cell having a broken down antifuse can 
correspond to two different data states of the memory cell. In 
addition, Such previously known dielectric antifuse memory 
cells typically are one-time programmable memory cells. 
That is, once a programming Voltage has been applied across 
the device to break down the dielectric antifuse, the memory 
cell may not subsequently be re-programmed. 
0024. Some researchers have attempted to develop “multi 
level dielectric antifuse memory cells that can store more 
than two data states. For example, Yeh et al. U.S. Patent 
Publication No. 2006/0073642 (“Yeh”) describes a memory 
cell that includes an “ultra-thin layer of a dielectric film 
disposed between first and second electrodes. Yeh asserts that 
the memory cell can store multiple data states by applying 
low voltages across the dielectric material layer for intervals 
of time to cause progressive breakdown of the dielectric mate 
rial layer, by which a programmable resistance is established 
representing stored data. Yeh provides only one detailed 
example of “ultra-thin dielectric films: oxides, such as 
oxynitride, having a thickness less than 20 Angstroms, and 
more preferably about 15 Angstroms or less. 
0025. Such previously known multi-level dielectric anti 
fuse memory cells have numerous problems that make Such 
devices unsuitable for use in commercial memory devices. In 
particular, as dielectric material starts to break down, the 
resistance of the material decreases. As a result, capacitive 
discharge from Stray capacitance near the memory cell can 
cause undesirable current Surges through the dielectric mate 
rial, making it difficult to control the progressive breakdown 
process. This phenomenon can occur even if an external cur 
rent limiter is used to drive the memory cell. Further, for 
ultra-thin dielectric materials, such as those described in Yeh, 
electron tunneling may be significant, which makes control of 
the progressive breakdown process even more difficult. 
0026. As a result of such problems, some previously 
known multi-level antifuse memory cells have difficulty 
obtaining repeatable data states. For example, in Some previ 
ously known progressive breakdown antifuse memory cells, 
one or more data states may exhibit unacceptably wide varia 
tion and/or state jump from a lower data State to higher data 
States. 

0027 Memory cells in accordance with this invention may 
avoid controllability problems associated with previously 
known multi-level dielectric antifuse memory cells. In par 
ticular, memory cells in accordance with this invention 
include a memory element 16 that includes a first dielectric 
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material layer disposed above a first conductive material 
layer, a second conductive material layer disposed above the 
first dielectric material layer, and a second dielectric material 
layer disposed above the second conductive material layer. 
One or both of the first conductive material layer and the 
second conductive material layer includes a stack of a metal 
material layer and a highly doped semiconductor material 
layer. 
0028. As described in more detail below, example 
memory cells in accordance with this invention may be used 
in a first operating mode as multi-level one-time program 
mable memory cells that provide at least four substantially 
distinct data States. In addition, as described in more detail 
below, example memory cells in accordance with this inven 
tion alternatively may be operated in a second operating mode 
as bi-level rewriteable memory cells. 

Example Inventive Memory Cell 

0029 FIG. 1 is a diagram of an example memory cell 10 in 
accordance with this invention. Memory cell 10 includes a 
memory element 16 coupled to a steering element 14. As 
described in more detail below, memory element 16 includes 
multiple layers of dielectric material stacked on one another 
(not separately shown in FIG. 1). In addition, as described in 
more detail below, memory cell 10 may be used either in a 
first operating mode, in which memory cell 10 may be oper 
ated as a multi-level one-time programmable memory cell, or 
in a second operating mode, in which memory cell 10 may be 
operated as a bi-level rewritable memory cell. 
0030. In the first operating mode, the conductivity of 
memory element 16 has more than two stable values that can 
be sensed as more than two data states. For example, memory 
element 16 may have a first conductivity upon fabrication, in 
which a first read current flows through memory cell 10 upon 
application of a read voltage. The first conductivity of 
memory element 16 corresponds to a first memory state (e.g., 
binary “00') of memory cell 10. 
0031. Upon application of a first programming Voltage 
across memory cell 10 while limiting current through 
memory cell 10 to a first current limit, memory element 16 
Switches to a second conductivity, in which a second read 
current (higher than the first read current) flows through 
memory cell 10 upon application of the read voltage. The 
second conductivity of memory element 16 corresponds to a 
second memory state (e.g., binary “01') of memory cell 10. 
Without wanting to be bound by any particular theory, it is 
believed that in the second memory state, memory element 16 
conducts tunneling leakage current as a conductive path 
forms through the dielectric stack due to partial or soft break 
down of one of the dielectric material layers (e.g., the thinner 
dielectric material layer may leak through, and Soft break 
down may take place for the thicker dielectric material layer). 
0032. Upon application of a second programming Voltage 
across memory cell 10 while limiting current through 
memory cell 10 to a second current limit greater than the first 
current limit, memory element 16 switches to a third conduc 
tivity, in which a third read current (higher than the second 
read current) flows through memory cell 10 upon application 
of the read voltage. The third conductivity of memory ele 
ment 16 corresponds to a third memory state (e.g., binary 
“10') of memory cell 10. Without wanting to be bound by any 
particular theory, it is believed that in the third memory state 
a stronger conductive path forms through the thicker dielec 
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tric material layer, the thinner dielectric material layer leaks 
through, the overall stack resistance decreases and a higher 
current state is achieved. 
0033. Upon application of a third programming voltage 
across memory cell 10 without limiting current through 
memory cell 10, memory element 16 switches to a fourth 
conductivity, in which a fourth read current (higher than the 
third read current) flows through memory cell 10 upon appli 
cation of the read voltage. The fourth conductivity of memory 
element 16 corresponds to a fourth memory state (e.g., binary 
“11”) of memory cell 10. Without wanting to be bound by any 
particular theory, it is believed that in the fourth memory state, 
memory element 16 exhibits substantially complete dielectric 
breakdown. 
0034. In the second operating mode, memory element 16 
may be used as a bi-level rewriteable memory element. In 
particular, memory element 16 may be reversibly switched 
between a low-resistivity State and a high-resistivity state. 
The low-resistivity state may represent a first memory state 
(e.g., binary '1'), and the high-resistivity state may represent 
a second memory state (e.g., binary “0”). Without wanting to 
be bound by any particular theory, it is believed that the 
thicker of the first and second dielectric material layers exhib 
its resistance Switching, and the thinner dielectric material 
layer exhibits leakage and acts like a local/embedded resistor 
that modulates the total current flow through the stack. 
0035. In an example embodiment, the process of switch 
ing memory element 16 from the high-resistivity state to the 
low-resistivity state is referred to as setting or forming, and 
the process of switching memory element 16 from the low 
resistivity state to the high-resistivity state is referred to as 
resetting. In other embodiments, setting and resetting and/or 
data encoding can be reversed. The set or reset process can be 
performed to program a memory cell to a desired State to 
represent binary data. 
0036 Steering element 14 may include a thin film transis 

tor, a diode, a 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 flow through multi-layer antifuse structure 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. 
0037 Example embodiments of memory cell 10, memory 
element 16 and steering element 14 are described below with 
reference to FIGS 2A-2D and FIGS 3A-3B. 

Example Embodiments of Memory Cells and Memory 
Arrays 

0038 FIG. 2A is a simplified perspective view of an 
example memory cell 10 in accordance with this invention 
that includes steering element 14 and memory element 16. 
Memory element 16 is coupled in series with steering element 
14 between a first conductor 20 and a second conductor 22. In 
some embodiments, a barrier layer 26 may be formed 
between steering element 14 and first conductor 20. Barrier 
layer 26 may include titanium (“Ti”), titanium nitride 
(“TiN), tantalum ("Ta'), tantalum nitride (“TaN), tungsten 
(“W), tungsten nitride (“WN), molybdenum (“Mo') or 
another similar material. 
0039 Memory element 16 includes a first conductive 
material layer 24, a first dielectric material layer 12a disposed 
above first conductive material layer 24, a second conductive 

Aug. 28, 2014 

material layer 25 disposed above first dielectric material layer 
12a, a second dielectric material layer 12b disposed above 
second conductive material layer 25, and a third conductive 
material layer 28 disposed above second dielectric material 
layer 12b. As described in more detail below, one or both of 
first conductive material layer 24 and second conductive 
material layer 25 includes a stack of a metal material layer and 
a highly doped semiconductor material layer (not separately 
shown in FIG. 2A). 
0040 First conductive material layer 24 forms a bottom 
electrode, second conductive material layer 25 forms an inter 
mediate electrode, and second conductive material layer 28 
forms a top electrode of memory element 16. For simplicity, 
first conductive material layer 24, second conductive material 
layer 25, and third conductive material layer 28 will be 
referred to in the remaining discussion as “bottom electrode 
24,” “intermediate electrode 25, and “top electrode 28.” 
respectively. In some embodiments, memory element 16 may 
be positioned below steering element 14. 
0041 As discussed above, steering element 14 may 
include a thin film transistor, a diode, a 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 flow through multi-layer 
antifuse structure 12. In the example of FIG. 2A, steering 
element 14 is a diode. Accordingly, steering element 14 is 
sometimes referred to herein as “diode 14.” 

0042. Diode 14 may include any suitable diode such as a 
vertical polycrystalline p-n, p-i-n, n-p-n or p-n-p punch 
through diode, a carbon diode, or other similar diode, whether 
upward pointing with an in-region above a p-region of the 
diode or downward pointing with a p-region above an in-re 
gion of the diode. For example, diode 14 may include a 
heavily doped n+polysilicon region 14a, a lightly doped oran 
intrinsic (unintentionally doped) polysilicon region 14b 
above the n+ polysilicon region 14a, and a heavily doped p-- 
polysilicon region 14c above intrinsic region 14b. It will be 
understood that the locations of the n+ and p-- regions may be 
reversed. Example embodiments of diode 14 are described 
below with reference to FIG. 3A. Example carbon diodes and 
methods of forming carbon diodes are described in Bandyo 
padhyay et al. U.S. patent application Ser. No. 12/639,840, 
filed Dec. 16, 2009 (“the 840 application”), which is incor 
porated by reference herein in its entirety for all purposes. 
0043 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 germanide, or the like. In the embodiment of FIG. 
2A, first 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 configurations may be used. In some embodiments, 
barrier layers, adhesion layers, antireflection coatings and/or 
the like (not shown) may be used with the first conductor 20 
and/or second conductor 22 to improve device performance 
and/or aid in device fabrication. 
0044 FIG.2B is a simplified perspective view of a portion 
of a first memory level 32 formed from a plurality of memory 
cells 10, such as memory cell 10 of FIG. 2A. For simplicity, 
memory element 16, diode 14, and barrier layer 26 are not 
separately shown. Memory level 32 is a “cross-point array 
including a plurality of bit lines (second conductors 22) and 
word lines (first conductors 20) to which multiple memory 
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cells are coupled (as shown). Other memory array configura 
tions may be used, as may multiple levels of memory. 
0045. For example, FIG. 2C is a simplified perspective 
view of a portion of a monolithic three dimensional array 40a 
that includes a first memory level 42 positioned below a 
second memory level 44. Memory levels 42 and 44 each 
include a plurality of memory cells 10 in a cross-point array. 
Persons of ordinary skill in the art will understand that addi 
tional layers (e.g., an interlevel dielectric) may be present 
between the first and second memory levels 42 and 44, but are 
not shown in FIG. 2C for simplicity. Other memory array 
configurations may be used, as may additional levels of 
memory. 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. 
0046. In some embodiments, the memory levels may be 
formed as described in U.S. Pat. No. 6,952,030, titled “High 
Density Three-Dimensional Memory Cell, which is hereby 
incorporated by reference herein in its entirety for all pur 
poses. For instance, the upper conductors of a first memory 
level may be used as the lower conductors of a second 
memory level that is positioned above the first memory level 
as shown in the alternative example three dimensional 
memory array 40b illustrated in FIG. 2D. 
0047. In such embodiments, the diodes on adjacent 
memory levels preferably point in opposite directions as 
described in U.S. patent application Ser. No. 1 1/692,151, 
filed Mar. 27, 2007, and titled “Large Array Of Upward Point 
ing P-I-N Diodes Having Large And Uniform Current' (here 
inafter “the 151 application'), which is hereby incorporated 
by reference herein in its entirety for all purposes. 
0048 For example, as shown in FIG. 2D, the diodes of the 

first 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 
WSa. 

0049. 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 
grown directly over the layers of an existing level or levels. In 
contrast, stacked memories have been constructed by forming 
memory levels on separate Substrates and adhering the 
memory levels atop each other, as in Leedy, U.S. 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. 
0050 FIG. 3A is a cross-sectional view of an example 
embodiment of memory cell 10 of FIG.1. In particular, FIG. 
3A shows an example memory cell 10 which includes diode 
14, memory element 16 and first and second conductors 20 
and 22, respectively. Memory element 16 includes first 
dielectric material layer 12a disposed above bottom electrode 
24, intermediate electrode 25 disposed above first dielectric 
material layer 12a, second dielectric material layer 12b dis 
posed above intermediate electrode 25, and top electrode 28 
disposed above second dielectric material layer 12b. As 
described in more detail below, one or both of bottom elec 
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trode 24 and intermediate electrode 25 includes a stack of a 
metal material layer and a highly doped semiconductor mate 
rial layer. 
0051 Memory cell 10 also may include barrier layer 26, a 
silicide layer 50, a silicide-forming metal layer 52, and 
dielectric layer 54, as well as adhesion layers, antireflective 
coating layers and/or the like (not shown) which may be used 
with first and/or second conductors 20 and 22, respectively, to 
improve device performance and/or facilitate device fabrica 
tion. 
0.052 Diode 14 may be a vertical p-n, p-i-n, n-p-n or p-n-p 
punch-through diode, a carbon diode, or other similar diode, 
which may either point upward or downward. In the embodi 
ment of FIG. 2D in which adjacent memory levels share 
conductors, adjacent memory levels preferably have diodes 
that point in opposite directions such as downward-pointing 
p-i-n diodes for a first memory level and upward-pointing 
p-i-n diodes for an adjacent, second memory level (or vice 
Versa). 
0053. 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 14a, a 
lightly doped oran intrinsic (unintentionally doped) polysili 
con region 14b above the n+ polysilicon region 14a, and a 
heavily doped p- polysilicon region 14c above intrinsic 
region 14b. It will be understood that the locations of the n+ 
and p+ regions may be reversed. 
0054. In some embodiments, a thin germanium and/or 
silicon-germanium alloy layer (not shown) may beformed on 
n+ polysilicon region 14a to prevent and/or reduce dopant 
migration from n+polysilicon region 14a into intrinsic region 
14b. Use of such a layer is described, for example, in U.S. 
patent application Ser. No. 1 1/298,331, filed Dec. 9, 2005 and 
titled “Deposited Semiconductor Structure To Minimize 
N-Type Dopant Diffusion And Method Of Making' (herein 
after “the 331 application'), which is hereby incorporated by 
reference herein in its entirety for all purposes. In some 
embodiments, a few hundred angstroms or less of silicon 
germanium alloy with about 10 at % or more of germanium 
may be employed. 
0055 Barrier layer 26, such as Ti, TiN, Ta, TaN, W. WN, 
Mo, etc., may be formed between first conductor 20 and n+ 
region 14a (e.g., to prevent and/or reduce migration of metal 
atoms into the polysilicon regions). 
0056. 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. 
0057 For example, a silicide-forming metal layer 52 such 
as titanium or cobalt may be deposited on p+ polysilicon 
region 14c. During a Subsequent anneal step (described 
below), silicide-forming metal layer 52 and the deposited 
silicon of diode 14 interact to form silicide layer 50, consum 
ing all or a portion of the silicide-forming metal layer 52. In 
Some embodiments, a nitride layer (not shown) may be 
formed at a top surface of silicide-forming metal layer 52. For 
example, if silicide-forming metal layer 52 is titanium, a TiN 
layer may beformed at a top Surface of silicide-forming metal 
layer 52. 
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0058. 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 14c. The RTA may be 
performed at about 540-650° C. for about 1 minute, and 
causes silicide-forming metal layer 52 and the deposited sili 
con of diode 14 to interact to form silicide layer 50, consum 
ing all or a portion of silicide-forming metal layer 52. An 
additional, higher temperature anneal (e.g., Such as at about 
750° C. as described below) may be used to crystallize the 
diode. 
0059. As described in U.S. 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., the silicide layer enhances the crystalline 
structure of diode 14 during annealing). Lower resistivity 
silicon thereby is provided. Similar results may be achieved 
for silicon-germanium alloy and/or germanium diodes. 
0060. 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 1:1:1 ratio) may be used to strip any 
residual TiN. In some embodiments, the nitride layer formed 
at a top surface of silicide-forming metal layer 52 may 
remain, or may not be used at all. 
0061. Bottom electrode 24 is formed above silicide-form 
ing metal layer 52. In some embodiments, bottom electrode 
24 may have a thickness of about 200 angstroms to about 500 
angstroms, more generally between about 100 angstroms to 
about 1200 angstroms, although other thicknesses may be 
used. Bottom electrode 24 may be formed by atomic layer 
deposition (ALD), chemical vapor deposition (“CVD), 
plasma-enhanced CVD (“PECVD), physical vapor deposi 
tion (“PVD'), sputter deposition from a target, or other simi 
lar process. 
0062 First dielectric material layer 12a is formed above 
bottom electrode 24. In some embodiments, first dielectric 
material layer 12a may have a thickness of about 20 ang 
stroms to about 30 angstroms, more generally between about 
10 angstroms to about 50 angstroms, although other thick 
nesses may be used. First dielectric material layer 12a may be 
silicon dioxide (“SiO), hafnium oxide (“HfO), silicon 
oxynitride (“SiON), hafnium silicon oxynitride (“Hf 
SiON), hafnium silicon oxide (“HfSiO,”), hafnium alumi 
nate (“HfAll.O.), aluminum oxide (Al...O.), silicon nitride 
(“SiNa'), zirconium dioxide (“ZrO), lanthanum oxide 
(“La O'), tantalum pentoxide ("Ta-O"), titanium dioxide 
(“TiO), strontium titanate (“SrTiO), vanadium oxide 
(“VO), vanadium silicon oxide (“VSiO”), or other similar 
dielectric materials. 

0063 First dielectric material layer 12a may be formed 
over bottom electrode 24 using any suitable formation pro 
cess, such as ALD, CVD, PECVD, high density plasma CVD 
(“HDP-CVD), PVD, metallorganic chemical vapor deposi 
tion (“MOCVD), direct liquid injection MOCVD (“DLI 
MOCVD), rapid thermal oxidation (“RTO”), or slot plan 
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antenna plasma technology (“SPA). Persons of ordinary 
skill in the art will understand that other processes may be 
used to form first dielectric material layer 12a. 
0064 Intermediate electrode 25 is formed above first 
dielectric material layer 12a. In some embodiments, interme 
diate electrode 25 may have a thickness of about 200 ang 
stroms to about 500 angstroms, more generally between 
about 100 angstroms to about 1200 angstroms, although other 
thicknesses may be used. Intermediate electrode 25 may be 
formed by ALD, CVD, PECVD, PVD, sputter deposition 
from a target, or other similar process. 
0065. Second dielectric material layer 12b is formed 
above intermediate electrode 25. In some embodiments, sec 
ond dielectric material layer 12b may have a thickness of 
about 30 angstroms to about 50 angstroms, more generally 
between about 20 angstroms to about 60 angstroms, although 
other thicknesses may be used. Second dielectric material 
layer 12b may be SiO, Hfo, SiON, HfSiON, HfSiO, 
HfAll.O, Al-O, SiN. ZrO2, La O, Ta-Os, TiO, SrTiO, 
VO, VSiO, or other similar dielectric materials. 
0.066 Second dielectric material layer 12b may be formed 
over intermediate electrode 25 using any suitable formation 
process, such as ALD, CVD, PECVD, HDP-CVD, PVD, 
RIO, MOCVD, DLI-MOCVD or SPA. Persons of ordinary 
skill in the art will understand that other processes may be 
used to form first dielectric material layer 12a. 
0067 Top electrode 28 is formed above second dielectric 
material layer 12b. In some embodiments, top electrode 28 
may have a thickness of about 100 angstroms to about 200 
angstroms, more generally between about 100 angstroms to 
about 400 angstroms, although other thicknesses may be 
used. In some embodiments, top electrode 28 may be Ti, TiN. 
Ta, TaN, W, WN, Mo, tantalum aluminum nitride (“TaAlN”), 
vanadium nitride (“VN), vanadium silicon nitride 
(“VSiN'), zirconium nitride (“ZrN'), zirconium silicon 
nitride (“ZrSiN.), hafnium nitride (“HfN”), hafnium sili 
con nitride (“HfSiN.), titanium silicon nitride (“TiSiN). 
tantalum silicon nitride ("TaSiN.), tungsten silicon nitride 
(“WSiN.), tungsten aluminum nitride (“WAIN), carbon, a 
noble metal Such as platinum, or another similar material. In 
an example embodiment in accordance with this invention, 
top electrode 28 is TiN. Top electrode 28 may be formed by 
ALD, CVD, PECVD, PVD, sputter deposition, or other simi 
lar processes. 
0068. As described above, one or both of bottom electrode 
24 and intermediate electrode 25 includes a stack of a metal 
material layer and a highly doped semiconductor material 
layer. For example, FIG. 3B illustrates an expanded view of a 
memory element 16 in accordance with this invention. Bot 
tom electrode 24 may be a metal material layer or a stack of a 
metal material layer and a highly doped semiconductor mate 
rial layer. Likewise, intermediate electrode 25 may be a layer 
of a metal material or a stack of a metal material layer and a 
highly doped semiconductor material layer. Without wanting 
to be bound by any particular theory, it is believed that the 
highly doped semiconductor material in bottom electrode 24 
and/or intermediate electrode 25 may act as local resistor with 
in-situ current limiting, and may limit capacitive discharge 
through memory element 16 during a programming event to 
prevent over programming of the cell. 
0069. Example metal materials include Ti, TiN, Ta, TaN, 
W, WN, Mo, TaAlN, VN, VSiNa ZrN, ZrSiN. HfN, 
HfSiNTiSiNTaSiN.WSiN, WAIN, carbon, or other 
similar metal materials. Example highly doped semiconduc 
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tor materials include n+ polysilicon having a doping concen 
tration between about 1x10 cm and about 1x10 cm 
(referred to herein as “n+ poly”), p- polysilicon having a 
doping concentration between about 1x10 cm and about 
1x10° cm (referred to herein as “p+ poly”), n+ poly with 
Ge (10-20% Ge), p- poly with Ge (10-20% Ge), or other 
similar highly doped semiconductor materials. Persons of 
ordinary skill in the art will understand that other semicon 
ductor materials, doping types and doping concentrations 
may be used. 
0070 Persons of ordinary skill in the art also will under 
stand that the highly doped semiconductor materials may be 
uniformly doped or may have a graded or combination of low 
and high doping profile, which controls the resistance of the 
electrode. Resistance modulation by doping control impacts 
the switching endurance of the cell when used in rewriteable 
mode and also improves the state distinction when one-time 
programmable mode is invoked. 
(0071 FIGS. 3C-3J illustrate various example embodi 
ments of memory element 16, in which one or both of bottom 
electrode 24 and intermediate electrode 25 includes a stack of 
a metal material layer and a highly doped semiconductor 
material layer formed on the metal material layer. In particu 
lar, bottom electrode 24 may include a metal material layer 
24a and a highly doped semiconductor material layer 24b 
formed on metal material layer 24a, and intermediate elec 
trode 25 may include a metal material layer 25a and a highly 
doped semiconductor material layer 25b formed on metal 
material layer 25a. Metal material layers 24a and 25a each 
may be Ti, TiN, Ta, TaN, W, WN, Mo, TaAIN, VN, VSiN 
ZrN, ZrSiN. HfN, HfSiN. TiSiN. TaSiN. WSiN 
WAIN, or other similar metal materials. Highly doped semi 
conductor material layers 24b and 25v each may be n+ poly, 
p+ poly, n+ poly with Ge (10-20% Ge), p- poly with Ge 
(10-20% Ge), or other similar highly doped semiconductor 
materials. 

0072. In FIG. 3C, bottom electrode 24 includes a stack of 
a metal material layer (TiN) 24a and a highly doped semi 
conductor material layer n+ poly layer 24b formed on TiN 
layer 24a. In some embodiments, metal material layer 24a 
may have a thickness of about 200 angstroms to about 300 
angstroms, more generally between about 100 angstroms to 
about 500 angstroms, and highly doped semiconductor mate 
rial layer 24b may have a thickness of about 200 angstroms to 
about 300 angstroms, more generally between about 100 
angstroms to about 1000 angstroms. Other thicknesses may 
be used. 

0073. Likewise, intermediate electrode 25 includes a stack 
of a metal material layer (TiN) 25a and a highly doped semi 
conductor material layer (n+ poly) 25b formed on TiN layer 
25a. In some embodiments, metal material layer 25a may 
have a thickness of about 200 angstroms to about 300 ang 
stroms, more generally between about 100 angstroms to 
about 500 angstroms, and highly doped semiconductor mate 
rial layer 25b may have a thickness of about 200 angstroms to 
about 300 angstroms, more generally between about 100 
angstroms to about 1000 angstroms. Other thicknesses may 
be used. 

0074. In example memory element 16c of FIG. 3C, first 
dielectric material layer 12a and second dielectric material 
layer 12b are both SiO, highly doped semiconductor mate 
rial layer 24b and highly doped semiconductor material layer 
25b are both n+ poly, and metal material layers 24a and 25a 
are both TiN. Persons of ordinary skill in the art will under 
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stand, however, that first dielectric material layer 12a and 
second dielectric material layer 12b need not be the same 
material, highly doped semiconductor material layer 24b and 
highly doped semiconductor material layer 25b need not be 
the same material, and that metal material layers 24a and 25a 
need not be the same metal and that other metal materials may 
be used. 
(0075 For example, FIG. 3D illustrates an alternative 
example memory element 16d in which first dielectric mate 
rial layer 12a is SiO, second dielectric material layer 12b is 
SiON, highly doped semiconductor material layer 24b is p+ 
poly and highly doped semiconductor material layer 25b is n+ 
poly, and metal material layers 24a and 25a are WN. 
0076. In example memory element 16c of FIG.3C, highly 
doped semiconductor material layers 24b and 25b are both n+ 
poly. Persons of ordinary skill in the art will understand, 
however, that highly doped semiconductor material layers 
24b and 25b may include other highly doped semiconductor 
materials. For example, FIG. 3E illustrates an alternative 
example memory element 16e in which highly doped semi 
conductor material layers 24b and 25b are both p+ poly. In 
this example embodiment, metal material layers 24a and 25a 
are both TiAIN. Persons of ordinary skill in the art will under 
stand, however, that highly doped semiconductor material 
layer 24b and highly doped semiconductor material layer 25b 
need not be the same material, other metal materials may be 
used, and that metal material layers 24a and 25a need not be 
the same metal. 
0077. In example memory elements 16c. 16d and 16e of 
FIGS. 3C-3E, bottom electrode 24 and intermediate electrode 
25 have each included a stack of a metal material and a highly 
doped semiconductor material. In example embodiments of 
this invention, however, one of bottom electrode 24 and inter 
mediate electrode 25 may include a metal material, whereas 
the other one of bottom electrode 24 and intermediate elec 
trode 25 may include a stack of a metal material layer and a 
highly doped semiconductor material layer. 
(0078 For example, FIG. 3F illustrates an example 
memory element 16fin which bottom electrode 24 is a metal 
material layer (TiN), and intermediate electrode 25 includes a 
stack of a metal material layer (TiN) 25a and a highly doped 
semiconductor material layer (n+ poly) 25b formed on TiN 
layer 25a. 
(0079. In example memory element 16f of FIG. 3F, first 
dielectric material layer 12a and second dielectric material 
layer 12b are both HfC), and bottom electrode 24 and inter 
mediate electrode 25 both include TiN. Persons of ordinary 
skill in the art will understand, however, that first dielectric 
material layer 12a and second dielectric material layer 12b 
need not be the same material, and bottom electrode 24 and 
intermediate electrode 25 need not include the same metal, 
and may include metals other than TiN. 
0080. For example, FIG.3Hillustrates another alternative 
example memory element 16g in which first dielectric mate 
rial layer 12a is SiO, and second dielectric material layer 12b 
is Hf(), bottom electrode 24 is TaN, and intermediate elec 
trode 25 includes a TaN layer 25a and an n+ poly layer 25b 
formed on TaN layer 25a. 
I0081. In example memory elements 16f and 16g of FIGS. 
3F-3G, bottom electrode 24 is metal, and intermediate elec 
trode 25 includes a stack of a metal material layer and an n+ 
poly layer. Persons of ordinary skill in the art will understand, 
however, that intermediate electrode 25 may be a metal, bot 
tom electrode 24 alternatively may include a stack of a metal 
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material layer and a highly doped semiconductor material 
layer, and the highly doped semiconductor material may be 
other than n+ poly. 
0082 For example, FIG.3H illustrates an another example 
memory element 16h in which bottom electrode 24 includes 
a stack of a metal material layer (TiN)24a and a highly doped 
semiconductor material layer (p+ poly) 24b formed on TiN 
layer 24a, and intermediate electrode 25 is metal (TiN). In 
this example embodiment, bottom electrode 24 and interme 
diate electrode 25 both include TiN. Persons of ordinary skill 
in the art will understand, however, that other metal materials 
may be used, and that metal layer 24a and intermediate elec 
trode 25 need not be the same metal. 
I0083) Referring now to FIG. 3I, still another example 
memory element 16i is described. In this example embodi 
ment, memory element 16i includes n+ polysilicon region 
14c. That is, memory element 16i shares n+ polysilicon 
region 14c with diode 14. In this regard, bottom electrode 24 
may be eliminated. Likewise, FIG. 3J illustrates yet another 
example memory element 16i, which includes p+ polysilicon 
region 14c shared with diode 14. As in the embodiment of 
FIG. 3I, bottom electrode 24 may be eliminated. 
0084. Referring again to FIG. 3A, second conductor 22 is 
formed above memory element 16. Second conductor 22 may 
include one or more barrier layers and/or adhesion layers (not 
shown) deposited over memory element 16 prior to deposi 
tion of a conductive layer used to form second conductors 22. 
Second conductors may beformed from any Suitable conduc 
tive material such as tungsten, another suitable metal, heavily 
doped semiconductor material, a conductive silicide, a con 
ductive silicide-germanide, a conductive germanide, or the 
like deposited by PVD or any other any suitable method (e.g., 
CVD, etc.). Other conductive layer materials may be used. 
The deposited conductive layer and optional barrier and/or 
adhesion layer may be patterned and etched to form second 
conductors 22. In at least one embodiment, second conduc 
tors 22 are Substantially parallel, Substantially coplanar con 
ductors that extend in a different direction than first conduc 
tors 20. 

Programming and Sensing 

0085. As described above, memory cells 10 in accordance 
with this invention may be used either in a first operating 
mode, in which memory cell 10 may be operated as a multi 
level one-time programmable memory cell, or in a second 
operating mode, in which memory cell 10 may be operated as 
a bi-level rewritable memory cell. Each of these will be dis 
cussed in turn. 

Multi-Level One-Time Programmable Memory Operation 

I0086 Referring to FIGS. 4A and 4B, example current and 
Voltage characteristics of a four-state one-time program 
mable memory cell in accordance with this invention, Such as 
memory cell 10, are described. Persons of ordinary skill in the 
art will understand that memory cells in accordance with this 
invention may have more or less than four data states. 
I0087 Ifa read voltage V is applied across memory cell 10 
as formed, a first read current I flows through the device. 
Read voltage V may be about 1V to about 2V, although other 
Voltage values may be used. First read current I may be about 
0.5 na to about 5 na, although other current values may be 
used. First read current I corresponds to a first data State of 
memory cell 10. 
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I0088. To program memory cell 10 to a second data state, a 
first programming pulse P1 having a first programming Volt 
age VP1 is applied across memory cell 10, while limiting 
current through the device to a first current limit I. Current 
limiting may be obtained using one or more on-chip resistors 
or using transistor (e.g., FET) control. First current limit I 
may be between about 1 LA and about 2 LA, although other 
values may be used. After the pulse, the read current is mea 
Sured. This process may be iteratively repeated until a second 
predetermined read current I flows through memory cell 10 
upon application of read voltage V. The second predeter 
mined read current I corresponds to a second data state of 
memory cell 10, and may be about 50 nA to about 200 na, 
although other values may be used. 
I0089 First programming pulse P1 may have a first pro 
gramming voltage VP1 between about 9V and about 10V. 
more generally between about 8V and about 13V, may have a 
pulse width of between about 100 us and about 150 us, and 
may have rise and fall times between about 50 ns and about 
200 ns. Other voltage values, pulse widths and/or rise and fall 
times may be used. Persons of ordinary skill in the art will 
understand that first programming pulse P1 alternatively may 
be a current pulse. 
0090. To program memory cell 10 to a third data state, a 
second programming pulse P2 having a second programming 
voltage VP2 is applied across memory cell 10, while limiting 
current through the device to a second current limit I, and 
the read current is measured. Second current limit I may be 
between about 2 LA and about 10 LA, although other values 
may be used. This process may be iteratively repeated until a 
third predetermined read current I flows through memory 
cell 10 upon application of read voltage V. The third prede 
termined read current I corresponds to a third data state of 
memory cell 10, and may be about 0.5 LA to about 1 LA, 
although other values may be used. 
0091 Second programming pulse P2 may have a second 
programming voltage VP2 between about 8V and about 9.5V. 
more generally between about 4V and about 11V, may have a 
pulse width of between about 100 us and about 150 us, and 
may have rise and fall times between about 50 ns and about 
200 ns. Other voltage values, pulse widths, rise and fall times 
and/or current limits may be used. Persons of ordinary skill in 
the art will understand that second programming pulse P2 
alternatively may be a current pulse. 
0092. Limiting the current while applying the program 
ming pulse is important to avoid over-programming the 
memory cell. Current limiting may be achieved through 
external resistors, on-chip resistors, or other similar tech 
niques. Arrays of memory cells, such as memory cells 10, 
typically are driven by CMOS logic transistors, which may be 
used to provide current limiting. In addition, using on-chip 
resistors, preferably closely located to the memory cells, may 
be more effective in terms of reducing parasitic capacitive 
discharge current flowing through the memory cell. 
0093. To program memory cell 10 to a fourth data state, a 
third programming pulse P3 having a third programming 
voltage VP3 is applied across memory cell 10 without limit 
ing current through the device, and the read current is mea 
sured. This process may be iteratively repeated until a fourth 
predetermined read current I, flows through memory cell 10 
upon application of read voltage V. The fourth predeter 
mined read current I corresponds to a fourth data state of 
memory cell 10, and may be about 5 LA to about 20 LA, 
although other values may be used. 
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0094. Third programming pulse P3 may have a third pro 
gramming voltage VP3 between about 10V and about 12V. 
more generally between about 5V and about 13V, may have a 
pulse width of about fps to about 100 us, and may have rise 
and fall times of about 50 ns to about 200 ns. Other voltage 
values, pulse widths, and/or rise and fall times may be used. 
Persons of ordinary skill in the art will understand that third 
programming pulse P3 alternatively may be a current pulse. 
0095 Memory cell 10 thus can be in any one of four 
possible data states, as summarized in FIG. 4B. The first data 
state (sometimes referred to as the “virgin state') is the state 
of memory cell 10 as measured first out of the fab, without any 
programming pulses having been applied to the device. The 
second data state is the state of memory cell 10 after first 
program pulse P1 has been applied to the device, the third data 
state is the state of memory cell 10 after the second program 
pulse P2 has been applied to the device, and the fourth data 
state is the state of memory cell 10 after the third program 
pulse P3 has been applied to the device. Program pulses P1, 
P2 and P3 may be applied independently of one another (e.g., 
third program pulse P3 may be applied to memory cell 10 
without first applying program pulses P1 and P2). In addition, 
persons of ordinary skill in the art will understand that 
memory cell 10 may be programmed to any memory state 
(e.g., including intermediate levels, such as 1.5 bits/cell) 
using appropriate programming conditions. 
0096 Memory cell 10 may be read by applying read volt 
age V across memory cell 10, and sensing a read current 
while applying read voltage V. The sensed read current 
corresponds to the data state of memory cell 10. The four read 
current values I, I, I and I are different from one another 
so that each unique data state may be sensed. 
0097 Persons of ordinary skill in the art will understand 
that memory cells inaccordance with this invention may have 
more or less than four data states. 

Bi-Level Rewriteable Memory Operation 
0098. As described above, memory cells 10 in accordance 
with this invention alternatively may be operated as bi-level 
rewriteable memory cells, in which the memory cells may be 
reversibly switched between a low-resistivity state and a 
high-resistivity state. The low-resistivity state may represent 
a first memory state (e.g., binary '1'), and the high-resistivity 
state may represent a second memory state (e.g., binary 'O'). 
0099] To operate a memory cell 10 as rewriteable memory 

cell, an initial forming step is used so that memory element 16 
operates in a current range in which Switching can occur. 
Forming is a critical event in oxide-based resistive-RAM or 
the like devices. An appropriate forming current level is nec 
essary to achieve proper switching with optimum ON/OFF 
window. Forming is generally understood to be a soft dielec 
tric breakdown which generates and moves oxygen vacancies 
to form conductive filaments, which is often explained by 
time-dependent dielectric breakdown (“TDDB) models. 
0100. In the forming step, the initially insulating proper 

ties of first dielectric material layer 12a and/or second dielec 
tric material layer 12b are altered, and a conductive current 
path is formed between top and bottom electrode. This form 
ing step is usually obtained by applying a long pulse with 
slow rise time, where the pulse Voltage is stepped-up slowly 
to avoid Sudden current spikes through the device. This may 
be especially important for larger array than single-bit. The 
E-field thus built-up across the dielectric stack creates a per 
colation path through trap assisted tunneling that leads to 
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increase in current through the stack. Once this current 
reaches forming verify current level, I, it is sensed and 
monitored for the forming of the cell. Example forming 
parameters are set forth in Table 1: 

TABLE 1 

EXAMPLE FORMING PARAMETERS 

PARAMETER EXAMPLE RANGE PREFERRED RANGE 

Pulse Magnitude (V) S-12 6-9 
Pulse Duration (ns) 1-1OOO 10-100 
Pulse Rise Time (ns) 20-2SO SO-1SO 
Ivertis (nA) SO-400 100-2OO 

Persons of ordinary skill in the art will understand that form 
ing pulses may be current pulses, and that other pulse mag 
nitude, pulse duration, pulse rise time and I, values may be 
used. 
0101 Following the forming step, voltage (or current) 
pulses may be applied to the memory cell 10 to switch 
memory element 16 from the high resistivity state to the low 
resistivity state. The process of switching memory element 16 
from the high-resistivity state to the low-resistivity state is 
referred to as setting, and the process of Switching memory 
element 16 from the low-resistivity state to the high-resistiv 
ity state is referred to as resetting. In other embodiments, 
setting and resetting and/or the data encoding can be reversed. 
The set or reset process can be performed for a memory cell 
to program it to a desired state to represent binary data. 
0102 First dielectric material layer 12a and/or second 
dielectric material layer 12b may exhibit unipolar or bipolar 
resistance-switching characteristics. The layer responsible 
for the switching in the present embodiment may be the 
thicker one. However, apart from the thickness, there are 
other parameters such as type of material, deposition condi 
tion, and interface control that may be considered for the 
design and fabrication steps of the stack. 
0103 With a unipolar resistance-switching characteristic, 
the voltages used for both set and reset processes are of the 
same polarity, e.g., either both positive or both negative. In 
contrast, with a bipolar resistance-switching characteristic, 
opposite polarity Voltages are used for the set and reset pro 
cesses. Specifically, the Voltage used for the set process can be 
positive whereas the Voltage used for the reset process is 
negative, or the Voltage used for the set process can be nega 
tive while the voltage used for the reset process is positive. For 
the present embodiment, forming is always positive and inde 
pendent of the SET/RESET polarity chosen for switching. 
0104 Referring now to FIG.5A, a graph of voltage versus 
current for an example embodiment of memory element 16 is 
described. In particular, FIG. 5A illustrates an example volt 
age versus current characteristic for a memory element 16 
having a first dielectric material layer 12a and/or the second 
dielectric material layer 12b that exhibit unipolar resistance 
Switching characteristics. The X-axis depicts an absolute 
value of Voltage, the y-axis depicts current, and the lines are 
adjusted to meet at the origin of the graph. In the reset process, 
line 4.0a represents the I-V characteristic of memory element 
16 in the low-resistivity, set state, and line 42a represents a 
transition to the high-resistivity, reset state at V. In the set 
process, line 44a represents the I-V characteristic of memory 
element 16 in the high-resistivity, reset state, and line 46a 
represents a transition to the low-resistivity, set state at V sei 
The example shows a unipolar operation mode where the 
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polarity of the voltage is the same for the both set and reset 
switching. In this example, forming voltage V-V sei 
0105 To determine the state of memory element 16, a 
Voltage is applied across memory element 16 and the result 
ing current is measured. A higher or lower measured current 
indicates that memory element 16 is in the low- or high 
resistivity state, respectively. In some cases, the high resistiv 
ity state is substantially higher, e.g., two or three orders of 
magnitude (100-1,000) times higher than the low resistivity 
State. 

0106 When in the reset state, memory element 16 exhibits 
the resistance characteristics shown by line 44a in response to 
an applied voltage between 0 and V. When in the set state, 
however, memory element 16 exhibits the resistance charac 
teristics shown by line 4.0a in response an applied Voltage 
between 0 and V, where V, -V. Thus, memory ele 
ment 16 exhibits different resistance characteristics in 
response to the same Voltages in the same Voltage range (e.g., 
between 0 and V.) depending on the resistance state of 
memory element 16. 
0107. In a read operation, a fixed voltage V<V, is 
applied, in response to which the sensed current is I in the set 
state, or I in the reset state. The state of memory element 16 
can thus be sensed by identifying at least one point of its I-V 
characteristic. Example unipolar programming parameters 
are set forth in Table 2: 

TABLE 2 

EXAMPLE UNIPOLAR PROGRAMMING PARAMETERS 

PARAMETER EXAMPLE RANGE PREFERRED RANGE 

V. (V) 1-2 15-18 
Vee (V) 3-7 4-6 
V. (V) 7-10 6-9 
V,(V) S-12 6-10 
I (nA) 20-1SO SO-100 
I (nA) 100-1OOO 250-600 
TSET (ns) 100-1OOO 300-600 
TRESET (ns) 100-1OOO 300-600 

Persons of ordinary skill in the art will understand other 
values may be used. Persons of ordinary skill in the art will 
understand that Vs and Vs values depend on the on 
chip resistance associated with the structure—in an array 
configuration, the on-chip resistance will depend on the bit 
location, such as a Near-Near bit needs lower voltages than a 
Far-Farbit. 

0108 FIG. 5B illustrates a graph of voltage versus current 
for example embodiments of memory element 16 having a 
first dielectric material layer 12a and/or a second dielectric 
material layer 12b that exhibit bipolar resistance-switching 
characteristics. Here, opposite polarity Voltages are used for 
the set and reset processes. Moreover, positive Voltages are 
used for the set process and negative Voltages are used for the 
reset process. In this bipolar memory element, the set process 
occurs when a positive Voltage is applied, and the reset pro 
cess occurs when a negative Voltage is applied. 
0109. In the set process, line 44c represents the I-V char 
acteristic of memory element 16 when in the high-resistivity, 
reset state, and line 46c represents a transition to the low 
resistivity, set state at V. In the reset process, line 40c 
represents the I-V characteristic of memory element 16 when 
in the low-resistivity, set state, and line 42c represents a 
transition to the high-resistivity, reset state at V V, and AeSei S 
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V, are positive voltages and V., is a negative voltage. 
Example bipolar programming parameters are set forth in 
Table 3: 

TABLE 3 

EXAMPLE BIPOLAR PROGRAMMING PARAMETERS 

PARAMETER EXAMPLE RANGE PREFERRED RANGE 

V. (V) 1-2 15-18 
Vese (V) -(9-14.5) -(10.5-13.5) 
V. (V) 4-10 6-9 
V(V) S-12 6-10 
I (nA) 20-1SO SO-100 
IB (nA) 100-800 250-600 
TSET (ns) 20-1OOOO SO-1 OOO 
TRESET (ns) 20-1OOOO SO-2OOO 

Persons of ordinary skill in the art will understand other 
values may be used. Persons of ordinary skill in the art will 
understand that Vs and Vs values depend on the on 
chip resistance associated with the structure—in an array 
configuration, the on-chip resistance will depend on the bit 
location, such as a Near-Near bit needs lower voltages than a 
Far-Farbit. 

0110 FIG.5C illustrates a graph of voltage versus current 
for another example embodiment of memory element 16 
having a first dielectric material layer 12a and a second 
dielectric material layer 12b that exhibit bipolar resistance 
Switching characteristics. In this bipolar memory element, the 
reset process occurs when a positive Voltage is applied, and 
the set process occurs when a negative Voltage is applied. 
0111. In the set process, line 44d represents the I-V char 
acteristic of memory element 16 when in the high-resistivity, 
reset state, and line 46d represents a transition to the low 
resistivity, set state at V. In the reset process, line 40d 
represents the I-V characteristic of memory element 16 when 
in the low-resistivity, set state, and line 42d represents a 
transition to the high-resistivity, reset state at V, V, and 
V, are positive voltages and V, is a negative voltage. 
Example bipolar programming parameters are set forth in 
Table 4: 

TABLE 4 

EXAMPLE BIPOLAR PROGRAMMING PARAMETERS 

PARAMETER EXAMPLE RANGE PREFERRED RANGE 

V. (V) 1-2 15-18 
Vese (V) 4-10 7-9 
V. (V) -(9.5-15.5) -(11-14.5) 
V,(V) S-12 6-10 
I (nA) SO-1SO 100-200 
IB (nA) 200-1500 SOO-1OOO 
Tset (ns) 20-1OOOO SO-2OOO 
TRESET (ns) 20-1OOOO SO-1 OOO 

Persons of ordinary skill in the art will understand other 
values may be used. Persons of ordinary skill in the art will 
understand that Vs and Vs values depend on the on 
chip resistance associated with the structure—in an array 
configuration, the on-chip resistance will depend on the bit 
location, such as a Near-Near bit needs lower voltages than a 
Far-Farbit. 
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Example Fabrication Processes for Memory Cells 
0112 Referring now to FIGS. 6A-6E, an example method 
of forming a memory level in accordance with this invention 
is described. In particular, FIGS. 6A-6E illustrate an example 
method of forming a memory level including memory cells 
10 of FIG. 3A. As will be described below, the first memory 
level includes a plurality of memory cells that each include 
memory cells in accordance with this invention include a 
memory element 16 that includes a first dielectric material 
layer disposed above a first conductive material layer, a sec 
ond conductive material layer disposed above the first dielec 
tric material layer, and a second dielectric material layer 
disposed above the second conductive material layer. One or 
both of the first conductive material layer and the second 
conductive material layer includes a stack of a metal material 
layer and a highly doped semiconductor material layer. Addi 
tional memory levels may be fabricated above the first 
memory level (as described previously with reference to 
FIGS. 2C-2D). 
0113. With reference to FIG. 6A, 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). Isolation layer 102 is 
formed above substrate 100. In some embodiments, isolation 
layer 102 may be a layer of silicon dioxide, silicon nitride, 
silicon oxynitride or any other suitable insulating layer. 
0114. Following formation of isolation layer 102, an adhe 
sion layer 104 is formed over isolation layer 102 (e.g., by 
PVD or another method). For example, adhesion layer 104 
may be between about 20 and about 500 angstroms, and 
preferably about 100 angstroms, oftitanium nitride or another 
Suitable adhesion layer Such as tantalum nitride, tungsten 
nitride, tungsten, molybdenum, 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. 
0115. 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., CVD, PVD, etc.). In at least 
one embodiment, conductive layer 106 may comprise 
between about 200 and about 2500 angstroms of tungsten. 
Other conductive layer materials and/or thicknesses may be 
used. 
0116. 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 first con 
ductors 20. Example widths for first conductors 20 and/or 
spacings between first conductors 20 range between about 
200 and about 2500 angstroms, although other conductor 
widths and/or spacings may be used. 
0117. After first conductors 20 have been formed, a dielec 

tric material layer 58a is formed over substrate 100 to fill the 
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voids between first conductors 20. For example, approxi 
mately 3000-7000 angstroms of silicon dioxide may be 
deposited on the substrate 100 and planarized using chemical 
mechanical polishing oran etchback process to form a planar 
surface 110. Planar surface 110 includes exposed top surfaces 
of first conductors 20 separated by dielectric material (as 
shown). Other dielectric materials such as silicon nitride, 
silicon oxynitride, low K dielectrics, etc., and/or other dielec 
tric material layer thicknesses may be used. Example low K 
dielectrics include carbon doped oxides, silicon carbon lay 
ers, or the like. 
0118. In other embodiments of the invention, first conduc 
tors 20 may be formed using a damascene process in which 
dielectric material layer 58a is formed, patterned and etched 
to create openings or voids for first conductors 20. The open 
ings or voids then may be filled with adhesion layer 104 and 
conductive layer 106 (and/or a conductive seed, conductive 
fill and/or barrier layer if needed). Adhesion layer 104 and 
conductive layer 106 then may be planarized to form planar 
surface 110. In such an embodiment, adhesion layer 104 will 
line the bottom and sidewalls of each opening or Void. 
0119 Following planarization, the diode structures of 
each memory cell are formed. With reference to FIG. 6B, a 
barrier layer 26 is formed over planarized top surface 110 of 
substrate 100. In some embodiments, barrier layer 26 may be 
between about 20 and about 500 angstroms, and preferably 
about 100 angstroms, of titanium nitride or another suitable 
barrier layer Such as tantalum nitride, tungsten nitride, tung 
sten, molybdenum, combinations of one or more barrier lay 
ers, 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. 
0.120. After deposition of barrier layer 26, deposition of 
the semiconductor material used to form the diode of each 
memory cell begins (e.g., diode 14 in FIGS. 1 and 3A). Each 
diode may be a vertical p-n, p-i-n, n-p-n or p-n-p punch 
through diode, a carbon diode, or other similar diode as pre 
viously 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 conve 
nience, formation of a polysilicon, downward-pointing diode 
is described herein. It will be understood that other materials 
and/or diode configurations may be used. Example carbon 
diodes and methods of forming carbon diodes are described 
the 840 application. 
I0121 Following formation of barrier layer 26, a heavily 
doped n+ silicon layer 14a is deposited on barrier layer 26. In 
Some embodiments, n+ silicon layer 14a is in an amorphous 
state as deposited. In other embodiments, n+ silicon layer 14a 
is in a polycrystalline state as deposited. CVD or another 
Suitable process may be employed to deposit n+ silicon layer 
14a. 

I0122. In at least one embodiment, n+ silicon layer 14a 
may be formed, for example, from about 100 to about 1000 
angstroms, preferably about 100 angstroms, of phosphorus or 
arsenic doped silicon having a doping concentration of about 
10 cm. Other layer thicknesses, doping types and/or dop 
ing concentrations may be used. N+ silicon layer 14a may be 
doped in situ, for example, by flowing a donor gas during 
deposition. Other doping methods may be used (e.g., implan 
tation). 
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0123. After deposition of n+ silicon layer 14a, a lightly 
doped, intrinsic and/or unintentionally doped silicon layer 
14b may be formed over n+ silicon layer 14a. In some 
embodiments, intrinsic silicon layer 14b may be in an amor 
phous state as deposited. In other embodiments, intrinsic 
silicon layer 14b may be in a polycrystalline state as depos 
ited. CVD or another suitable deposition method may be 
employed to deposit intrinsic silicon layer 14b. In at least one 
embodiment, intrinsic silicon layer 14b may be about 300 to 
about 4800 angstroms, preferably about 2500 angstroms, in 
thickness. Other intrinsic layer thicknesses may be used. 
0124. A thin (e.g., a few hundred angstroms or less) ger 
manium and/or silicon-germanium alloy layer (not shown) 
may be formed on n+ silicon layer 14a prior to depositing 
intrinsic silicon layer 14b to prevent and/or reduce dopant 
migration from n+ silicon layer 14a into intrinsic silicon layer 
14b (as described in the 331 application). 
0.125 P-type silicon may be either deposited and doped by 
ion implantation or may be doped in situ during deposition to 
formap+ silicon layer 14c. For example, a blanket p--implant 
may be employed to implant boron a predetermined depth 
within intrinsic silicon layer 14b. Example implantable 
molecular ions include BF, BF, B and the like. In some 
embodiments, an implant dose of about 1-5x10" ions/cm 
may be employed. Other implant species and/or doses may be 
used. Further, in some embodiments, a diffusion process may 
be employed. In at least one embodiment, the resultant p-- 
silicon layer 14c has a thickness of about 100-700 angstroms, 
although other p+ silicon layer sizes may be used. 
0126 Following formation of p-- silicon layer 14c., a sili 
cide-forming metal layer 52 is deposited overp-- silicon layer 
14c. Example silicide-forming metals include sputter or oth 
erwise deposited titanium or cobalt. In some embodiments, 
silicide-forming metal layer 52 has a thickness of about 10 to 
about 200 angstroms, preferably about 20 to about 50 ang 
stroms and more preferably about 20 angstroms. Other sili 
cide-forming metal layer materials and/or thicknesses may be 
used. A nitride layer (not shown) may be formed at the top of 
silicide-forming metal layer 52. 
0127. Following formation of silicide-forming metal layer 
52, an RTA step may be performed at about 600° C. for about 
one minute to form silicide layer 50 (FIG.3), consuming all or 
a portion of the silicide-forming metal layer 52. Following the 
RTA step, any residual nitride layer from silicide-forming 
metal layer 52 may be stripped using a wet chemistry, as 
described above. Other annealing conditions may be used. 
0128. Following the RTA step and the nitride strip step, 
bottom electrode 24 is formed above silicide layer 50. In 
example embodiments of this invention, bottom electrode 24 
includes a metal material layer 24a and a highly doped semi 
conductor material layer 24b formed on metal material layer 
24a. Metal material layer 24a may be Ti, TiN. Ta, TaN. W. 
WN, Mo, TaAIN, VN, VSiNa ZrN, ZrSiN. HfN, HfSiN 
TiSiN. TaSiN. WSiN, WAIN, or other similar metal 
materials. In some embodiments, metal layer 24a may have a 
thickness of about 100 angstroms to about 300 angstroms, 
more generally between about 50 angstroms to about 500 
angstroms. Other thicknesses may be used. 
0129. As described above, metal material layer 24a may 
beformed by CVD, PVD, sputter deposition, or other similar 
processes. In at least one embodiment, metal material layer 
24a may be deposited without a pre-clean or pre-sputter step 
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prior to deposition. Example deposition process conditions 
are as set forth in Table 5 for forming a TiN metal material 
layer 24a. 

TABLE 5 

EXAMPLETN DEPOSITION PARAMETERS 

EXAMPLE PREFERRED 
PROCESS PARAMETER RANGE RANGE 

Argon Flow Rate (Scom) 20-40 20-30 
Ar With Dilute H- O-30 O-10 
(<10%) Flow Rate (sccm) 
Nitrogen Flow Rate (sccm) SO-90 60-70 
Pressure (milliTorr) 1-SOOO 1800-2400 
Power (Watts) 1O-9000 2OOO-9000 
Power Ramp Rate 1O-SOOO 2000-4000 
(Watts/sec) 
Process Temperature (C.) 100-600 200-350 
Deposition Time (sec) 5-200 10-150 

Other flow rates, pressures, powers, power ramp rates, pro 
cess temperatures and/or deposition times may be used. 
0.130. Example deposition chambers include the Endura 2 
tool available from Applied Materials, Inc. of Santa Clara, 
Calif. Other processing tools may be used. In some embodi 
ments, a buffer chamber pressure of about 1-2x10-7 Torr and 
a transfer chamber pressure of about 2-5x10-8 Torr may be 
used. The deposition chamber may be stabilized for about 
250-350 seconds with about 60-80 sccm Ar. 60-70 sccm N. 
and about 5-10 sccm of Ar with dilute H at about 1800-2400 
milliTorr. In some embodiments, it may take about 2-5 sec 
onds to strike the target. Other buffer chamber pressures, 
transfer chamber pressures and/or deposition chamber stabi 
lization parameters may be used. 
I0131 Highly doped semiconductor material layer 24b is 
formed on metal material layer 24a. Highly doped semicon 
ductor material layer 24b may be n+ poly, p + poly, n+ poly 
with Ge (10-20%). p- poly with Ge (10-20%), or other simi 
lar highly doped semiconductor material. In at least one 
embodiment, highly doped semiconductor material layer 24b 
may be n+ poly, for example, from about 100 to about 1000 
angstroms, preferably about 200 angstroms, of phosphorus or 
arsenic doped silicon having a doping concentration of 
between about 1x10 cm and about 1x10 cm. Other 
layer thicknesses, doping types and/or doping concentrations 
may be used. N+ poly layer 24b may be doped in situ, for 
example, by flowing a donor gas during deposition. Other 
doping methods may be used (e.g., implantation). 
I0132) First dielectric material layer 12a is formed over 
highly doped semiconductor material layer 24b. In some 
embodiments, first dielectric material layer 12a may have a 
thickness of about 20 angstroms to about 30 angstroms, more 
generally between about 10 angstroms to about 50 angstroms, 
although other thicknesses may be used. First dielectric mate 
rial layer 12a may be SiO, Hfo, SiON, HfSiON, HfSiO, 
HfAll.O., Al-O, SiN. ZrO., La.O., Ta-Os, TiO, SrTiO, 
VO, VSiO or other similar dielectric materials. First dielec 
tric material layer 12a may be formed using any Suitable 
formation process, such as ALD, PVD, RTO, HDP-CVD, 
SPA, MOCVD, DLI-MOCVD or other similar process. 
0.133 Intermediate electrode 25 is formed above first 
dielectric material layer 12a. In example embodiments of this 
invention, intermediate electrode 25 includes a metal material 
layer 25a and a highly doped semiconductor material layer 
25b formed on metal material layer 25a. Metal material layer 
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25a may be Ti, TiN, Ta, TaN, W, WN, Mo, TaAlN, VN, 
VSiN. ZrN, ZrSiN. HfN, HfSiN. TiSiN. TaSiN 
WSiN, WAIN, carbon, a noble metal, such as Pt, or other 
similar metal materials. In some embodiments, metal layer 
25a may have a thickness of about 100 angstroms to about 
300 angstroms, more generally between about 50 angstroms 
to about 500 angstroms. Other thicknesses may be used. 
0134. As described above, metal material layer 25a may 
beformed by CVD, PVD, sputter deposition, or other similar 
processes. In at least one embodiment, metal material layer 
25a may be deposited without a pre-clean or pre-sputter step 
prior to deposition. Example deposition process conditions 
are as set forth in Table 1, above, for forming a TiN metal 
material layer 25a. 
0135 Highly doped semiconductor material layer 25b is 
formed on metal material layer 25a. Highly doped semicon 
ductor material layer 25b may be n+ poly, p+ poly, n+ poly 
with Ge (10-20%). p- poly with Ge (10-20%), or other simi 
lar highly doped semiconductor material. In at least one 
embodiment, highly doped semiconductor material layer 25b 
may be n+ poly, for example, from about 100 to about 1000 
angstroms, preferably about 200 angstroms, of phosphorus or 
arsenic doped silicon having a doping concentration of 
between about 1x10 cm and about 1x10’ cm. Other 
layer thicknesses, doping types and/or doping concentrations 
may be used. N+ poly layer 25b may be doped in situ, for 
example, by flowing a donor gas during deposition. Other 
doping methods may be used (e.g., implantation). 
0136. Second dielectric material layer 12b is formed over 
highly doped semiconductor material layer 25b. In some 
embodiments, second dielectric material layer 12b may have 
a thickness of about 30 angstroms to about 50 angstroms, 
more generally between about 20 angstroms to about 60 
angstroms, although other thicknesses may be used. Second 
dielectric material layer 12b may be SiO, Hfo, SiON, 
HfSiON, H?siO, HfAll.O., Al-O, SiNa, ZrO, La-O, 
TaOs, TiO, SrTiO, VO, VSiO, or other similar dielectric 
materials. Second dielectric material layer 12b may be 
formed using any suitable formation process. Such as ALD, 
PVD, RTO, HDP-CVD, SPA, MOCVD, DLI-MOCVD or 
other similar process. 
0.137 Persons of ordinary skill in the art will understand 
that first dielectric material layer 12a and second dielectric 
material layer 12b may be the same thickness, or may have 
different thickness from one another. Further, different pro 
cess flows and recipes (such as film growth conditions, sto 
ichiometry, gas flow, etc.) can be used to control the type and 
quality of the film and their respective interfaces to achieve 
reproducible memory states. 
0138 Top electrode 28 is formed above second dielectric 
material layer 12b. Top electrode 28 may be about 20 ang 
stroms to about 100 angstroms, more generally between 
about 10 angstroms and about 250 angstroms, of titanium 
nitride or another suitable barrier layer such as tantalum 
nitride, tungsten nitride, tungsten, molybdenum, combina 
tions of one or more barrier layers, barrier layers in combi 
nation with other layers such as titanium/titanium nitride, 
tantalum?tantalum nitride or tungsten/tungsten nitride stacks, 
or the like. Other barrier layer materials and/or thicknesses 
may be employed. 
0.139. In at least one embodiment, top electrode 28 may be 
deposited without a pre-clean or pre-sputter step prior to 
deposition. Top electrode 28 may be formed by ALD, CVD. 
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PVD, sputter deposition, or other similar processes. Example 
deposition process conditions are as set forth above in Table 
1. 

0140. As shown in FIG. 6C, top electrode 28, second 
dielectric material layer 12b, highly doped semiconductor 
material layer 25b, metal layer 25a, first dielectric material 
layer 12a, highly doped semiconductor material layer 24b, 
metal layer 24a, silicide-forming metal layer 52, diode layers 
14a-14c, and barrier layer 26 are patterned and etched to form 
pillars 132. Pillars 132 may be formed above corresponding 
conductors 20 and have substantially the same width as con 
ductors 20, for example, although other widths may be used. 
Some misalignment may be tolerated. The memory cell lay 
ers may be patterned and etched in a single pattern/etch pro 
cedure or using separate pattern/etch steps. In at least one 
embodiment, top electrode 28, second dielectric material 
layer 12b, highly doped semiconductor material layer 25b, 
metal layer 25a, first dielectric material layer 12a, highly 
doped semiconductor material layer 24b, and metal layer 24a 
are etched together to form memory element 16 (FIG. 3A). 
0141 For example, photoresist may be deposited, pat 
terned using standard photolithography techniques, layers 26, 
14a-14c., 52, 24a, 24b, 12a, 25a, 25b, 12b, and 28 may be 
etched, and then the photoresist may be removed. Alterna 
tively, a hard mask of some other material, for example silicon 
dioxide, may be formed on top of top electrode 28, with 
bottom antireflective coating (“BARC) on top, then pat 
terned and etched. Similarly, dielectric antireflective coating 
(“DARC) and/or amorphous carbon film (e.g., the Advanced 
Patterning Film from Applied Materials, Santa Clara, Calif.) 
may be used as a hard mask. In some embodiments, one or 
more additional metal layers may be formed above memory 
element 16 and diode 14 and used as a metal hard mask that 
remains part of pillars 132. 
0.142 Pillars 132 may be formed using any suitable mask 
ing and etching process. For example, layers 26, 14a-14c., 52. 
24a, 24b, 12a, 25a, 25b, 12b, and 28 may be patterned with 
about 1 to about 1.5 micron, more preferably about 1.2 to 
about 1.4 micron, of photoresist (“PR') using standard pho 
tolithographic techniques. Thinner PR layers may be used 
with Smaller critical dimensions and technology nodes. In 
Some embodiments, an oxide hard mask may be used below 
the PR layer to improve pattern transfer and protect underly 
ing layers during etching. 
0143. In some embodiments, after etching, pillars 132 
may be cleaned using a dilute hydrofluoric/sulfuric acid 
clean. Such cleaning may be performed in any suitable clean 
ing tool, such as a Raider tool, available from Semitool of 
Kalispell, Mont. Example post-etch cleaning may include 
using ultra-dilute sulfuric acid (e.g., about 1.5-1.8 wt %) for 
about 60 seconds and/or ultra-dilute hydrofluoric (“HF) acid 
(e.g., about 0.4–0.6 wt %) for 60 seconds. Megasonics may or 
may not be used. Other clean chemistries, times and/or tech 
niques may be employed. 

0144. A dielectric material layer 58b is deposited over 
pillars 132 to fill the voids between pillars 132. For example, 
approximately 2000-7000 angstroms of silicon dioxide may 
be deposited and planarized using chemical mechanical pol 
ishing or an etch-back process to form a planar Surface 136, 
resulting in the structure illustrated in FIG. 6D. Planar surface 
136 includes exposed top surfaces of pillars 132 separated by 
dielectric material 58b (as shown). Other dielectric materials 
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Such as silicon nitride, silicon oxynitride, low K dielectrics, 
etc., and/or other dielectric material layer thicknesses may be 
used. 
(0145 With reference to FIG. 6E, second conductors 22 
may be formed above pillars 132 in a manner similar to the 
formation of first conductors 20. For example, in some 
embodiments, one or more barrier layers and/or adhesion 
layers 140 may be deposited over pillars 132 prior to deposi 
tion of a conductive layer 142 used to form second conductors 
22. 
0146 Barrier layer and/or adhesion layer 140 may include 
titanium nitride or another Suitable layer Such as tantalum 
nitride, tungsten nitride, tungsten, molybdenum, combina 
tions of one or more layers, or any other suitable material(s). 
Conductive layer 142 may be formed from any suitable con 
ductive material Such as tungsten, another Suitable metal, 
heavily doped semiconductor material, a conductive silicide, 
a conductive silicide-germanide, a conductive germanide, or 
the like deposited by PVD or any other any suitable method 
(e.g., CVD, etc.). Other conductive layer materials may be 
used. 
0147 Conductive layer 142 and barrier and/or adhesion 
layer 140 may be patterned and etched to form second con 
ductors 22. In at least one embodiment, second conductors 22 
are Substantially parallel, Substantially coplanar conductors 
that extend in a different direction than first conductors 20. 
0148. In other embodiments of the invention, second con 
ductors 22 may be formed using a damascene process in 
which a dielectric material layer is formed, patterned and 
etched to create openings or voids for conductors 22. The 
openings or voids may be filled with adhesion layer 140 and 
conductive layer 142 (and/or a conductive seed, conductive 
fill and/or barrier layer if needed). Adhesion layer 140 and 
conductive layer 142 then may be planarized to form a planar 
Surface. 
0149 Following formation of second conductors 22, the 
resultant structure may be annealed to crystallize the depos 
ited semiconductor material of diodes 14 (and/or to form 
silicide regions by reaction of the silicide-forming metal layer 
52 with p+ region 14c). In alternative embodiments, the 
arrangements of the doped silicon layers is reversed, so sili 
cide-forming metal layer 52 is in contact with n+ region 14a. 
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 adja 
cent deposited silicon as the deposited silicon crystallizes. 
Lower resistivity diode material thereby is provided. Similar 
results may be achieved for silicon-germanium alloy and/or 
germanium diodes. 
0150. Thus in at least one embodiment, a crystallization 
anneal may be performed for about 10 seconds to about 2 
minutes in nitrogen at a temperature of about 600 to 800° C. 
and more preferably between about 650 and 750° C. Other 
annealing times, temperatures and/or environments such as 
spike anneal, laser anneal may also be used. 
0151. Additional memory levels may be similarly formed 
above the memory level of FIGS. 6A-6E. Persons of ordinary 
skill in the art will understand that alternative memory cells in 
accordance with this invention may be fabricated with other 
Suitable techniques. 
0152 The foregoing description discloses only example 
embodiments of the invention. Modifications of the above 
disclosed apparatus and methods which fall within the scope 
of the invention will be readily apparent to those of ordinary 
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skill in the art. For instance, in any of the above embodiments, 
the memory elements 16 may be located below diodes 14. 
0153. Accordingly, although the present invention has 
been disclosed in connection with example embodiments 
thereof, it should be understood that other embodiments may 
fall within the spirit and scope of the invention, as defined by 
the following claims. 

1. A memory cell comprising: 
a steering element; and 
a memory element comprising: 

a first conductive material layer, 
a first dielectric material layer disposed above the first 

conductive material layer, 
a second conductive material layer disposed above the 

first dielectric material layer; 
a second dielectric material layer disposed above the 

second conductive material layer, and 
a third conductive material layer disposed above the 

second dielectric material layer, 
wherein one or both of the first conductive material layer 

and the second conductive material layer comprise a 
stack of a metal material layer and a highly doped 
semiconductor material layer. 

2. The memory cell of claim 1, wherein the first conductive 
material layer comprises one or more of titanium, titanium 
nitride, tantalum, tantalum nitride, tungsten, tungsten nitride, 
Vanadium nitride, Vanadium silicon nitride, Zirconium 
nitride, Zirconium silicon nitride, hafnium nitride, hafnium 
silicon nitride, titanium silicon nitride, tantalum silicon 
nitride, tungsten silicon nitride, tungsten aluminum nitride 
and carbon. 

3. The memory cell of claim 1, wherein the first conductive 
material layer comprises highly doped n+ polysilicon, highly 
doped p- polysilicon, or highly doped polycrystalline sili 
con-germanium alloys. 

4. The memory cell of claim 1, wherein the second con 
ductive material layer comprises one or more of titanium, 
titanium nitride, tantalum, tantalum nitride, tungsten, tung 
Sten nitride, Vanadium nitride, Vanadium silicon nitride, Zir 
conium nitride, Zirconium silicon nitride, hafnium nitride, 
hafnium silicon nitride, titanium silicon nitride, tantalum sili 
con nitride, tungsten silicon nitride, tungsten aluminum 
nitride and carbon. 

5. The memory cell of claim 1, wherein the second con 
ductive material layer comprises highly doped n+ polysili 
con, highly doped p- polysilicon, or highly doped polycrys 
talline silicon-germanium alloys. 

6. The memory cell of claim 1, wherein the first dielectric 
material layer comprises one or more of SiO, Hf(), SiON, 
H?SiON, H?SiO, HfAll.O, Al-O, Si,Na, ZrO, La.O., 
Ta-Os, TiO, SrTiO, VO, and VSiO. 

7. The memory cell of claim 1, wherein the second dielec 
tric material layer comprises one or more of SiO, Hf), 
SiON, H?SiON, HfSiO, HfAll.O, Al-O, Si,Na, ZrO. 
LaO, Ta-Os, TiO, SrTiO, VO, and VSiO. 

8. The memory cell of claim 1, wherein the steering ele 
ment comprises a diode. 

9. The memory cell of claim 1, wherein the steering ele 
ment comprises a vertically oriented diode. 

10. The memory cell of claim 1, wherein the steering 
element comprises a p-n, p-i-n, n-p-n or p-n-p punch-through 
diode, a carbon diode. 

11. The memory cell of claim 1, wherein the steering 
element comprises a thin film transistor. 
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12. The memory cell of claim 1, wherein the memory 
element is disposed above or below the steering element. 

13. A method of programming a memory cell comprising a 
memory element comprising a first conductive material layer, 
a first dielectric material layer disposed above the first con 
ductive material layer, a second conductive material layer 
disposed above the first dielectric material layer, a second 
dielectric material layer disposed above the second conduc 
tive material layer, and a third conductive material layer dis 
posed above the second dielectric material layer, wherein one 
or both of the first conductive material layer and the second 
conductive material layer comprises a stack of a metal mate 
rial layer and a highly doped semiconductor material layer, 
wherein the memory cell has a first memory state upon fab 
rication corresponding to a first read current, wherein the 
method comprises: 

applying a first programming pulse to the memory cell with 
a first current limit, wherein the first programming pulse 
programs the memory cell to a second memory state that 
corresponds to a second read current greater than the 
first read current. 

14. The method of claim 13, further comprising applying a 
second programming pulse to the memory cell with a second 
current limit higher than the first current limit, wherein the 
second programming pulse programs the memory cell to a 
third memory state that corresponds to a third read current 
greater than the second read current. 

15. The method of claim 14, further comprising applying a 
third programming pulse to the memory cell without a current 
limit, wherein the third programming pulse programs the 
memory cell to a fourth memory state that corresponds to a 
fourth read current greater than the third read current. 

16. The method of claim 13, wherein the first conductive 
material layer comprises one or more of titanium, titanium 
nitride, tantalum, tantalum nitride, tungsten, tungsten nitride, 
Vanadium nitride, Vanadium silicon nitride, Zirconium 
nitride, Zirconium silicon nitride, hafnium nitride, hafnium 
silicon nitride, titanium silicon nitride, tantalum silicon 
nitride, tungsten silicon nitride, tungsten aluminum nitride 
and carbon. 

17. The method of claim 13, wherein the first conductive 
material layer comprises highly doped n+ polysilicon, highly 
doped p- polysilicon, or highly doped polycrystalline sili 
con-germanium alloys. 

18. The method of claim 13, wherein the second conduc 
tive material layer comprises one or more of titanium, tita 
nium nitride, tantalum, tantalum nitride, tungsten, tungsten 
nitride, Vanadium nitride, Vanadium silicon nitride, Zirco 
nium nitride, Zirconium silicon nitride, hafnium nitride, 
hafnium silicon nitride, titanium silicon nitride, tantalum sili 
con nitride, tungsten silicon nitride, tungsten aluminum 
nitride and carbon. 

19. The method of claim 13, wherein the second conduc 
tive material layer comprises highly doped n+ polysilicon, 
highly doped p- polysilicon, or highly doped polycrystalline 
silicon-germanium alloys. 

20. The method of claim 13, wherein the first dielectric 
material layer comprises one or more of SiO, Hf), SiON, 
HfSiON. Hi? SiO, HfAlO, Al-O, SiNa, ZrO2, La-O, 
Ta-Os, TiO, SrTiO, VO, and VSiO. 

21. The method of claim 13, wherein the second dielectric 
material layer comprises one or more of SiO, Hf), SiON, 
HfSiON. Hi? SiO, HfAlO, Al-O, SiNa, ZrO2, La-O, 
Ta-Os, TiO, SrTiO, VO, and VSiO. 
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22. A method of programming a memory cell comprising a 
memory element comprising a first conductive material layer, 
a first dielectric material layer disposed above the first con 
ductive material layer, a second conductive material layer 
disposed above the first dielectric material layer, a second 
dielectric material layer disposed above the second conduc 
tive material layer, and a third conductive material layer dis 
posed above the second dielectric material layer, wherein one 
or both of the first conductive material layer and the second 
conductive material layer comprises a stack of a metal mate 
rial layer and a highly doped semiconductor material layer, 
wherein the method comprises: 

applying Voltage pulses to the memory cell to reversibly 
switch the memory element between a low-resistivity 
state and a high-resistivity state. 

23. The method of claim 22, wherein the first conductive 
material layer comprises one or more of titanium, titanium 
nitride, tantalum, tantalum nitride, tungsten, tungsten nitride, 
Vanadium nitride, Vanadium silicon nitride, Zirconium 
nitride, Zirconium silicon nitride, hafnium nitride, hafnium 
silicon nitride, titanium silicon nitride, tantalum silicon 
nitride, tungsten silicon nitride, tungsten aluminum nitride 
and carbon. 

24. The method of claim 22, wherein the first conductive 
material layer comprises highly doped n+ polysilicon, highly 
doped p- polysilicon, or highly doped polycrystalline sili 
con-germanium alloys. 

25. The method of claim 22, wherein the second conduc 
tive material layer comprises one or more of titanium, tita 
nium nitride, tantalum, tantalum nitride, tungsten, tungsten 
nitride, Vanadium nitride, Vanadium silicon nitride, Zirco 
nium nitride, Zirconium silicon nitride, hafnium nitride, 
hafnium silicon nitride, titanium silicon nitride, tantalum sili 
con nitride, tungsten silicon nitride, tungsten aluminum 
nitride and carbon. 

26. The method of claim 22, wherein the second conduc 
tive material layer comprises highly doped n+ polysilicon, 
highly doped p- polysilicon, or highly doped polycrystalline 
silicon-germanium alloys. 

27. The method of claim 22, wherein the first dielectric 
material layer comprises one or more of SiO, Hf(), SiON, 
HfSiON. Hi? SiO, HfAlO, Al-Os, SiNa, ZrO2, La-O, 
Ta-Os, TiO, SrTiO, VO, and VSiO. 

28. The method of claim 22, wherein the second dielectric 
material layer comprises one or more of SiO, Hf(), SiON, 
HfSiON. Hi? SiO, HfAlO, Al-Os, SiNa, ZrO2, La-O, 
Ta-Os, TiO, SrTiO, VO, and VSiO. 

29. A monolithic three-dimensional memory array com 
prising: 

a first memory level monolithically formed above a sub 
strate, the first memory level comprising a plurality of 
memory cells, wherein each memory cell comprises: 
a steering element; and 
a memory element comprising: 

a first conductive material layer; 
a first dielectric material layer disposed above the first 

conductive material layer, 
a second conductive material layer disposed above the 

first dielectric material layer; 
a second dielectric material layer disposed above the 

second conductive material layer; and 
a third conductive material layer disposed above the 

second dielectric material layer, 
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wherein one or both of the first conductive material 
layer and the second conductive material layer 
comprise a stack of a metal material layer and a 
highly doped semiconductor material layer, and 

a second memory level monolithically formed above the 
first memory level. 

30. The monolithic three-dimensional memory array of 
claim 29, wherein each steering element comprises a diode. 

31. The monolithic three-dimensional memory array of 
claim 29, wherein each steering element comprises a verti 
cally oriented diode. 

32. The monolithic three-dimensional memory array of 
claim 29, wherein each steering element comprises a p-n, 
p-i-n, n-p-n or p-n-p punch-through diode or a carbon diode. 

33. The monolithic three-dimensional memory array of 
claim 29, wherein each steering element comprises a thin film 
transistor. 

34. The monolithic three-dimensional memory array of 
claim 29, wherein the memory elements are disposed above 
or below the steering element. 

35. The monolithic three-dimensional memory array of 
claim 29, wherein the first conductive material layer com 
prises one or more of titanium, titanium nitride, tantalum, 
tantalum nitride, tungsten, tungsten nitride, Vanadium nitride, 
Vanadium silicon nitride, Zirconium nitride, Zirconium silicon 
nitride, hafnium nitride, hafnium silicon nitride, titanium sili 
con nitride, tantalum silicon nitride, tungsten silicon nitride, 
tungsten aluminum nitride and carbon. 
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36. The monolithic three-dimensional memory array of 
claim 29, wherein the first conductive material layer com 
prises highly doped n+polysilicon, highly doped p- polysili 
con, or highly doped polycrystalline silicon-germanium 
alloys. 

37. The monolithic three-dimensional memory array of 
claim 29, wherein the second conductive material layer com 
prises one or more of titanium, titanium nitride, tantalum, 
tantalum nitride, tungsten, tungsten nitride, Vanadium nitride, 
Vanadium silicon nitride, Zirconium nitride, Zirconium silicon 
nitride, hafnium nitride, hafnium silicon nitride, titanium sili 
con nitride, tantalum silicon nitride, tungsten silicon nitride, 
tungsten aluminum nitride and carbon. 

38. The monolithic three-dimensional memory array of 
claim 29, wherein the second conductive material layer com 
prises highly doped n+polysilicon, highly doped p- polysili 
con, or highly doped polycrystalline silicon-germanium 
alloys. 

39. The monolithic three-dimensional memory array of 
claim 29, wherein the first dielectric material layer comprises 
one or more of SiO, HfO, SiON, HfSiON, H?SiO, HfAll.O, 
Al2O, SiNa, ZrO, La-Os, Ta-Os, TiO, SrTiO, VO, and 
VSO. 

40. The monolithic three-dimensional memory array of 
claim 29, wherein the second dielectric material layer com 
prises one or more of SiO, Hfo, SiON, HfSiON, HfSiO, 
HfAll.O, Al2O, SiNa ZrO2, La-Os, Ta2O5, TiO, SrTiO, 
VO, and VSiO. 


