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ADDRESSABLE SIOX MEMORY ARRAY
WITH INCORPORATED DIODES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application No. 61/527,847, filed on Aug. 26, 2011,
the entirety of which is incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under Grant No. NNX11CH49P, awarded by the National
Aeronautics and Space Administration. The government has
certain rights in the invention.

FIELD OF THE INVENTION

[0003] This invention relates to systems and methods for
implementation of resistive switching memories. More par-
ticularly, the systems and methods discussed herein may
incorporate a diode structure or the like into a memory cell.

BACKGROUND OF THE INVENTION

[0004] The interest in resistive-based nonvolatile memory,
memresistors, or memristors is based upon on the potential
for the development of next generation memory devices
because the existing Si-based CMOS (complementary metal
oxide semiconductor) transistor technology is rapidly
approaching its fundamental scaling limitations and fabrica-
tion cost s also rapidly increasing due, in part, to the requisite
reduction in the transistor size.

[0005] Crossbar architectures with switching material
sandwiched between bit lines and word lines have been pro-
posed as a potential candidate that will be easily scalable.
However, a crossbar architecture may lead to misreading the
switching state of a designated cell. For example, cross-talk
may lead to misreading of the state of a cell. The systems and
methods discussed herein prevent cross-talk issues by incor-
porating a diode structure or the like into a memory cell.

SUMMARY OF THE INVENTION

[0006] In some embodiments, the present invention per-
tains to resistive memories cells incorporating a diode struc-
ture or the like. In various embodiments, such resistive
memory cells generally comprise: (1) a first electrode; (2) a
second electrode; (3) a resistive memory material; and (4) a
diode structure or the like. In some embodiments, the resistive
memory material may be sandwiched between the two elec-
trodes. In some embodiments, the diode structure or the like
may also be sandwiched between the two electrodes. In some
embodiments, the resistive memory cell has two terminals. In
some embodiments, the electrodes are perpendicular to each
other. In some embodiments, the diode structure may be an
n-p diode, a p-n diode, and a Schottky diode.

[0007] In some embodiments, the resistive memory mate-
rial comprises one or more SiO, -based compositions, such as
Sio,, SiO H, SiO,N,, SiO,N, H, SiO,C,, SiO,C_H, and com-
binations thereof. In such embodiments, X, y and z may each
be equal or greater than 1 or equal or less than 2.

[0008] In some embodiments, the resistive memory mate-
rial may also comprise a compound containing at least three
elements (i.e., an “MEA compound”), where “M” is selected
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from the group consisting of Si, C, Ge, In, Sn, Pb, Ti, Zr, Hf,
Sr,Ba,Y, La, V, Nb, Ta, Cr, Mo, W, Fe, Ni, Cu, Ag, Zn, Al, Pt
and combinations thereof; “E” is selected from the group
consisting of O, N, P, B, Sb, S, Se, Te, and combinations
thereof; and “A” is selected from the group consisting of H,
Li, Na, K, F, Cl, Br, I and combinations thereof.

[0009] In further embodiments, the present invention pro-
vides resistive memory arrays that comprise: (1) a plurality of
bit lines; (2) a plurality of word lines; (3) a plurality of
resistive memory cells that are positioned between the bit
lines and word lines; and (4) a diode structure or the like.
Additional embodiments of the present invention pertain to
methods of making the resistive memory cells and resistive
memory arrays of the present invention. As set forth in more
detail below, the resistive memories and resistive memory
arrays of the present invention have numerous applications in
various fields and environments, including applications as
flash memory drive replacements in radiation rich environ-
ments, such as outer space.

[0010] The foregoing has outlined rather broadly various
features of the present disclosure in order that the detailed
description that follows may be better understood. Additional
features and advantages of the disclosure will be described
hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] For a more complete understanding of the present
disclosure, and the advantages thereof, reference is now made
to the following descriptions to be taken in conjunction with
the accompanying drawings describing specific embodi-
ments of the disclosure, wherein:

[0012] FIG. 1 shows an illustrative embodiment of a cross-
bar structure for a resistive memory array;

[0013] FIGS. 2a and 26 provides illustrative examples of
cross-talk in a crossbar array and SEM image of a crossbar
array;

[0014] FIG. 3 is a SEM image of 1 k bit crossbar memory
structure;

[0015] FIGS. 4a and 45 show a crossbar structure of 1D-1R

device and a circuit diagram schematic of the resistive
memory material and diode structure;

[0016] FIGS. 5a-5¢ show an optical image and electrical
data for 1D-1R device based on ZnO memory with hetero-
structure (ZnO/NiO) diode;

[0017] FIGS. 6a-6¢ show an SEM image, memory cells
with and without a diode, and electrical data for 1D-1R device
based on NiO memory with InZnO/CuO diode;

[0018] FIGS. 7a-7b show electrical data for 1D-1R device
based on NiO memory with p-NiO,/n-TiO, diode;

[0019] FIG. 8 shows low and high resistance states (LRS
and HRS) of the 63 bits within a 1 kb SiO,, crossbar array;
[0020] FIG. 9 shows I-V characteristics and threshold volt-
ages of a SiO, memory device;

[0021] FIG. 10 shows the on-current versus junction diam-
eter for Si0, memory device;

[0022] FIG. 11 shows conduction states before and after
X-ray irradiation;

[0023] FIG. 12 shows the fabrication process of a BE/SiO,/
p-n junction/TE crossbar structure where BE=bottom elec-
trode and TE=top electrode;

[0024] FIG. 13 shows fabrication steps for the BE/p-n junc-
tion/ME/SiO,/TE crossbar structure where ME=metallic ele-
ment or metallic layer;
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[0025] FIG. 14 shows fabrication steps for the BE/Schottky
diode/ME/SiO,/TE crossbar structure where ME=metallic
element or metallic layer;

[0026] FIG. 15 shows the structure of a Schottky diode
composed of an Al(BE)/n-type Si/Pd(ME);

[0027] FIG. 16 shows the I-V characteristic of a Schottky
diode;

[0028] FIG. 17 shows the structure of 1D-1R single cell
devices; and

[0029] FIGS. 18a and 186 show electric I-V data and the

on-off ratio versus voltages for 1D-1R single cell device.

DETAILED DESCRIPTION

[0030] Itisto beunderstood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory only, and are not restrictive of the
invention, as claimed. In this application, the use of the sin-
gular includes the plural, the word “a” or “an” means “at least
one”, and the use of “or” means “and/or”, unless specifically
stated otherwise. Furthermore, the use of the term “includ-
ing”, as well as other forms, such as “includes” and
“included”, is not limiting. Also, terms such as “clement” or
“component” encompass both elements or components com-
prising one unit and elements or components that comprise
more than one unit unless specifically stated otherwise.
[0031] The section headings used herein are for organiza-
tional purposes only and are not to be construed as limiting
the subject matter described. All documents, or portions of
documents, cited in this application, including, but not lim-
ited to, patents, patent applications, articles, books, and trea-
tises, are hereby expressly incorporated herein by reference in
their entirety for any purpose. In the event that one or more of
the incorporated literature and similar materials defines a
term in a manner that contradicts the definition of that term in
this application, this application controls.

[0032] Various embodiments of resistive memory arrays
and methods for producing the arrays are discussed herein. Is
various embodiments, a resistive memory array may include
aplurality of memory cells or resistive memories arranged in
a crossbar structure. In various embodiments, such resistive
memory cells generally comprise: (1) a first electrode; (2) a
second electrode; and (3) a resistive memory material
between the two electrodes. In some embodiments, the elec-
trodes may be word lines or bit lines or a memory array. In
addition to the resistive memory material, a diode structure or
the like may also be positioned between the two electrodes. In
some embodiments, the diode structure may be an n-p diode,
a p-n diode, a Schottky diode, or any other suitable diode.
[0033] In further embodiments, the resistive memory
arrays comprise: (1) a plurality of bit lines; (2) a plurality of
word lines that are orthogonal to the bit lines conductors; (3)
a plurality of resistive memory cells positioned between the
word lines and bit lines; and (4) a plurality of diode structures
or the like positioned between the word lines and bit lines.
Additional embodiments provide methods of forming resis-
tive memory cells with diode structures, methods of forming
resistive memory arrays with diode structures, and devices
that incorporate such resistive memory cells and arrays.
[0034] In further embodiments, a method of forming a
resistive memory cell or array may comprise the steps of (1)
depositing a first electrode on insulating substrate; (2) depos-
iting a resistive memory material; (3) depositing diode mate-
rials; and (4) depositing a second electrode. In some embodi-
ments, the diode materials may be n-type and p-type material
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to form a n-p diode or a p-n diode. In some embodiments, the
diode materials may be metal and/or semiconductor materials
utilized to form a Schottky diode or any other suitable diode.
[0035] Resistive memory generally refers to a memory uti-
lizing compositions with electrical conductivity that can be
reversibly modified by application of different bias voltages.
In some embodiments, the resistive memory may be resistive
random access memories (ReRAMs), which are random
access memories that utilize resistive memory material(s). In
some embodiments, the resistive memory may be memris-
tors, memresistors, or the like. It should be noted that embodi-
ments discussed herein may utilize the terms ReRAM, mem-
resistor, and memristor interchangeable since each may
alternatively utilize in the embodiments discussed herein.
[0036] Examples of resistive switching memory arrays
have been discussed in International Application No. PCT/
US2011/050812 filed Sep. 8, 2011, the entirety of which is
incorporated herein by reference. A basic discussion of resis-
tive memory cells and arrays is also provided below.

[0037] Substrate

[0038] Substrates in resistive memory cells generally refer
to compositions that can house or support the device. In some
embodiments, the substrate is a semiconducting substrate. In
some embodiments, the substrate is an insulating substrate. In
more specific embodiments, the substrate also contains a
dielectric layer. In some embodiments, the substrate may also
contain an oxide layer. Examples of substrate compositions
include, without limitation, silicon, silicon dioxide, alumi-
num oxide, sapphire, germanium, gallium arsenide (GaAs),
alloys of silicon and germanium, indium phosphide (InP),
and combinations thereof. The substrates of the present
invention may also have various shapes. For instance, in some
embodiments, the substrates may be in the form of discs (e.g.,
wafers), cylinders, cubes, spheres, and the like.

[0039] Electrodes

[0040] In various embodiments, a resistive memory cell
may provide two or more electrodes. Various conductive ele-
ments may be utilized for the electrodes. In some embodi-
ments, the conductive elements may include polysilicon,
n-doped polysilicon, p-doped polysilicon, doped single-crys-
tal silicon, metal silicides, and various metals. Metals that can
be utilized as conductive elements include, without limita-
tion, tungsten, titanium, titanium nitride, titanium silicide,
titanium tungsten, cobalt silicide, nickel silicide, tantalum,
tantalum nitride, aluminum, gold, and copper.

[0041] Resistive Memory Materials

[0042] Resistive memory materials generally refer to com-
positions with electrical conductivity that can be reversibly
modified by application of different bias voltages. In some
embodiments, one programming bias voltage will drive the
resistive memory material into a high-conductivity state, and
another programming bias voltage will drive the resistive
memory material into a low-conductivity state. The state of
the resistive memory material can be determined by applying
a third bias voltage and measuring the current flow through
the resistive memory material, where the third bias voltage
does not alter the programmed state. Resistive memory mate-
rials are further generally classified as being bipolar, which
requires the programming voltage polarity to be different, or
as being unipolar, where all programming and state measure-
ment voltages are of a single polarity.

[0043] In some embodiments, resistive memory materials
can act as a reversible memory. In some embodiments, the
resistive memory material has one or more programmable
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resistance states. In some embodiments, the resistive memory
material may also exhibit a reversible switching mechanism.
[0044] Various resistive memory materials may be used in
the resistive memory cells of the present invention. In some
embodiments, the resistive memory materials include, with-
out limitation, Si, O, H, C and N. In more specific embodi-
ments, the resistive memory materials include, without limi-
tation, SiO,, SiOH, SiON,, SiO,N H, SiO,C,, SiO,CH,
and combinations thereof. In such embodiments, each of x, y
and z may be equal or greater than 1 or equal or less than 2. In
some embodiments, the x ratio of O, to Si is greater than or
equal to 0 and less than or equal to 2. In some embodiments,
the y ratio of N, to Si is in the range from 1.33 to 0. In some
embodiments, the z ratio of C, to Si is in the range from 1 to
0.

[0045] In some embodiments, the resistive memory mate-
rial may also include a compound containing at least three
elements (i.e., an “MEA” compound), where “M” is at least
one of Si, C, Ge, In, Sn, Pb, Ti, Zr, Hf, Sr, Ba,Y, La, V,Nb, Ta,
Cr, Mo, W, Fe, Ni, Cu, Ag, Zn, Al, Pt and combinations
thereof, “E” is at least one of O, N, P, B, Sb, S, Se, Te, and
combinations thereof; and “A” is at least one of H, Li, Na, K,
F, Cl, Br, I and combinations thereof. In more specific
embodiments, the resistive memory material consists of
Si0,, such as amorphous SiO, or hydrogenated SiO,. In some
embodiments, the resistive memory cell is hydrogenated
Si0, that is exposed to thermal anneal in ambient containing
at least one of H,, H,O and D,.

[0046] In some embodiments, the resistive memory mate-
rial has one or more programmable resistance states. In some
embodiments, the resistive memory material has two pro-
grammable resistance states. In more specific embodiments,
the current difference between the two programmable resis-
tance states is at least greater than 1,000,000 to 1. In various
other embodiments, the current difference between the two
programmable resistance states is at least greater than 100,
000to 1, at least greater than 10,000 to 1, at least greater than
1000 to 1, at least greater than 100 to 1, or at least greater than
10to 1.

[0047] In some embodiments, the resistive memory mate-
rial may have three or more programmable resistance states.
In some embodiments, the resistive memory material has
three programmable resistance states that consist of a low
current state (e.g., 107'% to 10~ A), a medium current state
(e.g., 10~ to 107% A) and a high current state (e.g., 107 to
107 A).

[0048] Theresistive memory materials of the present inven-
tion may also have various programmable properties. For
instance, in some embodiments, the resistive memory mate-
rials may not be programmable by heat, X-ray, heavy ion
irradiation, or heavy proton irradiation. In some embodi-
ments, the resistive memory materials may retain their state
when exposed to heat, X-ray, heavy ion irradiation, or heavy
proton irradiation.

[0049] Theresistive memory materials of the present inven-
tion may also have various heating properties. For instance, in
some embodiments, the resistive memory materials may not
be programmable by heating at temperatures of less than
about 200° C. for periods of time ranging from less than 5
seconds to more than 30 minutes. In some embodiments, the
resistive memory materials may not be programmable by
heating at temperatures of less than about 300° C. for periods
of time ranging from less than 5 seconds to more than 30
minutes. In some embodiments, the resistive memory mate-
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rials may not be programmable by heating at temperatures of
less than about 400° C. for periods of time ranging from less
than 5 seconds to more than 30 minutes.

[0050] In some embodiments, the resistive memory mate-
rials of the present invention may be in the form of layers with
various thicknesses. For instance, in some embodiments, the
resistive memory materials may have thicknesses that range
between about 10 nm to about 1000 nm. In some embodi-
ments, the resistive memory materials may have thicknesses
that range from about 1 pm to about 10 pm. The resistive
memory materials of the present invention may also have
various shapes, including square-like shapes, circular shapes,
and rectangular shapes.

[0051] In some embodiments, the resistive memory mate-
rials of the present invention may also be associated with two
or more conductive elements, such as electrodes and the
conductive elements described previously. In more specific
embodiments, the resistive memory materials of the present
invention are associated with two electrodes.

[0052] Resistive Memory Arrays

[0053] Additional embodiments of the present invention
pertain to resistive memory arrays. Such arrays generally
include a plurality of bit lines, a plurality of word lines
orthogonal to the bit lines, and a plurality of resistive memory
cells (as previously described). The resistive memory cells
can be positioned between the word lines and bit lines in
various arrangements. In some embodiments, the resistive
memory cells may be ReRAM cells, memresistors, memris-
tors, or the like.

[0054] For instance, in some embodiments, a substrate of a
resistive memory cell may be in contact with a bit line while
the resistive memory material may be in contact with a word
line. Likewise, in other embodiments, a substrate may be in
contact with a word line while the resistive memory material
may be in contact with a bit line. In further embodiments, the
bit line and the word line may be in direct contact with the
electrical switches of resistive memory cells. In some
embodiments, the bit lines and word lines may represent or
define the conductive elements associated with the electrical
switches in resistive memory cells. In some embodiments, a
resistive memory array may be stacked on top of one or more
resistive memory arrays utilizing any suitable stacking
arrangement. Note that in some embodiments of a stacked
arrangement, the bottom electrodes of a first resistive
memory array stacked on top of a second resistive memory
array may serve as the top electrodes of the second resistive
memory array.

[0055] Methods of Making Resistive Memory Cells and
Arrays
[0056] Various methods may be used to deposit the mate-

rials utilized in a resistive memory cell or array. Such methods
may include, without limitation, chemical vapor deposition
(CVD), low-pressure chemical vapor deposition (LPCVD),
plasma-enhanced chemical vapor deposition (PECVD),
atomic layer deposition (ALD), thermal oxidation, electron-
beam evaporation, physical sputter deposition, reactive sput-
ter deposition, and spin coating followed by curing. In some
embodiments, the methods may also include a thermal anneal
process. In some embodiments, the aforementioned methods
may occur under various temperatures and ambient condi-
tions. An exemplary temperature range includes, without
limitation, from about 200° C. to about 1200° C. Exemplary
sets of thermal anneal ambients include, without limitation,
oxygen, nitrogen, argon, helium, hydrogen, deuterium, water
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vapor, and combinations thereof. In some embodiments, a
formed resistive memory material may also be etched by
various mechanisms.

[0057] For instance, in various embodiments where the
resistive memory material is substantially SiO,, SiO,, may be
deposited using CVD, LPCVD, PECVD, thermal oxidation
of Si, electron-beam evaporation of SiO,, physical sputter
deposition from SiO,, reactive sputter deposition from Si
target in O,, and spin-coating followed by curing.

[0058] Likewise, a method of forming an MEA-containing
resistive memory material is to selectively include Si, O, H, C
and N in the PECVD process or post deposition processes to
incorporate these components into a resistive memory mate-
rial component (e.g., SION,, SiO,C,, SiO,H ). In some
embodiments, the resistive memory material containing
MEA may be deposited using PECVD from gaseous growth
precursors (such as Si, O, N, H, and combinations thereof) to
result in the formation of the resistive memory material com-
ponents.

[0059] In some embodiments, the resistive memory mate-
rial is first deposited as a SiO, layer followed by a thermal
anneal process at an ambient temperature range from about
200° C. to about 1200° C. under H, flow. The formed SiO,
layer may then be etched by a reactive ion etch (RIE) plasma
with at least one RIE feed gas containing H so that H is
incorporated into the etched surface to form SiO,H, . In some
embodiments, the SiO, layer may be exposed to a hydrogen
fluoride (HF)-containing etchant solution so that H is incor-
porated into the etched surface to form the compound SiO,H,,
where the x ratio of O to Siis greater than or equal to 1 or less
than or equal to 2. In some embodiments, the programmable
resistive material comprises SiO, that receives a first treat-
ment comprised of etching the SiO, layer to form a surface
connecting the two conductive elements.

[0060] The etched surface may further receive a second
treatment comprising a thermal anneal with temperature in
the range from 200° C. to 1200° C. in an ambient containing
H, orH,0Oto incorporate H and form compound SiO, H,, at the
surface. Depending on anneal time and temperature, in the
near-surface regions, the x ratio of O, to Si may be greater
than or equal to 1 or less than or equal to 2. In addition, the
depth of H incorporation into the SiO, material may increase
for higher temperatures and longer anneal times. Depending
on the deposition method and process conditions, H content
in as-deposited SiO, films can range from less than 1 atomic
percent in dry thermal oxidation of Si to more than 20 atomic
percent in films deposited using PECVD. Exposure to an
additional thermal anneal containing H, either before or after
etching the vertical edge, will allow a consistent H content to
be achieved prior to device conditioning, which is described
below. Furthermore, the defects associated with the introduc-
tion of H into the SiO, material may lower the voltage
required to condition the device. In general, the H-containing
ambient can have a balance of inert gases including N, and
noble gases such as Ar and He. Other anneal ambients includ-
ing deuterium (D,), N, and inert noble gases, or combinations
thereof, may also be used.

[0061] Thermal treatment at reduced pressure (~140
mTorr) or using purely inert ambients have also been shown
to lower the voltage required for electroformation. Defects
formed in SiO, by thermal stressing in ambients containing
only inert gases are expected to form Si-rich SiO, with high
levels of oxygen vacancy defects that readily absorb moisture
when exposed to air or any other environment containing
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H,0. As aresult, these inert anneal ambients may also be used
to promote formation of SiO,H,, compounds in the near-sur-
face region.

[0062] Inotherembodiments, an MEA-containing resistive
memory material may be deposited using a single deposition
step, with component A being incorporated throughout the
deposited layer, and with a layer thickness ranging from a few
nanometers to a few micrometers. In other embodiments, a
first active layer of composition ME is deposited, with thick-
ness ranging from a few nanometers to a few micrometers.
Next, component A is added to form compound MEA. Alter-
natively, the first layer of composition ME receives an etching
treatment to form a surface, wherein component A is incor-
porated into the etched surface to form compound MEA
during the etch treatment.

[0063] Conditioning Resistive Memory Cells

[0064] Various methods may be used to condition resistive
memory cells. In some embodiments, the conditioning may
occur by electroforming. Electroforming generally refers to a
conditioning process that involves applying a voltage pulse
from a low voltage to the conditioning voltage and then to the
low voltage. In some embodiments, the conditioning voltage
is less than 600 mV per nanometer of the thickness of the
resistive memory material. In some embodiments, the voltage
may be applied through the first and second conductive ele-
ments. In some embodiments, the conductive state is formed
on the portion of the pulse from the conditioning voltage to
the low voltage.

[0065] In some embodiments, the resistive material has at
least two resistive states after electroforming: a high resistive
state and a low resistive state. In some embodiments, the low
resistance “ON” state is programmed by applying 3 to 5 volts
across the first and second conductive elements. In some
embodiments, the high resistance “OFF”’ state is set by apply-
ing greater than 6 volts and less than 20 volts between the first
and second conductive elements.

[0066] In some embodiments, the resistive memory cells
may be conditioned without electroforming. In some embodi-
ments, a low resistance ON state may be programmed by
applying a first voltage across the first and second conductive
elements. The high resistance OFF state may be set by apply-
ing a second voltage between the first and second conductive
elements. In such embodiments, a third voltage may be uti-
lized to read the resistance state. In some embodiments, the
ON state current is between 10° and 10* times that of the OFF
state current. In some embodiments, ReRAM cells may be
hermetically sealed or operated at certain level of vacuum or
oxygen deficient environment such as an inert gas including
N, or Ar.

[0067] The interest in resistive-based nonvolatile memory,
resistive memory, ReRAMs, memresistors, or memristors is
based upon on the potential for the development of next
generation memory devices because the existing Si-based
CMOS transistor technology is rapidly approaching its fun-
damental scaling limitations and its fabrication cost is also
rapidly increasing due, in part, to the requisite reduction in the
transistor size.

[0068] The desirable device structure for high density is the
crossbar architecture composed of two electrode lines (bit-
lines for bottom electrodes and word-lines for top electrodes)
with memory materials sandwiched between them, as shown
in FIG. 1. In some embodiments, the electrodes may be per-
pendicular to each other. In other embodiments, the angle
between the electrodes may be 0 to 90 degrees.
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[0069] FIG. 1 shows an illustrative embodiment of a cross-
bar structure for a resistive memory array 10. The bit lines 20
are shown on the bottom and the word-lines 30 on the top,
with the resistive memory material 40 sandwiched between
these two lines as each crosspoint. However, in other embodi-
ments, the word and bit lines could be inverted.

[0070] This crossbar structure has been considered as the
most attractive candidate to resolve the physical scaling issue
of current Si-based memory. It is two-terminal-based, mean-
ing just the bit-and word-lines. If a transistor were needed, as
in present-day CMOS memories, then a third electrode line is
required, making the package harder to scale to small dimen-
sions and making it difficult to apply to 3-dimensional (3D)
stacking architectures, the latter required for ultra-dense
memories of the future. Further, the planar integration density
of memory with the crossbar structure could be scaled to 4F>
(F=minimum feature size) which is the highest density attain-
able 2D planar memory architecture. Conversely, the integra-
tion density of conventional Si-based memory with its tran-
sistors at every crosspoint is 6F> to 8F>.

[0071] Cross-Talk

[0072] Unfortunately, the crossbar structure for memory
(as in FIG. 1) could lead to misreading the switching state
(i.e., on and off state of memory) of designated cells. This is
often called “cross-talk” between adjacent cells. For
example, FIGS. 2a and 256 provides an illustrative example of
cross-talk in a crossbar array 200. If the outside cells 250 are
in the on-states (low resistance states) and the inside cells 260
are in the off-state (the high resistance state), the current 270
(paths in FIG. 24a) can flow though the adjacent on-state cells
even though the external voltage is applied only to the inside
cell. This result leads to misreading of the state as an “on-
state” although this cell was originally in the “off-state.” FIG.
2b shows an SEM image of crossbar structure for SiO,
memory with outside cells 250 in the on-states and inside
cells 260, 280 in the off-state. Inside cell 280 is in an off-state,
but it may be misread as being in an “on-state” due to cross-
talk.

[0073] FIG. 3 is a SEM image of 1 k bit SiO, crossbar
memory structure 300. The boxes express 310 the only indi-
vidual (isolable) cells (63 cells) in the device. Because of this
cross-talk problem, if one were to fabricate a crossbar array,
such as a 1 k bit (32 bit-linesx32 word-lines) crossbar
memory structure, only 63 of the cells along the outside of the
memory device could reliably have individual switching
states properly readable, regardless of resistance states of the
rest of the cells.

[0074] This cross-talk issue could be overcome by combin-
ing memory cells with switching cells, such as p-n diodes,
Schottky diodes, and transistors. Therefore, the structures of
aone transistor-one resistive switch (1T-1R) or one diode-one
resistive switch (1D-1R) have been proposed to resolve the
cross-talk problem.

[0075] Unipolar and Bipolar Memory

[0076] Generally, resistive-based memories can be catego-
rized into unipolar and bipolar memories according to the
required electric polarity for the switching. Note that most
resistive-based memories are bipolar memory cells, while
only a few unipolar memories have been proposed (Table 1).
[0077] In bipolar memory, the change of switching states
requires a positive and negative voltage to switch between on
and off states. For example, a positive voltage may be used for
switching from the “off-state” to the “on-state” and a negative
voltage for switching from the “on-state” to the “off-state”.
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Thus, bipolar switching cannot be used for conventional
1D-1R architectures because the negative voltage needed to
reset (erase) the cell to the oft-state would be blocked by the
diode. In other words, the negative voltage in 1D-1R devices
will be dropped across the diode instead of across the memory
cell due to the high resistance of the off-state in the diode.
Hence, one cannot access the off-state in a 1D-1R system if a
bipolar memory cell is used. Although transistors can be used
for bipolar memory to form 1T-1R structures, employing
transistors would offset the advantage of the crossbar struc-
tures since a third terminal would be needed (for the gain line)
at each junction to support the requisite transistors and in turn
making the high density system inaccessible. In other words,
if one needs a third access line to all of the devices in the array,
it cannot be easily scaled since the wiring becomes too bur-
densome: the integration density increases to 6F> to 8F>.

TABLE 1

List of Resistive-Based Memories

Memory

Materials nature References
TiO, Bipolar Appl. Phys. A 785 (2011)
WO, Bipolar Appl. Phys. A 791 (2011),

Appl. Phys. A 857 (2011)
GeSe Bipolar Appl. Phys. A 791 (2011)
gap-type Ag,S Bipolar Appl. Phys. A 811 (2011)
Cu—SiO, Bipolar Appl. Phy. A 817 (2011)
710, Bipolar Appl. Phy. A 827 (2011),

Nanoscale Res. Lett. 7, 187 (2012)
Z10,:Cu Bipolar Appl. Phy. A 915 (2011)
SiO\N, Bipolar Appl. Phy. A 927 (2011)
In,O; nanocrystal/ZnO  Bipolar Appl. Phy. A 933 (2011)
SrTiO5 Bipolar Appl. Phy. A 939 (2011)
BiFeO; Bipolar J. Appl. Phys. 109, 124117 (2011)
Gd-doped HFO, Bipolar Appl. Phy. A 991 (2011)
TIOTiO, Bipolar Appl. Phy. A 1009 (2011)
GeO,HfON/TaN Bipolar Adv. Mater. 23,902 (2011)
NiO Bipolar Appl. Phy. A 827 (2011)
NiO Unipolar Adv. Mater. 19, 73 (2007)
SiO, Unipolar Appl. Phy. A 835 (2011)
ALO, Unipolar Appl. Phy. Lett. 92, 223508 (2008)
Zno Unipolar Appl. Phy. Lett. 98, 233505 (2011)
[0078] Structures for individual cells using only the bipolar

memory without any extra diode or transistors have been
proposed. However, they have issues of relative low on-off
ratio, instability of switching states, necessity of additional
input pulses for “oft-switching” of a designated cell, com-
plexity in fabrication (leading to high fabrication cost), and
difficulties in fabricating multilayer-stacking structures,
thereby limiting the integration density.

[0079] In a unipolar memory, the change of the switching
states can be operated in a unipolar manner (the set and reset
voltage may share the same voltage polarity). Unipolar
memory systems are more suitable for the 1D-1R structure
leading to structures for high-density memory, multilayer-
stacking integration and a simple fabrication process. In the
1D-1R structure, a diode would naturally suppresses the
switching current in the memory cell under reverse bias with-
out an additional input pulse, hence the cross-talk problem
would be mitigated.

[0080] For example, FIG. 4a shows a crossbar structure of
1D-1R device 400. The crossbar structure provides bit lines
410 and word lines 420. Each memory cell comprises a diode
490 and resistive memory material 440 between the bit line
410 and word line 420. In the embodiment shown, the diode
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490 is placed below the resistive memory material 440. How-
ever, in other embodiments, the arrangement may be modi-
fied. FIG. 45 is an illustrative circuit diagram schematic of the
resistive memory material and diode structure of a memory
cell.

[0081] In the embodiment shown, outside cells 450 are in
the on-states and the inside cells 460 are in the off-state. The
possible sneak path 430 of the cross-talk is blocked due to the
diode off-resistance under reverse bias. The current can only
flow in a designated cell.

[0082] Examples of 1D-1R Devices Using Unipolar
Memory
[0083] In this section, we summarize the result of illustra-

tive 1D-1R devices, as shown in FIGS. 5a-5¢, 6a-6e, and
Ta-Tb.

[0084] ZnO Memory with Heterostructure (ZnO/NiO)
Diode
[0085] 10° on-off ratio (0.5 V) of ZnO memory (from

107°A to 1073A)

[0086] Junction width: 10 um
[0087] 4x4 cross-bar array type
[0088] With diode, the on-off ratio (at 1 V) of 1D-1R

device is ~10°.
A 7ZnO memory with heterostructure (ZnO/NiO) diode is
disclosedinJ. W. Seo, S. J. Baik, S. J. Kang, Y. H. Hong, J. H.
Yang, K. S. Lim, Applied Physics Letters 2011, 98, 233505-
233503. FIGS. 5a-5¢ show an optical image and electrical
data for 1D-1R device based on ZnO memory with hetero-
structure(ZnO/NiO) diode.
[0089] NiO Memory with InZnO/CuO Diode

[0090] 107 on-off ratio (at 0.5 V) of NiO memory (from
107°A to 1073A)

[0091] Junction width: 0.5 pm
[0092] 8x8 cross-bar array type
[0093] With diode, the on-off ratio (at 1 V) of 1D-1R

device is <10.
A NiO memory with an InZnO/CuO diode is disclosed in M.
J.Lee,S.1.Kim, C. B. Lee, H. Yin, S.-E. Ahn, B. S. Kang, K.
H. Kim, J. C. Park, C. J. Kim, 1. Song, S. W. Kim, G. Ste-
fanovich, J. H. Lee, S. J. Chung, Y. H. Kim, Y. Park, Advanced
Functional Materials 2009, 19, 1587-1593. FIGS. 6a-6e show
an SEM image, memory cells with and without a diode, and
electrical data for 1D-1R device based on NiO memory with
InZn0O/CuO diode.
[0094] NiO Memory with p-NiO_ /n-TiO, Diode

[0095] 10° on-off ratio (at 0.5 V) of NiO memory (from
107°A to 107A)

[0096] Junction width: 30 um
[0097] Unicell
[0098] With diode, the on-off ratio (at 1 V) of 1D-1R

device is ~10°.

A NiO memory with p-NiO NiO,/n-TiO, diode is disclosed in
M. J. Lee, S. Seo, D. C. Kim, S. E. Ahn, D. H. Seo, 1. K. Yoo,
1. G. Baek, D. S. Kim, I. S. Byun, S. H. Kim, I. R. Hwang, J.
S.Kim, S. H. Jeon, B. H. Park, Advanced Materials 2007, 19,
73-76. FIGS. 7a-7b show electrical data for 1D-1R device
based on NiO memory with p-NiO,/n-TiO, diode.

[0099] As shown in FIGS. 5a-5¢, 6a-6e, and 7a-7b, com-
pared with that of bipolar memory systems even at the
micron-scale cell size, these unipolar systems discussed
above have smaller on-offratio (10-10*). This low on-offratio
may lead to difficulty in using the 1D-1R structure with the
conventional diodes due to the complexity of matching
memory and diode current levels. Furthermore, in regard to
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scalability, these unipolar materials may have a physical limi-
tation in cell size because the on-off ratio of memory would be
smaller as the cell size is decreased. Thus these reported
unipolar materials may not be suitable for nanoscale 1D-1R
devices.

[0100] SiO, Memories in 1D-1R Devices

[0101] Advantages of SiO, memory system as compared
with the other unipolar systems are discussed herein. SiO,
memory has an on-off ratio of 10° to 10° at 1 V, which is the
highest ratio, reported in unipolar resistive memory systems.
FIG. 8 shows low and high resistance states (LRS and HRS)
ofthe 63 bits within a 1 kb SiO, crossbar array. SiO, memory
has a well-defined threshold voltage range and well-defined
currents for the on and off states. FIG. 9 shows I-V charac-
teristics and threshold voltages of a SiO, memory device. The
on-current of SiO_ memory typically does not depend on the
junction size. Thus the current levels for “on” would be main-
tained at 107> to 10~° A even when the devices are scaled into
in the sub-nanoscale junction size. FIG. 10 shows the on-
current versus junction diameter for SiO, memory device (J.
Yao, Z. Sun, L. Zhong, D. Natelson, J. M. Tour, Nano Letters
2010, 10, 4105-4110). Note that the on current remains the
same regardless of devices size. This is because the current
relies upon a nanofilament that is sub-5 nm in diameter,
hence, regardless of the devices size, the on current remains
the same.

[0102] The SiO, memory system can be operated under
ambient conditions by increasing the silicon-rich silica in
oxide film. The SiO_ materials are more accepted and far-
better explored by the semiconductor industry than other
unipolar memory materials which promotes shorter develop-
ment period and lower fabrication cost. The SiO, memory
system shows radiation-hard properties. The on and off states
of SiO, memory system show no degradation after exposure
to X-ray radiation (8 KeV) at 2 Mrad, a value more than 1
order of magnitude higher than the failure level of charge-
based flash memory (FIG. 11). They have also been tested and
shown to be robust to proton and heavy atom irradiation:
(heavy-ion-tested by Sandia National Laboratory at Texas
A&M beam line, 3x10° cm™S_, at 15 min exposure, ion
fluence of ~3x10® cm™?); (proton tested by NASA ISC with
200 MeV protons to a total flux of 1500 rads (Si) at a fluence
of 2.5E10 protons/cm?). FIG. 11 shows conduction states
(read at +1 V) before and after X-ray irradiation at a dose ~2
Mrad in 40 devices, with 20 programmed to off (top panel)
and 20 programmed to ob (bottom panel) (J. Yao, Z. Sun, L.
Zhong, D. Natelson, J. M. Tour, Nano Letters 2010, 10, 4105-
4110).

[0103] The unipolar SiO, memory cell adopts the typical
layered structure with the SiO, (1=x<2) layer sandwiched
between the top electrode (TE) and bottom electrode (BE). In
addition to the resistive memory material a diode may also be
positioned between the electrodes. Examples of diodes suit-
able for use in the resistive memory cells include, without
limitation, n-p diodes, p-n diodes, Schottky diodes, or any
other suitable diodes. Examples of suitable diodes include,
without limitation, semiconductor diodes, vacuum tube
diodes, and thermionic diodes. In some embodiments, the
diodes have multiple doped areas to form a p-n junction. For
instance, the diodes may have first and second doped areas
that are of different doping types. In some embodiments, the
first doped area may be a p-doped area while the second
doped area may be an n-doped area. In some embodiments,
the diode may be formed from semiconductor materials or
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any other suitable materials. For example, the diode may be
formed by depositing n-type and p-type silicon or non-silicon
oxide-based materials to form a p-n junction. In some
embodiments, the diode may be formed using a Schottky
barrier, which can be formed by contact between a metal and
semiconductor or contact between a metal and oxide-based
material(s), such as TiO,. In some embodiments, it may be
desirable to reverse the position of the n-type and p-type
material. In some embodiments, the Schottky barrier or diode
may also provide rectifying properties.

[0104] In this design, the p-n junction conveniently serves
as the incorporated diode. Addressable crossbar memory
architecture can then be built based on this design (FIGS.
12-14). The p-n junction rectifies the current. For example, in
a forward bias (p-type connects with the positive terminal),
the current flows across the p-n junction; in a reverse bias
(n-type connects with the positive terminal), the current flow
is prevented. In this way, the voltage applied between a pair of
word and bit lines (with the top electrode connects to the
positive terminal) only selects the memory unit sandwiched
between them without affecting other neighboring units (see
FIG. 4).

[0105] The details of the memory programming and read-
out in a SiO, memory unit has been previously discussed in
International Application No. PCT/US2011/050812 filed
Sep. 8, 2011, the entirety of which is incorporated herein by
reference. Briefly, after the memory unit is electroformed into
aswitchable state, a moderate voltage pulse (e.g.,3t0 6 V) can
set/write the unit into a low-resistance (on) state while a
higher voltage pulse (e.g., >7 V) can reset/erase the unit to a
high-resistance (off) state. These resistance states can serve as
the binary code 0 and 1 in digital information. Once pro-
grammed, the resistance states (both on and off states) are
nonvolatile. The memory readout shares the same electrode
as the programming, only that at a lower voltage (e.g., <3 V),
the memory is read. The memory state can be read nonde-
structively.

[0106] 1D-1R Device Fabrication Methods

[0107] There are several possible fabrication methods for
diode-incorporated crossbar structures. Several non-limiting
examples of such fabrication methods are discussed herein.
[0108] 1D-1R Device Using a p-n Junction Diode

[0109] BE)/SiO,/p-n junction/TE crossbar structure: The
fabrication process of a BE/SiO,/p-n junction/TE crossbar
structure is illustrated in FIG. 12. The fabrication steps for the
BE/SiO,/p-n junction/TE crossbar structure may include: (1)
Deposition and defining of the BE (e.g., highly doped Si or
metal) on an insulating substrate (e.g., SiO,); (2) Deposition
of SiO, (1=x<2) on the BE layer; (3) Deposition of the p-n
junction layer atop the SiO, layer. Note that the doping pro-
cess for the silicon-based p-n-junction (e.g., ion implantation
or spin-on-glass process) involves forming n- and p-type
silicon layers; (4) Deposition and definition of the TE layer;
and (5) The etching process (e.g., reactive ion etching (RIE))
performed to define the crossbar structure.

[0110] BE/p-n junction/ME/SiO,/TE) crossbar structure:
FIG. 13 shows fabrication steps for the BE/p-n junction/ME/
SiO /TE crossbar structure. The fabrication steps may
include: (1) Deposition and defining of the BE (e.g., highly
doped Si or metal) on an insulating substrate (e.g., SiO,); (2)
Deposition and defining of the p-n junction layer atop the
SiO, layer. Note that the patterned p-n junction is made with
silicon based or non-silicon based p-n junction (e.g., an
oxide-based p-n junction); and (3) Deposition and defining of
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metallic element or metallic layer (ME), SiO, (1=x<2), and
TE on the p-n junction layer. In some embodiments, the ME
may act as a Schottky contact or Ohmic contact for a diode or
memory. It is noted that the use of an ME does not affect the
planar integration density.

[0111] 1D-1R device using by Schottky diode: FIG. 14
shows fabrication steps for the BE/Schottky diode/ME/SiO,/
TE crossbar structure. The fabrication steps may include: (1)
Deposition and defining of the doped (n- or p-type) Si layer
(e.g., using an SOI wafer (silicon on insulator)) on an insu-
lating substrate (e.g., SiO,); (2) Deposition and defining of
BE to form the ohmic contact with the doped Si layer; and (3)
Deposition and defining of the ME (to form the Schottky
barrier), SiO, (1=x<2), and TE on the doped Si layer.

[0112] Insomeembodiments, any other types of diodes can
replaced the abovementioned diodes. In some embodiments,
chemical and physical treatments on surfaces could be varied
to obtain optimum performances from the diodes. In some
embodiments, the x value in SiO, could be varied to obtain
optimum performance from memories. In some embodi-
ments, the thickness of the layers (e.g., SiO,, diode layer, and
electrodes) in the structures could be varied to obtain opti-
mum performance from the 1D-1R devices. In some embodi-
ments, the feature size and form of the crossbar structure
could be varied to obtain optimum performance from the
1D-1R devices. In some embodiments, the diode can be
placed either above or below the SiO,, switching layer with
adequate choice of electrode material. In some embodiments,
since silicon filaments are known to be responsible for the
memory effect, other materials containing Si element could
also be potential candidates as the unipolar memory material
such as silicon-rich oxide (SiO,, x<1), amorphous silicon, or
even silicon nitride. In some embodiments, multi-bit storage
capability can be obtained in a single SiO, memory unit. In
some embodiments, a multi-stacking structure (e.g., 3D from
stacked 2D) can be explored in a SiO, memory for ultra-dense
memory arrays.

[0113] Experimental Example

[0114] An experimental example of 1D-1R single cell
devices using SiO, unipolar memory material and a n-type
Schottky diode is discussed herein. The structure of the
Schottky diode is composed Al(BE)/n-type Si/Pd(ME), as
shown in FIG. 15.

[0115] FIG. 16 shows the I-V characteristic of the Schottky
diode. The on-off ratio is approximately 10° atx3 V. This
on-off ratio and current levels can match the current level of
SiO, memory at the lead voltage regime (x~3 V). This on-off
ratio can be enlarged with proper fabrication—this was
merely a testbed case.

[0116] FIG. 17 shows the structure of 1D-1R single cell
devices. To form the 1D-1R structure, we deposited the SiO,
and Pd (TE, top electrode) on top of Pd (ME). FIG. 184 shows
the result of electrical I-V data of the 1D-1R device testbed
structure. In the negative bias region, the

[0117] Schottky diode naturally suppresses the switching
current of memory cell while its switching is only obvious
under the positive voltage regime. From this junction struc-
ture, one can effectively solve the cross-talk problem in adja-
cent cells. FIGS. 184 and 1856 show electric I-V data and the
on-off ratio versus voltages for 1D-1R single cell device. As
shown in FIG. 185, the on-off ratio at 1.0V is around 10*, and
highest ratio is around 10° at 0.75 V. These ratios of the 1D-1R
device are higher than previously achieved ratios for other
1D-1R devices.
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[0118] Without further elaboration, it is believed that one
skilled in the art can, using the description herein, utilize the
present invention to its fullest extent. The embodiments
described herein are to be construed as illustrative and not as
constraining the remainder of the disclosure in any way what-
soever. While the preferred embodiments have been shown
and described, many variations and modifications thereof can
be made by one skilled in the art without departing from the
spirit and teachings of the invention. Accordingly, the scope
of protection is not limited by the description set out above,
but is only limited by the claims, including all equivalents of
the subject matter of the claims. The disclosures of all patents,
patent applications and publications cited herein are hereby
incorporated herein by reference, to the extent that they pro-
vide procedural or other details consistent with and supple-
mentary to those set forth herein.

What is claimed is:
1. A method of forming a resistive memory cell, wherein
the method comprises:
depositing doped silicon on a substrate, wherein the sub-
strate is an insulating substrate;

depositing a first electrode on the insulating substrate;
depositing a diode;
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depositing a resistive memory material, wherein the resis-
tive memory material is selected from the group consist-
ing of SiO,, SiOH, SiON,, SiO,N H, SiO,C,, SiO,-
C_H, and combinations thereof, wherein each of x, y and
7 are equal to or greater than 1 or equal to or less than 2;
and

depositing a second electrode.

2. The method of claim 1, wherein the resistive memory
material is deposited on the first electrode; and the diode is
deposited on the resistive memory material.

3. The method of claim 1, wherein diode is deposited on the
first electrode.

4. The method of claim 3, further comprising depositing a
metallic layer on the diode, wherein the resistive memory
material is deposited on the metallic layer.

5. The method of claim 1, wherein the first electrode is
deposited on the doped silicon; and

depositing a metallic layer on the doped silicon, wherein

the resistive memory material is deposited on the metal-
lic layer.

6. The method of claim 1, wherein the diode is selected
from the group consisting of n-p diodes, p-n diodes, and
Schottky diodes.



