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NANOPOROUS METAL-OXIDE MEMORY 

RELATED APPLICATIONS 

2 
genide, or a combination thereof. As a nonlimiting example, 
the nanoporous material may be tantalum oxide or Ta2 O5 _x 

where xis between 0-5. In some embodiments, the memory 
may lack any additional components or may only consist of 

This application claims the benefit of U.S. Provisional 
Patent Application No. 62/029,305, filed on Jul. 25, 2014, 
which is incorporated herein by reference. 

5 the substrate, bottom and top electrodes, non-porous layer, 
and NP layer. Further, the memory may be free from 
requiring an electroformation process to allow switching 
between ON/OFF states. 

FIELD OF THE INVENTION In another embodiment, a memory may be formed by 

This invention relates to nanoporous metal-oxide memo
ries and methods for manufacturing such memories. 

BACKGROUND OF INVENTION 

10 depositing a bottom electrode (BE) on a substrate, and 
depositing non-porous layer on the bottom electrode. The 
method may also include forming a nanoporous (NP) layer 
from a portion of the non-porous layer utilizing an electro
formation process, which may be performed by exposing an 

The interest in nonvolatile resistive oxide-based memo
ries is grounded in the fact that such memories can offer 
outstanding switching performances, including faster 
switching speed, lower energy consumption per bit, lower 
manufacturing cost, and higher endurance, as well as the 
potential for scalability to high-density when compared to 
traditional Si-based memories. By exploiting oxide-based 
materials, a variety of integrated architectures for a high
density array have been suggested, such as one-diode-one
resistor (1 D-1 R ), one-selector-one-resistor ( 1 S-1 R ), 
complementary resistive switch (CRS), and three-dimen
sional (3D) cross-point arrays. In fact, the integration of 
these architectures is important for a crossbar array in order 

15 acid and applying a voltage to the non-porous layer. Next, a 
top electrode (TE) may be deposited on the NP layer. The 
memory formed may be free of diodes, selectors, and/or 
transistors. The nanoporous material may be a metal oxide, 
metal chalcogenide, or a combination thereof. As a nonlim-

20 iting example, the nanoporous material may be tantalum 
oxide or Ta20 5 _x· In some embodiments, the memory may 
lack any additional components or may only consist of the 
substrate, bottom and top electrodes, non-porous layer, and 
NP layer. Further, the memory may be free from requiring an 

25 electroformation process to allow switching between 
ON/OFF states. 

to eliminate undesirable misreading of the switching states. 
This occurs on the selected cell by parasitic sneak current 30 

through unselected cells, which is called crosstalk. Many 
architectures show the crosstalk problems at a crossbar array 
over 1 Mbit in density. For example, when the number of 
word/bit lines in the crossbar array is increased, the sneak 
current through the unselected cells and its paths are simul- 35 

taneously increased, and they can then interrupt the reading 
process at a selected cell at a certain number of arrays. Under 
these circumstances, the maximum size of the array is 
strictly limited. Furthermore, the fabrication of the sug
gested architectures often requires many prerequisite high 40 

temperature processing steps such as deposition or anneal
ing, which could lead to high cost and low device yields. 
Another important consideration is that the operating I-V of 
the diode or selector device must be matched to the oper
ating range of the memory device, which can limit the 45 

number of materials available. 
Recently, as an effort to mitigate these issues, diverse 

selector-less resistive memories that show a self-embedded 

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

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present disclo
sure, 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: 

FIGS. lA-lC show an illustrative example of (a) a 
nanoporous (NP) memory, (b) SEM image of the porous 
layer, and (c) I-V switching behaving of a NP memory; 

FIG. 2 shows bipolar I-V switching of a non-porous 
memory; 

FIGS. 3A-3G show an illustrative example of (a) a NP 
memory device, (b) SEM image of the middle of a memory 
cell, ( c) top view SEM image, ( d) cross-sectional SEM 
image, (e) series of SEM images, (f) 3D reconstructed 
topology, and (g) XPS depth profiling analysis; 

FIG. 4 shows a plot of x for a NP Ta2 O5 _x film as a 
function of depth; 

FIGS. SA-SG show (a) I-V characteristics of a represen
tative NP memory, (b) electric circuit array for V )3 scheme, 
( c) contour plot of calculated resistance as a function of 

nonlinear I-V characteristic have been suggested and inves
tigated. However, they still suffer from inefficient non- 50 

linearity values that limit the maximum number of word/bit 
lines in the integrated array. In addition, many of these 
resistive memories require multiple oxide layers. If the 
stoichiometry of the active materials is not tightly controlled 
there could be switching non-uniformity. 55 applied voltage and number of devices (inset representative 

R-V curve), (d) contour plot of calculated non-linearity 
value (RsneakFIR

0
nF) as a function of applied voltage and 

number of devices, (e) ON-OFF ratio (R
0
_/IR

0
nF) as a 

function of the number of devices, (f) endurance cycling 

In order to resolve the aforementioned issues and limita
tions, current strategies for making memory devices with a 
crossbar structure need to be improved and modified. 

SUMMARY OF INVENTION 60 test, and (g) linear relationship ofV min-Vsetcurve (Inset V min 
shift with increase in applied voltage); 

In one embodiment, a nanoporous (NP) memory includes 
a substrate, bottom electrode, and top electrode. Further, a 
non-porous layer and a nanoporous (NP) layer are sand
wiched between the bottom and top electrodes. The memory 65 

may be free of diodes, selectors, and/or transistors. The 
nanoporous material may be a metal oxide, metal chalco-

FIGS. 6A-6B show (a) calculated readout margin !:i VNpu 
as a function number of word/bit lines, and (b) a crossbar 
array equivalent circuit; 

FIGS. 7A-7C show (a) representative I-V characteristics 
of a NP device with different set voltages, (b) ON/OFF ratio 
and (c) ON power as a function of different set voltages; 



US 9,831,424 B2 
3 

FIGS. SA-SD show (a) plots of the Ta and O atomic 
concentrations as a function of the depth, (b) the switching 
diode behaviour when the applied voltage is changed, and 
( c-d) schematics that indicate the junction structures with the 
different distribution of V

O 
when a positive or negative 

voltage at the electrode/NP layer interface is initially 
applied; 

FIGS. 9A-9C show (a) calculated readout margin 1'1V
0
j 

Vpu as a function of the number of word/bit lines, (b) a 
crossbar array equivalent circuit, and (c) bits size for a NP 
Ta20 5 _x memory system, other integrated architectures, and 
selector-less memory systems under V )2 scheme and V )3 
scheme; and 

FIG. 10 shows the I-V characteristics of a NP device with 
the highest non-linearity. 

DETAILED DESCRIPTION 

Refer now to the drawings wherein depicted elements are 
not necessarily shown to scale and wherein like or similar 
elements are designated by the same reference numeral 
through the several views. 

4 
In some embodiments, a memory system employing a 

three-dimensional (3-D) networked nanoporous (NP) 
Ta2O5 _x structure and graphene for ultrahigh density storage. 
Result have shown that such devices may exhibit a self-

5 embedded highly nonlinear I-V switching behaviour with an 
extremely low leakage current ( on the order of pA) and good 
endurance. Calculations indicated that this memory archi
tecture could be scaled up to a -162 Gbit crossbar array 
without the need for selectors and/or diodes normally used 

10 in crossbar arrays. In some embodiments, the memory 
system may be a crossbar array. In some embodiments, the 
memory system may be an array scaled to ultrahigh densi
ties, such as approximately 162 Gbit. In some embodiments, 
the memory system may be an array providing densities of 

15 100 or greater. In addition, it was demonstrated that the 
voltage point for a minimum current is systematically con
trolled by the applied set voltage, thereby offering a broad 
range of switching characteristics. The potential switching 
mechanism is suggested based upon the transformation from 

20 Schottky to Ohmic-like contacts, and vice versa, depending 
on the movement of oxygen vacancies at the interfaces 
induced by the voltage polarity, and the formation of oxygen 
ions in the pores by the electric field. 

In some embodiments, the memory system may provide 
25 nanoporous tantalum oxides or metal chalcogenides that are 

in the form of layers. Additional embodiments may pertain 
to methods of making memory systems by utilizing nano
porous metal oxides or metal chalcogenides ( e.g., nanop-

Referring to the drawings in general, it will be understood 
that the illustrations are for the purpose of describing 
particular implementations of the disclosure and are not 
intended to be limiting thereto. While most of the terms used 
herein will be recognizable to those of ordinary skill in the 
art, it should be understood that when not explicitly defined, 
terms should be interpreted as adopting a meaning presently 30 

accepted by those of ordinary skill in the art. 

orous tantalum oxides (Ta2 0 5 _x)). 
In some embodiments, the use of a nanoporous tantalum 

oxide (Ta20 5 _x) is proposed for making memory systems. In 
some embodiments, the nanoporous Ta20 5 _x memory system 
adopts a layered structure with the Ta20 5 _x layer sandwiched 
between the top electrode (TE) and bottom electrode (BE). 

It is to be understood 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 
singular 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 "including", as well as other forms, such as "includes" 
and "included", is not limiting. In contrast, the use of the 
term "consisting," as well as other forms, shall be under
stood to be limiting to only the elements or components 
recited. Also, terms such as "element" or "component" 
encompass both elements or components comprising one 
unit and elements or components that comprise more than 
one unit unless specifically stated otherwise. 

Oxide-based resistive memory systems have high near
term promise for use in future nonvolatile memory. In some 
embodiments, the memory systems may contain a nanop
orous metal oxide or nanoporous metal chalcogenide. In 
some embodiments, the memory systems include nanop
orous tantalum oxide. In some embodiments, the nanop
orous tantalum oxide includes Ta20 5 _x where x is between 
0-5, TaO, or TaOx. In some embodiments, the memory 
systems may include a substrate, top electrode (TE), a 
interlayer (IL), a bottom electrode (BE), and a nanoporous 
(NP) metal oxide or metal chalcogenide layer and non
porous layer between the electrodes. In some embodiments, 
the interlayer may prevent the penetration of the top elec
trode into the nanopore regions and may be a single layer of 
graphene or multilayer of graphene. In some embodiments, 
the non-porous layer may be tantalum. In some embodi
ments, the memory cell lacks any additional components, or 

35 In some embodiments, the oxygen vacancies in the Ta20 5 _x 

layer are gradually increased when the layer is close to the 
BE. In some embodiments, the oxygen vacancies in the 
metal oxide layer or chalcogenide vacancies in the metal 
chalcogenide gradually increases when as the layer 

40 approaches the BE. 
In some embodiments, a moderate ( e.g. 1 0V or less) 

voltage pulse at positive and negative polarity will set/write 
a unit containing the memory systems into a low-resistance 
(ON) state and reset/erase the unit to a high-resistance (OFF) 

45 state, respectively. Further, in some embodiments, these 
low/high-resistance states are free from the need for an 
electroforming process or may occur without any electro
forming process. In some embodiments, these resistance 
states can serve as the binary codes 0 and 1 in digital 

50 information. Once progranimed, the resistance states (both 
ON and OFF states) are nonvolatile and nondestructive. 

The switching behavior is a switchable diode property and 
it has a low current in the low bias region, which is similar 
to the lS-lR and the CRS integration structures. However, 

55 in some embodiments of the memory systems, they do not 
need any additional diodes, selectors, and/or transistors in 
the crossbar structure for the individual nanoporous struc
ture( s ). 

In some embodiments, the metal oxide or nanoporous 
60 metal chalcogenide memory systems (e.g., nanoporous tan

talum oxide (Ta2 0 5 _x) memory systems) can be used for the 
fabrication of stable two-terminal nonvolatile memories for 
simple integration structures that eliminate or substantially 

a memory cell shall consist of only the substrate, TE, IL, BE, 
NP layer, and non-porous layer. For instance, in some 65 

embodiments, the memory cell lack or are free of any 
diodes, selectors, and/or transistors. 

reduce crosstalk signals. In some embodiments, the memory 
systems are forming-free (or do not require an electroform
ing process), diode-free and selector-free. In some embodi-
ments, the memory systems are stackable memories with 
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3-dimensional structures with a relatively high ON-OFF 
ratio, as compared to similar non-porous metal-oxide struc
tures with low power properties. 

Advantages of the nanoporous metal oxide and metal 
chalcogenide memory systems as compared to the tradi
tional (non-porous) Ta2 O5 _x memory systems are discussed 
herein. Reference is made to nanoporous tantalum oxide 
(Ta2 O5 _x) memory systems. However, it is believed that such 
advantages also apply to other nanoporous metal oxide and 
metal chalcogenide memory systems. 

In some embodiments, the switching of nanoporous 
Ta20 5 _x memory systems have initially embedded in them 
the "threshold switch or selector" property, which can poten
tially eliminate or minimize the sneak current through 
neighboring cells in the crossbar structure (FIG. 1). As 
compared to other integration structures, such as lD-lR, 
lS-lR, lT-lR, and CRS, the fabrication of the nanoporous 
Ta20 5 _x memory system is simpler and can be completed at 
room temperature. In addition, nanoporous Ta20 5 _x memory 
cells have the potential to be extended into a stackable 
structure using simpler processing than used for other 
devices. 

In some embodiments, the nanoporous Ta20 5 _x memory 
systems can have reduced switching current because of the 
presence of oxygen or other reactive gas species in the pores 
that can trap charges, thereby leading to a reduction of the 
overall switching current. In some embodiments, the high 
resistance values (for the ON and OFF states) of the channel 
may be desirable to be formed in the nanoscale crossbar 
structure since the high resistance of metal nanowires at few 
tens of nano scale (bit or read lines) could significantly affect 
the reading, writing, and/or erasing process due to the partial 
voltage drop of the metal lines. 

In some embodiments, the nanoporous Ta20 5 _x memory 
systems have a relatively higher ON-OFF ratio than that of 

6 
are shown as islands, other embodiments may utilize and 
suitable arrangement or pattern. Notably, the non-porous 
layer 30 and NP layer 40, which provide the switching 
mechanism, are sandwiched between the TE 50 and BE 20. 

5 As a nonlimiting example of a memory system, the substrate 
may be a Si substrate coated with Si 0 2 , the bottom electrode 
may be Pt, the non-porous layer may be Ta, the porous layer 
may be Ta20 5 _x, and the top Pt/MLG. 

FIG. lB shows an illustrative SEM image for porous 
10 material on the top of the junction. FIG. lC shows a 

nonlimiting example ofl-V switching behavior of the nano
porous Ta20 5 _x memory. In some embodiments, a ½Vread 
scheme may be utilized, and the sneak current may be 

15 determined at ½Vread· In some embodiments, the on-off 
ratio is - equal to 100 or higher. In some embodiments, the 
memory is capable of being switched between ON/OFF 
states with a current equal to or less than 100 µA. In some 
embodiments, the memory is capable of being switched 

20 between ON/OFF states with a current equal to or less than 
50 µA. In some embodiments, the memory is capable of 
being switched between ON/OFF states with a current equal 
to or less than 10 µA. 

For comparison, FIG. 2 illustrates bipolar I-V switching 
25 of a non-porous Ta2O5 _)TaO2 _Y memory. Notably, the ON

OFF ratio of this non-porous memory is significantly lower 
than a NP memory system at -5. 

Notably, the nanoporous memory system relatively 
simple structure allows for a large variety of methods to be 

30 utilized. Various methods may be utilized to make the 
nanoporous metal oxide and metal chalcogenide memory 
systems ( e.g., nanoporous tantalum oxide (Ta2O s-x) memory 
systems). Nonlimiting fabrication procedures for making 

35 
such memory systems are outlined below with reference to 
nanoporous tantalum oxide (Ta2O5 _x) memory systems. 
However, it shall be understood that such methods also 
apply to other nanoporous metal oxide and metal chalco-

a non-porous memory (FIG. 2). Normally, the bipolar 
Ta2 O5 _)TaO2 _Y memory has five-fold difference between the 
ON and OFF current levels while the system here can show 
ON and OFF ratios with a factor of 10 or greater. In some 
embodiments, the system has ON and OFF ratios with a 40 

factor of 5 or greater. In some embodiments, the system has 
ON and OFF ratios with a factor of 10 or greater. In some 
embodiments, R

0
n is equal to or greater than 104 or R

0
ff is 

equal to or greater than 105
• In some embodiments, R

0
n is 

equal to or greater than 106 or R
0
ff is equal to or greater than 

107
. 

genide memory systems. 
1. The nanoporous Ta2O5 _x cells may be fabricated on 

p-type (100) Si wafers (1.5 cmxl.5 cm) covered with 
thermally grown 300 nm-thick SiO2 . 

2. A Pt bottom electrode may be deposited on the substrate 
by sputtering, e-beam evaporation or any other suitable 

45 deposition process after a cleaning process with acetone, 
isopropyl alcohol, and deionized (DI) water by ultrasonica
tion (bath) for 3 min. In regard to the electroforming voltage, in some embodi

ments, the nanoporous Ta20 5 _x memory systems do not need 
any activating voltage to form the switching channel. Hence, 
the problematic Joule-heating-damage to the surrounding 
oxide-based memory material itself is mitigated, thereby 
leading to increases in the device yields and uniformity 
required for future commercial memory applications. 

3. Then, Ta (100-200 nm) may be deposited on the bottom 
electrode by using sputtering, e-beam evaporation or any 

50 other suitable deposition process. 
4. The nanoporous Ta20 5 _x layer may be anodically grown 

in a solution of sulfuric acid (95 to 98%, Sigma-Aldrich) 
with 1 vol% HF (49%, Fisher Scientific) and 4 vol% H2O 
at 50 V for a few tens of seconds. Experiments were carried In various embodiments, known and diverse methods for 

making porous structures of metal oxides can be utilized to 
fabricate the nanoporous Ta2O5 _x memory systems. There
fore, there is much potential in terms of the design of the 
materials and structures to improve the switching perfor
mance and the processing method. 

55 out at room temperature in a two electrode set-up with 
platinum gauze as a counter electrode. After anodization, the 
samples were rinsed with H2O followed by drying under a 
flow of air. 

FIG. lA shows a schematic of a nanoporous (NP) memory 60 

system. A nanoporous memory system may provide a sub
strate 10, bottom electrode (BE) 20, non-porous layer 30, 
nanoporous layer 40 and top electrode(s) (TE) 50. The BE 
20 may be position on the substrate 10, and the non-porous 
layer 40 may be positioned on the BE 20. The NP layer 40 65 

may be positioned on the non-porous layer 30. Lastly, the TE 
50 may be positioned on the NP layer 40. While the TE 50 

5. Single or multi-layer graphene may be transferred onto 
the top ofTa2 O5 _x layer to prevent the penetration of the top 
Pt electrode into the nanopore regions of Ta2O5 _x layer. 
There are other nongraphene-based methods that could be 
used to prevent this penetration, such as deposition of a more 
refractory metal or deposition using a cold-stage to cool the 
substrate. 

6. Using a photo-mask or shadow metal mask method, the 
top Pt-electrode may be deposited on the patterned area. 
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7. Finally, reactive-ion etching (RIE) may be performed to 
remove part of the Ta20 5 _x layer and to expose the bottom Pt 
electrode for making contact to the probe. 

The methods and systems can have numerous variations. 
In some embodiments, the active metal or metal oxides in a 
memory system could be varied. As a nonlimiting example, 
the active materials may be a metal oxide or metal chalco
genide and a corresponding active metal. In some embodi
ments, the thickness and the deposition methods of the 
active metal or metal oxides in the memory system could 
also be varied. In some embodiments, the processing tem
perature can be varied for optimum performance. In some 
embodiments, the methods for making nanopores, such as 
physical and chemical processes can be varied for optimum 
performance. In some embodiments, the pore sizes, the 
porosity, and the junction area can be varied for optimum 
performance. In some embodiments, the concentration of 
electrochemical etching solutions, its duration, and the 
applied voltage can be varied for optimum junction struc
tures. In some embodiments, a stacking layer such as double 
nanopore metal-oxide layers can be utilized or applied for 
the desirable switching performance. In some embodiments, 
chemical and physical treatments on active material surfaces 
can be varied to obtain optimum performances for switch
ing. In some embodiments, oxygen vacancies or atomic ratio 
between metal and oxide can be varied to obtain the opti
mum performance from the memories. In some embodi
ments, the feature size and form of the cells can be varied to 
obtain optimum performance from the memories. In some 
embodiments, multi-bit storage capability can be obtained in 
a nanoporous memory unit. In some embodiments, the 
memory unit provides 0, 1, 2, 3 and even 4 or higher number 
of states. In some embodiments, a multi-stacking structure 
(e.g., 3D from stacked 2D where D stands for "dimen
sional") can be utilized in a nanoporous metal-oxide 
memory for ultra-dense memory arrays. In some embodi
ments, the protecting layer (in the nonlimiting examples 
discussed previously-graphene) can be varied to get desir
able switching performances that include any chemical 
treatment on the protecting layer or the replacement of 
graphene for mitigating metal leakage into the porous layer. 
In some embodiments, any suitable substrate ( e.g. rigid or 
flexible) can be used. In some embodiments, any metal 
oxide or metal chalcogenide can be used. In some embodi
ments, mixtures of metal oxides or mixtures of metal chal
cogenides, or mixtures of metal oxides and chalcogenides 
can be used. Various methods may be utilized to make pores 
in the nanoporous tantalum oxide (e.g., Ta2 0 5 _x) memory. 
For instance, in some embodiments, pores can be made by 
plasma-enhanced chemical vapor deposition (PECVD), 
template-assisted deposition of anodic aluminum oxide 
(AAO), solgel methods. 

A new design for an ultrahigh-density nonvolatile resis
tive memory using a three-dimensional (3D) networked 
nanoporous (NP) metal oxide or metal chalcogenide mate
rial that can be fabricated at room temperature is discussed 
herein. The devices show excellent selector-less memory 
behavior while having a much higher I-V non-linearity than 
other selector-less memory systems. A nonlimiting Ta20 5 _x 

example of the memory device showed the potential to 
achieve up to a 162 Gbit crossbar array that would meet 
industrial requirements for highly scaled devices, which is 
much higher than other oxide-based memory systems. Using 
this 3D networked NP Ta20 5 _x, the non-linearity value can 
be dramatically increased. A facile method to fabricate the 
resistive memory is shown without the necessity for inte
grating additional selectors. 

8 
FIGS. 3A-3G respectively show (A) a schematic nonlim

iting illustration of the cells in a NP Ta2 O5 _x memory device; 
(B) inset-the cross-sectional SEM image at the middle of 
the cell; (C) a top view of SEM image of the NP Ta20 5 _x 

5 film; (D) a wide-area cross-sectional image formed by 
joining eight high-resolution SEM images (the boxes in the 
middle of FIG. 3D correspond to the different materials 
detected in the SEM image for each region); (E) a series of 
cross-sectional SEM images at intervals of 30-50 nm as 

10 functions oflength (L), thickness (T), and width (W); (F) 3D 
reconstructed topology of NP Ta20 5 _xjunction structure, by 
the cross-sectional SEM images; and (G) The XPS depth
profiling analysis of the Ta 4f spectra for NP Ta20 5 _x film. 

FIGS. 3A-3B show a schematic diagram of a 3D net-
15 worked NP Ta20 5 _x memory cell and a cross-sectional scan

ning electron microscope (SEM) image at the middle of the 
cell representative of cells utilized in experimental work 
discussed further herein. A NP Ta20 5 _x memory cell may 
provide a SiO)Si substrate 110, Pt bottom electrode 120, Ta 

20 non-porous layer 130, NP Ta20 5 _x layer 140 and Pt/MLG top 
electrode(s) 150. The nonlimiting example shown is a NP 
Ta20 5 _x memory cell with multi-layer graphene (MLG). 
However, it shall be understood that this nonlimiting 
example is solely provided for purposes of illustrating 

25 experimental examples discussed further herein, and other 
embodiments may provide a different metal oxide or metal 
chalcogenide material. 

The following examples are included to demonstrate 
particular aspects of the present disclosure. It should be 

30 appreciated by those of ordinary skill in the art that the 
methods described in the examples that follow merely 
represent illustrative embodiments of the disclosure. Those 
of ordinary skill in the art should, in light of the present 
disclosure, appreciate that many changes can be made in the 

35 specific embodiments described and still obtain a like or 
similar result without departing from the spirit and scope of 
the present disclosure. 

As a nonlimiting example, the manufacturing process for 
an experimental example is described below. After the 

40 deposition of Ta (200 nm)/Pt (30 nm) on a SiO/Si wafer by 
sputtering, the NP Ta20 5 _x (100 nm thick) was formed by 
anodization in a solution of sulfuric acid (95 to 98%, 
Sigma-Aldrich) with 0.2 vol% HF (49%, Fisher Scientific) 
and 3 vol % H20 at 50 V for 20 s in a two electrode set-up 

45 with platinum gauze as a counter electrode. The SEM image 
shows that the Ta20 5 _x nanopores have a pore radius size 
distribution from 2 to 100 nm (FIG. lb). After anodization, 
the MLG (-10 layers grown on Cu) was transferred atop the 
device substrate for two reasons: first, it forms a Schottky-

50 like barrier with the Ta20 5 _x due to the band aligriment. 
Second, it effectively eliminates the formation of metal 
filaments through the NP layer (FIGS. 3A and 3D). The 
average porosity value in the NP layer was -19%, estimated 
by the area ratio of the pores (lighter color) to the Ta20 5 _x 

55 regions (darker color) within a sufficiently wide cross
sectional area of the cell compared to the scale of pores 
(FIG. 3D). The Pt metal (50 nm) was deposited atop the 
MLG/NP Ta20 5 _x layer through a 100 µm radius shadow 
mask. An oxygen plasma process was subsequently per-

60 formed to remove the exposed MLG region. All fabrication 
processes were carried out at room temperature (300 K). In 
order to elucidate the junction topology, focused ion beam 
(FIB) tomography was performed by milling out the junc
tion with slice thicknesses of 30 to 50 nm and taking 

65 cross-sectional SEM images at every milling step (FIG. 3E). 
Based on the contrast among pores for Pt/MLG and Ta2 O5 _x 

in these SEM images (FIG. 3E), the 3D junction structure 
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was reconstructed (FIG. 3F). The internal pores were par
tially inter-connected and randomly distributed (FIG. 3E). 
Another interesting aspect is that the oxygen percentage of 
Ta2 O5 _x varied according to its depth, confirmed by the 
depth-profiling X-ray photoelectron spectroscopy (XPS) 5 

analysis with timed Ar+ bombardment and through the Ta 4f 
spectra (FIG. 3G). Due to the oxidation during the anodizing 
process, the oxygen ratio in Ta20 5 _x continually decreased as 
the depth was increased, and it approached that of pure Ta 
metal at a depth of -110 nm (FIG. 3G and FIG. 4). The 10 

change of the percentages of the oxide species in Ta20 5 _x 

leads to a distribution ofTaO, TaO2 , and Ta2O5 species in the 
material. Therefore, the Ta20 5 _x layer forms a relative oxy
gen vacancy (V

0
) poorN

0 
rich structure depending on its 

15 
depth, so that the switching could be achieved through the 
V

O 
movement between two component layers by the applied 

voltage polarities. FIG. 4 shows the plot of the 'x' of the NP 
Ta20 5 _x film as a function of its depth, which can be 
estimated from Ta and O atomic concentrations. 20 

FIGS. SA-SG respectively show (a) the representative I-V 
characteristics of the NP Ta20 5 _x device (b) with the electric 
circuit array for V )3 scheme; ( c) the contour plot of the 
calculated resistance R as functions of the applied voltage 
and the number of devices (Inset shows the representative 25 

R-V curve); (d) the contour plot of the calculated non
linearity value (Rsnea/lR

0
nF) as functions of the applied 

voltage and the number of devices; (e) the ON-OFF ratio 
(R

0
_/IR

0
nF) as a function of the number of devices; (f) 

endurance cycling test of the selected NP Ta20 5 _x device for 30 

2xl03 cycles; and (g) the linear relationship of V min-Vset 

curve (Inset shows V min shifts when the applied voltage is 
increased). 

FIGS. SA-SG describe the switching characteristics for 
the two-terminal NP Ta20 5 _x memory. In FIG. SA, a switch- 35 

ing diode I-Vbehavior is observed with the ON (RI=R
0
nF) 

and the OFF resistance (RI =R
0
_/) at a forward read voltage 

(Vr) controlled by different bias polarities of set voltage 
(Vse,) and reset voltage (Vrese,). Interestingly, the minimum 
currents of the switching I-V plot exist at a certain positive 40 

and negative voltage, not at the zero voltage. This indicates 
that the electric field through the NP Ta20 5 _x layer becomes 
a minimum value when a certain voltage is applied, hence 
the charge transfer could be mostly suppressed (vide infra). 

In order to read out the exact data in the crossbar array, 45 

various voltage schemes for the readout process can be 
chosen according to the memory integration types. For 
example, the lD-lR array only operates in the "Vr scheme", 
where the word and bit lines for a selected cell are biased to 

10 
V )2 in V )2 scheme or V )3 in V )3 scheme, hence the 
reading disturbance by sneak current through the V )3 
scheme is less severe. 

Under the V )3 scheme (FIG. SB), the total resistance for 
the sneak current in the NP Ta20 5 _x memory can be deter
mined by the sum of resistances at unselected cells that are 
defined as 2 RsneakF +Rsnea/ in 2x2 array. When the voltage 
position for maximum resistance is defined as V )3 (1.2 V), 
the ON-OFF ratio at Vr (3.6 V) is slightly higher than 10 
(FIG. SA). The non-linearity value in FIG. SA (RsneakF/ 

R
0
nF) is found to be more than 104

, which allows them to 
extend to >7 Gbit crossbar array (see FIG. 6A-6B). FIG. 6A 
shows the calculated readout margin /1V/Vpu as a function 
word/bit lines for a NP Ta20 5 _x memory device under V )3 
scheme. All resistance values are calculated from the linear 
fit of the I-V data (FIG. SA). We assumed a "worst-case 
scenario", the one bit-line pull-up (One BLPU). FIG. 6B 
shows a crossbar array equivalent circuit. 

In order to evaluate the uniformity of switching in the NP 
Ta20 5 _x memory, the resistances, the non-linearity, and the 
ON-OFF ratios of -55 devices was statistically investigated 
(FIGS. SC-SE). After applying the Vse,=8 V and sweeping 
from 8 to O V, the resistances were calculated from the linear 
fit ofl-V data for each device, as shown in the contour plot 
in FIG. SC. It was found that the maximum resistances (-10 
GQ) in forward bias appear in the voltage range from 1.2 to 
1.7 V (FIG. SC) defining RsneakF at V )3 scheme, a repre
sentation of which is shown as the inset of FIG. SC. The 
average Vr for maximum non-linearity is -4.25±0.30 V and 
the average non-linearity is -1.8xl03 (FIG. SD). The ON
OFF ratio at this Vr was found to be -9.53±4.37, which is 
similar to that of other Ta2O5 memories (FIG. SE). This 
means that the NP Ta20 5 _x memory can switch without 
significant loss of its ON-OFF ratio. However, the set/reset 
currents at the operation voltages are much lower than that 
of other Ta2O5 memories by a factor ofup to 102

, suggesting 
its promising potential for an ultralow power memory. It is 
believed, without the intent to be bound by theory, that the 
variation of the pore structure, depending on the porosity 
and pore size, is one cause of the fluctuations in the 
switching parameters. In FIG. SF, structures show good 
endurance during 2000 cycles without any significant fluc
tuation of the states. The conduction states were pro
grammed to be set by a writing pulse of 8 V and reset by an 
erasing pulse of -8 V during 500 immediately followed by 
the reading process at 4.2 V. 

FIG. SG shows the voltage position (V min) for a minimum 
current ( or maximum resistance) of a NP Ta20 5 _x memory as 

Vr and O V, respectively, while all the unselected lines are 
floated. In the case of lS-lR, CRS, and the selector-less 
resistive memory, they can be operated in either the "V )2 
scheme" or the "V )3 scheme". The common point for these 
integration types is that they exhibit a lowered current at 
V )2 or V )3 due to their nonlinear I-V behavior (FIG. SB). 
The non-linearity is defined as the current (or resistance) 
ratio between Vr and V )2 (or V )3) when the cell is in the 
ON-state. When the non-linearity become very large, it can 
reduce the uncertainty of the unwanted misreading of the 
switching state in the crossbar array to an extremely low 
value. In the V )2 scheme, V )2 is applied to all the unse
lected word/bit lines, while the V )3 scheme requires a 
relatively complicated circuitry where the unselected lines 
were biased to V )3 for word and to 2V )3 for bit lines. For 
a selected cell for both schemes, the selected lines were 
biased to Vr and O V (ground). Depending on the voltage 
schemes, the unselected cells experience only a maximum of 

50 a function of the applied Vser An apparent linear relationship 
between V min and Vset was observed, which means it can be 
switched using different operating voltage regimes and give 
a wider range of switching characteristics in power con
sumption and ON-OFF ratios (see FIGS. 7A-7C). FIGS. 

55 7A-7C show (a) the representative I-V characteristics of the 
NP Ta2 O5 _x device with different set voltages (8 and 14 V); 
(b) the ON/OFF ratio and (c) ON power as a function of 
different set voltages. When the Vset was increased, the V min 

increased while the minimum current remained mostly unaf-
60 fected (inset of FIG. SG). This linear relationship supports 

the idea that the switching mechanism is related to the 
presence of oxygen ions in the pores, depending on the 
external electric field. Higher Vset could drive more oxygen 
ions to the relatively V

O 
poor part of the pores. The nega-

65 tively charged oxygen ions could produce an internal elec
tric field that could balance with the external electric field at 
a certain voltage point. This indicates that the minimum 
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currents through the NP Ta2 O5 _x memory may exist at a 
certain voltage point, not at zero voltage. 

12 
calculated based on the average or maximum non-linearity 
value of the NP Ta20 5 _x memory system. FIG. 9B shows a 
crossbar array equivalent circuit. FIG. 9C shows the maxi
mum size of bits for the NP Ta20 5 _x memory system under 

FIGS. SA-SB respectively show (a) the plots of the Ta 
(left) and O (right) atomic concentrations as a function of the 
depth of the Ta20 5 _x film. Inset shows the contour plot of the 
calculated oxygen ratio as a function of its depth, which can 
form a relative V

O 
poorN 

O 
rich structure; and (b) the switch

ing diode behaviour when the applied voltage is changed 
from 5 V to -5 V or from -5 V to 5 V with the equivalent 
circuits of Pt/MLG/NP Ta20 5 _)Ta junction structures. FIGS. 
SC-SD show schematic that indicate the junction structures 
with the different distribution of V

O 
when a positive or 

negative voltage at the interface of the Pt/MLG/NP Ta20 5 _x 

5 V )2 scheme and V )3 scheme and for other integrated 
architectures such as lD-lR, lS-lR, CRS, and selector-less 
memory systems under Vr scheme or V )2 scheme. 

is initially applied, respectively. The inset in FIG. SB shows 
the enlarged semilog plot ofl-V at the low bias regime under 
different voltage polarities. The top schematics of FIG. SB 
indicate the junction structure with the negative oxygen ions 

The readout margin simulation determines the maximum 
size of the array. FIG. 9A shows the calculated readout 

10 margin of the NP Ta20 5 _x memory with various voltage 
schemes using the crossbar array equivalent circuits (FIG. 
9B). A "worst-case scenario" was assumed where all unse
lected cells were ON-states with negligible line resistances, 

in the pores driven by the electric field. The negative oxygen 
ions can be driven until the electric field across the junction 
is offset. 

15 
incurring maximum disturbance in reading process, the 
so-called one bit-line pull-up (One BLPU). Under this 
circumstance, the voltage drop (ti. V) difference across the 
pull-up resistor (RPJ in the crossbar array can be used to 
distinguish between the ON- and OFF-states of the selected 

To better understand the switching mechanism behind the 
switching diode behavior and the presence of minimum 
current at a certain voltage, a contour plot was constructed 

20 cell. Generally, li.VNpu (pull-up voltage)=10% has been 
known as a minimum criterion to differentiate their switch
ing state, which can provide the maximum number (N) of its 
word/bit lines using the resistor voltage divider eq 1 as 

of the estimated oxygen ratio for Ta20 5 _x as a function of its 
depth based on measured Ta and O atomic concentrations by 25 

XPS profiling analysis (FIG. SA). Since the oxygen ratio is 
inversely proportional to the V 

0
, the V

O 
was gradually 

increased when the NP Ta20 5 _x was deeper, thereby sepa
rating the V

0 
poor and V

0 
rich areas in the film (FIG. SA). 

In the bias regime from -5 to 5 V, contour plots clearly 30 

exhibited the change of rectifying direction according to the 
sweep direction of applied voltage (FIG. SB), which indi
cates the polarity switch of the Schottky diode. This swit
chable diode behavior can be understood by the Schottky
like barrier modulation induced by the V

O 
exchange from 35 

one interface to the opposite interface and vice versa, 
depending on the bias polarity and its magnitude. When V 

0 

is concentrated at one end of the NP Ta20 5 _x, an Ohmic-like 
contact can be formed due to the relatively low contact 
barrier, and then they established asymmetric contacts with 40 

a Schottky-like contact at the another interface. In a low bias 
regime (V<l21V), the current rises to a minimum value at 
certain voltages. It is believed, without being bound by 
theory, that the negatively charged oxygen ions could be 
pulled from the surface of the pores and confined to pores 45 

when the voltage is applied, which affects the strength of 
electric field across the NP Ta20 5 _x· When the electric field 
induced by oxygen ions matches the external electric field, 
the transport charges are difficult to move, causing a mini
mum current at certain voltages, as shown in the top 50 

schematics of FIG. SB. Therefore, higher set voltages Vset 
are the cause of an increase in V min' which explains the 
linear relationship of the V min-Vset plot in FIG. SG. 

FIG. 9 A shows calculated readout margin li. V 
0
jV pu as a 

function of the number of word/bit lines for NP Ta2O5 _x 55 

memory system under Vr scheme and V )3 scheme. The 
lines indicate the result of the readout margins that are 

follows, 

(1) 

[
RF 11( 2R:nwk + R;,,mk )] + R 

on (N - 1) (N - 1)2 pu 

[
RF 11( 2R:nmk + R;,,mk )] + R 

off (N - 1) (N - 1)2 pu 

In this case, the RsneakF and Rsnea/ at unselected cells can 
determine the total resistance through sneak paths, which 
can be obtained from the I-V curves by the linear fittings. 
Assume that the resistance of the Rpu was set to R

0
nF at Vr 

(4.5 V) to achieve the maximum readout margin. Depending 
on the voltage schemes, the allowed maximum number of 
crossbar array would be significantly increased from 4 bit 
for Vr scheme and 113 Mbit for V )3 scheme on average 
(FIG. 9A). If the experimental I-V data having a highest 
non-linearity close to -105 is chosen, the NP Ta20 5 _x 

memory can be further scaled up to a -162 Gbit crossbar 
array (FIG. 9A and FIG. 10). FIG. 10 shows the I-V 
characteristic of the NP Ta20 5 _x device with highest non
linearity. The non-linearity is -1.43xl 05

• FIG. 9C shows the 
comparison of the calculated the maximum number of bits 
for various kinds of integrated architectures such as 1 D-1 R, 
lS-lR, CRS, and selector-less memory based on their best 
I-V plots, respectively (See Table. 1). Table 1 below show a 
sunmiary of switching parameters for various integration 
architectures such as lD-lR, lS-lR, CRS, and selector-less 
memory. The resistances for ON, OFF, and sneak and the 
maximum readout margin for each architecture are summa
rized. 

TABLE 1 

Switching Parameters for Various Integration Architectures 

Integration architectures Switching Materials Max. Number of Bits Roff Ron R,neak Ref.(#) 

1Diode-1Resistor (lD-lR) Ti021Ti02 1.67 X 105 1.25 X 105 2.00 X 103 2.00 X 108 

Si/SiOX 7.53 X 105 2.33 X 106 2 
n-TiO)p-NiO)NiO 1.36 X 105 1.00 X 106 1.00 X 103 8.00 X 107 3 
ZnO/NiO/ZnO 8.42 X 102 1.00 X 104 2.00 X 102 1.00 X 106 4 
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TABLE I-continued 

Switching Parameters for Various Integration Architectures 

Integration architectures Switching Materials Max. Number of Bits Roff Ron R,neak Ref.(#) 

ZnO/WO/ZnO 1.21 X 102 1.43 X 103 1.00 X 102 1.25 X 105 4 
ZnO/ZnO: Al/ZnO 7.84 X 104 1.67 X 104 2.10 X 102 1.80 X 104 5 
TiO2/HfO2 5.13 X 105 5.00 X 105 1.00 X 103 6 
TiO/HfO2 3.61 X 102 2.50 X 107 5.00 X 104 1.00 X 107 7 
P3HT/PS: PCBM 1.28 X 104 1.00 X 109 1.67 X 105 1.25 X 109 8 
CuO/InZnO/NiO 3.61 X 102 5.00 X 105 5.00 X 103 1.00 X 106 9 
CoO/IZO/HfO/ZrO2 3.61 X 102 1.11 X 105 1.67 X 103 3.33 X 105 10 

1Selector-1Resistor (lS-lR) TiO/HfO2 1.77 X 106 1.60 X 106 3.00 X 104 1.20 X 107 11 
TaO)TiO/TaO)HfO2 3.19 X 107 1.50 X 106 6.00 X 103 1.00 X 107 12 
AsTeGeSiN/Ta2O5_)TaO)AlO2 6.87 X 105 7.50 X 105 3.00 X 104 1.50 X 106 13 
TiO)SiO)MO 4.00 X 104 1.78 X 104 14 
VO/ZrO)HfOx 4.10 X 103 1.00 X 103 15 

Complementary Resistive Switch Ta2O5_)TaO2_x -Ta2_)Ta2O5_x 7.56 X 106 2.50 X 105 6.67 X 104 8.33 X 107 16 
(CRS) TiO)TiN/TiOX 1.00 X 102 1.40 X 102 4.67 X 101 2.33 X 102 17 

Nb205_)NbOY 1.76 X 103 2.50 X 103 18 
TiO)TiOxN)TiQx 8.10 X 101 2.00 X 102 7.00 X 101 3.50 X 102 19 
a-C/CNT/a-C 3.14 X 103 2.50 X 106 1.43 X 105 2.50 X 106 20 

Selector (or Diode)-less Memory TiO)TiOY 4.90 X 101 1.67 X 105 3.33 X 104 8.33 X 104 21 
ZrO)HfOx 2.56 X 104 1.00 X 103 22 
Poly Si/a-Si 1.70 X 107 4.55 X 1014 1.25 X 107 1.25 X 10 14 23 
MLG/Ta2O5_)TaO)MLG 8.10 X 101 1.75 X 104 4.00 X 103 1.40 X 104 24 
VO/TiO2 8.41 X 102 3.00 X 105 3.00 X 104 2.92 X 105 25 
Nanoporous Ta2Os-x 1.62 X 10 11 6.59 X 107 3.94 X 106 1.28 X 10 12 our result 

As shown in FIG. 9C, the maximum allowed number of bits 
for the NP Ta2O5 _x under V )2 scheme or V )3 scheme is 
much higher than any of these previous reported systems 
without a requirement of selectors and diodes, suggesting an 30 

ultrahigh density storage technology. 

What is claimed is: 
1. A memory system comprising: 
at least one memory cell, wherein the at least one memory 

cell comprises, 
a substrate; 

In summary, an oxide-based memory system using NP 
Ta2 0 s-x has an excellent self-embedded highly nonlinear I-V 
switching behavior, which could be integrated up to -162 
Gbit, far beyond current architectures for two-terminal resis- 35 

tive memory. It can be fabricated at room temperature and 
consumes relatively low power when compared to other 
Ta20 5 _x memory devices. In addition, depending on the 
operating voltages, the location for V min' the power con
sumption, and the ON-OFF ratio can be changed. The 40 

switching mechanism can be explained by a transformation 
from Schottky- to Ohmic-like characteristics at the inter
faces of MLG/NP Ta2 O5 _)Ta and vice versa, and the con
fined negatively charged oxygen ions in the pores. Results 45 
suggest that the NP Ta20 5 _x memory system could offer a 
new device platform for future ultrahigh density memory 
applications. 

Embodiments described herein are included to demon-
strate particular aspects of the present disclosure. It should 50 

be appreciated by those of skill in the art that the embodi-

a bottom electrode deposited on the substrate; 
a non-porous layer deposited on the bottom electrode; 
a nanoporous (NP) layer deposited on the non-porous 

layer, wherein the NP layer is a metal oxide or metal 
chalcogenide, and the all pores of the NP layer are 
unfilled; and 

a top electrode deposited on the NP layer, wherein the 
top electrode interfaces with the NP layer, and the 
non-porous layer and the NP layer are sandwiched 
between the bottom and top electrodes. 

2. The system of claim 1, wherein the memory system is 
free of diodes, selectors, and transistors. 

3. The system of claim 2, wherein the at least one memory 
cell further comprises an interlayer between the top elec
trode and the NP layer. 

4. The system of claim 3, wherein the at least one memory 
cell consists of only the substrate, the bottom electrode, the 
non-porous layer, the nanoporous layer, the interlayer, and 
the top electrode. 

5. The system of claim 1, wherein the NP layer is Ta2 O5 _x 

where 0sx<5. ments described herein merely represent exemplary embodi
ments of the disclosure. Those of ordinary skill in the art 6. The system of claim 1, wherein oxygen vacancies or 

chalcogenide vacancies in the NP layer increase towards the 
should, in light of the present disclosure, appreciate that 55 bottom electrode. 
many changes can be made in the specific embodiments 
described and still obtain a like or similar result without 
departing from the spirit and scope of the present disclosure. 
From the foregoing description, one of ordinary skill in the 

7. The system of claim 1, wherein pore radius sizes of 
pores of the NP layer are equal to or between 2-100 nm. 

8. The system of claim 1, wherein the at least one memory 
cell is free from requiring an electroforming process. 

art can easily ascertain the essential characteristics of this 60 

disclosure, and without departing from the spirit and scope 

9. The system of claim 1, wherein a positive or negative 
voltage pulse of 10 V or less sets/resets the at least one 
memory cell to ON/OFF states. 

thereof, can make various changes and modifications to 
adapt the disclosure to various usages and conditions. The 
embodiments described hereinabove are meant to be illus
trative only and should not be taken as limiting of the scope 
of the disclosure. 

10. The system of claim 1, wherein the at least one 
memory cell is capable of being switched between ON/OFF 

65 states with a current equal to or less than 100 µA. 
11. The system of claim 1, wherein R

0
n is equal to or 

greater than 104 or R
0
ff is equal to or greater than 105

. 
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12. The system of claim 1, wherein the at least one 
memory cell has an ON and OFF ratios with a factor of 5 or 
greater. 

13. The system of claim 1, wherein the memory system 
has an array density of 100 or greater. 5 

* * * * * 
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