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MEMORY RESISTOR HAVING MULTILAYER ELECTRODES

BACKGROUND

180061} Memaory resistors or “memvristors” are electronic construcis that
exhibit an adjustable, non-volatile electrical resistance.  This behavior makes
memristors suitable for storage of digital and analog values, instrumentation,
switching, and numerous other applications. It is further noted that some
memristors are more sought after than others due their respeaclive operating
characteristics.
[8062] However, the more desirable known memrisiors are also relatively
expensive o the manufacture. This is due, at least in parl, to the guantity of
rare/noble melals and other expensive materials that are used. Thus, new
memristor designs that are less expensive (o produce while offering desirable
operaling characteristics are wanted. The present teachings address the
foregoing concerns.

BRIEF DESCRIPTION OF THE DRAWINGS
106631 The present embodiments will now be described, by way of
example, with reference {0 the accompanying drawings, in which:
[00604] FIG. 1 depicts an isometric view of a memory resistor according o
one embodiment;
[0005] FIG. 2 depicts a flow diagram of a method according o another

embodiment;
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[0606] FIG. 3 depicts a block diagram of a device according o ons
gmbodiment;
[0067] FIG. 4 depicis a block diagram of a device according to another
embodiment.

DETAILED DESCRIPTION
INTRODUCTION
10008] Means and methods related {0 memory resistors {memrisiors) are
provided by the preseni teachings. A memiristor includes two multi-layer
electrodes and an active material laver. One multi-layer electrode forms an
Ohmic contact region with the aclive material layer. The other multi-layer
electrode forms a Schottky barrier layer with the active material layer. The active
material layer is defined by an oxygen vacancy (or maobile dopant} profie. In tumn,
the mobile dopant profile is subject o reconfiguration under the influence of an
applied electric field. An electrical resistance of the memristor is adjusiable by
way of applied programming vollages and is non-volatile between programming
gvents.
[6009] in one embodiment, an apparstus includes a memrisior. The
memristor includes a high-conductivity layer, and a diffusion barrier layer. The
mermristor also includes a first layer and a second layer that define an Chmic
contact layver. The Ohmic conlact layer is separated from the high-conductivity
layer by the diffusion barrier layer. The memristor further includes an active
material layer that forms an Ohmic contact region with the Ohimic contact laver.

The aclive material layer includes & profile of mobile dopants that is
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reconfigurable under the influence of programming vollages applied o the
memristor.

[0616] in ancther embodiment, 3 method includes operating a memristor
that is characterized by at least one multi-layer elecirode and an active material
layer. The method also includes applying a programming voliage across the
memristor so as o change a non-volalile electrical resisiance of the memristor
from a first value to a second value distinct from the first value. The method
further includes operating the memyistor at the second non-volalile electrical
resistance value.

FIRST ILLUSTRATIVE EMBODIMENT

{8011} Reference is now directed o FIG. 1, which depicts an isometric
view of a memristor 100, The memristor 100 is iHlustrative and non-limiting with
respect (o the present teachings. Thus, other memrisiors can be configured,
constructed or operated in accordance with the present teachings.

[0612] The memristor 100 includes a high-conductivity {conductor)} layer
102. The conductor layer 102 can be formed from or include any suitable
electrically conductive material.  Non-limiting examples of conductor laver 102
materials include copper, aluminum, silver, gold, platinum, palladium, titanium
nifride {TiIN}, etc. Other suitable materials can also be used. The conductor layer
102 is configured to define a memristor end area 104 and an eleclrically
conductive pathway (pathway} 106.

0613 The pathway 106 is configured (o slectiically couple the memristor
100 with another entily or entities such as electronic circuitry, a controller, a data

or signal buss, etc. The pathway 106 extends away from the memvristor 100 in an
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llusirative direction. However, it is o be understood that the pathway 108 can
lead away from the memristor 100 along any suilable direclion and may be linear,
curved, serpentine, and so on, in shape.

[6314] The memrisior 100 also includes a diffusion barrier layer 108. The
diffusion barrier layer 108 is in contact with the end area 104 of the conductor
fayer 102. The diffusion barrier layer 108 is configured o prevent migration of
glemenis {i.e., contamination) from the conductor layer 102 into other portions of
the memristor 100. However, electron flow through the memristor 100 is not
prevented by the diffusion barrier layer 108, The diffusion barrier layer 108 can
be formed from, or include, tantalum nitride (TaN}, tungsten nitride (WN), titanium
nitride {TiN), etc. Other suitable materials can also be used.

[8¢15] The memyistor 100 also includes a metallic laver 110, The metallic
fayer 110 can be formed from, or include, titanium {71} or chromium (Cr). Other
suilable metals can also be used. The memristor 100 also includes anocther
metallic layer 112, The metallic fayer 112 can be formed from, or include,
platinum (F1), palladium {pd), tungsten (W) etc.

[8016] The metallic layers 110 and 112 interacts during manufacture of the
memristor 100 to define an Ohmic contact layer 114, which forms an Ohmic
contact region 115 al the interface with an active material layer 118, For
example, the metallic layer 110 diffuses through the grain boundaries of the
metallic layer 112 and then chemically reduces the active malerial layer 118 io
form some localized regions richened with oxygen vacancies at the interface of
Ohmic contact layer 114 and active material layer 118, It is noted that the Chmic

contact region 115 is characterized by an electrical resistance but does not
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exhibit rectifying (i.e., dicde-like) behavior.

10017] it is further noted that the active malerial layer 118 is generslly
permeable 1o mobile dopanis such as oxygen atoms or oxXygen vacancies.
However, oxygen ions or vacancies {i.e., mobile dopants} exist within the active
material laver 118 such that a distribution or “profile” is defined. These mobile
dopants can be conirollably migrated within the aclive material layer 118 under
the influence of an electric field (i.e., programming voltage, etc.). In this way, the
oxygen-vacancy profile in layer 118 and thus the slectiical resistance of the
memristor 100 can be reconfigurad during normal operation of the memristor 100,
10018} The conductor layer 102, the diffusion barrier layer 108, the metallic
layer 110 and the metallic layer 112 collectively define a multi-layer electrode 116
of the memristor 100, His noted that the diffusion barrier layer 108 separates the
Chmic contact layer 114 from the conductor layer 102, Unwanted elements {e.g.,
copper or aluminum atoms, etc.} are prevented from contaminating the Chmic
contact region 114 or other aspecis of the memvistor 100 by way of the diffusion
barrier layer 108.

[6019] The mermristor 100 also includes an active material layer 118 as
introduced above. The active material layer 118 can be formed of, or include, a
material including oxygen. Non-limiting examples of the active material layer 118
include tilanium dioxide (Ti0O,) and lantalum oxide (TaOy). Other suilable
transition metal oxides can also be used. Oxygen anions or oxygen vacancies
within the active material layer 118 can be slectrostatically migrated toward and
away from the metallic layer 110, thus forming or aliering the number of oxygen

vacancies within the aclive material layer 118 (e.g., resulting in TiOs). The
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electrical resistance characteristics of the aclive material layer 118 are thereby
adjusted, which in turn changes the overall electrical resistance of the memrisior
100.

100626} The memristor 100 {further includes a Schottky contact layer 120.
The Schottky contact tayer 120 can be formed from or include platinum (Pt), or
another noble metal or non-reactive material. A Schottky barrier 122 exists in-
between the Schottky contact layer 120 and the active malerial layer 118, As a
result, the Schottky barrier 122 exhibils rectifying {i.e., diode-like) behavior.

(6021} The memristor 100 includes a diffusion barrier layer 124, The
diffusion barrier layer 124 is in contact with the Schottky coniact layer 120, The
diffusion barrier layer 124 is configured to preveni migration of undesired
glements. However, electron flow through the memristor 100 is not prevented by
the diffusion barrier layer 124, The diffusion barrier layer 124 can be formed
from, or include, tantalum nitride (TaN}, magnesium nilride (WN), titanium nitride
{TiN}, etc. Cther suitable materials can also be used.

199221 The memristor 100 includes a high-conductivity {conductor) layer
126 that is in contact with the diffusion barrier layer 124, The conductor layer 126
can be formed from, or include, any suitable electrically conductive material.
Non-limiting examples of conductor layer 126 malerials include copper,
aluminum, silver, gold, platinum, palladium, titanium nitride (TiN), etc. Other
suitable materials can also be used. The conducior layer 126 is configured o
define a menmristor end area 128 and an elecirically conductive pathway
{pathway} 130.

10023] The pathway 130 is configured {o electrically couple the memristor
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100 with another entily or entities such as electronic circuitry, a controller, a data
or signal buss, etc. The pathway 130 extends away from the memristor 100 in an
fllusirative direction. However, it is 1o be understood that the pathway 130 can
lead away from the memristor 100 along any suitable direction and may be linear,
curved, serpeniine, elc., in shape.

[6024] The conductor layer 126, the diffusion barrier layer 124, and the
Schottky contact laver 120 collectively define a multi-laver elecirode 132 of the
memristor 100, It s noted that the diffusion barrier layer 124 separates the
Schotiky contact layer 120 and the active material layer 118 from the conductor
layer 126, Unwanied elements {e.g., copper or aluminum atoms, etc.) from the
conductor layer 126 are prevenied from contaminating the Schottky contact layer
120 or active material layer 118 by way of the diffusion barrier layer 124,

18925} it is noted that the non-volalile resistance value of the memrisior
100 is increased when programming potential is applied with positive polarity to
multi-layer electrode 116 and negative polarity to multi-layer electrode 132.
Conversely, the non-volatile resistance value of the memrisior 100 is decreased
when programming polential is applied with negative polarity to mulii-layer
slectrode 116 and positive polarity 1o mulii-layer electrode 132. 1t is alsgo noted
that the memristor 100 is depicted as having a particular orientation {i.e., {op and
bottom) of the multi-layer elecitrode 116 relative to multi-layer eleclrode 132,
However, il is to be undersiood that other memyistors with respectively varying
orientations can also be defined, configured and operated in accordance with the
present teachings.

10026} The memyristor 100 is defined by a uniform, generally square cross-
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sectional shape. However, other suilable cross-sectional shapes {(e.g., round,
elliptical, rectangular, triangular, etc.) can also be used. Furthermore, other
memristors {not shown) can be formed and operaled according to the present
teachings that have respectively varying longitudinal cross-sectional areas {e.g.,
hourglass, ellipsoid, efc.).

16027} Table 1 below includes illustrative and non-limiling characteristics
for an embodiment of memristor 100. Other memristors having respeclively
varying dimensions, characteristics or constifuencies are also contemplated by
the present teachings. It is noted that within Table 1, “um” equals 1x10° meters
and “‘nm” equals 1x10° meters.

TABRLE 1: Hustrative Memristor 100

Feature Length x Width x Thickness Notes/Other
Conductor 102 Tum ) Tum x 0.5um Copper thick film
Diff. Barrier 108 Tum x tum x 10.0nm Tantalum Nitride
Metallic Layer 110 1um x Tum x 5.0nm Titanium
Metallic Layer 112 1um x tum x 10.0nm Platinum

Active Layer 118  1um x fum x 50.0nm Titanium Dioxide
Schottky 120 Tum o fum x 10.0nm Platinum

Diff. Barrier 124 Tum x Tum x 10.0nm Tantalum Nitride
Conductor 126 Tum x Tum x 0.5um Copper thick film

FIRST ILLUSTRATIVE METHOD

[0028] Attention is now directed io FiG. 2, which depicts a method
according to one embodiment of the present teachings. The method of FIG. 2
depicts particular method steps and an order of execution. However, it is 1o be
understood that other methods including other steps, omitiing one or more of the
depicted steps, or proceeding in other orders of execution are also contemplated.

Thus, the method of FIG. 2 is illustralive and non-limiling with respect o the
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present feachings. Reference is made to FiGs. 1 and 3 in the interest of
understanding the method of FIG. 2.

[6029] At 200, a device, which includes a memristor, is operated al a
present electrical resistance value for the memisior. For purposes of
non-limiting illustration, it is assumed that a device 300 includes a memyistor 302.
The memristor 302 is equivalent to any memrisior (e.g., 100, eic.} consistent with
the present teachings and is characterized by a preseni non-volatile elecirical
resistance of 100 Kilo-Ohms at zero bias. Other circuilry 306 of the device 300 is
electrically coupled to {(or includes) the memrisior 302 and operates normally
according to the present, non-volalile slectrical resistance value.

[0030] At 202, a programiming voltage is applied o the electrodes of the
memristor.  For purposes of the ongoing ilustration, it is assumed that
programming circuilry 304 of the device 300 is used to apply a programming
potential across the memristor 302, Such a programming vollage {i.e., pulse or
signal} can be defined, for example, by one-point-five volts direct-current applied
for one microsecond.

[0031] AL 204, the elecirical resistance value of the memristor is adjusted
by a desired amount in response {o the applied programming voliage. For
purposes of the ongoing llustration, it is assumead that the electrical resistance of
the memristor 302 is increased by twenty Ohms, resulting in an overall electrical
resistance of two mega-Ohms for the memristor 302,  Application of the
programming voltage is now stopped.

10032} Al 206, the device is operated normally with the memristor at the

new electrical resistance value. For purposes of the ongoing illustration, it is
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assumed thal the other circuitry 306 operates normal in accordance with the new,
non-volatile electrical resistance value esiablished at 204 above.

[0033] in general and without imitation, the present teachings contemplate
various memristors {i.e., memory resistors) that can be applied to any number of
circuits and device types. Each memyistor includes two respective multi-layer
electrodes disposed on opposite sides of a layer of aclive malerial.

10034} One of the multi-layer elecitrodes includes an Ohmic contact region.
Al least one material within the Chmic contact region is configured o cause (i.e.,
catalyze) an oxygen-reduction reaction within the active material layer under the
influence of heating {(i.e., annealing in the fabrication process). The other
multi-laver electrode includes al least one noble metal or non-reactive material
configured to form Schottky barrier with respect to the aclive material laver.
Diffusion barrier layers within the respective mulli-ayer electrodes pravent
migration of conducior laver elements {(e.qg., copper, aluminum, eic.), thus
preventing contamination of the active material layer or other aspects of the
memristor.

[0035] Programming {(or control) circuilry is used to apply various
programiming voliages of respective magnitudes, polarities or durations {o the
mermristor.  The application of a programming vollage causes oxygen anions or
axygen vacancies {(i.e., mobile dopant) migration within the memristor, resulling in
a corresponding increase or decrease of oxygen vacancies {e.g., TiOyx, efc)
within the active material layer. In general, direclion of mobile dopant migration is

determined by the polarity of the applied programming voltage.

10
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106036] In turn, the oxygen vacancy density {or distribution} affects the
electrical resistance of the memyistor as a whole. In general, the magnitude of
the overall electrical resistance shift {increase or decrease) is determined by the
magnitude and duration of the applied programming vollage. The electrical
resistance value of the memristor is substantially non-volatile (Le., constant}
belween programming evenis.  This non-volatility is exhibited despite a lolal
removal of elecirical energy {i.e., bias signals, etc.} from the memristor.

FIRST ILLUSTRATIVE DEVICE

[0037] Reference is now made o FIG. 3, which depicls a block diagram of
a device 300 according to another embodiment of the present teachings. The
device 300 is lustrative and non-limiting in nature. Thus, other devices, circuits
and systems are contemplated that include one or more aspects of the present
teachings.

[6038] The device 300 includes a memiistor 302 as introduced above.
The memristor 302 can be defined by any embodiment consistent with the
present teachings. In one embodiment, the memristor 302 is materially and
operationally eguivalent to the memristor 100 as described above. Other
embodiments can also be used.

10939} The device 300 also includes programming circuitry 304, The
programming {or control) circuitry 304 is electrically coupled o the memristor 302
and is configured 1o apply various direct-current (DC) programming voliages
thereto. Buch programming voltages can vary respectively in magnitude,
duration, or polarity of application. The programming circuitry 304 is thus

configured 1o cause controlied changes in the electrical resistance of the

11
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memristor 302, The programming circuitry 304 can be defined by or include any
suitable components or configuration such as, but not Hmited to, a
microprocessor, a microcontroller, digital circuitry, analog circuitry, a state
machine, elc.

10046} The device 300 further includes other circuitry 306 that is electrically
coupled to (or includes) the memristor 302, The other circuitry 306 can be
defined by any suilable circuitry configured to perform one or more normal
operations that use the memristor 302, Non-limiting examples of such operations
include cellular communication, environmental sensing, instrumentation and
control, radio communication, signal or data siorage and retrieval, etc. Thus, the
device 300 can be generally defined by any one or more suilable areas of
application {e.g., a cellular telephone, a data or signal router, elc.).

SECOND [LLUSTRATIVE DEVICE

[0041] Reference is now made o FIG. 4, which depicis a block diagram of
a device 400 according to another embodiment of the present teachings. The
device 400 is illustrative and non-limiting in nature. Thus, other devices, circuits
and systems are contemplated that include one or more aspecis of the present
teachings.

109421 The device 400 includes a memristor memory array controlier
{controllery 402. The controller 402 is configured to address individual
memristors 404 of the device 400. Such addressing is performed by way of row
control lines 406 and column control lines 408, The conitroller 402 is also
configured to apply programming voliages to the mermrisiors 404 by way of the

controls lines 406 and 408.

12
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[0643] The device 400 further includes a plurality of memyistors 404, Each
memristor 404 is defined, configured and operative in accordance with the
present teachings. In one embodiment, one or more of the memrisiors 404 is/fare
materially and operationally equivalent to the memristor 100 described above.
Other embodiments can also be used.

[00644] The memristors 404 are arranged as an X-by-Y array, with each
memristor 404 being individually addressable and programmabile by the controller
402. Each memristor 404 can be operated as a storage cell representing a digital
bit, an analog signal level, etc. FiIG. 4 depicts a total of four memristors 404
arranged as an array. However, it is {0 be understood that other arrays including
any suitable number of memristors {(2.g., 100, 404, efc.} can also be defined and
operated in accordance with the present teachings.

10045] in general, the foregoing description is intended to be illustrative
and not restrictive. Many embodiments and applications other than the examples
provided would be apparent to those of skill in the arl upon reading the above
description. The scope of the invention should be determined, not with reference
to the above description, but should instead be determined with reference {o the
appended claims, along with the full scope of equivalents to which such claims
are entiled. it is anticipated and intended thal fulure developmenis will occur in
the arls discussed hergin, and that the disclosed systems and methods will be
incorporated into such future embodiments. In sum, it should be understood that
the invention is capable of modification and variation and is limited only by the

following claims.

13
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CLAIMS

What is claimed is:

1. An apparatus including a memristor, the memristor comprising:

a high-conductivity laver;

a diffusion barrier layer;

a first layer and a second layer defining an Ohmic contact layer, the Ohmic
contact layer separated from the high-conductivity layer by the diffusion barrier
layer; and

an active material layer forming an Ohmic contact region with the Ohmic
contact layer, the aclive material layer including a profile of mobile dopants that is
reconfigurable In accordance with programming vollages applied to the

memrisior.

2. The apparatus according to claim 1, the memristor characterized by
a non-volatile electrical resistance that is adjustable by way of the programming

voltages.

3. The apparatus according o claim 1, the high-conductivity layer
including at least copper, aluminum, platinum, palladium, silver, gold, or titanium

nitride.

4. The apparatus according to claim 1, the diffusion barrier layer

including at least tungsten nitride, tantalum nitride, or titanium niiride.

14
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a. The apparatus according to claim 1, the first layer including at least

fitanium, or chromium.

8. The apparatus according to claim 1, the second layer including at

least platinum, or palladium.

7. The apparatus according to claim 1, the high-conductivity layer

configured to elecirically couple the memristor to ancther entity.

8. The apparatus according to clgim 1, the active material layer

including at least titanium dioxide, tantalum oxide, or strontium titanate.

9. The apparatus according o claim 1, the aclive material layer

configured such that the mobile dopanis are defined by oxygen vacancies.

10.  The apparatus according to claim 1, the high-conductivity layer and
the diffusion barrier layer and the first layer and the second layer defining a first
multi-layer electrode, the memristor further comprising:

a non-reactive metallic layer,

another diffusion barrier layer; and

another high-conductivity layer, the non-reactive metsllic layer separated
from the other high-conductivity layer by the other diffusion barrier layer, the non-
reactive metallic layer and the other diffusion barrier layer and the other high-

conductivity layer defining a second mulli-layer elecirode.
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11.  The apparatus according to claim 10, the non-reactive metallic layer

in contact with the active material layer so as to define a Schottky barrier.

12.  The apparatus according to claim 10, the non-reactive metallic layer

including at least platinum, or ancther non-reactive metal.

13. The apparatus according o claim 10, the other diffusion barrier

laver including at least tungsten nitride, tantalum nitride, or titanium nitride.

14.  The apparatus according o claim 10, the other high-conductivity
laver including at least copper, aluminum, platinum, palladium, silver, gold, or

titanium nitride.

15. A method, comprising:

operating 8 memristor characterized by al least one multi-layer electrode
and an aclive material layer;

applying a programming voltage across the memristor so as {o change a
non-volatile electrical resistance of the memristor from a first value o a second
value distinct from the first value; and

operating the memristor at the second non-volatile electrical resistance

value.

16
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16. The method according to claim 15, the memristor is further
characterized by a first multi-layer electrode and a second mulli-layer electrode,
the first mulli-layer electrode forming an Ohmic contact region with the aclive
material layer and the second multi-layer electrode forming a Schottky barrier

with the active material layer.

17
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