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(57) Abstract: Resistive switches and related methods are
provided. Such a resistive switch includes an active mate-
rial in contact with opposite end electrodes. The active ma-
terial defines electron traps that capture or release charges
in accordance with applied switching voltages. Resistive
switches are characterized by ON state and OFF state re-
sistance curves. Resistance ratios of ten times or more are
exhibited. The state of a resistive switch is determined us-
ing sensing voltages lesser then the switching threshold.
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RESISTIVE SWITCHES

BACKGROUND

10061 Resistive switches exhibit a plurality of distinct electrical
resistances respectively corresponding o various operaling siates. Sometimes,
two distinct "ON" and “OFF" siales are defined at {or near) opposite ends of the
resistive range for a given resistive switch. No moving parts are involved due to
their solid staie construction, and swiltching between states is achieved by way
of control signaling.
10062] However, most of the known resistive switches require undesirably
high switching and reading (i.e., stale sensing} currents. Additionally, such
refatively high currents cause excessive healing, resulling in undesirably short
operating life spans. The present teachings are directed (o the foregoing and
other related concems.

BRIEF DESCRIPTION OF THE DRAWINGS
10003] The present embodimenis will now be described, by way of
aexample, with reference (o the accompanying drawings, in which:
10004] FIG. 1 depicts an isometric view depicting a resistive swilch
according to one embodiment;
10665] FiG. 2 is a flow diagram depicting a method according to one

embodiment;
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[0606] FIG. 3 is a block diagram depicling & device according to one
embodiment;

0067] FIG. 4 is a block diagram depicting a device according to anocther
embodiment;

10008] FIG. 5 depicts illustralive energy level diagrams according o the
present teachings;

10009] FIG. 6 is a signal diagram depicting #lusirative signal curves
according to the present teachings;

10618] FIG. 7 is a signal disgram depicting #lustrative signal curves

according to the present teachings.

DETAILED DESCRIFPTION

INTRODUCTION

{00611} Means and methods related io resistive switches are provided by
the present teachings. A resistive switch includes an aclive material in contact
with opposile end electrodes. The active material defines eleciron traps that
capture or release charges in accordance with applied switching vollages.
Resistive switches are characterized by respectively different ON-state and
OFF-state resistance curves. Resistance ratios of {en limes or more are
exhibited. The state of a resistive swilch is determined using sensing vollages
lesser then the switching threshold.

6012} in one embodiment, an apparatus includes a resistive switch. The
resistive switch includes a first electrode and an active material layer in conlact

with the first electrode. The resistive switch further includes a second electrode
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disposed opposite the first electrode. The aclive material laver is also in contact
with the second electrode. The resistive swilch is characterized by a first
electrical resistance curve in response 1o an applied forward switching vollage.
The resistive switch further is characterized by a second slectrical resistance
curve in response to an applied reverse swiiching vollage. The second
electrical resistance curve is different than the first electrical resistance curve.
10013] in another embodiment, a method includes operating a resistive
switch characterized by a first elecirical resistance curve. The resistive swilch is
characierized by a first end electrode and a second end electrode, and an
active material layer disposed between and in contact with the first and second
end electrodes. The method also includes swilching the resisiive swilch so as
to change the character of the resistive switch from the first electrical resistance
curve o a second elecirical resistance curve distinet from the first. The method
further includes operating the resistive switch characlerized by the second
electrical resistance curve.

FIRST ILLUSTRATIVE EMBODIMENT

[6¢14] Reference is now direcled to FIG. 1, which depicls an isometric
view of a resistive swiltch {switch) 100 according to the present {eachings. The
switch 100 is illustrative and non-limiting with respect to the present teachings.
Thus, other switches can be configured and/or operated in accordance with the
present teachings.

[6015] The resistive swilch 100 includes a first end electrode 102. The
end electrode 102 includes a lead portion 104 extending away from an end area

portion 106. In one embodiment, the end electrode 102 is formed from {or
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includes) platinum (Pt). Other suitable metals or materials can also be used. In
one embodiment, the end elecltrode 102 is defined by a thickness dimension
“T1” of about nine nanometers (one nanometer = 1x10°° meters). Other suitable
thicknesses can alsoc be used.

10916} The switch 100 also includes an active material layer (AML) 108.
The AML 108 is in conlact with the first end electrode 102 and is defined by a
thickness dimension “T27, and a cross-sectional area "A1" normal to the
thickness dimension T2, In one embodiment, the AML 108 is formed from {(or
includes) fitanium dioxide (Ti0:} having a thickness T2 in the range of four-lo-
100 nanometers and a cross-sectional area A1 of 1 micrometer square to 100
nanometers square. Other suitable materials, thicknesses or cross-sectional
areas can also be used. In one embodiment, the AML 108 is formed by
sputtering at ambient temperature.

[06017] The resistive switch 100 further includes a second end elecirode
110. The end electrode 110 includes a lead portion 112 extending away from
an end area poriion 114, In one embodiment, the end electrode 110 is formed
from {or includes) platinum (Pt). Cther suitable metals or materials can also be
used. in one embodiment, the end elecirode 110 is defined by a thickness
dimension “T3" of about nine nanometers. Other suitable thicknesses can also
be used.

10018] The AML 108 is coniact with the second end elecitrode 110. Thus,
the active material layer 108 is disposed between, and in contact with, the end
glectrodes 102 and 110, respeciively. In this way, the resistive switch 100 is

also referred 0 as a two-lerminal device or two-terminal swilch. The end
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glactrodes 102 and 110, respeciively, are configured to eleclrically couple the
switch 100 {o another entity or eniities (e.g., electronic circuitry, various
components, stc.).

10019] The active maternial layer 108 is configured {0 define a plurality of
“electron traps” that release electrons under the influence of a first Morward”)
applied electrical potential, and capture electrons under the influence of a
second {“reverse”} applied electrical potential. These forward and reverse
notentials are also referred to as forward (i.e., "ON”) and reverse {i.e., “OFF")
switching vollages, respeclively.  In one embodiment, the electron iraps are
defined by oxygen vacancies in the titanium dioxide {TiO,.x).

[0626] it is noted that the forward and reverse swilching voltages are of
opposite polarity to one another as applied 10 the end electrodes 102 and 110 of
the switch 100. Thus, for purposes of the present teachings, a forward potential
is applied as positive 1o electrode 102 and negative 1o electrode 110, while a
reverse potential is applied as negatlive 1o electrode 102 and positive (o
elecirode 110, Applied forward potential is depicted by the polarity arrow "VF in
FIG. 1.

19021} it is further noted that the resistive swilch 100 is characterized by a
nominal electrical resistance in the ON stale, and a different nominal electrical
resistance in the OFF state. Such ON and OFF electrical resistances are
retained for at least a day when electric potential is compleiely removed from
the resistive switch 100. In particular, these ON and OFF resistances are
defined by respective resistance curves thal are non-linear in nature, and which

are described in Hlustralive and non-limiting terms hereinafier.
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004221 The Table 1 below summarizes parameters and characteristics of
an flustrative and non-limiling embodiment of the resistive switch 100 in
accordance with the present teachings:

TABLE 1: lHustrative Resistive Switch 100

Element / Characleristic Value [ Notes

End Electrode 102 Pt T1=8nm

Active Material Layer 108 TiQ,, T2=4-100nm; A1=10%~10° nm?
End Elecirode 110 P T1=9m

ON Switching Voltage 2.0 Valis BC

OFF Switching Voltage -2.0 Volts DC

ON Resistance {nominal) 1x10° Ohms

OFF Resistance (nominal) 5x10 Ohms

FIRST ILLUSTRATIVE METHOD

10023] Attention is now directed to FG. 2, which depicts a flow diagram of
a method according to one embodiment of the present teachings. The method
of FIG. 2 includes particular operations and order of execution. However, other
methods including other operalions, omilling one or more of the depicied
operations, andfor proceseding in other orders of execution can also be used
according to the present teachings. Thus, the method of FIG. 2 is illustrative
and non-limiting in nature. Reference is also made to FIG. 1 in the interest of
understanding the method of FIG. 2.

10024} At 200, a forward switching voltage is applied {0 a resistive swilch
s0 as o sef an “ON” state. For purposes of non-limiting example, it is assumed
that about two volis direct-current {(BC) potential is applied o resistive switch
100. Such potential is applied as positive o electrode 102 and negative to
electrode 110, thus defining a forward swilching potential.  In so doing,

glectrons are driven from traps within the active material layer 108 and the

fex
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glectrical resistance of the switch 100 is set {o about ten-million Ohms {(nominal)
value.

[6025] Al 202, the resistive swilch is operated in the ON state. For
purposes of the ongoing example, it is assumed that the instanianeocus
resistance value of the swiich 100 is sensed from time o time by way of an
applied sensing voltage. The sensing voltage is of lesser magnitude than either
a forward or reverse switching voltage, and thus does not cause switching (i.e.,
change in state} of the switch 100. The sensing voltage is thus considered a
“reading” voltage. The sensing vollage can be applied in either the forward or
reverse orientation, as desired.

[062s6] At 204, a reverse switching voliage is applied to a resistive switch
50 as to set an “OFF" state. For purposes of the ongoing example, it is
assumed that about minus two volls direct-current (DC) potential is applied to
resistive swilch 100. Such potential is applied as negative to electrode 102 and
positive to electrode 110, thus defining a reverse swilching potential. In so
doing, electrons are caplured {i.e., accumulated) within the traps of the aclive
malerial layer 108 and the elecirical resistance of the switch 100 is set 1o about
five-billion Ohms (nominal} value.

[8027] At 206, the resistive swilch is operated in the OFF state. For
purposes of the ongoing example, it is assumed thal the instantaneocus
resistance value of the swiich 100 is sensed from time io time by way of an
applied sensing voltage. The sensing voltage is of insufficient magnitude to
cause swilching of the switch 100, and is considered a "reading” voltage. The

sensing vollage can be applied in sither the forward or reverse orientation. The
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method can then (eventually) return to step 200 sbove. In this way, the method
depicts “toggling” a resistive swilch between ON and OFF siates, as desired.
FIRST ILLUSTRATIVE DEVICE

10628] Reference is now made to FIG. 3, which depicts a block diagram
of a device 300 according to another embodiment of the present teachings. The
device 300 is dllustrative and non-limiting in nature. Thus, other devices, circuits
and systems are contemplated that include one or more aspects of the present
teachings.

10629] The device 300 includes a resistive switch (switch) 302. The
switch 302 can be defined by any embodiment consistent with the present
teachings. In one embodiment, the switch 302 is materially and operationally
equivalent to the switch 100 as described above., Other embodiments can also
be used.

[00306] The device 300 also includes swilching circuitry 304,  The
switching {(or control} circuitry 304 is electrically coupled to the switch 302 and is
configured (o apply forward and reverse swilching voltages thereln. The
switching circuitry 304 is thus configured 1o cause controlled changes in the
glectrical resistance of the switch 302. The swilching circuiiry 304 is further
configured 1o sense the instantanecus eleclrical resistance (e, ON or OFF
state) of the swiich 304 by way of appropriate sensing voltage{s}). The switching
circuitry 304 can be defined by or include any suitable components or
configuration such as, but not limited to, a microprocessor, a microconirolier,
digital circuitry, analog circuitry, a state machine, slc.

190311 The device 300 further includes other circuilry 306 that is
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glectrically coupled to {(or includes) the switch 302, The other circuitry 306 can
be defined by any suitable circuitry configured to perform one or mare normal
operations using the switch 302, Non-limiting examples of such operations
include cellular communication, environmental sensing, instrumentation and
control, radio communication, data storage 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 storage array, sic.).

SECOND ILLUSTRATIVE DEVICE

[0632] Reference is now made to FIG. 4, which depicts a block diagram
of a device 400 according to another embodiment of the present teachings. The
device 400 is illustrative and non-imiting in nature. Thus, other devices, circuils
and systems are contemplated that include one or more aspecis of the present
teachings.

[0033] The device 400 includes a memory array controller (controller)
402. The coniroller 402 is configured {0 address individual switches 404 of the
device 400. Such addressing is performed by way of row conirol lines 4086 and
column controd lines 408, The controller 402 is also configured to apply forward
and reverse switching voltages, as well as reading voliages, to the switches 404
by way of the controls lines 406 and 408.

[06634] The device 400 further includes a plurality of switches 404. Each
switch 404 is defined, configured and operative in accordance with the present
teachings. In one embodiment, one or more of the swiiches 404 isfare
materially and operationally equivalent 1o the resistive switch 100 described

above. Cther embodiments can alzo be used.
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[0635] The switches 404 are arranged as an X-by-Y array, with each
switch 404 being individually addressable by the controller 402, Each switch
404 can be operated as a storage cell representing a digital bit, etc. FIG. 4
depicts a total of four swilches 404 arranged as an array. However, it is 1o be
understood that other arrays including any suitable number of switches can also
be defined and operated in accordance with the present leachings.
HLUSTRATIVE OPERATING THEORY

[0903s] Attention is now directed o FIG. 5, which depicis energy level
diagrams 500 and 520, respectively corresponding o an fllustrative and non-
imiting resistive switch 540 according to the present teachings. The energy
level diagrams 500 and 520 are general in nature, and are depicted for
purposes of better understanding the present teachings.

189371 As a preliminary matier, it is noled that the #dlustrative resislive
switch 540 includes a first platinum electrode 542, a titanium dioxide {active
material) layer 544, and a second platinum electrode 546, Relative dimensions
of the electrodes 542 and 546 and the AML 544 are exaggerated within FIG. b
in the interest of clarity.

10038] The energy level diagram 500 corresponds to an ON stale for the
resistive switch 540, having a nominal electrical resistance of ten million Ohms
from electrode 542 to electrode 546, It is noled that the slectrodes 542 and
548, being formed of plalinum, are respeclively characierized by electron
energy levels within {or substantially so) the conduction band “CB". it is also
noted that active material layer 544 is characterized by Hllusirative electron raps

502. The electron raps 502 are “empty” or devoid of trapped charges,

10
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respectively.  In this ON stale, the electron energy level of the AML 544
corresponds to an llustrative barrier height 504.

[0039] in turn, the energy level diagram 520 corresponds to an OFF stale
for the resistive switch 540, having a nominal electrical resistance of five billion
Chms from electrode 542 {0 electrode 546, [t is noted that aclive material layer
544 is characterized by negative charges 522 held within respective electron
traps 502. In this OFF state, the eleciron energy level of the AML 544
corresponds to an #lustrative barrier height 524 that is greater than the barvier
height 504, The distinet ON and OFF state (nominal) resistances are
atiributable to these respeciively different barrier heights 504 and 524
HLLUSTRATIVE SIGNAL DIAGRAMS

[006440] FIG. 6 is a signal diagram 800 according (o one embodiment of
the present teachings. The diagram 600 is general and #lustrative in nature. It
is fo be understood that the diagram 600 is provided in the inlerest of
understanding the present teachings. As such, varying embodiments of
resistive switch according (o the present teachings correspond (o respectively
varying signal diagrams. For purposes of non-limiting illustration, it is assumed
that the signal diagram 600 corresponds 1o electrical behavior of an
embodiment of resistive switch 100 as described above.

[6041] The signal diagram 800 includes a first curve portion 602
corresponding o ON switching behavior for the illustrative resislive switch.
Specifically, the portion 602 plots applied forward voltage versus swilch current.
it is assumed thal applied forward voltage begins at zero and increases in

magnitude, with corresponding switch current beginning on the lower branch of

11
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the curve 802 and increasing as shown by arrow 604. The swilch current
increases with increases in applied forward voltage, along the lower branch of
the curve 602, until a "fold-over” point 806 is reached. The resistive swilch is
now in an ON state.

100421 During typical normal operation, forward vollage is not increased
beyond point 606, as such is unnecessary o either swilching or reading the
resistive switch, Furthermore, increase in applied forward voltage beyond point
806 result in excess healing and premature damags (o the resistive swilch.
[00643] From point 806, forward voltage is decreased back toward zero.
in response, the current follows along the upper branch of signal curve 602 as
shown by arrow 608. As the forward voltage approaches zero, the current
through the resistive switch decreases toward a point 610. This current value at
point 810 is a grealer value than the original slaring point. The upper branch of
the curve portion 602 represents the non-volatile resistance curve of the
resistive switch while it is in the ON state.

10044 The signal diagram 600 also includes a second curve portion 612
corresponding to OFF swilching behavior for a resistive swiich of the ongoing
Hiustration. Specifically, the portion 612 plots applied reverse vollage versus
switch current. It is assumed that applied reverse voltage begins at zero and
increases in magnitude (i.e., increasing absolute value) with corresponding
switch current beginning at aboul the point 610 and increasing as shown by
arrow 614. The swiich current increases with applied reverse voltage, along the
upper branch of the curve 812. Eventually, a point 616 is reached, and the

resistive switch is now in an OFF state.

12
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[00645] During typical normal operation, reverse vollage is not increased
beyond point 818, as such is unnecessary {0 either swilching or reading the
resistive swilch. The current response curve generally flattens beyond the point
616 — that is, the resistive switch exhibits diode-like behavior.

19046] From point 618, reverse vollage is decreased back toward zero.
in response, the current follows along the lower branch of curve portion 612 as
shown by arrow 618. As the reverse vollage approaches zerg, the current
through the resistive switch decreases (o 3 lesser value than the original staring
point. The lower branch of the curve portion 6812 represents the non-volatile
resistance curve of the resistive swiich while it is in the OFF state.

196471 Attention is now directed to FIG. 7, which is a signal diagram 700
according o one embodiment of the present teachings. The diagram 700 is
general and #lustralive in nature, and corresponds to the signal diagram 600, 1t
is fo be understood that the diagram 700 is provided in the inlerest of
understanding the present teachings. The signal diagram 700 depicts electrical
hehavior for an illustrative resistive swilch {e.g., switch 100} when subject to
sensing {(stale reading) voltages in the ON and OFF siates, respectively.

100481 The signal diagram 700 includes a first curve portion 702
corresponding o ON reading {i.e., sensing)} behavior for an illustrative resistive
switch. As applied sensing vollage increases or decreases away from zero,
corresponding switch current begins to flow as depicted the curve portion 702.
Thus, ON state resistance can be determined with either a forward or reverse

sensing voltage.

13
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[00649] The signal diagram 700 includes a second curve portion 704
corresponding (o OFF reading behavior for an illusiralive resistive swilch., As
applied sensing voliage increases or decreases away from Zero, corresponding
switch current begins to flow as depicted the curve portion 704. The OFF state
resistance of the switch can be determined with either a forward or reverse
sensing voltage. A differential 706 between the curves 702 and 704
cotrresponds o the difference between the OFF state and ON state resistances
for some particular sensing voltage.

[0658] Straightforward sampling and testing can determine the respective
OFF and ON resistance curves for a particular embodiment of resistive switch.
Those resulls can then be used fo delermine a sensing vollage corresponding
to the greatest OFF-10-ON resisiance ratio. This “oplimized” sensing voliage
value can then be used with corresponding embodiments of resistive switch. in
one embodiment, a8 forward sensing voltage of about zero-point-five volis is
used. Other values can also be used,

10051 in general, and without limitation, the present teachings
contemplate various resistive switches including opposile end electrodes and an
active material layer in contact there between. Such resistive swilches are also
referred 1o as two-terminal devices. The active material layer defines a number
of electron traps. A forward switching vollage can be applied to the end
glectrodes causing a release of charges from the electron traps. Conversely, a
reverse swiltching voltage respeclively can be applied to the end electrodes
causing an accumudation of charges within the electron traps. In this way, the

resistive switch can be driven in to ON and OFF states, respectively.

14
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[00432] Respective, resistance curves correspond o the ON and OFF
states of the resistive switch. Additionally, the present state of the switch (ON or
OFF) can be determined by way of a sensing (or reading) voltage applied in
either a forward or reverse polarity. The sensing voltage is notably lower in
magnitude then either the ON or OFF switching voltage, and thus does not
cause switching of the resistive switch. Resistive switches of the present
teachings can be used within data storage arrays, wireless communications
equipment, instrumentation and control apparatus, computers, and numerous
gther devices and systems.

10053] in general, the foregoing description is intended to be Hllustrative
and not restrictive.  Many embodiments and applications other than the
examples provided would be apparent (o those of siill in the art upon reading
the above description. The scope of the invention should be determined, not
with reference o the above description, but should instead be determined with
reference to the appended claims, along with the full scope of equivalents o
which such claims are entitled. I is anficipated and intended thal future
developments will ocour in the arls discussed herein, and that the disclosed
systems and methods will be incorporated into such future embodiments. in
sum, it should be undersicod that the invention is capable of modification and

variation and is imited only by the following claims.

15
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CLAIMS

What is claimed is:

1. An apparatus including a resistive swilch, the resistive switch
comprising:

a first electrode;

an active material layer in contact with the first electrode;

a second electrode disposed opposite the first electrode, the aclive
material layer in contact with the second electrode, the resistive switch
characterized by a first electrical resistance curve in response to an applied
forward switching voltage, the resistive switch further characierized by a second
glactrical resistance curve in response (o an applied reverse switching vollage,
the second electrical resistance curve being different than the first electrical

resistance curve.

2. The apparatus according to claim 1, at least the first electrical

resistance curve or the second electrical resistance curve being persistent for at

least a day.

3. The apparalus according o claim 1, the forward switching vollage

being of opposile polarity 1o the reverse swilching vollage.

16
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4. The apparstus according to claim 1, the second elechrical
resistance curve being at least ten times greater than the first electrical

resistance curve.

5. The apparatus according to claim 1, al least the first electrode or

the second elecirode including platinum.

B. The apparatus according to claim 1, the aclive material layer

including titanium dioxide.

7. The apparatus according to claim 1, the first electrical resistance
being further defined by & first electrical resistance curve, the second elactrical

resistance being further defined by a second electrical resislance curve.

a. The apparatus according to claim 1, the aclive material layer

configured to define a plurality of electron traps.

8. The apparatus according o claim 8, the aclive material layer

configured such that the plurality of electron traps are defined by oxygen

vacancies.,

17
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10.  The apparatus according to claim 1, the aclive malerial layer being
characterized by a thickness extending from the first elecirode o the second
electrode, the thickness being in the range of about four nanomelers to about

one-hundred nanometers.

11. The apparatus according o claim 1 further comprising control
circuitry configured {o:
apply the forward switching voltage o the resistive switch; and

apply the reverse swilching vollage (o the resistive switch.

12. The apparaius according to claim 11, the control circuitry further
configured o determine the nstantaneous electrical resistance of the resistive

switch by way of a sensing voltage.

13. The apparatus according to claim 12, the control circuilry further

configured such that the magnitude of the sensing voltage is insufficient to

cause switching of the resistive switch.

18
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14. A method, comprising:

operating a resistive switch characlerized by first electrical resistance
curve, the resistive swilch characterized by a first end electrode and a second
end electrode and an active material layer disposed between and in contact with
the first and second end electrodes;

swilching the resistive switch so as to change the character of the
resistive switch from the first electrical resistance curve 1o a second electrical
resistance curve distinct from the first; and

operating the resistive swilch characlerized by the second electrical

resistance curve,

15, The method according to claim 14, the swilching including either

increasing or decreasing a number of electrons trapped within the aclive

material layer by way of an applied swilching voltage.
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