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MEMRISTIVE DEVICE

BACKGROUND

The present disclosure relates generally to memristive devices.

Nanometer-scale crossed-wire switching devices have previously been

reported that could be switched reversibly and had an ON-to-OFF conductance

ratio up to 104. Such devices have been used to construct crossbar circuits and

provide a promising route for the creation of ultra-high density nonvolatile memory

and systems with dynamic/synaptic logic. A latch (which is an important

component for logic circuits and for communication between logic and memory)

has been fabricated from a series connection of crossed-wire switches. New logic

families, constructed entirely from crossbar arrays of switches or as hybrid

structures composed of switches and transistors, have also been described.

These new logic families have the potential to dramatically increase the computing

efficiency of CMOS circuits.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of embodiments of the present disclosure will

become apparent by reference to the following detailed description and drawings,

in which like reference numerals correspond to the same or similar, though

perhaps not identical, components. For the sake of brevity, reference numerals

having a previously described function may or may not be described in connection

with subsequent drawings in which they appear.

Fig. 1 is a semi-schematic perspective view of an embodiment of a

memristive device;

Fig. 2A is a cross-sectional view of an embodiment of the memristive device;

Fig. 2B is a graph illustrating a current vs. voltage (IV) curve for the

embodiment of the memristive device of Fig. 2A;



Fig. 3A is a cross-sectional view of another embodiment of the memristive

device;

Fig. 3B is a graph illustrating a current vs. voltage (IV) curve for the

embodiment of the memristive device of Fig. 3A;

Fig. 4 is a semi-schematic perspective view of an embodiment of a crossbar

array including a plurality of memristive devices;

Fig. 5 is a graph depicting both oxygen/titanium ratio vs. temperature and

resistivity vs. temperature for various pulse durations during an atomic layer

deposition process of TiOx ; and

Fig. 6 is a graph depicting the growth rate per cycle vs. the growth

temperature during an atomic layer deposition process Of TiOx .

DETAILED DESCRIPTION

Memristor device operation is believed to rely on the motion of mobile

charged species through an active region between two electrodes. In a vertically

oriented structure, the device center and active region is distinguishable from (and

is located between) its sidewalls, which are defined by the edges of the top and

bottom electrodes. The nature of memristor active region forming has been non-

deterministic, and the present inventors have found that by controlling various

parameters during active region formation, precise defect concentrations

throughout the thickness of the active region may be achieved. Such controlled

fabrication enables one to control both the resistivity and the switching polarity of

the resulting device. As such, precise, reliable device fabrication and operation

may be achieved. In addition to the other advantageous features listed herein, the

formation of the controlled profile is reproducible at each electrode junction in a

crossbar array.

Referring now to Fig. 1, an embodiment of the memristive device 10 (also

referred to herein as a memristor) including two electrodes 12, 14 having a single

cross-point/junction J therebetween is depicted. The device 10 shown in the



Figures is generally constructed vertically, and thus the electrodes 12, 14 are

bottom and top electrodes, respectively.

The electrodes 12, 14 may be formed of any suitable conductive material

(e.g., gold, platinum, tungsten, copper, etc.), and may have any suitable thickness

(e.g., ranging from about 5 nm to about 30 nm). It is to be understood that both the

material and the thickness of the electrodes 12, 14 may be varied as is desirable to

achieve one or more particular device properties. Although individual electrodes

12, 14 in the figures are shown with square or rectangular cross-sections, wires

may also have circular, elliptical, or more complex cross-sections. The electrodes

12, 14 may also have many different widths or diameters and aspect ratios or

eccentricities.

The first electrode 12 may be fabricated using conventional techniques,

such as photolithography or electron beam lithography, or by more advanced

techniques, such as imprint lithography.

In the vertically constructed device 10, as shown in Fig. 1, one or more

layers are established to form the active region 16 at the cross-point/junction J

between the electrodes 12, 14. Each layer of the active region 16 is formed with a

precise defect concentration so that the entire active region exhibits a desirable

defect concentration profile when the device 10 is in an OFF state. The profile may

be a continuous gradient in which the defect concentration increases or decreases

along the thickness T of the entire active region 16, or it may include discrete areas

having different defect concentrations (e.g., one area has a predetermined amount

of oxygen vacancy detects and another area is substantially void of oxygen

vacancy defects). It is to be understood that an area substantially void of defects

has little or no defects therein, and as such, has a resistivity of more than 104 ohm-

cm.

The layers of the active region 16 are formed via atomic layer deposition

(ALD). As discussed in more detail hereinbelow, controlling the parameters

throughout the ALD process enables each layer of the active region 16 to be



formed with precision. Generally, ALD involves sequential pulsing of different

chemical precursor vapors, both of which form about one atomic layer per pulse. It

is to be understood that the pulses may be continued until a desirable thickness of

the active region 16 is achieved.

In the embodiments disclosed herein, all or a portion of the surface S of the

electrode 12 is exposed to the pulse of a metal precursor, and then is exposed to

the pulse of an oxygen precursor, a nitride precursor, or a sulfide precursor. The

metal precursor is selected so that upon reacting with the oxygen, nitride, or sulfide

precursor, a metal oxide layer, a metal nitride layer, or a metal sulfide layer having

a predetermined defect concentration is formed. In one embodiment, the metal

precursor is a titanium precursor and has the chemical formula of Ci6H40N4Ti

(tetrakis(diethylamido)titanium(IV)). It is believed that other titanium precursors,

such as tetrakis(dimethylamido)titanium(IV) and titanium(IV) isopropoxide, may

also be used. It is to be understood that precursors of nickel, gallium, zirconium,

hafnium, or strontium and titanium may also be used.

After the pulse of metal precursor, at least the metal, having some dangling

groups attached thereto, is deposited on the surface S of the electrode 12. Any

reaction product resulting from the metal precursor pulse may be removed prior to

the subsequent pulse.

It is to be understood that the oxygen precursor, nitride precursor, or sulfide

precursor pulse that is pulsed into the reaction chamber after the metal precursor is

selected based upon whether it is desirable to form a metal oxide, a metal nitride,

or a metal sulfide. When a metal oxide layer is to be formed, non-limiting examples

of suitable oxygen precursors include water, oxygen plasma, or ozone. When a

metal nitride layer is to be formed, non-limiting examples of suitable nitrogen

precursors include NH3 or N2/H2. When a metal sulfide layer is formed, one non-

limiting example of suitable sulfur precursors includes H2S/N2. The oxygen

precursor, nitride precursor, or sulfide precursor reacts with the dangling groups to

form the metal oxide, metal nitride, or the metal sulfide, respectively. Again, any



reaction product resulting from the oxygen/nitrogen/sulfur precursor pulse may be

removed prior to any further processing.

It is to be understood that one metal precursor pulse and one

oxygen/nitrogen/sulfur precursor pulse makes up a single cycle and forms a single

layer of the active region 16. The pulse combinations may be repeated as many

times is desirable to achieve the desirable thickness T of the active region 16 . In

one embodiment, the thickness T ranges from about 2 nm to about 200 nm.

Each of the resulting layers has a controlled concentration of defects

therein. Since the defect concentration of each respective layer is controllable, the

defect profile of the entire active region 16 is also controllable. Such defects are

generated during the formation of the layers. For example, oxygen vacancy

defects are formed in the metal oxide layer, nitrogen vacancy defects are formed in

the metal nitride layer, and sulfur vacancy defects are formed in the metal sulfide

layer. The concentration of the defects may be controlled by controlling the

temperature throughout the ALD process. As such, the composition of the metal

oxide, metal nitride, or metal sulfide layer may advantageously be controlled. As

illustrated in the Example provided herein, the temperature affects the defect

concentration, and thus affects the resistivity of the resulting oxide layer.

Generally, the higher the temperature is during layer growth, the more conductive

the resulting film will be and the more defects that are formed in the layer. More

particularly, the temperature selected during growth will depend, at least in part,

upon the material system (e.g., the precursors) selected.

By varying the temperature continuously from one cycle (layer) to the next,

one can achieve the previously mentioned continuous defect gradient throughout

the active region 16 . By maintaining the temperature for a predetermined number

of cycles, one can achieve a portion of the active region 16 that has a first

concentration, and by changing the temperature for a subsequent predetermined

number of cycles, one can achieve a second portion of the active region 16 that

has a second concentration that is different than the first concentration. It is



believed that any desirable defect profile may be achieved, as long as the

temperature is properly controlled throughout the ALD process.

It is to be understood that during the formation of each layer of the active

region 16, the pulse duration of the various gases may also be altered. It is

believed that varying the pulse duration is not as effective as changing the

temperature when it is desirable to control the defect concentration, and in some

instances, the effect that varying the pulse duration has on defect concentration is

almost negligible compared to the effect that varying the temperature has on defect

concentration.

As shown in Fig. 1, the layers deposited to form the active region 16 may be

established on a portion of the surface S. This is accomplished using selective

ALD. Generally, when selective ALD is used to establish the materials on the

portion of the first electrode surface S, the materials are positioned such that they

are or will be located in the junction J between the electrodes 12, 14. It is to be

understood however, that the materials may also be deposited along the entire

surface S (see, e.g., Fig. 5). In such instances, the portion of the materials at the

junction J form the active region 16 and the materials positioned adjacent to the

junction J remain inactive, as no voltage is applied therebetween.

Once the active region 16 is formed, the top/second electrode 14 is

positioned thereon at some desirable angle that is non-parallel to the orientation of

the bottom/first electrode 12 . The second electrode 14 may be the same material

as, or a different material than the first electrode 12, and may be established via

the same or a different technique than that used to establish the first electrode 12 .

In one example, the second electrode 14 is evaporated on the material 18 with an

electron beam evaporator.

Referring now to Figs. 2A and 3A, two embodiments of the controlled active

region 16 defect profile are depicted. These Figures, in conjunction with Figs. 2B

and 3B, also illustrate how the controlled profile enables the selection of the

switching polarity.



In Fig. 2A, the temperature during the initial stages of the ALD process is

higher, thereby resulting in a portion of the active region 16 (labeled TiO2-x, where 0

< x < 2) having defects (e.g., oxygen vacancies) therein. In this embodiment, the

temperature is decreased as the ALD process continues, thereby resulting in

another portion of the active region 16 (labeled TiO ) that has no defects therein.

In Fig. 3A, however, the temperature during the initial stages of the ALD process is

lower, thereby resulting in a portion of the active region 16 (labeled TiO2) that has

no defects therein. In this embodiment, the temperature is increased as the ALD

process continues, thereby resulting in another portion of the active region 16

(labeled Tiθ 2
-X

) having defects therein. Together, Figs. 2A and 3A illustrate that

different defect concentration profiles may be achieved in the active regions 16

disclosed herein.

In either embodiment, the lack or substantial void of oxygen vacancy defects

at an interface near one of the electrodes (e.g., the top electrode 14 in Fig. 2A and

the bottom electrode 12 in Fig. 3A) generates a tunneling barrier or gap, which

blocks current flow between the electrodes 12, 14. As such, the devices 10', 10"

shown in Figs. 2A and 3A are in an OFF state. In the OFF state, one interface in

the device 10, 10', 10" contains defects and is an ohmic-like contact, and the other

interface contains no defects and is a non-ohmic contact. The tunneling barrier

limits the electronic transport across the junction J until a voltage that exceeds the

threshold field for the drift of the defects is applied to the device 10, 10', 10". In the

OFF state, the active region 16 is essentially intrinsic, i.e., there is a controlled

small number of defects in the lattice. In such instances, the interface contact

governs the electrical transport of the junction J .

Upon application of a suitable voltage, the defects drift towards the non-

ohmic interface, thereby creating localized conductance channels across the active

region 16 . This shunts the electronic tunneling barrier at the non-ohmic interface

and turns the device ON. The opposite electric field pushes the defects back

toward the ohmic interface and restores the electronic tunneling barrier at the



interface between the active region 16 and the top electrode 14 in Fig. 2A or the

bottom electrode 12 in Fig. 3A. It is to be understood that the rectification

orientation of the device 10, 10', 10" in its initial state determines the switching

polarity of the device 10, 10', 10". As such, in these instances, the polarity of the

device 10, 10', 10" may be altered by controlling the temperature during the ALD

process, thereby controlling the defect profile in the active region 16 and altering

the rectification orientation of the device 10, 10', 10" in its initial state.

The corresponding current vs. voltage graphs of the devices 10', 10" shown

in Figs. 2A and 3A are respectively shown in Figs. 2B and 3B. As illustrated in Fig.

2B, a negative voltage on the top electrode 14 causes the positively charged

oxygen vacancy defects to drift toward the top electrode 14, thereby narrowing the

tunneling gap and turning the device 10' ON. As expected based on the defect

profile shown in Fig. 3A, the device 10" illustrates the opposite. In the embodiment

of the device 10" of Fig. 3A, a positive voltage on the top electrode 14 causes the

positively charged oxygen vacancy defects to drift toward the bottom electrode 12,

thereby narrowing the tunneling gap and turning the device 10' ON (as shown in

Fig. 3B).

As such, the method disclosed herein enables the engineering of the defect

profile such that the memhstive device 10, 10', 10" is operable with a

predetermined switching polarity.

The embodiments shown in Figs. 2A through 3B illustrate active regions

including TiO2 and TiO2-x . As previously mentioned, other metal precursors may be

used, and nitrogen or sulfur precursors may be used to form the defects. As such,

other examples of suitable active region 16 materials include Niθ 2 and NiO2-x

(where 0 < x < 2), GaN and GaN i -x (where 0 < x < 1) , ZrO2 and ZrO2-x (where 0 < x

< 2), HfO2 and HfO2-x (where 0 < x < 2), or SrTiO 3 and SrTiO 3-x (where 0 < x < 3), or

Cu2S and CuS2-x (where 0 < x < 1) .

Referring now to Fig. 4 , a crossbar array 100 is depicted including a plurality

of the memristive devices 10 (two of which are also labeled A and B). It is to be



understood that the materials described herein may be used in the memhstive

devices 10 of the crossbar array 100.

Generally, the crossbar 100 is an array of switches wherein each member in

one set 18 of parallel electrodes 12, 12' connects to every member of a second set

20 of parallel electrodes 14, 14', 14" that intersects the first set 18 . In many

instances, the two sets 18, 20 of electrodes 12, 12', 14, 14', 14" are perpendicular

to each other. However, this is not a necessary condition, and the two sets 18, 20

of electrodes 12, 12', 14, 14', 14" may be offset at any non-zero angle.

It is to be understood that each of the junctions J (i.e., crosspoints) in the

crossbar 100 includes a respective active region 16 having a controlled defect

profile. In one embodiment of such an array 100, the controlled defect profile in

one active region 16 is the same as the controlled defect profile in each other

active region 16. In this embodiment, the same ALD process may be used to form

each active region 16 . In another embodiment of such an array 100, the controlled

defect profile in one active region is different from the controlled defect profile in at

least one other active region 16 . In such an embodiment, the materials of the

active regions 16 are selectively deposited at different times (and with different

varying temperature schemes) on different desirable positions on the electrode 12.

Each active region 16 formed in such a manner will have a different defect profile

from each of the other active regions 16 . As such, different memristive devices 10,

10', 10" may be formed in the same array 100.

Each of the active regions 16 is individually addressable after initial

fabrication by virtue of the respective electrodes 12, 12', 14, 14', 14" being in

selective electrical contact with the respective active region 16 . For example, if

electrodes 12 and 14" are addressed with an appropriate voltage and polarity,

memristive device A, 10 is activated and switched to either the ON state or the

OFF state, and if electrodes 12 and 14 are addressed with an appropriate voltage

and polarity, memristive device B, 10 is activated and switched to either the ON

state or the OFF state. In the array 100, it is to be understood that when one or



more individual devices 10 are addressed, the materials 22 positioned adjacent to

the junction J (i.e., not in the junction J) remain inactive, as no voltage is applied

therebetween.

In any of the embodiments disclosed herein, the device 10, 10', 10" and/or

crossbar 100 may be established on a substrate (not shown). The substrate may

be any desirable material, including, but not limited to insulating materials or

semiconductor materials. Non-limiting examples of specific substrate materials

include silicon dioxide, silicon nitride, magnesium oxide, aluminum oxide, sapphire,

strontium titanate, glass, or the like. The substrate may also include an insulating

layer of one of the listed materials on a conducting or semiconducting substrate.

As previously described, the device 10, 10', 10" may be switched between

the ON and OFF states by applying appropriate voltages across the junction(s) J in

order to drive the defects vertically through the active region 16 . The voltage

applied will depend, at least in part, on the material system used for the device 10,

10', 10". Non-limiting examples of such voltages range from about 1 V to about 2

V (volts). Furthermore, the electric field between the electrodes 12, 14 in the

device 10, 10', 10" during operation should generally be larger than about 100

kV/cm (kilovolts/centimeter).

The ALD process disclosed herein results in very clean (e.g., little or no pin

holes) amorphous or crystalline layers. It is believed that the phase of the final

product does not depend upon the initial precursors used. It is further believed that

grain boundaries are either not present or are not deletehously affecting the

performance of the resulting layers.

To further illustrate embodiment(s) of the present disclosure, an example is

given herein. It is to be understood that this example is provided for illustrative

purposes and is not to be construed as limiting the scope of the disclosed

embodiment(s).



EXAMPLE

Many memristive devices were formed using atomic layer deposition.

Tetrakis(diethylamido)titanium(IV) was used as the metal precursor and water was

used as the oxygen precursor. Platinum electrodes were used in each of the

devices. The growth temperature and pulse duration were fixed for the growth of

each Tiθ 2/Tiθ 2
-X

film. A different pulse duration was used to deposit the precursors

for each film. One pulse was 0.7 s, the second pulse was 0.07 s, and the third

pulse was 0.007 s . A different growth temperature was also used for each film.

The growth temperature ranged from 1000C to 250 0C.

While the growth temperature and pulse duration were fixed during growth

of the films in this example, it is to be understood that if a continuous gradient of

defects (e.g., oxygen vacancies) were desirable, the temperature may be

continuously changed during film/layer growth; and if multiple areas having

different defect concentrations were desirable, the temperature may be changed

one or more times during film/layer growth.

The O/Ti ratio (as measured by RBS (Rutherford backscattering

spectroscopy)) of each TiO2/TiO 2-x films grown at three different temperatures (i.e.,

100°C, 1500C, and 250°C) by the ALD process is shown in Fig. 5 . As depicted, the

O/Ti ratio of each film decreased as the ALD growth temperature was increased,

and thus the concentration of oxygen vacancies increased as the temperature was

increased. By varying the temperature in a desirable manner throughout the

formation of the film, the concentration of the oxygen vacancies may be controlled.

The results also indicate that the effect of pulse duration on oxygen vacancy

concentration is negligible. This may be due, at least in part, to the fact that the

ALD process is limited by the chemistry at the deposition surface for each growth

cycle.

The resistivity of the layers formed using the respective pulse durations and

temperatures is also shown in Fig. 5 . As depicted, the resistivity of the layers

having no defects therein (i.e., the layers formed at 100°C) was much higher than



the resistivity of the layers having defects formed therein (i.e., the layers formed at

250 C).

Fig. 6 illustrates the growth rate per cycle as the growth temperature was

increased for each of the ALD processes. These results depict the results at the

0.7s pulse duration. As depicted, the growth rate decreased as the temperature

increased. This result is contradictory to many other ALD processes, and may be

different due to the material system used herein.

As shown in this Example, both the oxygen vacancy defect profile and the

electrical properties of the device 10, 10', 10" may advantageously be controlled

using the controlled ALD process described herein. It is believed that such a

process may advantageously be used to control the defects in other material

systems, such as those discussed hereinabove.

While several embodiments have been described in detail, it will be

apparent to those skilled in the art that the disclosed embodiments may be

modified. Therefore, the foregoing description is to be considered exemplary

rather than limiting.



What is claimed is:

1. A memnstive device (10, 10', 10"), comprising:

a first electrode (12);

a second electrode (14) crossing the first electrode (12) at a non-zero angle;

and

an active region ( 16) disposed between the first and second electrodes ( 12,

14), the active region ( 16) having a controlled defect profile throughout its thickness

(T).

2 . The memristive device ( 10, 10', 10") as defined in claim 1 wherein the active

region (16) is selected from the group consisting of an oxide, a nitride, and a

sulfide, and wherein a defect associated with the controlled defect profile is

respectively selected from the group consisting of oxygen vacancies, nitrogen

vacancies, and sulfur vacancies.

3 . The memristive device ( 10, 10', 10") as defined in any of claims 1 or 2

wherein the controlled defect profile includes a vacancy gradient across the

thickness (T) of the active region ( 16).

4 . The memristive device ( 10, 10', 10") as defined in any of claims 1 through 3

wherein the active region thickness (T) ranges from about 2 nm to about 100 nm.

5 . The memristive device ( 10, 10', 10") as defined in any of claims 1 through 4

wherein when the memristive device ( 10, 10', 10") is in an OFF state, a first portion

of the active region ( 16) has a predetermined concentration of a defect associated

with the controlled defect profile, and wherein a second portion of the active region

is substantially void of the defect.



6 . The memristive device ( 10, 10', 10") as defined in claim 5 wherein i) the first

portion is adjacent to the first electrode ( 12) and wherein the second portion is

adjacent to the second electrode (14), or ii) the first portion is adjacent to the

second electrode (14) and wherein the second portion is adjacent to the first

electrode ( 12).

7 . A method for making a memristive device (10, 10', 10"), the method

comprising:

exposing a surface (S) of an electrode (12) to a pulse of a metal precursor;

exposing the surface (S) to one of an oxygen precursor, a nitride precursor,

or a sulfide precursor, thereby forming one of a metal oxide layer, a metal nitride

layer, or a metal sulfide layer having a predetermined amount of defects therein;

and

controlling a temperature at which the exposing steps take place, thereby

controlling a concentration of the defects throughout a thickness (T) of the one of

the metal oxide layer, the metal nitride layer, or the metal sulfide layer.

8 . The method as defined in claim 7 wherein the metal precursor is a titanium

precursor having a chemical formula Of Ci6H40N4Ti.

9 . The method as defined in any of claims 7 or 8 wherein the surface (S) is

exposed to an oxygen precursor selected from the group consisting of water,

oxygen plasma, and ozone, or a nitrogen precursor selected from the group

consisting of NH3 and N2/H2, or a sulfide precursor is H2S/N2.

10 . The method as defined in any of claims 7 through 9, further comprising

repeating each of the exposing steps and the controlling step to form multiple metal

oxide, metal nitride or metal sulfide layers, each of which has a controlled defect

concentration.



11. The method as defined in claim 10 wherein the multiple layers form an

active region ( 16) having a controlled defect profile.

12 . The method as defined in claim 11, further comprising engineering the

controlled defect profile such that the memristive device ( 10, 10', 10") is operable

with a predetermined switching polarity.

13 . The method as defined in any of claims 11 or 12, further comprising

engineering the controlled defect profile such that the active region ( 16) exhibits a

predetermined resistivity.

14. The method as defined in any of claims 7 through 13 wherein the exposing

steps are accomplished via atomic layer deposition with varied growth

temperatures.

15 . A crossbar array ( 100), comprising:

a first set ( 18) of at least two parallel electrodes ( 12, 12');

a second set (20) of at least two parallel electrodes (14, 14', 14") crossing

the first set ( 18) of at least two parallel electrodes ( 12, 12') at a non-zero angle;

a junction (J) formed at each point where one of the at least two parallel

electrodes ( 12, 12') in the first set (18) crosses one of the at least two parallel

electrodes (14, 14', 14") in the second set (20); and

an active region (16) disposed in each junction (J), each active region (16)

having a controlled defect profile throughout its thickness (T).
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