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PCMO NON-VOLATILE RESITIVE MEMORY WITH IMPROVED SWITCHING

BACKGROUND

Fast growth of the pervasive computing and handheld/communication industry has generated
exploding demand for high capacity non-volatile solid-state data storage devices. Current
technology like flash raemory, that utilizes a floating gate from which clectrous tunnel, has
several drawbacks such as slow access speed, limited endurance, and the integration

difficulty. Flash memory (NAND or NOR) also faces significant scaling problems,

Resistive seunse memories are promising candidates for future non-volatile and universal
memory by storing data bits as either a high or low resistance state. One such memory,
resistive RAM (RRAM) has a variable resistance laver that can switch between a high
resistance state and a low resistance state (for example by the presence or absence of a

conductive filament or interface effect vanation) by applicant of a current or voltage.

However, many yield-limiting factors must be overcome before resistive sense memory onters

the production stage, including better switching current characteristics.

BRIEF SUMMARY

The present disclosure relates to non-volatile resistive sense memory that includes a dual layer
of calcium~doped praseodymium manganite or praseodymiwm calcium manganese oxide,
hereatter referred to as PCMO. In particular the present disclosure relates to resistive memory
cells that welude a layer of erystallive PCMO and a layer of amorphous PCMO disposed on
the layer of crystalline PCMO forming a resistive sense memory stack. In some embodiments
the resistive sense memory stack inclodes an oxygen duffusion barnier laver separating the

layer of crystalline PCMO from the layer of amorphous PCMO a layer.

in one illustrative embodiment, a resistive sense memory cell includes a layer of crystalline
PCMO and a layer of amorphous PCMO disposed on the layer of crystalline PCMO formung

a resistive sense memory stack, A first and second electrode are separated by the resistive
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sense memory stack. The resistive sense memory cell can further include an oxygen diffusion

barrier layer separating the layer of erystallive PCMO from the layer of amorphous PCMO.

These and various other features and advantages will be apparent from a reading of the

following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure may be more completely understood in consideration of the following detailed
description of various embodiments of the disclosure in connection with the accompanying

drawings, in which:

FIG. 1 s a schematic side view diagram of an iHustrative nonvolatile resistive sense memory

cell;

FI1G. 2 15 a schematic side view diagram of another illustrative nonvolatile resistive sense

memory cell;

FIG. 3 is a schematic diagram of an illustrative nonvolatile resistive sense memory cell

inclading a semiconductor transistor;
FIG. 4 1 a schematic diagram of an dlustrative nonvolatile resistive sense memory array;

FIG. 5 s a flow diagram of ap illustrative maethod of forrmng a nonvolatile resistive seuse

memory ceil;

FIGs, 6A-6C are schematic cross-section views of a nonvolatile resistive sense memory cell

at various stages of manufacture.

FiG. 7 15 a flow diagram of another illustrative method of forming a nonvolatile resistive

sense memory cell; and

FEGs, BA-BD are schemalic cross-seciion views of another nonvolatile resistive sense

memory cell at various stages of manutacture.

b



{16}

117}

[18]

19

[20]

WO 2011/008651 PCT/US2010/041545

The figures are not necessarily to scale. Like numbers used in the figures refer to like
components, However, it will be understood that the use of a number o refer (o a component
in a given figure is not intended to limit the component in another figare labeled with the

SAme number,

DETAILED DESCRIPTION

in the following description, reference is made to the accompanying set of drawings that form
a part hereof and in which are shown by way of illustration several specific embodiments, It
is to be understood that other embodiments are contemplated and may be made without
departing from the scope or spirit of the present disclosure,  The following detailed

description, therefore, is not to be taken in a limiting sense.

Unless otherwise ndicated, all numbers expressing feature sizes, amounts, and physical
properties used in the specification and claims are to be undersiood as being modified in all
instances by the term “about.” Accordingly, uuless indicated to the contrary, the numencal
parameters set forth in the foregoing specification and attached claims arc approximations that
can vary depending upon the desived properties sought to be obtained by those skilled wn the

art utilizing the teachings disclosed herein.

L 14

As used in this specification and the appended claims, the singular forms “a”, “an”, and “the”
encompass embodiments having plural reforents, unless the content clearly dictates otherwise.
As used in this specification and the appended claims, the term “or” is generally employed in

its sense ncluding “and/or” unless the content clearly dictates otherwise,

Spatially related terms, including but not limited to, “lower”, “upper”, “beneath”, “below”,
“above”, and “on top”, if used herein, are utihized for ease of description to describe spatial
relationships of an element(s) to another. Such spatially related terms encompass different
ortentations of the device i use or operation in addition to the particular orientations depicted
in the figures and described herein. For example, it a cell depicted in the figures is turned
over or thipped over, portions previously described as below or beneath other clernents would

then be above those other elements.
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As used herein, when an clement, component or layer for example is described as being “on”
“conunected 107, “coupled with” or “in contact with” another element, component or layer, o
can be directly on, directly connected to, directly coupled with, in direct contact with, or
intervening elements, components or layers may be on, connected, coupled or in contact with
the particular element, component or layer, for example. When an element, component or
layer for example ts referred to as begin “directly on”, “directly connected to”, “dircctly
coupled with”, or “directly in contact with” another element, there are no nlervening

elements, components or layers for example.

The present disclosure relates to non-volatile resistive sense memory that includes a dual layer
of calcium-doped praseodymiurg manganite or praseodyrmum calcium roanganese oxide or
PCMO (e.g., PrixCaxMnQs). In particular the present disclosure relates to resistive memory
cells that include a layer of crystalline PCMO and & layer of amorphous PCMO disposed on
the layer of crystalline PCMO forming a resistive sense memory stack. In some embodiments
the resistive sense memory stack includes an oxygen duffusion barrier layer separating the
layer of crystalline PCMO {rom the laver of amorphous PCMO. These devices bave been
shown to switch at lower voltages (on the order or one volt} or currents and provide more
symmetric swilching charactenistics than other single layer PCMO devices.  In addition,
inclusion of the oxygen diffusion barrier layer has been shown to improve the data state
retention of the memory cell. While the present disclosure 1s not so limaited, au appreciation
of various aspects of the disclosure will be gaimed through a discussion of the examples

provided below.

FIG.1 1 a schomatic side view diagram of an illustrative nonvolatile resistive sense memory
cell 18, The resistive sense memory cell 18 includes a layer of crystalline PCMO 16, a layer
of amorphous PCMO 15 disposed on the layer of crystalline PCMO 16 forming a resistive
seuse memory stack 18, A first electrode 12 and a second electrode 14 are separated by the

resistive sense memory stack 18,

The term PCMO refers to PryxCaxMn(O; (wherein X is in a range from 0.2 to 0.6 in some

embodiments),  This material deposited between noble metal or oxide clectrodes s a

-4 -
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pronusing candidate for resistive sense memory material.  This material provides interface
effect RRAM as opposed to filament-formation RRAM. Interface effect RRAM materials are
conmplex metal oxides that contain two or more materials and no initial forming is required of
these materials, as opposed to filament-formation RRAM.  Applying a current through the
material in one direction places the material in a high resistance state. Applying a current
through the material in an opposing direction places the material in a low resistance state,
However, this material appears to suffer from a number of drawbacks, This material requires
a relatively high switching voltage, in a range from 3 to 5 volis and secondly, this material
appears Lo posses asymmetric switching where the switching voltage in one direction is 50%
iarger than the opposing direction switching voltage. In addition, this material appears to
exhibit low data state retention duration. The resistive sense memory cell constructions

described herein appear to overcome theses deficiencies.

When the PCMO material 1s deposited at a temperature greater than 400 degrees centigrade,
the PCMO matenial forms a crystal structure.  The crystal structure imaproves the clectrical
conductivity of the PCMO material. When the PCMO matenial s deposited at a temperature
icss than 400 degrees centigrade or less than 375 degrees centigrade or less than 350 degrees
centigrade, the PCMO material ¢ amorphous.  Amorphous PCMO material 13 a betie

electrical insulator than crystaliine PCMO material.

The crystalline PCMO material acts as an oxide conductor that additionally functions as the
oxygen supply for the amorphous PCMO material, The amorphous PCMO material forms a
tunnel barrier there the tunnel barrier height or thickness controlled by the oxyvgen
concentration of the amorphous PCMO material.  In many cmbodiments the amorphous
PCMO has a thickness in a range from 1 to 10 nanometers or from 1 to 7 nanometers or from
I to 5 nanometers and the crystalline PCMO material has a thickness in a range from 10 to
104 nanometers or from 10 to 75 nanometers or from 20 1o 50 vanometers. Oxygen ion
migration between the PCMO layers allows the memory cell to switch between the high and

fow resistance data siate,
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The clectrodes 12, 14 can be formed of any useful inert and conducting material. In many
cmbodiments, the electrodes 12, 14 are formed of a noble metal or an inert metal such as,
tungsten (W), nickel (Ni}, molybdenum (Mo}, platinum (Pt), gold {(Au}, palladivm (Pd), and
rhodium (Rh) for cxample. The first clectrode 12 can be, but need not be formed on a
substrate. The substrate, if utilized, can include silicon, a nuxture of silicon and germanium,

and other simular roaterials, FIG, 1 and FIG. 2 do not depict an optional substrate,

FIG.2 is a schematic side view diagram of another illustrative nonvolatile resistive sense
raemory cell 1. The resistive sense memory cell or non-volatile memory cell 18 inclhudes a
layer of crystalline PCMO 16, a layer of amorphous PCMO 15, and an oxygen diffusion
barrier layer 17 separating the layer of crystalline PCMO 16 from the layer of amorphous
PCMO 15, forming a resistive sense memory stack 18, A first electrode 12 and a second

clectrode 14 are separated by the resistive sense memory stack 8.

The oxygen diftusion barricr layer 17 enhances the thermal stability of the memory cell. The
oxygen diffusion barrier layer 17 can be formed of any useful material that allows oxygen
ions to move through it in the presence of an electrical bias, but inhibits oxygen or oxygen ion
transport through 1 1o the absence of an electrical bias. Examples of useful oxygen diffusion
barrier layer 17 materials include metals or conductive oxides. Metallic oxygen diffusion
barrier layer material includes platinum, for example. Conductive oxide oxygen diffusion
barrier layer material inclades 0O, RuQ, SrRuQ;, lanthanum calcium manganese oxide
(1.c.,LCMOQ), and the like, for example. The oxygen diffusion barrier layer 17 can have any
useful thickness. In many emwbodiments, the oxygen diffusion barrier layer 17 has a thickness

in a range from 1 to 10 nanoructers, or from 2 to 10 nanometers.

When a voltage potential s applied across the resistive sense memory stack 18 i a first
divection, oxygen 1ous are driven from the layer of crysialline PCMO 16 to the layer of
amorphous PCMO 15 through the oxygen diffusion barrier layer 17. This process is field
driven. The diffusion thorough the oxygen diffusion barnier layer 17 18 driven by the
concentration gradient of oxygen ions between the adjacent surfaces of the crystaliine PCMO

16 and the layer of amorphous PCMO 15, When the voltage is removed the oxygen now in

-6 -
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the layer of amorphous PCMO 15 is not driven through the oxygen diffusion barrier layer 17
and no oxygen gradient will be present. This reduces the oxygen diffusion through the
oxygen diffusion barrier layer 17 and enhances the memory retention of the nonvolatile

resistive sense rmemory cell 16,

FIG. 3 1s a schomatic diagram of an tllustrative nonvolatile resistive sense memory cell 28
including a semiconductor transistor 22, Memory cell or anit 28 includes a resistive sense
memory cell 18, as described herein, electrically coupled to semiconductor transistor 22 via
au electrically conducting element 24, Transistor 22 includes a semiconductor substrate 21
having doped regions {c.g., illustrated as n-doped regions) and a channel region {(e.z.,
iliustrated as a p~-doped channel region) between the doped regions. Transistor 22 includes a
gate 26 that is electrically coupled to a word hine WL to allow selection and current to flow
from a bit line BL to memory cell 18, An array of resistive sense memory units 28 can be

formed on a semiconductor substrate utilizing semiconductor fabrication techniques.

FIG. 4 is a schematic diagram of an illustrative nonvolatile resistive sense array 38, Memory
array 30 includes a plurality of word lines WL and a plurality of bit lines BL forming a cross-
pownt array. At each cross-point a resistive sense mernory cell 18, as described herein, is
electrically coupled to word line WL and bit line BL. A select device (not shown) can be at

sach cross-point or at cach word line WL and bit Hue BL.,

FIG. 5 s a flow diagram of ap illustrative maethod of forrmng a nonvolatile resistive seuse
memory cell. ¥I1G.s 6A-6C are schematic cross-section views of a nonvolatile resistive sense

memory cell at various stages of manufacture.

At FIG. 6A a layer of crystallineg PCMO 16 1s deposited on a first electrode 12 at block 116 of
FI1G. 5. The layer of crystalline PCMO 16 is deposited at a temperature sufficient to form a
crystal structure in the PCMO layer 16. In many embodiments the deposition temperature is
greater than 400 degrees centigrade. Both the layer of crystalline PCMGO 16 and the first
electrode 12 can be formed by physical vapor deposition, chemical vapor deposition,

electrochemical deposition, wolecular beam epitaxy and atomic layer deposition. While not

~
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ithustrated, the first electrode 12 can be deposited on a substrate. The substrate includes, but is

not limtted to silicon, a mixture of silicon and germamum, and other similar matenal,

At FIG. 6B a layer of amorphous PCMO 15 is deposited on the layer of crystalline PCMO 16
at block 126 of FIG. 8. The layer of amorphous PCMO 15 is deposited at a temiperature
sufficient to form an amorphous or non-crystalline PCMO layer 18, In many embodiments
the deposition temperature is less than 400 degrees centigrade, or less than 375 degrees

centigrade, or less than 350 degrees centigrade.

At F1G. 6C a second clectrode 14 is deposited on the layer of amorphous PCMO 15 at block
136 of FIG. 5. The second electrode 14 can be formed using the deposition methods

described above. Additional metal contact layer(s) can be formed on the second clectrode 14,

FIG. 7 s a flow diagram of another llustrative method of forming a nonvolatile resistive
sense memory cell. FIG.s 8A-8D are schoematic cross-soction views of another nonvolatile

resistive sense memory cell at varicus stages of manufacture.

At FIG. 8A a layer of crystalline PCMO 16 1s deposited on a first electrode 12 at block 2186 of
FIG. 7. The layer of crystalline PCMO 16 is deposited at a temperature sufficient to form a
crystal structure in the PCMO layer 16, as described above. While not illustrated, the first
electrode 12 can be deposited on a substrate. The substrate includes, but is not limited to

stlicon, a mixture of silicon and germanium, and other sivatlar matenal

At FIG. 8B an oxygen diffusion barrier laver 17 is deposiied on the layer of crystalline
PCMO 16 at block 228 of F1G. 7. The oxygen diffusion barrier layer 17 can be formed using

the deposition methods described above.

At FIG. 8C 3 layer of amorphous PCMO 15 1s depostted on the oxygen diffusion barrer layer
17 at block 230 of FIG. 7. The layer of amorphous PCMO 15 is deposited at a temperature

sufficient to form an amorphous or non-crystaliine PCMO layer 15, as described above.
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41} At FIG. 8D a second clectrode 14 is deposited on the layer of amorphous PCMO 15 at block
240 of F1(G. 7. The second electrode 14 can be {ormed using deposition methods described

above. Additional metal contact layer{s} can be formed on the second electrode 14.

421 Thus, embodiments of the NON-VOLATILE RESISTIVE SENSE MEMORY WITH
IMPROVED SWITCHING arc disclosed. The implernentations described above and other
implementations are within the scope of the following claims. One skilled in the art will
appreciate that the present disclosure can be practiced with embodiments other than those
disclosed. The disclosed embodiments are presented for purposes of illustration and not

limitation, and the present invention is limited only by the claims that follow.

-9
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What is claimed is;

i. A resistive sense memory cell comprising:
a layer of crystalline prascodymiurm calcium manganese oxide;
a layer of amorphous praseodymium calcium manganese oxide disposed on the layer
of erystalline praseodynium calcium mangancse oxide forming a resistive sense
memory stack; and

a first and second clectrode separated by the resistive sense memory stack.

2. A resistive sense memory cell according to claim | wherein the layer of crystalline
praseodymuum calcium manganese oxide has a thickness in a range from 10 to 75 nanometers
and the layer of amorphous praseodymiun calcium manganese oxide has a thickness in a

range from 1 to 7 nanometers,

3. A resistive sense memory cell according to claim 1 wherein the first and second

electrodes are formed of noble metals,

4. A resistive sense meruory cell according to claira 1 further comprising an oxygen
diffusion barrier layer separating the layer of crystalline praseodymium calcium manganese

oxide from the layer of amorphous praseodymiom calcium manganese oxide.

5. A resistive sense mernory cell according to clairn 4 wherein the oxvgen diffusion

barrier layer is a metallic oxygen diffusion barrier layer.

6. A resistive sense memory cell according to claim 5§ wherein the oxygen diffusion
barrier layer has a thickness in a range from 1 to 10 nanometers.
7. A resistive sense memory cell according to claim 5 wherein the oxygen diffusion

barrier layer 1s a platinum layer.
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8. A resistive sense memory celi according to claim 1 wherein the praseodymium

calciurn manganese oxide coraprises PryxCaxMn(l;, wherein X 18 1n a range from 4.2 to (.6,

9. A resistive sense memory cell according to claim 4 wherein the oxygen diffusion

barrier layer is a conductive oxide oxygen diffusion barrier layer.

9. A von-volatile memory cell comprising:

a layer of crystalline prascodymium calcium manganese oxide;

a layer of amorphous prascodymium calciom manganese oxide;

an oxygen diffusion barrier layer separating the crystalline prascodymium calcium
manganese oxide layer from the amorphous prascodymium calcium manganese
oxide layer, forming a resistive sense memory stack, wherein the oxygen diffusion
barrier laver allows oxygen 1ons to move through ©f with an clectrical bias, but
inhibits oxygen or oxygen ion transport through it in absence of an electrical bias;
and

a first and second electrode separated by the resistive sense merory stack.

11 A non-volatile memory cell according to claim 10 wherein the layver of crystalline
praseodymium calcium manganese oxide has a thickness in a range from 10 to 75 nanometers
and the layer of amorphous praseodymium calctum mangancse oxide has a thickness in g

range from | to 7 nanometers.

12. A non-volatile memory cell according to claimy 11 wherein the oxygen diffusion

barrier layer has a thickness in a range from 1 to 10 nanometers.
13, A non-volatile memory cell according to claim 10 wherein the first and second

electrodes are formed of tungsten, nickel, molvbdenum, platinum, gold, paliadium, rhodium,

and atloys, mixtures or combinations thereof.

-11 -
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4. A non-volatile memory cell according to claim 10 wherein the oxygen diffusion

barrier layer is a metallic oxygen diffusion barrier layer comprising platinum,

15, A non-volatile memory cell according to claim 10 wherein the praseodymium calcium

manganese oxide comprises PrixCaxMn(3s, wherein X s in a range from 0.2 to .6,

6. A von-volatile memory cell according to claim 10 wherein the oxygen diffusion
barrier layer is a conductive oxide oxygen diffusion barrier layer comprising IrO, RuQ,

SrRu(;, lanthanum calciurm manganese oxide, or combinations thereof
» o

17. A method comprising:
depositing a layer of crystalline praseodymium calcium manganese oxide on a first
clectrode;
depositing a layer of amorphous praseodymitum calcium manganese oxide on the layer
of crystalline prascodymium calcium manganese oxide; and
depositing a second electrode on the layer of amorphous praseodyrum calcium

manganese oxide, forming a resistive sense memory cell.

18. A method according to claim 17 wherein the crystalline prascodymium calcium

mangancse oxide 18 deposited at a teraperature of at least 400 degrees centigrade.

19, A method according to claim 17 wherein the amorphous prascodymium calcium

manganese oxide is deposited at a temperature of less than 400 degrees centigrade.
20, A wethod according to claim 17 further comprising depositing an oxygen diffusion

barrier layer between the layer of crystalline praseodymium calcium manganese oxide and the

layer of amorphous praseodymuura calcium manganese oxide.

-2 -
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