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MEMORY CELL COMPRISING SWITCHABLE SEMICONDUCTOR
MEMORY ELEMENT WITH TRIMMABLE RESISTANCE

BACKGROUND OF THE INVENTION

[0001] The invention relates to a nonvolatile memory array.

[0002] Nonvolatile memory arrays maintain their data even when power to

the device is turned off. In one-time-programmable arrays, each memory cell is

formed in an initial unprogrammed state, and can be converted to a programmed

state. This change is permanent, and such cells are not erasable. In other types

of memories, the memory cells are erasable, and can be rewritten many times.

[0003] Cells may also vary in the number of data states, or bits, each cell

can achieve. A data state may be stored by altering some characteristic of the

cell which can be detected, such as current flowing through the cell under a

given applied voltage or the threshold voltage of a transistor within the cell.

[0004] Some solutions for achieving erasable or multi-state cells are

complex. Floating gate and SONOS memory cells, for example, operate by

storing charge, where the presence, absence or amount of stored charge changes

a transistor threshold voltage. These memory cells are three-terminal devices

which are relatively difficult to fabricate and operate at the very small

dimensions required for competitiveness in modern integrated circuits.

[0005] Other memory cells operate by changing the resistivity of relatively

exotic materials, like chalcogenides. Chalcogenides are difficult to work with

and can present challenges in most semiconductor production facilities.



[0006] A substantial advantage would be provided by a nonvolatile memory

array having erasable or multi-state memory cells formed using conventional

semiconductor materials in structures that are readily scaled to small size.

SUMMARY OF THE PREFERRED EMBODIMENTS

[0007] The present invention is defined by the following claims, and

nothing in this section should be taken as a limitation on those claims. In

general, the invention is directed to a nonvolatile memory cell having a diode

and a semiconductor element with trimmable resistance.

[0008] A first aspect of the invention provides for a method for changing

and sensing data states for a nonvolatile memory cell, the method comprising:

switching semiconductor material from a first stable resistivity state to a second

stable resistivity state, the second resistivity state lower resistivity than the first

resistivity state; switching the semiconductor material from the second stable

resistivity state to a third stable resistivity state, the third resistivity state higher

resistivity than the second resistivity state; and sensing the first resistivity state,

the second resistivity state, or the third resistivity state as a data state of the

memory cell, wherein the memory cell comprises a portion of a first conductor;

a portion of a second conductor; and a switchable memory element comprising

the semiconductor material, the switchable memory element disposed between

the first and second conductors.

[0009] Another aspect of the invention provides for a method for changing

data states for a nonvolatile memory cell, the method comprising: switching

semiconductor material from a first stable resistivity state to a second stable

resistivity state, the second resistivity state lower resistivity than the first

resistivity state, switching the semiconductor material from the second

resistivity state to a third stable resistivity state, the third resistivity state lower

resistivity than the second resistivity state, wherein the memory cell comprises a



first conductor; a second conductor; and a switchable memory element disposed

between the first conductor and the second conductor, the switchable memory

element comprising the semiconductor material.

[0010] A preferred embodiment of the invention provides for a method for

changing and sensing data states in a nonvolatile memory cell, the method

comprising: applying a first set voltage to a switchable memory element

comprising doped semiconductor material, wherein the first set voltage changes

the doped semiconductor material from a first resistivity state to a second

resistivity state, the second resistivity state lower resistivity than the first

resistivity state; applying a second set voltage to the switchable memory

element, wherein the second set voltage changes the doped semiconductor

material from the second resistivity state to a third resistivity state, the third

resistivity state lower resistivity than the second resistivity state; and applying a

read voltage to the switchable memory element, wherein the read voltage does

not substantially change the resistance of the switchable memory element,

wherein the memory cell comprises a portion of a first conductor, a portion of a

second conductor, and the switchable memory element disposed between the

first and second conductors, wherein the second conductor is disposed above the

first conductor.

[0011] Another preferred embodiment of the present invention provides for

a method for setting and sensing data states in a nonvolatile memory cell, the

method comprising: applying a first set voltage to a switchable memory element

comprising doped semiconductor material, wherein the first set voltage changes

the semiconductor material from a first resistivity state to a second resistivity

state, the second resistivity state lower resistivity than the first resistivity state;

applying a first reset voltage to the switchable memory element, wherein the

first reset voltage changes the semiconductor material from the second

resistivity state to a third resistivity state, the third resistivity state higher



resistivity than the second resistivity state; and applying a read voltage to the

switchable memory element, wherein the read voltage does not substantially

change the resistance of the switchable memory element, wherein the memory

cell comprises a portion of a first conductor, a portion of a second conductor,

and the switchable memory element disposed between the first and second

conductors.

[0012] Yet another preferred embodiment provides for a method for

programming a selected memory cell in a monolithic three dimensional memory

array, the monolithic three dimensional memory array comprising: a) a first

memory level formed above a substrate, the first memory level comprising a

first plurality of memory cells, wherein the selected cell is one of the first

memory cells, and the selected cell comprises: i) a portion of a first conductor

extending in a first direction; ii) a portion of a second conductor extending in a

second direction different from the first direction, the second conductor above

the first conductor; iii) a switchable memory element consisting essentially of

doped semiconductor material, the switchable memory element disposed

between the first conductor and the second conductor; and b) a second memory

level monolithically formed above the first memory level, the method

comprising: applying a first set voltage to the switchable memory element

wherein the first set voltage changes the switchable memory element from a

first resistance state to a second resistance state, the second resistance state

lower resistance than the first resistance state; applying a second set voltage to

the switchable memory element, wherein the second set voltage changes the

switchable memory element from the second resistance state to a third

resistance state, the third resistance state lower resistance than the second

resistance state, wherein the second set voltage has higher electrical amplitude

than the first set voltage; and applying a read voltage to the switchable memory

element, wherein the read voltage has lower electrical amplitude than the first

set voltage.



[0013] Each of the aspects and embodiments of the invention described

herein can be used alone or in combination with one another.

[0014] The preferred aspects and embodiments will now be described with

reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Fig. 1 is a perspective view of a multi-state or rewriteable memory

cell formed according to a preferred embodiment of the present invention.

[0016] Fig. 2 is a graph showing a series of resistance states with steadily

decreasing resistance induced by application of set pulses.

[0017] Fig. 3 is a graph showing a series of resistance states in which

resistance is decreased by application of a set pulse, then recovered by

application of a reset pulse.

[0018] Fig. 4 is a circuit diagram illustrating the need for electrical isolation

between memory cells in a memory array.

[0019] Figs. 5a-5c are cross-sectional views illustrating stages in formation

of a memory level formed according to an embodiment of the present invention.

[0020] Figs. 6a and 6b are cross-sectional views illustrating different diode

configurations in an embodiment of the present invention.

[0021] Fig. 7 is a cross-sectional view illustrating a stage in formation of a

memory level in an alternative embodiment of the present invention.



[0022] Figs. 8a and 8b are cross-sectional views showing two embodiments

of a diode and resistive semiconductor element in series formed according to an

embodiment of the present invention.

[0023] Fig. 9 is a perspective view of a memory level formed according to

an embodiment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0024] Herner et al., US Patent Application No. 10/955,549, "Nonvolatile

Memory Cell Without a Dielectric Antifuse Having High- and Low-Impedance

States," filed September 29, 2004, hereinafter the '549 application and hereby

incorporated by reference, describes a monolithic three dimensional memory

array in which the data state of a memory cell is stored in the resistance state of

a polycrystalline semiconductor diode. This memory cell is a one-time-

programmable cell having two data states. The diode is formed in a high-

resistance state; application of a programming voltage permanently transforms

the diode to a low-resistance state.

[0025] In embodiments of the present invention, by applying appropriate

electrical pulses, a memory element formed of doped semiconductor material, in

one embodiment similar to the cell of the '549 application, can achieve three,

four, or more stable resistance states. In other embodiments of the present

invention, such a semiconductor memory element can be set from an initial

high-resistance state to a low-resistance state; then, upon application of an

appropriate electrical pulse, can be reset to a higher-resistance state. These

embodiments can be used independently or combined to form a rewriteable,

multi-state memory cell. In an alternative set of embodiments, a polycrystalline

semiconductor diode is paired with a semiconductor element having trimmable

resistance.



[0026] Fig. 1 illustrates a multi-state or rewriteable memory cell formed

according to a preferred embodiment of the present invention. A bottom

conductor 12 is formed of a conductive material, for example tungsten, and

extends in a first direction. Barrier and adhesion layers may be included in

bottom conductor 12. Polycrystalline semiconductor diode 2 is a p-i-n diode

having a bottom heavily doped n-type region 4; an intrinsic region 6, which is

not intentionally doped; and a top heavily doped region 8. Top conductor 14

may be formed in the same manner and of the same materials as bottom

conductor 12, and extends in a second direction different from the first

direction. Polycrystalline semiconductor diode 2 is vertically disposed between

bottom conductor 12 and top conductor 14. Polycrystalline semiconductor

diode 2 is formed in a high-resistance state. This memory cell can be formed

above a substrate, for example above a monocrystalline silicon wafer.

[0027] The resistivity of doped polycrystalline, amorphous, or

microcrystalline semiconductor material, for example silicon, can be changed

between stable states by applying appropriate electrical pulses.

[0028] The resistance of vertically oriented resistors formed of

polycrystalline silicon (polycrystalline silicon will be referred to in this

discussion as polysilicon; similarly, polycrystalline germanium will be called

polygermanium) was measured. Turning to Fig. 2, the polysilicon resistors

were formed in a high-resistance state, with resistance of about 14 kOhms,

shown at point 1.

[0029] It was found that application of an appropriate set pulse decreased

resistance of the polysilicon. A set pulse is a pulse of relatively short duration,

in this example of about 1 msec. In order to decrease resistance, a set pulse

needed to be at or above a threshold amplitude, which changed with resistance.



[0030] The initial resistance state was at point 1. After application of a set

pulse of 1 msec of 5 volts, the resistance was virtually unchanged at point 2.

(This example will describe electrical amplitude in terms of voltage, though it

will be understood that they could be described in terms of current instead.)

Resistance was also essentially unchanged at point 3 after application of a 7-volt

set pulse for 1 msec. These voltages, 5 and 7 volts, were apparently below the

voltage sufficient to cause a change in resistance, which will be called a

threshold voltage, for the resistance state at points 1 and 2.

[0031] A 9-volt set pulse applied for 1 msec at resistance point 3 caused a

small drop in resistance to point 4 to 1.3 kOhms. The set pulse of 9 volts was

apparently approaching the threshold voltage. After application of an 1 1-volt

set pulse for 1 msec, at a voltage clearly above the threshold voltage, the

resistance of the polysilicon resistor was substantially reduced, at 7.8 kOhms,

shown at point 5. Thus 11 volts was above the threshold voltage at resistance

point 4, and a set pulse having this voltage reduced resistance.

[0032] At point 5, however, the threshold voltage was apparently increased:

Application of a set pulse of about 11 volts or less caused no change in the

resistance at point 5. Application of a set pulse of a higher voltage, 13 volts,

decreased resistance further, to about 2.9 kOhms at point 6. At point 6 the

threshold voltage increased again, and a set pulse of 15 volts was required to

decrease resistance to about 1.2 kOhms at point 7.

[0033] Application of a significantly higher voltage, for example about 17

volts, greatly increased resistance (not shown), and no further change was

observed. It is assumed that this very high voltage destroyed the resistor.

[0034] To summarize, at each resistance state, resistance can be lowered by

application of an electrical pulse at or above a threshold amplitude (voltage or

current), by a set pulse, i.e. a pulse of relatively short duration. At the resistance



of points 1 and 2, for example, the threshold voltage was apparently about 9

volts. Application of set pulses below the threshold voltage did not change

resistance, while a set pulse above this threshold voltage did.

[0035] Once the polysilicon resistor was in resistance state 5, the threshold

voltage changed to about 11 volts, and application of voltage pulses below the

threshold voltage did not cause a change in resistance. At point 6 the threshold

voltage was about 13 volts, and at point 7, the threshold voltage was about 15

volts. It is expected that as the voltage of the set pulse exceeds the threshold

voltage by a greater amount, the reduction in resistance will be greater. For

example, had 15 volts been applied to the polysilicon resistor at point 4, the

resistance after the 15 volt pulse would have been less than at point 5, when a

set pulse of only 11 volts was applied.

[0036] In contrast, it was found that application of an appropriate reset

pulse increased resistance of the polysilicon. A reset pulse is a pulse of

relatively longer duration, in this example of about 20, 30, or 50 msec. In order

to increase resistance, a reset pulse needed to be below the threshold amplitude.

[0037] Fig. 2 showed application of a set pulse to lower resistance. In Fig.

3, the initial resistance is about 39 kOhms. Application of a 9-volt set pulse to

the polysilicon resistor at point 4 drops resistance to 23 kOhms at point 5. Point

5 is a stable state, and application of set pulses at less than the threshold voltage

of about 9 volts did not change resistance..

[0038] It was found, however, that application of a reset pulse, with longer

duration and lower amplitude, served to increase resistance. For example, at

resistance point 5 when a reset pulse (50 msec) of 5 volts was applied,

resistance increased to 30 kOhms at point 6. This was a stable state with a

threshold voltage of about 8 volts. Set pulses less than this amplitude did not

change resistance.



[0039] As before, a set pulse above the threshold voltage lowered

resistance: Application of a high-amplitude set pulse, for example about 8 volts

for about 1 msec (short duration) dropped resistance to 24 kOhms at point 9.

Thus resistance could be trimmed between high- and low-resistance states.

[0040] In short, by applying appropriate set and reset pulses, doped

polysilicon was trimmed to a variety of stable resistance states, which were

selected by the amplitude and duration of the pulse. Any of these stable

resistance states can be used to store a data state in a memory cell comprising

such a trimmable semiconductor element. By setting a variety of resistance

states, as shown in Fig. 2, the cell can store multiple data states, and thus store

more than one bit per cell. By setting the cell to lower resistance and resetting

to higher resistance, as in Fig. 3, such a memory call can be a rewriteable

memory cell. These two aspects can be combined to form a rewriteable multi-

bit nonvolatile memory cell. It is believed that the trimmable semiconductor

element can be formed of silicon, germanium, or alloys of silicon and/or

germanium. The difference between resistance states can be a factor of two, a

factor often, or more.

[0041] Without wishing to be bound by any one theory, it is believed that

one possible mechanism behind the observed changes in resistance is that set

pulses above the threshold amplitude cause dopant atoms to move out of grain

boundaries, where they are inactive, into the body of a crystal where they will

increase conductivity and lower the resistance of the semiconductor element. In

contrast, reset pulses, below the threshold amplitude and of longer duration,

cause dopant atoms to move back to the grain boundaries, lowering conductivity

and increasing resistance. It may be, however, that other mechanisms, such as

an increase and decrease in degree of order of the polycrystalline material, are

operating as well or instead.



[0042] Making a memory array of polysilicon resistors, however, presents

difficulties. If resistors are used as memory cells in a large cross-point array,

when voltage is applied to a selected cell, there will be undesired leakage

through half-selected and unselected cells throughout the array. For example,

turning to Fig. 4, suppose a voltage is applied between bitline B and wordline A

to set, reset, or sense selected cell S. Current is intended to flow through

selected cell S. Some leakage current, however, may flow on alternate paths,

for example between bitline B and wordline A through unselected cells Ul, U2,

and U3. Many such alternate paths may exist.

[0043] Leakage current can be greatly reduced by including a diode in each

memory cell. A diode has a non-linear I-V characteristic, allowing very little

current flow below a turn-on voltage, and substantially higher current flow

above the turn-on voltage. In general a diode also act as one-way valves

passing current more easily in one direction than the other. Thus, so long as

biasing schemes are selected that assure that only the selected cell is subjected

to a forward current above the turn-on voltage, leakage current along

unintended paths (such as the U1-U2-U3 sneak path of Fig. 4) can be greatly

reduced.

[0044] In preferred embodiments of the present invention, then, a

polycrystalline, amorphous, or microcrystalline semiconductor memory element

either is formed in series with a diode or is formed as the diode itself.

[0045] A memory cell formed according to an aspect of the present

invention, then, can be programmed by a method for changing and sensing data

states, the method comprising: switching semiconductor material from a first

stable resistivity state to a second stable resistivity state, the second resistivity

state lower resistivity than the first resistivity state; switching the semiconductor

material from the second stable resistivity state to a third stable resistivity state,



the third resistivity state higher resistivity than the second resistivity state; and

sensing the first resistivity state, the second resistivity state, or the third

resistivity state as a data state of the memory cell, wherein the memory cell

comprises a portion of a first conductor; a portion of a second conductor; and a

switchable memory element comprising the semiconductor material, the

switchable memory element disposed between the first and second conductors.

The switchable memory element may be the diode itself, or may be in series

with the diode. (This discussion uses the terms resistance state and resistivity

state. A material has a resistivity, while a discreet element has a resistance.

Changing the resistivity state of semiconductor material changes the resistance

state of a semiconductor element comprising the semiconductor material.)

[0046] Switching from the first resistivity state to the second resistivity state

is achieved by applying to the switchable memory element a first electrical

pulse (a set pulse) having a first electrical amplitude and a first pulse width.

The first pulse is about 5 msec or less, preferably about 1 msec. Applying an

additional short pulse of similar amplitude or greater, for example a second

short pulse having a second electrical amplitude no more than 120 percent of

the first pulse electrical amplitude, does not cause switching to a higher

resistivity state. Switching from the second resistivity state to the third

resistivity state is achieved by application of a third electrical pulse having a

third electrical amplitude and a third width, wherein the third width is at least

five times the second width. The third width is about 10, 20, 30, or 50 msec, for

example about 25 msec. The third electrical amplitude is preferably less than

the first electrical amplitude.

[0047] In multistate aspects of the invention, the memory cell is

programmed by a method comprising: switching semiconductor material from a

first stable resistivity state to a second stable resistivity state, the second

resistivity state lower resistivity than the first resistivity state, switching the



semiconductor material from the second resistivity state to a third stable

resistivity state, the third resistivity state lower resistivity than the second

resistivity state, wherein the memory cell comprises a first conductor; a second

conductor; and a switchable memory element disposed between the first

conductor and the second conductor, the switchable memory element

comprising the semiconductor material. Subsequently, the first resistivity state,

second resistivity state, or third resistivity state (or additional states) can be

sensed as a data state of the memory cell.

[0048] In this method, switching the semiconductor material from the first

resistivity state to the second resistivity state comprises applying to the

switchable memory element a first electrical pulse having a first electrical

amplitude and a first pulse width. Switching the semiconductor material from

the second resistivity state to the third resistivity state comprises applying to the

switchable memory element a second electrical pulse having a second electrical

amplitude and a second width, the second electrical amplitude greater than the

first electrical amplitude. Both the first and second pulses are set pulses, and

the second pulse width is not more than about three times the first pulse width.

[0049] Detailed examples will be provided describing fabrication of two

preferred embodiments of the present invention. Fabrication details from

Herner et al., US Patent Application No. 10/320,470, "An Improved Method for

Making High Density Nonvolatile Memory," filed December 19, 2002, and

since abandoned, hereby incorporated by reference, will be useful in formation

of the diode of these embodiments, as will information from the '549

application. Useful information may also be derived from Herner et al., US

Patent Application No. 11/015,824, "Nonvolatile Memory Cell Comprising a

Reduced Height Vertical Diode," filed Dec. 17, 2004 and hereby incorporated

by reference. To avoid obscuring the invention not all of the detail from these



applications will be included, but it will be understood that no information from

these applications is intended to be excluded.

DIODE AS RESISTANCE-SWITCHING ELEMENT: FABRICATION

[0050] Fabrication of a single memory level will be described in detail.

Additional memory levels can be stacked, each monolithically formed above the

one below it. In this embodiment, a polycrystalline semiconductor diode will

serve as the switchable memory element.

[0051] Turning to Fig. 5a, formation of the memory begins with a substrate

100. This substrate 100 can be any semiconducting substrate as known in the

art, such as monocrystalline silicon, FV-IV compounds like silicon-germanium

or silicon-germanium-carbon, III-V compounds, II-VII compounds, epitaxial

layers over such substrates, or any other semiconducting material. The

substrate may include integrated circuits fabricated therein.

[0052] An insulating layer 102 is formed over substrate 100. The insulating

layer 102 can be silicon oxide, silicon nitride, high-dielectric film, Si-C-O-H

film, or any other suitable insulating material.

[0053] The first conductors 200 are formed over the substrate and insulator.

An adhesion layer 104 may be included between the insulating layer 102 and

the conducting layer 106 to help the conducting layer 106 adhere. If the

overlying conducting layer is tungsten, titanium nitride is preferred as adhesion

layer 104.

[0054] The next layer to be deposited is conducting layer 106. Conducting

layer 106 can comprise any conducting material known in the art, such as

tungsten, or other materials, including tantalum, titanium, copper, cobalt, or

alloys thereof.



[0055] Once all the layers that will form the conductor rails have been

deposited, the layers will be patterned and etched using any suitable masking

and etching process to form substantially parallel, substantially coplanar

conductors 200, shown in Fig. 5a in cross-section. In one embodiment,

photoresist is deposited, patterned by photolithography and the layers etched,

and then the photoresist removed using standard process techniques.

Conductors 200 could be formed by a Damascene method instead.

[0056] Next a dielectric material 108 is deposited over and between

conductor rails 200. Dielectric material 108 can be any known electrically

insulating material, such as silicon oxide, silicon nitride, or silicon oxynitride.

In a preferred embodiment, silicon dioxide is used as dielectric material 108.

[0057] Finally, excess dielectric material 108 on top of conductor rails 200

is removed, exposing the tops of conductor rails 200 separated by dielectric

material 108, and leaving a substantially planar surface 109. The resulting

structure is shown in Fig. 5a. This removal of dielectric overfill to form planar

surface 109 can be performed by any process known in the art, such as chemical

mechanical planarization (CMP) or etchback. An etchback technique that may

advantageously be used is described in Raghuram et al., US Application No.

10/883417, "Nonselective Unpatterned Etchback to Expose Buried Patterned

Features," filed June 30, 2004 and hereby incorporated by reference. At this

stage, a plurality of substantially parallel first conductors have been formed at a

first height above substrate 100.

[0058] Next, turning to Fig. 5b, vertical pillars will be formed above

completed conductor rails 200. (To save space substrate 100 is not shown in

Fig. 5b; its presence will be assumed.) Preferably a barrier layer 110 is

deposited as the first layer after planarization of the conductor rails. Any

suitable material can be used in the barrier layer, including tungsten nitride,



tantalum nitride, titanium nitride, or combinations of these materials. In a

preferred embodiment, titanium nitride is used as the barrier layer. Where the

barrier layer is titanium nitride, it can be deposited in the same manner as the

adhesion layer described earlier.

[0059] Next semiconductor material that will be patterned into pillars is

deposited. The semiconductor material can be silicon, germanium, a silicon-

germanium alloy, or other suitable semiconductors, or semiconductor alloys.

For simplicity, this description will refer to the semiconductor material as

silicon, but it will be understood that the skilled practitioner may select any of

these other suitable materials instead.

[0060] In preferred embodiments, the pillar comprises a semiconductor

junction diode. Turning to Fig. 6a, a preferred junction diode has a bottom

heavily doped region 112, intrinsic region 114, and top heavily doped region

116. The conductivity type of bottom region 112 and top region 116 are

opposite: Either region 112 is p-type while region 116 is n-type, or region 112 is

n-type while region 116 is p-type. Middle region 114 is intrinsic, or not

intentionally doped, though in some embodiments it may be lightly doped. An

undoped region will never be perfectly electrically neutral, and will always have

defects or contaminants that cause it to behave as if slightly n-doped or p-doped.

[0061] In Fig. 6a, and in the exemplary array, bottom region 112 will be n-

type while top region 116 is p-type. It will be understood that these

conductivity types could be reversed, as in Fig. 6b. To form the diode of Fig.

6a, returning to Fig. 5b, bottom heavily doped region 112 can be formed by any

deposition and doping method known in the art. The silicon can be deposited

and then doped, but is preferably doped in situ by flowing a donor gas providing

n-type dopant atoms, for example phosphorus, during deposition of the silicon.



Heavily doped region 112 is preferably between about 100 and about 800

angstroms thick.

[0062] Intrinsic layer 114 can be formed by any method known in the art.

Layer 114 can be silicon, germanium, or any alloy of silicon or germanium and

has a thickness between about 1100 and about 3800 angstrom, preferably about

2600 angstroms.

[0063] Returning to Fig. 5b, semiconductor layers 114 and 112 just

deposited, along with underlying barrier layer 110, will be patterned and etched

to form pillars 300. Pillars 300 should have about the same pitch and about the

same width as conductors 200 below, such that each pillar 300 is formed on top

of a conductor 200. Some misalignment can be tolerated:

[0064] The pillars 300 can be formed using any suitable masking and

etching process. For example, photoresist can be deposited, patterned using

standard photolithography techniques, and etched, then the photoresist removed.

Alternatively, a hard mask of some other material, for example silicon dioxide,

can be formed on top of the semiconductor layer stack, with bottom

antireflective coating (BARC) on top, then patterned and etched. Similarly,

dielectric antireflective coating (DARC) can be used as a hard mask.

[0065] The photolithography techniques described in Chen, US Application

No. 10/728436, "Photomask Features with Interior Nonprinting Window Using

Alternating Phase Shifting," filed December 5, 2003; or Chen, US Application

No. 10/815312, Photomask Features with Chromeless Nonprinting Phase

Shifting Window," filed April 1, 2004, both owned by the assignee of the

present invention and hereby incorporated by reference, can advantageously be

used to perform any photolithography step used in formation of a memory array

according to the present invention.



[0066] Dielectric material 108 is deposited over and between the

semiconductor pillars 300, filling the gaps between them. Dielectric material

108 can be any known electrically insulating material, such as silicon oxide,

silicon nitride, or silicon oxynitride. In a preferred embodiment, silicon dioxide

is used as the insulating material.

[0067] Next the dielectric material on top of the pillars 300 is removed,

exposing the tops of pillars 300 separated by dielectric material 108, and

leaving a substantially planar surface. This removal of dielectric overfill can be

performed by any process known in the art, such as CMP or etchback. After

CMP or etchback, ion implantation is performed, forming heavily doped p-type

top region 116. The p-type dopant is preferably boron or BCl3. This implant

step completes formation of diodes 111. The resulting structure is shown in

Fig. 5b.

[0068] Turning to Fig. 5c, top conductors 400 can be formed in the same

manner as bottom conductors 200, for example by depositing adhesion layer

120, preferably of titanium nitride, and conductive layer 122, preferably of

tungsten. Conductive layer 122 and adhesion layer 120 are then patterned and

etched using any suitable masking and etching technique to form substantially

parallel, substantially coplanar conductors 400, shown in Fig. 5c extending left-

to-right across the page. In a preferred embodiment, photoresist is deposited,

patterned by photolithography and the layers etched, and then the photoresist

removed using standard process techniques.

[0069] Next a dielectric material (not shown) is deposited over and between

conductor rails 400. The dielectric material can be any known electrically

insulating material, such as silicon oxide, silicon nitride, or silicon oxynitride.

In a preferred embodiment, silicon oxide is used as this dielectric material.



[0070] Formation of a first memory level has been described. Additional

memory levels can be formed above this first memory level to form a

monolithic three dimensional memory array. In some embodiments, conductors

can be shared between memory levels; i.e. top conductor 400 would serve as the

bottom conductor of the next memory level. In other embodiments, an

interlevel dielectric (not shown) is formed above the first memory level of Fig.

5c, its surface planarized, and construction of a . second memory level begins on

this planarized interlevel dielectric, with no shared conductors.

[0071] The p-i-n diodes 111 of the memory cells in the array just described

will be formed in a high-resistance state. In each memory cell of this array, set

and reset pulses can be applied to each diode 111 to change its resistance. In

some embodiments, multiple resistance states can be set, forming a multi-state

cell. In other embodiments, the diode 111, formed in an initial high-resistance

state, can be set to a lower-resistance state by application of a set pulse, then

restored to a higher-resistivity state by application of a reset pulse. In other

embodiments, the diode 111 may be set to any of multiple lower-resistivity

states, then be restored, by application of a reset pulse, to higher-resistivity

states, forming a multi-state, rewriteable device. Set pulses can be between

about 0.5 msec and about 5 msec. Reset pulses can be between about 10 and

about 50 msec. By using a diode rather than a resistor, electrical isolation

between neighboring cells can be achieved. In this embodiment, the diode 111

is a switchable memory element disposed between a first conductor 200 and a

second conductors 300.

DIODE AND RESISTANCE-SWITCHING ELEMENT IN SERIES:

FABRICATION

[0072] In an alternative embodiment, a resistance-switching semiconductor

element is formed in series with a diode.



[0073] Turning to Fig. 7, bottom conductors 200 are formed as in the

previous embodiment, gaps between them filled with dielectric 108, and a

planarization step performed to expose tops of conductors 200.

[0074] After deposition of a barrier layer 110, semiconductor material that

will form vertically oriented diodes is deposited. In a preferred embodiment,

the semiconductor material is germanium or a germanium-rich alloy of silicon

and germanium. This discussion will describe the diodes 300 as formed of

germanium, though it will be understood that an alloy may be used instead.

[0075] The diodes 111 formed in pillars 300 may be p-i-n diodes, as in the

previous embodiment, or, for example, p-n diodes. In one embodiment, for

example, diodes 111 are p-n diodes. Bottom region 112 is heavily doped n-type

polygermanium doped by in situ doping. The rest of the polygermanium is

deposited, and is heavily doped with a p-type dopant, for example boron, either

by ion implantation or by in situ doping.

[0076] In a preferred embodiment, layer 117 of doped silicon, preferably

lightly doped in-situ with a p-type dopant such as boron, is deposited at a

temperature which will cause the silicon to be amorphous, for example at about

500 degrees C.

[0077] After deposition of layer 117, pillars 300 are patterned and etched as

in the prior embodiment. Gaps between pillars 300 are filled with dielectric

material 108 and a planarization step is performed to expose tops of pillars 300.

[0078] Higher temperatures are required to deposit and to crystallize silicon

than germanium. A deposition temperature of, for example, about 500 degrees

C for silicon will be sufficient to crystallize the germanium of diodes 111, while

the switchable memory element 117 remains in an amorphous state. It is

preferred that germanium diodes 111 be polycrystalline, to maximize current



through the diode in the on state, while it is preferred that silicon switchable

memory element 117 be amorphous, to maximize the difference between

various resistance states, and make these states more readily distinguishable. In

less preferred embodiments, however, silicon switchable memory element 117

may be polycrystalline or microcrystalline. Similarly, while it is preferred for

switchable memory element 117 to be silicon while diode 111 is germanium,

either may be an alloy. For the reasons described, it is preferred for switchable

memory element 117 to be formed of a semiconductor material having a higher

silicon content than diode 111.

[0079] A more detailed view of germanium diode 111 having heavily doped

region 112, intrinsic region 114, and heavily doped region 116, with silicon

switchable memory element 117 formed adjacent to it, is shown in Fig. 8a. An

alternative embodiment in which diode 111 is a p-n diode, having only heavily

doped regions 112 and 116 and lacking intrinsic region 114, is shown in Fig. 8b.

The polarities of the diode could be reversed, with region 112 doped with a p-

type dopant and region 116 doped with an n-type dopant. In this case, to avoid

formation of a diode between switchable memory element 117 and top region

116, switchable memory element 117 is preferably lightly doped with an n-type

dopant.

[0080] Completion of the memory level continues as in the previous

embodiment. As in the prior embodiment, additional memory levels can be

formed above this first memory level. A completed memory level (of either

embodiment) is shown in Fig. 9.

[0081] Many variations can be envisioned. It would be possible, for

example, to form switchable memory element 117 before diode 111, so that

switchable memory element 117 is below heavily doped region 112.



[0082] In summary, then, the memory cell described is programmed by a

method for changing and sensing data states in a nonvolatile memory cell, the

method comprising: applying a first set voltage to a switchable memory element

comprising doped semiconductor material, wherein the first set voltage changes

the doped semiconductor material from a first resistivity state to a second

resistivity state, the second resistivity state lower resistivity than the first

resistivity state; applying a second set voltage to the switchable memory

element, wherein the second set voltage changes the doped semiconductor

material from the second resistivity state to a third resistivity state, the third

resistivity state lower resistivity than the second resistivity state; and applying a

read voltage to the switchable memory element, wherein the read voltage does

not substantially change the resistance of the switchable memory element,

wherein the memory cell comprises a portion of a first conductor, a portion of a

second conductor, and the switchable memory element disposed between the

first and second conductors, wherein the second conductor is disposed above the

first conductor the first set voltage has a first set pulse width and a first set

voltage magnitude, the second set voltage has a second set pulse width and a

second set voltage magnitude, and the second set voltage magnitude is greater

than the first set voltage magnitude.

[0083] Subsequently, a first reset voltage can be applied to the switchable

memory element, wherein the first reset voltage changes the semiconductor

material from the third resistivity state to a fourth resistivity state, the fourth .

resistivity state higher resistivity than the third resistivity state. The first reset

voltage has a first reset pulse width and a first reset voltage magnitude, wherein

the first reset pulse width is at least five times the first set pulse width.

[0084] If desired, a fusing voltage pulse can be applied. The term fusing

voltage pulse is used to refer to a pulse that causes the cell to behave as a fuse.

Current flows across a fuse in its initial state. After a sufficiently high voltage



is applied, the fuse is blown and no longer allows current to flow. Similarly, a

fusing voltage pulse changes the switchable memory element to a final

resistivity state, the final resistivity state higher than the first resistivity state.

The fusing voltage pulse has a fusing voltage magnitude greater than the second

set voltage magnitude, and, after application of the fusing voltage pulse,

application of additional electrical pulses does not substantially change the

resistance of the switchable memory element

[0085] A monolithic three dimensional memory array is one in which

multiple memory levels are formed above a single substrate, such as a wafer,

with no intervening substrates. The layers forming one memory level are

deposited or grown directly over the layers of an existing level or levels. In

contrast, stacked memories have been constructed by forming memory levels on

separate substrates and adhering the memory levels atop each other, as in

Leedy, US Patent No. 5,915,167, "Three dimensional structure memory." The

substrates may be thinned or removed from the memory levels before bonding,

but as the memory levels are initially formed over separate substrates, such

memories are not true monolithic three dimensional memory arrays.

[0086] A monolithic three dimensional memory array formed above a

substrate comprises at least a first memory level formed at a first height above

the substrate and a second memory level formed at a second height different

from the first height. Three, four, eight, or indeed any number of memory

levels can be formed above the substrate in such a multilevel array.

[0087] In embodiments of the present invention, the monolithic three

dimensional memory array comprising: a) a first memory level formed above a

substrate, the first memory level comprising a first plurality of memory cells,

wherein the selected cell is one of the first memory cells, and the selected cell

comprises: i) a portion of a first conductor extending in a first direction; ii) a



portion of a second conductor extending in a second direction different from the

first direction, the second conductor above the first conductor; iii) a switchable

memory element consisting essentially of doped semiconductor material, the

switchable memory element disposed between the first conductor and the

second conductor; and b) a second memory level monolithically formed above

the first memory level. A cell in this monolithic three dimensional memory

array can be programmed by a method comprising: applying a first set voltage

to the switchable memory element wherein the first set voltage changes the

switchable memory element from a first resistance state to a second resistance

state, the second resistance state lower resistance than the first resistance state;

applying a second set voltage to the switchable memory element, wherein the

second set voltage changes the switchable memory element from the second

resistance state to a third resistance state, the third resistance state lower

resistance than the second resistance state, wherein the second set voltage has

higher electrical amplitude than the first set voltage; and applying a read voltage

to the switchable memory element, wherein the read voltage has lower electrical

amplitude than the first set voltage.

[0088] Detailed methods of fabrication have been described herein, but any

other methods that form the same structures can be used while the results fall

within the scope of the invention.

[0089] The foregoing detailed description has described only a few of the

many forms that this invention can take. For this reason, this detailed

description is intended by way of illustration, and not by way of limitation. It is

only the following claims, including all equivalents, which are intended to

define the scope of this invention.



WHAT IS CLAIMED IS:

1. A method for changing and sensing data states for a nonvolatile memory

cell, the method comprising:

switching semiconductor material from a first stable resistivity state to a

second stable resistivity state, the second resistivity state lower

resistivity than the first resistivity state;

switching the semiconductor material from the second stable resistivity

state to a third stable resistivity state, the third resistivity state higher

resistivity than the second resistivity state; and

sensing the first resistivity state, the second resistivity state, or the third

resistivity state as a data state of the memory cell,

wherein the memory cell comprises a portion of a first conductor; a

portion of a second conductor; and a switchable memory element

comprising the semiconductor material, the switchable memory

element disposed between the first and second conductors.

2. The method of claim 1 wherein the difference in resistivity between the first

resistivity state and the second resistivity state is at least a factor of two.

3. The method of claim 1 wherein the difference in resistivity between the first

resistivity state and the second resistivity state is at least a factor often.

4. The method of claim 1 wherein the semiconductor material is silicon or a

silicon alloy, germanium or a germanium alloy.

5. The method of claim 1 wherein at least a portion of the semiconductor

material is doped with a p-type or n-type dopant.



6. The method of claim 1 wherein the second conductor is disposed above the

first conductor, the switchable memory element vertically disposed between

the first conductor and the second conductor.

7. The method of claim 1 wherein switching from the first resistivity state to

the second resistivity state is achieved by applying to the switchable

memory element a first electrical pulse having a first electrical amplitude

and a first pulse width.

8. The method of claim 7 wherein, after switching to the second resistivity

state, application of a second electrical pulse having a second electrical

amplitude and a second pulse width, the second electrical amplitude no

more than 120 percent of the first electrical amplitude, does not cause

switching to a higher resistivity state.

9. The method of claim 7 wherein switching from the second resistivity state to

the third resistivity state is achieved by application of a third electrical pulse

having a third electrical amplitude and a third width, wherein the third width

is at least five times the second width.

10. The method of claim 9 wherein the first pulse width is about 5 msec or less.

11. The method of claim 9 wherein the third pulse width is about 25 msec or

greater.

12. The method of claim 1 wherein the memory cell further comprises a diode,

the diode disposed between the first and second conductors.

13. The method of claim 12 wherein the switchable memory element is in series

with the diode.



14. The method of claim 12 wherein the diode comprises the switchable

memory element.

15. A method for changing data states for a nonvolatile memory cell, the

method comprising:

switching semiconductor material from a first stable resistivity state to a

second stable resistivity state, the second resistivity state lower

resistivity than the first resistivity state,

switching the semiconductor material from the second resistivity state to

a third stable resistivity state, the third resistivity state lower

resistivity than the second resistivity state,

wherein the memory cell comprises a first conductor; a second

conductor; and a switchable memory element disposed between the

first conductor and the second conductor, the switchable memory

element comprising the semiconductor material.

16. The method of claim 15 further comprising sensing the first resistivity state,

the second resistivity state, or the third resistivity state as a data state of the

memory cell.

17. The method of claim 15 wherein the semiconductor material is silicon or a

silicon alloy, or germanium or a germanium alloy, or silicon-germanium.

18. The method of claim 17 wherein the switchable memory element comprises

a semiconductor junction diode.

19. The method of claim 15 wherein the memory cell is within a memory array,

and wherein the memory array is a monolithic three dimensional memory

array comprising at least two memory levels formed above a substrate.



20. The method of claim 15 wherein the step of switching the semiconductor

material from the first resistivity state to the second resistivity state

comprises applying to the switchable memory element a first electrical pulse

having a first electrical amplitude and a first pulse width, and wherein the

step of switching the semiconductor material from the second resistivity

state to the third resistivity state comprises applying to the switchable

memory element a second electrical pulse having a second electrical

amplitude and a second width, the second electrical amplitude greater than

the first electrical amplitude.
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