wo 2012/129083 A1 I} 1] A 000 0O A

(43) International Publication Date
27 September 2012 (27.09.2012)

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

WIPOIPCT

(10) International Publication Number

WO 2012/129083 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

International Patent Classification:
G11C 11/56 (2006.01) G11C 13/00 (2006.01)

International Application Number:
PCT/US2012/029416

International Filing Date:
16 March 2012 (16.03.2012)

(74

Carthy Boulevard, Milpitas, CA 95035 (US). GORLA,
Chandrasekhar, Reddy [US/US]; c¢/o Sandisk 3D LLC,
601 McCarthy Boulevard, Milpitas, CA 95035 (US).

Agents: RADOMSKY, Leon et al.; The Marbury Law
Group, PLLC, 11800 Sunrise Valley Drive, 15th Floor,
Reston, VA 20191 (US).

- . (81) Designated States (uniess otherwise indicated, for every
Filing Language: English kind of national protection available): AE, AG, AL, AM,
Publication Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,

L. CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
Priority Data: DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
Applicant (for all designated States except US): KZ, LA, LG, LK, LR, LS, LT, LU, LY, MA, MD, ME,
SANDISK 3D LLC [US/US]; 601 McCarthy Boulevard, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
Milpitas, CA 95035 (US). OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,

SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
Inventors; and TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
Inventors/Applicants (for US only): COSTA, Xiying . o
[US/US]; ¢/o Sandisk 3D LLC, 601 McCarthy Boulevard, (84) Designated States (uniess otherwise indicated, for every

Milpitas, CA 95035 (US). NIAN, Yibo [CN/US]J; c/o
Sandisk 3D LLC, 601 McCarthy Boulevard, Milpitas, CA
95035 (US). SCHEUERLEIN, Roy [US/US]; ¢/o Sandisk
3D LLC, 601 McCarthy Boulevard, Milpitas, CA 95035
(US). LIU, Tz-Yi [US/US]; c/o Sandisk 3D LLC, 601 Mc-

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,

[Continued on next page]

(54) Title: CONDITIONAL PROGRAMMING OF MULTIBIT MEMORY CELLS

(57) Abstract: Improved methods for programming multi-level metal oxide
memory cells balance applied voltage and current to provide improved per-
formance. Set programming, which transitions the memory cell to a lower
resistance state, is accomplished by determining an appropriate programming
voltage and current limit for the objective resistance state to be achieved in
the programming and then applying a pulse having the determined set elec-
trical characteristics. Reset programming, which transitions the memory cell
to a higher resistance state, is accomplished by determining an appropriate
programming voltage and optionally current limit for the state to be achieved
in the programming and then applying a pulse having the determined elec-
trical characteristics. The algorithm used to determine the appropriate set or
reset programming voltage and current values provides for effective program-
ming without stressing the memory element. The electrical characteristics for
programming pulses may be stored in a data table used in a table look up al-

/-1102 \1
Receive data for writing /
¥
¢ ~1104
/
Setect call for storing twe
; e
bits of data
1108
Detarmine memory state
Ry, for cell to store data
+ ~1108
/
Obtain current resistance
R, stale of selected celj
‘ ~1110
Reset
~1112 1118 gorithm,

Look up voltage Ve for
resetling cel to desired

state

!

Look up valtage Vs and
current I Tor saiting celf
o desired state

Apply reset puise at

vaktage Vs

‘ —~111

FIG. 11

(

Apply set pulse al
voltage Vs limited to

current |,




WO 2012/129083 A1 WK 00T A 0 A

SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, __
GW, ML, MR, NE, SN, TD, TG).

as to the applicant's entitlement to claim the priority of
the earlier application (Rule 4.17(iii))

Published:
— as to applicant’s entitlement to apply for and be granted
a patent (Rule 4.17(ii))

Declarations under Rule 4.17:

with international search report (Art. 21(3))



WO 2012/129083 PCT/US2012/029416

TITLE

CONDITIONAL PROGRAMMING OF MULTIBIT MEMORY CELLS

RELATED APPLICATIONS

[0001] This application claims the priority benefit of U.S. Application 13/051,885,

filed on March 18, 2011, which is incorporated herein in its entirety.
FIELD

[0002] The present invention relates to semiconductor integrated circuits containing

memory arrays, particularly to methods of programming multi-level memory cells.
BACKGROUND

[0003] The development of the storage class memory (SCM) devices have blurred the
boundaries between storage (slow, cheap, and non-volatile) and memory (fast,
expensive, and volatile) in the computer and semiconductor industry. Metal oxide
multi-level cell (MLC) memories are one of the most promising candidates to achieve
all the SCM features, such as non-volatile, short access times, low cost per bit, and
solid state requirements. The SCM cells are often compared on the basis of a measure
term F2, or “feature size squared”. The smaller the F measure, the more SCM cells
per unit area. In a three-dimensional (3D) vertical memory array architecture,
resistance random access memories (RRAM) made of metal oxide resistor elements
may be able to achieve 0.5F with an eight-layer stack. An eight-layer stack may
introduce severe integration challenges with the technology node scaled down.
However, four levels of multi-level-cell (MLC) operation helps to achieve the same F?
measure with half the number of the memory cell layers. As a well known factor, the
metal oxide memory cells have been operated at the breakdown region. Minimum
endurance requirements in the solid-state storage device application for MLC
memories are much smaller than for single level cell (SLC) memories with the

technology node scaled down.

SUMMARY
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[0004] The various embodiments include improved methods for programming multi-
level metal oxide memory cells that balance applied voltage and current to provide
improved performance. Embodiment methods may include operations of receiving
data to be written to the memory device, selecting a memory cell to which a portion of
the received data is to be written, determining a current resistance state of the selected
memory cell, determining an objective resistance state for representing data to be
written to the selected memory cell, determining whether the writing of data to the
selected memory cell will involve increasing or decreasing resistance of the selected
memory cell based on the current resistance state and the objective resistance state,
determining electrical characteristics for a programming pulse that will transform the
resistance state of the selected memory cell to the objective resistance state based on
the objective resistance state and whether the writing of data to the selected memory
cell will involve increasing or decreasing resistance of the selected memory cell, and
applying to the selected memory cell a programming pulse having the determined
electrical characteristics. The determined electrical characteristics for a programming
pulse may include a voltage and a current limit for the programming pulse. The
determined electrical characteristics may further include a duration for a programming
pulse based on the objective resistance state and whether the writing of data to the
selected memory cell will involve increasing or decreasing resistance of the selected
memory cell, in which case applying to the selected memory cell a programming pulse
having the determined electrical characteristics may include applying such a
programming pulse for the determined duration. Determining the electrical
characteristics for programming pulses may be performed in a table look up operation
using the objective resistance state and whether the programming will involve
increasing (reset) or decreasing (set) the resistance of the memory cell. In an
embodiment, the resulting resistance of the memory cell may be checked after a
programming pulse, and a second programming pulse may be applied if the resulting
resistance is not within a tolerance band of threshold limits about the objective
resistance. In a further embodiment, programming of memory cells may be

accomplished in steps, with each step involving a programming pulse having electrical
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characteristics (voltages, current limits and durations) determined for each

programming step.

[0005] Embodiments further encompass memory devices which include an array of
multilevel cell resistance memory cells positioned between a plurality of word lines
and a plurality of bit lines, a memory controller circuit, a bit line controller coupled to
the memory controller circuit and configured to select a bit line in response a control
signal from the memory controller circuit, a word line controller coupled to the
memory controller circuit and configured to select a word line in response a control
signal from the memory controller circuit, a programming pulse generator circuit
coupled to the memory controller circuit and configured to generate a programming
pulse having a voltage for writing data to selected memory cells in response a control
signal from the memory controller circuit, a current limiting circuit coupled to the
memory controller circuit and configured to limit current flowing through a selected
memory cell during a programming pulse in response a control signal from the
memory controller circuit, and a resistance state determining circuit coupled to the
memory controller circuit, the bit line controller and the word line controller and
configured to determine a resistance state of a selected memory cell. In such memory
devices, the memory controller circuit is configured to control the bit line and word
line decoders and pulse generator circuit so the device performs data writing
operations including receiving data to be written to the memory device, activating the
bit line and word line controllers to select a memory cell to which a portion of the
received data is to be written, obtaining a current resistance state of the selected
memory cell from the resistance state determining circuit, determining an objective
resistance state for representing data to be written to the selected memory cell,
determining whether the writing of data to the selected memory cell will involve
increasing or decreasing resistance of the selected memory cell based on the current
resistance state and the objective resistance state, determining electrical characteristics
(i.e., voltage, current limits, and optionally pulse duration) for a programming pulse
that will transform the resistance state of the selected memory cell to the objective

resistance state based on the objective resistance state and whether the writing of data
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to the selected memory cell will involve increasing or decreasing resistance of the
selected memory cell, and activating the pulse generation circuit and the current
limiting circuit to apply to the selected memory cell a programming pulse having the

determined electrical characteristics.

[0006] In an embodiment, memory devices may include an array of storage means for
storing a plurality of a data bits in the form of a plurality of correlated resistance
states, means for receiving data to be written to the memory device, means for
selecting a storage means to which a portion of the received data is to be written,
means for obtaining a current resistance state of the selected storage means, means for
determining an objective resistance state for representing data to be written to the
selected storage means, means for determining whether the writing of data to the
selected storage means will involve increasing or decreasing resistance of the selected
storage means based on the current resistance state and the objective resistance state,
means for determining electrical characteristics for a programming pulse that will
transform the resistance state of the selected storage means to the objective resistance
state based on the objective resistance state and whether the writing of data to the
selected storage means will involve increasing or decreasing resistance of the selected
storage means, and means for applying to the selected storage means a programming

pulse having the determined electrical characteristics.

[0007] In the embodiment memory devices, the memory cells and storage means may
be multilevel cell resistance memory cells including bi-polar metal oxide resistance
elements, which may be made from hafnium oxide (HfOx), nickel oxide (NiO),
titanium oxide (TiO) or another metal oxide, and may have four, six or more
programming levels (i.e., resistance states) for storing more than one bit of data. In
such memory devices, the programming pulse electrical characteristics may be stored
in a memory as a table to enable determining the electrical characteristics for
programming pulses in a table look up operation using the objective resistance state
and whether the programming will involve increasing (reset) or decreasing (set) the
resistance of the memory cell. The memory controller circuit may further be

configured such that if the data to be written in a cell is already represented in the cell
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(i.e., the current resistance state is within the tolerance limits of the objective
resistance state), then no programming pulse is applied. The memory controller
circuit may be further configured to determine the resistance of the selected memory
cell resulting from a programming pulse and then apply another programming pulse if
the resulting resistance is not within tolerance threshold limits of the objective
resistance state. The memory controller circuit may be further configured to
determine and apply a series programming pulses that ultimately result in the

objective resistance state.
BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The accompanying drawings, which are incorporated herein and constitute part
of this specification, illustrate exemplary embodiments of the invention, and together
with the general description given above and the detailed description given below,

serve to explain the features of the invention.

[0009] FIG. 1 is a circuit element diagram of a single metal oxide resistance memory

cell suitable for use with the various embodiments.

[0010] FIG. 2 is a cross-sectional diagram of a single metal oxide memory cell as may

be implemented within an integrated circuit.

[0011] FIG. 3 is a perspective cut-away view of a portion of a metal oxide multi-level

cell memory array suitable for use with the various embodiments.

[0012] FIGs. 4A and 4B are circuit block diagrams of portions of a metal oxide
memory array illustrating some circuit components that may be used to implement the

various embodiments.

[0013] FIG. 5 is a graph illustrating the population of memory element resistivity

states in a metal oxide multi-level memory cell.

[0014] FIG. 6 is a graph illustrating a cumulative distribution function of memory

element resistivity states in a metal oxide multi-level memory cell.
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[0015] FIG. 7 is a graph illustrating differences in the read current in a four level

multi-level cell memory element at a given read voltage.

[0016] FIG. 8 is a graph illustrating determining a set programming voltage and

current according to an embodiment.

[0017] FIG. 9 is a graph illustrating determining reset programming voltages and

current according to an embodiment.

[0018] FIGs. 10A and 10B are data tables illustrating a data structure suitable for

implementing the various embodiments in memory.

[0019] FIG. 11 is a process flow diagram of an embodiment method for programming

a bipolar metal oxide multi-level cell memory.

[0020] FIG. 12 is a process flow diagram of another embodiment method for

programming a bipolar metal oxide multi-level cell memory.

[0021] FIG. 13 is a process flow diagram of another embodiment method for

programming a bipolar metal oxide multi-level cell memory.
DETAILED DESCRIPTION

[0022] The various embodiments will be described in detail with reference to the
accompanying drawings. Wherever possible, the same reference numbers will be
used throughout the drawings to refer to the same or like parts. References made to
particular examples and implementations are for illustrative purposes, and are not
intended to limit the scope of the invention or the claims. The drawings are not to
scale, and well-known structures and devices are shown in simplified form to facilitate

description of the various embodiments.

[0023] The word “exemplary” is used herein to mean “serving as an example,
instance, or illustration.” Any implementation described herein as “exemplary” is not

necessarily to be construed as preferred or advantageous over other implementations.
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The terms “word line” and “bit line” are used herein to refer to electrical connections

within and among a memory cell array.

[0024] In the various embodiments, metal oxide resistance memory cells are
programmed by selectively applying voltages and currents to memory cells to cause
them to change from one level of resistance to another, with the resulting resistance
being measureable to determine the state of (i.e., data stored in) the cell. As used
herein, the transition from a higher-resistance state to a lower-resistance state is
referred to herein as a set (SET) transition, affected by a set current, a set or
programming voltage, or a set or programming pulse in accordance with the various
embodiments. As used herein, the reverse transition, from a lower-resistance state to a
higher-resistance state is referred to as a reset (RESET) transition, affected by a reset

current, a reset voltage, or a reset pulse in accordance with the various embodiments.

[0025] The various embodiments provide improved methods for programming multi-
level metal oxide resistance random access memory (RRAM) memory cells that
balance applied voltage and current to provide improved performance. In the various
embodiments, set programming, which transitions the memory cell to a lower
resistance state, is accomplished by determining an appropriate programming voltage
and current limit for the state to be achieved in the programming and then applying a
pulse having the determined set programming voltage and current to the selected
memory cell or cells. Similarly, reset programming, which transitions the memory
cell to a higher resistance state, is accomplished by determining an appropriate
programming voltage and (optionally) current limit for the state to be achieved in the
programming and then applying a pulse having the determined reset programming
voltage and current to the selected memory cell or cells. The algorithm used to
determine the appropriate set or reset programming voltage and current values
provides for effective programming without stressing the memory element. In
particular, the set programming method applies pulses with increasing current limits
but decreasing voltage levels with each subsequent programming level (i.e.,
decreasing resistance state), while the reset programming method applies pulses with

decreasing current but increasing voltage with each subsequent programming level

7
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(i.e., increasing resistance state). In embodiments featuring a bipolar metal oxide
resistivity element, such as HfO,, the set and reset voltages are of opposite polarity
(e.g., the set voltage being negative and the reset voltage being positive), which
enables direct write multi-level cells. Direct write multi-level cells means that the
memory cells can be programmed to any of their various memory states (i.e.,
resistance states correlated to particular bit patterns) directly without having to first
clear or reset the cells before programming to the desired state. Such metal oxide
direct write MLC technology offers low cost, high density storage memory arrays

capable of rapid programming.

[0026] A number of architectures and configurations of metal oxide RRAM memories
have been proposed. The following descriptions with reference to FIGS. 1-4 provide
an overview of the structure and configuration of bipolar metal oxide mult-level cell
(MLC) memories suitable for use with the various embodiments. Further details and
alternative configurations for metal oxide resistance memories are disclosed, for
example, in U.S. Patent Nos. 7,463,536, 7,706,169, and 7,745,312 and U.S. Patent
Publication Nos. 2008/0007989 and 2010/0157652, all of which are assigned to the
assignee of the present application and are hereby incorporated by reference for the
portions disclosing metal oxide RRAM memory cell manufacture, configurations,
programming and reading circuits and operation. Some embodiments may also use
alternative array organizations with memory cells with no steering element in small
sub-arrays as disclosed in U.S. Patent Publication No. 2010/0259960, which is hereby
incorporated by reference for the portions disclosing such memory array and cell

structures.

[0027] Referring to FIG. 1, a resistance memory may be formed as a circuit element
including a transformable resistive element 102 (e.g., the storage element of the
memory element or the cell itself 100) coupled between a word line 104 and bit line
106. By transforming the resistivity level of the resistance material 102 to a
recognizable resistance state, information can be stored in the memory element 100.
A recognizable resistance state is a measurable resistance through the element that

falls within certain threshold limits (i.e., a range of resistance) that is correlated to

8



WO 2012/129083 PCT/US2012/029416

certain data bit patterns (e.g., 00, 01, 10, and 11 in a four-level MLC element). Such
information can then be determined by sensing the resistance through the resistance
material 102 by completing a circuit between the word line 104 and bit line 106 that
applies a voltage across the memory cell with the resulting current or voltage drop
measured by a read sensing circuit as described more fully below. Typically, a
resistance memory element 100 includes a steering element, such as a diode 108,
which serves to minimize the leakage current that would otherwise flow through the
element when the element is not being addressed. Other steering elements, such as
transistors, or even memory cells without steering elements in small sub-arrays may

be used.

[0028] The resistance element 102 may be manufactured from a variety of variable
resistance materials, including an antifuse dielectric, fuse, diode and antifuse dielectric
arranged in a series, a polysilicon memory effect material, a metal oxide or switchable
complex metal oxide material, a carbon nanotube material, a graphene switchable
resistivity material, a phase change material, a conductive bridge element, an
electrolyte switching material, a switchable polymer material, or carbon resistivity
switching material, such as amorphous, polycrystalline or microcrystalline carbon or
graphite material. In a preferred embodiment, the resistive element 102 is made from
a metal oxide which exhibits bipolar (i.e., reversible resistance) characteristics,
including for example, hafnium oxide (HfOx), nickel oxide (NiO), and titanium oxide
(e.g., TiO,). Other referred resistivity-switching binary metal oxide or nitride
compounds include Ni,Oy, Nb, Oy, Ti,Oy, Hf,O,, Al,Oy, Mg,0,, Co,Oy, Cr,Oy, V,0,,
Zn,0y, 71,0, B,N,, ALLN,. Examples are the stoichiometric compounds NiO, Nb,Os,
TiO2, HfO,, Al,O3, MgOy, CoO, CrO,, VO, ZnO, ZrO, BN, and AIN, but

nonstoichiometric compounds may be preferred.

[0029] Bipolar variable resistance metal oxides (e.g., HfOx) exhibit the convenient
characteristic that the resistance level can be decreased (set) by applying electrical
pulses with a first polarity (e.g., negative voltage), and increased (reset) by applying
electrical pulses with the opposite polarity (e.g. positive voltage). This bipolar

characteristic simplifies the programming of the memory element because a

9
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programming pulse can be applied to step up in resistance or step down in resistance
to achieve a desired programming state without having to completely reset the device
and sequence through a series of resistance states to achieve the objective resistance

state.

[0030] Such resistivity switching memory cells are typically formed in memory arrays
using semiconductor fabrication techniques that form a pillar configuration such as
illustrated in FIG. 2. For example, a typical metal oxide resistivity memory element
100 may be formed between a word line 104 and a bit line 106 in a series of layers

102 through 208. For example, this material may include an electrically conductive
connection layer, such as made from titanium nitride (TiN) layer 208 which serves to
conduct electrical potential to a diode 108, such as a Si, Ge or SiGe P-I-N or P-N
diode. A second electrically conductive layer 206 (e.g., TiN) may couple the diode
108 to a buffer layer 204, such as titanium oxide (TiO,). A metal oxide resistance
(i.e., resistivity switching) element 102 may be coupled to the buffer layer 204 and to
an electrical conduction layer 202 (e.g., TiN) which electrically connects to the bit line
106. In the various embodiments, voltage and current applied to the memory element
100 between the word line 104 and bit line 106 causes the metal oxide resistance
element 102 to transition from one resistance state to another in a manner that enables

storage of information.

[0031] FIG. 3 illustrates how memory cell elements 100 may be densely packed in an
array between a series of parallel word lines 104 in a first layer, and an orthogonal
parallel array of bit lines 106 in a second level. FIG. 3 illustrates how the feature size

in such an array is the size of each memory cell element 100.

[0032] Arrays of memory cells such as illustrated in FIG. 3 may be connected to
driver and decoder circuits in order to create a memory chip 400. The memory chip
400 may include a memory cell programming system 401 configured to set or reset
the resistance of memory cell elements 100 as necessary to write data to the cells. A
block diagram of example driver and decoder circuit elements in such a memory cell

programming system 401 are illustrated in FIG. 4A. As illustrated in this figure,

10
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arrays of memory cells 100 coupled between a plurality of word lines 104 and bit lines
106 are typically electrically coupled to a respective word line decoder 406 and a bit
line decoder 408 which may be controlled by a memory controller circuit 402. These
decoder circuits typically include a plurality of switches which enable individual word
and bit lines to be selected for sensing by a resistance or current measuring circuit.
Thus, to read a memory cell 100, the word line and bit line decoders 406, 408 are
actuated in response to signals from the memory controller circuit 402 to select the
word and bit lines coupled to that particular cell and to connect that circuit to a

voltage, resistance or current measuring circuit 613 (shown in FIG. 4B).

[0033] In order to write data to the metal oxide resistance memory cells 100, electrical
pulses are applied to each cell in accordance with the embodiments. To enable the
generation and application of such pulses to the individual memory cells 100, the
memory cell programming system 401 may include a voltage control circuit 404 that
is configured to output voltage pulses of the appropriate width (i.e., duration) and
voltage amplitude/magnitude to accomplish memory cell programming in response to
control signals from the memory controller circuit 402. The voltage control circuit
404 may be coupled to voltage sources, such as a voltage source supplying voltage
appropriate for a read operation (V.,q), a voltage source supplying voltage appropriate
for the reset operation (V ), and/or a voltage source supplying voltage appropriate
for the set operation (V). Alternatively, the voltage control circuit 404 may be
coupled to a single (or more) voltage source and include circuitry (e.g., a bank of
resistors selectable by an array of switches) configured to enable outputting voltage
pulses at selectable predetermined potentials. The voltage control circuit 404 may be
configured to receive control signals from the memory controller circuit 402 to
identifying the type of memory writing operation to be performed. The voltage
control circuit 404 may be further configured to determine the appropriate voltage and
duration of a read or programming pulse to be generated, and the circuit (e.g., bit line
decoder 408 or bit line pulse application circuits 412a- 412d) to which the generated
pulse should be applied. For example, as part of performing a memory cell SET

operation, the voltage control circuit 404 may output a pulse having the voltage —V

11
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with a duration selected to cause the selected memory cells to transition to a lower
resistivity state, with the pulse being connected to the appropriate bit line pulse
application circuit 412a- 412d. The bit line pulse application circuits 412a- 412d may
be a simple switch or transistor (e.g., single device driver) configured to couple the
corresponding bit line to the voltage control circuit 404, such as in response to control
signals from the bit line decoder 408, for the duration of the memory read or

programming (i.€. set or reset) operation.

[0034] The voltage control circuit 404 may also include current limiting circuitry 414
so that the memory set or reset pulse output by the voltage control circuit 404 is
applied with the current limitations determined in the various embodiments. In this
embodiment, the current limiting circuitry 414 in the voltage control circuit 404 would
limit the total current applied to the bit line. Alternatively, a current limiting circuit
414 may be implemented on the word line portion of the circuit through the memory
element being programmed. For example, current limiting circuit 414 may be
implemented as part of the word line decoder 406 or an associated circuit. Thus,
while the voltage control circuit 404 may output a voltage pulse coupled to the bit
line, a current limiting circuit coupled to the word line decoder 406 can limit the total
current passing through the selected memory cell. Any of a variety of current limiting
circuits known to those of skill in the art may be used for the current limiting circuit
414, which may be included in the voltage control circuit 404, the word line decoder

4006, the bit line decoder 408, or other circuit components of the memory chip 400.

[0035] The memory control circuit 402 may be configured to control the voltage
control circuit 404, bit line decoder 408, and word line decoder 406 to affect the
operations of memory chip 400 in response to input/output (I/O) signals received from
an external processor, such as via one or more control input leads (not shown). As
discussed above, the memory control circuit 402 may control both the bit and word
line decoders that are accessed for a given operation, such as read, set or reset, as well
as the voltage control circuit 404 which applies the appropriate voltage for the

operation.

12
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[0036] As described more fully below, the various embodiments involve controlled
application of voltages and current limitations in order to effectively implement set
and reset programming of memory cell units in a multilevel memory. In order to
implement the various embodiments, the memory controller circuit 402 may be
configured with executable instructions (which may be implemented in software,
firmware or combinations of software and firmware) to perform the operations of the
embodiment methods described below. Additionally, the memory controller circuit
402 may include a memory 410 on which are stored the voltage, current and pulse
width characteristics appropriate for accomplishing particular set or reset operations in
accordance with the embodiments. As discussed below, such voltage, current and
pulse width characteristics may be stored in a data table which can be accessed

through a table lookup algorithm performed by the memory controller circuit 402.

[0037] An alternative embodiment of the memory cell programming system 600
useful for implementing the various embodiment methods is illustrated in FIG. 4B.
This figure shows a memory cell programming system 600 including separate circuit
blocks for generating set, reset, and read mode pulses. In the embodiment illustrated in
FIG. 4B, reset programming pulses are accomplished in a reverse bias (i.e., negative
voltage) mode by coupling the selected bit line to a respective SELN bus line. In this
embodiment, a reset driver 615 is coupled to the SELN bus 617 which represents the
path to the SELN bus. In essence, this represents the path which ultimately is coupled
to the SELN bus segment for a selected array block. Data information to be written is
received into an I/O logic 601, conveyed on bus 602 to a write latch block 604,
conveyed on bus 607 to control logic 608, which then controls the reset driver 615 by
way of control lines 612. In other embodiments the set operation may be
accomplished in a reverse bias mode and reset operations may be accomplished in a
forward bias mode, in which case the set driver and reset driver locations in Fig. 4B

are exchanged.

[0038] In the embodiment illustrated in FIG. 4B, the set data writing operation is
accomplished in a forward bias (i.e., positive voltage) mode, with the selected bit lines

coupled to a respective SELB bus line. Since both the SET and READ modes may

13
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utilize the forward bias mode, both a set driver 614 and a read sense amplifier 613
may be coupled to the SELB bus 616, which represents the path to the SELB bus.
The resistance state of selected memory cells may be determined by a read sense
amplifier 613, which determines a current or voltage drop through the cell from which
the resistance can be determined when a given voltage is applied to the cell. The data
determined by the read sense amplifier 613 may be conveyed by bus 609 to a read
latch 605, with is conveyed by bus 603 to the I/O logic 601. The various busses 606,
610, and 611 may provide for a programming control loop which can limit the
programming current to the limit determined according to the various embodiments.
The busses also provide for a read before write capability to determine, for example,
any previously-programmed state (e.g., LSB data bit or current resistance state) that
should be preserved during a subsequent programming operation. In some
embodiments the set driver 614 and reset driver 615 may be included in the voltage
control circuit 404 of FIG. 4A, and busses 616 and 617 connect 404 to the pulse line
application circuits 412a- 412d.

[0039] Further details regarding the circuit elements of the memory cell programming
system associated with reading and programming resistance memory cells are
disclosed in U.S. Patent No. 7,463,536 which is hereby incorporated by reference for

the disclosures of such circuit elements.

[0040] In some embodiments the foregoing description of the circuits in FIG. 4A,
references to the connections of the voltage control circuit 404 to bit lines via bit line
pulse application circuits 412a- 412d is for illustration purposes only. In an
alternative configuration, the voltage pulses may be applied by a voltage control
circuit 404 to word lines in a similar manner. It should also be appreciated that the
particular circuit elements illustrated in FIG. 4A and 4B discussed above are examples
of just two implementations of the various embodiments; one of skill in the art would
appreciate that the embodiments may be implemented in a variety of different circuit

and components configurations.
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[0041] While metal oxide resistance memory cells are low cost and can be
manufactured in a dense cell array, the memory density of the array can be increased
significantly by increasing the number of memory states that each cell can attain.
Initially, resistance memory arrays cells had two states, namely a low resistance state
and a high resistance state. However, the various embodiments enable memory cells
to be programmed with multiple resistance states, thereby increasing the number of
bits that can be coded in each memory cell 100. For example, the various
embodiments are described herein with reference to a memory cell that is programmed
with four different states resistivity states, thereby enabling the storage of two bits of
information (namely 00; O1; 10; and 11). This is accomplished by using the set and
reset programming methods to configure the resistance element 102 so that it has four

detectable resistance states.

[0042] A multilevel memory cell implementing a suitable variable resistance
switching element can achieve a plurality of different resistance states with
sufficiently different levels of resistance to enable the state to be accurately sensed by
a resistance or current sensor in a memory cell. For example, FIG. 5 shows the
probability function of resistance values of a variable resistance switching element
employing a HfO, layer such as described above with reference to FIG. 2 that has
been programmed to four distinct resistance levels A, B, C, D. As FIG. 5 illustrates,
applying the set and reset methods of the various embodiments enables configuring a
majority of HfO, memory cells to recognizable resistance states. FIG. 6 illustrates the
cumulative distribution function of a HfO, layer that has been programmed to four
distinct resistance levels A, B, C, D. As FIG. 6 illustrates, the population distribution
within particular resistance states of such a memory cell and the difference in
resistivity between the resistance states provides sufficient margin to enable a high
probability that a memory cell programmed into a particular memory state can be
recognized accurately. This margin between mean or objective resistance states can
accommodate variability in the resistance state achieved in a programming operation.
If the resistance of a memory cell falls between a minimum resistance threshold and a

maximum resistance threshold for a given resistance state, the memory cell will be

15



WO 2012/129083 PCT/US2012/029416

recognized as being in that resistance state. Thus, the embodiment methods determine
programming pulse characteristics (i.e., voltage, current and duration) that are
expected to result in the memory cell exhibiting resistance which falls within the
maximum and minimum threshold limits for the objective resistance state (i.e., the

desired resistance).

[0043] The memory state of a multilevel metal oxide resistive memory can be read by
applying a read voltage (V ..q) to the cell and measuring the resulting current (the read
current or I.;) through the memory cell. As illustrated in FIG. 7, due to the
significant difference in resistance between the various resistance states (see FIG. 6),
the differences in read current that can be sensed for each resistance state are great
enough to enable accurate determination of the memory state. This difference in the
current can be increased if necessary by increasing the read voltage V ..q applied to

the cell in the read operation.

[0044] Accurate reading of the memory state of the multilevel metal oxide resistive
memory may also be increased by determining the read state based on a sequence of
threshold comparisons rather comparing the read current (or calculated resistance) to a
predefined state. For example, the read operation may involve first determining
whether the read current is greater than a first threshold value (I;). If the read current
is less than the first threshold value I; then the memory cell may be determined to be
in a first memory state (state D in FIG. 7). If the read current is greater than the first
threshold value, the read operation may determine whether the read current is greater
than a second threshold value (I,). If the read current is less than the second threshold
value I,, then the memory cell may be determined to be in a second memory state
(state C in FIG. 7). If the read current is greater than the second threshold value, the
read operation may determine whether the read current is greater than a third threshold
value (I3). If the read current is less than the third threshold value I; then the memory
cell may be determined to be in a third memory state (state B in FIG. 7). If the read
current is greater than the third threshold value, then the memory cell may be
determined to be in a fourth memory state (state A in FIG. 7). This sequential

comparison of the read state to successive threshold current values can accommodate
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the inevitable distribution in resistance states that a large population of memory cells
will exhibit by efficiently identifying the maximum and minimum resistance

thresholds within which the memory cell resistance falls.

[0045] The programming of metal oxide elements into various resistance states in a
resistance random access memory device can be difficult, presenting technical
challenges for implementing such devices commercially. Such difficulties are due in
part to the inverse relationship between resistance and current, and the manner in
which resistive elements are transitioned to new resistance states. When a set
programming voltage pulse is applied to transition the metal oxide to a lower
resistance state, the applied current can increase dramatically as resistance falls due to
Ohm’s Law: I = V/R. Since the power dissipated within the memory resistance
element is strongly related to current under Joule’s Law P = I’°R, a rapid increase in
current through the memory element that may occur as the element transitions to
lower resistance can result in a significant increase in the power dissipated by the
memory element. This can induce heating stress in the memory element. In some
devices, runaway heating can lead to further reductions in the resistivity of the device,
causing further increases in current and heating that can lead to runaway of the
programming of the memory element. If not controlled, such runaway heating can

reduce the lifespan of the memory and lead to device failure.

[0046] To overcome these difficulties, the various embodiments control both voltage
and current simultaneously during the programming pulse used in the set operation
(i.e., when transforming the memory cell to a lower resistance state) in a balanced
operation. In a set programming operation, the embodiment methods select a voltage
required to achieve the desired resistance state but limit the current passing through
the memory element to a preset amount depending upon the programming state that is
desired. In areset programming operation where resistance is increased, a similar
approach is used with the embodiment methods selecting a voltage required to achieve
the desired resistance state and may adjust the current passing through the memory
element to compensate for the increasing resistance. In this balanced approach the

operation voltage and current limits are set to approximately balance each other. As a
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result the operation power may be maintained close to constant as the resistance of the
memory cell is reduced or increased. The balanced approach may further be
implemented by varying the programming pulse width. In some embodiments, pulses
of predefined voltage with predefined current limits may be applied in a series of
pulses in order to approach the desired programming state of the resistance in a
controlled manner. For example, in this embodiment the set operation may comprise
a series of pulses of increasing voltage and decreasing current configured to
incrementally transform the resistive state of the memory elements. In other
embodiments, the programming of a memory element to a particular resistance state
may further involve sensing the resulting resistance of the element, and re-applying

the programming pulse if the desired resistivity level was not achieved.

[0047] The various embodiments are based upon an understanding of how metal
oxide materials behave in response to voltage and current, as well as an understanding
of the physical mechanisms involved in changing the resistivity levels of such
materials. For certain metal oxide materials it is believed that the resistance state
depends upon the location of oxygen atoms within the metal oxide microstructures.
Thus, transitions from one level of resistance to another may result from the diffusion
of oxygen atoms within the crystal structure of the metal oxide. Diffusion is generally
proportional to the driving potential (i.e., voltage), time and the concentration
gradient. The rate of diffusion of oxygen atoms may also be influenced by the
temperature of the material. Based on this understanding, the appropriate
combinations of applied voltage, pulse duration and maximum current can be
determined via an algorithm with confidence that the resulting resistance state can be

repeatedly achieved with high probability.

[0048] The various embodiments implement the algorithm for determining the
appropriate voltage and current limits to apply to the set and reset programming
pulses. Such algorithms may lookup values from a table that may be populated with
values determined through design, experimentation or combinations of design and
experiments. Such algorithms determine the voltage and current limits that will result

in a high likelihood that a particular program memory element will achieve the desired
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resistivity state. FIG. 8 illustrates in graphical form a notional algorithm for
determining the pulse electrical characteristics for the set operation. FIG. 9 similarly
illustrates in a notional form the algorithm for voltage settings for determining the
pulse electrical characteristics for the reset operation. As FIGs. 8 and 9 illustrate, the
algorithm can determine the appropriate voltage and current parameters by selecting
the resistance that is desired for a programming operation. These figures illustrate that
a large number of different programming states may be implemented for a metal oxide
resistance memory element by selecting a corresponding number of resistivity states.
The algorithms illustrated in FIGs. 8 and 9 show how the programming pulse
parameters can be determined based on the desired resistivity state. The magnitude
and slopes of the voltage and current limit lines will depend upon the particular type
of metal oxide used in the memory elements, as well as other characteristics, such as
the dimensions of the metal oxide layers. As mentioned above, the slopes and
magnitudes of the voltage and current lines used in the algorithm may be determined
based on the type of metal oxide and size of the resistance element, as well as testing

of memory cells in the configuration of the intended memory chip.

[0049] Since a memory chip will be typically limited to a predefined number of levels
or resistivity states (or number of bits stored per memory cell), the algorithm for
determining voltage and current limits may be implemented in a data table that can be
accessed in a table lookup algorithm, such as by a memory controller circuit or
processor. An example data structure for such a programming voltage and current

parameter determination algorithm is illustrated in FIGs.10A and 10B.

[0050] Referring to FIG. 10A, the various embodiments may be implemented with
predefined programming voltage and current levels stored in a data table with a simple
data structure that enables the memory controller to quickly identify appropriate
voltage and current values simply by performing a table lookup using the desired
memory state as an input. For example, FIG. 10A illustrates a data table suitable for a
four level multilevel cell configuration, with the different levels identified as A, B, C,
D. As illustrated, the voltage and current settings will depend upon whether the

memory state is being programmed using the set or reset operation. For example, if
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the processor determines that a memory cell is to be written to the A state (e.g., to
write the value 11 to the memory cell), this programming would involve the set
operation since the cell is already at a higher resistance state. Referring to the table
the processor determines that the set programming pulse should have a voltage of
value V3 with a current limit of I, 3. The specific voltage used and current used for
the programming operation will depend upon the metal oxide material and its
configuration. For example, neglecting the voltage drop of the steering element, a
suitable programming voltage for configuring a memory cell into the lowest resistance
state may be —2.0 volts, with a current limit of 100 microamps. The suitable
programming voltage may in addition take into account the steering element voltage
drop. As FIG. 10A illustrates, there is no need for a reset voltage or reset current for

the lowest resistance state since there could be no reset operation to achieve this state.

[0051] As illustrated in FIG. 10A, the magnitude of the value specified for the set
voltage decreases as the memory cell is transformed from a relatively high resistance
state to a relatively low resistance state. Similarly, the current limit utilized in the set
operation will increase from the current four programming a relatively high resistance
state to programming a relatively low resistance state. As noted above, the set and
reset pulse voltages may be of opposite polarity, so FIGs. 10A and 10B show the

relative magnitudes of the absolute value of the voltages.

[0052] As illustrated in FIG. 10A, the values for reset voltage and current limits may
follow a pattern that is opposite that of the set operation, with the reset pulse voltage
increasing and the current decreasing as the memory cell is transform to a higher
resistance state. For example, neglecting the voltage drop of the steering element, a
suitable programming voltage for configuring a memory cell into the highest

resistance state may be 5.0 volts, with a current limit of 5 microamps.

[0053] In addition to controlling the voltage and current to achieve a particular
resistivity programming state, some embodiments may also vary the pulse width that
is applied depending upon the desired memory state. By controlling the pulse width,

the memory programming operation can control the duration that the voltage potential
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is applied which will control the amount of atomic diffusion that takes place within
the memory cell material during the programming pulse, as well as the amount of
power that is deposited in the memory cell. For example, as the resistivity of the
memory cell increases, the diffusion rate of oxygen atoms within the metal oxide may
decrease for a given applied potential due to changes in the oxygen ion population
gradient, resulting in a need to increase the duration that the voltage potential is

applied to achieve a desired resistance state.

[0054] Additionally, the programming pulse voltage and pulse width may be adjusted
together to achieve desired resistance states, thereby reducing the total voltage that
must be applied to the memory cell. Increasing the pulse width in order to reduce the
magnitude of the applied voltage may extend the life of the memory cell and/or enable
increased cell density by reducing the amount of insulation required between each
memory cell. FIG. 10B illustrates an example data structure for a programming

algorithm lookup table that includes the pulse width parameter.

[0055] As mentioned above, a further option for limiting the applied voltage in a set
or reset programming pulse involves applying more than one pulse or a series of
pulses with varying voltage and current settings. Such parameters may also be listed
in a lookup data table with a structure similar to that shown in FIGs. 10A and 10B
with additional data fields specifying the number of pulses and/or the voltage, current

and pulse width settings for each of the series of pulses.

[0056] In an embodiment implementing a data table of voltage and current
limitations, the various methods involve determining the resistivity state or memory
state to be programmed, and then identifying in a table lookup algorithm the
corresponding voltage and current limits to be applied in programming pulses to
achieve that state. Before the table lookup algorithm is performed, the programming
method must first determine whether the programming operation is going to be a set

operation or a reset operation.

[0057] As mentioned above, the set operation results in the resistance of the memory

cells being reduced, while the reset operation results in increased in the memory cell
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resistant. To determine which of these two operations is to be applied for a particular
programming step, the memory (or a controller controlling the memory) may first
determine the current state of the memory cell. In some implementations, the current
memory state may be stored in another memory, such as in a local cache memory. For
example, before writing data to a resistance memory, the data stored in the memory
may be temporarily copied to a local buffer, from which the current memory state of
any cell can be determined. In other implementations, the current resistance state for a
memory cell may be determined by reading the memory cell in a read operation (or
similar operation) before the data is written to the cell. Then, depending upon whether
the next memory state will have greater or less resistance, the appropriate set or reset
operation is selected. This is illustrated in FIG.7 which shows by the vertical arrows
that if the desired programming operation involves transforming the cell to a lower
resistance state, such as writing memory state C to a memory cell currently in state D
as illustrated, a set operation is to be performed. Similarly, if the desired programming
operation involves transforming to a higher resistance state, such as writing memory
state D to a memory cell currently in state C as illustrated, a reset operation is to be

performed.

[0058] To summarize the various embodiments, the memory writing operation
involves receiving information to be written to a memory cell (e.g., two bits of data),
determining the memory state to which corresponds to the data to be written (i.e.,
mapping the data to a memory state), determining the current state of the memory cell
(e.g., by reading the memory cell), determining whether a set or reset operation is
required to move from the current memory state to the desired memory state,
performing an algorithm (e.g., a table lookup algorithm) to determine the appropriate
voltage and current limits that should be applied in a programming pulse (or pulses) to
achieve the desired transition, electrically coupling the memory cell to be programmed
to a pulse generator, and applying the programming pulse(s) with the determined
voltage and current limits. As mentioned above, an additional step may involve
measuring the resulting resistance state in order to determine whether the

programming pulses actually transformed the memory cell to the required resistance
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level, and reapplying the same programming pulse if it is determined that the memory
cell was not adequately programmed. Three embodiment methods suitable for use
with four-level multi-level resistance memory cells are described in more detail below

with reference to the process flow diagrams illustrated in FIGs.11 through 13.

[0059] A first embodiment method 1100 for writing data to a metal oxide multilevel
cell memory is illustrated in FIG. 11. The process of writing data to the memory cell
may begin with receiving data to be written to the memory in step 1102, and selecting
the cells for storing data in step 1104. These operations may proceed in a
conventional manor with the exception that more than one bit of information will be
identified for storing in an individual memory cells in a multilevel cell memory. For
example, if the memory cell is configured with four different memory states, step
1104 may involve selecting cells to store two bits of data. In an eight level multilevel
cell memory, this step may involve selecting a particular cell to store three bits of
data. In step 1106, which may be performed as part of selecting cells for storing data
step 1104, the memory state corresponding to the data to be stored is determined.
Since this parameter is determined at the time that the memory is designed, this may

be accomplished in hardware, such as in an addressing circuit.

[0060] In step 1108, the memory controller circuit (or processor) may determine the
current resistance or memory state of the selected cell. In some implementations, this
information may be determined by accessing data stored in another memory, such as a
cache memory. When the current state of the memory cell is not otherwise known,
step 1108 may involve performing a read operation on the selected cell or otherwise
measuring the current resistance state of the cell. In determination step 1110, the
memory controller circuit (or processor) may compare the desired resistance or
memory state to the current resistance or memory state of the cell to determine
whether a set or reset operation is to be performed. As discussed above, if the desired
resistance is greater than the current resistance (i.e., Ry, > R.) then a reset operation is
to be performed, otherwise (i.e., Ry, < R.) a set operation is to be performed. This

determination step 1110 may also determine whether the memory cell is currently
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already in the desired state (i.e., Ry, = R,), in which case there is no need to write the

data to the memory cell, and the data writing operation may be skipped.

[0061] If it is determined that a reset operation is to be performed (i.e., Ry, > R,), the
memory control circuit (or processor) may perform a table lookup to determine the
voltage and current for resetting the memory cell to the desired resistance state in step
1112. Since the reset operation involves transforming the cell to a higher resistance
state, there is less concerned about a runaway current situation damaging the cell.
Therefore, this table lookup operation in step 1112 may simply determine the
programming pulse voltage and not impose current restrictions. In step 1114, a
programming pulse of the determined voltage and current is applied to the selected

cell.

[0062] If it is determined that a set operation is to be performed (i.e., Ry, < R.), the
memory cell circuit (or processor) may perform a table lookup to determine the
voltage and current for setting the memory cell to the desired resistance state in step
1116. In step 1118, a programming pulse of the desired voltage and current limit is

applied to the selected cell.

[0063] Once the selected cell has been programmed in step 1114 or step 1118, or
determined to already be in the desired memory step (i.e., Ry, = R.), the memory
controller circuit (or processor) may determine whether there are more cells to be
written with data in determination step 1120. If so (i.e., decision step 1120 = "Yes"),
the operation may return to step 1104 to select the next cell for writing data, with the
process continuing as described above. Once all cells have been written with data
(i.e., determination step 1120 = "No"), the data writing operation may end. In some
embodiments the memory system applies an erase operation to pages of data in the
memory device. For example, the erase operation may program all cells to state A or
D prior to data programming. In an erase operation step 1108 described above is
optional since the desired memory state is an extreemum of the possible states. In this

case, decision step 1110 may be inferred from the desired erase state. In these
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embodiments the programming method of FIG. 11 and FIG. 12 may be simplified

because step 1108 is optional and step 1110 compares to the erase state.

[0064] A second embodiment method 1200 for writing data to a metal oxide
multilevel cell memory illustrated in FIG. 12 includes a step of sensing the
programmed memory cell to confirm that it is achieved the desired resistance state.
As described above with reference to FIG. 11, the process of writing of data to the
memory cell may begin in a conventional manner with the receipt of data to be written
to the memory in step 1102, and selection of a particular cell for storing data in step
1104. In step 1106, the resistance or memory state corresponding to the data to be
stored is determined. In step 1108, the current resistance or memory state of the
selected cell is determined, such as by performing a read operation on the cell. In
determination step 1110, the memory controller circuit (or processor) may compare
the desired resistance or memory state to the current resistance or memory state of the

memory cell to determine whether a set or reset operation is to be performed.

[0065] If it is determined that a reset operation is to be performed (i.e., Ry, > R,), the
memory control circuit (or processor) may perform a table lookup to determine the
voltage and current for resetting the memory cell to the desired resistance state in step
1112. In step 1114, a programming pulse of the determined voltage and current is
applied to the selected cell. In step 1202, the programmed memory cell may then be
sensed to determine its current resistance state resulting from the programming pulse.
The process flow may then return to determination step 1110 wherein the sensed
resistance state R, may be compared to the desired resistance state Ry, to determine if
the cell has been properly programmed. If the sensed resistance state R, after
programming approximately equals the desired resistance state Ry, (e.g., the sensed
resistance falls within the required resistance threshold limits for the objective
resistance state) then programming of the memory cell is complete and the process
may proceed to determination step 1120. On the other hand, if the sensed resistance
state R, does not approximately equal the desired resistance state R,,, indicating that
the cell was not properly programmed, the process of determining the appropriate

programming voltage in step 1112, applying a pulse with that determined voltage in
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step 1114, and sensing the resulting resistance state in step 1202 may be repeated.
The process of programming and testing the resulting resistance that state may

continue until the desired resistance state is achieved (i.e., R,, = R,).

[0066] If it is determined that a set operation is to be performed (i.e., R,, < R,), the
memory cell circuit (or processor) may perform a table lookup to determine the
voltage and current for setting the memory cell to the desired resistance state in step
1116. In step 1118, a programming pulse of the desired voltage and current limit is
applied to the selected cell. In step 1204, the programmed memory cell may then be
sensed to determine its current resistance state resulting from the programming pulse.
The process flow may then return to determination step 1110 where the sensed
resistance state R, may be compared to the desired resistance state R, to determine if
the cell has been properly programmed. If the sensed resistance state R, after
programming approximately equals the desired resistance state Ry, (i.e., Ry, = R,) then
the programming of the memory cell is complete and the process may proceed to
determination step 1120. On the other hand, if the sensed resistance state R, does not
approximately equal the desired resistance state Ry, indicating that the cell was not
properly programmed, the process of determining the appropriate programming
voltage in step 1116, applying a pulse with that determined voltage in step 1118, and
sensing the resulting resistance state in step 1204 may be repeated. The process of
programming and testing the resulting resistance that state may continue until the

desired resistance state is achieved (i.e., R,, = R,).

[0067] Once it is determined that the selected cell has been properly programmed or
is already in the desired memory step (i.e., Ry, = R.), the memory controller circuit (or
processor) may determine whether there are more cells to be written with data in
determination step 1120. If so (i.e., decision step 1120 = "Yes"), the operation may
return to step 1104 to select the next cell for writing data, with the process continuing
as described above. Once all cells have been written with data (i.e., determination

step 1120 = "No"), the data writing operation may end.
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[0068] It should be noted that embodiment method 1200 can detect and correct for
situations where the programming pulse results in an overshoot (i.e., a greater increase
or decrease in resistance than desired) since returning to determination step 1110
enables the programming operation to apply either a set or reset as necessary to adjust

the resistance of the memory cell to the objective value.

[0069] A third embodiment method 1300 for writing data to a metal oxide multilevel
cell memory involving multiple programming pulses is illustrated in FIG. 13. As
described above with reference to FIG. 11, the writing of data to the memory cell may
begin in a conventional manner with the receipt of data to be written to the memory in
step 1102, and selection of a particular cell for storing data in step 1104. In step 1106,
the resistance or memory state corresponding to the data to be stored is determined. In
step 1108, the current resistance or memory state of the selected cell is determined,

such as by performing a read operation on the cell.

[0070] In step 1302, the memory control circuit or processor may determine the
number of programming steps or states between the current resistance state and the
desired resistance state. This determination of the number of programming steps to be
implemented may be accomplished using a table lookup algorithm similar to that
described above with reference to FIGs. 10A and 10B. For example, the memory may
be configured to move from one resistance state to the next in a serious of two or more
pulses. As another example, the memory may be configured to transform the memory
cell incrementally from one resistance state to the next until the desired memory state
is achieved. Thus, if the selected memory cell is currently in state D and the objective
memory state is state A, the memory control circuit may determine in step 1302 that
three programming pulses will be required, namely transforming from state D to state
C, followed by transforming from state C to state B, and finally transforming from
state B to state A. As part of step 1302, the direction of these transformations (i.e., set
or reset) may be determined. In determination step 1304, the memory controller
circuit (or processor) selects either the set or reset operations, or skips the memory

writing operation if the memory cell is already in the desired resistance state.
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[0071] If it is determined that a reset operation is to be performed, the memory
control circuit (or processor) may perform a table lookup to determine the voltage and
current for resetting the memory cell to the next resistance state in step 1306. As
discussed above, this next resistance state may not be the ultimately desired state
when more than one programming step is to be implemented. In step 1308, a
programming pulse of the determined voltage and current is applied to the selected
cell. In determination step 1310, the programmed memory cell may determine if
another programming step is to be implemented based on the number of states
determined in step 1302. If another programming step is to be implemented (i.e.,
determination step 1310 = "Yes"), the process may return to step 1306 to perform a
lookup operation to identify the voltage and current for the next programming step,
followed by application of the reset pulse with the determined voltage step 1308.
Once all of the programming steps have been accomplished (i.e., determination step
1310 = "No"), the process may return to determination step 1120 to determine whether

there are more cells to be written.

[0072] If it is determined that a set operation is to be performed, the memory control
circuit (or processor) may perform a table lookup to determine the voltage and current
for resetting the memory cell to the next resistance state in step 1312. As discussed
above, this next resistance state may not be the ultimate objective state when more
than one programming step is to be implemented. In step 1314, a programming pulse
of the determined voltage and current is applied to the selected cell. In determination
step 1316, the programmed memory cell may determine if there is another
programming step to be implemented based on the number of states determined in
step 1302. If another programming step is to be implemented (i.e., determination step
1316 ="Yes"), the process may return to step 1312 to perform a lookup operation to
identify the voltage and current for the next programming step, followed by
application of the reset pulse with the determined voltage step 1314. Once all of the
programming steps have been accomplished (i.e., determination step 1316 = "No"),
the process may receive to determination step 1120 to determine whether there are

more cells to be written.
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[0073] Once the selected cell has been properly programmed or determined to be in
the desired memory step (i.e., Ry = R.), the memory controller circuit (or processor)
may determine whether there are more cells to be written with data in determination
step 1120. If so (i.e., decision step 1120 = "Yes"), the operation may return to step
1104 to select the next cell for writing data, with the process continuing as described
above. Once all cells have been written with data (i.e., determination step 1120 =

"No"), the data writing operation may end.

[0074] References herein to word lines and bit lines is not intended to limit the scope
of the invention to particular methods of accessing the data stored in such a memory
array. In other words, both bit lines and word lines may be alternatively “driven” or
“sensed.” Also, no preferred memory organization in terms of bits the words is
intended or implied, and word line and bit line organizations of the memory array may

be easily reversed.

[0075] References herein to selecting a particular memory cell, bit line or word line
are for illustration purposes and are not intended to limit the embodiments to
programming one memory cell at a time. To the contrary, the various embodiments
may also be implemented for writing blocks of data concurrently, or writing a single
data state to a block or memory cells simultaneously, such as to reset the memory to
all zeros or another value. Such block writing may be accomplished by selecting a
block of memory cells for programming, determining electrical characteristics for a
programming pulse to achieve the objective resistance state for all selected cells and
then applying the programming pulse or pulses to all selected cells simultaneously or
sequentially. Such block programming may be particularly useful when the data
writing operation involves a reset since the increasing resistance of such a
transformation will inhibit runaway currents through the selected programming pulse

or pulses.

[0076] In the foregoing description, the directionality of word lines and bit lines
shown in the figures in the descriptions is merely for ease of description. No

particular orientation is intended or implied. Also, while word lines and bit lines are

29



WO 2012/129083 PCT/US2012/029416

usually orthogonal as illustrated in the figures, such an orientation of word lines and

bit lines is not necessary, and non-orthogonal geometries may be implemented.

[0077] As those of skill in the art would appreciate, the assignment of bit values to
different resistivity levels in a multi-level cell is arbitrary and the various method may
be implemented using a different resistance-to-bit mapping than mentioned in the
foregoing descriptions of the embodiments. Further, the polarity of programming
pulses are arbitrary and the methods and circuits for applying programming pulses

may be varied without departing from the scope of the claims.

[0078] The methods and processes of the various embodiments may be implemented
in hardware in the form of circuit elements, in software executed in a processor (e.g., a
processor circuit within a memory chip or memory driver component), or in
combinations of hardware and software. For example, a combination of a
programmed processor coupled to circuit elements may be configured to execute an

embodiment method.

[0079] The process flow diagrams shown in FIGS. 11-13 and the foregoing method
descriptions are provided merely as an illustrative example and are not intended to
require or imply that the steps of the various embodiments must be performed in the
order presented. As will be appreciated by one of skill in the art the order of steps in
the foregoing embodiments may be performed in any order. Words such as
“thereafter,” “then,” “next,” etc. are not intended to limit the order of the steps; these
words are simply used to guide the reader through the description of the methods.
Further, any reference to claim elements in the singular, for example, using the articles

113 2% 4¢

a,” “an” or “the” is not to be construed as limiting the element to the singular.

[0080] The various illustrative logical blocks, modules, circuits, and algorithm steps
described in connection with the embodiments disclosed herein may be implemented
as electronic hardware, computer software, or combinations of both. To clearly
illustrate this interchangeability of hardware and software, various illustrative
components, blocks, modules, circuits, and steps have been described above generally

in terms of their functionality. Whether such functionality is implemented as
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hardware or software depends upon the particular application and design constraints
imposed on the overall system. Skilled artisans may implement the described
functionality in varying ways for each particular application, but such implementation
decisions should not be interpreted as causing a departure from the scope of the

present invention.

[0081] The preceding description of the disclosed aspects is provided to enable any
person skilled in the art to make or use the present invention. Various modifications to
these aspects will be readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other aspects without departing from the
scope of the invention. Thus, the present invention is not intended to be limited to the
aspects shown herein but is to be accorded the widest scope consistent with the

principles and novel features disclosed herein.
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CLAIMS

What is claimed is:

1. A method of writing data to a multilevel cell resistance memory device,
comprising:

receiving data to be written to the memory device;

selecting a memory cell to which at least a portion of the received data is to be
written;

determining a current resistance state of the selected memory cell;

determining an objective resistance state for representing data to be written to
the selected memory cell;

determining whether the writing of data to the selected memory cell will
involve increasing or decreasing resistance of the selected memory cell based on the
current resistance state and the objective resistance state;

determining electrical characteristics for a programming pulse that will
transform the resistance state of the selected memory cell to the objective resistance
state based on the objective resistance state and whether the writing of data to the
selected memory cell will involve increasing or decreasing resistance of the selected
memory cell; and

applying to the selected memory cell a programming pulse having the

determined electrical characteristics.

2. The method of claim 1, wherein determining electrical characteristics for a
programming pulse comprises determining a voltage and a current limit for the

programming pulse.

3. The method of claim 1, wherein determining electrical characteristics for a
programming pulse comprises determining a voltage and a current limit for the
programming pulse when it is determined that the writing of data to the selected

memory cell will involve decreasing resistance of the selected memory cell, and
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determining a voltage for the programming pulse when it is determined that the
writing of data to the selected memory cell will involve increasing resistance of the

selected memory cell.

3. The method of claim 1, further comprising:

determining a duration for a programming pulse based on the objective
resistance state and whether the writing of data to the selected memory cell will
involve increasing or decreasing resistance of the selected memory cell,

wherein applying to the selected memory cell a programming pulse having the
determined electrical characteristics comprises applying such a programming pulse for

the determined duration.

4. The method of claim 1, wherein determining electrical characteristics for a
programming pulse comprises performing a table look up operation using as inputs the
objective resistance state and whether the writing of data to the selected memory cell
will involve increasing or decreasing resistance of the selected memory cell and

obtaining as an output the electrical characteristics.

5. The method of claim 1, further comprising determining whether the current
resistance state is within threshold limits of the objective resistance state, wherein
applying to the selected memory cell a programming pulse having the determined
electrical characteristics comprises applying such a programming pulse to the selected
memory cell when the current resistance state is not within the threshold limits of the
objective resistance state and not applying a programming pulse to the selected
memory cell when the current resistance state is within the threshold limits of the

objective resistance state.
6. The method of claim 1, further comprising:

determining a resulting resistance state of the selected memory cell after

application of the programming pulse;
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determining whether the resulting resistance state is within threshold limits of
the objective state; and

reapplying to the selected memory cell a programming pulse having the
determined electrical characteristics when the resulting resistance state is not within

the threshold limits of the objective state.

7. The method of claim 1, further comprising:

determining a resulting resistance state of the selected memory cell after
application of the programming pulse;

determining whether the resulting resistance state is within threshold limits of
the objective state; and

determining electrical characteristics for a second programming pulse that will
transform the resistance state of the selected memory cell to the objective resistance
state based on the determined resulting resistance state and the objective resistance
state; and

applying to the selected memory cell a second programming pulse having the

determined electrical characteristics for a second programming pulse.

8. The method of claim 1,

wherein determining electrical characteristics for a programming pulse that will
transform the resistance state of the selected memory cell to the objective resistance
state comprises determining a number of programming pulses and corresponding
electrical characteristics for each of the number of programming pulse which when
applied in series will transform the resistance state of the selected memory cell to the
objective resistance state, and

wherein applying to the selected memory cell a programming pulse having the
determined electrical characteristics comprises applying to the selected memory cell
the number of programming pulses each having the corresponding electrical

characteristics.
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9. The method of claim 1, wherein the selected memory cell comprises a variable
resistance material selected from the group consisting of an antifuse dielectric, fuse,
diode and antifuse dielectric arranged in a series, a polysilicon memory effect
material, a metal oxide or switchable complex metal oxide material, a carbon
nanotube material, a graphene switchable resistivity material, a phase change material,
a conductive bridge element, an electrolyte switching material, a switchable polymer
material, or carbon resistivity switching material, such as amorphous, polycrystalline

or microcrystalline carbon or graphite material.

10. The method of claim 1, wherein the selected memory cell comprises a resistivity-
switching compound selected from the group consisting of NixOy, NbxOy, TixOy,
Hf, Oy, AlLOy, Mg,Oy, Co,0y, Cr, 0y, V,0Oy, Zn,0y, Zr,0, B,\N,, ALLN,.

11. The method of claim 1, wherein the selected memory cell comprises a bipolar
metal oxide selected from the group consisting of hafnium oxide (HfOx), nickel oxide

(N10O), and titanium oxide (TiOx).

12. A memory device, comprising:
an array of memory cells positioned between a plurality of word lines and a
plurality of bit lines, wherein the memory cells are multilevel cell resistance memory
cells; and
a memory cell program system configured to write data to selected memory
cells,
wherein the memory controller circuit is configured to perform operations comprising:
receiving data to be written to the memory device;
selecting a memory cell to which at least a portion of the received data is
to be written;
obtaining a current resistance state of the selected memory cell;
determining an objective resistance state for representing data to be

written to the selected memory cell;
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determining whether the writing of data to the selected memory cell will
involve increasing or decreasing resistance of the selected memory cell based
on the current resistance state and the objective resistance state;

determining electrical characteristics for a programming pulse that will
transform the resistance state of the selected memory cell to the objective
resistance state based on the objective resistance state and whether the writing
of data to the selected memory cell will involve increasing or decreasing
resistance of the selected memory cell; and

applying to the selected memory cell a programming pulse having the

determined electrical characteristics.

13. The memory device of claim 12, wherein the memory cells comprise a variable
resistance material selected from the group consisting of an antifuse dielectric, fuse,
diode and antifuse dielectric arranged in a series, a polysilicon memory effect
material, a metal oxide or switchable complex metal oxide material, a carbon
nanotube material, a graphene switchable resistivity material, a phase change material,
a conductive bridge element, an electrolyte switching material, a switchable polymer
material, or carbon resistivity switching material, such as amorphous, polycrystalline

or microcrystalline carbon or graphite material.

14. The memory device of claim 12, wherein the memory cells comprise a resistivity-
switching compound selected from the group consisting of NixOy, NbxOy, TixOy,
Hf, Oy, AlLOy, Mg,Oy, Co,0y, Cr, 0y, V,0Oy, Zn,0y, Zr,0, B,\N,, ALLN,.

15. The memory device of claim 12, wherein the memory cells comprise a bipolar
metal oxide resistance storage element and a steering element, wherein bipolar metal
oxide resistance storage element comprises a metal oxide selected from the group

consisting of hafnium oxide (HfOy), nickel oxide (NiO), and titanium oxide (TiOyx).
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16. The memory device of claim 12, wherein the multilevel cell resistance memory
cells and the memory cell programming system are configured such that the memory
cells are programmed with programming pulses to store four bits of data in four

different resistance states.

17. The memory device of claim 12, wherein the multilevel cell resistance memory
cells and the memory cell programming system are configured such that the memory
cells are programmed with programming pulses to store six bits of data in six different

resistance states.

18. The memory device of claim 12, wherein the memory cell programming system is
configured such that determining electrical characteristics for a programming pulse

comprises determining a voltage and a current limit for the programming pulse.

19. The memory device of claim 12, wherein the memory cell programming system is
configured such that determining electrical characteristics for a programming pulse
comprises determining a voltage and a current limit for the programming pulse when
it is determined that the writing of data to the selected memory cell will involve
decreasing resistance of the selected memory cell, and determining a voltage for the
programming pulse when it is determined that the writing of data to the selected

memory cell will involve increasing resistance of the selected memory cell.

20. The memory device of claim 12, wherein the memory cell programming system is
configured to perform operations further comprising determining a duration for a
programming pulse based on the objective resistance state and whether the writing of
data to the selected memory cell will involve increasing or decreasing resistance of the
selected memory cell,

wherein the memory cell programming system is configured such that applying
to the selected memory cell a programming pulse having the determined electrical
characteristics comprises applying such a programming pulse for the determined

duration.
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21. The memory device of claim 12, wherein the memory cell programming system is
configured such that determining electrical characteristics for a programming pulse
comprises accessing a memory coupled to the memory cell programming system to
perform a table look up operation using as inputs the objective resistance state and
whether the writing of data to the selected memory cell will involve increasing or
decreasing resistance of the selected memory cell and obtaining as an output the

electrical characteristics.

22. The memory device of claim 12, wherein the memory cell programming system is
configured to perform operations further comprising determining whether the current
resistance state is within threshold limits of the objective resistance state,

wherein the memory cell programming system is configured such that applying
to the selected memory cell a programming pulse having the determined electrical
characteristics comprises applying such a programming pulse to the selected memory
cell when the current resistance state is not within the threshold limits of the objective
resistance state and not applying a programming pulse to the selected memory cell
when the current resistance state is within the threshold limits of the objective

resistance state.

23. The memory device of claim 12, wherein the memory cell programming system is
configured to perform operations further comprising:

determining a resulting resistance state of the selected memory cell after
application of the programming pulse;

determining whether the resulting resistance state is within threshold limits of
the objective state; and

reapplying to the selected memory cell a programming pulse having the
determined electrical characteristics when the resulting resistance state is not within

the threshold limits of the objective state.
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24. The memory device of claim 12, wherein the memory cell programming system is
configured to perform operations further comprising:

determining a resulting resistance state of the selected memory cell after
application of the programming pulse;

determining whether the resulting resistance state is within threshold limits of
the objective state; and

determining electrical characteristics for a second programming pulse that will
transform the resistance state of the selected memory cell to the objective resistance
state based on the determined resulting resistance state and the objective resistance
state; and

applying to the selected memory cell a second programming pulse having the

determined electrical characteristics for a second programming pulse.

25. The memory device of claim 12, wherein the memory cell programming system is
configured such that:

determining electrical characteristics for a programming pulse that will
transform the resistance state of the selected memory cell to the objective resistance
state comprises determining a number of programming pulses and corresponding
electrical characteristics for each of the number of programming pulse which when
applied in series will transform the resistance state of the selected memory cell to the
objective resistance state, and

applying to the selected memory cell a programming pulse having the
determined electrical characteristics comprises applying to the selected memory cell
the number of programming pulses each having the corresponding electrical

characteristics.

26. The memory device of claim 12, wherein the memory cell programming system
comprises:

a memory controller circuit;

a bit line controller coupled to the memory controller circuit and configured to

select a bit line in response a control signal from the memory controller circuit;
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a word line controller coupled to the memory controller circuit and configured
to select a word line in response a control signal from the memory controller circuit;

a programming pulse generator circuit coupled to the memory controller circuit
and configured to generate a programming pulse having a voltage for writing data to
selected memory cells in response a control signal from the memory controller circuit;

a current limiting circuit coupled to the memory controller circuit and
configured to limit current flowing through a selected memory cell during a
programming pulse in response a control signal from the memory controller circuit;
and

a resistance state determining circuit coupled to the memory controller circuit,
the bit line controller and the word line controller and configured to determine a
resistance state of a selected memory cell,

wherein:

selecting a memory cell to which at least a portion of the received data is
to be written comprises activating the bit line and word line controllers to select
the memory cell to which the at least a portion of the received data is to be
written;

obtaining a current resistance state of the selected memory cell
comprises obtaining the current resistance state of the selected memory cell
from the resistance state determining circuit; and

applying to the selected memory cell a programming pulse having the
determined electrical characteristics comprises activating the pulse generation

circuit and the current limiting circuit to apply to the selected memory cell a

programming pulse having the determined electrical characteristics.

27. A memory device, comprising:

an array of storage means for storing a plurality of a data bits in the form of a
plurality of correlated resistance states;

means for receiving data to be written to the memory device;

means for selecting a storage means to which at least a portion of the received

data is to be written;
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means for obtaining a current resistance state of the selected storage means;

means for determining an objective resistance state for representing data to be
written to the selected storage means;

means for determining whether the writing of data to the selected storage
means will involve increasing or decreasing resistance of the selected storage means
based on the current resistance state and the objective resistance state;

means for determining electrical characteristics for a programming pulse that
will transform the resistance state of the selected storage means to the objective
resistance state based on the objective resistance state and whether the writing of data
to the selected storage means will involve increasing or decreasing resistance of the
selected storage means; and

means for applying to the selected storage means a programming pulse having

the determined electrical characteristics.

28. The memory device of claim 27, wherein the array of storage means comprises
multilevel cell resistance memory cells comprising a variable resistance material
selected from the group consisting of an antifuse dielectric, fuse, diode and antifuse
dielectric arranged in a series, a polysilicon memory effect material, a metal oxide or
switchable complex metal oxide material, a carbon nanotube material, a graphene
switchable resistivity material, a phase change material, a conductive bridge element,
an electrolyte switching material, a switchable polymer material, or carbon resistivity
switching material, such as amorphous, polycrystalline or microcrystalline carbon or

graphite material.

29. The memory device of claim 27, wherein the array of storage means comprises
multilevel cell resistance memory cells comprising a resistivity-switching compound
selected from the group consisting of NixOy, NbxOy, TixOy, Hf,Oy, Al,O,, Mg,0,,
Co,0y, Cr,0y, V,Oy, Zn,0,, Zr,0,, B,N,, ALN;.

30. The memory device of claim 27, wherein the array of storage means comprises

multilevel cell resistance memory cells comprising a bipolar metal oxide resistance
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storage element and a steering element, wherein bipolar metal oxide resistance storage
element comprises a metal oxide selected from the group consisting of hafnium oxide

(HfOy), nickel oxide (NiO), and titanium oxide (TiOx).

31. The memory device of claim 27, wherein the storage means comprises means for

storing four bits of data in four different resistance states.

32. The memory device of claim 22, wherein the storage means comprises means for

storing six bits of data in six different resistance states.

33. The memory device of claim 32, wherein means for determining electrical
characteristics for a programming pulse comprises means for determining a voltage

and a current limit for the programming pulse.

34. The memory device of claim 27, wherein means for determining electrical
characteristics for a programming pulse comprises means for determining a voltage
and a current limit for the programming pulse when it is determined that the writing of
data to the selected storage means will involve decreasing resistance of the selected
storage means, and determining a voltage for the programming pulse when it is
determined that the writing of data to the selected storage means will involve

increasing resistance of the selected storage means.

35. The memory device of claim 27, further comprising means for determining a
duration for a programming pulse based on the objective resistance state and whether
the writing of data to the selected storage means will involve increasing or decreasing
resistance of the selected storage means,

wherein means for applying to the selected storage means a programming pulse
having the determined electrical characteristics comprises means for applying such a

programming pulse for the determined duration.
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36. The memory device of claim 27, further comprising means for storing a data table
of electrical characteristics of programming pulses for each objective resistance state,

wherein means for determining electrical characteristics for a programming
pulse comprises means for perform a table look up operation using as inputs the
objective resistance state and whether the writing of data to the selected storage means
will involve increasing or decreasing resistance of the selected storage means and

obtaining as an output the electrical characteristics for the programming pulse.

37. The memory device of claim 27, further comprising means for determining
whether the current resistance state is within threshold limits of the objective
resistance state,

wherein means for applying to the selected storage means a programming pulse
having the determined electrical characteristics comprises means for applying such a
programming pulse to the selected storage means when the current resistance state is
not within the threshold limits of the objective resistance state and not applying a
programming pulse to the selected storage means when the current resistance state is

within the threshold limits of the objective resistance state.

38. The memory device of claim 27, further comprising:

means for determining a resulting resistance state of the selected storage means
after application of the programming pulse;

means for determining whether the resulting resistance state is within threshold
limits of the objective state; and

means for reapplying to the selected storage means a programming pulse
having the determined electrical characteristics when the resulting resistance state is

not within the threshold limits of the objective state.
39. The memory device of claim 27, further comprising:

means for determining a resulting resistance state of the selected storage means

after application of the programming pulse;
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means for determining whether the resulting resistance state is within threshold
limits of the objective state; and

means for determining electrical characteristics for a second programming
pulse that will transform the resistance state of the selected storage means to the
objective resistance state based on the determined resulting resistance state and the
objective resistance state; and

means for applying to the selected storage means a second programming pulse

having the determined electrical characteristics for a second programming pulse.

40. The memory device of claim 27, wherein:

means for determining electrical characteristics for a programming pulse that
will transform the resistance state of the selected storage means to the objective
resistance state comprises means for determining a number of programming pulses
and corresponding electrical characteristics for each of the number of programming
pulses which when applied in series will transform the resistance state of the selected
storage means to the objective resistance state, and

means for applying to the selected storage means a programming pulse having
the determined electrical characteristics comprises means for applying to the selected
storage means the number of programming pulses each having the corresponding
electrical characteristics.
41. A method of writing data to a multilevel cell resistance memory device,
comprising:

receiving data to be written to the memory device;

selecting a memory cell to which at least a portion of the received data is to be
written;

determining whether writing the data to the selected memory cell will involve
increasing resistance (RESET) or decreasing resistance (SET) of the memory cell;

determining an appropriate programming voltage and current limit for the
resistance state to be achieved in writing the data to the selected memory cell and

applying a pulse having the determined set electrical characteristics when it is
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determined that writing the data to the selected memory cell will involve decreasing
resistance (SET) of the memory cell; and

determining an appropriate programming voltage for the resistance state to be
achieved in writing the data to the selected memory cell and applying a pulse having
the determined set electrical characteristics when it is determined that writing the data
to the selected memory cell will involve increasing resistance (RESET) of the memory

cell.
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