wo 2017/010991 A1 | ] NF 1 0O A0 A

(43) International Publication Date

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

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

=

\

19 January 2017 (19.01.2017)

WIPOIPCT

(10) International Publication Number

WO 2017/010991 A1

(51

eay)

(22)

(25)
(26)
1

(72

74

31

International Patent Classification:
G11C 11/56 (2006.01) G11C 7/10 (2006.01)
G11C 13/00 (2006.01)

International Application Number:
PCT/US2015/040287

International Filing Date:
14 July 2015 (14.07.2015)

English
Publication Language: English

Applicant: HEWLETT PACKARD ENTERPRISE DE-
VELOPMENT LP [US/US]; 11445 Compaq Center Drive
West, Houston, TX 77070 (US).

Inventor: LESARTRE, Gregg B; 3404 E. Harmony
Road, Ft. Collins, Colorado 80528-9544 (US).

Agents: KWOK, Jonathan T. et al.; Hewlett Packard En-
terprise, 3404 E. Harmony Road, Mail Stop 79, Fort
Collins, CO 80528 (US).

Filing Language:

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

(84)

BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, 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,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to the identity of the inventor (Rule 4.17(i))

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

[Continued on next page]

(54) Title: DETERMINING FIRST WRITE STRENGTH

400

AN

402 START

RECEIVE A DESIRED MEMORY VALUE FOR A TARGET
MEMORY ELEMENT IN A CROSS-POINT ARRAY

!

RECEIVE A SNEAK CURRENT MEASUREMENT FOR THE
TARGET MEMORY ELEMENT

!

DETERMINE A FIRST WRITE STRENGTH FOR WRITING THE
DESIRED MEMORY VALUE TO THE TARGET MEMORY
ELEMENT BASED ON THE SNEAK CURRENT MEASUREMENT

404 |

408 —_|

410 END

FIG. 4

(57) Abstract: Example implementations relate to writing a
desired memory value to a target memory element in a cross-
point array of memory elements. For example, a desired
memory value for the target memory element may be re-
ceived, and a sneak current measurement for the target
memory element may be received. A first write strength for
writing the desired memory value to the target memory ele-
ment may be determined based on the sneak current meas-
urement.
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DETERMINING FIRST WRITE STRENGTH

BACKGROUND
(00017 Memory elements may be used 1o store data. A number of memory
elements may be arranged in a memory array. Dala may be stored in
memory elements by assigning logic values, such as zeros and ongs, to the
memory elements within the memaory array. In some examples, a memory
array may be arranged in a cross-point array where a number of row lines
intersect a number of column lines to form a grid, with memory elements

placed at each infersection of the grid.

BRIEF DESCRIPTION OF THE DRAWINGS
[0002]  Various examples will be described below with reference 1o the

accompanying drawings.

[0003]  FIG. 1is a diagram of an example system for determining a first
write strength for wriling a desired memory value to a target memory element,

according to an implementation,

[0004]  FIG. 2A is a diagram of the example system of FIG. 1 virtually
divided into zones associated with resistances.
(00051 FIG. 2B is a diagram of the example system of FIG. 1 showing a

current path for a targel memory element.

[G008]  FIG. 3 is a diagram of an example sysiem for determining a first
write strength for writing a desired memory value {o a target memory element,

according to ancther implementation.

(00071 FIG. 4 is a flowchart of an example method for determining a first
write strength for wriling a desired memory value to a target memory element,

according to an implemeniation.

{00081 FIG. 5 is a flowchart of an example method for determining a first
write strength for writing & desired memory value o a targel memory element,

according to ancther implementation.
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[0008]  FIG. 6 is a flowchart of an example method for applying a Tirst wiite

strength to a target memory glement, according o an implementation.

[00107  FIG. 7 is a block diagram of a wrile controller that includes a non-
transitory, machine readable medium encoded with example instructions to

determine a first write sirength, according o an implementation.

[0011]  Throughout the drawings, identical reference numbers may

designate similar, but not necessarily identical, elements.

DETAILED DESCRIPTION
[0012] A cross-point array of memory elements may include memory
elements at the interseclions of a number of row lines (also referred 1o as
word lines) and a number of column lines {also referred o as bif lines). A
cross-point array architecture may allow for dense siorage of data with low-
power consurmption and reduced manufacturing cost. A data value, such as
Zero or one, may be written 1o a memory element in the cross-point array by
confrolling row ling and column line drivers 1o apply a write voltage across the
memory element {e.g., by applving the write vollage 1o the row and column
fings on which the memory element is located). The wrile voltage may be a
pulse having a voltage of sufficient amplitude and appropriate polarity o
change the siorage state of the memory element. To read a stored value at a
memory element, a read voltage may be applied to row and column lines that
cross the memory element, and a current passing through the mamory

element may be measursd.

[0013] However, the current and vollage drops over a largel memory
element addressed at the intersection of a row line and a column line may be
affected by various factors. For example, sneak current {also referred (o as
leakage current) may be a factor that affects the current and voltage drops
over a target memory. Sneak current may be a diverted portion of the current
addressed {o a target memory element that flows instead through other paths
and memory slements, owing to multiple memory elements being connected

to each other on the row line and column ling addressing the targel memory
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element. Another example facior may be the resisiance along the row and
column lines connecled to the targeted memaory element, and the resullant
reduction in voltage along the lines. The resistance may be related © the
focation of a memory element in the cross-point array, since memory
elements farther away from the row line and column line drivers may be on
fonger paths and thus have a higher path resistance (i.e., slectrical
resistance) than memory glements that are closer to the drivers. Together,
the sneak current and the resistance may produce an iR voltage drop that
affects {e.q., reduces) the current and voltage actually delivered {o the target
memory element, and as a resull, the wrile attempt may be unsuccessiul in

sefting the memory element io the desired value.

{00147  An approach io compensating for such voltage effects may include
writing to the memory element, reading the memory element to verify whether
the write was successiul, and performing a more aggressive write attempt i
the prior write was not successful. In some instances, particulardy for a
memory element affected by a significant IR voltage drop {e.g., compared to
other memory elements in the cross-point array), the foregoing wrile-and-
verify cycle may be performed many times before the write is ultimately
successful and may thus result in an undesirable write latency. Al the same
time, overshooting the write voltage sufficient to set the memory element to
the desired memory value also may be detrimental, as an over-voltage may,
for example, reduce the longevity of the memory element. Accordingly, it may
be usaful {0 determine how aggressive a first write attempt shouid be {s.g.,
the voltage amplitude, pulse duration, elc.) basad on the IR voltage drop
without overshooting the write voltage sufficient to set the memory element,
s¢ as to reduce the number of iterative write attempts and thus reduce wrile

fatency.

[G015]  Referring now {o the figures, FIG. 1is a diagram of an example
system 100 for determining a first write strength for wriling a desired memory
value 1o a target memory element, according to an implementation. The

system 100 may be implemented in an elecironic device, such as, for
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axample, a server, a deskiop computer, a laptop computer, a mobile devics, a
smariphone, a gaming system, or a {ablel device, among other electronic
devices. in some implementations, system 100 may be orform partof a
memory module {e.g., a dual in-line memory module form factor or the like)

that is installable in an electronic device.

[00161  The sysiem 100 may include a cross-point array 102 of memory
elemenis 104. In some implementations, the cross-point array 102 may
include a number of row lines 106 (also referred o as word lines) and a
number of column lines 108 {(also referred to as bit lines). Individual ones of
the row lines 106 may cross individual ones of the column lines 108 at
crossing points, and a memaory glement 104 may be located at each crossing
point. For example, the cross-point array 102 may include m-number of row
fines 106 and n-number of column lines 108 and may thus include a tolal of
m-by-n memory elements 104. For simplicity, a subset of memory elemenis
104 have been identifisd with reference numbers on FIG. 1, but each memory
slement 104 in the cross-point array 102 may share similar characteristics
and funclionality. in some implementations, the row lines 106 and the column
lines 108 may be conduciors, such as wires. In some implementations, the
row lines 108 and the column lines 108 may be formed in different circuit
planes. Moreover, the row lines 108 and the column lines 108 may be formed
of a variety of shapes, and may likewisg form a grid of g variety of shapes.
The cross-point array 102 may be a part or subdivision, such as a bank or
sub-bank, of a larger memory podol or array of an electronic device. The row
fines 108 may be conlrolled by row line driver 110 (also referred 1o as a word
line driver). Similarly, the column lines 108 may be controlied by the column

line driver 112 (also referred to as bit line driver).

[0017]  Varicus types of memory may be empiloyed as the memory element
104. In some instances, the memory element 104 may be a memristor, which
may also be referred {0 as resistive random access memory (RRAM or
ReRAM). A memristor is a two-terminal electrical device having or exhibiting

an instantaneous resistance level or state that is substantially a function of
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bias history {i.e., a history of electrical gurrent that flowed through the
memrisior). For example, a memyistor may include a matrix material that
contains mobile dopants that may be moved within the matrix material o
dynarnically alfer the electrical operation of the memrisior. In some
implementations, a write voltage may be applied across terminals of the
memristor to induce motion of the dopants o set, select or program a
resistance of the menmwistor. Once programmed, the memristor may retain the
programmed resistance for a period of time afier the bias is removed (8.9,
untll reprogrammed). As such, a memristor is a two-terminal device that may
function as a non-volatile memory where the programmed resistance is stored
without the application of power to the mermristor. In some implementations, a
memristor may be programmed 1o low or high resistance 1o represent a binary
bit or may be programmed to one of multipls levels of resistance to represent

a multi-bit value.

{00181  In some instances, the memory element 104 may be a phase
change memory (PCM). PCM also may be a two-terminal non-volatile
memory device. PCM includes a phase change material, such as
chalcogenide glass, that may transition between a high resistance amorphous
state and a low resistance crysialline state depending on characteristics of the
write voltage {2.49., voliage amplitude, pulse duration, elc.) applied across its
terminals. In other instances, the memory element 104 may alsc employ
various types of memaory other than memyristor and PCM, and in particular,

other types of two-terminal non-volatile memory.

(00191 In some examples, a selecior may be placed in series with a
memory element 104. The selecior may have a threshold voltage, which may
be, for example, less than the voltage for reading from or wriling to a memory
element 104, In some implementations, the threshold voltage may be half of
the minimum voltage for reading from or writing to a memory element 104, An
applied voltage less than the threshold voltage does not pass through to the
corresponding memory element and thus a portion of a sneak current may be

reduced. However, even while an applied voltage may be less than the
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threshold voltage of the selector, a smail amount of sneak current may still

flow through the cross-point array 102.

[0020]  To write a value to a memory element 104 {e.g., a memristor), a
write voltage having a particular amplitude and appropriate polarity {(andior a
particuiar pulse duration) may be applied across the memory element 104 as
described above by a row line driver 110 and a column line driver 112, For
example, in the case of a merristor, the write voltage may cause movement
of dopants within the menwistor, which in furmn may alter the resistance of the
memyristor. To read a value from the memory element 104, the row line driver
110 and column line driver 112 may apply a voltage o the memory element
104 and a corresponding oulput current may be read by sense amps of the
column line driver 112, For example, for a memrisior memory element 104,
the read voltage may be a voitage that allows the intemnal electrical resistance
of the memory element 104 to be sensed but does not generate sufficiently

high electrical field to cause significant dopant movement.

(00217 The system 100 may include a read confrolier 120, a sneak current
determingr 122, and a write coniroller 124, Some or all of the read coniroller
120, the sneak current determiner 122, and the write controller 124 may be
included in a memory array controller 130, In some implementations, the
write controller 124 {or more generally, the memory array controller 130) and
the cross-point array 102 may be located on the same dig or chip of &

memory module. in some impiementations, the read controller 120, the sneak
current determiner 122, or the write controller 124 may be implemented as g
setl of instructions encoded on a machine readable meadium and executable by
a processor (8.g., such as microprocessor, an application-spedcific integrated
circult, a field programmabie gate array, and/or other hardware device
suitable for retrieval and/or execution of instructions). In some
implementations, the memory array controller 130 may be such a processor o
execute instructions. Additionally or alternatively, the read controller 120, the
sneak current determiner 122, or the write controller 124 may be implementied

as a hardware device comprising slectronic cirguitry.



WO 2017/010991 PCT/US2015/040287

-7 -

{00221 The read controller 120, the sneak current determiner 122, and/or
the write controller 124 {or more generally, the memory array coniroller 130)
may be coupled {o the cross-point array 102 via the row line driver 110 and
the column line driver 112. The memory array controller 130 may receive
commands from an electronic device to read data from or to write data to an
address or addresses in the cross-point array 102, An address may relate {o
a particular memory element 104, and moreover, 1o a particular memory
element 104 having a physical location in the cross-point array 102, A
memory element 104 addressed by either a read command or a write
command may be referred to herein as a fargel memory element 105, FiG. 1
Hlustrates a particular target memory element 105 for convenience, although it
should be understood that any of the plurality of memory glemenis 104 may

be addressed as a target memory element 105.

{00231  In some implementations, the read controller 120 may control
reading of a memaory element 104, For example, the read coniroller 120 may
respond 10 a command o read data from an address by coniralling the row
fine driver 110 and the column line driver 112 to apply a read voltage to the
target memory element 105 corresponding to the address and 0 sense the
read cutput current on the column line 108 on which the target memory
giement 105 is localed. Based on the read oulput current and the applied
read voltage, the read confroller 120 may ascertain the resistance, and hence
the stored data value, of the target memaory element 105, However, sneak
currents may flow through to the column line 108, thus obfuscating the current
that flowed through the target memory element 105, In some
implementations, the read controller 120 may operate in conjunction with the
sneak current determiner 122 in the following manner to mitigate or reduce an

effect of sneak current on the accuracy of the measured resistance.

{00243 In some implementations, the sneak current determiner 122 may
measure a sneak current associated with a target memory element 105. For
example, the sneak current determiner 122 may control the row line driver

110 and the column line driver 112 {0 apply a pre-access voltage {0 the cross-
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point array 102 and may measure the resultant sneak current that leaks
through o the column fing 108 on which the target memory element 105
resides. The term "pre-access” may refer {0 a nature of preceding an access
of a memory glement 104 (i.e., a read or write operation). In some
implementations, the pre-access vollage may be less than the read vollage,
and more particularly, may be less than the selector threshold voltage. The
sneak current delerminer 122 may also employ other techniques for
measuring the sneak current related {o a target memory slement 105, such as
contemporanecusly measuring sngak current for multiple memory slements
104.

(00251  In some implementations, the sneak current determiner 122 may
measure the sneak current before the read controller 120 applies a read
voltage to the target memory element 105 and measures the read output
current. To separate the sneak current from the current flowed through the
target memory element 105, the read controller 120 may sublract the sneak
current from the read output current. The read controlier 120 may determine
a resistance based on the resulting difference current and the applied read

voltage.

[0026] in some implementations, the write controller 124 may control
writing to a memory element 104. For example, the write controller 124 may
receive a command 1o write data, and the command may inciude an address
of a target memory element 105 in the cross-point array 102 and a desired
memory value for the target memory element 105, In response (o the
command, the write controller 124 may determine a first write sirength that
accounts for {or compensates for) IR voliage drop that may affect the voliage
delivered 1o the target memory element 105, and may then apply the first write
strength so determined to the target memory element 105 (i.e., via control of
the row line driver 110 and the column line driver 112). The phrase *first write
strength” may refer to a write vollage, characterized by a vollage amplitude, a
pulse duration, and the like, that is applied to the targeted memory element

105 in a first attempt at writing the desired memory value. As will now be
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described, the write controller 124 may determine the first write strength for
writing the desired memory value to the target memory slement 105 based on
a sneak current measurement, a resistance associated with the address of

the target memory element 108, or a combination thereof,

(00271  In some implementations, the write controller 124 may receive 3
sneak current measurement associated with the target memory element 108.
For example, the write controller 124 may receive the sneak current
measurement from the sneak current delerminer 122 described above. In
some implementations, the sneak current determiner 122 may measure the
sneak current as part of a pre-wrile verification process. For example, the
system 100 may initially respond o a write command by verifving if the
desired memory value is already stored in the target memory element 105 (if
the desired memory value is already stored, no wrile is attempled), where the
verifying includes measuring the sneak current and reading the targst memory
element 105 in a manner similar to that described above. In some instances,
the write controller 124 may more accurately determine the first write strength
{(in a manner 1o be described below) by using a recent sneak current
measurement from the pre-write verification, because sneak current paths
and sneak current measurements may depend on the resistance values ¢of the
memory elements 104 {particularly the memory elements 104 near the targst

meamory element 105) and resistance values may be dynamic and variable.

100283 In some implementations, the wrile coniroller 124 may identify a
resistance associated with the address of the target memory slement 105, by
virtue of the address relating to a physical location in the cross-point array 102
{e.g., an intersection of a particuiar row and column lings) and the physical
focation relating {0 a current path belween row driver 110 and column driver
112 through the targel memory element 105, That current path may have a
resistance that includes at ieast the resistance along the row line 106 and the
column line 108 connecled o the target memaory slement 105, Addresses of
memory elements 104 on longer current paths {e.g., farther away the row ling

driver 110 and/or the column line driver 112) may be associated with a higher
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resistance than addresses of memory elemenis 104 with relatively shorter
current paths (g.g., closer to the row line driver 110 and/or the column line
driver 112). This resistance may aiso be referred to herein as the address-
associated resistance. Conslitution of the resistance, and thus the resistance
value, may vary depending on the architecture of the cross-point array 102,
which may implicate other resistances such as, for example, resistance from
parallel paths, the row driver 110, and the column driver 112, among other

resistances.

100291 In some implementations, the write controller 124 may identify the
address-associated resistance according 0 a resistance look up fable. For
example, in a resistance ook up table, addresses may be individually
asscclated with 3 resistance. In ancther example, addresses of the cross-
point array 102 may be divided virtually into zones such as quadranis (cther
zone configurations also may be suitable), and each zone may be associated
with a resistance. To illustrats, FIG. 2 depicts a cross-point array 102 divided
into quadrants 202, 204, 206, 208. Quadrant 208 may include addresses
associated with high resistance {memory elements 104 that are farthest from
the drivers 110, 112), guadrant 202 may include addresses associated with
low resistance (memory elements 104 that are close o the drivers 110, 112),
and guadrants 204, 206 may include addresses assoclated with a medium
resistance {(memory elements 104 that are between those of guadranis 202,

208 in terms of distance to the drivers 110, 112).

(00307 In some implementations, the wrile controller 124 may utilize a
resistance equation {e.q., encoded as machine readable instructions) to
calculate the address-associated resistance. For example, resistance may be
calculated according to the foliowing eguation.

R =p (L/A)
I the preceding sguation, p is an electrical resistivity {e.g., having units of
ohm-meters) along the current path through the farget memory element 105
{(e.g., resistivity of row line 106 and column ling 108) and A is g cross-

sectional area of the current path through the target memory element 105
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{e.g., cross-sectional area of row line 108 and column line 108), both of which
may be related to the design and architecture of the cross-point array 102, As
for the value of L, the write controller 124 may convert the address of the
target memory element 105 to a length L based on a ling segment 210 and a
column line segment 212 on the current path through the target memory
element 105, as illustrated in FIG. 2B. In the foregoing examples, aspects of
the resistance ook up table and the resistance sguation (e.g., resistance
values in the resisiance look up fable; parameters or the like of the resisiance
equation) may be pre-determined based on the design, manufaciuring
specifications, and/or callbration or quality control test resuits of the cross-

point array 102, and encoded into the write conirolier 124,

10031} in some implementations, the write coniroller 124 may ulilize the
sneak current measurement {(e.q., received from the sneak current delerminer
122) and/or the address-associated resistance o determing the first writs
strength. More particularly, in some implementations, the write controller 124
may determine (i.e., calculate, choose, resolve) a first write strength that is
commensurale with a magnitude of an IR voilage drop along the current path
that includes the target memory element 105, where the IR voltage drop may
be proportional to the resistance {(which contributes to the resistance "R” of
“IR” voltage drop) and the sneak current measurement (which may contribute

to the current ™" of “IR” voltage drop).

100323 In some implementations, the wrile controller 124 may ulilize a write
strengih equation {e.g., a predetermined equation encoded as machine
readable insiructions) {0 determine the first write strength, such as the
following equation that determines a voltage amplitude of the first write
strength, Verstwrire.

VemsT write & Vrarest + {lsneax + Irarcet) X R
In the foregoing example of a write strength equation, Vrarceer and lrarcer
may relate to a theoretical bias sufficient to set the farget memory element
105 1o the desired memory value {e.g., in an ideal situation, without

consideration for IR voltage drop, efc.), isneax may be the sneak current
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measurement provided by the sneak current determiner 122, and R may be
the address-associated resisiance identified by the write coniroller 124, Gther
example equations may also be suitable for determining the first write

strength.

{00331  In some implementations, the write controller 124 may delermine
the first wrile strength based on a write strength look up table. For example,
the write strength look up table may be a two-dimensional table, having sneak
current measurements as indices in one dimension, address-associated
resistances as indices in another dimension, and first wrile strengths {e.g., &
voltage amplitude Verst waite) pre~-populated for each index pair. For a given
write command, the write coniroller 124 may lock up the first write strength in
such a write strength look up table according to the received sneak current

measurement and the identified address-associated resistance.

[0034]  The aforementioned write strength equation and write strength look
up table may be implemenied using sither the sneak current measurement or
the address-associated resistance alone. For example, in some
implementations, the write strength ook up table may be a one-dimensional
table using sneak current measurements as indices, and the write strength
equation may use a pre-determined resistance constant. In some
implementations, the first write sirength may be adjusted {e.q., reduced) by a
safety margin, for example, to avoid overshodoting the target voltage. The
safely margin may vary depending on properties of the cross-point array 102

{2.q., per design, per manufacturing olerances, elc.).

(00351  The write controlier 124 may control the row line driver 110 and the
column line driver 112 to apply the first write strength as determined above fo
the target memory element 105, After applying the first write sirength, in
some implementations, the system 100 may then iteratively read the target
memory element 105 {via the read coniroller 102), verify if the desired
memory value was successfully wrilten to the fargel memory glement 1058,
and apply (via the write controller 124) a more aggressive write strength o the

target memory element 105 if necessary. For example, a moreg aggressive
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write sirength may have a higher voltage amplitude, a longer pulse duration,
or both a higher voltage amplitude and longer pulse duration, in comparison {o
a preceding write atlempt. In some implementations, the increase in vollage
ampilitude or pulse duration may be a percentags increase, an absolute
increase, or the like, and such increase may aiso be a function of the sneak

current measurement and/or the address-associated resistance.

[0038]  FIG. 3 is a diagram of an example sysiem 300 for defermining a first
write strength for writing a desired memory value 1o a target memory element,
according to another implementation. The system may include a cross-point
array 302 of memory elemenis 304 and a write coniroller 306 coupled to the
cross-point array 302. The write controller 306 may receive an address of a
target memory element in the cross-point array 302, may receive a desired
memory value for the target memory element, and may receive a sneak
current measurement associated with the target memory element. The write
controller 306 may determine a first write strength for writing the desired
memory value to the target memory slement based on the sneak current
measurement. The write conlroller 308 may apply the first write strength o

the target memory element.

{00371  FIG. 4 is a flowchart of an example method 400 for determining a
first write strength for writing a desired memory value to a farget memory
element, according to an implementation. Method 400 may be described
below as being execuled or performed by the system 100, although various
other systems may be used as well, such as, for example, the sysiem 300.
Method 400 may be implemented in the form of executable instructions stored
on a machine readable storage medium and execulsd by at lsast ong
processor, and/or in the form of electronic circuilry. In some implementations
of the present disclosure, one or more blocks of method 400 may be executed
substantially concurrently or in a different order than shown in FIG. 4. In
some implementations of the present disclosure, method 400 may include

more or less blocks than are shown in FIG. 4. In some implementations, one
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or more of the blocks of method 400 may, at cerfain times, be ongoing and/or

may repeat.

(00381  The method 400 may begin at block 402, and condinue to block 404,
where the system 100 (particularly, the wrile controller 124) may receive a
desired memory value for a target memory element {e.g., 105} in a cross-point
array {&.q., 102) of memory elemenis {e.q., 104), for example, as part of a
write command from an electronic devics. In some implemeantations, the
memory elements may be a resistive random access memory {e.g.,
memyistor) or a phase change memory. Al block 4086, the system 160
{(particularly, the write controller 124) may receive a sneak current
measurement for the targst memory element {e.g., 105}. For example the
sneak current measurement may be received from a sneak current delerminer
{e.g., 122}, Atblock 408, the system 100 (particularly, the write controller
124) may determing a first write strength Tor writing the desired memory value
to the target memory element (e.g., 105) based on the sneak current
measurement received at block 406. For example, the first write strength may
be determined o have a voltage amplifude that is the theorelical bias
sufficient 1o set the targst memory element {e.g., 105) {0 the desired memory
value plus an offset voltage to compensats for (R voltage drop, where the
oifsel voltage is proportional al least o the sneak current measurement
received at block 406. The method may end at block 410.

(00381  FIG. 5 is a flowchart of an exampie method 500 for determining a
first write strength for wriling a desired memory value to a targel memory
element, according to an implementation. Method 500 may be described
below as being executed or performed by the system 100, although various
ather systems may be used as well, such as, for example, the system 300.
Method 500 may be implemented in the form of executable instructions stored
on a machine rgadable storage medium and execuied by at leasi one
processor, and/or in the form of electronic circuitry. In some implementations
of the present disclosure, one or more blocks of method 500 may be exscutad

substaniially concurrently or in a different order than shown in FIG. 5. In
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some implementations of the present disclosure, method 500 may include
more or less blocks than are shown in FIG. 5. In some implementations, one
or more of the blocks of method 500 may, at certain times, be ongoing and/or

may repeat.

{00407  The method 500 may begin at block 502, and continue to block 504,
where the system 100 (particularly, the write controller 124) may receive g
desired memory value for a target memory element {e.g., 105} in a cross-point
array {e.g., 102} of memory elemenis {e.g., 104}, for exampie, as partof a
write command from an electronic device. At block 508, the system 100
{particularly, the write controller 124) may receive an address of the larget
memory element {e.g., 105}, For example, the address may relale {c a
focation or position of the target memory slement (8.g., 105) within the cross-
point array {&.g.. 102), and more particularly, on a particular row line (2.9,
106) and a particular column line {e.g., 108). At block 508, the system 100
{(particularly, the write controller 124) may receive a sneak current
measurement for the target memory slement {e.g., 105). Atblock 510, the
systern 100 {particularly, the write coniroller 124) may identify a resistance
related to the address received at block 506, For example, the resistance
may be identified according {0 a resistance look up table or 1o a resistance

equation, as described above with reference 1o FIGS. 1, 2A, and 2B.

[G041] At block 512, the system 100 (particularly, the write coniroller 124}
may determine a first write strength for writing the desired memory value to
the target memory element (2.g., 105) based on the sneak current
measurement received at block 508 and the resistance identified at block 510.
In some implementations, block 512 may include delermining an IR voltage
drop of the cross-point array {e.g., 102) that affects the voltage applied o the
target memory element {e.g., 105), where the IR voltage drop may be a
function of the sneak current measurement received at block 508 and the
resistance identified at biock 510, as described above with reference fo FiG.
1. Block 512 may also include setling a parameter of the first write strength

{such as voltage amplitude, pulse duration, stc.) to compensate for the IR
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voltage drop. For example, the first wrile strength may be setl according to a
write strength ook up table or a write strength equation, as described above
with reference to FIG. 1. The method 500 may end at block 514.

(00421  FIG. 6 is a flowchart of an sxampie method 600 for applving a first
write strength to a target memaory element, according o an implementiation.
Method 600 may be described below as being executad or performed by the
system 100, although various other systems may be used as well, such as, for
examplg, the system 300. Method 600 may be implementsd in the form of
exacutable instructions stored on a machine readable storage medium and
executed by at least one processor, and/or in the form of elechronic circuitry.
In some implementations of the present disclosurs, one or more blocks of
method 600 may be execuled substantially concurrently or in a different order
than shown in FIG. 8. In some implementations of the present disclosure,
method 800 may include more or less blocks than are shown in FIG. 6. In
some implementations, ong or more of the blocks of method 600 may, at
ceriain fimes, be ongoing and/or may repeatl. Frior {0 beginning the method
600 at block 802, the system 100 may receive a command o wrile a desired
memory value addressed o a farget memory element (e.q., 105) in a cross-

point array {e.g., 102).

[0043]  The method 600 may begin at block 802, and continue to block 604,
the system 100 (particularly, the read controller 120} may read a stored
memory value from the targe! memory element {e.g., 105) pricr o applying a2
first write strength to the target memory element {e.g., 105) to determing if the
target memory element (g.q., 105) aiready holds the desired memory value.
In some implementations, reading the farget memory element {s.g., 105) may
include measuring a sneak current (e.g., by a sneak current delerminer 122).
At block 806, the system 100 (particularly, the write controiler 124) may
determine a first write strength for writing the desired memory value to the
target memory element {e.g., 108) based on a sneak current measurement
and a resistance. For example block 608 may be performed using a sneak

current measurement received in a manner analogous to block 508 of method
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500 and using a resistance identified in a manner analogous to block 510 of
method 500, In some implementations, block 806 may be performed in

manner analogous to block 512 of method 500.

[0044] Al block 808, the system 100 (particularly, the write controller 124)
may apply the first wrile strength determined at block 606 to the {arget
memory element (e.q., 105). Atblock 610, the system 100 (particularly, the
read controlier 120) may check a stored memory value at the targel memaory
element (e.g., 105} after applving the first write strength at block 808. ifthe
stored memory vaiue does not equal the desired memory value ("NO” at
decision block 612), the system 100 may apply a more aggressive wrile
strength to the target memory element (e.g., 105) at block 814 and then retum
to block 810 to check again whether the slored memory value squals the
desired memory value. If the stored memory value does equal the desired
meamory valug ("YES” at decision block 612), control may pass to block 6186,

where the method 600 may end.

[0045]  FIG. 7 is a block diagram Hlustraling a wrile controller 700 that
includes a machine readable medium encoded with exampls instructions {0
determineg a first write strength, according o an implementation. In some
implementations, the wrile controller 700 may serve as or form par of the
write controlier 100 of FIG. 1 or the write controller 300 of FIG. 3. In some
implementations, the wrile controlier 700 may include at lsast ong processor
702 coupled {0 a3 machine readable medium 704, The processor 702 may
include a single-core processor, a multi-cors processor, an application-
specific integrated circuit, a field programmable gate array, and/or other
hardware device suitable for retrieval and/or execution of instructions from the
machine readable medium 704 {e.q., instructions 708, 708, 710, 712, 714,
716} to perform funclions relaled to varicus examples. Additionally or
alternatively, the processor 702 may include electronic clircuitry for performing
the functionality described herein, including, but not limited to, the funclionality
of instructions 706, 708, 710, 712, 714 and/or 716. With respeciio the

executable instructions represented as boxes in FIG. 7, it should be
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undersiood that part or all of the executable instructions and/or elecironic
circuits included within one box may, in alternate implementations, be
included in a different box shown in the figures or in a different box not shown.
in some implementations, the write coniroller 700 may be coupled 1o a cross-

point array 705 of memory elements.

[00468]  The machine readable medium 704 may be any medium suitable
for sioring executable instructions, such as random access memory {RAM),
electrically erasable programmabile read-only memory (EEPROM), flash
memory, hard disk drives, optical discs, and the like. In some example
implementations, the machine readable medium 704 may be a tangible, non-
transitory medium, where the ferm “non-transitory” does not encompass
transitory propagating signals. As described further herein below, the
machine readable medium 704 may be encoded with a set of executable
instructions 708, 708, 710, 712, 714, 716.

{00477 Instructions 706, when executed by the processor 702, may receive
an address of a largel memory element in the cross-point array 705 and a
desired memory value for the target memory element. Instructions 708, when
executed by the processor 702, may calculate a preliminary write strength
based on the desired memory vaiue. For example, the preliminary write
strength may be a theoretical bias sufficient to set the target memory element
to the desired memory value. Instructions 710, when executed by the
processor 702, may receive a sneak current measurement for the target
memory element. Instructions 712, when executed by the processor 702,

may identify a resistance related 1o the address.

[0048] Instructions 714, when executed by the processor 702, may
determine a first write strength based on the preliminary write strength (e.g.,
calculated by instructions 708) adjusted o compensate for an IR voltags drop
of the cross-point array that affecis a vollage applied to the target memory
element. As described above, the IR vollage drop may be a function of the
resisiance and the sneak current measurement. instructions 714 may include

instructions to adjust a parameter of the prefiminary write strength to
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compensate for the IR voltage drop, such parameier including a voltage
amphitude, a pulse duration, or the like. For exampie, {0 derive a first write
strength that compensateas for the IR voltage drop, the voliage amplitude of
the preliminary write strength may be increased or the pulse duration of the
preliminary write strength may be increased. In some implementations,
instructions 714 may determine the first write strength using a write strength
ook up table or a write strength equation, as described above with reference
to FIG. 1. Instructions 716, when executed by the processor 702, may apply

the first wrile strength 1o the target memory element.

(00491 In view of the foregoing description, it can be appreciated that a
system may determine a first write sirength for writing a desired memory
value {0 a target non-volatile memory element in a cross-point array based on
a sneak current measurement and resistance associated with the target
memory element. By virlue of a first write sirength so determined, wealk write
strengths may be skipped in an iterative write-and-verify process, thus
reducing the number of write atlemnpts before the target memory elementis
successfully set to the desired memory value and also reducing write iatency

and power consumption accordingly.

(00507  In the foregoing description, numercus details are set forth 1o
provide an understanding of the subiect matter disclosed herein. However,
implementation may be practiced without some or all of these details. Other
implemeniations may include modifications and variations from the details
discussed above. s intended that the following claims cover such

maodifications and variations.
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We claim;
1. A method comprising:

receiving a desired memory value for a target memory element
in a cross-point array;

receiving a sneak current measurement for the target memory
element; and

determining a first wrile strength for writing the desired memory
value to the targe! memory slement based on the sneak current

measuramant.

2. The method of claim 1, further comprising:
receiving an address of the target memory glement; and
identifying a resistance related to the address,
wherein the first write strength is based on the background

sneak current measurement and the resistance.

3. The method of claim 1, further comprising:
applying the first write strength to the target memory element;
checking a stored memory value at the target memory element
after applying the first write strength; and
if the stored memory value does not equal the desired memory
value, applying a more aggressive wrile strength to the target memory

element.

4. The method of claim 1, further comprising reading a stored
memory value from the targei memory element prior to applying the first write
strength to determiine if the farget memory element already holds the desired

memory value, wherein the reading includes measuring the sneak current.

5. The method of claim 1, wherein the delermining the first write
strength includes:
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determining an IR voltage drop of the ¢ross-point array that
affects a voliage appiied to the target memory slement, the IR voltage drop
being a function of the resistance and the sneak current measurement, and

setling the first write strength lo compensate for the IR voltage
drop according to a lockup table or a write strength sguation, the parameter

including a voltage amplitude or a pulse duration.

8. The method of claim 1, wherein the memory element is a

resistive random access memory or a phase change memory.

7. A system comprising:
a cross-point array of memory elements; and
a write controller coupled o the cross-point array, the write
controfier to:
receive an address of a target memory element in the
cross-point array,
receive a desired memaory value for the target memory
slement,
receive a snegak current measurement associated with the
target memory element,
determine a first write strength for wriling the desired
memory value o the targel memory element based on the sneak current
measurement, and
apply the first write strength {o the farget memory

slement,

8. The system of claim 7, wherein the memory elementis a

resistive random access memory or a phase change memory.

g The system of claim 7, further comprising a sneak current

determiner to measure the sneak current.
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10.  The system of ¢laim 7, wherein the write controller is o identify

a resistance associated with the address.

11, The system of olaim 10, wherein the write controlier determines
the first write strength o be commensurate with 2 magnitude of an IR voltage
drop along a path including the target memory element, the IR voltage drop

being proportional 1o the resistance and the sneak current measurement,

12, The system of claim 7, wherein the write controller determines

the first write strength based on a lockup table or a write strength equation.

13. A non-transitory machine readable medium, storing instructions
executable by a processor of a write controlier, the non-transitory machine
readable medium comprising:

insiructions 1o receive an address of a target memory element in
a cross-point array and a desired memory value for the target memaory
slement;

instructions to calculate a preliminary wrile sirength based on
the desired memory value;

instructions to recsive a sneak current measurement for the
target memaory element;

instructions o identify a resistance related to the address;

insiructions to determine a first write strength based on the
preliminary wrile strength adjusted to compensate for an IR voltage drop of
the cross-point array that affects a voltage applied to the farget memory
element, the IR voltage drop being a function of the resistance and the sneak
current measurement; and

instructions to apply the first write strength o the larget memory

element.
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14, The non-transitory maching readable medium of claim 13,
wherein the instructions o determine the first write strength utiizes a lockup

table or a wrile sirength equation.

15.  The non-transitory machine readable medium of claim 13,
whersin the instructions o determine the first wrile strength include
instructions fo adjust a parameter of the preliminary wrile strength to
compensate for the IR voltage drop, the parameler including a voltage
amphitide or a pulse duration.
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