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DETERMINING A STATE OF MEMRISTORS IN A CROSSBAR ARRAY

BACKGROUND

{8001} Memory arrays are used o store data. A memory array may be
made up of a number of memory elements. Data may be stored fo memory
elements by assigning logic values o the memory elements within the memory
arrays.  For axample, the memory elements may be setio G, 1, or
combinations thereof to store data in a memory array.  Much time and effort
has been expended in designing and implementing nanoscale memory arrays.
In some examples the nanoscale memory arrays may be arranged in g crosshar
array where a first number of conducting lines intersect a second number of
conducting lines to form a grid where memory elements are placed at each

intersection.

BRIEF DESCRIPTION OF THE DRAWINGS

(0002} The accompanying drawings illusirate various exampies of the
principies described herein and are a part of the specification.  The illustrated
examples are given merely for illustration, and do not iimit the scope of the
claims.

(0663} Fig. 1 is a diagram of g system for determining a slale of a
memristor in a crossbar array, according {0 one example of the principles
describad herein.

(66047 Fig. 2 Is a flowchart of a method for determining a state of a
memrisior in a crossbar array, according to one example of the principles

described hearsin.
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[0005] Figs. 3A and 3B are sxamples of current-voltage plots showing the
operation of the system for determining a state of a memyistor in a crossbar
array, according to examples of the principles described herein.

(G006} Fig. 4 is a flowchart of a method for determining a stale of a
memristor in a crosshar array, according to another example of the principles
describad herein.

(66077 Fig. b is a diagram of a circuif for determining a state of a
memristor in a crossbar array, according to one example of the principles
described hersin.

{8008} Fig. 6 is a diagram of a memory controller according to the one
exampie of the principles described herein.

(00609} Fig. 7 is a diagram of g memory controller, according to one
example of the principles described herein.

(00101 Throughout the drawings, identical reference numbers designate

sirmilar, but not necessarily identical, slements.

DETAILED DESCRIPTION

{0011} Crossbar arrays are an example of memory arrays.  Crossbar
arrays of memory elements, such as memristors, may be used in a variely of
applications, including non-volatile solid stale memory, programmable logic,
signal processing, control systems, patiern recognition, and other applications.
A crossbar array includes a first set of conducting lines that inlersect a second
set of conducting lines, in an approximately orthogonal orientation for example.
For simplicity, in the present specification the first setf of conducting lines may be
referred to as row lines and the second set of conducting lines may be referred
o as column lines. A memory cell may be placed at an intersection of a row
line and a column line.  For example a memory cell may be placed at each
intersection, or at every other intersection such as in a chessboard paitern.
For simplicity in the present specification, memory cells wili be described as
being present at eagch intersection. A memory cell may include a memory

element such as a memristor to store information and a selecior to requiate
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current flow through the memory element.  In this example, a number of
memrisiors may share a particular row line and another number of memristors
may share a particular column line.

(00612} Each memory slement can represent at least two logic values, for
example a 1 and a 0. Memory elements such as memrisiors may use
resistance levels fo indicate a particular logic value.  In using a memyistor as an
glement in @ memory array, a digital operation is emulated by applving an
activation energy, such as voltage pulses of different values or polarities, to
place the memristor in a “low resisiance state” which resistance stale is
associated with a logical value, such as “1.”  Similarly, a vollage pulse of a
different polarity, or different vaiue, may place the memristor in a "high
resistance state,” which resistance state is associated with another logical
value, such as “0.”  Each memristor has a swilching voliage which refersto a
vollage potential across a memristor which effectuates a change in the state of
the memristor.  For example, a switching vollage of a memristor may be
between 1-2 volts (V).  In this example, a voltage potential across the
meamrisior that is greater than the switching voltage (i.e., the 1-2V) causes the
memrisior to change between resistance states.  While specific reference is
made to a voltage pulse, the activation energy to change the state of the
memristor may also be provided by a current source.

(0013} To determine what resisiance state, and corresponding logic
value, is indicated by a memristor, a current is driven through a target memyistor
by applying a voltage o a row line and a voltage to a column line corresponding
to the target memyistor.  Using the applied voltages and the resistance of the
targst memvristor, a current is collected along a column ling and is used fo
determine the resistance stale of the memyisior. However, while crossbar
memory arrays may offer high densily storage, certain characteristics may affect
their usefuiness in storing information.

(0014} For example, in applving a first applied voltage {o a target row line
and another applied voliage to a target column line, other memrisiors that fail
along these target lines may aiso see a voltage drop, albeit a voltage drop

smaller than the voltage drop across the farget memory glement.  The voltage
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polential across these partially-selectad memory elements generales a current
path in the crossbar array.  These additional current paths are referred to as
sneak currents and are undesirable as they are noise o the intended target
output current.  Large sneak currents may lead to a number of issues such as
saturating the current of driving transisiors and increasing power consumption.
Moreover, large sneak currenis may introduce large amounts of noise which
may lead (o inaccurate or ineffective memory reading and wriling operations.
[0015] in some examples, a selector may be placed serially in front of a
memristor.  The selector may have a threshold voltage.  An applied voltage
tess than the threshold voltage of the selector does not pass through {o the
corresponding memristor and accordingly a portion of a sneak current may be
reduced.  In some examples, the threshold voltage of the selector, Ve, may be
set so that a swilching voliage of the memory cell, Vy, is less than two times as
great as the threshold voltage of the selector.  In other words Vu £ 2Vw. The
selector serves to reduce the sneak current through the crossbar array.

(0016} For sxample, during a write operation, the row line corresponding
to a target memory element is biased o the swilching voltage and the column
tine corresponding o the target memory element is grounded and the remaining
row lines and column lines are biased {o g voltage that is a fraction of the
switching voltage, for example ViW/2.  Since the non-target memory elemenis
are biased 1o half of the switching voltage, which is less than the threshold
voltage as described above, in other words Vu/2 < Vi < Vi < 2V, the selector
effectively reduces the sneak current by preventing the current from passing
through non-target memory celis.  However, even while an applied voltage may
be less than the threshold voltage of the selecior, a small amount of current may
stilf flow through the memory cell.

(00617} To determine a resistance state of a memristor, for example during
a read operation, a read vollage, V., is appliad across the argset memrisior, the
read voliage being less than the switching voltage so as to not change the state
of the memristor, and greater than the threshold voltage of the selectorso as fo
allow a current {0 be driven through the memrisior.  However, passing such

voltages may notf be possibie in ali circumstances.
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(0018} For sxample, due fo variations in the geometry and variations in
the composition of the components dus to fabrication processes, some variation
in the threshold voliage of the selector and variation in the switching voltage

of the memristor may result.  When these variations are large, the ranges of
the threshold voltage of the seleciors in the array and the swiiching voltages of
the memristors may overlap, leaving no suitable range for the read voitage.
(66191 The systemns and methods described herein may alleviale these
and othar complications.  Mors specifically, the present systems and methods
describe determining a state of a memvristor in a crosshar array by comparing a
current change due to a set voltage increase to a reference current.  The
systems and methods described herein may allow for easy determination of a
state of nonlinear memrisiors.  According o the method, while the row lines
and non-target column lines are biased to a fractional voliage and a targst
columi line is biased o a sense voltage, a bias voltage is applied to the target
row line. The bias voltage being a voltage that drives a predetermined bias
current through the targst memristor.  In some examples, the bias vollage may
then be sampled and held.  In other examples, the bias voltage is not sampled
and held. The bias vollage is increased by a predetermined amount (o a state
voltage, and a stale current, which is based on the slate voltage and the
resistance stale of the target memristor is coliected.  The state current is
compared o a reference current to determine the resistance state of the target
memristor.

(0020} The present disclosure describes a method for determining a stale
of a memyistor in a crossbar array.  In the method, a bias voltage is applied o g
targst row lineg in the crossbar array.  The bias voltage generates a bias current
through a target memristor along the target row line.  The bias vollage is
incregsed by a predetermined amount {0 3 state voltage. A slate current
flowing through the farget memvristor is defermined.  The slafe current is based
on the state voltage applied. A stale of the target memyistor is determined
based on the stale current.

(0621} A systemn for determining a stale of a memyistor in a crossbar

array is described.  The system includes a crossbar array of memristors. The
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crossbar array includes a number of row lines and a number of column lines
intersecting the row lines. A memyistor is located at a number of the
intersections of a row line and a column line.  The system also includes a
memory controller.  The memory controller includes a bias voltage engine (o
apply a bias vollage to g targel row line of the crossbar array to generale g bias
current through a target memistor and to increase the bias voltage by a
predetermined voltage amount {o a state vollage, a state current engine o
detarmine a state current flowing through a target memristor along the targst
row line, and a resisiance state engine to determine the state of the target
memrisior based on the state current and a reference current.

{0022} A non-transitory machine-readable storage medium encoded with
instructions executable by a processor is deseribed.  The machine-readable
storage medium includes instructions o determing a sneak current through the
crossbar array, apply a bias voliage fo a target row line in the crossbar array io
generate a bias current through a target memyistor, increase the bias voliage to
a siate voltage o generate a stale current through the target memristor, and
compare the state current less the sneak current to a reference current i
determine a state of a target memvristor in the target row line.

{00623} The systems and methods described herein may allow for
effective delermination of the resistance stale of memristors that are nonlinear.
Moreover, the systems and methods described herein, by establishing one
bassline valus, Le., one bias voltags, allow for improved read latency as the
crossbar array stabilizes with regards to just one baseline value as opposed o
multiple baseline values.  For example, sometimes a stale of a memristor may
be determined based on passing two bias voltages through a target memistor
and then using the difference between the resuitant current to determine the
resistance stale. Establishing a steady current by varving the bias voliage with
a feedback circuit may consume valuable time.  Accordingly reducing the
number of operations o achieve stabilization may help o reduce the read
latency.

(0024} Az used in the present specification and in the appended claims,

the term “memristor” may refer to a passive two-terminal circuit element that
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changes its electrical resistance under sufficient electrical bias. A memrisior
may receive an access voltage which may be a read voltage or a write voltage.
{0025} Further, as usad in the present specification and in the appended
claims, the term “target” may refer to a memyristor that is {o be writlen to or read
from. A target row line and a target column line may be row line and column
line that correspond o the target memristor. A target memristor may refer to a
memristor with a closed selector as opposad {o an open selecior.

(0026} Still further, as used in the present specification and in the
appended claims, the term “partialiy-selected memristor” may referto a
memrisior that falls along a targe! row line or a target column line and is not a
target memrisior.  The partially-selected memristor may have a voltage drop
that is less than a voltage drop of the target memristor.

[0027] Siill further, as used in the present specification and in the
appended claims, the terms “row lines” and “column lines” may refer to distinct
conducting lines, such as wires, that are formed in a grid and apply voltages fo
the memristors in the array. A memvristor may be found at the intersection of a
row ling and a column line.  While specific use of the term row and column are
used, such are for simplicity and the position of the wires may be in any
orientation.

(00628} Still further, as used in the present specification and in the
appended claims, the term “nonlinegar” may refer to a properiy of the selector or
memristor wherein a change in voltage applied across the selector or memristor
results in a disproportionate change in current flowing through the selector or
memristor, respeclively.

(0029} Still further, as used in the present specification and in the
appended claims, the term "sensing voltage” or “sense voltage” may referfo a
voltage that is applied to a targetl column line of the crossbar array. The
sensing voltage may be a voltage used to generate a voltage potential across a
target memyistor cell.  The sensing voliage may cause sufficient current
difference between a high resistance and low resistance state of the memyistor

celi and may avold causing the resistance state of the memristor {o change.
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(0030} Yet further, as used in the present specification and in the
appended claims, the term “a number of” or similar language may include any
positive number including 1 {o infinity; zero not being a number, but the absence
of a number.

(00631} in the following description, for purposes of explanation, numerous
specific details are set forth in order o provide a thorough understanding of the
present systems and methods. 1 will be apparent, however, (o one skilled in
the arl thatl the present apparatus, systems, and methods may be practiced
without these specific details. Reference in the specification 1o “an example” or
similar language indicatss that a particular feature, structure, or characteristic
described is included in al least that one example, but not necessarily in other
examplas.

0633 Fig. 1 is a diagram of a system (100) for determining a siate of a
memristor (112} in a crossbar array {110}, according o one example of the
principies described herein.  The system (100) may be implemented in an
alectronic device,  Examples of elecironic devices include servers, deskiop
computers, lapiop computers, personal digital assistants (PDAs), mobile
devices, smariphones, gaming systems, and tablets, among other electronic
devices. The system (100} may be utilized in any dala processing scenario
including, stand-alone hardware, mobile applications, through a computing
network, or combinations thereof. Further, the system (100} may be used in a
computing network, a public cloud network, a private cloud network, a hybrid
cioud nebwork, other forms of networks, or combinations thereof.

(0633} The systermn (100} may include a crossbar array (110}, The
crossbar array (110} may include a number of row lines (114), a number of
column lines {116}, a number of menristors (112}, and a number of selectors
{118} such as non-linear selectors that are connecled serially with the
memristors {112}, The combination of a memiistor (112) and a selector (118)
may be referred to as a memory cell.  For simplicity a few instances of each
element is identified with a reference number.  Even though four row lines
{114} and four column lines {116} are depicted in Fig. 1, any number of row lines

(114} and column lings {118} may be present in the crossbar array (110).  As
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depicied in Fig. 1, the row lings {114} and the column lings {116} may be
orthogenal o one ancther.  The two layers of lines {114, 116) form a crossbar,
each of the row lines (114} overlaying the column lines (116} and coming into
close contact with each column line (116} al intersections thal represent ihe
closest contact between each line.

(00341 The lines (114, 116) may effectuate voltage potentials across the
mernristors {112} by carryving current through the crossbar array (110}, For
example, a first vollage is applied at a target row line (114-1} and a second
voltage is applied at a target column line (116-1).  The difference between the
firsi voltage and second voltage generates a vollage potential across the target
memristor (112-1).  As used in the present specification, memristors {112} that
are to be written to or read from may be designated as target memristors (112-
1} and may fall along both a farget row line {(114-1) and a target column line
(116-1). Non-target memrisiors (112-2) are memyistors that are not the targst
merristor (112-1).  Similarly, non-target row lines {114-2} and non-target
column linegs {116-2) may refer to row lines (114} and column lines {118} that do
not correspond o the fargel memristor (112-1).

{8035} The voltage potential across the target memiistor {(112-1) may be
sither a vollage less than the swilching voltage of the target memiistor (112-1),
i.e., a read voltage; or may be greater than the switching voltage of the {argel
memristor (112-1), L.e., a write vollage.  In some examples, the voliage applied
at the target row line {114-1) may be the {olal access vollage value and the
target column line (116-1) may be grounded. The remaining non-target row
lines {114-2) and non-target column lines (116-2) may receive a fractional
voltage that is less than a threshold voltage of the selectors (118) as will be
described below.

(00386} Al the infersection of a number of the number of row lines (114)
and a number of the number of column lines (116) is a memristor (112); a

memristor (112} being a non-volatile memory element. A memrisior (112} can

be used to represent a number of bils of dala.  For exampls, a me
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in this manner, the memristors (112} are “memory resistors”

in that they “remember” the last resistance that they had. Memristance is a
property of the electronic component referred o as a memristor {112). I
charge flows in one direction through a circuit, the resistance of that component
of the circuit will increase. I charge flows in the opposite direction in the
circul, the resisiance will decrease.  If the flow of charge is stopped by tuming
off the applied voliage, the component will remember” the last resistance that it
had, and when the flow of charge staris again the resistance of the circuit will be
what it was when it was last active. A memristor {112} is a resistor device
whose resisiance can be changed.

(06393 Memristors (112} can be made in a number of geometries and
using a variety of materiais. One form is a metal-insulator-metal memyistor
(112}, The term metal is meant to refer broadly to indicate a conductor, for
instance doped silicon. A memristor (112} may include a bottom electrode
(metal), a switching layer (insulator), and a {op electrode (metal).  The botfom
electrode is coated with an insulator to form a swilching layer.  This swilching
fayer is then cogted with a layer of ancther conductive material to form a lop
electrode.  The switching layer may be an insulator between the bottom
electrode and the top slectrode.  For example, in a first state, the switching
layer may be insulating such that current does not readily pass belween the
hottom elecirode to the top electrode.  Then, during a switching event, the

switching laver may swiich to a second state, becoming conduciive,

10
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(0040} in some examples, the fop elecirode and boliom electrode of the
memrisior (112} may be formed from a metallic material such as tantalum or a
tantalum-aluminum alloy, or other conducting material such as titanium, titanium
nitride, copper, aluminum, platinum, and gold among other metallic materials.
The switching layer may be made of a melallic oxide. Specific examples of
switching layer materials include magnesium oxide, fitanium oxide, zirconium
oxide, hafnium odde, vanadium oxide, niobium oxide, tantalum oxide, chromium
oxide, molvbdenum oxids, tungsten oxide, manganese oxide, iron oxide, cobal
oxide, copper oxide, zinc oxide, aluminum oxide, gallium oxids, silicon oxide,
germanium oxide, tin dioxids, bismuth oxide, nickel oxide, yitrium oxide,
gadolinium oxide, and rhenium oxide, among other oxides.  In addition to the
binary oxides presented, the switching layer may be ternary and complex oxides
such as silicon oxyniiride.

(00411 A memyristor {112) may be classified as an anion device. In an
anionic device, the swilching mechanism is the formation of oxygen vacancies
in the swilching layer that are positively charged and therefore lead to the
formation of conducting channels in the switching oxide. By comparison, ina
cation memristor {112} the conducting channel is formed from an
slectrochemically active metal such as copper or silver.  In some examples, a
memristor (112} may be both an anionic device and a cationic device. For
example, an aluminum-copper-silicon alloy oxide based memvistor {112} could
be an anionic device when the copper concentration is low or a cationic devics
when the copper concentration is high.

(0042} Each memrisior {112} may be coupled o a selector (118). A
selector (118) is a component that either allows current to flow through the
memristor (112} or prevents current from flowing through the memristor (112},
For example, the selector (118) may have a threshold voltage, Vi, When a
voliage applied betwesn a row line (114) and & column line {116} is less than
the threshold voltage, the selector (118} is open such that no current flows o a
corresponding memristor {112}, By comparison, when a voltage applied
between a row line {114} and a column ling (116} is at least as great as the

threshold voltage, the selector {(118) closes such that curreni readily flows to a

11
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corresponding memristor {112}, In this fashion, the selector {118} reduces the
sneak current flowing through a crossbar array (110} by preventing current flow
through unselected memiristors {(112-2).  Notwithsianding the selector (118}, a
sub-ihreshold voltage current may flow through each memristor (112}

(0043} The system (100} may also include a memory controlier {102} to
determine a state of memyistors (112} in a crossbar array (110}, The memory
conirolier (102} may be an electrical device or component that, in addition to
other functions, operates or controle g memory device. The memory coniroller
(102} may include at least one of circuitry, a proceassor, or other glectrical
component.  For example, the memory controller (102} may include circuitry
such as indicated in Fig. 5.

(0044} The memory confroller (102) further includes a number of engines
used in the implementation of the systems and methods described herein.  The
engines refer to a combination of hardware such as circuitry and program
instructions o perform a designated function.  Each of the engines may include
a processor and memory.  For example, the engines may include circuits and
componenis as part of the example circuit shown in Fig. 5.

{0045} The memory controller (102} may include a bias voltage engine
(104} to apply a bias voltage across a target memristor (112-1) of the crossbar
array {110}, The bias current generated by the bias vollage may allow for a
baseline to be esiablished from which the stale current may be determined.  In
an example, the bias vollage, a voltage that results in a determined bias current,
is applied to the row line {114} that corresponds to a memristor {112} whose
stale is o be identified. The bias voltage may be greater than the threshold
voltage of the selector (118) coupled to the memristor (112} such that the bias
voltage is seen by the corresponding memyistor (112}, In other words, the bias
voltage that results in the bias current may be larger than the threshold voltage
of the selector (118) such that the voliage is seen by the corresponding target
memristor {112-1}.

{60486} Applying a bias voltage may include increasing the vollage applied
to a target row line (114-1) until the oulput current matches a curreni cutput by a

bias current source.  An example of this comparison is given bealow in

12



WO 2016/137446 PCT/US2015/017329

connection with Fig. 5. In some examples, a processor of the memory
controller (102} may direct a voltage source o increase the vollage applied to
the target row line {114-1) until the output current matches the bias current.
(00477 As will be described below, the bias voltage may be determined by
coliecting the bias current along a target column line (116-1) of the crossbar
array (110}, For example, the applied voliage along a row line (114} that
corresponds to a target memiistor (112-1), along with the resistance of the
target memristor (112-13, may resull in an output current which is collected
along the target column line (116-1} that corresponds to the target memvristor
(112-1}).  This output current may be used o determine what vollage is used to
drive the oulput current that is equal to a bias current.  The vollage al which
this ocours may be referred to as the bias voltage, and may vary from device {o
device.

(00481 The memory coniroller (102} may include a state current engine
(108} to determine a state current flowing through the target memory cell and
corresponding targel memristor (112-1) of the crossbar array (110}, For
example, after a bias voltage for the target memristor {(112-1) has been
determined and is applied, the bias voltage may be raised by a predetermined
amount to a state voltage. The predetermined amount that the bias voliage is
raised may be less than the switching voltage of the memristors (112).  Since
there may be some variation in the switching voltage of the memrisior (112), the
predetermined amount should be smaller than a lower {ail of the distribution as
shown in Figs 3A and 3B, i.e., a high resistance stale.  In some examples, the
predetermined value may be set such that it does not reach the high slope
range as shown in Figs. 3A and 3B,  Once the siate voltage value has been
reached, the current resulting from application of the siate voliage and the
resistance of the target memristor (112-1) is collecied as the state current.
(00497 The memory coniroller (102) may also include a reference state
engine {108} to determine the resistance siate of the target memristor (112-1)
based on the state current and a reference current.  For example, a reference
current may be sel between a potential current value for a high resistance

meamrisior (112) and the potential current value for a low resisiance memvistor
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(112}, The selection of the reference current may be based on pre-identified
characteristics of the memrisiors (112) in the crossbar array (110}, H the state
current is larger than the reference current, then it may be determined that the
target memristor {112-1} is in a low resistance state. By comparison, if the
state current iz smaller than the reference current, then it may be delerminad
that the target memristor (112-1} is in a high resistance siate.

(66507 The memory confrolier (102} may include other elements that
relate to the determining of a resistance staie of the target memyistor (112}
For example, the memory controlier (102} may include row line {114) and
column line (116) selectors that selectively couple the row lines {114} and
column lines {116} to voltage sources o apply the various voltages discussed to
the row lines (114} and column lines (116).

(06513 Fig. 2 is a flowchart of a method (200) for determining a state of a
memristor {(Fig. 1, 112} in a crossbar array {Fig. 1, 110}, according fo one
exampe of the principles described herein.  The method (200) includes
applying (block 201} a bias voltage io a target row line (Fig. 1, 114-1} in the
crogsbar array (Fig. 1, 110). A bias voltage may be a voltage that causes an
output current fo match a predstermined bias current.  For example, the output
current based on an applied bias vollage may be detected along a target
column line (Fig. 1, 116-1) and compared o a predelermined bias curreni,
which predetermined bias current is ouiput by a bias current sourcs.  For
example, the memory controller (Fig. 1, 102} may include circuitry coupled o
the crossbar array (Fig. 1, 110} to oulput the predetermined bias current.  As
described above, the bias voltage that is applied (block 201) may be greater
than the threshoid voliage of the selector (Fig. 1, 118) so that the bias voltage
may be seen by the target memyistor (Fig. 1, 112-1).  Applying (block 201} a
bias voltage greater than the threshold voltage may be achieved by making the
output current the same as the bias current from the bias current source,
(00521 Applying (block 201} the bias voltage may include increasing the
voltage applied to a target row line (Fig. 1, 114-1} that corresponds to the {arget
mernristor (Fig. 1, 112-1} until the current detected at the output of the target

column ling (Fig. 1, 116-1) matches the bias current source output.  The
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voltage that generates an output that malches the bias current source output
may be indicated as the bias voltage. In one example, the bias vollage may be
stored.

(0653} In some examples, delermining the bias vollage may be
performed during a first stage, for example when a bias current source is
coupled to a bias voltage application circuit.  In another stags the bias current
source may be disconnected from the bias vollage application circuit and a
reference current source may be coupled to a resistance state determining
circuit such that the state current may be compared o the reference current.
{8054} The bias voltage value may be increased (block 202) by a
predetermined amount to g siale voitage. For example, the bias vollage may
be increased by a valug, AV,  In other words, the stale vollage may equal the
bias voliage plus the predsterminad AV value. The predstermined amount,
AV, may be selected such that the AV is smaller than the switching voltage of
the memistor (Fig. 1, 112}, In other words, the predetermined amount, AV,
may not be dependent upon the selector (Fig. 1, 118} threshold voltage.
However, the selecior (Fig. 1, 118) threshold voltage may be accountad for in
the state voltage. For example, there may be some variation in the swiiching
voltage of the memristors (Fig. 1, 112} and if a selector (Fig. 1, 118) is combined
with a mermristor (Fig. 1, 112}, the combined switching voliage of the two may
have a wider variation than each of the memristor (Fig. 1, 112) switching voltage
and the selector (Fig. 1, 118} threshold voltage individually. As the selector
(Fig. 1, 118} threshold variation is accountad for by seiting the bias vollage to
give a fixed bias current, adjusting the AV gccounts for the variation of the
switching voltage of a memristor {Fig. 1, 112) independent of the switching
voltage of the selector (Fig. 1, 118).

[0055] The method (200} includes determining {(block 203) a state current
flowing through the farget memristor (Fig. 1, 112-1).  As described above,
based on an applied voltage and the resistance of a memistor {(Fig. 1, 112}, a
current flowing across the memristor (Fig. 1, 112) may be collected and
analyzed. Accordingly, the state current may be based on the value AV and

the resistance of the target memristor (Fig. 1, 112-1).  This stale current may
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be collected along a target column line (Fig. 1, 116-1} thal corresponds to the
target memyristor (Fig. 1, 112-1) and may be used by the memory controlier {Fig.
1, 102} to determine a resistance state of the target memvistor {Fig. 1, 112-1).
(0056} The method (200} includes determining (block 204} a resisiance
state of the target memyristor (Fig. 1, 112-1) based on the siale current.  For
example, the crossbar array (Fig. 1, 110} may be coupled to circuitry that
compares the stale current o a reference current.  The reference current, by,
may be a value that is between the anticipaied current flowing through a
meamristor (Fig. 1, 112} in a high resisiance state, lurs, and the anticipated
current flowing through a memristor (Fig. 1, 112} in a low resistance state, lrs.
in other words, lurs < fer < Irs.  With the reference current between the
anticipated low and high resistance stale current, it can easily be determined
whether the state current is the high resistance state current or the low
resistance state current.

(0057} For example, the voliage potential of a sensing node, that is close
to the target column line (Fig. 1, 116-1}, may be determined by the relative sizes
of current 1) flowing into the sensing node from the crossbar array (Fig. 1, 110}
a current 2) flowing out through the circuit connected o the sensing node.  For
example, the current flowing out of the sensing node may be the reference
current {plus the sneak current) and the current flowing in may be the stale
current {plus the sneak current).  If the state current is larger than the reference
current (thus indicating a low resistance state), the unbalanced current will drive
up the potential of the sensing node by charging a capacitor with the difference
hetween the two currenis. By comparison, if the reference current is larger
than the state current (thus indicating a high resistance state), the unbalanced
current will drive down the potential of the sensing node.

[00658] Figs. 3A and 3B are examples of current-voltage piots (320-1,
320-2) showing the operation of the sysiem (Fig. 1, 100) for determining a slate
of a memyistor {Fig. 1, 112} in a crossbar array (Fig. 1, 110}, according to
exampies of the principies described herein.  The plots (320-1, 320-2) show
voltage along the x-axis and current along the y-axis. Specifically, the plots

(320-1, 320-2) shows -V characieristics of two different memristors (Fig. 1, 112)

16



WO 2016/137446 PCT/US2015/017329

with different selector (Fig. 1, 118} threshold voltage variations.  Fig. 3A shows
the |-V characteristics of a first memyistor (Fig. 1, 112} in a low resistance state
and a high resistance siate are indicated by the lines {322-1) and (324-1},
respectively.  Similarly, Fig. 3B shows the |-V characteristics of a second
memristor (Fig. 1, 112} in a low resistance state and a high resistance state are
indicated by the lines (322-2) and (324-2}, respectively.

(6659 As indicated by the high resistance lines (324-1, 324-2) the
merristors (Fig. 1, 112} may be nonlingar and may have noniinear current-
voltage behavior.  Nonlinearity may refer to a property of a memvristor (Fig. 1,
112} wherein an increase in voltage applied to a menwistor (Fig. 1, 112}
generates a disproportionate increase in current flowing through the memiristor
(Fig. 1, 112}). This indicates that the differential resistances of a memristor
{Fig. 1, 112} as compared between the low resistance state and high resisiance
state may be similar. Referring o Figs. 3A and 3B, the differential resistance
may be indicated by the slope of the low resistance and high resistance lines
{322, 324;. As can be seen in Figs. 3A and 3B, for a certain voltage range the
slope between the low resistance lines (322) and the high resistance lines (324)
may be similar.  Accordingly, determining resistance siate based on voltage
changes may be inconclusive.

(00607 To determine a resistance state of a memristor (Fig. 1, 112}, a
bias voliage (326) may be applied to a row line (Fig. 1, 114) which resulls in an
output current that matches a bias current (328).  As the threshold voliage of
the different selectors {Fig.1, 118} may be different, this may resull in different
bias voltages being used for different memristors (Fig. 1, 112} depending on the
threshold voltage of the selector (Fig. 1, 118).  For example, if each memristor
(Fig. 1, 112} is biased with the same fixed bias voltage, wide variety may exist in
the output current due o the different threshold voliages of the corresponding
selgciors {(Fig. 1, 118).  Subsequently, the bias voltage (326) may be increased
by a predetermined amount (330} to a state voltage (332). As can be seenin
Figs. 3A and 38, the predetermined amount (330} may be the same regardless
of the bias voltage (326). The state current (334), L.e., the current flowing

through a memristor {Fig. 1, 112} based on a predeiermined voltage increment
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{330}, may be compared to a reference current {336} to determine the
resistance state of the memristor (Fig. 1, 112). By stepping up the bias voltage
with a given incremant, the resulting current for the cells with varying sslector
{(Fig. 1, 118} threshold voltage may be the same as long as the resistance of the
memristors (Fig. 1, 112} is the same.  Accordingly, the output current may be
compared with a fixed reference current to delermine the resistance state of the
mermristor (Fig. 1, 112},

(0061} if the state current (334-1) is larger than the reference current
(336}, the memristor (Fig. 1, 112) may be determined to be in a low resistance
state as indicated by the low resistance line (322-1).  In other words, when a
memristor (Fig. 1, 112} is in 3 low resistance state, current is more freely
allowed {o flow, resulling in a larger current through the memristor (Fig. 1, 112).
By comparison, if the state current (334-2) is less than the reference current
{338}, the memristor {(Fig. 1, 112} may be determined to be in a high resistance
state as indicated by the high resistance line (324-1}.  In other words, when a
merristor {(Fig. 1, 112} is in a high resistance state, current is less free to flow
resulting in a smailer current through the memristor (Fig. 1, 112).

{8062} As can be seen in Figs. 3A and 3B, the system (Fig. 1, 100} may
allow for the indication of a siale, and corresponding logic value of nonlinear
memristors (Fig. 1, 112) regardiess of any overlap between a threshold voltage
range {338) of the selector (Fig. 1, 118) and a swilching voltage range (340) of
the memristor (Fig. 1, 112},

(6663} Fig. 4 Is a flowchart of a method {400} for delermining a state of a
mernristor {(Fig. 1, 112} in a crossbar array (Fig. 1, 110), according to another
example of the principles described herein.  The mesthod (400) may include
applying (block 401) an intermediate voltage to non-target row lines (Fig. 1, 114-
23, Forexample, to delermine a resistance slate of a target memyistor {Fig. 1,
112-1), a voltage drop across the target memvristor (Fig. 1, 112-1) may be
effectuated by applying a read voltage V, {o the target row line (Fig. 1, 114-1).
The remaining row lines {Fig. 1, 114-2} and the remaining column lines (Fig. 1,
116-2} may be set o an intermediate voltage between the voltage applied to the

targst row line (Fig. 1, 114-1} and a voltage applied to the target column line
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{Fig. 1, 116-1}. In some examples, the intermediate voltage may be g
fractional voltage of V/2 or less {i.e., V/3, V/4} throughout the operation.
Applying (block 401} a fractional voltage o non-target row lines (Fig. 1, 114-2)
may neulrglize currents by leveling the voltage between the target row line (Fig.
1, 114-1}) and non-targel row lines (Fig. 1, 114-2).

(0064} The method (400} may include determining (block 402} a sneak
current in the crossbar array (Fig. 1, 110},  As described above sneak currents
may be undesirable current that leaks through the crosshar array (Fig. 1, 110}
that obfuscates the accurate defermination of resistance states of the
memristors (Fig. 1, 112).  As will be described, the sneak current may later be
subtracted from the siate current (o accurately determine the resistance state of
the memristor (Fig. 1, 112).

[0065] The method (400} includes applying (block 403} to a target row
fine (Fig. 1, 114-1), a bias voltage that causes a bias current to pass through the
target memristor (Fig. 1, 112-1}).  This may be performed as described in
connection with Fig. 2. The bias voltage controlled by an operational amplifier
maintains a sense node vollage the same as during the sneak current sampling
stage. 5o the current generaied by the bias voliage is added to the output
current of the target column line (Fig. 1, 116-1).  in other words, the bias
current is the oulput current with the sneak current subtracted.  As the sampled
and held sneak current is being drawn out from the target column line (Fig. 1,
116-1} throughout the next stage where the target row line (Fig. 1, 114-1)
voltage is siepped up, the same amount of current (.., the sneak current} is
subtracied from the tolal current while the additional reference current is drawn.
(0066} The method (400} may include storing (block 404) the bias
voltage. For example, the bias voltage may be stored in a capacitorof a
circuil.  Storing the bias voltage may allow the bias voltage to be increased by
an amount, AV, o obtain the state voltage and collect the corresponding state
current.  Accordingly, the method (400} may include increasing {block 405} the
bias voltage by a predetermined amount to a siale voltage.  This may be

performed as described in connection with Fig. 2.
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0067} The method (400} includes determining (block 406) a state current
flowing through the farget menwistor (Fig. 1, 112).  This may be performed as
described in connection with Fig. 2.

(0068} The method (400} includes delermining (block 407} whether the
state current is larger than a reference current.  For example, a reference
current, supplied by a reference current source, may be compared using
circuiiry coupled to the crossbar array (Fig. 1, 110).  The reference current may
be selected so as to fail belween an anticipated current from a high resistance
state memristor (Fig. 1, 112} and an anticipated current from a low resistance
state memistor (Fig. 1, 112}, I the state current is larger than the reference
current {block 407, determination YED), it may be determined {block 409) that
the memristor (Fig. 1, 112} is in a low resistance slate. By comparison, if the
state current is not larger than the reference current (biock 407, defermination
NO), it may be determined {block 408} that the memristor is in a high resisiance
state.

(0069} Fig. 5 is a diagram of a circuit {500} for determining a stale of a
meamristor (Fig. 1, 112} in a crossbar array (110}, according to one example of
the principles described herein.  As described above, the memory controlier
{(Fig. 1, 102} may include a number of elements such as processors and circuils
to carry oul the functionality of delermining g state of a memiistor (Fig. 1, 112} in
a crossbar array (110}, Fig. 5 depicts an example of some circuitry that may
be used. In Fig. 5, a target row line {114-1} is indicated by a reference number
and a target column line (116-1) is indicated by a reference number and for
simplicity the remaining row lines and column lines are notlabeled. The
focation of a target memristor {(Fig. 1, 112-1) may be indicated by the circle
(542}, As described above, an intermediate voltage (Vw/2} may be applied to
non-target row lines {Fig. 1, 114-2) and non-target column lines (Fig. 1, 116-2)
and a sense voltage {V,) may be applied fo a target column line {116-1).
Applyving the intermediate voltage (Vw/2} and sense vollage (V) may resul in
partiaity-selected memristors (Fig. 1, 112} indicated by the friangles (544).

Similarly, different voltages such as an intermediate voliage, a bias voltage, and
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a siate voltage {(i.e., bias vollage plus AV} may be applied to the target row ling
(114-1).

8073 The circuit (500} may include a bias component (546} that may
form part of the bias voltage engine (Fig. 1, 104) to increase the voliage applied
io the target row line {114-1} until a current that matches a bias current is
reached. For example, an operational amplifier (550} may compare a senss
node {568} voltage o a sense voltage (V) and may output a voltage
proportional {o the difference.  The output is fed o a gate of an N-type field
effect ransistor (NFET) (651).  In this exampie, if the total current {i.e., the cell
current and sneak current) out of the target column line (116-1} is larger than
the sum of the current from the bias current source (548} and the sneak current
stored in the sample and hold circuit (552), the sense node (568} voltage will
rise higher than the sense voliage (V).  Accordingly, the outpul from the
operational amplifier (850} will go down and the voltage at the source of the
NFET (551) will also go down fo reduce the current through the farget cell unti
the current passing through the target memristor (Fig. 1, 112-1) is approximately
equal {o the bias current.  Once stabilized, the operational amplifier {(550) may
be disconnecied from the capacitor in the bias component {(546) such that the
voltage stored in the capacitor of the bias component (546} holds the gate
voltage of the NFET (5561} and in turn the volfage applied to the target row line
(114-1).

00711 Similarly, the system {Fig. 1, 100} may include a sneak current
engine o determine a sneak current.  In some examples, an inverted output of
the operational amplifier (550) may be fed {0 3 gate of fransistor (553} in a
sneak current circuit component (552}, Similar to as above, once the voltage
stabilizes, the current from the target column line (116-1), Le., the sneak curmrent,
may be the same as current flowing through the transistor (553}, which may be
conirolied by the gate voltage of the transistor (553).  If the operational
ampilifier (550} cutput is disconnected from the capacitor in the sneak current
circui! component (552}, the voltage stored in the capacitor may hold the gate

voltage and in turn the current through the transistor (653},
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(0072} After the bias current has been reached, a predetermined voliags,
AV, is added to the bias voltage o generate a state voltage.  In this example,
the bias current source (548) may be disconnecied and a reference current
source {554 may be connected such that the operational amplifier (550}
compares a state current resulling from the state voltage to the reference
current.  If the state current is larger than the reference current, a large oulput,
Vout, is generated and the memristor {(Fig. 1, 112} may be determined o be in a
fow resistance state. By comparison, if the siate current is smalier than the
reference current, @ smaller oulput, Vaw, I8 generated and the mamristor (Fig. 1,
112} may be determined to be in a high resistance siate.

{00673} The circuit (500} may include other components such as a bit line
capacitor, “Cai” "Poean” which is a control pulse input fo precharge the bit line 1o
Vsense; "Pace” 18 @ control pulse input to connect a target column line (116-1} to
the sensing circuil.

(06743 Fig. © Is g diagram of a memory coniroller {102} according to one
example of the principles described herein.  The memory confroller (102)
includes a bias vollage engine (104), state current engine (108), and reference
state engine {108) that may be examples of similar components described in
connection with Fig. 1. The memory controller (102} may also include a
vollage engine {656} and a sneak current engine {658). The engines (104,
106, 108, 656, 858) refer to a combination of hardware and program insiructions
to perform a designated function.  Each of the engines (104, 106, 108, 656,
6568} may inciude circuitry.  Program instructions may be stored in memory and
cause the processor to execute the designaled function of the engine.

[0075] The voltage engine (656) applies a number of vollages to a
number of row lines (Fig. 1, 114) corresponding {o the target memristor (Fig. 1,
112-1) and non-target memristors (Fig. 1, 112-2). For example, the voltage
engine {656) may cause a voliage source to apply an initial voltage, a bias
voliage, an intermediate voltage, a sense voltage and/or an access voliage o
the various row lines {Fig. 1, 114} and column lines (Fig. 1, 116) of the crossbar

array (Fig. 1, 110}
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(06786} The sneak current engine (858}, which may include the sneak
current circuit component {Fig. 5, 552} may determine a sneak current through
the crossbar array (Fig. 1, 110). The sneak current engine (658} may also
include circuitry to store and hold the sneak current,

(0677} Fig. 7 is a diagram of 8 memory controller {102}, according {o one
example of the principles described herein.  In this example, the memory
controlier (102} includes processing resources (760} that are in communication
with memory resources {762}, Processing resources (760} include at least one
processor and other resources used 1o process programmed instructions.  The
memory resources {762} represent generally any memory capable of storing
data such as programmed instructions or data structures used by the memory
conirolier (102}, The programmed instructions shown stored in the memory
resources (762) include a sneak current determiner (764 ), a bias voltage applier
{766}, a bias voltage increaser (770), and a state current comparer (772).
(6678} The memory resources {762} include a computer readable storage
medium that contains computer readable program code to causs tasks to be
executed by the processing resources (760},  The computer readabie storage
medium may be tangible and/or non-transitory storage medium. The computer
readable storage medium may be any appropriale storage medium thatisnot a
iransmission storage medium. A non-exhaustive list of computer readable
storage medium types includes non-volatile memory, volatile memory, random
access memory, memristor based memory, write only memory, flash memory,
electrically erasable program read only memory, magnetic storage media, other
types of memory, or combinations thereof.

(0079} The snsak current determiner {754) represents programmed
instructions that, when executed, cause the processing resources {760} io
determine a sneak current through the crossbar array (Fig. 1, 110); for example
by signaling to the circuit {(Fig. 5, 500) to store the sneak current.  The bias
vollage applier (766) represents programmed instructions that, when executed,
cause the processing resources {780} fo apply a bias voltage (o a target row line

{Fig. 1, 114} in the crossbar array (Fig. 1, 110} for example by signaling a

23



WO 2016/137446 PCT/US2015/017329

voltage source 1o apply voliages to a target row line (Fig. 1, 114) of the crossbar
array (Fig. 1, 110).

608q The bias voltage increaser (770} represents programmed
insiructions that, whean executed, cause the processing resources {760} io
increase the bias vollage o a state vollage by a predelermined amount; for
example by directing a voltage source o increase the voltage applied fo a target
row fine (Fig. 1, 114}. The stale current comparer (772} represents
programmed instructions that, when sxecuted, cause the processing resources
(760} to compare a siale current iess the sneak current to a reference current
do determine a resisiance state of a target memyistor {Fig. 1, 112-1}; for
example by connecting a reference current source {Fig. 5, 554} 1o the crossbar
array (Fig. 1, 110}.

0681} Further, the memory resources (762} may be part of an installation
package. Inresponse o installing the installation package, the programmed
instructions of the memory resources (752} may be downioaded from the
instaliation package’s source, such as a porfable medium, a server, a remots
network location, another location, or combinations thereof.  Portable memory
media that are compatible with the principles described herein include DVDs,
COs, flash memory, portable disks, magnetic disks, oplical disks, other forms of
poriable memory, or combinations thereof.  In other examples, the program
instructions are already installed.  Here, the memory resources can include
integrated memory such as a hard drive, a solid state hard drive, or the like.
[0082] in some examples, the processing resources (760} and the
mermory resources {762} are located within the same physical component, such
as a server, or a network component.  The memory resources (762) may be
part of the physical component’s main memory, caches, registers, non-volatile
memory, or elsewhere in the physical componeant's memory hierarchy.
Alternatively, the memory resources {762} may be in communication with the
processing rescurces {760} over a network.,  Further, the data structures, such
as the libraries and may be accessed from a remote location over a network

connection while the programmed instructions are located locally.  Thus, the
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mermory confroller (102) may be implementad on a user device, on a server, on
a collection of servers, or combinations thereof,

{8083} The memory controller (102} of Fig. 7 may be part of a general
purpose computer.  Howsver, in alternative examples, the memory conirolier
(102) is part of an application specific integrated circuit.

(60841 The processing resources {760} may include the hardware
architecture lo retrieve executable instructions from the memory resources (762}
and execule the execuiable instructions.  The execuliable instructions may,
when execuied by the processing resources {76Q), cause the processing
resources (760} to implement at least the functionality of determining a
resistance state of a memristor (Fig. 1, 112).

[0085] The memory resources (762 may store data such as executable
instructions that are executed by the processing resources (760} or other
processing device.  As will be discussed, the memory rescurces {762} may
specifically store instructions representing a number of applications that the
processing resources (760} executes to implement at least the functionality
described hersin.

{80886} The memory resources (762) may include a machine readable
medium, a machine readable storage medium, or g non-transitory machine
readable medium, among others, For example, the memory resources (762)
may be, an elsctronic, magnetic, oplical, electromagnsitic, infrared, or
semiconductor system, apparatus, or device, or any suitable combination of the
foregoing. In the context of this document, a machine readable storage
medium may be any tangible medium that can contain, or store machine
readable instructions for use by or in connection with an instruction execution
system, apparatus, or device.  In another example, a maching readabls
storage medium may be any non-iransitory medium thatl can contain, or store a
program for use by or in connection with an instruction execution system,
apparatus, or device.

(0087} Aspects of the present system and method are described herein
with reference to flowchart iHustrations and/or block diagrams of methods,

apparatus (systems) and insiruction sets according o examples of the principles
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described hergin.  Each block of the flowchart iilustrations and block diagrams,
and combinations of blocks in the fowchart Hllustrations and block diagrams,
may be implemented by machine readable instructions. The machine readable
instructions may be provided o a processing resources (760} of a general
purpose computer, special purpose compuier, or other programmable daia
processing apparatus to produce a machineg, such that the machine readable
instructions, when execuled vig, for example, the processing resources (780} or
other programmable data processing apparatus, implement the functions or acls
specified in the flowchart and/or block diagram block or blocks.  Inone
example, the machine readable instructions may be embodied within a machine
readable storage medium; the machine readable storage medium being part of
the computer program product.  In one example, the machine readable storage
medium is a non-transifory machine readable medium.

(0088} The preceding description has been presented to illustrate and
describe examples of the principles described.  This description is not intended
to be exhaustive or to limit these principles to any precise form disclosed.

Many modifications and variations are possible in light of the above teaching.
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CLAIMS

WHAT IS CLAIMED 15!

1. A method for defermining a state of a memristor in a crossbar array, the
method comprising:
applying, to a target row line in the crossbar array, a bias voltage that
causes a bias curreni to pass through a target memrisior in the targel row ling;
increasing the bias voliage by a predefermined amount to a stale voltage;
determining a state current flowing through the target memiistor, in which
the stale current is based on the stale voliage; and

determining the state of the larget memrisior based on the state current.

2. The method of claim 1, further comprising storing the bias voltage.

3. The method of claim 1, in which delermining the stale of the target
meamirisior based on the state current comprises comparing the state current fo

a referance current,

4, The method of claim 3, in which comparing the state current to the
reference current comprises comparing a sum of the state current and a sneak

current to a sum of the reference current plus the sneak current.

5. The method of claim 3, in which a relative value of the stale current and

the reference current is indicated as a voliage ouiput.

g. The method of claim 1, comprising applying an intermediate voltage (o
non-target memristors, such that the voltage drop across pariiaily-selected
memristors and unselected memristors is smaller than a voltage drop across the

target mermristor.
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7.

A system for determining a state of a memristor in g crossbar array, the

system comprising:

8.

a crossbar array of memristors, the crossbar array comprising,

a number of row lines;

a number of column lings intersecting the row lines, a mamristor
located at a number of the intersections of a row line and a column ling;
and
a memory controller, wherein the memory controller comprises:

a bias voltage engine:

to apply a bias voltage fo a target row line of the crossbar array to
generate a bias current through a target memristor; and

to increase the bias voliage by a predetermined voltage amount o
a state voltags;

a state current engine to determine a state current flowing through
the target memrisior; and

a resistance state engineg (o determine the state of the target

mamristor based on the siate current and a referance curent,

The system of claim 7, in which the memory conirolier comprises a

voltage engine to apply @ number of volfages to the number of row lines

corresponding o the target memristor and non-target memristors,

8.

The systern of claim 8, in which the voltage engine applies a sensing

voltage to a target column line corresponding o the targel memrisior.

10.

The system of claim 7, in which the crossbar array comprises a number

of selectors, each selector coupled in series with 8 memristor.

.

The system of claim 7, in which the meniristors are non-linear memristors

that have non-linear current voltage behavior.

28



WO 2016/137446 PCT/US2015/017329

12, The system of claim 7, in which the memory controller comprises a sneak

current engine to determine a sneak current through the crossbar array.

13. The sysiem of claim 12, in which the sneak current engine subiracts the

sneak current from at least one of the bias gurrent and the stale current,

14. A non-transitory machine-readable storage medium encoded with
instructions executable by a processor, the machine-readable storage medium
comprising:

instructions to determine a sneak current through a crossbar array;

instructions to apply a bias voltage o a target row line in the crossbar
array to generate a predetermined bias current through a target memristor;

instructions 1o increase the bias voliage o a statg vollage by a
predetermined amount; and

instructions o compare a state current less the sneak current to a
reference current to determine a state of 3 target memristor in the target row

fine.
15. The maching-readable storage medium of claim 14, in which the bias

voltage is greater than a threshold voltage of g selector coupled in series with

the target memristor,
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