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MATERIAL IMPLICATION OPERATIONS IN MEMORY

Technical Field

{0001} The present disclosure relates generally to semiconductor
memory and methods, and more particularly, to material implication operations

in memory.

Backgaround
13002 ] Memory devices are typically provided as internal,
senmiconductor, integrated circuits and/or external removable devices in
computers or other electronic devices. There are many different types of
memory mcluding volatile and non-volatile memory. Volatile memory can
require power to maintain 1ts data and can include random-access memory
(RAM), dynamic random access memory (BRAM)}, and synchronous dynamic
random access memory (SDRAM), among others. Non-volatile memory can
provide persistent data by retaining stored data when not powered and can
include NAND flash memory, NOR flash memory, read only memory (ROM),
and resistance variable memory such as phase change random access memaory
(PCRAM), resistive random access memory (RRAM), and magnetic random
access memory (MRAM), among others.
{00031 Memory devices can be utilized as volatile and non-volatile
memory for a wide range of electronic applications in need of high memory
denstties, high reliability, and low power consumption. Non-volatile memory
may be used 1n, for example, personal computers, portable memory sticks, sohid
state drives {SSDs), personal digital assistants (PDAs), digital cameras, celiular
telephones, portable music players, for example, MP3 players, and movie
players, among other electronic devices. Data, such as program code, user data,
and/or system data, such as a basic input/output system (BIOS), are typically
stored 1n non-volatile memory devices.
{0004] Resistance variable memory such as PCRAM includes resistance
variable memory cells that can store data based on the reststance of a storage
element (¢.g., a storage element having a vanable resistance}. As such,
resistance varigble memory cells can be programmed to store data corresponding

to a target state by varying the resistance level of the resistance variable storage
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element. Resistance variable memory cells can be programmed to a target state
(e.¢., logical state) corresponding to a particular resistance, by applying sources
of an electrical field or energy, such as positive or negative elecirical signals
{¢.g., positive or negative voltage or current signals) to the cells.

THHIRY Various computing archiiectures {e.g., Von Neumann
architectures) include a bottleneck issue associated with data transfer between
memory {(€.2., a memory device stoning data) and a processing resource {(e.¢., a
central processing unit}) used {o pertorm compute functions on data {e.g., via
logical operations such as Boolean logic operations and/or higher level
mathematical operations) in association with executing instructions (€.2., a
program}. Some memory devices are capabie of in-memory computing, which
can include performing logical operations between data values stored in a
memory array without transterring the data out of the array {(e.g., to an external

Processing resource).

A

Briel Descrption of the Drawin

{00061 Figure A illustrates a memory system capable of performing
material imphication operations in accordance with a number of embodiments of
the present disclosure.

{0007} Figure 1B illustrates an example of a memory array capable of
storing data values on which material implication operations can be performed in
accordance with a number of embodiments of the present disclosure.

{0008} Figure ZA tllustrates threshold voltage distributions associated
with states of memory cells on which material implication operations can be
performed in accordance with a number of embodiments of the present
disclosure.

{3339 Figures 2B-2(C are graphs tllustrating current-versus-voltage
signatures associated with memory cells on which material implication
operations can be performed 1n accordance with a number of embodiments of the
present disciosure.

{0010} Figure 3 1s a diagram idiustrating a portion of a memory array
including memory cells capable of storing values assoctated with a material
implication operation in accordance with a number of embodiments of the

present disclosure.
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{3011 Figure 4A illustrates a portion of a truth table associated with
performing a material implication operation using the applied signals shown in
Figure 48

{00127 Figure 4B illustrates a number of signals applied to memory celis
10 association with performing a matenal implication operation in accordance
with a number of embodiments of the present disclosure.

{3013 Figure 5A illustrates a portion of a truth table associated with
performing a material implication operation using the apphied signals shown in
Figure 5B.

{00144 Figure 5B iliustrates a number of signals applied to memory cells
i1 association with performing a matenial implication operation in accordance
with a number of embodiments of the present disclosure.

{001 5] Figure 6A tllustrates a portion of a memory array that can be
operated to perform material ymplication operations i accordance with a number
of embodiments of the present disciosure

{3016] Figures 6B-6F illusirate truth tables corresponding to in-memory
logical operations that can be pertormed on memory cells such as those shown in
Figure 6A by performing 4 number of material implication operations in

accordance with a number of embodiments of the present disclosure.

Detailed Description

{0017 The present disclosure includes apparatuses and methods for
material implication operations in memory. An example apparatus may include
a plurality of memory cells coupled to a first access hine (e.g., word line) and a
plurality of second access lines (e.g., bit lines), and a controller configured to
apply a first signal to the first access line, and while the first signal is being
applied to the first access line, apply a second signal to a first of the plurality of
memory cells via one of the plurality of second access lines and apply a third
signal {0 a second of the plurality of memory cells via another one of the
plurality of second access lines. The material implication operation may be
performed as a result of the signals (e.g., first, second, and third signals) applied
and a result of the material implication operation may be stored on the second of

the plurality of memory cells subseguent to the application of the third signal.

2



WO 2019/125795 PCT/US2018/064656

{30181 mbodiments of the present disclosure provide various benefits
such as reduced cost associated with a memory device capable of performing
various in-memory compute operations {(e.g., Boolean iogical operations)
compared to previous approaches. For example, the present disclosure may
simplify a circuit design for a memory array that s capable of performing a
material implication operation within the memory array (e.g., without
transferring data associated with the material implication out of the memory
array). For example, the ability to perform a material tmplication operation in
memory along with the ability to perform a FALSE operation {(e.g., an operation
always resulting in logic 07} in memory form a computationally complete logic
basis. As such, any Boolean logical operation (e.g., AND, OR, NAND, NOKR,
XOR, COPY, and/or NOT)Y may be dernived by suttably combining performance
of material implication and FALSE operations.

{3019} In-memory compute operations as described heren can be
performed without having to read data values from an array into sense
amplifiers, for example, which can result in consuming less power as compared
to various previous approaches to in-memory computing. As described further
herein, embodiments can mclude performing a material implication operation in
memaory without the use of an external load resistor such as empioyed by some
previous in-memory computing approaches.

{3020} As used herein, a material implication operation 1s a valid rule of
replacement that allows for a conditional statement to be replaced by a
disjunction {(e.g., OR)}, in which the antecedent 1s negated (e g, NOT). For
example, the operation may state that “p” implies “q” (e.g., 1n which “p” 1s an
antecedent and “q” 1s a consequent) 15 logically equivalent to (not-p) OR q. As
used herein, a matenial implication operation may be represented as “IMP”. For
example, performing a material mmplication operation on an antecedent “p” and a
consequent g’ may be represented as plMPq.

3021 In the tollowing detailed description of the present disclosure,
reference 1s made to the accompanying drawings that torm a part hereot, and in
which 1s shown by way of illustration how one or more embodiments of the
disclosure may be practiced. These embodiments are described in sufficient
detail to enable those of ordinary skill in the art to practice the embodiments of

this discipsure, and 1t 18 to be understood that other embodiments may be uitlized
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and that process, eiectrical, and structural changes may be made without
departing trom the scope of the present disclosure.

{3022} As used herein, designators such as "N and “M”, particularly
with respect to reference numerals in the drawings, indicate that a number of the
particular feature so designated can be included. It 1s also {0 be understood that
the terminology used herein ts tor the purpose of describing particular
embodiments only, and 1s not intended to be limiting. As used herein, the
singular forms “a”, “an’”, and “the” can include both singular and plural
referents, unless the context clearly dictates otherwise. In addition, “a number
of” something (e.¢., a number of memory cells) can refer to one or more of such
things, whereas a “plurality of” 1s intended to refer to more than one of such
things {(e.g., more than one memory cell}. Furthermore, the words “can” and
“may’ are used throughout this application in a permissive sense {e.g., having
the potential to, being able to}), not in a mandatory sense (e g., required {0},
{3023 The figures heretn follow a numbering convention in which the
first digit or digtis correspond to the drawing figure number and the remaining
digits identity an element or component in the drawing. Similar elements or
components between difterent figures may be identified by the use of simzilar
digits. For example, 114 may reference element “ 14" 1n Figure 1, and a similar
element may be referenced as 314 in Figure 3.

{3324} Figure 1A illustrates a memory system 100 capable of performing
material implication operations in accordance with a number of embodiments of
the present disclosure. As shown 1n Figure 1A, the memory system 100 includes
a controlier 102 and a memory array 110

{B025] The controller 102 can communicate with the memory array 110
to perform memory operations such as read, write, and/or erase operations, and
logical operations {e.g., Boolean operations including IMP, NAND, NOR, XOR,
COPY, NOT, AND, and/or OR, among other operations). As an example, the
controlier 102 can be on a same die or a different die than a die or dice
corresponding to the memory array 110. The controlier 102 can include, for
example, a number of components in the form of hardware and/or firmware
{e.g., one or more tntegrated circutis) and/or software tor controlling access o

the memory array 110 and/or for faciiitating data transfer between the memory
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array 110 and a requesting device (e.g., host, not shown, but which may be
coupled to the memory system 100},

{30261 The controller 102 1s capable of providing signals to array 110 to
perform memory operations such as reads and writes. In a number of examples,
the controller 102 may be configured to provide signals to the array 110 to
perform in-memory compute operations such as maternial implication operations
and/or other Boolean logic operations as described further herein,

{3027 The memory array 110 may serve as a memory for the memory
system 100. The memory array 110 may imclude memory cells that are
resistance variable memory cells. For example, states {e.g., logical states) of the
memory cells may be determined based on resistance (e.g., corresponding
voltages) of the memory cells that are varniable responsive to voltages apphed
across the memory cells. As described further herein, the memory cells of the
memory array 110 may be capabie of stonng a value corresponding to an
antecedent, a value corresponding to a consequent, and a value corresponding to
a result of a matenal implication operation, which may be performed within the
memory array {10,

{00281 Figure 1B 1llustrates an example of a memory array 110 capable
of storing data values on which material implication operations can be
performed in accordance with a number of embodiments of the present
disclosure. The example shown tn Figure 1B 1s a cross-point memory amay;
however, embodiments are not so limited. Memory array 110 includes a
plurality of access himes 112-0 to 112-N {e.g., which may be referred to as word
lines 112}, and a plurality other access lines 114-0 to 114-M (e.g., which may be
referred to as bit lines 114) that cross each other (e.g., intersect in different
planes). Memory cells 116 are located at intersections of the word lines 112
and the bit lines 114 {e.g., at each bit line/word line crossing). Although n
Figure 1B, the access lines 112 are word lines and the access lines 114 are bit
lines, 1in a number of embodiments, the access lines 112 may be bit hines and the
access lines 114 may be word lines.

{0029] The memory cells 116, for exampie, can be non-volatile
resistance variable memory cells each having an associated select element and a
storage element. The select elements in each resistance vanable memory cells

can be operated (e.g., turned on/ott) to select the memory cells in order to

s
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perform operations such as data programming and/or data reading operations on
the resistance varniable memory cells. Although the array 110 1s shown as a two-
dimensional (213} arrangement, 1n various embodiments, the array 110 may also
be a three-dimensional (3D} cross-point array, which might comprise multiple
tiers of array 110 stacked (e.g., vertically) on each other

{30301 As used herein, a storage element refers to a programmable
portion of a resistance variable memory cell. For example, in PCRAM and
RRAM cells, a storage element can include the portion of the memory cell
having a resistance that 1s programmable to data states responsive to apphed
programming stgnals {(e.g., voltage and/or current pulses}, tor example. The
storage element can include a resistance varnable matenal such as a phase change
matenal {e.g., phase change chalcogenide alloy) such as an indium{In)-
antimony{Sb -tellurtum(Te) (IST) matenial, e g, InoSbhaTes, IniSbhaTey,
fmiShaTer, elc., or a germanmum-antumony-tellurnum (G5T) matenal, e.g., a Ge-
Sb-Te material such as GexSboTes, GeiSboTes, GeiSbyTer, etc. The hyphenated
chemical compostition notation, as used herein, indicates the elements included
in a particular mixture or compound, and is intended to represent all
storchiometries involving the indicated elements. Other phase change matenals
can include GeTe, In-Se, SbyTe;, GaSbh, InSh, As-Te, Al-Te, Ge-Sh-Te, Te-Ge-
As, n-Sb-Te, Te-Sn-Se, Ge-Se-(Ga, Bi-Ne-Sb, Ga-Se-Te, Sn-5b-Te, In-5b-Ge,
Te-Ge-Sb-5, Te-Ge-Sn-(}, Te-(Ge-Sn-Au, Pd-Te-Ge-Sn, In-Se-T1-Co, Ge-5b-Te-
Pd, Ge-5b-Te-Co, Sb-Te-Bi-Se, Ag-In-Sb-Te, Ge-Sbh-Se-Te, Ge-Sn-Sb-Te, Ge-
Te-Sn-Ni, Ge-Te-Sn-Pd, and Ge-Te-5n-Pt, among various other phase change
materials.

3031 The select element can also be a chalcogenide material such as
those described above. While the select element and the storage element can
comprse different chalcogenide materials, embodiments are not so limited. For
exampie, cach cell can comprise a matenal {e.g., a chalcogenide matenal) that
can serve as both the storage element and the select element, with the cells being
referred to as S5SM (Selt-Select Memory) cells. Example threshold voltage (V1)
distributions and current-versus-voltage signatures for SSM cells are described
turther below {e.g., in association with Figures 2A and 2B).

100321 Figure 2A illustrates threshold voltage distributions associated

with states of memory cells on which matenal implication operations can be
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pertormed in accordance with a number of embodiments of the present
disclosure. In this example, the memory celis are SSM cells with the voltage
distributions 222-1, 222-2, 222-3, and 222-4 corresponding to respective
threshold voltage states, which may be referred to collectively as distributions
222 or states 222, The distributions 222 represent a statistical vanation in the
voltages of memory cells programmed to a particular state (€.g., logical state).
As described further herein, the voltage distriibutions 222 may correspond to
programimed states achieved via particular voltage differentials apphied to (e.g.,
across) the memory cells {(e.g., via apphed voltage differentials between word
lines such as word lines 112 and bit lines such as bit lines 114). As used herein,
a voltage differential applied across a memory cell may be referred to as a
memory cell voltage (Verie) such as the difference between a word line voltage
{c.g. voltage applied to a memory via one of the access lines 112} and a bit line
voltage (e.g., voltage applied to the memory cell via corresponding one of the
access lines 114},

{3033} Figure 2ZA shows four different voltage disiributions 222-1, 222-
2,222-3, and 222-4, which may represent tour different states of memory cells.
For example, although embodiments are not so humited, a voltage distribution
222-1 may represent a set state (e.g., 17}, a voltage distnibution 222-2 may
represent a reset state (e.g., “07), a voltage distnibution 222-3 may represent a set
state {e.g., “17), and a voltage distribution 222-4 may represent a reset state {e.g.,
“07).

{30341 Figure 2A shows two different read voltages 224-1 and 224-2
used to distinguish cell states {e.g., logical states). For example, read voltage
224-1 can be used to determine whether a cell 1s programmed to state 222-1 or
222-2, and read voltage 224-2 can be used to determine whether a cell 1s
programmed to state 222-3 or 222-4. As shown in Figure 2A, an absolute value
{e.c., magnitude} of each voltage 224-1 and 224-2 may be higher than one of the
respective voltage distributions and lower than another one of the respective
voltage distributions. For example, the magnttude of the voltage 224-1 may be
higher than the voltage distnbution 222-2 (e.g., representative of a reset state”07)
and lower than the voltage distribution 222-1 {e.g., representative ot a set state

“17). For example, the magnitude of the voltage 224-2 may be higher than the



WO 2019/125795 PCT/US2018/064656

voltage distribution 222-3 {e.g., representative of a set state” 17} and iower than
the voltage distribution 222-4 {e.g., representative of a reset state “07)

(35} The voltages 224 may be utilized to distinguish those memory
cells in one state {e.g., set state) corresponding to the voltage distribution 222-1
trom memory cells 1o another state {¢.g., reset state) corresponding to the voltage
distribution 222-2. For example, a voltage 224-2 may be utilized to distinguish
those memory cells in one state {e.g., set state) corresponding to the voltage
distribution 222-3 from memory cells in another state (e.g., reset state)
corresponding to the voltage distnbution 222-4. Logical states {e.g., set and

reset states) of memory cells may be determined based on ViosiL the memory

cells exhibit subsequent to applying the voltages 224, which 1s further described

in connection with Figure 2B and Figure 2. As used herein, the voltages 224

may be reterred to as read voltages {e.g., Verap), which correspond to voltage
ditterentials applied across memory cells to determine thewr logic state during a
read operation.

{3036} As shown 1n Figure 2A, the read voltages 224-1 and 224-2 have
different polarities. In this example, the voitage 224-1 is a negative voltage and
the voltage 224-2 15 a positive voltage. As used herein, the polanity of a voltage
cann be based on a word line versus bit line differential (e.g., whether a bit line
voltage 1s greater or less than a word line voltage).

{37 Memory cells (e.g, memory cells 116} may be read using a read
voltage having the same polarity as that of the Vit of the memory cells. For
example, a memory cell having a negattve Vi{e.g., corresponding 1o the voltage
distributions 222-1 and 222-2) may be read using the voltage 224-1 having a
negative polanty, and a memory cell having a positive Vi (e.g., corresponding to
the voltage distributions 222-3 and 222-4}) may be read using the voltage 224-2
having a posifive polarnity. However, embodiments are not so hmaited. For
example, in performing a material implication operation, a read voltage having a
positive polarity may be applied to a memory cell regardless of a state {(e.g |
logical state) of the memory cell. The positive read voltage may be used (.2,
apphied across) to read a memory cell that may have a negative Vi. (e.g.,
programmed to a set state 17 by applying a voliage 226-1}.

{3038] The memory cells {¢.g., memory cells 116} that are read via the

read voltages 224 having the same polanty as the memory cell Vis may exhibat,

s
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when read, the same voltage to which the memory cells are previously
programmed independent of the number of times those are read. For example,
the read ts a non-destructive read (e 2., the logic state of the cell 1s maintained
even 1f the magnitude of the read voltage 224 exceeds a Vi of the memory cell
being read). In a number of embodiments, a FALSE operation may be
performed as a result of programming the memory cells to a reset state (e.g., “0”
by applying the program voltage 226-2). For example, regardless of input of the
FALSE operation, an output (e.g., values stored on the memory cells
programmed to a reset state) may be “07, which indicates FALSE.

{3039 Figure 2A shows two different voltages 220-1 that may be
utilized to program memory cells to a particular logical state {(e.g., “0” or 17},
For example, a memory cell may be programmed {o a set state {e.g., “17} by
applying a voltage 226-2Z and to a reset state (e.g., “07) by applying a voltage
226-1 across the memory cell. As used herewn, the voltages 226 may be referred
to as program voltages and applying the voltages 226 to program memory celis
to particular logical states may be referred {0 as a program operation.

{040} The voltage 220-1 may have a ditterent polarnity as the polanty of
the voltage 226-2. For example, as shown in Figure 2A, the voltage 226-1 may
have a negative polarity and the voltage 226-2 may have a postitve polarity.
Memory cells may be programmed to 4 set state {e.g., “17) by applving voltage
226-2 having a positive polarity and {0 a reset state {e.g., “07) by applying
voltage 226-1 having a negative polarity.

13041 Figures 2B-2C are graphs ilustrating current-versus-voltage
signatures associated with memory cells on which material implication

operations can be pertormed in accordance with a number of embodiments of the

present disclosure. VegLL, as tilustrated in Figures 2B and 2, may represent the
voltage difterential {(e.g., a difterence between a bit line voltage and a word line
voltage) as described 1n connection with Figure 2A. Cell current, as illustrated
in Figure 2B, may represent a current flowing through a memory cell when a
corresponding voltage is applied across the memory cell.

{0042] Figure 2B shows a current-versus-voltage graph of @ memory cell

programmed to a reset state {e.g., “07). A memory cell having a postiive polarity

Vtmay be in a non-conductive state (e.g., higher resistance) until VeeoL reaches

threshold voltage (Viu), at which pomnt the memory cell switches (e.g.,

10
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transitions via a “snapback’” event) to a conductive state {(e.g., lower resistance).
As used herein, those different resistance may be referred to as resistance states
{¢.g., either conductive or non~conductive state}. As such, when the postiive
voltage applied across the memory cell exceeds the threshold voltage (Viz), the
memory cell switches to a conductive state trom a non-conductive state.
Subsequent to switching from a non-conductive state to a conductive state,
Veers may remain at a hold voltage (Vaowrnz), which 1s lower than the threshold
voltage (Vmp). Similarly, when a negative voltage, whose absolute value {e.g.,
magnitude} exceeds an absolute value of the threshold voltage (Vi ), 15 applied
across the memory cell, the cell switches from a non-conductive state to a
conductive state and remains at a hold voltage {ViaoLpi ).

{30043} Figure 2C shows a current-versus-voltage graph of a memory cell
programmed to a set state (e.¢., “17). A memory cell having a negative polarity
Vi, may be 1 a non-conductive state {e.g., higher resistance) until Vegor reaches
threshold voltage (V1u3), at which point the memory cell switches to a
conductive state. As such, when the negative voliage (e.g., applied across the
memory celi} whose absolute value exceeds the threshoid voltage (Vuz), the
memory cell switches to a conductive state trom a non-conductive state.
Subsequent to switching from a non-conductive state to a conductive state,
Veeu, may remain at a Vaowp:, which 1s lower than the threshold voltage (Vias).
stmilarty, when the positive voltage {e.g., applied across the memory cell)
whose absolute value exceeds an absolute value of the threshold voltage (Vima),
the memory cell switches from a non-conduciive state {o a conductive state and
remains at a Vaorns.

13044 In a number of embodiments, the memory cells (e.g., SSM) of the
present disclosure may have particular switching characteristics. As an example,
the magnitudes of the threshold voltages of a memory cell {e.g., one of the
memory cells 110} 1n a particular state may be asymmetric for different
polarties, as shown in Figures 2B and 2C. For example, a magnitude of the
threshold voltage V1u: may be lower than that of the threshold voltage Vs, and
a magmtude of the threshold voltage Vs may be lower than that of the
threshold voltage V.

10045} As such, 1n some embodiments, a read voltage (e.g., read voltages

2243 applied to a memory cell Vi having a magnitude greater than a

i1
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corresponding threshold voltage may switch a resistance state (e g., from a non-
conductive state to a conductive state) of the memory cell. For example, the
read voltage 224-2 {(Verap2), when applied, may switch a memory cell (e.g.,
programmed to a iogical state “17 as shown in Figure 2C) from a non-conductive
state to a conductive state because the memory cell has a threshold voltage Vg

lower than Vgeap:. For example, the read voltage 224-1 (Vreapi ), when

apphied, may switch a memory cell (e.g., programmed to a logical state “07 as
shown 1n Figure ZB) from a non-conductive state to a conductive state because
the memory cell has a threshold voltage Vi (e.g., whose absolute value 1s)

fower than Vrrani.

13046] Logical states of memory cells whose states are changed from a
non-conductive state to a conductive stale due to an application of read voliage
{(c.2.. Vrrap1 and Vreap2) may not be changed in some circumstances. As

described in connection with Figure 2A, a logical state of memory cell may be

determined based on whether Vegrr {e.g., subsequent to applying a

",

corresponding read voltage Vesap: and Vesapz) 18 {e.g., substanfially} equal to
VuoLp or greater than the applied read voltages Vreanp: and Vrean:.

{0047] For example, as shown in Figure 2B, a memory cell programmed
to a reset state “07 may be switched o a conductive state from a non-conductive
state subsequent to Vrean: {e.g., that 1s greater than Vni) applied to the memory
cell such that the switched memory cell exhibits Vaorn:, as shown 1n Figure 2B
As such, responsive to detecting Vaorn: across the switched memory cell {e.g,,
Verin) atogical state of the memory cell may still be determined o be a reset
state <07 {e.¢., represented by the voltage distribution 222-2). In contrast, the
same memory cell (e g, programmed to a reset state 07 as shown in Figure 2B)
may not be switched to a conductive state from a non-conductive state
subsequent to Veeap? applied to the memory cell. This 1s because the threshold

voltage Vi 1s greater than Vreap, as shown in Figure 2B, As such, the

memory cell, as shown in Figure 2B, may still exhibits sub-threshold voltage
{Vsp1) whose magnitude is greater than Vreaps, as shown 1n Figure 2B

{0048] For example, as shown in Figure 2C, a memory cell programmed
to a set state “ 17 may be switched to a conductive state from a non-conductive
state subsequent to Vreap? (e.¢., that 1s greater than Vua) applied to the memory

cell such that the switched memory cell exhibits Vaornz. As such, responsive to
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detecting VaorLp? across the switched memory cell {e.g., Veruy), a logical state of
the memory cell may still be determined to be a set state “17 {e.g., represented
by the voltage distribution 222-3). In contrast, the same memory cell {e.g.,
programmed to a set state “17 as shown 1n Figure 2C) may not be switched to a
conductive state from a non-conductive state subsequent to Veean applied to the
memory cell. This is because the threshold voltage V3 15 greater than Vwreapi,

as shown 1 Figure 2B, As such, the memory cell, as shown in Figure 2B, may

:
stitl exhibits sub-threshold voltage (Vspz) whose magnitude 15 greater than
Veeapi, as shown in Figure 2B

{30491 Those characternistics of memory cells such as SSM cells can be
explotted to perform material implication operations in accordance with

embodiments described heretn, For example, performing matenial umplication

operations may involve applyving a positive read voltage (e.¢., Vreap2) on one
memory cell. Applied Veeap? may switch a memory cell (e.g., from a non-
conductive state t¢ a conductive state) only when the memory cell 1s
programmed to a set state (e.g., as shown in Figure 2C) while not atfecting a
logical state of the memory cell regardless its previous logical state (e.g., as
shown tn Figure 2B and 2C). The switched memory cell may aftect a word hine
to which the switched memory cell is coupled, and the attected word line may
program, as a result of subsequent signals applied, another memory cell (e.g.,
coupied to the same word ling) to a set state “17 regardless of a previous state of
the another memory celi.

{3050} Figure 3 1s a dragram 1tlustrating a portion of a memory array 310
including memory cells 316 capable of storing values associated with a material
implication operation in accordance with a number of embodiments of the
present disclosure. As illustrated in Figure 3, memory cells 310-1 and 316-2
(¢.g., collectively reterred to as memory cells 316) may be coupled to bit hines
314-1 and 314-2 (e.g., collective referred to as bit lines 314), respectively, and to
a word line 312. The memory cells 316 may be read and programmed using
voltages such as those described in connection with Figures 2A-2C.

{0051 The bit lines 314 may be utitlized for applving respective bit line
voltages. For example, a bit line voltage may be applied to the memory cell
316-1 via the bit line 314-1, and another bit ling voltage may be applied to the

memory cell 316-2 via the bit line 314-2. As such, a bit ine voltage for each of
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the memory cells 316 may be individually controlled {e.g., applying the bit hine
voltage of the bit line 314-1 may not affect the bit line voltage of the bit line
314-23.

{0052] The word line 312 may be utiized for applying a word line
voltage. For example, a word line voltage may be applied to the memory celis
316-1 and 316-2 via the same word line 312, Memory array 310 that lacks an
external resistor (e.g., load resistor) may be utthized tor controlling respective
word hine voltages of the memory cells 316 at once (e.¢., in contrast o
controlling each word hne voltage at a time),

{3053 As shown in Figure 3, the memory celis 316-1 and 316-2 may be
coupled to bit line decoders 317-1 and 317-2, respectively, and to a word line
decoder 319. The bit line decoders 317 and the word hine decoder 319 may be
capable of receiving and decoding address signals to provide accessing the
memory array 310, Although sot shown 1n Figure 3, the decoders 317 and 319
may include drivers (e.g., bit line drivers and/or word line drivers).

LUIREY As described 1n connection with Figure 2, each of the memory
cells 316 may switch {e.g., transition) between a non-conductive state and a
conductive state. When a memory cell (e.g., one of the memory cells 316}
switches from a non-conductive state to a conductive state, a word line voitage
may be raised, which would result in lowering Vesrl than if would have been
had the memory cell not been switched. For example, Verul may become and
remain at Vuorp (e.g¢., as shown in Figure 2) when the memory cell switches
from a non-conduciive state 10 a conductive state

B055] In some approaches, memory cells may be coupled to a number
of load resistors, and the number of load resistors may limit an impact of the
raised word line voltage only to a corresponding memory cell. For example,
although the memory cells are coupled to the same word line, corresponding
word line voltages of other of the memory cells may not be atfected {e.g., raised)
even when one of the memory cells switches from a non-conductive state to a
conductive state, which results 1n raising a corresponding word line voltage.
Therefore, programming memory cells of a memory array having load resistors
may be time-consuming since a respective word line voltage for each memory
cell needs to be controlled individually, which may not suitable for performing

material implication operations.
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{30561 in contrast, the memory array 310 may not include an external
resistor {€.g., load resistor) among the memory cells 316, As used herein, the
load resistor may be referred to as a resistor external to memory cells and used
solely for power consumption without generating signals. For example, the
memory cells 316 may be directly coupled to a word line decoder 319 that may
generate signals associated with decoding address signals as opposed to a ioad
resistor, which lacks a signal source {e.g., and/or power source). Such a
structure may be utilized 1 performing a material implication operation, which
may reduce performance time associated with controlling access line voltages
{(e.¢., word line voltages). Details of how to utilize the memory array 310 in
performing a material implication operation are turther described 1n connection
with Figure 4 and 5.

{00571 Figure 4A illustrates a portion of a truth table 430 associated with
performing a material implication operation using the applied signals shown 1n
Figure 4B. Figure 4B illustrates a number of signals 434, 436 apphied to
memory ¢ells i association with performing a material implication operation in
accordance with a number of embodiments of the present disclosure.

{0058} Pertorming a matenal implication operation may mclude
applving a plurality of signals {e.g., signals 434 and 436} 1nn a particular
sequence. In a number of embodiments, a signal may be a squared pulse having
a particuiar polarity and magnitude. As used herein, a squared pulse may be
referred to as a pulse whose transitions from one value to another value 1s
substantiaily 1astantaneous, as shown tn Figure 4B

3059 Fach of the plurality of signals 434 and 436 may correspond o a
voltage to be applied to a respective access line. For example, a signal 434 may
correspond to a voltage that may be applied to a word line to which the memory

A

cells “p” and “q” are coupled. For exampie, a signal 436-1 may correspond to a

voltage applied to the bit line to which memory cell “p” is coupled. For
example, a signal 436-2 may correspond to a voltage that may be applied to the
bit line to which memory cell *q” 1s coupled. As such, the stgnal 434 may be
referred to as a word line voltage Vwr and each of the signals 430 may be
referred to as a bit line voltage VL.

{0060 Table 430 shows states of memory cell “p” and memory cell “g”

as a result of applying the plurality of signals 434 and 436. For example,
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columns 431-1 and 431-2 {e.g., of table 430} show states of memory cell “p” and
memory cell “q,” respectively, prior to applying the plurality of signals 434 and
436. For example, a column 431-3 {e.g., of table 430) shows states of memory
cell “q” (e.g., shown as q (pIMPq)) subsequent to applving the plurality of
signals 434 and 436.

{0061 | Figure 4A-4B assumes {e.g, as shown by column 431-1) that the
memory cell “p” 1s programmed to a reset state {e.g., “07) prior to applying the
plurality of signais 434 and 436. The plurality of signals 434 and 436 may be
applied 1n a particular sequence. For example, the signal 434 may be applied for
a particuiar period of time {e.g., To to Ts), the signal 436-1 may be applied for a
particular period of time {(e.g., T1 to T4) that 1s within the period of time for
which the signal 434 1s being apphied, and the signal 436-2 may be applied fora
particular period of time (e.¢., T2 to T3} that i1s within the period of time for
which the signal 436-1 15 being applied.

{3062 ] As shown in Figure 4B, a voltage corresponding to the signal
436-1 may be less than a voltage corresponding to the signal 436-2. As such,
assuming that the word line voltage remains the same from To to T, a voltage
ditferential 438-1 applied across the memory cell “p” at Ti (e.g., untid Ts) may
be less than a voltage differential 438-2 apphied across the memory cell g7 at 1>
(¢.g., until T3). A magnitude of the voltage 438~1 may be equal to (e.g., absolute
value of) the read voltage 224 or greater, and a magntiude of the voltage 438-2
rmay be equal to the program voltage 226 or greater.

{3063 When the memory cell “p” 1s programmed 1o a reset state {e.g.,
“07), the voltage differential 438-1 applied across the memory cell “p” at T1 may
not be sutficient to swiich (e.g., from a non-conductive state to a conductive
state) the memory cell “p” because the memory cell “p” has a threshold voltage
(¢.2., YV, as tlustrated in Figure 2B) that 1s higher than a read voltage (e.g,
Vreap2, as iHustrated 1n Figure ZB ). As such, the voltage applied across the
memory cell “p” at T1 does not attect the word line voltage 434,

{3064 When the word line voltage 434 remains the same from To to Ts,
a voltage differential 438-2 applied across the memory cell “q” at Ts may be
sufficient to switch the memory cell ¢, which would result 1n programming the
memory cell “q” to a set state {(e.g., “17). For example, the memory cell g

previously programmed to a reset state (e.g., “07) represented by the voltage
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distnibution 222-2 may be programed to a set state (e.g., “17}) represented by the
voltage distribution 222-3. For example, the memory cell g previously
programmed to a set state (e.g., “17) represented by the voltage distribution 222~
3 may be switched to a conductive state again, which indicates the same state
(¢.g., represented by the voltage distribution 222-3). Theretore, regardless of a
previous state of the memory cell g, the memory cell “q” 1s programmed {0 a set
state (e.g., “17) as a result of applying the plurality of signals 434 and 436, as
shown in the table 430

{0065] Figure SA illustrates a portion of a truth table 530 associated with
performing a material implication operation using the applied signals shown in
Figure SB. Figure 5B illustrates a number of signals 534, 536 apphed to memory
cells in association with performing a matenal implication operation 1n
accordance with a number of embodiments of the present disclosure.

{3366] Stgnals 534, 536-1 and 536-2 may be analogous to signals 434,
436-1, and 430-Z, respectively, as described in connection with Figure 4B, For
example, a signal 534 may correspond to a voltage that may be applied to a word
line {e.g., word line 312} to which the memory celis 316 may be coupied. For
example, a signal 536-1 may correspond to a voltage that may be apphied to one
of bit lines to which one memory cell “p” may be coupled. For example, a
signal 336-2 may correspond to a voltage that may be applied to another one of
the bit ines to which memory cell “q” may be coupled.

{0067} Table 530 shows states of memory cell “p” and memory cell “g”
as a result of applying the plurality of stgnals 534 and 536. For example,
columns 531-1 and 531-2 {e.g., of table 530) show states of memory cell “p” and
memory cell “q,” respectively, prior to applyving the plurality of signals 334 and
536. For example, a column 531-3 (e.g., of table 530} shows states of memory
cell “q” (e.g., shown as q (pIMPq)) subsequent to applying the plurality of
signais 534 and 336,

{0068 Figure 5SA-3B assumes that the memory cell “p” 18 programmed
to a set state {e.g., 17} prior to applying the plurality of signais 534 and 536.
The plurality of signals 534 and 536 may be applied 1n a particular sequence, as
described in connection with Figure 4B and shown in Figure SB. For example,

the signal 534 may be applied (e.g., to a word line to which the memory cells

“p” and “q” are coupled) from To to Ts; the signal 536-1 may be apphied (e.g., to
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a bit line to which the memory cell “p” ts coupled) trom T to Ta {e.g., while the
signal 534 1s being applied), and the signal 536-2 may be applied (e.g., to a bit
line to which the memory cell g 15 coupled) from T to Tz {(e.g., while the
signal 536-1 1s being applied).

{0069} As shown i Figure SB, a voltage difterential 538-1 may not be
less than a voltage differential 538-2. Unlike the scenaric described in
connection with Figure 4A~-4B {(e.g., in which the memory cell “p” 15 previously
programmed to a reset state (e.¢., “07}), the memory cell “p” that 1s programmed
to a set state {(e.g., “17) has a threshold voltage that is less than a read voltage.
For example, the voltage differential 338-1 applied across the memory cell “p” 1s
sutficient to switch the memory cell “p” to a ditferent state (e.g., non-conductive
state to a conductive state), as described in connection with Figure 2B and
Figure 2. As such, at some point subsequent to Ti, the word line voltage
{Vworn) ts raised due o the switching event of the memory cell p. The raised
Vworp may reduce the voltage ditferential 538-2 (e.g., voltage appiied across the

A A

memory cell “q” at T3). For example, even if the bit line voltage 564-2 (e g,

eh L 20N

applied on the memory cell “q”) may be the same voltage as the bit line voltage
464-2, the voltage differential voltage 538-2 across the memory cell “g” tfrom T;
to T4 may be reduced since Vworp is raised. The voltage differential 538-2
reduced compared to the voltage differential 438-1 may correspond to a
magnitude of the read voltages 224

{0070] The reduced voltage differential 538-2 may not change a logical
state of the memory cell “q”. For example, when the memory cell “g7 13
previously programmed to a reset state (e.g., represented by the voltage

A

distribution 222-4), a threshold voltage (e.g., Viny) of the memory cell “g7 1s

ereater than the reduced voltage differential 538-2 {e.g., Verap2), and the
memory cetl “q” may remain in the same state {e.g., reset state). For example,
when the memory cell “g” 1s previously programmed 1o a set state {(e.2.,
represented by the voltage distribution 222-1), a threshold voltage {e.g., Vrua) of
the memory cell “q” 1s less than the reduced voltage ditterential 538-2, and the
reduced voltage differential 538-2 may switch the memory cell “q” from a non-

conductive state to a conductive state (e.g., 222-3) agawn, which indicates the

same state {(e.g., a set state “17}).
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{0071} As shown 1in Figure 4A and SA, as a result of applying of the
plurality of signals {e.g., 434 and 436 and/or 534 and 536) a state of the memory
cetl “¢” may be changed {(e.g., from a reset state “07 to a set state 17} only when
the memory cell “p” has been programmed to a reset state. Given that a value
stored (e.g., as show in column 531-1) on the memory cell “p” 1s an antecedent
and a value stored (e.g., as shown in column 531-2} on the memory cell “q’ 1s a
consequent (e.g., of the material mmplication operation), a resulting state of the
memory cell “q” {e.g., as shown in column 531-3) corresponds to a result of the
material implication operation. Stated differently, applying the plurality of
signals in the particular sequence, as illustrated herein, on a memory array (€.g.,
memory array 310) may result in performing a matenial implication operation
whose result may be siored on one of memory cells (e .g., memory cell “q”)
whose previous stored value has been used as a consequent. Similarly, by
pertorming a number of matenal smpiication operations, a memory array {€.g.,
memory array 110} may be configured to perform Boolean logical operations
such as NOT, NAND, NOR, COPY, and/or XOR, among others.

{0721 in a number of embodiments, material implication operations
may be performed without transferring values associated with the material
implication operations from a memory array {e.g., memory array 110}, For
example, the matertal implication operations may be performed without reading
and/or storing those values such as antecedent and/or conseguent in a ditterent
storage location (e.g., sense amplifier, latch, etc.). As such, embodiments of the
present disclosure provide benefiis such as reducing power consumption as
compared to previous approaches which may involve transferring operands of
material implication operations to sensing circuitry {e.g., dunng read
operations).

{0073} Figure 6A illustrates a portion of a memory array 610 that can be
operated to perform material implication operations in accordance with a number
of embodiments of the present disclosure (e.g., such as those described 1n
assoctation with Figures 68B-6F). For example, tables 640, 650, 660, 670, and
080 1llustrate performing respective logical operations {e.g, NOT, NAND,
NOR, COPY, and/or XOR) by pertorming a material implication operation or a

plurality of {e.g., combination of) matenal implication operations.
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{30741 As shown 1 Figure 6A, memory array 610 may include memory
cells 616-1, 616-2, 616-3, 616-4, and 6106-5 {e.g., collectively referred to as
memory cells 616) that are commonty coupled to a same word line 612 and {0
respective bit lines 614-1, 614-2, 614-3, 614-4, and 614-5.

{307 5] In this example, the memory cell “p” (e.g., 616-1} 1s coupled to t
bit line 614-1, the memory cell “q” (e.g., 016-2} is coupled to bit line 614-2, the

CCLIY f b

memory cell “r” (e.g., 616-3) 18 coupled to bit line 614-3, the memory cell *s”
{e.g., 616-4) 1s coupled to bit line 614-4, and the memory cell “t" (e.g., 616-3} is
coupled to bit line 614-5. As described in connection with Figure 3, the memory
array 610 may not include an external resistor, for example, between the
memory cells 616 and the word hine 612 used to perform the material
pmplication operation{(s). For example, the matenal implication operation{s} can
be performed without using a resistance (e.g., a load resistor) in addition to that
associated with access line decoders (e.g., word and/or bit hine decoders).

{00764 As used herein, applving a plurality of material implication
signals 1n a particular sequence on a memory cell and another memory cell may
refer to applying a plurality of signals 434 and 436 {(e.g., or 534 and 3306}
according to timings descnibed in connection with Figure 4B and 5B, 10 which
one memory cell stores a value that 1s an antecedent and another memory cell
stores a value that is a consequent of the matenal implication operation. For
exampie, applying the plurality of matenal implication signals on memory cell
“p” and memory cell “g” may indicate performing pIMPq.

{3077 Figure 6B illustrates truth tables 040-1 and 0640-2 showing states
of memory cells associated with performing a NOT operation by performing a
material implication operation i accordance with g number of embodiments of
the present disclosure. Two memory celis {e.g., memory celis p and s} may be
utthized tor performing a NOT operation, 1 which a value (e.g., as shown by
column 644-1) stored on the memory cell p 1s an input of the NOT operation
{e.g., NOT p).

{00781 in this example, column 644-2 ot Table 040-1 corresponds to a
“FALSE s” operation, which 1s a first step of the NOT operation and resulis in
the memory cell “s” being programmed 10 a reset state {e g, “07) prior to
applying a plurahity of matenal implication signals on memory cells “p”, “q”,

and “s. Table 640-2 corresponds to “pIMPs” operation. After performance of
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the “pIMPs” operation, cell s stores the result of “pNOTg” {e.g., as shown in
column 644-2 of table 640-2). The memory cell “s” may be programmed to a
reset state (e g., “07) prior to applying a plurality of signals on memory cells “p”
and s’

{0079} Subsequent to programmung the memory cell s to a reset state
{e.¢., “07), the plurality of matenial implication signals (e.g., signals 434 and 436
and/or 534 and 336) may be apphied (e.g., as described 1n connection with Figure
4 and 5) on the memory celis “p” and “s” {e.g, pIMPs}. For example, a state of
the memory cell s may be changed {(e.g., from a reset state “07 to a set state “17)
only when the memory cell “p” is programmed to a reset state {e.g., “0").

{00801 Tabie 640-2Z shows a resulting states of memory celis “p” and ©s”
as a result of performing pIMPs. For example, as shown by row 642-1 of table
640-2, the memory cell “s” may be programmed to a set state {(¢.g., “17) when
the memory cell “p” was programmed to a reset state (e.g., “07}). For example,
as shown by row 642-3 of table 040-2, the memory cells may remain in a reset
state {e.g., “07) when the memory cell p was programmed to a set state {(e.g.,
“17). Changed states of the memory cell s {(e.¢., column 644-2 of tabie 640-2)
represents a result of the NOT operation whose input 1s a value stored on the
memory cell p {e.g., column 644-1}). As such, a NOT operation may be
performed by performing a single matenal implication operation on two memory
cells.

{0081 ] Figure 6C illustrates truth tables 650-1, 650-2, and 650-3 showing
states of memory cells associated with performing a NAND operation {(e.g., p
NAND g} by performing a number of material implication operations in
accordance with a number of embodiments of the present disclosure. Three
memory cetls {(e.g., memory cells “p”, “q”, and s’} may be utilized for
performing a NAND operation, in which values stored on the memory cells “p”
and “q are inputs of the NAND operation {e.g., p NAND q}.

{00821 In this example, column 654-3 of Table 650-1 corresponds to a
“FALSE s7 operation, which 1s a tirst step of the NAND operation and resuits in
the memory cell “s” being programmed to a reset state (e.g., “07) prior to
appiyving a plurality of matenal implication signals on memory cells “p”, “q”,
and “s. Table 650-2 corresponds to a “pIMPs” operation performed subsequent

to performing the FALSE s operation shown in table 630-1. Table 650-3
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corresponds to a “gIMPs” operation performed subseguent {0 performing the

“pIMPs” operation. After performance of the “qIMPs” operation, cell s” stores

the result of “pNANDg” {¢.g., as shown 1n column 654-3 ot table 650-4).

{0083] Table 650-2 shows resuiting states of the memory cells “p”, g7,
and “s” subsequent to performing pIMPs. For example, as shown by rows 652-1

and 032-2 of table 650-2, the memory cell “s” may be programimed {o a set state
{e.g., 17y when the memory cell “p” was prograrmmed to a reset state {(e.g., “07)
For example, as shown by rows 652-3 and 652-4 of table 650-2, the memory
cells may remain 1n 4 reset state (e.g., “07) when the memory cell “p” was
programmed to a set state (e.g., “17}.

{3084 ] Table 630-3 corresponds to a “pIMPq” operation performed
subsequent to performing the pIMPs operation shown in table 650-2.}).
Accordingly, as shown 1n table 650-3, in this example, the state of the memory
cell s changes (e 2., from a reset state “07 {0 a set state 17} only when the
memory cell “q” 1s programmed to a reset state {e.g., “0").

{BO8S] Table 650-3 shows a resulting states of memory cell “p”, “s”, and
“q" as a result of performing qlMPs. For example, as shown by rows 652-3
table 650-3, the memory cell s” may be programmed to a set state (e.g., “ 17}
when the memory cell “q” was programimed, as shown by row 052-3 of table
650-3 to a reset state (e.g., “07). Changed states of the memory cell “s” (e.g.,
column 654-3 of table 650-3) represents a result of the NAND operation whose
inputs are values stored on the memory cells “p” and “q” {e.g., columns 654-1
and 634-2, respectively). As such, a NAND operation may be pertormed by
performing two material implication operations on three memory cells.

{3086] Figure 6D illustrates truth tables 660-1, 660-2, 660-3, and 660-4
showing states of memory celis associated with performing a NOR operation
{e.g., pNORQq) by performing a number of material implication operations 1o
accordance with a number of embodiments of the present disclosure. Four
memory cells {e.g., memory cells “p”, “g”, “¢”, and “s7) may be utilized for
performing a NOR operation, in which values stored on the memory celis “p”
and “q” are inputs of the NOR operation (e.g., p NOR g}

{30871 in this example, Table 660-1 correspondsto a “FALSE ¢ and a
“FALSE s” operation, in which cells “r and “s” are reset such that there values

are “0” regardless of the values stored on celis “p” and “q” {(e.g., as shown o
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columns 664-3 and 664-4). Table 660-2 corresponds to a subsequent “pIMPr”
operation, table 660-3 corresponds to a subsequent “rIMPq” operation, and table
660-4 corresponds to a subsequent “gIMPs” operation. After performance of the
“qIMPs” operation, cell “s” stores the result of “pNORG” (e.g., as shown in
column 664-3 of table 660-4). The memory cells “t7 and “s” may be
programmed to a reset state {e.g., 07} prior to applying a plurality of signals on
memory cells “p”, “q7, 17, and “s”.

{088} Subsequent to programnung the memory cells “r” and “s” to a
reset state (e.g., “07), the plurality of material implication signals may be applied
on the memory celis p and r {e.g., pIMPr}. For example, a state of the memory
cell “r” may be changed (e.g., from a reset state "0 to a set state “17) only when
the memory cell “p” 1s programmed to a reset state (e.g., “07}

{0089] Table 660-2 shows resulting states of the memory cells p”, “q”,

‘T, and s subsequent to performing pIMPr. For example, as shown by rows

e

662-1 and 662-2 of table 0060-2, the memory cell “r” may be programmed 1o a
set state (e.g., “17) when the memory cell “p” was programmed to a reset state
{e.g., “0"). Forexanmple, as shown by rows 662-3 and 062-4 of table 660-2, the
memory cell “r may remain 1n a reset state (e.g., “07) when the memory cell “p”
was programmed {0 a set state {(e.g., “17}.

{3090 Subsequent to performing pEMPr, the plurality of matenal
pplication stgnals may be applied on the memory cells “r and “g” {e.g.,
riMIPq). For example, a state of the memory cell “q” may be changed {(e.g., from
a reset state "0 to a set state “17) only when the memory cell v i1s programimed
to a reset state (e.g., “07).

13091 Table 660-3 shows a resuliing states of memory cell p”, “q”, 1",
and s’ as a resuit of performing riMPq {e.g., that is performed subsequent to
pIMPr}). For example, as shown by row 062-3 of table 660-3, the memory cell
“g’ may be programmed to a set state (e.g., 1"} when the memory cell “r’" was
programmed to a reset state {(e.g., “07 ) while the memory cell “g” may remam in
a previous state in other scenarios, as shown by rows 602-1, 662-2 and 662-4 of
table 660-3.

{3092} Subsequent to performing rIMPq, the plurality of material
implication signals may be applied on the memory cells “g” and “s” {e.g.,

qiMPsy. For example, a state of the memory cell “s” may be changed (e.g., {rtom
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a reset state 0" to a set state “17) only when the memory cell “q s
programmed to a reset state {e.g., “07).

{30931 Table 660-4 shows a resuliing states of memory cell “p”, “q”, “r",
and “s” as a result of performing gIMPs (e.g., that 15 performed subsequent to
rIMPq). For exarople, as shown by row 662-1 of table 660-4, the memory cell
“g’ may be programmed to a set state (e.g., 1"} when the memory cell “q" was
programmed to 4 reset state {(e.g., “07) while the memory cell “s” may remain i
a reset state (e.¢., “07) otherwise, as shown by rows 662-2, 662-3, and 662-4 of
table 660-4. Changed states of the memory cell “s” (¢.g., column 664-4 of table
660-4) represents a result of the NOKR operation whose input are values stored on
the memory cells “p” and “q” {e.g., columns 664-1 and 604-2). As such, a NOR
operation may be performed by performing three material implication operations
on four memory cells.

13094} Figure 6F llustrates truth tables 670-1, 670-2, and 670-3 showing
states of memory cells associated with performing a COPY operation by
performing a number of matenal implication operations in accordance with a
number of embodiments of the present discliosure. Three memory cells {(e.g.,

¢

memory cells “p”, "7, and “s7) may be utilized for performung a COPY

operation, in which a value stored on the memory cell “p” 1s an input of the
COPY operation (e.g., COPY p).

{3095} In this example, Table 670-1 corresponds to a “FALSE v and a
“FALSE 7 operation, in which cells “t7 and “s” are reset such that their values
are 07 regardless of the values stored on the cell “p” {e.g., as shown 11 columns
674-2 and 674-3). Table 670-2 corresponds to a subsequent “pIMPr” operation
and table 670-3 corresponds to a subsequent “rIMPs” operation. After
performance of the “riMPs” operation, cell “s” stores the result of "COPY g~
{(¢.g., as shown in column 674-3 of table 670-3). The memory cells ™ and “g”
may be programmed tO a reset state {(e.g., “07) prior to applving a plurality of

b S A S e

signals on memory cells “p”, “v”, and “s”.
{30961 Subsequent to programming the memory celis v’ and “s " to a
reset state (e.g., “07), the plurality of material implication signals may be apphied
on the memory cells “p” and “t” {e.g., pIMPr). For example, a state of the

e 9

memory cell “r” may be changed (e g, from a reset state “0” o a set state “17)

only when the memory cell “p” 1s programmed to a reset state {e.g., “07).
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{3097} Table 670-2 shows resuliing states of the memory cells “p”7, 1",
and “s” subseqguent to performing pIMPr. For example, as shown by row 672-1
of table 670-2, the memory cell 17 may be programmed o a set state {e.g., “17)
when the memory cell “p” was programmed to a reset state {(e.g., “07). For

N A

example, as shown by row 672-3 of table 670-2, the memory cell v may
remain in a reset state (e.¢., 07 when the memory cell “p” was programmed to
a set state (e.g., 17}

{3098} Subsequent to performung piMPr) the plurality of material
implication signals may be applied on the memory cells “r” and “s” {e.g.,
riMPs}. For example, a state of the memory cell “s” may be changed {e.g., from
a reset state 07 to a set state “17) only when the memory cell “r’ 1s programmed
10 a reset state {e.g., “07).

{30991 Table 670-3 shows a resulting states of memory cell “p”, “r”, and
“s” as a result of performing riMPs (e.g., that 1s performed subseguent to
pIMPr). For example, as shown by row 672-1 of table 670-3, the memory cell
“s” may remain 1n a reset state (e.g., “07) when the memory cell “t” was
programmed t¢ a set state (¢.g., "1}, For example, as shown by row 672-3 of
table 670-2, the memory cell “s” may be programmed {0 a set state (e.g., “17)
when the memory cell “r” was programmed to a reset state {e.g., “0""}). Changed
states of the memory cell “s” (e.g., column 674-3 of table 670-3) represents a
resuti of the COPY operation whose mput 15 a value stored on the memory cell
“p” {e.g., column 674-1). Assuch, a COPY operation may be performed by
performing two material implication operations on three memory cells.

{00100] Figure oF illustrates truth tables 680-1, 680-2, 680-3, 680-4, and
680-5 showing states of memory cells associated with performung a XOR
operation by performing a number of material implication operations in
accordance with a number of embodiments of the present disclosure. Three
memory cells {(e.g., memory cells “p”, “q”, ", “s”, and “t") may be utilized for
performing a XOR operation, 1n which values stored on the memory celis “p”
and “q” are inputs of the XOR operation {e.g., p XOR g}

{00101 ] In this example, Table 680-1 corresponds to a “FALSE 17, a
“FALSE s7, and a “FALSE t7 operation, in which cells “r”, “s”, and “t” are reset

such that there values are “0” regardless of the values stored on the cell “p” and

“q” {e.g., as shown in columns 684-3, 084-4, and 684-5). Table 680-2
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cotresponds to a subsequent “COPY 7 operation and a subsequent “COPY g7
operation. Table 680-3 corresponds a subsequent “pIMPs” operation and a
subsequent “qlMPr” operation, table 680-4 corresponds to a subsequent “riMP{”
operation, and table 680-5 corresponds to “sIMPt” operation. After performance
of the “sIMPY” operation, cell ™t stores the result of “p XOR g7 {e.g., as shown
in column 684-5 of tabie 680-5). The memory celis r and s may be programmed
to a reset state {e.g., “07) prior to applying a plurality of signals on memory cells
o, v and Us”

{00102] Subsequent to programmung the memory cells 17, “s”, and “t” {0
a reset state {e.g., 07}, COPY operations may be performed on the memory cells
“p” and “g”. For example, a value stored on the memory cell “p” may be copied
into the memory cell “r” {(e.g., as shown by 684-3}, and a value stored on the

i

memory cell “q” may be copied into the memory cell “s” {e.g., as shown by 684-
4}. In a number of embodiments, these COPY operations may be performed
using the plurahity of matertal implication signals as described in connection
with Figure 6K,

{GG103] Subsequent to performing copy operations, the plurality of
material implication signals may be applied on the memory cells “p” and “s”
(e.g., pIMPs) and on the memory cells “q” and “r” {e.g., qiMPr). For example, a
state of the memory cell “s” may be changed {e.g., from a reset state “07 to a set
state 17} only when the memory cell “p” s programmed {0 a reset state {(e.g.,
“07). For example, a state of the memory cell “t” may be changed (e.g., from a
reset state “07 {0 a sel state “17) only when the memory cell “¢” 15 programmed

to a reset state {(e.¢., “07). Two maternial implication operations {e.g., pIMPs and

qlMPr) may be performed simultaneously and/or sequentially.

{60104] Table 680-3 shows resulting states of the memory cells “p”, “q",
“r7, “s”, and “t” subsequent {0 performing pIMPs and gIMPr. For example, as

shown by row 682-1 of table 680-3, the memory cell “s” may be programmed {0
a set state (e.g., “17) when the memory cell “p” was programmed to 3 reset state
{e.g., "0}, and the memory cell “r” was programmed to a reset state {e.g., "17)
when the memory cell “q” was programmed to a reset state (e.g., “07).

{01 05] Subsequent to pertorming pIMPs and qIMPr, the plurality of
matenial implication signals may be applied on the memory cells “r” and "t”

(e.g., riIMPt). For example, a state of the memory cell “t” may be changed (e.g.,
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trom a reset state “07 {0 a sei state 17} only when the memory cell "7 13
programmed to a reset state {e.g., “07).

{00106] Table 630-4 shows a resulting states of memory cell “p”, “q”, “r",
“s”, and “t” as a result of pertorming riMPt {e.g., that 1s performed subsequent to
pIMPs and qIMPr). For example, as shown by row 682-2 of table 680-4, the
memory cell “t" may be programmed to a set state (e.g., "1} when the memory
cell “r7 was programmed to 3 reset state {(e.g., “07). For example, as shown by
rows 682-1, 682-3, and 682-4, the memory cell “t" may remain in a reset state

Y

was programmed to a set state (e.g, “17).

Lh %
i

(¢.g., “07) when the memory cell
{00107} Subsequent to performing rIMPt, the plurality of matenal
implication signals may be applied on the memory cells “s” and “t” (e.g..

siMPt}), For example, a state of the memory cell “t7 may be changed (e.g., from
a reset state “07 to a set state “ 17} only when the memory celi “s” 1s programmed

-
b

to a reset state {(e.g., “07).

A A b B A A b

{001 08] Table 680-5 shows a resulting states of memory cell “p”, “q”, “1”,
“s”, and “t7 as a result of pertorming sIMPi (e.g., that 1s performed subsequent to
riMiPt). For example, as shown by row 082-3 of table 680-4, the memory cell
“t7 may be programmed to a set state {(e.g., 17} when the memory cell “s” was
programmed to a reset state {e.g., 0"} while the memory cell "t may remain in
a previous state in other scenarios, as shown by rows 082-~1, 632-2, and 682-4 of
table 680-4. Changed siates of the memory cell “t7 {e.g., column 684-4 of table
680-5) represents a result of the XOR operation whose input are values stored on
the memory cells “p” and “q” {(e.g., columns 684-1 and 684-2). As such, 3 XUOR
operation may be performed by performing two copy operations and four
material implication operations on five memory cells.

{00109] Although specific embodiments have been illustrated and
described herein, those of ordinary skill in the art will appreciate that an
arrangement calculated to achieve the same resuits can be substituted for the
specific embodiments shown. This disclosure 15 intended to cover adaptations or
variations of a number of embodiments of the present disclosure. It i1sto be
understood that the above description has been made in an illustrative fashion,
and not a restrictive one. Combination of the above embodiments and other
embodiments not specifically described herein will be apparent to those of

ordmnary skill in the art upon reviewing the above description. The scope of a
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number of embodiments of the present disclosure 1ncludes other applications in
which the above structures and methods are used. Therefore, the scope of a
number of embodiments of the present disclosure should be determined with
reference to the appended claims, along with the tull range of equivalents to
which such claims are entitled.

{00110 in the foregoing Detailed Description, some features are grouped
together in a single embodiment for the purpose of streambining the disclosure.
This method of disclosure 15 not to be interpreted as reflecting an intention that
the disclosed embodiments of the present disclosure have to use more features
than are expressly recited in each claim. Rather, as the following claims refiect,
inventive subject matter hies in less than all features of a single disclosed
erabodiment., Thus, the following claims are hereby incorporated mio the
Detatled Description, with each claim standing on 118 own as a separate

embodiment.
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What is Claimed is:

1. An apparatus, comprising:
a plurality of memory cells coupled to a first access line and to a plurality of second
access lines; and
a controller configured to:
apply a first signal to the first access line;
while the first signal is being applied to the first access line:
apply a second signal to a first of the plurality of memory cells via one of
the plurality of second access lines; and
apply a third signal to a second of the plurality of memory cells via
another of the plurality of second access lines; and
wherein a material implication operation is performed as a result of applying the
first signal, the second signal, and the third signal, and wherein a result of the material
implication operation is stored on the second of the plurality of memory cells subsequent to
application of the third signal; and
wherein the result of the material implication operation corresponds to an output

of a negated antecedent being ORed with a consequent of the material implication operation.
2. The apparatus of claim 1, wherein the controller is configured to apply the third signal to
the another one of the plurality of second access lines while the second signal is being applied to

the one of the plurality of second access lines.

3. The apparatus of claim 1, wherein a value stored on the first of the plurality of memory

cells is the antecedent of the material implication operation.

4. The apparatus of claim 1, wherein a value stored on the second of the plurality of

memory cells is the consequent of the material implication operation.

5. The apparatus of claim 1, wherein the first and the second of the plurality of memory

cells are not coupled to an external load resistor.
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6. The apparatus of claim 1, wherein the plurality of memory cells are resistance variable

memory cells.

7. The apparatus of claim 6, wherein the resistance variable memory cells comprise at least
one of:

a storage element comprising a first chalcogenide material and select element comprising
a second chalcogenide material; and

a chalcogenide material serving as both a storage element and a select element.

8. An apparatus, comprising:
a first memory cell coupled to a first access line and to a first of a plurality of second
access lines;
a second memory cell coupled to the first access line and to a second of the plurality of
second access lines; and
a controller configured to perform a material implication operation on values stored on
the first and second memory cells by:
applying a first signal to the first access line for a first period of time;
apply a second signal to the first of the plurality of second access lines for a
second period of time, wherein the second period of time is within the first period of time; and
apply a third signal to the second of the plurality of second access lines for a third
period of time, wherein the third period of time is within the second period of time; and
wherein a result of the material implication operation is stored on the second memory cell

subsequent to the application of the third signal.

9. The apparatus of claim 8, wherein the first and the second memory cells are within an
array comprising a plurality of memory cells, and wherein the controller is configured to:
program at least one of the plurality of memory cells to a first logical state by applying a
first voltage whose magnitude is greater than a threshold voltage of the at least one of the
plurality of memory cells; and
program at least one of the plurality of memory cells to a second logical state by applying

a second voltage whose magnitude is greater than a threshold voltage of the at least one of the
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plurality of memory cells, wherein a polarity of the second voltage is different than a polarity of

the first voltage.

10.  The apparatus of claim 8, wherein the first and the second memory cells are directly
coupled to an access line decoder such that a load resistor is not used to perform the material

implication operation.

11. The apparatus of claim 8, wherein the first, the second, and the third signals are square
pulses.
12. The apparatus of claim 8, wherein a voltage magnitude corresponding to the second

signal is less than a voltage magnitude corresponding to the third signal.

13. The apparatus of claim 8, wherein the first and the second memory cells are within an
array comprising a plurality of memory cells, and wherein the controller is configured to perform
a logical operation by, subsequent to performing the material implication operation, performing a
number of additional material implication operations, wherein the logical operation is at least one
of:

a NOT operation,;

a NAND operation;

a NOR operation;

a COPY operation; and

a XOR operation.

14. A method, comprising:

applying a first signal to an access line to which a plurality of memory cells are
commonly coupled, wherein a first memory cell of the plurality is coupled to a first of a plurality
of second access lines and a second memory cell of the plurality is coupled to a second of the
plurality of second access lines;

applying, while the first signal is being applied to the first access line, a second signal to
the first of the plurality of second access lines, wherein a voltage applied across the first memory

cell as a result of the application of the second signal is sufficient to switch, when the first
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memory cell is programmed to a first logical state, the first memory cell from a first resistance
state to a second resistance state such that a voltage on the first access line is raised subsequent to
the switch of the first memory cell; and

applying, while the first and the second signals are being applied, a third signal to the
second of the plurality of second access lines, wherein a material implication operation is
performed as a result of applying the signals, and a result of the material implication operation is

stored on the second memory cell subsequent to applying the third signal.

15. The method of claim 14, wherein the first logical state is a set state, and wherein a
voltage applied across the second memory cell as a result of the application of the third signal is,
when the first memory cell is not switched, sufficient to program a logical state of the second

memory cell to the set state regardless of a previous logical state of the second memory cell.

16. The method of claim 14, wherein the voltage magnitude applied across the second

memory cell is greater than a threshold voltage magnitude of the second memory cell.

17. The method of claim 14, wherein a voltage magnitude applied across the second of
memory cell as a result of the application of the third signal is not, when the voltage on the word
line is raised subsequent to the switch of the first memory cell, sufficient to change a logical state

of the second memory cell.

18. The method of claim 17, wherein the voltage magnitude applied across the second

memory cell is equal to or less than a threshold voltage magnitude of the second memory cell.

19. The method of claim 14, wherein a second logical state is a reset state, and wherein the
voltage magnitude applied across the first memory cell as a result of applying the second signal
is not sufficient to switch those memory cells that are programmed to the reset state such that the

voltage on the word line is not affected.

20. The method of claim 19, wherein the voltage magnitude applied across the first memory

cell is greater than a threshold voltage magnitude of the first memory cell.
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21. The method of claim 14, wherein at least one of the first, second, and third signals are

voltage signals.

22. The method of claim 14, wherein:
the first resistance state is a non-conductive state; and

the second resistance state is a conductive state.

23. The method of claim 14, wherein the switched resistance state of the first memory cell

does not change a logical state of the first memory cell.

24, A method, comprising:
performing a material implication operation on values stored on one and another of a
plurality of memory cells coupled to a first access line by applying a plurality of material
implication signals in a particular sequence on the one and the another of the plurality of memory
cells, which comprises:
applying a first of the plurality of material implication signals on the first access
line;
applying, while the first of the plurality of material implication signals is being
applied to the first access line, a second of the plurality of material implication signals on a
second access line to which the one of the plurality of memory cells is coupled;
applying, while the second of the plurality of material implication signals is being
applied to the second access line, a third of the plurality of material implication signals on a
second access line to which the another of the plurality of memory cells is coupled; and
wherein:
a value stored on the one of the plurality of memory cells is an antecedent
of the material implication operation;
a value stored on the another of the plurality of memory cells is a
consequent of the material implication operation; and
a result of the material implication operation performed on values stored
on the one of the plurality of memory cells and the second of the plurality of memory cells is

stored in the another of the plurality of memory cells.
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25. The method of claim 24, wherein the method includes performing a NOT operation on an
input stored on a first of the plurality of memory cells by:
applying the plurality of material implication signals in the particular sequence on a first
and a second of the plurality of memory cells, wherein:
the second of the plurality of memory cells is programmed to a reset state prior to
applying the plurality of material implication signals; and
a result of the NOT operation is stored on the second of the plurality of memory

cells.

26. The method of claim 24, wherein the method includes performing a NAND operation
using inputs stored on a first and a second of the plurality of memory cells by:

applying the plurality of material implication signals in the particular sequence on the
first and a third of the plurality of memory cells, wherein the third of the plurality of memory
cells is programmed to a reset state prior to applying the plurality of material implication signals;
and

applying the plurality of material implication signals in the particular sequence on the
second and the third of the plurality of memory cells, wherein a result of the NAND operation is

stored on the third of the plurality of memory cells.

217. The method of claim 24, wherein the method includes performing a NOR operation on
inputs stored on a first and a second of the plurality of memory cells by:

applying the plurality of material implication signals in the particular sequence on the
first and a third of the plurality of memory cells, wherein the third and a fourth of the plurality of
memory cells are programmed to a reset state prior to applying the plurality of material
implication signals;

applying the plurality of material implication signals in the particular sequence on the
third and the second of the plurality of memory cells; and

applying the plurality of material implication signals in the particular sequence on the
second and the fourth of the plurality of memory cells, wherein a result of the NOR operation is

stored on the fourth of the plurality of memory cells.
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28. The method of claim 24, wherein the method includes performing a COPY operation on
an input stored on a first of the plurality of memory cells by:

applying the plurality of material implication signals in the particular sequence on the
first and a second of the plurality of memory cells, wherein the second and a third of memory
cells are programmed to a reset state prior to applying the plurality of material implication
signals; and

applying the plurality of material implication signals in the particular sequence on the
second and the third of memory cells, wherein a result of the COPY operation is stored on the

third of the plurality of memory cells.

29.  The method of claim 24, wherein the method includes performing a XOR operation on
inputs stored on a first and a second of the plurality of memory cells by:

programming a third, a fourth, and a fifth of the plurality of memory cells to a reset state;

copying the input stored on the first of the plurality of memory cells to the third of the
plurality of memory cells;

copying the input stored on the second of the plurality of memory cells to the fourth of
the plurality of memory cells;

applying the plurality of material implication signals in the particular sequence on the
first and the fourth of the plurality of memory cells;

applying the plurality of material implication signals in the particular sequence on the
second and the third of memory cells;

applying the plurality of material implication signals in the particular sequence on the
third and the fifth of memory cells; and

applying the plurality of material implication signals in the particular sequence on the
fourth and the fifth of memory cells, wherein a result of the XOR operation is stored on the fifth

of the plurality of memory cells.

30. The method of claim 24, wherein the method includes performing the material
implication operation without transferring values corresponding to operands of the material

implication operation to sensing circuitry coupled to the memory array.
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