STORAGE DEVICE INCLUDING A MEMORY CELL HAVING MULTIPLE
MEMORY LAYERS BACKGROUND [0001] The present disclosure is
generally related to a storage device including a memory cell having
multiple memory layers. More patrticularly, the present disclosure relates
to non-magnetic memory cells adapted to store multiple data values.
[0002] Storage devices are widely used in many electronic applications for
storing information. Such storage devices include hard disc drives, flash
memory S§EQESGHEAYEHC BN BOERES A BMENMRR AH) demisdd NG
electrically erasable prodvivhrmables daH IDRVIADAONE EEPROM)
devices, other memory devices, or any combination thereof. Such storage
devices may be used in a variety gfgeglisaifgp including computer
systems, personal digital assistants (PDAs), mobile telephones, audio
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size of the associated storage device without sacrificing storage capacity.
Furth&UiRjeidairpriéifsmena that are used to operate such storage
devices may become difficult to implement as the size is reduced and
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controller. Each res)i;tive elementary memory cell of the plurality of
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personal digital assistants (PDAs), mobile telephones, audio players, digital
cameras, digital video recorders, set-top box devices, other electronic

devices, or any combination thereof.

[0003] In general, technology advances have lead to smaller and lighter
electronic devices with smaller storage devices. However, it can be difficult
to reduce the size of the associated storage device without sacrificing storage
capacity. Further, physical phenomena that are used to operate such storage
devices may become difficult to implement as the size is reduced and noise
and other interference that can adversely impact such phenomena, such as
inter-symbol interference, cross-coupling noise, and other signal noise, can

become more pronounced.

SUMMARY

[0004] In a particular illustrative embodiment, a storage device includes a
controller and a plurality of resistive elementary memory cells accessible via
the controller. Each resistive elementary memory cell of the plurality of
resistive elementary memory cells includes a plurality of memory layers

selected to have hysteretic properties to store multiple data values.



[0005] In another particular embodiment, a memory device includes a first
electrode, a second electrode, and multiple memory layers to store

multiple data values between the first and second electrodes. Each
memory layer of the multiple memory layers has a hysteretic property to
store a data value of the multiple data values. The memory device further
includes a controller coupled to the multiple memory layers via at least
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memory layer of the selectéd resistive memory cell.
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particular illustrative embodiment of a storage device including a memory
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[0010] FIG. 3B is a graph of an illustrative embodiment of current versus

voltag®T8FhaRfeUlar dhteoPHIole shavdCartesémoRy IBbaRbIilRFatEd ve
in FlGheMbrySeells. The controller is adapted to select a resistive memory cell of

the plurality of resistive memory cells and to read and write data from and to

a selected memory layer of the selected resistive memory cell.
BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 is a diagram of a particular illustrative embodiment of a
storage device including a memory cell having multiple stacked memory

layers;

[0008] FIG. 2 is a diagram of a second particular illustrative embodiment of
a system including multiple memory cells having multiple stacked memory

layers;

[0009] FIG. 3A is a block diagram of a particular illustrative embodiment of
a memory location within a memory cell, which may have multiple stacked

memory layers;

[0010] FIG. 3B is a graph of an illustrative embodiment of current versus
voltage for particular data values stored at the memory location illustrated in

FIG. 3A;



[0011] FIG. 4A is a block diagram of a second particular illustrative
embodiment of a memory location of a memory cell, which may include
multiple stacked memory layers; [0012] FIG. 4B is a graph of an

illustrative embodiment of current versus voltage for particular data

values stored at the memory layer illustrgted in FIG. 4A; [0013] FIG. 5A is
a block diagram of a third particular illustrative embodiment of a memory
locatidP0aLh Fhemdry dellp whintk nibgeieme ofmaltigdeosthakati ankamolipstrative
layers; {004 Afo?% ﬁ&r%ﬁﬁpfb% '%%Sér%%ﬁo bl %ﬁ‘&?“&%&? "ude
versus voltage for particular data values stored at the memory layer
illustranetiipic BIGkshn{O005H] RIGIBA is a block diagram of a fourth
particular embodiment of a memory location of a memory cell, which may
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which may include multiple stacked memory layers; [0017] FIG. 7Ais a
block Biig ki of a particular illustrative embodiment of a memory cell
including multiple stacked memory layers with different hysteretic

propelt@L3lddgs) £is iy pristlastochittagFariiora dutbnpppiHt i lustrative

illustrafivs embrdipenthafironememaelbingudingomultinle siarkethay have
memory layers separated by insulator layers; [0019] FIG. 7C is a block
diagrait G Haekpa remanilagtiative embodiment of a memory cell

includin ultti)%le stacked memory layers separated by internal
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of a trasisfee firyer(Resisi@nss yrisUsheYiae Moltagapforiaymemasyged in
i”C'“dli:rf% fcs)% stacked memory layers with different hysteretic properties;

[0015] FIG. 6A is a block diagram of a fourth particular embodiment of a
memory location of a memory cell, which may have multiple stacked

memory layers;

[0016] FIG. 6B is a block diagram of a fifth particular embodiment of a
memory location of a memory cell, which may include multiple stacked

memory layers;

[0017] FIG. 7A is a block diagram of a particular illustrative embodiment of
a memory cell including multiple stacked memory layers with different

hysteretic properties;

[0018] FIG. 7B is a block diagram of a second particular illustrative
embodiment of a memory cell including multiple stacked memory layers

separated by insulator layers;

[0019] FIG. 7C is a block diagram of a third particular illustrative
embodiment of a memory cell including multiple stacked memory layers

separated by internal electrodes;

[0020] FIG. 8 is a graph of a particular illustrative embodiment of a transfer
curve (Resistance versus Device Voltage) for a memory cell including four

stacked memory layers with different hysteretic properties;



[0021] FIG. 9 is a flow diagram of a particular illustrative embodiment of a
method of accessing data stored at a memory layer within a memory cell
including multiple stacked memory layers with different hysteretic
properties; and [0022] FIG. 10 is a flow diagram of a particular illustrative
embodiment of a method of manufacturing a memory cell including

multiple stacked memory layers with different hysteretic properties.
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comw%‘e@{%@.\/gﬁg a signal generator 104 to provide an applied signal to
the memory céll 106 via lines 114 and 116. In a particular embodiment,

the cqisoliarnd0d caningiwdsdbe Soral aenereieiitQtad e SaBwelRA: of a

102 is also coupled to a first switch 108 via line 118 and to a second

switchnetipdiaf apefagoripse /eemely edédad ydmgnamsplccancksd. mremory
storag gvm](g@fepéﬁmsi@gﬁg%%?%p@g&circuitry 112 that is selectively
t

coupled to the memory céll 106 via the second switch 110 to receive an
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The sense circuitry 112 is adapted to determine a tunneling resistance

assodatedvrtiGthe memenceah $06, indrigininasatavwalkiassinredtass a
the memory cell 106, or any combination thereof. In a particular example,

the cORtFBRBrIFIE Fel B dcudie g dns R e Hetderdd tingnamgple stacked
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106 includes multiple stacked memory layers, including a first memor
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N-th mesmory leyier D86viwhiks aressandwiahedn e pueedu Rifitshexd@iitak, the
clecrode 152 Afhasecond nanal ctode 24, Thelist el o
electradle dabpiscauplditoviiehseaonth $ingan & 20d 49-a second switch 110 via
a line 120 to selectively access the memory cell 106. The storage device 100
further includes sense circuitry 112 that is selectively coupled to the memory
cell 106 via the second switch 110 to receive an electrical current (I), which
represents data stored at the memory cell 106. The sense circuitry 112 is
adapted to determine a tunneling resistance associated with the memory cell
106, to determine data values stored at the memory cell 106, or any
combination thereof. In a particular example, the controller 102 receives
data related to the detected tunneling resistance from sense circuitry 112 via

a line 150.

[0024] The memory cell 106 includes multiple stacked memory layers,
including a first memory layer 130, a second memory layer 132, a third
memory layer 134, and an N-th memory layer 136, which are sandwiched
between a first external electrode 122 and a second external electrode 124.
The first external electrode 122 is coupled to the first switch 108 and the

second external electrode 124 is coupled to the second switch 110.



In a particular illustrative embodiment, the first, second, third, and N-th
memory layers 130, 132, 134, and 136 are selected to have hysteretic
properties. As used herein, the term "hysteretic property" refers to a non-
volatile memory effect resulting from a material having two or more stable
states due to an electrical property, suctxas a polarization of an electrical
field, a trapped electron charge, other non-magnetic properties, or any
combimatiopathevéof.illnsiptivicaimbednbodintbatfilse lsgsterbtidpdopady N-th
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polarization orientation. In another particular embodiment, the first,
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material having a hysteretic property that can be configured to represent
a datdhganedarizagi ratticul sl celtanipiep dachashent thestispegh ¢lepiren sharge
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tunneling resistance and may be altered by a unique write signal without
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layers 130, 132, 134, and 136 are is formed from a ferroelectric materia
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field having a first polarization orientation 140. The Second memory layer

132 helraascastdithickelass (2P dnfEintios atheichatran dmicarfehysteretic

haVingl‘%perty that can be configured to represent a data value. In a particular
example, each of the first, second, third, and n-th memory layers 130, 132,
134, and 136 are formed from ferroelectric materials having different doping
concentrations, different thickness, or other differences that result in unique
hysteretic properties, such that a data value stored at a particular memory
layer has a unique impact on the tunneling resistance and may be altered by a
unique write signal without impacting other stored data values within the

memory cell 106.

[0025] In a particular example, each of the first, second, third, and n-th
memory layers 130, 132, 134, and 136 are is formed from a ferroelectric
material having different (unique) hysteretic properties. For example, the
first memory layer 130 has a first thickness (T;) and carries a first electrical
field having a first polarization orientation 140. The second memory layer
132 has a second thickness (T,) and carries a second electrical field having a

second polarization orientation 142. The third memory layer 134 has a third



second polarization orientation 142. The third memory layer 134 has a

third -6- thickness (T3) and carries a third electrical field having a third
polarization orientation 144. The n-th memory layer 136 has an n-th
thickness (TN) and carries an n-th electrical field having an n-th
polarization orientation 146. In a particular embodiment, the memory cell
106 can include any number of memory layers having unique hysteretic
propethieknéssa( partodiaareesbotiméntettectil fickbbevid gthittrdreblutization
polarizati |eniatio ( d induc 54;]
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cell 106 represents data values stored at each of the first, second, third,
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charge in the adjacent internal electrodes. [0027] In a particular
embobiitibet, the ebpitgslldistdRipagiapted ® rerhng rexitteradlropgh the
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switches 108 and 110 via control signals applied to the lines 118 "an ,
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the sense circuitry 112 is adapted to determine a tunneling resistance
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The tunneling resistance represents data values stored at one or more of

the firStCSeEbNEY thifrdl dhd 3 3n AR 1l sM30. 1o 0spIAtg_ ridrafnternal
while the ehaue-discussionindicates thgtithadisstirsecQdnd, third, and n-th

polarization orientations 140, 142, 144, and 146 cause a clustering of an

opposite charge in the adjacent internal electrodes.

[0027] In a particular embodiment, the controller 102 is adapted to read and
write data from and to the memory cell 106 by selectively activating the first
and second switches 108 and 110 via control signals applied to the lines 118
and 120, respectively. An applied signal at line 114 from the signal
generator 104 can cause an electrical current to flow through the memory
cell 106, and the sense circuitry 112 is adapted to determine a tunneling
resistance associated with the memory cell 106 based on the electrical
current (I). The tunneling resistance represents data values stored at one or

more of the first, second, third, and n-th memory layers 130.

[0028] In general, while the above-discussion indicates that the first, second,
third, and n-th memory layers 130, 132, 134, and 136 may be formed from a
ferroelectric material, it should be understood that other materials may be

used, including a resistive oxide (RO) material, a phase change (PC)



third, and n-th memory layers 130, 132, 134, and 136 may be formed from
a ferroelectric material, it should be understood that other materials may
be used, including a resistive oxide (RO) material, a phase change (PC)
-7- material, a charge trap (CT) material, or any combination thereof. In

the embodiment illustrated in FIG. 1, the first, second, third, and n-th
memory layers 130, 132, 134, and 136 can be ferroelectric memory
layersnaibiead anclitipde ftemisteioensatasl oryimatectrobispomdhesag In the
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particular example, the tunneling resistance the first memory layer
changeecsighifieatithy eesuliapeharizasion tbeidwatbnzlwoighasyes thomemory
paraelegtiigdo ferroelectric. In a particular example, a change in the
polarization orientation from an upward orientation to downward

Orie“tﬁmwﬁte&t%{%&ﬁ% thatyaneing resistancaint thesmemewy aall, the
106, such that the variation in the tunneling resistance may be used to

deterifiRdugiaacoal dsthstdiist seepdmdirdrytbn-toengousp)lpyes 130, 132,
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second, third, and n-th memor zaggrs 130, 132, 134, and 136, which may
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and 136 may have bi-stable or tri-stable states, which can be utilized to
repredeftelgatEcy AN dSTPRISHEMONR cRIPPECIHH frrvBlatile rimgsyin the

Furtheb ihe 1 6ORTRIeEHA it Adaptegvaacssssdhsme mam walildetRation
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Witho%ﬁ@§3@¥iﬂﬁl@‘ﬁmneling resistance may be used to determine data values

stored at the memory cell 106.

[0030] In a particular illustrative example, the memory cell 106 includes the
first, second, third, and n-th memory layers 130, 132, 134, and 136, which
may be operated as resistive storage elements to store data values. In
particular, the first, second, third, and n-th memory layers 130, 132, 134, and
136 may have bi-stable or tri-stable states, which can be utilized to represent
data values. The memory cell 106 is a non-volatile memory. Further, the
controller 102 is adapted to access the memory cell 106 to retrieve stored
data without having to perform a read operation before a write operation. In
particular, the memory cell 106 can be accessed without destroying the
stored data (i.e., a read operation is not a destructive read). Further, the
memory cell 106 may be employed as part of a multi-level solid-state
memory device having any number of memory cells, with 2" to 3" states per

memory layer, where N represents a number of memory layers.



stored data (i.e., a read operation is not a destructive read). Further, the
memory cell 106 may be employed as part of a multi-level solid-state
memory device having any number of memory cells, with 2N to 3N states
per memory layer, where N represents a number of memory layers. -8-
[0031] In general, the memory cell 106 can be used as part of a multi-level
solid state memory device with m memory cells, where C represents the
numbEl0Sfinengengiedlithamtembereel ré)freserite asadiatbparobfatmidielsvel
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a memory cell with two hysteretic memory layers is a four data-leve
memohpveelin[d082]31A aspartictiles irshiatud émbodirleatfehe finsgnory cell

second(jrd, a0t 10ameDayera 140, A3 A, a0d 1AAMAY Mermory

symmetric. In this instance, ab one ("1") may be represented
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value of zerd ("0") may be represented by a paraelectric orientation. In
this exahple, each memory location has two possible states and the
memory cell 106 has N memory locations (i.e., 2N memory states). In

anothEf038 i tapanictatile sebearmbadimatide Sssosecapfdhaddandrn-
memapy RYESS, 130erl 330184, a8 136 Manbersymmette. (8033 IRstance,
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illustrated in FIG. 7B), by both insulator and electrode laysers (such as
location has two possible states and the memory cell 106 has N memory
locations (i.e., 2N memory states). In another particular illustrative
embodiment, the first, second, third, and n-th memory layers 130, 132, 134,

and 136 may be asymmetric.

[0033] In another particular example, the first, second, third, and n-th
memory layers 130, 132, 134, and 136 may have different hysteretic
properties. In another particular example, the first, second, third, and n-th
memory layers 130, 132, 134, and 136 may be separated by internal
electrodes (such as electrode layers 752, 754, and 756 illustrated in FIG. 7C),
by electrically insulated layers (such as insulator layers 722, 724, and 726
illustrated in FIG. 7B), by both insulator and electrode laysers (such as
electrode 610 and insulator layer 622 illustrated in FIG. 6B), or any
combination thereof. In a particular example, internal electrodes within a
memory cell may be formed from different materials or different
compositions (such as different doping concentrations). Similarly, the
insulator layers may also be formed from different materials having different

insulating properties.



electrode 610 and insulator layer 622 illustrated in FIG. 6B), or any
combination thereof. In a particular example, internal electrodes within a
memory cell may be formed from different materials or different
compositions (such as different doping concentrations). Similarly, the
insulator layers may also be formed from different materials having

different insulating properties. -9- [0034] In another particular
embolifitima aritibet yeltigdaioechadyieyta apolitiiahtiottageefichchanging a
memayyayer GLEP AsNERRIATEAION ANt R saie b R S0
memory layer 130) may be controlled by design parameters, such as the
type cfanmischdry Idhyerfimsiteriamene dageanohs yeraxobspesition|eahdyhelesign

memapGEICtng S AN aHlateRl, DAUSTEBITAL TIBRGH G

critical voltage. Further, the thickness and type of interlayer mater may

also im@@&ﬁ@mitkml Vbﬁag@mdﬁmin@éﬁhmknesédﬂiﬁ@@aﬂém@djacent
'ayersrﬂé{{g}iglgrﬁh%’g& ACEhDRGMIHRIR Stacked ?ﬂ@%‘?&éﬂ@%ﬁﬁédq%g of

memory location may have a different crifical voltage, which may be ~
selectivisiaapplivatgjetharsontlole PR v ihaherisigial offegeratdy pdsbing a

alter aipqlapzation RUSRIANGR, of. 3 HATUGHIAH DEMORG YL WItRIR ISy uitiple

multiple stacked memory layeérs, without altering a polarization orientation

of thestplerdniesony |ayisrs. [OOBSPemarparselillr BxaniBles; théifiesent critical
memQiyIaYE Gy 'B@\é%léctﬁblcﬁm?iiﬁéwghﬁé SoArRME" 1291 the signal

thickness (T2) of the second memory layer 132. In this example, the
tunnelipecratsistifctosadiss Geiwled Apttaniosi ¢iitipreph Orpdeiar ar3pcane YHayer

secong: Ia¥eTA32, MO LGS SHER AL dhe \SRASE Glcuity 212153080

used to determine a stored data value at a particular memory location,
such asehEtipstThenerydoerieeT1 8o dased on the tunneling resistance
for the memory cell 106. [0036] In a particular embodiment, the storage

devicé0PEBlike I ddeeraceshtramairio2 thad Eshlniang b iysisthld. may have a

elemepiaryeneMoE!ls sHeeashiReMBMAYqIt Y06 YRIGRRIRI memory
accessible via the controller 102. The resistive elementary memory cell

106 ildXsdds & F}p@ﬁgiﬁfwn%q%gng resistances associated with the first
memory layer 130 and the second layer 132 may be unique, such that the

sense circuitry 112 can be used to determine a stored data value at a
particular memory location, such as the first memory location 130 based on

the tunneling resistance for the memory cell 106.

[0036] In a particular embodiment, the storage device 100 includes a
controller 102 and a plurality of resistive elementary memory cells, such as
the memory cell 106, which are accessible via the controller 102. The
resistive elementary memory cell 106 includes a plurality of memory layers,
such as the first, second, third, and n-th memory layers 130, 132, 134, and
136, which are selected to have hysteretic properties to store multiple data
values. In a particular embodiment, the first memory layer 130 has a first
hysteretic property and the second memory layer 132 has a second hysteretic
property. In yet another particular embodiment, the resistive elementary
memory cell 106 stores multiple data values that are represented by a unique
tunneling resistance. In a particular example, the controller 102 is adapted to

apply a unique write signal to the resistive elementary memory cell 106 to



such as the first, second, third, and n-th memory layers 130, 132, 134,

and 136, which are selected to have hysteretic properties to store multiple
data values. In a particular embodiment, the first memory layer 130 has a
first hysteretic property and the second memory layer 132 has a second
hysteretic property. In yet another partigglar embodiment, the resistive
elementary memory cell 106 stores multiple data values that are
represéntethiy enimiqueimuglmging viesistandetowgh phrtiogastexarlsiactiiery

CO””‘%H@&%PKZ]J&ﬁ?@é’%ﬁdrégre%&%%fﬁ ﬁai’é{r%&é&”é}htg }Sﬁﬁ&:%ffé?t%é&mpm,
elementary memory cell 106 to -10- alter the unique tunneling resistance
throughethemegisied éEmeaitdry sehentedrironlind6nt: represantdifieranty be

data V&i@ﬁ%ﬂ'&s}}ﬁ?r ferlan (ﬁ%m' ok BIEORQrYR!! 106 may be

selected from multiple memory cells or may be" selected as part of a

grouprgn ek Alsnrmenticalls JOARSlINIRNANEERAULCHIRT GXABRIGe A irst

memory device 100 includes a first electrode 122, a second electrode

124, &estiadieip 2 nietpetyd glraisorisd 2#3andimultine memeratlpaers thidfitse.
and seg@ng,aleaiades d2R0¢de44a stersdreidiipkdaia yalies 2Eagh e

the memory layers 130, 132, 134, and 136 has a hysteretic property to
store BERIS/ERGE Buse nkariprf haangaigeslayses Menlors dédicad 3go has

furtheéiﬂﬁa}%}égggcafgﬂwfeﬂ% {zthalle connrled @ dNRuMHILRISMEMRY The

layers , and 136 via at least one of the first and second

electrBEROTY Scige 1HM) T ebHFOIATS:a P8 ol Hh Rk I tfak corRke to the
from the ELiRieMeMRDLIVES 139, 132, A1 894 h3k YWIbou caltefidrirst

the multeifle data values. In a particular example, the muIti&le memor

ry
layersndocaayl ¢lsatrades 1138 apd ibttbeiblericoniyelisragapidiiadneliple data

irﬂ@%‘lﬂ%@fﬁﬁi@@ﬁ@@ﬁ&ﬁiﬁcﬁ{é{ﬁ% %9@%@@@'@9@9@3‘4}%9@ 136 without
distributions representing unique data values. In another particular

examplETBge theu Ryt IRy Yalss 130, A IR Qdan fy13y G réhphakdtiple
changgmegjalaerstaving hysierglic Psepauies1Hated 8yers adapted to

independently configured to represent unique data values. In yet another

particEi&eritssa - thelaprstipreriERbryIfgerio1 derdurs clesirogngharge

136 aﬁ%ﬁhﬁ[ﬂ@ﬁ%i@y&{ﬁ_ﬁg Hagueleaticalebangesmolhg pharaFaRample,

layers are configurable to induce an )
the multiple memory layers 130, 132, 134, and 136 are phase change media
layers having hysteretic properties that can be independently configured to
represent unique data values. In yet another particular embodiment, the
multiple memory layers 130, 132, 134, and 136 are charge trap layers to trap
electrical charges. The charge trap layers are configurable to induce an

electron charge distribution within the charge trap layer and at adjacent

layers to alter a tunneling resistance to represent unique data values.

[0038] In general, it should be understood that the particular example of a
storage device 100 provided in FIG. 1 is a representative example only, and
is not intended to be limiting. Other structures for applying a voltage or
current and determining a tunneling resistance through the memory cell 106
may also be used. Further, it should be understood that the particular storage
device 100 is described with respect to bit-addressable storage. However, in

a particular embodiment, the storage device 100 may access a block of



electron charge distribution within the charge trap layer and at adjacent
layers to alter a tunneling resistance to represent unique data values.
[0038] In general, it should be understood that the particular example of a
storage device 100 provided in FIG. 1 is a representative example only,

and is not intended to be limiting. Other structures for applying a voltage

or current and determining a tunneling resistance through the memory

cell 106moay akldb de usedldeurtivdock-stimsidbbe sindestoddithaotially, other

particyay s0rans dexiss. 1004S deseribec it [esnesh i Rladdieasable

storage. However, in a particular ment, the storage device 100

may 6685 R1BloSKOf dhds e DONCRIRIIBRIRYIAF A RIRSHRGEE5HRIRent of

storage. Additionally, other configurations'may be used, depending on the
particalaysteipldfalidm e [ac8upsICeiss dMidhrampoRaseerdcell having

particylarilipstiativeis MpesMeRiRing SYRIEN L0 RRULIRER:SIBY s ystem

device 202 that has a memory cell having multiple stacked memory

locatiéfld: THiEcky s PO iseIEESTa Rostigjaterirlatpngnicpermtle digital
Comp%g@tﬁﬁvhﬁf@&i t@'ﬁﬁﬁ?ﬁﬁl AefRon’l digial, assistapd (ﬁ%’%}),aanother

music player device (such as an MP3 player), another electronic device,
proce8SiFiEOrIgidesicanpesabinationitheretty TIRERatie)tarroD4 fhe host

couplegkionthe stRrage, AeMG e ALoria ARG BEE\Z0 G SHERFAS: 806, such as

Advanced Technology Attachment (%FA) interface, an Integrated Drive
Electrghits (Ioedinterhacdogy Uritpebsags dAdiBusierB e intebiipaatad drive
compeiggsysiM ipterfare- (RS (ARLRGN I9LeH{agR, O[30 COMIRALIAMall

thereof. In a particular example, the host system 204 may communicate

wirele<¥RPWiEh fstfiteiedaso6(df tHe stBeilifs delgidacoonigny wirefigation
COMMYURIESEIONS Rr YaeRlHR @arﬁﬁréicm@rlﬁ%argg]gh%rﬁh@wt@{a@%g%m@a&e

include a wireless transceiver (not showcrrz. [0040] The storage device 202
&

furtheVifiRAaEs Witb Mifoiie a0 9T Ba pikvags tHeviise e e/ #08. riigless
controlier AQRiia@iae FRIIBISH (enasigpaieeReEiah k0 Uiailng 246206 @nay

signal generator 210 Is adapted to generate a signal at a selected voltage

or curféitsvel iAglatsriatye i Si9hahogeherator 210 is coupled to a

storage media that includes an array of memor}/ )
%004(‘)9] The storage device 2027 further includes a controller 208 that is

coupled to the interface 206. The controller 208 is also coupled to a signal
generator 210 via line 216. The signal generator 210 is adapted to generate a
signal at a selected voltage or current level. Additionally, the signal
generator 210 is coupled to a storage media that includes an array of memory
cells 212 via a first plurality of switches 220. The array of memory cells 212
is coupled to sense circuitry 214 via a second plurality of switches 230. The
first plurality of switches 220 and the second plurality of switches 230 are
selectively activated by the controller 208 via first and second lines 228 and
238 to access a selected memory cell of the array of memory cells 212. The
sense circuitry 214 is coupled to the controller 208 via a data line 218. In a
particular embodiment, the sense circuitry 214 is adapted to determine a
tunneling resistance of a particular memory cell of the array of memory cells
212, such as a first memory cell 240, and to determine data values stored at

the particular memory cell based on the determined tunneling resistance.



cells 212 via a first plurality of switches 220. The array of memory cells

212 is coupled to sense circuitry 214 via a second plurality of switches

230. The first plurality of switches 220 and the second plurality of

switches 230 are selectively activated by the controller 208 via first and
second lines 228 and 238 to access a sglected memory cell of the array

of memory cells 212. The sense circuitry 214 is coupled to the controller
208 vi@tthtehine2y S fimenpapticalkr 2lRAbodindeatiithdisgnserirguitey! 240

214 | t ' t ' [ a j
cell o e o1 R e P AT
to detefthiredatlodalvethstorethhigeherpartiellar memirst celitghsgeomnd is

the detgimLIgd {HE‘E%J g (REIRIINGS: vha L%%‘HrlI@Rcﬁ%&."k’?i‘l&‘i‘?&]{éflly, the

cells 212"includes the first meniory cell 240 having a first plurality o
stacketiarephongiagersols 2Thafirkidere meeyassl| nxoory cotlplétltdiahieng a

Signa's%h%r%tﬁ'ieﬁi]@ XP&@@BSMM%%%%% 5@50%@1@%&90% Iﬁ%rﬁn%e% cell

circuitry 214 via a second switch 232 y, the array of me _
cells 242 ischodpded sedbadsigreahagnoelopd2! faviing dhigdcomtdcpliraditgrof is

stacked, DeMRYYHRYEISAdRu R SREONA MEMANGRM 242 i%&@ﬂ%qgé%rray

the signal generator 210 via a third switch 224 and is coupled to the

sens@éimgdl@ia B2 felsaHnshiests 2341—%@@19@@6&%@4 bﬁmw-th
cells 212.al8p Nicldas ANt memoLy; cell244rRaving, ap b P IR £F;

stacked memory layers 245. Thé n-th memory cell 244 is coupled to the
sighargeplethtortza oigneagenresuatch P26 aatifih coipled16 aneé sepmepled to

circuitgy. 214 ia;a.gixth SMteh 23§40 anasiodlar embadiment. §a60@hent,

the first plurality of switches 220, including the first, third, and fifth
switclsesobthedyrshntizdéy wlagnbisha dgentehiing tivatedtviaitbrirg) fifth

signalgselrciively appliedhgy the Garirgjlen 2B Madig fERtineR 238- control
Additionally, each of the second plurality of switches 230, including the
secorfdgtalartbrlatiysixtirplieshby 282, agrodsy 288, vitayhsefirst lines 228.

indepanpdaniia ACIVAR DY it OGS iBEIeENeheRRPESH DY dRling the

controller 208 via the second lines 238. [0042] In a particular

embothaeed:, frethoded yorEns voghsfagiexdedierad 236, may be independently

activated via control signals selectively applied by the controller 208 via the

second lines 238.

[0042] In a particular embodiment, the host system 204 may execute a
software application and may communicate with the storage device 202 to
access data stored at the array of memory cells 212. The controller 208 may
receive a memory access request via the interface 206 and may selectively
activate at least one of the first plurality of switches 220 and at least one of
the second plurality of switches 230 to selectively couple a particular
memory cell, such as the first memory cell 240, to the signal generator 210
and to the sense circuitry 214. The controller 208 controls the signal
generator 210 via line 216 to apply a selected signal to the selected memory
cell. The sense circuitry 214 senses a tunneling resistance associated with
the selected memory cell based on a received current (I} rcaq). Further, the
sense circuitry 214 is adapted to determine data values stored at the first

memory cell 240 based on the sensed tunneling resistance. The sense



software application and may communicate with the storage device 202 to
access data stored at the array of memory cells 212. The controller 208
may receive a memory access request via the interface 206 and may
selectively activate at least one of the first plurality of switches 220 and at
least one of the second plurality of switghes 230 to selectively couple a
particular memory cell, such as the first memory cell 240, to the signal
genereiton 202 dhddo thevsdaseecileitryRidathe dunsrddeh@08ntonteol208,
the signalyoAG ARt A0 IR NG,AGRFRDN A SEEAIRETARAL I (o he

selected memory cell. The sense circuitry 214 senses a tunneling
resisthnsie sistovialdd with the seietied Riémorinceall basisdlon axauplvedhe

currerf (530 FUTALAGSUEHIGHIREL hiS AARIED R ASIEITNS, b

data values store Irst memory ce | 240 based on the sense
tunnetirg deisistalnce befrsensading- bieouiteytRd hesrspiovidétthe In another

deter&ﬂ?@&ﬂ?t&\éﬁéﬁ? IRR ConiRAles£D S MAlICR Y 960{Hé‘&‘i&§5%tr1]y to

data related to the determined data values to the host system 204 via the

interfabe X096 systenpaMcular example, the determined data values may be
encrypted and the controller 208 may decrypt the data values before

providPftelditodnd b slegkstipgraouofd RaBiReiarpHHsaaY esahfslanenof
determyined datavalHRsA13YI0& REAVIdRd it iy the NQSERYSIRR) ZR4ude

[0043] FIG. 3Ais a block diagram of a particular illustrative embodiment of
an asyHiltieleictassaloremertidi sno ding memny lsriuhRIP g At kI8 TSt
multinle. stacked e MY)'W?-aT%WQ%@C%@WﬁﬁO@%%affﬁﬁi a
electrode layer (MI) 302, a memory layer 304 that is formed from a

ferroef@iEaficatEy thilenalcie adactisand stersind sdyueT (M3 38k The first
first elgeirade layer (M 3982nadheSecanilrRcyRde Iayer (W) 30 have

have different screening lengths (conductances). In this example, the
memdH/TaEér St mRg/ (RRBdusdrasse)staie hispRrarants: dofmnrapary
polarigglien oarsniaiemde i ess @SSRS (O WAKWIRVIRYYSS thr Bhtion

paraelectric polarization orientation), which may be used to represent )
data. ARG, 9B Hee grapHiso o brem (HORtREd & HAMGHSn &t Braclectric

Currem¥olarization orientation), which may be used to represent data.

[0044] FIG. 3B is a graph 320 of an illustrative embodiment of current
versus voltage for particular data values stored at the memory layer 304
illustrated in FIG. 3A. The graph 320 includes a first line 322 and a second
line 332, which correspond to different resistance states associated with the
memory location 300. For a given read back voltage (Vr), each state
corresponds to a different read back current at 324 and 334. In this particular
instance, the different resistance states illustrated by the first line 322 and the
second line 332 relate to the different polarization orientations carried by the
memory layer 304. In a particular example, the first electrode layer 302 has
a higher doping concentration than the second electrode layer 306 illustrated
in FIG. 3A. In a particular embodiment, the first electrode layer 302 and the
second electrode layer 306 are formed from a semiconductor material, which
has a selected doping concentration to control their respective conductances.
If the memory layer 304 carries a polarization orientation in an upward

direction, an applied read voltage (Vr) would result in a current level



versus voltage for particular data values stored at the memory layer 304
illustrated in FIG. 3A. The graph 320 includes a first line 322 and a second
line 332, which correspond to different resistance states associated with

the memory location 300. For a given read back voltage (Vr), each state
corresponds to a different read back curygnt at 324 and 334. In this
particular instance, the different resistance states illustrated by the first

line 32Rimatbthat Séd¢onthlieenB3s, réfldtte toneheodiffiepent Bl drisatigrelarization

ientations carried b 4 i ,
T
secorngseléctroteuayet 30@lilindicated dh RE. Jhelgapadibuklso includes a

embogiment i, 15\ ReFiade, Y8302 A e 595009 RIRS QU aYe e
r mtg %' f g’]a a59

306 are formed from a semiconductor material, which elected
dopingadanctntratiorntaticonidhehairmespéutive’ ebnticiungeds. If the
memory Ig}er 304 carries a polarization orientation in an upward

directl8R4ahHpplidd réacevbiede NagrasuRf résshepnd duésitpsvalugiative
indicateh a3kt 1D PN tARRINOIYCIANST 306 fies ARRIRYZRI0Ryhich

orientation in a downward direction, the applied read voltage (Vr) would

resultfiy Hiside lByEIndidaskehmzaoryhiaxstaph B0 mrpancllagaticn 400

criticah YaltRge, (Y efd:A e AR TRV AlRgem &Y QAL WL IRGs formed
polarization orientation of the memory layer 304 is c anagr?. [0045] FIG.

4A is BymekaraslesiielBapasaiparidaacinstelaceoenipmiimént @ In
sym n't?ﬁﬁi%ﬁ@ﬁiﬁf&[ﬁi&%@@&r&am@rﬂﬁﬂyW@%s%@gf@%@ﬁ“@%sistive

multiple stacked memory layers. The memory location 400 includes a first.
electrdidietay dHOVINFAGR A WSthory 4140 thafiRMfafieled Homparaelectric

ferroelgrifiaibin) Matenal.anehaSesrne sleqradslysy dMBAGEIIR RIS the

example, the memory layer 40 fnﬁ?% be used to provide two resistive
statesStaphfasirestsviarer () AMohenbiivH Bl p sraeletdrfening lengths
orientatigral R {Bis)exantlendhadist-eiRetase 4ayas GYnfeianth theward or

second electrode layer (Ml) 406 have substantially equal screeni

lengtHs d@%maaéaﬁe@éy%e%@%&%Fyim@aﬁﬁhsm@@wﬂﬁgftﬂa@ﬁng

u pwa%{és%aﬁdépwvlmrdap%ﬂ@@ﬁ% wakdiresult ioaigupaiantialyysatiadially
t
bl e(i?f%erent tunneling resistance.

[0046] FIG. 4B is a graph 420 of an illustrative embodiment of current
versus voltage for particular data values stored at the memory layer 404
illustrated in FIG. 4A. The graph 420 includes a first line 422 and a second
line 432, which correspond to different resistance states associated with the
memory location 400. For a given read back voltage (Vr), each state
corresponds to a different read back current at 424 and 434. In this particular
instance, the different resistance states illustrated by the first line 422 and the
second line 432 correspond to either an up or down polarization orientation
or a paraelectric (depolarization) orientation, respectively. The graph 420
also includes a critical voltage (Vc) and a negative critical voltage (-Vc) at

which the polarization orientation of the memory layer 404 is changed.

[0047] FIG. 5A is a block diagram of a third particular illustrative

embodiment of a memory location 500 of a memory cell, which may include



resistance, while a paraelectric orientation would have a substantially
different tunneling resistance. [0046] FIG. 4B is a graph 420 of an
illustrative embodiment of current versus voltage for particular data
values stored at the memory layer 404 illustrated in FIG. 4A. The graph
420 includes a first line 422 and a second_line 432, which correspond to

different resistance states associated with the memory location 400. For a
givenredidpba siedatthge iy, dachsstdike carrespoledstionaSdifferehides aal first

back t 3 [ icular | dj t

rosiot O st A o A P P R IR g

corredpond¢otaitHEEAmMaEonldonh potanrdtidecoridataion (W2a 506. In this
- (d o . ) Velv. T |

paraeleciiis %P{'ﬁ‘%%%‘f@&)gﬂel ﬁ%@%[f%%& Yhe E‘&&{S‘(p@e%ﬁ-agtdé‘ BSer

includes acritical voltage (Vc) an tive critical voltage (-Vc

which(Mé)pularzatichibrientatoaronghienadmorynidyenass)is Bhemgedne first
[0047111%%%&5&@{9&!%01'%%@@@ gntﬁ"%@q{éwlcﬁ'ffé%ﬁv%%ﬁauctances, the

embodiment of a memory location 500 of a memory cell, which may
includaemdrmigieipierst2dkatamdn oedajesiovide mprtoilocatipintBeostates

includes, 11 SIEHAAR RPN 2 AETPELIAVETHOAAE ory 1aver

formed from a ferroelectric (FE) material, and a second elect
(M2) 506.(npriisd. adearnplecdier peseerattrodel fayativnBoRagingthe

second electrode layer (M2) 506 have different screening lengths

(condpsgagcess;. Basayse hepiirstoansk saconekelericodptayarm03abstrent

506 have different conductances, the memory location 500 may be used

to proViditip tdiBFefreRistiGRlatARE oY tor et riBRtAREROBY thyer S04
electrigfigldicaitiad dy she memerpiayay infddaoyvarst uwmyaide®bnd line

paraelectric polarization orientation). [0048] FIG. 5B is a graph 520 of an

illustrative SALLAHENT CdtethivhrSOE TR o His A IAFdsfpace states

valuesesii@ doatib e manydayesmMoil isisaied dnite 1RAmERR G adkation
520 includes a first line 522, a second line 532, and a third line 534,

which’E0rrdspiohd i Riffarehi esistianed tarsacharatat e Pmnzationite

orientadiosspeseciatedaittrdhe renback lecatian ab804 Fora giien3eadn this

back voltage (Vr), each J[oolarjzation orientation state .
particular instance, the different resistance states illustrated by the first line
522, the second line 532, and the third line 542 have slopes that correspond
to the tunneling resistance associated with the different polarization

orientations carried by the memory layer 504.

[0049] In a particular example, the first electrode layer 502 has a higher
doping concentration than the second electrode layer 506 illustrated in FIG.
5A. If the memory layer 504 carries a polarization orientation in an upward
direction, an applied read voltage (Vr) would result in a current level
indicated at 524. In contrast, if the memory layer 504 has a polarization
orientation in a downward direction, the applied read voltage (Vr) would
result in a current level indicated at 534. If the memory layer 504 carries a
paraelectric polarization orientation, the applied read voltage (Vr) would
result in a current level indicated at 544. The graph 520 also includes a
critical voltage (Vc) and a negative critical voltage (-Vc) at which the

polarization orientation of the memory layer 504 is changed.



corresponds to a different read back current at 524, 534, and 534. In this
particular instance, the different resistance states illustrated by the first

line 522, the second line 532, and the third line 542 have slopes that
correspond to the tunneling resistance associated with the different
polarization orientations carried by the_memory layer 504. [0049] In a
particular example, the first electrode layer 502 has a higher doping
concdfta@bmtbeirethle isebonld blevtdristtagdehB0bdlklsttardd lay G BAated

c Pt sebonid beuiinieaisha0bhies
ot oo e ol U WL Al I R TARA e doped

indicatediapsdaton cottradt, Biheanemty ¢geerogod hdoh dofnnatiatrode
orientalioli 3, JoWNALH Arestion e ApPisd e MoLaos (MO hich

result in'a current level indicated at 534. If the'memory layer 504 carries a
paraehestridifforarizatioal mgaiesations ahbaapphadhe ad soreitm (riyvasisa.
result in a current level indicated at 544. The graph 520 also includes a

criticalQitdde evepdisaameghadensiticahyonageny ) lat IicHthe and 500
polarizafien REentaties oke Mmempiy Jay &l 508 SEHAPRH- a1&nl Ao

general, it should be understood that the electrode layers illustrated in

FIGSsBstare BrdlsmosHiigbe berHpadaiestiodsyedatalctondy dopagntium-di-

semicep@MGiammAterak-Bysmaking the elartrdesauotdiffeiRnterroclectric
electrode material, two different electrode/memory layer interfaces are

formeldy@ihidh JRathedmershtLpnBRAEN@YstAe R ety Grrtebe deposited

polarigafipd RisNiakHeRledHROHCIA EPAFIGUIAH MPFINENLIREIREB ®Ym an
cells 300, 400, and 500 illustrated in FIGS. 3A, 4A, and 5A may be

formePYHBLEMRIRAUCESH substrate by depositing a bottom electrode
materjal, such as Strontium-di- Ruthenium-tri-Oxide (SrRuz03) that can be

used 1084 d e flréefBINEk S{AsEam ahotieraRRaH B sRAHBI e 2

insulateimRyen sanibe ctrpesietehetween Heitarpalaaticdramany ayatked
and one of the electrodes to form an asymmetric memory cell. [0052]

FIG. GACTRODDIGERIGIAG AR AIS Rl AT PURG LB R 4 hEIRBRFY
locatigs:506h06 @0 memes cellinshisgh-may dneiie@:reultipledsiagkeshd external

electrode 604. The memory location 600 also includes a first internal
electrode 606 coupled to the first external electrode 602, a second internal
electrode 610 coupled to the second external electrode 604, and a memory
layer 608 sandwiched between the first and second internal electrodes 606

and 610.

[0053] In a particular illustrative embodiment, the first internal electrode 606
and the second internal electrode 610 are formed from the same material and
have the same composition, such that the memory location 600 has a bi-
stable junction (i.e., an upward or downward polarization in a first state or
paraelectric polarization in a second state). In another particular
embodiment, the first internal electrode 606 and the second internal electrode
610 are formed from different materials or from the same material with
different compositions, such that the memory location 600 has a tri-stable
junction (i.e., an upward polarization orientation, a downward polarization

orientation, or a paraelectric (de-polarized) polarization orientation), which is



memory locations including an asymmetric memory location. The memory
location 600 includes a first external electrode 602 and a second external
electrode 604. The memory location 600 also includes a first internal
electrode 606 coupled to the first external electrode 602, a second internal
electrode 610 coupled to the second exiernal electrode 604, and a

memory layer 608 sandwiched between the first and second internal
electradag@0® =no810 Hoasaifarenparticd arllles rativeedifodintémntiiong
firsti -Qﬁlngh%ptrode 606 and the second internal electrode 610 are

formed from the same material and have the same composition, such that

the meinoly 196AtoR 809 Ras R BlasiAR'S IUNGHRR (etAhHRABIRIRent of a

downward polarization in a first state or paraelectric polarizationina
secoridesta®) [nsaisatHel0paitie ar repabdiredlht Whchirstantéipiade multiple

electrode806,Rnth e AREONriGHIA P FAHE TP eI RIFDEdHQ Bk ernal

different materials or from the same maferial with different compositions,

such fetttRdentdhandlacerron b optpmslaciacsiedtetMnctids (emey location
upwagehPAIRHZAHR QIS HANGR AP WRWRIG R IZAEPM RiaiatiQD e Qfefhal

paraelectric (de-polarized) polarization orientation), which is -17- adapted

to repfleséindthpde. differend sesret el e thfeoumetdnatharisening cxternal
resistancasdl08p4] ki@ -HBiisaieak.Aingmm of Adifth PALIUIAKA clectrode

embodiment of a memory location 600 within a memory cell, which ma

hich
include! huitipfemstaeredprtiribhP falraraerming Helsmp ipaatanidayso§08 at is
includgs A Ep@derRabLIRe e fA2naNd &880 HH XIRINALSIRSHALE layer

604. The memory location 600 also includes a first internal electrode 60
coupléazto the first external electrode 602, a second internal electrode
610 coupled to the second external electrode 604, and an insulator layer

622 cBieli i treEisbiracmbedtnenis 1be fird AndhisrYIdcRieR@oyectrodes
furthepidBcludes @ menenvlaver 08 thatismsandwicheshbehvepsstaedissihe

internal electrode 606 and the insulator layer 622. [0055] In a particular

embotiFHERe! Ry Hr SL AN eS Sah B AR AP ¥fs @Rt an‘asymmetric memory

cell. The insulator layer 622 separates the second internal electrode 610
from the memory layer 608, increasing a tunneling resistance across the
memory location 600. In a particular embodiment, the insulator layer 622

may be formed from a electrically insulating material.

[0056] In general, a memory cell may include multiple stacked memory
layers, such as the memory layers 304, 404, 504, and 604 illustrated and
described with respect to FIGS. 3A-6B, to store multiple data values. In a
particular embodiment, a memory device may include multiple memory
cells, where each memory cell includes multiple stacked memory layers.
Data may be written to or read from the memory device in data blocks, such
that multiple memory cells are written to and read from substantially

concurrently.

[0057] FIG. 7A is a block diagram of a particular illustrative embodiment of
a memory cell 700 including multiple stacked memory layers. The memory
cell 700 includes a first external electrode 702 and a second external

electrode 704, which may be coupled to a signal generator (such as the signal



606 and 610 may be formed from the same material, and the presence of
the insulator layer 622 turns the memory layer 604 into an asymmetric
memory cell. The insulator layer 622 separates the second internal
electrode 610 from the memory layer 608, increasing a tunneling
resistance across the memory location £00. In a particular embodiment,
the insulator layer 622 may be formed from a electrically insulating
materizn{G0&6 I gdhetedical neritlpy Goll tmaydeicieichn naphipld sigoked The
mem I r S 4

Tt B T R s L Rl pcona
data vaturestylnayepdfifcutatherth sadimentazomé htorgndeviterayiemielayer

muliple TGO SeUs MIBIE LA LTI S8l SR Yinle Siacked..

memory I’ayers. Data may be written to or read from the memory device in

data B182kedsiiéh that multiple memory cells are written to and read from

substantially concurrently. [0057] FIG. 7A is a block diagram of a
particlfapflustmpveierissambrAmsntacedhed I BIPTOOY MYaHing thifksiél 0,

stacksgmamary Jayeic R MERIARK, celhianiagdeni fishexamats s

electrode 702 and a second external electrode 704, which may be

couplé8&od Signdl HenBrataruaigss Aardinggraistegoedidridr L eensed to
illustratediRifd G- 23401 reaelv e ARRied SIghabI N8y P iR steskefheling

memory layers include a first memory layer 706, a second memory layer
708, datdnsfiohy RyjEE m@}%ﬁﬁra Bh memory layer 712, which are
sandwiched between the first and second external electrodes 702 and
704. [B958] WS pdfficiiar chhdduifiasiBach of feRenRar) s rdiusgative

708, Ehhoanskrhierhasanisnoual configeradian. Suripibaterel Atthey layers

memory layers 706, 708, 710 and 712 has a unique tunneling resistance

that cSFPHREH el IBIARIMTHe 4 ARSPORIRSLt/2 partRdey Hridigrernal

layer breadn7atundeliseoesistanss! efdhe.aptiesmenmanns!ibéQdupled to
[0059] FIG. 7B is a block diagram of a second particular illustrative
I

embotiitii BFREHRAOMSPERY Y20 IREKRTERMIPRS SHIRIA SRgkdhpemory

layerdayers include a first memory layer 706, a first insulator layer 722, a second
memory layer 708, a second insulator layer 724, a third memory layer 710, a
third insulator layer 726, and a fourth memory layer 712, which are

sandwiched between the first and second external electrodes 702 and 704.

[0060] In a particular embodiment, the first, second, and third insulator
layers 722, 724, and 726 may be formed from different materials, may have
different doping concentrations, may have different thicknesses, or any
combination thereof. In this example, if the first, second, third, and fourth
memory layers 706, 708, 710, and 712 are formed from the same material,
the first, second, and third insulator layers 722, 724, and 726 can be used to
define unique tunneling resistances, which may be used to determine a data
value stored at a particular memory location, such as a data value stored at
the second memory layer 708 based on a tunneling resistance of the entire

memory cell 720.

[0061] FIG. 7C is a block diagram of a third particular illustrative

embodiment of a memory cell 750 including multiple stacked memory



separated by insulator layers. The memory cell 720 includes a first

external electrode 702 and a second external electrode 704, which may

be coupled to a signal generator to receive an applied signal. The

multiple stacked memory layers include a first memory layer 706, a first
insulator layer 722, a second memory lgyer 708, a second insulator layer
724, a third memory layer 710, a third insulator layer 726, and a fourth
memdaydeyerTit2nerhich aedl 25hdovikides bdtweentehentideenalsedthdnd a

%%3&&8 o Ak &%9991&%%8%%%%&8’Q'B%%i%g%‘ée}% to

‘?Xter%&%%c&%ll;ﬁ
first, second, an insulator layers 722, 724, 726 m orme

from differenamaelicdsignaly Hdeemdlfiele stadbpingecordasietionsluday first
have different thi es, ination. thereof. [ i

e crICHE My o e e SR oy
are folared 708 teswuhieterzibeiattree frser Sédoadhiaddndiirarinkulendi 0, a

layers[l]i?(?ir%gl%a?gfé:&?&ig Qle#%eql{a adﬁ)%% lﬂ%%@ ‘f%rb?'*?‘ﬂz, which are

resistances, which may be used to determine a data value stored at a
particedadwichedricloresiohe sushaad scdend vateraaltoleairademhédaadntd4.
memory layer 708 based on a tunneling resistance of the entire memory
cell 7 Qélll)@lm@rtﬁ@ﬂi@r achIberigiasaficoffisthing pardicard ifiseratamnal

embogirpepliofa eemaryBall mP BeludipehatdHale sidckes e manacd s,
layers. The memory cell 750 includes a first external electrode 702 and a

secorid@xharsalifisibaernuu o AR handy e dd farengihicknesses, or
genergior (omisagiNG aRapRtied Sighal dhg e ulipigeStacked (BRMAMNd, and

layers include a first memorg layer 706, a first internal electrode layer

752, duEHbHEme day cryé @0@8& JdBorfdntdrare Evinsde ey s same

third meeRARY, 'ﬁi@ﬁ?s%?s&oﬁlﬂ%ﬂ&t%ﬂ@ ﬁlt%?HQd&e'@tYS&e?ﬁ@ePs”dSQ,fqlélﬁ,hand
memog layer 712, which are sandwiched between the first and second
I

externafeiap P dssd7oxiahoe 20MqupBnar e jsaitienssseribdumas e thed to
first, &r&amﬁne@%mH@AM@rﬁ@e@@qrggﬁéﬁyﬁrﬁ&ag RfbafiO, CRENMAY RSt

formed from different materials, may have different doping ) ,
concerRiutisiRschityhrarrs ifferemaRidResEeS bated iy edHiFHFEsistance

thereQft i thisi Rx@eMRley iELhe fipst, second, third, and

[0063] In a particular example, the first and second external electrodes 702
and 704 and the first, second, and third internal electrodes 752, 754, and 756
can be conductors or semiconductors. The particular material used to form
the first, second, and third internal electrodes 752, 754, and 756 can be
selected to allow continued epitaxial growth between the memory layers 706,
708, 710 and 712. Such epitaxial growth may be controlled to enhance the
change in resistance for the adjacent memory layers, such as the first and
second memory layers 706 and 708, the second and third memory layers 708
and 710, and the third and fourth memory layers 710 and 712, for example.
Further, the particular material used to form the first, second, and third
internal electrodes 752, 754, and 756 may allow continued epitaxial growth
to change the properties of subsequent layers to adjust their change in
resistance due to changes in polarization orientation and to adjust the critical
voltage (Vc) of each respective layer. The critical voltage (Vc) is the voltage

at which a particular layer changes its tunneling resistance.



fourth memory layers 706, 708, 710, and 712 are formed from the same
material, the first, second, and third internal electrode layers 752, 754, and
756 can be used to define unigue tunneling resistances, which may be
used to determine a data value stored at a particular memory location,
such as a data value stored at the secojl memory layer 708 based on a

tunneling resistance of the entire memory cell 750. [0063] In a particular
exam86Mdfirsparittwlecontbestteerdl dledtrodscpORtandn7ds fingl,thecond,

first, S[ﬁﬁ(anﬂkfiquul@frl%écjﬁgfg%%ﬁsc%?&eﬁ)g?;l(Y,Saéh 7%9 t‘ﬁ?rhps% second

conductors or semicon ctors.”The partlcular materia USS to form ihe
first, saxbthdrdamdetinabcilerirodd eldetr38ésang2] Siomaand 358 casistace by as

selecied o 9%”81%9?9?9”1%? §P&Eﬂi@ﬁh%ﬁ%%\{gﬁaﬁ%‘%ﬁﬁ{%.thﬂlm%%%@éd@é( Ay be
706, 708, 710 and 712. Such epitaxial growth may be controlled to

enhar%fplﬂitedcﬂia’ngéihg resi&teancelftenivd adijasedesmembyy iawtmgmmon-
as thefirst.ang; SeSnd FREMERY JAYers./ 0p E"?ﬂeﬁ%@%”&%ﬁcﬁ{&ﬂ %'é‘(%ﬁ@“%ﬁ'rst

memory layers 708 and 710, and the third and fourth memory layers 71
and 7anferyeXanap|é0or anethahed parnt tbactnederianelsed thifofrrsthiaternal

first, sgeopshAnsbthidinigrnal eleetiedes 7ﬁu<ﬁ§§’tﬁ9ﬁr§§§@&¥dfﬂlﬁ%"third

continued epitaxial growth to change the properties of subsequent layers

to adjudetneircdtrirgesn/ Yasiktaneaddvetsahatgeslinvpdiarigenibistion via a

orientalian andirilistiaeriieals volags okl RGAESRSEHLGIAKEE of

The critical voltage (VC) is the voltage at which a particular layer changes
its turiisenignecBistanecclepolooBanth acrsaptitidandmbodinaentcigraent stack,

interfaces befyeende o3t SaReNthar 'eqarﬁ%mﬂ&ﬂ%?mﬁmﬁxgr%%ky

708, 710, and 712 and the first, Second and third internal electrodes 752,
754, dhermsBinapainhedstaisakdgesiueiich Bewired payhpiiaguaneling,

tunnefipg. resisipngeRINe sHUS ARy e mayAenexRipited by using

different internal electrodes or by inserting a non- ferroelectric oxide

betwenay)a LR At RIS BARBYRASHENASTBE, st memﬁnﬁdeyargm%my

and the adjacent electrode, such as the first internal electrode 752. Such

internaf &leckiRffekyiFfeIidhg tHe Tirdt, Sbatl Atk irdrintetpgipted with the
elec”ﬁﬂ@ﬁﬂ?%ﬂrﬁéﬂﬁ?}d ﬁ?@r@a;@@%@bmf Q@ONEICHARY¥IA Bach memory

layer 706, 708, 710 and 712 is separated from an adjacent memory layer by
an electrode layer of the plurality of electrode layers 752, 754 and 756. In a
particular example, the plurality of electrode layers 702, 704, 752, 754 and

756 may be symmetric or asymmetric.

[0066] FIG. 8 is a graph 800 of a particular illustrative embodiment of a
transfer curve (Resistance in ohms versus device voltage in volts) for a
memory cell 850 illustrated in the inset. The memory cell 850 includes four
stacked memory layers (A, B, C, and D) 852, 854, 856, and 858, which are
separated by electrode layers 862, 864, and 866. For illustrative purposes, it
is assumed that the critical voltage (Vc) of the memory layer (A) 852 (i.e.,
Vc_A) is the critical voltage that needs to be applied to make the memory
layer (A) 852 either switch its polarization orientation right (-Vc_A) or left
(+Vc_A). In general, it is assumed that the positive and negative switching
voltages have the same magnitude and that the magnitudes of the critical

voltage for the first memory layer (A) 852 (Vc_A) is greater than the critical



series of tunneling events across a series of thin memory layers, instead

of requiring that the electrons tunnel across the entire memory element
stack, where there are competing transport mechanisms, including
Schottky thermionic emission, Poole-Frenkel conduction,

Fowler-Nordheim tunneling, other transpprt mechanisms, or any
combination thereof. [0065] In a particular embodiment, the memory cell
750 incilides & garsdityndfretectno diey tayEnsSP82 V0 B) 7 570 choi, tand i S6eater

that ' ith. it 7
712, S A iy DRI BT S L e
from an ajetlcerthanethoryridigel bypltagee ictisd doasrbr wfthery|lradity(B) 858

lect 7 Y/ . ticul | .
SR LTS BAPTE oot i,

asymthetfies {00881 Gy8rid A)grapH BBO/F eepasiotian Histhatifiest memory
embofﬁ%?f('}x?fs%2tfc%rd§7%?§ggf%1§%§§iﬁm%eﬂ?a%mﬁé{&@%ﬁﬁfgg& the right

voltage’in volts) for a cell 850 illustrated in the inset. T

memdeyPeeitBBIINbIatES fus atsioked theirtisrghapeesiacBst@carnd by first
852, 8hdn8 1@(?9@@98%{ higR agg iégpe%'@}%ﬂaﬂm?é%%tiﬂgéfﬂ?}‘é‘s‘iﬁtﬁ@% of the

864, and 86 r illustrative purposes, it is assumed that the critica

voltageqas) mem@rmmrﬁ%y?ewéé%&)(i)éhiCVdsagr@teretbméhﬁ \ﬁcbla_tage in
that ngeds.io.be apRliad:ip M&@%@P@%@&Sh@{)% GIRRR SYIEE ter

its polarization orientation right (-Vc A) or left (+Vc A). In general, it is

assurtid thet ehangesitivesifienaegatiie sovtehimgmasiialgeerHavedhe Hfd)

magnjtyde godstbatghg magnigudag opthe critical YoUags r dbe filstemory
memory layer(A) 852 (Vc A)is greater than the critical -21- voltage of the

secorl@yeerfisrinayer (BylssAipa ) swisichhienithevigigraaitingninthsdeft, as
critical vipltage 47§16 third-MEmonlal Rl RRBHME ot BEWNIRRIIF can be

greater than the critical voltage of the fourth memory layer (D) 858 (Vc D)
(i.e., &S VE Bepglatzing thy meeiean ity fis 83 staitbe SRR P Sthe first
memory layer (A) 852 (AR A) represents when the first memory layer (A)
852 changes its polarization orientation from pointing to the right to

pointi (S;Oto he left. It is assumed that the changle in resistance of the first
? 67] Referring again to FIG. 8, the following description takes the

memory cell 850 through a complete transfer curve. Applying a large
negative voltage (-V>Vc_A) causes the polarization orientation of all of the
memory layers 852, 854, 856, and 858 to point to the right, as illustrated at
802. This is assumed to be the lowest resistance state (R1) for the memory
cell 850. The level of this resistance state (R1) is determined by the type of
material used to form the memory layers 852, 854, 856, and 858 and by the
materials used to form the internal electrode layers 862, 864, and 866. If the
applied voltage is reduced to zero volts, the memory cell 850 will have a
resistance (R1) illustrated at 802, and the memory cell 850 will remain in a

stable resistance state.

[0068] If an applied voltage (vapplica) 1S less than a critical voltage associated
with the memory layer 856 (Vc C) and greater than a critical voltage
associated with the memory layer 858 (Vc_D), the polarization orientation of
the memory layer (D) 858 will be changed to point to the left, but the

remaining layers will maintain their orientations. The alteration of the



memory layer (A) 852 (AR A) is greater than the change in resistance of
the second memory layer (B) 854 (AR B), which is greater than the

change in resistance of the third memory layer (C) 856 (AR C) and which
is greater than the change in resistance of the fourth memory layer (D)

858 (AR D) (i.e., AR A> AR B> AR C> AR D). It is further assumed that
the memory layers are in their high resistance state when they are
pointingltoithedefodbe inticmed zted 10) R Mhercreatir dhe sistting statstance
o S HOGAGONDE SR ReRRZ IO NE AN IS8R, ¢
854, 856, and 858.[0067] Referring again to FIG. 8, the following
descripRoP takéththepnhednoljagel 8hithrotghatesmpletdtsrahsfocmoaryeell
APPYIG 3lRrge DSCRLNE 1RURge MY Cil causen RELOIERIRN, wubie
orientation of all of the memory Tayers 852, 854, 856, and 858 to point to
the righsiséanithusiststed at 802. This is assumed to be the lowest

resistance state (RI) for the memory cell 850. The level of this resistance

state [RIPH derarmivlid by trsctyNeofdhiatesrdbasadctd il eHasmassrspted
laye rsu?%?hztﬁﬂmeﬁﬁﬁy%%ﬁ%;@%bb’\ib%g@& r@t%ﬂé?‘?ﬁa‘i? éoémi@‘? voltage

internal electrode layers 862, 864, and 866. If the applied voltage is

reducedie6izierb Wills, the memery cayssdWill fdve Ycréistdiscepgayization
illustraied 8k 88%and W&’}%Z@b 830 will lemaim i@ (SRR to the left,

resistance state. [0068] If an"applied voltage (vapplied)is less than a
criticaPWoltsgeHasyamiedcivith thedHe b AN ¢ay eriesetens C)TARd eeian of
than giritealNoliage AssRCiaReyh thrMEMOoRs RYRESAE(VEDiliRling

polarization orientation of the memaory layer (D) 858 will be changed to

point t&siRENER ohtheHBRANARSIhGIAVEPEVRR RdftaindisaiebAepiatidbss. R3=
The ajigratiQn qf thenR 2= polarigatigpiRlthsimamery, |ayereth8%8 zero volts,

increases the tunneling resistance of the memory cell 850 from RI to R2,
indicaftaeBow (Fel RO areartavralthd gppiadysrdigeqdappiey which

returng 1o:z®e Mligathe memory cell 850 has a resistance (R2) generally
indicated at 804, which is a stable resistance state. [0069] If an applied

voltagedMaAPPRetpis 1ess dhaped vIffira) Kolkagmassagiaied voltage associated
with the memory layer (A) 852 (Vc_A) and greater than a critical voltage
associated with the memory layer (B) 854 (Vc_B), the polarization
orientation of the memory layer (B) 854 will be changed to point to the left,
but the remaining layers will maintain their orientations. The alteration of
the polarization of the memory layer (B) 854 increases the tunneling
resistance of the memory cell 850 from R3 to RS, indicated at 808 (i.e.,
R5=R1+ AR D+ AR _C+ AR _B). If the applied voltage (Vppiica) returns to
zero volts, the memory cell 850 has a resistance (R5) generally indicated at

808, which is a stable resistance state.

[0071] If an applied voltage (Vapplica) is greater than a critical voltage
associated with the memory layer (A) 852 (Vc_A), the polarization
orientation of the memory layer (A) 852 will be changed to point to the left,
but the remaining layers will maintain their orientations. The alteration of
the polarization of the memory layer (A) 852 increases the tunneling
resistance of the memory cell 850 from R5 to RS, indicated at 810 (i.e.,
R8=R1 + AR D+ AR C+ AR B+ AR _A). If the applied voltage (Vappiied)



with the memory layer (B) 854 (Vc B) and greater than a critical voltage
associated with the memory layer (C) 856 (Vc C), the polarization
orientation of the memory layer (C) 856 will be changed to point to the left,
but the remaining layers will maintain their orientations. The alteration of
the polarization of the memory layer (C),856 increases the tunneling
resistance of the memory cell 850 from R2 to R3, indicated at 806 (i.e.,

R3- RictAR O #AR\QIltf the applied vaith§el(Mapppapistones(R82egenerally

volis, % MEe el A28 e adssiancs () enara indienias st or

806, which is a stable resistance state. an app voltage
(Vapppedhésniess hyans a88AtiGakv fitdg e $58idte thanith treprersniory ligbest

(A) 8%3}4&1@2 @ﬁ?e%‘?%%r&%@o?ycé%‘fﬁé's&%%% ?Q%%%;% sthe portion

memory layer (B) 854 (Vc B), the“polarization orientation of ttie memory
layer (B yi85aanslich eushandiesdrategointhoatieheitObut the remaining layers
will maintain their orientations. The alteration of the polarization of the

memdPPT)f B8saiiideersearativmpriitiel rediaasnc of b imidian
cell 8%9&@'1“\)3%@6%7 fﬂg'ﬁ%ﬁ‘%ﬁft I(i(@) i%%:Rﬂcfd}%IQi +gf%§teq: than a

AR B). If the applied voltage (Vappiied) returns to zero volts, the memory

cell 8501t &9E3EtanteRIYGRAM Y TAdIPASS Bt (BagDIvhike jgodarization
stableresistance StatendARi A an @BRILIVAIRIE LY BRPREF)ii% WRALS, oht,

than a critical voltage associated with the memory layer (A) 852 (Vc A),

the pdlaridisrnanEdaner ofthb madMBR theje PrENBY2RAill hBchksigaean of
to poiptdohgrieftioRubienremainig layris will Radntaie g ofgntaliatsng

The alteration of the polarization of the memory layer (A) 852 increases

the tufsEtirRFeredidtaneeyrhecthSiibAreaR850 RdnRiriéekat fficadR7
at 810-fig.. RE=PYL +1AD spARLCVEIRBBV AR Mrdlithe applied veltadee

(Vapplied) -23- returns to zero volts, the memory cell 850 has a resistance
(R8) desigraNy shdicdias arrslitantidiR i aBlé redispirg e state. Wikgh is a
polarizaianefiahafe tigdnemory layers 852, 854, 856, and 858 to the left
represents a highest resistance state for the memory cell 850 and

compleERBine fighd GidedeostiaMegative applied voltage (-Vappiiea) is less than a
critical voltage of the memory layer (B) 854 (Vc B) and greater than a
critical voltage of the memory layer (C) 856 (Vc C), the polarization
orientation of the memory layer (C) 856 will be changed to point to the right,
but the remaining layers will maintain their orientations. The alteration of
the polarization of the memory layer (C) 856 decreases the tunneling
resistance of the memory cell 850 from R7 to R6, indicated at 824 (i.e., R6
=R8 - AR_D - AR _C). If the applied voltage (Vappiica) returns to zero volts,
the memory cell 850 has a resistance (R6) generally indicated at 824, which

1s a stable resistance state.

[0074] If a magnitude of a negative applied voltage (-Vapplica) 1S less than a
critical voltage of the memory layer (A) 852 (Vc_A) and greater than a
critical voltage of the memory layer (B) 854 (Vc_B), the polarization
orientation of the memory layer (B) 854 will be changed to point to the right,
but the remaining layers will maintain their orientations. The alteration of
the polarization of the memory layer (B) 854 decreases the tunneling

resistance of the memory cell 850 from R6 to R4, indicated at 826 (i.e., R4



of the transfer curve illustrated in the graph 800. [0072] If a magnitude of a
negative applied voltage (-Vapplied) is less than a critical voltage of the
memory layer (C) 856 (Vc C) and greater than a critical voltage of the
memory layer (D) 858 (Vc D), the polarization orientation of the memory
layer (D) 858 will be changed to point tothe right, but the remaining

layers will maintain their orientations. The alteration of the polarization of
the meRbrARyEY {DR8ES- détrBasétttieennphigdlingtagsidtance ofttires to zero
mem e f 7, indi (- =R83.- f
the Aol Ea g Uapiad rhure s as JA e g R it o
has awbsibtineet{R7 ygesteratlstirtdicated at 822, which is a stable
resistance state. [0073] If a magnitude of a negative applied voltage
(—Vap([jtb@pb]Im%ﬁar@ﬁmae,%@%ﬁégﬁ@%ﬁﬁ@&%@l@g@m@ er(B) Ge4dVan
B) and greater than a critical voltage of the memory layer (C) 856 (Vc C),
the pcﬂa?rztaci?dnvw?@mfo%mwel%rﬁ@fw@ér%é%y ékyewi HacRakgirgtion

to poipht@ iR At O eMRINGY e vl MaIRRINENSHint to the right,
orientations. The alteration of the polarization of the memory layer (C)
856 deerdhsdsmintiaiercy Yedistaintad el srisAtoes! d3 rbpRen of

to R6gindjcated AtB324(1-te RRemBiS -IARIDAARS. UdheApplied altaseng
(Vapplied) returns to zero volts, the memory cell 850 has a resistance

(Re) geHerafy intibaraarsacivindhiem gfam&bﬁg@é@?éedﬁé@%mﬁl
If a maggitudgroin nagative mﬂgd_vg@%.(-Vﬁmi@?bi%&%ﬁage WV applicd)
critical voltage of the memory layer (A) 852 %c A) and greater than a

critical itage SFtReYMismidy BYBPBYeB A t) ey aresistansdfidn generally

orientalipeeiithe wemankiayek (B) dadavilkhsahang@etto painhie thete, the
right, but the remaining layers will maintain their orientations. The

alterafBlTofaH08 S5IH2UAB P bR thel HsMBHP Y RIBY 854 dBiteds8s Ahe 858
tunnelingpsasisi@ncenefibe mamorkeal BriianiRede: Bddndicaiethamory
826 (i.e., R4 -24- =R8 - AR D - AR C - AR B). If the applied voltage
(vappifli§ 8t ay Ferampdiss the Iride EdhedBmHsE Aresistance
(R4) generally indicated at 826,

[0076] In general, the above-description identified 2N states, where N

represents a number of memory cell layers (i.e., memory layers 852, 854,
856, and 858). To achieve 2N states (i.e., 2N tunneling resistances levels),
the memory layer resistance values can be chosen appropriately to provide
no degenerate states. In a particular example, a pre-read operation may be
performed before writing. In another particular example, blocks of data can
be written concurrently. In this example, the values stored at the memory
layers (i.e., the polarization orientation) may be reset before a write voltage
is applied. Such a reset operation may include applying a large positive or
negative voltage to polarize the various memory layers 852, 854, 856, and
858 in a particular direction. In this instance, the write voltage can be a
single voltage value to alter a polarization orientation at a single memory
layer, such as the memory layer 856, while the states of the other memory
layers 852, 854, and 858 are maintained. In another particular example, a
pre-read operation could be performed to determine a state of the memory

cell 850, and one or more selected voltages may be applied in a sequence to



which is a stable resistance state. [0075] If a magnitude of a negative
applied voltage (-Vappiied) is greater than a critical voltage of the

memory layer (A) 852 (Vc A), the polarization orientation of the memory
layer (A) 852 will be changed to point to the right, but the remaining

layers will maintain their orientations. The alteration of the polarization of
the memory layer (A) 852 decreases the tunneling resistance of the
memappdel g80ftdratiRe toREximaddatdy atteorg(icepoRiizaRen gikmation of
ARC ARBARAL IR prlecialiage (yagplicd) retums Lo zero

volts, the memory cell 850 has a resistance (RI) generally indicated at

802, which is a stable resistance state. At this state, the %glarization

orient B ot e dheeedseriy b bes wkbrigm e ebEsBhisresd if minor

pointing,{Q the-righbwehichyis thadyrasidesistance state foyr tﬁl‘}’oW&!’nQ]ﬂé., if
cell 850 and which completes the left side of the transfer curve. [0076] In

generIIpE AoV deBelptTSH itfiesfitig 2Nostatls, Iharearliqdprddientatve
numbgghMEMOYCEMIBNEES (6lta PRCIBRIYIAY §ESBPReBY (1R Reasly cell

858). To achieve 2N states (I.e., 2N tunneling resistances levels), the

memadrPraje Mradibtasiedt vl NeaReBe sldsat Afprasmerlyedpfelidaat is

no degeNarRia ster NhPatiicylan examialenamie:1eagharesdionmay the
be performed before writing. In another particular example, blocks of data

can BEIRRtERRRYculrehfiyamPlRisteEnpe lifte oAiveEss (Storea)aisthBPlied to

memaRy RMacT @1 sonalarizationdrigatatieni ey ke ragetdrafRrendmory
write volta%% is a%p])glied. Such a reset operation maﬁ?isnclude applying a
large BOSHIVR) SPhEYatY: THRAZRLSHORTIA R U anggmdmafér%m

852, 864 &R0 M8 i@ PRtiGUaldHR Ut NS NStanGespRY e he
voltage can be a %it%gle voltage value to alter a polarization orientation at

a singREMEMGRI Bafbhat bas 25 g BRIl dr s Baf Aile e bialiassror

the other mendey)alayqrs)352, 8ot graebBHG AL MaMIa0adedbARNRBEmOry
particular example, a pre-read oggration could be performed to determine

a statE8ftnéhe ity (EeH 856, ara omeor Yiofd) sefdeRpNbIA &S ATkgRton
be apptieflifighsemenaentor? krykea®) 8 desikethstaigpiardexampleisipplied
altering a polarization orientation of
that is greater than a critical voltage of the memory layer (D) 858 (Vc D),
changing a polarization orientation of the memory layer (D) 858. In this
example, the resulting state of the memory cell 850 would have a tunneling

resistance that falls between the resistances R4 and RS5.

[0078] In general, a number of states that can be achieved for a given
number of memory layers can depend on controllability of the changes in
resistance (AR). If a sufficient number of non-degenerate resistance states
can be achieved and if the applied voltage is controlled to provide multiple
different voltage pulses, a large number of tunneling resistance levels can be
achieved, such as XN resistance levels, where N represents the number of
memory layers of the memory cell. In this example, the variable (X) is equal
to two (2) if only two different resistance states are achievable per memory
layer, and is equal to three (3) if three different resistance states are

achievable. For example, the variable (X) is equal to three (3) when a



selected memory layers of the memory cell 850. [0077] It should be
understood that additional states can be achieved if minor loops are
allowed or if depolarization of the FE is allowed (i.e., if paraelectric or
depolarized states are allowed). In a particular illustrative example, if the
following voltage sequence is applied to,the memory cell 850, it would
result in a memory state at the memory cell 850 that is additional to the
eight dtéfiersrillustrsttord drs IS isSreavdh aib Soricrsth ipolhe zexampiedbove afdfor
examﬁlg %rggﬁcqﬁpljg%/é)&gggegquﬁ _Iied) is applied to the memory cell
850 that IPS greater than the critical voltage of the memory layer (A) 852

(Vc A), changing an orientation of the memory layer gAQ 852. A second
appli Qio‘ﬂa%e%rﬁtrrscala»reséwe%mag@l@vaéph%) s applisthtestheould be
mem%&ma'bﬁ@@ﬁg@ hasRReNdeatIS essihan a articalyaiaee @l

the memory layer (A) 852 and greater than a critical voltage of the .
memdSTapeRtBI®Ba4 [ evalve And\ralopidesivenes) setasgieyeends to a =0
polarizafien ientaiamal thermperomiavan{BSahrésthicd arrlieth10101,”
voltage is applied that is greater than a critical voltage of the memory

layer W%égﬁléifbﬁoéhéﬁ&né Si6rdrizhfoABHERERRIN dRYSE Moy the
layer (R)n839. 1y thisaamplad the reskitingsstate af hgdnemonGal§S@yer
would have a tunneling resistance that falls between the resistances R4
and RBI0B781hAVEneralhis mAADAT Shetatisaht ke pioibkigiaromyy1ayers

given snpnabarRtigmonciayef s aan senartofoaentollability of the
changes in resistance (AR). If a sufficient number of non-degenerate

resistance states  ca higve d if the applied o%ag is controlled
to provide muItir}écﬁﬁ?gfﬁsgfaggagﬁé?w&g%@ﬁﬁ?n ‘éf%? ling
resistance levels can be achieved, such as XN resistance levels, where N
repreddnsptnecnianifetcofambermonttdaye s oé e ywethbay ioglkight ¥

exam t ' IS N 0 dj n
resist%gc%%%al@éé?ﬁg%}a%@gg%%%ﬁ%%%g g@% ) asna %@SQW@“&%&
(3) if thenesds diffdnefitl lewis@mnutestates are achievable. For example, the
variable (X) is equ Het@geg,@)\when a -26- different resistance state is

reached for gagh p @%BBﬁe‘arLé\r/‘EaE&Q” and for
3. Vc_C <-Vapplied <Vc_B;

V¢ D < Vapplied <Vc C;

Vc E <-Vapplied <Vc D;

V¢ F <Vapplied <Vc_E;

Ve G <-Vapplied <Vc F;

Vapplied > Vc _H.

XNk

[0080] Using this same exemplary memory cell having eight memory layers,
the number of available resistance states can be increased to 3°=6561

memory states by using the paraelectric or depolarized state.

[0081] Further, additional states can be reached if multiple polarization
states for each polarization direction can be achieved. For example, if the
level of polarization and if partial polarization can be achieved and can be
maintained as a stable state, then five polarization states (polarized up, partial
polarized up, paraelectric, partial polarized down, and polarized down)
would be possible for each polarization orientation, resulting in 5" possible

memory states, where N represents a number of memory layers.



the paraelectric or depolarized state. [0079] In a particular example, an
entire 8 bits (28=256 states) could be stored at a single memory cell
having 8 layers, where a high resistance state corresponds to a "1" value
and a low resistance state corresponds to a "0" value. A particularly
complex state may be represented as "93010101," where the left-most
zero is stored at a first memory layer, such as the memory layer (A) 852,

and tHe0sghtlmgsterat, is stisied vl geciororyclayegnity (ﬂmrsﬁifcwm)emmm ieell
example, c%rﬁ‘ﬂfg'ﬁ}L‘éP'@gﬁo&%e@%?s MEHORY 'f%}éeﬁeé'é, e@%‘i{%ﬁl@}?aﬁ the

memory cell wou ws: Vc A>Vc B>Vce C>Vce E>Vc
G>VcremDhys laarticglampeatearanthe writteeryo layere oelusst, handwgrm@mal

(8) n&;ﬁ%k?é%!e@’%&é%t%&%lﬂga d@&‘n@%@%‘? 59 VRUIRAGS %esgﬁﬁ%ﬁdvoltages

volta evels in the following o 1. Vapp |ed >VCc A2
Vapplied &/ eonir@dledcbyC the-Yagpiiesd Mtspemmtqﬂ@vappt@wkvw@l as

5. VC—t—fr:e n%ﬂﬁ?lé‘f&‘éy&e%a%\éfz—lﬁsulytgp %%g m\é‘feijrzal oT\{lEZ%omblnatlon

-Vappl |ed <Vc F; 8. Vapplied > Vc_H. [0080] Using this Same éxemplary
memdhgigeli having eight memory Iayers the number of available
resistance states can be increased to 38-6561 memory states by using

the pqmﬁcmcg&l%wot@a@z%w {00833 ¢; uithetadditionalstaieik@nthe
be reached if multiple polarization states for each gzolarlzatlon direction

can b grivedsrdsestbsdp hrissecréveidpoldrization Rreely samfained in

polaripglipBcRiH8 RehieHad) anchia) hecmaintaingd apaslablemtiaiSpes of
then five polarlzatlon states (polarized up, partial polarlzed up,

paraectediial ARYAPA JHSFH: &el HSWnhSHR BN 28U B viRS U BeicPase change
possiiaferagarip@larigiienefienidtionkesuiinginaMIpesstblaterials, or
memory states, where N re?resents a number of memory layers.
any combination thereof. Further, the “depolarizing” approach may be used
for materials such as the charge trap material, yielding an intermediate
charge trap state, which may provide a detectably unique tunneling

resistance.

[0084] Further, the above-description was largely directed to a solid-state
type of memory device; however, the multiple state memory call can also be
used with rotating or probe-type storage devices, where the recording is
performed using read/write head contact or pseudo-contact or may be used
with a storage device including a conductive media between the read/write
head and the storage media. The storage media in both the rotating or probe

cases could be continuous or patterned.

[0085] FIG. 9 is a flow diagram of a particular illustrative embodiment of a
method of accessing data stored at a memory location within a memory cell
including multiple stacked memory layers. At 902, a memory cell is
provided that includes a plurality of stacked memory layers, where each
memory layer of the plurality of stacked memory layers is associated with a
first electrode having a first conductance and a second electrode having a
second conductance. The memory layer is adapted to retain a polarization

orientation representing a data value. In a particular embodiment, the



-27- [0082] In general, a critical voltage for each memory layer of a
memory cell can be controlled by parameters such as the memory layer
material, the memory layer composition, the memory layer thickness, and
material properties associated with adjacent materials. Further, the critical
voltages can be controlled by the thickngss and type of interlayer
materials, such as the internal electrode material, insulator layer material,
or anyrsombyinkyen isher&ufofda8aT. whgseechiinge wiengoryraell @50ther non-

illust in.El d ' it

FIGs Lo e el Rl o SR o the
layer piateliials oHowasker! othianeypesapérndieriahmaydsecndeut topfdamztion
memQiy JAYE g ,Ol!ﬂﬁcm%ﬁy BQacﬂgﬁ'géﬁ%r%g[ﬁﬁi?&\’%@%'gﬁi&ﬂ@t%@ed

charge trap material, other materials, or-any cormbination thereof. Fur
the "deptiagizihg' dpprohoh maglbelasead!fegomiategials Suctnathteparticular

chargg tiapmaterial yielfing %ﬂlm?tw&%@k&h%%&[%%é@{?’iwggggciated

may provide a detectably unique tunneling resistance. 4] Further, the

abovevdbseriptistiaiadiseg sipriiredberwensbiicsetarsl ygnirodernadhy non-
device, NAWEY Gl MLIRIERIR MRMAPLEAILGAR AlS0, B UREhW i irality

rotating or probe-type storage devices, where the recording is performed
using Yeatiakie ReaaPey Neerripsaded-eohtsiciarmesy by eisddvinighan first

storagf; deyice Ingyoine s PRy S MRGia REYEER e ferdiNdte, beads.

and the storage media. The storage media in both the rotating or probe
casesldsuidsbaneoisnnéd tresropatesiere diafCob icra toneHowstitgesm of
a particular illustrative embodiment of a method of accessing data stored

at a MBASHNecaadinsvithi Xmaniety sénahdiudinyiatuifpidstaaery cell

memQrya%gIse A S0, AR RIS P EQ%ig@l@&QatW%a@Hﬁ%ithe
of stacked memory layers, where each memory layer of the plurality of

stack@HFABMoRY 1Hpeksds BeaEatEY WitHsa dffeiaiRedrddecHaling alfieeling
condygtansecand tegaendisiestieds having aysrgendiceagiisianes mthead

memory layer is adapted to retain a polarization
signal. The method terminates at 908.

[0087] In a particular example, a memory layer of the plurality of stacked
memory layers has a polarization orientation that represents a first
polarization state, a second polarization state, or a paraelectric or depolarized
state, and wherein the first polarization state, the second polarization state,
and the paraelectric state have different tunneling resistances representing

different data values.

[0088] In another particular example, the method further includes applying a
write signal to at least one of the plurality of stacked memory layers
including a particular memory location. The write signal alters a tunneling
resistance associated with the at least one memory layer. In still another
particular embodiment, the plurality of stacked memory layers includes a
respective plurality of internal electrodes, insulator layers, or any

combination thereof. .

[0089] FIG. 10 is a flow diagram of a particular illustrative embodiment of a

method of manufacturing a memory cell including multiple stacked memory



orientation representing a data value. In a particular embodiment, the -28-
memory layer is a ferroelectric, phase change, charge trap, or other non-
magnetic material. In a particular embodiment, each memory layer of the
plurality of stacked memory layers has an independent polarization
orientation state, which may be changedyia application of a unique

applied voltage that is within a selected voltage range. In another
particldgerembodiftennt dastetithprpberakty dfistioRed fieheorsriayetscigode

assocjatgd, Wb AR InFulaion Jqyer (ﬂﬁéo%‘?llfﬁigﬁfﬂeg{h éeﬁfg%%'te%%?ﬁal

and the non- magnetic memory layer. In'still another particu
embodignentethuplor aligovfestacked meenohyitayed indhalssifitst Moving

mem%@’ 1aye Q%’i&%?},fifaéeihii&‘é{%ﬁEiéﬂd&?‘Ei&édﬁ%? SEEANT MEMOBY 1ayer,
layer I

aving a second thickness. The first and second memory layers
have differeHiaunesiing lasistasceselfoosbhpitoussdingpetgo4 rmagatiicular

signal.is, applieg 4, Fef&?%%béﬁy-inQR{&QE'Lii?&%(?eﬁa%ﬁ@gi%%{%ﬁlﬁﬁanows

stored at a selected memo cation of the plurality of st emory
layerghs degeraiineldysased earey tvinelieniricebidialscaroftine piuraliteoftates.

stacked, MEMALY {8YRIH4N {ﬁé%&ﬁ%&qﬁ*&ﬁl&%@dde?@ﬂﬁﬁiffé‘mﬂwd% desired

AR
terminates at 9%/8. [0087] In a particular example, a memory layer of the

pluralityopetatkeematerioniayeistivas dopolatigatidmeridratiohqdadvances
repregentsasfirghPAlRN7AUAN SRS Fa8CONE PO IZANAN AR 2 or any

paraelectric or depolarized state, and wherein the first polarization state,
the ségmmmamﬁh@r@ﬁfsm@tlmlbhée@aﬁaéﬁb@ﬂi@gtdwqmé giffeneit layer.
tunnefing [egigiANGe ST RR GBI JIiSHS NJafaniales [QRRRIN ADgthetic
particular example, the method further inCludes applying a write signal to
at leaBtUsetvfithdcpRivididyor stecREédhnarisatpuayeesmellplipg e electrode

particpjarmemayy lacatian Lyervrig,signakaliersatunaecinge e HapHfine

associated with the at least one memory layer. In still another particular
embotisEIRE AeprafannnOrs iRt oRe (s Ihyer Heselderesdcdespective

plurality of internal electrodes, insulator layers, or any combination
therecgé./o.go] Returning to 1006, if a desired number of memory layers have been

deposited, the method continues to 1012 and a second external electrode is
deposited on the last memory layer. The first and second external electrodes
may include or may be coupled to bonding pads to couple to external

circuitry, such as a control circuit. The method terminates at 1014.

[0091] In a particular example, the method involves depositing multiple
memory layers, which may have different compositions, different doping
concentrations, different thicknesses, or any combination thereof. In a
particular example, the memory layers may be deposited symmetrically, and
the deposited internal electrode layers or the internal insulator layers may be
deposited asymmetrically to produce a unique tunneling resistance at each
memory layer. In a particular example, the internal electrode layers may be
formed from semiconductor material having different doping concentrations,
such that each electrode layer has a unique conductance relative to the other

electrode layers.

[0092] It should be understood that the method outlined with respect to FIG.

10 may include additional steps, such as photo-lithography steps including
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external electrode is deposited on a substrate. In a particular example,

the first external electrode may be dep_g@ij[ed within a trench formed on

the substrate. Moving to 1004, a memory layer is deposited on the first
externapéletgrodeasy brycwheréotha rgenphgtdhylerdiasha sedescsedr otherwise
e S RLORE R AN U SR e PR ISR AAREAN may aso
includes a ferroelectric property that allows the memory layer to carry an
electrizaifidiléd twbowicreor sustatseps @mntinllikgaw . 0081etlaet anstlaog omitted
inclu termin (lesired number of memory layers have
been gé%i?e@ﬁ%%ﬁga rﬁget od advances to 1008 and an internal

electr s IVEr AR UIRIRI e 2R R CRUBINALOTIRRIEPLIS RRANAUA
deposited on the deposited memory layer. Proceeding to 1010, another
memoYyilEgeAHaViAL s SelacteeniystdrEeic Witbivetty e e ositewonlayrss, it
of the RERYIPHS TAABIANLIRUEH HiE RIRGEPEEHBYR LA IRMIIAIL BYS ks of
The method returns to 1006 to determine whether a desired number of
memdidfdayBrPpEiaigeeh rsposfidec Toun crRe Ay ter1ooed isubstantially
des'r%ﬂwﬁ@ﬁﬂf&ﬂﬂ%%ﬂd@%@ EsplgMedIeat: femestietolyaisstbod

continues to 1012 and a second external electrode is deposited on the

last oAy AdiRuding irsicand seeanmbexXarnatelgsitoues wiay tteldAe: to

or may be coupled to bonding pads to_couple to external circuitry, such as

a confttsiesrediemhad imeibaiRin kéldedtin dha afbBdd Frrogartidalghanges
exampgy the mathadiivees denositine mulieind e yhiaypsis: Whidiope
may have different compositions, different doping concentrations,
differ it BNiERHASs . or any combination thereof. In a particular example,
the memory layers may be deposited symmetrically, and the deposited
internal electrode layers or the internal insulator layers may be deposited
asymmetrically to produce a unique tunneling resistance at each memory
layer. In a particular example, the internal electrode layers may be formed
from semiconductor material having different doping concentrations,
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photo-lithography steps including -30- applying a mask layer, performing a
photolithography process or otherwise etching the stack of memory layers
to a desired profile. Other steps may alsd -be included. However, such

steps are W%%i:&%%]&@ @bigd are omitted here to simplify the
discussion. 0 , while the above-discussion has focused on
reading and; wiiting.datg.ValuesH r?si%gmory layer within a stack of

memory layers, it should be understood that the general concept can be
extended toaloukslief; dada. In particular, a bank of memory cells may be

accessed subsfan @”y ioncutr.rentl to ret\ad or write a block of da&ﬁ to the
memory dedice 8084 L AR OF Pl MSEINENCRHS BESUISCrBede
with reference to psatritied] essheelimentslokikers sidlirgyirdhe triovillurality
recognize that changes  may be made in form and detail without departing
from the spirit and ¥cEENF IS TAREARDMEBLIYAART s ledingnieplygslity” of

A storage device GRgRRiiSngcA culEalleno ke PRIKONBBISHE (o storc

elementary memory cells actessible via the controller, each resistive
elementary memonyudepleflatieviplueality of resistive elementary memory
cells including a plurality of memory layers selected to have hysteretic

propertes (g stgie. MG AL Kelen 2 THRIA%E oo L Al hry

wherein a first resistive €lementary memory ce the plurality of resistive
elemantanyyneetinati the glisreloty pfisasstardicktmeatagrynkayerynalingoafirses:

hysteretic property; and a second memory layer having a secaond
hysteretic p?ofgrg{éemory ﬁlyer aving artlfrs{)flyst}leretlc property; an(a

a second memory layer having a second hysteretic property.

3. The storage device of claim 1, further comprising a plurality of
electrode layers associated with the plurality of memory layers, wherein each
memory layer of the plurality of memory layers is separated from an adjacent

memory layer by an electrode layer of the plurality of electrode layers.

4. The storage device of claim 3, wherein the plurality of electrode

layers comprises symmetric electrode layers.

5. The storage device of claim 3, wherein the plurality of electrode

layers comprises asymmetric electrode layers.

6. The storage device of claim 1, wherein a selected resistive elementary
memory cell of the plurality of resistive elementary memory cells stores

multiple data values that are represented by a unique tunneling resistance.

7. The storage device of claim 6, wherein the controller is adapted to
apply a unique write signal to the selected resistive elementary memory cell to

alter the unique tunneling resistance to represent different data values.
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adjacent memory layer by an electrode layer of the plurality of electrode
layers. 4. The storage device of claim 3, wherein the plurality of electrode
layers comprises symmetric electrode [&yérs. 5. The storage device of

claim 3, whgrej ity: d [ '
electrode Ia%ggég?%%géggyé%éegﬁﬁg% g’f%%%?%v%ﬁ%%@ ectgég; Clayers
resistivegisnsewiargagnemeongoetiydfyess plurality of resistive elementary
memory cells stores multiple data values that are represented by a

unique tunnelinggerisigndevide dhelsitaragehdavicehoptlaithybo ivhareiry tagers
controller is adapted to apply a unique write signal to the selected o
resisa%sslsﬁmwwe%n%f FelitPraneitHac e SRPRIAREOHSSROYaHEation
tore different data values. -32- 8. The storage device of claim 1,
wherein the plurality of memory layers comprises non-magnetic memory
layers. 9. Tt}@ SIQE%&E%?‘@&&%“%&@% herein the plurality of memory
layers are selected to have a hysteretic property including a spontaneous
polarizationa ?rrcs)P%té/t'r 01 .. A memory device comprising: a first electrode;

a second electrode; mu ﬁple memory layers between the first and second
electrodes to store, multiple data values, each memory layer of the

multiple meﬁf&@nﬁ%ﬁrﬂg‘%ng a hysteretic property to store a data value

of the multiple data values; ; and a controller coupled to the multiple

memory lay@td ik ansarst dmectst bRy s thnBrseathecensetrderdedereto store
controller to read the myilliple, dalavaluas oM P e.JuuIPIR MM memory

layers without altering the multiple data values.
layers having a hysteretic property to store a data value of the

multiple data values; ; and

a controller coupled to the multiple memory layers via at least one of the
first and second electrodes, the controller to read the multiple
data values from the multiple memory layers without altering the

multiple data values.

11. The memory device of claim 10, wherein the multiple memory
layers comprise ferroelectric layers adapted to carry independent polarized
electrical fields to induce electron charge distributions representing unique data

values.

12. The memory device of claim 10, wherein the multiple memory
layers comprise phase change media layers having hysteretic properties that can

be independently configured to represent unique data values.
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data values. 12. The memory device of claim 10, wherein the multiple
memory layers comprise phase change media layers having hysteretic
properties that can be independently c'él%ﬁgured to represent unique data
values. -33- 13. The memory device of claim 10, wherein the multiple
memory laykls compnisechadgeivapiagieis tdGraphetevtribal chidiigkes nibory
charge trap_layers cqgnfigurable to induce an electro arge djstriution

o renTUB TTHOLE ALE AT T e e B e A g rap
whergivetbe dnfillipt®ddatai vélue an allectept eteriedihyilbutioiouwerdprehingnique
resistance through the multiple memory layers. 15. The memory device of
clainf3®, eMfer comprising multiple internal electrodes corresponding to
the multiple memory layers, wherein adjacent memory layers of the

multiple meMonyl eyBringy sepisaddlamad OintdwiaineibetradEne wda values
ltiple i i -
multiplé 1 ?é]@lﬂ#g{i:ﬁ#] %ﬂ%ﬁt &@t&lﬂ%lmg%gf%a%géf'&ﬁ&w% ﬂa%lltfﬂféhl%%%qlory

comprisin r layers cdtresponding to the multiple’intern
electtaglers, wherein a multiple insulator layer of the multiple insulator
layers separates the internal electrode from a memory layer of the

adjacent mamoryliayefrgniofy Alsveraosy deiige 100 nfijpfistn gsomnplitalityniitiple
resistive memory cells, each resistive memory cell including multiple

stacKBEFEnfdFgtIagets s iiRgidfe BaramyHinkss NeBAth dMIBHS I3ghsrein
of th%ggﬁél%m'% GyemontiaYRiR PRV IRGASHHMGUR NYSteERliGied by an

property configurable to represent a unique data value; and a controller
havingteiseésksesade Pidralylople sistivel slestiodesells, the controller
adapted to select a resistive memory cell of the

16. The memory device of claim 15, further comprising multiple

insulator layers corresponding to the multiple internal electrodes, wherein a
multiple insulator layer of the multiple insulator layers separates the internal

electrode from a memory layer of the adjacent memory layers.
17. A memory device comprising:

a plurality of resistive memory cells, each resistive memory cell
including multiple stacked memory layers to store multiple data
values, each memory layer of the multiple stacked memory layers
having an unique hysteretic property configurable to represent a

unique data value; and

a controller having access to the plurality of resistive memory cells, the
controller adapted to select a resistive memory cell of the
plurality of resistive memory cells, the controller to read and to
write data from and to a selected memory layer of the selected

resistive memory cell.
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adapted to configure a hysteretic property of the selected memory layer by
applying a voltage at a selected voltage level that is associated with the
selected memory layer. 19. The memo'l%f"device of claim 17, further
comprising a plurality of internal electrodes separating adjacent memory

layers of thé nulltiplmeraekettvioe nfalipitayidisv RO eifHbarentoledevadenséd to

claim 17 whereth e gfluraligého internal eiec}ggdes are fzrme from

.confioure a €ret1C, praperty. of_the séleéc emo er ?in a
semiCndtictor materiar 2" eymemory avice Of eam @:Whgré]ﬂ)g g

first deping soncertrtonig flestintemil slecitoee witthe@kalatiydohemory
internal electrodes is different from a second doping concentration of a

secol¥§hternal electrode of the plurality of internal electrodes. 22. The
memory device of claim 20, wherein each internal electrode of the _
plurality of ihferndicelaemotedavies pltiue Cordtubearreanpithnstad!urality of
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24. Tinemoeyrlayyrelevice of claim 20, further comprising a plurality of
insulator layers, each insulator layer of the plurality of insulator layers
associated with ahespactive dsteroalfelpdiiods ofkieiplialyuatimtematernal
electrodes. 25. The memory device of claim 24, wherein insulator layers of

the phFaiRgesrsdoraed 5o Vet eh ALt or properties, and

wherein internal electrodes of the plurality of internal electrodes have
different elettricallpeopestiesy device of claim 20, wherein a first doping

concentration of a first internal electrode of the plurality of internal electrodes is
different from a second doping concentration of a second internal electrode of

the plurality of internal electrodes.

22. The memory device of claim 20, wherein each internal electrode of
the plurality of internal electrodes has a unique conductance within the selected

resistive memory cell.

23. The memory device of claim 20, wherein the plurality of internal

electrodes comprises a conductive metal.

24. The memory device of claim 20, further comprising a plurality of
insulator layers, each insulator layer of the plurality of insulator layers
associated with a respective internal electrode of the plurality of internal

electrodes.

25. The memory device of claim 24, wherein insulator layers of the
plurality of insulator layers have different insulator properties, and wherein
internal electrodes of the plurality of internal electrodes have different electrical

properties.





