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DEVI GES 5 FI ELD OF THE | NVENTI ON The present disclosure relates to nenory
devices. More particularly, the disclosure relates to power-saving reading
of magnetic menory devi ces. BACKGROUND OF THE | NVENTI ON 10 Magnetic menory
su¢h as magnetic random access nenory (MRAM is a non-volatile,

sem conduct or - based nenory technol ogy in which nmagnetic, rather than

el ectrical, Wﬂ@“used to store bits of data. Typically, nagnetic
menory deV| ﬁ@ﬂ ﬁ@“ a plurality of nmenory cells o m’ m mmat are
arranged |n dijrensi onal array. Each nenory cellmmmﬁm M“ m ed to
store a single bi't" of information, i. e., a logic value "o gt a logic
value "0." Each nmenory cell of t he array is coupled to a cg1unn conduct or
and a row conductor at a cross-point of the conductors. To wite data to a
target nmenory cell, current flow is provided through the 20 col um
conductor and row conductor associated wth the target nenory cell. The
magnetic fields created by the flow of electrons through the conductors

i nduce magnetic fields to set a permanent nagnetization in a sense |ayer of

the memory cell l%BoWeRYAVING READING OF ¥MAnE e MEMORY BevieRs ' the

state of the cell.

5 FIELD OF THE INVENTION

The present disclosure relates to memory devices. More particularly, the

disclosure relates to power-saving reading of magnetic memory devices.

BACKGROUND OF THE INVENTION
10 Magnetic memory such as magnetic random access memory (MRAM) is a
non-volatile, semiconductor-based memory technology in which magnetic, rather than
electrical, charges are used to store bits of data.
Typically, magnetic memory devices comprise a plurality of memory cells or
bits that are arranged in a two-dimensional array. Each memory cell is configured to
15 store a single bit of information, i.e., a logic value “1” or a logic value “0.” Each
memory cell of the array is coupled to a column conductor and a row conductor at a
cross-point of the conductors.
To write data to a target memory cell, current flow is provided through the
column conductor and row conductor associated with the target memory cell. The
20 magnetic fields created by the flow of electrons through the conductors induce
magnetic fields to set a permanent magnetization in a sense layer of the memory cell

102 to control its resistivity and, therefore, control the state of the cell.
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Readi ng of a target nmenory cell can be acconplished in various ways. In one
nmet hod, an "equi potential” reading schene is used. This reading schene is
represented in FIG 1. In this figure, a cross-point array 100 is
illustrated that includes a plurality of nenory cells 102 that are
represented by resistors. Each of the 5 nenory cells 102 is electrically
coupled to a colum conductor 104 and a row conductor |106. During an

equi potential read, each colum conductor 104 is connected to an array

vol tage, Vn, exceptReadingafadhngatmemnguestlorantbieaccansplisheginevariaus avayar freone
menory cell, T. Simlarly, each row conductor 106 except the row conductor

coupled to thenetﬂacrcgeﬁn MRE@ipYteaRAll , reddingSshemRe it @sed. 0 Yhis AddAg kéidhraied
in FIG 1, the colum conductor 104 coupled to the target menory cell, T,

| s connected tr r@seﬁf‘efase t«‘%ﬂc‘gt #9¢m ‘tf[l% fi’@eec“a RD Véb %‘iillqm’aﬁ:a h@6 1S

di scussed beIo |s used sense rory s tar nmenory
cell. As is al.s FIG 1, conductor oupl ed to,t

target nenory et es a-|p “‘iagtycctfﬁﬂ%‘?ré((feﬁﬁ)l@rlv%ﬁ@e rwrfﬁ:n{qqﬁy TP} t&F&)eéPéhtO?el?rray
current, In, wll flow 15 t hrough the non-target nmenory cells 102 coupl ed
to the rowscommaryrcellssl2hist eleetrigaliso coupled deol a columa ecendyetor nidoand aelow, T.
In addition, sense current, |Isense, flows through the target nenory cell,

T. Due to the capictarat o@n Murivg A0 dglipotedtialc @&udl Cdadh Scoddrhn Ceutiduerdr t 14t e
target menmory cell, T, sneak currents are minimzed. FIG 2 illustrates an

exanpl e sensi ant%c{ﬁ%btanégrg?’ RERSENNY ckRBfir o RIS EbACRY hdids BRI0SH at @

of target nenory ce I's figure, e sensing circuit

200.1PELLOES 30, SPRLED 8, T BLAS! 2R Subaldly, LR ESho g

counter/menory 212. The operational anplifier 202 receives an input of Vn
into its posi cpyrled t the fasgetanemory gglloitip oerneciad t@ ¥at he col urm conduct or
coupled to the target nmenory cell. The

10 As indicated in FIG. 1, the column conductor 104 coupled to the target

memory cell, T, is connected to a sense voltage, VA'» Which approximates V, and
which, as is discussed below, is used to sense the memory state of the target memory
cell. As is also shown in FIG. 1, the row conductor 106 coupled to the target memory
cell, T, is connected to ground. With this arrangement, array current, I, will flow
15  through the non-target memory cells 102 coupled to the row conductor 106 that is
also coupled to the target memory cell, T. In addition, sense current, Isense, flows
through the target memory cell, T. Due to the application of V4 to the row conductors

not coupled to the target memory cell, T, sneak currents are minimized.
FIG. 2 illustrates an example sensing circuit 200 presently used to determine
20 the memory state of target memory cells. As indicated in this figure, the sensing
circuit 200 includes an operational amplifier 202, a first field-effect transistor (FET)
204, a second FET 206, a capacitor 208, a comparator 210, and a counter/memory

212. The operational amplifier 202 receives an input of Va into its positive terminal



circuit 200 is further connected to a voltage source, Vdd, whose current
flowis controlled wiwth the FET 206 via a control |ine 214. By way of
exanpl-e, the FET 206 conprises a p-type netal - oxi de sem conduct or
field-effect transistor (MOSFET). 5 During a read operation, VA is applied
to'the array in the manner described above with regard to FIG 1. In
addition, Vdd is applied to generate the sense current, |Isense, which
passes through the FET 204, e.g., an n-type MOSFET, to flow to the target

potent i ar of PHbouRpeYeor HRHHRy PEERRAEbRE AR 1Reft pefolY SET he' "
anplifier 202 10 adj usts the gate of the FET 204 to ensure that VA 1is
subst ant i al | ycisepit20@ ds \athaneanngeted de i veliageesauserdi Yidowhiose sutrgntn8aw ishe
anplifier 202 opens the gate of the FET 206 such that the capacitor 208

provi des the comntrotlet witettie #ET206eviababntrolrline 2THe Byaway of exan#il8 thé BBIT206

di scharges its voltage until its voltage is reduced to a reference voltage,
Vref, that, alQfgridk B?—ﬁy?@nfé?a‘?—%%icfe%@m%ynﬁﬁ’&&v ﬁéla-efﬂawadsm& (MUSSEET).
conparator 210. This diScharge is deplcted in FIG 3, which illustrates

capaci tor yol tage, Vca t n_the f| ure al,t age
of the capgz;ci tor |P(':1F18§saer a‘?(?pv&ge’én@f ‘Ssalflﬂleeﬁ 315? 8t&Y "Enth anp%eé %F?{\ébedand
droppi ng below, Vref. The time required to reach Vref depends upon the

resi stance of aQave With rj@@rdrﬁe%ﬁylcgm pdditien, Mands appbied to gensyateldie seasq GilTeaht i on
of the menory state of the cell. For instance, in a 20 schene in which a

hi gher resi st hage whivi pasesstheoughghe REA B@4,"e1g., anoh-typt MOSFERs its flamct the
indicates a logic value "0," a logic value "0" is indicated if Vref is

reached afterf rﬁ‘élﬁ&?ece‘ﬂf Cuffent dlso ﬂ@wa t8 thoeh Zﬁaci/t@if 208 'sd"asi © inPhseaihed i f
Vref is reached afte he el apse 3 of tine, The tine it takes for the

Count or/ ﬁLné?ﬁmé%%q 4 8 B PR L cleFto Py 6285% R G ?Z‘}r ing
?eggﬁ dunﬁsq ! nﬁbgs{at; gagetﬂ}{] tLl%Ef I@" %pr 4o, gnsuremlllg’;[ V? s 8 s ally equarf?o i’f %c

steady-state condition is obtained, the amplifier 202 opens the gate of the FET 206

such that the capacitor 208 provides the current needed to maintain Va'-
The capacitor 208 slowly discharges its voltage until its voltage is reduced to a
reference voltage, Vi that, along with the capacitor voltage, is input into the
15 comparator 210. This discharge is depicted in FIG. 3, which illustrates capacitor
voltage, Vcsp, over time. As indicated in the figure, the voltage of the capacitor
increases t0 Vga and is then depleted until reaching, and dropping below, Ver. The
time required to reach Ver depends upon the resistance of the target memory cell and,
therefore, provides an indication of the memory state of the cell. For instance, in a
20  scheme in which a higher resistance indicates a logic value “1” and a lower resistance
indicates a logic value “0,” a logic value “0” is indicated if Vs is reached after the

elapse of time, t;, and a logic value “1” is indicated if Vs is reached after the elapse



5 capacitor voltage to be reduced to Vref. Although this anount of tine is
not large in an absolute sense, for instance on the order of 5to 1 S

m croseconds (ps), in that VAis applied to each nmenory cell coupled to the
target nenory cell's row conductor, a relatively |large anmount of current is
burned in the array while waiting for the capacitor to discharge its

vol tage. In the aggregate, the anount of current spent 10 during reading
beconmes significant. Another known readi ng nethod uses a

" non- equi pot enyfitghe, tf.e Rk Mind RNEAR. forl MeSvdIRBEI0P IS E4HaRRor 208 RPABRRNNEY ik N
FIG 5. As shown in this figure, VA is appliied only'to the row conductor

106 that is coupled.to.the target ry cell., T; all other row conductors
106 are tied t0 a&“&ﬂﬁ’&fiS{Isﬁee&l%yo@ﬁﬁﬁg@%zr&@gri%4 coupled to the 15 target
menory cell, T, is connected to a_sense circuit 600 that is illustrated in
FIG 6. The sense dilbedidepwtrothe veltagreappliad s theqhrayslugingia rgpd.( Asppdisgfad &t t er
602 and a nenory 604. In this figure, the resistance provided by the col um
conduct or can this figepe, €€ mnad bbyapplisttd dgearehiyvatdiesst hiéil theatime ansgpireiefor ahe
resistor RT, representing the resistance of the target nenory cell, and

resistors Rl a&afadidr voRaPeD V3l reeteli 16 WA @Jlﬂh@hgk?ﬁxié?ﬁ’ﬂ@ﬁﬁt%fitﬁﬂe i%fﬁckhﬁge in
resi stances of all the ot her nenory cells coupled to the target nenory

cell's col um r.(0 0 i 5 i tead .
operati on, thea?l %ﬁ %ﬁ%gﬁ%%r Pier?{n% g?’é‘?@‘? é\@gr gfg\j%ﬂﬁsalgn}edr?%éé?&g&g)afn &St Ynds
vol tage on the cgol unmm conductor that is coupled to the target nenory cell.
This 4  vol tageh?cﬁtq REROBT feéﬂcwnlqﬁ to ﬁwgtartgar e cahd revhgRAdugtor, a
multiple tines to reference values to determ ne the resistance of the

t ar get nenory relatively ThegecamventsobHoument isobgpaed sorthprammyswhilorwatihy foedbs r es
a relatively long anmount of tinme where extrenely accurate neasurenent is
required, for chpsitonée diBiigeXitsTRéIeip¥. SInSthet sxpteAtd)She Ahfount’ of IciHehtr geﬁﬁ
the tine required to nake the state determination. In particular, Fl 7

shows the16\/ Ddﬁﬁﬂg?éatdﬁ{g&%ﬁ% si liﬁ@gmi nval id for an extended

Another known reading method uses a “non-equipotential” reading scheme.
This reading scheme is represented in FIG. 5. As shown in this figure, Va is applied
only to the row conductor 106 that is coupled to the target memory cell, T; all other
row conductors 106 are tied to ground. The column conductor 104 coupled to the
15  target memory cell, T, is connected to a sense circuit 600 that is illustrated in FIG. 6.
The sense circuit 600 includes an analog-to-digital (A/D) converter 602 and a
memory 604. In this figure, the resistance provided by the column conductor can be
represented by a voltage divider 606 that comprises a resistor Rr, representing the
resistance of the target memory cell, and resistors R; and R, representing the parallel
20  combination of the resistances of all the other memory cells coupled to the target
memory cell’s column conductor (only three shown in FIG. 5).
During a read operation, the A/D converter 602 receives a voltage input equal

to the voltage on the column conductor that is coupled to the target memory cell. This



period of tinme until finally becomng valid at tvalid. Until valid data is
obt ai-khed, Vn nust be applied to the array. This application of voltage is
depicted in FIG 8 which shows Vn being applied at |east until time tvalid.
Accordingly, as in the equipotential 10 reading schene, a relatively |arge
anount of current is used to obtain the data stored by the target nmenory
cell. Again, the anount of current |ost can be significant when taken in
t he aggregate. SUVMARY OF THE | NVENTI ON 15 The present disclosure relates

to methods for,[igadiNGhéh tahEeled "BEP Y dfpfthl vafuedlh@ichbApaRl ARIYY thfdsl & 10
one arrangenent, a nethod conprises pulsing a voltage on the array, and

el 1 1rom  he BTG NSt SeeRink” ol SRR, o, et e TR

connected to the target nenory cell. 20 The_present di scl,osiure al so rel ates
to sensing ci CEBYYHOR A COMPaREOn, PERFCHIOERIY Feawreset TRRBHYEY leag pmoppt ghe
arrangenent, a sensing circuit conprises an operational anplifier that is
configured totmecwhere extremelyaaccunite mgasuagrend s paguirad,sfon swstance,t appeoximately
conductor of the array that is electrically coupled to the target nmenory

cell, a voktage t§ 1003QUNTEE. ¥ NalstraRs MBS reuird $& nfaklé kiR tate ABRrAINABHS EIn
el ement that is electrically coupled to the operational anplifier and the

vol tage sour C%gpic?x}%‘%i? sﬁé&,@@ﬁ&%@ﬁ %o eﬁ@x“%ht@lﬂt %Eirnguiinbal?d) %\}(r)%nf TRtefiled

operational a to recerve aR array age and
out put a sense voltage to a copductor, of the array _that is electrically 5
coupl ed to th&ergd Q@%mﬁ’e‘%}lﬁn@ Yﬁ’?cﬁn%l‘ta gé’t Swlidr ﬁé“qqhvéﬂldg@%}sa‘{tbé@n‘ai s\yéhse
current, a capacitor that is configured to store a voltage equal to a
vol tage on a cwstibeapplied tedhe amay.| Vhis applieation of vhitagesis gepicted i FGe & mhictand
a switch associated with the capacitor that is configured to connect and
di sconnect t hghéwPaniteig dpplieddt leagtmdtid @inds .8 - Accordingly, as in the equipotential

10  reading scheme, a relatively large amount of current is used to obtain the data stored

by the target memory cell. Again, the amount of current lost can be significant when

taken in the aggregate.

SUMMARY OF THE INVENTION

15 The present disclosure relates to methods for reading a target memory cell of
an array of memory cells. In one arrangement, a method comprises pulsing a voltage
on the array, and obtaining a voltage value indicative of a memory state of the target
memory cell from the voltage pulse using a sensing circuit that is electrically
connected to the target memory cell.

20 The present disclosure also relates to sensing circuits that can be used to read a
target memory cell. In one arrangement, a sensing circuit comprises an operational
amplifier that is configured to receive an array voltage and output a sense voltage to a

conductor of the array that is electrically coupled to the target memory cell, a voltage



10 BRI EF DESCRI PTI ON OF THE DRAW NGS The invention can be better understood
with reference to the follow ng drawi ngs. The conponents in the draw ngs
are not necessarily to scale, enphasis instead being placed upon clearly

Il lustrating the principles of the present invention. 15 FIG 1 is a
schematic representati on of an equi potential reading schenme used with
magneti c nenory devices. FIG 2 is a block diagramof a sensing circuit
that can be used to read nenory cells in the reading scheme of FIG 1. FIG
3 is a plot oborapeiat perermed b 3¢Be @Grrant] Md b seive @lenidntehat 20elbdtircallly ¢cupledol ot
of array voltage as a function of tine. FIG 5 is a schematic

representatio - i i J C SEfrath k
menory devi cegb. ﬂ% oﬁe@ﬁ%naﬁ%ﬂ?p?ﬁfg?%fdoﬁk Vg?a r%%r(%f ﬁg'&g%tgm ng Fl?(e:ﬂ??gt sgfg can
be used to read nenory cells in t.helreagl:i ';gherre 0, FIdG 5. FIG 7 is a
pl ot of digitSFCBLCPEPIES &l ORAIGHR!: YN -%Qt U SHAORNGUFE 4Q TECHYE ARj BFYof
time. 5 FIG 8 is a plot of array voltage as a function of time. FIG 9 is
a schematic p¥ekggecandyeutpiicg senseaypliage 49 aoeonduator widhe lasrapfthatnisegtesdeatiynt

of a magnetic nenory device. FIG 10 is a schematic side view of an exanple
menory cel$ otoupied ar thetagkt mkefMorPcelll @ ¥dlfage $durcs tiat Lenedhtee s aoideccusRNG iang
circuit that can be used to read data froma magnetic nenory device in an

equi pot enti al cz&%@%ﬂ"ﬂaa? qbgaﬁﬁg{r&&to ;s?or& S Polefe Rl BYXATN dtage b3l B LoRadEsH

t hat can be us to read data from
electrically coupled to the target memory cell, and a switch associated with the

capacitor that is configured to connect and disconnect the capacitor to and from the

array.
10
BRIEF DESCRIPTION OF THE DRAWINGS
The invention can be better understood with reference to the following drawings.
The components in the drawings are not necessarily to scale, emphasis instead being
placed upon clearly illustrating the principles of the present invention.
15 FIG. 1 is a schematic representation of an equipotential reading scheme used
with magnetic memory devices.
FIG. 2 is a block diagram of a sensing circuit that can be used to read memory
cells in the reading scheme of FIG. 1.
FIG. 3 is a plot of capacitor voltage as a function of time.
20 FIG. 4 is a plot of array voltage as a function of time.

FIG. 5 is a schematic representation of a non-equipotential reading scheme used

with magnetic memory devices.



magneti c nenory device in an equipotential reading schene. FIG 13 is a

pl ot - of voltages across a sense elenent of the sensing circuits of 15 FIGS.
11 or 12 as a function of time. FIG 14 is a plot of array voltage as a
function of time when the sensing circuits of FIGS. 11 or 12 are used. FIG
15'is a first exanple sensing circuit that can be used to read data froma
magneti c nenory device in a non-equipotential reading schenme. 20 FIG 16 is
a second exanpl e s&HSi tigs & blockiidiagranaof & agnsing amsan thay care bel uskat ta réadomemory
magneti c nenory device in a non-equi potential reading schene. FIG 17 is a
pl ot of di git aéllsdbtheitadihg hemsaf PIG.150- di gi tal converter of the sensing
circuit of FIG 16 as a function of tine. 7 FIG 18 is a plot of array
voltage as a functi t g i AR gesul f : 6
are used. DETA LED%S@%PF#W%]SBI R iag%'oglﬁ%glgélicﬁgvm%@ ?‘mf‘#gt@{c%%nes
used to read f.rom cross-point array magnetic nenory devices typically waste
arelatively Flg}ege anmount of current and therefore power. Disclosed herein
are reading schenes that significantly reduce the anount of power that is
used to read from §lUeH wemlotyf deay valage o fugctitingdtisased in greater detai |

bel ow, the readi ng schenes each involve the application of an array 10

vol tage, VA, to th@lGroay 4 etchematit @etspative odevefoft inTerrso of Mdmdrecelloldfage i s
nmerely pul sed on and off. This pulsing of the array voltage, VA, transl ates

to substanti ab,BoNBenSHY etiRERD da9icao0wW to the drawi ngs, in which Iike
nuneral s i ndi cate correspondi ng part's throughout the several views, FIG 9

that, for 1 not hncel el B A ruBe Aol & o ARbrHBod et ob Ay 5t Fiman

devi ce. The dgvice 900 includes an array of nenory cells 902.

10 FIG. 11 is a first example sensing circuit that can be used to read data from a
magnetic memory device in an equipotential reading scheme.
FIG. 12 is a second example sensing circuit that can be used to read data from a
magnetic memory device in an equipotential reading scheme.
FIG. 13 is a plot of voltages across a sense element of the sensing circuits of
15  FIGS. 11 or 12 as a function of time.
FIG. 14 is a plot of array voltage as a function of time when the sensing circuits
of FIGS. 11 or 12 are used.
FIG. 15 is a first example sensing circuit that can be used to read data from a
magnetic memory device in a non-equipotential reading scheme.
20 FIG. 16 is a second example sensing circuit that can be used to read data from a
magnetic memory device in a non-equipotential reading scheme.
FIG. 17 is a plot of digital output of an analog-to-digital converter of the sensing

circuit of FIG. 16 as a function of time.



Al though a limted nunber of nmenory cells 902 is depicted in FIG 9, it is
to be understood that only a few cells are shown as a representation of the
many rrenory cells of the nmenory device to facilitate description of the
device. In addition to the nmenory cells 902, the magnetic nenory device 900
includes a plurality of colum and row 20 conductors 904 and 906. As shown
in FIG 10, each nenory cell 902 conprises, for exanple, first and second
magnetic | ayers 1000 and 1002, one of which is a fixed nagnetic |ayer and

the other of whi chpg, B8 fsfBRoGIUMAY VeltARYR  fuAltDA Jf i W the SefRSSErchiy er -
By way of 8 exanple, the top magnhetic |ayer 1002 can conprise the free

magnetic | ayer t.ke ttom magnetic | ayer 1000 conprises the fixed
magneti c IayePfﬁggsp&Ea?f?ﬁﬁret%%f?m magnetic | ayers 1000, 1002 is a thin

i nsul ation | ayer 1004 that may function as a tunnel barrier. Wth this
arrangenment, the nenory cell 902 behaves as a magnetic tunnel 5 junction
(MrJ). Although a MIJ arrangenent is shown and descri bed herein, persons
havi ng ordinary skill in the art DRTAILEIpDESCRIPTHON ot her arrangenents
are possi ble. For exanple, the nmenory cells can conprise giant

magnet oresgstive ( @vRllerfifitdabéve, khdwilRaHinL dchefls usBRINS rdadSikdth @rddé-pbinarf®MOr y
cell 902 can be determ ned based upon the 10 magnetic orientation of the

free magnetic , el ri at i .Can t f
orientation inrAal (lﬁ{cchml %?};se dgﬁg%néjg&\?\n Pﬁ'{gﬁea orfgllgté‘?l atlé}g% a%ﬁgffﬁ{l&gﬁc}%d
magnetic |layer, to an orientation in which it opposes the orientatjon of
the fixed nagHersfere) paysF. Rielosed, hrspm A reading Fmgﬂﬂ{aﬁélgnﬁmtﬂx 9duce the o

and the latter state is called the "anti-parallel"” state. Typically, the
ori entation otmpuntnatporer ithat i§ nsadrte readGohSsuch ymmdrpldsvicesef As e distussakint he
data layer or the storage layer) is aligned along its "easy" axis. The two
di fferent stapratchalémildbelpw) @eCrealiingCdcheridy éREI BVENE @hOhppltatioe B ran array
10  voltage, Va, to the array for a short period of time so that the voltage is merely pulsed on
and off. This pulsing of the array voltage, Va, translates to substantial power savings.
Referring now to the drawings, in which like numerals indicate corresponding
parts throughout the several views, FIG. 9 illustrates a portion of a cross-point array
magnetic memory device 900 that, for instance, can comprise a magnetic random access
15 memory (MRAM) device. The device 900 includes an array of memory cells 902.
Although a limited number of memory cells 902 is depicted in FIG. 9, it is to be
understood that only a few cells are shown as a representation of the many memory cells
of the memory device to facilitate description of the device. In addition to the memory
cells 902, the magnetic memory device 900 includes a plurality of column and row
20  conductors 904 and 906.
As shown in FIG. 10, each memory cell 902 comprises, for example, first and

second magnetic layers 1000 and 1002, one of which is a fixed magnetic layer and the

other of which is a free magnetic layer, also known as the sense layer. By way of



cell 902. Specifically, the nenory cell 902 has a relatively small
resistance when in the parallel state, but has a relatively high resistance
when in the anti-parallel state. 20 The parallel state can be designated as
representing a logic value "0," while the anti parallel state can be
designated as representing a logic value "1" or vice versa. In such a
schene, the magnetic nenory device 900 can be witten to by changing the
magnetic orientation of the free | ayer of sel ected nory cells 902. 9

FIG 11 illusf¥amRle thertop magastciayer SUiseangemprisgithe feponagnstic Lyt ad e
in an equi potential reading schene to determ ne the nenory state of target
menmory cel | s bottom Awagnetil tayere d000ncamprises thgufined mhgnetiedayeng Separsting the! GO

i ncl udes an operational anplifier 1102, a field-effect transistor (FET)

1104, a sensenppedRhyers U000, 2602Ris2 thidsih§ilaioh 14yeP G 00AthaOMBR figdcton 4d&mnnand a
menory 1110. The operational anplifier 1102 receives an input of Va, into

its positive 0l Ny C cl 0 . t he
targor memoryPRFT . R s SR ent o Indeiiy KO S0, SRARCACS SABAC Rk
operational applifier 1102 adjusts the gate of the FET 1104 ensur e that
VR s Subit ampetien (VT Riil R MiTs arafsemsnt i avin 58 cEtsrbRd Bomi, SompR | e
to the array of the nenory device in the manner descri bed above with regard
to FIG 1. | nhadey eidinary skill in theaptvilleappresiatenthatsetheri amgngsinpents are possible. oFor
generate a sense current, |sense which passes through the FET 1104, e.g.,
an n-type net atanipie,dfie Ieshergnadlstcan comptlisk- glahe fiaghdtarasistive GNIRPEmENnts, 0
flowto the target nenory cell. Before reaching the FET 1104, current fl ows

t hrough 15 th@es‘h%?.i stor 1106 that, by way of exanple, conprises a p-type
MOSFET. When enabled, the gate of the p-type MOSFET is connected to ground.

fesi ator 1106 can BEE FiRgANSREGR! HE HimbS FURA PP o Griblud TR Bra e
Lot et o magnete orieniation of the freé magnetic Iayes, whoe magnehie ootation can be

toggled from an orientation in which it is aligned with the orientation of the fixed

magnetic layer, to an orientation in which it opposes the orientation of the fixed

magnetic layer. The former state is called the “parallel” state and the latter state is

called the “anti-parallel” state. Typically, the orientation of magnetization in the free

15 layer (also referred to as the data layer or the storage layer) is aligned along its “easy”

axis.

The two different states have disparate effects on resistance of the memory

cell 902. Specifically, the memory cell 902 has a relatively small resistance when in

the parallel state, but has a relatively high resistance when in the anti-parallel state.

20  The parallel state can be designated as representing a logic value “0,” while the anti-

parallel state can be designated as representing a logic value “1” or vice versa. In

such a scheme, the magnetic memory device 900 can be written to by changing the

magnetic orientation of the free layer of selected memory cells 902.



20 of tinme. As indicated in this figure, the voltage across the resistor
1106 quickly reaches a steady-state condition, at tss, for instance after
approximately 1 m crosecond (us) or less, reflective of the nenory state of
the target nenory cell. Specifically, the 10 vol t age across the resistor
1106 is related to the resistance of the target rrermry cel | accordi ng to

Ohms law as follo IZrelstor t.i 1 whe t he
resi stance across ﬁg YE&I&SFB‘FS Iaefggt CRapX eesqngmgﬁzér%}}ﬁ lrlgﬁtthattﬁﬁ? %F 8 inan
through the target nenory cell, and Rrcsistor is the resistance of the

resi stor 1106 eqpiRotential ne@@pg schemestp datenmine/fhe-mement statgraf taraet memesy cells ¢ he
resi stance of the target nenory cell, the nenory state of the target nenory
cell can be d&v2r nAsneticabad im&iiszﬁgacb,ithle kérSingl Oirdudt 1100 $nchalet aapeopmaationel a
relatively low value, Vi, or arelatively high value, Vz. In a schenme in

whi ch hi gh reafnﬁlﬁepmzlda FRl RS Fact! eaisfsta&a{mn" 11104 4 sansuelérﬁa&e@ﬁéﬁ a8 a
| ogi ¢ val ue "0" Vz represents a logic value "1)" To make the nenory

state detem puf t or
1108 al ong” wi t% tgﬂﬂ A0 e SORGHHER 05 AL mehork P™i T %Qr.%%%tt@%l e

t hat observed when a target 15 penory cell is in eiﬂng " t{ﬁ 1:L
state. The twd10drecsiyes a&f@%@ﬁﬂaﬂe@ ifs pasHive dermyaal rouﬂl‘ﬁ%vAs[ﬂ’ REPTUME can
be determ ned whether VR indicates a "0" or "1." Irrespective of whether
the target neconducteicoupled tonthiehtarghi mbmory dedw A=inith¢ prioears equtipoteiviml ceadinge

qui ckly shut-off such that voltage is nerely pul sed on and off, as

i ndi cated in kHemel the operitidhflraenplifier ¢ P0U sdadts i@ dabfofthé PRI 1q04@@9ﬂs@§@maﬂ n
FIGS. 3 and 4 20 when a known equi potential reading scheme is used, current

is only used kp- g@gghmg,ea{lalttgwl nvention for a very short peri od of
time. The duration of the’vol tage pulse is less than the S ~s, which, as

not ed abo is curyrentl e shartest .durati,on required to read cells.
| ndeed, K‘?s perio "B‘F’gt%/ W@thyﬁﬁa{:'a?f&‘ 1Ea 1c&rtgéﬁ%prray 3f the memdry déVice in

the manner described above with regard to FIG. 1. In addition, Vqq is applied to the

sensing circuit 1100 to generate a sense current, lsense, Which passes through the FET

1104, e.g., an n-type metal-oxide semiconductor field-effect transistor (MOSFET), to

flow to the target memory cell. Before reaching the FET 1104, current flows through

15  the resistor 1106 that, by way of example, comprises a p-type MOSFET. When

enabled, the gate of the p-type MOSFET is connected to ground. The size of the

transistor is adjusted to give the desired resistance. The resistor 1106 can be
implemented as an semiconductor process compatible resistor.

The voltage across the resistor 1106, Vg, is depicted in FIG. 13 as a function

20 of time. As indicated in this figure, the voltage across the resistor 1106 quickly

reaches a steady-state condition, at ts, for instance after approximately 1 microsecond

(ps) or less, reflective of the memory state of the target memory cell. Specifically, the

10



11  than approximately 1 p,s, thereby providing a vast inprovenent over
known readi ng techniques. This results in greatly reduced readi ng power
consunption. In that there are manufacturing inconsistencies in fabricating
nost cross-point array nenory devices, the sensing circuit 1100 shown in
FIG 11 depicts an ideal 5 case in which the reference voltage, Vref, may
be a static value. A comon inconsistency is to have varying val ues of

resi stance f ovoltdge a8RIE tisd i@bigtor TOO@ Oretht&l fo0the résidinck HfshéTRYg R meier§, cel
self referenced sensing schenme can be used. An exanple self referenced
sensi ng circuj | Shint Lk .n FIG 12. The sensing circuit 1200 is
siml a? to th%%coé(ﬁlg% ?P\ﬂn I%§, ai?&lgdriwd{t heref ore conpri ses an operational 10
anplifier 1202, a FET 1204, a sense elenent (e.g., resistor) 1206, a
conparator 1208, and a nenory 1210. In addition, however, the sensing
circuit 1200 includes first and second capacitors 1212 and 1214 that form
part of a sanpl e-and- hoVad <swseBiRewsisds i ndi cated in FIG 12, el ectBavation 1]
connection of the capacitors 1212 and 1214 to the array is made or broken

t hrough switches 1216 and 1218, respectively. 15 During a read operation,
VA and Vaa are applied to the array with the swtch 1216 cl osed. Once the

circuit 1200 wraches istiRARYsBhaL %czog@‘ﬂfevfersist()trhﬁog}"ilsgn%hisltﬁé@uh%ntqﬂliaf: lors

opened so that the capacitor 1212 is disconnected fromthe array and stores
VR Next, the,tar menpry cell i.s Ltten.to a known state and ¢ r.ead
process init itgfoé@%g%ﬁitaﬁg%i %W?Wecellvﬁv@ reysion B tﬁf)é?ﬁls et“iéﬁ%fiﬁsf%‘hr ]11%8 In
opened. Once steady. 20 state,) agai n reached, the switch 1218 is quickly
opened to st ohat ke isRARRL 10NN aee dWite Hutit the spsistancs of therargermemopy relhge
is used as a reference voltage that can be conpared with the original
observed VR tthe medosory fséatel of thertangat memonscdlbeantizet datermindte As idicavéd inhEG.
menory cell. 12
10 13, this voltage can be a relatively low value, Vi, or a relatively high value, V2. Ina
scheme in which high resistance indicates a logic value “1,” V| will represent a logic
value “0” and V> represents a logic value “1.” To make the memory state
determination, the observed voltage, Vg, is input into the comparator 1108 along with
a reference voltage, Vrer, which for instance is equal to that observed when a target
15 memory cell is in either the “0” or “1” state. The two voltages are compared by the
comparator 1108, so that it can be determined whether Vr indicates a “0” or “1.”
Irrespective of whether the target memory cell is in the high or low resistance
state, Va can be quickly shut-off such that voltage is merely pulsed on and off, as
indicated in FIG. 14. Therefore, in contrast to the situation depicted in FIGS. 3 and 4
20 when a known equipotential reading scheme is used, current is only used in
embodiment of the invention for a very short period of time. The duration of the

voltage pulse is less than the 5 ps, which, as noted above, is currently the shortest

duration now required to read cells. Indeed, this period of time typically is no greater

11



Wth the arrangenent descri bed above, a | ow anpbunt of power is consuned
during the read operation in that Vnis only applied to the array |ong
enough for the VR voltages to be stored in the capacitors 1212 and 1214.
Specifically, Vn is applied for a duration of less than the S p,s and,
typically, no greater than approximately 1 ps. S FIG 1 Sillustrates an
exanpl e sensing circuit 1 SO0 that can be used in a non equipotenti al
readi ng schenme to detennine the nenory state of target nenory cells. In
particul ar, Fitian dppBoxiivatedylr ps,ethermby pralidigg anast gupropenenttdvat knewnlirengling
schenme. As indicated in this figure, the sensing circuit 1 S00 includes

first and seceqfnaBACThi9kulks e@lfreducdd4ed & Rdhaghptical |y coupl ed
to and decoupl ed f Rl?omthe col uﬁnpgrloggronductordmépthe targel'g menory cell

(i ndicated by the y ‘? Itﬁa@%rgkf/ rﬂgﬂ fgcQL%.n rkBnsFihdcFdlg ‘{gor Sab%gcggﬁlg%l ég%%fs oint

respectively. Wth I'S con gura Ion, e capaci m part

of a sample-and-hold circuit simlar to. that described o] Ihref rence
to FIG 12. THE2XERGW ffeyices,oe an%mcgvetib&méem P Xﬁﬁlﬁa a5

10, which is used to conpare the vol tages stored in the capacitors and
forward t hgse caseSiyathies the referangeryoltags Ve may ibegaastatéadalmger t icommom i s
applied to the row conductor coupled to the target nenory cell as described

in relation tendoh§isteficy Whionhdvei varyigh hvaliRs iof redisthnc@dfor tthe sdié site. L TS/ oids
cl osed such that the f| rst capacitor 1 SO2 receives current. The first

capaci t or g?r H:“%Mlﬁe pgf‘o'%iu@e s§ Saf eféxteﬁée% GOt L m@t a¥¥hﬁ€9 Bsdd?€ An

vol t age store citor equa at acro s e col umm conductor
As with the errbodllmen escrébed abave. |&Jel a1 tdg F# ]r?rllT nd 12,
this steady-sFXBPIESRUTEICERCPY SEsHEERGLA%0ds ylu 'Ea“‘t 1% Ig}l? hETEW& ch
| 506 can be opened and Vn can be shut - off As indicated in FIG 18, the
vol tage pul secireuif L2G0 is simejlas i theh showminrEIG: bh ambﬂlerqferepsmprlémne@aﬂomsbz

to reach the steady-state condition. This duration is less than 5 ps and,
10  amplifier 1202, a FET 1204, a sense element (e.g., resistor) 1206, a comparator 1208,

and a memory 1210. In addition, however, the sensing circuit 1200 includes first and
second capacitors 1212 and 1214 that form part of a sample-and-hold circuit. As
indicated in FIG. 12, electrical connection of the capacitors 1212 and 1214 to the
array is made or broken through switches 1216 and 1218, respectively.

15 During a read operation, Va and Va4 are applied to the array with the switch
1216 closed. Once the circuit 1200 reaches steady-state, however, the switch 1216 is
quickly opened so that the capacitor 1212 is disconnected from the array and stores
VRr. Next, the target memory cell is written to a known state and the read process
initiated again with the switch 1216 open and the switch 1218 opened. Once steady-

20  state is again reached, the switch 1218 is quickly opened to store the newly observed
VR on the capacitor 1214. This voltage is used as a reference voltage that can be
compared with the original observed Vg to make the determination as to what was the

state of the memory cell.

12



typically, is no greater than approximately 1 p,s. To provide for self
referencing, the target nenory cell is then witten to a known state and
the read process initiated again. This time, the switch 1508 is closed 5
such that current will be provided to the second capacitor 1504. Once
steady-state is again reached, the switch 1508 is opened and the array
vol tage, Vn, is shut-off. Both stored voltages are input into the
conparat or 1510 and _stored into nenory 1512 so that the original nenory
state of the nenor Witethe aéraﬁg%eraéieéqrrheﬁ@(bovwaiow amauitRft POMEE 15 eprpyumed
voltage, Vn, is only pulsed on and off during the read 10 processes, |ess
current is usdm‘ir@rmﬂc redieotation, inl thatsV p dsnexly iappliahoubre drraf léag dfough lfostheat es
anot her exanple sensing circuit 1600 that can be used in a

non- equi pOte”Vk%ltﬁ%%@% BE s®ediFiiBhe Lapakhibs 12TPadE 1B1Y., Sﬂf&?ﬁdﬁﬂ&;wf}@aﬁﬂﬁal ng
circuit 1600 facilitates a digital, non-equipotential reading schene.

1602 that carfoba fliopo?fo FRAR05 it A g, po BECaHA Bhathobh Ao 'uﬁnﬂ”

conductor of the target nmenory ceII (indi cated by the voltage divider 606)
with a switch 1604F iig 134 HnsHrg8¢sAR ?3‘@“&’&1%"@%8&%%&5%%9% e usHbin BRIk t or
output is input into an analog-to-digital (A/D) converter | 606 that
converts the augiodentiabldading scheme o détgimiaé theainemotyhstateiod targetr mempry calle. of
two nmenory |ocations in menory 1608. 20 During a read operation, Vnis

applied to the pQucEa)dUGt A5 itgstRit@dad andlbg, A @fiipdtBital Yesdedd sotiehde. t A
switch | 604 closed. The capacitor 1602 quickly reaches a steady-state

condi t10n (- a8 @A PLAe i 0PI ORRNcBond BipaRiek O

14 1604 i s opene array vo tage I'S app e e array

n BG 15 o08 #uf dsthahetrsdlsdieabeactyed o ienurled un 1 rﬁﬁ' el |
to a known state and then re-reading it. The switch 1604 is again cl osed
and Vn ad&in Qgggucptgrd of ghe target memory cell (indicated by the voltage divider 606) with
switches 1506 and 1508, respectively. With this configuration, the capacitors 1502,
1504 form part of a sample-and-hold circuit similar to that described above with
reference to FIG. 12. The capacitors 1502, 1504 are connected to a comparator 1510,
which is used to compare the voltages stored in the capacitors and forward these
15  values to a memory 1512.

During a read operation, Va is applied to the row conductor coupled to the
target memory cell as described in relation to FIG. 5. When this voltage is applied,
the switch 1506 is closed such that the first capacitor 1502 receives current. The first
capacitor 1502 quickly reaches a steady-state condition at which the voltage stored in

20  the capacitor equals that across the column conductor. As with the embodiments
described above in relation to FIGS. 11 and 12, this steady-state condition is achieved

quickly. At this point, the switch 1506 can be opened and Va can be shut-off. As

indicated in FIG. 18, the voltage pulse is just long enough in duration for the

13



5 the row conductor such that current is provided to the capacitor 1602.
Once steady state is reached, the switch 1604 is opened and the array
voltage, Vn, is shut-off. Again, this occurs in a short period of tine.
Once again, the pulse has a duration less than 5 p,s and, typically, is no
greater than approximately 1 p,s. The newl y-stored voltage of the capacitor
can then be converted into a digital value by the A/D 10 converter 1606 and

provi ded to t BghasRGOI 2T FRACH tlﬁ@ﬁ@é&gfoéﬂat%oﬁﬂ?ﬁ&{.YTH@Qﬁrafti@ﬁ iICIREPRRh Sg@ ahg, the
originally observed value. Through fhis conparison of the two stored

di gital val ueg, .the .qriginal nory sta f the target nenory cell can be
ascert ai ned. %f%@ﬁgﬁ,no%geﬁ%?{cfﬁr%%?pé%mflﬁmﬁg“i'?, t he anal og-to-digital
conversion process_15 can require a relatively long tine, due to the
sense-and- hol d capaBiRreyigde for selErefensucing the taiget megway sellvis daen wyittendo a
capacitor 1604 and switch 1604, the array voltage, VA, need only be pul sed

for a short pkmnovoalstafe anidithe feadgrocess initjatabagandi Tlas ¢idhe, theFw@ch1$08 Thelosddor e,
| ess current is used and, therefore, |ess power is consuned. 15 CLAI M5

What is clai ngghitRat chrebnt Will'Bé BRSVide@rto tRAstcBad Bafaditdr PID4a (ridededadiRbdRE ¥
cell of an array of 2 nmenory cells, conprising: 3 pulsing a voltage on the

array for a d ' - : ' irni. ol e
Vel o i ndi cat PR sROIE TR Rk BT EpRRRE e FOR, iRk VT i AEE, bR

vol tage pul se using.a sensing circuit that is electrically connected.to the
6 target menoftpredeyqltages arejnpytato e comparater) Lyl and sjpred L REROYEHRH%ng a
vol tage val ue 2 conprises neasuring a voltage drop across a sense el enent
of the sensi nthatibeouniginal lemagy statecofithe mentonf cadl canrheXdetemwméedi n t he obt ai ni ng
a voltage value further 2 conprises inputting the magnitude of the voltage

drop into a conpar Algein, &f thahtheJrogValtage, A, tlodly phlséd 4n ahboff@irkpdtheread ai m
1, wherein the obtaining a voltage value further 2 conprises storing a

vol t age eﬂ}elalvg,{oggégsgg 1060ch 208 1128 dnfl AeefRBILLYouh id BiRRAARI NG 3 C1 T CUl!

so that t drop can _ ete’rmne_ _ e voltage is pulsed. 11
measur i ng the vol ¢ B% LEPSERs wiHie examo Eraroing coreh | REaH et prddh o
the 3 target nenory cell and storing the voltage in a capacitor. 1 16
non-equipotential reading scheme. In this embodiment, however, the sensing circuit
1600 facilitates a digital, non-equipotential reading scheme. As indicated in FIG. 16,
the sensing circuit 1600 includes a single capacitor 1602 that can be electrically
15 coupled to and decoupled from the column conductor of the target memory cell
(indicated by the voltage divider 606) with a switch 1604 to again provide sense-and-
hold operation. The capacitor output is input into an analog-to-digital (A/D)
converter 1606 that converts the analog voltage into a digital value that is stored in
one of two memory locations in memory 1608.
20 During a read operation, Va is applied to the row conductor coupled to the

target memory cell with the switch 1604 closed. The capacitor 1602 quickly reaches

a steady-state condition (e.g., after approximately 1 ps). Once this occurs, the switch

14



1 6. Asensing circuit (1100, 1200) for sensing a nmenory state of a target
2 menory cell of an array of nenory cells, conprising: 3 an operational
anmplifier (1102, 1202) that is configured to receive an array 4 vol tage and
out put a sense voltage to a conductor of the array that is electrically 5
coupled to the target nmenory cell; 6 a voltage source that generates a
sense current (vdd); and 7 a sense elenent (1106, 1206) that is

electrical Iy ¢aupleflehds LiPnRRLALLRNR VA, AP Iobfita A theldity iOLhAGRy SO c°

1 1 7. The sensing circulit o nprising a“conparator that
is 2 electrically connected.to the.sense el enent, the rator ( 1108)
bei ng conf i gu&‘@ﬁ}&f‘ds @?g?f(?ﬂgﬁ?é?nﬁnggtﬁ%g? %?%fé?@ﬂ@é@‘?ﬁigggﬁse elenent to a
ref erence voltage év~f) to 4 determne a nenory state of the target nenory
cell. 1 1 8. The seeléirefgrearingup tachieved Ry writing thet taeget dagmenys¢aligtana dmowah
(1216) 2 operable to connect and di sconnect a capacitor ( 1212) to the
array, the cagaweiandrthdieiengading dnfTiglswattht1604 ivsgimclosdd agleVeapaih appliddie

vol tage drop across the sense elenent after 4 voltage is renoved fromthe

array. 1 1 17upe r&wicon@u@t@ﬁﬂcﬂ%}x&ticﬁuﬂém is(ﬂrégge? {P8Q)ca Q:Etgflqgéi,n@n%e gﬁﬁ%’-y

state of a target menory ce an array of menor , _conprising: 3
| t t hat { -4 it 502
T602) bt 1 soaGir otsbeh 6 uih o TS Rea SR ae whvaRBEe 0 & dibae

conductor electrically coupled to the target nenory cell; and 6 a switch (
1506, 1604) aAgwa; Biserowsn ashertospad iof mer {nceiagaigotheinylsedns esluntiondesct
and di sconnect the capacitor to and fromthe array. 1 1 10. The sensing
circuit of clthamys hnd,ttgpicalipnipriosgregten thonngppradimate(yl 54(3) Zhe hawly-stored
el ectrically connected to the capacitor. 1 18

. A@A. AL, . ASev«?%g%ﬂ“\ﬂreﬁ%g@%ﬁﬁ tHin b tonv¥irtedAnto A dipial vAREiyYtnelagb] X]

a)J ca] ca] ca] ca] a] ca] aJ cal ca] ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c”al

TV @8 ) ot o, SRR 08 4 ronidlh o, e gesond memert J9eetiph of Susmai, 108, ca
) I*~+9>j | 5} (w'y" X[~ ni d
31 o o ol cababear 2 Ah e BT vabearoaplit i baeseirféates] oo
F'JFL
} C?% IC?] S\{;1\/]' Sgleégwwswmmmmgbmm]sm of e fargdtcmpmaic aglt gpedeca) ¢
aJ ca] ca] ca] ca] ca]ca]ca] ca]ca

Ul c™a] ca] ca] cakediféd.ca] ca] ca] caj cajcal & r* " (*(y((()i))))*Xn*>*
+Z+] +++<,w,,,C _---A .}xsnid _Z]c]ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]

.k .caly 0"11
LSk ansou s obSBAORE B SANEALE ot e B alial ot coroldd i)’
cal cal cal (2] ook g8l SaheRlrloaal el Sk o bRl s ek ePl Ak sl o ol AR, 0%

@@ sni d %]@] ] ca] ca] ca] ca] ca] ca] ca]cal ca c%]éca] cal ca]ca]ca]lcalca]c
a] ca] ca] ca] cafiEaftcH aqreal}ie%}wéglfe:aqngaat@rai@é] ang! sw| 0égthe@may voltage, Va,

?B???<@ABAA} XS ni
need only be pulsed for a short period of time (e.g.,, 1 pus) as indicated in FIG. 18.

Therefore, less current is used and, therefore, less power is consumed.
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1 5. The method of claim 1, wherein the obtaining a voltage value

2 comprises measuring the voltage across a conductor that is electrically coupled to the

3 target memory cell and storing the voltage in a capacitor.
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4 a capacitor (1502, 1602) that is configured to store a voltage equal to a voltage

5  onaconductor electrically coupled to the target memory cell; and
6 a switch (1506, 1604) associated with the capacitor that is configured to

7  connect and disconnect the capacitor to and from the array.

1 10.  The sensing circuit of claim 9, further comprising a comparator (1510)

2 thatis electrically connected to the capacitor.
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