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MEMORY ELEMENT WITH THERMOELECTRIC PULSE FIELD 5 The
present invention relates generally to memory arrays, and more
particularly but not by limitation to non-volatile memory arrays.
BACKGROUND Static RAM (random access memory) provides
non-volatile storage and 1o retrieval of data. Many different technologies
are available for static RAM arrays that provide different design tradeoffs

in terms of cost, manufaMEMERXIELIIAMENE Wsize, power
consumption, read specBHERMEPELE (DidcoP S Emaximum storage
time and immunity from accidental erasure due to stray magnetic fields,
radiation and other accidental eraSL#ng%pd cesses. There is a desire 15 to
provide a non-volatile data storage ology that provides improvement

in omaOrpResEnef iiceatdnsigelateassArpals abthadiessNtdvealiotnd more
provide solutions to these and other problems, and offer other
Pagiialaydsbret elindasiento somxelatile RREROsE@TER femory

element. The memory element comprises an addressable memory cell.
The memory element comprises a thermoelectric device. The
thermoelectric device thermally adtip{leRE@LihE memory cell. 25 The

memory.element comprises electrical conductors.. The electrical .

oG, NS R S A BT IS T P DGR, BHEV R storage and
re&i&&ﬁﬂb@'&ﬁ%.%ﬁﬁa@ﬁf@rﬁ}ﬁr @@RMQ&?@FJ layapdise betvwesi-tiea M arrays

thermoelectric device and the memory cell. According to one aspect,

thah mepredeshibryeslednsigsn dradepafsgedtian of cost, manufacturing yield, cell

size, array size, power consumption, read speed, write speed, bit error rate,
maximum storage time and immunity from accidental erasure due to stray
magnetic fields, radiation and other accidental erasure processes. There is a desire
to provide a non-volatile data storage technology that provides improvement in
one or more of these design areas.

Aspects of the present invention provide solutions to these and other

problems, and offer other advantages over the prior art.

SUMMARY

Disclosed is a memory element. The memory element comprises an
addressable memory cell.

The memory element comprises a thermoelectric device. The
thermoelectric device thermally couples to the memory cell.

The memory element comprises electrical conductors. The electrical
conductors provide a current pulse to the thermoelectric device. The current pulse
generates a thermoelectric heat flow pulse between the thermoelectric device and
the memory cell.

According to one aspect, multiple memory elements are arranged in an

array and a grid of electrical conductors selectively addresses a selected memory
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selected memory -2- element. According to another aspect, the current

pulse has a pulse width in the range of 10 nanoseconds to 100

microseconds. Other aspects will be apparent upon reading the following

detailed description and review of theqssociated drawings. 5 BRIEF

DESCRIPTION OF THE DRAWINGS FIGS. 1A, 1B illustrate aspects of a

memory array. FIG. 1C illustrates aspects of a timing diagram for reading
eleanehivritingpddingttocametheryaspedte thelQuFtiS t2niilstrasssaefsdisicatidth in the
connections to memory elements in an aryay that includes four sets of

(4 il i

i faressing' eonduet i

ussgél)c.rlgﬁg?% Ustrates aspects of arranging
heatdigw toapddromvall thermgalastic deise inradngmaer: efeMenting detailed
FIGS. 4A-4C lllustrate various aspects of busses and current routing 15
deggripfigninadeavatvethEm s e &raSsillustrates aspects of a
MRAM memory element that includes a thermoelectric device that is
pulsed. FIG. 6 illustrates aspects of a memory element that includes a
thermoelectric dBRIEFHAESGRIBEHORO GIGL TR MRAMAEY @S

o RECpL ol e g pagncte e i, . 72
8 illusteates sy MSMAEY 8leRaRIdhaL AR SRS RIASD ChaNUAFMAEri@kiting data

to a memory element.

FIG. 2 illustrates electrical connections to memory elements in an array that
includes four sets of addressing conductors (busses).

FIG. 3 illustrates aspects of arranging heat flow to and from a
thermoelectric device in a memory element.

FIGS. 4A-4C illustrate various aspects of busses and current routing
circuitry in alternative memory elements.

FIG. 5 illustrates aspects of a MRAM memory element that includes a
thermoelectric device that is pulsed.

FIG. 6 illustrates aspects of a memory element that includes a
thermoelectric device that is pulsed.

FIG. 7A illustrates a cross-sectional view of a portion of a magnetic tunnel
junction.

FIG. 7B illustrates a graph of coercive force Hc as a function of
temperature.

FIG. 8 illustrates a memory element that comprises phase change material.

FIG. 9 illustrates a graph of properties of a rare earth-transition metal alloy
as a function of temperature.

FIG. 10 illustrates magnetization Ms as a function of temperature for four

samples of TbFeCo thin films with different compositions.
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alloy as a function of temperature. FIG. 10 illustrates magnetization Ms as
a function of temperature for four samples of TbFeCo thin films with
different compositions. -3- DETAILED DESCRIPTION In the aspects
described below, a memory element ingludes a memory cell that is
addressed for reading and writing. The memory element includes a
thermoelectric device coupled to the memory cell. Electrical conductors
provide a 5 current pulse BETIhehdBRCRICTEMNE. The current pulse

generates a _thermaqelectyic flow pulse between the thermoelectric

ot RS BT BB SoE e R AL ATB R iy egmpry cel
thanaterial preredy fbatisa denpenaiure sengitivEnd hedhadeyiab RioRakYiitludes a

thermally varied by application of the thermoelectric heat flow pulse so )
thetﬁapﬁl@%&té}ws%@m}%godﬁhér%\%li@rwalésﬁiaﬁw%aarﬁg&m&prowde a

Cu. t' t leCtric?)d i erates a
fimg iniendlsydn ape exampiedgilaygEwil t%éemﬁg%u rﬁﬁﬁ%@S' it

heat property can be pulse heated during a write interv at writing
theakerledsiehergyflandmuischedaleehdimind er neael éateiv desicthan ditbreneemory

ess, chance of accidental wrjting during reading. The material in the layer )
celfal R oSyt 1o AT iihascan B DAl Ry Righat is
terﬁﬁ@ﬁaa@ﬁr&@fma%.eM6%ie@iﬁﬁpi@peattwsgﬂﬁ%{mwmwiaﬁpncation of

phase change material, rare earth transition metal alloy or other materials

thethﬁtqrmbeafgéa k@%&oﬁ@ﬂa@ubﬁqsméhhb\ﬁMemptﬁﬁﬂlr@l@@@itwélas different
vaﬂ%%eé;a%%r:g%%ﬁhﬁ' Cv;vsr'B%Aﬁr%lg Hlusitate agpects Qf AMIMON.AUAY. with the
100. ]Flme gry r}fs

emory array 100 comprises anarray of memory’eleme
terapeaas eprastatives mawpeyty2Cael & el d?ledtiéd. ddrithgsirategeitaprval so
view of the memory array 100. FIG. 1B illustrates a front cross-sectional

th%ém;tg%daégﬁl fisa9isy1 BoY melse ,&)08]16{ eduring a read interval so that

there is less chance of accidental writing during reading. The material in the layer
that has a material property that is heat sensitive can take on many forms such as
a magnetoresistive sensor, a magnetic tunneling junction, phase change material,
rare earth transition metal alloy or other materials that can be used to store data
and that have temperature sensitive material properties.

FIGS. 1A, 1B illustrate aspects of a memory array 100. The memory array
100 comprises an array of memory elements such as representative memory
element 124. FIG. 1A illustrates a top view of the memory array 100. FIG. 1B
illustrates a front cross-sectional view (along section line 1B - 1B in FIG. 1A) of the
memory array 100.

Each memory element 124 comprises a memory cell 123 and a
thermoelectric device 125. Each memory cell, such as representative memory cell
123, is thermally coupled to a thermoelectric device, such as representative
thermoelectric device 125. Each memory element, such as representative memory
element 124, is at a location 102 in the array where it is selectively addressable for
reading and writing. The memory cell 123 stores a bit of data. The thermoelectric

device 125 provides a pulse of heating, a pulse of cooling, or both sequentially in
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memory array 100. Each memory element 124 comprises a memory cell
123 and a thermoelectric device 125. Each memory cell, such as
representative memory cell 25 123, is thermally coupled to a
thermoelectric device, such as representative thermoelectric device 125.
Each memory element, such as represgntative memory element 124, is
at a location 102 in the array where it is selectively addressable for
reading and writing. The memory cell 123 stores a bit of data. The

ordieerimoblecgica deviceidlahprovidastic pulseeofnesating cellplSe ‘Bheaotingry cell
r. bgth sequentially in.-4- order to.change terial characteristic in the
12 R ST e O PP O BT Rt & Theaeh ve. The
mdHQRAryrihadds tenRerakra seRsitveud Ne MaiefialampReMutekesAR@ a write
first value at a first temperature during a write interval, and takes on a

intgé%éhoﬁvélutc?%@%%@c@rﬁﬁ@ﬁfbéfrﬁmeeaduﬁr_ﬁj%or@bd%r}ﬁ@ﬁiamreriﬁﬂﬁglsfa read
inteUN AR Sf%ﬂgr‘fﬁgf'ﬂgaleﬂ{r%ea%{a 985?1%{56%%%9\% ' ?Eﬁz{ﬁe& ALY in more

connection with FIG. 1C. It is uriderstoo e array of the memory
deldments1ti6Ctiorhilathlltidfral€d with 4 rows, 4 columns and 16 memory

elements, typically includes a. much larger number of rows, columns )
oo SRR Do OB (aSmBIRBI SRR To o il

illdatederieneniative, af @il @hthe MeMe melRBIs bl dhesMePRAI AYudes a
100. Descriptions of features at the location 102 also apply to other

myaBridigeslemBeTirmfheoarray e eyt anemony InlFenta, It is understood

opductors 104, 106, 1 10 are ed in rows, on_onesi f.the
o BRI ARty WG R P P memory
elehbesesdndeppesitorsideral theOaiDayclOtti dhedfeyt 108 eontpriseation 102 also
rectangular array of memory elements in rows and columns. The memory

APRIYHRAISS TRETRAEN SIS oh 8 ps e s RERLeHe Wibther by
row gpages aAd COMASRaEes, (B 08, 110 are arranged in rows on one side

of the array 100. Conductors 112, 114, 116, 118 are arranged in columns on a
second opposite side of the array 100. The array 100 comprises a rectangular array
of memory elements in rows and columns. The memory elements in the memory
array 100 are separated from one another by row spaces and column spaces (such
as a row space 120 and a column space 122). In one aspect, row spaces and
column spaces are filled with electrical insulation material (not illustrated) such as
alumina. The row spaces and column spaces are sufficiently wide to provide
adequate electrical, thermal and magnetic isolation between the memory elements
in the array 100.

The memory element 124 at location 102 can be addressed for reading and
writing through the conductors 110, 112 that cross at the location 102. The location
102 is selected (addressed) for read or write access by the use of solid state
switches (not illustrated in FIGS. 1A-1B) to select the row and column conductors
110, 112 that cross in the cell 102. When the memory element 124 is accessed, an
electrical potential is applied to the memory element 124 between the conductors

110, 112.
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as a row space 120 and a column space 122). In one aspect, row spaces
and column spaces are filled with electrical insulation material (not
illustrated) such as 20 alumina. The row spaces and column spaces are
sufficiently wide to provide adequate electrical, thermal and magnetic
isolation between the memory elements in the array 100. The memory
element 124 at location 102 can be addressed for reading and writing
through the conductors 110, 112 that cross at the location 102. The
localiororzsaspRdt shieotetn@ydedesed) fb24aadloderitdeatidesk diyrthpt routing
._use of solid state switches (not jllustrated in FIGS,.1A-1B) to select the
i S oL B Tei0 T V0% 15 S R PH e a5 Pz 110,
11Nem®y shamenby Zbik Besensathincalertical @atrntiadimapried deithace 125.
memory element 124 between the conductors 110,112. -5- In one aspect,

CupemhaRiehns| sinanitnp asirigsedbedebtrimprau et Relay ciregpingstion with
rr¢Rayaurients (as well as voltages) applied from the conductors 110, 112

can be shared by both the memory cell 123 and the thermoelectric device

125 Wauteethierentiygl€ifeisitdyuistdescribethin ringtedetabbelonconductors and a

. connectign with 5 FIGS. 4A-4C. While the array 100 is illustrated wjth a
ST L) B SRS Skt 3L e Er oK R LGRral Rt row
anBe-HnAasieatiihabasidiionrl pats Rid@WoRRE FRIUTHLCOMSLHOES GRAM8rray of

provided for addressing a location in an array of memory devices. Two,
meRteE] fAaYisesndry SetdiEforiicirtele heigset fondoeieisesaingeansed for

L T
in tonieadiog arichyWidh@. data to a memory element (such as memory
eIemFeI&t' 112C4)i'11|33|§1!59c'es% ghheo;iezrggﬁgi‘y timing diagram for reading and writing

data to a memory element (such as memory element 124). In FIG. 1C, horizontal
axes represent time and vertical axes represent various signals.

A positive polarity thermoelectric current pulse 130 is provided from time
132 to time 134. The current pulse 130 flows through a thermoelectric device (such
as thermoelectric device 125), and the thermoelectric device provides a pulse of
heating to a selected region of a memory cell (such as memory cell 123). The
selected region of the memory cell has a temperature 136. The pulse of heating
causes a temperature rise pulse 138. The temperature rise pulse 138 rises above a
write temperature threshold 140 from time 142 to time 144. During the time
interval from time 142 to time 144 (the volatile time interval), the coercivity (or
other material property of the selected region) is reduced, such that the data bit
stored in the selected region is temporarily volatile and can be changed by
application of an external field.

During the time interval from time 142 to time 144, a write pulse 146 is
applied. The write pulse 146 starts during the time interval (from time 142 to time

144) when the data bit is volatile and can be written. The write pulse applies an

external field to the selected region. The write pulse 146 ends at time 150. The time
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axes represent time and vertical axes represent various signals. 15 A
positive polarity thermoelectric current pulse 130 is provided from time
132 to time 134. The current pulse 130 flows through a thermoelectric
device (such as thermoelectric device 125), and the thermoelectric device
provides a pulse of heating to a selected region of a memory cell (such as
memory cell 123). The selected region of the memory cell has a
temperature 136. The pulse of heating 20 causes a temperature rise pulse
150 38nThe tdmpegathee vigetpeldeniS8nisesadbovefsemthe tephpelattinee interval.
threshold 140 from time 142 to time 144, During the time _interval from
DS 195 1§ e o (RS GORAG GG ERSRE, el LU Ry (O Stndero” Tevel
15mataridqropsrty ohdhe selected region) is reduced, such that the data bit
stored in the selected region is temporarily volatile and can be changed by

25 afipNeafbn bPaiekietharmalepkine ireninmtstetodiifdwotifed 4om time
16&&6@&&&%4&1‘%%@&95& i)ﬁ@s@l@@ RlISYs TREWE ea%éﬁﬂbl"éle?ﬁﬂs _Ifgleg(such

the time interval (from time 142 to time 144) when the data bit is volatile
as dheroarebe tridtiden ithd Ri)ieapdlsbaphlies ol eettierdahieddtmthides a pulse of

selected reqgion. The write pulse 146 ends, at time 150. The time -6-_15
coRPRLI dLTIETE TERAR SR TREION S e A RO B i The pulse
of Butingothawybieplsf ha sterasbgai eanee sTallig per o draieiflilse 168

level 154 to a "one" level 156. A negative polarity thermoelectric current

dropsskelen is praditeanartiraehsesbolsd ifidmen time ¢dAéntiporsd e uring
thd PELHQuan, 2 fhatmoglectds devige (syieh (ﬁ%ethegr%oefla%ﬁtri%igr?é/ if:mecerval) the
13@6 3 tﬁé thermoefec%ric evice provid ilse of [ ’

,an es a pulse of cooling t0 a
coaelrited(cegivheaf maeridry ngiiefsycbfathmesiaryedelied?®)) Themutssed! such

cooling causes a temperature drop pulse 168. The temperature drop pulse

thatedNeiralibeRblv 81REEH tdfhpBiatGRHRESHAEER0 idm HRP 27 HY titRgreased
noﬁ%la@ﬂ'ﬂ.{]‘gmd cannot be accidentally changed by application of a read pulse. A

read pulse 176 is applied to read the data bit during the non-volatile time interval.

As illustrated in FIG. 1C, the use of thermal pulses from a thermoelectric
device can be used to increase volatility during writing of data, or can be used to
decrease volatility during reading of data, or both. The heating and cooling pulses
are applied to a nanostructure scale or microstructure scale device and have pulse
widths in the range of about 10 nanoseconds to 100 microseconds. The timing
diagram illustrated in FIG. 1C is merely exemplary of the general processes
involved. It will be understood that various other timing patterns can also be
used.

Only small amounts of power are consumed by the thermoelectric pulse
because it is of short duration. The duty cycle of writing to an array is low, and
hence the average power consumed by an array for thermoelectric pulses in
writing is low. If thermoelectric pulses are used for reading, average power
consumption for thermoelectric pulses is also low. In one aspect, the cooling of the
selected region reduces the amount of power that is needed for the write pulse

itself, further lowering power consumption for the array.
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1o the time interval from time 172 to time 174 (the nonvolatile time

interval), the coercivity (or other material property of the selected region)

is increased, such that the data bit stored in the selected region has
temporarily increased nonvolatility and cannot be accidentally changed by
application of a read pulse. A read pulse 176 is applied to read the data

bit during the non-volatile time interval. 15 As illustrated in FIG. 1C, the

use of thermal pulses from a thermoelectric device can be used to

incrddée Qdﬂétiﬁtyacﬂewinbawrmag ofrtweioncho rewsey teledeonenge2, 204 in an

voI ilit durln d|n of da r.both. The heating an COO|I ulses
g S R o e S i Bl e ciSe Hafled Biees) 206,
20&2¥E0piEE m@fhﬁlmhm@ﬁ@ él@lﬁ%ﬁtlﬁn%mmsat%ﬂ&ﬁory cell 214, an
microseconds. The tlmlngﬂg dla ram illustrated in FIG. 1C is mere

clegiarablany defiRNgdNeEl 8 ihrsmegleetin b@ﬁﬁ@e?ét%oaﬁﬁ felectrical
ins(AHAYE IRRE MDY PLAREHIR CAP 9'?%&1313%11&19%%%{8%9 %%9%E1°Insulatlon

power are ‘consumed by the thermoelectric pulse because it is of short
betweahomteﬁ’[m‘ﬂu@ll@b@oﬂﬂh&n@h&]&ntma@m&de\ﬂl&nﬁhéSrhﬁaneltbé electrical

average powe ed by an array for thermoelectrlc ulse r|t|n
inSg T R e € BT af SUREGERSF T QUerGH daproetween the
th&GPRSEIRRIRNISr tReImOsIRE e RHISES IS 2l9P JoW. m@@ﬁ@%@@ﬁ dﬁﬁﬁe electrical

cooling of the selected region reduces the amount of power that is

insydeden foy tidsvitepuigeditte Felitteethoumanintepisirace driuraptiomeomemory
celg?zlgzag%dl the th%r%&'ﬁé%&%f %Sexg%“ﬁ?é °pl %C“§ § o3 N (?ét%%gfemssulatlon

n an arrayt at inclu our sets of ad Slﬁg con CtOI’S

laymllfsdf’ouﬁsas)cif%a@@&,l Z1h232 dhxeriplany oreitapalhelemant 208ide, silicon
comprises a memory cell 214, an electrical insulation layer 216 and a
diqxidreeribadutitdeo18. The electrical 5 insulation layer 216 is formed

of a QYR NaLRIVINESBIGSEIERhINIWANGR, cell 214 to the bus 208. A via 222

electrically connects the memory cell 214 to the bus 206. A via 224 electrically
connects the thermoelectric device 218 to the bus 210. A via 226 electrically
connects the thermoelectric device 218 to the bus 210.

FIG. 3 illustrates an exemplary arrangement of heat flow to and from a
thermoelectric device 302 in a memory element. The thermoelectric device 302 is
illustrated as a pair of thermoelectric junctions J1, J2. The thermoelectric junctions
J1, ]2 are formed by electrically joining a P-type and an N-type thermoelectric
elements in series to an electrical conductor 310. An external circuit provides
current pulses that pass through the thermoelectric junctions. When the current
pulse passes through the junctions in a first direction (first polarity), junctions J1
and J2 function as hot junctions, and the thermoelectric device 302 produces heat
flow into the memory cell 340. When the current pulse passes through the
junctions in a second direction (second polarity), junctions J1 and J2 function as
cold junctions, and device 302 absorbs heat from memory cell 340.

Another example of thermoelectric device 302 may include only a single

type of thermoelectric element to form thermoelectric junction J1. In this case,
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between memory cell 214 and thermoelectric device 218. The material of

electrical insulation layer 216 is thermally conductive to promote heat flow

between the thermoelectric device 218 and the memory cell 214. The

thickness of the electrical insulation layer is minimized to reduce thermal

resistance between the memory 1o cef 214 and the thermoelectric device

218. In one aspect, the electrical insulation layer is formed of material

such as aluminum oxide, aluminum nitride, silicon dioxide or silicon
comitridenrA3Vid 2Ry gheotritatiylevineed02h & omerabepdaing Hetd tretmus2ogry cell

L R T Wl BETC TS 2 5o EnBE STl the

effitiviacy 2§ eleciriedly srnBstsibadheaTogesisicHaviendd§ dd thethbiprevious
210. FIG. 3 illustrates an exemplary arrangement of heat flow to and from

embad ERABEISEHRN ISR FHssildiehitrgsel&hethertnedlsstiperleents were

imfiRAGE07 1 SURIeSAS AR HBITRAIRAILGIURFLaNS A, J2. The
ctrically joining a

ermoelectric junctions 20 J1, J2 are formed by elect
P-tyfhanthemibdgerinednorieciil eterfiliGts 3n sekbsedyarnttedectaidal coupled

conductor 310. An external cjrcuit provides current pulses that pass
e A LI TR O RGN (RSP ERE Jale pialodg a selected
redAUIBOtNSY JuneHeRtoly adilst diasHon {firakRlBEINOtinelioRsS 1pand JBeat is
unction as hot junctions, and the thermoelectric device 302 produces heat

conduftodihes wremdiaslgvies Hibandrbe dedectaderagiondidaddesselrstemh region
. thg. junctions i d directi d polarity), junctions J1.and.J2
is P&é%“h%‘é%@é '%6}5%%988 &érﬁgﬁﬁe%fg%%%oﬁ%gf 3 !HQcttH’er%%noel%Q&m prrent

unction as cold junctioris, a bs heat from memory ce
puBAO Thrcitectexaragierod Hoaromopléaisiordevidcel 302t huaydnaktdeiginty@perty that
single ty@g of thermoelectric element to form thermoelectric junction J1.

chan s WASk e BRESABIGOP S TS il SABhFRHEVER §G21TdlR SHEbYBig alter the
md1ERhITPIOPEIOLY €Rllt it is easier to write data. Alternatively or additionally,

device 302 can cool during a read interval to alter the material property so that it
is more difficult to write during the read interval.

Known thermoelectric properties such as the Peltier effect, the Thompson
emf, the Seebeck effect, the thermocouple law of homogeneous circuits, law of
intermediate metals, and the law of intermediate temperatures can be used to
obtain a combination of electrical and thermal characteristics that is desired for a
particular thermal pulse application in a memory array. In one aspect,
semiconductor thermoelectric devices are used to provide high efficiency.

FIGS. 4A-4C illustrate various aspects of busses and current routing
circuitry in alternative memory elements 402, 404, 406. FIG. 4A illustrates the
memory element 402 connected to a 4 bus structure. The thermoelectric device 408
is connected to busses 410, 412. The memory cell 414 is connected to busses 416,
418.

FIG. 4B illustrates the memory element 404 connected to two busses 420,
422. Current flows from bus 420 through the thermoelectric device 424 and

through conductor 426 to a node 428. At node 428, a portion of the current flows
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340, which will result in a discharge of heat from the system.
Consequently, the efficiency of device 302 may be substantially lower
than observed in the previous embodiment when two dissimilar types of
thermoelectric elements were 5 implemented and device 302 absorbed
heat from memory cell 340. The thermgelectric device 302 in FIG. 3 is
closely thermally coupled through an electrically insulating, thermally
conducting layer 320 to a selected region 330 of a memory cell. During a
to theontelletticeueshtspulse, featr@tcinitotedrbeityebiVirandevipeBi of the

dt lected region 33 lected region 10 is eit t
B SRR R0 o B SR A AR e cumen

frosalekteebiegisined3 eampHsasamyidonatdas ddateriBhprapeditiadm node
changes with temperature. Device 302 can heat during a write interval to

434 flawretanidie it ogerihs s taeRtidiaisear (it ddtsanhavrdvey fferent
cuﬁ%ﬁ'@'ﬁ%@*dgﬁ&?&&g %ﬁa@lg Q@&Hﬁ@grglgﬁ gglgﬁ%{é{%&)ﬁcﬁl}? 188 that can flow

material property so that it 15 is more difficult to write during the read
frantethal Hasewsn 4B8rma2lethic propertiesrsuch sisatieel Peftigrassieg, theough the

Thompson emf, the Seebeck effect, the thermogcguple law of
g BB At DOt BTt e e tag Bl two current
buldeyaEiate teranesalide TS FRRa s ed tR RGN GO MBINREAA Gflectric device

electrical and thermal characteristics that is desired for a 20 particular

4rarvhthpmseappiradlidhln a memory array. In one aspect, N
sem fﬁ%?ﬁlgslfrrr‘fé)selc%%trr'ﬁeqﬁ\é'rce%lgrﬁg%scefo%oc%ﬁé%‘?ela‘gc% IS NRees 440,

FIGS. S r% e various aspects of busses and current routing
44ZiCuitrgnin Adarn atoe heddd) telamenis 4452 F464, 426nbde 446, ilyssiaies of the
the memory element 402 connected to a 4 bus struc&jre. The

CUFRRMBeISE IR i DS IESHIE HBYIES 1iiSseRA FoPRIYORMRYS the current
floWsMy LAl Al ronnaeiedss RUSRRR k0459 1o & Re AR HUSERESANE urrent

memory element 404 connected to two busses 420,
from the memory cell 454 and the thermoelectric device 448 flow to a node 456.

Current flows from the node 456 back to the bus 440. The current limiter circuit
450 can have two different current limits depending on the two different polarities
of currents that can flow from the busses 440, 442. The bus current is shared by
passing portions through the thermoelectric device 424 and the memory cell 432
in parallel. Only two current busses 440, 442 are needed to provide current for
both the thermoelectric device 424 and the memory cell 432.

The bus and current sharing arrangements illustrated in FIGS. 4A, 4B, 4C
are exemplary, and other circuit arrangements can be used as well. While current
limiters have been illustrated in connection with FIGS. 4B and 4C, it is understood
that arrangements of voltage limiters can be used alternatively or in conjunction
with the current limiters to provide the desired current and voltage conditions for
each polarity.

FIG. 5 illustrates aspects of a MRAM memory element 500 that includes a
thermoelectric device that is pulsed. The memory element 500 comprises write

conductors 502, 503. The write conductor 502 carries a write current 504 during a
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422. Current flows from bus 420 through the thermoelectric device 424

and through conductor 426 to a node 428. At node 428, a portion of the

current flows -9- to a controlled current source (current limiter circuit) 430,

and a portion of the current flows to a memory cell 432. The current from

the cell 432 and the current from the_ggntrolled current source 430 flow to

node 434. The current from node 434 flows to the bus 422. The current

limiter circuit 430 can have two different 5 current limits depending on the
wrigeotdiffeistrrpelartiesvorfiby nendsitar 08A fowicl ormvitite busseist 400, dting the

The.bus current is shared b ing through the thermoelectri [ .
WISARHAL B Eo 8T, SRRSOt CUETR b LSLL 0, g write
cuBiéhneBesditepsavde mUbeRLOTHRth3DE. taemesalecttic devige 5684 50T passes

the memory cell 432. 10 FIG. 4C illustrates the memory element 406

threigleaterpanaiRy tistie a@@ganQSoﬁﬂéﬂ%tﬂ%\ki@lﬁlﬂﬁ%d@%ﬁl&ﬁfa%één FIG.
5) %éeéraﬁ{ﬂfy ﬁ‘.%@ﬁ%%t“i*%r& POoR QN LYETERE TlOWS 9{89%13& The memory

moelectric device 448 and a portion of the current flows throug
elecoergnt hftlteidd0desndister 45diadtméayery céll4545Currémit fraomttagt  the

memory ¢el] 454 and the thermoelectric device 448 flow to a node 456. 15
ma@&%%?ﬁ%ﬁn%‘?ﬂ%%&@%&’%’é}g@%&l jﬁ’fov.*ﬂ?enaﬁﬁ%%tﬂ‘ﬁ ﬁ%éf created
by ahewiti#eRtqas MRMerbuefliferenh s WERNi iR S He ReORIBEAMIBR AYR from the

different polarities of currents that can flow from the busses 440, 442. The
wigsceureHt (9ehdiuatmtegasingiparaoies chibtyyvaheatiensoelearit 518 flows

device, 424 and the, mem call 432 in parallel,.Only two ¢ nth S
R B B S oAl B MR Tt TR contact
laydevieest 2Danththeanemiy delledsal, The bustangotreidl shariagplied to the

arrangements illustrated in FIGS. 4A, 4B, 4C are exemplary, and other

magnelPiaTshyShente Al uidscon Relil ki ddrmett: firiféastdayers 514 and
516850 Mystaiaddy CanRECIBhABEIS S04B.ARISHE . bis BRIRESIPOE apply the

potential. Contact layers 514 and 516 can also be used to write the bit via spin
momentum transfer. Spin momentum transfer could be used if a current is
flowing through the free layer of the memory device.

The contact layer 516 contacts a leg 520 to form a first thermoelectric
junction J1. In one aspect, the leg 520 comprises a P-type semiconductor
thermoelectric material. The contact layer 514 contacts a leg 522 to form a second
thermoelectric junction J2. In another aspect, the leg 522 comprises an N-type
semiconductor thermoelectric material. The junctions J1 and ]2 are interconnected
via a current path through the magnetoresistive sensor 508 to form a
thermoelectric device. A first polarity of current 518 is pulsed to provide pulsed
cooling at junction J1. A second polarity of current 518 is pulsed to provide pulsed
heating at junction J1. The magnetoresistive sensor 508 includes a layer with a
magnetic material property that is altered by the heat flow from the

thermoelectric device.
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that arrangements of voltage limiters can be used alternatively or in

conjunction 25 with the current limiters to provide the desired current and
voltage conditions for each polarity. FIG. 5 illustrates aspects of a MRAM
memory element 500 that includes a thermoelectric device that is pulsed.

The memory element 500 comprises yqite conductors 502, 503. The write
conductor 502 carries a write current 504 during a -10- write time interval.

The write conductor 503 carries a write current 505 during the write

interVak Baeseritecentieads gerddfates aomgynstidlietthbobcTiie wdterials as

current 505 generates a magnetic field 507. The magnetic fields 506, 507
o e RN i T SE e BRI, e BYBP bl the
Makbsstrrigahith Elfag 5 sepa(MEY)asatatidayer Sldobrma.the write

conductor 503. The memory_ element 500 includes sense contact layers

514,151 8vpis igHRbeHE SigHBG 1Bs SAAIBERENSS. ITenabiryEad to have
cufithy rff?;‘?xv‘ﬂ‘?ﬁ?cﬁ?&ﬁ ﬁt{%éi%lﬁ?ﬁtﬁﬂt&%&yaﬂl?&‘é@%ﬂié&&@'H%Efiﬁ,e.;%)c%i“oe used.

can be due to spin momentum transfer from the write current (no
ilustrédted) Dldsgatesadsiptetyabfa sensencoryerdl&d@fioved A Otlrouighludes a

the contact layer 514, the magnetoresistive sensor 508 and the c ct )
G P Wit I EEGRRR e TR oIS Y00 Comprises
wri@GRQRsUVEEENS® 38 by e ceniachiyrRisOkEIPLA. £onMStetic tunnel

layers 514 and 516 or, alternatively, write conductors 502 and 503 can be

jungsiantodfpphyl e HoRIIe. t [ASIE0s AampsiBescah aspEuseell An

tQ write the bit via spin_15mgmentum transfer. SpiN momen transft
el e O SR TV P s the
theteviggdedine deniaetddy érdah Gleontagisesidag D€l jahotioraddst

thermoelectric junction J1. In one aspect, the leg 520 comprij)es a P-type

semicaRatEHSR S BIeNsdime Witetidnrms ot Isirated P¥oHtg gy gent (as
1S8R fOIOIM858ROAde to spin momentum transfer from the write current

(not illustrated). During a read interval, a sense current flows through the
magnetic tunnel junction 606. During a write interval, a write potential is applied
to the magnetic tunnel junction 606.

An electrical conducting layer 610 contacts a leg 612 to form a first
thermoelectric junction J1. In one aspect, the leg 612 comprises a P-type
semiconductor thermoelectric material. The electrical conducting layer 610
contacts a leg 614 to form a second thermoelectric junction J2. In another aspect,
the leg 614 comprises an N-type semiconductor thermoelectric material. The
junctions J1 and ]2 are interconnected via a current path through the electrical
conducting layer 610 to form a thermoelectric device. A first polarity of current is
pulsed to provide pulsed cooling at junctions J1 and J]2. Alternatively or
additionally, a second polarity of current is pulsed to provide pulsed heating at
junctions J1 and J2. The tunnel junction 606 includes a layer with a magnetic

material property that is altered by the heat flow from the thermoelectric device

601.
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20 thermoelectric junction J2. In another aspect, the leg 522 comprises an
N-type semiconductor thermoelectric material. The junctions J1 and J2

are interconnected via a current path through the magnetoresistive

sensor 508 to form a thermoelectric device. A first polarity of current 518

is pulsed to provide pulsed cooling atjsinction J1. A second polarity of

current 518 is pulsed to provide pulsed 25 heating at junction J1. The
magnetoresistive sensor 508 includes a layer with a magnetic material
propekdy. thAtildusiterts byctivshsatilovaliroewthef aheemosieetriciiegicetic tunnel

. -11-T ense current leads in FIG. 5 comprise thermaoelectric. materials
OGO ) IR Al IBLBEal CHTEA tucH RS KEhet LR o 702 o
baleRdslaiig MagaedcaTuregliageluncson (Mieitisn bemagtediontonled. the free
To avoid joule heating du%gg the cooling process, it is not desired to have .
layeifigvstifiinth§ YBiRIn 148 MY ditaedingm chraagesizasioneiin thegixegdalayer is
in&i‘éﬁlféﬁqéy RiCoR 'ﬂ@t@taﬁé‘&&’&ﬂitéf‘}%ﬁd’%%ﬁ}%% 60t 00 dhd Eg'&&%%v 712.
a thermaelectric device 601 that is pulsed. The memory element 60
Theofrgxridegew ity comduidter§ise2, 1694rtldoprod ute medaghetia fezidln that have
mafgﬁnetic tunrri(gr‘ junction 606. The ma netiﬁatunnel unction comprises a

MRty RRIETAN T R HsSPnG AR BRI S bhigEigarect, the
m&EeP/IASINQ eI alestricARYCR RALERPIRATRQABEH G BHIIR coercive

junction 606. The writing can either be via a magnetic field created by the

foregritmasatesitibedtin i satabdalandspimnpnstientuithraisteBirom
the write cygre tillustrated). .During a read interval, a;sense curgrent, .
fows o b e Siion of
terapetitéypetentiabisiegplied Ta2hepragaeticdorradl¢uftientl6AAMOrizontal axis

electrical conducting layer 610 fontacts aleg 612 to form a first . )
724 represents a temperature of the tunnel junction 700. A vertical line 726

represents “room temperature”, or in other words a temperature of the magnetic
tunnel junction 700 when there is no heating or cooling from a thermoelectric
device. A vertical line 728 represents “write temperature,” or in other words a
temperature to which the magnetic tunnel junction 700 is heated by a
thermoelectric device.

A first characteristic curve 730 represents the coercive force of the free layer
702 as a function of temperature. A second characteristic curve 732 represents the
coercive force of the fixed layer as a function of temperature. It can be seen by
inspection of FIG. 7B that, at the room temperature 726, both the free layer 702
and the fixed layer 706 have significant coercive forces at points 734 and 736 and
are therefore non-volatile with respect to stray magnetic fields from adjacent cells
and with respect to read fields. It can be seen by inspection of FIG. 7B that, at the
write temperature 728, the fixed layer 706 has significant coercive force at point
738, and the free layer has low coercive force at point 740. The free layer 702 has
low coercive force at write temperature 728 and can be easily rotated to write

data.
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thermoelectric junction J1. In one aspect, the leg 612 comprises a P-type
semiconductor thermoelectric material. The electrical conducting layer 610

20 contacts a leg 614 to form a second thermoelectric junction J2. In

another aspect, the leg 614 comprises an N-type semiconductor
thermoelectric material. The junctiongg1 and J2 are interconnected via a
current path through the electrical conducting layer 610 to form a
thermoelectric device. A first polarity of current is pulsed to provide
pulsédtbeoiagaeiimptiopsrditand e Akertmtareindr f28eddditiersatlye ahosen as

second polarity. of cyrrent.is pulsed to provi Ised heating at junctions
oG Tl S5 TR A i B G 56 o BB AT HAgRG e before
wriRigrdldEeneinal isnaiierad]ayithadeeridley Weite theftbervaelegirite cell is
device 601.-12- FIG. 7A illustrates a cross-sectional view of a portion of

coqledagriarniuisHaPRiAkiEhASBr Athe oh Ayndrcthiner plertiisndrodee, and the cell
is g?&géﬁ%ﬁ 3 ffﬁ?slqgaﬁzgg_’tﬂ @Wr'%%rdé%gn%ﬁtféx%@%%ﬁgés Rross-talk

ion of magnetization in the free layer is indicated by arrow 708. A
prdidectioivoftheageétizbticmgn bits, fixed |dyerbz Slndidgtedbybariomr@4d¢dA When

djrection of read current flow is indicated by arrow 712. The free layer 70 .
reds o Ty P05 S0 b o MBS FIRE A Apsisiormal noise
anfAerialserapadias hekyantiwitsNgaperature. In one aspect, the

magnetic material property that varies with temperature is magnetic

coertlfe Rrébustratesiescaraonimelendetiil Hlow hecone@sion algment 800
FIG. 7B. 10 FIG. 7B illust S raph of coerci ce He as a function
CO rises a me ?g C?Eaﬁ%s% I%emo%gﬁtC%iYeng g mpri aCS %\hase Change

of' temperature. Aver represents coercive force
madteriabniih@sdscH2dgre preseritd ddeknosvatUi@of theetinnepjitdtiotord}e Anedia.
vertical line 726 represents "room temperature”, or in other words a

Phast sOARERBRIRE HmghRbRe L thFL Rt FioRasERSisReRHEHOxmghether
th&f SROHNSERMAIPEHBNSECHIGstalline phase.

An electric current pulse 810 passes the memory cell 802. A substrate 804
acts as a heat sink to cool the memory cell 802 after the heating pulse.

Current leads 806, 808 comprise thermoelectric materials. In one aspect, the
current lead 806 comprises a P-type semiconductor material and the current lead
808 comprises an N-type semiconductor material. The current pulse 810 provides
both Joule heating and thermoelectric heating to a selected portion of the memory
element 800, increasing the heating efficiency for the selected region. When
thermoelectric cooling is desired, the polarity of the current pulse 810 is reversed.
This way, both heating and cooling can be achieved by applying an electric
current through the thermoelectric couple. In one aspect, high efficiency
thermoelectric materials are used, and the heating is more efficient than just joule
heating, and the cooling is much better than use of the heat sink 804 alone. The
power necessary to operate the memory cell 800 is reduced.

FIG. 9 illustrates a graph of properties of a rare earth-transition metal alloy
as a function of temperature. A horizontal axis 902 represents temperature T. A

vertical axis 904 represents, alternatively, coercivity Hc, net magnetization Ms,
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15 device. A vertical line 728 represents "write temperature,” or in other

words a temperature to which the magnetic tunnel junction 700 is heated

by a thermoelectric device. A first characteristic curve 730 represents the
coercive force of the free layer 702 as a function of temperature. A

second characteristic curve 732 repreggnts the 20 coercive force of the

fixed layer as a function of temperature. It can be seen by inspection of

FIG. 7B that, at the room temperature 726, both the free layer 702 and

anth&gixed ddgeoi 3hdvalsigaifivamicBemiveofarices dipoges A84ilnstizded, at a

and are therefore non-v £til with .respect tg stray magnetic fields fro
e hEO TR T L LS VO ol B Uhels ey R opy the
sy@i‘b%ll@-‘lZB that,_&rthe 25 write temperature 728, the fixed layer 706 has

significant coercive force at point 738, and the free layer has low coercive

forc&arpdintthrbransitivee Mo 1BEHNM) Iglse e fafce Riisftecan also be
usEAMRELAIHIS (28 20f ?é‘ﬁ‘cﬁea%aéébf foIated fgcarie dad) 3o Ih8G.2). RE-TM

magnetic properties of the free layer and fixed layers are chosen as
allehswhanetheir| GStifeAdBialgy bigatingupéicgll tethedamperatRie Bwdtethe TM

before writing the cell, only a small field is needed to write., Aft riting
COFRARE. AP IGTOBAP R el R AIG LP DA SiarrbRldcifpe small
in dpvicoritbthe-cathst ishvenisiable itisdesduges the pRwarNesdsieidvorks are

write, and reduces cross-talk Eroblem for the neighboring bits, and the bit

higleryhatepriiaeasate Fiesdmghe i eheubineamask sergagtigations are

SR SRR RIS 05 TGRSR R e
meaglastenttBi0 itoeampuses, aameittosyraaitiSGa. FIE.mematy tiel 8@npensation
sfomprices phece chngemalcral,Pliee chanoe malerg o kng 100 ¢ .
material approaches infinity because an external field can not turn the
magnetization into any given direction. This is important for the stability of the
domains. At a high temperature near the Curie temperature (Tc at 914), the
coercivity Hc is sufficiently small to form a domain by the external bias field Hb.
During cooling to room temperature, the coercivity Hc increases rapidly and, as a
consequence, a written domain will not be disturbed by any external stray field.

Therefore, by using the thermoelectric device together with the RE-TM
alloy which has a Tcomp around room temperature (RT), such as alloy
Tb272Fess5Co75 (FIG. 10), data can be stored the data in the RE-TM, and data can
be written to it either above RT or below RT where the coercivity is small, and
then data is stored at or near room temperature RT.

FIG. 10 illustrates magnetization Ms as a function of temperature for four
samples of TbFeCo films with different compositions indicated by the key in FIG.
10. A vertical axis 1002 represents magnetization Ms in kA/m. a horizontal axis

1004 represents temperature in degrees Kelvin. A dashed vertical line 1006

indicates room temperature. It can be seen from inspection of FIG. 10 that the
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Phase change materials change their material properties depending on
whether they are in their amorphous or crystalline phase. An electric

current pulse 810 passes the memory cell 802. A substrate 804 15 acts

as a heat sink to cool the memory cell 802 after the heating pulse. Current
leads 806, 808 comprise thermoelectrig materials. In one aspect, the

current lead 806 comprises a P-type semiconductor material and the

current lead 808 comprises an N-type semiconductor material. The

coyresitipuleé 810 Prbeidesalboyhcaoule edtistpdnid thbtaosletudorieathag room

to a s?lected portion of the memory 20 element 800, increasing the

rﬂBS%‘hg eefflmency for the selected region. When thermoelectric cooling is

desigd séieqelarity ehthertuyeidielseSRdayevshsbihatibis WaYstoellze layer

heating and cooling can be achieved by applying an electric current
mafEab Rk h?@'tme@%%%bﬁ& timéng dapecamide éffigénEpr example, the

c06|i]1 ?Qﬁé?ﬁté tﬁg}/a{ﬁeal,rﬁey 9?18&?1@84%%'@91{51%8% the%\ggal stress

Justoule 25 and the cooling Is much better than use
in smmeﬁﬂaatmtuis'ﬁhhlqtomvménghsanyﬁmma&raﬁeﬂtmmﬂmrpamikﬁﬂ(ﬁ?E ). The

FIG.. 9 illustrates a h of roperties of -transi
highcl B9 ik FRAgh PN TR drbr L g0 835 dtre dares has a
lart&MAR RS Tri A oS RAB RO AERAIR %@ueéf@fﬁata&ﬁ%&egscmtmém and
net mar?netlzatlon Ms, -14- and Kerr rotation 8k. A direction of Kerr

allpeyyafifui @Wa?@\@@raéommmw ata temperature Tcomp and the

dire f Kerr ro S t the T ols and -M. Rar
e o T S e TR T RO AN MBSt magnet
(PMyelyasraintenayycellsunbeas getl da3 ther Ge kkhogsl Qliéhmﬂ:dﬁtﬁé coupling

RE-TM alloys have an antiferromagnetic coupling between the RE a
befyyeeti ﬂasnié%@ﬂé ML g{%a&wgﬁz&ﬁ&n Rfis ﬁ}%@ﬁafsera@@lsm%e<FM> or

anflRG)} Ak BREMAAPNIPIEGIdhaiiasct Biptihe magpetaaiens o heREat room
and TM subnetworks are

temperature. The FL magnetization can then set by changing the temperature. The
FL isn't completely free. It is free in the same sense as in an MRAM device. One
possible interlayer is a RE-TM alloy. Alternatively the spacer can have a CTE such
that the temperature can cause the coupling (RKKY) through the interlayer to
change from AFM to zero to FM as the temperature is increased/decreased and
the lattice expands.

Another option to switch the FL is to have a RE high magnetic moment
material adjacent to the thermoelectric device. These materials have Curie
temperature larger than RT but have very high moment when cooled below RT.
When both the write line (adjacent to the RE materials) and the thermoelectric
cooling lines are activated, the RE material has a well defined magnetization
orientation and will generate a high enough field to switch the FL in an adjacent
MT]J. This reduces the powers for the writing.

In the aspects described above, thermoelectric devices provide thermal

management of memory cells. A pulse of electric power is applied to a

thermoelectric device to generate a transient temperature gradient in the
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high. As the temperature dependencies of the two subnetwork

magnetizations are 1o different, often a compensation temperature

(Tcomp at 908) exists where the net magnetization is even zero, as

illustrated in FIG. 9. At this compensation temperature Tcomp, the

coercivity He (illustrated as dotted lingg; 910, 912) of the material

approaches infinity because an external field can not turn the

magnetization into any given direction. This is important for the stability of
thehmdd atrimidsvidea Aibh tenpmetireengandient useadmpereeradgiyc ased for

14), the coercivity He is sufficiently small to form a domain by, t .
co Rt 2 R AU B <ol o OB ABIATLRE, 60 c O Agne o
helttingraRsesrRAiiy ansluiee ahgapssueRtaeIrpipaamainavikaatdportion
disturbed by any external stray field. Therefore, by using the
of thermewieetrkeHevice together with the RE-TM 20 alloy which has a

TcompARURRLA9M JemREralys AR DiiERA%1I0Y Mgr?a@%l%%Wp%vide

(FIG. 10), data can be stored the data in the RE-TM, and data can
thexnitteretdriiceiphepatitase RT patidtobaRinvenese the oserewily imematly aredls are

then data.is stored at gr near room temperature RT. FIG. 10 jllustrates
PR WE50 % 1OHCTBICE Hpel P (o B CiPngigioy have the
adVARRES bimawilthgitieranteemprsitingsdrdiealad By dhsakicbniferol Yevices.

A vertical axis 1002 represents magnetization Ms in kA/m. a horizontal
Fopygxanmple réhiasihns tharperslostrin deyices Revikleasteatedtatricqoling for
ine 1006, .indicates room temperature. It can be n.from inspegtion of .
re R e e T L T T byt cting
thebtaichenhéamperpariraonts iemper ativeoddylsétaction of materials, there

are many combinations of storage layer material and heating ﬁ‘igd coolin

timirld thi¢ GiPpeLsIcEBrexahpie, erBresintg aribaiedatty #ruaeplied to
mdHRSFQRIBEHICHSMER aRYitAVEs HOadperMatSiiRSSlectric assisted nonvolatile

memory devices are disclosed. In those memory devices, one or more thermal
elements are used to assist the write/read process of the memory cell. The
application of the thermoelectric devices helps to reduce power consumption and
increase the array density of the nonvolatile memory devices. High thermoelectric
efficiency enhances these advantages. High efficiency thermoelectric materials can
be fabricated in the thin film form on the large size wafer in the mass production.
In another aspect, the thermoelectric devices are patterned at a nanoscale size to
match the nanoscale size of the memory array. Thermoelectric performance
improves at the nanoscale size according to theoretical predictions.

It is to be understood that even though numerous characteristics and
advantages of various aspects of the invention have been set forth in the foregoing
description, together with details of the structure and function of various aspects
of the invention, this disclosure is illustrative only, and changes may be made in
detail, especially in matters of structure and arrangement of parts within the
principles of the present invention to the full extent indicated by the broad

general meaning of the terms in which the appended claims are expressed. For



in some materials which have high coefficient of thermal expansion (CTE).

The high CTE material is put in contact with a free layer (FL) and the free

layer has a large magnetostriction, the heating/cooling reduces the

anisotropy in the FL and allow for low powers for writing. 10 The free

layer (FL) of a MTJ can be separated {from a permanent magnet (PM) by

an interlayer. The interlayer can then be chosen such that the coupling

between the PM and MTJ free layer can be either ferromagnetic (FM) or
examtjferrothagrpetiti¢akv) eepaetingronythe teyn pdegtemnel g zmro tdteroparticular

ture, The FL t hen set by chan
P IIRREANG THE TERC At EONPIoto) Kb e e Saislindge some

fuReisnam iy RAM(Q&V&@a@m@i@ﬂﬁﬂmfélﬁégﬁé)éﬁ{d%ﬁlﬁEoTM@ﬂﬁysent invention.
Alternatively the spacer can have a CTE such that the temperature can

cause the coupling (RKKY) through the interlayer to change from AFM to
zero to FM as the temperature is increased/ decreased and the lattice
expands. 20 Another option to switch the FL is to have a RE high
magnetic moment material adjacent to the thermoelectric device. These
materials have Curie temperature larger than RT but have very high
moment when cooled below RT. When both the write line (adjacent to the
RE materials) and the thermoelectric cooling lines are activated, the RE
material has a well defined magnetization 25 orientation and will generate
a high enough field to switch the FL in an adjacent MTJ. This reduces the
powers for the writing. In the aspects described above, thermoelectric
devices provide thermal management of memory cells. A pulse of electric
power is applied to a thermoelectric device to generate a transient
temperature gradient in the -16- thermoelectric device. The temperature
gradient is advantageously used for



cooling or heating some portion or all of a selected memory cell. The
cooling or heating pulse provides a pulse change of a material property of
at least a portion of the memory cell. 5 Thermoelectric devices contain
thermoelectric materials which provide thermoelectric properties. Of
particular interest for use with memory gells are patterned thin films of
thermoelectric materials. Such thin films have the advantage of
convenient integration into electronic and semiconductor devices. For

WeExsmisdd, idNIEI X h8rmoelectric devices provide steady state cooling for

1 10 rc%qulating thi]tem%?rature of microelectronic processors and for
" con uéﬂﬁléﬂ heft eé{:lﬁemlcsﬁ)trrry}%ri%l&%hents on the microscale level. In the

asp%pfﬁéjﬁaegjla@q ahove, dharneelgetric materials are applied to memory
cells in storage devices. In one aspect, thermoelectric assisted nonvolatile

mendoiyeaBinetactis drdiestienmalyseorpied iy dagramere slhwnd
ther@@L%C%i%ﬁﬁ&@C%&%%%@i@iﬁ%ﬂ%m i ry%/l"s% Qﬁ%%%%rﬁ%@gctric device,

memory cell. The application of the thermoelectric devices helps to
reduce powbeconsumptiponlaadgimereesesthe atreyndeelsityrof theat flow pulse

nonvolatile memory devices. High thermoelectric efficiency enhapces
those advalELGEEN 07 BTG OO IR Cahe
fabricated in the thin film form on the large size wafer in the mass
production. 20 In another aspect, the thermoelectric devices are patterned

2. at a hhAoseamaiye elemeitthahe(Aalpsdalavbiorest theemBnpmostegitic device

co;rh?{erQ%IeCt'rc'S ! C%rlfco&)r{g nee improves n%gh qgnoscale size according to

1 T er'1l
oretlcgf[?)re ictions. It I to be Understood that even though numerous
characteristics and advantages of various aspects of the invention have
been set forth in the foregoing 25 description, together with details of the

3. struckfife ERICHRILTNR05US 48P L GIFRIINRAIBRMARY dfstostigpises 2
lay'EP%H?HM%HB%%?\%%%&W&%@%&H} JeiRdessperiali e raatiers
witnin

of structure and arrangement of parts the

4. The memory element of Claim 1 wherein the memory cell comprises a

magnetic tunneling junction.

5. The memory element of Claim 1 wherein the memory cell comprises phase

change material.

6. The memory element of Claim 1 wherein the memory cell comprises a rare

earth transition metal alloy.

7. The memory element of Claim 1 wherein the current pulse has a pulse

width in the range of 10 nanoseconds to 100 microseconds.

8. The memory element of Claim 1 comprising vias that address the memory

for reading and writing.



principles of the present invention to the full extent indicated by the broad
general meaning of the terms in which the appended claims are
expressed. For -17- example, the particular elements may vary depending
on the particular application for the memory element while maintaining
substantially the same functionality wjihiout departing from the scope and
spirit of the present invention. -18- WHAT IS CLAIMED IS: 1. A memory
element, comprising: a memory cell that is addressable; a thermoelectric

9. devidd¢heneralbycoelsladind the Meimonl celingmdsislg cerichlerormdlictomnducting,
OVI Ise to,the ther electrlc device,, the ent pulse

el B R e B B Bt Do el By Boelectric

dedﬁ‘élpe and the memory cell. 2. The memory element of Claim 1 wherein

the thermoelectric device comprises semiconductor thermoelectric
material. 3. The memory element of Claim 1 wherein the memory cell

10 comwmég&ggaﬁ ing a material property that changes
with temperatare. 4. T emo ‘element of Claim 1 wherein the memory

cell aomprageefaadﬂagsmtﬁdmmehrg jedistion. 5. The memory element of

Claim 1 wherein the memory cell c rlses e change materig|. 6.

The HHerf0i ol8mGHE BT R W HER R et LB G phogebice being
rare earth traRsHioR e aio énd hRehRIFP &E'ﬁﬂ{%@té}fr%%?rﬁemory cells;

wherein the current pulse has a pulse widthin the range of
nanosecon@8do 100 microseconds.

a grid of electrical conductors that selectively addresses one of the
thermoelectric devices with a current pulse that generates a
thermoelectric heat flow pulse between the selected thermoelectric

device and the selected memory cell.

11.  The memory array of Claim 10 wherein the thermoelectric device

comprises semiconductor thermoelectric material.

12.  The memory array of Claim 10 wherein the memory cell comprises a layer

of material having a material property that changes with temperature.

13.  The memory array of Claim 10 wherein the memory cell comprises a

magnetic tunneling junction.

14.  The memory array of Claim 10 wherein the memory cell comprises phase

change material.

15.  The memory array of Claim 10 wherein the memory cell comprises a rare

earth transition metal alloy.



8. The memory element of Claim 1 comprising vias that address the

memory for reading and writing. -19- 9. The memory element of Claim 1

comprising a thermally conducting, electrically insulating layer between

the memory cell and the thermoelectric device. 10. A memory array,

comprising: an array of addressable mgmory cells; an array of

thermoelectric devices, each thermoelectric device being thermally

coupled to one memory cell in the array of memory cells; and a grid of
16 electrivaincemduytersahatf scleicthivilywduthe ssée cnerehtheuliehamelpolde width
in Epjhewces Wltgeﬁqcurrent uIs tﬁhai nerates a _thermoelectric heat flow

t

Uid& et {If8"S&fe oBIECHNETEVice and the selected

memory cell. 11. The memory array of Claim 10 wherein the
thermoelectric device comprises semiconductor thermoelectric material.
1712, fike rmsmsry a9 PE falpinol i kersprir@ msineihabnddrssridbs anemory

fmlq.ggalﬁ materialh pla%mg a material property that changes with
temperature. 13. Thé memory array of Claim 10 wherein the memory cell

comprises a magnetic tunneling junction. 14. The memory array of Claim

rein the memo cell comprise ase chan terial. 15. The
S menidTs A ST D WinrATing SnFIOK) o EaTa g onducting,

eleRBRIFANSIIOR MAtal3UeYbeleen each memory cell and each thermoelectric

device.

19. A method of data storage, comprising;:
addressing a memory cell to access data;
addressing a thermoelectric device that is thermally coupled to the
memory cell; and
providing a current pulse to the thermoelectric device, the current pulse
generating a thermoelectric heat flow pulse between the

thermoelectric device and the memory cell.

20.  The method of Claim 19 and forming the thermoelectric device from

semiconductor thermoelectric material.

21.  The method of Claim 19 and depositing a layer in the memory cell that has

a material property that changes with temperature.

22.  The method of Claim 19 and controlling the current pulse to have a pulse

width in the range of 10 nanoseconds to 100 microseconds.



16. The memory array of Claim 10 wherein the current pulse has a pulse
width in the range of 10 nanoseconds to 100 microseconds. 17. The
memory array of Claim 10 comprising vias that address the memory for
reading and writing. 18. The memory array of Claim 10 comprising a
thermally conducting, electrically insyating layer between each memory
cell and each thermoelectric device. 19. A method of data storage,
comprising: addressing a memory cell to access data; addressing a

23 therrhbeleuttirodeviceliat it veherstin cbeplen tootlectrierdomiaetipamtises first
rovidin(g .a cyrrent puléeE to the ]tPhe Mo ectric device, the current pulse
anééﬁ&?&.nala% ARSI MeSRAS M BERSE bS8 thermoelectric
deviggeanthhecnepony gellfi26: die sveihad @i &iain brReaiemaocee
thermoelectric device from semiconductor thermoelectric material. 21.
The method of Claim 19 and depositing a layer in the memory cell that
2413 FHMARIAR BB dRANAEE IR IERPBIBIHE RS TIEIMEN IR de o
Claim 19 and controlling the current pulse to have a pulse width in the
magnegecdiuthelang$enotida.to 100 microseconds. -21- 23. The method of
Claim 19 wherein the thermoelectric device comprises first and second
junctions, and the method further comprising: thermally coupling the first

and second junctions to the memory cell. 24. The method of Claim 19 and
forming the memory cell to include a magnetic tunneling junction.



10

MEMORY ELEMENT WITH THERMOELECTRIC PULSE ABSTRACT OF
THE DISCLOSURE A memory element comprises an addressable
memory cell. A thermoelectric device couples to the memory cell.
Electrical conductors provide a current pulse to the thermoelectric device.
The current pulse generates a thermgelectric heat flow pulse between the
thermoelectric device and the memory cell. FIGURE 1B

MEMORY ELEMENT WITH
THERMOELECTRIC PULSE

ABSTRACT OF THE DISCLOSURE
A memory element comprises an addressable memory cell. A
thermoelectric device couples to the memory cell. Electrical conductors provide a
current pulse to the thermoelectric device. The current pulse generates a
thermoelectric heat flow pulse between the thermoelectric device and the memory

cell.

FIGURE 1B



