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1 Electric device with nanowires comprising a phase change material The
invention relates to a method of manufacturing an electric device having a
body with a resistor comprising a phase change material being changeable
between a first phase and a second phade, the resistor electrically
PRAGCHRIR fifst RANAURIOEANSHRISESIRELCIFLCIRKFRE resistor may have
a first electrical resistance when the phase change material 5 is in the first
phase, and a second electrical resistance different from the first electrical
resistance when the phase change material is in the second phase. The
invention further relates to such an electric device. 10 US 5,933,365
discloses a method in which a substrate is provided with an electric contact
layer 32 and an electrically conductive heating layer 34, both shown in Fig.

1A. On top ofrifggeelays f:AROIS HRdmirorad g i eatie AN el el 8RYing a
exposing the heating layer 34. The dielectric Ia¥er and pore are then

BPAVIYEY Mt HIBSIPRE Behehisty ArafeRarHiBA 1S Shensaibiebphusa 2 first

phanrgaMatediall ifiakfabeadsamppepaitsisiaiennathing 15‘1fgla¢nceiytdsﬂghu a second

eleﬁtn(t:al |stan%:e and 2 crys,[tal ing state with a rel |ve ele?ltrlca
IeS1Stor magf ?Ve a ¥ e rlca é%ﬂ P CCe W, ase C E‘tel‘lal
resistance. The upper surface o0 ayer ep ase'ch ange materia

thenthrdvidebaswithdn slevidickiiiricandsistivechblitimgtifyer 88 amticlstatattric
F&@éﬁl’:é%ﬁﬁe FRePAriRR Ahibs.layel Gt nemayRaterial inside the pore

46 can undergo a phase transition from the amorphous state to the
crystalline state aMerHarurthispRigs sz RmStrsHE 45 R induced by an
electrical current flowing from electric contact layer 32 and the electrically
conductive heating layer 34 through the portion of the layer of memory
material inside the pore 46 to the electrically conductive heating layer 38 and
the electric déhtagiiaperd@ldseshisnathydirevdiadtd cabsasistapoe oictheithyer

SRS MEMRIY: AR 15 SWIANAOIG REIVE R AnEIAINEY. 'BkQH s‘ﬁ%\%ﬁ Andg

a relatively low'value. 25 It is a disadvantage of the known method of

triarOHAeRAfiberRdtXrE eRYIGTO reffimed F&PMF&!FI‘?H@C st desteftyeexposing the

AEAOHRNSKS ﬂauelaafélﬁamsrm%a&mﬁp%&at@m rﬁﬂtﬁﬂ’fﬁ@vt@e@&vﬁh% SWHERNG memory

eneroy s ! ‘?Efi‘st,'s"‘c‘%sh o, Ja';'es ‘évrlt%hr'ﬁ‘a Halt ¥Sa%aa'r?sr¥l‘”thtf£‘u% yolume, of the
memory material un Yy the Base transition: 1 tHe KRSWh SECHE
cmmelmeg}mtemélqsl determeied bytiwnBine smﬁtmeltbareemvtrhysitamdhpmcal

RaNURCYHRYPSINER G fizh ol e ke &a‘s‘?dﬁaﬁgé%g?é%ﬁglpbﬁéﬂ?mvided

minimum feature size obtainable by lithog é’é) y. The known electrical device

My BptleriEng oieiskisE s iatnblapiig handreisiiiseenByIEYSF 48 of the

The portion of the layer of memory material inside the pore 46 can undergo a
phase transition from the amorphous state to the crystalline state, and back. This phase
transition can be induced by an electrical current flowing from electric contact layer 32 and
the electrically conductive heating layer 34 through the portion of the layer of memory
material inside the pore 46 to the electrically conductive heating layer 38 and the electric
contact layer 40. In this way the electrical resistance of the layer 36 of the memory material is
switchable between a relatively high value and a relatively low value.

It is a disadvantage of the known method of manufacturing that the energy
required for switching between the amorphous state and the crystalline state, referred to as
the switching energy, is relatively high. This switching energy scales with the volume of the
memory material undergoing the phase transition. In the known electric device the volume is

determined by the size of the pore 46. In standard manufacturing methods the size of the pore
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memory material to further reduce the switching energy. In standard
manufacturing methods the size of the thermal plug 45 is determined by the
minimum feature size obtainable by 5 lithography. It is an object of the
invention to provide an electric device with a relatively low switching energy.

19 ;T hedpyeRiey) BOsinaRRYGINGSPaRLaRtcle Tt JRRRNIAN GlBIMS

define advantageous embodiments. According to the invention the resistor
EBHprAiAY e RSN ep g Rt Al R e hRHB R EaE Wa sib Ridateto & Hirdie
aencugtonihienabyietratically cennaating thergnanowiieladdiiie fiksiring methods
fienducton, The napawirads.providec wih Asesond canductor areby do,
electrically connecting thé nanowire and the second conductor. In this way an
lbegriepbircuit is obtained which allows for establishing the electrical
resistance of the resistor. In the electric device thus obtained the volume
undergoing the phase transition, and thus the switching energy, is
determined by the diameter of the nanowire which may be about 2 nm or
larger, such asi€ag .objasnoditiaigesnseict asovidaoelatgedsuaiwit aseldinty
ir Iasrxgﬁghsu%};]l&s 15 nm or larger, such as 25 nm or larger, such as 50 nm or
Am. THe Votdime undergoing the phase transition is relatively small and
thus the switdhingvertenyis idefaledibeithdondeandonticksmaal) dpendbrain@dpgefine

selliAssenmbling agdR.described e.g. in the article "Growth and optical
properties of nanometer-scale GaAs and InAs whiskers" by K. 25 Hiruma et

al., Journal ofrRopiied torbsisyeyiintiihe reyisies crmprisiigehephaps hanggangttgial
i8 dhanawiclenahit pesiddblationrieshactior the.by Bikiesia]Bf lorystallinehe
Semiconductor Nanowires" A. Morales and C. Lieher, Science, volu

370 R0 SUB L1 TUURCIR TN AP S ROMHE ) B BNy o rreo
pltessiwiichegimibp endenirofilidibe saping amdivdichingliowsfomwlpetric circuit

ISR Wb BRI YR 9&5@95&%@9'#’1@%@ :ﬂ%ﬁ‘?aﬂ’b% SeifiARsRmPling the

30 dimensions of the nanowire are well controlled and may be well below the
minimum featuifBe sisgritctfsisaesPRIGE hAp Mg e AdsisvnE ths 458 solid.

Adlgriaativaly thhe hasenirenaRayve achelaredpgrtirnipiinaydsenentirelyire
h%l.lqlw. SL%:h g napowire i’s often rﬁferred oin th? art as ah na,potube 3 The
whnicnh ma € abo a S

AR e SR nGEE By i AP BB AT e, i
as 10 nm or larger, such as 15 nm or larger, such as 25 nm or larger, such as 50 nm or 100
nm. The volume undergoing the phase transition is relatively small and thus the switching
energy is relatively low.

Nanowires may be obtained by self-assembling as is described e.g. in the
article “Growth and optical properties of nanometer-scale GaAs and InAs whiskers” by K.
Hiruma et al., Journal of Applied Physics, volume 77, issue 2, page 447-457, 1995 and in the
article “A Laser Ablation Method for the Synthesis of Crystalline Semiconductor Nanowires”
by A. Morales and C. Lieber, Science, volume 279, page 208-211, 1998. In this way a
nanowire may be obtained by a process which is independent of lithography and which
allows for wire diameters well below lithographic resolution. Due to the self-assembling the
dimensions of the nanowire are well controlled and may be well below the minimum feature
size achievable by lithography.

The nanowire may be solid. Alternatively, the nanowire may have a hollow

portion or may be entirely hollow. Such a nanowire is often referred to in the art as a

nanotube.
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material removal treatment such as etching. This may have the advantage
that process fluctuations due to a material removal treatment are avoided.
The nanowire may have a length in a longitudinal direction perpendicular to
5 the wire diameter of e.g. 20 nm or more%such as 50 nm or more. The step

of providing e firstcARAURIOHWEBIRR NRNL LR S0 3. FARPHSE DSV SIGRS Of:

prowdlng the first conductor with a dielectric la ger having an aperture by
WAicHAPRAAE HiTa RS Cottictb Bt BosRaY AR 167 A0ravran g ahe petsof
he dissioao dde ciarexpasadhy theapatitradvitbitea. nanowire. By providing

the nanowweItﬁ)etan aperture gnﬁ adie| d| ect |c Iaayl% Cc[;maa ertlrilrgn ex% (gcutb[r o
first conductor, the nanowir may 3| ionedin a wel ition

thisvwagiahetpositich Payne d@ﬂﬁs@bﬁﬁé%om@ld@teﬁmmed by the resolution
of the lithographyd> 41986 Wi BRSIRE RIS fith e PhastviRanILeBIRiRtA e

and hence the switching energy, is determined by the wire dlameter which
AR 3 significantly smaller than the resolution of the lithography used. This
embodiment pmpmhgul&rﬁmaeﬁdhwbewltha irstcpRdugionisiobiaiaednly @n,

e# Ltho%%qhhc fro ggr:;:gs ct%\rnln%Xa dlrgensdon similar to that of the aperture.
The Hure' may tamed & simitar way as a contact hole commonly

tsed in so-caltedditgshekand frotessivmlubtoanembd dintenttbruransivite is
RLQyiged to the aperture by the steps of: providing the part of the first
conductor exposed by the aperture with a metal particle, and growing the
nanowire by elafﬁgl@l/ﬂg PSIBRT RS AR ARINLS) G rodie At o dEIGRiHRS TS
m@t@kp&éiﬁl@t%@m&wﬁé nhRiS W ef BEPeiiingdien Ranaudegi@idesition. In this

er ure has the adva that itis re atlvel to el ctrlcal
B D S ST e M S S TR g
b@qb rovited tte theuaperfihe phste auaogmaartanbwntéhcseﬁtﬁﬁmmtdndg rmicthe is

H%?éﬁﬂﬂé@@'%ﬁ%‘%@ﬁ)&&@t@r‘l@fﬁ&ﬂmﬁ%@ 'Qgﬁ?ﬁ‘é'&ﬁfﬂs‘l%d‘épﬁ}ﬁ’ﬁr ﬁlésresolutlon of the

substantially identical 30 to the size of the metal particle from which

HEwsiRYisgfowhs Thbebpainga ingaly ﬁaff’f}&@ﬂaﬂéhﬁéﬁﬁaé?mbwgrzé obtained

whiehdg reaily.pirilghiessthewiediameateiniayibeocanttlied ajdeatad
artlcle n?y h%gtame ameter etween 2 and 1 O nm, preferabl é/d betwetm d'S

ed*%’i? f QPSRRI ES L HSHTAPE SRR PR g R g e
tispensigmootssing.

In an embodiment the nanowire is provided to the aperture by the steps of:

- providing the part of the first conductor exposed by the aperture with a metal
particle, and

- growing the nanowire by means of a vapor-liquid-solid (VLS) growth method
using the metal particle as a catalyst.

This way of providing the nanowire of the aperture has the advantage that it is
relatively easy to electrically connect the nanowire to the first conductor. Moreover, only the
metal particle has to be provided to the aperture instead of the nanowire itself. This renders
the method relatively easy. In addition, the diameter of the nanowire is substantially identical
to the size of the metal particle from which the nanowire is grown. Thus by using a metal
particle of a well-defined size, which is readily available, the wire diameter may be
controlled. The metal particle may have a diameter between 2 and 100 nm, preferably
between 5 and 50 nm. The wire diameter may be tuned in the same range with a dispersion of

approximately 10%.
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approximately 10%. 4 The aperture may have a depth of 5-100 nm,
preferably 5-20 nm, in a direction parallel to a main axis of the nanowire.
Such a relatively shallow aperture allows for a relatively reliable growth of
the nanowire inside the aperture. In an alfernative embodiment of the method

according to ffje %BXRHMaEhﬁaé Q%@&‘ﬁ’%@ﬂn@ﬁ R, rewm el ewhers, IPﬁ/a_direction
means of the VLS method, e.g. on a different substrate. Subseq]uentlg, it
ae g

RARI B R tRRe S M b e b AdeAYF s bRl s e 2Rt £ T ao1s
byavikens enificiatioow thhe mananive ayiteencbpdptaced horizontally on an, e.g.
insulating, sypstrate. Ca%%ag&%snﬁg be gYaporated on top of the nanowire at
its respectivel%wo outer portions. The nanowire volume u ergoingeﬂlue
phzpyeichamgecigrivancbqwikto thent@yofuheeVbiSthethadovgrenyediféeenthe
cvasts sYRem e metphRIBICR iR MSefAs disaiplystdhameipbPaltitr M aya

be provided by providin alaﬁper of the metal to the aperture, and
SefSRig Er8nby HEAMTY HE 8y EROPIARY iHfatantHIcReRs ParRtiRg AN fHbtan an. c.&.
padigiag [fissitat QOsMRRaNEWRYtO fiNgdoMeiab Phkitiaclbringide digective two

a erturgi Olrrllspﬁ%rltlcular when the ele&:trlc.de\{hce ﬁom rises a lﬁgﬁa? I‘]]lléll t(l))%reof

P SHE B B I PRI B8 Ve Wit et e s tal Part e,
Adlemadil/tly nandiguéecbsotatiothe opnpriting one or more metal particles may be
cast on the dielectric layer and the aperture, the solution may be dried,

leaving at least one metal particle in each aperture. The phase change .
material comPii§8d MAREPAL TSN ESRIRY 8 SRYENE oG Bassiclgyas by Riftkided
O srolvidnth Qe JinBsaenaterinlsapaviagand Pmpartias okaiswiehiable of the
resistor sych.as a rejatively large difference between the first electric :
ki Sesp el e S e TR
ofsite thesistance walartiofithe hesistoeleatatdelicstablprismspdrice mmbkent
4566, EMEMORCAR 6% Baddian sk Ml Ak fatle. aeiivel o

voltage to induce a phase transition from a phase with a relatively 25 poor

Hrattrioi igherRieaP 0 Shasesgieh ratitive Ry RS s afetrias kdrsdirctiviey and
Brefpeably, teQsufoldnashsuiManawises a8yoae GEawpeanyeniaollygeyine

VLS method, Na owirel;s, with <0.5l may be obtajned %ﬁrst rowing .
. 1.Ne p c C aél%e %%élterla C({ rised. 1n the nan 1re.m§/ cComprise
nanowires wi .57 andsubsequently'heating thie nanowires to a

(émp@aa;ﬁbe_ﬁwﬁtcm higH)sych ﬂ’iESsqmeriais MQDMCMWWES of a switchable
exaparated.Redueing g LReRRGRAEAIR felatyS: M8 GPRERAMRIRNQLS0

In and Ga increases the crystallization speed of the phase change material
VRl slfstis Foiess rarai vENF hast fa g fiad b Al s sintaitforpe G hR &esdstor
telaicEyptadbng iAASRsular when used as a memory device. In addition these materials

require a relatively low voltage to induce a phase transition from a phase with a relatively
poor electrical conductivity to a phase with a relatively good electrical conductivity.

Preferably, y<0.5 holds as such nanowires may be grown conveniently by the
VLS method. Nanowires with y<0.5 may be obtained by first growing nanowires with y=0.5
and subsequently heating the nanowires to a temperature sufficiently high such that some of
the Sb atoms are evaporated. Reducing the Sb concentration relative to the concentration of
In and Ga increases the crystallization speed of the phase change material which allows for a
relatively fast phase transition from an amorphous phase to a crystalline phase.

In an embodiment the ratio of Ga, In and Sb in the phase change material may
be represented by an area in ternary composition diagram Ga-In-Sb in atomic percentages,

said area being of quadrangular shape having the following vertices T, U, V and W where T
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In an embodiment the ratio of Ga, In and Sb in the phase change material
may be represented by an area in ternary composition diagram Ga-hi-Sb in
atomic percentages, said area being of quadrangular shape having the
following vertices T, U, V and W where T5 is Ga46Sb54, U is
f2IQIR305 05 04, 3153888 IRBRTNZn 206 Wile a623038:, tsitch PRSChange

change materials the staE)iIity of amarphous phase is 10 year or more at 30
QEEEsEhE I HEY ofRRaiRratd R sH AT thalsank) Fsgrrvd-tARI<hEp of
grassanigatien mianosind o yhaesnssof a VLS growth method 5 the temperature
of the growing nanqwire may be decreased, e.g, by 10 to 80 rees C. Due
1 the doorent oSl SR e o S BTGNS bfout G o
Horiditiprrdters ef edgordnwirendigimetey bodsereddethidpdtiorBdfitgeces C. Due

RAMRWHE QLM A AR I GNEL FRTRRFTAILEE AWire SRk LA I M EMAlhas a

active volume of phase change material is defined to which volume the
plixsedorsn g sty tRbBHIhadheRerany LSRR HE SRt RIdhehesls 10
tegpeiet£ referally, the nanawiiesegmentoNithetbeptackticith i reatiamatacfised
rown at te erature of 450 degrees C o ss, such as e,g. 42 eqgrees
e B S e e L ey R R e R e
redmiivélyPiafgyeblyiréhdizametarc wizickhrlovws fo redur edficient sondu ctign i aim

RIROUG b IS §uLIRACHE MOLUMIE: &'@g’.‘_@%%@r%i@.ﬁ@féiﬂgﬁioﬁbﬁfl?l?ﬁﬂ%owire

may be grown at a temperature which 15 is so high that the fusion of the
FEoiate TR Bhehighs (pRage tHakas mErayehtile bads Hisasistavhirhily oy for
thegrawihcohliectempesatelrtmayiRendecieastd aftgu@adcertain period during

which the groyth taok place at a first yalue to a second value. Alternatively,. .
e tomperat Ay DG e e B oS b e
&lectrighddvidbedosomiightorthednydntiothh gssalrodynwithnae tegistoele becomes

CAMRNRIRG BRNagk Faange material being changeable between a first phase
and a second phase, the resistor having a first electrical resistance when the

phase changEMmigtBPRIPIE IR FidCRRacba e sesaEppidiefdiriegWhich the

esistianck pifterent fremvihe fustseleatiicalceaintanss cWhep H8pehase may be

hcarn el I?tsgriéargisé g\ grg)? soe(%glng uppase, the resistor being a nanowire 25
EFSEHEAIN) DHESHRS ¥ fiPF B8R4 UEtor and a second conductor. Such an
electric devicBhisedgvtmtaktricahswitbhalishesistotiontiehahayyserthar assmtor

OIGIRRLLE \E PG IR %i@iﬂi@&ﬁg@Hﬁlg%%ﬁ‘%&%é@&Q'Pﬁs?kﬁa@ﬁlﬁﬁ%@ond

value. Using a nanowire as the resistor has the advantage that the active
VBisP B iFraBiIoYtEE PRASEEHaHgEsTAYCh & Rebtherhavefi diaamatedling the

i@ phase, and a second electrical resistance different from the first electrical resistance
when the phase change material is in the second phase, the resistor being a nanowire
electrically connecting a first conductor and a second conductor. Such an electric device is an
electrical switchable resistor which may serve as a memory element in which information is
stored by means of a resistance value. Using a nanowire as the resistor has the advantage that
the active volume undergoing the phase change may be kept relatively small, resulting in a
relatively low switching energy.

The invention is not restricted to two discrete values of the electrical
resistance. Instead, the phase change material may have several phases or may be composed
of a mixture of the two phases, and the resistor may have a corresponding range of different

resistance values which it may acquire.
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relatively low switching energy. 30 The invention is not restricted to two
discrete values of the electrical resistance. Instead, the phase change
material may have several phases or may be composed of a mixture of the
two phases, and the resistor may have a orresponding range of different

resistance valigs AyBich My AEUHER: Sadtia) RERAdIneAfHe ElaCitent

device, the nanowire comprises a segment which comprises the phase

Sy mRitasidha RbPFR S ANRAr R URS AR hahe Kkt BRI S ARG AWl segment
fuitthe fostiser ddamteﬂiemb i@hiiﬁh iangaiethhm tie w:iilredﬂiametejf ﬂfdb@ﬁﬁgmmthe
As the, seqment C&E“ﬁéé%‘”&%ﬁeephﬁéﬁ ghange material has awire digmefter
WHICH Is Smaller thanthe 5 wire diameter of the further segment, the curren
dergltynistesiefithel{utish ssathensdbprrarerd damgrigingihevehaselclsdhggegment
gaat iﬁhﬁh@pﬁ%%ﬁzﬁlg&i}@'ﬂéﬁfﬂg hGUEERE %M}*ﬁ?gﬂ%l?q&ﬁé%@ W8 Joule

relatively effective in the se%hment where the phase change is to be induced

BRERgAS TelRiYER SIS IR s STREY Reg Ahe RS RERa1SS israbe iBFuside is
tohbednducedativilg Uowle heating:indhadurinersagpant camnighbiyiededlatively
ittle_to inducing th ase 10 change and therefore.it js relatively.ineffective.
e Rng iR PRERE g Ie AR R e edS
rbgpectid taeioreheiseipiedy cufiprisingRtephate rchdngemeatgiloule

teasasiba.AEralbailicane Qb ReEgstis tﬁ@é!e%%ﬂ!h@@%&?%@%@{?ﬁa%@
h se h

change. The nanowire may comprise an additional segment with an
shangomafsrrbingssasrsihsey il chiiciqary of tharltHs wiriardmisgicietHis phase
segipent, the segment being located between the further segment and the
additional se%nent. In.such an electric de\gﬁe b(ftshe the Pvavghof thde(?i?llec ric.

€ nanowire comprise an additiona men an_addifional wire
current to the segmen ur%aé/rgowpg fﬁe pnase Prans ion and away trom tne

degmenthindesdoiag thephase trdinsidendibthelsiiratytidhe Sgmio! beigdting il
RiHvEhhS '?ﬂ?tﬂel%%@ﬁén?%@ﬁ%@@&lﬁ@lﬁé’l Qégfﬁ&qqﬁ' oRiBe é@&ﬂlecihétva IG5t the

comprises the phase change material may be hollow and the further

BalAkRe F1sS HeceBRatWHEfe g RTat Areslsseoingitys Bhath& viHHORpdtvfYtam the

segmeniigcspoallehthandbe sressnsectianvefithescomant pathtingthercibithey small
%esgment. The segment comprising the phase change material and

unaeesrgoing the phase 25 transition, and the further segment and/or the
additional segitenitmely . lve iofadifferenthciremicdivdochpositiosesPhefgraiolyhthge

Bﬁt&%ﬁﬁ%@%ﬁ@@’ Qﬁcﬂ&?e %MEPEL%B%&Q m%%léssolid whereby the cross section of
the current path in the segment is smaller than the cross section of the current path in the
further segment.

The segment comprising the phase change material and undergoing the phase
transition, and the further segment and/or the additional segment may be of different
chemical composition. Preferably, the further segment and/or the additional segment is
composed of a material which has an electrical conductivity which is better than that of the
phase change material in both the first phase and the second phase. The different chemical
composition may be due to different doping concentrations and/or due to different dopants.

In an embodiment the segment, the additional segment, and preferably the
further segment each comprise the phase change material. In such an electric device the
active volume undergoing the phase transition is at the current conducting interfaces in
contact only with the phase change material which reduces any chemical interaction between

the phase change material undergoing the phase transition, and the adjacent segments of the
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composed of a material which has an electrical conductivity which is better
than that of the phase change material in both the first phase and the second
phase. The different chemical composition may be due to different doping
concentrations and/or due to different dogants. 30 In an embodiment the

semeRiihr RALiARAlREeGRRRT. aRdRIeiGARN MiRa fL TR SSameRbRAch
comprise the phase change material. In such an electric device the active

FERY SneleRsdilig it prSSe transition is at the current conducting

interches_ in mn;_tfgeﬁmW&ﬁ&m%@a&g&mpﬁag@mﬁ@eh@dﬁmeﬁa@mwe
chemigalinteragtion bf%‘ﬁ’&?@ & RRASE change | a%tveeﬁ'ahk’%‘?'c%@é"ﬂé’ M8y and a
phase transi ion, and the adjacer‘ﬁ/ segments 0 the 7' han ire, whic
nebrestebihevifehingeniegythe number of phase transitions reliably

achievable, offh& GleGHHE HEVICE IS Radne Blald e RReWIFFFATRHS I Gored

the phase change material may have a wire diameter between 5 and 50 nm

Rniesrpeshiteireisransaivalyerng e trvisir dEMShY A ek cematifvely low

switching enangyral e feSIshgr ¥Ry aoh sithieacneromntisiement pecily¢hemory

iqform{s\tioap 5 stor«tad béf mean af the (riesistance value of the resistor. The
Be ent and a respective selection VICEC, an ..
ody may comprise an array of merory cells, each memory cell comprising a

respective megiory! edegtemtlansd, a respective selection device, and 10 - a

ghidh afsRIRriaNYRgSiRAG IR SEIL QQ@&‘%‘QQH@'%I@E&&%@?%K%E@% to

respective selection lines connected to the respective selection device. Suc
His ERRarit 8 et b ASiStes a memory array in which multiple bits of

information nsaynhe steverd andseashsthtdheselesiion -gelcehBan CRIFIpHae &
di?de v%/.hich re%ult§ in r%Iativer compact and simple electric device. The
diot @%8&%%% [co?lo 1ode zrie%le'ner diode or a punch through diode. The
diode may bdintegeelipade ot theayanowite antdodvayheh geoviin mia thletikdls

oD IS RV RRANGHRG (DerfemBaSHAY B%Tzfltﬁﬁ G35 MGG r & punch

nanowire is gég)wn as described e.g. in the article "Growth of nanowire

Hipesbidicdsred fot otioar Ao FHRAUARISETHRIBES SR Bl PAESVE itdikeen

et gdRib igevolUBRR Khh3ingae Hhp&2Abn2®Re @inmilaslyhih Changiogitbes

main com ongnsinth%comaos‘iéon f the gas phase, e.g. from In and P to
scribe t e for ?%

D S S R AR DT
destorivedrid ctharaniiciéBYOvies diméiksiorahhetetostructurestind gegri o Ae?OLat002.
gﬁﬂﬁ’é’f’l@[%&ﬁé@n@tﬂe main components in the composition of the gas phase, e.g. from In
and P to In and As, nanowires containing heterojunctions may be fabricated as is described in
the article “One-dimensional heterostructures in semiconductor nanowhiskers” by M.T.
Bjork et al., Applied Physics Letters, volume 80, page 1058-1062, 2002.

The selection device may comprise a metal oxide semiconductor field effect
transistor having a source region, a drain region and a gate region. The grid of selection lines
may comprise N first selection lines, M second selection lines, and an output line. The
resistor of each memory element may electrically connect a first region selected from the
source region and the drain region of the corresponding metal oxide semiconductor field
effect transistor to the output line. A second region of the corresponding metal oxide
semiconductor field effect transistor selected from the source region and the drain region and

being free from the first region, may be electrically connected to one of the N first selection

lines. The gate region may be electrically connected to one of the M second selection lines.
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Bjork et al., Applied Physics Letters, volume 80, page 1058-1062, 2002. 25
The selection device may comprise a metal oxide semiconductor field effect
transistor having a source region, a drain region and a gate region. The grid
of selection lines may comprise N first selection lines, M second selection

lines, and angutii Jiogril ey ke sistanRl BASR ARSI RHEIEE Yalilld CMOS
electrically connect a first region selected from the source region and the
BFﬁ‘fﬁsFéﬁdeaB?%ué’é‘ﬁ’r%gﬁﬁﬁﬁg metal oxide semiconductor field 30 effect
transistor to threaniipuiliinebiposecandiseginbyddnecasresgentindenietahe
oxide, semiconducter feid effect.ansistor selacied om (6. SouGe 900N e
and the drain region and g()elnénﬁ%e from the Tirst region, may be elec rlcaIY)V/
dormadiensel 1o wmecofethts Midipstmilbetivi thaesnThieegate region may be
electrically connected to one of the M second selection lines. 8 Such an
electric device is particularly easy to embed in a standard CMOS process for
manufacturinf" MOBEEFET ARsrh-ahBR S BidoRt tarkistdr druybyilideduter
srladliea slevikscritee vamittesreagian dedihalash regens may be connected
to two respegtive selection lines while, &, the epllectoy is gonnected to the
output line via the nanowwe.QFﬁese and other aspects of the method and the

electric devidégvillibe fontiiew efwoidatediardtdéseribednvidvyafereraditg thehe
erawings.tin MICh - Elg-wle s aaregs sgction of the known electric device, 10
: : ;

Fig. 2 is a top view of an embodiment of the electric device according to the
invention at & frst StAGEO SN Lh arfbnAtnsaipishs Ricjuicakdirdirbrasvice
efhedineng ahéhe-ane-fabricated electric device of Fig. 2 along line 111 111,

Fig. 4 is a crass section of the.pre-fabricated electric device along line.
111111 15 DR 2 AR <GB L o TR R HRSLl g g 111

ofdsg. etticnohtheagresfabrivatethelentegc device along line 111-111 of Fig.
2 at a third siggesqf g SNARURAHFRG R SR SIS REGUOR Al 1ine 111111

pre-fabricated electric device along line 111-111 of Fig. 2 at a fourth stage of
Hd imantiradtiifngeeofthy, mernfredEesection of another embodiment of the

pre-fabricated;gleGtriccdevicetiah thao prthrsiagaaf dhenanuiaciwindideigs-111
Sr1 005 P15 ResHons A anotnel smbodiment of the pre-fabricated

Fig. 7 is a cross section of another embodiment of the pre-fabricated electric
device at the fourth stage of the manufacturing,

Figs. 8-10 are cross sections of another embodiment of the pre-fabricated
electric device at successive stages of the manufacturing, and

Fig. 11 is a cross-section of an embodiment of nanowires of the electric

device.

An embodiment of the electric device 100, shown in Figs. 2-6 at various stages
of the manufacturing, has a body 102, which comprises a substrate 101 which may comprise,
e.g. a single crystal p-doped, silicon semiconductor wafer. The body further comprises an
array of selection devices 171. In the embodiment shown in Figs. 2-6 the electric device 100
has a 3x3 array but the invention is not limited to an array of this size nor to an array of this
shape. The body 102 further comprises a grid of selection lines 120, 121 such that each
memory cell is individually accessible via the respective selection lines 120, 121 connected

to the respective selection device 171.
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electric device at successive stages of the manufacturing, and Fig. 11 is a
cross-section of an embodiment of nanowires of the electric 25 device. An
embodiment of the electric device 100, shown in Figs. 2-6 at various stages
of the manufacturing, has a body 102, which comprises a substrate 101

which may comREisgibdRisheA SRS ST '@ -Sapediciticoaesricany HEes a
wafer. The body further comprlses an 30 array of selection devices 17

REBMEGTNTRIP RSN fivfigLes Emisterd M elicaniaroraacs 4ed! éirar’éy
B gsetitventinmis MO SRRt aR-aofay @éafué;ﬁgiemmtmamwpay dlfaﬂ‘ﬂ i®gion
pe. Th bod urther comprises ri ctlon lin 2
T R T e
sulection direpoltR, A2t doppthertetatc bl avs pebtivdawibotivntgeieé almorQ

l{é& QRRdimEsiSHOWR INdojge: LR SEIEPHOMANIGE I fERMPFIFES 2

al oxide semiconductor field effect transistor (MOSFET), and more
§ﬁ@6ﬁ’ﬁ‘?§bh¥ BN iPAN S8R e MO SF EPaska B R i s adupeion

tegianskif2flaw ordopest dbahlnﬁegwftel@oﬁndzacgaiediagi@égﬂom 7‘Bhler@£glm&

?gl?lnl :II'-672 an the ger?én (r)e 173 ma I'l(é:ga anesreo? rnloge sta 1ne S IB(())I{tLPhe ate
oeope% materl ef ueh as a ImW[I péd n-portio R anda more ]heavl &

dpadli4 lp@mmteﬁﬁmmdwpédm@hr@%gmghwmmm1Mn region 173

are Separat%%rﬁi%'i‘@él@@&&ﬁﬂﬁ% 12be e fepian 424 4RIgd aheNEho

channel region, controls the flow of current from the source region 172 to the
AR NGRS SHSUIGIEA d 2 - ) QBT M W Y dsieiatad iy regions
nra&esaléagéerfﬂﬁlpﬂiy@ms&aﬂﬁg&)ﬁlhagtana’ he gala ﬂdglfﬁgll oR df%HeISOrrespondmg
rate from at electrl r. The grid of
O OB e L e 26 T pisgss of
secofidtselartidh fimesvi2y., antanagitpuefite ndaiuadigeingulatedutgontinkl effect

(EG005 WOIERATESEIRCEHTOMIDR PRURE &%Qi%%@%&[‘ﬁ%&’ (R $AORom

173 of the corresponding metal oxide semiconductor field effect transistor

ORI tBEFtVieRonfAET DeFiFHE sroBedsddp Paseh s CtEr S oA EITOWA & sl he

bateheidegions atthemetaloxidelsspreonductokdivitiatioeti o ansisIorS In the
selgc(}ed from the. s%urce rggnon l117 nd tt]gtéj({?én re on 173 an beln free

PORe RS TE AN A P g ng Qracdnyt nc%’tl’l?s}:lonnec BU0 SRS B e Hrte

sadectidrilined tRONTve rgatayegidr 11?94n$egleu$rlé’élljltmoﬁ®ct@dbmlmioﬁot
s sreand.sRiacianlnes ikt LING SOROAINERLHNAINEg%. 2:01be

mutually insulateéd terminal regions are the source 20 regions 172, and the
fGRiRBY MBI fRiitai fegions 173. In another embodiment, not

In this embodiment the drain regions 173 are connected to the first
interconnect layer, also referred to as metal 1, the gate regions 174 are connected to the
second interconnect layer, also referred to as metal 2 and the contact hole for the nanowires is
connected to the third interconnect layer, also referred to as metal 3, or to a higher
interconnect layer. Such relatively deep contact holes in which the nanowires have to be
grown may be avoided by connecting the nanowires to metal 1.

The selection lines 120, 121 are connected to line selection devices and row
selection devices, respectively, both of which are not shown.

The gate region 174 and the drain region 173 are provided with layers of
tungsten silicide and tungsten plugs 122 for electrically connecting the gate region 174 and
the drain region 173 to the selection lines 121 and 120, respectively. The selection lines 120

and 121 are formed from a conductive material such as, e.g., aluminum or copper. The array
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shown, the mutually insulated terminal regions are the drain regions 173, and
the further regions are the source regions 172. In this embodiment the drain
regions 173 are connected to the first interconnect layer, also referred to as
metal 1, the gate regions 174 are connect@d to the 25 second interconnect

BRI QISR JEFRITEH7 10,8 MelRi% ARG s eniasb hale| far. R RanaEesaiRiard 1C
connected to the third interconnect layer, also referred to as metal 3, or to a

iMoo fterconnect layer. Such relatively deep contact holes in which the
nanowires hasede: lfg theeotiRayhe awmidéd bip adimeeting shecianawikes 101

metal 1. The selection.li 120, 121 are ted to.line selectign devices.
i e e RIS A TP o o O e e S b n o
distecteigiontdriod K dizesilion degjitse. THE dickeprayideidrislth2fyapshsfcomposed of

geoa%t%g;a‘tﬁei@lﬁcﬁﬁg UngsienRiugs: 1RRfonelertricaty conneating.the aaigial
region 174 and the drain re#:‘gn 173 to the selection lines 121 and 120,

geeribeReshed by sRemir haschacal g lishing (6 WP aH BRI Bs b FRIBRE
shajeaingueh s ¢ [Jaiu o) IFubsCQPREY, dfetiagsap 4 ChawBRIEHON and 3 are
devijces 171 and the grid of ction lines 120, 121 are formed ysin .
T S S 38 R e o Th e M S
the sselectiegiadeVicds 171 and the selection lines 120, 121 are mutually

insulated fromy,eagl) AtReMH Y RHRIMRGANGEIN A MRIGHLHA BIaRr i e or

e.g. silicon dioxide. The dielectric material 123 may be composed of several
FROES BARANEFETARY iR RIbE thAdirarRt Aha raning i W i 80 B the thfeYd ctrfecthod

wisterialdck2gbatby bR pelished by GhamigacapehirnicalpalishingGdR)Gans and
btaining a relatively. smooth and relatively plajn surface. Subsequently,

R B o B D R e e meapee

12B467expdSenthia therniticlerdyibmsy dlatiahisleghvdddirtierfiynbaheddinselline

5%&1&%%%%&%&%9&%9 My abAIRES IS BRd §9ﬁéﬂ§é9€oﬁﬁ&c9@%{ﬁ%%a%§é’t

with one or more nanowires NW. In an embodiment the nanowires
éllévﬁr??ﬁ/ the VLS method which is described in the article "Growth and

optical propettiasiotnanpmetRtsealascaAnanth paArwtigkesse el klimimae
SR AAPREIE Y e Ly SRS S g 0,
Bemigenduitid hhangwire shbyrAndio halgs dedb@y, tnebeetd piendes,volime
fehR1iRAR81ORstateh thAhetal clusters MC are formed from the metal film inside the
opening 124 on top of the source region 172 as shown in Fig. 3. The metal clusters MC may
have a size of 2-100 nm, preferably between 5 and 50 nm. The actual size may depend on the
thickness of the metal film, the temperature at which the metal clusters are formed, the metal
used, on the material of the barrier layer, if present, and on the size of the aperture 124 which
may be 500 nm or less, preferably 250 nm or less such as 180 nm, 130 nm or 90 nm or less.
Alternatively, the metal clusters MC may be deposited directly as colloidal metal particles of
any of these materials, e.g. from a solution or by means of a focused ion beam. Depositing
the metal clusters MC from solution or by means of a focused ion beam has the advantage
that their size may be controlled relatively easily and reliably.

In an embodiment a barrier layer is provided to the bottom part of the opening
24 prior to providing the metal cluster MC to protect the front-end from metal contamination.

The barrier layer on the sidewalls of the opening 124 may be partially removed, e.g. during



10

15

20

25

30

To this end, the structure thus obtained, in particular the opening 124, may
be provided with a metal film of e.g. Ni, Co, Fe or Au having typically a
thickness of 0.2-5 nm. 20 During an initial heating step one or more, but
preferably one, metal particles, in the remh&inder also referred to as metal

Alustrs MG fRrpad flam e matal ilendnside e RPaniRgt 2 anar af

the source region 172 as shown in Fig. 3. The metal clusters MC may have a
§2€%f 2-100 nm, preferably between 5 and 50 nm. The actual size may
depend on thenhdhietanekstofsthecmetadddas, thadenopesalyrerat yvbiah thehe

metal clusters formed, the metal 25 used,.on the material of the barrier
T Y B RS R I ey B o
400e3¥) °prefdratplys26 O ampramkessiBire vbis M &Onprsed 8@ desied POaserriomigss.

ﬁ!&?erﬂ?ﬁ.“’fﬁbl’m@eﬁ Eﬂf‘s‘i@iscl{}ﬂhét%?ay'&e %]%Yé%ﬁ&ﬁf??ﬂ%?gd%‘@ﬂ% %88%1%9 3 the

metal particles of any of these materials; e.g. from a solution or by means of

gafophpse dasteBieahs. De sty cemdatrataptihete saonEomprhsd thisrmarayires

maagr?fegmmﬁﬁl _ ldﬂ@ﬁg?,@@frg B@fagﬁﬁrﬂg&antm@g&g &lﬁa{etlﬁeifaisa@sflmw@acﬁng
controlled relatively easily and reliably. In an embodimen arrier layer i
B}&}Pd‘gaytﬁastﬁéaﬁ?&%fﬁtﬁéﬂ%eﬂ% YRdsHRLe Heﬁ}?&?f"f%}rﬁ??ﬁ&oﬁﬁod”fﬂ% %f’é‘i‘g'
cluster MC tdl'heotectwivesffoiteenghficesn pietal donteminatiehavihg doarkietrical
- . S lls of the [ tiggl>
e e e et o

ratpind e ity Paies rapidinyEh el irfettise lRistaYRoiIC A e YRS 8¢ rFENss BrS

eRdalysst fnearenln of theapspewines, in4he b3 meshadsclianetaleiistars be
MC are heated to a ten(}%erature range of 5 400-800C and exposed t

oa
ﬂ?BEﬁPs%rbﬁ'oWWi‘a‘?rS B’ﬁgﬁs’%ﬁ%le&ée&rfé%ﬁ&s%e é‘H%\ﬁgE%S‘t’@ﬁ%. e added
mehalgakutensiiichalt amtivarenerggiveallye favwenedesitessfof tabsgrptibK.of the
- reactants, i.e. the reactants co nsate at these sit which
B e M AR A S s I
8l eS| PSR L NICHIEGRE Tadthie P s et aidfi)stagdtbataings thianowires

diametenRfihe RANBWER MYV Eayying IRSTRAK LR FRaRABSYIEE SN The

comprises a phase change material having an electrical resistivity switchable
[FERRERNS FrSDAlERe BT PR et rudamieiaErthay e %ﬁ%ﬁﬁ%ﬁ cactants
alind_ onGlaexyipBbf tewitétd) partitladi(0<y<I. In a class of embodiments, yz0.5,

e.0. between 0,45 3 QRS HERIANN OB HITRNRES 0D 2, 0h. 0240
The phase change materlaf)m_ay e gopeé_)e.g. y one or mor elements X
sunpcted i offlEgrSuiam e Wikeadd patasiry pethaaed! dstersd gals iedlew

WHIGH Hhe, RBROMHES AR SHRYMIbES; Sha3DPIREH SR PIANR MRS dTIXely small active

volume of the phase change material as compared to the external wire diameter. For
nanowires of (In;«Gay),Sb;.y with 0<x<I and 0<y<lI at a temperature T below approximately
500 degree C solid nanowires are grown, but at a temperature T higher than approximately
500 degree C hollow nanowires are formed. The nanowire NW may comprise a part with a
solid core and a part with a hollow core.

The metal film, the metal cluster MC and/or the colloidal metal particles
outside the opening 124 may be removed by polishing or angle-dependent ion milling prior to
the growth of the nanowires NW. This prevents that nanowires are grown outside the opening
124. At this moment the barrier layer inside the opening 124, if present, may be removed at
least partly such that the level of the barrier layer is lower than top of dielectric layer 123. If

the metal film and/or the colloidal metal particles outside the opening 124 are not removed
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Alternatively, dopants may be added in a target of which a vapor is produced
by laser ablation. The doping concentration may be e.g. between 0.0001 and
1 atomic %. Nanowires of Ill-V materials may be grown at temperatures
between 275 and 450 degree C. The terhperature chosen depends on the

Wits: ApeiehAesiIred aRRRIeREUTR AIHHGIFQAGRNIR WA h et hieRiaa Rk

the metal particle MC. In the VLS method the diameter d of the nanowire NW
Hepends dniRerraimpé e RN GroNINCHEME Wi RA- TN s Sty ed
metahchigiarseMG. Adoi@ue hand vitecals ddgfatrea duithas dideaidEs, amay
ge ﬁ&%w%% results in a relatively small active volume of the phase

ﬁ%nge material as compared to the external wire diameter. For 25
nanowires ofPi¢feraBlaxpps bingwiithN¥xi& grawd Oxapell eteaitgnhPpbriatuitee Tanowires

Reio¥E ARREPX IR Qi HEQIR S fertlld PANQYWES AFE S AR R h & Rvire NW
temperature T higher thanw‘zz\é)}\[l)rommately 500 degree C hollow nanowires

BFEJBTYRE! rhis RRENBIiRS Wil s EsmisRsEacHRFAWRIFE 2stfatadtd Hnkpyng 2
pars ikt heiennenseirthRwatadiiifhennetais ustsudC cdaghed the to process
%%II iadt%nrygﬁ}ll é)elﬁ' Ircralgtgodoutside the opening 124 may be removed by

pofs Ing or angle- epenae'nt ion milling prior to the growth of the nanowires
NW. This preVéertgihathrdsviresvaresgihaogtsidedth e fohenireging2424A¢ fhisd

memeRkine hefieslays r&ﬂﬁ!ﬁ%&?%@@%ﬂéﬂ%&%xiﬁd? (ESEIH DY 85 femeved

at least partly such that the level of the barrier Ia%/er is lower than top of
dirsrativelxyer mrddifiopa Hebrdrriiy aladres tHOBROISMES Hietrgarticidicon
algsigeitheeapening TR4 raselnstttharniepas shawpninFie. e giawiiaédhr 223 may

anowires the nanowires NW grow alsq on top of.t arrier layer ., . .
e S e e e A S OB o PRt B S0 e
reiovedshatacinhhedplodess! 28. garder vy ¢ esrostap dfyer teswotdpogit€drfuether

glelagHic:323,35 bEXRIAINCH LAl R HETSHaRNa ORGHIANAMIGINYY. 81 MWBbrous

in each opening 124,"i.e. the nanowires NW of the set are located in different
SHeniHes %?&.V%Wé%%,1W?é8twa%ﬁ@%%méeﬁqwﬁ@?fdb%mﬁﬁorzwéeﬂal
RSB endevedl iRl diecstapsodrRseiRed soxiam eheulkstiatacdt bavpiga

set of pr jcated nanowires NW .having different lengths. is usuall .
SR e S e R e i 23
they hend\Wicssthiihahveizbmdithd enatfrihleopermhgay 2t ifilkeid g wibich fukthenated

g{%gegﬁ;&glgglm&qimgy be e.g. silicon oxide, e.g. derived from TEOS.

Alternatively, or in"addition a high-density plasma (HDP) may be used to form
silicon After deposition of the further dielectric 223, the set of prefabricated

nanowires NW is subjected to a material removal treatment for obtaining the set of nanowires
NW, each of which has the same height with respect to the substrate 101. During this
material removal treatment, e.g. by etching or by CMP, the further dielectric 223 outside the
opening 124 is removed as well to expose the upper end of the nanowires NW. As a result of
this step each of the nanowires has the same contact area exposed as is shown in Fig. 6.
Subsequently, the structure thus obtained, and in particular the exposed
contact area, i.e. to the exposed an end portion of the nanowires NW, is provided with a
contact electrode 108. The contact electrode 108 may be formed of a layer of e.g. TiN, W,
TiW, TaSiN, TiSiN or TiAIC having a thickness of e.g. 50-200 nm. The contact electrode
108 may electrically connect the nanowire NW comprising the phase change material to a
second terminal 272 to which a sensing circuit may be connected. The second terminal 272

may be integral part of the contact electrode 108. The sensing circuit may be arranged to
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dioxide in the aperture. The result of this step is shown in Fig. 5. Further
dielectric 223 may be composed of the same or of a different material than
dielectric 123, e.g. oxide and nitride, 15 or vice versa, such that dielectric 123
can be used as a stop layer for polishing!Eurther dielectric 223 may be any

@i?éﬂlﬁk@?zl%fé%&i@%ﬂﬁ@é@%ﬁcﬁr@?ﬁ%' tﬂ?ﬁ%@é%o’ét!ﬁﬁ @&BQ&Q&@paﬁfQﬁam the
ma€/ be advantageous in cases where changing the resistivity of the memory
FHAREHRN Y GfORaE it FRiA SEtP PRI QM PRY CHTSEMe! Casdd e ganmars N
etegtrisicieticpreeatsgs naitarislarch2dQ theebicas as weltadieleatigemogatiahe
123 and furthleiﬁielectric material 223 20 may be of the same material and

econd termina . . . . . .

e material removal may be polishing which is terminated after a fixed
polishing timé ifteledeisakition Bithectndihe taliedeotiodzRgnttieogatiofigs. 2-6 all

REGIRRHSAEH RANOMIEH NVH IR SLPIE TR A SR A MARIGFEI iR QUal tHaRIRRGAL{Rr

obtaining the set of nanowires NW, each of which has the same height with

ABBFRERICIR dhe SR slistans e TP RGBS RYALLP I ERAGHY Fretttisrelseiangl 72
by ietobing ehdyGMRB; theifurher dielectric 223 outside the opening 124 is

removed as \falfﬁ xg(ag% é[c‘l?o er end of tpe nan Wir(?zswl\lmla As.a% result of

Il
. C et%C Il %#BBU% obtained has a bo I'GSéS or .
this step each of the nanowires has the same contact area exposed as is

showrsingRigh@cShivsequentlyl bhesthrogre hbsobtaimbs! ahddmphrticatad
FEPRSRLiCAMNAC] AFGRL&: I RESXRASELLATHE BgaQQEH%FQMQ@rial is in the

nanowires NW, is provided with a 30 contact electrode 108. The contact
Brstaisde rebasesomketeriried GristtageAibfecyt o 1y frshelepg i repigimcsy
Wiksh@hbaWiRg chihickness Afieig th(et80dihast MEheeriRGreteciad e irk08wnay
electrically connect the nanowire NW.comprising the phase change. material
T T B R B B i e
SpcnsbtecemicgbR 722 andys becimibgradydet phible iodhtzotteldiotrotdef HIS. Ttas

SERRINGETGV AN RE Aanacd 69, 1 SRIRPIRNRD GlRGHIF PR AMRISH WBB%(;Qe

relates to the resistance of a conductive path from the first tefminal, forme

frpsiE eniosHhs it IRh asUrc BT sgfird Prossiznthiaad i pRArARRSHIAP RN G ©

theupbiese shargeJvaieiaficaniacies thermhyantithe toniaktialeatedr.10® to
ttg the ggccgngﬁerminal.zn. 5 In the electric device 100 according to the

€ sec ctor. or vice versa . .
efmbodimént shiown’in Eigs 2% all nanowires NW are electrically connected

to the contacEaibWEM@mMIM@WGhammmwmm&m
distanse Doffare Aheingnd RABLIA NG TEIP RIS RQWGE RO AR R ilRict areas

shown schematically in Fig. 6. The electric device 100 thus obtained has a
BWWWI]I]H Klepldgalgs substantially identical metal particles MC have been used.

The first terminal may comprise at least two mutually insulated terminal
regions, in the embodiment of Figs. 2-6 nine source regions 172. Each of the mutually
insulated terminal regions is electrically connected to the respective contact electrode 108
exclusively by a respective single nanowire NW comprising the phase change material.
Alternatively, one or more of the mutually insulated terminal regions may be electrically
connected to the respective contact electrode 108 by more than one nanowire NW.

In the embodiment of Figs. 2-6 each nanowire NW extends in a longitudinal
direction and has a cross section perpendicular to the longitudinal direction which is
substantially constant along the longitudinal direction. Each contact area is substantially
identical to the cross section of the respective nanowire.

In the embodiment of Figs. 2-6 the electric device 100 comprises an array of

mutually insulated terminal regions formed by the source regions 172. Each of the terminal
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10 comprising a phase change material being changeable between a first
phase and a second phase. The resistor has a first electrical resistance
when the phase change material is in the first phase, and a second electrical
resistance different from the first electricdfresistance when the phase

rangsrerigralils Bdhe Raco it RhASE: JOe58SIFIOLIE ANGNABIEeNWive

electrically connecting a first conductor which in the embodiment of Figs. 2-6
RARRMEE NS A8 By HSRSEUIESTEGTION 492°8Nd o et BrRbTRO FRALHABF AWRTEHSH bY
the embaeimeninfdcégsbR-tiiseganstitiaddbyiihacanaanelecthodeid 0Bscldition
1Qase change material may undergo a phase transition from the first phase

o the second phase, and back. The phase transition may be induced by an
electric currelt dosingafronetiiwdirgewiche nutdrlticategieitverindnoaireONW to

gﬂﬁj SGEORAGRNEHSL L BT M Gt WA RGN NRROWIEE %Wi@ll?qmqgg}ﬁanowires

contacts the contact electrode 108 in a respective contact area. In an

Shbanstthederdeatislenitntres Nwdifesespacalrstboitippirethat gier the
suhstarialy idenica assubsiaotiolyddraiicel reial padiskoMGhaveneRither

sd, They st terminal may comprise at Igast o mutvialhy insulated teming
regions, in'the embodiment’of Figs. 2-6 nineé source regions 172. Each of the
treatosily BByinsuisc el segionstisletentrichityatoeniestell 10 4 KVP step

SERGEHYS spptaghelegirode 108 exclusively by a respective single nanowire
NW comprising the phase change material. Alternatively, one or more of the

mutually insUfatBe AT tapT e dRaWHETS DR e s irhili recatind b Hrp to the

respeclivR&ab . dlRctnae 1H&hYIN00e dbpdsidittonanawikeudiWe batds into the
embodirﬂen of F(ilgt%.e2-6 each nan?hwire NW. extends.in ﬁ\;\?ng'tudir?

| 30 )
rgcesses thus me re%\écont ctin (9 TCF]I%FCI en n?wm’i: [,0 ?ﬁmISI € tl% recess
irection an as a Cross sec IOn%)erpe icular to the ongitu al directon

whiohtist substhivlidljdeofisthrt hiongstedbegittinatuirectidiy Hgfesbngaut the
e dsisbRsantalio MR IRHBEFQSE a%%ﬁ{_korﬂa fH0GLASRERUYEAROAMIEY-

In the embodiment of Flﬁ; 2-6 the electric device 100 comprises an array of
RutUBmyHRS Thtel e hatiFg rarpuis BrrmeH s TRl Skt fagisheiqPorie s

gfhe terminal 14 regions is electrically connected to the contact electrode
108 by one o morg res ect ve. nanowires N ZgTd }% gSEe%?lgctlve s%lev%thon

device 171 sUEHSHHI e Yo die BT s hAireat 59 e DS SORIHY RS
aspessiblbevianespechive aelegtionolitiessikRO,all21 b thregrideo$ sepestibMhe
UGSl ADRIIB RN RT BRI RS WG R ExiARIGAIE the \RcliC HRVIGREHO 1
subjected to a material removal treatment which has a different selectivity for
thersParrontreiang the respective nanowire NW at the exposed end of the nanowire NW and
those parts of the side wall being exposed as well as is shown in Fig. 7. In this way the
contacting between the contact electrode 108 and the nanowire NW may be established
particularly reliably. In case the further dielectric comprises SiO», this may be achieved by
etching with e.g. 0.01-10% HF which etches SiO, more effectively than the nanowire NW.
Alternatively, a selective dry etch may be used.

In an embodiment, the source regions 172 of the MOSFET are connected to
ground, i.e. the MOSFET have a common source. The drain regions 173 are provided with
the nanowires NW instead of the tungsten plugs 122. The gate electrodes 174 are electrically
connected to the respective select lines 121 analogous to the embodiment shown in Figs. 2-6.
The select lines 121 form word lines. The contact electrode 108 is patterned to form bit lines

which may be used for both selecting a particular cell of the array and detecting the resistance

of the memory material thus selected.
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NW and the further dielectric 223. The difference in selectivity implies that
either the nanowires NW are more effectively removed than the further

dielectric 223 or that the further dielectric 223 is more effectively removed
than the nanowires NW. The material rerhdval 10 treatment may comprise

more than ong,materighremRualAIeAlNENISwHER A5 A &V SIER Jfollawed by »
an etching step. hi the former case the nanowires NW js slightly recessed

RitAideFeethatirRy dindret RiRtARUSD SiopR Qb ARRET dieddrdbe Aty structure is
d@ﬁpaiﬁ_eté mmathisﬁmoﬂurer@yt@ldﬁfgwmdmo@eesﬁesethmsefgbmﬁﬂdllaetﬁelb;eus
contacting the respective panowire, NW onl i&“%igﬁéhj;%%%%% 04220 o ds the
COIXtaCt area whichis i entlca? O he Cross section O]ﬁ e nanowire .
Bapemdindion. tethoomposivorireftsondhoviced NWhdiffelenedsohaadentsich

RN BEMERARHCE AS £ RNCENGiaHthor e R4 BE Wit IC RS NG AENAW s

more effectively than the further dielectric, e.g. SiO2. hi the latter case the
farmriae gidRe strae sSish pEVQirmnA selsstendRrco Mg ds et iffhe nanowires
nemosvires MWnand Bppaihoidhe sidewallahihe danawpatisexpasedyifd@hich is
contact electrode 108 deposited.gnto this structure extends intq the recess
T e B B A L et
emvofithbeaiasowirtiy b madbehoseé foastdeofitgesidecmallysédng exapd seakessthe

well as s shawii R hiddd: In this way the contacting between the contact
electrode 108 and the nanowire NW m%ﬁbe established 25 particularl

reliably. In cad¥ tRETHitR SPARISEEIESHSHER ier S heE el dstiia i part
by tiRtenEawIi b EvghithGla} B%aibe bt tab essBichdnonicieffectively dhidsd front
th nowire NW. Alternatively, a selective dry etch may be used. Jn an .

EIRRUTREHT e 8 PR BTG WP L St 100a i
grownd, d.en thesMOSHE Thivdsttencosntimonrsaurcenh bednatreddelonok7d aree

prQudeciih B8 tenananiias NYCIRsRAY QhENG iHRARIRRAIVOR a2 udi an

ate electrodes 174 are electrically connected to the respective select lines
PrédrhmBgaUE o this lypdemnihe sHewANAimdL02m6! 2 ridisk may sedteed by
feunaanord presssilie opnépeirelectiecitod 08 ds pattedned daciogm bit3lings. g. silicon

which may be used far both selecting g partjcular cell of the array a .
ERHER R s Bty A PPN DB s it
sdiebtivteae ot 07 henaleboaling téfhanakdesdddisudhopsrangdioldd, reugnvarpn

gﬁ%&e%%%%%ﬁéﬁ%@th@@ﬁi’%@ay (QHEN AIOMR ALEHER %tﬂipeq&eﬁ&%@fﬁg]b{ées

structure is comparable with a diode-ROM array. During a read operation
di6deEsht nissd eleater Myjjds deposited inside the opening 124, then the nanowires NW are

grown in the opening 124. The result of these steps is shown in Fig. 8. Subsequently, the
remainder of the opening 124 is filled by a dielectric 223. A part of the dielectric 223 and/or
of the nanowires NW may be removed by a material removal treatment to expose a part of
the nanowires NW.

The aperture 124 has a depth S of 15, 25, 75 nm or 200 nm in a direction
parallel to a main axis of the nanowire.

On top of the pre-fabricated device 100 shown in Fig. 8 a layer of a metallic
conductor such as TiN, W, TiW, TaSiN, TiSiN, TiAIC having a thickness of 50-200nm may
be provided, on top of which a layer of Al or Cu may be provided. These layers are patterned
to form selection lines 121 which may be perpendicular to selection lines 120. In Fig. 9 one
selection line 120 is shown but the electric device 100 may comprise a multiplicity of, e.g.

mutually parallel, of such selection lines 120 on top of the selection lines 121. This results in
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may be biased in the non-conducting regime to avoid additional currents
flowing towards the 5 sense amplifiers. Without selection transistors the size
of memory elements may be much smaller. Moreover, several layers of
memory cells may be stac_ked on top of eléc_h other thus f_orn_1ing a 3D _
roHAR AN teFa B_Phl%%_lgﬁt'%IQ%H%JH@M%Q%Q&FWQQW%ﬁng
NW, e.g. by means of a pn junction between a semlconductln(%apﬁrt of the
RBHEWIRSHHIATE dUbhEtearer 4 sehitohdbeit b ofthd Pramawhe Rt
isith dapedqiaitpasprafienchin,ahd ghwalinwie inset afdrigntrsomyebiddysad
for selecting gne memory.element and makes the selectiop transistors :
redundant. TRA RS ae e o el TR RS S ATIRBAE shown in
3] i&@twaglqeé @mp@ﬁ thehsetbetrdtesukcd b wasich thna%y_tbelwpmdltmefmmm’eaﬁ rsey be
ERRTHALAF, ks thihgSRaled ff@fz?ﬂ%ﬁ@?ﬂ%@i&é@%ﬂh m@m&rﬁrwge&én

the so-called back end of an electric device 100 as is 15 shown e.g. in Figs.
8hetyn i} fHifs IS RO ES! iay e emsdated i dherey gy
dirlgapda bayerp ds suyeiht brahtheyareiig eJretia tastent wibhpaonguctvere
layer such as an Al o metal line. This layer be a selection Jine 120

R R A R A N N LA BT, i
sélectippniingss! 220yl sl didleitather fupBeodielertadicoterokithe magldmous to

ARRQAHE A RISIESIHCTRY IR i AN PR P OYVIdRE WHBARE RIRGS JF2 Wb & fes

which at least parts of the selection lines 120 are exposed. Inside openings
ION RaayoRGiFEEONA L TRERIRA! B XA Seatembdher v aspetinadbasisgends of
dassribaoNwth Tafe penesi frégwiesrid-@videstod mefaleglustiRledM&itiSselection lines
osited inside the openin 4, then the nanowires NW are. grqwn in the
SRR i TG DRl e S e S aBtnay (e
sbnvaind érnfl the dpeinmgnt2 428 filedtoypeodiddd otrib R2BcAdpdettof theterial, not

QBIER Ui A2 ROA(OHARLTHIRE ARAWILE $NYY J0RY @%rW¥?9dQ%&i%@ aterial

removal treatment to expose a part of the nanowires NW. The aperture 124
has a depth Sedctian dges7E2RmngpanieenMWh. aflrsderdion paesi el téoshiaierond

axigl of thethRBaNYiEes PmleRpbigapie-fabkicaied dereasHBMhshgun 10 fhige Sre
ala¥er famgtallic 0 conductor su %OaﬁTiN, W, TiW, TaSiN, TiSIiN, TiAl

wo levels gach havin S 10n lines . However, the inventign 1s ngt limited o this
aving a |cll<nessgo gb-ilﬁf)tnm may be pI’OVIded, OnI}Op 0) Wﬁlc(h alayer o

mhmb@pfmﬂiycbmﬂtmddéd, M@ésetm&ms@@@lﬁMsj to fo_rm selection lines
121 which magy P& PRRFMAIGUBLAQ SRIBRIANMINGSR H20nith B9 +3:8Rfre is grown

selection line 120 is shown but the electric device 100 r;]@écomprl_se a .
RYURRSISIRF B @Y -liavidoralld garaifemeheddhessmesisRiistEa O S pBPtHES
seleetidrdingsdl@kinkhik WS INstfe wire diameter depends on the temperature of the

nanowire when being grown, i.e. the diameter is reduced at reduced temperatures, e.g.
decreased by 20 or 50 degrees C, a nanowire NW may be obtained having a segment NWS
with a reduced wire diameter. As the current density is higher in the segment with the
reduced wire diameter the phase transition is induced in this segment. This results in a
relatively reliable definition of the active volume. As shown in Fig. 11, the nanowire NW
thus obtained comprises a segment NWS, which comprises the phase change material and has
a wire diameter DS, and a further segment NWF with a further wire diameter DF which is
larger than the wire diameter DS of the segment. Optionally, the nanowire NW may comprise
an additional segment NWA with an additional wire diameter DA which is larger than the
wire diameter DS of the segment, the segment NWS being located between the further
segment NWF and the additional segment NWA.
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a quasi two-dimensional array of memory cells each comprising a nanowire
NW comprising phase change material and a selection device 171. The
electric device 100 may be finished with a subsequent passivation layer and
optionally with one or more interconnect ldyers. Alternatively, the electric

device 100 may COMRHSR WKIBERIMEIRSS SHRWNIR: T jha IRHLRIARAAPmay

of each other. In such a case a three-dimensional memory array may be
BBtaMEHC P IERMTE SaREtOANTBE2E APEE prdWided with a dielectric
layer 123" shawsegmEng NVOS siditas f@rdt@te@ﬂeﬂamﬂaﬁy &elteﬁmgﬁayﬁre
rovided w penings 124' ex art of the underl
DB e T e e S R i TR
ah%ﬂ@gitﬂmset@ﬁ@n@hvrres NW in openings 124. The remarnder 10 of the
openings 124' may be filled with a further dielectric material 223" analogous
to dielectric material 223. The dielectric material 223" and optionally a part of
the nanowire8 RIVRUieAYy BdradAbivad by anaterRliYeras vartPese
ﬁagﬁﬁﬁnytemoauag)phemugerﬁmlaﬁam@dg@wﬂeﬂth\/ham@ apttefffsaaﬂ@a@ﬁical
clectric devipe 100.may. be provided with selection ings. 720 anglogoys to
selection ined'120; vestt |ng (R the %‘J Fcalareloatfic devics
shmmwﬂ'rpﬁi@ftme) fgdlactigméinenay2Q' mtalyllbeiﬁmtﬁm&wubh‘umibtqtred@stmal
P@s”}E%ﬂﬁle Pbr %@%b@r%&@%&l@é%ﬂ&@&%‘ﬁﬁ fﬁéifu?r‘ﬁeff%ﬂﬂ%ﬂ NRE MRV LY

of IC production. Selection lines 120, nanowires NW', and selection lines 121
farﬁﬁslgea%ﬁagrr&%%wt%eﬁrr%efﬂmt@ﬁ%ﬁarlﬁrerﬁwgﬁws|rT piglopants of the

ambeadisaeizh ROV i kg additibeiesagmebva Ve xelsa ¢ B6lthbaving JOiFERIBGHRBIes.
lines 120. H ever thei |n %yonr not I|m|tedt qhs naber 058(? %ctlon
1n ﬁjecgrlc

. 1res € INCOTrPO CVICC nim
lines 120, 12 rltorlt?tls num eve srlfn 10Se me s according to We

irgediohln which the nanowire is grown by means of a vapor-liquid-solid

growth methegd h¢ fomparaiy %’g&tﬁt&% QEQW‘IQJ@JR%%{E M REHeRGasedn

during the growth. As the wire diameter depends on the temperature of the
AnhBMREWARMBERTP BN by hing Bmifesar romagsiten divagaapeyvire growth.

tEReY alkyaes, &ngm%E slerienaseidioy 30Q10peidegesis GhaddpRMIEHRIN Jnay to

e obta| eg havrn edgrp thWS with a reduced.w 5 iameter. As the
the tar erorg 1t 1s taining n- t%)? et%ments adb nanowires e% Wlth a
curre ensr IS hlg er |n eseg nt hthe reduced wire diametéert

Phiise mnsmms ifdppedimakls $&Gment.Mhiresultima Selaibie!§ is used,
ISHBNSARIPIHAR Al HRERCHVE B UMS wirESDEWH IN i ndbiot *@enﬁrws?i}t\tt

thus obtalned comﬁ)ﬁ:lses a segment NWS, which comprises the phase

Bpish§erfermgdabid Hes @W?@rﬁt@%éﬁt&?&%@@h@%ﬂﬂﬁﬁ&%@@hﬁ’éﬁ?ﬂ%d
with asgithar wikgdiarn @t@g@&gﬂma @a@reﬂnﬁmﬂateﬁawmﬂmmeg@a@@ of

th t. Optionally, th dditi
SE RN RN G S U eI SR GIHIGYIS g Rt Pve

a lattice mismatch of 4 % which still allows for easy integration within one naowire.

The use of pn junction is for selection purposes to prevent parallel current
from neighboring devices when arranged in an array as e.g. as shown in Fig. 10. In this case
the selection transistor can be omitted and cell size is reduced. The resistance of the diode is

not of major importance as long as enough current is conducted through the diode.

The maximum allowable current density in the nanowire may be increased by
increasing the thickness on the low-doped side of the pn junction. The highly doped side of

the nanowire may be thinner and in contact with the segment comprising the phase change
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wire diameter DS of the segment, the segment NWS being located between
the further segment NWF and the additional segment NWA. 17 The
segment NWS of the nanowire comprising the phase change material may
have a wire diameter between 5 and 50 Afh such as 10 nm or 25 nm. The

seenenThVRaes DedUibriSeomMRIELN W MBYARGH £ AP BHSEIien PRASS:

change material. The additional segment NWA, if present, may also comprise
R BCA Y SO TRRETRIE BRI RS APS EmER AfHBCARBMWATES RAP
deaytGemiprise ma it gyl cemend RWI7s8ad4optitor iy iacadditirtarsegynent
N}lgé nging a different chemical composition than the segment comprising
{Re pHas}e change material. The chemical 10 composition of the further
segment mayniseveptiniz etithor dralvidgnantedapediptowitdedtficale esivtansde the

agéﬁfngsr@iaﬂx@&yl E&N iPEéE&RDQHfE‘iMQ(reTH@)MIQ@H %_{%Q’-B%{‘}uhw&?ﬁ%h a
optionally the additional segment NWA may have different doping .
BORRIEHEr t%ﬁ&ﬁ%@%ﬁ%ﬁ@&%ﬁ@%ﬂf@?é&m%ﬁ%m#%%%(afamaﬁm
segivert DMMAIMaybe the BavnelasseliftenantssperigsedSichaanswepsNMbid-
ma )be irflcor oratgd inbthéa.elt%ctr;g qey'ge 109 sh&wn in. 15 Fig. gor 10. In ¢
HE T R S SR TEHEires COMProRg A Sefeclion dayrea s aructor

asnavpreplinotiSnimaydnd cbithiheldnynchdyigivry Vetgadscorhpositibmatgsiags-302,
RERR WIS PRaWElhy TAR 833 MMaY *P@sQ%é?ziﬂ&?c@ﬁJ%ﬁﬁrtl?éﬁ'%‘ii&}ﬂge?efr%g%d@qmed in
p

target, i.e. the dopant has been added to the target before it is ablated. For
distEangsgTAmyhRSEyHTEN YRS 8B nEhfoWIRXIres dgnayits grotnidgiisgeas phase as
CRNCAFHaliN Of apRiexIBIatain di0d thEMedi€hDEbnPokiiival %6 tHedsneraasl/pmS
is used, for obtaining p-fype segments in GaSh nanowires, €.9. 0.1 -:1.0 .
B A o T, Rp By BeRi Ry e i
gasrSuthres por imotiorerplaytdreceandbilvetionist bySdgmentikeenptisindvature,

%@uﬁl@ QQS§§%@§ 1@-@56&%@9@&%&1&%2 %hag W%ﬁ %&onnents in the

semiconducting nanowire segments ‘with In0.5Gao.5Sb is advantageous as
B PRIl s 88 DB IadidEmikhiatch 18 iR ERfRRR BT sy

IegIRkeRoI U 0BEBACMITRS Ihausted PIUREIaB ©ferselasivnal

SIdostTe &%J%ri%‘é%”mtié’o%iﬁl'é%éPHJﬂE%E&%?}"Le'%tfoﬂﬁ[‘#kdeet‘ﬁfe%l}%‘ph sics
arranged in an array as e.g. as Shown M Fig. 10. Inthis Cdse” the'sefection
lrettsistorican 8 pradtidd mabeeN0dize is reduced. The resistance of the diode
is 30 not of major importance as long as enough current is conducted

through the diode. The maximum allowable current density in the nanowire
may be incre'ggeegaﬁgwire may be composed of three subsequent differently doped

semiconductor regions such as n-p-n or p-n-p. Each of this region may be a doped
semiconductor of the same or of a different class of materials. E.g. all three regions may be
composed of one and the same III-V, II-VI or IV class material. An example of the former is
InP. Alternatively, one of the regions may be of a different class of materials, e.g. a p doped

II-VI class material sandwiched between two n-doped regions of a IV class material.

In this embodiment the doping profile of the nanowires may realize the punch-
through diode functionality. A punch-through diode is a non-linear element comprising at
least a first and a second region of a first conductivity type and a third region of a second
conductivity type between the first and the second region. The first and the third region on
the one hand, and the third and the second region on the other hand form two oppositely

located rectifying junctions. At least one of these can be biased in a forward direction by
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increasing the thickness on the low-doped side of the pn junction. The highly
doped side of the nanowire may be thinner and in contact with the segment
comprising the phase change 18 material. The different wire diameters of the
two parts constituting the pn junction may‘be obtained by changing the
sihalratenteqeeiatiig gringdRe Wik WHRS RANNSS Basik. desaliRafthe
h atent appllcatlon WO 2003/683949 which is incorporated herein by

Eivin 5 i anbsrrbemid e itpBiriehtcds pad B Neh s
géavaanmmde/&hen@mn tgord 3de amlelﬁﬂctfomeﬁems wdvehhaveascasasated

glre t&))% 'illllnCtlllIl ou %({I ({éq'lWIr? Nyvrmlg'a/ls Wp[?lt UtZa[ﬁ nﬁqlt\l]ﬁtpgﬁ ?F\ﬁefore

emicon UC Ing onocrysa Ine nanowires o
eledgies yanbl @ynmesfze&%meaw@(mdﬁmgwmsemymﬁ ihn as

BRREIREH IR LR Wﬁ@%le@ﬁ@ﬁ(&cé}{ﬁé@%@ EAMRAYNHRATHE QOANRGIRI IO

nanowires" by X. Duan and C.M. Lieber in Advanced Materials, volume 12,
FRins sowtipuneshpineRdhiitel SR AERTERHRENTY s <airdhan e adratage

andihat-ciamaies mycb@dmwddgnoﬁaeemngﬁ dtﬁeﬁeﬂt@emt@oad@wﬂgumnr@dus
nm. The nanow res rown n well as on

hase as
O R T IR B he ARl e e oh ey SREnTE o
fesistions @ahebergln@mlum@ ethenwiyebtaigdd weéembemngtheemmbf '@vowth

t WPy M.
@%ﬁﬂgg?@%@ w&scf&&{ﬂ@ﬁ%&ﬂﬁlﬁﬁgm;%%% eé‘ﬁiﬁﬂwcﬁmby

Nature, volume 415, page 617-620, 200 ilarl
%F@Sﬂ%@?ﬁaﬂewﬁwﬁdﬁ@ﬂ@%1&!\@6@&%&%&%%%&@g&egﬁﬁag’eo @nch

frosndn cﬂe@k:?lﬁq)iacam]&m @@dmlﬁeméﬁﬁﬁﬁélﬁtn@f hiete rﬁmacanm eﬁa,yrblenvely
{abr ated sc be(iln t "One dlmensmnaé{ ero tures in

¢ lowr sisfance a; alve
semlco%du ctor nanow &rs” by ork etal; 1Kppine yS|c
Lmswgldutﬂensodmgéenmm,r QO@QL i puneln Bwore inkgdb és conmpdsddo a

&qﬁp&ﬁqﬁlﬁ%éjifferently doped semiconductor regions such as n-p-n

of p-n-p. Each of this region may be a doped semiconductor of the same or
of a different class of materials. E.g. all three regions may be 25 composed of

one and the SaB@MinY phrivie efagvbelawdiﬂmﬂai-p%;%ﬂlmma@&éﬁﬁﬁﬁfﬂw [5-p-
hIP i,éllt ative one of the regions m E of a dlfferent c ass 0 §en

Is
8Beh° 9P QIS R SBRG RRY bRt W R G ope Fgﬁaorﬁ%"h'

dfraugh etaisBatriztat b thy¢hid e pitsodinve mah écdogin gl phefil@phthemarbwices
keRA AN PG 0. gk diade ungiamality,f punch-through diode

is a non-linear element comprising at least a first and a second region of a
first conductivity type and a third region of a second

The electric device according to this aspect of the invention may have one or
more of the following advantages: the nanowires may have a relatively low resistivity, in
particular when the nanowires are mono-crystalline. It has been shown by M.T. Bjork et al. in
the above cited paper that the VLS process is able to deliver mono-crystalline nanowires with
a relatively low defect density, resulting in a relatively high carrier mobility. This enables the
nanowires to support a relatively high current density. By appropriate metallurgy and
processing contact resistances below 20 kQ such as between 1 and 5 k€ may be achieved as
is shown in the article “Single-electron tunneling in InP nanowires” by S. De Franceschi et
al. in Applied Physics Letters, volume 83, pages 344-346, 2003. In combination with the low
nanowire resistivity this enables a large on/off ratio when the nanowire is used as a selection

device. Both the VLS method and the fabrication of the contacts may be performed at
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conductivity type between the first and the second region. The first and the
third region on the one hand, and the third and the second region on the
other hand form two oppositely located rectifying junctions. At least one of
these can be biased in a forward directiof®y 19 means of the electric field of
b, henvnGtionotighsisreversitly iarer mbhe WU iR hiid-FRY G fes
sufficiently small and itS doping profile is such that punch-through occurs
céhvesarettibunctions before one of the junctions breaks down in at least
one bias direction. The punch-through diode has two terminals with the

same dopin . Therefare, relatively small number of different .
ateriale oy B T GBSt BB 5 i e
disotrdodiicodrnnectingithel tesminals. ddliisndbg semiogndiactonpregiomsf the gas
CRRStHHIIRG tﬂ%e%%%ﬁﬁ% Wenslieds 455 Qg&gﬁgmy AviEea S r%a% 0% a 1aser,

advantage” that mono-crystalline semiconductor’regions, even of different
diffarenianwdeiHie Adlsreph Hip o BegRIW AUBIREARF ST exEh Teby algme it
Wiahimedhegmpcthis wavsh: ialativebadpnalOsasistanraeehihe semisonducting

regions is obtained while requiring a relatively low temperature of 400 to 550
degrees Cel H%Pﬁ“i’w%‘f-h%?ﬁ‘é ‘Pﬂﬂ%ﬁﬂa&bﬁ Wi 863@?‘?8&%%‘?&8%%3 irst

selectioin devicendticatativetyriolw fefipecaturesidtioypdan ithie gratipie of typech

ﬂ%’i%@ei“ adégéj?%ﬁll \Aél%ﬁ%‘?%ssél%}%nﬁkii%%?ﬁeq}ﬁ QP&F@J&%&%&%W@?%Q”&%@

only relatively low temperatures. T vantage of a re y lowresistance
srngleardtivelynew thdaeaparataremises histite patiiishe bhsaestherndpeibtity
the-PnGR thepvab digge is connected to a layer of memory material. The
doping profile may be a symmetric n-p-n profile or an asymmetric n-p'-p- n
profile. The thickness of the p-segment may be chosen such as to achieve
the desired rbagha2Qithrofigis amt dtanbanthyplieges ishmaliesahiive miawble a
ouble heterojungction with th ntral nt hayin igher .
L 4 T R IR S egion s e
tREionVaRtibeY eriaiiiskirs orfe Operiar bitheafallehitrih cdavaititdigakdigsetion of the

nanAviEeR pay;hayerad elativelyulaw raRistivitiedn A PRIGGHIR WhR B ons are

nanowires are mono-crystalline. It has been shown by M.T. Bjork et al. in the
drsvRIRsL by dhpdrsred SRS BRI Sible to deliver mono-crystalline

nanowires with a relatively low defect density, resulting in a relatively high

carrier mobiliy. This enables e, naneuiies | SpRar . (elatyely bion
current densﬂy.%ryl/ ar%roprlate meta(ﬁ)urg and processing contact

rexiufaribEsdulolickovich s dserdiostp thay STkionrhayitmadite V83 with a
3QiisosheMyprindbe ptidenRingeRleattemn {nReng IR AANAHYIGHalY R a
Ee%ollzlrda}g‘]hagg,ctgle ?&tesistor having a first electrical resistance when the phase change material
is in the first phase, and a second electrical resistance different from the first electrical
resistance when the phase change material is in the second phase. The resistor is a nanowire
NW electrically connecting a first conductor 172, 120 and a second conductor 108, 121. The
method comprises the step of providing a body 102 having the first conductor 172, 120,
providing the first conductor 172, 120 with the nanowire NW thereby electrically connecting
the nanowire NW and the first conductor 172, 120, and providing the nanowire NW with the

second conductor 108, 121 thereby electrically connecting the nanowire NW and the second

conductor 108, 121.



al. in Applied Physics Letters, volume 83, pages 344-346, 2003. In
combination with the low nanowire resistivity this enables a large on/off ratio
when the nanowire is used as a selection device. Both the VLS method and
the fabrication of the contacts may be pefformed at 20 temperatures not

exceeding S5Q0sfo @g MRk deive R CHsialing masstidledbingnakiesher than
CMOS compatibility. The doping profile of the nanowires may be chosen

Unuhths iy FaiprneiA dhat daasr skitrd de BRaraME R RS 1 YigayBRYAL G EYe
by ishamngingwitwo aypasitigh-ohthe gape Py peng dneagrowththd bRims, any

c osition m changed by illuminating, e.9. with a laser,. different .
R R ST s A AR R BB e
Wardirredrsarap o exreds reulyle iftopticecyessop hthse Aemdeotradetratihanihebelisted
nanewmite THEG BNCh-Shraua b dioda MAveaSMBe Hicak-ARd ey camaniae
a first 10 region of a semiconducting material of a first conductivity type, in

readia i s SlspENthetween a second region of a semiconducting material
of a second conductivity type, in this example n-type, and a third region of a
semiconducting material of a second conductivity type, in this example
n-type. 15 In a variation of this embodiment, the p region is composed of a
relatively highly doped p+ region and of a relatively lowly doped p region.
The p+ region and the p region may have a thickness of some tens of nm
parallel to the longitudinal direction of the nanowire, respectively. The exact
values of the thickness and the doping concentrations are determined by the
desired electrical characteristics. 20 In summary, the method according to the
invention is directed to manufacturing an electric device 100 according to the
invention, having a body 102 with a resistor comprising a phase change
material being changeable between a first phase and a second phase, the
resistor having a first electrical resistance when the phase change material
25 is in the first phase, and a second electrical resistance different from the
first electrical resistance when the phase change material is in the second
phase. The resistor is a nanowire NW electrically connecting a first
conductor 172, 120 and a second conductor 108, 121. The method
comprises the step of providing a body 102 having the first conductor 172,
120, providing the first conductor 172, 120 with the nanowire NW thereby
electrically connecting 30 the nanowire NW and the first conductor 172, 120,
and providing the nanowire NW with the
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second conductor 108, 121 thereby electrically connecting the nanowire NW
and the second conductor 108, 121. 21 It should be noted that the
above-mentioned embodiments illustrate rather than limit the invention, and
that those skilled in the art will be able to’design many alternative
emRadinents without departing from the scope of the appended claims. In
the claims, any reference signs placed between parentheses shall not be
construed as limiting the claim. The 5 word "comprising" does not exclude the
presence of other elements or steps than those listed in a claim. The word
"a" or "an" preceding an element does not exclude the presence of a plurality
of such elements. 22 CLAIMS: 1. Method of manufacturing an electric device

100) havi bod ith .
ateral being SHE QLR BET B af Gt ATS: DL LA S SaEapep) with

phase, ctheples'ig(arpbem ghamnostere N} eleoteehlbybeoveractiheps difstt phase

585‘9%8&8{14%K§se1§8)r9{‘§!o? 585294 ERIANGORWL OB, dighly QRPEINY first

comprising the step of: 5 - providing abodg (102) havm%cheflrstconductor
2

ewéuqtzd)”&ﬁd\%@)iﬁgdthéeﬁ%{dd@ﬁa%mr( 9321 2D hoviRtRE FranRIviRg thewtyp of:
thereby eIeclgmumg@mwyt{qumﬁmgl%If@s(wa@m thejirszo;onductor

(172, 120), and ovi then NOWi with the second ¢
(106, 127) B B BB Mgt NI GRS e e
cagtivatr (08¢ 121 helduvvere(iNiNe sid hofiprtoviddngchél fitgst 20nduttor with

the ”a”OW'rg?QN\V\él %%%Pﬁb%%%ﬁle(ﬁ‘i%’%%f Y QGIAZ AN ISt GBRIPSPL A b%r
120) with a dielectric layer (123) having an aperture (124) by which apart o

thectietl borrnetspsstesgrnsadreahiMprerddiisg erenp apnenetns fdY.daddiuctor

VHRASEhBY the ARettidifs(dR A WD i SBNRVER (MY )N JWRBFRIR thesteps
s%ep of providing the nanowire (NW) to the aperture (124) comprises the

8teps of: providing the part of the first conductor exposed by the aperture

€124) with a pretdigatiictestMayjuand @02, geowmichthdiclaciowlrg NV} dhaving an
g%%ﬁ[{ll% ‘(’fﬁ)"@;P%fé%‘Ba%PHF'tQJ%EhCE%HE%‘? is exposed, and

- providing the part of the first conductor exposed by the aperture (124) with the
nanowire (NW), and

wherein the step of providing the nanowire (NW) to the aperture (124) comprises the steps
of:

- providing the part of the first conductor exposed by the aperture (124) with a
metal particle (MC), and

- growing the nanowire (NW) by means of a vapor-liquid-solid growth method

using the metal particle (MC) as a catalyst.

2. Method of manufacturing an electric device (100) as claimed in Claim 1,
wherein the aperture (124) has a depth (S) of 5-100 nm, preferably 5-20 nm, in a direction

parallel to a main axis of the nanowire (NW).

3. Method of manufacturing an electric device (100) as claimed in Claim 1,
wherein the metal particle (MC) has a diameter between 2 and 100 nm, preferably between 5

and 50 nm.
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using the metal particle (MC) as a catalyst. 2. Method of manufacturing an
electric device (100) as claimed in Claim 1, wherein the aperture (124) has a
depth (S) of 5-100 nm, preferably 5-20 nm, in a direction 25 parallel to a
main axis of the nanowire (NW). 3. Methéé of manufacturing an electric
device (100) as claimed in Claim 1, wherein the metal particle (MC) has a
diameter between 2 and 100 nm, preferably between 5 and 50 nm.

fethod of mAHUIFALtetMEr 4 eHsEE eRoREC D0y %%ﬁﬁ@lalmeéra.ﬂaim L,
whekemnlibetgiep gbpidvidingpdre gaalit dirthefidst o pdpaiar Bxpespdrhydieg)

ggt%rgur tg}241)m}1\le @{%éne%a%lna %artl le MC%{:omprlses the steps of: 5 -

providing al ayer o me e Aperture (124), and heating the layer of
the metal thepehydfogrilagethe thetattpbididie gha)res 1R4ethod of

manufacturing. am eIREHIGHYIRE MR HANSHD rlaitat paiecen e

phase change material comprises (Ini_xGax)ySbi_y with 0<x<1 and O<y<1.
10 6. Method of manufacturing an electric device (100) as claimed in Claim 1,
wherein duringethedssepafugiaviing ﬁheleaﬁewa’\&obx lm@aﬂ&‘d@ﬁﬂed in Claim 1,
vapor. |I81UId sollglh LO\é\Itnflla Qﬁ hod tigle te peéa of w % gﬂ %QOV\iII’e IS
Joer g PSS IRASS ey SO (Sff)é?);‘ h’aw S 'Body (102) With Sresistor
comprising a phase change material being changeable between a first phase

gnd a seconq Ri3e, RGN IERISH NAVING AlIRL RISEHHGRY @ﬁ'ﬂ@@?x’?&ﬁﬁ{‘lthe

phase change material is in the first phase, and a second electrical
RS BB PRI e ShCc1aeatEn e SHSean o WrfeTtHavigiqlid growth

ahangeanaieipatisio cheseemwidohase:iihs tsisteedeing a nanowire (NW)
electrically 20 connecting a first conductor (172, 120) and a second
conductor (108, 121) ), the first conductor (172, 120) having a dielectric layer
(123) providedihéreto dvibeiédicherinie ddypdy hEHAhg idnaapestoredihpdyiny a

M’J&J%HEH OHNEII FGRNAMGIRG R GXRRERY ﬁﬁs‘{"ﬁl{%’bq}% RROQNH BHiSse, the

e ectrlcally connected, wherein the nanowire is obtainable byhagrowmg the

FANWRAVEIS Y elepbisalrpusieas i sdheshs sy mueiv isiahador 25
beid-sadid @r@ﬂmmﬁ@daﬁ%c@ mgtadagiosaialis: dedicalesiiatieviden the

&100 cqlavm 3 b?a yls(il'n %f) Wlth %ISSetOt Coml tolfc’ 1 aasn(é)l oha}seem% ctricall
ferla'fn%%lng C angea 5& we A2 first phase andtd' S8eon e ety
connecting a first conductor (172, 120) and a second conductor (108, 121) )

- the first conductor (172, 120) having a dielectric layer (123) provided thereto
and the dielectric layer having an aperture (124) by which part of the first conductor is
exposed to which the nanowire is electrically connected, wherein the nanowire is obtainable

by growing the nanowire onto the exposed part of the first conductor by means of a vapor-

liquid-solid growth method using a metal as a catalyst.

8. An electric device (100) having a body (102) with a resistor comprising a
phase change material being changeable between a first phase and a second phase, the
resistor having a first electrical resistance when the phase change material is in the first
phase, and a second electrical resistance different from the first electrical resistance when the
phase change material is in the second phase, the resistor being a nanowire (NW) electrically

connecting a first conductor (172, 120) and a second conductor (108, 121) ), wherein the
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resistor having a first electrical resistance when the phase change material is
in the first phase, and a second electrical resistance different from the first
electrical resistance when the phase change material is in the second phase,
the resistor being a nanowire (NW) electdtally connecting a first conductor

%I%%Y%g?nmm%??i%g i%gﬂgﬁpg%@é:%ﬁﬁ% }n()m rises thitgE %%:C }éhan ierial

ARABH VA aRcl thi B grierey s
{mhemiviiesdiageetenm (RFynddehnada(ps) tia: thgmsne diameter (DS) of the
segment. 5 9. An electric device (100) as claimed in Claim 8, wherein the
nanowire (NW) comprises an additional segment (NWA) with an additional
(ire diameteA(BRyinbidtvies (APgersticbamntbe iniitadicineterdD S oltieavire (NW)

1 &%g!@lﬁ 1 l t cn 18
zggggﬁ% %ﬁ%%} grﬁhg the addlmgigﬁgr%# %@V}%@% ?{()QI% ,E#p?jﬁ?lg%qe}\lnce

(4766) Hacibimdd e BSWHehsirrame eh R Hhtigrlocated
SWQMEérnagmaifKM)@ﬁanm@ahmmﬁoatht IXwA). electric device
(100) as claimed in Claim 9, wherein the segment (NWS), the additional
segment (NWA), and preferably the further segment (NWF) are of different

18 chemical éomlsositidayite (JN)eleckrimebii¢d4in08) asuimithe degnCraity 9S)

wherrRin iR Seg [H&H ?ﬁav@&@ggmgﬁ%ﬁﬁg%ﬂ{ﬂo@%) and preferably

the further segment ( ach comprise the phase change material. 20
13. An electric device (100) as claimed in Claim 7, wherein a segment (NWS)
of . the nanowifeemmprdsm&me(pmas&ﬁimge:mmeﬁalﬂw@@wiEegcﬁhaﬂﬂeltaNS)

Rt 2,700 20, 10,25 LA slegiin dovise ool as aigmedin Clain
&réint istor 73 dondti Fu? memory €l ), an od

éh@@)qabmpmsloan array of memory cells, each memory cell comprising a
respective memory element (170) and a respective selection device (171),
and a grid of selection lines (120, 121), 30 each memory cell being

idividually at8sdsie %ffalfﬁélr@ﬁéaﬁ}@%@&lam|ﬁxd@a?e th@z@ﬁment (NWS),

ﬂﬁrﬁ’dﬂﬁﬁ@ﬂamdﬁlﬂdﬁwm}eaﬁﬂ|§&H‘Qﬁlfﬂﬁﬁi€Qu@ﬁ)seéﬁeﬁtrﬁewmr&dﬂ@dﬁ@nse the

gﬁ s claimed. n} Claim 14, wherein the selection device
ange materia

13. An electric device (100) as claimed in Claim 7, wherein a segment (NWS) of
the nanowire comprising the phase change material has a wire diameter between 5 and 50

nm.

14. An electric device (100) as claimed in Claim 7, wherein the resistor (107)
constitutes a memory element (170), and the body (102) comprises:

- an array of memory cells, each memory cell comprising a respective memory
element (170) and a respective selection device (171), and

- a grid of selection lines (120, 121),

each memory cell being individually accessible via the respective selection lines (120, 121)

connected to the respective selection device (171).

15. An electric device (100) as claimed in Claim 14, wherein the selection device

(171) comprises a diode.
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(171) comprises a diode. 25 16. An electric device (100) as claimed in Claim
15, wherein the selection device (171) is integral part of the nanowire (NW).
5 17. An electric device (100) as claimed in Claim 14, wherein: - the selection
device (171) comprises a transistor havirg a source region (172), a drain
region (173) and a gate region (174), and the grid of selection lines (120,
121) comprises N first selection lines (120), M_second selectlon lines (121),
Afid an output HSECHTs fRY RSB 1 01irAEa AR Moy heTeisselerppn devie
elecyricaltycaeciingeafifstviegitiw selected from the source region (172)
and the drain region (173) of the corresponding metal oxide semiconductor
field effect transistor to the output line, a second region of the corresponding
ietal oxide senvicongutstordielflefeclairaekistolsaléttedidrom the source

region (172) gpd g draieie0(@n(lom ek Raiesftee (oM e st e iQﬁ‘(172)

bemg electrlcallzl 15 connected to one of the N first selection lines (12
gatairdgrion (1 72) Behdguricsieaty’ thAfcted to one of the M second
selection linesd gAd of selection lines (120, 121) comprises N first selection lines (120), M

second selection lines (121), and an output line,

the resistor (107) of each memory element (170) electrically connecting a first region
selected from the source region (172) and the drain region (173) of the corresponding metal
oxide semiconductor field effect transistor to the output line, a second region of the
corresponding metal oxide semiconductor field effect transistor selected from the source
region (172) and the drain region (173) and being free from the first region, being electrically
connected to one of the N first selection lines (120), the gate region (174) being electrically

connected to one of the M second selection lines (121).





