NON- VOLATI LE MEMORY DEVI CE AND METHOD OF FORM NG THE SAME
Cross-Reference To Rel ated Application 5[0001] This application
clains the benefit of priority of Singapore patent application No.
201202613-4, filed 11 April 2012, the content of it being hereby
incorporated by reference in its entirety for all purposes. Technical
Field 10 [0002] Various enbodi nents relate to a non-volatile nmenory
devi ce an M i FGe.
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[0003] Conventional non-volatile memory (NVM) devices include floating gate FLASH
and discrete charge trap-based devices, e.g. Silicon-Oxide-Nitride-Oxide-Silicon
(SONOS), TaN-Al03-Si3Ny4-S10,-Si (TANOS) and nanocrystal (NC) memory cells.
SONOS or floating gate NVM are three terminal devices, which face endurance and
20  retention problem while scaling to < 20nm. Their program/erase (P/E) voltage is also
high. Emerging non-volatile memory include resistive random-access memory (RRAM),
phase-change random access memory (PCRAM) and magnetoresistive random access
memory (MRAM), which may be based on technology nodes of 32 nm, 22 nm or beyond.
However, phase change memory may have a high program/erase (P/E) current and
25  thermal cross talk issues.
[0004] Resistive random-access memory (RRAM) has been studied extensively in recent
years due to its potential being the solution to the scaling issues in current charge-
trapping based non-volatile memory (NVM). Superior data retention, high speed
program/erase (P/E) and low operating voltages make it suitable particularly for

30 embedded NVM applications using standard CMOS back end of line (BEOL} process.



30 enbedded NVM applications using standard CMOS back end of |ine
(BEOL) process. Therefore, RRAM may offer ultra high density, high
speed, | ow power, nonvol atile nenory scalable to sub-10 nm technol ogy
node. [0005] FIG | A shows a schematic cross sectional view of a
conventional resistive random access nmenory (RRAM cell 100. The RRAM
cell 100 includes a top 5 electrode (TB) 102, a bottom el ectrode
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source line (VSL) 146. The RRAM cell area may be 4F” (F refers to the minimum feature
size) while the select device (i.e. access transistor 108) area may be 8F. Such a memory
cell 140 may offer a universal solution, as using a transistor as the selection device may
accommodate both unipolar and bipolar switchings, whereas a diode as the selection
25  device can be integrated with only unipolar RRAM. Hence, a 1TIR may have wider
applications than a 1D1R.
[0007] FIG. 1D shows a schematic cross sectional view of a conventional memory
cell 160 including an RRAM cell having a storage dielectric 104 with an access
diode 108. The memory cell 160 has a ID1R configuration. The storage dielectric 104
30  may be coupled to a word line (WL) 142 and to the cathode ("-") terminal of the access
diode 108. The anode ("+") terminal of the access diode 108 may be coupled to a bit



line (BL) 144. Each of the ARAM cell area and the select device (i.e.
access di ode 108) area may be 4F2. Due to the presence of the access
di ode 108, the nenory cell 160 has a unidirectional or unipolar nobde
of operation (unidirectional current flow). 100081 A RRAM cel
integrated with a 3-di nmensional (3D) vertical bipolar junction 5
transi stor (BJT) has been denonstrated to have 4F2 footprint. It uses
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nanowi re channel. 20 [0011] According to an enbodi nent, a nethod of
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channel . 25Brief Description of the Drawi ngs [0012] In the draw ngs,
li ke ref evgpptefosKaIBRIEsrlP0dheral Iy refer to like parts throughout
the different views. The drawi ngs are not necessarily to scale,
enphasi s instead generally being placed upon illustrating the
princi ples of the invention. In thguhghdowi ng 30descri ption, various
enbodjnents of the invention are described with reference to the
foll ow ng drawi ngs, in which:

[0010] According to an embodiment, a non-volatile memory device is provided. The non-

volatile memory device may include a nanowire transistor including a nanowire channel,
and a resistive memory cell arranged adjacent to the nanowire transistor and in alignment
with a longitudinal axis of the nanowire channel.

20 [0011] According to an embodiment, a method of forming a non-volatile memory device
is provided. The method may include forming a nanowire transistor including a nanowire
channel, and forming a resistive memory cell adjacent to the nanowire transistor and in

alignment with a longitudinal axis of the nanowire channel.

25 Brief Description of the Drawings

[0012] In the drawings, like reference characters generally refer to like parts throughout
the different views. The drawings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the invention. In the following
30  description, various embodiments of the invention are described with reference to the

following drawings, in which:



[0013] FIG | A shows a schematic cross sectional view of a
conventional resistive random access nenory (RRAM cell. [0014] FIG
1B shows a schenmatic cross sectional view of a conventional nenory
cell including an RRAM cell with a select device. 5[0015] FIG 1C
shows a schematic cross sectional view of a conventional nenory cell
including an RRAM cell with an access transistor. [0016] FIG 1D

shows a YOOESYEIGC 1@V eixSvsS 8 Gehédic Mo&Vs@tioRal CAEBV 3t 4 QBAVenABHAD H¥siGBlel
i ncluding an RRAM cel |l with an access di ode. [0017] FIG 2A shows
a schenmatPRdoBl-BrRsUPERPRREAM) Gf8n- vol atile nmermory device, 10
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|IIustrat|ngarret hod formng a non-volatile nenory device,
accor di ngnctl@dln&amml\énﬂbmth@rwbct de@B¢9] FI G 3A shows a schematic
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[0022] Fllﬁﬁudlﬂéaﬁm%'&%%ﬁfah‘éé‘deys $bgw schematic cross sectional
views of non-volatile 20 nmenory devices, according to various

enmbodi merdfe17] F3G23R #ioes. a sehenatis bletkodiagram of oswnsvedatilo memoyy alagice,

vari oys i,n f met hod of formng a non-volatile
rn::rrt)r§/6 de\‘flgogg%gé%g%rfoé'g%%%f)%m\?gtrsl ous enbodi nents. 100241 FIGS. 6A to

6H show J06u8}iRIG. eBeclidmna flogr @BﬂoplyustrSEﬁ@ aninethod) redpioamiaf A ndu4olatileay
of non-vol atile nenorélorg&nw ces.in varj.ous process steps, according to
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m crograph of a fabricated 1T 1R nenory cell while FIG 7B shows a
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menory cektording tavaidhRembbdmenist h a ARAM cell in | ow resistance state
(LRS), ac[ﬁ(%l(il 14?8 3% Bvlw(s)us < nqgt%cn%empectwe view of a non-volatile memory
arrangement, according to various embodiments.
[0022] FIGS. 4A to 4C respectively show schematic cross sectional views of non-volatile
20 memory devices, according to various embodiments.
[0023] FIGS. 5A to 5] show, as cross-sectional views, various processing stages of a
method of forming a non-volatile memory device, according to various embodiments.
[0024] FIGS. 6A to 6H show scanning electron microscopy (SEM) micrographs of a 4x4
array of non-volatile memory devices in various process steps, according to various
25 embodiments. All scale bars are 500nm unless otherwise stated.
[0025] FIG. 7A shows a transmission electron microscopy (TEM) micrograph of a
fabricated 1TIR memory cell while FIG. 7B shows a high resolution image of the
fabricated 1T1R memory cell, according to various embodiments.
[0026] FIG. 8A shows a plot of the transistor output characteristics of a control wafer

30 without a memory cell and a 1TIR wafer with a RRAM cell in low resistance

state (LRS), according to various embodiments.



100271 FIG 8B shows a plot illustrating nmenory cell operations under
uni pol ar and bi pol ar nodes at Wa, =V5i ., =0V, according to various
enbodi nent s. [0028] FIG 9A shows a plot of unipolar node sw tching
for an n+ doped nanowire (w thout .FET) and 1T1R cells of different
nanow re di aneters, according to various 5 enbodinents [0029] FIG 9B
shows a plot of ultralow current bipolar node switching, according to
various goupyiRGns8s. sHob8 3D bldtlihstrafifé\ nashtbrit @Bl rapeia€iohd vadey miplirpdndt S
of DC endurance cycles and roomtenperature (RT), retention for
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plots of [Bhaggndar 9ACEWECE Bhot AT RUP HEAPSKAIHAE f&Hl) T GbFEH haRwiRr
ultral ow current bipolar nbde swtching. Detail ed Description
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of a nethod are anal ogously valid for a device, and vice versa.

[ 0034] Features that are described in the context of an enbodi nent
may correspondingly be applicabbgafigd bbRripgigR Or simlar features in
t he ot her enbodi ments. Features that are described in the context of
an enbodi ment nmay correspondingly be applicable to the other

n e correspondi ngly be appl i cabl ner
e T R R

al t er nat ishew, by vowsdrillbstchtibor spacifieatetaile and embodiments in which the invention

may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention. Other embodiments may be utilized and
structural, logical, and electrical changes may be made without departing from the scope
20 of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined with one or more other embodiments to form new
embodiments.
[0033] Embodiments described in the context of one of the methods or devices are
analogously valid for the other method or device. Similarly, embodiments described in
25 the context of a method are analogously valid for a device, and vice versa.
[0034] Features that are described in the context of an embodiment may correspondingly
be applicable to the same or similar features in the other embodiments. Features that are
described in the context of an embodiment may correspondingly be applicable to the
other embodiments, even if not explicitly described in these other embodiments.

30  Furthermore, additions and/or combinations and/or alternatives as described for a feature



in the context of an enbodi ment may correspondi ngly be applicable to
the sane or simlar feature in the other enbodi nents. 100351 In the
context of various enbodinents, the articles "a", "an" and "the" as
used with regard to a feature or elenent includes a reference to one
or nore of the features or 5elenments. [0036] In the context of
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"exact | y"inahél cantkLRsOaRRhdoNiMenB MG cdrROsohliingly bo@ppivabRXfo Bt sdmel GUS
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devi ces gigiAmahd EAHSTRR AR enbAindROSh YerROALYR! A kS SBARIK” as
(NVM applications and nmethods of fabricating the non-volatile renory
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[ 0041] Various. enbodi ments may provide a RRAM | ntegratjon schene,
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of resistive switching random access memory with vertical gate-all-around (GAA)

15  semiconductor nanowire select transistors and a method of producing the same.
[0040} Various embodiments may provide non-volatile memory (NVM) devices and/or
arrangements for high density non-volatile memory (NVM) applications and methods of
fabricating the non-volatile memory devices and/or arrangements. The non-volatile
memory (NVM) device may include a resistive memory cell, for example in the form of
20  resistive random access memory (RRAM) cell. In various embodiments, a RRAM cell
may have a metal-insulator-metal (M-I-M) configuration.
[0041] Various embodiments may provide a RRAM integration scheme, which integrates
RRAM cells on or towards the top of vertical nanowires, for example a RRAM cell may
be stacked on or towards the top of a vertical nanowire. The vertical nanowires may form
25  ananowire channel or a conduction channel for a nanowire transistor.
[0042] Various embodiments may provide a non-volatile memory device having a
1T (transistor) + 1R (resistive memory cell; RRAM) architecture. The selector (1T) for
each resistive memory cell (IR) may enable proper switching of the intended resistive
memory cell to minimize or eliminate the cross-talk interference from neighbouring
30 resistive memory cells in an array structure, and/or minimise or prevent read error effect.

The 1T may be a nanowire-based transistor.



be stacked on or towards the top of a vertical nanowire. The vertical
nanow res may form 25a nanow re channel or a conduction channel for a
nanowi re transistor. [0042] Various enbodi nents nmay provide a
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scalability may be obtained with this structure. Ultra-low curmrent switching may be
achieved for low power applications in portable electronics devices.
[0046] In various embodiments, a non-volatile memory device having a 1T1R structure
may be provided, having a two-terminal resistive memory cell {e.g. RRAM cell) and a
25  three-terminal vertical GAA nanowire transistor as the selection device of the resistive
memory cell. The resistive memory cell may be electrically and/or mechanically coupled
with the nanowire transistor. A standard vertical nanowire transistor process may be used
to form the select transistor for the memory cell and array. The nanowire transistor may
be junction based enhancement mode or junction-less depletion mode field effect

30 transistor or a tunneling field effect transistor.



may be provided, having a two-termi nal resistive nenory cell (e.g
RRAM cel ) and a 25 three-termnal vertical GAA nanowire transistor
as the selection device of the resistive nenory cell. The resistive
menory cell may be electrically and/or nmechanically coupled with the
nanowi re transistor. A standard vertical nanow re transi stor process
may be used to formthe select transistor for the nmenory cell and
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doped, ard tht\®RAM| celit disrmmownienr thay gherRR Al <ﬁllrre«'@t by agsegtd sacljackrs or
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or region of the nanow re tran;hstoré)fk]i(l)048 ]Xa“ ous  enbaodi nent s,
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the size [89481HB VR eabadingggys @AYok SrivalR o the
(e.g. Si Ba»%&oen&ﬂoa@w gdg Ho&oﬁ@&%&em énmﬁﬁaﬂ; %eﬂ&%ﬂ@ﬂﬁﬂo%feﬂﬁ&lli&i%s

silicon (Si)), may i nclude the top and one or nore sid
t he nanowilicen ($ﬁb \@@chcmw atclnde thentop tied RRAM wetd sidantsille lof ﬂmrnaemwpﬂ&le

may be cylindri i.de nhan n nd_ .t

roducts o AN re e REAMERL Bl o5 R AT PERLRER A 5 ofeyige fed
vol t age adnhuﬁmmhntaanﬂrtem Muct&ﬁn inSoimfiing ivaltdgg. Bhel formirgy voMage eférh@o the
conduction path i r The RRA si ze CI sel y
Cuned by YOHRES 81 I i gp%ewﬁ SUBELy T, %ﬂ%ﬁﬁﬁ%c fefign path s
fabri cat i-gamelo[ RRARRAM cé’lﬁ-'él'z@%?ay%@)ﬁgél@ hihed tbg&:ohf?&hﬁé thePfhabver-

portion of the nanowire, e.g. Si nanowre, e silicidedto form
ni ckel sidishe farexpmplgidyring fabeeatiom si | i ci de (T| Sl 2), cobalt silici de

CoSi l, el RS t
the FRa 0D o FEbE e Bhl kAT Rl KB 87 hifian dr ARG A0 8
and et chednéwire,anmebd s1h¢1dghmd’omnamd§el dilooidy (]\t151),staamemaa$hd1dte("[b$1§)t, oashalt
el ectrode. of t 0[.0050] A thin | ectrjc | ay of
i umn GRS (st oT oy s qdibe e qeshes e B0t lsfreftlal e udhy
serve as deheAsWnh&Rily) Gttt %e@ﬂteﬂdoﬁro@ﬁ mERbe Idepdsited BndEdhdd @M a @Elf-aligned
alternatively, other dielectric materials such as_titanium oxide

(Ti 02), aPEGH ETEPHGIEeReas(tiag lzmr}n elegirpdgof e RBANM €a205) or nul til ayer
f dig| b al s ,
G e o2t 10080 AR LR T Rer B CEBTRMEL o, REUE 15 SO GerRi i it

may be ofboapnmgccﬁwdr:l tmjesenfteheﬂr the amstching ndiglettat @x ntédrm).. Inl rddigion oars
enbodi nmen ec.ri e sistive,l i ncl udi ng
o osi ot 1UBtehikty: ReraURE hrR oA MR eea, Tl omt Ao,
limted t(ﬁudﬂ @oW MahfAum d’i{ﬁc@(ﬂ" ag()k\}l o1 nadltilayeR UsH ﬁﬁle):tnct trfa&ﬁiaMFTinay be
nitride (Ti N, tantalumnltrldeéﬂ . hafniumnitrid

al umi umdﬁ)t)sflﬁeeéo PEAYNGS tBe SuishinbislerEes: m shianid %@pﬁw%tha@ 6§ieleéwlc

and patt elﬁfb‘?%é}poe of or may include other transition metal oxide(s). In various embodiments,
the dielectric layer may be a resistive layer including a resistive changing material.
[0051] A metal layer including but not limited to platinum (Pt), nickel (Ni),
aluminum {Al), titanium nitride (TiN), tantalum nitride (TaN), hafnium nitride (HfN), or
alumnium nitride (AIN) or any combination thereof may be deposited and patterned to

30  serve as the top electrode (TE) of the RRAM cell. In various embodiments, the RRAM



30 serve as the top electrode (TE) of the ARAM cell. In various
enbodi nents, the RRAM cell may include the bottom el ectrode (BE),
the dielectric layer and the top electrode (TE). [0052] In various
enbodi ments, any one or each ARAM cell may have two nodes of
operation or switching nodes, which may include unipolar and bi pol ar
nodes. 5 [0053] In various enbodi nents, any one or each RRAM cell may
have | ow qeiwafayopehalel €hEs boftoth ekatigdee (BEY, e |dbdedtridQaidy! and ckhERERDE
20 1. 1A/ 30 Wfor uni pol ar node, SET 20 nA / 85 nWand RESET 0.2
nA / 0.7 s%ieds (Mdpol ar node. [0054] FIG 2A shows a schematic bl ock

di agram 0[50@2]ﬁﬁ@aﬁ@ﬁ@énﬁﬂacﬁinﬁ@rﬁ?ra\ﬁy%\é'&%a@lQ%RmC&Il%ﬂghﬁv% M%r MBYS of

enbodi nents. The non-vol atil e nmenory device 200 incl udes a
nanow r e qpmngn gt wtc:hog hedss uwliiply may mh@lmummlﬂnandm@molzomod@nd a

resi st v %‘Su mggdlg{ekpnggd oG 1?8% n&f Ipanlys ac‘)’g lopepower

transi‘st r I gnrrent a | ongi

nanow re dphﬁﬁ@@d f&oé@am-BEEBSET rle ;rﬂepseqsme@d FEsSHA080 iud 1 3 Ut farteebdla
show t he rel ationshi p anong nanow r e tran5| st or 202, the nanow re

channel zmﬂeaﬁETQHélArfe?éuréMavéR@@ﬁErﬂﬁ Y 0- 720K forppaler mede- i ncl ude
el ectri C Lﬁ?b‘ Wé QECHE%H@%lo%ﬁlldm%ga&QUp!i hBﬁlvaagféﬁéémArg H&?g
e I NC nanow r ebased

wor ds, n vo atl nmenory devi ce
transi st cacccﬁ“dmghiavvarg)ua endmdxmm c'ﬁimnmmi—vﬂﬂde rii¢meorgodevice| 210 Ineludesrar y

devi c8 200 furt.her a resistive ne cel,|] (e.qg. RRAM

ol |y oodapnvits HEYEE 207 ntfGnd A FRicatite’ FufRila2d itk + SS5flyn Shebow
202. The deR206!drie@gdte aBbYent &b | the Manowiye 2nkicton|20gNed W ligrinent with a
| ongi tudi nal. axis of the nanowi re channel 204, for exanple arranged
al ong t hdorafgdinalasingd thenanover chamnehiifoine Hng FeaFesEntebEA08 fpiiygiratgdito

the cont exbwQfic MioAbip GHBR 'tHE'%ﬁhéwlrE 'E}%nstlﬁémoznﬁ{é%&%rg EHA?B@I' 204"HM

mean a nanostructure channef extending, for exanple in a [ ongitudi nal
di rect i orthe wisishivelinemosy calk2GGn wihivdh aylmclude clegtrisaletcapling mil/ortrecchonicdxt
of valrl ous rrbodl ments, the nanowire 25 channel 204 nay serve as a
condu€t i ny ng %hémel 10057] In the context of various enbodi nents, the
nanow r e [0085)18lotiD4Avdray, the nof-vbladlel membof devicea DM, includad Aanclyire

nanot ube, anopi | | nanocol um_and th i ke In th ont ext of
var i ous SHBRHITHBHIET 1% TAdRGYE METEHiR e mzegﬁ%ysfhmoead@?%ﬁ? TRgporY
limted tRyRLbDE My ESier iSRIFBTEHMAVEGRIMARY cbil [¢.d/ FEEAMGRNINES RhRh may

i ncluding one or nore o
e arranged adjacent to the nanowire transistor 202. The resistive memory cell 206 may

20  be aligned with a longitudinal axis of the nanowire channel 204, for example arranged
along the longitudinal axis of the nanowire channel 204.
[0056] In the context of various embodiments, the term “nanowire channel” may mean a
nanostructure channel extending, for example in a longitudinal direction, with dimensions
in the order of nanometers. In the context of various embodiments, the nanowire
25  channel 204 may serve as a conducting channel.
[0057] In the context of various embodiments, the nanowire channel 204 may be in the
form of a nanowire, a nanorod, a nanotube, a nanopillar, a nanocolumn and the likes. In
the context of various embodiments, the nanowire channel 204 may include but not
limited to silicon (Si), germanium (Ge) or III-V semiconductors including one or more
30 group III elements (e.g. aluminum (Al), gallinm (Ga) or indium (In)) and one or more

group V elements (e.g. nitrogen (N), arsenic (As) or antimony (Sb)).



30 group 11l elements (e.g. alumnum (Al'), gallium (G or indium
(In)) and one or nore group V elenents (e.g. nitrogen (N), arsenic
(As) or antinmony (Sb)). [0058] In the context of various

enbodi ments, the nanowi re channel 204 nmay include silicon. As
non-limting exanples, the nanow re channel 204 may include a silicon
nanowi re, a polysilicon nanowire (i.e. polycrystalline silicon

nanow r e)[0es8y I tiss torcam-ofearfouy embdtianems, ke nkigvemethanhdl 20Aomby itvude

appreciated that any. sjlicon-based 5 nanow res be pr.ovided. .
[ 0059] Iﬁeifcﬁé A8 tosimigips \exAmBLEs: gﬁ%?%ﬁt@am%e?()ﬁdﬁ%mcéu%ﬁrﬁﬁl&on
204 may haNswyide, i ga%lﬁéonoﬁar@vﬁlreoﬁé ﬁ@l% Qﬁ‘lﬁhe gilf&@x'i‘%bl%lm?é} J?x@té"@iﬁﬂon-
about 10 nmand a t 200 nm for exanple between about 10 nm and

about 10@enngniwet penewvirgh ddewa@r.r itmshewld abo APPBOiaketh drat b@w/ééwomb@mi
50 nm andagg%%stg%obe rr}mgh& term "cross sectional dinension" my 10
nmean a di'fensi on P8F08¢ section of the nanowire channel 204

defined H0es%y Ia the ensaserofevatixiss eiipadipensl thelmnowioe thanklo2@d traginas a

axi s) of fhe nanow re chann 204. I n th cont ext. of rio
enbodi meHADEIPHRL 4G Feriona Q%meggﬁ%f!?%aw Omghgachahgpt ﬂé@a 1o
bet ween aRawple %@ﬂvé%ma%lﬁ 18R@HindZabdm 100m Heardh abHRtvesn alﬁpzﬁjéht 4PRmnmM

and about 1 pm between about 100 nm and about 500 nm or between
about 15 oB®otwesn abentaifoun apd 3pent 2[0907@1]Therfem écregsnicetienab flingensionls gnay

enbodj,ne f i

ti m&*gIl thg{‘ ofétaﬁné | arrgti grcnt)%g %GE@&{I’)I\Q,F\OW re c annlgagﬁ‘il 45@%%Ht%8§
or m ni mMtmasene axisgpérpeahiamubaelto éfeﬂacgltuddemeﬁtmmam\m&ml@md 2gat e
control. ri ous enhodi nents, hei ght of the nano nnel
Soa. " and (hBsol 3 e Sk AR B DO g SR SHR PR &
platfor mleri%'fh Mﬁﬁélgﬂ%f%Mh%Bﬁtslooarﬁn tah& ab&R At in Ofor %Hﬁnﬁl@%@f%ereﬁ about
channel i ncreases, the dianeter of the nanow re channel 4 may

al so be |1|®6nmas$ﬂabomtlle}mgt hetoferablonwt 120 gm fuot atione Sﬂ@mmmoréﬁemmmbtbut
204 may § achi & pr ovi ded the nanowire dianeter is
cor r €SpordP Ag 3p tﬁ ”m[ 0062] In the context of various enbodinents,

the ter mijsas 'Iﬁft}&eV&n'P@:%f)(zaﬁ@ds embBAYmans, S IR & B AR wifEtHanRd] DAY
ki nd whi ch may be switched between two or noré states exhibiting

di f f er entmayeli atddagt I monthatef the doagler phthgarnaviss dubod2fese 8s totdveid or
resistiv TS 35@%5%%%%5@ fe@tc LS. A LGlesh rgg;g& eq%]Ped Q%Foﬁeh{‘ vhiihs

nanow re ranst s reési stive nenor
confi gur &dlb@dmhbntshéie Hetyit of the hamera dhahned @84, ané hewvd tlma)cr}tanml l@fgth, reay

nanowl re c nn 4. 30 This mean t he re cel l
oa ria, e TP i Dt eaial oG 2 VG PO digtsnts b s Fenelieo Tnor g
channel 2@4unel b4 BlcRGidOGE dﬁ@ﬂeté&l’f\fﬁe Bsho¥ireAh bR @d)ﬁeﬁltaf/ Qe veBRreRtd.

the resistive nenory cell .
A length of about 2 pm for the nanowire channel 204 may be achievable provided the

nanowire diameter is correspondingly big.

[0062] In the context of various embodiments, the term “resistive memory cell” may
25 include a memory cell of any kind which may be switched between two or more states

exhibiting different resistivity values.

[0063] In various embodiments, the resistive memory cell 206 may include an electrode

and wherein the nanowire transistor 202 and the resistive memory cell 206 may be

configured such that the electrode includes one end portion of the nanowire channel 204.

30  This may mean that the resistive memory cell 206 may be arranged towards or at the end
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[0064] In various enbodi nents, the end portion of the nanow re
channel 204 may include a top wall (or top surface) and/or one or two
sidewal | s of the nanowire transistor 202. 5[0065] In various

enbodi ments, the end portion of the nanow re channel 204 may incl ude
an inplanted region, a silicide region or a netallic region. [0066]
As a non-limting exanple, the inplanted region at the end portion of

t he nanowgigorcdfanginoiré diBdheP20A THE Blcfode Tl yAadtkRths W HotoSabds (BE)
in other words a doped region. 10[0067] As a non-limting exanple, a

si | i ci de afdif rgpistite meraoy$€ll B8Pt i on of the nanowire channel 204 may be

formed b [ ] 1] jre
Chanmel - QRS Vi O urdfors, Bkehd BBbBe HIGBARRIEL Gl 26050 3R
subj elcft ed top mllmexabp suréae anlqr 011310 pr e:cﬁaiq]ﬂv:a]llg s_f td]ng nancrvapﬂ tilarisiser 262.
anneal | n ess,. I n rqer (0] orm e S I Cl de redqgl on, r exa e
e 1Yol AR 3Rt bl Phests e il bpion o e Beovirs e 208 g ST
enbodi MeninSmplaffed Sedibe, iatflidi @ 8ion BRY mehBlidkdgiona. material includi ng but

not limted to nickel silicide (NNSi), titaniumsilicide (TiSi?2)

cobal t silPPedlcs paymripiting etagipley| the iippiantd| regioaeal fjepes) pogyon of the
ni ckel - [R1o! | | oion i . L OUS
erbodi oo pa R (e AR gion imp AR kiAo M X8 Gt Shid
channel 26domay include a nmaterial at |east substantially simlar to

t hat of ilicide.region as described above. [0069] I.n. various
enbocitnedDs 1L RO bR o SRidn S hy it Ert PoRRbidas’ BinoSit
subst r at ehafhel).208 1Shy ibe fRrh& by sdepsditiat €)méandlawebLithe tehe portion of the
| ongi tudi nal axis of the nanow re channel 204 nmay extend at an angle

to the sulpawec shannpb(cagstkieand SinmeEehdit Myl may therdipptubjecteddo
| ong! t UdiHIR witthéneOfor LRAnF1RNANE b Safid ARARY ARGIIRYr LD 0L: o' the

angl e or 2sorthogonally to tﬁggsurface of the st strate. This may
mean t hatsilidide regrvowiforeexahmimal the0rmef dmewl vidicidec & theasmowixt of vhneusel
204.

208, EOOTRll e GoNSHk Bl hAP I FE R ek ARG
t hat the Sedebkiliaide (ish),t taninangiitide (Tisannalbal Gaichary (GuSi, mivkdpldtifig
(stnale) ALAHRPED o mekof pmancsilfeidy (NG, ™Y
[0068] In the context of various embodiments, the metallic region at the end portion of
the nanowire channel 204 may include a material at least substantially similar to that of
20 the silicide region as described above.
[0069] In various embodiments, the nanowire transistor 202 may further include a
substrate (e.g. a silicon (Si) substrate) and wherein the longitudinal axis of the nanowire
channel 204 may extend at an angle to the surface of the substrate. In one non-limiting
example, the longitudinal axis of the nanowire channel 204 may extend at right angle or
25 orthogonally to the surface of the substrate. This may mean that the nanowire
channel 204 may be a vertical nanowire channel 204.
[0070] In the context of various embodiments, the nanowire channe! 204 may extend
monolithically from the substrate. This means that the substrate and the nanowire
channel 204 may be a monolithic (single) structure. The nanowire channel 204 may

30 extend continuously from the substrate. The nanowire channel 204 may extend at least

substantially perpendicular to a surface of the substrate. As a non-limiting example, a
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30 extend continuously fromthe substrate. The nanow re channel 204
may extend at |east substantially perpendicular to a surface of the
substrate. As a non-limting exanple, a substrate may be provi ded
and portions of the substrate may be renoved, for exanple based on
pattering and etching, so as to forma nanowi re channel 204
nmonolithically integrated with the substrate. [0071] In various
enmbodi menfubstratdfiaf BB Phbviled fraNoriby o202 siBYrafeliihh 1 8E réietedd foraexample
di ffusion region and the diffusion region of the nanowire transistor
202 nmay B@sihphdatsrie e Lelhas st . toTiomp pangdiischases! 34 ragnodithieatly
into the ;pAROWINGHERRMRRL@04. The diffusion region may be a doped
region, for exanple doped wth doping atons of a first conductivity
type or d08ddndvacions ieotbiodimeptst yhe naf@oive jtrahsiston 202 usaye miptlei necltids a

t he nanow.ge.transistor, 2 may further include a.furiher 10 .

i 1t oo o S RER A I BB R bl ot s AREHIS Ry ARGt formstie
204. The theirstibseiatediThE udiffagion egdiom nwBy eiend e R nikgi@NchanBél B0damHee
for exarrpl,%&éjoped,with dopi.ng atons of a first conductivity type or a
second cohiftden (reiap mgple 2 dopegegipny fr gxample dorsdwith Aening atomg of a first

di f fusi Orboh@ﬂ:jtiQRy%g ok Q%eJoHHE&ﬁfucﬁuiytyﬁé.on region of the nanowre
r

transi stor 202 nmay be spaced apart om each other, for exanple with
a 15 por t[P872] (le veriouse@mbodimenes theaanowifre trimsistra@@dinray faitlzen mesiludeGufuither

et wern. AT bt A SORLSXhe Ut KEERYT GURSINAE Y dunc] D52 R e

at ons” of efir he "second con ivity type
may be ofdiffugierc espttinCinay ibeya tyned 18gioh, fonaixamplesabe ekahpledppell with dopingh
dopi ng at ons be p-doped while the dopi atons of the second

e n
conduct i VAT gl %%éucrtﬁfﬂtgﬁypéaﬁaam%%@wcgﬁ&) YRay be of an
n- conductoyd}iin b¥RGusSHRbbdiaks, 26k éifﬁ@i’bﬁrrb%bn aRpad Mithdy cﬁff@éi'or@'iéhitéldﬁgof

atonms may be n-doped. [0075] The term "p-doped” may mean a ho _
mat er i al thhasngvgredgpsistan 208 map ba gpaved mpart Hepm peoh etbere fir sxempieywish @and

out er, el : f . i r | Ng vacanci es
| ef t ]bsehﬁ%gq(ﬁ{}% %&g] fafe&f rl%ﬁgbff t%ﬁ#\"@é CI?%P@SZ%Q ugﬁ&g%dpi ng atons are
al so gendpal4]yn tlef @mtezdt of carmss ambeditnentsathe dsping btohBOWI6He fidecdmdneivity

"n-doped" nmay, nean hgst . naterial that.is doped .with dopi at ons
Chat nay ROYPURECERE PR TR ot bR ORBORHE 1B Fu e a mpterial

thereby r@ped WithGukch dapinglaahd e bk yp-E6ped UsliieviBle Aogiap athbrROs! tHeBkasidal
w th an excess nunber of_ nobile el ectrons &}ne?atl Ve'léil char ged
carri er s)condiggiNity spieitefirgeonducEvily spehuar Pl §n peprducEuty Brasudidher

oo O A0CE b SR el pewh ey anpod oL, vhere Lhe et

host nat 007 Theyteine “pldppal” onay mean a host material that is doped with doping atoms
that may accept weakly-bound outer electrons from the host material, thereby creating
vacancies left behind by the electrons, known as holes. Such doping atoms are also
generally referred to as acceptor atoms.

25  [0076] The term “n-doped” may mean a host material that is doped with doping atoms
that may provide extra conduction electrons to the host material, thereby resulting in an
electrically conductive n-doped host material with an excess number of mobile electrons
(negatively charged carriers). Such doping atoms are also generally refeired to as donor
atoms.

30  [0077] In the context of various embodiments, where the host material may be for

example silicon, which is a Group IV element, the host material may be doped or
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inplanted with Group Il doping atons or elenents, for exanple boron
(B), alumnum (Al') or gallium(G), to forma p-doped material, or
doped or inplanted with G oup V doping atons or elenents, for exanple
phosphorus (P), arsenic (As) or antinony (Sb), to forman n-doped
material. 5100781 In the context of various enbodi ments, doping may
be carried out with a dopant concentration of between about 1 x

1017/ cM3 itrplanbedutwith >GrbGIZOIII: mkﬁnngl(ﬂﬁrﬁﬁs’l. drn eleafenmusfoenéammprmrﬁoson t(Bg,
nanovvl re transistor r include a regi on or
erminal AGREE ATL-ETITE (anuire LhdR 3Ryt kA o HaParet 3dfon
regions (Grofp VPeAdNRR aldh® @ fefnSnRD fBlerQﬂplé obptRrisu (D eseflicf fAb?' &an
regi on of the 10nanowi re transi stor 202). 801 In the context

vari ous ebmenyEFtsto formeamanonsd materialnsi stor 202 may include a
three-ter I I r )

roan that vy e U7 AL sPEh TR S Bbaat, STkl SRR abc ou SO T

204. A gaioﬁc@ﬁan@céfhmyedn&bamupk ¢! e tth abgat & roé%r@ﬁ The GAA
transi stor )i[llncludeaflrst source/drain term nal fornmed 15 from
or coupl d80T9 b nearigny cpbedingntsoithe Henewse Wapesten 24Aenay durthgs ginglude a

second SqUILE]) drre%lo[ﬁ b2 dhnh t%ﬁﬁ&?%&‘uh&’”ih%aﬁ&yi?é Hadril @94%’&\9@&& the

end portion of the nanow re channel 204. A first source/dralin contact
may be caoliffisieh tegionh éi.¢ betsteers dur@@mmneglm@nmmdhnhqrﬂﬁwlmhd of the
sour cl%/drn%l n.co tasflss or%?é be coupled to the second source/drain

t er mi nal "B TR T us enbodi nents, the first source/drain

term nal [0880] e tieodtptekdlof warlohe emBédimests sthe MnoWefansisel P02 ARy inthele a
first sou e/dralntermnal may bg(coupledto a bit line &]’&‘L Thi s

may nmean PIeaTerpRRal vedicak sajesaliarayng (B4R mogsiany hiemay meap dapl 3ress (R

to the bigg 151'1&% bE%nﬁ&FﬁB&cﬁﬂ%ﬁ&MP@éHﬁnﬁ&rzm nﬁ'gat@ﬁ%n@@t 199}”94 &lplda @
source I|ne ir(};late region or termnal may be coupled to a

word |indo (tlw_gate ma)m P AM drapgsioeriy dfcludgrd gk samdsabipindenynal tipened
nanowy' e AdABeLtLRa BAR BPoREn S RSARbLOULRGA%0R Rk SCLhORIEYIES

(or acce evic esi st1ve nenor
t hat t he tearinalifolenddrfans os t@rplezlaa arm;ypdmae aﬁd pmabmdf thie nsmmdﬂﬂﬂnm 29@

that an e trical h si.gnal a e resistive nenory cell
206 so agﬁcs s%’l“é‘t?{dsr‘f‘ copgst éwﬁée E@beeréy lréfo%"“F rpigalgrigel and a

i nf or mat i eEbridrseMcbAfhik Stk lﬂég b@EG%:ﬂé/d t%Qhé sc@&ﬁi Rhrcddrdih RYmid{.or mat i on
to the resistive nenory cell 206 0[0083] In the context of various

enbodi merfe8l] tlnéfaﬁawovmb@hwatﬁsthgtﬁfpt supeerdagin teralingl anay be gaupled &y the
sel eced \LGEQMet MEMBLPLAI 906! TROHS RufcefPAT Ehkild Sy el HBILOR HAfeEd

line (BL). This may mean that the resistive memory cell 206 may be arranged proximal to
the bit line. The second source/drain terminal may be coupled to a source line (SL). The
gate region or terminal may be coupled to a word line (WL).
[0082] In the context of various embodiments, the nanowire transistor 202 may be
25  configured as a selection device (or access device) of the resistive memory cell 206. This
may mean that the nanowire transistor 202 may be activated or switched on so that an
electrical signal may be applied to the resistive memory cell. 206 so as to select the
resistive memory cell 206 for reading information from the resistive memory cell 206 or
writing information to the resistive memory cell 206.
30  [0083] In the context of various embodiments, the nanowire transistor 202 may include a

transistor selected from the group of transistors consisting of a junction based
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enhancenent node field effect transistor, a junction-|less depletion
node field effect transistor and a tunneling field effect transistor.
[0084] In the context of various enbodi nents, the resistive nenory
cell 206 may further include a dielectric |ayer arranged over the

el ectrode (e.g. bottomelectrode) and a further 5el ectrode arranged
over the dielectric layer. The further electrode nmay serve as a top

el ect r odenhddepmeit #1b&c FRR sffécl QraNEIBMY, Ya ?ﬂle‘tio@%s dePIeB&] nlode tegd effect
context of various embodi ments, the dielectric | ayer may include a

resi sti varaasigepmiy? wandmefieldgifeshirgmsislarthange its resistance as a
result of (o esl St i 1 I ve
2o n sw 9 AR DRG L offveiB Shbds, WP EERERLS, (o106 i f
vari ous endadt anbinlestrictldper diraiged bvérahd elyaroday: g.i battomdedectrodelt amdiagfhrther
selected fr t he group of di.el ectric terials consjsting of hafnium
oxi e rianong parked 1S thecliEherios aves, Th it SRR CRID 9y 0 B
t ant al umedsird@e (TFH 20 Be red¥thememdrded] 206ch as nickel oxide (NNO or
tungsten oxi de (WO ma%/ al so be used. The dielectric |ayer may bhe a
il ]éﬁ"g}ﬁeﬂ?éteé

single |df 4t phuvarippsgahodimenis thiy delerfer layehgap melule afgrigive
L5transi tch%:%iﬁ?frﬁalter%'ﬁtﬁéh hdlF hioBGid RRiIRLETL ) SRl HEFCHPE in its

above. [00 n the context "of various enbodi nents, the further
el ect r odeenwiivity nEiardeectriotayer inay sdarvcdsudivnighingtdiehestrid ¢nmatemhlt o

pl atinum 1. Lbungste Lo nickel (Ni) | umi.num (Al) . titani um.
Pt Ho T 1bdRg) b BRleR o vabipp Db Hhambts e Rettil et Rl g Y B
al um ni ureleited i fitgn (1K¢ Mroupobf Hishgaicemattiiblsi emsisiily of 2@ &dxiden (HITB),
context of various enbodi nents, the resistive nmenory cell 206 miﬁﬁ]é@
e

i ncl ude diREwBroXiteTiQsy Rupigdim (e Helgrlotd BBRR Xy 6F204-

change nepRley 68l hs nﬁ:k@pgﬁﬁgmi@e)%itgﬂésw SBIDWEE ay ARALE used. The
magnet oresi stive nenory cell. [dC 89] I'n the context 01")’ vari ous

enmbodi nerigdectiihlayeranisbe 4 single fayeyorhave a2odtiars skhetganélvding ese enmerce
as a resuylt . byt .St Vi . I n the context
of vari oﬁ%anselﬁ%%g}e%zﬁggigs’ Fﬁ(laddﬁr%rtpng%égebﬁ?éé%xesﬁég&f%%%de el ectrical
coupl i ng [6oBY] dni thechatekical vaneysl embodimants,hehecunthex eleofrodeamaguaclude a
enbodi nent s, .

om0 oL PSS A6 Bl e AEL uh LSGhee YR, AR
each ot heh'luﬂi‘iﬁﬁmr(ﬁ?}" tidhiim tEHe (TIN)2 ikl @A tni€RERTENY &liBmbaieeemikihe
two conponents and/or there is an indirect coupling path between the
two 30 ccpeinam sitride (INyjon uggetenpitidsr@VINht er veni ng conponent s.
20  [0088] In the context of various embodiments, the resistive memory cell 206 may include
a memory cell selected from the group consisting of: a phase change memory cell; a
conductive bridging memory cell; and a magnetoresistive memory cell.
[0089] In the context of various embodiments, the resistive memory cell 206 may change
its resistance as a result of a change in its resistivity.
25  [0090] In the context of various embodiments, the term “coupled” may include electrical
coupling and/or mechanical coupling. In the context of various embodiments, the term
“coupled” may include a direct coupling and/or an indirect coupling. For example, two
components being coupled to each other may mean that there is a direct coupling path

between the two components and/or there is an indirect coupling path between the two

30 components, €.g. via one or more intervening components.
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[0091] In the context of various enbodi ments, the term "source/drain
termnal” of a transistor may refer to a source termnal or a drain
termnal. As the source termnal and the drain termnal of a
transi stor are generally fabricated such that these termnals are
geonetrically symetrical, these termnals may be collectively
referred to as source/drain 5 termnals. In various enbodi nents, a
par ti cul guo%iQuh GRé domext SEVAHONR!entFAYinRRR the QHCROouicBMAiN A mfala of a
"drain" term nal depending on the voltage to be applied to that
t er m nal .TanBISOF EaRgRRT 1o faoures tegming) prsg dightepmingl Asiihe aqussentgrmingland
second SQURES] gé’r?ﬁrﬂll B%’ﬂa@@i'stor TRY o dll??@ﬂﬁé&?é&%@f? e th &0 ?&lniﬁ/aq{rhr%us
enbodi nents nay al so provide a noncvolatil e menory arrangenent. €
10 non- v@eametrgalhesynyetacal aherertemtinalnunay he boltbetivelprafieraddi to ys edurce/drain
nanowi re transi stors, each .nanowire transistor includihg a,nanowre
channel , "SHd" S-;S)[PJF‘&?%%}I‘ ITP%’gﬁ’ftHa%"“ B g Em le‘%@r Re g “source
respect i wemiifsiditd SRaiie i@t dbpendigddn HRGRUagdjodsLiiplib® té tHae $Reeial Ve
nanowi re transistor and in alignment with a Iongitudinal axis of the
nanowi r e Agsardigly.ohe toms Bssh sewre/dragnicaminge anelaegoad gpurcefgin terminal
non- vol aty, ) e, JBRngb@ngement may further 15 include a plurality
of conducti've lines electrically coupled to the plurality of nanow re
t ransi st dP8224Mhriohe epbeodimkents ynayfalsogupeitie v monwniatile nehdry. anjadgSBnt. Bleh
nanow re channel, each nanowire transistor, and each resisti.ve nmenpry
Mk A SR ek oA R St R R i e
my be asmaerire spadeon fleludigse hikedrd chahhid, eahh @Xdraldl; dffiesistive memory
non-vol ati] e nenory device 200 of 20FI G 2A. [0094] ].n various .
enbodi merfeds: Whgeip| aFespsctiye gsIRiyR JuRReverell lﬁe’émﬁé“sfi] 14rqepy o a respective
plural ity Qhwird (rdlsiGQAHEGH aMEnrhdr? Sdth é’%ﬁ%ﬁlcﬁha@ aki€ DP Bfelda¥&wiré ERdnnel of
conductive line of the plurality of first conductive |ines may be
coupl ed tthe zespestiyecrangwire dgnsistpn d heeraoryolaBe memwny agrapgenreat ay fofther
second caondueti v i,.nes, er.ej [espeGti ve ond conductive |i.ne
of “Un oAb b PRt Gt colIE fnd FROETH BuREI0 Y PRETEF blihgi
respect i ueansiatoevdnt ehd plandtysifeesistive memcapptlls. coupl ed to a gate region
of the respectjve nangwire transjistor. The plurality of first
conduct | VA0 Fadh RERPHE frapnali el nprgvdse trapgistop 4pd cpch sisivesmemagy oell
conduct i g kicnepniRYatike M6k 1aR@8edWaE) of varib@O%bddldRnt? BnghoNs &
flow chart 220 illustrating a nethod of formng a non-volatile 30
menory degireondiaglyr desagbadoin ghei eaniexs rad odie raontvelatilo oglorndeyipe 20§ of
nanog re giiaggi stor including a nanowire channel is formed. [0097]
At 2 Z? aresistive nenory cell is formed adjacent to the nanowre
t ransi st df0%stdn ivariadsi sgrirod ivhentd, the putatingeft ceddursive dixesmay ifchee ngiaalitye
ggﬁgrg{ -elc{ﬁ%%ﬁén (A Ol e S RO eI S TR 1R OSSR PB4 1Sty bt

conductive lines may be coupled to a respective resistive memory cell, and a plurality of

second conductive lines, wherein a respective second conductive line of the plurality of
25 second conductive lines may be coupled to a respective nanowire transistor, for example

coupled to a gate region of the respective nanowire transistor. The plurality of first

conductive lines may be bit lines (BLs). The plurality of second conductive lines may be

word lines (WLs)

[0095] FIG. 2B shows a flow chart 220 illustrating a method of forming a non-volatile
30  memory device, according to various embodiments.

[0096] At 222, a nanowire transistor including a nanowire channel is formed.
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conpatible materials. These devices nay be easily integrated with a
vertical transistor as 5a selector with 4F2 footprint for | ow cost
and hi gh density NVM applications. [0099] FIG 3A shows a schematic
perspective view of a non-volatile nmenory device 300, according to
vari ous enbodiments. As illustrated in FIG 3A, the ARAM cell
(resistive menory cell) 302 (IR) may be directly fornmed or stacked on

top of orjegra@282n aMstife iRndry &l 1 INAWMIr@jacdf 4o @tthaBoRRE @¥AdIRorf drll d
effect transistor (FET) 306 (1 10 wi t hout occupyi ng any pl anar

space. THnglignyentath atlpegitudipal onolibe aaromeregbamey devi ce 300 may have
a vertic j Lt h: £h i k|t
o top of V1R VAHOE dfdfiments B bloRid- IRRAREMCC LS wilE OlnbERy XovBs
around ( GédpatilidShBierialh@heserleviobamby be pasitp integlteteid eeth30Cras] shmistor a3
FIG 3A represent ingle.unit 1T I R,arrange havi ng a 4F2

F oot pri nt® SEERE T T 665 v ek And i Copa g S Mg s e

transi st quoBY FIoRY3 D eshatvk apgfdembtid pREspbiRet viawPOFft 4 bnaloldtB@Sthemo
substantially surroundi ng the nanowi re 304, thereby providi nlglg

conf i gur devish 306 Hecqjaing te warigus smbodigreaisy Ap dluseipd 801 34, JutfRalaelct
310. A drgie L 48l 3 d
por 1 on [CRH Ik BETEAB 307 R By BE dFEUR, Rimb@oPbuBl BRI6ALE BESVERC
to the dmanowirelag.ndlnadoRire)Thet 2@ amanowicnheld ctffedtl hansayoraFES) Beo (1T)
coupled to.the RRAM cel|l 302. A source (S) termnal, 316 .be

coup e CRUSRE BRI ey, R, S Ee 1R FRBaL e BTk AP FEerae
where a sRuice 80T Al date @&&iwmamiwgm“ﬂ ITOR tWith %6 RReEMtcel B0P direcdly6.
[0101] In various enbodi nents, each of .the gate contact 310, drain

contact FHt gadoR 8hiFenapamita 043 The Harsivr Wonmeube Bl 8 Al REgdEAA)
contact 3dBsPRY. PR fRISHe hRnRrMREH2Rd dsNBof i FId R %gf’e'séthQ gffgfet

314 may be coupled to a bit Tine (BL) while the source nt act

may be  cowlldd Rtasraagenoent beving méF{ Bojprinf.0102] FIG 3B shows a
schennt i spect i view, of a.nonsv tile. device 320, .
Sonor | 0Pt SR ERE T st B ridt e B iR R ¥k Sftaiéflin

nanow r e 1243¢ a paytidneatdesst bitGaati{lS Jurfvandng rie naﬂwiwﬁwhth&&%y:@)@dw&ng&
the bottom 30 el ectrode (BE) 322 of the ARAM cell 302. The ARAM cel |
302 may iGrefueligugtienetite s jepinal 385 gnaspe spurled, to o rgaifg BRI € Ot e
bot t om el ggh (OfQerddRal I1e oBRAME C&IubledO% BRWormed at one end portion of the
nanowire 304, where a drain contact 314 may be coupled to the drain terminal 312, The
20  drain contact 314 may also be coupled to the RRAM cell 302, A source (S) terminal 316
may be coupled to or formed at an opposite end portion of the nanowire 304, where a
source contact 318 may be coupled to the source terminat 316.
[0101] In various embodiments, each of the gate contact 310, drain contact 314 and
source contact 318 may be a metal plug. The gate contact 310 may be coupled to a word
25  line (WL), the drain contact 314 may be coupled to a bit line (BL) while the source
contact 318 may be coupled to a source line (SL).
[0102] FIG. 3B shows a schematic perspective view of a non-volatile memory
device 320, according to various embodiments. As a non-limiting example, the
nanowire 304 may be a silicon (Si) nanowire, and which may serve as the bottom

30 electrode (BE) 322 of the RRAM cell 302. The RRAM cell 302 may include a dielectric
layer (e.g. HfO,) 324 arranged over the bottom electrode 322. The RRAM cell 302 may
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further include a top electrode (TE) 326 arranged over the dielectric
| ayer 324. The top el ectrode 326 may include or may be a conbi nation
of TINNNi. In various enbodinents, the transistor (e.g. VNW MOSFET)
306 may include a gate oxide 330 at |east substantially surrounding a
portion of the nanowi re 304, and sandw ched between the 5 nanow re
304 and the gate termnal 308. [0103] As shown in FIG 3B, a vertical
GAA nanovurtkertin€loded & tap eleModeRYEPS26 Niagedbed the UitlcatriRAMr Gk TRO®p
vertically on the sanme nanow re 304, ere the hottom el ectrode 322
of the AFSMgHEds P2Gtmey Wfﬁwaﬁr@ymeea n%@ﬁ&?ﬁﬂlﬂﬁ%ehﬂgvmgm frabpliments,
Nanow r €)thaQhnisiol (E%e G rM@@?ETFQUQnm%l%nﬂfldé he JNeShEde 3_’;@6 at least
10[ 0104] FIG 3C shows a schematic perspective )g vi ew of

non- vol atsubsiantiety syrrawndatey e periton3g0the avsowvids AGY, t@dmnql\@lahed between the
errbodlsmsnnta1 ow1re$0ﬁ{]é)1}%'t}4§%§tﬁeln%dan?§'6§y arrangenment 350 may include an
array “of non-vo evices , for exanple as represented by
352 for 3[01031 R swhowvah 1G] 3B, eventisal GevA aenovrRCifarBBtor B0b ataylbe ifegiated
devi ce352 f the odinents of FIGS. 3A and/or 3B. a

non- | i i oV 21 nfilke 38? Yertioady semoke same MapsaE | 104: et Gﬁe bottom
arr angenf‘e!l‘éctr%@@ﬁla\b'fntﬁe aREXM LN a3/02"“n{a@' ghat& 3nd %Qﬁl@rﬁdﬁbwu\ehg 188 $il&n

period or pitch between adjacent sin unit cells is 2F 5] The

non- vol atriahewh@dddyvidy the Agen@htregs03 ?2 e&ﬁthQ\EEF 064 1T | R

non- v. Iat i 1
361, 6 = wor
> G RTS8 USSRk GeRBURLE DD 8 hok Vs Bdory
W3 373 avidhdendend , 3$mda<a:mthtﬁgnm satituse chibndimen20 Biel nddvolatle? 1B&Rory
5L3 383, SL4 384. A@ |mt|ng exan‘%h t he S|nIeU|t ceIE
3524 | s COABRIRFTE 3oBmEY R e gt o giloymemoqydlqvices p LorgxAgple as
unit cel |rE|§5?e|ﬁtdd%}CMfo?q 70 RBAGR- RBile Wetody dcibsl Eabl n§§-4ola{1ﬁ%]f9§']10r?5
e

shown in the source termnal/contact of a respective Sing

unit cel Idepisedp2 ’gazabe 95 2y embodimgpiserl KIS Hbangier|3EheAs Fheonghmeing
termnal /cont 1%%1(9“36: Qﬁo&t»eﬁgl%ﬁt\}ol/a%l]ezﬁlgﬁfop)gLiﬁaﬂr‘é%{nten 4d ndfnda 43&2%@

352b) is coup ‘0 a word rain te conta
respecti v»ath;a otpnint, whetd th¢ peripd B pieh b&H2d) adj wentmingleghit @:lla mmH

i nes confblal s EReg Braiery pHBSRrnl ek ARAWIERIY S * FI AT a0

lines, Wdedhd deVibes Bdybe &%ﬁleawfou%& 1iaéd BLITE36 1 PELL B2, BIAMHISBDY 364t €
poly I i nes 30[0107] ._FI GS. to 4C res%ectl vel %Abshow schematic cross
sect i onalfoy wogl ]é‘iesnmlv%ﬂlat%% 3% Bv Ve 3 ad addpur seprye lines,

accorgl n ti0 alk e C
2008, 200 OS2 HaR B SN a%f%%% ABRKRLE bdnpl GUD Ukl Rl

a transi s¥5és i{ douplefiop Bl 364, ARBA3G 4 lahd (SLFR)38404’hlltJﬁlemgng1¢lemt cell 352b is
non- volatll nonllmtlng exanpl e, the
nanow r e QIOP% Si ;?%%/3%%3%9?1% "nanowi re or nanowi re channel
410. The (DWW SotvhdAFIC! BT, tﬁeaoufwtehﬁmbu@tmtaat bf 5 ulpédtiat eindRunihlle

the nanowi re_or nanowi re channel 410 may extend fromthe substrate
406, for EBarpide’ 250 dhePyplad e Adicbise ainet bheagale rermual/eopsach pf thgdespective
subst gsat E‘sufg@@um?&ﬁl {e'AR8IS %Qﬁ_b)‘}Q@odﬂ’éﬁ ﬂorb%b&ﬁqlxﬁ @'hé‘ i t@Hmhé‘l@c'oﬁﬁct“&B
for exanple an n+ doped region, formed in at least a portion o

subst r at ¢hel@oGpective scngllef wii ogll (fe@ Pa48byay cevpleshty phrttlingl The ‘bmlmes,he

s e SR, LT T R 9 8l

further diffthaRRAM rceldy. Mhe 4d04d lihey; WE]XB.BTDI GWEH 3”2‘ mpezﬂnr ®J140374, ntaryriRd
fromthe hog end portion of the nanowire channel 410. The nanowire

channel 419 ﬁ‘iﬂﬁtqrr%TeLHﬂ’ Wpssentral portion 416, sandwiched in between
the digf f ysi®n 1691 PRS0 46 Fespbetihely AW &clidASatic @RsE BdctiBRYl tvieQ»@ 0‘“1@11 %Mtlﬁe

doped with dopants of a conductivity type opposite to that of
di f f usi ormemory devices 400a, 400b, 400¢, according to various embodiments. Each non-volatlle
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15 regions 408, 414, i.e. p-doped. The non-volatile nmenory device
400a may include a spacer 420 arranged at |east substantially
surrounding the diffusion region 414. In various enbodi nents, the
spacer 420 may include any dielectric nmaterials, for exanple an oxide
material (e.g. Si02, Al203) a nitride material (e.g. SiN), etc. From
a process perspective, SiN may be chosen as it has a good etch

sel ect i Vighsmohidavied 40Rd200EL abit, AayBRACITIR ith-wilatil Sin@dolpdiice, ntRdIng
devi ce perspective, lowk dielectfic materials may be chosen to avoid

hi gh par a?srrﬁmsest@raﬁélau 1@&neerd @r RRAM rﬁeHe(IBB.éOf}aIL&mgt the peppyintilgfpemory
[0108] The kEagsd St o é@ﬁgﬁﬁm’ﬁgﬁ %:th% 19@5% Jé C{'%anrsﬁ%lr 04?)2%%3&%@? a

around the' nanow re chann en t usion reglo
414. Thi snaneyirereanndrtoastiret keangak élﬁe@mennad,m&lmayaltsistdroﬁﬁmdnat ihgdedst a

substanti a nd| the central ortl 4 t he 25napowi r,e
Shanndl sabeta s PG R braRepE Taptats Riend 8 viy codean iom i
gate-al | SQBQMM(Z(GGM) extaﬁ@[bseﬁérﬁr perpéhli]ar the AM a1 bf 4R4subBYat®E06.

arranged adj acent to the nanowire transistor 402 and in alignnment
with a | obhitragsistenrtOhsay iefludeediffipionirpsion fidfh den example anyet dgpediregipy.
404 may I

rotal o) neuaon dofal PSRy be TN EGMoo The il RaRY iy
The RRAM raetidlly 4igth ﬁuynam@dlmd@laandioﬁtltoomcedlm@lt tOOt]B IQCBE)n 43(1),p01"ttnn of the

exanpje in the f icide la
e 010, naPupYee i <RaeD gt B T i as i P ach ol & it Biasions
t he nanowkgien ¢ graekxahdfle ahhe- abﬂddcﬂegﬁn,r ﬁﬁin@@ b3 tlﬂéﬁlkbpmﬁdfﬁﬁ‘ﬁﬁiﬂoﬂthea
top wall of the nanowi re transistor The ARAM cel | 404 may

further 138V changebf by Thecnangyae clrsryle&ﬂ#%ﬂwdmekvé? 3t gsRtrploprHeR 410,
el ectrode,d &Qcheﬁhﬁ b@fv@e'eﬁ%erdlffuélay&glo%%om:a ala0e R c@ﬁt&aqeeﬁgnws&nayhe

spacer 420. The RRAM cel urther include a top el ectrode
(TE) 434, bef dopeéxambl éopamtSt & o @pndlmtwléy rtEPQiIOIPPQﬁlﬂeaV)erthat aofr alrmgétfﬁmp@r

the dj electrlc 0 on- volatlle

400a. ey EHEICHE ST £ Trgonedh D€ noh PR i oo 00 e phile 2.
subst ant isphdey 430t aigad hinlgast ebstahaaib ﬁlmnncﬁﬂgtmmﬁﬁism BRAVKU L Th vafdus
[0113] The c nflguratlon of the n n-vol a %@]e .menory d?V|ce of vari

enbodi e, diepates & 20 Srvipe s ROFLG TthkRFatse (A (BATP Iy oxide
provide rlﬁgemqe os;bgcmz@g;)e@mtm BReARY e LeSN)! Qe AFrbRANETOLAE pkRpective,

swi t chi ng curren? | ow povier)
SiN may be chosen as it has a good etch selectivity with an underneath or underlying
20  SiO; layer. From a device perspective, low-k dielectric materials may be chosen to avoid
high parasitic capacitance or minimise the parasitic capacitance.
[0108] The transistor 402 may include a gate (G) region 418 formed around the nanowire
channel 410 between the diffusion regions 408, 414. This may mean that the gate
region 418 may be formed at least substantially surrounding the central portion 416 of the
25  nanowire channel 410. Therefore, the transistor 402 may be a vertical gate-all-around
(GAA) transistor.
[0109] The RRAM cell 404 may be arranged adjacent to the nanowire transistor 402 and
in alignment with a longitudinal axis of the nanowire channel 410. The RRAM cell 404
may be a self-aligned cell. The RRAM cell 404 may include a metal-insulator

30  (dielectric)-metal (M-I-M) configuration.
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15[ 0114] For the non-vol atile nenory device of various enbodi nents,
including the non- volatile nenory device 400a, the conmers 460 of the
top el ectrode (TE) 434, between the top flat portion or surface 461
and the vertical sidewall portions 462 may be rounded, rather than at
90 which may result in sharp edges and hence | ocal field enhancenent.
Where the corners 460 have sharp edges, the breakdown paths that may
be for medqoriio]iThe REOANNRIL 100 hiynacludy DR €lectde {BE) 00 ERSsample in the
form ng the caondugtion path faor SET)..may not be spatially random _as
they may feBmodi sltide daver we resan §SHEaligidd)s Whers Be gdicideoregipg; 4p0omay be

m ni m se ghh& at%ﬁ’éﬂ%g%&r BRicAl of WSharBWn MEheP 21 PR sﬁ%&%‘l\{ﬂfe}fviﬂﬂ 488 ay

lei
spacer etch so as t0 round the sharp corners. As the S no
| onger 2Dbegomzd ath gy walbof theoimcvisgransistoefifct nay or may not inprove

t he nor a iSstiCS,, but-.this effect,. . hever t.hel ess .be
beund o LT R Ao 4 ek SLAC S il VST Sb SRS R o,
as il | usthoabmctlécirofid 0. 4Be @hyechts aidrid3amdyaldote Angstbdat tHeaspaaaary,

devi ce 40Qa,_except that the bottomel ectrode (BE) 430, for exanple
in the forhdRAN eslf #4 a’éyrfa%‘ax lmluc}ee@mnelsﬂtpﬂsﬂﬁ) et fer F@@Iﬁ@ﬁbﬂw

(Si/sili ghBebrEhiallic 19RY, Qﬁn%é&f&%gﬂf%rﬂié?%@fayéMﬁ. sidewal I's of the
nanowi re 30 transistor” 402. Tn one non-limting exanple, the bottom

el ect r odd01BH)The 3mnrvpjatie rhaman dlericsutifat ey Shdedgabhe opfmemepassivasinnr e
transj,st qf, 402 By Vlzi.tdleg?( s%b&%r'lﬁaglgf | GalindiRRAM gr%' s!istépﬂ%"é@a GRe TEAM
vol't ct ' g dit e

of fer forla*Pi'eﬁg and ol'tage re I'on. 1'on,
non- vol atcelld0senory devi ce 400b may include a spacer 420 arranged at

| east su ntially_surrounding a portion of the diffusion regjon

414, Meﬁﬁmﬁhﬁoﬁﬂ%ﬁwmn phiechdr (s WIS {CHER OhPIRRS FPREIBE G he

bot t om eligatdifg theBEvofd: mdMErRIIY ALEE, Il IS YXdA@diceRa&PE:, which

further includes a hard maskpgl_—ﬂ\/p | ayer 436, which may al so serve as
JngTm,

a bot t omme3yelead Gcercdustipn itf pitapingTHEcRidieny Buveli on of the non-vol atile
oo SN0 AR D, ) R BT
| ead t o avolatle fmemoryndpvicel408gehe tamaddbd bhHihe téhecdFAN(TE)} 434abesveamihebe
10t unabl E‘\[c}p flat portion or surface 461 and the vertical sidewall portions 462 may be rounded,
rather than at 90° which may result in sharp edges and hence local field enhancement.
Where the corners 460 have sharp edges, the breakdown paths that may be formed during
20  the “forming” process (e.g. the process of forming the conduction path for SET) may not
be spatially random, as they may concentrate at the sharp corners. In order to avoid or
minimise this, some degree of over etch may be applied during the spacer etch so as to
round the sharp corners. As the RRAM is no longer 2D parallel plate, such a corner effect
may or may not improve the memory characteristics, but this effect may nevertheless be
25  suppressed if necessary.
[0115] The non-volatile memory device 400b as illustrated in FIG. 4B may be similar to
the non-volatile memory device 400a, except that the bottom electrode (BE) 430, for
example in the form of a silicide layer or region and/or a metallic region
(Si/silicide/metal), may be formed on one or more sidewalls of the nanowire

30  transistor 402. In one non-limiting example, the bottom electrode (BE) 430 may be

formed around the sidewalls of the nanowire transistor 402, providing a cylindrical
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[0117] The non-volatile menory device 400c as illustrated in FIG 4C
may be simlar to the non-volatile nenory device 400a, except that
the bottomelectrode (BE) 430 may be fornmed at a top wall and on one
or nore sidewalls of the nanowire transistor 402. In addition, the
non-vol atile nenory device 400c may include a spacer 420 arranged at

| east 15 substantially surrounding a portion of the diffusion region
414, wherRRANEcgdb404, ovhidd mhheffdr fdrmsigoandr €T onltdbbdredmyiohelnf addaionf tHehe

bottom el ect r?dﬁ ( BE 43(C)l. .The Obéansi stor 402 of thﬁ (gon-volfflti I ?
menory deVRCEIHe VBFPYYs devtb dtiRnmey P’ﬁ@ﬂdﬁdf‘ nP2EHe *AYn2rADEST | 3t least
Menory  devib&sntAN) GurrdBMindea fortibh 6 tHRIHF@FS Fe%i'Banl 4awhéetangd patelor 6 the
[01181 In various enbodi nents, as shown in FIGS. 4A to 4C, the hei ght

of the 20lipuerresimod apaydetied efithedosion eleettade (BF 4302 Eho non-HelafiRAM
cell 404. : i-O i

vari ods BrANETaract Bn fnkinddd ks SRR AT REnk Ry K51 serve
menory desiadeftometonrdde@i)o vari ous enbodi nents, illustrating the

devi ce f j ion process flow for formng a vertical .nanow r VNW
TT1R merdPbid e CeoRRatar ektRamrriolade Mottt difiee of Jupdpr remdatnty
a singl e iddiddng She"BHRLYa6R] hembiy &l mdbganﬁgmreﬁha_ti@ﬁeds&wsu@ace field,
plurality or array of 1T1R nenory cells na e fabricated using a

simlar prdcesyy ol iop lawsiormpgnvol@ars. lauadsition ehenBRAM csll asea may be
proviged.;,Jhag Si substrate may include a basic doping, for exanple

p-doped to formp-Si. One or nore Si nanow res or nanow re channel s
may t hen [BEl7]dhe med-vblatita mbmwo:Si desich d00@beillustoatedemdiipl ¢Cusdynise similar to

lith d 30 et chi . A bottomi tati
may ¢ pen DL STy s PR B TRE FsellrabeBRian BB A G AR IR
usi ng ar SBfhed 4tASJoptRElaahG oh nk W @B sitewdDP O theefindWire itAnkiBOr 402. In

substrate so as . to define a diffusion region towards the bottom end
portion Gddiing thepernelatilsmsmarydeyies 4406 ayyaelnds 2spasg 2R gHANgeH atleast

5A, gsst rsUE§tM~ftﬁll§919jr(5{ﬁMir%ea PhHich BEfhe difedidtol g)_nmlag{%g&% e fiHoh@y ';Hag

a p-Si central portion 416, where the Si nanowire may extend from
t he substdifleseom@giondidmanydie fkesadttheabgstont ¢lostroge (BRR4¥L OGSt transstdr 402 of

inplanted, wWith As to_define a diffusion regi.on 408 sk | ayer or.
bt ot 1 Ay tmblyatled niblok Befief! e ReT hPRHAAL TR e, SV fie
exanpl e ahémsryideeicpi@izemay bor jdefiomicsgFEDNer namawliieeFRIL0, so as to

mask the n ire 410 dyring the i npl ant ati ogn process to. defin
the di ffdgf@me\gﬂ%ﬁs odinpnss, FonSIoP £ ﬁé&éxéﬁpf%ﬁ% e Rt oy
502 My hga@r hzcgﬁaggebaﬁaa sbQMPIAS BHdlsBre O BINFGRAMVR@AQWE. deposi tion
(LPCVD) silicon nitride (SIN) 10 which acts as the hard mask for the

nanowi r e (811 FIGReS5fetekdl| shpws as@mossragetipralnviews aianeds precessiag Sitages of a

manowi r o BAGE8F FRERUER bR, bisfohy Beié aftuhe & Rellns Afiptimens.
shown i n iFidGatibBtheadevicedhbriidation pxdcee Aek forf formimgaapdreicd onn@direl SVNEY)
pl asme eigReed, Shell A eRss IR %' Ak RER DBt BF 25R98 1A
25  memory cell, it should be appreciated that a plurality or array of 1T1R memory cells may

be fabricated using a similar process.
[0120] A silicon (Si) substrate may first be provided. The Si substrate may include a
basic doping, for example p-doped to form p-Si. One or more Si nanowires or nanowire
channels may then be defined from the Si substrate, for example using lithography and

30  etching processes. A bottom implantation process may then be carried out after the

nanowire definition, for example using arsenic (As) dopants to form an #+ doped region
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15 the bottom end portion of the nanowire 410 over the diffusion
region 408 to formthe structure 510. The PECVD oxi de 440 may cover
the diffusion region 408. 101221 Then, as shown in FIG 5C, a gate
oxi de/ anor phous silicon (a-Si) stack 418 may be deposited over the
nanowi re 410 and the isolation oxide 440, followed by gate shall ow

i npl antati on usi ng phosphorus (P) dopants, to formthe structure 516.

The a-Si ghRCébitde 4058 @éﬁnb%%?ﬁaﬁb&??ég%ﬂ fo@o‘afdé BB &RIM End B&tlBﬁBPYldere
410. [0123] An isolation oxide, for exanple formed using high density

pl asma ( HPRYWisK iptexinab b thei ibstratey Apeshgeposi Fled By er strimurst Yl9cmay de

e e L

et ch mask 10r expose t he nanowire
410. As sheoswire Al(FnGy edttnd fomttheintbstrae 8Q6) wirye dideasbd pmrneﬁl of thaghibsthiateg

the 25 HDP.isol ati Qn de 441 ch has b etc back to expo
the top éﬁ&%‘é&ﬂﬁﬁ &choﬁ fw&r?oéffﬁl@oaf%swlt g@ g‘bg”é(ah‘éfrﬁeﬁ‘fi‘ fag 503
shown i n fdGe ﬁgnta'iﬁ}ﬂ oﬁ‘t@ o%@%ﬁn&ﬁ?& myt‘d?%xé&gﬁle %?t&hﬁ@pfo@es@fmnlﬂﬁe

top end portion or the tip of the nanowire ) | owed by top angle
i npl ant atth®panowmie 4é53a$ﬁp48et0 u‘%ﬁsh@hfalii@émfé %Myn@mﬁwan%@mpéarr@immmwewo
doped re pr.£ h S
o def1 nacits HEEASoPRENE 4RPIED BB bl o IRARMLIE s B B
416 of theg}nqmlmy rlewxpiéhsmaralmnm:lraédrapdurtmpm&mn {(bRCVID siledofi fnntsude)r(&N)

oo oo Phth S8 oo Rortl R B aaav e GOl ¢ Ty RO Yo 2Ry b a

gate (O mhfHkREdh tBe FRMANOWiC 4IPOE ish®led td TReShé tit HERNOF0IBY the Si
therefore be formed. [0125] A first nitride spacer (e.g. Si may

t hen be frspeie 41bas thobefiasy clsetrads PRy of 5 oxide 441, at |east
tiall t Fi st
partia ﬁp@g%ﬂg@&ﬁ@ ROMARM Aed 58t ghk ds%ﬂmo;[ RGidel 448! fodle f{&hﬂg @;ggaer

may be e protection layér during the rehova
HDP i sol atsingrplosmagenhduckd cAemen] gpbe dtpo(shmg (BRGY Dadagbe Idepng;ted—lbﬁzards

0% 90 ISRGE LR PRGN . BELL TR LSRR BT
pol i shi ngtft@aras1iozahdé PPCYOMRIde BGRSI ddgetthe Hmﬁsmhtréglaiemaar d
[0122] Then, as shown in FIG. 5C, a gate oxide/amorphous silicon (o-Si) stack 418 may
be deposited over the nanowire 410 and the isolation oxide 440, followed by gate shallow
implantation using phosphorus (P) dopants, to form the structure 516. The o-Si stack 418
20  may at least substantially surround the nanowire 410.
[0123] An isolation oxide, for example formed using high density plasma (HDP) oxide
deposition, may be deposited over the structure 516. The HDP isolation oxide may then
be wet etched back to form an etch mask for the o-Si stack 418 exposed from the tip of
the nanowire 410. As shown in FIG. 5D, a structure 520 may be obtained, including the
25  HDP isolation oxide 441 which has been etched back to expose the top end portion of the
nanowire 410.
[0124] Subsequently, as shown in FIG. 5E, the o-Si stack 418 may be wet etched to
expose the top end portion or the tip of the nanowire 410, followed by top angle
implantation, for example using arsenic (As} dopants to form an »+ doped region towards
30  the top end portion of the nanowire 410 so as to define a further diffusion region 414,

with the central portion 416 of the nanowire 410 sandwiched in between the two
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10 mask 502, where the nitride hard mask 502, as the CWVP stopping

| ayer, has a certain selectivity during Si02 CVWP and prevent or at

| east mnimse the Si nanow re bei ng over-polished. Tine nay al so be
used as a paraneter to control the polishing but this my have a

| ower process margin. Therefore, the SiN hard nmask 502 as the
stopping layer may be suitable to avoid or m nim se over polishing.
15[ 0126] dGifsaugidnsyosnetd. ettehn-baskclol 18 hry depasi §ubdtaniidlidesuf@yind the
carried out to expose the SiN hard mask 502 and at | east pagt of the
first nitSendd ropiwetlo ofi{be ppyowdied Ogep sravidedae agpe (Ghdeson Al HAROV Sy
form a Mgl RRITHRXRASER $H0mA B ELAnRRAM cel | is to be forned
fromthe top of the nanowire 410 in a |ater step, and to protect the
rest of t[ﬂézﬁtA Lﬁ@stuneslelspk@rgegesqbalIya)Sthentl:h:efomd dellpwed bputripping of

corre po er (€. e _nanowre
channdl 400019 REGANG Rl SRGRERD) vt S8} FRE R R Y
nanow r e Wleémpoytd ddethdspbtedton hEyebahtrﬁr@ ﬂieefetnrdﬂrdle of BR)ide WD iistdation
renoval may_ be performed to regove or etch_away the Si N hard n%g; 502

and the fPqded4d; Mt 4t dthagepBy and gclings RS Pridg degosiiiesponsy
etch. In ]ﬁ%ﬁﬁaﬁroldéﬁoemmgmmnsomm éé\lg hananaskxRR240RYo1RAved by by

mai nt ai ned, for exanple as 25ill ustra in FIG 4B where there is a
hard mas I@h(sﬂh@ﬂl | ragbenigde polishimeg)larpmaationf {eMP)a Smmgd ahithe i eitridep hendr
(e.g oSl b i r e ed

top surfal\t%aes 2’t ﬁlégrggﬁ%\?\}tﬁge %rg é?‘ S@E%a §%§Wgﬁ\§jlr%%|ﬁacs?§ %02
and the fselestivi§i dirmp&6@; CMPodndgnednbyr aalaslaﬁmrmleé fHe S eaxdﬁhrert&uﬁghe/e&
portion of th anovvlr 410 that may be exposed to be.used to defin
Phe. bot t SIEcT R ATisa e oA & RO oo bbe Pal G IEE HFomay B iiny
be obt ai negwel potédiniGaid. Thérblofte (8PHNEKard DSk S6F 8N GheRidppindQa fP RESbedS
descri bed above) 420 forned at [east substantiall y surroundi’ng a
portion cﬂmtﬁbﬂl%t%ﬁ‘ﬂofq}%}”@ﬁl@égpﬁﬁpﬂhﬁlmm th the isolation oxide 441

ext engded

oS5 adl T ke £ 0 o BRI Blpchitf Bl b7 pERAGEN o800 P8
part of tthe Sildtlerd imdshgr0&pimd amtd:aﬂtmalm nﬁth@r ﬁtsEmstrldé Gh&et. ThedHEIPeBIM, C

| ayer, as art of t hen rmed, follo

oY al doisBRioh GNP DR Dotk maY Sor Sk SE e TRGHe B erac e R
so as to c%ﬁrlsve hRFoinhd fiR tiR] 6F bf M6 QaikWifLFIPAN dildter stép, hitProRRABER] dest A
shown in FIG 5G a structure 546 nay be obtained, with a RRAM cell

def i ned cﬁféhe FW@“HS%BW gade pphndi; &{edaottomnmrum ﬁ@Teépfendé%@t P geqoay @ate
432a ace @% 8@)’£{dtg§§%]ofw@1rer£ﬁ%ngfél’«?fo.the nanowi re 410 and the

nitri 10][ wn in FIG 5H, cell lithography
may be pe[ﬂlb'ﬂ rfe ¢ mbodidegpisswhera t]nfa‘@p poatyar 015156 nfamwidfeﬂlmisrtg hehsed ep the

el ectrod a_,subse t.t 05|t|ono

o e ool THED (i BE Repla oy P pSBRRR 0 aSecbinfier R the
434a. ThesiNfHafEmask FRrang thy frsEHN nifide lapadabmaa piRephofid@clEBKP O gk cichat
is used to define the SIN hard mask 502 and the Si panowire 410 pay

be used t18 aErRHEe ERROJURANSHEE Sihh e deask ofé mapsbs Beiniaingdy f?rof‘rxa@i?%iﬂ e

for formingdaha iR 4phhamuee st iRiemalk {8) R9R-448! atile menory
devi ce 400b (FIG 4B).

[0128] Thereafter a second nitride spacer (e.g. SiN) may be deposited over the exposed

nanowire sidewalls and top surface of the nanowire 410 after removal of the SiN
hardmask 502 and the first SiN spacer, followed by a spacer etch to define the Si portion
of the nanowire 410 that may be exposed to be used to define the bottom electrode area.
30 As shown in FIG. 5F, a structure 540 may be obtained, including a nitride spacer (the

second nitride spacer as described above) 420 formed at least substantially surrounding a
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[0131] Thereafter, as shown in FIG 5I, a RRAM etch process may be
carried out via the mask | ayer 550 to define the top el ectrode 434
and the dielectric layer 432 for the RRAMcell, thereby formng the
structure 570. The diffusion region 414 nmay serve as the bottom 20
el ectrode for the RRAM cell. Pre-netal dielectric (PMD) and contact
formati on may al so be carried out. The contact formation may nean
form ng qfortidw sfulididfusion tdpiaLtid, itk tiexiseletidnagsede 44441axtefndéd @xcangl ae ldastr
respective cont S t he u5| nr a-Sl stag 8
and the twr%rrb@’fftt%aéﬂé@wacir&%z ’s%%ﬁ?fe‘hg q%;sﬁ Jrﬂclr?rlrar@é%@l
metal | i ZathéﬁﬁtoWutehllG'ab‘g?rﬂHf‘ﬂlé@éﬂ:h graeﬁy&%iaarlﬁg?gcw to formAl
contacts, for exa contact 580 coupled to the diffusion region

408, A dOR%A ds%@tr@btw%@s trerttHea BRGM sellc imayn 18emabrl foxmed o fllawed 34
coupl ed t r I

dovi co 590 b Il Eba i e A foechid 06kl €14 S R Ko
580, 582,el&dde a&yesbcmdﬁngmﬂe RR(AMB]:II A @awibih RIG. 66, 5 kowetSENHE may be
mcrographs of a.4x4 vol atil e nmenp 30 de ices in
various proEs ¥ étl@péﬁ%&%}far%gt%% TG E BB R e udiece digeetric
shows a 415)4& A NaYardl a NAGAM A8 494D foreliNover IBS RRRSWIYS 4718Sdndl ﬁa)éeﬁm{iﬁZ
that may be formed, corresponding to the processing stage fo

obt ai ni ngSPt‘q?é‘f%Qruct ure 500 of FIG 5A but prior to As inpl ant ation.
FIG /B ctu t hat S
of th@ nipgyv@rﬁgssa{f hjf?%? ?S(I;é]ﬁfgr%gr&: tﬁﬁﬁl b g?f%@ﬁgﬁgrdr%ggﬁo trhée&
st ruct ur dagEBG50 forFdeGnirfgEhd tdp gdedtaxle tio aAsbseqqndnaattep,t aften thdef@)ﬂ)ﬁﬁdn bf the
6C shows a structure t y..he fo ft | ithog and
otchi ng provdatigs st o BRGirtR OLYE 28 ptk o8 it dveh g B TRERLS

part of tdnactlaNssd heiy48d oblrined. 131;& ﬁﬁ@ﬂ\ﬂa}%r Shdt US tudé® td RstindTehé B8] hard

f or med after nitride renmoval, e.g. renoval of the Si N hardnmask 502 as

wel | as tskP0Z gpd Shq\ﬁlslme‘érrreéﬁ@@rayabevwﬁd s definedhe BRAM hettpmodeiode.c
aC' d V\f]H?’P%Rldm bt Sk dibik NGy %r‘ﬂﬂﬂg%é ‘fRIQm tFuEn ecﬁchPﬁf 9?'&%@35&'1—3601%15

unctl on 10 as the’nenory ce ttom
eI ectrodernerﬁcbl&deﬁEeé@ﬂh/@I(a 4R)ucture that nay be forrred after

deposi ti f segond nitri.d pace a xide (e.qg..

502 aa 01 heBR0 fe bR FIGPEL SR 51 o Rt oy BiiTied Suthia e
st ruct ur angshtl@ienesh af defihe GRbAelectddeli0g raa@tne ddletgonkacs32ebeihe RRAM
showi ng the top electrode 434 and throu t%Mvr as, 602. FIG 6G shows a

top vi ew SH: thesby fReminesthe piruaire 9/ rkhedifiasion regiop fog maytsrve ¢s tshotiem
the 545 toRuBlE: Em@&lpﬁréﬁgtamgﬁﬁ%cqm afd cBithet lfbﬂﬁ%o§%y al

formcontacts 582 connecting to the gate ( region 418 of
nanowi r e ber camdgdsowr Thﬁ@ont@ﬁtfaunatmonmomnt omrgng of threugh waaslnrongh the

region 40 xtlc%:slg%etr%ﬁ Oror ex%”m 3¢ Jor gtﬁe%ﬁﬁtad S ééﬁ ?ER‘SIPH ] erg%gsgh “f

resist on ruct ar € ¢ T espon
metal et CS‘iIsfﬁugk4lI\81ﬁ1’dEtthc§iel&H06é‘l@NS a structure obt ar ned after met al

etch. 20]13#’323%? var ous enbodi nent s j the verti c [\I\Ntransr st or
fabricati %ﬁglgelg Yot S \yn in FIG. 3J, metallization w1t aluminum (Al) may be
25  carried out to form Al contacts, for example Al contact 580 coupled to the diffusion
region 408, Al contact 582 coupled to the o-Si stack 418 and Al contact 584 coupled to
the top electrode 434. Therefore, a non-volatile memory device 590 with a RRAM cell, a

nanowire transistor and Al contacts 580, 582, 584, may be formed.
[0133] FIGS. 6A to 6H show SEM micrographs of a 4x4 array of non-volatile memory

30 devices in various process steps, according to various embodiments. FIG. 6A shows a

4x4 array of nanowires 410, with a respective mask layer 502, that may be formed,
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be as shown in FIGS. 5A-5G and FIGS. 6A-6C. After conpleting the
nanow re transistor, the wafer may be planarized by oxide deposition
and CVP. The nitride hard mask (e.g. SiN hard nmask 502) may then be
renoved to expose the doped nanowire tip, which may serve as the
drain term nal of the nanowire transistor. In various enbodi nents,
this 25 nanowire tip for the smallest design may have a di aneter of

about 37 J3ffespdfdinb @vheiplodeising fdde fr HBthihingehSAAGRIe FBYofFIEN SASut prisred
to protect the exposed nanow re sidewalls from making contact to the

RRAM cel |to Asjigplagyion . fRyshoywppstrugiure gt maxbedoymed la@pdjgg eXRpsektinshe
| £l |

TETE Y il f L Ao 180, dvady e bl ALRRRIRRIY (0G40 00 o
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shows a t S el ectro Cr osc T aph ,of
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which is a diffusion barrier for the Al netallization (e

form ng tSH@WNa ot thasgoay by fomediafise nirids sanevsh. e Eh@mpaﬂ qsf 1ha3ﬁeN
702 may hﬁmmsk 585 at a@nqﬂ@ﬁrg@@ﬁ' Plecr bk EhGa &a ehémm%tbﬁ gfwogﬁ%utauan
TEM i mage of the nenory c owards the tip of the nanowre
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fol | ow ngfoﬂﬁﬁd-dﬂeirﬂbpd%gloﬁmmsleaﬁm rﬁﬁld&@ﬁéb&} 4, Gnd SA{Bm@x\ﬁeee £1310,)800Q
of the transjstaor output characteristics of .a control wafer w thout a

menory cehdt igfiched begk Gl SRS & 1RIRAMVESf 12 SRCiugRy oPBEes 1 sk &oripel o
(LRS), a%ﬁ’ég@égﬂ% 4 éé%fdcp%hﬁgbgﬁivﬂﬁﬂh% top NBecRb @ 4890nd hikibssH #he03 he
results 802 for the transistor control under various gate
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for t Yl un t t
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capabi I I tty tlor gale @GN regionr €18t ofathe aanca:dﬁh m@ststte afe rontyctCIR0l conh&xidf ko BHeG
8B shows pl.ot 820 il | ustrat y ceI eratio s under
uni pol ar AHFi ff‘@?“é?r‘l‘d‘?oéé"sa]é? RSB Rlleypot glealy sk tapry & fesigton the
enbodi menfcuiheMdagoddidd & BIG. d¢v H&St}@fp&ﬁﬁbﬁfﬂrﬂ&aﬁ&bﬁlﬁ | WHere MrdesH
uni pol ar n;&mRESET result 822 ém rul ar data points), 20 S result 824
(top poi pwgaﬁwcawgebarneda ter igefpkite) ) ;. and Mode-11 ul tral ow current

bi pol.ar ﬁagg

(r!ogh po[ ntrn rél’uasneél%% gmg%?%’(a poin %agwt@%lﬂ Ils%gnl n§ E’Fcﬁz%c? St%g%ﬂay
"Fresh" &&le rshxhat 81 FIGSt ha-3G MdsKiESp 6 Af6Q Aftee stmpletingthe hedowiee trasisiong.
"Form ng" refers to the initi creation o conduct

o o "t ho tE FETerSR FRoUBUTESHRY (ifs dRRORbHTIGRAY U e BH gReRng
25 process. g Red keRk 561) mppihex bERémdved to Cxfdsétietiopbld dghokvinth, which
appr oxi mately 10 nA for Mode Il. The RESET currents for Mde I and

Nbde |1 B8y EEvespihe draimtcamynabof fhe mapeir 2 BEnsEROr- owgsions Pméwmemﬁethls

|
[T oner o itowlié Gp (6 he diffichitleh Mol HaVE oMUY S dbBES S0y SN in

to the srElGl 6Bi Aeniide tshasemeap thendel fhrmeitto ﬁ)@dld@]thﬁ)ﬁios@l&ashwms sidevwhlist

and 1T1R B PRE SareEblecie enaen Pt o SREP VR Rig%h o ot

deposited as the memory cell (RRAM cell), followed by cell lithography and etching

(FIG. 5H). The whole process may be completed with contact opening (FIG. 6F) and Al
30 metallization (FIGS. 6G and 6H)).
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enbodi ments. The plot 900 shows the results for SET and RESET under
DC sweep for Mode-I unipolar switching. The plot 900 shows the RESET
results 902, and SET results 904 (di anond-shaped data points)
corresponding to a 1T1R cell with a nanowi re transi stor having a
nanowire with a 50 nmdi ameter (NWxtor 50 nn), RESET 5results 906,
and SET results 908 (circular data points) corresponding to a 1T1R
cel | w t HOI3@)ENGW 7 ehdwaasirsisafissitay elkgtrén meic@etopsy (WEM) anidfdgruph of a
di anet er NWxto 0 nn), an SET results 910, adSETr ults 912
(squar e- sff(’ﬂléﬂfé‘ﬁfdd ﬁmﬂrg)wﬂ e%%glﬂﬁgmtww s a@ﬁ“éatsnszfsvul%owso
nm di ametgyyoiiddieit aRhtallRonefde 1TaWWayé0709t hicBQs Q'Hlffusﬁ&lj%wr-rfgﬁthe

RESET current scales with nanow re Ig@/!imeter (e.g. drive current and
bottom 14l @btekhtzamdea &) formingrtha il sontagt S¥dter dpenantaliisationdThe TaNso

proporgt i Jag 7b?n} 9 ﬁ%?‘t tx%taﬁ%uo%” 1G Tﬂflsﬁﬁ‘é Rith rés%l tion TE
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804, 806 for the transistor control under various gate voltages (e.g. Vg =0V; -0.5 V), and
the results 808, 810, 812, 814 for the ITIR LRS device under various gate voltages, Vg.
15  The results show that there is no or minimal impact on the drive capability or drain
current after adding the memory cell.
[0139] FIG. 8B shows a plot 820 illustrating memory cell operations under unipolar and
bipolar modes at Vw1 =V =0V, according to various embodiments, showing different
types of resistive switching: Mode-I unipolar (RESET result 822 (cirular data points),
20 SET result 824 (top pointing triangular data points)); and Mode-II ultralow current
bipolar (RESET result 826 (hexagonal data points), SET result 828 (right pointing
triangular data points)). The line indicated as “Fresh” 830 refers to the I-V sweep of a
fresh device before forming. “Forming” here refers to the initial creation of the
conduction path, e.g. the first SET process. The current compliance during the forming
25  process may be kept at approximately 1.0 pA for Mode I and approximately 10 nA for
Mode II. The RESET currents for Mode I and Mode II may be approximately 20 pA and
200 pA, respectively. The results 822, 824, 826, 828 show that the nanowire transistor
(VNW transitor) may supply enough drive current to the memory cell owing to the small
size of the memory cell.
30  [0140] FIG. 9A shows a plot 900 of unipolar mode switching for an " doped nanowire

{without FET) and 1T1R cells of different nanowire diameters, according to various
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[0144] FIGS. 11A and 11B respectively show plots of DC endurance
cycles and roomtenperature (RT) retention for ultral ow current

bi pol ar node switching. FIG 11A shows a plot 1100 of 100 DC cycl es
of the RRAM cell under ultral ow bi polar node operation 25(Vim= 2V)
while FIG 11B shows its RT retention characteristics in high

resi stance state (HRS) 1122 and | ow resi stance state (LRS) 1124.
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[0144] FIGS. 11A and 11B respectively show plots of DC endurance cycles and room
temperature (RT) retention for ultralow current bipolar mode switching. FIG. 11A shows
a plot 1100 of 100 DC cycles of the RRAM cell under ultralow bipolar mode operation
25 (VgL = 2V) while FIG. 1IB shows its RT retention characteristics in high resistance
state (HRS) 1122 and low resistance state (LRS) 1124.
[0145] As described above, the non-volatile memory devices of various embodiments
may have a ITIR structure, with unipolar and bipolar modes of operation. The non-
volatile memory devices may include a 1TIR structure with a vertical nanowire (VNW)
30 FET with 4F* footprint, with bidirectional control of current. The resistive switching

memory may be a two terminal device, having high endurance and retention even at
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32 nmtechnol ogy node or beyond. It should be appreciated that other
types of RRAMcells or RRAM cells with enhanced perfornmance nmay be
integrated in the non-volatile nenory devices of various enbodi nents.
In addition, it should be appreciated that the nanow re transistor
may be replaced by or nay be in the formof a tunneling PET / 25
junction-less PET to achieve ultral ow power circuit / reduce process
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the clains_are_therefore . intended to be enbraced. CLAI M5 1. A
non- vol atSele 0%1\9 calds, ath i’ﬂﬁeii éjpﬁ‘@rmance may be integrated in the non-volatile

memory devices of various embodiments. In addition, it should be appreciated that the
nanowire transistor may be replaced by or may be in the form of a tunneling FET /
25  junction-less FET to achieve ultralow power circuit / reduce process complexity.
[0148] The non-volatile memory devices of various embodiments may be employed in
applications including but not limited to low standby power and low operating voltage
non-volatile memory (NVM), e.g. FLASH memory, solid-state drive for portable devices,
and embedded NVM for microcontroller, among others.
30 [0149] Various embodiments may provide full CMOS compatible integration of RRAM

with vertical GAA nanowire transistor with 4F° footprint. Excellent current scalability
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a nanowi re transistor conprising a nanowi re channel; and 5a resistive
menory cell arranged adjacent to the nanowire transistor and in
alignnment with a |ongitudinal axis of the nanow re channel. 2. The
non-vol atile nenory device of claim1, wherein the resistive nmenory
cell conmprises an el ectrode and wherein the nanowi re transistor and
the resistive menory cell 10are configured such that the el ectrode
conpri sesm@nde em:lwpai twien rafucédh @anaviesvdiadnetdignineking i8.reddyefor advanced

non-vol atil e ice of claim erein the end portjon of 'the
nanow r e tE‘H’é‘HﬁgV neé?%pﬁ%égmaa t"APORAT %l"g\ﬁgl’[ﬁ‘fgo ? ?“9%“@108%% yitgs
the nanowiffod" &RedhOturrd®, nfhy ﬂ-@?)r&ﬁﬁlnéofcﬁ‘tlﬁﬁgﬁ . BRI Mwd YEL REEAM

claim2, wherein the end portion of the nanow re channel conprises an
i mpl ant ednﬁeéfgtlolm lllézlllsiiﬂgl%ﬂhﬁéd?del’g?l@mor a metallic region. 5. The

hon- V%l at bi@é flhe trﬂgmg Vde%i%eg of Q/al%l)ur:p 5 o\ahrgen? &ﬁeowgeng?%me more of the

t ransi st er conprises a subs e and’ rein
| ongi t udifbAdwinyifsatmts hh eomparadrmor @n@hﬁi@ﬁdl dewickentBomproess:anpie rhﬁn(bﬂjre
surface of the suybstr non-vol atil| e mem)r%lt evi ce

e. 6.
claim5, YFHEF & er]fé*s%ta?fbﬁh“&nt’% &F ERpHOY RASEh ESISHE R laemory, 2

di ffusi onpg Aeetcd Reytidve liﬁ'e@@oﬂit@&ik :Odtaif ﬁtge{trﬂﬁs'i‘s@(\ﬁ‘) fafid ttdi;ﬁ@l%bt?&d%r
is 25fornmed in the substrate. . The non- volgatl | e menory device of

cl ai m 6, (weswoeNh(DHbe menewy ﬂeww aﬁmbs';t ather sidewdl Géghwpr plonar eaphaitor ioar

di ffgl%'Tﬁgblﬁa"r%g%lrfb%[ e, L %m&@ﬁ%%gibﬂﬁ{(t{ial 1] [}g H%}m@%’&ﬁ}""{i%ﬁce 3@{'&%‘

non- at I I1ce O erei nowre
t ransi st anerhanyt dwrcecmepral &aﬁnsaorga\théchr eiyeohidiectiad] ameemg (3)hthe nacrouyr e
channel bd%&f%’ég %Qestnrlleei\aldolel&emp/[ \r;&’ﬁi%h %QSS both bipolar and unipolar modes of operation,
and the P/E current may be very low and suitable for low power applications; and (6) the
memory cell may be formed on the nanowire sidewall or planar pillar top or both, and
15 where the size may be tuned by controlling the spacer etch, thereby allowing flexibility in
forming the memory device.
[0151] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and
20  scope of the invention as defined by the appended claims. The scope of the invention is

thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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59. The non-vol atile nenory device of claim1l1l, wherein the nanow re
transi stor conprise a three-termnal vertical gate-all-around (GAA)
transistor. 10. The non-volatile nenory device of claim1, wherein
the nanowire transistor is configured as a sel ection device of the
resistive nmenory cell. 11. The non-vol atile nenory devi ce of
claim1l1, wherein the nanowire transistor conprises a transistor

sel ected ¢y oM group of transistors consisting of a junction based
enhancenent node field effect transistor, a junction-|less depletion
node field effect transistor and a tunneling field effect transistor.
12. The nlon- vah aen-veaiite mpmpory devieconfprisingl m 2, wherein the resistive

menory cell furlnst: comy it&-ecfama '%hg'a%%ﬁév!ri GBY§, Aranged over the
el ectrode and “dFUrther el ectrode rrangecl3 over the dielectric | ayer.
2013. Bhe non- wotedistive nspwaey \eetl earranged fadfabait nfo 1the wikaoeire tidneistoe sindt inve

menory cel| conprises a ry. cell selected froma group consisting
of: a ph%@ﬁ%ﬁ‘@@%@ﬁﬁ‘ﬁ%ﬁ?’%?o the SARAYATS idgi ng menory cel | ;
and a magnetoresistive nenory cell. 14. The non-vol atile nmenory

device of claim 12, wherein the dielectric |ayer 25conprises a
mat eri al kel ecihediohrigtatide gicowpy devieri ef eleim ilc wivanclsy thel resigtbiesmempiyocedf

HE02, Ti 02mpk&Os e%ﬂoggé%whe]rgn the H%B{%% 13hsi&8F HHaHe %sﬂﬁ?é %243k Ll
menory devi ce, the rret o conpristng: formng a nanow re transi stor
conpriosi rnge eonfiznredisuch thhethe electraaie doRPfioss wne gndportsi of the eamsvirerchawel. |
adjacent to the nanowire transistor and in alignnent with a

| ongi tudi nal axis of the nanow re channel.
3. The non-volatile memory device of claim 2, wherein the end portion of the

nanowire channel comprises a top wall and/or one or two sidewalls of the nanowire
transistor.

15
4. The non-volatile memory device of claim 2, wherein the end portion of the

nanowire channel comprises an implanted region, a silicide region or a metallic region.

5. The non-volatile memory device of claim 2, wherein the nanowire transistor
20  further comprises a substrate and wherein the longitudinal axis of the nanowire channel

extends at an angle to the surface of the substrate.

6. The non-volatile memory device of claim 5, wherein the nanowire transistor
further comprises a diffusion region and the diffusion region of the nanowire transistor is

25  formed in the substrate.

7. The non-volatile memory device of claim 6, wherein the nanowire transistor
further comprises a further diffusion region formed from the end portion of the nanowire
channel.

30
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8. The non-volatile memory device of claim 7, wherein the nanowire transistor
further comprises a gate region formed around the nanowire channel between the

diffusion regions.

9. The non-volatile memory device of claim 1, wherein the nanowire transistor

comprise a three-terminal vertical gate-all-around (GAA) transistor.

10.  The non-volatile memory device of claim 1, wherein the nanowire transistor is

configured as a selection device of the resistive memory cell.

11.  The non-volatile memory device of claim 1, wherein the nanowire transistor
comprises a transistor selected from a group of transistors consisting of a junction based
enhancement mode field effect transistor, a junction-less depletion mode field effect

transistor and a tunneling field effect transistor.

12.  The non-volatile memory device of claim 2, wherein the resistive memory cell
further comprises a dielectric layer arranged over the electrode and a further electrode

arranged over the dielectric layer.

13.  The non-volatile memory device of claim 1, wherein the resistive memory cell
comprises a memory cell selected from a group consisting of: a phase change memory

cell; a conductive bridging memory cell; and a magnetoresistive memory cell.

14.  The non-volatile memory device of claim 12, wherein the dielectric layer
comprises a material selected from a group of dielectric materials consisting of HfO,,

TiOZ, A1203 and Ta205.

15. A method of forming a non-volatile memory device, the method comprising;
forming a nanowire transistor comprising a nanowire channel; and
forming a resistive memory cell adjacent to the nanowire transistor and in

alignment with a longitudinal axis of the nanowire channel.
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