WD 2009/ 072983 PCT/ SG2007/ 000421 Menory Cell And Met hods O
Nhnufacturina Thereof Field of the invention [01] The present

i nvention r¥PABYPE a nenory cell and nethods of nanuf RETHFRING000421
t hereof . 5 Background of the invention [02] There is a limt in

scal i ng conventi onal &Ofpftégﬁe nma*oﬁgldf%%‘?%%{,ﬁﬁ coff€Vi ces

beyond 50nm due to s suc 0Ss 'inN ga € capaci tance
coupling efficiency, data retention and reliability. 10 [03] There

are SONCS ( % i C OX|qe nitride oxide silicon) structures, which are
used becaus S sensitive to capacitive coupllng i ssues
and utilize thinner gate stacks, while there are FinFET (fin

structure fi l.d eff Ctg%é qiﬁﬁiﬁgﬁﬁﬂ%t5%%%533§ %@gﬁd Eﬁgﬁso 4&§&§§ghng

el ect rost at contr annel |ns ance,
conventi onal conductor device has a twin nanow re channel 15
structure fHFWP on a nounting surface of a silicon substrate, where
bot h the nanowi res are spaced laterally apart on the nounting
surface.’A gate region is fornmed above the nounting surface and
around t he exposed surfaces of the nanow res adjacent to the
portions of the nanowires on the silicon substrate nounting surface.
[ 05] HoweveREt I ARl angenent of the known seni conduct or
device 20 occupies larger surface area on the nounting surface of

the silicon substrate. Additionall|ly, it woyl so be adv

to provide EZenoryhees 8 dmik PrFC?JHéthPVC"BPB"é rbg"‘?'ﬁb PSPy es%ggﬂ?moéy

W de memor ydglgcgobvgy(?nr(]idSO%nabdlug t(():I %;c?org (santlglnzgsl I%QS ?na tz)iatt)zlnlgl gta%:a capa01tance coupling
efficiency, data retention and reliability.

10 [03] There are SONOS (silicon oxide nitride oxide silicon) structures, which are
used because they are less sensitive to capacitive coupling issues and utilize thinner gate
stacks, while there are FinFET (fin structure field effect transistors) structures that offer
excellent electrostatic control of a short-channel body.

[04] For instance, a conventional semiconductor device has a twin nanowire channel

15  structure formed on a mounting surface of a silicon substrate, where both the nanowires
are spaced laterally apart on the mounting surface. A gate region is formed above the
mounting surface and around the exposed surfaces of the nanowires adjacent to the -
portions of the nanowires on the silicon substrate mounting surface.

[05] However, the nanowire arrangement of the known semiconductor device

20  occupies larger surface area on the mounting surface of the silicon substrate. Additionally,

it would also be advantageous to provide a memory device with faster

programming/erasing speeds, a wide memory window and stable data retention capability.



WD 2009/ 072983 PCT/ SG2007/ 000421 Summary of the Invention [06] In an

enbodi nent _of the invention, there is provided a nenory cell
i ncl udi ng: WR2009P2P83yj r e shaped channel structure; and BCER@F4EI00421
trappi ng structure surrounding the perinmeter surface of the first

wi re shaped channe(l stpucture, the charge trapping structure 5
including t g partial structures, wherein each charge
trapping partial structure is fornmed of a different nmaterial capable

of storing ctrical char AR . ' . o
i nvention, ﬁ’ir e & ﬁ%’gﬁﬂcﬁ%ﬁ%ﬁat 0%%%4118{6&8@ ’f@%?n%d Ijggfagdrrgfrn%e%%?%g?l} including:
including the steps of formng a first wire shaped channel structure,
and forn ng Stc‘ﬁg? @’Cé)apﬁl §bﬁ’fnﬁ SEYGrEy ¢ded EW@S%%BP‘HE s%ﬁgmbee?lfr??élflélpg ‘the
surface of the first wire 1Q shaped c aﬂnel structure, the charge
trappi ng st PEEREiETSUra fdhe grst Mcéhéﬁegé ?“r”&bﬁ%&m”ﬁé‘? thatge URRPIg Sirctire
wherei n each charge trapping partial structure is formed of a . .
different aludingavocelszas Bappings pytpingrustuses; prheegin epdly ghasge fraping pagial
enbodi rent of the invention, there is provided a nethod of formng a
menory cel | structiee isdenmsd of adiffetin grateiial eapelyle obftoringralseirieal ehorges si ngl e
conducting layer a 15 first wire shaped channel structure and a
second wi r e[0§hapedIrc varmbbdimentuaft the énventivh, floererisngroviderht engteayi ofhforming a
around the perinmeter surface of the first wire shaped channel
structure amembieechéddutiigthe staps &fc efoahinihe fiss onind shuiped chivapk dradtannedd
structure; wherein the second wire shaped channel structure is

spaced a grRahig 4tk @NeSPifOIMaAnt® diroundingstié patReRf siffegaltBe Hiegivire
than the distance the first wire shaped channel structure is 20

spaced ¢ onphhe BRMBd SGichr, ftBE @hake ApidAtstuéteRd! PMBludiBel Mo charge ‘trapping
Description of the Drawings [09] In the draw ngs, |ike reference

characters QeRgral, tgre rhétin e8cH BRrSPMEpRR! fadtial Tsﬂﬁ&%h@%nﬁeﬁ%f a different

. S :
di fferent ews. The draw ngs are not necessarily to scale, enphasis
material capable of storing electrical charges.

[08] In an embodiment of the invention, there is provided a method of forming a
memory cell, the method including the steps of: forming from a single conducting layer a
15  first wire shaped channel structure and a second wire shaped channel structure; and
forming a gate region around the perimeter surface of the first wire shaped channel
structure and the perimeter surface of the second wire shaped channel structure; wherein
the second wire shaped channel structure is spaced a greater distance from a mounting
surface of the gate region than the distance the first wire shaped channel structure is

20  spaced from the mounting surface of the gate region.

Brief Description of the Drawings

[09] In the drawings, like reference characters generally refer to the same parts

throughout the different views. The drawings are not necessarily to scale, emphasis



2 WD 2009/ 072983 PCT/ S&007/000421 instead generally being placed

upon illustrating the principles of the invention. In the follow ng
descri pti onVOYPPBES enbodi nents of the invention are dBSEFCHEHOMFIN
reference to the foll owi ng drawi ngs, in which: [10] Figure | A shows

a Cross- sectl

accor dance WI §ﬁner%§40§g"ﬁéﬁﬁ%¢ hﬁ% mli]?’\tgag ?To?énignf%% Eygiﬁrlgb shol\i\lrsthe
a Cross-sec naI |ew of orti [

accor dance \%ﬂ"?’?‘}”% SHEER ou%Fmﬁ%démeIH@ 8%6 m%nhlk frelfféaclﬁbga I Jgference
a cross-sectlon? Vi, ew of a por%cgn of a nmenory cell built in
accordance {f fRilevREAaVRHIN ¥PiPhe i nvention. 10 [13] Figure 2B
shows a cross-sectional view of a portion of a nmenpry cell built in .
accordance W0l h anFigvsohd sBows 6Ff°ﬁﬁ%3°$‘?ﬁﬁéﬂﬁwo?fa?%1’nﬁ yoewopy goll built in
shows a cross section of a circular channel structure. [15] Figure 3
shows a per egsenianceavith avemafoditent ¢f haévgriéonof a nenory cell built in
accordance to an enbodi nent of the present invention. 15 [16] Figures
4A to 4E shpM]per sPemirs VB shovesvs crobs-ssetiaahiviewt efgeportion dhibmienarecal built in
menory cell according to an enbodi nent of the present invention. [17]
Fi gure 5A shawilance witharcdiabiddimént af thafrvientidn. on process. [ 18] Figure
5B shows a flow chart of a fabrication process. [19] Figure 6 shows

a flow charfi2pf a Fahed ZAheOms PERELsBtiondDvied0df Fpatisieoi7a slenosy el built in
atom c force mcroscope (AFM image of nanocrystals forned on a 1xl1

N2 surface cBRlafte VittSad drstirhdr bf Be idvontd¥) | ayer. [211 Figure 8
shows a tilted top view of a scanning el ectron m croscopy (SEM
10 [13] Figure 2B shows a cross-sectional view of a portion of a memory cell built in
accordance with an embodiment of the invention.
[14] Figure 2(I) shows a cross section of a circular channel structure.
[15] Figure 3 shows a perspective view of the structure of a memory cell built in
accordance to an embodiment of the present invention.

15 [16] Figures 4A to 4E show perspective views of several stages to fabricate a

memory cell according to an embodiment of the present invention.

[17] Figure 5A shows a flow chart of a fabrication process.
[18] Figure 5B shows a flow chart of a fabrication process.
[19] Figure 6 shows a flow chart of a fabrication process.
20 [20] Figure 7 shows an atomic force microscope (AFM) image of nanocrystals

formed on a 1x1 pm® surface area of a silicon nitride (SizNy) layer.
[21] Figure 8 shows a tilted top view of a scanning electron microscopy (SEM)
image of twin nanowires after silicon nanocrystals formation.

[22] Figure 9 shows a tilted top view of a SEM image of twin nanowires on a SizNs4

25 layer of a non-TLE (Trap Layer Engineered) device.



i mage of twin nanowires after silicon nanocrystals formation. [22]
Figure 9 shows a tilted top view of a SEMinmage of twin _nanow res on
a Si3Nd 28YQ VP72 a3 non- TLE (Trap Layer Engi neered) BEVFEWI7/40¢4
2009/ 072983 PCT/ S&007/ 000421 [23] Figure 10 shows a tilted top view

of a SEM i rT@?fniOIi g{#&f@iﬁ%&g a lirkd ofh RBMPirAlE%I$8n Roldddd BBt SONOS

el ectrode d gure 11 shows a Transm ssion Electron

M cr oscopy &{g&%ﬁ%@\n&:%rg@]‘éﬁ/%lg&od%rdg%%?%{?cti on of a SONCS device. 5
a

[ 25] Figure I'mge o0 € cross section of a silicon

(Si) nanow [2 Figure 13 shows.a. plot of drain cur Jd (i

AA) " ver sus Ggl e vo?ig’dbeegtjldﬁc("fsna%}ansf%ﬁswseﬁfftﬁ% Crgfcggkéﬁj-ﬁ% ’ﬂ‘agié of the
nanowi res. [27] Figures 14A and 14B respectively show t he programm ng
char act er i s¥TP¥ESeeion of g SONP 5Y#Redi amet er TLE SONOS twin nanowi r e
menory cells. 10 [28] Figures 15A and 15B respectively show the

er asi ng thaakt er i Egnees! 25hownand ENbimagp pf @e srost etiqn ef aifigog (Bijnanowire.
nanowi re nenory cells. [29] Figure 16 conpares the P/E speed )
char act eri si2bts anHigutee 3tshpws hplod of diaingerentda (m A9 yersis gae velides Ve (in V)
nanow re devices. [30] Figures 17A and 17B respectively show the

pr ogr amm ngfoanettieallystacged tRiEpi nahdwidsar act eri stics of a non- TLE SONOS
twn nanowire nenory cell. [31] Figure 18 conpares the P/E speed
characteri sei7rs anBigufee 1AAVamd $4B fréspéaivelynshowr the qeddramumiingh chardet<sishEISof
and non- TLE SONOCS structures. [32] Figure 19 shows a plot of current
in the |inessn &R0 dMinkRr TDB/SONDS Wik 8gnoWare mdnibiy céilsh MA) ver sus

gate voltage Vg (in V) for vertically stacked twin Si nanow res.

10 [28] Figures 15A and 15B respectively show the erasing characteristics of Snm and
8nm diameter TLE SONOS twin nanowire memory cells.
[29] Figure 16 compares the P/E speed characteristics and the threshold voltage
A Vi, shift for twin nanowire devices.
[30] Figures 17A and 17B respecﬁvely show the programming and erasing (P/E)

15  characteristics of a non-TLE SONOS twin nanowire memory cell.
[31] Figure 18 compares the P/E speed characteristics and the A Vy, shift for -
memory cells with TLE SONOS and non-TLE SONOS structures.
[32] Figure 19 shows a plot of current in the linear region with low drain bias Vj,
IaLin (in #A) versus gate voltage V, (in V) for vertically stacked twin Si nanowires.

20 [33] Figure 20A shows a band diagram for a memory cell with a non-TLE SONOS

nanowire structure.

[34] Figure 20B shows a band diagram for a memory cell with a TLE SONOS

nanowire structure.



20 [33] Figure 20A shows a band diagramfor a nenory cell vvith a
non- TLE SONOS nanowi re structure. [34] Figure 20B shows a
di agr am f o™ R2YRUKEE} cell with a TLE SONOS nanowire stFﬁyﬁﬁ?"@m“ﬂ“%

2009/ 072983 PCT/ SG2007/ 000421 [35] Figure 21 shows the data
tenti teri st (
(ERS) momor Poker 1 < hepd EEer s A REETRR o Ao R L

[ 36] Figure 2 shaws _en nce char ac i st ry. cell ]

Lo § Lo Rk ST ey XS ol T’F@ﬁ&‘ﬁﬁg s SRhiL SN
programm ng and erasing (P/E) characteristics of a menory ceII

Det ai | ed De¥EFfti on 10 [38] Exenplary enbodiments of a seniconduct or
menory cell_ are described in detail below with reference to the
acconpanyi ng® i gur Bigure £2 ghpys b@déﬁﬂ?ee(?]“’éﬁ‘éﬁ“ﬁlﬁ%lto t’H@n"‘é’x%"r’rbl with a TLE
enbodi ments descri bed bel ow can be nodified in various aspects

wi t hout 5 ch3@YPRgnd pacedEERINGS srepdurenvent i on. [39] Figure | A shows
a cross-sectional view 100 of a portion of a nenory cell (not 15
shown, but B@hpar eFigsren23A cbbwvs A0 profgranimgug eand) erbting (P/Eh cherededstiss eof a
wi th an enbodi nent of the invention. [40] In the enbodi nent of -the

i nvention sheworyicellFi gure 1A, the nenory cell includes a first wire
shaped channel structure 110, a first tunneling |layer 102, a charge
trappi ng structure 104, a first blocking structure 106 and a gate
regi on 108.

Detailed Description

10 [38] Exemplary embodiments of a semiconductor memory cell are described in
detail below with reference to the accompanying figures. It will be appreciated that the
exemplary embodiments described below can be modified in various aspects without
changing the essence of the invention.

[39] Figure 1A shows a cross-sectional view 100 of a portion of a memory cell (not

15  shown, but compare memory cell 300 of Figure 3) built in accordance with an embodiment
of the invention.

[40] In the embodiment of the invention shown in Figure 1A, the memory cell
includes a first wire shaped channel structure 110, a first tunneling layer 102, a charge
trapping structure 104, a first blocking structure 106 and a gate region 108.

20 [41] The charge trapping structure 104 surrounds the perimeter surface of the first
wire shaped channel structure 110, where the first tunneling layer 102 surrounds the
perimeter surface of the first wire shaped channel structure 110 so that the first tunneling
layer 102 is disposed between the perimeter surface of the first wire shaped channel

structure 110 and the charge trapping structure 104.



20 [41] The charge trapping structure 104 surrounds the perineter
surface of the first wre shaped channel structure 110, where the

first tunn&YPHPYE: 102 surrounds the perineter surfZEESGHOT/HE421
first wire shaped channel structure 110 so that the first tunneling

Layer 102 1 gl sPosgd BelNeeRiile RELLERIEL AULIACROTahllE hdoRle Yhhith

shaped chan structur e charge trapping s

5 WD 2009/ 072983 PCI/ S / 000421 21 The charage.trappi .
ot ructure TUHCTRE) (AR Jot, RRPEE sorh ke bRl el SRR 1 n and o is
and 104b, wherein _each. charge trappi artial, structure 104a and
104b i s f ofoRBES OF Za0idierefib MAtATEh R IER0! SR PleCals B SRy Bicetitr Faatee

charges. The two charge trapping partial structures 104a and 104b
may respect FARPIRE BiEtal Sipgtyses 5 ayd 104tymay Frgpechiyely bs aiyatrhaige t3npias fyer
the perineter surface of the first tunneling |ayer 102; and one or
nmore fi¥stlGfarsooeyxiicg he pedpetsusurbon af g frsiduprglingdavsy 193 rand @ae of more
the first charge trapping |ayer 104a. [43] The gate region 108
surrounds t fist paocnystalerl 04l siremadiof, therpsrinieter gerface af therfirst chiarge dtappiag layer
104, where the first blocking structure 106 is disposed between the
first chargHdato trapping |layer 104a and the gate region 108 on
portions of the first charge trapping layer 104a not in contact with

the one or peTe fiThé gManegiby J0RIsarrdidbP thd fetiméter Wirldce € tRPEieR Rifging
that the first wire shaped channel structure 110 connects the source

and drain rQgiRRs144) Q&he?eh@%rstllﬂﬁckﬁ%@ﬁﬁét@reb%hs ANPb6ed HeBiiHeR the3frdt atitle
drain region 306 in Figure 3) of the nenory cell to provide a

channel ,{ Ortr%ﬂ{g%%e?ﬁgﬁé S Btnk |2 Belon 168 BEbYeiBHs BP&GETHHrcﬁﬁrg?g%pR%iSEIayer

drain regions. ving thus provided a Gate-All-Aroun

AR e T e
[44] It will be appreciated that the first wire shaped channel structure 110 connects
the source and drain regions (not shown, but compare both source region 304 and drain
region 306 in Figure 3) of the memory cell to provide a channel for charge carriers flowing

15  between the source and the drain regions.
[45] Having thus provided a Gate-All-Around (GAA) structure f(‘)r the gate region
108 facilitates further device scalability of the memory cell, compared to current floating
gate memory cells, as the GAA structure offers better electrostatic control of the shorter
channel body in the first wire shaped channel structure 110. Additionally, the charge

20  trapping structure 104 of the first charge trapping layer 104a and the one or more first
nanocrystals 104b acts as a form of trap layer engineering (TLE) to provide a charge
storage medium, where the one or more first nanocrystals 104b provide further charge
trapping performance enhancement by increasing the memory window provided by the

first charge trapping layer 104a. The collective structure 140 (the first wire shaped

25  channel structure 110; the tunneling layer 102; the charge trapping structure 104; and the



gate nenory cells, as the GAA structure offers better electrostatic

control of the shorter channel body in the first wire shqged channel
structure MQ00XAEPE3 onal Iy, the charge 20 trapping strBEVEFR0TAN4Hs
the first charge trapping | ayer 104a and the one or nore first

panoctyst al Brst SRR S8 e8! Shhorl kAR hOYRE (AR TRCHITa AR veltRally

provi de a char ge or age ere the“oneor nore firs

nanocrystals 104b provi further char r ] p .
enhancenent StB‘ij}‘e# EFERY F%E (ctoﬁlé’ arr?enflr%nrl(g/ryvﬁ% ﬁ 3 8\§v0§ ?%f%se) d 91:)1{;?% ‘@%‘fefi T ﬁneered
charge trapping.l ayer, 104a.,. The collective structure 140 (the first

T e s hapedha i eSS Rbiet e uPromam AR et i Her R A Et Fggiory o
charge trapping structure 104; and the 6 WO 2009/072983

PCT/ SG2007/ dongyith deyipeselighlfyki ng structure 106), together with the
gate region 108 forma GAA vertically stacked nenory cell (conpare
menory ckl | [4800 of Figueg R slsyws amresstsegtiprabyiey 160 gf # aesitien of A girsigry gell (not
structure, enables fast progranm ng/erasing speeds and a w de nenory
wi ndow,  al shegymwbutivothgercorentosy celbi0iafFiguse ULt wj ageprdante Byithamesnhgdiment
cross-sectional view 150 of a portion of a nmenory cell (not shown,
but conpar eofthetrvgntéoml | 300 of Figure 3) built in accordance with an
enbodi nent of the invention. [47] In the enbodi nent of the invention
shown in Fipugre 113 thehembmiment ofethe invendbn dbewmd id Fighte WB{ ¢hes heprdy cell
channel structure 160, a first tunneling |ayer 152, a charge 10

trappi ng stiemiey & fitp4viedchapedaiafnd] egiubtirel b, a| H&Y] tuliging Nayega 52, a charge
trappi ng structure 154 surrounds the perineter surface of the first

wire shapedighanighcsitd batHA 8 gdBQegithpyge the first tunneling layer
152 surrounés t he Berineter gurfé%e of the first wire shaped channel

structure 1@%(]350 t RRL ch g? géﬂﬂ% SthfeRRd h 59 surk e th%%%riin@teﬁ k&?&iﬁ‘%ﬁ the first

bet ween the rimeter su the first wre shaped channe

wire shaped channel structure 160, where the first tunneling layer 152 surrounds the
perimeter surface of the first wire shaped channel structure 160 so that the first tunneling
layer 152 is disposed between the perimeter surface of the first wire shaped channel
15  structure 160 and the charge trapping structure 154.
[49] The charge trapping structure 154 includes two charge trapping partial
structures 154a and 154b, wherein each charge trapping partial structure 154a and 154b is
formed of a different material capable of storing electrical charges. The two charge
trapping partial structures 154a and 154b may respectively be a first charge trapping layer
20  154a surrounding the perimeter surface of the first tunneling layer 152; and one or more
first nanocrystals 154b embedded in the first charge trapping layer 154a.
[50] When using silicon for the one or more embedded first nanocrystals 154b, then
a silicon-rich silicon nitride layer 154a may have to be used, where embedding may be

performed at a temperature of about 1000°C.



15 structure 160 and the charge trapping structure 154. [49] The
charge trapping structure 154 includes two charge trappin artial
struct ur es M@2R99RP3154h, wherein each charge trapping Bg%@ggpwmmul
structure 154a and 154b is formed of a different material capabl e of

storing el e%ili cal gﬁ‘t{gétg%”%'ga_pgg;s\g@?llﬁ@@t&?geﬁrﬁé _EMCQ%‘F%@Lhar%F trapping

structures a an ely be a tirst charge trapping

| ayer 20 154a surroundi he ,peri neter rfac f. tf g

tunneling | gﬁsrelé%r Sgntggoﬁlg K gxgrcrotrr%’p%#i Sﬁllsétc h%aﬁ%%r’?s@%f)gsédl%%em the first
enbedded in the first gharge trappin ayer 154a. [50] Wen using
silicon for msha*b¥£ﬁﬁﬁgma%ﬁ358@aq?$rst nanocrystal s 154b, then a
silicon-rich silicgon nitride |ayer 154a nma e.to be used, wher
enbeddi ng n¢l be PEPFEGH e %{O%Séﬁﬁ@fléﬂﬁ%/%gﬁ 580107 99 Elemprygsi! 300
2009/ 072983 PCT/ SG2007/000421 [51] The gate region 158 surrounds the
peri net er  sigued wilt inpccedarcgevithy ansmbediment pithe inventiony 1 will beyapprgciated
charge trapping structure 154 is disposed between the first

tunnel i ng | thytelrigars 2 Aashdwistthe graseseridepiabpiews Biker) 8i2pg PlagardeA2 Af Eigyre3, of a
across-sectional view 200 of a portion of a nenory cell 300 5
(Figure 3) fmtiidr of the aemordetic¥0uFighredd) beitbindicomdance fwithHtbe embalmnemof the
It will be appreciated that Figure 2A shows the cross-sectional

vi ew, takeningéming. pl ane A-A' of Figure 3, of a portion of the nenory
cell 300 (Figure 3) built in accordance with the enbodi ment of the

i nvention. (538] SiginkiRf td thetdnfboliniadbNMmetimehtibd showiy RiEigere 19 v memory
Figure A the nenory 1o cell 300 (Figure 3) includes a first wire

shaped ghanpgl3gt (Fistd B Pimdiaes 8 fHritMwire SHaPAEChdidel dtAXRie 2082 ArsE ARhEehg
trappi ng structure 204," a first blocking structure 206 and a gate
region 208!ayer 202, a charge trapping structure 204, a first blocking structure 206 and a gate region
208.
[54] The charge trapping structure 204 surrounds the perimeter surface of the first
wire shaped channel structure 210, where the first tunneling layer 202 surrounds the
15  perimeter surface of the first wire shaped channel structure 210 so that the first tunneling
layer 202 is disposed between the perimeter surface of the first wire shaped channel
structure 210 and the charge trapping structure 204.
[55] The charge trapping structure 204 includes two charge trapping partial
structures 204a and 204b, wherein each charge trapping partial structure 204a and 204b is
20 formed of a different material capable of storing electrical charges. The two charge
trapping partial structures 204a and 204b are respectively a first charge trapping layer 204a
surrounding the perimeter surface of the first tunneling layer 202; and one or more first

nanocrystals 204b surrounding the perimeter surface of the first charge trapping layer

204a.



[ 54] The charge trapping structure 204 surrounds the perineter
surface of _the first wre shaped channel structure 210, where t

h
first tunn&’lqwaglq”é%fér 202 surrounds the 15 perineter S}Eﬁ?’%{%m&l‘oo@ﬁe

first wire shaped channel structure 210 so that the first tunneling
llayer 202 iigei spogagiibeiness ﬁé?ﬁ‘or?%]l reb qFighty $)omeuds 4 Bohd fife Map&l
shaped channe structure 210 and the charge trapping structure 204.

[55] The chatgey Eﬁ—@d?%?gogﬁ é%f‘l&”nﬁmg eria?&' 29eS flRer (h@fed Qrdph R RiABture

partial structures nd 204b, ein each charge trapping

partial strugture 204 ng. 2 i O formed of a different materi al
capabl e of is?tﬁ bar%dnagseg?ngdcbt??cgéngl%_gﬁ{é%gzézé The two charge trapping

partial structures.20 and, 204b ar.e respectiyely a.flrst _charge

t r appi ng Ie{g r 204&%83@?1}86%?{5% ARe f)tg’lrcgﬂ%?g% S‘§1¥u°r g%:!teheo?e eZer%ung%e of
tunneling | ayer 202; and one, or re fir anocrystal.s 204hb

sur r oundi ngh% AEFopE rvine shaped shinge St&fc“{rﬁ@ibi woere e SGeond, UG RS et22
204a. 8 WD 2009/ 072983 PCT/ SG2007/000421 . [56] Additionally, the
menory cel |SUB@ERdS thegperianetsr SpfcE QHbE secoad s dhaned shaipglsyctuEg 2295 that the
structure 220, a second tunneling layer 222, a further_ charge .
trappi ng stseeantlfnrneling ayen?d? ig dispewsddeby s hnperspgtey Sutfpee Fxbe spappg wire
The further charge trapping structure 224 surrounds the perineter
surface of shipetltbarsebgrdturg 229 api dpddrtbdraharet trapningttocer28d. where t he
second tunneling |layer 222 surrounds the perinmeter surface of the
second w r g§58hapedTlighfunhel chaige trepping st2@bure @24 radudehovo fethencharge trapping
tunneling | ayer 222 is disposed between the perineter surface of the
second Wi I @artBhapesueh apaehnds27b¢ wherin? 24th afathdr heafge rtiapping ofastial estructure
trappi ng structure 224. [58] The further charge trapping structure

224 i ncl udes4s Wi S2btib edrmed of & BiffefenPRiaftgial dPatla bt stalingéledtfiédl cR&gds? 4fhe
and 224b, wherein each further charge trapping partial structure

two charge trapping partial structures 224a and 224b may respectively be a second charge

trapping layer 224a surrounding the perimeter surface of the second tunneling layer 222;
and one or more second nanocrystals 224b surrounding the perimeter surface of the second
15  charge trapping layer 224a.
[59] The gate region 208 surrounds the perimeter surface of the charge trapping
structure 204 and the perimeter surface of the further charge trapping structure 224. The
first blocking structure 206 is disposed between the first charge trapping layer 204a and
the gate region 208 on portions of the first charge trapping layer 204a not in contact with
20  the one or more first nanocrystals 204b. Similarly, the second blocking structure 226 is
disposed between the second charge trapping layer 224a and the gate region 208 on
portions of the second charge trapping layer 224a not in contact with the one or more
second nanocryétals 224b. The second wire shaped channel structure 220 is spaced a

greater distance from a mounting surface 208a of the gate region 208 than the distance the



224a and 224b is fornmed of a different material capable of storing
el ectrical charges. The two charge trapping partial structures 224a

and 224b m¥P UEYK2B) vel y be a second charge trappi ng PGEl/aF209594421

surroundi ng the perinmeter surface of the second tunneling | ayer 222;

o, one O BB SEARS HRRREENELAL 7R o AU AR PR o

region 208 surroun the perineter surface of the charge trapping
structure 2%ﬂ¢§ﬁﬁngﬁ% perineter surface of the further charge

trapping structure 224. The first blocking structyre. 206 ..s di sposed
between t hd6P] rst Eopgitydin raé‘ﬁi)pﬁga’feéwwnﬁdﬂrﬁcé%ﬂﬁ‘? ﬂ’ﬁé’lﬂﬁt‘:’é ﬂ?ee‘QﬁPSﬁ 038%’3
on portions of the first charge trapping |ayer, 204a not in contact
with 20 thefishgirg phaged ehanpel SrupO\ped %F%SGMWITSPWF Fhapnel;strycture 220
second blockin% structure 226 is__disposed between the second char%F
trappi ng | amay be2ubstaptially perael: with dbg mwuntow snfacyPBa gf sheogate egion 208
second charge trapping | ayer 224a not in contact wwth the one or nore
second nanddurthes thellsngtt2dinal aRies ofthe birstl wivieiskaps sharaelciaiatued 219tand dageeond -
220 is spaced a greater distance froma nmounting surface 208a of the
gat e regi ornwi2é® Shdpbdhirne] stiwtaa Q20 tniey bOsuNaRONY/ PefR9@Rular to an axis 208y
PCT/ S&2007/ 000421 first wire shaped channel structure 210 is spaced

fromthe mMybmhking tiethbiagiag 20@ke 2084 dfahe gid fefoR 08N IAGKHS nfabfdr, the first wire
Longi tudi nal axes (i.e. axes noving directly into the plane of the

paper) of tdi@pedf tHafihel Witrubtufd)2P® Gin€ B REdond twikke kkipad ZhenmN dtrbdiereSEXO BLL
W re shaped channel structure 220 5 may be substantially parall el

with th gn#ﬁ}lgéﬁgtoslpﬁﬁ ACREAP &8 witheePBltQo tRY bnHBsurfabd DR of ﬁ'l@eggte

| ongi tudi nal aXes of the first wre shaped channel structure 210 an

the second ., 'ﬁ%osﬁhgg%ﬂaﬁ@g%g@wi%é 5ﬁapé&t1%rﬁ?ﬁ%%wrepqlémﬁm zabémcaufy

per pendi cul'ar 'to an axi s nor nma nount1 ng surface 208a o

the gate r esgzicggd gr(lagltatilo:r)], lthlé' ivﬁren&gf}e%{ charﬁ&? sIrli.thélIes %(5 fnd 220 will have less “foot

print” on the corresponding mounting surface of a silicon substrate (see mounting surface

302a of support substrate 302 of Figure 3) to which the gate region 208 is mounted thereto,

15  i.e. the wire shaped channel structures 210 and 220 occupy less surface mounting area of

the silicon substrate, when compared to a known semiconductor device having both

channel structures placed onto the silicon substrate mounting surface. While having a

“foot print” area of a single wire shaped structure on the mounting surface of the silicon

substrate, the vertically stacked first wire shaped channel structure 210 and the second

20  wire shaped channel structure 220 provide a higher rnenrn:).r}r program/erase sensitivity by
allowing more bits of memory data to be stored.

[61] It will be appreciated that the first wire shaped channel structure 210 and the

second wire shaped channel structure 220 connect the source region 304 (Figure 3) and

drain region 306 (Figure 3) of the memory cell 300 (Figure 3) to provide a channel for

25  charge carriers flowing between the source and the drain regions.
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shaped channel structure 210 and the second w re shaped channel

structure 220 are 10 arranged to forma vertical stack with respect
to the nount? #Y*81P%Bace 208a of the gate region 208. BYCHSEEF P41
the wire shaped channel structures 210 and 220 in a vertically

stacked ori ation, the wre. c S :
wiil have 1L a‘““ﬁ??“r?t”’g"cﬁ&?ﬁggﬁ?a‘?@ 2‘3@%“#&%’%%“%?}‘%3&@?9%@ 2kign
a silicon subsitrate (se untin rface 302a o pport bstrat
502 of R e %ﬁ%@%ﬁtﬁh %r%wge et of % mERoR. oD 3 SPppREE o
Sur T ace. moUTFICRGGOR B MRy S Eoile L AP SRS B RE s ed s tpsaptol
known sem conductor devi ce having both channel structures placed

onto the si¢fitheshosigpshanaeldody imiheflystotirg shaped irnned sHyPieg? 1 andsthggecond
print" area of a single wire shaped structure on the nounting surface
of the siliwiashapabshanaelstruetive 2281 tAdditidnglls e wameftrappingiimetuehi(ded the
channel structure 210 and the second 20 wire shaped channel structure
220 provi defimt dhagdearappiagiaygr HHegndiheeona semerrfystiauddrystily 2044, hiong mith the
nore bits of nenory data to be stored. [61] It will be appreciated

t hat the fifugherwhbgestappinglstedtanaes of thesdcondclige teapgirigeyer 284mad the ome
shaped channel structure 220 connect the source region 304 (Figure 3)

and drain §e8éreRecda8 niroicHldals Bhb,0ct idormEsitdy 188k endRerinEi(OLE o Provide
provi de a channel for 25 charge carriers flow ng between the source

and the dr aipg;deC@iRSmediBmYVOTRP Q8¢ BF dR8S IRChARIARRTY 24l thé 684 or more
Havi ng thus provided a Gate-Al | - Around (GAA) structure for the gate

region 102085% iﬁénaerg&gléfzggﬂ hedvidterhGe: aﬁ@eatmpbi@yp&fmh%ew&m&ﬁ'ﬂy

300 (Figure conpar current floating gate nenory cells, a

S
the GAA st r'ngEa%rirF%th: &g&%&gﬁg& spgégggégrbg/ghﬂes ech 0D fiksPlhargH tr%ggl sﬁg%

channel body I rs annel structure 21

Pr o e SRRSO iR VG 218, FRDsrsf el ¥R btre S MR e
shaped channel structure 210; the first tunneling layer 202; the charge trapping structure
204; and the first blocking structure 206), the second collective structure 260 (the second

15 wire shaped channel structure 220; the second tunneling layer 222; the further charge
trapping structure 224; and the second blocking structure 226) and the gate region 208
form a GAA vertically stacked memory cell 300 (Figure 3). The trap layer engineered
nanowire structure, enables fast programming/erasing speeds and a wide memory window,
along with device reliability.

20 [63] Figure 2B shows a cross-sectional view 250 of a portion of a memory cell (not
shown, but compare memory cell-300 of Figure 3) built in accordance with an embodiment
of the invention.

[64] Similar to the embodiment of the invention shown in Figure 1B, the memory

cell includes a first wire shaped channel structure 251, a first tunneling layer 252, a charge

25  trapping structure 254 and a gate region 258.
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first charge trapping |layer 204a and the one or nore first
nanocrystals 204b, along with the further charge trapping structure
224 of theVReWHI'28%ar ge trapping | ayer 224a and t he on&CTEE2087p421
second nanocrystals 224b, act as forns of trap | ayer engineering

(TLE) to pr gééide %H@Eﬁ%ﬁé %%}gﬁ%st%mry %84 sn;ﬁb%ngpﬁleﬁfed%{e? s{ujfe[ tzoj lghe first

nanocr yst al 04b and nor e secon anocrystals

provide further, chgrge trappin rformance.enhancenent b
i ncreasi ng VHE Mr%%ﬂd%&ﬁ?ﬂ&og de%%i/mehgmpé%nﬁlggrt'g @%’elf ??zstsuré%lglrdaethe

trappi ng |layer 204a . an he second charge trappin ayer 224a. The..
first coll eE‘Erl“%"éersSPFfE‘iet%rtée gifé Weﬁcﬁgaﬂﬂa l‘ég"\ﬁf ?@Bﬁgﬁgﬁtﬁ‘}/ @’ﬂ%%ﬁgll%“ funneling
structure 210; the first tunneling | ayer 202; the charge trapping
structure Bger 2%nis diprosed bstvepn 68‘?(??@“@% fhrtage ©f Ah yirst; wige §€9c96ﬁl\d3hannel
col l ective structure 260 (the second 15 wire shaped channel structure
220; thes sesowtire Airaadithrchiacgedrapping stryose 234t her charge trappi ng
structure 224; and the second bl ocking structure 226) and the gate
regi on 208 [66br m aTBAKhaeget trapplihy sgtctuieedS4raneindescevd da@e (Fppuree paitial
The trap | ayer engineered nanowi re structure, enables fast

pr ogr amm ngétaicasdsg4s peb2isibawileraindade chregrorappinignohatial stnadhon@S4d arfd 254b is
device reliability. 20 [63] Figure 2B shows a cross-sectional view

250 of a pofjhen oph @ffeRADMmatetial kafablet of Sbrdnpnelebiitalcehapss.e THRNMW charge
cell 300 of Figure 3) built in accordance with an enbodi nent of the

i nvention. {fhlneJafiidl Suduited 212G QEIRRY re@pectin€ly b et (g happing Tayer

Figure 113, the nmenory cell includes a first wire shaped channel

structupe 2pdis sgrrbilddfle the PeEmbREsdrBYEbE %%rsﬁuﬁ{mhg@a e225%; AR RhOBr more
structure 254 and a gdte region 258. 11 WD 2009/ 07 9&?3

PCT/ SG2007/ ngr%&?rg%gég?@ﬁgﬁ%aﬁ&gﬁ thd £RPK e%tagb'igg ?ﬁﬁ% ?ﬁ% surrounds

the perineter sur I rst wre snape structure

251, where [FGQ? fir ﬁ;heﬁ HE&QE lsf.Ii@«gn i"o?¥}$eron%%? more &Hﬁﬁh‘ééd hrﬁ?nanocrystals 254b, then

a silicon-rich silicon nitride layer 254a may have to be used, where embedding may be
performed at a temperature of about 1000°C.
15 [68] Additionally, the memory cell includes a second wire shaped channel structure
281, a second tunneling layer 282 and a further charge trapping structure 284.
[69] The further charge trapping structure 284 surrounds the perimeter surface of the
second wire shaped channel structure 281, where the second tunneling layer 282 surrounds
the perimeter surface of the second wire shaped channel structure 281 so that the second
20  tunneling layer 282 is disposed between the perimeter surface of the second wire shaped
channel structure 281 and the further charge trapping structure 284.
{70] The further charge trapping structure 284 includes two further charge trapping
partial structures 284a and 284b, wherein each further charge trapping partial structure
284a and 284b is formed of a different material capable of storing electrical charges. The

25  two further charge trapping partial structures 284a and 284b may respectively be a second

12



perimeter surface of the first wire shaped channel structure 251 so
that the first tunneling |ayer 252 is disposed between the perineter
surface of Wh¥WAR28¥3 wi re shaped channel 5 structure 258CHRG200HRI0421
charge trapping structure 254. [66] The charge trapping structure 254

i ncludes t char ge. t rappi arti.al .

wher o1 - eachaieh prgeng Spr 8 Bl el SRl thcling layer
formed of ifferent material capab stari electrical, chayrges.
The two. cheigeand PUR HEpe ga<P AGT AR Shecraasnlet RS e hofiins
respectively be a first charge trapping |ayer 10 254a surrounding the
peri meter da¥erd8%of the first tunneling | ayer 252; and one or nore
first nanocrystals 254b enbedded in the first charge trapping Iayer
254a. [67] [hken usWhgnasigsdison & theangpiemere %beéd%w@mfgepﬂppwgtas 284b,
nanocrystals 254b, then a silicon-rich silicon nitride |ayer 254a
may have t ghirea aidieok-rivh siticorenityisd dévey 28taympy hayseto fogrugesy wieregembedding may
tenperature of about 1000C. 15 [68] Additionally, the nenory cel

i ncl udes a tegerfhnas ate tahmpacreofisgbouel00FCuct ure 281, a second
tunneling layer 282 and a further charge trapping structure 284. [69]

The further[7zghar geThé gapiragoss R5dichinumd2 8 perimaemndsfatdef fher chuegeetrapping
surface of the second wire shaped channel structure 281, where the

second tunnghiiige 253y80 tSRrifidict QDS of thb CurliRk tiEREfapSing kacauR28UN e this
second wire shaped channel structure 281 so that the second 20

tunnel i ng | a¥&er, AR Hafze Happing SeLcREE PRER didpesddVetwiRh Ble Mstith@fein® (aybhEs]
second wire shaped channel Structure 281 and the further charge

trappi ng StLHGHU G fdionl 748, Wil heTthitdr GRAIRadpiAP RS LREGE Hisposed

284 includes two Turther charge trapping partial structures 284a an

2540, 0! SRS LG Urg A aRP A phogt e e 284
o ot 12l (505955t Gl b0 P e, bSO s st
(110, 210), the second wire shaped channel structure (220), or both the wire shaped
channel structures are nanowires. |
15 [74] By using wire shaped channel structures in the embodiments of the invention, a
better electrical equivalent oxide thickness (EOT), &, is obtained for the same physical
thickness, T,x, of a planar shaped channel structure.
[75] For the planar shaped channel structure, capacitance, Coy, is determined by the
equation:
20 Cox = €ox/Tox;
There is no field enhancement effect.
[76] On the other hand, for a circular channel structure 280, cross section shown in
Figure 2(I), an inner channel 270 surface potential change is determined by the electric

field 272 induced by dielectric 274 (analogous to the gate region 108, 208) surrounding the

25  inner channel 270 surface and a charge trapping layer 276 (analogous to the first/second

13



WO 2009/ 072983 PCT/ S&007/ 000421 charge trapping | ayer 284a
surrounding. th erinmeter surface of the second tunneling | r 282;
and one or%f ?ﬁwgg%gnd nanocrystals 284b enbedded in thg@gg%%ﬁﬁmmul
charge trapping |ayer 284a. [71] Wen using silicon for the one or

nore enmbeddgg, %gﬂgg fhg@ﬁqri)¥§,t2@h§ aBa). Bleéthe fR1d52712 GRNtefmhififtion effects,
silicon nitride |ayer 284a may have to be used, where enbeddi ng may

b f t abau 7 '
258" surr oun R (P RRAEE 16 & [BocBIR hoglit tangel B enbAf a7 R Sl
254 and th | A1t f | :

Ctur o 200 0TS F Yo RRE )y R1F it 0P LTI ABet A0R e o n e

t
structure ar’g ructure

di d bet he fi t | i I 251 taq .and. th t '
255, whi | o AT pnel R o oier, 2 Eprmpieh i Heboifedl cad B
' o b GeHURL G218 RERHTBITH B PHEPS ol T aacs i, B A il e

structure 110, 210), the second wi re shaped channel structure
(220), or Lrbemnel BE) then eomspsprbwith @ pitaArthasnel. Elpvipg Sose anrfnsm BoleRtial charges
[74] By using wire shaped channel structures-in the enbodi ments of
t he i nvent iintum andubestatgseatesipetentiplehirgeddi Kramahe eqgwtie t hi ckness ( EQOT),
ex, is obtained for the sane physical thickness, Tox, of a planar
shaped channel structure. [75] For @k&.g\anar shaped channel
structure, capacitance, Co., is determned by the equation: 20 Cox =
Box/ Tox; THemsll bs apmedidted chacahighee Gpnwillehd ehtsined ifcthe Qrcolmechanhg structure
hand, for a circular channel structure 280, cross section shown in
Fi gure @(|)280akeith ARl grédiapoedntidl/¢hafier( gerrqal fontheadanehaudgge, i/sV, applied to
determ ned by the electric

the planar device. In this regard, a smaller circular channel structure can be employed to

achieve the same results of a larger planar channel, i.e. reduction in the EOT of the circular
channel structure 280 is possible by thinning the inner channel 270.
[77] For the embodiments of the invention, any one or more of a group of
15 conductive materials of poly-silicon, tantalum nitride, titanium nitride, hafnium nitride,
aluminum and tungsten may respectively be used for the gate regions (108, 158, 208 and
258). To achieve an n-type memory cell for the embodiments of the invention, the gate
regions (108, 158, 208 and 258) may respectively be doped with any one or more of a
group of n-type dopants consisting of phosphorus, arseﬁic and antimony. On the other
20 hand, to achieve a p-type memory cell for the embodiments of the invention, the gate
regions (108, 158, 208 and 258) may be doped with any one or more of a group of p-type
dopants consisting of boron, aluminum, gallium and indium. Any one or more of a group
consisting of silicon and germanium may be used for both the first wire shaped channel
structure (110, 160, 210 and 251) and the second wire shaped channel structure (220, 281).

25  For the embodiments of the invention, any dielectric material may be used, for example

14



field 272 induced by dielectric 274 (anal ogous to the gate region
108, 208) surrounding the 25 inner channel 270 surface and a chargg
trappi ng | REFPOUYE98anal ogous to the first/second 13 WSDHRHPTHIER3

PCT/ S&007/ 000421 charge trapping |layers 104a, 204a and 224a).
B ectrical dighdigdde ($i08, 1F bl AL 60 (SIbRE Byer (10853, BOShAd ¥9) and the
ctive ney e

charge to a respe ative charge, 1s enhanced due to t

circular sha of t.he, ch appi I 276.0.Th for '

Vol tage, ¢ REPALel g Pareh 2h0k ek B, erYfimenGhe tPenibf onf B YEflore
i's higher, in conparison. with planar e. As.there.i .electric

(el d 272 diftaeaharhie fisitend bl bRt A Shes hahuty Aibdis dlpn
the inner channel 270.than conpared wth a planar, channel . Having .
mor e sur f ac@d SHRARTM AXider{ayl§ls may r‘iesPE‘i“rYeGnlzﬁJ@@?}%F ‘tﬂﬂéglc rshehargft tir%pmg
charge, Q Fromthe equation COAV it will be appreciated that a .
hi gher @., laver (10a, S¥a.ad0deand H4ahwddhe sasprg chargerirepingdaygetdfe 2840 wigls

due to the greater potential charge Q generated for the sanme voltage,
AV, appl i ednyconeher ploamaf adgwiupeof ptalshpk skligemmanocaysiabn K($iNCh i gesmpripm
channel structure can be enployed to achieve the sane results of a

| ar ger pl amanoaystainaid tuhgsten mapdergdtalo maly mesphetivelybeafsed foe bothrtbebae or more
channel structure 280 is possible by thinning the inner channel 270.

[ 77] For t HastemmhedystEni{R4af 134ae204bvamdtdzdh) ardingie @ne oD morDseeond nanogrysials
of 15 conductive materials of poly-silicon, tantalumnitride,

titani um nigpzdndessdyafmar v dhBddiniéits ofotht MveHGdIR B0 tag séspettively be used for
respectively be used for the gate regions (108, 158, 208 and 258).

To achi gve @ fhelHRCHITEARY Yinkalrt émg 2bECarRBe Aksmab ttokingt fficture 226. To
i nvention, the gate regions (108, 158, 208 and 258) may respectively

be doped W'fiu{x]n gﬂ?sl\gﬁgo;ﬁﬁe IRi& Hidd strgétﬁﬂéfsﬁjg, gfsNé}Bﬁd daRankP be respectively

consisting o rus, arsenic and anti nony. t he ot her 20" hand,

{ geaggit SVe Bed VB HRIMinhefifd HaykP (102 2P OR! BROLR0R] chitfe 'ABRE! BYer
(104a/204a, 224a) and the the second tunneling layer (222). It will also be appreciated that
in the embodiments of the invention, other materials with conduction and valence bands

15  that are lower than the respective tunneling layer and the blocking structure can be used
for the charge trapping layers. For instance, when $iO; is used for both the the first
tunneling layer (102, 152, 202 and 252) and the the second tunneling layer (222, 282),
materials such as HfO; and Al,O3; may be used, where HfO, and Al,O; have smaller
bandgap energy, but have a better trap charging capability than Si0O;

20 [78] Returning to the embodiment of the invention shown in Figure 2A, the
collective structures 240 and 260 are also respectively termed as the first and the second
trap layer engineered silicon oxide nitride oxide silicon (TLE SONOS) structures when
silicon is respectively used for the first and second wire shaped channel structure 210 and

220; silicon dioxide is respectively used for the first and the second tunneling layers 202

25 and 222; silicon nitride is respectively used for the first and the second charge trapping

15



regions (108, 158, 208 and 258) may be doped with any one or nore of
a group of p-type dopants consisting of boron, alumnum gallium and
i ndi um Anyﬁbﬁéﬁﬁ?mﬁnre of a group consisting of sili cBnl/zFig07/000421
germani um nay be used for both the first wire shaped channel

structure (l%gg: %gasngzzgga;gﬂﬂmﬁ%ﬁo%% HE rapeandyises (NAPSHk GIABANrs:

structure ( or the e he I nvention, any

Lo S A b B O ot AR o
i 102 52, 202 2 i
el 191845k 02 B S50 RAG0M 2B s R REEST BE e

nore of a group of high dielectric nmaterials of silicon nitride
(Si 3N4), h %Bﬁﬁf%l%)&oge (HfO2) and al uni num oxi de (A1203) may
respectively be used for both the first charge trapping 5 | ayer _
(104a, 354d79D04a Eigure3sshays amgrsppdive aiesnel Bp sirgduneod sonememy £gik 300 built
(224a, 284a) while any one or nore of a group of netals of silicon
nanocr yst alis a¢®rdaNg) to apemrwdinent ofitha pressns investiom dlowergs tibwill be appreciated
nanocrystals nmay respectively be used for both the one or nore first
nanocr yst altBat({Hstesentlindentio? @b hasnsth@ @gfd)catiord ib the ebevgromics frelde second
nanocrystals (224b, 284b). For the enbodi nents of the invention,

Si2 may rgs@ect i VEle/mBdotyseell 300 finchifeb atstipdoftesubstrasd 308 foeked of buried oxide
structure (106, 206) and the second bl ocking structure 226. To form

an ONO (oxigex)i & khdee Psidiedas blduh végton S0 2the Jirshdahe s&iofi@ THEYSOROS
respectively wused for the first tunneling |ayer (102, 202), the

first/sgeong,ahas 980 hid@P, A8d L%y@ lstrudtdiQ488 204 dnchiRé e @RrelidR 20B¢Figure

second tunneling layer (222). (t wll also be appreciated that in

the enbodi i t Rm‘e &Béxérdg*eﬁ%mery Qiiheb, MBLSE ishcuidizol r&eRdy ald fRicH sk

val ence ba that a ower t'han the .réspective tunneling l'ayer

and the bl Qﬁ%(i%é}ﬁofst Jfl{)%tv%uﬁelg f@ﬁ%ﬂ@ ﬁw%%&glg ’l:L% S%@?ﬁ{%&?ﬁtﬂ PR P80 that are

| ayers. For ance, I'S use e first _
tunneling la g\r%d(z&g%thclgg e’reg2181122€8ngnd2a s%)theagpae}e%%nblag. second tunneling

| ayer (222"
[81] The source region 304 and the drain region 306 are spaced apart from each
15  other on a portion of a mounting surface 302a of the support substrate 302, where the
source region 304 and the drain region 306 are both in contact with the support substrate
302.
[82] The first TLE SONOS structure 240 connects the source region 304 and the
drain region 306 together, so that one end of the first wire shaped channel structure 210 is
20  integral with the source region 304, while an opposite end of the first wire shaped channel
structure 210 is integral with the drain region 306. The second TLE SONOS structure 260
also connects the source region 304 and the drain region 306 together, so that one end of
the second wire shaped channel structure 220 is integral with the source region 304, while

an opposite end of the second wire shaped channel structure 220 is integral with the drain

25  region 306.
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materials such as H Q2 and A1203 nay be used, where Hf Q2 and A1203

have smal | er andgap energy, but have a better trap chargin
capabi | i ty\e’{%@ﬁgﬂﬁz 20 [78] Returning to the enbodi nen{’cﬁ?cgﬂgooo‘m

i nvention shown in Figure 2A, the «collective structures 240 and 260
are also r e[%@ffit | V] did RERANR Firdt Ward dHagda @Hatind! BRucRe 210 and BiRPsekehdOwire
engi neered silicon oxide nitride oxide silicon (TLE SONGS) structures
when silic | SeHafiSd ivel : - i ] i
shaped c hans(r?fg?édz‘ihr uct gﬂd%ggygﬁﬂﬁgfggﬁ ege?ﬁcglo%&%?%gﬁ ggt%fégﬁ‘ thellobifte region
respectivel.y,,us for. the fi nd. |_i.

25 bnd. 20: Y04 s i PP 06 o B0k AREREPRE hAPOGRY obBUE Sershh the
t he second char gé trt?&gi né‘grb (#5 WD 2009/ 072983 PCT/ SG2007/ 000421

| ayers 204a°4Hg79% A 300 TREAB% rystal s are respectively used for
the one or nore first_.and second, napocrystals 204 ngd. 224RQ; si.l.icon
di oxi de § s [B8kpect ftvdilype apeescie tf“ﬁéﬂ? Wg‘l’““ga "“F?lg(]@e@bg’rﬁe gf‘%é’ﬁiﬂﬁggate
structures 206 and 226; and polysilicon is respectively used for the
gat e regi orfegion 208 (Figuje 3A)gs i cantags it & poréips 96 dhe meunfing jugftce H2a of the
structure of a nmenory cell 300 built in accordance to an enbodi nent
of the preswpport swbstiate 3A2, saothetthe sedond iLIE SGNOSuelreattiis spaeed a ggater
present invention also has other applications in the electronics
field. [80]difaeeforothy nyeinting396face1302acd sheasuppgrpsnbstraielBed than éhedtistance the
formed of buried oxide (BOX), a source region 304, a drain region
306 , the fisSTLRSONGEsstaeane 4T isEpSEi@em fle mountiog surése 30Da afithe36fport
and a gate structure 308 that includes the gate region 208 (Figure
2A) . | mgt hesubantes2. of the nenory cell 300, the gate structure 308
refers to the portion of the portions of both the first and the

second TLE [BENCS st id 8% 24P ba@Reer’ i sbiit r@%i@h 3GUaRYE dRd tyrebftetive

gate region 208 and also the gate region 208. [81] The source region

304 and t he,fr hRnkE PR 1AL & pREGRY IRAJurde RBEbR B0 Similarly, there is a
gap 322 between the drain region 306 surface and the respective gate structure 308 surface
that is opposite to the drain region 306.

15 [86] As the respective ends of the first wire shaped channel structure 210 and the
second wire shaped channel structure 220 are integral with the source region 304 and the
drain region 306, any one or more of a group consisting of silicon and germanium is used
for both the source region 304 and the drain region 306. Also, as the gate structure 308
includes the gate region 208 (Figure 2A), poly-silicon is used for the gate region 208

20 (Figure 2A) of the gate structure 308.

[87] Figures 4A to 4E show perspective views of several stages to fabricate the
memory cell 300 (Figure 3) according to an embodiment of the present invention.
[88] The fabrication starts with a silicon-on-insulator (SOI) wafer 400 as a starting

substrate in Figure 4A. However, it will be appreciated that other starting substrates like

25  bulk silicon can be used.
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15 other on a portion of a nmounting surface 302a of the support
substrate 302, where the source region 304 and the drain region 306
are both i WEHWAYE3Wi th the support substrate 302. [ 8RET/IGEW0T/9004211
TLE SONCS structure 240 connects the source region 304 and the drain

i 306 h h d of. t,h i i
e Pucture 87T "Bt S0t ks O0ReROR £lbl SobdicBhe MhECHR PRSIl
it ft fi { i I tur. 10 |
P oar ol wirempialkar e AR Gt SR O B ulEe P AR, TheBOX
260 al so connects the source region 304 and the drain_region ?06
toget her, <SavarHil opdnealy isplates Hg“‘ §Bgl5eP "r"é‘gs]ﬁ&ﬁe‘gozc framnihe bulk support

structure 220 is intg_gral with the source region 304, while an
opposi t e erfberate 4 and adseciclsias@ syRRYSLIPLIFM ethe singlecqonducting dryeg402. The

integral with the drain 25 region 306. 16 WD 2009/ 072983

PCT/ SG2G07/$0i0wafer 40883y befabhitatedbmn arer standerds teehsiquek,rsuchs prayefer borgingetr a
structure 210 and the second wire shaped channel structure 220

est abl i sh awmpahtietby implanatnnefoiygen (FEMABBriedhheusour ce regi on 304 and
the drain region 306, to provide a channel for charge carriers

f1 owi ng betpaeen t hehe SidigleC omiddtign dayehet0dr fiap PRallye dieosisher Ssiliddh] add/or
w Il be appreciated that the nounting surface 208a (Figure 2A) of the

gate regi oRmRiBurh FoaHAEs 2@ifel, and [ £QRIAQDNW thildk 2 HIMeldrohther setdid@nductor
nounting surface 302a of the support substrate 302, so that the

second TLE 2(BNCE Scludigl b6t ﬁ&oliﬂlﬁedsiég?‘ﬁ@lg-sﬂic%%ﬁ allivehh S£s@18& nfaly VP a8,
Su

mount i ng surface 302a of the support strate 302 than the distance

L% TERBORIR OS] e RaROh, 0, SOSGA0L O DDA i
320 bet ween) 165 QGng, Gk e I0ihecd Vol ARcAYrtBSILES REEDSY SSilanc (SiHL),
silicon nitride (Si3Ng) or silicon carbide (SiC). The BOX layer 404 is about 1500
Angstrom thick but is not so limited. The bulk support substrate 406 may be formed from
any suitable semiconductor materials including, but not limited to Si, sapphire, polysilicon,
15 silicon dioxide {Si0;) or silicon nitride (Si3N4).
[91] A photoresist layer 408 is applied or coated onto the top surface of the single
conducting layer 402. The photoresist layer 408 has a fin structure 412 including a fin
portion 414 arranged in between two supporting portions 416, where the fin structure 412
may be manufactured by standard photolithography techniques, for example 248 nm
20  krypton fluoride (KrF) lithography. Alternating-Phase-Shift mask (AltPSM) may be used
to trim the narrow fin portion 414 to obtain a fin portion width 414w of from about 40 to
about 200nm. Consequently, the shape and size of the first wire shaped channel structure

210 (refer Figure 4C) and the second wire shaped channel structure 220 (refer Figure

4C)will be determined by this fin definition.
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gate structure 308 surface that is opposite to the source regi on 304.
Simlarly, there is a gap 322 between the drain region_ 306 surface

f
and the re?ﬁ’e’@?%@é%aate structure 308 surface that is %‘f%%%%o%oo?’t}l
the drain region 306. 15 [86] As the respective ends of the first

wire s hapeg%%hanneéubgg%#ﬁ)g\%g{l%&% PHIEbrdiE 1aye £ EER AL Anhék, pHAREHoCiRa RiAgle

structure are inte the source’region 304 and the drain

regi on 306, A 0T 4IPLG: BlueBa YL HAHSLENG RlarSidilEHe@OHlR mask

germani umi's use e source region 304 an aln
regi on 306.. Al so, as th ate structure 308 . i.ncl S . reqi
208 (i gur o apiyfarini by PRI iy houbiih 9 oot i) B SR
(Figure 2A) of the e. structure 308. [87],Figur 4A t o, 4E.show

per spect i vézgi @\'/%“‘E)%%ée‘?@f‘g’f‘gs‘"t g'é’egorﬁ?)n #gérqPJ&:%’?% ﬁemaﬁ%%ﬂl bEEER 398
(Figure 3) according to an enmbodi rent of the present invention. [ 88
The f abi ¢ AuPRORInG BRIS#F6 Ao orecin PRI ?‘%1?3 tgagoiire H%‘%“g%?
a starting substrate in Figure 4A. However, it wil| be appreciated
that ot her 482btrofithepattained single sonduriing lower YRR (Fgyre #Bh can be used. 17
WO 2009/ 072983 PCT/ SG2007/ 000421 [89] The SO wafer 400 includes a
si ngl e cond93dt i ng ABgrdordio? teapitermed single condngting layen 413b athp phetoresisbleyer
substrate 406 by a buried oxide (BOX) insulating |ayer 404. The BOX

| ayer 404 agdd renoaved yr btsippelt aveaytiiyes phiatgresstctippec (ARE) 16 ayodpcei(e sfrucse
the bul k support substrate 406 and al so acts as a support substrate

to the single seongUCFighe 4B yRHotetbist sitipping, GAlimphf'esistidipping), ib¢he removal
fabricated by any standard techni ques, such as wafer bonding or a

separ atipon o YunwaRted N$idtdredst Abye@X¥GR M wafelOxhere el ubitidtive [O@] ellintmate the
single conducting |ayer 402 may typically be either silicon and/or

ger mani um ff00 Rt fhateafl B6m BE Gate 22 GRWRS ab3HBdTbIE Nwitout HDYRME fany @lTade
sem conductor
material under the photoresist to be attacked by the chemicals used. In this regard, any
other suitable technique or process may also be used to provide greater flexibility with
respect to forming the patterned single conducting layer 402b. Figure 4B(I) provides a top
15  view of the patterned single conducting layer 402b.
[94] A mask (not shown) is placed onto the upper surface 402bu of the fin structure
422, followed by a self limiting oxidation process of the masked pattemed single
conducting layer 402b carried out at 850°C in dry O for 4hrs. During the oxidation
process, there is stress build up in the inner portion of the fin structure 422, which retards
20  the oxidation rate of the inner portion. As the oxidation proceeds with thicker oxide being
formed on the outer porter of the fin structure 422, the inner portion of the fin structure
422 will be oxidized at a slower rate than the outer portion structure. This retarded
oxidation behavior will help to control the process at which the first wire shaped channel

structure 210 and the second wire shaped channel structure 220 are formed and prevents

25  entire oxidation of the first wire shaped channel structure 210 and the second wire shaped
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materials including, but not limted to, poly-silicon and gallium
arseni de may be used. 10 The BOX | ayer 404 may typically be Si Q2 but
may be for YE200P/8P8ny suitable insulating naterials iﬁ@T’&@?OHH‘?Wﬂ]t
not limted to, tetraethylorthosilicate (TECS), Silane (SiH4),

silicon nitride i 3N4 ISkl i | T 4.,
i s about 15%"“6A%§§%¥8%12¢h‘ﬁ§ hﬂebl%g E\-I Sgl%hgét@gs f%tﬁ ed %‘ﬁ%&ﬁﬁ%ﬁ%@b‘r‘t‘ i
substrate 406, be fornmed.fro an ui tabl e sem conduct or.

mtor | al o | BAPHAECEPBRE MRGion | MRPECtBe arieradh, SAe SORREDE v fg2o fin
15 silicon dioxide ggi,oz .or silicon nitride (Si3N4). [91] A

phot or esi st PATBgEF244b3 iy wojegtieitaePXidatiop RI%SESont o the top surface of
the single conducting |ayer 402. The photoresist |ayer 408 has _a fin
structure 4@81i ncl Teg srgosedpopions92be Qﬁf-ﬁﬁlﬁﬂp%}ﬁi%ﬂ%ﬂia}’ he geigited i 4y for
supporting portions 416, where the fin structure 412 my be )
manuf actsur extolngd 4 heurslat chbphtod BT+ Ragstashaye  EX may derashe freptedetoaprlatignief
nm 20 krypton fluoride (KrF) lithography. Alternating-Phase-Shift

mask ( Alt PSNjuteiehfF be thasthd firgtovite shapddhehanrzel stowetfre 31 end theseebhd wire shaped
obtain a fin portion width 414w of from about 40 to about 200nm

Consequent | ghaniedetradnape2anih the Zormofof tthe veiticsily whcked S apadwizdsa areteleased
structure 210 (refer Figure 4C) and the second w re shaped channel

structure 226 (hebAdiski 84portichAQ@ hd stevndiat Epure Aey Pigufed Y $Hdws a cross
definition. 18 WD 2009/ 072983 PCT/ SG2007/ 000421 [92] Subsequently,

using the pReiRhESst tdkal WMo GlaRSAA’ EFKgurd ATK, 0P Mige Gist IR SHaPEd Ghannel
conducting | ayer 402 not covered by the mask are etched away using

SR LRA o | | D81, "R AR di
Pt gk o e Lo g Sty 1 4

 nel uding 210 BRI B bl 5 G CTH Rin Hah SRR HrlcArD BINRR chifheR that

supporting portions a an I'n structure 422 extends the

o e ol ML ARERS me' a8 Rl 0% ARG BSfke™! EthSurbPRH WhbAs bRy AR
twin nanowires formed on the surface of support substrate, it will be appreciated that the
self limiting oxidation process does not require the use of spacers or an epitaxy process.

15  Rather, the self limiting oxidation process provides the advantage of a single step process
to obtain the first wire shaped channel structure 210 and the second wire shaped channel
structure 220.

[96] It will be appreciated that the formation of the twin nanowire structure from
only the single conducting layer 402 provides for less complicated fabrication as opposed

20  to forming the twin nanowire structure from a multi-layered substrate.

[97j After the first wire shaped channel structure 210 and the second wire shaped
channel structure 220 are formed, tunneling oxide layers and charge trapping structures are
respectively deposited as shown in Figures 4D, 4D(I) and 4D(II). Figure 4D(]) is a cross

sectional view taken along plane AA’ of Figure 4D, while Figure 4D(II) is a cross

25  sectional view taken along plane BB’ of Figure 4D.
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[93] After form ng the patterned single conducting | ayer 402b, the
phot or esi st Ia%/er 408 is renoved or stripped away by a photoresi st
stripper (PRYYYEoduce the structure 410 shown in FPGlF@0900421

Phot oresi st stripping, or sinply'resist stripping, is the renmoval 10
of unwante otorgsist layer fr e . 0bj j '
elimnate ?[Rgf' phoﬁ%ﬁggggst? ?‘%‘fegr“‘?mﬁf]}é\g%m%éﬁ@m}g te@'%@“%ﬁ%’%ﬁ%??{g%é eobt
possi bl e, without allaqw.n ny, .surface t erj.al_under .t he .

phot or esi sttu’fuﬁ’?lﬁé layer %&é%‘%@ﬁ‘%“ﬁ‘ﬁgfﬁ%ﬁ? Zetfe rle?‘Pef'Weiy Aenpsited: aér%/r
ot her suitable technique or process may. al so be use? Eo p{%y' de .
greater fl expmple ¢ gumgnt fatingeefahopt ¢ @Bd @ EHPERBIG QF @RYHe/d $ Mg silane

conducting | ayer 402b. Figure 413(1) provides a top. 15 view of the
patterned dSH)and sittegen diegide 4YOr), appd theoperimetersurfage eft the Heshpire shaped
pl aced onto the upper surface 402bu of the fin structure 422,

fol | owed bychanneb kfrudiirei2t Ote priinetei snfaps oCthe seeshdiwiee sheapkd chapaglisapeiuee
single conducting |ayer 402b carried out at 850C in dry 02 for 4hrs.
Duri ng t he 220j atat thenop pirfacese, the hpert ipsrtord2és. Bhe Ifustupnnehng kger 22ethe
portion of the fin structure 422, which retards 20 the oxidation rate
of the i nnegecq@nthhmeling Ayet 102, and wathidruieting tgsr 482t hay be mkike foomi afe thin
being forned on the outer porter of the fin structure 422, the inner

portion of fiheof $i, BhviHg b oRmohdRickidsd 2008, Zok dh@ @321af ffons LIEWNEB.OF Btabout
than the outer portion Structure. This retarded oxidation behavior

Wi ll hel p t@nfOmt Will HeMGpRicRERSHatheWhaghiidiBesks| §fSthe WaRRIIBEARRE may be
channel structure 210 and the second wi re shaped channel structure

202 A ] U5 AR g8yl S s

shaped chan structure the second wrée s 1
2009/ 072983 PCT/ﬁ%eorqq QRQ42L 4 channel structure 220. As the upper
e T St

surface 4055%““&t PUCTure 422 is masked, it is nainly the

erpose POLRbRD 1 O2ie Rl BRI BN LIPS PRSI G Bl P
204a; the second charge trapping layer 224a; and a third charge trapping layer 434a are
respectively deposited, at for example a current rating of for example around 45A at

15 around 720°C using dichlorosilane (DCS), around the perimeter surface of the first
tunneiing layer 202; the perimeter surface of the second tunneling layer 222; and the
surface of ‘the third tunneling layer 432. The first charge trapping layer 204a, the second
charge trapping layer 224a; and the third charge trappiilg layer 434a may be in the form of
Si3N,4 having a common thickness 204at, 224at and'434at of from about 3 to about 30 nm.

20 It will be appreciated that the thickness of the charge trapping layers determines the charge
trapping efficiency of the memory cell and in turn the programming/erasing data rate..
While having a thicker trapping layers allows for more charges to be stored, this increases
the overall thickness of the memory cell and also the degree of voltage coupling between

the gate region 208 [refer Figure 4E(I)] surface and the first/second tunneling layers (202,

25 222).
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[ 95] The exposed portion 402be of the fin portion 424 may be oxi di sed
in dry 02 for 5 around 4 hours at about 875C. The structure 410 may
t hen be tr®QWP9/978%3 sol ution of diluted HF so that thECTrGHP74K042
shaped channel structure 210 and the second wire shaped channel

ar e rol easdd Ok r on o~ ohF e o ek Tt Ffiiely B SR o oRERR "B second

4C. Figure 4C(| h a gross sectional vie en _al ong.plane AA
of Figure %H%’Stfslﬁg\ﬁl?’r WEr B @Wﬁptbﬁd cf'ﬁﬁ%ﬁ’ésl%slg? Pﬁcffwg“%%gﬁ%"am
the second wire shaped channe] structure 220. The nanow re di ter
450 1o ab oSN BRLHIAS DD e HEROGES SHAS vE %ﬂns&e
channel s that enhance the read current of a nenory device., Conpared
wi th known thisd ekasge yanpinedexsr 4844 nt hedhehahpigs teppipg By 0t and theropg or gore
support substrate, it will be appreciated that the self limting

oxi dati on pirstcemocnysels 204b arealad tamedas jwe dhirgs SEpRIng pottiah straginges oy the
process. 15 Rather, the self limting oxidation process provides the
advant age athame siapgihg layeclddpwbere $ig chingedtapping laybesufionsds the peinttepmdace
channel structure 210 and the second wi re shaped channel structure

220. [96] |df tivd flirst daeneting tayei 202eThd deadnd dhardearappit tiyeidf24t land theione or more
nanowi re structure from only the single conducting |ayer 402

provi des f Qecdr@Shné@yadls eatede biad kdrad b9 v firGpNRSRd tragfing Paftial Binidures
the twin nanowire structure froma nulti-layered substrate. [97]

After the frmgd aWhéehafieRappifd AREEI245Whbietihd RirtRdthane ntaglﬁn% eseNiruh®
e

shaped channel structure 0 are forned, tunneling oxi ayers and

charge frappi] -@&gﬁgﬁgﬁ&%ﬁ@ﬁwnﬁmﬁﬁﬁ'r.é?érmé.eposi ted as shown in

Figures 4D, 4 Figure 4 is a cross sectional view

t aken al on ane ' ' ' AU

25 secti ongllgf\}i ew ﬁ%deeﬁgsé ‘%‘ﬁ%ﬂg é%elﬁllgﬁfg%?@é?ﬁ&%%l%wﬂé Bne or

2009/ 072983mc|)3rg|;1/a§(()3020971
rysia

él' %%4@' performed under low pressure chemical vapour deposition
(LPCVD), where the silicon nanocrystals may be formed by decomposing silane, SiH,
into Si and hydrogen H, gas. .The decomposition may be performed in a furnace using

15 100-200 cm’/min SiH, flow at around 550 to 600°C.
[102] In another embodiment (compare Figure 2B) of the invention, the one or more
first nanocrystals 204b may be embedded within the first charge trapping layer 204a itself,
wh.ere silicon-rich silicon nitride may be used for the first charge trapping layer 204a.
Simultaﬂeously, the one or more second nanocrystals 224b may be embedded within the

20  second charge trapping layer 224a itself, where silicon-rich silicon nitride may be used for
the second charge trapping layer 224a. When using silicon for the one or more embedded
first nanocrystals 204b, then a silicon-rich silicon nitride layer 204a may have to be used,
where embedding may be performed at a temperature of about 1000°C.

{103] Returning to the fabrication of the memory cell 300 (Figure 3), Figures 4E and

25  4E(D) illustrate the formation of the blocking structures 206 and 226 and the gate structure
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[98] Referring to Figures 4D(1) and 4D(11), the first tunneling | ayer
202; the second tunneling layer 222; and a third tunneling | ayer 432

are respecMOP3078Blosited, at for exanple a current rBETHeRIBFO0BFSUL
45A and a tenperature of about 720C using silane (SiH4) and nitrogen

5 ohannel  SPuRtPE D1 MERECL IRk A R Pl ing Bl o DR
I

shaped chan structure 220; and the top surfaces of the support
portion 426&a: The first tunneling |layer 202, the second tunneling

| ayer 222, and the_ third tunpneli | ayer. 4 be in t formof -a
thin filmdpdlsi OZR?fﬁVi“ﬁgtan’gBﬁﬁT%&I)k it @ﬁéﬁ"% Strushye Zﬁﬁd%{?@‘fs‘%ﬁl on
fromabout 3.0 to about |I0nm It will be appreciated, {hat the exac

t hi ckness dfortigns of (hnBrst sprgeatanpingiayer 7843 pols: piFchwih giye ergeor more first
speci fic progranm ng/ erasing voltage application. Lower voltages
requi r e 5t hinanesrystals ﬁ%b.ngi@gtadequs{yggtpe serené plnskingt Hruewee 22hisefeppgited on
| ayer deposition, the first charge trapping |ayer 204a; the second
char ge t r apirtivops |cdiythe s2Bdd chaxpel trapping tagercPRfagmt tin gppfiaetgwitln jher one3aramore
are respectively deposited, at for exanple a current rating of for
exanpl e ar aeeshddhdodystdd 2240 uDeposRDE off shenfiystblotking stsndtan 06 BEBhe second
around the perineter surface of the first tunneling |ayer 202; the

peri met er spsdkapestaicnird @26 aaNtet 4L lekaigple Ay edrred? 2atirgndf bt SN bat e
of the third tunneling | ayer 432. The first charge trapping | ayer

204a, the seaERSreCHREHRL YEERPhIML Sk (SiBZ  ad ﬂmﬁ&maiomer(moaharrge first
trapping |l ayer 434a nmay be in the formof Si 3Nd having a common

thi cknegs Aok {JcRl 3RGMHire 326 PadHRUA theGordTor 2@
It mﬁIIﬁbeagﬁ%%ggﬁgéggﬂ?ﬁg?éthe ?ﬁ%gﬁﬁégg of fﬁe chéﬁbe tﬁap%ing yer

|ayers det 6% 5eF, i {1es COARAE 1iLERBPSRY 1] 536k AR R Tonk CORIRAHg Bt the

and in tamthe brogr nm ng/erasing data rate.. aving a
ner eases PREABUPLAr PR QLT IN HE Fo dtr ANt fa i) gt Sxide
4EC1)] sur MBiskan E@REt BF QO D6 sl PHS P EYBFS {Oh68 e frslsdkond
charge trapping layers 204a/224a and the first/second blocking structures 206/226) stacks
15 440 and 442 is from about 100 to about 200 nm.
[105] Subsequently, the gate region 208 is deposited around the perimeter surfaces of
the first blocking structure 206 and the second blocking structure 226 to form the Gate-
All- Around (GAA) structure 308. In this manner, the first blocking structure 206 is
formed between the first charge trapping layer 204a and the gate region 208, while the
20 second blocking structure 226 is formed between the second charge trapping layer 224a
and the gate region 208. The gate region 208 may be in the form of polysilicon having
thickness 208t of from about 80 to about 200 nm. It will be appreciated that if too thin a
polysilicon layer is formed, dopants will penetrate beyond the desired depth of the gate
region 208 during the subsequent dopant stage (refer Figure 4F), while too thick a

25 polysilicon layer will not achieve uniform definition of the gate region.208.
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25 222). 21 WD 2009/ 072983 PCT/ SG2007/ 000421 [100] Finally, the one

or nore first nanocrystals 204b; the one or nore second nanocrystals
224b; and SME2BYORGPe third nanocrystals 434b are respeRET/Ha1)7/000421
deposited around the first charge trapping |ayer 204a, the second

char ge_t 1 angheo | e o284fon e bB8ink BlefeE\REA: ki ERRBIoASyANSferformed

;1_34ai The f4 t fha;gzbtrapplrg ?yer < t A _

i rst nanocrys S. are al so s two .char ng..
partial str ?rusléb?l%?v?q?gr %%ogﬁlag (? &gﬁg'pi}?%wﬁvglyeifl “56%?[“\%\?2%82&6? ﬁse]t the gate
charge trappi.ng layer surrounds the perineter surface of the first

o O o aBs 208 Seyay sentnytess 5, B RPLBL PRF YA shaddy Gl (agedocur

one or nore second nanocrystals 224h are also ternmed as two fu theé
charge tragpiding pant porunitorgchily damedarpynd ¥}ﬁr@1ﬁé?e“&?¥g%‘rff‘?eép?ﬁ fhg first
| ayer 224, where the further charge trapping |ayer surrounds 1 o the
peri net & dhledkingestacturs 206 andothel seognth Blockige IsHyeure 229. As1pygbstityée, it will be
deposition of the tunneling |ayers, the charge trapping |ayer and the
one or norappreeiateditiya e apgr dspositeanf (A arsing diganiunp wityidegnajupesused.

chem cal vapour deposition (LPCVD), where the silicon nanocrystals
may be forfea7]by dEigowp4liithgstraiel dhe fin®i kidge iofittbe Fabrzatiorh percogpe rwhdge the
gas. The deconposition may be perfornmed in a furnace using 15

100- 200 cniFhtridatedisindcthleasddtied & sbtain tHebfleriary @I0§D0.[ 102] 1 n anot her
enbodi ment (conpare Figure 2B) of the invention, the one or nore

first nanoqiygyt al sjeRQhplafBoR 88 WHAE ORE exdnifle PhédpBorul 0F cosdeatrgdn around
trapping | ayer 204a itself, where silicon-rich silicon nitride may

be used;,f org.he k¥ 2l of BALSRE EARBPIRd of aX%8hd 30 48v andhiBteinpBRRAKSbYaround
the one or nore second nanocrystals 224b nay be enbedded within the

20 d t ing | 43 d f Lhi L .
i con i (PPRE oty BReti o o By Aot bR e poultFE o s 1RA Ak fion 300

224a. When using silicon for the one aqr nore enpedded . L
and a gate region in the gate structure 308. Standard metallization and sintering (not

shown), at a temperature of around 420 °C using 10% hydrogen gas (H;) concentration

for a duration of around 30 min, may then be performed to form contact points for
15  peripheral electronic devices (not shown) to access the memory cell 300.

[109] Figure 5A shows a flow chart 500 of the fabrication process of Figures 4A to

4F. As the fabrication process has already been detailed with reference to the description

for Figures 4A to 4F, only a summary of the flow chart steps is provided below.

[110] In stage 502, the VST-Si nanowire structure (the first wire shaped channel
20  structure 210 [Figure 4C] and the second wire shéped channel structure 220 [Figure 4C]) is

formed in accordance to the description with reference to Figure 4A.

[111] In stage 504, ONO structure (tunneling layer/charge trapping layer/blocking

structure) in accordance to the description with reference to Figure 4D.

[112] Gate electrode deposition occurs in stage 506 in accordance to the description

25  with reference to Figure 4E.
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first nanocrystals 204b, then a silicon-rich silicon nitride |ayer
204a may have to be used, where enbedding may be perforned at a

t enper at ur ¥ OI0YPBIR 1000C. [103] Returning to the fabr PEHPFERA/HP4Hnhe
menory cell 300 (Figure 3), Figures 4E and 25 4E(1) illustrate the

formati on of .the bl qcking, structures 20 nd 226 and t gate
structure O[iki]\/\o 2%@@?%‘?3@%@‘&@?‘?%@%6‘796?}8‘62%3““56’8% a%ﬁ@?'e Fi gure
4E(1) shows the crgss-sectional view, taken along. plape A-A _of )
Figure 4E[1}4lo4] Replt pndhip acsompRs @ thEtﬁFﬁcflpP‘beg“F rEferee (% Figyre 4F, n
structure 206 is deposited on portions of the first charge trapping

| ayer 204a stages i M0 oh2adnd wildn implangtien oandygloant; petvatien;  goftect yeiehy) dd
204b. Simul taneously, the second bl ocking structure 226 is deposited
on port i onsnelligations ewbosistenngatetempasbirn oF prayed 42005 wing 10% bydrogen gas
with the one or nore second nanocrystals 224b. Deposition of the
first blsockHapeontentiation dor20hratiod of Awusdibmih rekfegikalngcost.r uct ure 226
may be at for exanple a current rating of about 45A and a

t enper at ur g10§] aboBioadl®Offie dstiriegtici pracess (SFigdjes dadtordt follgesn a diowxclae 550
(NO2). The first 10 bl ocking structure 206 and the second bl ocki ng
structure ZB6wHBVFiBgreisB.the formof a layer of SiG2 having a common
t hi ckness 206t and 226t of around 8nm Considering that the

equi val ent [gxdide thieness ol fist Wit QRupell thindler stasiul 219 R[] abdthe
equi val ent ‘oxi'de thickness (EOT) of the ONO (the first/second

tunneling | , fi i YRI S;
2040/ 2245 Sl Y P el S OB Mgt PRIGE o AP o XR, e

15 440 ﬁl)nd c%ﬁ&{cﬁgggag?ggo?gg%ﬁ to about 200 rim [105]

Subsequeént Iy, 8 is deposited around the perineter
surfaces of

surt aces e i SO 8% RO RO SRR S
this mmnersilrlecrleeotf fh’lg Sérsthvi(r)g lsﬁixa%gd %ﬁgnlljlglt éi'ﬁl%tn%g glb 3nd the perimeter surface of the
second wire shaped channel structure 220.
[118] In the stages 552 and 554, the fabrication is done so that the second wire
15 shaped channel structure 220 is spaced a greater distance from the mounting surface 208a
[Figure 4E(I)] of the gate region 208 than the distance the first wire shaped channel
structure 210 is spaced from the mounting surface 208a of the gate region 208.
[119] Similarly, to fabricate the memory cell of an embodiment of the invention, a
flow chart 600, shown in Figure 6, is followed.
20 [120] In stage 602, the first wire shaped channel structure 110 (Figure 1A) is formed.
In stage 604, the charge trapping structure 104 (Figure 1A) surrounding the perimeter
surface of the first wire shaped channel structure 110 is formed. The charge trapping
structure 104 includes the two charge trapping partial structures 104a and 104b, wherein

each charge trapping partial structure 104a and 104b is formed of a different material

25 capable of storing electrical charges.
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formed between the first charge trapping | ayer 204a and the gate
region 208, while the 20 second bl ocking structure 226 is forned

bet ween t h&G¥EYHA*8har ge trappi ng | ayer 224a and t he BGEFEGIBYHISR1
208. The gate region 208 may be in the formof polysilicon having

t hi ckness 208t of from about 80 to about 200 rim It wll be
appreciated that if too thin a polysilicon layer is forned, dopants
w Il penetrate beyond the desired dept f.th at e egi on 208
during the subsequent OUFEASEORIE H@%gefhfﬁ? "Pi‘@g e'ﬂw,ﬂﬁkﬁﬁeFe too thick
a 25 polysilicon layer will not achieve uniformdefinpition of the
gate regi on1288. 2Eiges JoolbaregsmToseomeipersy ofdovses fabrerisd ¥, accordance
deposition of the blocking structures and the gate regi on may be
performed witembgsupente of the pigeant in¥eResi ti on (PVD). However, in using
PVD to deposit the gate region 208, uneven step-coverage in the form
of undesi r g2 shakigureet fhowt sn @tomio daroe midresgdpeaigh M) anage YO0 0 haraerystals
filmfornmed around the the perineter surfaces of the first 5 bl ocking
structure 208 fonded be wetongdmd|snckéenares tafuc SijNg 1226.70Asin aacsotdstdet tot ene
it will be appreciated that atom c | ayer deposition (ALD) using
titani um nidpdodBnerRYf bR iHe@ton.[ TH AFM gtidge 7B rédchldshe frmatismef fthedlicon
stage of the fabrication process, where the fabricated structure is

doped to Obf,8bdydth€70EHRR ¥ d6€ehsigQR-7.4408Im™* on-i npl ant ati on 480
usi ng, for exanple phosphorus of concentration around 10 4x 1015 cm

-2 and at qig%pi ”gFigE&%rs%hdv?sY?kﬂtgé t6Y 018039 skfNing Wechbn anicRINBSYAlSEND

of around OC for a duration of around 5s, defines the sourcé

regi on %04,-6%25,‘% & ik ﬁgﬁié)%eﬁ%z a6 083 1&%@1 ﬁi&h,'(éhe} Rffic OB ocrystals

structure andard i zation and ‘sint not shown), "at
ot TP o W Rl SR 08 ACHF ORISR 71, e
P ™ 25 e RE oSy P ek, f et ront e dvi ces” (no
[124] Figure 9 shows a tilted top view of a SEM image 900 of twin nanowires 902
and 904, of 0.5um length each, on a Si3N4 layer 908, where no silicon nanocrystals are
15  present, to form a non-TLE device in accordance to one embodiment of the invention.
[125] Figure 10 shows a tilted top view of a SEM image 1000 of an isolated TLE
SONOS single device after gate electrode 1002 definition in accordance to one
embodiment of the invention. The gate electrode 1002 surrounds the vertical stacked
silicon nanowire {VST-SiNW) structure 1010, while the VST-SINW structure connects the
20 soﬁrce region 1004 with the drain region 1006.
[126] Figure 11 shows a Transmission Electron Microscopy (TEM) image 1100 of
the cross section of a VST SINW SONOS device 1102 built in accordance to one
embodiment of the invention. Two Si nanowires 1104 and their respective surrounding

ONO structures 1106, along with a surrounding poly-silicon gate region 1108 can be seen

25  inFigure 11.
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[ 109] Figure 5A shows a flow chart 500 of the fabrication process of
Figures 4Ato 4F. As the fabrication process has al ready been

det ai | ed WYP2408PBPEnce to the description for FiguresPYRSEWIHEI421
only a summary of the flow chart steps is provided below [110] In
stage 502, the VST-Si nanpow re cture he.first wire shaped .
channel  201&{} uct Figare, s‘[“P’Yﬁﬁ?@@(’f}‘a@nH{d%‘é{ &’50‘5%‘ ehe 8ﬁ§£5‘-’e8f the Si
channel structure ZZOP%Fi,gure 4C]) is fornmed in accordance %0 the _.
descri pt i onnappwires bi040f Fegurg bl. Al sueounding QNO,stipgtueg LG8 15dbe 0@1@; a Si0y
structure (tunneling |ayer/charge trapping | ayer/blocking structure

i n accor danlerert R0 rrsoundstbe instimeter winfage raffie Shoanqwordil it @ JipNs jayen]204
Gate el ectrode deposition occurs in stage 506 in accordance to the
descri pti oraro@fs the perimetteswface of the SiQuiager4202 21d WintRe0B00 Fa¥8 5206 around
PCT/ S&G007/ 000421 [113] Subsequently, gate patterning and etching

occur i rs stihg@em&er fulthdd ofFtheeBiiNy layed 1204. abcBigdandé and 12hthe nanowire 1104
description with reference to Figure 4F, in stages 510, 512 and 514,

i mpl ant at i odjameer HeRAME 5a81 Whilk HRNONOGRuate EID6magadhickietadf dradid 45nm,
and sintering at a tenperature of around 420 C using 10% hydrogen gas

5 (H2) concesih ahd 8Mrh %r Be G50 Lal@N 205, BE SURG 18Rr T04 BREBRCOY Bly¥r 1206
occur. [115] Broadly, the fabrication process of Figures 4A to 4F

foll ows a flje%%%%;t 550 shown in Figure 5B. [116] In stage 552, the
first wire shaped ‘channel structure 210 [Figure 4C(1)] and the
second wire shaped channel structure 220 [Figure 4C(l1)] are forned
fromthe single 1o conducting |ayer 402 (Figure 4A). [117] In stage

554, the gate region 208 [Figure 4E(1)]. is.forymed around the
peri met &~ surface of the first wi F’ﬁéx%ek'é'ﬁagéf%%arﬁﬁ‘é structure 210 and

the peri rretﬁﬁs]sur f l(éSreOI% sthg\%s a plot 1300 of drain current Iy (in pA) versus gate voltage V,

(in V) for vertically stacked twin Si nanowires, each with a gate length L; of around 1 um
and diameter of around Snm. Graphs 1302a and 1302b illustrate the 1; -V, characteristics
for the nanowires with a TLE SONOS structure, while graphs 1304a and 1304b illustrate
15 the Iy -V, characteristics for the nanowires with a SONOS structure. Similar to the silicon
nanowire field effect transistors (Si-NW FETs) reported in “Ultra-narrow silicon nanowire
gate-all-around CMOS devices: Impact of diameter, channel-orientation and low
temperature on device performance” by N. Singh et al. in IEDM Tech. Dig., p. 547-560,
2006, the vertically stacked twin Si-nanowire SONOS devices also exhibit excellent
20 transfer characteristics as seen from graphs 1304a and 1304b. The SONOS device [i.e.
without the silicon nanocrystals (Si-NC)] is relatively superior to the TLE SONOS in
terms of subthreshold (ss) behavior (75 mV/dec vs 84 mV/dec), which could be due to a
better interface quality between gate stack layers. The sharp subthreshold furn-on and low

DIBL (drain induced barrier lowering), which indicates the amount of threshold voltage
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second wire shaped channel structure 220. [118] In the stages 552 and

554, the fabrication is done so that the second wire 15 shaped
channel st WR08YE2P30 is spaced a greater distance fronfEHEEHRBUNIIAg
surface 208a [Figure 4E(1)] of the gateée region 208 than the distance

the first wre shaped n S 2 [ p

nount i ng s\tlj\élrhfiﬁggr awggg%]ﬁ%n&%t %fr r%g‘g#’fﬁ\v Zéﬁtﬂ F??Q?gﬁlréeﬁ)%@pg%d short
fabricate the ry cell —of an.enbodinent of the invention, a flow
chart 600, %ﬁ@ﬁ%ﬁﬁ?’g{?h@fé‘?ﬂw?w}”b‘ﬁé .Ct‘fﬁcf‘af?ﬁl] In stage 602, the
first wire shaped channel structure 110 (Figure IA) is for . oJdn .
stage 604, WHY chaligwes lapmnt gl éy F‘?ﬁETCHW%‘g'l%gw(tg? g )“gsﬁ*‘rasc?ﬂ?ﬂoqrﬁ&‘g
the perineter surface of the first wire shaped channel structurge 110
is formed. I8 (BB eharacteipifsef a ShlRiSONQS tom nemigesenpy il Wity e
trapping partial structures 104a and 104b, wherein each charge
trappi ng paranpwire baving @ drameted 08 argriad Somisnid dergly hpofl rpund i, avhalgFigures
material 25 capable of storing electrical charges. 25 WO 2009/072983
PCT/ SG2007/13@0ah&11 5BMespeotcatpsiow adéls 1600 mabitIOahadctvbstivs pf BERLESENOS
[121] Figures 7 to 12 are m croscopic inmages of devices fabricated in

accor dance twivi hdhoesreanknmornicell,ofith éxeh prasseind havingen tiiaorter 51 prbdad SRinguden
7 shows an atom c force m croscope (AFM image 700 of nanocrystals

702 formed 1eipR 1, Xk &FBurkilul fiage Al GE Ofera p2iONYed B3Il 10Mbidsthg condition of
accordance to one enbodi nent of the invention. The AFM i mge 700

reveal s t hgednRtdRly VN0 410 B Wigany, RaH0SV 16 L AIS apiiiid vh ke gatélOFowler-
density of 7.5x 109 cm 2. [123] Figure 8 shows a tilted top view of a

b Y T R e
the gate electrode in positive or negative polarities, with the channel body grounded, and
both the source and drain regions grounded.

[130] Programming characteristics for the 5 nm and the 8nm diameter nanowire
devices are respectively shown in Figures 14A and 14B for V, =6V, 7V, 8V, 9V, 10V and
15 11V. On the other hand, erasing characteristics for the 5 nm and the 8nm diameter
nanowire devices are respectively shown in Figures 15A and 15B for V.= -6V, -7V, -8V, -
-9V and -10V.
[131] Faster P/E speed is obtained for the nanowire with diameter of 5nm. It is
observed that faster P/E speed can be achieved up to a threshold voltage, AV =32 V at
20 Vg=11 V within I ps and at V=-10 V within 1 ms. The 5nm diameter nanowire is faster
from the scaling of the channel body into a smaller dimension, wherein the width of
potential well in the nanowire channel is reduced. The charges Being injected in the 5Snm

diameter nanowire channel are pushed closer to the interface, further facilitating carrier

efficiency in the TLE SONOS nanowire structure.
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806 formation on a Si3N4 |ayer 808 to forma trap | ayer engi neered
(TLE) device in accordance to one enbodi nent of the invention. [124]
Figure 9 sMEWOHORIPBt ed top view of a SEMinmage 900 of PGI/BCHAHWR A es
902 and 904, of 0.5mlength each, on a Si3N4 | ayer 908, where no

silicon na ystals. ar 15 prese to. forma. pon-TLE deyl ce.d .
accordancerﬁgilonea%ﬁ%oﬁ%n@mpagqse[ﬁ%g}q ?R?%%W%?ﬁten[sﬁ%?dh%ujgg"‘fglﬂsﬁ)évt\gm
atilted top viewof a SEMinmage 1000 of an isolated TLE SONCS

si ngl e devinssowire deviega tthel diameterdtnm awt8ngest Vi T P¥and Ye acdBY d Sierds 1602p
one enbodi nent of the invention. The gate el ectrode 1002 surrounds

t he verti calnd960zdkifidstrase the QOV, RBificfod the S SWirGhAddjvirs tdevice, whele pdpbs 1604p
whil e the VST-Si NWstructure connects the 20 source region 1004 with

the drain reqi 1 6] i e 1 £5i.0N
M or oscopy Tetp*s kg 150 s fh St HilTh HrBRRe RYIR" SHHERRE
device 1102 built in accordance taq one enbo,gi rrgnt of the jnvent i.o%.
Two Si andRpsdeefl the dhinagspapeire dpwss, may ib§ atehpied ik grsalsr vesyep! electric field
structures 1106, along with a surroundi ng poly-silicon gate region
1108 can betrsegth Itrpedng tigt ghe yerti 13126111\?\@%@8@97397‘2983““““‘5 device is not only
PCT/ SG2007/ 000421 [127] Figure 12 shows a TEMinmage 1200 of the
cross sect irelatedfio dimeEOT aftgateSilicleptzing wis rie plaparodevistes, Riug alse associafdewith the
surroundi ng ONO structure 1106, in the formof a Si02 |ayer 1202
around t he rpeswitetiennd bofladselDf As e Bhowiandwneter dddehsesai & Bkishimpkebody
1204 around the perineter surface of the Si02 |ayer 1202 and anot her
Si 2 | ayer id28€dathewadichl dldreripield imirasessmd fealimmcef caitias Gindélihg Afemwhile,
1204. In Figures 11 and 12, the nanowire 1104 dianeter is around

5nm  whjgl e thhenéDIDO bahdgdpt widenihd Qefebiadueatd Ghalng Shedhiinisd GasinAlebIGAA Si
4.5nmand 8 rimrtor the SiQ2 |ayer 1202, the Si3N4 |ayer 1204 and the
Si 02 layer ;L2Qfire channel induces a larger amount of tunmeling carriers, because the potential
barriers that the charges have to overcome are reduced when the conduction band of the
channel is lifted up. These effects aid electrons tunneling from the body into the trapping

layers and hence improve the P/E speed for the nanowire device.
15 [133] Figures 17A and 17B respectively show the programming 1700 and erasing
1750 (P/E) characteristics of a non-TLE SONOS twin nanowire memory cell, with each
nanowire having a diameter of around 5nm and length L, of around 1 um. All P/E were
performed using low biasing condition of respectively V, from 6V to 11 V and V. from

-6V to -11V applied on the gate.

20 [134] Figure 18 compares the P/E speed characteristics and the A Vy shift for
memory cells with TLE SONOS and non-TLE SONOS structures, both the memory cells
having nanowires with same diameters. Graphs 1802p and 1802e refer to the TLE
SONOS memory cell, while graphs 1804p and 1804e refer to the non TLE SONOS
memory cell. Programming is done at V, = 9V and erasing at V. = -10V. The TLE

25 SONOS memory cell has a faster P/E compared with the non-TLE SONOS memory cell.
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respectively. 10 Experinents and results [128] Figure 13 shows a pl ot
1300 of drain current Id (in A versus gate voltage Vg (in V) for
vertical | y W H8%e@9BwW n Si nanowi res, each with a gate PEREHOTGPOE
around 1 m and dianeter of around 5nm G aphs 1302a and 1302b

L Lo ! A SRR R 1 e

-Vg characterjsti¢s for .the nanowires with a truct

to the sil |¥0W°“H§H(%|V5 augni (i A )ersug gate ?’%Hf’sg\eé}s s ( qﬁﬁ'ﬁ?)"%‘fntwm Si
reported in "Utra-narrow silicon nanowire gate-all -around

devi ces: | mpaewires eatthawith erlengthbnatrrosnd &t andbdiamater p’éwouv‘éﬁp@r fdgpls
on device performance” by N. Singh et al. in | EDM Tech. D g.

547-560, 2i008p atddé90Zerillustekd gheslmcwecthmtnnsgcs ﬁaﬁbmr@rmsfdwﬁéé)
al so exhibit excellent 20 transfer characteristics as seen from

gr aphs 1304mdahderd@d4mte BRS)SENeSivdbvioc @ TLE BONO® shinotute, twhdle grdphe d804p
nanocrystals (Si-NC)] is relatively superior to the TLE SONCS in
ternms of sulhvesdidusirtste 1Rg hﬂ%/bl%ac(e?ﬁtidfﬂﬂodﬂﬁ PGM &4d M/ EIES Yespatfiivellp for
could be due to a better interface quality between gate stack

| ayers. The mafm SONIOY fslbRkd AMBAHAcATRIVOWE WhBbw 1906 vas bihteiue®thr the

barrier |lowering), which indicates the anount of threshold voltage
27 WO 2009/}@1, Cehhotard) 0@ aSH8V P/EP%E devaliods \Sfﬂlﬁe%ﬁ ﬁ@@@ﬁos
of < 30nmv/ ﬁﬁggT 15 nmg(r%el fir}esentét good sh onrt channel fect

trol f
3%’/3 15A r osybafird ol JARR PR, SN Rl ER0E ﬁ%?kg’.ﬁ%%w Faah't e
P/ E t ; :
cach 5 hanbFPes ek SRt bivne fat By TR RARE e RN ifiperyah The

around | m w1 & £l gUtes. 148 ang A5 esncet] Vel SUPALS.EH A28

o

window. A large memory window is necessary for developing multi-level cell technology
and in applications to memory operation with more than two bits in a single cell.
[136] Also, Vy, saturation becomes significant when large erasing voltages are
15  applied in SONOS devices, because gate electrons injection neutralizes holes tunneling
into the nitride charge trapping layer. However, V, saturation is mitigated in erasure
operations for TLE SONOS structures. This may be due to the reason that the Si-NC
captures more holes during carrier tunneling from the substrate, for the same voltage value
where erasure is performed in the non-TLE SONOS structure. Mitigated Vy, saturation in

20 a TLE SONOS structure is advantageous for widening A V; during the erase cycle.

[137] Figure 20A shows a band diagram 2000 for a memory cell with a non-TLE
SONOS nanowire structure, while Figure 20B shows a band diagram 2050 for a memory
cell with a TLE SONOS nanowire structure. Both the non-TLE SONOS and the TLE
SONOS device have programming voltages 3.2V applied. The flow of charges across the

25 non-TLE SONOS and the TLE SONOS devices are pictorially depicted using arrows 2002
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twin nanowire nenory cell, with each nanowi re having a di ameter of
around 8nmand a length Lg of around 1 m Al P/ E were perforned

usi ng | ow BYQ210pe7288nditi on of respectively Vp from 6VPEHSGA0R0EH

V. from-6Vto -10V applied on the gate. Fowl er 10 Nordhei m (FN)
injection schene_was used fqr the cha rogra erasure b

bi asi ng th%’”‘dgg&‘,2 ERCtYSde Wep‘%‘gﬁgfi? ggﬂo@’%’(jﬂéﬁ ?Q@ggﬁeag?ﬂpf‘gé?y%etﬂ‘]i
t he channel bod rounded, and both the _source _and drain regions

gr ounded. [§§0’Py et WoeceatecEarp sl Lf‘fy(?F ZPP'@ agd GoRdUREOTy ﬁ@‘d@?ﬁﬁa
di ameter nanowire devices are respectively shown in Figures 14A and
14B for Vp 20@\betgeen @y SINC 2086/ anth the ngNﬂng. 2058 t Ree St Ner2054rdfectively
erasing characteristics for the 5 nmand the 8nm di aneter nanowire
devi ces ar eincespedhé trap yensiipim tertrappipgriaxer 2600,drvd dogpndt gifieyt, device graling.
-7V, -8V, - -9V and -1 OV. [131] Faster P/E speed is obtained for the
nanow r es wi Sincelitesepaeatelgfdishibnted $i-NG 205bdenstesdcrificztthé EOTaf the/ TLE S§OMDS
can be achieved up to a threshold voltage, AV,h= 3.2 Vat 20 v=1 1V
Wi thin | itgnagle applVing-the 8i-NCI0SH i mdrers@vantdpeobstitad irkreatiag theahiolhase of
is faster fromthe scaling of the channel body into a smaller

di mensi on, W&, Mayehg0s8i dth of potential well in the nanowire
channel is reduced. The charges being injected in the 5nm dianeter

nanowi re chanpel apG RUSHGHws iRSEEa feRnliltecHaPcRisAGS thrbhphigMting Vth against
facilitati ng cgrri efgu ef ficiency ian tﬁe T‘[’_E SO\I& nano&vghrﬂgﬁ'fstgr uct ugre.

28 WO 2009/ 0 i )
speed char a@%é)?lggpﬁ)gz{'@%p%{g Wgﬁ %ﬁ%dogh%w’%s}ﬁgﬁg ?‘%ﬁié{}?‘g%sﬁi%

ith ' 5 d — - )
L 2 RS F HLETaNS psoy  mhY ff A, BGRIes o
the. Bnm twi TGN B8y el G 48 Apa gt e Tl SoNDS Al ciPhea
programmed state and an erased state respectively, while graphs 2104p and 2104e refer to

the non-TLE SONOS memory cell at a programmed state and an erased sstate
respectively. Programming and erasing for both the TLE SONOS and the non-TLE
15 SONOS devices were performed by applying a gate voltage V; = 8V for a duration of
100us and a gate voltage Vg = -9V for a duration of 1ms respectively.
[139] Both the TLE SONOS and the non-TLE SONOS devices display good memory
retention properties as A Vyis well maintained up to approximately 10%s with negligible
observed memory window degradation. The good mémory retention is partially due to the
20  relatively thick blocking oxide present in both the TLE SONOS and the non-TLE SONOS
devices. Another reason is the lower possibility of stored charges tunneling back to the
channel due to the lifted, higher level ground state energy. Advantageously, the TLE
SONOS memory cell shows improved operating speeds without compromising on memory

retention capability.
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5 speed of the thinner nanowire device may be attributed to greater
vertical electric field strength. It nmeans that the vertical

el ectric fwe 204/07298anow re structure device i s not onl yPCH¥FE0HH0420
the EOT of gate dielectrics, as in planar devices, but also

associated with the. napow re channel body i.tself. the. napgwi re

di anet er dedf¥las es?‘gplfee.gé)%‘?\%s 8ﬁ‘§‘ﬁﬂ1§F %&H%te“i“é"s s@gi’@, pl{gﬁg‘gvg Ppypst 2
electric field increases and enhances carriers tunnel] . whi, | e,
to the enerBynbsaAfBIOEAMTBEEHRENS CYHEY Of emogy Eﬁl‘aﬁ*ﬂﬁm pb rﬁ&ﬁ%@ apg, @ non-
smal ler GAA ' Si nanow re channel induces a |arger anmount of tunneling
carriers, DECRSONQheryssrebothathe memory eells haying napewirssof game Hiapetgry Snm.
overcone are reduced when the conduction band of the channel is
lifted up. Ghpke22Ppeot 2202edrefer e thedHsE SOMNQE Mmamofy esth raspedtively regphing a
the trapping |ayers and hence inprove the P/E speed for the nanow re
devi ce. 515 gré@3innted gtateeP GMYatatifot ZRluratioped t1 DOl and shevesedetate (ERS) at -8V
programm ng 1700 and erasing 1750 (P/E) characteristics of a non-TLE

SONCS tw n faaa@otation BEMTREY Gigpts, 2204p bnda2(Me wfen antheaohalliBAGONOS memory
di aneter.of around 5nmand length Lg of around 1 m Al P/ E were

perforned ugidiehd PYGRI ASVSr £RekidH STU00fs ARISAEERS aesY i dur&idn®f 5o, It
11 V and Ve from -6V to -11 V applied on the gate. 20 [134] Figure

18 conpar eg E | @ibd h8 TAEISON®S VIR 1B ibbier! &id
menory cel ﬁg%%%r%dTl?Eﬂg%%&ag%$%%ﬁ’-$LE SONCS structeur es, bot%r thgmnce

Ta0oe r of er e e B e R BN e T B0dp and
L80%e Al i, e ToR SRS ol Puifhle RO AG " a9
oL b SARET e s BT SN iy b vgon
current in -\Ltt]eer'\e llfe%%gror Irn% ei I?agéc\:ll\'jystta ] lar%vgm regti:lerzl itrjlitl?estunneling layer (refer Figures 1B
and 2B).
[142] For the results shown in Figure 23A, silicon nanowire having a diameter of
15 around 5Snm and length L, of around 1 pm is used and a 8iO; layer is used for the
tunneling layer. Si NC is used for the one or more first nanocrystals Silicon nitride is
used for the charge trapping layer.All P/E were performed using low biasing condition of
respectively V, from 6V to 10 V and V. from -6V to -10V applied on the gate region 2308.
[143] The above results discussed with reference to Figures 13 to 23 illustrate that a
20 memory cell with a GAA vertically stacked twin nanowire having a TLE SONOS
structure achieve faster P/E speed and a wider memory window with negligible trade-off
in data retention and endurance properties.
[144] While embodiments of the invention have been particularly shown and

described with reference to specific embodiments, it should be understood by those skilled

25  in the art that various changes in form and detail may be made therein without departing
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vd (around 0.05V), IdLi" (in A) versus gate voltage Vg (in V) for
vertically stacked twwn Si  nanowires, each with a length Lg of
around 1 mwhepofpaMst er of around 5nm G aphs 1902p anBCE/S8GZU87/000421
illustrate the Idutt -Vg characteristics for the programmed state

(PG 5 and_the, erased state_ (ERS) respectively,.for a, TLE .SON

Str Ut or oGPPI Bhand Seb 2h e SO de T e e i T gpope of
characteristics for the PGV and the ERS rggpecti%ely for .Hon-TLEhi
SONOS st r ucthgirentign is drrarindientes! isthe pprended deis £86 8/ BISEHFAICREGMF SPtun
the TLE SONCS structure, conmpared with a 4.5V P/E w ndow 1908 of the
non- TLE SONhSmestingend sange afequivaleperofthamglzips refhergforopntanded tpibe enbrgegd:
structure is due to the to increased trap density brought about by
TLE structure, i.e. the silicon nanocrystals. The density of the
trapping centers in the TLE structure is a factor that influences the
menory w ndow. A |large nmenory wi ndow i s necessary for devel opi ng
multi-level cell technology and in applications to nenory operation
with nore than two bits in a single cell. [136] Also, Vth saturation
becones significant when | arge erasing voltages are 15 applied in
SONCS devi ces, because gate el ectrons injection neutralizes hol es
tunneling into the nitride charge trapping | ayer. However, Vth
saturation is mtigated in erasure operations for TLE SONCS
structures. This may be due to the reason that the Si-NC captures
nore holes during carrier tunneling fromthe substrate, for the sane
vol tage value where erasure is perforned in the non-TLE SONOS
structure. Mtigated Vth saturation in 20 a TLE SONOS structure is
advant ageous for wi dening A Vthduring the erase cycle. [137] Figure
20A shows a band di agram 2000 for a nenory cell with a non-TLE SONOCS
nanowi re structure, while Figure 20B shows a band di agram 2050 for a
menory cell with a TLE SONOS nanowi re structure. Both the non-TLE
SONCS and the TLE SONOS device have progranmm ng vol tages 3.2V
applied. The flow of charges across the 25 non- TLE SONCS and the TLE
SONCS devices are pictorially depicted using arrows 2002
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30 WD 2009/ 072983 PCT/ S&007/ 000421 and 2052 respectively. Mre
charges 2054 (conpare 20004) are trapped for the TLE SONOCS device
due to separately grown Si-NC | ayer 2056 and conducti on band of f set
2062 between the Si-NC 2056 and the Si3N4 | ayer 2058. The Si-NC 2056
effectively increases the trap density in the trapping | ayer 2060,
but does not affect device scaling. 5 Since the separately

di stri but €dhifis- NC 2056 do not sacrifice the EOT of the TLE SONCS
structure, applying the Si-NC 2056 is nore advantageous than

i ncreasi n@. t heAtndngd¢pesdcahprididge Si 3NA | ayer 2058. [138] Figure 21
shows the data retention characteristics (through plotting Vth

agai nst  tinme)a ffst RiLIhPXIBHatRdRclRoMd and erased state (ERS)
menory cells with a TLE 10 SONOCS and a non- TLE SONCS structure, both

the menory cel} ghligyina iﬁ%%%%tﬁl%ssu%uﬁeﬁ\qg gﬂa‘l BORhGES supfit oFf AP BiSse 2702 P

and 2102e refer to"the menory at a programmed state
and an erased ect] Y, i ) and. 2104e refer
to the non-Tﬂﬁﬁé%ﬁﬁg%ﬁgngb%xgéﬂpeg 5%55@é@$§ﬁﬁ§§9§$g¥nfgﬁl %ﬁ’%@%.%d
sstate respectively. Progranm ng and. erasi for bath the TLE SONOS
and the non- TLEPPPESRE QUL WARE G ERPof TS 9PRIPRIRAYRY SFoglfc. 1
voltage Vg = 8V for a duration aof. 100s and. a ?ate vol tage V. = -9V
for a durati onfoBred o ¢iHEsEEPAFERLFapgbief|stase flackealreharas®Nes and t he
non- TLE SONCS devi ces di splay good nenory retention properties as A
Vth is well maintained up to approximately 1048 with negligible
observed nenory w ndow degradation. The good nenory retention is
partial | y2due The mbhwod(cetletfatidimel, whetdin khefretickire ghaprd deanpelesmiaturd is a
both the TLE SONCS and the non- TLE SONOS devices. Another reason is
the | ower posshdablvirty of stored charges tunneling back to the

channel due to the lifted, higher |evel ground state energy.

Advant ageously, the TLE

3. The memory cell of claims 1 or 2, wherein one of the two charge trapping partial
structures comprises a first charge trapping layer; and the other of the two charge

trapping partial structures comprises one or more first nanocrystals.

4. The memory cell of claims 1 to 3, further comprising:
a second wire shaped channel structure; and
a further charge trapping structure surrounding the perimeter surface of the
second wire shaped channel structure, the further charge trapping structure
comprising two further charge trapping partial structures, wherein each further
charge trapping partial structure is formed of a different material capable of

storing electrical charges.
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SONCS nenory cell shows inproved operating speeds w t hout

conprom sing on nenory retention capability. 31 WO 2009/ 072983

PCT/ S&2007/ 000421 [140] Figure 22 shows endurance characteristics
(through plotting Vth against a nunber of programm ng/erasing
cycles) of menory cells with a TLE SONOS and a non- TLE SONOCS
structure, both the nmenory cells having nanow res of sanme dianeters
5nm G aphs 22bgpeanty &H0d elagrefefurther ¢comeprifinE: SONOS nenory cel |,
respectively reaching a 5 programmed state (PGW at 9V for a duration
of 100s and anaeagsegdios tsatr@undEgShe aerimSiér sibace fdhe eliargntrafping®ructure
G aphs 2204p and 2204e refer to the non-TLE SONCS nenory reaching a
PGM at 9V for andithe dbiieteOdurABOS (8O ehrBr ERpeatappY str@étu@; dur ati on of
5nms. It is observed, fromthe cycling results, that the TLE SONCS

devi ce has bet . r i i 1. | t if ts: n
t he non- TLE scﬁ%%egggﬁéﬁgﬁ%dw?éEgﬁkgﬁﬁﬁ?gygg%*fﬁgﬁéﬁ?ﬁg5€F§€?EE¥¥%€@

2350 and er asi gy 23RS ra G RE LR IebldrCllaPlhedidtR{IR I Mi! birfWlibbq

i n accordance e~ nvention, e on
nore nanocrystals are enbedded in the tunneling |ayer (refer Figures
'B and 28). [ DEPREpCiEs mest Pem A st B g SieBopon
nanowi re having a dianeter of 15 around 5nm and |l ength Lg of around
1 mis used and a SiI2 layer is used for the tunneling layer. Si NC
is used for the one or nore first nanocrystals Silicon nitride is
used for he chhe HemopnmisliAglaimyeer Al whappip thadirst yise shaped ehanaelsue g,
bi asi ng condition of respectively Vp from6V to 10 V and Ve from -6V
to -10V appl i etheosecoirk waret shapedjichani2BG8uctue] 48] botth ehelyduee shiapsdi|channel
di scussed with reference to Figures 13 to 23 illustrate that a 20
menory cel |l w sthucauréslehe uatobiieal | y st acked twi n nanowi re having a TLE
SONCS

7. The memory cell of claims 4 to 6, wherein longitudinal axes of the first wire

shaped channel structure and the second wire shaped channel structure are

substantially paralle] with the mounting surface of the gate region.

8. The memory cell of claims 4 to 7, wherein longitudinal axes of the first channel
structure and the second channel structure are substantially perpendicular to an

axis normal to the mounting surface of the gate region.

9. The memory cell of claims 4 to 8, wherein one of the two further charge trapping
“partial structures comprises a second charge trapping layer; and the other of the
two further charge trapping partial structures comprises one or more second

nanocrystals.
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structure achieve faster P/E speed and a wi der nmenory wi ndow with
negligible trade-off in data retention and endurance properties.

[ 144] Wil e enbodi nents of the invention have been particularly shown
and described with reference to specific enbodinments, it should be
understood by those skilled 25 in the art that various changes in
formand detail may be nade therein w thout departing 32 WO

2009/ 072983 PCT/ S&007/000421 fromthe spirit and scope of the
invention as defined by the appended cl ai ms. The scope of the
inventionlds tusmendincadledl iy ddecofomp endeding lchifs fankeradonpEidgefirst
whi ch come within the nmeaning and range of equival ency of the clains

are therefore juphangasyd AiResNbtReStihe pameledisiBacelof the FRARNVe §RbEd
conprising: a first wire shaped channel "structure; and a charge

t rappi ng struc% hﬁﬂ%H&&&%%ﬁ&ﬁ&c%E% @%r telcngyr face of the first

wi re shaped channel structure e trapping structure
conprising two charge trapping partial structures, wherein each
charge trapping partial structure is formed of a different material

capabl e of_ storin ectr . ceII of cIa|n11,
wherei n chk't i e ol %fa%@ﬂa PRI b L ST St b gurrogmas
The nmenory ceII of clains or 2, wherein _one of the two charge
trappi ng parti®f Peslfr}eﬁ?ét%ﬁé%e bt ifs¥ stuandling dleyerh andjdhe Pap OF HEoEGSt ;
and the other of the two char trappln partial structures
conpri ses one Womﬁ@sﬁvmwﬂdﬁant@F facg of thedirstechangy trening baber.
clainms 1 to 3, further conprising:

12. The memory cell of claim 10, wherein the first charge trapping layer surrounds

the perimeter surface of the first tunneling layer; and the one or more first

nanocrystals are embedded in the first charge trapping layer.

13.  The memory cell of claims 4 to 12, further comprising a second tunneling layer
disposed between the perimeter surface of the second wire shaped channel

structure and the further charge trapping structure.
14.  The memory cell of claim 13; wherein the second charge trapping layer surrounds

the perimeter surface of the second tunneling layer; and the one or more second

nanocrystals surrounds the perimeter surface of the second charge trapping layer.
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a second wire shaped channel structure; and a further charge trapping
structure surrounding the perineter surface of the second wre
shaped channel structure, the further charge trapping structure
conprising two further charge trapping partial structures, wherein
each further charge trapping partial structure is forned of a
different material capable of storing electrical charges. 34 5. The
menory cel$. of Tid memod, ceflwf then 18 pwereisitigsecandydtaszerntagpmg lawer sotonding
the perineter surface of the charge trapping structure and the
perimeter surfe@ehineteh eurfase i élie GhaidRnhdBRRAYE; Sidrte bus oF mohesbm
the second wire shaped channel structure is spaced a greater distance
froma mounti nghnabiEaBRarOimbdi8edRliRe §R8hPhatdiamphing 18Jest ance the
first wire shaped channel structure is spaced Pron1the nount i ng
surface of the gate region. 6. The nenory cell of clains 4 or 5,
wherein the first wire shaped channel structure, the second mﬁre

shaped ch neI tructure oth th re shaped chan str res
are nanow ‘es mleﬁner}"redn% ‘ifﬁ fefgﬁt T LR A MR r}%ﬁ SLocﬁmg Stk

| ongi t udi nal axes % t he fh m$ sha d cha ﬂg structure and the
second wire shumRicLPEiAe e Pt Ehiree rappdle QY SPAHEi e GERRr al | ol wi th
the nmounting surface of the gate region. 8. The nenory cell of clains
4 to 7, wherein longitudinal axes of the first channel structure and
the second channel structure are substantially perpendicular to an

axi s nor nél- t oThehmemomhesthgf slaimindd wftherneompatsmer 2 ggcond binckingestmewoy y
cell of clains 4 to 8, wherein one of the two further charge trapping

partial st ructhatesencberprebsdchasgestenpoing layeangetht gagppegion.| ayer; and t he
ot her of the

18.  The memory cell of claims 5 to 17, wherein the gate region comprises any one or
more of a group of conductive materials of poly-silicon, tantalum nitride, titanium

nitride, hafnium nitride, aluminum and tungsten.

19. The memory cell of claims 5 to 18, wherein the gate region is doped with any one
or more of a group of n-type dopants consisting of phosphorus, arsenic and

antimony.
20.  The memory cell of claims 5 to 18, wherein the gate region is doped with any one

or more of a group of p-type dopants consisting of boron, aluminum, gallium and

indium.
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two further charge trapping partial structures conprises one or nore
second nanocrystals. 35 10. The nenory cell of any one of the
preceding clainms, further conprising a first tunneling |ayer
di sposed between the perineter surface of the first wire shaped
channel structure and the charge trapping structure. 11. The nenory
cell of claim 10, wherein the first charge trapping | ayer surrounds
t he perineter $he hamerpfcellhef tlaimst 4t wonPk| Whgeihather firsavdret Slmped ehamel
nore first nanocrystals surrounds the perinmeter surface of the first
charge trappi ngrdcay€sind the secbhé wire Rhdp¢d ednnelodtruciuad eonditisedditiodik Br fldee
first charge trapping |layer surrounds the perinmeter surface of the
first tunnelingrd a¥es con@RBng HE:iRRA 288 ERa8iukl.r St nanocrystals are
enbedded in the first charge trapping |ayer. 13. The nenory cell of
claims 4 to 12, further conprising a second tunneling |ayer disposed
bet ween the perineter surface of the second wire shaped channel
structure,and e furthe r.ge [trappi ng structure. 1d4. The nmenor
cel | Cof - oPai m T mMEbarl R gs J5ERE Mg P it ey o6 TR
the perineter syrface . of t@ second tunneling |layer; and the one or
more second nﬁﬁﬁﬁ% @?&?gh grrounds the perimeter surface of the
second charge trapping layer. 36 15. The nenory cell of claim13;
wherein the second charge trapping | ayer surrounds the perinmeter
surface of the second tunneling |ayer; and the one or nore second
nanocryst at.s afee awbwtdedlia dhimssedordd. oterade the Apyi dgrdealyenpingl Byer
The nmenory cell of claim1l, further conprising a first bl ocking
structure di spogededaetyvesn of haorkiafst gohprdgehigh ajpdeqtdge nsayeeialsaoid sitiben
gate region.

nitride (Si3N4), hafnium dioxide (HfO,) and aluminum oxide (AL QO;); and the one

or more first nanocrystals comprises any one or more of a group of metals of

silicon nanocrystals (Si-NC), germanium nanocrystals and tungsten nanocrystals.

24, The memory cell of claims 16 to 23, wherein the first blocking structure

comprises Si0,.

25.  The memory cell of claims 13 to 24, wherein the second tunneling layer

comprises Si0a.
26.  The memory cell of claims 9 to 25, wherein the second charge trapping layer

comprises any one or more of a group of high dielectric materials of SiNs,

hafnium dioxide (HfO;) and aluminum oxide (Al,O3); and the one or more second
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17. The menory cell of clainms 14, further conprising a second

bl ocki ng structure between the second charge trapping |ayer and the
gate region. 18. The nenory cell of clains 5 to 17, wherein the gate
region conprises any one or nore of a group of conductive naterials
of poly-silicon, tantalumnitride, titanium nitride, hafnium
nitride, alum num and tungsten. 19. The nenory cell of clai 5.t

18, wherein t HEMGHYEA EHMGHISFS "BE,828 G FITAm) BréPPop! A4 6F 2SighGup
of n-type dopants consisting of phosphorus, arsenic and antinony.
20. The menor yeEBRMURMagPGyTigls and fynasten RMasrastalst he gate region i s
doped with any one or nore of a group of p-type dopants consisting
of boron, alum num galliumand indium 37 21. The nenory cell of
claims 4 to 20, wherein the first wire shaped channel structure and
t he secondl/.wi rEheshmapedy chlamfiallaimt rifctou2@ ebemin gesseamyd bloekiag stoctare
of a group consisting of silicon and germanium 22. The nenory cel

of clainms 10 t@mplisesdiorei n the first tunneling [ ayer conprises
silicon dioxide (Si02). 23. The nenory cell of clains 3 to 22,
wherein the first charge trapping |ayer conprises any one or nore of
a group of high dielectric materials of silicon nitride (Si3M),

naf ni um dixi dg AR DAY (3Afhe) HELPNTE AR (A2 cpsaRd the one Cor

nore first nanocrystals conprises ‘any o nore "of a group of

nmet al s of silﬂ} Ingﬁgﬂa§§¥§%%%§1éé%ﬁﬁﬁ%éénggrn%niun1nanocrysta|s and

tungsten nanocrysp nmenor of ‘cl ai ms 16 to 23,

wherein the f If&)lsl}linglaoc%léxlgg%aﬁlgilﬁg %%rggtgre SSIC‘)I‘O 1"1’ ir?gea‘le%egl%éter surface of the first

wire shaped channel structure, the charge trapping structure comprising two
charge trapping partial structures, wherein each charge trapping partial structure is

formed of a different material capable of storing electrical charges.

29. A method of forming a memory cell, the method comprising the steps of:

forming from a single conducting layer a first wire shaped channel structure and a
second wire shaped channel structure; and

forming a gate region around the perimeter surface of the first wire shaped
channel structure and the perimeter surface of the second wire shaped channel
structure;

wherein the second wire shaped channel structure is spaced a greater distance
from a mounting surface of the gate region than the distance the first wire shaped

channel structure is spaced from the mounting surface of the gate region.
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25. The nenory cell of clainms 13 to 24, wherein the second tunneling
| ayer conprises Si02. 26. The nenory cell of clains 9 to 25, wherein
the second charge trapping |layer conprises any one or nore of a
group of high dielectric nmaterials of Si3N4, hafnium dioxide (Hf02)
and al um num oxi de (A1203); and the one or nore second 38
nanocrystals conprises any one or nore of a group of netals of Si-NC,
ger mani undhanotihg/setiod odgthim 29g sthereim bmmargyBom| e sipgle chnduatipgdayer dle |
of clainms 17 to 26, wherein the second bl ocking structure conprises
Si 02. 28. A nefiBodirefshdped rhamebstrenme ynd el secamdprirs shaged bieanatlegpsiciofe
formng a first wre shaped channel structure; and form ng a charge
trappi ng st r ucfukher ®uipriedsnad stgpstdfe perimeter surface of the first

wi re shaped channel structure, the charge trapping structure

conpri si ng t Woronah@lOh dofuBRRl Adn RRY dih @ caldubieiUhRs, Wherein each
charge trapping partial structure is forned of a different materi al

capabl e of Stﬁ%ﬁ&%m L, ﬂaﬁ%ﬂoﬁm@%gﬁﬁguﬁgﬂné nmet hod of formng a

t
menory cell, e method “conprising eps of: formng froma
single conducting layer a first wr haped channel structure and
second wire SHEBRABIGRABHZES PREPHeE PR PPEIR RS gabe Tl gt vhapet
around the perineter surface of the first wire shaped channel
structure and $REn é??%@?é?fgﬁﬁWﬁﬁgmﬁﬂ‘Fﬁgw%%@BW St}icheS-shaped channe
structure; wherein the second wire shaped channel structure is spaced
a greater distance froma nounting surface of the gate region than

the distance the first wire shaped
31 The method of claim 30, wherein the step of forming the fin structure from the

single conducting layer is performed using a phase shift mask lithography

process.

32.  The method of claims 30 or 31, wherein the step of removing the oxidized portion
of the fin portion comprises dissolving the oxidized portion of the fin portion in a

solution of diluted hydrofluoric acid.

33, The method of claims 29 to 32, wherein the first wire shaped channel structure,
the second wire shaped channel structure, or both the wire shaped channel

structures are nanowires.
34.  The method of claims 29to 33, further comprising the step of

forming a first tunneling layer surrounding the perimeter surface of the first wire

shaped channel structure.
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channel structure is spaced fromthe nmounting surface of the gate
region. 39 30. The nethod of claim29, wherein formng fromthe
single conducting layer the first wire shaped channel structure and
the second wire shaped channel structure further conprises the steps
of formng a fin structure fromthe single conducting |ayer;
oxidizing a fin portion of the fin structure; and renoving the

oxi di zed portion of the fin portion to release the first wire shaped
channel structure and the wire shaped second channel structure. 31.
The net hod5of Ehaingihgd of ¢laier 34.fuxthas comppising thestap i dorMag ficharse frapning e
fromthe single conducting |layer is perfornmed using a phase shift
mask | it hogr apstyuctyse soesieding Zhe fEnematetshdeceaf! tid BishBin8éingrlaBt, thevakareé n
the step of renoving the oxidized portion of the fin portion

conpri ses di ssohppimgstiub®recanthrsag tporchiiga trappihd partialrsupotutds pwhérsingach
solution of diluted hydrofluoric acid. 33. The nethod of clains 29 to
32, wherein thgndgd Ghppihd BartilpP@ELtGRaE Moim&t bEiat UFrent hi@rRe caRblNof €
shaped channel structure, or both the wire shaped channel structures
are nanow res. 3d.. Jbeid®tiegsof claims 29 to 33, further conprising
the step of formng a first Tunneling | ayer surrounding the perineter
surface of the first wwre shaped channel structure. 40 35. The

met hod of claim 34, further conprising the step of form ng a charge
tLﬁﬁg: In g g3 g;gﬁe%ﬁtg&ghg@%@gﬁﬂ%ﬁep&n 5 (I)fr{gé o aj%;g]ce%‘;a%p?ﬂcg ptapueal ];,tlrtgc%&res

comprises a first charge trapping layer; and the other of the two charge trapping

partial structures comprises one or more first nanocrystals.

37.  The method of claim 36, further comprising the steps of  forming the  first
charge trapping layer surrounding the perimeter surface of the first tunneling
layer; and
forming the one or more first nanocrystals surrounding the perimeter surface of

the first charge trapping layer.

38.  The method of claim 36, further comprising the steps of
forming the first charge trapping layer surrounding the perimeter surface of the
first tunneling layer; and

forming the one or more first nanocrystals in the first charge trapping layer.
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trappi ng structure conprising two charge trapping partial structures,
wherein each charge trapping partial structure is fornmed of a
different material capable of storing electrical charges. 36. The
nmet hod of cl aim 35, wherein one of the two charge trapping parti al
structures conprises a first charge trapping |layer; and the other of
the two charge trapping partial structures conprises one or nore .
first nand®rysTiag setipd offplaimee?th i 38f wherginnihgesterf of {mmying drepgdte iregion
the steps of formng the first charge trapping |ayer surrounding the
peri met er sur f ictherofompreses itresttert onfoeiningga s¢écayeé tynnehag fayemsurgpuntieg che
or nore first nanocrystals surrounding the perineter surface of the
first charge tpaiptarguifageaif thedconiheirgsiapatictahnd lsedmd6, further
conprising the steps of formng the first charge trapping | ayer
surroundi ng the perineter surface of the first tunneling |ayer; and
formng the one or nore first nanocrystals in the first charge

trappi ng h@yerthe flnd of HAfn ABL ﬁﬁﬂeroéo ri%in?:thg Sreb Of fotn irg]g rﬁﬁ’tl‘{@:r Eﬂa‘?ge

step of formng the gate region urther conpri ses ep o
formng a seco ' I - rr ] I erjneter surface
of the second {\?\n% Een%srkﬁlg'%ﬂélggséjﬁgﬁ%@igs {"sﬁte g@’?‘g!regg@fggo 33#\%%031“ 5 n%ﬁ i'm
34, further copprising the step of formng a.further. charge trapping
structure sur rtggn#&ftha PHFLES, BPPRIRG SPrudie B%Bpl?ﬁmgt f&e sf}élélbeﬁog‘iﬁﬁﬁ?ngﬁ P

| ayer, the further charge trapping s%{ucture conprising two further

g .
char ge trappi nRpriPSrbGtareS.oheeip padsftifiehaies tepphe Pataharuictpg igfermed

trapping partial structure is forned of a different material capable
of storing el edfiadiffgeniahategd sapable of storing electrical charges.

41.  The method of claim 40, wherein one of the two further charge trapping partial
structures comprises a second charge trapping layer; and the other of the two
further charge trapping partial structures comprises one or more second

nanocrystals.

42, The method of claim 41; further comprising the steps of
forming the second charge trapping layer surrounding the perimeter surface of the
second tunneling layer; and
forming the one or more second nanocrystals surrounding the second charge

trapping layer.

43.  The method of claim 41; further comprising the steps of
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41. The nethod of claim40, wherein one of the two further charge
trapping partial structures conprises a second charge trapping

| ayer; and the other of the two further charge trapping partial
structures conprises one or nore second nanocrystals. 42. The net hod
of claim4l; further conprising the steps of form ng the second
charge trappin ayer surroundi ng the perlneter surface of the

second tunnel i %@mfwb? secapichesgeirapgingrayes saremdipg the paEpsier surface of the
nanocrystals surrounding the second charge trapping |ayer. 43. The
met hod of cl ai $ecdud ufmglingdayes@mdri sing the steps of 42 forming the
second charge trapping | ayer surrounding the perineter surface of the
second tunnel i fogminzytks oneaorandro sevond) nirverystabs inthenetendssharpadrapping layer.
nanocrystals in the second charge trapping |layer. 44. The net hod of
claim37, further conprising the step of formng a first bl ocking
structure between the first charge trapping |layer and the gate

region. 4y Th’?hérﬁﬁei?lgﬂl o@fda%@nrrﬁnfh%r céﬂ%ﬁﬁ%’thﬁgf%rdﬁbﬁﬂngiﬁ%@lﬁ&l@ﬁg

forming a second blocking structure between the second ¢harge

trappi ng layerqaid,{ &.0af fie HRILRR etreﬂ%lryg 19€er TR %agreglloﬁ‘l ms 29 to

45, wherein t he gate reglon conprl e or a group of
conductive materials of poly-silicon, tantalumnitride, titanium
nitride, hafniun1nitride, aluninun1and tungsten. 47. The met hod of
clainms 29 .to furt er c [ t he ste of _ dopi t he gate
region wi ¢ ang bt B 3‘381?5 CgPRYpg e Baf LB asteerryt
of phosphorus, arsenic and antlnDn

blocking structure between the second charge trapping layer and the gate region.

46.  The method of claims 29 to 45, wherein the gate region comprises any one or
more of a group of conductive materials of poly-silicon, tantalum nitride,

titanium nitride, hafnium nitride, aluminum and tungsten.

47.  The method of claims 29 to 46, further comprising the step of doping the gate
region with any one or more of a group of n-type dopants consisting of

phosphorus, arsenic and antimony.
48.  The method of claims 29 to 46, further comprising the step of doping the gate

electrode with any one or more of a group of p-type dopants consisting of boron,

aluminum, gallium and indium.
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48. The nethod of clainms 29 to 46, further conprising the step of
doping the gate electrode with any one or nore of a group of p-type
dopants consisting of boron, alumnum galliumand indium 43 49.
The nethod of clainms 29 to 48, wherein the first wire shaped channel
and the second wire shaped channel structure conprises any one or

nore of a, grou consi,st.i of, siljcon and gernmani u 5Q0. .The net hod
of ol ai 48" Do GRBRH it S 20 o 45 Phe A HT PR T e
51. The nethod of clains 36 to 50, wherein the first charge trapping
| ayer conpri se¥conhyvitsndiapgd phpnaeloftrugtuge somPHTes |y oG @ Weter plca group
materials of Si3N4, hafnium dioxide (H 02) and al um num oxi de
(A1208); and t¢nasigiies ofsiliponend gerseniignocrystal s conprises any one or
nore of a group of metals of Si-NC, germanium nanocrystals and
tungsten nanocrystals. 52. The nethod of clains 44 to 51, wherein the
first blocking structure conprises SiQ2. 53. The nethod of clains 39
to 52, whgo.ei nThdwaethed oNdaitisrsaad HOovlesie theCRBONEiag a5 Ibmbies JiOB.
nmet hod of clainms 41 to 53, wherein the second charge trapping |ayer
conprises any one or nore of a group of high dielectric material of

Si 3N4, haf nium di oxi de (Hf OQ2) and al um num oxi de (A12C3); and the
one of MOSE SSRRN.mAFBPCIN T & FOUBLLELR HY RAS BapfIBL Biy@ cngfHsQ4P

of netals of SI-NC, gernani um nanocrystal s an

nanoctystal s. 438 g e TP Bk §Fhlen et Mt P s, ARSI ot

(HfO,) and aluminum oxide (Al;O;); and the one or more first nanocrystals
comprises any one or more of a group of metals of Si-NC, germanium

nanocrystals and tungsten nanocrystals.

52. The method of claims 44 to 51, wherein the first blocking structure comprises
Si0,.

53. The method of claims 39 to 52, wherein the second tunneling layer comprises
Si0,.

54.  The method of claims 41 to 53, wherein the second charge trapping layer
comprises any one or more of a group of high dielectric material of SizN4,
hafnium dioxide (HfO;) and aluminum oxide (Al;Os); and the one or more second
nanocrystals comprises any one or more of a group of metals of Si-NC,

germanium nanocrystals and tungsten nanocrystals.
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conprises Si02. 45

55. The memory cell of claims 45 to 54, wherein the second blocking structure

comprises Si0;.
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