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STRUCTURE AND A METHOD OF FORM NG THE SAME FI ELD OF THE | NVENTI ON

[ 0001 Enbovdeesozomaf the invention relate to field of RENSGRICF000422
structures. By way of exanple, enbodinents of the invention relate
to a silicon-germanium (Si Ge) nanowire structure arranged on a
support substrate and a nethod of formng the sane. BACKGROUND OF
THE | NVENTI ON 100021 Nanowi re transistors with gate fully surroundi ng

the channel RAMICHNGEIRAANTEN NANGWIRE STHECTORENNIP AMETHOD OFeke

the scaling to en t echnol o roadmap. One exanpl e
invol ves fully conpl enentary ndtORMEXG §aMEonduct or ( CMOS)
conpatible Silicon-nanowire (SINW Gate-All-Around (GAA) n-channel

- channel metal - oxi de- sem ol UkBa TREBRIHIGN | 3P otor ( PMOSFEN
fabricated wth nanow re channel in different crystal orientations

and characterized at various tenperatures down to 5K SINWw dth is
control |l ed i n[0Dot]i m Bhspiémendof/the imanfiororelde ta Held ofi ranoPdingi strustusshoBy

hi gh dri 2.4 f FET.. 1. o )
e;gel I :aln;/egg? (r‘évr agghf’gﬂ&p,le’ g’ﬁé‘%'@%iz%g‘ﬁ@t Ol%\}‘fgqf'1 {f?%% gg?thggr?g §f a%%’bg)

Strong evi dengamwil sbhattifectrrangrl dmenepforasubstge iaskd mathddeofhorming| the Vg
oscillations and shift in threshold voltage with Si NWdi aneter.
Oientation i fPAtt has been investigated as well. [00031 Anot her
exanpl e i nvol ves both GAA and bul k devices and are shown operational

on the sanme chip. GAA trapsi v I with a m ninal
gate | ength of 50nm mthBécmﬁoﬁmewﬁﬂness of 20nm an
oxi de thickness of 20A, and with an in-situ doped anorphous-Si as

gate material. These transistors show a rfect I ni to
shor t - channel 198p3lectNqmawfrs AaRsIstors VA HYL LY 5 suGunding e chahme{body have

become promising device architectures to take the scaling to end-of-the-CMOS
technology roadmap. One example involves fully complementary metal oxide
semiconductor (CMOS) compatible Silicon-nanowire (SiNW) Gate-All-Around
(GAA) n-channel metal-oxide-semiconductor field effect transistor (NMOSFET) and
p-channel metal-oxide-semiconductor field effect transistor (PMOSFET) fabricated
with nanowire channel in different crystal orientations and characterized at various
temperatures down to SK. SINW width is controlled in 1 nm steps and varied from 3
to 6 nm. Devices show high drive current (2.4 mA/pm for NMOSFET, 1.3 mA/um
for PMOSFET), excellent gate control, and reduced sensitivity to temperature.
Strong evidences of carrier confinement are noticed in terms of 1d-Vg oscillations
and shift in threshold voltage with SiNW diameter. Orientation impact has been

investigated as well.

[0003]  Another example involves both GAA and bulk devices and are shown
operational on the same chip. GAA transistors have been realized with a minimal
gate length of 50nm, with a conduction channel thickness of 20nm, an oxide
thickness of 20A, and with an in-situ doped amorphous-Si as gate material. These

transistors show a perfect immunity to short-channel effect (SCE)/Drain Induced



t WD 2009/ 072984 PCT/ SG2007/000422 Barrier Lowering (DI BL) even

wi t hout pockets inplants. The bul k devices neasured on the sane chip
wer e funct momados/yambdsowi ng drive current of nore than 608ONpG200TINN0EANM
devi ces) but have shown large SCE/DIBL up to 600nmV and up to | 000nV
on 90nm and 50nm devi ces, respectively. [0004] Yet another exanple

i nvol ves a nanowi re Fi nFET structure devel oped for CMOS device
scaling into the sub 10 inn regime. Accunul ation node P-FET and

i nversion ”Dd@ahkeFEmeJghnis@mv@mﬂﬁ&t péReR 'iﬁiﬁl'aﬁt@'ﬂﬂ%ﬂ‘c de@i@&txﬁb%sured
respectively, are fabricat N FET gate delay (CV/1) of 22 ps and

P- FET gate dekayheghme chig wese ﬁvmtwnale(ﬁlé@fm@ﬁm%wm Afgnsp ghan 600prm on
characteristi ‘égg,%&l%aﬂﬂm SEQ\@{&EL@@ id) /BESLY up DR éxﬁ%%%ooﬁw ent

| ess than 10 n NOW r e Ice operation 1s al so explored
using 3-D ful BOrqmandiﬂamr@&hasar@mctlwlml ation. [0005] Nanowi res are
fabricated or synthesized by either top-down or bottom up

approaches. As there have been issues of controllability, placenent
and poor con{#804]bi | Yé¢tynath¢rexahpladenotiesh a@iv8Gef BB T sttucmre demelppddebi on
to the botto roach of  f brlc ion e - RASH S
taken the lea S§Q etsé’ﬁltmga’lnmtﬁ ?(?ogyb%m?@ tAcaPm %%f"%[agré albua
Si - CMCS. [OOOGivepéime:mIHm BEDvith Stmpmdiommmphysmabgatd hugihs(wpe@ﬁﬁely, are

Twi n-Si-nano t h 4 n
radi us nanowi a(!,\’gc *%F%t%%%mﬁiﬁaﬂ i}gﬁ teggl eﬁ%nqsmggort
channel i mnhicyllerfsummc}ﬁmwﬁstfts gh: aihlevedjgioﬁ]uwnlenéry(hiw bff9éakee) m
whi |l e n- TSNWFET shows . on-curren nd
per f or mance eﬁ‘ﬁ%ﬁ%gﬁ%mang'ﬁ) ““M‘*T'S g\?@%@ﬁ“&fﬁ%ﬁ%m %-? apg) ﬁfi
and quant um sidhg RO RN quindi flectAnRhltafiuledoanpl e of a top-down approach

involves a nmethod for realizing arrays of vertically stacked
| aterally spread out nanowires using a fully Si-CMOS conpatible

process. The @dds]MOSTESwHEYArS Eforidtbd\gr syhleezedayOidhEctopdovay 61 Bdtw-up
approaches. As there have been issues of controllability, placement and poor
compatibility with standard Si-CMOS fabrication in relation to the bottom-up
approach of fabrication, the top-down approach has taken the lead as a potential

technology solution for future Si-CMOS.

[0006] An example of a top-down approach involves GAA Twin-Si-nanowire
MOSFET (TSNWFET) with 15 nm gate length and 4 nm radius nanowires. The
GAA TSNWFET demonstrated shows excellent short channel immunity. P-
TSNWFET shows high driving current of 1.94 mA/um while n-TSNWFET shows
on-current of 1.44 mA/um. Merits of TSNWFET and performance enhancement of
p-TSNWFET have been explored using 3-D and quantum simulation.

[0007]  Another example of a top-down approach involves a method for realizing
arrays of vertically stacked laterally spread out nanowires using a fully Si-CMOS
compatible process. The GAA MOSFET devices using these nanowire arrays show
excellent performance in terms of near ideal sub-threshold slope (<70 mV/dec), high

Ior/Ioff ratio (~107), and low leakage current. Vertical stacking economizes on



excel l ent performance in ternms of near ideal sub-threshold slope (<70
nv/dec), high 1lon/loff ratio (-107), and | ow | eakage current.
Vertical stVRRIOKNE7288onom zes on 2 WO 2009/ 072984 PCT/ SERD8GIQT0N22
silicon estate and inproves the on-state | DSAT at the sane tine. Both
n- and p-FET devices have been denonstrated. [0008] In addition to
nanow re transi stors, heterostructure transistors have also been
proposed for high-speed CM3S circuits. One exanple involves a new
generation of Jf.gheeREAM lﬂgmé@ﬂa& b & Hatd IDSAGVH: BRSahO iR Bdth Q- Widl JIFET
nodi fied Modul ation-Doped Field Effect Transistor (MODFET). These
devi ces i ncl udeviges havadiepn demapsioteds wi th a buried p-channel, a

vari abl e threshold voltage MODFET, a |ateral n-p-n bipolar
transistor, and a three-term nal planar photodetector. These devices
can be integr 088l t olgeaddision dp dhangwite Hensisrs, élaueromvegat@@mtq*ﬁémm
has high spe o] f e a i

either p-i-n :F})ge Bva% Qﬁﬁ M%%l sggoc?M?ﬁng%/ﬁg ag’g% Jxalq?i% %Qﬁlﬁ@%]? p
gai n. The gat getegationnefl hightspews hefordstreetire rdegices hempiiibleo dthe ot we lﬂed
out put. [0009],,F e a C t;

vel ocity het e%‘i ufah?l %ﬁpe%bﬁggil g&c :]f;rﬁgslust ¢Wd()lﬁ-@€r§) bﬂhg%l %éryg%g I\&IIEZHECT
structure wt modlﬂtémbfﬂh@aﬁthcarbusodlpmbamslt # vartable ghrhsholdoedtnge MODFET,
denonstrated. It vol ves our. roLunct.i gn- - '

(SHOT), whi cha|l§te{:§lp A& \%Flpﬂ@.l’g a%SISecgd l&lg%e-%ﬁ%lhﬁ%li\@ pﬁgtgtﬂe%c%r.o’f‘hese
rel axed- Si Ge/ ﬂéweasmadbeSntegﬂaEeﬁeasgn;hnnmdm aoaptica wateguke UTlesMOBIFET has
quasi - bal I i st or fu% alL‘?{‘ Iran5|(f ors t|'3n ettape 1band of fﬂ§et
energy at the lf‘P?:eg BREY 8""%‘?}" ARY &8y SREET SN T AT OC|lt

el ectrons canid¥e roiseest hd avaladcliehencale rwait}neﬁighslgamha"hﬂegata‘ mmxtahell&inﬁe
source region. The FE[#HI i gatl on _ex r| mental |y denonstrated that the
t ransconduct aﬁl?gulia'é" fgdetegio Lf or hi gh applied drain voltage,
conpared to that of strained- and conventional sili con on i nsul at or
(saA) I\/%FETS The publ i catign al so shows t. . the t onduct ance
enhancerent | WOor elem fesed pngle Rripgple étthg% jegHonYF g’egm-‘um?

bipolar transistor (HBT), a planar MOSFET structure with a hetero_)unctzon source

structure has been demonstrated. It involves a source-heterojunction-MOS-transistor
(SHOT), which is a novel high-speed MOSFET with relaxed-SiGe/strained-Si
heterojunction source structures for quasi-ballistic or full-ballistic transistors. Using
the band-offset energy at the source SiGe/strained-Si heterojunction, high velocity
electrons can be injected into the strained-Si channel from the SiGe source region.
The publication experimentally demonstrated that the transconductance is enhanced
in SHOT for high applied drain voltage, compared to that of strained- and
conventional silicon-on-insulator (SOI) MOSFETs. The publication also shows that
the transconductance enhancement in SHOT depends on both the gate drive and the

drain bias.

[0010] However, there is still a need for a transistor with better channel mobility

and higher current.



drain bias. [0010] However, there is still a need for a transistor
with better channel nobility and higher current. 3 WO 2009/ 072984
PCT/ SG2007MDou227298UVMMARY OF THE | NVENTI ON [ 0011] | n oRETRGHOHPIIEIM
of the invention, a silicon-germani umnanowi re structure arranged on
a support substrate is provided. The nethod includes at |east one
ger mani um cont ai ni ng supporting portion arranged on the support
substrate, at |east one gernani um contai ni ng nanow re di sposed above
the support substrate and guyRRORY ETAEINVENEIGY | east one

ger mani um cont ai ni ng supporting portion, wherein germani um
concentration of the at |east one germani um containing nanowire is

hi gher than t | ea i n.
[0012] 11 anof Al o foghe 2ROl #F SABhAND LGIEHRRPhILOE RAGME
conprising t h@mmrblauenﬁegemmaﬂwmﬂ SRl Isepravidest: (The anethod dpdusgs ahleast
SUPPOrt Subst AL 8o onBhOXdifilng subBSihs BARLE bithndeltoh MY et UilESad
tunnel i ng Iayer Fou § & ger mani-um cont al ni ng

nanowi re and deagadne geegarmnnpmsmmmgmw“weﬁswm abaymidt surgoit aytstrate and
[0013] In another the in a
silicon- ger manf e A n&ﬁcocvl?n ga% ?SttJ?: § e?%@%ﬁg@ﬁ“%ﬁ@@ﬁ%ﬁ%&?m \gﬂse?%t e
i's disclosed. giineaniumechaentratioh ufethe faoleasingneaperinaaistn- -@nRining nanowire is
ger mani um cont ai ni or |nq ortion Q ubstrate,
fornming at le tH%‘ %‘ﬁﬂﬁﬁ ”am"m'c%n auun%S%p EB((I;)%/%E t he support
substrate and adjacent the at Ieast one ger mani um cont ai n| ng

supporting p on, wherein ernaniu oncentrat i he Ie st
one ger mani unf@éht ai T ARG o ot © Hﬁegﬁlévmwpan ?rﬁlésmt : ‘fomfgtsmg

ger mani um contaics-FgmanifOidnb#ije Puchir® Brrangkd 01 4] supporasubstedid) B provided.
enbodi nent of _{he I nven |on thod of formn nsi st or

compri si ng f ortAf A F]i“?‘d‘ﬁﬁ%‘dge? HEH?’%‘W&H&W&%%?F@EtBP%g“e{W%'a‘ed
on a support c&hthifiing Ak@owife AU 8 ght@ Se4bn pbbiionsdtdvercthé u]hhehﬁg layac| udes
form ng a tunneling |ayer around

U

[0013] In another embodiment of the invention, a method of forming a silicon-
germanium nanowire structure arranged on a support substrate is disclosed. The
method includes forming at least one germanium-containing supporting portion on
the suppost substrate, forming at least one germanium-containing nanowire above
the support substrate and adjacent the at least one germanium-containing supporting
portion, wherein germanium concentration of the at least one germanium-containing

nanowire is higher than the at least one germanium-containing supporting portion.

[0014]  In a further embodiment of the invention, a method of forming a transistor
comprising forming the silicon-germanium nanowire structure arranged on a support
substrate is disclosed. The method further includes forming a tunneling layer around
the at least one germanium-containing nanowire and forming a gate region

positioned over the tunneling layer.

BRIEF DESCRIPTION OF THE DRAWINGS



the at | east one gernmani um contai ning nanowire and formng a gate
region positioned over the tunneling |layer. BRI EF DESCRI PTI ON OF THE
DRAW NGS 4v0\02010994072984 PCT/ SG2007/ 000422 [0015] | npCctveGzioamiongs,
| i ke reference characters generally refer to the sane parts

t hroughout the different views. The drawi ngs are not necessarily to
scal e, enphasis instead generally being placed upon illustrating the
principles of the invention. In the follow ng description, various
enbodi nent s of, i AV, r

erbod ont s OfadiSp | AL AR SRS Ayt e 1 SERAEALE Qi
view of a sil |tlmongkgerthamff9mnhalnww The dre@@ENre mprpspssady 1 scalgceraphdgince
w th an enbodi.nent, of L NV

di agram corr es"gg ag gﬁner%ld”ebe{m[ckr@géeh 8? |lgl(rg1&%&1§ \% r%lp?& m?%g%gl s[For
i n accordance thd fo&ioamgdntmddiiwre weriofs enfredimante of therinvenion 8k descGbednith o
FIG 3H showa rocess flow.of 'a h of formng a SGNWtransistor
in accordance " Eeﬁcetﬂﬂgrgﬁlgcm"ﬁ%ﬁrtawbﬁg’ ﬁth} %ventl on; 100191 FIG 4A
show a cross-sectional view al ong pI ane AA of the SGNVV transi stor
in FIG 3E after pat { er ni n condensat i in
accor dance w ﬁ‘ﬁ"aﬂ ek d* r"ﬁﬁeecﬁ?“gLé‘ﬁf’? v@’%ffon*ﬁemﬂ@n ﬂ@gQﬁgw
a Cross- sect i(oGHW)\HagMs1&d i Beoplafcewifn aibotitenSENMY inventisn;st or i n
FIG 3E after fin patterning and after second Ge condensation in
accordance with an enbodi nent of the present invention; [00201 FIG
5A and FI G 5hahpw EI@IsheReh batdaliagrin earespandiigpd Ac@ss-Rétiorahdew BBa
of the SGN\Wtransistor in FIG,K 3F in acc ance th an enbodi nent of
the inventiorC ﬁWG@&ﬁSt‘F’I‘GaCCGNa%?d”Igﬁ e"‘g’B @?Bwf\rlt\fées’ﬁ}é%lflf’%
cross-sectional views along plane AA of the SG\Wtransistor in FIG

3Gwith the resultant structure being a
[0018] FIG. 3A to FIG. 3H show a process flow of a method of forming a

SGNW transistor in accordance with an embodiment of the invention;

[0019] FIG. 4A show a cross-sectional view along plane AA’ of the SGNW
transistor in FIG. 3E after fin patterning and before second Ge condensation in
accordance with an embodiment of the present invention; FIG. 4B show a cross-
sectional view along plane AA’ of the SGNW transistor in FIG. 3E after fin
patterning and after second Ge condensation in accordance with an embodiment of

the present invention;

[0020] FIG. 5A and FIG. 5B show cross-sectional views along planes AA” and
BR’ of the SGNW transistor in FIG. 3F in accordance with an embodiment of the

invention;

[0021] FIG. 6A and FIG. 6B show respective cross-sectional views along plane
AA’ of the SGNW transistor in FIG. 3G with the resultant structure being a
MOSFET or a Silicon-Oxide-Nitride-Oxide-Silicon (SONOS) memory device in

accordance with an embodiment of the invention;



MOSFET or a Silicon-Oxide-Nitride-Oxide-Silicon (SONOS) nenory device
in accordance wth an enbodi nent of the invention; 5 WO 2009/072984
PCT/ SQ007MooW22729§40022] FIG 7 shows a flow chart of &CHEGEMH0GH22
formng a SGN\Wtransistor in accordance with an enbodi ment of the

i nvention; [0023] FIG 8A shows a scanning el ectron mcroscopy (SEM

i mage of a SGNW structure taken after a second Ge condensati on
process in accordance with an enbodi nent of the invention; FIG 8B

shows a SEM i Pm 8 of FRG. NS b G4 Ak of&fxﬁeﬁ{odgﬁtfﬁ-nﬁﬁéi SGNW famsst@fini n
accordance wi an enbodi nent of the invention; FIG 8C shows a

cross- sect i onafcorjages Wtts ! emtiodinent ef{A ¥R El ectron M cr oscopy
(HRTEM image of a SGNWin accordance with an embodi ment of the
invention; [0024] FIG 9A shows a SEMimage of a SGNW structure
after nanow r W02 eaBkG. SArshawe o sesaniae elgrtian raisrostrpy (P Fdhimage of RaCNW

i nvention;, Fl G, B %Q&Wsaf@ﬁ %Egécbxma%% der@aWo@ésE UG Lk Gra@fet Qﬂhth an

nanowire rel ease taken wit egree rotation in accordance
Wi th an enmbodiembodiment dfftke inverdioni BIG. §B0gesk aF3EM imege e RgNYY IT‘EMUTC

e o e o NG gt (B tob e A6LoF B AR B LRVASGAAAEnIin. G

enbodi nent of iTien magni f I mage o
near-ci rcul ar SS@MM;m amsosedtenek Hight ResoiutinhBadihyms ssiono Electnen Mlcrosmpy

atchce st rubEBPETh gt fAGNRPEA R RR s enbiARLASTRTARED, °

of the invention; [0026] FIG 11 shows a nor mal i zed In vs VD

characteri stl I o;‘aﬁ 9&5 Sggpsa T an 0 7%&&,,&%%& 1808
J ot >=2pprs

device with g I BxI ma nm i n accordance
with an errbods;n&aérda{cewm ah R¥B6dimen; of E}(éﬁﬂ%}nnﬁi (EIGJ_%SHIJGXA& SEM image of

t ransconduct ance 1\;@ vs gafte vol t.a if char. erl%t a
SOMN PNCSFET & oy ey e i Mo Y it AT SUn ool Tgtied foltof
appr oxi mat el y a@%81af¢8 with @cotdiaacofuhd vaiognbodi ment of t he
i nventi on;
[0025]  FIG. 10A shows a TEM image of a SGNW GAA FET with HfO,/T aN
gate in accordance with an embodiment of the invention; FIG. 10B shows a
magnified image of a near-circular SGNW in accordance with an embodiment of the
invention; FIG. 10C shows a reciprocal space diffractogram showing a lattice

structure inside the SGNW in accordance with an embodiment of the invention;

[0026] FIG. 11 shows a normalized Ip vs Vp characteristics plot of a SGNW
PMOSFET and a Sig7Gep: homo planar device with gate length (Lg) of

approximately 350 nm in accordance with an embodiment of the invention;

[0027]  FIG. 12 shows a transconductance (gu) vs gate voltage (V) characteristic
plot of a SGNW PMOSFET and a Sig7Geps homo planar device with Lg of

approximately 350 nm in accordance with an embodiment of the invention;



6 WD 2009/ 072984 PCT/ SG2007/ 000422 [0028] FIG 13 shows a drive
current (lola,) vs tenperature characteristic plot of a SG\W PMOSFET
and a Si 07®xsx208%%med pl anar device with Lg of approxi maP&l/§G208B@0422m
in accordance with an enbodi nent of the invention; 10029] FIG 14
shows a threshold voltage (VT) vs tenperature characteristics plot

of a SGNW PMOSFET and a Sio. 7Geo, 3 hono pl anar device wth Lg of
approxi mately 350 nmin accordance with an enbodi nent of the

i nvention; [ Of3o4) F'ﬁc%sﬁ&&wﬁdrﬁ«ekﬁ}r&m O)GJ‘@fr@é‘t’éﬁfddﬁEﬂa&ﬁnﬁUﬁlot@ha
SG\NW PMOSFET wi t h rimin accordance with an enbodi nent of

the i nventi onSGNY® OWFGT a'@Ga Shotie: dom Rlanaydevitray ik L8raf spprogingiedy
of 2 SO PMOSSHlm ilhd: B O %g%g{nb&ﬂrfeﬁk ABEARARAGE W th an

enbodi nent of i nvention; FIG 17 shows a gmvs VG
characteristics plot of a SGNWPMOSFET with Lg of 500 rimin

2oce e, bingl, P ol LG P et

a resi stance er| st PMOSFET at st
i nver si on WI t of | 0BOHWi ﬁdeand:ea Vit Miean homgoglanandevde withe Lg of

i nvention; 0341 Fl & ristics
pl ot of SGNW G[ 315? ﬁ'mrlgs?(f)cé’c al}qee\}jgha% %ﬁg@%@gfo‘@@&%ﬁ‘%ﬁﬁ 400 nm
and 500 nmin accordance w th an enbodi rrent of the invention; [0035]
FIG 20 shows in eak vs har.a of
Seaw ovoorer sl ¢ g, 5 5&&?85&3% Gl 6"°fa%ﬁ)"g%’nm aEgj‘g%lb
m in accor da,gceswmlrmwﬂhmdmlahembodldnaxtlolﬁﬂemm“emmqn 7 WO

2009/ 072984 PCT/ S&007/ 000422 [0036] FIG 21 shows a ION VS | OFF
characteristics plot of SGN\WPMOSFET w th respective radii of 6 nm
and 8 nmin aposrdancee. W6t shoas aEBDRAVreldracdristidseplot of a SGNW PMOSFET

with Lg of 500 nm in accordance with an embodiment of the invention;

[0032] FIG. 17 shows a gu vs Vg characteristics plot of a SGNW PMOSFET

with Lg of 500 nm in accordance with an embodiment of the invention;

[0033] FIG. 18 shows a resistance vs Vg characteristics plot of a SGNW
PMOSFET at strong inversion with low Vp in accordance with an embodiment of

the invention;

[0034] FIG. 19 shows a V5 vs temperature characteristics plot of SGNW
PMOSFET with respective gate lengths of 350 nm, 400 nm and 500 nm in

accordance with an embodiment of the invention;

[0035] FIG. 20 shows a linear gy peak vs temperature characteristics plot of
SGNW PMOSFET with respective gate lengths of 350 nm, 400 nm and 500 nm in

accordance with an embodiment of the invention,;



invention; [0037] FIG 22 shows a ID vs VG characteristics plot of a
SGNW PMOSFET with <1 00> channel direction in accordance with an
enbodi nent vod 200887298Wenti on; [0038] FIG 23 shows a | n \PETHD2007/000422
characteristics plot of a SGNWPMOSFET with <100> channel direction
in accordance with an enbodi nent of the invention; [0039] FIG 24
shows a In vs VG characteristics plot of a unpassivated SGNW NMOSFET
in accordance with an enbodi nent of the invention; [0040] FIG 25

shows a In vs [bﬂasﬁhairf@%gf iallﬁ)tuisc§ 1) 4 1.9f clfrddRRARS At GO GENWVEMNNEETET

in accordance wth an enbodi nent of the invention; [00411 FIG 26
shows a VOUT wsithviespectinesr radii of fsmi erd inpt ingiccrdave®ithrapegnwdiment of the
i ncor porati ng -y structure in accordance wth an enbodi nent of
the inventi on; | PTI ON [ 00421 Exenpl ary enbodi nents of a
silicon-germani um nanowi re structure on a support substrate, and a

met hod of form th are de i e i i .
reference to ﬂ]de}g!ic C g‘n%’?gﬁhﬁ‘ﬁs § ?Dg‘%(r:&e%&g%ﬁljeré%@ﬁd?t)é\f,sa %tﬁlﬁ%ﬁg%f@fr Vlth
enbodi nents  dd8@r thxadk! dirbaion daacctrdante diithiag émbadimentiof the imspeat; s

wi t hout changi ng the essence of the invention. [0043] FIG 1 shows a
cross-sectional view of a SG\W transistor 102 in accordance with an
enbodi ment of [0038] i NFERt23Ghowd ik, SEH)bhbeasstiss plot AR2SGNY RMOSFERwith

support substr 04, a.buried oxide (B I r 10 a bottom gate
el ectrode 108<%§> %}Eﬂnﬂg’tr%‘:t@?é"t?cr"%r&%“cig"@?%e@%ﬁggnjtrog&edﬂwﬂ% a
nanow re channel region 148 8 WD 2009/072984 PCT/ SG007/000422 and
a drain region 116. The bottom gate el ectrode. 108 is separate

the source réifPdh 1Y f"h ShET '"tse\?‘“c%ﬁﬁ’ﬁtéfmfcéﬁ%r‘ﬁffé’g%{qﬁ’ﬁa?‘ﬂg&m n
region 116 by NMOSEFEDM acBéHisce inethef kmbedilantof tht Lieatish;t he top gate

el ectrode 110 is separated fromthe source region 112, the nanow re
channel region 148 and the drain region 116 by a top gate

{0040]  FIG. 25 shows a Ip vs Vp characteristics plot of a unpassivated SGNW

NMOSFET in accordance with an embodiment of the invention;

[0041] FIG. 26 shows a Voyr vs Vin characteristics plot of a CMOS inverter

incorporating a SGNW structure in accordance with an embodiment of the invention;
DESCRIPTION

[0042] Exemplary embodiments of a silicon-germanium nanowire structure on a
support substrate, and a method of forming the same are described in details below
with reference to the accompanying figures. In addition, the exemplary embodiments
described below can be modified in various aspects without changing the essence of

the invention.

[0043] FIG. 1 shows a cross-sectional view of a SGNW transistor 102 in
accordance with an embodiment of the invention. The SGNW transistor 102 includes
a support substrate 104, a buried oxide (BOX) layer 106, a bottom gate electrode

108, a top gate electrode 110, a source region 112, a nanowire channel region 148



dielectric layer 120. The bottom gate el ectrode 108 and the top gate
el ectrode 110 nmay be separate el ectrodes or may be a single

el ect rode swoemontbsg t he nanowire channel regi on 148. p8rsGhmrbop4izhe
bottomgate dielectric layer 118 and the top gate dielectric |ayer
120 may be separate dielectric layers or a single dielectric |ayer
surroundi ng the nanow re channel region 148. [00441 The support
substrate 104 may be fornmed fromany suitable sem conductor

materials i nclgz&g On%m ?érgl . thtmjétﬁqlé?eékctroﬁé‘@ﬁ‘isrsgparﬁ&i Formithd SRfbe

silicon oxide |con nitri S 3 é X | ayer 106 is
usual |y an i regibmillghd zapewire M@@gwra anltge d@mtrygwedﬁﬁ y gibofteran

oxi de (Si 02) bUE c[@gcng aygrqtlgggd B{ Q{;}B ?zﬂé’ elﬁ(':ﬂotd@lﬂ is sgéa%]os' the source

materials incl&i t et raet cat e
(TEQS), sil aneegiGh H@, thesiahowipnchannel ratmn(lgﬂamld)theohms :r¢glqmlrl6dafrabﬁoaeate

SiC). The th f t
Sbout a fow GG LoORST PoroftEe dRtdBi0f 330t LS Be Bkode o ©
dielectric | ayety Hel&parase eﬂmtradvy or siytteld engle eleetodde isarroundinggha nglogire

licon nitr d S
i de( Sc208) S| ek sty HRap e e ey s AR PGS,
112, the drai mleﬂagﬁdmyarlﬁzoamdy ﬂaheepme\malmrmhhmelor lexinghen dibleB8trivalyydpe
formed of SiGe. The botomg eh;'i ctro 108 and the top gate

el ectrode 110 SHEgUNAjE thg nan Ppel £5iPn381 y-si) , amorphous silicon,
metal s such as tantal um n|tr|de (TaN), titaniumnitride (TiN),

hafniumnitride al um nu d tungste but- not so
limted. 10045%0 heN@ ° cHIREht F@g%% ?‘24 tH& n %o&ﬂ‘%’ cHemnary r 2rbls
148 is flﬂl g herT ﬁmgeﬁﬁc{wtmdtﬂqam&cmm&cButr &g ohitedld ST lsappmrb,epapaihaon
regi on e difference in concentration r ts

formation of ailisar @xige Rt 8h siligmn quh@hpés ﬂ%&tqq}gqaﬁeﬁtlg? F%{H%‘auy an
between the sqpyGfing €46 Thé BORNMF N5 RaRpkllEsihddbarixale (SeQ) ®at A4 band
between the drain region 116 and .t he nanow re channpel region 148, The

Ge 9 WO 2009/fomedgiomcmsepitble degyleipg materals including, but™not limited to
tetraethylorthosilicate (TEOS), silane (SiHy), silicon nitride (Si3N4) or silicon carbide

(8iC). The thickness of the BOX layer 106 may range from about 1kA to about a few
pm but is not so limited. The top 120 and bottom gate diclectric layer 118 can be any
suitable dielectric, for example silicon nitride (Si3Ns, SiN,), Magnesium Oxide
(MgO) or Scandium Oxide (Sc;03), typically SiO; but not so limited. The source
region 112, the drain region 116 and the nanowire channel region 148 may be
formed of SiGe. The bottom gate electrode 108 and the top gate electrode 110 may
be Si, poly-silicon (poly-Si} , amorphous silicon, metals such as tantalum nitride
(TaN), titanium nitride (TiN), hafnium nitride (HfN), aluminum (Al) and tungsten
(W) but not so limited.

[0045] The Ge concentration in the nanowire channel region 148 is higher than
that in the source region 112 or in the drain region 116. The difference in Ge
concentration results in the formation of a heterojunction 122 at the respective
interface between the source region 112 and the nanowire channel region 148 and

between the drain region 116 and the nanowire channel region 148. The Ge



concentration in the nanow re channel region 148 is typically in the
range of about 50%to 90% preferably about 70% The Ge

concent r at mom2comot2bs respective source region 112 or dpei/BGI00gi0M2
116 is typically about 10%to 50% preferably about 30% The hi gher
the Ge concentration in the nanow re channel region 148, the higher
the channel nmobility. For a Si Ge substrate, the higher the Ge
content, the higher the <carrier nobility for carrier inside such

channel . This applies toshqth tﬁg{aﬁxgcﬁ' geg?d?xdmshglt alty KO8 Frarfgh @ff algout

shows a band di agram cor respondi cross-sectional view o
SG\W t r ansi st 60%110 D0k pedwalridabw 70kt Rhafic sptrsdirstiontin dfe negpsctive source

i nvention. The_ba di ho
ener gy val ue (ﬁﬁnngr%(? rg%%{d%g?to%é# ﬁb E%ligﬁg?%gﬁg’gﬁﬁgx’?%%@%&%? %‘g%ﬁ%'
sour ce regi on Thi Rightiree GENWehtativelin thegianowiteichanmedl regidnel 48r the highexthen

116. Fromthe difference i.n Ey.and . Ec b en t our r.e9i 2
and the SG\W 8&%%’?’3?@&1 gﬂr iﬁé@%%’gﬁ% ’ﬁé%\ﬁlg?‘ ﬁre{fl%gi/\%c eglh r%gﬁth%ggi %‘%
148 and t he dagienmokifityofor tadier inbide archbdanmed. eFhieeppiibato hono cleagtspeand ve
het eroj unctions, 122 are forned. One of the heterojunction 122 is
formed at thefPlterface between the source region 112 and the SG\W
channel region 148 and the other heterojunction 122 is forned at the

interface bet th rain regi .116 and the. S channel . r.egi pn
1450 [ 00a7] IOk QRIS ZehOwh B i PP A GNP e sthRar Vigg oo
148, ]E he balnd SGHAP u@ﬁsistzckbrq@@l\h&{&clsilaami)aeﬁthr@ginﬂiadmt cfati¢ paaron. The band
significantly as given by allo = Xx,Egi + (1- g, Wth x

bei ng the Ge drgem Wi shewe E}ge @WV%"n‘ﬁ‘?ﬁﬁ‘éﬁ b?’%gﬁ%ﬁglvﬁggea(ﬁg) a“lggcloflglﬁﬁﬁn
bei ng the bang,gpderegivalie (BE)er Ble sbRcPREL €D, Ythe HSNBNCHahhell Sdgfoal 148and

wi th about 30% Ge concentration in_the respective source region 112
and drain r egithsrirain gegipn 116, 5aem ‘Wﬁ%‘“@dﬂgg’rﬁ"ﬁﬁq R5iveeR the e uEs dRgien

region 148, th¢ harvle 98RWEchAhel@A860148 Al hbRreenar JuRtwRAMAnkheibs 1289d
the Ev in the respective source regl on 112 and drain region 116 is

about 0.99 el eed theirajmragion G) it aribe Ferisd et d¥p respectivg hetfraipetions dégf on

148 is about Qr8dEM. WinkMPUbe GRESHH O NEE2 LD Goret Bt heSihicrade befwdeithe

SGNW channel 148. _ o
source region 112 and the SGNW channel region 148 and the other heterojunction
122 is formed at the interface between the drain region 116 and the SGNW channel

region 148.

[0047)  With higher Ge concentration in the SGNW channel region 148, the band
gap of the SGNW channel region 148 decreases significantly as given by E; (alloy) =
x Eg1 + (1-x) Eg, with x being the Ge fraction in the SGNW channel region 148 and
Eg1, Eg being the band gaps of Ge and Si respectively. As an illustration, with about
30% Ge concentration in the respective source region 112 and drain region 116 and
about 70% Ge concentration in the channel region 148, the band gap E, or energy
difference between the Ec and the Evy in the respective source region 112 and drain
region 116 is about 0.99 electron voits (V) and the band gap in the channel region
148 is about 0.81eV without considering the strain effect in the SGNW channel 148.

This results in a valence band offset AEv or energy difference between the valence

10



This results in a val ence band offset AEv or energy difference

bet ween the valence 10 WO 2009/072984 PCT/ 8&007/000422 band Ev

val ues in twe2oiensd regi on 148 and the source regi on BCPSGL00HMOL
0.15eV. Hole injection velocity may increase with a hi gher val ence
band offset tEv. [0048] FIG 3A to 3H show a process flow of a nethod
of formng a SG\W transistor in accordance with an enbodi nent of the
i nvention. The nmethod starts wth a starting substrate 126 in FIG

3A. The start 'bglﬁﬁ%ﬁés%{ fhe l%a@maqggla?m 2=l lt]{e(égﬁl‘ce £RichNa 2 bpbukt 6. B

substrate, a bu con substrate, or other relevant substrates
dependi ng on i iajsptidnotocitymay insregel with ilighenvelence bandsoffisbéEvs an
illustrationin FIG 3A The SO substrate 126 includes a

sem conductor device |ayer 128 separated vertically froma support
substrate 104[usg8lan FiGAAate A shayer proresa flbwrdfedmetbsd d fqrdig) a FENAY

106. The BOX | axer, 106 el GOLLIGA! LY bSOt ALE S WO AOFAUALRbY sart

devi ce | ayer i support su strate
126 may be f alithiacedriixeh dopstarey126tia FOGr 3. (The btaitnp sshstrat 46 aan Mea‘%hcon-

bondi ng or a tio | an ign of .0 tec

[0049] In t he O &ng&%{ér% ?%k%‘ iticpp sutpfried ok ‘gtﬁ"r’\{%& @5 a5

sem co _nduglt or delewiling ohaye applid8tidns Thy [Sma;bl:asyrgﬁl 126t msaeﬁﬂyasbmI ﬂmsm:gn fis om

any sul tabl e m_CcoO uc nat er i u n t _not imte

ol y=si | con EI61 s jne- SA trrieal e et entycondesadrtiny 085 167

lSI i 002 der Wﬁlépdfﬁtefds«teﬁ&)ally gﬂa@l 4 J:Supp&srnassmé 104 By as @Rulatigllagtranr adsvied e
ayer n'ay ran m apbaout

bbout Toorim Bide PEORDEEAoR The BOX hke B8 Sl stiru i S opdhror

typically Si dbte ﬁ?éi- 128 fr6th TR sitppein sabitrateul (4alThe S8 RilksirakuIA6omay be

materials including, but not limted to sapphi.r oly-silicon,
silicon oxi defRbarged bypenyg sapdasd, GehRiAnges E eﬁ"ﬂﬁ INgrA FRFARSR bdn

SO substr at e jzRAMmR R BRyeR (SIMIBX RectAtud support substrate 104. The
BOX | ayer 106 |§ usual Iyﬁyagﬁ F§h[sul ati }ﬂﬁﬁ ayer. The BOX |l ayer 106 is

typically Si02 but may be forned from any suitable insulating
materials Inctd‘ﬂd’]ngdnb% RAQlstrhtbd &f6bdiment of the invention in FIG. 3A, the

semiconductor device layer 128 is typically Si but may be formed from any suitable
semiconductor materials including, but not limited to poly-silicon (poly-Si), gallium
arsenide (GaAs), germanium (Ge) or silicon-germanium (SiGe). The thickness of the
semiconductor device layer 128 may range from about 50 nm to about 90 nm,
typically about 70 nm but is not so limited. The support substrate 104 is typically Si
but may be formed from any suitable semiconductor materials including, but not
limited to sapphire, poly-silicon, silicon oxide (SiOz) or silicon nitride (SizN4). In
this regard, an SOI substrate can also be considered as a support substrate 104. The
BOX layer 106 is usually an insulating layer. The BOX layer 106 is typically SiO;
but may be formed from any suitable insulating materials including, but not limited
to tetraethylorthosilicate (TEOS), silane (SiH), silicon nitride (SizNs) or silicon
carbide (SiC). The thickness of the BOX layer 106 may range from about 1 kA to

about a few um but is not so limited.

il



to tetraethylorthosilicate (TECS), silane (SiH4), silicon nitride
(Si3N4) or silicon carbide (SiC). The thickness of the BOX | ayer 106
may range fwormosbmess 1 kA to about a few mbut is not BOI/EGmOvEds22l |
WO 2009/ 072984 PCT/ S&007/ 000422 100501 In FIG 3A, prior to any
deposition, the Si device layer 128 nay be thinned down to a range
bet ween about 10 nmto about 40 rim typically about 25 nm thick by
oxi dation. The oxidation nmay be a wet oxidation (done in H20 vapor)
or dry oxida h u I

The'tbi i ng. o e AR DR 85 BRIEhIR: USRS B A0 T B
pur pose of t héhinrdsid dmvng) 4 angobegkeen gbouidp pmgp aAbaus éO pEstypicalit abpytASEm

hei ght, which i

Si device | ayéﬂr“ﬁ( QL‘% he tgld&%ﬁgh@%%fa %%ghg%%e(d%%ﬁgw%&ogm%
To maintain t hmdatmdldmwnm (i gaFECR dniogist swabhltnchalqﬂes ﬂ"hedumagﬁtt e She
SI deVI ce ! ayﬁe CC l% cr ilge t htlgil??clte hhﬁﬁé 8@?&)%8#@{ 1?¥(‘J§rs q@y

be deposited suvbseq en 16w h content. fil
formation. A tﬂatn«dﬁeﬁhe&eﬁiﬁtahaymﬂ?liﬁrimgt whichhmea rSiultddvd ecanﬂla@hen onBe

wll give r| s re
str uctg ure. esﬁ\fo? g%kbg ﬁ'g“feh{%ﬁ?ﬂ 1?18 a’%‘fg\%ﬁkness efat%ees% eé'aent tSfGe iaﬁ‘ar
be carved out Tmﬂalihtﬂﬁ:&le ra.ﬂﬂtaiityRiﬂRBJe}mgHt umimﬂede(slﬂﬁj heighh the Sudeﬁ/ae éayer

clean step is rri out use ants esent on

surface of théféf“aﬁ 1’8“? atl%éhl e %acgl EV?{r’Pa ?’ sdﬁ‘?oglé %“%ﬁeéuenﬂty
accunul at ed dthléteﬁg aﬂbﬂﬁxgslﬁg}[bg Gehawent @1rbefonmueek ﬂfu’ckSrpSlﬂef fager and a
processing st rder to ta| erforma

reliability §hgﬁ‘€‘feo}“yffe CEQ g’sf & Br@%eﬁt ecfﬁ{‘Ee&h] h’g{{}’dﬂ thg
process equi prRiltant st@shesci ally the h| gh tenperature oxidation,

di ffusion, and deposition tubes or chanbers. The RCA clean is the
i ndustry standard for renoving contam nants from substrates or

waf ers. The Fi@ﬁs | ek dd hethdERE Ylep, diSikiatd Medidtep! isiEl: diBjedonsWRPROMS €d

sequential l'y: %anl c Cean (for exanple renpval of _ insaql uble organic
cont ami nant s and hydrogen fluoride (HF). This surface clean step is camed out because

contaminants present on the surface of the Si device layer 128 at the start of

processing, or accumulated during processing, have to be removed at specific
processing steps in order to obtain high performance and high reliability
semiconductor devices, and to prevent contamination of process equipment,
especially the high temperature oxidation, diffusion, and deposition tubes or
chambers. The RCA clean is the industry standard for removing contaminants from
substrates or wafers. The RCA cleaning procedure usually has three major steps used
sequentially: Organic Clean (for example removal of insoluble organic contaminants
with a 5:1:1 H,0:H,0,:NH4OH solution), Oxide Strip (for example removal of a thin
silicon dioxide layer using a diluted 50:1 dionized-water H,O:HF solution) and
metallic Ion Clean (for example removal metal atomic contaminants using a solution
of 6:1:1 HyO:H,0,: HCI). Sulfuric acid (H2804) mixed with Hydrogen Peroxide
(H;0,) clean may also be used. Other types of cleaning solutions or steps may also

be used,
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with a 5:1:1 H20: H2O2: NHACH sol ution), Oxide Strip (for exanple
renoval of a thin silicon dioxide layer using a diluted 50:1

di oni zed- wat@oobidfdoddE sol ution) and netallic |on O eanpé&tmcrexenmpze
renoval metal atomic contam nants using a solution of 6:1:1

H20: H202: HC1). Sulfuric acid (H2SO4) m xed with Hydrogen Peroxide
(H202) clean may al so be used. O her types of cleaning solutions or
steps may al so be used. 12 WD 2009/ 072984 PCT/ S&G007/000422 [00521

After the sur f[(ﬁﬁﬁ] cl gag ﬁlEesQrfa& sl Ts!eﬁ'ga §la tge@t}’éaéf)’it@i:all BY&' 1303Qith

with wuniformGe content 1n the ran about” 15 % to about 25 % may
be grown on t hwiforgi Gelesitent it} iy eange 2 a’?ﬁﬂ Shine abent 26 &b ey bepravigprahe

layer 130 may § %%gs D%hBwn GORFG. . lrhé%fdeqa}lé;%b&{my QH%EEh%é'

Vapor Deposi t| on reactor at a nperat'ure from about 500C
to about 600C,cotdywillicHlttayHiglh ¥atuus8 Oli:rhigal Vmsvpr Beposition{WHY CMIt rhactpr at a

conbi nati on of mpel-léllurar}%nggb TRng, I-Mlgouggggut %%glr# Eﬂ,&%:}%éﬁj Blflts%olf'%o

Si Ge | ayer 130™ ween “apodt - 30nmt o S not
limted. Alt dimimtj w:ﬂi zyc;ondmphun af S@{anﬂgqmar@r(ﬁaﬁé ghsey el he hicksiscef thad

Si may also b Vi C&y t S
st acked nanovmesr‘(g g‘iylpﬁg?%r‘%%eﬁ‘vﬁe?h gutexarrpl eabolu§860m%] F‘R ep%s%il']tnﬁ%i] by
Si H4 gas onl y.Aleatddvdly nphadlity of altemmtolaystsiof Sige eid Sleu&yrﬂisofbel gmpwn on the
deposition cy ed to in uce t he, respectiv
| ayers. In adgl‘ﬁi“’a%elgyed ?#lgorg’ﬁ‘fl ﬁefﬁ |sltar?g o8 RANORES ft calrne §/e’§/aén W% ng
the GeH4, Si H&iihiDke depbdited by SRRk ahlys GeHEEtyrnaime thm—mnd\iring diffengne fibfi
about 500C to about 60QC for. thi t}/ tL rLI{ QY ur a&ﬁ ¢
[ 00531 An opt i96RPSHHOBEYAeS IR ke 'Ilsﬁéé? "@H%et ‘éﬁ%\’/ﬁ‘f e fy >4 8%"6&?’% ed
on the SiCe |dg¥@ént 153G fme Ry Gapgbtaiged Byairarﬁrfgl‘ msaam,as;ssiacﬂov& iratical
| ayer during the gate | ectric or oxide ti.on odurlng
t he passivati JﬁmP‘c’f"‘%feC%a)’t Sod?eé{}é]}ﬁra’@ )§ E(ﬁi ﬁ*?‘i’é‘t gﬁggf it
process will ¢ansovB cbifut@ipnSi cappi ng I ayer but not the SiGe |ayer
as the oxide quality on this SiGe surface is typically inferior when
[0053]  An optional Si capping layer (not shown) may also be deposited on the
. SiGe layer 130. The Si capping layer serves as a sacrificial layer during the gate
dielectric or oxide formation, and also during the passivation to SiGe to prevent Ge
exposure. The oxidation process will consume the top Si capping layer but not the

SiGe layer as the oxide quality on this SiGe surface is typically inferior when

compared to that of oxide interfaced with St.

{0054]  Afier the growth of the SiGe epitaxial layer 130 and optional deposition of
the Si capping layer, a first Ge condensation process and a cyclic annealing step may
be carried out. Ge condensation may be achieved by thermal oxidation of the SiGe
layer whereby Si oxidizes faster when compared to Ge, and the Ge atoms are
rejected from the SiO, layer into the SiGe layer below. The Ge diffusion and
accumulation are dependent on the thermal environment and vary with gas flow and
temperature. Higher Ge-content SiGe layer can be obtained when subjected to a

longer oxidation period.
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conpared to that of oxide interfaced with Si. 100541 After the growh
of the Si Ge epitaxial layer 130 and optional deposition of the Si
cappi ng | aywo2o0m/frisest Ge condensati on process and a cyddrscammealsing
step may be carried out. Ge condensation may be achi eved by thernal
oxidation of the SiGe |ayer whereby Si oxidizes faster when conpared
to Ge, and the Ge atons are rejected fromthe SiQ2 |ayer into the

Si Ge | ayer below. The Ge diffusion and accunul ation are dependent on

the ther nal enmhss]nrrerrm T shesYa WbdlfantOaSclutOYBEETEE: HeeiREGa h®nsation
H gher Ge-content SiCGe |ayer, can be obtai ned when subjected to a

| onger oxi dat i & Befydd. m&?*W‘Q@@@FWE@M sioestyre &3 oridecmaxidized daysy
FIG 3C shows g; ?ﬁxéﬂﬁﬂt} oald HQJIMB@SI@%Qaﬁ:frtIQE $A8 tHel reflitadeSiGe layer 134

condensation and t |ic annealing step. The resultant structure
136 i ncl udes awgedmw BQX dgyer 106 @pe Gay@ms_ras@yeje@wdémﬂb@a SiQuieyesiie

layer 134, withd i §i6RUbidNias Hefd. U cﬂ@ﬁnneﬁ‘ﬁr%;ﬁﬂgga e lARieB Wt at

| ayer 106. The Ge atons are rejected fr 132 1nto
the Si Ge | ayer tem@erapiedsonf, abPeic7505 ¢4 aoun Ak not %)tlgpltqua?h%etharameeﬂng

out at tenpergl ﬁ%%u% G%PQ&‘LS th 308 8&&t95a9d9 b '8 m%Qte'tﬁe”bL Soknty
i b &y

The cyclic anne IS carrie sG as o reduce

def ects, and a*cmr»sm&iﬁslaymbljﬂdynmca’ﬂe' evenl y across the Si Ge | ayer
134 dynam' cally. [0056] After the first Ge condensation process, the
Si02 | ayer 132 may be etched away using a suitable etchant for
exanpl e di | ut 0os6dr ofAﬁmnﬁaﬁiramﬁdcoﬁlﬂtﬁaﬁu@l]prdﬁﬁb) the sroﬁayatm haybe tlobed

resul tant Si Ge l ayer Iglgle c%axll%qx e g”?u@e ﬁ uotrlge W@ghzg%
e

usIL,
process, form n yaSS I’UC‘{ ure errre on |ns

t hi ckness of Fik 3Desoiv alid resiltéet Saﬁymyerm unshaaBOimaﬁb@ lmmafte@ i2Cetehing

but is not so limted. .The Ge e and,th t S

Cayer 134 ¢ hi cRereEss Topune S et GaRT YR e s CODb; hecRikts o

the Si devi ce thaysaltah? 8iGd lagertlbu Gkateas200fimttd 60 sitndlit iisught Sb GRritkd YIbe Ge30

and the Ge Conp%?crégt%éé g t‘nle Ir'rc%ul]'crag{ Sl%?;%ll' T34 thickness are respectively determined by
the thickness of the Si device layer 128, the thickness of the starting SiGe layer 130

and the Ge condensation time for example.

[0057]  Next, a relatively thin liner oxide layer or pad oxide layer (not shown) is
deposited on the resultant SiGe layer 134. The purpose of the thin liner oxide layer is
to protect the SiGe layer 134 from any subsequent deposited layers {e.g. silicon
nitride (SiN) hard mask layer). For example, the liner oxide layer prevents exposure
of the resultant SiGe layer 134, where the surface may be oxidized easily and
unevenly. Subsequently, a SiN hard mask layer (not shown) is deposited on top of
the thin liner oxide layer. Other examples of hard mask include a combination of SiN
and SiQO, stacks. Then a photoresist layer (not shown) is applied or coated onto a top
surface of the SiN hard mask layer. The photoresist layer is then patterned to form a
fin structure including a fin portion arranged in between two supporting portions by
standard photolithography techniques, for example 248 nm krypton fluoride (KrF)
lithography. Alternating-Phase-Shift mask (Alt-PSM) may be used to pattern the

narrow fin portion which may have a width of about 40 nm to about 200 nm but is
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[ 0057] Next, a relatively thin liner oxide |ayer or pad oxide |ayer
(not shown) is deposited on the resultant SiGe |ayer 134. The

pur pose of wheowia7284 i ner oxide layer is to protect theCssSGoleayerz
134 from any subsequent deposited layers (e.g. silicon nitride (Si N
hard mask | ayer). For exanple, the liner oxide |layer prevents
exposure of the resultant Si Ge | ayer 134, where the surface may be
oxi di zed easily and wunevenly. Subsequently, a SiN hard mask | ayer

(not shown) i s ndepeimivd. |G : hi i j | ayer. O her
exanpl es of hard nask_j nc| udsgagng%n%s?dr%gﬁeo J?tg#n’e@fiﬁo%ﬁég%?éﬁyg 3 2 BRYS
Then a phot or ePPEIONT eftae SiN; ghe lingnowige lnyer appiheSiGolyoe 234nbt ontededbyt P
surface of the i : i.st.Jayer i1s.then
patterned to fgralrsﬁ\gjgﬁ? ?ﬁa%ta%hvlgfgfésﬁlﬁg ngpfr%%g)% ﬁsﬁ"%’oats %é%@hetgl?‘?%li‘@‘éﬁs
i n between two f&EppBRle reagfivisden-tioking (RIE) ot SmifdaHekafhaddel(BEHogr aphy
techni ques, for exanple 248 nm krypton fluoride (KrF) [|ithography.
Al ternati ng- Phase-Shift mask (Alt-PSM may be used to pattern the

narrow fm portj whi h i dt f ut 40.run. to about 200
am bt 15 14 (8 Y00d18T008% BESH bt irbtss 35 ey ek ton 142
Subsequent | y, @sdnggd irhestpernt apd voohnepted tzo c&bi it th altedpe@ e dupfsiing portion
ti f th ' i ' I dt Si Ge | 134
ot cover ed by s ekl e B B hhe P Riord B st b p bdaeciniing the
process such aespectve/suparting i dd4.sThefsogpoetingfdkt@ns 144 are typically blocks
reactive-i on-e\%ﬁ?iar&gde%ﬁl EQ in Sul fur Hecﬁa%u?ri de (SF6). 7100581 In
FIG 3E a resultant Tin atroctar &ompBet9iips He pagond4h FiGn3Bshewothat
142 arranged the flogloviantdane anaipee ¢i ¢d @Hdl@&ﬁfhe%ﬁ'%et@oasuﬁ:_ﬁéﬂ%{ﬂd{&s
e fin

supporting porij.o 144 j s farnmed. o he BOX | ayer 106. Tt ]
portion 142 acidg ' ’ggmﬁﬁgﬂydﬁ‘ﬁ%ﬁpﬁ?’i"ﬁg“iﬁ"é‘al%oé’%gé‘tﬁe@@“ﬁﬁfﬁéh@ﬁsnfg of the

portions 144. thoeuppopiy parfighs 144 THNSn pdfomn e hashi &ﬁizﬂzéﬂemt%ﬁys“w?héfh
ows

to the fin portion 142. FIG “3E

a w der dinmensjon ‘wﬁen cogFarzjg .p¢ I ;

that the fin BoFt TR 192bpw 200 nem Jary nptysq Heited. dWitl hpightdentediby 40
supporting portypically frok 4bouf1t1eX RRhbdaED oA, theratib Hf RSk 142 C Yo}
be arranged towar dj4§ither si.de of the two rsaupportigfrl]ﬂgfagglglﬁ I(I)lnsgaigh

The fin porti RTLRA4%TRY FAngs Hpm 5 bierich: Bt neyso ljmitedof

[0059]  After forming the fin structure 140, the photoresist layer is removed or
stripped away by a photoresist stripper (PRS). Photoresist stripping, or simply 'resist
stripping', is the removal of unwantcd.photorcsist layer. lts objective is to eliminate
the photoresist material as quickly as possible, without allowing any surface material
under the photoresist to be attacked by the chemicals used. In this regard, any other
suitable techniques or processes may also be used in order to provide greater
flexibility with respect to forming of the fin structure comprising the fin portion

arranged in between two supporting portions on the BOX layer.

[0060]  The fin structure 140 is then subjected to a second Ge condensation
process at a temperature of about 875 degree and for about 10 minutes, but not so
limited. In FIG. 3F, the second Ge condensation step resulted in the formation of a

SGNW structure 146 including an oxide-encapsulated Ge-rich SGNW channel 148
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about 40 rimto about 200 nm but not so limted. Wth height
(denoted by "h") typically fromabout 1 kA to about 2 kA, the ratio
of hei ght oo wdoglvtz984n such fin portion 142 may range fPOWSG20l7/000422
1:2, but not so limted. [0059) After formng the fin structure 140,
the photoresist layer is renoved or stripped away by a photoresi st
stripper (PRS). Photoresist stripping, or sinply' resist stripping,
is the removal of unwanted photoresist |ayer. Its objective is to

elimnate the,Rieke Bﬁ%bﬁtmaamoerowa GBSorfistt Gidphridg poamat BS® Theidtaheik
all owi ng any surface material under the photoresist to be attacked

by the chem caf ieaesattant SN Flanpel 448 i betirppn domdp 13 smibubptsc {iBéhi ques
or processes nay also be used in order to provide greater

flexibility with respect to formng of the fin structure conprising
the fin porti §W96llar r Budeedthisrsetnad feseerndeonsatianp p paitern gizp epd Fhsns d@?ﬁﬂ@%

BOX | ayer. 10Q80] onlia%aéan 1eRbd LI Fhel d0odd o MERAMRIECH A }&eg SaEpNd

Ge condensati on at a nperature out 75 de ree an
about 10 mi nun:wenbme ﬁmtstnwre llil(hfmmda h¢mogeheaus 3Fuctirh dharpestmeiuE to a

condensati on 3L eRs Rk U8 e ihab OB IR L pond SR I Gh 00
2009/ 072984 Pﬁi‘r‘ﬁeséiaﬁﬂw (@Iﬂﬁ:&Qﬁom abrdnadespal apposedtti | shidesionaly ovthe larger
Ge- cont ent sup orting port £ iame terd Jd&‘x%&tﬂ? Ih&lg&
SGNW channel oitg'g%gg L“;ts?lygﬁo i%pg Bur lffﬂe Ilm?eog.a iee
[0061] During sﬁrlchSs ﬁﬁﬂbe‘léhn@eoﬁthélﬂﬁpsmbnm ﬁatlmatrhehmgﬁiez(k @mncenshéme
dependent Ge cpnde satlsin t.akes second

Th gLondensabi IS
a process whi &P SEBHRASPYLY tefRciyg ‘H tsF‘E}E]PEI‘r v dd BFne S %Oﬁeﬁgoﬂg
structure (hopRekdduatGy éhhclnﬁerﬂ withei Bt estitane SGNW chanél8nalongwih sié n

portion 142, the. sec ondensation proceeds 2- di si ongl |

(al most from &dpetiong 3‘&1)0 %‘E‘“‘E}bg}&sé(an g(ia“ﬁe ?tﬁfﬁﬂ’s‘?bém‘g;f‘qn’y“ ?%gqoﬁézq()%er
supporting pokd ihe fsulldd SGRW yhahfidd 148 Bigmb@Pif befseeen bibgih 7 dind thubed 18 i
the top and side surfaces intgQ the center of the flng%ortlon 142,

further enri cHifFupRAsing Peripese 144 Zaitzined almpst i, Pamen S5ULRGHEHML Phg
Cross-secti ongi,tagkdmpﬁlb@im GRlcofidegsatib) portion 142. This

[0062]  Subsequently, cyclic annealing is performed before the SiN mask layer
may be washed away by phosphoric acid (H3PO4 for example). Cyclic annealing
before oxide removal is helpful to prevent breakage in the SGNW 148, possibly due
to stress relief or redistribution in the SGNW 148. Then the hard mask is being
etched away. The thin liner oxide layer and the SiO; layer 153 surrounding the
SGNW 148 is also etched using dilute hydrofluoric acid (DHF) (1:200) to release the
SGNW 148. Any other suitable etchant can also be used to release the SGNW 120.
The dimension of each SGNW 148 is about 7 nm to 13 nm but not so limited. The
diameter of each SGNW 148 may be determined by the initial layer deposition and
oxidation cycles. The result is a SGNW channel 148 supported on both ends by the
respective supporting portions 150 after the second Ge condensation on the BOX
layer 106 as shown in Fig. 3F. The ratio of the width of the respective supporting
portions 150 and the diameter of the SGNW 148 may be greater than a range
between about 2 to about 20, typically about 10.
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resulted in Ge enrichnment within the resultant SGNW channel 148,
along with size reduction of the fin portion 142 froma range

bet ween ab®204g0mm4t o about 200 nm to the resultant SEXUEGIvaneoos2z
148 di aneter of between about 7 rimto about 13 rim The supporting
portions 144 mai ntai ned al nost the same Ge concentration as obtained
by the first Ge condensation. [00621 Subsequently, cyclic annealing
Is perforned before the SiN mask | ayer may be washed away by

phosphoric aCfﬂéﬁ:ﬁ]H?»PQ%qu%mgxatﬁalrﬁ}mwﬁf%leas;eam;eadel MlloweT W @ surfade
removal is helpful to prevent breakage in_the SGNW 148, possibly due

to stress rel Pesivaion sepi whare hersndirei the@%WPﬂsaSSWﬂté%“?‘héb% hm
mask s _beingy, %?El:?ﬂmﬁﬁpyfe :Egbﬁaltsl?'lz{}ell (nBEhoR¥). iR JoRHGkioR ertééﬁ/e?'hé)a?
| ayer 153 surroundin § is al so etched using

hydr of | uori ¢ a@nﬁmemsrgr The 2@@}1TIQD0PTP%EIS%3@@“@PﬁethGS@NV31@8 laypmbefmeﬁb¢
sui tabl e etch r NP

di nensi on of gglgﬁﬁ%%%ﬁ/%ﬁgp gﬂ‘%ﬁ%% \?fluﬁlq‘?‘fs gthﬁgerl m bu'gq%%oauow(?or the
limted. The osidanmst ewanis néaﬁqe 8O/ mainBined yithin @eﬁepmm@@nﬂwet instead
initial |ayer eom&wa | cle T GNW
channel 148 sﬁgﬁgor ﬁ‘gdé on bg ﬂ(s 9 ﬂo G&& Arneéxﬁ%%gr% ;%%dr“?l i
portions 150 adstlemt o)hé:-éxemmdoeebwondmdtmhumtlshhnﬂ@(fommgéhe 406

h h f
Supporting - ptrBive oo denf b8 e B0 Ly Rlde Bk HEK ke of

greater than aetwasmgboutRIDNMeesboab20° o2 by @ CAIIDpitocEl,, Tlteygatecrhélécyncamuwbe
10. 16 WO 2009/ 072 4. PCT/.SG2007/ 0 6 sequently, the
nanow re rel eAH™ %6 8]e?t8F%\ﬁéﬂ“§ S 23%}\11["3\8 élor §;b|3vat ion step where

the surface of the SGN\N148 S passwat ed with about 2 nm but not so

limted of epj I al F;(no %‘[ BW h

serves as a @h@ﬁl f %‘?"5}" %3 “8t§<wg © ‘%P iggtb(%ﬁg %gﬁnﬁ’g’

passivation | gy 1shﬁb@dited tokrer th@)@x@k&n)‘aﬁerrl@amhz p@wdrhghysiba napbr debirﬁﬁﬁ,

which is the %@\%‘lj his allows for.the bde and hanrf

interface to be bt oAy f‘tyﬁ‘?‘ﬁa%'?Fes’]ﬁ"“ﬁé?é}éF' Q% BROTPAQHS SticoM: Mmetpls
such as tantalum nitride (TaN), titanium nitride (TiN), hafnium nitride (HfN),
aluminum (Al) and tungsten (W) but not so limited. This is followed by patterning
and etching of the conductive layer to form the gate electrode 152. The gate length is
about 75 nm but not so limited. The gate electrode 152 can be deposited as
intrinsically undoped, having different doping based on the doping methods or as

metal gates.

[0065] Subsequently in FIG. 3H, the supporting regions 144 of the fin structure
140 may be implanted with a p-type dopant or a n-type dopant to form the respective
source 112 and drain regions 116 and the gate electrode 152 may be implanted with
a dopant of opposite conductivity to that of the supporting regions 144 of the fin
structure 140. To realize SGN'W PMOSFET, p-type dopants for example BF; with a
dose of about 4 X 10" cm? at about 35 keV may be implanted into the supporting
regions 144 to form the respective source region 112 and the drain region 116. Any
other suitable p-type dopant such as aluminum, gallium and indium may also be

used. An N-type dopant for example Arsenic (As) with a dose of about 4 X 10" cm™
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of into the SGNW 148. This is foll owed by an oxide growth (not shown)
with a resultant oxide thickness of about 4 run to 8 rimbut not so
limted fowengowtmsgate dielectric. The oxide nay be @grwss2ieyom4zlr vy
oxidation process at a tenperature of between about 800 to about 900
or by a CVD process. The gate dielectric may be any suitable
dielectric for exanple Si @2, SiNX, MJO or Sc2C3. [00641 Next in FIG
3G a conductive Iayer (not shown) of about 1300 Angstrom thick is
deposi ted over, i ” it hon
(PVD). The cond t% l%gy%%yﬁé y'p%aexhésall\ﬁnl&g{gﬁ ap(r)%{ ?%%E\mefqrr%&g%oa&g
silicon, net alssurcs; mthmaéammﬁalllayrherihtpidnw@ a(tﬂwl\s)amettm%ﬁtmmhﬂ syifablig n-

(TiN), hafnlu ( ot
so limted. Tkrﬁ'ps |°§Da?s Sf‘Ch adp}gsﬁloﬁﬂ ggg]agma’ag%g %Ig‘?ltig]e(%%) %ﬁlye%& b8
conductive | aysed. thcﬂ:lermrﬁyt Hhe gvanc@vm:lsemt r\@nimuﬂ_aﬁy iffentiqat elopiegngamld ihs
about 75 nm but ate el ect rod
deposited as °© tﬁ‘g’i ?:tjaqa eyél‘ffﬂra((i)epg% %Svainﬁdie BT e°8t1$%%’o‘§? ?falr 2P on
t he dopi ng netdk‘aiﬁlslerm@mnt m!eﬁraal wgethasme[t%@&br Sii B steeq b @Rt Hayindl IMBBEET
3H, the suppor{, i ons &rc};@ﬁ 8%1‘5 ture 140 may be
i npl ant ed wtﬁ%%@%‘é’aﬁﬁp 8 @B@ d‘%ht to formthe
respective source 112 and draln regions 116 and the gate el ectrode
152 may be i nt ed  wi a dopanpt of opposite c ctivyj to t
of “the’ suppor TABI r e4eiiae rRpcar dopeimponera iR L, foh | Mednd gdie 192
SGNW PMOSFET, aprivaiibe athieflaip St 4 Rinperafii®bfapBointdlii 8as° fﬂpﬁsemmineab@ybe 4
X 1015 cm z at about 35 keV may be |rrpI%nted |nt t he su %I’tl ngaﬁd

[

regi ons 144 t G2t ﬁi“t‘ﬁé“?"é"sb‘@g’c“i"\fjéff‘éséﬂi’r @OP%‘@?W i?’r%?nu

region 116. Apye P5h@dgichdi THOpRochsst YPRrA@a e SGNW ASOSFENTI 102 Nhay be
galliumand indium my also be used. An N-type dopant for exanple

Arsenic (As) wPPRleied §dhe stpndass gstal gonsact fymatiap and sintenngygtensn 09/ 072984
PCT/ S&G007/ 000422 at about 30 keV nay be inplanted into the gate
el ectrode 152. The gate 152 and source 112 or drain 116 may be

i mpl anted at {0967k anBlG.i 4k shownyp Betsesectivnnl wWpy ealong plane AA™ of the SGNW

transistor in FIG. 3E after fin patterning and before second Ge condensation in

accordance with an embodiment of the present invention. FIG. 4A shows a SiGe fin
portion 142 disposed on the BOX layer 106. The BOX layer 106 is further arranged
on the support subsirate 104.

[0068] FIG. 4B show a cross-sectional view along plane AA’ of the SGNW
transistor in FIG. 3E after fin patterning and after second Ge condensation in
accordance with an embodiment of the present invention. In FIG. 4B, the SiGe fin
portion 142 is oxidized resulting in a SGNW 148 surrounded by a layer of SiO; layer
153. The SGNW 148 surrounded by the SiO; layer 153 is disposed on the BOX layer
106 and the BOX layer 106 is further arranged on the support substrate 104.

[0069] FIG. 5A and FIG. 5B show cross-sectional views along planes AA’ and
BB’ of the SGNW transistor 102 in FIG. 3F in accordance with an embodiment of
the invention. FIG. 5A shows that the Ge concentration of the SGNW 148 is about
70 % and the diameter (denoted by “d”) of the SGNW 148 may be a range between
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type dopants such as phosphorous (P), antinony (Sb), bisnmuth (Bi) may
al so be wused. Incidentally, the nanowires are w thout any

i nt enti onalwade@pamsnd the conbination of gate el ectroedersborypmas
and dopants adopted for the source 112 or drain 116 inplant define
whet her the transistor will be a p-channel MOSFET (PMOSFET) or an

n- channel MOSFET (NMOSFET). [0066] After the respective dopant
inplants, a source 112, drain 116 and gate 152 activation anneal

step at ‘a temngrature ol APPY Ll FRECLY JLR d0be bl RO EbSeryy

carried out to ensure Ui ston o opants I n e sour
drain 116 and Sx@abc&xrdemmmgrammgmﬁhdﬁmzhcoats?AJ %fanﬂ@hermrdgx ¢dhmt®’®§Ww”)

MOSFET 102 may_ stapdard .nme ant rmation
and sintering gepg sP%ﬁ%%g%ﬁ%mezﬁzs% '3 e lc(’)nsréiaés]es’c | ona V:B‘étvvme{ISSng
pl ane AA" of tiniteBANY witithoofshes Sitie smircéflnor?niﬁumfetgmn Ififipaibttemtizllp dargend
bef ore second Ge condensat cor.danc th.an.e odi. nt . of
the present ir "l%‘ﬁ‘.ﬂctﬁ’l theél%é@ﬂ’o% 53‘15*%8 ‘m‘“%‘df Fﬁf%: qgi“ét&?)ggd
on the BOX | aygfioch@42. The BOX | ayer 106 is further arranged on the

support substrate 104. 100681 FI G 4B show a cross-sectional view
along plane AA" of the SG\W transistor in FIG 3E after fin

patterni ng anqogbf er FRECON endFIG. BB gdsakipeitivickrossSE&AbAR FietvsWidng phihe
enbodi nent of the tgresent invention. In FIG 4B, the SiGe fin

portion 142 i $MoxPldfEcdONIE FepHser ih FEGSeRQuWith dhe sespiam Jaucyy beineager

O Si02 Tayer mM3SEET dhe SORYY %&oguaévwn%dco%nwmﬁlaﬁl?en{bam{emléﬁmbs
di sposed on the BOX | ayer 106 and the BOX [ayer 106 is further

arranged on t Hevesiign &lé- éﬁtﬁ@ﬂwa@érwaectipm%efng pitls thespesulfpgt pruefure 9f 2
show cross- seqhQRat ¥ e BleoNDIPERNAR %NuaeﬂhmaBmsois §%umy a

transistor 102 in FIG 3F in accordance with an enbodi nent of

i nventi on. FI @nnglingstyideslayen 364 pprbis sabsegiseibniwranndsd byfa aar?eresexwzizfém S

about = 70 % afthibile SRS 154U AL uRYlaydl ahd Whe LR 454 Y vbe
a range between WO 2009/ 072984 PCT/ SGLgOO?/ 000422
Si0,, HfO,, SiN,, MgO or Sc;03 but not so limited. The gate region or gate layer

152 may be tantalum nitride (TaN), titanium nitride (TiN), typically poly-Si, but not
so limited. The thickness of the gate region 152 is about 1 kA to about 2 kA and the
thickness of the dielectric layer 154 is about 45 A.

[0071] FIG. 6B shows a cross-sectional view with the resultant structure of a
SONOS memory device. To form the SONOS, the SGNW 148 is surrounded by a
tunneling oxide layer 154 and a charge trapping structure 158 is positioned over the
tunneling oxide layer 154. A blocking oxide layer 160 is further positioned over the
charge trapping structure 158 and the blocking oxide layer 160 is surrounded by a
gate region 152. For the SONOS, the tunneling oxide layer 154 surrounding the
SGNW channel 148 is a dielectric; layer and the blocking oxide layer 160
surrounding the charge trapping structure 158 is also a dielectric layer. The dielectric
layer is typically SiO» but not so limited. The charge trapping structure 158 may
include any one or more of a group of high dielectric materials, for example silicon
nitride (Si3Ns), hafnium dioxide (HfO,), aluminum oxide (Al;O3) but not so limited.
The tunneling oxide layer 154 is typically about 45A thick, the charge trapping
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about 7 nmto about 13 nm FIG 5B shows the Ge concentration of the
respective SiCGe source 112 or drain region 116 is about 30 % and the
wi dt h (denot@cooby7298d') of the respective SiGe source 1pP2ToG200v/600M2
region 116 is about 1 mbut not so limted. The width of the Si Ge
source 112 or drain region 116 is substantially larger than the

di anmeter of the SGNW 148 so that the oxidation is effected mainly in
the fin portion 142. [00701 FIG 6A and FIG 6B show respective

v ehey S ok s g, 45 0y i A e i

Bvalththe resultant str e being a
devi ce i n accypikaiy ebauit 80A ghicke bitowi selimitaf. ThesSGN Wiahanrieb8 mayhe Bed

shows a cross- 58 ﬁ{m %}N Woﬁsh the resultant structure of a
@E&Af’ th

MOSFET. To fofh} € SGNW channel 148 is surrounded by a
tunneling oxide layer 154 and is subsequently surrounded by a gate
regi on 152. Te72jt unF\K}iMwahdchamei&tbtﬁodoﬁf@fhﬁimSGNW transistoramd

the dielectric I I O H102.. , Sc203

ot so. 1 i ¢ edecomEe, 4TS Pategtmspt gane i hE il o vER0H e
nitride (TaN) ,w:thl i afanit@ RO1 rsuld&at(aTlM) c;omgrpln(gadt 1Sy deeoicy -1Gter 1B8tsepuvsted SO
limted. The thi.c of the r abo

2 kA and the PHECRIBELAowrpHstaar d0E P e %@%&yeﬁg‘fﬁo Nexczinglie daroRor
[00711 FIG f 6 BiEIBOSis growhaﬁa&hwlcddme éIﬁyeN%Msthé $OI dudstras 106t antopnonal
structure o a SONGS, nenor ce. .-To for e S

i s surroundedSbyRPing li‘?fﬁ’ef“?%d’e ‘i"l’ﬂ%teiiﬁefhe gﬁegﬁﬁrgggsgﬂ égg’t"r
structure 158(:6@3&@%1{ ét iR arpé € buttth onviert HINESiGA Gayex 1 Jbeor taysrdeixﬁé Iayer
bl ocki ng oxide_| ayer is further positioned over, the

trappi ng strud?d 31%192 Laver B o ek aner 194: genipg g 800 488 |Ti“séﬁ%ﬁ8%i?$ed
by a gate regjepiid aknealit) Neftan P8GR SiDNRyEUBRD & dtﬁ}ﬂ)e@xwgalsi@manéb%

surroundi ng the " SGNW channel 148 is a_dielectric _layer and t

bl ocki ng oxi detchangdp stepdl0.gg PPWHPWQOXN%'&%&?‘&@O%‘W&% fhfgidt F’éﬁ:’t I#e

158 is al so atdis§l efioheg I#aaygm hatB Snflk FefssltlohCon ha%ed oke t]é&@i q&kﬁ Ya
Si2 but not so limted he charge trapping structure 158

i ncl ude any oPotgesistYer F caatedrasimp herSiNi hrd mesl leyery The ﬁh‘tt%fra?lﬁlléyer fior

exanpl e silicgg, patterned to form a fin structure including a fin portion arranged in between two
supporting portions by standard photolithography techniques. Using the fin pattern
photoresist layer as a mask, portions of the SiN, pad oxide layer and SiGe layer 134
not covered by the mask are etched away to realize a fin structure 140 comprising of
a fin portion 142 arranged in between two supporting portions 144 on the BOX layer
106. In 712, the fin structure 140 is further subjected to a second Ge condensation
process to achieve a nanowire structure 146 with a SGNW 148 being surrounded by
a layer of oxide 153. Subsequently, the nanowire structure 146 is subject to an
annealing step to repair the crystal defects. Next, the oxide layer 150 surrounding the
SiGe supporting portiohs 144 and the oxide layer 153 surrounding the SGNW 148
are etched. Removal of the SiO; layer 153 surrounding the SiGe core 148 releases
the SGNW 148 thereby forming the resultant SiGe nanowire structure. In 714, a Si
passivation layer is grown on the SGNW 148, followed by deposition of a gate
dielectric layer on the Si passivation layer. In 716, a conductive layer is deposited,

followed by gate patterning and etching to form the gate electrode 152. In 718, the

20



nitride (Si3N4), hafrriumdioxide (H 02), alum num oxide (Al 203) but
not so limted. The tunneling oxide |layer 154 is typically about 45A
t hi ck, the vwbamngerwssappi ng 19 WO 2009/ 072984 PCT/ SR00PLDR0ADZ 000422
structure 158 is typically about 45A thick and the bl ocki ng oxi de

| ayer 160 is typically about 80A thick, but not so limted. The SGN\W
channel 148 nmay be used in all non-volatile applications. [00721

FIG 7 shows a flow chart of a nmethod of formng a SGN\Wtransistor in

accordance wt . i f i i A jeNS
02 ui th SRR RNl ot bl Bl Re ke I1EwliEirgRTedl O

| ayer 128 sepahatcguictinestGNYaMOFFET 302 The gppeletirasia bl may elsd Bxiddppd witBOX
| ayer 106. Next,...in 704 | ayer Si 130 i . [
devi ce | ayer ff%ff%? ttdﬂ%a"g@méﬁ%gﬁhgtmesm%é?w ﬁz?" (%@1 qqglg&goélgpjlﬂhﬁsgls

| ayer nmay be delpredibgchnamnédlies Siefoeo bayerunifétin diffusmﬁ@f dapahtsris ttheGaurce
condensati on st pis rried.o t 0 .conyer. 130 1,he
Si device Iaye‘rl %aé% Igﬁtaﬂé %‘%ﬁ‘ géﬁlrg%)%qs EZE%nttﬂg rﬁt@ Epmfﬁse}?\]&
form ng a SCOMGSEET Ttm' fhaly e fcomplorwe dvithite etﬁﬁdard:pmmmldmig;md\lﬂaapbsi'tidm,
708, the S|02Ia er ?ﬂls stri.p da\/\@/ using a suitable etchant.
In step 710, é?FFt R "“6%‘&?‘6‘)‘3 “I“&? is deposited on the SiGe

| ayer 134. This is followed by a SiIN hard mask deposition on the pad
oxi de layer. Then, a photoresist Ia)ﬁer is coated onto the SiN hard
mask | ayer. The photoresist layer is Results, patterned to forma fin
structure including a fin portion arranged in between two supporting
portions by stmmsiar anhchoh}iotr.hmgﬂEMhmagMM$GN%smhmim@k¢dﬁtef msecond

EASTRRINC LI XY S o PR Y
realize a fin satghu% W ISENWQhemRP148Sirmag gl betwechiresppaivt saicel B2 aﬂnﬁa‘iged
[ Dot een LU, Suneoctl a8, RRLLLOTE 114 o LIS RO Lareh h0fis Al
condensat i on 7p%0maSke GO cafdtheMPndn MR eWet®reSotitde M2 6r ddfh 16t dxtensiSENW
143 being surtounded by, a layer of oxide 153 Subsephent)y. the
is sitting on the wider curved extensions of the nanowires (corner rounding effect in
lithography). Being wide, the curved extension has a much lower Ge concentration
compared to the nanowire channel 148. The heterojunction 122 is formed under the
gate region 152, thereby fulfilling the requirement for the formation of a
heterojunction MOSFET. Since pattern-dependent Ge condensation is employed, the
heterojunction 122 will not be abrupt. A non-abrupt heterojunction can result in
enhanced carrier injection velocity and further help to reduce the energy carrier spike
at the source heterojunction 122. In pattern dependent Ge condensation, pattern
abruptness (rad;i of curvature of the curved extensions) can be used to tune the

abruptness of the heterojunction 122, so as to obtain an optimum heterojunction

abruptness in accordance with design considerations.
[0074] FIG. 8B shows a SEM image of a SGNW structure after gate pattern

transfer in accordance with an embodiment of the invention. FIG. 8B shows the

respective source 112 and drain 116 regions with the SGNW 148 arranged there
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annealing step to repair the crystal defects. Next, the oxide |ayer
150 surrounding the SiGe supporting portions 144 and the oxide | ayer
153 surr ourgd n@ebessSGNW 148 are etched. Renoval of thecbs&RorbmyRr
153 surrounding the SiGe core 148 rel eases the SGNW 148 t hereby
formng the resultant SiGe nanowire structure. In 714, a Si
passivation |layer is growm on the SG\NW 148, foll owed by deposition of
a gate dielectric layer on the Si passivation layer. In 716, a

conduct [ ve | ayglel: 1HE0a8! g%i{lszf gyt é&gﬁﬁi@t B3bd Gl i gate

etching to formthe ga

2009/ 072984 Pﬁﬂfteﬁ%ﬁb@&@aﬁzanmwmkagwgﬁMa ewisngl44 are doped to
formthe source 112 and drain regions 116 of the respective SG\W
MOSFET 102. The gate el ectrode 152 nay al so be doped with a

di fferent dopmovsif r afbG. 8L diowkshe dresbdtiandl BBITEME ihdge amida dBGWW 116

regions. This is foIIo d b 1 ann e 0 un|

di ffusi on of AFHHAPE ?”H %B%ﬂ‘@%“q ‘%an gaet"é IRI)S‘EZTh aﬁg ral Egﬁn s
regions. In 73&5tahﬂi‘tﬂlyﬁ8ﬁdﬂo~(ﬂlt}0i dfafeter nga ean DM eddCBbET7 4820 miont bR nm.
conpleted with t an re- net al I ect net a
contact format P‘f)ﬁg%r 1%*? 2tsear EF\QO%‘FE%‘O“ abpyt gb%[ gg‘g%NH% BACLHS

a SEM i mage olyith gﬁﬁwy &teieﬁﬁ& Wyer rgumrahaﬁp e::d Aa rt]}&%ﬁ‘dw,dind Gefuﬁmdmae& on
process in accordance wt e the inventio

shows a SGNW emgihefton by resiqua h@ﬁ&g%é%n GrEgEEe Omrea- §6‘E‘$ Ehang E?QU
drain 116 exs%ﬁmﬂwpﬁﬁfsfon{hﬁseﬁanamltmmmmhanaly@s HBlrcwaraged
region 148 is about 70% and the concentration in the respective

source 112 or Qﬂ‘ﬂﬁf@eﬂﬁlpﬁ’i%“éfﬁléfwedé%gt P9%pout 30% thereby forning
a heterojunction 122. In FIG 8A, the gate edge 1is sitting on the
wi der curved extensions of the nanow res (conmer rounding effect in

| i t hogr aphy) . [0B&Ing FHGd8A showes & BEVemagseleriGNW sracture afGEranpyite Foleee

concentrati ony, £AEAMEyiltOard BRLARNAW oF ShLAMBh. Bddhg G’b%ondensauon, the
heterojunction 122 1s fornmed under the gate region 152, there %G
[

fulfilling th8GN¥i#% develeped phighsemprspsingtstien- B mleased SGNW 148 wi

~ concentration of about 85 % were found to be more fragile than Si nanowires of the
same dimensions and tend to buckle or break upon oxide removal. Cyclic annealing
before oxide removal may be helpful in avoiding breakage due to stress relief or
redistribution in the nanowires. In FIG. 9A, buckled nanowires or buckling on the
nanowires 148 can be seen. Ge-rich nanowires can be fragile. The inset shows a

plurality of broken nanowires 148.

[0077]  FIG. 9B shows a SEM image of a SGNW structure after nanowire release
taken with about 45 degreé rotation in accordance with an embodiment of the
invention. After implementing stress release temperature cycles, released nanowires
remain substantially straight. The substantially straight SGNW 148 is seen bndging
the source 112 or drain 116 pads after oxide strip. The inset shows a cross-sectional
TEM of the fabricated SGNW 148 with a Ge concentration of about 85 % and a

diameter of about 20 nm.
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het er oj uncti on MOSFET. Since pattern-dependent Ge condensation is
enpl oyed, the heterojunction 122 will not be abrupt. A non-abrupt

het er oj unctwonowamesesult in enhanced carrier injectiorcegicamioysaand
further help to reduce the energy carrier spike at the source

het erojunction 122. In pattern dependent Ge condensation, pattern
abruptness (radii of curvature of the curved extensions) can be used
to tune the abruptness of the heterojunction 122, so as to obtain an

opti mum het er g@)tégge § WH’V‘? W HfO./TaN

consi derati ongbd}’?g ﬁclﬁ%{ io&swg@a%%%ﬂ?grrage o} A PgS%il\Nst r uéftrare
after gate patgaterin actordansé avithian adhodinekah o theiinvention. eﬁhbdﬁpaﬂﬁé apd TeNe
invention. FIG 0 ¥5§% qgg)

regions with t%?te%éiﬁ\? %gtg%%%n%g(g&%hsg@v%g ‘éég]b/ ﬁggiﬁﬂh&ﬁé on

PCT/ S&2007/ 00GHL2 20p ldmhvﬁermdeiﬁhbs gda¢ do nﬁgnomt‘-dﬂ@mai/emmaqosf trhsi@ENdyor

148. Good al i o att.ern he

br eakage aftquagﬁ é%ghﬁﬁﬁg To Thhﬁt?ngfﬁ Iaerﬁﬂcrgggmgé%¥¥%ﬁgs

HRTEM i mage ofSi@, 56N iwas nacompldahcemarddin e reledmograzesat of t he

i nvention. The SGNW channel 148 is substantially round with a

di aneter of a range between about 7 nmto about 13 nm The SGNW 148
has a Ge concegu7opt i FIGOfIOBbﬂMWs7Q%1ag-ﬁhEdS@Aéé1&8 a ﬁeaﬁ‘r@i\tﬁﬂa&dSGWW hinan

Hf 02 dielectric | yer ont eto and at t}il g%‘éf %lsfurther
supported on ¥ ‘15‘6?1" thﬁurf“e%ons g‘? righg layersit Fhie pgriglery is
aggﬁlﬂ g?t ed cmaxrélaﬂd of sis]:aﬁgvaﬁanﬂ@&f S?ﬁ%ﬂﬁrly?‘rthd {dvmtm gﬁ‘xﬂipha&eldydi"ﬂiefw.dthef
strain anal ysis e ound to conpr essi vel
strai ned (abod‘tano"(}ma%s is AR e 12vEA ’é% %ﬁ B CQ”‘BW?Y h‘&% ‘gf“ 3‘@@"@7’
structure aft grocadNOWM HRTER BASE tedhiqas Codsd agudeoMeitiinadd tidie@slh NNihe OF
the invention. During Ge condensation, the _SG\W 148 devel oped a high
conpr essi ve st“la&’élresTH@“% e S EH) dtlar/spasing fiom the subserie anf FAFPS: BF

about 85 % wersgsNWUas wek: BEndBbe uhdeRtitdrf cbipRssiie sHAMQMECRS-0%.t he
sanme di mensions and tend to buckle or break upon oxide renoval.

Cyclic annealing
[0080] FIG. 10C shows a reciprocal space diffractogram showing a lattice

structure inside the SGN'W 148 in accordance with an embodiment of the invention.
The calculated strain in the nanowire 148 is about -0.6% compressive. The presence
of sharp and distinct spots in the diffractogram implies the absence of defects and

good crystallinity in the SGNW 148.

[0081] The electrical performance of the fabricated heterojunction SGNW p-
channel metal-oxide-semiconductor field effect transistor (PMOSFET) is presented
in FIG. 11 and FIG. 12. FIG. 11 shows a normalized Ip, vs Vp characteristics plot of
a SGNW PMOSFET and a Sig7Gep; homo planar device with gate length (Lg) of
approximately 350 nm in accordance with an embodiment of the invention. The
normalized Ip vs Vp characteristics plot of the SGNW PMOSFET are represented by
curves 170 and the normalized Ip vs Vp characteristics plot of the Sip7Geps homo
planar device are represented by curves 172. The drain current of SGNW 148 may be
normalized by its perimeter (assuming a GAA channel with surface inversion) while

that of the planar device current may be normalized by channel width. The drive

23



bef ore oxide renoval may be hel pful in avoiding breakage due to
stress relief or redistribution in the nanowires. In FIG 9A

buckl ed namawedogsrzogs buckl ing on the nanow res 148 canpbescs®MNo00422
Ge-rich nanowires can be fragile. The inset shows a plurality of
broken nanowires 148. [00771 FIG 9B shows a SEM i mage of a SG\NW
structure after nanowire rel ease taken with about 45 degree rotation
in i’iccordance with an enbodi nent of the invention. After

i mpl ementi ng . -RANAWMH,
rommi n subs acPyar P SN RPA hATRRRLULS uakELE f?%k’*?ﬁ?é‘ﬁ?@%&%ﬁ%ﬂ s
seen bri dgi ngcurrdne of GG 1#8 dmphesdlargereffeebvepmolility for thes stepdnedt G¢ pich
The i nset shows a.cr ' I . ahrigated SGNW 148
with a Ge cong%nﬁﬂllgthgéﬁF%fsqgggﬂ@lggg%%%uggﬁa%anetrgr of about 20 nm
22 WO 2009/ 072984 PCT/ SG2007/000422 [0078] FIG 10A shows a TEM

embodi nent of R 1 8% | n 05k ¢ G0 dar® 07 HETREE itk o)

al nost sur r oudkkesttdrizec RGNYY £ RGNWE PMDBFET Tand aHfiQBied Sibnicsplater dkdee with

the top than the sidewal |l ta the non-conformal .nature.of .
physi cal vapor® %@BHQT“PPEF?P’ ?%W ‘Braﬁ%oécgagf:e ’f'htg aﬂheirra%f’glﬁ] ﬁ%ire%ﬁérhvgn Ayer
bel ow t he nanghé k@nstélub@nceSighR 15 Jate hattagsalV o)) @haraaenstie tpidt yof nlenBGEW i n

t he rel ease proce 0079] FI 10B s nified i m f a

near - ci rcul ar E’@@ﬁ%ﬂ{n‘s e 6‘?“6'§n % WP ﬁggﬁa"gn%g%%ﬁ?f‘gﬁ#anf%gg’ﬁ vs gate

i nventi ?_n- TlheolEH’gB g%_g) d]iﬁ')dﬁlérisﬁb p%]dﬁ eme BiopB&Y; Yioins ﬁiaaarfd‘eﬁiué s r@fresBitted by
passivation layer. Sim|]a , Ihe I tj sh_anorphous | aye el ow t he
nanowi re 148 F¥vg 1% dpsimy é% bty thifaf headrivs ?’i‘.)trﬁﬁseé?'é‘?/‘&/{of ‘é?thfen
the rel ease RhOFEESy, VAU EMrRaHaEibe S WEINIAGinea e I6€ tbr ISGNEW tdevibdsds
the strain in the nanowires. Using . the Si (8111% |.attice spacing from
the substrat 2@yt 4. BPgt Epess | tham, for BlenrinAeviess, S piaration, gy 4055 Bt ﬁfﬂgéi’o
lateral conpreggily anst heipBalfwiadombicalds G ob-@RAROJhainleGreskifcd&hddiEnde

reci procal space diffractogramshowing a lattice .
compared to the parasitic series resistance at lower gate overdrive voltages.

[0083]  The enhancement in normalized current and g, can mainly be attributed to
the foilowing factors. Firétly, owing to the novel hetero-junction structure of SGNW
148, hole velocity is enharnced due to an excess kinetic energy which results from the
source to channel valence band offset AEy. Secondly, Ge concentration of SGNW
channel 148 is 70%, leading to larger hole mobility than the planar channel with
lower Ge content. Thirdly, lateral compressive strain {about -0.6%) in the SGNW
channel 148 further increases the hole mobility. Fourthly, the nanowire 148 benefits
from having a smaller equivalent oxide thickness (EOT) at the sidewalls due to the
non-conformal nature of PVD dielectric deposition. However, EOT is thicker at the
bottom due to residual buried SiO; oxide 106. Lastly, the SGNW transistor 102 has a

smaller access resistance due to the funnel-shaped extension regions.
[0084] For the SGNW 148 with the heterojunction 122 structure, higher hole

injection is expected due to the valence band offset from the source region 112

towards the channel region 148. In order to evaluate this aspect, both SGNW 148
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structure inside the SGNW 148 in accordance with an enbodi nent of the
invention. The calculated strain in the nanowire 148 is about -0.6%
conpr essi vayo Thweopoesence of sharp and distinct spots porkBge7/000422
diffractograminplies the absence of defects and good crystallinity
in the SGNW 148. [0081] The el ectrical performance of the fabricated
het er oj uncti on SGNW p- channel netal - oxi de-sem conductor field effect
transi stor (PMOSFET) is presented in FIG 11 and FIG 12. FIG 11
shows 2 nor 1.4 lud ek Re CHALAGH R P bt RnPleRiberdfures fn A WL RURRERL
and a Si 07GeQ. ono planar device with gate |length (Lg)
appr oxi mat el y ca&0cientris ¢xracied vrinkaniempoipre-denersenoa i meflelt he
i nvention. The normalized ID vs VD char acteri atr cs plot ,of the SG\NW
PMOSFET ar e repr edackseddteliyg cozlificiens r,J,ZO—&nd Whle—ﬁ@rﬁl—r—z-eé—l—la—vs—
characteristics plot of the Sio, 7Geo. 31hfme 6arm5 @ﬂu_c_e_mar_e)
represented by curves 172. The drain curéent of SGNW 148 Faayhe
normalized by its perinmeter (assum ng a GAA channel with surface
inversion) while that of st4he planar gevice current may be nornalized
by channel wi dth. viieee dr=i-ye>% Baﬂ@é /072984 PCT1S&007/ 000422
current of SG\W 148 may out ‘Qr mes | arger than planar
devi ces. High drive current of SGN\N 148 inplies |arge effective
nmobility for these strained Ge rich nanovvi re MOSFETs 102 with
! at er al het er H ct I %tBrH&;EsUJ vejcggé'%b ™ ﬁ%ﬁeﬁtﬂ%@aﬁctenmc plOt ofa
transconducta e(g vs gate voltage C acteristic plot of
SGNW PMOSFET &GN m&ma@ hGmGpdsdware rlenar devigd whh Irgg)f@rpproxunately
approxi mately 0 nm i c
i nventi on. ﬁgé élﬁgc(':cgn ﬁ%ﬁgﬁg&e}l %ﬂer%d&\t/gsn i;lgfat e vgr}titgggnféhe((%%g;e Uirent (o)
characteristi s p:ﬂntpteraufre timeac8ESHY pIPMIBEESGINGY PYSFEd s ecbrépgnted by euryd 4
and the trans an LSth C
Lot of the Sids HEUHEsamaI (e apmiderh@ ol AT SFi04,
176. A sim I arhoﬂno quaxt deviideais rqfrestehted dlamoue.rcclﬂﬂr &he veless & ol SGNYridBhie
?reng;/glnu](:) 6r %flﬁgl t}'/ra£elljnei)e}a?ur§ %}a ien 0 Dmr gg'shoon a% lyﬂ I13I 1901“ 56R¥W
148 is about 32% smaller than planar devices. At Vg-Vis= -2 V, the calculated

values of the backscattering coefficient ‘ty,” for nanowire hetero and planar devices
are 0.377 and 0.446 respectively. A reduction of 19% compared to planar devices

confirms an increase in ballistic efficiency in these hetero-junction SGNW devices.

[0086]  FIG. 14 shows a threshold voltage (V) vs temperature characteristics plot
of a SGNW PMOSFET 102 and a Sip7Geps homo planar device with Lg of
approximately 350 nm in accordance with an embodiment of the invention. The
threshold voltage (Vr) vs temperature characteristics plot of a SGNW PMOSFET
102 is represented by curve 179 and the threshold voltage (V1) vs temperature
characteristics plot of the Sip+Gep3 homo planar device is represented by curve 181.
FIG. 14 shows a constant offset of V1 vs temperature between the two devices. This

may explain the bandgap modification by different Ge content.
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about 4.5 tines larger than for planar devices. Saturation gm does
not drop too rapidly after the peak, which indicates that on-state
channel resvat@mnoresddon nate conpared to the parasiticPeesSGED7/000422
resi stance at |ower gate overdrive voltages. 10083] The enhancenent
in normalized current and gmcan nmainly be attributed to the
followng factors. Firstly, owmng to the novel hetero-junction
structure of SGNW 148, hole velocity is enhanced due to an excess

ki netic energ i ch I nd
of fact ATA SO PIGY chiv 4 B AEehaBRMEAR, oL RLERORY HAOREEE s

| eading to | amg@rLgmf 1560 nmbin hécprdandearith aneembodiment efithpime¢ntigi.tThe It vke
Ge content. ii%rgét stl%sﬁglgtr &'a SO ﬂﬁ%ﬁﬁﬁfﬁha% { ﬂ@o*étrepﬁ&erﬁe@]m @u&%

SG\NW channel I NCr eases ourt
nanowi re 148 h&hedd thelp ¥ oerchasaciengtica phrraf & QGNé’ejtﬁ'i\/mﬁ’ﬁwm‘deE 0.1V is

thi ckness (EQT) at .t si de C nfo f
PVD di el ectri 61’5‘:56%%%{ ofve ﬁ@%g&ﬁﬁ}oﬁwdsﬁ?ﬁ%% lS? a%ﬁ%(? /ﬁghgue
to residual bgiteeHasSh @ odricetralion .of Labsdtl 9% tdnd zS(i:Nlet oﬁnlmustmm IBZS
has a smaller ac resi stance du e f | - sh tenS|

regi ons. [008A{™R B dtsmé %@\WT&@\RP Tt’ﬁeq’ﬂgtt Q}a&ed?ﬁ&lﬁgﬁqf swing

S]E ][ uctu ][ e, hi ﬁb’lﬁi’nech @bf the @adizhi ohthé moe)Xc;fabbﬁdzoﬂuﬁvmc ‘u’shﬁnaiﬁdemme c'aand
of fset fromthe urce reqgion 112  towards C nel i on

order to eval H%ﬁS@%f F?F s"“&g‘gﬁ‘&m migfase §E§‘\i7\/‘ﬁ1§€ C?Hﬂ Vﬁdﬁ@‘? gﬁ% y e
PCT/ SG2007/ 00@#fidion &tle pAta BiklecHie HiterERe Alirmgahanarprotdsse dfiatSi gaskivaioant

tenperatures and a backscattering coefficient is extracted using a
t enper at ur e- dependent anal ytical nodel: backscattering coefficient

ro,, =1, Wjopsg)l0 F—IG4 16 Showsktg vé W Qhbraétaristics pibt oflOSGAW MIOSEE IS €
a = ADLa , and r) | D, aAT AT
with Lg of 500 nm in accordance with an embodiment of the invention. The Ip vs Vp
characteristics plot of a SGNW PMOSFET 102 with Lg of 500 nm is represented by
curve 185. The SGNW PMOSFET 102 is formed with an HfO»/TaN gate, has a Ge
concentration of about 70% and a radius of about 6nm. At Vg-Vr=-1.2V, excellent
Ip performance of about 970 pA/pum was obtained. This is exceptionally high for p-

channel devices of similar gate lengths.

[0089]  FIG. 17 shows a gy vs Vg characteristics plot of a SGNW PMOSFET 102
with Lg of 500 nm in accordance with an embodiment of the invention. The gy vs
Vg characteristics plot of a SGNW PMOSFET with Vp = -1V is represented by
curve 186 and the gy vs Vg characteristics plot of a SGNW PMOSFET with Vp = -
0.1V is represented by curve 188. The SGNW PMOSFET 102 is formed with an
HfO,/TaN gate, has a Ge concentration of about 70% and a radius of about 6nm and
the Vtis about 0.2. The saturation g,, peak is located at a large gate overdrive. This
implies a lower electric field in the SGNW channel 148 due to the GAA structure.

[0090] FIG. 18 shows a resistance vs Vg characteristics plot of a SGNW

PMOSFET 102 at strong inversion with low Vp in accordance with an embodiment

of the invention. The resistance vs Vg characteristics plot of a SGNW PMOSFET
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100851 FIG 13 shows a drive current (ID ,at) vs tenperature
characteristic plot of a SG\WPMOXSFET and a Si O 7Ge0. 3 hono pl anar
devi ce W t iwdgomb72emapr oxi mately 350 nmin accordance wWw¢is@wo7/000422
enbodi ment of the invention. The drive current (lIDsat) vs
tenperature characteristic plot of the SGNW PMOSFET is represented by
curve 178 and the drive current (IDsa) vs tenperature characteristic
plot of the Si077Ge0.3 hono planar device is represented by curve

180. The valu EEZ ﬁfsﬁgsg RV G5 | Ilogw VB l?st ﬁbr@%teﬁ rbgg,\h/\r’;vb 290, AP 8 rGlrain

gradi ent of shovvn in is about 32%

smal | er than pireszesistiesd l@é@undﬁ\ﬁk@:ﬂr\ﬁﬂﬁ #mQWWCh tSH@aWIYchWat ed val ues
of the backscattering coefficient "r,ot' for nanowire hetero and

pl anar devices are 0.377 and O. 446 respectl vely. A reduction of 19%
conpared to p[éaftr désiudpsen thegmpact of tempeiahes endayide patyaieterssis also carried

efficiency in ”}e%eg*&ft(%rg%%u%tf %?Jv?‘?x\%re ! Sfordxi"f‘e"r@ teﬁL%t

shows a thresf%'Q enpera racterl st
a SG\W PMOSFE®r 2béhit aitd amS|400 Gepnd 390w mk}mmly{dd\‘lﬂch\ﬁdeSLg Ym‘ Vs

approxi matel y 350 ran rda i b

i nventi on. Th&ETRERFES H’h?rﬁc OQ(C\/EII%éIig ? I ﬁé)geir%atgﬂrazg c arre 5 WS s
plhot ﬁf IS SGll\IlAhENEBFED nrhP200 ﬂnl’aﬂ@ﬁ@@samtlﬁdchydmw wéth hﬁ@mbndinteiﬁeof the

t hresho vol t age., VS tenperature har act St t .of the

Si O 7Ge0. 3 hoFPé’g'BPg’Xé{%thﬂé‘Wpc? g 1%9@5?85@5&%%%@ %ﬁtj‘{fgeﬁfgﬁp velY) g 14
shows a constant offset of VT vs tenperature between the two devi ces.
This may explain the bandgap nodificatiaon by different ont t
25 WO 2009/ 07889 peG@oteRs g0l gfpd’ﬁ@?]vs Kqnegerapige s?H%fﬁ%"' Pt o
characteristi geNwW eMOSFET SWHRMPREEVE ghfddengttistol 35®@n0f 408Qkn mm 500 nm
accordance wth an enbodi nent of&é%g |n%1me£t| on. .Th ID vs VG

characteri sti & 3gAostanes Withsepgmd ipysntion. 1The; lingap, ave gk 48
by curve 182{6@!‘@)@1‘&{1}?@ chdPho¥eristée FlbRdraBTew! with G@pd@h&t gaﬁé leﬂgﬁﬁNF\BRNEﬁFET

with VD = -0. is represented by curve 184. The éEN\N 122
is formed wit ﬁﬂoaﬁmﬂﬂé)? o al@arﬁ%reseﬁfag by capves di% i a1 “E)“‘Pe‘é%léi %0%
and a radi us Qfpaheils B8E% 340k 8, decreases as the temperature increases. When the
temperature exceeded 340K, varying the temperature did not have much effect on
gn. This implies that the degradation of mobility saturated when the temperature
exceeded 340K.

[0093] FIG. 21 shows a Ign vs Iorr characteristics plot of SGNW PMOSFET 102
with respective radii of 6 nm and & nm in accordance with an embodiment of the
invention. The Ion vs Iorr characteristics plot of SGNW MOSFET 102 with radii of
6 nm and 8 nm are represented by curves 204 and 206 respectively. SGNWs 148
with smaller nominal radii show enhanced performance. Smaller NW devices (or
SGNWs with smaller nominal radii) are likely to have higher Ge content. This
causes mobility enhancement due to Ge’s intrinsically higher mobility than Si, as
well as drastic reduction in alloy scattering effects, which would otherwise degrade
mobility in SiGe. This could be responsible for the large enhancement in Jo,-loy

performance.
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normal i zed by wire diameter and VT is about 0.2V. A subthreshold
swing (as obtained fromthe gradient of the plot) of about 200

mv/ dec i s obbaismetkesiThi s can possibly be attributed topcnsetfoao®szz
states which could have been caused by Ge diffusion to the gate
dielectric interface during thermal processes after Si passivation.
[0088] FIG 16 shows a In vs VD characteristics plot of a SG\W
PMOSFET 102 with Lg of 500 nmin accordance with an enbodi nent of
the inventi On%[oo’ﬁhg t @122\ Row SN ROV SEHaBAclefistiR bRk o SENSEPNITIVESHB
102 with Lg of 500 nmis represented by curve 185. The SGNW PMOSFET
102 i s formed with 108 chrrag) digactiemireaccergdancy vath ancgrhodiranh of By ifentierbut
70% and a radi 0 : TINAW S

per f or mance ofﬂgblgfﬁ’? Q%%‘ %ggﬁ%ﬁé\%’\ggg{)ﬁai nei&%ﬁ%ﬁ?iﬁgﬁ%elﬁ o%hgwe;
hi gh for p- chiémetion awlvivsksViof= siVriit aeprepgnted Ibyngprvs 208 Godape Hp s Y@
shows a gmvs . I St I RV L d Aire g
of 500 run incg%éé(;‘?’%é‘ﬁsgé‘%ﬁbg‘ﬁ"g%q rFelﬁ% 0 th:e m%‘entl ?He%{?hgn gm
vs VG char actvath ¥ ic§.1¥1 is trepodserte SENGAPR 2B Ehe\HGNIW\RMOSFE Y wag formed

represented by ..cu nd._th m vs. VG ¢ acteri st I a

Sonw rerer it S gl ot GG o SIS b d Efaalle B o

PMOSFET 102 i $nfroTheeghtenletdth Apis abiu®B00renN Rigit-as fdnas/pavalte of of € et platt- ion

of about 70% z}nd raldi u fv about 6nmand the VT is about 0.2. The
Tk 5.0n Vil o]

saturation g, téed at a |large gate overdrive. This
inplies a lower electric field in the SGNWchannel 148 due to the GAA

strvetre. o LORSE) B AP B bR s ORI 16

accordance W twithad 0erlehdinseditecti@f int d2€ortdanée Rtitham. embadinfeds bStha ipentic. VG

PCTI 5C2007] 00GR2 > ¥4 B “HEaET e PhG? PR AT L </ Oy et o

by curve 190. dfkb&ios @HepRsédteddyduive 2l TIRSSGW BUAOBEET 1102 & fothnd vaittkd 2

or 420 92-m whjch is relatively low [Q091 st udy .on e iJipact of
tenperat ure oVl gatpdraalese eP'éa“é?Pé’ggt@th%/éﬂn 90028 of dh5ut 6 The
gate length L, is about 300nm. This figure shows well behaved transistor

characteristics.

[0096] FIG. 24 shows a Ip vs Vg characteristics plot of a unpassivated SGNW n-
channel metal-oxide-semiconductor field effect transistor (NMOSFET) in
accordance with an embodiment of the invention. The Ip vs Vg characteristics plot of
a unpassivated SGN'W NMOSFET with Vp = 'V is represented by curve 214 and the
Ip vs Vg characteristics plot of a unpassivated SGNW NMOSFET with Vp = 0.1V is
represented by curve 216. Without Si passivation, gate leakage becomes significant

despite lower Ge content in SGN'W 148.

[0097])  FIG. 25 shows a Ip vs Vp characteristics plot of an unpassivated SGNW
NMOSFET in accordance with an embodiment of the invention. The Ip vs Vp
characteristics plots of an unpassivated SGNW NMOSFET are represented by curve
218.
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out to find the degradati on of SGNW PMOSFET 102 for different gate

| engths (Lg ) or about 350 nm 400 nm and 500nm respectively. FIG
19 shows awOnReso72¢@nperature characteristics plot of SENWEENDBHER2
102 with respective gate Ilengths of 350 nm 400 nmand 500 rimin
accordance with an enbodi nent of the invention. As the tenperature

i ncreases, threshold voltage shifted positively [0092] FIG 20 shows
a |linear gmpeak vs tenperature characteristics plot of SG\W PMOSFET

102 wi th respambsve . e26 @ogkhsvel @50 rdhﬁhacté@@ncﬂ loaRd aSOAOSURverteR
accordance with an enbodi nent of the invention. g{{{l near Qgén\ft)" eak vs

tenperat ure cHEPRORERE 8 SNV sirgurgn aseiongr AN AR EHBRGIMERE O BHGt hs

of 350 nm 44{. mgkﬁoﬂxé@&lamtafsﬁcsr@&rﬁsmm We&éirlﬂﬁﬁp&&&g al 8éNand
196 respectively er at ures bel ow 340k ﬂi} decreases as the
tenperature i SEHEHES ersdlffvmthpm@re rensesppchbY FEVe él‘éreer“@méhavatﬁvﬁtﬁg

the tenperat umﬁnglz.@%n@t: R EbsET Gl PRIOSFET, are kbl ih G, 28, trhat

the degradation of nobility saturated when the tenperature exceeded

340K. [0093[ MpGitionTis shramBUtASYTONELyiS dvemﬂugmalﬂ\/&& | ¥ icaused by k) wodanw
PMOSFET 102 Wil Bod g@gqﬁ&e&s\{& Eaaldﬂ,a, aﬁev@%ﬂ%@a&u% N]gﬁgcma@mg%e

wi th an enbodi nent I nvention I ON vs aracteristics
pl ot of SGNW MIBFHTY dfdow wpltdge opefptionef theg: devicahd 8 nm are represent ed
by curves 204 and 206 respectively. SG\W 148 wth snmaller nom nal
radii show enhanced performance. Smaller NWdevices (or SG\W wth
smal | er nomi ngl099]adiW)1ilea|embbdikiehty of chéh &nventfrnghre rbeee pavistlarly .shavm gnd
causes mobi |1ty eé"&a” RN HYE tfg%m%odl{?:‘is§tlls e LigRld Jﬂd%ﬁs?gg%'séty
than Si, as 1] ra3|cre uc Scatter

whi ch woul d oblhﬂawd/mns&eohergﬂmdeanmbﬂlhngay in orfi @m défthil snayob:l daatbﬁetherem

responsi ble for,t ar.ge .enhagncenpent .in |on 7

oo5) 072064 PRl il G5 Y R 4TI 55 sy Bk 45 BB b nd©

char act eri st i agpepdedt claifnsa THEOMMWPPMDSEE mveftidbn is thus indicated by the appended
claims and all changes which come within the meaning and range of equivalency of

the claims are therefore intended to be embraced.
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wi th <100> channel direction in accordance with an enbodi nent of the
invention. The ID vs VG characteristics plot of a SGNW PMOSFET 102
with <100> channel direction and with VD = -1V is represented by
curve 208 and the ID vs VC characteristics plot of a SGN\W PMOSFET
102 with <100> channel direction and with VD = -0 1V is represented
by curve 210. The SGNW PMOSFET was forned w th a Hf O2/ TaN gate, has
a Ge concentration of about 70% andcaaAragg us of about 6nm The gate
|l ength Lg_is about 300nm Plot - is for a VD value of -1V and plot -
is for a™mtiglay@edssi-0.1 v. [0095] . FIG 23 shows a IDvs VD
characteristics plot of a SGN\W PMOSFET 102 w th <100> channel
direction in agCcQdaRNeemnfih alnSWROMLFRA e Ozfn-ahgé‘d !dﬁV%ms{é%J&ft sUbMErateD
vs VD characteristics plot of a SGN\WPMOSFET 102 wi th <100> channel
direction is repmasa®ed by curve 212. The SGNW PMOSFET 102 is forned
with a H 02/ TaN gate, has a Ge concentration of about 70% and a
radi us of about 6mm. The gate length Lg is about 300nm This figure
shows wel | behaviegsttonangaimim-coh@ainagd suppsitingSpor{i@)96indeld Gn Bé sspOws
alDvs VG char%ct eristics plot of a unpassivated SGNW n- channel

et al - oxi de- sethPe8HBuct or field effect transistor (NMOSFET) in
accordance wth an enbodi nent of the invention. The ID vs VG
characteristics plot of a unpassivated SGNW NMOSFET Wth VD = |V is
represent ed byatdeastengesmargmtdeataining ganov@eckmosnstadbpy s the suppsirioubgfaty

unpassi vat ed SENWY % | = ] r ve.
216. Wthout Si pz#sgs va %:n,tttg%%{el?eﬁﬂe%}égggm%%%n&rrcgwg{agﬁlg%%lg? ?:Ilgl}ré% BObE,
despite lower Ge content in SGNW 148. [0097] FIG 25 shows a ID vs VD
characteristics, plot of an ungassi vat ed MOSFET in accordance

G\NW N
with an enbodi WEHEDoESHRAN, G mefi&s%}onrﬁﬁwo%ée%wemmﬁﬂr@m@gng

ggot s of adhownRaskighalBsh SENVMNMSERT o @rmelifSRnta8in DMppUiME podibd;
and

wherein a heterojunction is formed at an interface between the at least one
germanium-containing nanowire and the at least one germanium-containing supporting

portion,

2. The silicon-germanium nanowire structure of claim 1, wherein the ratio of the
width of the at least one germanium-containing supporting portion and the

diameter of the at least one germanium-containing nanowire is greater than 2.
3. The silicon-germanium nanowire structure of claim 1, further comprising:

an insulating layer arranged between the support substrate and the at least one

germanium-containing supporting portion.

4, A transistor comprising the silicon-germanium nanowire structure arranged on a
support substrate as defined in any one of claims 1 to 3, the transistor further

comprising :
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WD 2009/ 072984 PCT/ SG2007/ 000422 [0098] FIG 26 shows a VouT vs VIN
characteristics plot of a CMOS inverter incorporating a SGN\W
structure in accordance with an enbodi rent of the invention. The
VOUT vs VrN characteristics plot of a CMOS inverter incorporating a
SCGNW structure at different VDD are represented by curve 220. The
inverter characteristics wusing 30% Ge SGNW NMOSFET and PMOSFET are
showmn in FIG 26. The transition is sharp but asymetric due to high
NMOSFET VT caused by TaN work function. The inversion can be

achi eved down @d&umasbrg lagerzipughithe gt hegsicaneigagnamem-capiamig nappyirg and oy
vol t age operation of these devices. [0099] Wil e enbodi nents of the

i nvention has been particularly shown and described with reference

t o specific enbgdiemegiospositionsthovdrdhdtsnnatidgdasteood by those skilled in
the art that various changes in formand detail nmay be nade therein
wi t hout departing fromthe spirit and scope of the invention as
defined by theThappaBRiesd ef alas. 4.THetiee open@fsidgha tiwentta@pingSsthittise
i ndi cated by the appended clains and all changes which cone within

t he meani ng an8uFaRgEedhe BaiElpglagty of the clains are therefore
intended to be enbraced. 29 CLAIM5S Wat is clained is: 1. A
silicon-germani um nanow re structure arranged on a support substrate,
conpri si ng: @t Theasusissoreofgdaimahi urtheownainisingp bloplgog layaydipprsed batween
arranged on the support .substrate;.at |east one gernmani um contai ni ng
nanowi re di spog}gcfﬂ%l%ugpﬁ}ﬂ%s ?ﬁs‘lﬁ%?%d@ﬁg%t?f%?%n‘ and arranged adj acent
the at | east one gernmani um containi ng supporting portion; wherein
germani um concentrati.on of the at | east one ger malni um cont ai ni X
nanowire is hi JReMTPHERT Oh&aF 4t Waergn {he f8prediag @@rn@mpaﬁ?scarfﬁ%m%g
supporting port,Qial.

8. The transistor of claim 6, wherein the blocking layer comprises a dielectric

material.

9. The transistor of claim 7 or 8, wherein the dielectric layer comprises any one or
more of a group of dielectric materials of silicon oxide, silicon nitride, magnesium

oxide, scandium oxide, hafhium dioxide.
10. The transistor of claim 5, wherein the charge trapping structure comprises any one
or more of a group of high dielectric materials of silicon nitride, hafnium dioxide

and aluminum oxide,

11. The transistor of claim 4, wherein the at least one germanium-containing

supporting portion is doped with either a p-type dopant or an n-type dopant..

12. The transistor of claim 11, wherein the p-type dopant is one or more elements

selected from the group consisting of boron, aluminium, gallium and indium.
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and wherein a heterojunction is formed at an interface between the at
| east one germani um containing nanowire and the at |east one

ger mani um cont ai ni ng supporting portion. 2. The silicon-gernmani um
nanowi re structure of claim1l, wherein the ratio of the wdth of the
at | east one germani um contai ni ng supporting portion and the

di aneter of the at |east one germaniumcontaining nanowire is greater

than 2. 3. Therpd bh&MNordST dERH UM WA (he nSypdIgdpaheisidneCorambrelelements
further conprising: an insulating |ayer arranged between the support

substrate and $eiestegtirne erereympecongalingetiphAsEOE 4né AgNiSuppor t i ng
portion. 4. A transistor conprising the silicon-gernmani um nanow re
structure arranged on a support substrate as defined in any one of
clains 1 to 13, Théveantsisemsf sl 1 f,uvhenen theaptepegion nyy be d0pa aramdepedng
| ayer around the at | east one gernmani um containing nanowire and a
gate region positioned over the tunneling layer. 5. The transistor of
claim4, furtshehe aah@MtbrSbNelain ARahGeretd 8RPEAE rédidl & ddpRd Wil rdop4itd Bg
the tunneling layer. 6. The transistor of claimb5, further_ conprising
a bl ocki ng | ayerpogitepradugivitioiah of theat lpsiage cermpBigO iR RE SHPROTHRS
the gate regiofyid, The transistor of claim4, wherein the tunneling
| ayer conprises a dielectric material. 8. The transistor of claim6,
wherein the bl ocking | ayer conprises a dielectric material. 9. The
n the dielectric | es

traonet or UepRoisiod @ pinngrs tiPa it i FEbike S AR R

silicon nitrideppbReiteshtdnthe axtidd compasidi:um oxi de, hafni um di oxi de.

forming at least one germanium-containing supporting portion on the support

substrate;

forming at least one germanium-containing nanowire above the support substrate

and adjacent the at least one germanium-containing supporting portion;

forming a heterojunction at an interface between the at least one germanium-
containing nanowire and the at least one germanium-containing supporting

portion;

wherein germanium concentration of the at least one germanium-containing
nanowire is higher than that of the at least one germanium-containing supporting

portion.
17. The method of claim 16, wherein the ratio of the width of the at least one
germanium-containing supporting portion and the diameter of the at least one

germanium-containing nanowire is greater than 2.

18. The method of claim 16, further comprising:
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10. The transistor of claimb5, wherein the charge trapping structure
conprises any one or nore of a group of high dielectric materials of
silicon nitride, hafniumdioxide and alum num oxide 11. The

transi stor of claim4, wherein the at |east one germani um cont ai ni ng
supporting portion is doped with either a p-type dopant or an n-type
dopant.. 12. The transistor of claim 11, wherein the p-type dopant is
one or nore elenents selected fromthe group consisting of boron,
alum nium galliumand indium 31 13. The transistor of claim 11,
wher ei n t he n- foypégdapinsulaling dayer detwiven éheesupnemtsybstsid et 8¢ dtrleast phe
group consi sti : . ar i.c. 14. The transistor of
claim11, mherg%ﬁﬁ%wgbgigg%%g%ﬁ%ﬁﬁﬁ§§%§ghdoped or undoped. 15. The
transi stor of claim 14, wherein the gate region is doped with dopants
of opposite copductivity to thaf of the at |east one ) ..
ger mani um cot iﬁfﬁiﬂﬁ@% 19% Bate iiﬁgwh?}'swtf?’fawng ihe 2t Aate P HoRP B IF B ORI
S"'Con-gernanhﬁ%bﬁﬁ,9ﬁhkﬁcﬁ&ﬁ@ﬁ@ﬂ&@mﬁﬁﬁﬂ@G§ﬂ?ﬁﬁmﬁ support

substrate, the nmethod conprising: form ng at |east one
ger mani um cont ai ni ng supporting portion on the support substrate;

formng at |ea ' al Nl ' . the support
substrate andﬁéﬁﬁﬁgéggéﬂﬁghggh#ggégé%kﬁqﬁggagl éﬁf@%ﬁ?@ining
supporting portion; formng a heterojunction at an interface between

the at | east one germanium contai.ning nanow re and the .at | east, ane
ger mani um cont SAFHGE SUBURE BRHOAHPEPBAC NGBV OF G FEHFRqRCor device
concentration phet @l at | east one germani umcontaining nanowire is
hi gher than that of the at |east one gernmani um contai ni ng supporting
portion. 17. The nethod of claim 16, wherein the ratio of the width

of the at | eas&xigﬁﬁxg the starting germanium-containing layer and the semiconductor device
lIayer to form a first oxide layer and a resultant germanium-containing layer to
form the at least one germanium-containing supporting portion on the support

substrate.

20. The method of claim 19, wherein forming the at least one germanium-containing

supporting portion on the support substrate further comprises :
removing the first oxide layer by an etching process.

21. The method of claim 19, wherein forming the at least one germanium-containing

supporting portion on the support substrate further comprises:
depositing a capping layer on the starting germanium-containing layer.
22. The method of claim 19, wherein oxidizing the starting germanium-confaining

layer and the semiconductor device layer is performed by a germanium

condensation process.

33



ger mani um cont ai ni ng supporting portion and the dianeter of the at

| east one germaniumcontaining nanowire is greater than 2. 18. The
met hod of claim 16, further conprising: 32 formng an insulating

| ayer between the support substrate and the at |east one

ger mani um cont ai ni ng supporting portion. 19. The nethod of claim 16,
wherein formng the at | east one germani um contai ning supporting

portion on thReTRURRMLH cF¥RShNS8! Gh&SMNEMSRS thelRNEST bhdErRanium-containing
sem conduct or device | ayer on the support substrate; depositing a

starting ger napinemicress Hienspbery swbsapietdnd adinsrridhelatleeyt e \degpanium-
| ayer; and oxi gﬂrﬂiﬂig %‘Fbg’ ﬁgrpg{pt iﬁ‘&&g{ mnl um cont ai ni ng | ayer and the
g 0 [8) gﬁ?&
o form [

sem conduct or devi ce yer rst oxide layer and a
resul tant germaniumcontaining layer to formthe at |east one

ger mani um cont ai ning supportin ortion on the suppqrt  substrate.
20, The. et hod BHSEHE R APESOTHEY BPHcs BYSHaRghe PSR SHEHEE one

ger mani um cont ai ning supporting portion on the support substrate
further conprises : renoving the first oxide |ayer by an etching
process. 21. THPOREDEGdStyLing |ggrmanign-copfaingignlayer pa Hep @erwcmduptea%fmeme
gernaniun}contggaing supporting portion on the support substrate
further conprises! depositing a capping |layer on the starting
germani um containing |ayer. 22. The nethod of claim 19, wherein

oxi dizing the startin er mani um cont ai ni n | ayer, .and t.he .
sem conduct or GUOTATE e R B HBVREP RN sl e e COHERE 46116
process. 33 23laydi6 fovat DAkt 6£id€1agéBnd @ resthiektQlefimdmificBBtainlify 1a¥er] €ast
one germani um contai ning nanowi re above the support substrate and

adj acent the at |east one gernmani um
patterning the resultant germanium-containing layer to form a fin structure, the fin

structure comprising the at least one germanium-containing supporting portion
arranged on the support substrate and the at least one germanium-containing
nanowire disposed above the support substrate and arranged adjacent the at least

one germanium-containing supporting portion; and

further oxidizing at least the fin portion to form the at least one germanium-

containing nanowire surrounded by a second oxide layer.

24. The method of claim 23, wherein forming at least one germanium-containing
nanowire above the support substrate and adjacent the at least one germanium-
containing supporting portion further comprises:
removing the first oxide layer and the second oxide layer by an etching process.

25. The method of claim 23, wherein forming at least one germanium-containing

nanowire above the support substrate and adjacent the at least one germanium-

containing supporting portion further comprises:
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contai ni ng supporting portion conprises: depositing a sem conductor
device |l ayer on the support substrate; depositing a starting

ger mani um cont ai ni ng | ayer on the sem conductor device |ayer;
oxidizing the starting germani umcontai ning |ayer and the

sem conductor device layer to forma first oxide |layer and a

resul tant germani umcontaining layer; patterning the resultant

ger mani um cont aégakifigg b @yHingd 1Rydr@hihestinting Sérma@iudi-Contdifiag fdyer.
structure conprising the at |east one gernani um contai ning supporting
portion arranged on the support substrate and the at |east one

ger mani um coft @i ni i j . :

and arr anged adr Smiod PRR O oHleRAP SRR ok 15 BEPRADE iRkt By
supporting por & gemanamucdndenshigon prigds.zi ng at | east the fin portion to
formthe at | east one germani um contai ni ng nanow re surrounded by a
second oxide layer. 24. The nethod of claim 23, wherein form ng at

| east one gey7MHR¢ WiveANdfatlfikngo oR &M 13 valkesle thd)Sensiv@iiatior Setiss 1ake
and adj acent the at | east one germani um containing supporting
portion furthefOrBRIiEH 7 ilison 2¥ovi ng the first oxide layer and the
second oxi de |layer by an etching process. 25. The method of claim
23, wherein formng at | east one germani umcontaining nanow re above
t he support 28ubbt nathed afidlagnjleetain(?d, whelewaibt sorimggermanimmontaining
cont ai ni ng suppo&;ig%.:%rhmg%nj%khggﬁmqge rises: 34 depositing a
cappi ng | ayer &n £ aﬁilhg j%rnanlunﬁﬁdntaining | ayer. 26. The

met hod of claim 23, wherein oxidizing at least the fin portion is
performed by a gernmani ym condensati on process. 27. The nethod of .

Bl ai m 19 or 20 Ahsmstiod ghelein o Pﬁ@a%%%,c%‘wa%flz?rfeallwtc@npa@}wconmmg

conprises a silhGUdnlA¥& o sil%Bn-gtRRardiBh Ml of claim 19 or claim 23,
wherein the stafting gernmani umcontai ni ng

30. The method of claim 19 or claim 23, wherein the first oxide layer comprises a

silicon-oxide layer.

31. The method of claim 23, wherein the second oxide layer comprises a silicon-

oxide layer.
32. The method of forming a transistor comprising forming the silicon-germanium
nanowire structure arranged on a support substrate as defined in any one of claims

16 to 31, the method further comprising:

forming a tunneling layer around the at least one germanium-containing nanowire

and

forming a gate region positioned over the tunneling layer.
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| ayer conprises a silicon-germanium |l ayer. 29. The nethod of claim19
or claim 23, wherein the resultant germani umcontaining |ayer
conprises a silicon-germanium |l ayer. 30. The nethod of claim19 or
claim 23, wherein the first oxide |ayer conprises a silicon-oxide

| ayer. 31. The met hod of claim 23, wherein the second oxide | ayer
conprises a silicon- oxide layer. 32. The nethod of forming a

transi stor C¥81Ihe Shalighdf SIVoMAIMI3 Y, Tertifr lcb &PAsiGE forRit I MchAd GpPifg structure
structure arranged on a support substrate as defined in any one of
claims 16 to S#roundgdes Waeelmgla¥ser conprising: fornming a tunneling
| ayer around the at | east one gernmani um contai ning nanowire and
formng a gate region positioned over the tunneling layer. 35 33.
The net hod of4.dhainmtizgl off Qjaitrhé3 ﬁ;ldhwtiosrimigirﬁgﬁonhimg eablotking dnyer disposed
structure sur ougglﬁg %1, gnne Hn rex te The met hod of claim
33, further co%brls?ng o]t Ih@n%g% d{ §% rﬂ??bosed bet ween t he
charge trapping structure and t he gate region. 35. The nethod of
claim 32, mhereln t he %% l.in Ia er nprises dielectric
material . 3627 THe Hep ava emvsﬁ@rtémw lipg daysr gominsiges aydiplectric
conpri ses a dl%hﬁﬁh[lc naterlal. 37. The nmethod of claim35 or 36,
wherein the dielectric |ayer conprises any one or nore of a group of
dielectric naterials of silicon oxide, silicon nitride, magnesium

oxi de, scand:;’ %ﬁ'od o?fcli'an"rjlrrbgl erg% th%Bblo Eg ré;poc%m%ﬁ*lses al cmel%gf%
wherein the C arge I ng structure conprise

group of high dumﬁﬁttrlc naterlals of S|I|con n|tr|de haf ni um

di oxi de

37. The method of claim 35 or 36, wherein the dielectric layer comprises any one or
more of a group of dielectric materials of silicon oxide, silicon nitride, magnesium

oxide, scandium oxide, hafnium dioxide.

38. The method of claim 33, wherein the charge trapping structure comprises any one
or more of a group of high dielectric materials of silicon nitride, hafnium dioxide
and aluminum oxide,

39. The method of claim 16, further comprising:

doping the at least one germanium-containing supporting portion with either a p-

type dopant or an n-type dopant.

40. The method of claim 39, wherein the p-type dopant is one or more elements

selected from the group consisting of boron, aluminium, gallium and indium.

41. The method of claim 39, wherein the n-type dopant is one or more elements

selected from the group consisting of phosphorus and arsenic.
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and al um num oxi de 39. The nethod of claim 16, further conprising:
dopi ng the at | east one gernmani um contai ning supporting portion with
either a p- type dopant or an n-type dopant. 40. The nethod of claim
39, wherein the p-type dopant is one or nore elenents selected from
the group consisting of boron, alumnium galliumand indium 41. The
met hod of claim 39, wherein the n-type dopant is one or nore el enents
sel ect ed fr ot Themgthod pf ceins3% thutgr obmpmldsgphor us and arsenic. 36 42.
The net hod of claim 39, further conprising: doping the gate region

wi th a dopant of opposite conductivity to that of the at |east one

ger mani um cont agihd) eheSEHRP RIptdnNEitR Ar ddpRAt of3dpposite conductivity to that of the at

least one germanium-containing supporting portion.
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