A STACKED SI LI CON- GERVANI UM NANOW RE STRUCTURE AND A METHOD OF
FORM NG THE SAME FI ELD OF THE I NVENTION 5 [0001] The present
invention relates to the field of nanowires, and in particular,
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(Au)-nano cluster  initiated nucleation for axially elongated Ge

epi t dRi al vonmgihdgAmses with i-Ge shell [A B. Geytak et al.,
Appl . Phys. Lett., 84(21), (2004), p. 4176] by Stanford University
group, and Si shel | [J. Xiang et al., Nature, 441, (2006), p. 489],

as recently 25 reporteBADKGROUND OINTHE SNVENFION. [ 0003]
Typically, these NW are randomy spread over the substrate and it

requires corrpl icated techniques to integrate themin a device
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83 (2004) ]teclﬁfolééyulbéiaﬁéeome& 'ﬁron&’e excellent electrostatic gate control of the channel.
Various methods of achieving pseudo-1D semiconductor nanowires such as vapor-
liquid-solid mechanism, Metal Organic Chemical Vapor Deposition (MOCVD) or
20 Chemical Vapor Deposition (CVD), Molecular-beam epitaxy (MBE), for example
have been reported in publications. These methods include the gold (Au)-nano cluster
initiated nucleation for axially elongated Ge epitaxial core nanowires with i-Ge shell
[A. B. Greytak et al,, Appl. Phys. Lett., 84(21), (2004), p. 4176] by Stanford
University group, and Si shell [J. Xiang et al., Nature, 441, (2006), p. 489], as recently
25 reported by Harvard University group.

[0003]  Typically, these NWs are randomly spread over the substrate and it requires
complicated techniques to integrate them in a device architecture for achieving
specific functionalities. Some of the techniques reported for this purpose are ‘pick-
30 and-place’ with atomic force microscope (AFM) tip [G. Li et al., IEEE Intl Conf. on
Robotics & Automation, 428 (2004)], liquid suspension, electric- or magnetic-field
schemes [M. Law et al., Annu. Rev. Mater. Res., 34, 83 (2004)], or fluid flow [H. Yu

et al., Science, 291, 30(2001)]. However, such processes still lack control in precision,




et al., Science, 291, 30(2001)]. However, such processes still |ack
control in precision, 1 repeatability, and scalability. In addition,
t hese nethods are far from bei ng capabl e of building nanow re
network in a 3D-stack configuration in an orderly manner. [0004]
Sever al atrepequilityaaml doelehiliade atlditian,cthessan¢thedsearp fobeambemg capatile of

enabl e ration of nanowi tes in a device archl ture. Anmongst
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(FET) whi KMt aced art sourc rain regl spo

on a subsfetwin amﬂmeaﬁntbleﬁ@inebflﬁttémsI’oftheeﬁmﬂ%zt(ﬁe@mimﬂ@‘l areegeieamly
di sposed on the substrate and extengl ng i aral l el between th
source andX8pn Thaeehn sunnglsyatee forimed) BY i sstpctiydy GHoving G dyerchanngd

| east one pabing O i) AYORI RS BBRRGIbeERLIgWith ARExBoRR BurBhEEQR. The
20 through tunnels are surrounded by the first source and drain regions and the channel
patterns. A gate is formed along with a gate dielectric layer, the gate filling the

through tunnels and extending onto the first stacked portion.

[0005] United States Patent Application 2006/0091481 discloses a field effect
25 transistor (FET) which includes spaced apart source and drain regions disposed on a
substrate and at least one pair of elongate channel regions disposed on the substrate
and extending in parallel between the source and drain regions. A gate insulating
region surrounds the at least one pair of elongate channel regions, and a gate electrode
surrounds the gate insulating region and the at least one pair of elongate channel
30 regions. Support patterns may be interposed between the semiconductor substrate and
the source and drain regions. The elongate channel regions may have sufficiently
small cross-section to enable complete depletion thereof. For example, a width and a

thickness of the elongate channel regions may be in a range from about 10 nanometers
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surrounds the gate insulating region and the at | east one pair of

el ongate channel 30 regions. Support patterns may be interposed

bet ween the sem conductor substrate and the source and drain
regions. The el ongate channel regions may have sufficiently small

cr oss- secttooboub 28nabiometersplhs slohgpte echiaonelt tegioas fmayFbave xeunsied, cress-
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of the elongate channel regions may have an elliptical cross-

section. T¥eckad ppisseftelongatoriipinedfegmsngat e channel regi ons may
incluﬁe a plurality of stacked pairs of elongate channel regions. 5
[ 0006] United States Patent Application 2006/ 0216897 discl oses a

fiel d-effgoo06]t r ansital StatdsFPAikntMAphlicationUREBEZITBRYT riisvloves e EleRineTEct
and a nethod of nanufacturing the FET are provided. Accordin tg t he
met hod, sdAsBANdFEFhi With r 8gTfgRe-shared Jranayitgn chamighi dshghcpsthod of
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regi ons arregehs hsdformad oh leseaticdngldetpr ebhstrateaAyplotaditin ef prefigiinarg chamel
annealed to form F‘tE% (ﬁpannel egi ons, é\f(lie .FET .chanpel r %ﬁ)ns avi ng
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| NVENTI ON 0084 hrd &c¥e afdrBROLBRAL prefimidagy LIMARBL je@idns ArdTBAMRARdAb form
form ng a stacked silicon- germanium nanowi re structure on a support
subst r at e FET ghaowieleztionfhthendiTholknnghrsigitge hatiogra swpstantiallye keeplar cross-
structure on.th sugport substrate, the stacked structure 20

conpri si ngseﬁtﬂoqaggéap one channel |ayer and at |east one interchannel

| ayer deposited on the channel layer; formng a fin structure from
the stacked structure, the fin structure conprising at |east two

suppadfting portions and SUNMABNtOETHEINYFNIIHEr e bet ween;

oxidizing the fin portion of the fin structure thereby form ng the
silicon-germani um nanow re being surrounded by a | ayer of oxide; and
removi ng t[h@o7]ay el ook emblodindno of the invention, a method of forming a stacked silicon-

germanium nanowire structure on a support substrate is provided. The method
includes forming a stacked structure on the support substrate, the stacked structure
20 comprising at least one channel layer and at least one interchannel layer deposited on
the channel layer; forming a fin structure from the stacked structure, the fin structure
comprising at least two supporting portions and a fin portion arranged there between;
oxidizing the fin portion of the fin structure thereby forming the silicon-germanium
nanowire being surrounded by a layer of oxide; and removing the layer of oxide to

25 form the silicon-germanium nanowire.

[0008] In another embodiment of the invention, a method of forming a gate-all-
around transistor comprising forming a stacked silicon-germanium nanowire structure
that has been formed on a support substrate is provided. The method of forming the
30 gate-all-around transistor further includes forming a second insulating layer around the
silicon-germanium nanowire; depositing a semiconductor layer on the second
insulating layer; forming a gate electrode from the semiconductor layer; doping at

least the supporting portions with a first dopant.
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25 formthe silicon-germani um nanowi re. [0008] In another enbodi nent
of the invention, a nmethod of formng a gate-all- around transistor
conprising formng a stacked silicon-gernmani um nanow re structure
that has been forned on a support substrate is provided. The nethod
of formng the 30 gate-all-around transistor further includes formng

a second i ating | ayer around th si.l i can- ger i ym.nanow re:.
epost 1 nd00ortf oameler cetpaipBeneo A e TeuebBn S TRk g aikRbium
form ng a BabRire!sGetiRAR hrodMel NThS SfcRaN dilicbMAlpen@i@im Hapwie shlucture
| east the supporting portions with a first dopant. 3 [0009] In

anot her erihdudessntuppdrt sklstratey a stackerd i sisecietecdrasged e hegapprihpihsirate,
nanowire structure | r-ovi. ded. t siLi - I

nanow r e s"f’}}eﬁ%f]El.r‘eeSta(fskr?@Iﬁgld%rsucglresg%%%r?stegéﬁggﬁrogteecﬁg%egfaé'(g:f{éﬂf Jf[}l%aSt one
struct ur e iafefchaged 19Rr dbgosstePRarthe Sty Ryer arkl MM binphies St deksetvo
fin structure conprises at | east one channel |ayer and at |east gne
i nt er chanrEPPerEYS PosiEgnssidedt depst wae HiGRaIeTMAYEM FARPWILG @Fanged there
conpri ses b%tcwéeﬁaSt two supporting portions and at | east one
silicon-gernani um nanowi re arranged there between. 10 [0010] In a
further enbodi ment of the invention, a gate-all-around transistor
conprising the stacked silicon-germani ymnanowire structure js .
provited. T4HE gatlB-2 dirthesy e eflifienngt SAErnyeoRer Engrllueind Sapysar
i nsul ati ng;ol@a@fn 3hO WAk ddg1iSir- & RBnuBEhATRNHARARWI] FiovRlcdATRe gate-
el ectrode positi gned over the second insulating |ayer; and at | east
two doped adluppaxd imagsigar firthes ind&des 00 sddond hiesflatingdyay afougdrtbe silicon-

illustrate vari.ous exenpl ar nmbodj nent.s of th resent i nvention.
However - | ETEHEP DAY HECES AT QO BRRhe S TaRED B PUetis oy Pt
to the exepagdtwo gﬂ@,@aﬁﬁli okusitsrated in the followng figures. 20
BRI EF DESCRI PTI ON THE DRAW NGS [ 0012] Figures 1A to 1D show a

procéss flow of a nmethod of forming a stacked

[0011] The following figures illustrate various exemplary embodiments of the
present invention. However, it should be noted that the present invention is not limited
to the exemplary embodiments illustrated in the following figures.
20
BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Figures 1A to 1D show a process flow of a method of forming a stacked
silicon-germanium nanowire structure on a support substrate according to an

25 embodiment of the present invention;

[0013] Figure 2 shows a flow chart of a method of forming a gate-all-around
transistor comprising forming a stacked silicon-germanium nanowire structure that has
been formed on a support substrate according to an embodiment of the present

30 invention;

[0014]  Figure 3 shows a cross-sectional view of a plurality of multilayer stacked
fin structures arranged on a buried oxide (BOX) layer according to an embodiment of

the present invention;



si |l i con-germani um nanowi re structure on a support substrate accordi ng
to an 25 enbodi nent of the present invention; [0013] Figure 2 shows
a flow chart of a nethod of formng a gate-all-around transistor
conprising formng a stacked silicon-germani um nanowi re structure
that has been formed on a support substrate according to an

enbodi nent_ of_t he . 30 i tion:, [0014] Fi 3.sh .
o os- sectfBsll "JBHTS A hopRch Sy eUOTAL N 4t YSHEed SSStT Hmnivm
st ruct ur esy3bwat9gfhcAlte dafi! b8datin d6cok@EX) tol Y SEmBEHERAEA 1Y th@a}ﬁgsent

enbodi ment of the present invention; 4 [0015] Figure 4 shows

cross- sectinpgndonyi ew of a stacked silicon-germani um nanow re
struc%ure after oxidation according to an enbodi nent of the present
invention; 5 [0016] Figure 5 shows a scanning el ectron nicroscopy
(SEM i mageor®] a EhiCoBhovees BRRANHE dRttdoh InfiyRkcsiya©Ead) Bidpy of Wrsilicon-
according to an enbodi ment of the present _invention; 10 {0017]

Fi gure 6A ssHBamua oeNilayengtacked striieiacegréingsioaikenbediment pf theypresent
after fiqnﬁgﬁ@nand cl ean according to an enbodi ment of the present
invention; Figure 6B shows a SEMinmage of a plurality of multilayer
stacked fin structures after fin etch and clean according to an
enbodi nent of the present_invention 15 [Q018]. . igureg%é hows a SEM
i mgélof d400ATI ¢ i 1 Bigure e shews asiEY dB1eg &F RdRPIAYCh 8 rfg“ ST Rter
after oxi dg, Eeh &g $IAACRE AN b0PtnSEAGATB he HredoREINERRRN Wigure 6B
invention; Figure 7B shows a SEM I mage of a plurality of nult|$ayer
st acked sishbwen- S eyt wihanginoliky ef stultileyaurséachéd &n stoacecsr aftee dimeetch

ding t mbodi ment of . t t tji.on; 20 [0019
i gure 6 LHSTEn-RRE 2 FoRoEmeet o GRe RIPRERBRIN TEM 1 nmge of a

15 [0018]  Figure 7A shows a SEM image of a multilayer stacked silicon-germanium
nanowire structure after oxide release according to an embodiment of the present
invention; Figure 7B shows a SEM image of a plurality of multilayer stacked silicon-
germanium nanowire structure after oxide release according to an embodiment of the

present invention;

20
[0019]  Figure 8A shows a Transmission Electron Microscopy (TEM) image of a
2-storied vertically stacked silicon-germanium nanowire Gate-All-Around Metal
Oxide Semiconductor Field-Effect Transistor (MOSFET) according to an embodiment
of the present invention; Figure 8B shows a Transmission Electron Microscopy
25 (TEM) image of a 3-storied vertically stacked silicon-germanium nanowire Gate-All-

Around (GAA) Metal Oxide Semiconductor Field-Effect Transistor (MOSFET)
according to an embodiment of the present invention; Figure 8C shows a
Transmission Electron Microscopy (TEM) image of a 4-storied vertically stacked
silicon-germanium nanowire Gate-All-Around Metal Oxide Semiconductor Field-

30 Effect Transistor (MOSFET) according to an embodiment of the present invention;



2-storied vertically stacked silicon-gernmani um nanow re

Gate-Al | - Around Metal Oxide Sem conductor Field-Effect Transistor
(MOSFET) according to an enbodi nent of the present invention; Figure
8B shows a Transm ssion El ectron Mcroscopy 25 (TEM inmage of a

3-storied [(rml caFlgyresQ ala:lmda"ﬁEM ioouge god FnpigyRispanow KaapiEleXAanalysis
Around ( em conduct or Fi e fect Tran

(NOBRET) - SR 8 SR TauBod S e if aSiordogp 41, SBReFBRR of gt o
8C shows gyresbhpinebhtgsy; on El ectron M croscopy (TEM inege of a
4-storied vertically stacked silicon-gernani um nanowire

Gate-Al | - Around Metal Oxide Sem conductor Field 30 Effect Transistor

(MOSFET) 36621S Meighfe 76 SENROLIARNAE shiGiR'GREMad MYRRELOR nafloire

[ 0020 ure-9 I'mege an spersive

anal ysi S \Oi‘dtlgai’caﬁli\mglmaimmﬁlﬁﬂirﬁaitloﬁmelpitcéehemnanmre according to an
enbodi nent of the present invention; 5 [0021] Figure 10 shows a TEM
i mage show ng gat e oxi de thi ckness and nanowire wdth according to

an enbodi g of f“xgﬁreoi SEWs éﬂ)\f tehQ@%éJlotF SAHGR AL i1 B Pnium

| D- VG char act rist ot of a | con-dermani um nanowre
p- channel AMBBKEE pmltahnal MESFETalitly aszteaﬁiaﬁg sBickathd wanevibubdidde according

according 10 t iment of the present invention; [0023]
Fi gur@ 12 @ﬁB\W%Q%}@’\VB?&?a’F?@@W?E‘PEg pl ot of a GAA

silicon-germanium nanow re p-channel MOSFET with a vertically
stacked 3 nanowire bundle according to an enbodi ment of the present
i nvent i on;[0aZ3][ Ooﬂlgerlaah@ﬂalmﬁama@CﬂeDSm pih’fatrfaazﬁéﬁ silicers gpmpniva

a GAA silicon

Vertcal | yioputkanEnnE MR BT bl R S RAS el & rativifs pRis arardige
to an enbogdigitboafmérof Hegs@Bht inontioh] on 20 [0025] Figure 14 shows
a | D-VD characteristics plot of a GAA silicon-germanium nanowre

p- cha_ﬁnel MOSFET with two vertically stacked 3 nanowire bundle (6
nanowi re Byadhe) REGOI H B La ANVETHRILAR icsYlof e BAS Sitkord-BYSHHAR:

nanowire p-channel MOSFET with two vertically stacked 3 nanowire bundle (6

nanowire bundle) according to an embodiment of the present invention;

20 [0025]  Figure 14 shows a Ip-Vp characteristics plot of a GAA silicon-germanium
nanowire p-channel MOSFET with two vertically stacked 3 nanowire bundle (6

nanowire bundle) according to an embodiment of the present invention;

[0026]  Figure 15 shows a Ip-Vg characteristics plot of a GAA silicon-germanium
25 nanowire p-channel MOSFET with five vertically stacked 3 nanowire bundle (15

nanowire bundle) according to an embodiment of the present invention;

[0027]  Figure 16 shows a Ip-Vp characteristics plot of a GAA silicon-germanium
nanowire p-channel MOSFET with five vertically stacked 3 nanowire bundle (15

30 nanowire bundle) according to an embodiment of the present invention;

[0028]  Figure 17 shows a plot of subthreshold slope (SS) with gate length (Lg) of

a GAA silicon-germanium nanowire p-channel MOSFET with five vertically stacked
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[ 0026] Figure 15 shows a ID-VO characteristics plot of a GAA
silicon-germanium 25 nanow re p-channel MOSFET with five vertically
stacked 3 nanowire bundle (15 nanowi re bundle) according to an
enbodi ment of the present invention; [0027] Figure 16 shows a I D VD
char act er i hamsvige lntndbe (18 BAdwEE bundin) gesordbing tuman eabodinreat pf Greamasent
MOSFET wi th five vertically stacked 3 nanowire bundle (15 30

nanowi re BOKUET according to an enbodi ment of the present invention;
[0028] Figure 17 shows a plot of subthreshold slope (SS) with gate
length (Lo) of a GAA silicon-gernani um nanow re p-channel MOSFET
with five [0 calipyrestlasbked a ot trasdhnid eoltage (Ve:) (With gaietongthdLc) of a

Fi gur 5 16 GRBWIPTEARR oy FSRaIRC VBT S SF Ty Tk Gy s

(LG of a nafofhé tehlleCQ@B-BR6WRBI BHRHRR AW Ro GaANEddiMERFET thei irBsent
five vertically stacked 3 nanow re bundle (15 nanow re bundl e)

accor di ng ingedanenbodi ment of the present invention; [0030] Figure
19 shows a plot of saturation drain current (IDSAT) with nunber of

10 nanowi res according to an enbodi nent of the present invention;
[0031] Fi qoo39]20 Eifemsi®shival a glot tof amarciod dediaregedtGWs W tvith gatrder of
vol tage (VG of a p-channel MOSFET faqr a varying nunber of nanow res
accof i ng napowHeHsOWiRERAnN egrbodiacns pEdEIIeSEPLBKEItSR; 15 [ 0032]
Figure 21 shows a I D VG characteristics plot of a GAA

silicon-germani um nanow re n-channel MOSFET wth a vertically
stacked 2 [0@319wi rEigine2il shoscaopldi mfyrarsoondnctemded@hvyenth gdte vbikager(&senf

i nvention; 20 DET CRI PTI. ON OF THE | NVENTI C]\l 0033] Ex | ar
embodi mentis> ShREeOYRSRED 10f M euRRa MR O AT VORI PrL DG o G EoRg oot
gate-all - gy eldnfiSbRi@: conprising the stacked silicon-germani um

nanowi re structure and théir nethods of formng the sane are
descipbed in details

[0032]  Figure 21 shows a Ip-Vg characteristics plot of a GAA silicon-germanium
nanowire n-channel MOSFET with a vertically stacked 2 nanowire bundle according

to an embodiment of the present invention;

20 DETAILED DESCRIPTION OF THE INVENTION

[0033] Exemplary embodiments of a stacked silicon-germanium nanowire
structure, a gate-all-around transistor comprising the stacked silicon-germanium
nanowire structure and their methods of forming the same are described in details
25 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.

[0034] FIG. 1A to 1D shows a process flow of a method of forming a stacked
30 silicon-germanium nanowire structure on a support substrate according to an
embodiment of the present invention. The method starts with a silicon-on-insulator
(SOI) wafer 100 as a starting substrate in FIG. 1A. However, the starting substrate is

not limited to SOI, it can be bulk Silicon, or other relevant substrates depending on the
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25 below with reference to the acconpanying figures. In addition, the
exenpl ary enbodi nments descri bed bel ow can be nodified in various
aspects wi thout changing the essence of the invention. [0034] FIG
A to 1D shows a process flow of a nethod of form ng a stacked 30

si | i con- gexpphcations. DA used @b nucixameleofor dhe tjaptr of desosptiat & thequestnng

Si1 con ortopligpa: Sre SORRRR I dpeIo mecthear it Rvenioes & b,

| A Howev&frtidall§ Adlnfh SiypRrtSMBSTAAI 82 by an HRUalihfdy8Colt PSRk odide @GTXPE
bul k Silicon, or other relevant substrates depending on the 7

appl i cat i daer 1931 The BOXdlager W3 elcatmphly fisnlateh éhecdewide layef 101 from the
description in th re t ..applicati o The SO fer .100 incl udes, a
som chnducnBrubBis 398, rBLE0L S dno By e ARG i and L
substr at e tddhdidiks,2Budhnad! b BohdMEr o0t Sepakbitiof dbP Xirdank48AX) of |o§¢‘{§én
103. The BOX |ayer 103 electrically isolates the device |ayer 10
from t he XSBUPPOrtechsigus: Fhe ROhwafer ¥Hbcapalsolss eonsitemd g8 ¢ SuporiambsteHe.ed
by any standard techniques, such as wafer bonding or a separation by
i npl antation of oxygen (SIMOX) technique. The SO wafer 100 can al so
be consi d¢gosd] as Ia tisddperited Bbbdiaieat of hedB=htidbmid FHG) 1A Ut datiedllayer

enbodi nent. of the invention in FLG 1A, the device layer 10 101 is
typi €&l 'y 181 isypisely Be bbb fomed rijors Ay apiiablscteniienndetop materials

mat eri al s ;. hel udi Lk : =Skl d ; i

ar seni de (1 gﬁ%&‘&%@?ﬁﬁ#ﬁﬁ?@y_%&&gﬁ% ﬁlgg{r)\%%ee@riréa [ un? ,(%?1]%131‘#&@3) o
devi ce | aydicoi@trmaniutn€Sak)Uulhe/d0icalast 10ntayibelabbutt700i Angstyomgbick but
limted. The suppgrt supstrate 102 nma formed f.rom apy suitabl
serm condudt G R, BFFtaie | i SPIRThGUORHe 107 ri e gt aromedsp AP ble
pol ysi i CQBmichlih@O maiteri X itl@udish Gt nbf liditkd &PS, Bdphird SdlyBN) siliddie
BOX | ayer 103 is usually an insuTating |ayer. the BOX 1ayer 103 is
typi ¢al | y o8ide(Suli) oregilitna fitnidee®ifonT e POsUilayab 3 i$ nsuallytdnnigsulating

mat eri al s .i ncl udi ut Jim.t tetraet hylorthosilicate .
(TEce) - Sifhotfy B e it o ik el S+ SRy B BRI B B2 Syigne
(Si |C') . ;rhgnﬁg%ﬁnlg&x‘iﬁérial@ﬁlcmgpﬁut 180 Oietlitedl 20 :tABGIS I0rOBAitibite KI'BOS), ISt amot
SO TImEe (SiH4), silicon nitride (Si3N4) or silicon carbide (SiC). The BOX layer 103 may be

about 1500 Angstrom thick but is not so limited.
20
[0036] A surface clean step may be carried out with RCA and hydrogen fluoride
(HF) prior to any subsequent deposition. Contaminants present on the surface of
silicon wafers 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
25 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 wafers. The
RCA cleaning procedure usually has three major steps used sequentially: Organic
Clean (removal of insoluble organic contaminants with a 5:1:1 H,O:H,O0,:NH4,OH
30 solution), Oxide Strip (removal of a thin silicon dioxide layer using a diluted 50:1
dionized-water H,O:HF solution) and Ionic Clean (removal of ionic and heavy metal

atomic contaminants using a solution of 6:1:1 H,O:H,0,: HCI).



[ 0036] A surface clean step may be carried out with RCA and hydrogen
fluoride (HF) prior to any subsequent deposition. Contam nants
present on the surface of silicon wafers at the start of processing,
or accunul ated during processing, have to be renoved at specific
processi nd08idps Afiercthdenrfae dednastep, mhgimed éayieodfihnaoe ietacghinngh l36r 106

liabilit ' d devi| , t t. t am ' .
br ocoss. edliFbREMETebalEdeRr G Aiaba g PelpAlGGre s Batiiby n High
di f fusi on, vaherdeRrasichl 99psibesostonCATPENVD) reddisr Mtﬂ@ﬁgﬁ&%&ut

i ndustry standard for renbving contam nants from wafers.
cl eani ng prlHE eddiptlizisgailang () forEandajcombinasips of S8 andpsamanca((ais)

Or gani.c e eppval of .i.nsol ybl.e.o nic nt g ngnt | t

5 1 15120 P eBonas Eane da Y B tec B Pec e 167 B BB 3y M Mfpaced
silicon di gxdigmbmEihdmvadion idIFIG o8, B@:chanthl Giye? B0l WWaysitally2SE 4dd the
solution) and lonic Cean (renoval of ionic and heavy netal atomc
cont ani nantterehsnrg) layes Ji0Gtis dypieslygda but pptoHpogted Mo ynstagce,0pghe AGeer
t he surfac . 4 | g 6
my b ar ¢ PEE A LA e lor Koo BEARARGRS o BiGherte
U tra H ghThevailttiess Gfienttcsd chdapaiayeenosid atont (URVOMD)is netaot lanited waile
tenperature of about & 600 and_ utili zi n% silane (SiH4) far Sii and ﬁtof

conbilfat i A caph-@e dnigrelanneh Hyey H9-ispbeutiGh nigbapismot g, HpitefGrowt

mul til ayer : | LG dB. ok kddl ; : :
Tk sy S RSO 800y e 1160 it B P90 five
typi cal | y Ganmhd04 laed Gennterchiaamat d06 layeey arg 08atiwly fhpelc dhe ywEstdpuirocass

so limted (for |nstance, can.be S Ge,. Go- ent i

desi gned 1181 NGBHSBPHEDH Of ih ORI kS O R RIeF BB Sychangg) s 104
t hi ckness wfo@%@vvtﬁi ofcTinele naY&fandd4atd 1@80The PRrpate BEbuffs 1AM i§ %o
limted while that of each Ge interchannel |ayer 106 is about 60

nm bdf is provids@ gradingeu . irageidian Hrash one sem@endynterr svghmeto ey ethern pben

may be a two- st epi taxy .process i f _th es Y L 40,C 1
T 2o 2 T Rl R SR T kbl SERD G Islbot p PRy e
process imgteddigerdenasd tdmamohsaly aath tdtwaal the hiriginal edjaduit fitrks,| dytae

on the Si channel layer 104 before growh of 100% Ge interchannel .
| ayer 106.MisRatehay godesepdipeant Sims gk pe lags,t thug thepvsialimeehagicat ptgss dn

transiti Onthg rs?é?%rﬁ & tﬁ@@tﬁ%&%&& Bims i MRl ?hérgl‘fy, Qﬁé‘ﬁﬁffmgfbr reduces
20 the stress caused by the lattice mismatch between the respective Si channel layer 104

and Ge interchannel layer 106. However, if the respective Si channel layer 104 and Ge

interchannel layer 106 are relatively thin, then the deposition of the additional SiGe

buffer layer may be optional, since the thin layer has less stress force on the others.

25 [0038]  After the Si channel 104 and Ge interchannel 106 multilayer deposition, a
photoresist layer 110 is applied or coated onto the top surface of the multilayer stacked
structure 108. The photoresist layer 110 is then patterned to form a fin structure 112
including a fin portion 114 arranged in between two supporting portions 116 by
standard photolithography techniques, for example 248 nm krypton fluoride (KrF)

30 lithography. Alternating-Phase-Shift mask (AltPSM) may be used to pattern the
narrow fin portion 114 which may be about 60nm but is not so limited. Subsequently,
using the patterned photoresist layer 110 as a mask, portions of the multilayer stacked

structure 108 not covered by the mask may be etched away by a suitable etching

9



their lattices msmatch is large (for exanple, Si vs. Ge is about 4%
m smatch). The buffer layer's lattice constant usually falls between
the original adjacent filnms, so the msmatches to those adjacent
films can be less, thus the overall mechanical stress in the system
of the totpadcest acked afdry stshing pneaessior esamnlk esashys-iarhetching (RIE)imypuur
reduces 2 thﬁ st ﬁ@? caused by the lattice m smatch between the
respectiv d? 6)I ayer 104 and Ge interchannel |ayer 106.
However, if the respective Si channel layer 104 and Ge i nterchannel
| ayer 106 are relatively thin, then the deposition of the addltlonal
Si Ge buf 1@439] ayén Fﬁﬁyléeawplt@ﬁamulnww ﬁ‘éﬁFWFYHC‘IUé%/Hfs m@msesgso a
stresg for 5 ]..Af i

i nt er?zhanr?e%]l p‘i H;}%%ed eb%’)tm ?I?Oar?é EO%eﬁQfgfeegfgg a Jef %ﬁ%@ﬁjve

applied Orsuﬁlﬂﬁﬁ@gipmbﬂ 116 6s fopped vh fleecBOXS lajzéielmuﬁ‘he ﬁa}{mﬁltﬁimkz&tk as a
structure 108. The photoresist layer 110 is then patterned to forma

fin structbidge llmblngfhfclleﬁﬂﬁcﬁﬁe SIPPPHINgAOrEs 1164The suppgemeingrinns fdaare
two suppor i

for oxanpl' & D AbNSE, SRR tim B RAG RiRd (h BORARINiohGTARRBISE:
Al t er nat i nhewhdme ti8hfif porpakl 1dAL taBShedniayth® eiddle betvoequahe evnm stippg)rting

narrow fin portig 14V\,hi h be about. 60nm.buf is not so |
Subsé‘%]uentﬂoiﬁlonsl}slgn& H’é‘“}ﬁé@’t g‘%n@HpBWGP&rlésantal?o %%tan'ﬂ%? a8 W&“iﬁfg‘%‘
portions QfqeldFehdld dud \,Vgg&%g%gﬁ)lﬁgqlﬁ structure 108 not covered by the

mask may be etched away by a suitable etching 9 process such as a
dry et chi ng process for exanple reactive-ion- etchlng (RIE) in Sulfur

Hexaf | uori 0039] ..In F & C
pear o it T R BBk el SR S A 4TV, b BBl P
bet ween andoGornastedr atip iwm@yiph@oxre@lsp@ﬁppef@PRsym@fotesmgstﬁ@pmgpn
116 is fornmed on the BOX ayer 103. The fin portion 114 acts as

bri dg® | i mkishgphneesise spamindseisstp pomorHgoipemvarsers phqferesrﬁhéa@wf?@? fthég
portions r

conpar ed tjv%)aq%la I?Sf otﬁé@?ﬂg??é Jel%ﬁﬁ&é}mé&‘pﬁ&l}opesﬂoﬂmg{{epg S%Qﬁa\gé}g‘c@)rqtmck}y
114 is ar raampgssible, rwitllilﬁlt alloheling ahgtsuﬁ“m rhktenzﬁl\nmdemtmp(phbtor:gusiﬁa pozitackers

116. AIternatlver, t he (LI n porti 114 can al.so be arranged towards
i ther  sitddheehemisale e Jp s FeateR JoY iFhgufaNs todhniques oi processes may

also be used in order to provide greater flexibility with respect to forming of the fin

20 structure comprising the fin portion arranged in between two supporting portions on

the BOX layer.

[0041] The fin portion 114 of the multilayer stacked fin structure 118 is then
subjected to an oxidation process (as part of the Ge condensation process). As
25 described by publication “SiGe-on-Insulator and Ge-on-Insulator Substrates
Fabricated by Ge-Condensation Technique for High-Mobility Channel CMOS
Devices”, Tsutomu Tezuka et al., Materials Research Society, the Ge-condensation
process consists of an epitaxial growth of a SiGe layer with a low Ge fraction on a SOI
wafer and successive oxidation at high temperatures, which can be incorporated in
30 conventional CMOS processes. During the oxidation (or condensation), Ge atoms are
pushed out from the oxide layer and condensed in the remaining SiGe layer. The
interface between the Si and SiGe layers disappeared due to the interdiffusion of Si

and Ge atoms. Eventually, a SiGe-on-Insulator (SGOI) layer with a higher Ge fraction

10



[ 0040] After formng the nultilayer stacked fin structure 118, the
photoresist layer 110 is renoved or stripped away by a photoresi st
stripper (PRS). Photoresist stripping, 15 or sinply 'resist
stripping', is the renoval of unwanted photoresist |ayer fromthe
waf er. |t d9s fdrjredi TheGedrdctoreln the&G@! ke @hdiecoagoBdd bptherdxadationdmme

the wafer as _quickly S..possi ble, wthout al]ow any surface. . . _.
material URGEE thicndhn o ille é?, ¥ C%eaﬁ?m@dél%%h@nérﬁiﬁﬂ bgeitgk 8y,
In this rqg%&ghicﬁﬁeés)%&%ﬁsesf&mmo%nfe SEIN MRS iR"thPSRRASRSS HBbns@l&P
be used in-order to ‘provide greater flexibility wth respect to

f orm ng ofthiohghdut theXgxidatioupragess. conpri sing the fin portion arranged
in between two supporting portions on the BOX |layer. [0041] The fin
portion 114 of the nmultilayer stacked fin structure 118 is then

subj ect ed [jga2pn QX iFAt 1 OHBIPA05SGEaD6 RARISIOE 14285 Sthe 8h 1194 are
process). As 25 described by publication "Si Ge-on-Insulator and
Ge- on- | nswixitizad Babewtr A0 sorkdbri chmathtesincsy osygrarmstierdnErpar phligaieon

for H gh-NMgbility Ch e (;l)\/DS Devicesy, Tsut X ef »a .
Mat eri al s%é’ g‘}}?%fﬁ %‘ig}l?ﬁetv, tSHEfa‘&¥%ro %n%%aﬁﬁ%ﬁ%ﬁﬁ%gégﬁ%cgn’s #\%%S%hlf)
an epi t axifyagia@al DiterdlcSiAGetrAcRy6ff the20td tttrawidaal Eoafeicno®on BoRd State
waf er and successive oxidation at high teggeratures, whi ch can _be

i ncotPor atReyiqen agd Maaidnt T el 2QH0RD pF sl disis kpawp ibattthe osikpiRR Tabh
or conde i . . i }

((:ondensedrbﬁ?elt e arngcﬁ%p%itlér)\gggg?@nlt%{zgfg e alﬁlt?{e{% %ﬁg%éﬂﬁg%%%ﬁyﬁﬁpéqy

and Si Ge |GyeiGad SHpphaeeded idivt axifired icavmpdiold wiconf 8f 16}, [nandditice,

e At T W T ST b I
control | ed,Ryndse 4 habheNad LR miQhreld¥RiGRIE ﬁ'llﬁer%?}oﬁlfre Shifkoe d 1o @k

concentration in SiGe film and also the initial ayer thickness)
becalse t dieatondmmation pfoc@s. Highws Gercontent SGE ndnayare chs be obigmed achen the

106 and Sitprysd 6710 Ee o Raeei bRtz rsPel’ Oxi di zed at about 750
for about 60 m nutes in dry oxygen anbient. From publication
[0043] A cyclic annealing step may be carried out at temperatures of about 750°
and about 900° but not so limited. Approximately five cycles of annealing with
20 durations of about 10 minutes at each temperature were used to repair the crystal
defects. The defects could arise from the imperfection of films deposition, initial

mismatching of layer by layer stack-up, RIE plasma bombardment induced surface or

sidewall damages, for example.

25 [0044]  Subsequently, the oxidized Ge 106 and SiGe were etched using dilute
hydrofiuoric acid (DHF) (1:200) to release the SiGe nanowires 120. But any other
suitable etchant can also be used to release the SiGe nanowires 120. The dimension of
each SiGe nanowire 120 is about 20 nm to 30 nm but not so limited. The diameter of
each SiGe nanowire 120 may be determined by the initial layer deposition and

30 oxidation cycles. The result is a stacked SiGe nanowire structure 122 on the BOX

layer 103 or support substrate 102 as shown in Fig. 1D.
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"Advant ages of Go (111) surface for high quality H 02/ Ge interface",
Masahiro Toyama et al., Extended Abstracts of the 2004 |International
Conference on Solid State 10 Devices and Materials, Tokyo, 2004, pp.
226-227, it is known that the oxidation rate of Ge 106 and SiGe is

faster thdd04Sjat SubsedsientlV4o dowth tahgese- allltaemnﬂhmnsistmtatomnismgeqhg stdvked

Ge 106 and_§ Ge | t full di
Toa. - addibe AoV R REGe FEF BANCARR Tohescces 08 TGHT S Y ah S EemoM o

the adj acepfn %ésultﬂedméeof}ue%&%&sa@;ﬁ%ou@admhmﬁ not sé%lkeam%rya@xﬂlah@nf
m xture of SiGe at the nanowire surface due to the 15 Gé condensati on

process. I-lrrg¢ms aiGeteppetatire oSibevasnnboutrd@0t tmatipat BY airiarck GHENProPRSS to

finp t|o subj ect e onger OXI ation 0

cycll ﬁ%ggtte ‘ﬁb‘{‘?ﬁ ghg(,%a |é1 fé@ terrp ra uresdd%lFémg % A%O
and abo Ut @beeb thzghfl@ﬁle&‘étﬂds Nfdreskanmip H@iﬁnﬁfﬁt@hﬁe f(HY¥®,)¢ Yefieem dhnthanide

anneal i ng with durations of about 10 m nutes at each tenperature

were used @x3dg EHERO) tHemitiymt aideletley sbut pRiesodimibed: HNexb @l@nadtive Idebm
the | mer! ok BMUOR{.@ Hﬁmdtﬁf&%g% fibBlbited BYritRL oxdliL S4B e 1 Bn ety @Yer

by layer st |nduced

si dewal | dﬂﬁmgeslhcf)mrpoeysﬂmohﬁam&’@hbﬁﬂ)ﬂﬁéonSuMgmhmt;IT)antallhﬁe I\ﬁu‘iddi(i‘eld)
Ge 106 and Si Ge were etched using dilute _hydrofluorig¢ acid DHF&
(1: 288) t PH EPkislemtsth - Shisds alleoid epatiomingsgnd FRmB PRI coadiqixplayer

etchant cag fl30; Qe%a{fé%ﬁiec%dé e’fﬁ@%%nﬁﬁ&ﬁnasébout Y4 aBSutl 24D nf'Gnd the

di nensi on of eac nanowire 120 1s rimto 30 rim but
not so i rma)admmTlmtedlmg&t ey abbut dagim. S“l@egatand\mtrceielm rayddpesited as

determned b depaosi t an 300 tionc | es.
et asut nnfipsiily widoped i bB Rl i td PR IPe A h AR ra” alle By o,
103 or support substrate 102 as shown in Fig. 1D. 11 [0045]

Subsequently to forma gate-all around transi stor conprising the
st ackéd $Dw]narﬁ31hs¢celestﬂy,ah¢ smaoﬂmgereg@nmf the melfibasestadspd Structure

f ol | oned an_o Eﬁ% .0 t 9{)
4 nm but n feé%Pra“ t"‘glah %;‘?htgp d??fpa@x’e% xa%ﬁjle pr 6%@%15415 Jégoﬁgﬂ‘gteﬁ} ature
of bet weercngbatitbd¥085 the Vafdofsim 308 rédpeddive 306D apd Gess Sedion forf 0 pehiddie]
gate dielectric. The gate dielectric may be any suitable dielectric
such as  MOSFET transistor. Any other suitable p-type dopant’such as aluminum, gallium and
indium may also be used. Incidentally, the nanowires are without ay intentional
20 doping and thus the combination of gate electrode types and dopants adopted for the
source or drain implant define whether the transistor will be a p-channel MOSFET
transistor or an n-channel MOSFET transistor. To realize n-channel MOSFET
transistor in some wafers, about 4 X 10" cm™ dose of n-type dopant such as Arsenic

(As) at 30 keV may be implanted in the supporting regions. Any other suitable n-type
25 dopants such as phosphorous (P), antimony (Sb), bismuth (B1) may also be used.

[0047]  After the respective dopant implant, a source and drain activation anneal
step at a temperature of approximately 950° for 15 minutes may be carried out to
ensure uniform diffusion of dopants in the gate electrode (if it has been doped) and in
30 the thick nanowire extension regions beneath the gate, thereby reducing the effective
channel length. The process of forming the gate-all around transistor comprising the
stacked SiGe nanowire structure may be completed by the standard metal contact

formation and sintering steps.

12



nitride, high-k dielectrics (for exanple Hafnium Oxi de (Hf O2),

Haf ni um | ant hani de oxide (H LaO, Al um nium oxide (A12C3), but not
so limted. Next, a conductive |ayer of about 1300 Angstromthick is
deposited over the oxide |ayer. The conductive |ayer nay be silicon,
pol ysi li con, anorphous silicon, netal such as Tantalum Nitride (TaN)

b I d h foll I,
of the coltEBLi vaGhybshors o Gpi st Ghtie BT SkL PhauminRe Rt WAPHS o
length is; Pahg.%r é&ﬁgﬂahd%ﬂﬂmsﬁgea staaeéu@mb&%%ﬁnmﬁ%anmr@am&wé i hddhe

gate el ectrode can posited as intrinsically undoped, different
dopi ng badeen cfnnnd;de odoqmsngmesttbmtsteoaccasimgttalangambedmibﬁt [ofOh6]present

Sub t.l L ked fi
Structure 31 B 2 prel fLRbwih dauiind BOT iR Bt
a dose of (fébfé@tlaﬁr XOios%Eara&mva?tlo@Hy Fhlta s%%p&@\éuﬁﬁrafeolm b?ﬁa BOX layer

respective source and drain region for a p-channel
transi st orl03 ANextoinHkdd adtginatepyerpof §f1p1@4d@éé3ﬂ ltwmdqpsaedm herf Ol wafer

|l I b I
i thout - ay 00 eoRiohar By BomEgt SRk o Bl onariian TP L fle. Y ©

el ectr ode phyfessisangcdapand SOaaétDmtedl foprsutfhce ofSthemeeltiRiyedstatiedi smabard
define whether the transistor will be a p-channel MOSFET _transistor

or ahd n- cHABNERe piogrEsist lpyasdil € dothen paftaragd toderm a dmasimeturg/tiSmeluding a
f 5 d
transi storg i o Sone ASY‘? aggaa%@gg;;seﬁggeabwa %t g éﬁio J Mt Mgestél{ala?d“

such as Arsenic € |rrp e supporting
regi ons. thcﬂltﬂlgfap&yi tbdblﬁcgnem U;ng tib fid q;aaaﬁsplmﬂmhmatslapmkhhw ausask,

P t S th b d. 0047 ft
Fespect | vaOTARAL hrrpraerer kb Futart OISRt CREES kY Lo b ckeEy
at a tenpeLa 3% ?eaq’ifze %HHﬁlﬂ?&?@iﬁ&EAk}éd %Osnfueﬁmlﬁm}ﬂlsﬁsﬁn ¥a b8 gortidd £

out to ensufe uniformdiffusion of dopants in the gate electrode (if
it hd% beeamadgpled)beaween rwRSipphitingyioctonsadovin e B@X¥rsyenrd 03 el bﬁfsthe

beneat h t at.e ereby e uci the effecti

process o?jenflg?rh?%éi{]ﬂtﬁﬁ Sggc&ﬁﬂg—nﬁngﬁ?f%ﬁgrm%%ﬁ?ﬁ& {éﬁﬁ%a
stacked SicsRdMBMMIM frBcdsh w&&m& AYcKRE SEGERARIAE dMhcthe 132 mﬂan@l SiGe
nmetal contact formation and sintering steps. 12 [0048] FIG 2 shows

a fl ow chaepowie d2¢beingguapurdsd byriglagergdtaxidg Subgeguerdly in 210, the stacked

SiGe nanowire structure 122 is subject to an annealing step to repair the crystal
20 defects. Next in 212, the oxidized SiGe nanowire is etched to release the SiGe
nanowire 120 forming the resultant stacked SiGe nanowire structure 122. In 214, a
layer of oxide is grown on the SiGe nanowire and this is followed by conductive layer
deposition, gate patterning and etching to form the gate electrode. In 216, the
supporting portions 116 are doped to form the source and drain regions of the
25 respective MOSFET transistor. The gate electrode may also be doped with the same or
different dopant as that of the resultant source and drain regions. This is followed by
an annealing step to ensure uniform diffusion of dopants in the gate electrode and in
the nanowire extension regions beneath the gate electrode. In 218, the method of
forming a gate-all-around transistor comprising forming a stacked silicon-germanium
30 nanowire structure 122 that has been formed on a support substrate 102 may be

completed with the standard metal contact formation and sintering steps.
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transi stor conprising formng a stacked silicon-gernmani um nanow re
structure that has been fornmed on a support substrate according to
an enbodi nent of the present 5 invention. The nethod 200 begi ns at
202 with a starting SO wafer 100 conprising a device |ayer 101
separ at ed [0849]i caFIG. ¥ stomsa suppectosilbstr of 2pleditpyf muBiydr ataeked fin

103. Next, in 204 alternate s of Si ,104 and 06 ar osited
on the SO StuEHEss agppped 0% arﬁﬁﬁieﬁﬁmef A SRFENES fon Ak P %f e eﬁl?
the SO waf@kntHA0A shﬂ)gllg%lmeyer eﬁ@ﬁéar%stﬁicﬂr%% plqilrghﬂgs)fmﬁﬁ%mme@

top surface of the multilayer stacked structure 10
phot or esi sfin sayenres, 1€ch s:onmamngaiftaeﬁm @drtion froanged if between dwD BpPATiRg

por 1 6ns 18 l{séﬁ”@ﬁ%ﬁ%'gq‘}ﬁw ot FRER Gtye oy bR e IR B e we

pattern phgd 8¢fs }iaﬂanaa% edcibtRE, RorfRsatally oBQhé g@p@n@hbgtfwe btk ayes
st acked structure 08 not covered by the nmask are etched away to

real i ze a dagired magesr. st acked fin structure 118 conprising of a fin
portion 114 15 arranged in between two supporting portions 116 on the
BOX |l ayer 103. In 208, the fin portion 114 of the nmultil ayer stacked
fin struct[0os0]118FIG. #ushohear asttbjseset@shal oview Gef aC@tﬁd&ﬁS&ﬂlb@Bgélmﬁﬁﬁ
to achieve a stacked Si Ge. nanowire structure 122 wth the Si Ge

nanoWlr e 1BHBOWERNHTUCHE otfiRi e BXIBHION [REGPEFINGT t00 RN dembaslimgaly Q& ntiF yPrepent
210, the sj

anneal i ng glt@ %gﬁg o@g%érqﬁ? e %fsté%li#ﬁl%ﬁ%g?%ﬁe‘c&dﬁg%Sﬁliallélz}?xﬁ 0?188’ the
oxi di zed ShrignaiaSiGwl lageri mlbmfdmﬂ: faster ¢chamage $ihkySi BecausraGevinceade®the

form ng the resultant stac nanow re struyct 122. 1n 214,

| ayer ot | oRORRPSR QU GrilE s STEETIBRES e P Der<Esiear o ad e
conduct i VesIJ)\%’IQfmdlg&pﬂl%o?é %e@%ﬁniﬂ%&ﬁ@&@e@ﬁm@ﬂﬁe@t ching to formthe
gate electrode. In 6, the supporting portions 116 are doped to

f ormlbhe source and draln regions of the 25 respective MOSFET

transi stor. The gate el ectrode may Iiﬂ s*sbe doped with the sane or

di fferent dopant as that of the resuftant source and drain regi ons.
This is followed by an annealing step to ensure uniformdiffusion of
dopants in the gate el ectrode and in the nanow re_extension regions
beneat h t HB0%dt e BiGCY planyes a jspanpigy elegfeonmidiessopy (SEMD image 4f a silicon-
gate-all - r r

silicon- g(aeée?n’léﬁﬁ%ﬁﬁl g‘%ﬁh%gvﬂta&g% '!Pzdc ur%gé%{étgw %Ehﬁ% gelleeﬁt f)Fhrﬁe “oh ta
suppaot suibséttaheAlOAawdyydpeof Si and Ge/SiGe are deposited on the SOI wafer, creating

a multilayer stacked structure.

[0052] FIG. 6A shows a SEM image of a multilayer stacked fin structure after fin
etch and clean according to an embodiment of the present invention and FIG. 6B
25 shows a SEM image of a plurality of multilayer stacked fin structures after fin etch
and clean according to an embodiment of the present invention. Clear interfaces can

be observed for each layer.

[0053] FIG. 7A shows a SEM image of a multilayer stacked silicon-germanium
30 nanowire structure after oxide release according to an embodiment of the present
invention and FIG. 7B shows a SEM image of a plurality of multilayer stacked

silicon-germanium nanowire structure after oxide release according to an embodiment
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conpleted with the standard nmetal contact formation and sintering
steps. 13 [0049] FIG 3 shows a cross-sectional view of a plurality
of nultilayer stacked fin structures arranged on a BOX | ayer
according to an enbodi ment of the present invention. A single

][rul ti| ayerofslicgkatt friventdn. Thtaerdimensiengdktacld oft SiGefnanuwvire hayebriddcaeked
In structures, each conprising of a fin portion arranged in between
t wo suppor“%‘?aﬁé{Oﬁs%ﬂqf?ﬁaﬁéherﬂ?d%’é’?qaé?—ned on the BOX Iaygr. The

mul tilayer stacked fin structures may be arranged parallel to each
ot her, horizontally on the support substrate or in any other desired
manner. [ Q@Ed] FIKEG. 8Astiows alcnosssions léamoal Micressopy (BENY) avkgedof a 2-

2n enbod: REREIGFTHY SRESEhtlSeeHERB ngweta Feera AP uyEva g °
structure dJemisdtaet eRId-Pitast ﬂéﬁsﬂ@&ﬂ @E'(l)QFE’P)ez%%orcﬁﬁgeto A drhJiiher?i oBehe

| ayer will oxidize faster than the S |ayer because Ge increases the
oxi dat i on presert inDengionoFIGe8Bshavhe draamissiongtleeennsMiqesoppy (TBM) image

segregated.ntqg th | ower oxidi.zed Si _core. there f ' t

& e anontpeson €l ey Sadih SipSiedm Rl sl BFEOY A B Gy
ni cr 0SCopWERExiddTe@mindactst |IFiglaIEff@erTramisss MMOSHED)escchtdskad an
structure according to an enbodi nent of thegeresent 20 i nvention.

Al t ethat e embpdimensfof she arrsemteingertiongind FHpo8ttdawsm {Rasaipiofaligstron

ti . Ul 1 . i . .
mage of AT e RN IREE SR SRR, PR e OBl AL

accor di ng dafiowite eGhiedilivdrbuef Nbgl pOeidenBemiveadidtan Ficld-Hffec TBnsi#br

shows a SEM image of a plurality of nulti]ayer stacked fj ctures
after {1 n (MG ERECPOITE Kb RGN 4h Grbisasrurtogont Rie JEOLGHs:

vent | on.soGl AT inhdieeof ARESITABADRIGDIET Wahilidhs AR hd tfbletcl RBLs

FIG 7A shows a SEMiInage of a nultilayer stacked silicon-gernmani um

30 n&fhowi raee showe tinTIGaf8Agr Fi 8B, nel FiGe 866 c\oarticalgstaaks af 2nBBedindefit
of the pr ensarelg\;[vires are realized for the MOSFET channels as seen in the respective TEM
images, but not so limited. The nanowires could be stacked up to any desired number
of storeys depending on requirements. The high surface to volume ratio of nanowires
renders the GAA MOSFET suitable for sensor applications. In FIG. 8A, FIG. 8B, and

20 FIG. 8C, the gate electrode completely surrounds each nanowire.

[0055]  FIG. 9 shows a TEM image and Energy Dispersive X-ray (EDX) analysis
of germanium concentration in the nanowire according to an embodiment of the
present invention. The EDX analysis results in FIG. 9 indicates that the Ge
25 concentration is much higher near the nanowire surface and it reduces significantly
towards the core of the nanowire. The Ge concentration at the surface of the nanowire
is about 16.6%, reduces to about 1.3% and then reduces to 0.3% towards the core of
the nanowire. This is similar to the observation as reported in the publication by
Takeuchi et al. [H. Takeuchi et al., App. Phy. Lett., 80, 20, pp. 3706-3708 (2002)] [16]
30 who discloses that a rapid intermixing of Si and Ge at the interface in the initial phase

of annealing of Ge films on Si with insignificant Ge diffusion after the initial phase.
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invention and FIG 7B shows a SEMinmage of a plurality of multilayer
stacked silicon-germani um nanowi re structure after oxide rel ease
according to an enbodi nent 14 of the present invention.

Thr ee-di nensi onal stacks of SiGe nanowire array bridges are clearly
observed #a56F t HRIGXi0dhowe lacBEM. injap0 ShpwirlgGat8 Axidh dhiskzesT path sanesiron

El ect M TEM i f a 2- 5 storied tically stacked
T bon PR Boatl enbagen o AE SesamnReioe, Thb M BT
Fi el d- Ef f egdmdiE@RSbahiof %NQ@%E&Q fr&RGaE TENG ithfedin BIRA! MERbuldibd fifed

9
present invention, FIG 8B shows a Transmi ssion El ectron M croscopy
(TEM i madhat tbé damgnsseroedre e Venthar gmitoyed tdoskebly optiingong Her eveidation and

oot f Gt aierodir CnosterstReldpal a8 I SAUR Bt ekt

present i ANRRAds®Ro BBALEU@ B CTRO SNt RoRtualBthiFp ir06xiEE €6 EREs seen in the
M croscopy (TEM inmage of a 4-storied vertically stacked

si | i con- genigpgraph maabediete tepnen-yyiformy Ge pepcrpirationak ihgsukasisconduct or
Field-Effect Transistor (MOSFET) according to an enbodi ment of the
present invention. The TEM cross- sectional imges of the Si Ge GAA
MOSFET t r 00873t orkheafstaeked hiliwargeratsidmprmaesie 1 MOSEES htrawsistors FinEre
8A, FIG 8B, and FI G, 8C.__Vertical stacks of 2-, 3-, and @{0 nanow._r es
are FRal i barapisrzechusin iRl 1864 mesnetEs asalyreri BIGH L gslfethon, Re ey o
i mges, b NQL S Otk 0 i u be:; ; ]
desired n&?‘rl%ep V%fCHsff1 %@%ﬁgcsdgt&g n@?ﬂ%\,\%&ﬁﬁ%&%ﬁi rb%r?e%tlgg q%ﬁgghﬂiég%warﬁﬁy
surface t MOSFEfdranaisioss with hahend § esws oEhdsrosviteHendsAviNOSEETength Labf e

for sensor_applicatiaons.. In.FIG _8A FlI 8B, .and 20 FIG t he

gate ol ectPato b el v ey eikeHeH oo Pancel Golsers 4 dholg b
shows a TEMeIHRIRIARES af @hGY et 3P Shdla¥RristidsaYhé ERndaNAMEsd sueaflired at
germani um concentration in the nanowi re according to an enbodi nent of

t he 19r esantomr)rugnioi B .andHe( FDX= dpal :3F.g respsatively for t ischowiehMiQEiEs
that the Ge 25 concentration i s nuch higher near the nanow re surface
and it redifgEstoss. gn fis abowtiy2 VM dnval dbetieasasmentss The drangision skow hgh

reduces 1 orabite P alEEHABINI T cos to 0. 3% tovards the core of
[0058] FIG. 17 shows a plot of subthreshold slope (SS) with gate length (Lg) of a
20 GAA silicon-germanium nanowire p-channel MOSFET with five vertically stacked 3
nanowire bundle (or 3-storied) (15 nanowire bundle) according to an embodiment of
the present invention. Sub-threshold slopes for different Lg have been plotted in FIG.
17 and nearly ideal sub-threshold slopes of approximately 62mV/dec have been
obtained in most of the cases. It is noted that despite the different Lg and Vp, gate
25 current (Ig) remains invariant with the lowest value of about 6.0x10"°A which is the
leakage limit of the measurement setup used, thereby indicating good quality gate

oxide formation in all surfaces of the nanowires.

[0059]  FIG. 18 shows a plot of threshold voltage (Vu) with gate length (Lg) of a
30 GAA silicon-germanium nanowire p-channel MOSFET with five vertically stacked 3
nanowire bundle (15 nanowire bundle) according to an embodiment of the present
invention. Threshold voltage variation with different Lg can be seen in FIG. 18. The

threshold voltage varies between approximately -100 mV and approximately +100 mV
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the nanowire. This is simlar to the observation as reported in the
publication by Takeuchi et al. [H Takeuchi et al., App. Phy. Lett.,
80, 20, pp. 3706-3708 (2002)] [16] 30 who discloses that a rapid
intermxing of Si and Ge at the interface in the initial phase of
anneal i ng fof diEerént! legthndeSiceni Bhlikelgiognsef forathts Geiatiioh frugshomelafet ter sitde

initial phase. [0056 FIG 10 shows. a TE|V|I. .e showi n at.e oxi de
t hi ckness cgﬁaohi%avﬁ&a@p St RAUERIGRd PRGN e iEaey: herongtangn and
present in kQdn The mininum nanowire dianeter is about 19 nm as
seen fromthe TEMimage in FIG 10. It should be noted that the

di rensi on can be further narrowed down by optim zing the oxidation

and 5_etc st h TEM 1 CrQgr in FIG 10 S0 .shows

gate diel E@?&J eE St%m‘f'g 03%3&’?&?“ drainrhigTedy ?tﬂ% ) Wit ¢ hubnibér of
non- uni f orrmlbwlrb@a&zsrcﬁ@g 1kt KRBSHEMSREST thd prdient AV GHRA! BRKYy, BY sddgatere
to the non-uniform Ge concentration at the surfaces. [0057] The

st acked si qun@ofnat@éﬁﬁim (oh? Bagrsa ge WEﬁnd thghigican @vnivers, atdo = -100
characteriz 4156A ar ane I
Chow s he 1BYGal VS Vin VAR ARAEEIT A 4 RuRlBh B fimpdrcPRandinds FRE 19,

Si Ge nanowhb®s %s:hmaeéland\rﬁﬁlﬁﬁif Ib§,sﬁrl’tﬁltlﬂbgﬁ Svitd thie nlimber afdarfowimssdn af3 3
nanowi re bundle with gate length Lo of about 490 nm The transi stors

showl @xcelnaBpvirpe bR fa sEecting. + hers lingar ¢ plptionship- ipdicaieh o d PLOneFEal

and gate | I f MRasYred at
15 VO(On) e%ﬁ%??%%eghg g@ﬁﬂf %lct}/gd? @f?fﬁ%ﬂ,\/ , glﬁ%%%é&?tespect ively
for the p-channel MOSFET transistors. VDis about 1.2 Vin all the
rreasurenents The_transi stors_shaqw hi | on/ |

appr oxi mat 88111 Flfp20's @wsgwlﬁlcx%traﬁfw%gﬂmca @M@fﬂ@fg%%m%gsé}{@) of 2
sl ope (SS) %aﬁlﬁel%tﬁﬁﬁm}lﬂ vab?he AfimBer Aha0Ried héGPling &S FRRINBBNiment
nanowi re p-channel MOSFET wi th f| ve vertically stacked 3 nanowre
bundl& ( orof3hs posémdiventidn.riBrolineae abd sethajion trosdndurtawe £n, efrpobinneht

of the pr i.nvention. shol d sl o for different .Lo have
been' pl of 18RS ors ik 3 R adf 1§ et af B o Sb bt SpBfked poh
appr oxi matigl prh 2WVHHe nhamamP eg s P hahse dot hePsharite] MOBSEREE @8nsibtbr
is noted that despite the different Lo and VD, gate 25 current (lc
remai ns i rivisk | Anenawirds. AHinepbrRoN e HRENGF . ab 80T 18 miEr D AaiEss s
t he

both linear and saturation cases can be seen in the inset of FIG. 20. Such excellent
20 scaling of the device performance parameters demonstrates the consistency between

parallel arrays of the stacks realized by the present invention.

[0062] Some results of fabricated n-channel MOSFET transistors are shown in
FIG. 21. FIG. 21 shows a Ip-Vg characteristics plot of a GAA silicon-germanium
25 nanowire n-channel MOSFET with a vertically stacked 2 nanowire bundle according
to an embodiment of the present invention. The saturation region and linear region Ig4-
V, characteristics for a single row of vertically stacked 2 nanowire bundle can be seen
in FIG. 21. The subthreshold behavior and leakage currents are comparable to the p-
channel MOSFET nanowire transistors.
30
[0063] The aforementioned description of the various embodiments has been
presented for purposes of illustration and description. It is not intended to be

exhaustive or to limit the invention to the precise form disclosed, and obviously many
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| eakage Iimt of the neasurement setup used, thereby indicating good
quality gate oxide formation in all surfaces of the nanow res.
[0059] FIG 18 shows a plot of threshold voltage (VIH) with gate
length (Lo) of a 30 GAA silicon-germani um nanow re p-channel MOSFET
with five med1ﬁcata:lnlsyanﬁt wrletdns3 aren paossitile en Hightllod ma%mm tegchingndt &9

accordi ng di ment .qf .the pr n on. Thr ol d

Vol tage < drieagrbHRRE heome pf Biedhvent B B3 ek ABRe FlaTRs eperded Wepglo

t hreshol d vol tage varies between approxi mately -100 nV and
approximately +100 nv 16 for different length devices. A likely
cause for this variation mght relate to size control (for exanple
fin patterning, oxidation uniformty, Ge-concentration) and
inmplantation. 5 [0060] FIG 19 shows a plot of saturation drain
current (1psAT) with nunber of nanowi res according to an enbodi nent
of the present invention. |IDSAT, the saturation current at VD=-Vdd
(-1.2V) and Vgs Vin -Vvdd and the linear current IDUN, at VD = -100
nv and Vgs= Vth -Vdd were neasured as a function of nunber of
nanowires. FIG 19 shows the linear relationship of |IpsAT and | DLM
wi th the nunber of nanowires in a 3 10 nanowi re bundl e structure. The
| inear relationship indicates a proportional enhancenent in current
by each addition of nanowire in the stacked structure. [0061] FIG 20
shows a plot of transconductance (GW) with gate voltage (VG of a

p- channel MOSFET for a varying nunber of nanow res according to an
enbodi nent 15 of the present invention. The linear and saturation
transconductance G,,, of p-channel MOSFET transistors with 3, 6 and
15 nanowires as a function of gate voltage is shown in FIG 20. The
maxi mum G ,, is the highest for the p-channel MOSFET transistor wth
15 nanowires. A linear relation between Gn n,ar and the nunber of
nanowi res for both linear and saturation cases can be seen in the
inset of FIG 20. Such excellent 20 scaling of the device performance
paranmeters denonstrates the consistency between parallel arrays of
the stacks realized by the present invention. [0062] Sone results of
fabricated n-channel MOSFET transistors are shown in
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FIG 21. FIG 21 shows a ID VG characteristics plot of a GAA
silicon-germanium 25 nanow re n-channel MOSFET with a vertically
stacked 2 nanowi re bundl e according to an enbodi nent of the present

i nvention. The saturation region and linear region Id- Vg
characteristics for a single row of vertically stacked 2 nanowi re
bundl e can be seen in FIG 21. The subthreshol d behavi or and | eakage
currents are conparable to the p- ChaQﬁﬁ%l FET nanow re

transi stors. 30 [0063] The aforenentio scription of the various

enbodi nment s has been presented for purposes of illustration and
descri ption. IS n%ﬂ %PI?”dEd to be exhaustive or tolimt the
invention to tﬂ@mbﬁé Be! Form di scl osed, and obviously many 17

nodi fications and variations are possible in light of the disclosed
teaching. It is intended that the scope of the invention be defined
by the clainms appemdddd hefoompg alsgackEddig®n-gimanipm nshawimesinicgire on a A

nmet hod of formn%u (ﬁ&ﬁg&gﬂa&h&¥ﬁgﬁlgernanlun1nanomAre structure on a
support substrate ng a stacked structure on the

support substrate, the stacked structure conprising at | east one

channel | ayer nd at st one interchannel |ayer deppsjted on the
channel Iayer H&Qﬁ?c 4?%”5??%%? F@ﬂppﬁwpfﬁ% gFéﬁfgﬁi§F$EE?ure

the fin struct ey fsHah 1&&&% @hannkB1gedr ahdVRt 1§mwmtmam dyengepdtickda
fin portion arranged there between; " oxidizing the fin portion of the

fin structure eméeshynneldaydrng the silicon- ger mani um nanowire bei ng
surrounded by a | ayer of oxide; and renoving the |ayer of oxide to
formthe silicon-germani um nanowire. 2. The nmethod of claim1,

wher ei n for m nfprining asﬁraﬂk:enhresfromchammzked) mpxcius-e,sthe fin ftowondra gombrsing at

hannel | r iti ilicon.l n
channe aye Pegstd (s)uspptortn% portlons ar?c{) a fin %grtxon axaranged there between;

oxidizing the fin portion of the fin structure thereby forming the silicon-

germanium nanowire being surrounded by a layer of oxide; and

removing the layer of oxide to form the silicon-germanium nanowire.

2. The method of claim 1, wherein forming the stacked structure comprises :
forming the channel layer by depositing a silicon layer; and

forming the interchannel layer by depositing a germanium layer.

3. The method of claim 2, wherein forming the interchannel layer is a two-step

process, the process comprises :

depositing a layer of silicon-germanium layer on the silicon layer before

depositing the germanium layer.
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form ng the interchannel |ayer by depositing a germanium |l ayer. 3.
The nethod of claim2, wherein formng the interchannel layer is a
two-step process, the process conprises : depositing a |ayer of
silicon-germanium |l ayer on the silicon |ayer before depositing the
germani um | ayer. 19 4. The nethod of claim1, wherein forming a fin
structure fromthe stacked structure conprises : patterning the fin
structure usin | it hography process;. pattegkni the fip portion
using an alter agpﬁﬁ$gﬁg§gg@%??fWW§?R?”§H%§a Péﬁ? e&ﬁ%“??ﬁwﬁ%¥kion
using reactive-i gfuctire bbigriseb: The nmethod of claim1, wherein
oxidizing the fin portion of the fin structure is perfornmed by a
ger mani um condensati on process. 6. The nethod of claim1l, wherein
removing the laven. of4 oxi de, SHE LSRRG otdfy pidckdscON- ger mani um
nanowire is pé%%brﬁ%ﬁ %y et chi ng. 3_1$E§E%e¥ﬁoé gf claim1l, further
conprising performng a first heat treatnment to repair crystal
defects before renov f the layer of oxide,surrnoundi ng the
silicon-ger narﬁa&ﬁl\T%h%\ﬁpgf)ﬁ]gp “‘T’ﬁ% a%]tt% mgfphgfeé? Easg{%&iei na first
insulating layer is arranged between the support substrate and the
stacked structure. met hod of formng a gate-all-around

Y
transi stor corﬁ?@‘éﬁ%@ﬁP@Pﬁi%S@grgﬁcﬁﬁ?{é’é" $HIR& on- ger mani um nanowi r e
structure that has been forned on a support substrate using the
met hod as defined in any one of clainms 1 to 8 the nethod of formng
t he gate-al | - arolthemethad of sleion 1 fwhartin oxidoms the fingortidngd thaign srusheoisd

i nsul ating | ayer oungbthe silicon- romni u panowi re; depositing a

a i
conductive Iayerpgﬁ) R T RV & |ng°? ?5??‘20 formng a gate

el ectrode fromthe conductive | ayer;
6. The method of claim 1, wherein removing the layer of oxide surrounding the

silicon-germanium nanowire is performed by etching.
7. The method of claim 1, further comprising performing a first heat treatment to
repair crystal defects before removal of the layer of oxide surrounding the

silicon-germanium nanowire.

8. The method of claim 1, wherein a first insulating layer is arranged between

the support substrate and the stacked structure.

9. A method of forming a gate-all-around transistor comprising forming a
stacked silicon-germanium nanowire structure that has been formed on a
support substrate using the method as defined in any one of claims 1 to 8, the
method of forming the gate-all-around transistor further comprising :

forming a second insulating layer around the silicon-germanium nanowire;

depositing a conductive layer on the second insulating layer;
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doping at |east the supporting portions with a first dopant. 10. The
met hod of claim9, further conprising doping the gate electrode with
a second dopant of either simlar or opposite conductivity to the
first dopant. 11. The nmethod of claim 10, further conprising

perform ng a second heat treatnent after doping the gate el ectrode
to ensure uniformdiffusion of dopants in the gate electrode. 12.
The nethod of gl aim 11 e 1Qrmng a conductive | ayer
on a contact t‘s:ur]fnﬁaega Ekf tmﬁ%%ﬁ%gﬁ??oﬁg gg/ret?%ns 13. The met hod of
claim12, wherein the conductive layer is selected fromthe group

consisting of silico silicon, sjlicon and netal. 14.
The met hod of @qu}grﬂtgeast\%ﬁgg H”PHQOF*OP%P’%E@B-‘:{FR‘JOP@teither p-type or
n-type. 15. The method of claim 14, wherein the p-type dopant is one

or nore elements selected fromthe group consisting of boron,
al umi num gal | luihemgthiod ¢if alsim 96lurtiercompriniod of cl ai m 14, wherein t he

n-type dopant d %ﬁ e UL, cf‘e'&Hﬂ‘ée%ori&;@épgﬁttcﬁ%&&%ﬁﬂlﬁ%}%r9 tife

consi sting of us “and arsent ¢ [ co = ger mani um
nanow r e strucdouﬂm:twayrmthslfmg dopamd. support substrate; a stacked fin
structure arranged on the support substrate, 21 wherein the stacked
fin structure conprises at |east one channel |ayer and at | east one

i nterchannel | gyehe RRRAICE RPN LG RBMPASInG ayl%mﬁ;@a {dbiid Rt
conprises at |east two supporting portions and | east one silicon-

ger mani um nanowi freatgeniziigedoningthe gastelastnde Wﬁlﬁp Aniforen diffagired! fin

structure conpri f..channel |ayers and i nterchannel
| ayers interposegg%e?sﬁgg%%éélg lgrclkrjlel | ayers. 18. The structure of

claim17, further conprising a plurality of stacked fin
12. The method of claim 11, further comprising forming a conductive layer on a

contact surface of the supporting portions.

13. The method of claim 12, wherein the conductive layer is selected from the

group consisting of silicon, polysilicon, amorphous silicon and metal.
14. The method of claim 9, wherein the first dopant is either p-type or n-type.

15. The method of claim 14, wherein the p-type dopant is one or more elements

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

16. The method of claim 14, wherein the n-type dopant is one or more elements

selected from the group consisting of phosphorus and arsenic.
17. A stacked silicon-germanium nanowire structure comprising :
a support substrate;

a stacked fin structure arranged on the support substrate,
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structures arranged horizontally on the support substrate. 19. The
structure of claim17, wherein the silicon-germaniumnanowire is

| ocated above the support substrate. 20. The structure of claim 17,
wherein a first insulating layer is arranged between the support
substrate and the stacked fin structure. 21. The structure of claim
17, wherein the channel layer is silicon. 22. The structure of claim
17, wherein the interchannel layer conprises germaniumor a

conbi nati on of siljcon- germani um and germanium  23. A

gat e- al | - ar oun@hete@®nsi st or conprising the stacked silicon-germani um
nanowi re structure as defined in claim 20, the gate-all-around
transistor further conprising : a second insulating |ayer around the
silicon-ger nanihamanhanidw stmpmreZcz)nmr'gaﬁtzﬁlaszerobekmepkaséltaindmehban‘mc t he
second insul atin r.; and st, t ed, supporting portions.
24. The transﬂé’f%? 8¥§&4y§fﬂ§p?§?edf %Q}anﬁg F %hg a conductive Iayer
on a contact surface of the supporting portlons 25. The transistor
of claim 23, wherein the gate el ectrode may be doped or undoped. 26.
The transi st or fughergompsiseosnt lagpicivaisAPRAsn RS BensFad ét lepst epe Heon- s

ei ther p-type gg aﬂmhﬁﬂﬁow§2an%g£dHﬁﬁ?&#@&&q of claim 26, wherein the
p-type dopant Ts one or nore e nts seleéted fromthe group

consi sting of boron, alumnum galliumand indium 28. The

transi stor of ¢ the n

Lyansi stor of Ghak RS iEhS L i0s abtes AN kR el

arseni c. 29. Ansdratked Sl isRfpogel it thaeinanlgest ruct ure
conprising : a support substrate; a stacked fin structure arranged
on the support substrate,

18. The structure of claim 17, further comprising a plurality of stacked fin

structures arranged horizontally on the support substrate.

19. The structure of claim 17, wherein the silicon-germanium nanowire is located

above the support substrate.

20. The structure of claim 17, wherein a first insulating layer is arranged between

the support substrate and the stacked fin structure.
21. The structure of claim 17, wherein the channel layer is silicon.

22. The structure of claim 17, wherein the interchannel layer comprises

germanium or a combination of silicon-germanium and germanium.
23. A gate-all-around transistor comprising the stacked silicon-germanium
nanowire structure as defined in claim 20, the gate-all-around transistor

further comprising :

a second insulating layer around the silicon-germanium nanowire;
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wherein the stacked fin structure conprises at |east one channel

| ayer and at | east one interchannel |ayer deposited on the channel

| ayer and further conprises at |east two supporting portions and at

| east one silicon- gernmani um nanowi re arranged there between, wherein
the silicon-germanium nanowi re has an alloy m xture of
silicon-germanium at a surface of the nanowre. 23

a gate electrode positioned over the second insulating layer; and

at least two doped supporting portions.

24, The transistor of claim 23, further comprising a conductive layer on a contact

surface of the supporting portions.

25. The transistor of claim 23, wherein the gate electrode may be doped or

undoped.

26. The transistor of claim 25, wherein the doped gate electrode is either p-type or

n-type.

27. The transistor of claim 26, wherein the p-type dopant is one or more elements

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

28. The transistor of claim 26, wherein the n-type dopant is one or more elements

selected from the group consisting of phosphorus and arsenic.

29. A stacked silicon-germanium nanowire structure comprising :

a support substrate;

a stacked fin structure arranged on the support substrate,

wherein

the stacked fin structure comprises at least one channel layer and at least one
interchannel layer deposited on the channel layer and

further comprises at least two supporting portions and at least one silicon-
germanium nanowire arranged there between, wherein the silicon-germanium

nanowire has an alloy mixture of silicon-germanium at a surface of the nanowire.
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