GATE ELECTRODE FOR A SEM CONDUCTOR FI N DEVI CE FI ELD OF THE | NVENTI ON

[ 0001] The present invention relates, nost generally, to sem conductor
devices and nethods for form ng the sane. Mre particularly, the, present
invention' relates to 5 nultiple gate transistor devices and is directed
to methods for formng gate electrodes in such devices. BACKGROUND OF THE
| NVENTI ON [ 0002] The dom nant sem conductor technol ogy used for the

manuf acture of ultra-large scale integrated (ULSI) circuits is the

net al - oxi de-semi conductor field effect 10 transistor (MISFET) technol ogy.

The reduction in ©AdEskERCHTRONESER S\ SEMIGONDWEHORIMN PBYICE npr ovenent i n

speed, performance, circuit density, and cost per unit function over the
past decades. As the gate |length of the conventional MOSFET is reduced, the

sour ce aRIELdy BFTHE B8¢ENTIONasi ngly interact with the channel and influence
t he. channﬁl potenti al ConsequentI%/@ transistors with short gate |engths
suffer fiUO&Thr obl m@r@r@ﬁ%ﬂtéavemondeka . impRahi genevaliys Qﬁ@rrgmr@ue%@tewm to

subst ant t n tes,of . the channe Phenaonmena
stch as PETEUGRE L forbit RS BC el parf 67 i presgfi AT Loigles e
chanrgl mﬁdtehgat@mné@foméwéés%ﬁd BRHRBRY 8 haRbSs fdrﬂ*&ﬁﬁr?%?ﬁ ehaeurslpriing T
concentration, reduced gate oxide thickness, and ultra-shal ow source-drain
juncti orﬁJChaiQYloways to suppress short- channel effects. For device scal i ng
well into the sub-50 20 nanoneter regine, however, the requirenments for
body- dopi ng concentration, gate oxide thickness and source/drain (S/ D)

dopi ng PBACKGED YD dregprgNvEg @@ ngly difficult. to nmeet with
cohventlonal devi ce structures based on bulk silicon substrates.

| nnovat 118482 n f r 3he- domingrio sermisondedinntedinetogyi ubed Her it roauiderine off
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use an alternative transistor 'structure w:t han one gat €
mul ti pl eogéinegsd mprsverhemtsn sd&edepeﬁ@naarwemkduﬂ;ﬂmsﬂg,tmd d:afarmr dhmrfumcﬁlos;hom

'n the %V%Pth\g Sggt decades Ast\m]a gate e%Btrhecsafqrﬂé %oﬁlcgnt%ﬁwla?rﬁnoasrféET Is reduced the
source and drain areas increasingly interact with the channel and lnﬂuence the channel
‘potential. Consequently, transisiors with short gate lengths suffer from probiems refated

15 to the inability of the gate electrode to substantially contro! the "on" and “off" states of
the channel. Phenomena such as reduced gate control associated with transistors with
short channel iengths are termed short-channel effects. Increased body doping

\ concentration, reduced gate oxide thickness, and ultra-shallow source-drain ju'nctions
are ways fo suppress shori-channel effects. For device scaling well into the sub_-50'

20 * nanometer regime, however, the requirements for body-doping concentration, gate
oxide thickness and source/drain (S/D) doding profiles has become increasingly difficult.
‘fo meet with conventional devicé structures based on bulk silicon substrates.
Innovations in front-end process technologies with the introduction of alternative device
structur.es.are needed to suétain the historical pace of device scaling.
25 [0003] . As technology continues into the sub-30 nanometer regime, the promising
approach for controlling short-chaninel effects is to use an alternative fransis’tor structure
“with more than one gaté,‘ le., multiple gate transistors. An exemplary multiple gate
transistor is shown in the plan view of FIG, 1 which represents the prior art. The
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multiple gate transistor of FIG 1 includes a sem conductor fin 2 forned
over insulator 4 which is forned over a substrate. Gate electrode 8
straddl es sem conductor fin 2 and a gate dielectric (not shown) is

di sposed between semi conductor fin 2 and gate electrode 8. The transistor
active areas (source, drain and channel) are fornmed in the 5 sem conduct or

fin. Examligse ghteibidibeorgate 1tk rtgészé gér%idbﬂédldf&efirﬂglﬂ&h%éggreg indugisi ptors,

triple-gate transistors, onega fie ect transistors,

sur r oundwgithds dermadaprer arsubsttaigat@ate eiattiode Grstrabtiles ispivécayatietor fin@sirst r

structures, are e cted to . extend the K scalability of, t echnol

beyond. t H819 GIRIECHE BHEToMTY Gy GheTedBeH ROMISSRESCIOLHIR? codGede SRREode

‘1‘|0t It et egl | Me QfardishdrC ABNMOGREES (sotltEe,| AFAIQAAG 'cﬂﬂnﬁél))aé?ﬁ! fdrn‘h%ﬁ' rgghes In
e nmultiple-gate transistors i'nproves capacitive coupling between gates

and tshe sarhimonelctor e Fe@agsed Sfancitmibigke thndisiersihdnde Housibgatd ehndistotshe
gate, hel ps suppress short-channel effects, and extends the scalability of

the - MOS fripkngaist Bensistotn Amagr f@fdﬁf@ttm@éﬁmf apd & aumoun?geteg@trewrap-
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| ncor por giaeshility df@irﬂognfééhn@bgﬂ béfond tie Imitaliord &f SIRERIGRE DulMOSFEW of a

doubl e-gate transistor and ilTustrates gate.electrode 8 that straddles the
channel anst raadizé the wtmatentinid afisibaonrMOSRESsr Theunteodactiom osadditioriahgates in

douhl.e-gate :structure. Sem cgonductor fin,2 includes fin height 18 and fin
wi di 6 e Ewlinle-gee, Gangsioes IMBrvesncaRatiive; SRHRUNG BOMWERN <GRtes AL &Tor fi n
2,4 alon ' i ' j 0) ' ; 2 B2
o oui dosTHRER IAgEEsEL M Coit dfftng Criathel Batentel by T Bhte, Meipd sfidotely® B2
-~ a. thin ssorcdemngl effabés,ianddExisidsdhancaigtiiiyrng tveldld Sneahdidoned on  an

i nsul ati @dayer ch as insulator 4, which is a silicon, oxide | ayer forned
over. sil9o4in %B?r%m@leﬁ.eww &t o makiplerogle 6E?é‘§§3t‘i’rs'3p§}ef SPH@&'W@ or to
th |t hi : ' i ' | b

gate erﬁan?@iséﬁ? 6rd§%@5${ggﬁé@§§ lég‘J ,%gﬁ%@ﬁﬂ&é'@%g,@@%g&g@gg et%ﬁeg%tr%}sgﬁ% d

whi ¢h t cantantesf (Which ast haddl asgorseratatondisfemncél FIG2 2Roisfoprivaad erdyse- gat e
structure overlying the top (etchi ,ngrmask_ 16) and sidewal |s 12 of
seni con&aetienal Maw of agloulergrte deipstoranddiustimten gatealemrodad theé straddles

oot R hEhRE i SRR TSRl Lo R DRbtA B SRS
triple-structure. Semiconductor fin 2 includes fin height 18 and fin width 6. There are two
_ gates, one on each sidewall 12 of semiconductor fin 2, along which gate dielectric 14
20 exiends. U.S, Pétent No. 6,413,802 B2 provides that the semiconductor fin that forms
the fransistor channel, is a thin silicon fin defined using an etching mask and formed on
) an insulating layer such as insulator 4, which is a silicon oxide léyerformed over. silicon
substrate 10. A gate oxidation process is performed prior o the removal of etching
mask 16 and the oxidation ‘process is followed by gate material deposition and
25 patterning that forms gate eiedtrode 8 which traverses (i.e. straddlés) semiconductor fin
2 to form a double-gate structure overlying the top (etching mask 16) and sidewalls 12
of semiconductor fin 2. Both the source-to-drain direction and the gate-to~gate direction
are along the plane of the substrate surface. |
[0005] Another example of a multiple-gate transistor known in the art is a triple-
30 gate transistor, an exemplary one of which is illustrated .in FIG. 2B. . The plén view of.



30 gate transistor, an exenplary one of which is illustrated in FIG 2B.
The plan view of. 2 such an exenplary triple-gate transistor is as
illustrated in FIG 1. The triple-gate transistor has a gate el ectrode
that fornms three gates: one over top surface 20 of sem conductor fin 2,
and the other two along fin sidewalls 12 as ' in the double gate structure

shown i gykh Gn %m&éﬁﬁtrw gﬁa%ﬁttrms%& x3Lh gtrﬁﬂ n@fg ”rﬁe B%ya&gp >

surface 20. [0006] FIG "2 OWs an onega an3|s T) or

si npl y tnapgiator FET, a gate aldcrddd deatufoemt Hhregaystes! ont rovée tbpsstafacenegaft ype
shape in the glé?ciss- sectional view The onega-FET is a variation of the

tripl e- §ETEONAYHRS 80 & avddip Dﬂﬁﬁ?rewﬁbﬂbﬂg ﬁFhSIF]B‘@aIISZQZa@ huthe dosblecgatec 14

e condere FhART, F 2 O LeaelbiendR 1 st has Mg sBEVRRE 1 20 TRR "

ext endsgdanearth sem conductor fin 2 due to the recession of the upper
surface of insulator 4. The onega- FET resenbles a gate-all-around (GAA)

t ransi sfO8106} prO\FIIGegCeSmWSI amomegal Bdii-effest taardister (FRETUf aic sy onsdgeg a
very ma si m.| r to that of the double. or triple-gate

transi s{ggﬁaa el él?%gﬁg QAP I BIECRa5] 8N HBPEh SR R ERSE o dbh TORS-

sem con t T aps
ar ound %}ﬁbﬁé' {” ody T}}%hg %fgjc rrent%}fgg}gf ng{b %éﬁgég 3% S%'ggﬁaww
seni conprevioaslyfin F1Q. mhpgatsodlslec&icdltt eeesdwanal sideaalieltecid evérd bdd.i nes
fromthe drain and inproves gate-to-channel controllability, thus

al | Vi dpplgeledtiodgr&iencioachpsesermapndusior finovet ernqoamra@nt |lapationep?®duiado

sh rt- 0 [00071,. The e transistor

SPPuer aEn s B8 OREIRGAS oD SLARRRbLGAC T Z35S B the HookisBof Atahe iie: or

and t hesuofmegaf ffsliatbeye T%Q@ﬁé@tﬁlFE?%%ﬁmb@ atga"tb aﬂ%@uﬁﬂ%é\fa@l Jraidigees of

the sem conductor fins are used for a signifiCant anount

sour ce- nr@VIde%le&Haﬂ’rmaﬂabdkb)ndmd:ta manufEskiesd usihy v, varhenaefufacturabée gedoesei dt h
of the fin height. In a

doubl o- Séfmai‘%f' @rﬁ’ﬁ%g%?ttﬁ? o S@ZE@'%'@@E% ST ¢ \rbLé?e q a2 rgae Hrtion® in a
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such, atbatfa!nmohtew@lps aranmdetas ¢is,bodpe Thaoinatohnimnt QB@E gd@ Eleetrabé 8 imddrhe
device sséh%on%uc%r fin 2 helps to shield the channel from electric field lines from the drain
and improves gate-fo-channe! controllability, thus allevnating the drain-induced barrier
lowering effect and improving short-channel performance.
20 '[OOOT] The described mulfiple-gate transistor structureé, i.e., the double-gate
_ ) transistor, the trip]g-gate transistor and the omega-FET, have a common feature in that
the sidewall surfaces of the semiconductor fins are used for a significant amount of
source-to-drain current conduction. Essentially, the effective gaté width of the multiple-
| gate transistqr is a function of the fin heighf. in a douBIe-gate transistor,. the gate width
25  is twice the fin height and in a triple-gate transistor, the gate width is twice the fin height
plus the fin width. (Fin height 18 and fin width 6 are shown in FIGS. 2A and 2B.) As
such, as fin height increases, the amount of current deliverable by the device similarly
increases. To deliver maximum current, then, it is desirable to maximize fin height. A

tradeoff exits, however, because as fin height increases, it becomes increasingly difficult -



I ncreases. To deliver maxi mumcurrent, then, it is desirable to nmaxim ze
fin height. A tradeoff exits, however, because as fin height increases, it
beconmes increasingly difficult 3 to formthe gate electrode by patterning
the gate material that is forned over the fin. This undesirable aspect is
al so common to all of the aforenentioned gate transistors. [0008] Each of

the multitolferrsane ghl-aBmbsb@E Byl REEHARP 1R G881 AoRAMCHAL i Iofmblder (IR e

active re_lg]i_on and i s di spose rate surface. ormati‘on of
a 5 gat e ldlixdndesirabishaspest is atitl eanmbe tsahbithe dfortmenfidred gato trarsistbie

deposi ti a substantjally confornmal gate el ectrode naterial over the
seni Condi@qtg] fin E@Fh’ &Mieugﬁ@plecﬁe Afanssiers tiagudes agsensicaniuplesindr as

e AR e e i e B T g Wi e R s e
hei gh§ i gateodammdlaytndaestmmsorﬂ@bxcgemfcéridmcwreﬁaﬁmﬁ@:@svﬂﬁé/edgpebih@m%fng 10

pr obl em Ag deposited, the substantially conformal gate el rode materi al
has a nofUPPRBYRIY cospraal galeelontiateanateyali aves the sesniopndustonfin fobawedsiasat he

oat er s ar dgtiaion s Johe tdehnicRe Mok As Hhdtaiicerdiny eEar étcdind Beh shgh a6 O
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shown in FIG 5. Mask 38 nay be a photoresist or
phot osenkéFde \séepmdweighit dhtradicbeds by dhereemigoriducter dirb pregeints @oagiynchalibhgihg

pr odyces | angr_ t o urface 40. |t can_therefore be seen that the
t hi gﬁjnes@r%gfenﬂ'h2‘%&%&@%@@%?&”%@&@5’ ¢ datecpleetodacmatarial Bas aanesser

t hl cknessigdar B2 o i S e | Thi s r.yi ng
i cknedac o BYSturisBRyitZe et o a6 P B GRALHE Somleoafear TR
i t hogr it itaBIG.ABA 2 Burtrose®k ofghier blebirdds mEteiab @ ketisatpyomelaaanghder ed
opaque r ﬁiegn 48 wi thin transparent region 50 of the exenplary

it hogr&ﬁ TEOTRIURSABS PefialdNig P'eGIEsIE- 48 has a constant width. The thinner

portion of nma i i han ot h

porti ongogglg]of ma?lﬁeg% Zs;hiog/:s @%S'ﬁi’@fegﬁﬁgff?@% @/&Hiﬁh%gﬁggtgte @BO‘@-' Gf@@r er
ext éat  tharMasihenatpdalt 3®nsapbet AephvisssigBbe dtidr. phoAbdisitesPRsteral and is
devel op, the@ég fgatterned mask material 54 may be formed with different

wi dt hs. £9MYR Metiky, spig-coatings whidh pieduces haiplanar riop suface of). 56t oan
patter nege R HEPL&I bt #it AYRheSd SPRIad matsrial varies from greater thickness

44 to lesser thickness 42 over step 52 influenced by semiconductor fin 2. This varying
. thickness makes it difficult fo accurately transfer the pattern on the lithographic mask 46

20 to mask material 38. The pattern may be considered opaque region 48 within
‘ transparent regioh 90 of the exemplary lithographic mask 46. Opaque region 48 has a

} | constant width, The thinner portions 42 of mask material 38 over step 52 are thinnér
than other por‘cions 44 of mask material 38 and are efféctively ekposéd tb a greater
extent than other portions of the mask material. = After exposure and develop, the

25 .patterned mask material 54 may be formed with different widths as shown in FIG, 3C.
FIG. 3C shows that narrow portion 56 of patterned mask material 54 over step 52, is
substantially narrower than other portions of pattern mask material 54,  When
unmasked portionsl 58 of gate electrode material 8 are subsequently etched fo expose
insulator 4 such as shown in FIG. 3D, the etched gate electrode 62 is formed with a

30 non-uniform gate Iéngth, i.e., narfow porfion 64 is narrower than other portions .of .




substantially narrower than other portions of pattern mask material 54.
When unnasked portions 58 of gate electrode material 8 are subsequently
etched to expose insulator 4 such as shown in FIG 3D, the etched gate
electrode 62 is formed with a 30 non-uniformgate |l ength, he., narrow
portion 64 is narrower than other portions. o 4 etched gate el ectrode

f .
gat e ol PO RS A7 LE B8 B i83n<,pleh i Fls TeRce RS o
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67 is greater -than ate leng or med ature
(48) halangtln mdweﬂhanpontwnlﬁﬁ W|51 Widéh §at ét (vand!bdn seén Vreattwidthl 6P & gieater@Banhown

in FIGS SBP 85_3% nvvhere between width 65 and width 67. The
non- uni 63 59? BRI f@uga réna,df frpmc%m@eéqteatt@'ﬁg@ﬁ) havipg ranstantgvidth.
undesir 0 n ate
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el ectrode is usually doped in the sanme process eration used to ope t he
sour ce @lﬁwrﬂwallmum@ylrahé andrrepreseristonenstiortcopning 9 orrwentiteal ryultipleeyaiet r ode

is substantlallI ﬁ!anar as are the source and drain regions. In a
mul ti plté HFtor or sem conductor fin device, however, both the

gate e'[@?ﬁ Ode QHE}thEPEthEeHg ﬁgeaf‘@ o%@nﬁo%’l ano%y%%ﬂ%'f&ﬂn‘ﬂﬁwdl fiige

di nensional” structures source/drarn ate el ectrode
mat € i afjate Msarsistors fier gat thko gjahg erlaﬂwdeemenmallybdbhed Snaﬂheatsiamealpcbcess
copcent rati on-w se it wuld be desirable to i nt roduce doﬁ?'ant i rrpurl ties in
tHe solRREERINAISedrtagiops thadoure et drain eegionsde IhvgpRYSNPNAhiransisiors ihe

Bna 0, SR RRBER Wepteatihd by, 6° Wi e Soure It AP, Y Pafea by

r ef er enpegltiple-gate gahsiéoF bh skmidohguéid fif Q:Fe)mePhQWbd@r bbtrp&l%gﬁﬁeeéléc%de
manufacturing multiple-gate transistors. Neither of these references teach

t he pl aﬂféirtﬁatspume@ﬂdtdn@n g@gi@ma@o@ased@altyethma dimapsiooe! stougiheesol Bedrigeaphi c
Po oot Seoglrtin Fdugie FckPaE matetbin pave ALEsARaIoRtD MW@ SIS T 1o
ent ' r etsi_batlﬂryoéﬁdd@o?lcénﬁﬁm%sé% would be desirable to introduce dopant impurities in
' the source/drain region and the gate electrode material in different processing
operations, | |
._[0011] U.S. Patent No. 6,413,802 B1 (Hu et-al.) and U.S. Patent No. 6,432,829 fo
20 Muller et al., hereby incorporated by feference as if set forth in its entirety, provide
) processes for manufacturing multiple-gate transistors. Neither of these references
teach the planafization of .the gate electrode material prior to photolithographic
pattemning of the gate electrode, however. U.S, Patent No. 6,492,212 issued to leong et
- al.,' hereby incorporated by reference as if sef forth in its entirety, provides a method _for
25 forming a doub]e—ga"te transistor using several planarization steps to form .the gafe
- electrode of a multiple-gate transistor. The muitiple planarization steps required by this
reference, however, increase manufacturing costs.  Additionally, U.S.. Patent No.
6,492,212 fails to prov;de methods for optimizing the dopmg of the gate electrode and
the source/drain regions of the multiple-gate transistors.




25 form ng a doubl e-gate transistor using several planarization steps to
form-the gate electrode of a nmultiple-gate transistor. The nultiple

pl anari zation steps required by this reference, however, increase

manuf acturing costs. Additionally, U 'S. Patent No. 6,492,212 fails to
provi de nethods for optim zing the doping of the gate electrode and the
source/drain regions of the nultiple-gate transistors. 5 [0012] The present
invention is directed to addressing the above-descri bed shortcom ngs
associ at ed0d2]h nul Thepe=sgat ventionds siredtetenaddessing te dRvbrIREOTIES -
SUMMARY COF THE | NVENTION [0013] In a first aspect, there is provided a

met hod f orshbacorings asgaiitee hWethinidtifelgate transidibl hBh&Fa6@lify dcARSbgker 1 n a
sem conduct or device, conprising: providing a substructure conprising a

sem conductor fin disposed over an insulating |ayer and a gate dielectric

formed ongumMmasy opnecivEfTion formng a gate el ectrode material over
the gate dielectric and said sem conductor fin, the gate el ectrode materi al

havi ng a [0938l pI andi afies aspegtalbere is @rovidedva mathadfer fasrinaor gate eleatodederci ng
dopant i ufti j ; ; : =] PR . sai d
e oduc] oy MUpREgE KNS eR 108 bEm RO iRl EblisnoRrbAIR.C o e
el ect r ode SHRSEWGHIe COmp{Isingod aeraicopdunionfinedispgsed nviernsre insolatiog fayar apd anar i zed
top surfa i : i d ] i ] I'n
2 Becond s Hilech 8RS Oh UEELcolicBRleiariin (RfIhg SUa L i nalefio P .
for a nul tihepategliglectic andissidorenipondustarifio pthegateeledisadcmatetiahtmirg ag:

provi di ng - t nri.Si 1.Con . fi.n di.sposed over an

i nsul ati ngnoﬁa@%é%%ggﬂg%alpgngidgﬁ% I’a?(?g?l spe§$g13r% §§E"s‘§f’8p§'ﬁﬁf5%fﬁl?ad?‘8r fin;

form ng a thapatecledtadedeatetialaraftatl saidndrodsiaing, artealioh & activatectharidpsmati d

sem condug of ] e, rial. ving a.to urface that

i's non-pl gﬁgpntgéss q?éﬁéﬁg%e qa‘ﬁlénct‘?rro g%ﬁﬁtéggd’o%gdtr@a’? ' h'ﬁfaé%‘g?m%qu zﬁrH’ Jate

el ect r ode phanasizedifop sifrfeee tisatiectands Kirdcotty a\@gr saidnealicorgiutter gl | vate said

dopant i jties, wthin i d te el ectrode erial; and after said

anneal i ngwdgiari izn:’\ér\]éeéoar}d(ia%pteg%ﬁ}e&? fSaR{BV'FSSIPJP”%}"Bd Eﬂfé%*?%@@a{eop surface

that ext erdisctbde dortd mutiiplsr gatait@nsiserirca semiondudtbndevid, tempiisigg:Srbddiagt e
roduce a ectrode that traverses sai
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gate dielectric-disposed on said semiconductor fin; forming a gate electrode material
over said gate dielectric and said semiconductor fin, said gate electrode material
having a top surface that is non-planar as formed; introducing dopant impurities into
said gate electrode material; after said introducing, annealing to activate said dopant
impurities within said gate electrode material; and after said annealing, planarizing said
top surface to form a planarized top surface that extends directly over said
semiconductor fin; patterning said gate electrode material to produce a gate electrode
that traverses said semiconductor fin and includes said planarized top surface; forming
spacers on sides of said gate electrode; and performing selective epitaxy on exposed
portions of said semiconductor fin but not on said spacers thereby increasing height
and width of said semiconductor fin. '




spacers on sides of said gate el ectrode; and perform ng sel ective epitaxy
on exposed portions of said sem conductor fin but not on said spacers

t hereby increasing height and width of said sem conductor fin. 6 [0013b]
In a third aspect, there is provided a nethod for form ng a gate el ectrode
for a nultiple gate transistor in a sem conductor device, conprising;
providing a substructure conprising a sem conductor fin disposed over an
insulating |ayer and a gate dielectric disposed on said senm conductor fin,
sai d sem conductor fin being a lead extending longitudinally over said

i nsul at i ngoD&3dr  arulalisivd aspeat, Iﬂmggliﬁ pr@w'glaﬂlermbfmad fd:r’cftcsirmimg gtdm,’ce él@bﬂﬁ&:c(!jtg a
gate el ect rigl. over sai ate dielectric_and sai sem conduct or
fin, said fégggn e elgg%%&ganﬁgiogrjriw g°¢ ?H'W&Ctz?rﬁ%ﬂg%lcgm'spgpprgﬁ'ﬂf"&@e;

i nt roduci ngibdbpetote canprisittg £serhictbads@bidfirgéibgoseldener a8l hsURLAG i3k ard ber sai d

I nt roducin anneal i.ng tq actiyate said dopant, inpurities | n said gate

el ectrode %ﬁ? gﬁleéi?r,c‘z)'?’g?f‘ggic’?i saicgndygior, Pﬁ'@es%cq"gldﬁméf"bpﬁ'ﬁaﬁ‘%% t op
surface; federdiy npitidiedipedensasdinzgidiay tiyer aHE hasing @ HERINE gRlaB& ithadRs

mat eri al ; et&}gifqr%&grportion qg’)tf sai d S%te el ectrode material not covered by
sai d patt el @%Qaﬁea‘%j% rodg MatgHe Qver syidvetedigleris@edsait traver ses

sai d sen centlesiductdrifif, sald bhiteSoddiroatrh fenathaviglkd Ach-bBYET top BuRh&SEe,

i ntroduci ng, dopant . inpurities intg said sem conductor fin to form source
and drain 'g%?é)ﬁg’gr%agﬁ@ﬂq‘i@?%lnﬁﬁ said gate elerrodarpateng! sliprsaihintredneag mski ng
layer. [OGifkakiny ©tiealedid®ipant iburiies hoshid BsteWlEstrddBh AEHA! Hdndfgnglopant

inpurities . and annealing prior to planarizing the top surface of the gate
el ectrode Pisyrface jo fofp G Manarzrd ken shrfacenismingsmpatiarned masking layer
provi des fover phiaiatd dlbbeoddBalePRl; SRRSOt i i al
prior to intlr"od’uc@iang and anngal I ng the dort;i)(g%;\st(;fi@%{)%t‘tgiegg&&g% %%ﬁk@ordi ng
to either WVefeddYsaihpatiargetmeskingiayes (o progueha gateselpetendiedbat travesgespr oduces
a doped, pRlagN&; t d | ] e fin.
The pl anar iazeq,n&iggiﬁjcg&ar? He;I’ _{gﬁﬂg?'r _eétmr@tder?lg%' IE%ﬁb&%%g%ﬁ@@'ﬁg%%n such
that subd®@guetss iptesaid semigonductasdis tedernbeourse dnd draim edivegegiogatierehect r ode
of const anjng thedlfdmd i s rpﬁﬁ@r'nﬁ& r&é&;@qg%&onduct or fin, thereby providing
[ W t orm ¢

a multiple gate transistor a uni gate length. After the gate

el ect r ode [P@14]or neih orpemnbediment, thexmethasigndndes introducing the dopant impurities

and annealing prior to planarizing the top surface of the gate electrode material. In
another exemplary embodiment, the invention provides for planarizing the top surface
of the gate electrode material prior to introducing and annealing the dopant impurities.
[0015] According to either of the exemplary embodiments, a method is provided
that produces a doped, planar gate electrode material formed over a semiconductor
fin. The planarized doped gate electrode material is advantageously formed such that
subsequent patterning methods can be used to produce a gate electrode of constant
width that straddles the semiconductor fin, thereby providing a multiple gate transistor
‘with a uniform gate length. After the gate electrode is formed, source and drain regions
may be formed in the semiconductor fin and are doped independently of the gate
electrode.

BRIEF DESCRIPTION OF THE DRAWING

[0016] This invention is based understood from the following detailed description

when read in conjunction with the accompanying drawing. It is emphasized that,

according to common practice, the various features of the drawing are not necessarily
6a



may be formed in the sem conductor fin and are doped independently of the
gate electrode. BRI EF DESCRI PTI ON OF THE DRAW NG [ 0016] This invention is
based understood fromthe follow ng detailed description when read in
conjunction with the acconpanying drawing. It is enphasized that,
according to comon practice, the various features of the drawi ng are not

0 e vz cat ures of
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denot e |axpantiedonresudetirioughetit tike nwpeeild deadts dikeafrditeawhnaghdutciheded
are the followng figures: [0017] FIG 1 is a plan view of a nultiple-gate

t r ansi starechisalinnanigirewinprimoRides! axgthe Tilewingl figupse- gate transistor nay be a
doubl e- t i : t.ri ple-qgat i st i =ef fect
ol e cpbpylrantalor 3 4UkTAS; L TR Bl SRR L SRR 2

i ne sA- At t e PRIBFe R 198RRKC Byl b Ph B AaALer 9 ulCoste and

I
illustrate a doubl e-gat®e transistor, "a
onega- FEMmnsisés e ahiovelgy; fielitefdd r@hsiBlo6F-EBA- 3D are t hr ee- di nensi onal
i 3E is a plan view showi ng a _process se nce used

i i d FI
oo IO TE T o aBb S 2fer e Sropmse iRl Hovs emarndue s Afup 408 BRIDR o

method 7% EeTeinotblerie bnufiof of ERAr LapH JRBCE ARE GO8 BIKRER i on.
15 [ 002iplElgas troishss atiencorAsga-FET fe@paktiwiyews showing the first part of

the sequence of processing operations usedto forma pattered gate
el edfr oW cor di NS SA-Ihard threa-dissansinral isometindews aridet iGhantsi aplans

T-p,r'_:pvi ded.in FIG 4. 550022] FI GS. 6A-6F are threg-dinen ionlal i sometric
D hws. SR Sho¥he L PhORES SoaHETGsr URRL 10 HNB IR oBF MR el e AT DNE s
used t osbRidhAulE! fPEaBRiIIPNEIMEIoART: 20 according to the first

of the |

exenpl ary net hod ention as provided in FIG 4. FIGS. 5A-5G and
FI GS. 6/00P] conbiffi@. Hoisi & losichart eshiohéng ans¢xesmrargnitret afetpod des Sormdng a

gfigﬁrf;f ;Bgﬁerﬁé %a%eoeléc%orgetaggo%ﬂgtt%riﬂg ?nv%%%ign;el ectrode according to the first
15 [0021] FIGS. 5A-5G are cross-sectional’ views showing the first part of the
seguence of processing operations used to form a pattered gate electrode according to |
the first exemplary method of the invention as provided in FIG. 4;
[0022] FIGS. 6A-6F are three-dimensional isometric views shciwing the sécond'
part of the sequence of processing operations used to form a patterned gafe glectrode
20  according to the first exemplary method of the invention as provided in FIG. 4. FIGS.. |
) 5A-5G and FiGS. 6A-6F combine to llustrate the first sequence of processing_
operations used to form the 'pa-tterned gate electrode according to the first exemplary
method of the invention; | N |
[0023] FIG. 7 is a flowchart showing an exemplary second method for fbrming a
25  patterned gate electrode according to the invention; and -
[0024] FIGS. BA-BG are créss-sectiona! views showing the first part of the
sequénce of processing operations used to form a pattered gate electrode according fo
the second exemplary method of the invention as provided in FIG. 7. FIGS. 8A-8G and

* FIGS. 6A-6F, in combination, illustrate the sequence of processing operations used to




met hod of the invention; [0023] FIG 7 is a flowhart show ng an exenpl ary
second nethod for formng a 25 patterned gate el ectrode according to the-
i nvention; and [0024] FIGS. 8A-8G are cross-sectional views show ng the
first part of the sequence of processing operations used to forma
pattered gate el ectrode according to the second exenplary nethod of the

i nventi oforas ipatienied gaieFelectrode nFtaS. ShsoBlngnid thel SordAntfhod bf the

conbination, ..illustra guence of processing operations used to 7
forma pH}VPBF%asBE{’tV@Ie@I'BﬁGOﬁe material according to the second method of
the invention as provided in FIG 7. DETAILED DESCRI PTI ON OF THE | NVENTI ON

[0025] The present invention provides methods for formng a patterned gate
5 el ect r@gépdb@a [%EWFB—(&@H&@EJHE INVENEONor ovi des the acti ve ar ea | n

I tipl t Th th d ft t]
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t he net hods of the present .invention, e: rocess ~seguen

in the firangstars s Tie FheBod4 cﬁntﬂ1e7preavehi H’O.@nﬁd‘i@VWel ap;ﬂhbb!@qwmum@-gatgur es
w th respect to ?rn exenplary triple-gate transistor, it should be ,

under st sisfags. tiniesoats ipARsigaant @magat bl s §3@3<@Wh@h)ha§rh8@néﬁ@’l®lﬂﬁy
t hod { b
gat o ol S bBePCRRBiore VA LR RN E, BRPesdip i, “SYaHBE higgese
mul ti pl esegpiences antihsd df she [ORRAtSbOFIAS] 8 andf  owlihge shbvh Us tsiBbddi@nd
fi rs eﬁﬁgrggl ary nethod of the invention. 15 FIG 4 shows that, anong ot her
t hj Aé %wﬁh rigsrsict ﬁ%éng@qe@wpéarédmmef@@tmﬁamwtar. Mshpukbha wﬁersmdemat ng
411 tak I trod t
ats. i oo BB Mefobhl S SOMAAT G B b ot AL dicitesl Bhgntich
i sonet r imay Ib@vajuatl?m@étjnt@ foﬂn' ;beitté}?ﬁédibﬁtet Bl@cﬁ@dﬁ@@@& @éubﬂé -B5RSFaHMbtors

operations shown in 27] Now turning to 5A, “sem conduct or
| ayer 1@Mega- FEW&Edd@ﬂw mmiﬁpile@atmtgansﬂﬂorsayer 104 vvh| ch |s fornmed over

AN R LA e Ry e i o e
15 'FIG. 4 shows that, among other things, the doping of the gate electrode material 409
-and the annealing 411 take place before the planarizaﬁon of the gate electrode material
413. FIGS. 5A-5G (in cross-section) and 6A-6F (in three-dimensional isometric views)

combine to illustrate the sequence of processing operations shown in FIG. 4.

[0027]  Now tuming to FIG. 5A, semiconductor fayer 102 is formed over insulating
20 layer 104 which is formed over substrate 106. Semiconductor layer 402 may be an
} elemental semiconductor such as -silicon, an alloy semiconductor sﬂch as silicon-
germanium or a compound semiconductor such as gallium arsenide or indium
phosphide. Other suitable semiconductor materials may'be uéed in other embodiments-;_
Semiconductor layer 102 will be formed into a semiconductor fin which will provide the

"25 active areas, ie., source/drain and channel, of the multiple-gate transistor,
Semiconductor layer 102 may include a thickness within the range of 200 to 5000
angstroms but other thicknesses may be used in other exemplary embodiments.
Insulating layer 104 may be formed of any suitable dielectric or insulator, and may

advantageously be formed of silicon oxide or silicon nitride in exemplary embodiments.



o

germani um or a conpound sem conductor such as gallium arsenide or indium
phosphi de. O her suitable sem conductor materials may be used in other
enbodi ments. Sem conductor |layer 102 will be forned into a sem conduct or
fin which will provide the 25 active areas, i.e., source/drain and channel,
of the multiple-gate transistor. Sem conductor |ayer 102 may include a

t hi cknesmswag,@ MyEPe osang i%fvezgg%iﬁ% %goB thgnl%ﬁérﬁo fﬁj;tapﬁétgfﬁ{ﬁﬁﬁ' esses
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formed o % Sili c n oxide or silicon nitride in exenp odi nent s
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2000. aﬂ@ﬁta%%gﬁ'ﬂ)csogl{gqu} her thicknesses may be used in other exenplary

enbodi ne 106 is a suitable substrate used in the
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Sem_ conductor fins 108 ext in and out of the plane
dr awP ng SEMFONAEGtERs | H8imityh be 18imuttamedusiyg farmietd pveopnsinstiaes $d6h and

et LB ushE o St bt e o kel i gﬁﬂ éﬁﬂgéh‘éimé?e?@fﬁ%%"p@eg 500
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FIG 5Bis dep| ct'ed after renov

exenpl afl 0.enmbidiheight ‘B’leﬂchmags b@saﬁhfnoﬁhe’:l ré@g@'df 9@@-600@@*#?%3’[@#’?5 b Nwill
|norgan§ r}r_‘?skl ngl gﬁeterla may remmi n over top surface 116 during the
subsequBMYAfRISRHEY P BY theHewgritteouihe @ageu@gwﬁpamnwtrsmm &R emampisn@ I'n

L6 anaonr dment PS5 Ealy S50 dhEnLs R R ers GRSt ET e of
the illhetmask matevkal.FirGandtRer exemplary embodiment such as used for a double—gate
transistor, an inorganic maéking material may remain over top surface 116 during the
subsequent formation of the gate dieiebtric which is shown in FIG. 5C. In an exémpiary
‘ triple~gate transistor, current will frave! along top surface 116 and sidewalls 1 10 élong
20 the direction orthogonal fo the plane of the illustration of FIG. 5B. |

) - [0029] Gate dielectric layer 120 ié then formed on semiconductor fin 108'

including on fin SIdewalls 110 and top surface 116 as in FIG. 5C. Gate dielectric 120
may be formed using thermai oxidation, chemical vapor deposition, sputtering or
suitable techniques. In one exemplary embodlment, gate dielectric 120 may include a
25  thickness that is substantially uniform. In an exemplary embodiment, the gate dielectric
120 may include a thickness of less than 10 angstroms and in other exemplary
embodiments, gate dielectric 120 may include a thickness within the range of 3
angstroms to 100 angstroms. In another exemplary embodiment gate dielectric 120 on
top surface 116 of semiconductor fin 108 may have a different thtckness than that of
30 gate dielectric 120 formed on sidewalls 110 of semiconductor fin 1 08. The presence



[0029] Gate dielectric layer 120 is then fornmed on sem conductor fin 108,
i ncluding on fin sidewalls 110 and top surface 116 as in FIG 5C Gate
dielectric 120 may be formed using thermal oxidation, chem cal vapor
deposition, sputtering or suitable techniques: In one exenplary

enbodi nent, gate dielectric 120 may include a 25 thickness that is

subst antzgral exteninof sudn & thiclatese xhifgrendcy wintdepkrmenton tﬁmn@ﬁ’ml wienl ecforinc 120
may i ncl ude a t hi ckness of less than 10 angstrons and in ot her exenplary
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t hi ckneoidg, Laﬁgﬁ&mlwmloxmé:wsupafn1Mexm; R, hafsilno oxyniride, IGHAN, or
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oxi de, Aﬂf@ﬁ&xen@farryembommhms Hf 02 haf nium oxynitride, H ON, or zirconium

oxi de, but other suitable gate dielectric materials such as. high-k
di el ectéo% I havi ngiGa 2 rshiomesi gateyelaetrefie smaterialntad Brme aPV@eﬁ‘Po&ché'érespace
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lycrystalline silicon ?er mani um ( pol y=Site) or other conductive or.
seni conRIBICOnBUENEeMiaH ] G&@@eeﬁlé@‘wf&jéﬂaﬁﬁﬂ@r'ﬂ% ﬂ1524bﬁa°}nd§’@ﬁdnféfob@ﬂ%r
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122 rrayoﬂh@ﬁ@eatém@@na%nﬁeﬁﬁb@t@ﬁaﬁiuegﬁsrméﬁne% hep iy eéﬂgesm SuaysEicso be

used. In one exenplary enbodinent, ~gate electrode naterial 124 nmay be
unddpe dangstsosns bubnthea\timnm%sehlmamem bé¢ Usbdutin @EOeXenglert embodimirtkness

L2 o SR B bl Ao ke Sul el SMEERC bipo S RGst DRI
2000 angstroms. Thlckness 122 may advantageously be chosen to be significantly
greater than fin height 114 in one embodiment. Gate electrode material 124 is
substantially conformally deposited and therefore ineludes a non-planar top surface 128

20 that includes peaks 130 and valleys 132. Peaks 130 are formed over respective
semiconductor fins 108. Nan-planar top surface 128 therefore includes step height 134
which is generally about the same as fin height 114 shown in FIG. 5B. Using
conventional technology, such a step height 134 introduces significant problems in the
transfer of a predefined pattern from a lithographic mask over peaks 130 and onto the

25 gate electrode material. The patterning issue produced by step height 134, is
advantageously addressed in one aspect of the invention.
[0031] FIG. 5E illustrafes the introduction of dopant impurities into gate electrode
material 124. In one exemplary embodiment, the dopant impurities may be introduced
using ion implantation, indicated by arrows 138. Plasma immersion ion implantation

30 -may also be used. The ion implantation infroduces dopant impurities such that a peak
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substantially conformal |y deposited and therefore includes a non-planar top
surface 128 20 that includes peaks 130 and vall eys 132. Peaks 130 are )
formed over respective sem conductor fins 108. Non-planar top surface 128
therefore includes step height 134 which is generally about the sanme as
fin height 114 showmn in FIG 5B. Using conventional technol ogy, such a

step he'cﬂﬁfantl@tﬂwc'eﬁ t%%%%qa?%cﬂﬁ‘t’ i Eﬂtpa%@ll SRy} HOﬁ'E%“TEW; cedfoe

pr edef i ne pattern roma ogra over peaks onto the 25

gate el e;cdcatnmimmmemee}ieak'ﬂmﬁc@ﬁtdtl@hmfﬁ@pla&weloﬁﬁ adindrdideybsbefashed gine 134,
I s advantageousl g taddressed i n one aspect of the invention. .[0031] FIG
S
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| ocat ed tiat the dumhMpMthﬁndeetraﬁmmmnant@eoﬁdp ragxifizeel 4Rthe interfaeison 140
of the geak concentration of inp ions is _1ndicated by a dashed line

which hd@mggiRatyaen aaheﬂ@cﬁ@dgem%teaalo‘r% @TC&ga’fﬁcﬂHpﬁﬂﬁéﬁOt wporéi@f fraduces,
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subsequaapamnn@@htléwamcspﬁm@m@cm tfaatexémled%wbauéﬁ)HbPéM menGRBE Bt i on
I s advant ageousl é maxi m zed at the 'interfaces forned between gate

el edfr oa@nﬁ%ﬁt@rgla dielgtriariOgancediffuet duo raemidcmluciom fior th8r. TbierHd:lﬁse'ablgat e
depl et ff d

o™ Gop ST HEEReioiles SRS B BBets KRSl S B pre PRE T 8 BECons
i mpuri t kRS %a%%eocﬁﬂghéélihl y ungbo%t‘%i qﬁéeﬁé& a@%@aﬁt%}ﬂ'l% o P%Sk icBh&sntration

seni conductor fi esiradb causes resho vol tage shifts

and degohieslantedtiond and peimrA’; ahdmadbp eﬁtéﬁanteﬂ%zllﬁtwéﬁ} tisdh @ate Ehedirodee
oi nt A, Iocat ed at |ocation 140 of Peak concentratlon of

di stance et
i mpl ant B %r@ﬁ?ﬂari‘-ge st diekeciricads @ppradpaieht Bier sarae assthse
SEeTE M et R it e el MR
at the {smeedicistidewabl B@cfatuls@rmgéném-Agah@ dilit@hRCBIR Cark28pprBRPRately iest ance
A-A" and distance B-B' are approxi mately the
same, the dopants from point A and point B will diffuse and reach points A” and B’
respectively, at approximately the same time during a suitable thermal annealing
process. This Minifnizes the likelihood of any dopant impurity penetration. According to .
| 20 conventional or plasma immersion ion implantation techniques, a dose of 1X10'°cm™
) may be used in an exemplary em'bodiment but other dosages may be used in other
exemplary embodiments. In an exemplary embodiment, ion implantation 'energy may
range from 100 volts fo 200 keV, but other implant energies may be used in other
exemplary embodimenfs. Depending on the techndlogy used, either P-type ddpaht
25  impurities or N-type dopant impurities may be introduced. P-type dopant impurities may
* be boron or indium or a combination thereof and N-type dopant impurities may include
' phosphorus, arsenic, antimony and combinations thereof. Other dopant impuritie's may
be used in other exemplary embodiments. | |
[0032] FIG. 5F shows the structure after a suitable thermal annealing process

30 has taken place. Doped gate electrode material 154 advantageously includes dopant’
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sanme, the dopants frompoint A and point Bwll diffuse and reach points A
and B', respectively, at approximately the sane tine during a suitable

t hermal annealing process. This mnimzes the |likelihood of any dopant

i mpurity penetration. According to 20 conventional or plasnma i mrersion ion
I npl antation techni ques, a dose of 1X1015cn2 nay be used in an exenplary
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hei ght Wik fin height 114. In an exemplary embodiment, the root-mean-square surface
_roug_hness of planarized top surface 156 may be less than 100 angstroms. Height 155
may advanfageous[y be chosen to be significantly greater than fin height 114,
- [0034] The structure shown in the cross-sectional view in FIG, 5G is also
20 presented in three-dimén.sional is_ometric view in FIG. 64, in which the dopant imburity
concentration at point A" is advantageously equal to that at point B". . '
[0035] FIG. 6B shows mask material 160 formed over planarized top surface 156
~ of doped, annealed gate electronic material 154. Mask material 160 may be a single

. I
T et

layer of photoresist or in may include multiple layers such as a photoresist layer formed

25 overa si!ic_:on nitride, silicon oxynitride, silicon oxide or other layer. M.ask material 160
‘has a substantially uniform thickness because it is formed over planar top surface 156.

_ Mask material 160 includes planar top surface 150 and substantially uniform thickness
166. Because of planar top surface 156 of mask material 160 and substantially uniform

thickness 166, a desired predefined mask pattern can accurately be transferred from a
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15 which may lie within the range of 500-4000 angstrons and will be chosen
in conjunction wth fin height 114. In an exenplary enbodi nent, the

root - mean- square surface roughness of planarized top surface 156 nay be

| ess than 100 angstrons. Height 155 nay advantageously be chosen to be
significantly greater than fin height 114. [0034] The structure shown in
the crossesegti vy i4nF ! r ed.i.n
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concent pedurafehettarafiritie Pattdrs i@ tagReusty gl 169, that at point B .
[ 0035] FIG 6B shows mask material 160 forned over planarized top surface
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aubs equathetetplh RO b A hbast o7 385 s RudE BT Wi (a4 8¢ ufttEindo
pat t er nmbgk Wiagerit 82 @ aHstadanyaitrralhdip b8 R sidia foﬁ@to'?ﬁ'é’é#@fe@ﬁ}rber ned

mask material 162 formed over planar top surface 156 of doped gate
el et r dwyingataririformsaidtRat evennehema pattewtssr irsdskl 6Ratadst 162 Biépy neekrusi ng

R B A B BT S
46 shayrscn {8e aHBir%%ulﬂft“:Q aLf}'Ffbﬁfﬁg Qﬁicﬁ%of ek Gnaftial Sfg0Rl @MespRaque

regi on 48 has a substan y uniformw . An aspect of the invention is

that wiptetiefi®d phtigrat tar med acomatehmataasicaled 6ol maskbstanial a6y tanofrar m
when forned from such a photomask feature 10 having a uniformw dth, even
when pREMmfsomasiskb4rat eri al 162 steps over seniconductor fin 108. In

S O o e R R S T e
pr edef ieteitn@ardcess, S@foriBlyas e Blashia bIoANES Biocess, 0Bt SroflBek gars @lddlodb60 to

form
168 shown in FIG, 6D after patterned mask material 162 has been removed. The

| gtching prooéss used _’io efch uncovered (unmasked). port_ions of the doped gate
electrode material 154 may also remove some or all of the gaie dielectric 120. In

20 embodiments whereby some or all of gate dielectric 120 remai'ns',on semiconductor fin

"y

-/ , 108 after the etching process, a subsequent plasma etching procedure may be used to
| completely remove gate dielectric 120 and expose semiconductor fin 108, 'incl_uding
: sidewalis 110 and opposed portions ;i'78, 180 that will form the source/drain regions.
FIG. 6D shows gate electrode 168 that brthbgonally- traverses, i.e., straddles,

25 semiconductor fin 108. Gate electrode 168 includes top surface 174 and constant width -
172. The etching process. or processes removes all of the uncovered portions of the
gate electrode matérial and the gate dielectric thereby exposing semiconductor fin 108
and insulatringr layer 104. In the exemplary embodiment, gate electrode 168 forms a
right angle with semiconductor fin 108 but other arrangemenis may be used in other

30 __exernplary embodiments. -
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patterned mask 162. 15 [0037] This pattern is then transferred to the gate
el ectrode material by an etching process, preferably a dry plasma etching
process, to produce gate electrode 168 shown in FIG 6D after patterned
mask material 162 has been renoved. The etching process used to etch
uncovered (unmasked). portions of the doped gate electrode material 154

may al >0 [065E e So'ﬁggﬁuﬁ;'e'an@}cder%afﬁeregﬁ)bgle%%rﬁ%dﬁh%péaged GHigls ¢7BOtHoENt S

wher eby soneor all gate ect remai ns on sem conductor fin

108 af t ersetitieoreiuehirnth NO®aRSiSarcaagiubsftagent clptiesia 168 chTing fpmuaiedusfethaay be
used to conpletely renove gate dielectric 120 and expose seniconductor fin

108, i nclS@HIGRyans dirkviagiensimay amehepreer $lens: t indine axamplagempeEME, BNf or m
th C i eqi . FI G, 6D sh t 168 I hat

or t hogondit I BElAiPHsR04ss df pelipfitife SopIIhE s EE AP edtoye. dgpe

el ectfodﬁnmiatarglséécgé‘éen&% %Hélﬁ;fé}%éiaﬂ Bhted AfEré Matevetichodd A88 JFhidrischi ng

process or proce renoves a of "t he uncovered E‘or'thns of the gate
el ect r odeemitanduator dind1@he [yane aieshmaryr embodiareshythe Xpodnplgnisdioncyacksst or

fin 108 d i |.at i | 104. In th nbodi nent . . .
ol oct T oqERESEPIRGR HEmelHelg ANes faf S P oas CBRGIEL 870 OalF JBECL Slstig,
i her; exenl i Th

Sourco aRPReTRY 416 cinEfdad MdBhor, &P rENEUR, O et PARINOE Thask hbtefg el The
sfem' ﬁondabmwn ihimglgm:._t fmétea_ratemﬁtmsfptangiiatﬁal &imirmn[azmthﬁom?aaceﬁbemptMt i on

the source an raln regions may | nvol ve nan S. n o ex ar
gqpobﬂ meRteceain bewennﬁbea@fpgew@m ,!ﬁqy%i@ag depigied ﬁ%ﬁﬁé?tﬁ& aaﬁﬁrhén§%$cey
o ' 7 o B ) S . q
wher e gupaliEReliad Paicils g iTRE-R i ¥id B ER okt pGOER of el Bedfdkor 721
enbodi mefaieidleaniOfaieniibRotRt hAR PESTesBovdtkes, Phagssi gistdidat il yomitedr the

gate el ectrode material and gate dielectric etching rocesses are,
concl udetioandeitg dmplantecmolml angtharh expraiptasy neaberigknirather iSaUrcegHains ifwn i n

0,1 B SRR AP e b Pk e Rl B L AR B ERAGER B Lo
and 9 t hthe%?d&ﬁﬂé%oﬂﬁﬁsiﬁ F1Bt 8Di afhel B iffpldrtatiol Gebediir Bbtedsckhre thomsked
portion of gate el ectrode . .

- to provide a substantially uniform dopant profile throughout source/drain regions 178,
180 of semiconductor fin 108, including substantial uniformity in both the vertical and
lateral directions. Various implant conditions may be used to achieve this.

[0039] Spacers 176 are formed on sidewalls 182 of gate eiecfrode 168 as shown

20 in FIG. 6E. Spacers 1767may be formed by deposition of an i'n'sula'ﬁng spacer material

} followed by anisofropic efching of the insulating spacer materia[.'. in one exemplary
embodiment, the spacer material may be silicon. nitride and in another exemplary
embodiment it may be a stack of dielectric materials including a silicon nitride layer and
a silicon oxide layer. When an isotropic etching process is performed on the spacer

25 material formed over gate slectrode 168 and semiconductor fin 108, spacers form along
sidewalls of each. Because height 155 of gate electrode 168 is greater than height 114
of semicoriductor thin 108, the spacers formed alongside semiconductor fin 108 will be

- receded and completely removed prior to ,spabers 176 illustrated alongside gate
electrode 168. In an exemplary embodiment, the heights 155 and 114 may be chosen

30 such that a substantially intact spacer 176 remains along sidewalls 182 of gate
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material and gate dielectric have been renoved, i.e., the gate electrode is
protected frombeing inplanted. In another exenplary enbodi nent, the
source/drain ion inplantation process may take place after the renoval of
the mask material and upon 15 the structure shown in FIG 6D. The ion

i npl antation process or processes are chosen to provide a substantially

uni f or r%ga%@t 1880whh@ érﬂfc l%l;sgle&%t C%Acsi{aq%& R ! gﬂh&s}?du%@ in 1868 0bre

sem conductor fin 108 I ng substanti ormty 1 n both the

verti cadubaimtlallyartemca;bdd|Trh@ct=,xmpalary\/a1nbodlmsnltrw ﬁiu&traieﬁdm tHIGNBEMmely dthensed to
achi eve t %@g Sp acers 176 are fornmed on sidewalls 182 of gate

el ectrcﬁa@ FRenis0 in nwhich 1BE. seperier gra 7EemeNEthelromr rAlenaside

Sfﬁﬁf'ntéeﬁéké?ﬁu%r BT DS PRSP anrestst | aiphiie Salarts S dierent
t he 5spag®BtafBAIRT mhuémuarb%éulIuS%M §hdcetdlg 78Nhd magnﬁéthéﬁeﬁéf QIR kRt

enbodinent it may be a stack of dielectric material$s including a S|I|con
nitri d@uﬁ&g@ﬁ?@@ﬁ gate eledtioclent Giki bhearicilye exavimary sembaditnenpircwhichipagepr ocess
acer 25 material formed o ate el ec rode 168 and

!sz_mpgj b doss e RS B3RP 0% sniach Higo! Gata dlRaiTode dPte a0 CrRasset
hei ght 2184 r@ﬁélﬁ agdgg%c%ﬁ) %}%ﬁldnﬁ ‘sﬁ%@lls%é"&f Q%Jg%hdﬂr&tér lc?f1

sen con ctor acers torme sem con or fin 108

wi |1 bg0040¢ cededAfearcspacerplagd EdrihedeOatefroin FIG. BB, a sepades © ﬁi)ﬁallgrbwﬂi rated
al ongside gate electrode 168. In an exenplary enmbodi ment , the hei ght s 155

and 011 prepeps irePeifoRied twcmﬁ the aidth 1§ amcbmﬂlgfstl L @frﬂe@mso@cbmrﬂm

: | ect

Formeamstnger b BB dhtcve BPh Busheaf SPLERE aRR PR o e TR B <
exenpl ﬁéﬁicﬁlﬁh?dls@%&hvé Se%pit!aidﬁF rb®th Vil Fldre ©lace Hrotdi@hse@XBARIOAEY of
enbodi nents, 1 n which the spacers are renoved from al ongsi de sem conduct or

fin 1080umh/éira!@mlmm@7& (&0 sealicongsicibe fisi 1ttt ds, IBRtopesurfaeesi 80 and
A B M Ut s B
1’7725"3“ FRfRrid) Me%g%ﬁéﬂagzgﬁve 176, apesiGiead ﬁ%%ﬁﬁw%rﬁtalélé’e&%st 9R @S 'éf] ace

gate electro mal'l er “spacers al ong
por t i offlastrdted itel @eefrdss ofldikcets wmlmﬂqw(ﬂk@ltrafmgltH@&elecfi\@éQﬂ)Ita%élegjromcer s

are formed as _shown in FIG 6E, a selective epitaxial growth
process. The selective epitaxial growth process may be a CVD operation and may
result in the epitaxial growth in the source and drain regions as well as over (original)
- top surface 174 of gate electrode 168, to produce epitaxial Iayers 184 and 186
20 respectively “The epltamal growth process may also be used to mcorporate dopants
} into the source/drain areas. An optlonal ion implantation process may be performed to
additionally dope source and drain regions 178, 180, especially if they were not
incorporated during the epitaxial growth procéss. Conventional low energy ion
implantation processes may be used to introducé dopant impurities into the sourcé/drain
25 regions, to a shallow implant depth; A Silibidation process may optionally be carried out
to form a silicide on source/drain regions 178, 180 and top surface 174 of gate electrode
168. Conventional patterning processes ma-y be used to mask PMOS transistors during
the implantation of NMOS transistors, and vice-versa. Subsequent conventional
processing operratio.hs may then be used to wire the multiple-gate fransistor to other

30 devices and features fo form-a functional semiconductor device.
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1410 process is performed to increase the width 112 and hei ght 114 of

sem conductor fin 108 in the source/drain regions (178, 180). adjacently
opposite gate, electrode 168. Mdre particularly, selective expitaxial
growh will take place on exposed portions of source/drain regions 178,
180 of sem conductor fin 108; that is, on top surface 180 and. the exposed

i ons id I : ;
0L nsfhry cenoh gaaf ke i pobo St i g enp s, Spncer

15 material as described above. In I's
110 are the inventicat ieshownte tie Bewdiarspidler. 9. fRIG. ¢l iacludss ihe sdmeiptocessing t he

o1 ocess. B9 HEVS S0 dpdilar foRUGIE Magess e QPErANG e BRNIRI GHerRrh | n
th dr @ | N sk t i f 174 of
at o ol corlonees o oRF RS eR ol banTetp T of BeteRiRRrs sfRsl” A7 T ©

respéct i petigrmethbefors thaxopdrafurensihderiog éss garyclatietido@atsiadl ah® ahAs4lingor at e
dopants intaq . the source/drain areas. An optional ion i rrPI antation process
agt

may be pSfPBARBaNddH Tatrspeciil. | Thalepmiesse of progassiag aperatiens shiwning G180,

o ocese. | BRYSIRT e PofaRi bl e e ciibatin BreBcnsl & dalbBdatR ca 1o
i nt roducearsifgiont iripRiGATe SfnkRtds | SSQILFETE ARl 6t|h|85 Lﬁ@b@smulitjﬁleag%ﬂ-:{ﬂ | ow

inplant depth. A silicidation process may optionally be carried out 0
forma sifragnsigderson source/drain regions 178, 180 and top surface 174 of gate

el egtro 68. ventional patternin rocesses be used to, mask PMOS
N T iy g 3 B R S e et e R oo
Supsequ t I cesgd : i it i, € the
il G A PR S RELEIS MholB L ERE, BS IS Reped, thd
funct i osgusets chpdaessing dpwictiens tpresdri@d by FAGSethitF ipetsbdde prodacs e
second seqﬁelnce of rO%essngq{ﬁgerati ons, .of the invention is shown in the
f1 onchartH'BPIerate IENSIIeE Win | aiacRIElY @pROSEENFOYSRRIdEES irpgons Jeimad Bh&eshown

in FIG ¢gmiBHduhe spr ocessing operations are performed in different
sequence. Notably, the step of "planarization of gate el ectrode material"

413151 s [G0483r f or nEMG S8R0 tdrecsppatdientialpto ¢0ps BAEDeathbe SbRebsdde
materi al _and anneal ifgi%‘g‘}\ steps 409 and 411, respectively. The sequence of
S

pr ocess FRYUBBE I htHON ovlirSPn Aceprding teaiheapeeprgemptiodophie igpeion as
multipl grddfed bFHEE Ya2sbNAWIBY RS o2es BleBirdRt Tnaterial is planarized prior fo

doping, it would be advantageous for gate dielectric 120 to include enhanced immunity
to dopant penefration. An enhanced immunity to dopant pénetration may be
20  accomplished if the gate dielectric includes a nitrogen-containing layer, According to
the second exemplary embodiment, gate diglectric 120 may.advantageously include a
silicon nitride or a silicon oxynitride layer as deposited. In one exémp[afy embodiment,
_gate dielectric 120 may be a silicon nitride layer overlaying a silicon oxide layer.
Alternatively, if gate dielectric 120 does not contain nitrogen as formed, an ‘additional
25  nitridation process may be performed upon the structure shown in FIG. 8C fo enhance |
immunity to dopant benetration. The nitridaﬁon process may be an annealing process
in a nitrogen-conta_ining ambient, for example. In summary, according to the sequence
of process: operation of the second method of the invention, gate dielectric 120 shown in

FIG. 8D advantageously includes nitrogen for enhanced dopant penetration immunity.
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transistors, triple-gate transistors, onega-FETs or other suitable nmultiple
gate transistors, 10 [0042] The first portion of this second sequence of
processing operations is illustrated by FIGS. 8A-8G After this structure
shown in FIG 8Gis forned, the sequence of processing operations
represented by FIGS. 6A-6F is used to produce the nultiple-gate transistor

wi th adjoaggnt |y qRBQHIdbEed GHfs Bletfrddd maBtP R34 i9 B plaRafife u§ﬁ%‘(§’lﬂPQUCt or
fin. 15 [0043] FIGS. 8A-8D"correspond 1dentically to FIGS. 5A-5D and are
descri bied ekampleoty produtethevdttuctiFe GSFIGABBhicAdedudemplanar surGacse@handret hod

of the jnventio s __presented by FIGS. 8A-8G in which the gate e rode
ot er ahepa! FioardR 8EFhpIve dhe ﬁgugta@dn%qimwn RACHORE eé%ﬁim@aa@@ﬂ@l i gate

ernancels EoyeEs PRk Ja8 o NEREEY ceFTHRRk s bRutPeRly BPERERH 87" o

di electdagheimigbsides a nitrogen-containing |ayer. According to the second
exenpl ary enbodiment, gate dielectric 120 nay. advanta eou.sl%/ i ncl ude a

si | i conOR#dlri de én ansimplardaticox pricess, dedicaiedr bnerivusodsd e, then verd &xenpl ar
y enbodi pent ate.dielectric, 120 may be a sili.c nitri-de | ayer

byer | ayBE e atETE B E inte, e St s ohaun 1 6" BE: cCaniEnel er 120
does n =T A r deli. L : ¢ i cess
e S o L T S o Ll
t o dopaperameiees phthieoivn iiipdanation gdatcken a oloeses ivayrodecaimplanedepihg1®8 ocess
in a nitrogen-containi ng@ anmbi ent, for exanple. In summary, according to the
sedencehergey dhe deeatiop pddthl dheopeakh or@s Rt P! ated hiens niasnePeYe gat e

ernancoariutEle RN 1%k ; Bh o, PEy T MABEH R 240 HER S HHPER B, oce
mat er i dnpldfed SorishN cRlsanas | Fedgatel Beckddd materalfReRlisiectie Profaiee ot he
structure of FIG BE which includes planar surface 192 and hei ght 155.

FI G BHvegiions202hisastthegeate elactiotiednaigrialiustp ditleriie irdedata stiooatioerdldl. 124
a0 | REPAEL R A2b g uadoned date ol soliode MRl sLA Afdy Ty g cat
ar news pkagiratich dfitepattffbutifies through the gate dielectric even at location 202 which is
most prone to such penetration during the subsequent anneal process. |
[0046] FIG. 8G illustrates doped gate electrode material 154 with planar top
surface 156 after an annealing process has been carried out o activate doped gate
. electrode material 154. The annealing process is as described in oohjunction with
20 FIGS. 5A-5G. After the structure of FIG. 8G is formed, the processing operations -
e shown in FIGS. 6A-6F and .‘d_e‘scribed,__in.co_njunction therewith, are-then carried out fo
form the multiple-gate transistor which may then be further processed and wired to
other components of the semiconductor device as desired.
[0047] The preceding merely illuétratesrthe br‘in‘cipleé of the invention. [t will thus
25 be appreciated that those skilled in the.art will be able to devise various arrangements
which, although not explicitly described or shown herein, embody the principles of the
invention and are included within its spirit and scope. Furthermore, all examples and
conditional language recited herein -are principally intended expressly to be only for
pedagogical purposes and fo aid the reader in understanding the principles of the

30 invention and the concepts contributed by the inventors fo furthering the art, and are fo

17



i ntroduce dopant inpurities into the structure as shown in FIG 8F.
Conventional or plasma imersion ion inplantation nmay be used. |nplant
energy and ot her processing paranmeters of the ion inplantation process are
chosen to produce inplant depth 198 10 whereby the | ocation 200 of the peak
concentration of inplanted ions |ies above sem conductor fins 108. In can
be seen bbatoristoad izanbiRg whhaealmictioneit sadh apedficallynmeicied edaipies arsd
closer to the gate electrode material/gate_ dielectric interface at

| ocat i onCOEtiaNGan tMsegvare o celaiemrntrmbeicin feghing dviaciBles: i asPerer ke at

I : ' hoonitr ' Pty ol . .
enhancedeiadfees 35 aebbat e SRTE Bdic BhduReS: kbl dre e Rl "t ne
gate di ebesimpaasC¥eih atrubipeat AR AAional Eyuivailen® SheRbRNe AHBitISREIR, it is
penetration during the subsequent anneal process. [0046] FIG 8G

i 11 ust r aintandedpébigstieh ebguivalodis retlede abothsauwently phrawvar amipvalanis fank 156
after an_anneal,i n rocess, has, been carried out,to, acti,vate .doped gate

ol ot r oS ARt SRvABRET Fhis duiEa g gt devaloPaR et phiay e S

conj unct4 ARHYM ' nﬁﬁ] G After the structure of FIG 8Gis forned,
the pr ocfgggtllqlnd} %@gtglé?srist S r%\'/vn in FIGS. 6A-6F and .described in

conj unct[0048} her evihtshdesoriptivmh e trreaexérapladueémbodinfemtsrist intenaiet tto peeegdire
transi stor which ma i

, may then be further processed and red to other
conponerfidingrliamwits dhe digHascaldhe Assprbanyng skavwiag, WWG@@? tpe ety
merely i tes the.pringi ' (oY TR IR AR N S 1 [V be
appﬁgci Elerféﬁﬁ ﬁgte?@ﬁ%g@ttgﬁic{él%é@tﬁjﬁ' ﬂhethggﬁ % Elr\‘lllﬁe[ P)Ilh' Eéfeatg)gl teew['% Sgé@?geloégpi ous
ary angerrapper," torigbntap! tROtGH " Ndboed Pl bslbi "y “de's tioved top” afpWiotiveneadn,
enbody the principles of the invention and are included within its spirit
and scopeell Fudemvaiivies thereofl(c exahprizantallyd "dewnwridionaiPwasdiyl slie) shesid

* pur pose TR Rt bR R AR R ot BeGr PR stph in HBRABRRE e o

i nventi @fisqaRbichhe concepts contributed by the inventors to furthering the
art, and are to 17 be construed as being without limtation to such
spetsfi ¢@048] r eci Abougtanheeivanton corsdibeieonsleswihedover terms | ofs exeaitany s

herein regitjn ri.nci pl es, as ts, an enbaqdi nent s .of the invention, as
wel | as cedmeRBe b b et “imESEdRetin o RatElode (pboBrs yags Bee 68
Struct UhstARsh bRy, 9 ahciGa ot 82k ants e P 8mbofifdrits A ahd Ynvehtion, Swhich

may be made by those skilled in the art without departing from the scope and range of

equivalents of the invention.

R
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5 intended that such equivalents include both currently known equival ents
and equivalents developed in the future, i.e., any elenents devel oped that
performthe sane function, regardl ess of structure. [0048] This
description of the exenplary enbodinents is intended to be read in
connection with the figures of the acconpanyi ng drawi ng, which, are to be
consi der @that klgiaved i9f the enti re wri tten descri ption. I n the descri ption,
relative terns such as "l q "otup " "horizontal ," "vertical,

"above, " "Dbel buf*"mefigd-for d%r\mtn@ a 9%‘;9" e’&ﬁfdod%&rt%rﬂ\ulb@e GRie (ransistasrinvait | ves
t her eof §&midondudi®f dedt 8bhyrising:downwardly, " "upwardly,” etc.) should be
construed to refer to the orientation as then described or as shown in the
drawi ng underProWigf\guassuhistrugigrg Gomgyisingt Rosehiconductary Bmtdisneshd sovasean

descri be ﬁgyﬁ.@y imted thereto.

Rat her, ﬁﬁgiﬂg%%%gﬁd gm@%tﬂf ﬁ%@;ﬁ@&obg%&gﬁlfd to include other
vari ant s and feriodi @ergate olechieds nmetﬁtrlabnpvamlsatd gaig Idtelemue and t $ade
skilled {

cai val rmoaRRicr i Rt berC SRR ha AT e G RRCo L SIS Bl

form ng as@emedel ectrode for a rrul tiple gate tran5| stor in a sem conduct or
devi ce, conpr, p i n str rising a sem conductor fin
di sposed over'l]tgdnd&mﬁsc{ﬂ%\éb Fﬁ]é’%f' GS‘/S ltn Oa?t%l Eea‘%ig& rgé"lra%tﬁ'glc formed on said
sem conduct orftei saidfiotradutingg spatalingl tecadstnvdte sail efobaht evRritiesirdsgdtgate

di el ectrl tragi% %‘Fp S sem conductor fin, said gate electrode material having
a top sur t g8 'ﬁ%n pl anar as forrred; i ntroduci ng dopant inpurities
into said gatparedrizirigrsattbtopesiefatato foah taplanaizdditty saeieRithgr, ex@émi%&hrieﬁﬂlyto
activate_said .do ant urities in said gate electrode material; and

pl anari 2R 584i% dlé'%é'&e to forma planarized top surface that extends
directly over sai d sem conduct or fin.

2. The method as in claim 1, wherein said planarizing follows said
introducing and said annealing.

3. The method as in claim 1, wherein said planarizing precedes said
introducing and said annealing.

_ 4. The method as in claim 3, wherein said gate dielectric includes nitrogen
therein.

5. The method as in claim 1, further comprising patterning said gate
electrode material to produce a gate electrode that traverses said semiconductor fin and
includes said planarized top surface.

6. The method as in claim 5, further comprising forming source and drain
regions in said semiconductor fin adjacent each of opposed sides of said gate
electrode.
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2. The nethod as in claim1, wherein said planarizing foll ows said

i ntroduci ng and said annealing. 3. The nethod as in claiml, wherein said
pl anari zi ng precedes said introducing and said annealing. 4. The nethod as
in claim3, wherein said gate dielectric includes nitrogen therein. 5. The
method as in claim1, further conprising patterning said gate electrode
material to pfeducEhampias 29 isctlaipué, iuriger corapsing oreingdspansrcondides of fin

and inclLu¢ y anari.zed top.surf.ac 6, The, netho s in claimb, ‘
further o M PUE AR S g BB1BHE BRDIer®t patPLAR0 oRE P Rt or
fin adj ageniceemeah rg@gﬁ@ed sides of said gate electrode. 19 7. The
nmethod as in claim®6, Turther conprising form ng spacers on sides of said

gate electrode and formng a silicide in at | east one of said gate
el ectrode and8sai dihesmethod asrid cliimia, furttgir compriingThe nethod as in claim5,

further corrprﬁ Si n%z form ng, spacers on sides of said gate el ectrode;
per f or mi ng s efOEPTARPAERIS nofesalbaala d6hs of said seniconductor fin;

and formng i.n: Lons. | i i i N -adj acent
cach of oppodaiy B uEee g EBa ST Bl R R SRl AEe BT S o
wher ei.n sai d foahingr sturge eRUPdrale fedieidTimeaid saicbedurest fimsigidtant axey gpver
said gate el ectrode material and etching portions of said gate electrode
mat er i alORRASedfdasad said aate eleslioder ned masking | ayer. 10. The nethod as in
claim9, wherein said etching conprises plasma etching. 11, The nethod as

e A D B UL P
removi ngpatiemetl pREkIAGNSFEREBKEER daY Voctrbde rﬁlﬁ'@riﬁleérlﬁoé'tcﬁﬁlgi hrédrd 6P daid

wherein said forming a gate el ecttode materia
gate elecirode material not covered by said patterned masking layer.

10, The method as in claim 9, wherein said etching comprises plasma etching.

11, The method as in claim 9, further comprising introducing dopant impurities
into said semiconductor fin to form source and drain regions therein prior to removing

said patterned masking fayer.

12.  The method as in claim 1, wherein said forming a gate electrode materia

comprises forming a substantially conformal film.

9 ' 13.  The method as in claim 1, wherein said semiconductor fin is formed of
- siicon. )

14. The method as in claim 1, wherein said semiconductor fin is formed of at
least silicon and germanium, |

15, The method as in claim 1, wherein ‘said semiconductor fin is a lead
extending longitudinally over said insulating layer and having a height greater than its
width.
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conprises formng a substantially conformal film } 13. The nethod as in
claim1l, wherein said sem conductor finis formed of silicon. 14. The
nmethod as in claim1l, wherein said sem conductor fin is formed of at | east
silicon and germanium 15. The nethod as in claim11, wherein said

seni conduct orqgf i ni L ext [ itudi nal Saiide i ting
| ayer and hav1i6hg ;hﬁerﬁeghgégsr (iarg?%ﬁﬁ h\gﬁer:e?g%@mﬂﬁcﬂﬁc@é c%rﬁfr%% ]Hn%?ﬂgcgﬁ sin
cl ai m 1, omdher e-iypsaodantimpodies; sgiddotypeidepant imipuwities invfudiranpet leksPohy pé

dopant inpurities, said P-type dopant inpurities.including at |east one of

boron arPTPRANERdiWREN Nywe densanimpuriiesi $aieéd-typaidapantimparities luding

17 The SaeHBEnD Phosehrl SeRenl iBUR It ouuci ng conpri see one of i on
i npl antation and plasma i nrersion ion inplantation and includes a dopant

inpurity dosg, of TR th&Rsd ie@ﬁ@i%ﬁnﬁ%heﬂe?ﬂ sAREINBAMSGh F@I%Pfiébscbﬁbrﬂf}én

wherein said providing Includes said substructure i1ncludling a masking
| ayer fdmpahtaiioer amd pEsmeuiriraemsioof icnainplsdaticordddhdeded iandepantsmpliritor i ng

further jncludes formng said gate el ectrode material over said nmasking
| ayer . 1@86@3@%@%@60@% claim1, wherein said gate dielectric covers

sidewalls and a top of said sem conductor fin. 20. The nethod as in claim

sidevalls and a top of sad sem condutor fin. 20 The met hor .
depr ossed porti on St SUEH A5 15 AoLercORBRNoPAP: AN Pelnt Ty 9 a

notch, andsinMtie incladihg afeashimplagedfelfed bost & estesuridcerdfahid sahisdegubior | | ng
said notch. 21. The nmethod as in claim1, wherein said gate dielectric is
for med din amk seid fosminge Bithex irdddesdfosningi said agate gientiodied@aterial oves said hod
as in cllﬁl' 1,I wherein said gate dielectric includes at |east one of
La203, éz‘&*,g A¥¥2, HroN, and zro2.

19.  The method as in claim 1, wherein said gate dielectric covers sidewalls

and a fop of said semiconductor fin.

20.  The method as in claim 1, wherein said providing includes said insulating
layer having a depress‘ed portion encroaching said semiconductor fin and resulting in a

notch, and wherein said forming a gate electrode material includes filling said notch. |

21.  The method as in claim 1, wherein said gate dielectric is formed of one of -

silicon oxide and of silicon oxynitride.

22.  The method as in claim 1, wherein said gate dielectric includes at least .
one of Lag03, Al,O4, HfO,, HfQN, and ZrO..

23. The method as in claim 1, wherein said gate dielectric is formed of a

material having a permittivity, relafive to free space, being greater than 5.

24.  The method as in claim 1, wherein said gate electrode material comprises
polycrystalline silicon.
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23. The nethod as in claim1l, wherein said gate dielectric is forned of a
material having a permttivity, relative to free. space, being greater than
5. 24. The method as in claim1l, wherein said gate el ectrode materi al
conprises polycrystalline silicon. 21 25. The method as in claim]l,
wherein said gate electrode material is formed of a conductive material.
26. The nethod as in claim1l, wherein said planarizing produces said gate
el ectrode material having a height substantially greater than a

sem conductor fin height. 27. A nmethod for formng a gate electrode for a
mul ti pl e gat e 26r an$he trethadnasain daim 1 evidueih Gaiddgité eRctrodnMitaiang: fopwaavi di ng

a subst rg)qra%roﬁglg&&gi‘{]%i%{la% a sem conductor fin disposed over an insulating

| ayer and a ga c-di sposed on said sem conductor fin; formng a
gate electrode material over said gate dielectric and said sem conductor
fin, said gat@6el eThe odthatbd=ini ddimhhwhigeid shidlplandrizmgerodaiesissidgdie pl anar

i ter saipdrRED BiAtE =R Aao chryoh iRl HeleCnd adamann LA AERR L ¢ hi

said gate electrode material; and after said annealing, planarizing said

top surface t@7f or Aingethbdforforren b@ate sluctfaiefot Haiulipié ga@Srahsistsitih ¥ over
sai d sem_condu patterning said gate electrode material to produce

tor fin; I
a gate elsgm(fogggct?ﬁg‘tz""?ef‘zf\‘?g‘rp_é'é'é’gsai d sem conductor fin and includes said
pl anarized topreddifigice substrudturg SAs@Risy &N sEinfitRRd@dtos Finddpéedebest bRdE;
and perfor[‘n.nglsel ec(il ve eg,l [q%x%e(ﬁn exposed portions of said sem conductor
fin but ABUAYAS lysr and paals dietarkicaligPasee OB RsicerWEPRIHCIaf® wi dth of said
sem conduct or fbinitng 23 38teA aBéhRIE frRatchiar 6vae Suigabstes! BSbEREC ahET s&d
mul tiple gat e transjistor in a sem conductor device, conprising; providing
a subst r GENFERYEIARIN. Sahoate flestosrduaies?! 1avinads iposwince\ibat igmon-planar
as formed;
introducing dopant impurities into said gate electrode material;
after said introducing, annealing to activate said dopant impurities within said
gate electrode material; and
after said annealing, planarizing said top surface to form a planarized top
surface that extends directly over said semiconductor fin; patterning said gate electrode
material to produce a gate electrode that traverses said semiconductor fin and includes
said planarized top surface; forming spacers on sides of said gate electrode; and
performing selective epitaxy on exposed portions of said semiconductor fin but not on

said spacers thereby increasing height and width of said semiconductor fin.
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insulating layer and a gate dielectric disposed on said sem conductor fin,
said sem conductor fin being a | ead extending longitudinally over said
insulating layer and having a height greater than its width; formng a
gate electrode material over said gate dielectric and said sem conductor
fin, said gate electrode material having a non-planar top surface;
introduci ng dopant inpurities into said gate el ectrode material; after said
i ntroduci ng, annealing to activate said dopant inpurities in said gate

el ectrode material; planarizing said top surface to forma planarized top

surface; for mngmatRatbefoRffhgRgits %étreb{@?or%vrﬁglgat%i q%ata%ﬁsi&b?fﬁtar ode

material; etching portions of said gate electro mat erial not covered by
sai d pat tSeFHeNduRRs ReYige . purising: produce a gate el ectrode that traverses

sai d sen condyedRfing i subbthltusal gorﬁﬁﬁstn@' naeq,eﬁﬁ%iﬁgﬂ&o} q‘?ﬁeﬁisipgs 3G& an
I nt I‘OdUCI_ ng d.opant I nmpur i tres | I_’lt 0 S_al ) sem conductor fin to form source
and dr ai Hs}itating elayeyiafs at peleeidigleciviel disposed com\said) semidonsuctoesr frmd saidski ng

layer. 23emidiRdfi@bNAY baihg & ICdPLRERding 1dHdGhafiP 8PS %i@gnsfu%rtiﬁérl] er BRRST S on
d g angg epl y g g a riher
3

sidewal I s of said gate €&l ectrode ax1 al’l row n il mon

exposed paying grheight geegter thawits widtnd drain active regions. 2
forming a gate electrode material over said gate dielectric and said

semiconductor fin, said gate electrode material having a non-planar top surface;
introducing dopant impurities into said gate electrode material:
after said introducing, annealing to activate said dopant impurities in said gate
electrode material; |
planarizing said top surface to form a planarized top surface;
forming a patterned masking layer over said gate electrode material;
etching portions of said gate electrode material not covered by said patterned
masking layer to produce a gate electrode that traverses said semiconductor fin:
with said patterned masking layer in place, introducing dopant impurities into said
- semiconductor fin to form source and drain active regions therein; and
then removing said patterned masking tayer.
29. The method as in claim 28, further comprising forming spacers on sidewalls of
- said gate electrode and epitaxially growing a further film on exposed portions of said
source and drain active regions.
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